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Insights on Effective Complementary Strategies in the Management of Urinary Tract Infections
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ABSTRACT

; Urinary taet infections (UTIs) are commob health issues that occur frequently in both women and men These
IRIECTIONS DCCUF IN the urinary tract. leading ro discomfort and potential complicarions, Prompt medical attention s
essential to dlagnose and trest UTls effectively. Aim of this research was o provide an overview of efective
complementary strategies in the management of UTls. This review paper [ocudes on the current and furre
treatment stratigies for UEY infectinns. Various natural remedies have been investigated as potential complemeniary
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Summary

Background

Smoking is the leading behavioural risk factor for mortality globally, accounting for more than 175 million
“eaths and nearly 4-30 billion years of life lost (YLLs) from 1990 to 2021. The pace of decline in smoking
‘prevalence has slowed in recent years for many countries, and although strategies have recently been
proposed to achieve tobacco-free generations, none have been implemented to date. Assessing what
could happen if current trends in smoking prevalence persist, and what could happen if additional
smoking prevalence reductions occur, is important for communicating the effect of potential smoking
policies.

Methods

In this analysis, we use the Institute for Health Metrics and Evaluation's Future Health Scenarios platform
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scenario forecasts what could occur if past smoking prevalence and other risk factor trends contin ue, the
Tobacco Smoking Elimination as of 2023 (Elimination-2023) scenario quantifies the maximum potential
future health benefits from assuming zero percent smoking prevalence from 2023 onwards, whereas the
Tobacco Smoking Elimination by 2050 (Elimination-2050) scenario provides estimates for countries
considering policies to steadily reduce smoking prevalence to 5%. Together, these scenarios underscore
the magnitude of health benefits that could be reached by 2050 if countries take decisive action to
eliminate smoking. The 95% uncertainty interval (Ul) of estimates is based on the 2-5th and 97-5th
percentile of draws that were carried through the multistage computational framework.

Findings

Global age-standardised smoking prevalence was estimated to be 28-5% (95% U1 27-9-29:1) among males
and 5:96% (5-76-6-21) among females in 2022. In the reference scenario, smoking prevalence declined by
25:9% (25-2-26-6) among males, and 30-0% (26:1-32:1) among females from 2022 to 2050. Under this
scenario, we forecast a cumulative 29-3 billion (95% UI 26-8-32-4) overall YLLs among males and 22-2
~illion (20-1-24-6) YLLs among females over this period. Life expectancy at birth under this scenario would

“increase from 736 years (95% Ul 72:8-74-4) in 2022 to 78-3 years (75:9-80-3) in 2050. Under our
Elimination-2023 scenario, we forecast 204 billion (95% UI 1-90-2-21) fewer cumulative YLLs by 2050
compared with the reference scenario, and life expectancy at birth would increase to 77-6 years (95% Ul
75:1-79:6) among males and 810 years (78:5-83-1) among females. Under our Elimination-2050 scenario,
we forecast 735 million (675-808) and 141 million (131-154) cumulative YLLs would be avoided among
males and females, respectively. Life expectancy in 2050 would increase to 77-1 years (95% Ul 74:6-79-0)
among males and 80-8 years (78:3-82:9) among females,

Interpretation

Existing tobacco policies must be maintained if smoking prevalence is to continue to decline as forecast by
the reference scenario. In addition, substantial smoking-attributable burden can be avoided by
-dccelerating the pace of smoking elimination. Implementation of new tobacco control policies are crucial
in avoiding additional smoking-attributable burden in the coming decades and to ensure that the gains
won over the past three decades are not lost.

Funding

Bloomberg Philanthropies and the Bill & Melinda Gates Foundation.
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years of life lost (YLLs) were attributable to smoking in 2021." Smoking also has important effects on
health-care costs, productivity, and health disparities.>> As a result, tobacco control is an endurin g policy
and public health priority, with enormous potential to improve population health.

Research in context
Evidence before this study

Smoking is widely recognised as a major global health risk with extensive supporting literature. The
Global Burden of Diseases, Injuries, and Risk Factors Study serves as the most comprehensive source
for smoking preValence and all-cause and cause-specific attributable burden across 204 countries and
territories, by age and sex. However, fewer studies have focused on forecasting tobacco use and
burden. We searched PubMed on July 9, 2024, using the following search terms: ((“smok*"[All Fields]
OR “tobacco”[All Fields]) AND (“forecast*"[All Fields] OR “scenario””[All Fields] OR “projection*"[All
Fields]) AND (“prevalence”[All Fields] OR “burden”[All Fields] OR “disease”[All Fields])). We restricted
the search to articles published in the past 10 years. The search yielded 1098 studies. Many studies
have forecasted smoking prevalence in the status quo, as well as under various policy scenarios, for
specific countries. A 2024 WHO report forecasts global smoking prevalence will be 30-6% am ong
males and 5:7% among females in 2030. Previous studies have also estimated future disease burden
from smoking, although these studies typically focus on all causes combined or a small subset of
smoking-related causes. Our search did not identify any studies that have estimated the future

burden of smoking for all countries and all smoking-related health conditions.
Added value of this study

QOur study contributes a comprehensive set of estimates of future health burden under three smoking
prevalence scenarios for 204 countries and 365 diseases and injuries, disaggregated by 5-year age
group and sex. Methodologically, we have developed a forecasting framework that incorporates
smoking prevalence, intensity, duration, and risk reduction from cessation. Furthermore, by
leveraging the Institute for Health Metrics and Evaluation's Future Health Scenarios platform, our

forecasts integrate dynamic changes in demographics and other determinants of health.
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The current evidence underscores the substantial potential for health gains through more aggressive
tobacco control policies, worldwide. Although a continuation of the existing decline in smoking
prevalence will undoubtedly yield health benefits, our analysis quantifies the substantial increase in
life expectancy and decrease in years of life lost that could result from accelerated efforts in tobacco

control.

After a period of accelerated progress following the adoption of WHO's Framework Convention on Tobacco
Control, progress has slowed in recent years.®” Although global prevalence of smoking continues to
decline, the pace of decline fluctuates and has slowed in many countries. Renewed efforts are required to
overcome the tobacco industry's attempts to maintain a market. The concept of a tobacco endgame, in
which focus shifts from controlling the tobacco epidemic to eliminating the tobacco epidemic, has been
discussed for more than 10 years in the academic literature.®” Countries and organisations around the
world have set goals to reduce smoking prevalence to less than 5% in the coming years, 1013

“Strategies to reach a tobacco-free future work together to eliminate the initiation of tobacco use among
youth while steadily phasing out tobacco use in the adult population. Despite promising policy proposals
in some countries, including the UK, the political commitment to implement and enforce the measures
necessary to realise a tobacco-free future la rgely remains elusive. New Zealand's transformational
legislation that would have prohibited the sale of tobacco to anyone born on or after Jan 1, 2009, was
recently repealed to fund other tax cuts. Similarly, Malaysia's generational smoking ban was dropped from
their recent tobacco control bill. !¢ Forecasts of the health effects of potential smoking policy scenarios
provide quantitative evidence on the costs of inaction that can aid decision makers.

Previous studies have simulated the effects of reducing smoking prevalence in selected countries,!7-29
These studies find large population health benefits that accrue over time, the potential for health-care cost
savings, and reductions in smoking-attributable health disparities.***! Although many prospective policy
‘mulation studies exist for some countries, such analyses do not exist for all countries. Furthermore,

“previous studies have not systematically disaggregated impacts by disease, which can aid health system
planning and prioritisation of medical innovation. Finally, health forecasting is a dynamic process that
reflects simultaneous changes across many determinants of health and feed back between changes in
health determinants and changes in demography. Our study adds to existing evidence by providing
comprehensive country-specific and disease-specific estimates under three smokin g prevalence scenarios
using a dynamic forecasting framework.

With the use of the Institute for Health Metrics and Evaluation's Future Health Scenarios platform, we aim
to forecast all-cause and cause-specific YLLs for all countries from 2022 to 2050, as well as life expectancy
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future health benefits from smoking elimination. The third scenario, Tobacco Smoking Elimination by 2050
(Elimination-2050), which includes a generational ban beginning in 2023 and a steady reduction of
smoking prevalence to 5% among older cohorts by 2050, provides insight into what gains could be realised
by countries considering policies to reach endgame targets. Together, these scenarios underscore the
magnitude of health benefits, benefits that will continue to grow beyond 2050, which could be achieved if
countries take action to end the global tobacco epidemic. This manuscript was produced as part of the
GBD Collaborator Network and in accordance with the GBD Protocol.

Methods

Overview

We used the FuturE Health Scenarios platform to forecast YLLs under three smoking prevalence scenarios,
for 204 countries and territories as well as 365 diseases and injuries by 5-year age group and sex from 2022
to 2050. In the following sections, we focus primarily on methods specific to this analysis of the effects of
‘moking prevalence reductions. The methods used to forecast population, fertility, and all-cause mortality

“have been reported elsewhere. 3235 Methods and accompanying estimates for smoking-specific inputs,
including smoking prevalence, continuous measures of intensity of exposure, and dose-response relative
risks for 32 health outcomes have also been previously published. In this analysis, we only report the
direct effects from smoking tobacco, which do not include the health effects from second-hand smoke,
smokeless tobacco use, or electronic nicotine delivery systems, This study adheres to the Guidelines for
Accurate and Transparent Health Estimates Reporting statement (appendix 1 pp 16-17).%

Forecasting framework

We obtained estimates of independent drivers of health, including over 70 risk factor sum mary exposure
values from the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD), interventions such as
vaccines and antiretroviral therapy coverage, and covariates such as Socio-demographic Index (a
~omposite measure of income, education, and fertility under age 25 years) from GBD 2021, for every
“Tocation, age, and sex, from 1990 to 2019. These independent variables were then forecasted to 2050,
mostly using a generalised ensemble model that includes past annual rates of change and relationship
with Socio-demographic Index to predict future trends (appendix 1 p 13).

Once we have a complete time series from 1990 to 2050 for each of the independent variables, we use
them to forecast cause-specific mortality rates up to 2050. Future mortality is estimated using three
components: underlying (risk-deleted) mortality, a risk factor scalar, and latent trends predicted with an
autoregressive integrated moving average (0,1,0) model.?® These cause-specific mortality estimates are

aggregated to obtain all-cause mortality.>* We used the methods published in Vollset and colleagues’
33 . . . . . . g
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enabling us to capture the effects of differin g mortality rates on population age structure and size. YLLs
were then computed for each scenario using demographically aggregated mortality forecasts and the GBD
reference life table.*® Details on validation of our forecasting model can be found in previous studies, 323335

Smoking scenario definitions

We forecast cause-specific and all-cause mortality under three scenarios, which we refer to as the
reference, Elimination-2023, and Elimination-2050 scenarios. The reference scenario assumes that past
independent health driver trends and relationships between drivers and health outcomes persist into the
future. To estimate an upper bound on the effect of reducing smoking prevalence, we constructed the
Elimination-2023 scenario, under which past trends persist across all inputs except current smoking
prevalence, which is reduced to zero from 2023 onwards. Finally, we constructed the Elimination-2050
scenario, under which past trends persist across all inputs except smoking prevalence, which is linearly
reduced to 5% between 2023 and 2050. The Elimination-2050 scenario provides a benchmark that falls
between the reference scenario and Elimination-2023 scenario.

“or all scenarios, we use GBD 2021 estimates of distributions of cigarette-equivalents smoked per day and

“pack-years among current smokers, distributions of years since quitting among former smokers, and
cause-specific relative risk estimates for both current and former smokers. We assumed the 2022 3 ge-
specific distributions of Cigarette-equivalents smoked per day and pack-years among current smokers
remained constant into the future. In the reference scenario, we similarly assumed the 2022 age-specific
distributions of years since quitting among former smokers remained constant into the future. In the
alternative scenarios, we shifted the 2022 years since quitting distributions for former smokers who quit in
2022 or earlier forward with every future year and created uniform distributions to model the years since
quitting for former smokers who quitin 2023 or later. We then used these inputs, and scenario-specific
prevalence forecasts for current smokers, former smokers, and never smokers, to compute population
attributable fractions for smoking between 2020 and 2050, which in turn were used to compute smoking
summary exposure values. The population attributable fraction calculation was adapted from the GBD
study, with additional terms added to capture the burden among recent quitters (appendix 1 p 12).

Reference scenario forecast

The reference scenario is a probabilistic forecast that allows historical trends of drivers of health to
continue into the future and holds the past relationship between drivers and health outcomes constant. To
forecast smoking prevalence in this scenario, we first obtained current smoking and former smoking
prevalence estimates for every location, sex, 5-year age group, and year from 1990 to 2019 from GBD 2021
We then used an ensemble model to forecast current and former smoking prevalence from 2020 to 2050.%
Briefly, the ensemble models consisted of six submodels that used annualised rates of change to forecast
prevalence to 2050 based on past smoking trends. Each submodel had a recency-weighﬁﬁg parameter
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Alternative smoking prevalence scenarios

The Elimination-2023 scenario was constructed with the reference scenario's current and former smoking
prevalence values from 2020 to 2022, setting current smoking prevalence to 0% from 2023 onwards. We
considered the population of current smokers in 2022 to be former smokers from 2023 onwards and
tracked their years since quitting for every year from 2023 to 2050. For the population of existing former
smokers that quit smoking between 1990 and 2022, we held the distribution of years since quitting
constant and extended it into the future (ie, if for a given cohort the mean years since quitting was 10 in
2022, the mean years since quitting for that cohort would be 15 in 2027).

The Elimination-2050 scenario was constructed similarly. We created the scenario by setting smoking
prevalence to zero for birth cohorts of ages 0-19 years in 2023. For older cohorts, we linearly reduced
b current smoking prevalence starting in 2023 to 5% by 2050. For older cohorts with current smoking

prevalence rates below 5% in 2022, we held that prevalence rate constant to 2050. As in the Elimination-
2023 scenario, we held the distribution of years since quitting constant and logically extended it into the
future for the population of existing former smokers that quit smoking between 1990 and 2022. We used a

_.niform distribution of years since quitting for the population of former smokers that quit during or after
2023, since the proportion of people quitting between 2023 and 2050 was constant.

To account for the effects of different mortality rates between people who currently, formerly, and never
smoked, we estimated the all-cause relative risks of mortality for each smoking status. First, we computed
exposure-weighted relative risks by location, age, sex, and cause in 2022. We then aggregated these cause-
specific relative risks across all causes to generate an all-cause relative risk of mortality. Finally, we
computed the mortality rate among people who never smoked and used each of the rﬁortality rates to
adjust our prevalence estimates in every future year. As a result, the share of current and former smokers
in the population decreased over time in each of the alternative scenarios.

Uncertainty estimation

"Incertainty intervals (Uls) were computed from distributions for each estimate generated by propagating
500 draws through the multistage computational pipeline. The 95% uncertainty interval of estimates is
based on the 2-5th and 97-5th percentile of draws. We report results with the mean and Ul for all three
scenarios in the main text and tables, and only for the reference scenario in figures. We did all analyses
using R (version 4.2.2) and Python (version 3.10.13).

Role of the funding source

The funders of the study had no role in study design, data collection, data analysis, data interpretation, or
writing of the report.
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Smoking prevalence forecasts

The age-standardised prevalence of current smoking declined globally from 1990 to 2022, from 40-8%
(95% U140-4-41-1) to 28-5% (27-9-29-1) among males aged 10 years and older, and from 9-94% (9-77-
10-15) to 5:96% (5:76-6-21) among females aged 10 years and older (figure 1). We forecast that this decline
will continue, albeit at a slower pace, with an age-standardised prevalence of 21-1% (20-6-21-6) among
males and 4:18% (3:98-4-48) among females in 2050, a 25-9% (25-2-266) and 30-0% (26:1-32:1) decline
relative to 2022, respectively. By 2050, the age-standardised prevalence among males is forecasted to
range between 3-18% (2:95-3-47) in Brazil and 63-2% (60-6-65-6) in the Federated States of Micronesia, and
among females between 0-50% (0-36-0-68) in Nigeria and 38-5% (35-2-41-8) in Serbia (appendix 2 pp 3-9).
Despite a forecasted increase of the global population of 1-44 billion (95% Ul 1-07-1-84) or 18-1% (95% UI
13-6-23-0) between 2022 and 2050, as well as population ageing, the number of current smokers is also
forecast to decline: Globally, we forecast 1040 million (95% U1 980-1110) male smokers and 201 million
(187-220) female smokers by 2050. The largest relative decline in the number of current smokers is
forecasted to occur in Tropical Latin America and the largest increase in central sub-Saharan Africa for both
sexes. Population growth is the largest factor responsible for increases in current smoking populations in
—most regions.
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'Figure 1 Annual change in global smoking
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(A) Changes in current and former smoking prevalence over time, age standardised. (B) Number of
current and former smokers over time for all ages. Estimates for 1990-2019 were obtained from GBD
2021 for (A) and (B). The solid lines in (A) and (B) indicate the mean estimate, whereas the shaded areas
reflect the 95% uncertainty interval, (C) Decomposition of forecasted change in number of smokers
from 2023 to 2050 due to population ageing, population growth, and cha nges in the prevalence rate
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forecast year). The black dots in (C) indicate the overall percentage change in the number of smokers
from 2023 to 2050.

Global age-standardised prevalence of former smoking among those aged 20 years and older is forecast to
stay relatively constant from 14-:3% (95% Ul 13-9-14-6) in 2022 to 14-2% (13-9-14-6) in 2050 among males
and from 5:81% (5-60-6-05) to 5-50% (5:28-5:72) among females, The forecasted age-standardised
prevalence of former smoking among males in 2050 ranges between 3:80% (3:44-4-17) in Benin and 56-9%
(54:1-59-1) in Tanzania, and among females between 0-47% (0-39-0-56) in Libya and 46-9% (42-9-51-5) in
Tanzania. Due to a combination of population growth, ageing, and increases in the prevalence of former
smoking, the number of former smokers is forecasted to increase by 28-5% (23-0-34-6) by 2050. Compared
with 800 million (95% U| 771-835) former smokers in 2022, we forecast 1030 million (973-1090) former
smokers in 2050. 'Fhe number of former smokers is forecast to increase in most GBD regions, apart from
central Europe among males and eastern Europe, central Europe, and western Europe among females. In
these regions, declines in the population between 2022 and 2050 offset any increases in former smoking
"revalence. Population growth and ageing are the largest factors responsible for increases in the former
“smoking population in the regions with an increasing number of former smokers.

YLLs under the reference scenario

YLLs represent the number of life-years lost due to premature death. Globally, there were 1020 million
(95% U1942-1090) YLLs among males and 757 million (705-810) among females in 2022 (figure 2). Under
our reference scenario, we project that there will be 1040 million (932-1190) YLLs amang males and 816
million (720-953) YLLs among females in 2050, for a cumulative total of 51:5 billion (4?-3—56-9) future YLLs
between 2022 and 2050. Although large, these global increases are a product of population growth and
ageing. The global age-standardised rate of YLLs is forecast to decrease from 26 530-9 (24 623-2-28 614-0)
per 100 000 among males in 2022 to 17 113-2 (14 553:3-20 949-3) per 100 000 in 2050, and from 18 919-3
(17 608-9-20 3228) per 100 000 to 12 448-6 (10 282:1-16 034-6) per 100 000 among females. In our
reference scenario non-communicable diseases comprise the majority of future YLLs, accounting for 68:1%
195% Ul 64:9-70'8) of cumulative YLLs among females and 64:3% (61:8-66-3) among males (figure 3). Non-
communicable diseases are also responsible for the largest age-standardised YLL rates, accounting for 11
2736 (10 328:7-12 498-2) YLLs per 100 000 between 2022 and 2050 among males and 7760-4 (7007-3-
8602-8) per 100 000 among females. Cardiovascular diseases and cancers are the leading causes of non-
communicable diseases YLLs in this scenario, accounting for 12-3 billion (95% Ul 10-8-14-1) and 9-05 billion
(8:13-9-92) cumulative future YLLs, respectively.
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Articles

Global burden of bacterial antimicrobial resistance ER @ ®
1990-2021: a systematic analysis with forecasts to 2050 3
GBD 2021 Antimicrobial Resistance Collaborators * m

Summary

Background Antimicrobial resistance (AMR) poses an important global health challenge in the 21st century. A Lancet 2024; 404 1199-226
previous study has quantified the global and regional burden of AMR for 2019, followed with additional publications Published Griin

that provided more detailed estimates for several WHO regions by country. To date, there have been no studies that  September 16, 2024

produce comprehensive estimates of AMR burden across locations that encompass historical trends and future ';;‘:’:;":';;;’;’f:;;é’;’j{
forecasts. Xl

Ses Comment page 1172

“Collaboratory listed at the end
of the Article

Methods We estimated all-age and age-specific deaths and disability-adjusted life-years (DALYs) attributable to and
ssociated with bacterial AMR for 22 pathogens, 84 pathogen—drug combinations, and 11 infectious syndromes in o

204 countries and territories from 1990 to 2021. We collected and used multiple cause of death data, hospital discharge Chistapher |1 Murray,
data, microbiology data, literature studies, single drug resistance profiles, pharmaceutical sales, antibiotic USE SUTVEYS,  Departiment of Health Mot
mortality surveillance, linkage data, outpatient and inpatient insurance claims data, and previously published data, Svences institute for Healn
covering 520 million individual records or isolates and 19513 study-location-years. We used statistical modelling to :f:i”:‘:"ff;;:‘l‘:::'t‘m Rk

produce estimates of AMR burden for all locations, including those with no data, Our approach leverages the M,.,H,:.,. Seattle, WA 98195

estimation of five broad component quantities: the number of deaths involving sepsis; the proportion of infectious s

deaths attributable to a given infectious syndrome; the proportion of infectious syndrome deaths attributable to a  dim@uw.edu

given pathogen; the percentage of a given pathogen resistant to an antibiotic of interest: and the excess risk of death

or duration of an infection associated with this resistance. Using these components, we estimated disease burden

attributable to and associated with AMR, which we define based on two counterfactuals; respectively, an alternative

scenario in which ali drug-resistant infections are replaced by drug-susceptible infections, and an alternative scenario

in which all drug-resistant infections were replaced by no infection. Additionally, we produced global and regional

forecasts of AMR burden until 2050 for three scenarios: a reference scenario that is a probabilistic forecast of the

most likely future; a Gram-negative drug scenario that assumes future drug development that targets Gram-negative

pathogens; and a better care scenario that assumes future improvements in health-care quality and access to

appropriate antimicrobials. We present final estimates aggregated to the global, super-regional, and regional level.

Findings In 2021, we estimated 4-71 million (95% Ul 4-23~5-19) deaths were associated with bacterial AM R, including
114 million (1-00-1-28) deaths attributable to bacterial AM R. Trends in AMR mortality over the past 31 years varied
substantially by age and location. From 1990 to 2021, deaths from AMR decreased by more than 50% among children
sunger than 5 years yet increased by over 80% for adults 70 years and older. AMR mortality decreased for children
“younger than 5 years in all super-regions, whereas AMR mortality in people 5 years and older increased in all super-
regions. For both deaths associated with and deaths attributable to AMR, meticillin-resistant Staphylococcus aureus'
increased the most globally (from 261000 associated deaths [95% UI 150000372 000] and 57 200 attributable deaths
[34 10080 300] in 1990, to 550 000 associated deaths [500 000600 000] and 130000 attributable deaths [113000-146 000
in 2021). Among Gram-negative bacteria, resistance to carbapenems increased more than any other antibiotic class,
rising from 619 000 associated deaths (405000834 000) in 1990, to 1-03 million associated deaths (909 000~1-16 million)
in 2021, and from 127 000 attributable deaths (82100-171000) in 1990, to 216000 (168 000-264 000) attributable deaths
in 2021. There was a notable decrease in non-COVID-related infectious disease in 2020 and 2021. Our forecasts show
that an estimated 1-91 million (1-56-2- 26) deaths attributable to AMR and 8- 22 million (6-85-9-65) deaths associated
with AMR could occur globally in 2050. Super-regions with the highest all-age AMR mortality rate in 2050 are
forecasted to be south Asia and Latin America and the Caribbean. Increases in deaths attributable to AMR will be
largest among those 70 years and older (65-9% [61-2-69-8] of all-age deaths attributable to AMR in 2050). In stark
contrast to the strong increase in number of deaths due to AMR of 69 6% (51-5-89-2) from 2022 to 2050, the number
of DALYs showed a much smaller increase of 9. 4% (<69 to 29-0) to 465 million (37-7 to 57+3) in 2050. Under the
better care scenario. across all age groups, 92.0 million deaths (82.8-102-0) could be cumulatively averted between
2025 and 2050, through better care of severe infections and improved access to antibiotics, and under the Gram-
negative drug scenario, 11-1 million AMR deaths (9:08-13-2) could be averted through the development of a Gram-
negative drug pipelirfonrstagt AMR deaths. =

1 global burden of AMR from 1990 to 2021,
lity across time and location is necessary
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to understand how this important global health threat is developing and prepares us to make informed decisions
regarding interventions. Our findings show the importance of infection prevention, as shown by the reduction of
AMR deaths in those younger than 5 years, Simultaneously, our results underscore the concerning trend of AMR

important that interventions combine infection prevention,
in farming and humans, and research into new antibiotics ¢

far 2050.

vaccination, minimisation of inap propriate antibiotic use
0 mitigate the number of AMR deaths that are forecasted

Funding UK Department of Health and Social Care's Fleming Fund using UK aid, and the Wellcome Trust.

Copyright © 2024 The Author(s). Published by Elsevier Ltd, This is an Open Access article under the CC BY 4.0

license.

Introduction
In 2014, the Review on Antimicrobial Resistance (AMR)
projected that 10 million deaths caused by AMR could
occur by 2050.' This estimate, while the subject of
scientific criticism,’ helped position AMR as one of the
most pressing threats to health of the 21st century.' In
the years since, WHO committed to the 2015 AMR
global action plan, AMR was the focus of a high-level
UN general assembly in 2016, and an AMR-specific
indicator was included as a Sustainable Development
Goal: to reduce the percentage of bloodstream infection
due to selected antimicrobial-resistant organisms
(indicator 3.d.2). Despite the attention AMR has received
at the global level, the implementation and funding of
national action plans' has been uneven, leading to
uncertain progress in attenuating the burden of AMR.
The Review on  Antimicrobial Resistance
acknowledged its broad brush estimates would be
strengthened by more robust work from academic
researchers.’ In the decade since its publication,
however, global AMR estimates have been sparse. One
recent step forward in AMR epidemiology was a global
estimate of the burden of bacterial AMR in 2019.* which
found that of the roughly 8.9 million deaths due to
bacterial infections that year, 1.27 million deaths were
attributable to AMR and 4.95 million deaths were
associated with AMR.*’ While this estimate has been
used to inform research and policy priorities, such as
the 2024 WHO Bacterial Priority Pathogens List* it
provides only a cross-section of burden, limiting the
ability to understand the historical trend of AMR and
evaluate policies implemented to reduce its impact. So
far, time trends in AMR have been limited to select high-
income locations for a small number of pathogen-drug
combinations. These include estimates from the US
Centers for Disease Control and Prevention, which
evaluated 18 AMR threats in 2013 and 2019, and from
Cassini and colleagues,” who produced AMR estimates
for the European Union and European Economic Area
in 2007 and 2015 for 16 pathogen-drug combinations,
u}\{. idica.le that the highest burdens

sub-Saharan Africa and south Asia:' however these are
locations without any historical estimates, Identifying
the regions with increasing AMR burden would enable
the global health community to better target locations
with the most urgent need. Documenting the evolving
nature of AMR, including the trends in resistance to
critical antibiotic classes, such as the carbapenems, can
guide antimicrobial stewardship, infection prevention
measures, and prioritisation of drug and vaccine
development to combat this growing threat.

A recent Lancet series on AMR highlighted current
paediatric vaccines, investment in water. sanitation, and
hygiene (WASH) infrastructure, and infection control
practices as strategies to curtail AMR-related deaths in
low-income and middle-income countries (LMICs).
Previously published global estimates reported  a
53% decline in age-standardised sepsis-related deaths
from 1990 to 2017* Much of this was driven by reductions
in child mortality” and the prevention of deaths due to
lower respiratory infection” and diarrhoea,” causes of
death that are often avertable with access to WASH and
vaccines." While this decrease in sepsis mortality might
be expected to reduce AMR-related deaths due to sepsis,
research suggests demographic shifts over the next
century will produce an ageing population,” leading to
increasing  prevalence  of  comorbidities  and
immunosenescence, resulting in a population at greater
risk of sepsis related deaths and AMR mortality.
Furthermore, the continued overuse of antimicrobials,
both in human health and in agriculture, produces an
environment that selects for increasingly resistant
bacteria." It is currently unknown how the convergence of
these factors might affect future AMR burden because no
recent global AMR burden forecasts have been produced.
Characterising these trends and producing forecasts of
estimates into the future, with alternative scenarios based
on policy-related interventions, are needed to better
understand the nature of AMR, and to inform research
and public health priorities for decades to come.

In this study, we present the first globa
estimates of AMR mortality over the past
om 1990 to 2021, for 22 pathogens and 16
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Research in context

Evidence before this study

In 2014, the review on antimicrobial resistance (AMR) was
established to assess the global issue of rising drug resistance,
understand its magnitude, and define steps to addressit.

The AMR review published an influential analysis in 2016,
forecasting that 10 million people could die annually from AMR
by 2050. Since then, estimates of the burden of drug-resistant
infections covering several pathogens have been published for
the USA, Thailand, the EU, and the European Economic Area.
No studies, however, provided comprehensive estimates
covering all locations and a broad range of pathogen-drug
combinations until the global burden of AMR in 2019 study
was published. The study estimated that 4-95 million deaths
associated with bacterial AMR and 1-27 milllion deaths
attributable to bacterial AMR occurred in 2019, This research
was followed by additional studies that detailed more granular
country estimates published for the WHO regions of Europe,
the Americas, and Africa, showing that deaths from AMR are
unevenly distributed among populations, Each regional study,
and the larger global study, have provided an essential
snapshot of the magnitude of AMR burden for 2019,

A 2024 Lancet Series on antimicrobial resistance used find ngs
from some of these studies and others to summarise the
current state of antibiotic resistance and recommended several
global targets to combat the rise of AMR, including a target for
10% reduction in AMR mortality from the 2019 baseline

by 2030,

Added value of this study

Ascertaining the time trends of AMR burden is of considerable
importance to improve our understanding of its current and
future threat. Multidecade temporal trends allow us to observe
how patterns of AMR mortality are cha nging and for which
populations it may be worsening. Such temporal analyses are
~~ essential for monitoring progress towards targeted reductions
in AMR burden, for informing prioritisation of AMR
interventions, and for assessing the long-term effectiveness of
national action plans for tackling AMR. Existing time trends of
AMR are limited to select high-income countries and do not
include a comprehensive set of pathogen-drug combinations.
We provide estimates of deaths and disability-adjusted life-
years (DALYs) for 22 pathogens and 11 infectious syndromes
for 204 countries and territories from 1990 to 2021,

We produced estimates of deaths and DALYs attributable to

using two counterfactual scenarios: the counterfactuals
of no infection (ie, deaths or disability-adjusted life-
years [DALYs| associated with a drug-resistant infection)
and drug-sensitive infection (ie. deaths or DALYs
directly attributable to the drug resistance of an
infection). The Global Burden of Diseases, Injuries, and
Risk Factors Study (GBD forecasting framework
allowed us to produ
impact of alternati

AMR and associated with AMR. The attributable burden is
defined using a counterfactual in which all drug-resistant
infactions are replaced by equivalent drug-susceptible
infections. The associated burden is defined usi nga
counterfactual in which all drug-resistant infections are
replaced by no infection. Additionally, using the Global Burden
of Disease Study (GBD) 2021 forecasting framework, we
produced reference forecasts (the most likely future) for burden
attributable to or associated with AMR, and the wider impact of
alternative scenarios on disease burden to 2050. This study
represents our most robust estimates of AMR burden to date,
including updates to our input data, estimates of AMR bytime
and mare granular age groups, and improvements to our
statistical models. We build our analysis on estimates of disease,
incidence, prevalence, and mortality from GBD, allowing for
comparability of deaths from AMR to other leading causes of
death and disability throughout the world.

Implications of all the available evidence

Our analysis greatly expands the evidence base for time trends
of AMR mortality. We show that global mortal ity from AMR
increased minimally between 1990 and 2019, followed bya
small decline that occurred during the COVID-19 pandemic.
Our reference scenario Indicates that deaths from AMR will
increase by 2050 if remediation measures are not in place.

Our analysis of trends in AMR mortality by age suggests that
there is a need for interventions to tackle the increasing burden
of AMR in older age groups qoing forward. Findings from this
study provide evidentiary support to policy measures that
combat AMR and have the potential to save lives, by adopting
strategies that decrease risk of infections through new vaccines,
improved quality of health care in hospitals and health centres,
improved access to antibiotics and promotion of antibiotic
stewardship. The development of new antimicrobials for Gram-
negative bacteria should be prioritised, given the large increase
in carbapenem-resistance highlighted in this study.

New prevention efforts to address AMR must remain a priority
for global health policy makers. Our time trend analyses and the
methodology used lay the foundation for additional studies to
continue forecasting future AMR trends and track the progress
of implemented measures in our ongoing efforts ta mitigate
this important global health challenge. Our forecasts of
alternative scenarios show the potential to avert large numbers
of deaths over the next quarter century.

present global and regional forecasts of AMR burden to
2050 for a reference scenario (the most likely future). a
scenario assuming future drug development targeting
Gram-negative  pathogens  (Gram-negative drug
scenario), and a scenario assuming future improvements
in health-care quality for sepsis and access to appropriate

j aals (better care scenario). This Article was
o of the GBD Collaborator Network and
\ the GBD protocol,*
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Methods

Overview

To estimate AMR burden, we used the same broad
methodological approach as the global burden of AMR in
2019 study. The detailed methods of that study are
published elsewhere® and are summarised here, along
with important methodological improvements,

We developed an approach for estimating the burden
qf AMR that builds on death and select incidence
estimates for different underlying conditions from
GBD 2021 (appendix 1 pp 16-74, 80)." First, we collected
data from multiple sources, ensuring that we included
information available by year, age, and location across
our ten estimation steps wherever possible, We estimated
the AMR burden associated with and attributable to
11 of the 22 modelled infectious syndromes (bloodstream
infections; meningitis; lower respiratory infections;
endocarditis; peritoneal and intra-abdominal infections;
diarrhoea; urinary tract infections and pyelonephritis;
infections of bones, joints, and related organs; infections
of the skin and subcutaneous systems; tuberculosis; and
typhoid, paratyphoid, and invasive non-typhoidal
Salmonella), 22 bacterial pathogens, 16 dru g categories or
combinations of drugs for which there is resistance, and
84 pathogen—drugcombinations (appendix 1pp51-52). We
modelled all-age and age-specific deaths and DALYs for
204 countries and territories, and we present aggregated
estimates globally and for each of the seven GBD super-
regions and 21 GBD regions.* For a complete list of GBD
locations by region see appendix 2 (pp 18-35),

Input data

We sought the widest possible range of data using
several data collection strategies. Through our large
collaborator networks and through standard data seeking
as part of the GBD, we obtained datasets not previously
available for AMR research, including multiple cause of
death data, hospital discharge, microbiology data with
and without patient outcome, studies published in
scientific journals, reports from networks that monitor
bacteria resistant to antibiotics, pharmaceutical sales,
antibiotic use surveys, mortality surveillance, linkage
data, outpatient and inpatient linked insurance claims
data, and publicly available data.” Each component of
our estimation processes had distinct data requirements
and the input data used for each step thus differed
(table 1). The diverse data sought included the following
sources: (1) pharmaceutical companies that run

surveillance networks, diagnostic laboratories, and
clinical trials; (2) researchers including large, multisite
research collaborations; smaller studies: and well
established research institutes based in LMICs; (3) public
and private hospitals and public health institutes doing
diagnostic testing: and (4) global surveillance networks;
enhanced

gillance systems; national surveillance

a8, well as 1805 deaths from Child Health and Mo

gonorrhoeae. All sources are listed by data type in
appendix 1 (pp 7-16).

Table 1 shows a summary of the distinct data types
gathered and for which model component each data type
was used. Also shown is the number of unique study-
location-years and individual records or isolates available
for each data type. Location-years of data refer to unique
GBD locations and years for which we have records or
isolates. In total, there were 520 million individual
records or isolates covering 19513 study-location-years
used as input data to the AMR estimation process. An
additional 702 million deaths informed the underlying
cause-specific mortality envelope from the GBD that we
leveraged when calculating our sepsis mortality envelope.
Table 2 shows the number of individual records or
isolates used and the number of countries covered in
each primary modelling step separately by GBD region.
Three of five component models include data from every
GBD region, and two of five include data from 13 and 20
of the 21 GBD regions. Our models of sepsis and
infectious syndrome fractions of underlying causes are
the most geographically sparse, covering 23 countries
from 13 regions; the results of which are then applied to
the GBD cause-specific mortality envelope informed by
data covering 195 countries from all 21 regions,

All data inputs for the meodels used in steps 1-10
(appendix 1 p 80) were empirical data, not modelled
estimates, with the exception of a custom meta-a nalysis of
vaccine probe data that we did to estimate the fraction of
preumonia caused by  Streptococcus  pneumoniae
(appendix 1 pp 40-41). All study-level covariates for
meodels, such as age and sex, were extracted from empirical
data. All country-level covariates were modelled estimates
that were produced previously for GBD*" and the
Antimicrobial Collaborators Network,” or modelled using
a method previously described in Browne and colleagues,”
Data inputs for each estimation step are described in
greater detail below and in appendix 1 (pp 17-20, 32, 36,
50-51, 60). Data input citations are available online.

Sepsis and infectious syndromes (steps 1 and 2)

First, to define the number of sepsis deaths, we used
GBD 2021 cause of death estimates” to determine the
number of deaths by age, sex, and location where the
pathway to death on the death certificate included sepsis,
Sepsis was defined as life-threatening organ dysfunction
due to a dysregulated host response to infection.” The
methods used to estimate infectious underlying causes
of death and sepsis have been previously published” and
are summarised in appendix 1 (pp 17-20).

In modelling step one (appendix 1 p 80), multiple
cause of death data covering 139 million deaths,
101 million hospital discharges with discharge status of
death, 288315 multiple cause of death records linked to
hospital records from ten countries and territories, as
ality

N colyntries
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. 1990-2009 2010-2021 Sample size units
| Number of study-GBD  Sample size Number of study-GBD ~ Sample size
location-years location-years
Multiple cause of death 1996 71766533 1503 66804957 Deaths
Hospial discharge 508 5052412 Hos 4999065 Discharges
Outpatient and Inpatient insurance claims 0 0 8 20991554 Visits and admissions
| Microbial or laboratory data with autcame 359 1325029 994 17 64b 602 lsclates
| Microbial or laboratory data without outcome 1038 13681797 3009 97863850 Isolates
Literature studies 33n 4400616 1545 3010191 Cases or isolates
Single drug resistance profiles 816 49563600 1482 161875741 tsolates
Pharmaceutical sales 883 883 89 B2g Study-country- years
' Antibiotic use among children younger than § years 134 57171 207 200498 Househalds surveyed
who reported iliness
Mortality surveillance (minimally invasive tissye 0 0 37 2460 Isolates
sampling from Child Health and Mortality Prevention
| Surveillance)
| Linkage (mortality only) 27 204736 1 #3579 Deaths
Cause of death input data 5130 469412517 1436 232349574 Deaths
Table 1: Data inputs by source type, 1990-2009 and 2009-2021, sample size, and study location years
(appendix 1 pp 18-20) were used in mixed effects logistic ~ Case fatality rates and pathogen distribution for deaths
regression models to predict the fraction of sepsis  and incident cases (steps 3and 4)
occurring in each of the 195 GBD underlying causes of  For analytical step three (appendix 1 p 80), we took data
death. This approach follows the methods validated by that linked pathogen-specific disease incidence to deaths
many studies on the epidemiology of sepsis™* and was  to develop models for pathogen-specific case-fatality ratios
used by Rudd and colleagues.” We then multiplied the  (CFRs) that varied by age, year, location, and infectious
fraction of sepsis predicted from the logistic regression  syndrome, Depending on data quality and availability, we
models onto GBD cause-age-sex-yearspecific and used four levels of granularity per pathogen-syndrome,
location-specific mortality estimates to determine the estimating (from most detail to least): a unique model for
mortality envelope for our analysis. Our mortality that pathogen-syndrome, a unique intercept for that
envelope consisted of all sepsis deaths in non-infectious pathogen-syndrome in a model with data for all pathogens,
underlying causes, plus all explicit sepsis deaths withan  a pooled model for each given infectious organism type
infectious underlying cause in GBD (appendix 1 (eg, bacteria, fungus, parasite, and virus), or a pooled
__A2p 22-24). COVID-19 contributed to the sepsis mortality  model using all data. CFR models were implemented with
envelope but did not contribute to our estimation of the RegMod" regression model environment and
AMR burden, generated CFRs as a function of the Healthcare Access and
In modelling step two, details on the pathways of Quality (HAQ) Index and various bias-adjusting covariates
disease provided in the multiple cause of death data or (appendix 1 pp 32-35)."' We then used CFR results to
hospital discharge data were used in a second stage of  estimate implied cases for each pathogen from mortality-
mixed effects logistic regression models to further only data sources that otherwise reported useful
subdivide sepsis deaths into 22 major infectious information on pathogen distributions. In total, the
syndromes, of which 11 had both bacterial aetiologies for  pathogen distribution models leveraged 24 million isolates
which we estimate AMR burden and sufficient data and cases from 142 countries and territories to estimate the
available for pathogen modelling (appendix 1 p21). These pathogen distribution of each infectious syndrome by age,
regressions predicted the fraction of sepsis-related deaths year, and location, with each dataset including a unique
that were caused by a given infectious syndrome,  spectrum of pathogens and groups of pathogens. To
separately for each GBD underlying cause of death, incorporate these heterogeneous data, we used the
location, age, sex, and year. We used this fraction to multinomial estimation with partial and composite
subdivide sepsis deaths in non-infectious underlying  observations modelling environment, which allows for the
causes into specific infectious syndromes, For underlying inclusion of covariates in the network analysis" and for
causes of death that are themselves infectious, all deaths Bayesian priors to be incorporated. To model the infectious
were assigned to a single corresponding infectious syndrome pathogen distribution comprehensively, we
syndrome (eg, GBD AR respiratory infections”  estimated. where applicable, the incidence and death
was assigned to BN bI&TE mMdaie “lower respisatos proportions attributable to viral, fungal, parasitic, and
infections"; appi/fij Rcterial pathogens; however, AMR burden was calculated
Q .
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.
only for selected bacteria for which resistarice is clinically
By NN T EO@ g relevant and sufficient data are available. More details on
‘ gé 33 g 2 3 ; E | this approach are provided in appendix 1 (pp 36-50).
i - Prevalence of resistance by pathogen (steps5to7)
. : ~ ® g E s} % g g E The 84 pathogen-antibiotic class combinations were
I gg. ‘g g M 2 P R 3 . sellected: by ﬁli)s‘l creatingfan e?ahustivillzté:faﬁ cli:;ic:lly
2 ~ ; relevant combinations for which we had data, and then
| L eliminating combinations that did not meet minimum
| B £ i T xaae -1 ; data availability and computational feasibility require-
| E §Eg $5 3 ‘E 3 E E J ments for accurate statistical modelling (appendix 1 p 70).
= BN T Ao i We supplemented microbial datasets from collaborators
|5 g8 23 a- u Ny with aggregate data from systematic reviews and
= ® i & s aa 3 £ published surveillance reports, The number of isolates
- g g g ~ 25 ) l% 3 ' assessed for resistance for each pathogen-drug
- = G g combination is shown in appendix 1 (pp 121-124),
‘ 2 When classifying resistance, we used two categories,
5 3 s | B susceptible and non-susceptible, the latter of which
i ﬁg oo | § %’E A % g included dose-dependent, intermediate, and resistant
} ! =% Z2gem % '5 { interpretations. We excluded combinations of antibiotics
| g £ | to which bacteria have intrinsic resistance (appendix 1
e g3 538 & 2 I PP 51-55), Two-thirds of datasets used in the prevalence
E‘E ég g8 5348% o Fi | of resistance modelling reported 2 laboratory
*E)z =@ = § g ! su[sc:eptibility interp(;etation rather than quantitative test
| I values. Data providers used several guidelines (and
| 5 3 é therefore breakpoints) to interpret test results, which
e 3o a9 S 3 potentially introduced bias. Information on the
| 5% é’_ g 33 3 .E 4 minimum inhibitory concentration of antibiotics was
& available in the remaining third of microbiology data
! f % 2R px § g 2 3 f sources. This information was used both to categorise
| HE .Eg = 2 g g 2 g‘ y I;ac::jrial is:};lla.tes i?ttasuscejptib:je an];iu non-susccp:blg
g3 5 - & s 3 | ased on the 2023 Clinical and Laboratory Standar
_| i b Institute (CLSI) breakpoints (our gold standard), and to
5 g infer the relationship between proportions of resistance
!| 3’ : . T e g % gv( when classifying our data using other versions of CLSI
= o RO o 2 3‘ and the European Committee on Antimicrobial
§ & g- Susceptibility Testing guidelines. These relationships
i % 3 g 83 \ § g £ 2 i were then used to create adjustment factors and correct
'E g $ 8 2 ,E the data that only reported laboratory interpretations as
| } :.f 2D 0o e £ %‘ described in appendix 1 (pp 51-55). Additionally, to
= - % account for bias in resistance data provided by tertiary
g s care facilities, we adjusted tertiary rates of resistance by
’ g 3 b e E B crosswalking them to data from non-tertiary and mixed
_ ggg so 3388 208 5 facilities (appendix 1 pp 51-55).
5 _ nw A2 § -E | After adjustments, we employed a two-stage
b o ~ | spatiotemporal nm@e]lmg frgmework to estimate the
(&, |s g = § g ﬁ 3 2 g % prevalence of resistance in each patho en—dru
E o Eq dg 339F 3 § 2 combination by location-year for 1990—20%1. Fjirgst, we ﬁgt
. §§ g [.Fa 38 g E ) | a stacked ensemble model between the input data and
' i _ﬁ | selected covariates from the list of plausible and health-
g: § fg: g g g g .E 5 related covariates available in GBD (appendix 1
5 2 g g & g 4 2 E g PP 56. 102-108). As a second stage, the estimates from
= g 48 2888 2 5 |2 the stacked ensemble model were then input into a
i g spatiotemporal Gaussian process regression" model to :
-E & ssagoth the estimates in space and time. The exceptions
i isynodelling approach were made for tuberculosis : \
£ 4 extensively drug-resistant tuberculosis  and i
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354 Agegroup
BB =70 years B -4 years
B3 50-69 years B Postneonatal 1o « 1 year
Bl 15-49 years @8 Neonatal

20~ [ s-14years

Nuzmber nfdmhs {millions)

1995

Figure 1; Global time trend of sepsis, by age, 1990-2021

200% 2010 2015 2020

Bar labels represait the number of sepsis deaths in a given year for people aged 0-14 years, 15-49 years, 50-69 years, and 270 years. Values for the age group of
G-14 years represent the sum of sepsis deaths among neonates, postneonates to <1 year, 1-4 years, and §5-14 years

multidrug-resistant excluding extensively drug-resistant
tuberculosis), for which published GBD 2021 estimates
were already available,"

Civen the strong relationship between antibiotic
consumption levels and the proliferation of resistance.
we modelled antibiotic consumption at the national level
to use as a covariate in the stacked ensemble model of
prevalence of resistance. Data from 65 Demographic and
Health Surveys and 138 Multiple Indicator Cluster
Surveys were analysed usi ng model-based geostatistics to
quantify antibiotic usage in LMICs. This was combined
with pharmaceutical sales data from IQVIA, WHO, and
the European Centre for Disease Prevention and Control:
using an ensemble spatiotemporal Gaussian process
regression model.” Antibiotic use and sales data for
1990-2018 were used to produce a location-year covariate
on antibiotic consumption for all 204 countries and
territories between 1990 and 2021 included in this study
(appendix 1 pp 32-35, 56, 80).*

To account for multidrug resistance, we used line-level
microbiology data that tested the same isolate for
resistance to multiple antibiotics to produce both
marginal frequency of resistance and pairwise co-
occurrences for each pair of antibiotics. Using the
marginal and co-occurrence information, we then found
the ‘best’ multinomial distribution that matched
available data in the least square sense. The method
(appendix 1 p 56) reframes the optimisation problem
over the space of multivariate probability measures as a
least squares optimisation problem over the space of
n-dimensional probability simplices, using the marginal
{Lwise co-occurrence information as data. Th

A\produce burden estimates of r

the multinomial distribution that approximately matches
the margins, best in the least squares sense. The
approach was applied for every location-year combination
of resistance to the antibiatics analysed (appendix 1
P 56).

Relative risk of death for drug-resistant infection

compared with drug-sensitive infections (steps 8 and 9)
Using data from 1238 sources representing 296 million
samples from patients with outcome and resistance, we
estimated the relative risk of death for each pathogen-
drug combination for a resistant infection compared
with a drug-sensitive infection using the meta-
regression—Bayesian, regularised, trimmed tool
{appendix 1 p 80). Because of data sparsity, we estimated
the relative risk by antibiotic class, pathogen, and
infectious syndrome; we assumed that risk did not vary
by location and age, which is consistent with the
assumptions made by Cassini and colleagues.’ We used
d two-stage modelling approach with a mixed effects
binomial logistic regression and a mixed effects
meta-regression model to estimate relative risk of death
for each pathogen—drug .combination (appendix 1
Pp 60-65). For the non-fatal excess risk, we estimated
the relative increase in length of stay associated with a
resistant infection compared with a susceptible infection
of the same kind (appendix 1 p 80). Data on length of
stay were available from 309 sources representing
38 million admissions, We used a similar modelling
framework for excess length of stay as we used for
relative risk of death with a two-stage nested mixed
effects meta-regression model. Due to data sparsity
associated with drug-resistant Kgonorrhoeae, we only
produced a non-fatal estimate this pathogen. To
tiple pathogen-drug

Principal \
Inderé Iastitare B 28,2024
INDORE (M.P.) \

20



Articles

combinations that were mutually exclusive within a
given pathogen (and thus could be added), we produced
4 population attributable fraction (PAF) for each
resistance profile with resistance to at least one drug
(appendix 1 pp 65-72).

Computing burden attributable to drug resistance and
burden associated with drug-resistant infections
(step10) -

We computed two counterfactuals to estimate the drug-
resistant burden: the burden attributable to bacterial AMR
based on the counterfactual of drug-sensitive infection and
the burden associated with bacterial AMR based on the
counterfactual of no infection. These methods are
described in greater detail in appendix 1 (Pp 65-72). Briefly,

—to estimate the burden attributable to AMR, we first

calculated the deaths attributable to resistance by taking,
for each underlying cause, the product of cause-specific
deaths, the fraction of these deaths co-occurring with
sepsis, the fraction of sepsis deaths attributable to each
infectious syndrome, the fraction of infectious syndrome
deaths attributable to each pathogen, and the mortality
PAF for each resistance profile. We used standard GBD
methods” to convert age-specific deaths into years of life
lost (YLLs) using the standard counterfactual life
expectancy at each age." To calculate attributable years
lived with disability (YLDs), we took the product of the
infectious syndrome incidence (appendix 1 pp 27-32), the
fraction of infectious syndrome incident cases attributable
to each pathogen, YLDs per incident case, and the non-fatal

PAF. For resistance profiles that had resistance to more
than one antibiotic class, we redistributed burden to the
individual antibiotic classes proportionally based on excess
risk, providing a mutually exclusive burden for each
pathogen-drug combination {appendix 1 pp 65-72). To
calculate DALYs, we took the sum of YLLs and YLDs. To
estimate the overall AMR burden of the drug-sensitive
counterfactual, we summed the burden estimates of every
pathogen-drug combination. The approach for calculating
the fatal burden associated with AMR was iden tical except
we replaced the mortality PAF for each resistance profile
with the prevalence of resistance in deaths (appendix 1
pPp 65-72).

Decomposition of the factors contributing to change in AMR
associated deaths

To better understand the relative contributions of various
factors to the overall change in deaths associated with
AMR, we did a 6-factor decomposition analysis, drawing
from methods developed by Das Gupta.*" This
decomposition accounted for the following factors:
(1) population growth, (2) the population age structure,
(3) the sepsis mortality rate, (4) the proportion of sepsis
deaths associated with AMR syndromes, (5) the
proportion of AMR syndrome deaths associated with
AMR bacteria, and (6) the proportion of AMR bacteria
deaths associated with resistance. The decomposition
was done for global and GBD super-region level estimates
comparing 1990 to 2019. For a detailed description of the
methods see appendix 1 (pp 70-72).

Attributable death counts

Associated death counts (thousands)  Associated death rates per 100 000 Attributable death rate per 100 000 |
(thousands) [
1890 2019 202 2050 1990 2019 2021 2050 1990 2013 2021 2050 1990 2019 2071 2050 |
I Global 4780 4940 4710  Baz0 896 63.8 597 827 060 1200 1140 1910 198 155 145 204
(4000~  (4430- (4230 (6BS0- (750~ (57:2- (536~ (732~ (B41-  (1050- (1000- (1360- (158- (136- (127- (366~
5550) 5450) 5190) 5650) 104) 70:4) 65:7) 104) 1370) 1350) 128B0)  2260) 239) 17.4) 16:2) 24.2) !
Central Europe, 285 281 265 360 678 671 634 90.5 630 686 640 829 150 164 153 208 [
| FasternEurope, (240~ (252~ (235~  (297- (571~ (60-1- (562~ 763~ (495~ (592 (552~  (671- (11.8- (341~ 32- (170 |
[l and Central Asia  330) 310) 2495) 420) 78:4) 74.0) 706) 106) 766) 780) 728) 987 182 1B6)  174) 248)
High-incame 477 579 553 B83 525 533 507 781 108 131 125 192 11.9 120 114 170
| (385~ (513~ (489 (674 (424~  (473- (448- (598 (829~ (115~ (110~ (146~  (9a2- (106~ (103~ (129
568)  B44)  618) 1040) 6255) 593) 566) 922) 133) 146) 140) 215) 14.7) 135) 12.8) 199)
Latin America 247 339 322 650 633 579 542 96,7 557 824 781 148 14-3 141 132 221
andCaribbean (210~  (305- (285- (520 (538  (522- (479~ 78.0- (444~ (724- (677- (117- (114~ (124- (14 (175 :
284) 372) 160) 808) 72:8) 636) 60:6) 119) 670) 925)  B86) 185) 172) " 158) 14.9) 27.2) |
North Africa 264 243 226 525 780 400 36.3 614 630 647 602 133 18:6 107 966 155
andMiddieEast (219- (11~ (194- (430- (645~ (348 (11 (@92~ (494- (544- (504- (107~ (146 (897- (805 (123
310) 274) 259) 641) 514) 45-2) 415) 73:9) 767) 751 103 161) 226) 124) 13) 19.0)
Sauth Asla 1400 1350 1260 2400 128 747 685 114 308 356 33 604 282 197 181 288
' (1170- (1200 (1110 (1910~ {(107- (665~ (602~ (913~ (245-  (303- (282~  (463- (228 (168 (53 (2%
. 1630) 1500)  1420) 2980) 149) Bio) 76:8) 141) 167) 408) 8N 743) i36) 26) 210) 35-6) |
i SoutheastAsia, 1116 1140 1150 1940 658 528 527 920 250 m 270 428 148 125 12:4 203 |
East Asia, (916- (995~ (1010- (1580~  (54.2- (460~ (463- (750~ (195- (235 (237-  (348- (115 (109- (108 (164- |
| and Oceania 1310)  1290) 1290) 2370) 77:5) 595) 591) 13) 304)  307) 304) 511) 13.0) 42)  139) 24-5)
| Sub-Saharan 990 1010 923 1470 202 932 815 693 110 237 209 323 42.8 210 185 153 |
| Africa (797- (811-  (732- (1140~ (162~ (751= (646~ (53.7- (158- (179 {161~ {245~ 132 2- (165 (142- (114 |
1180)  1200) 1110)  1860) 241) 111) 98.4) 875} i62) 176) 257) 416) 5!-3‘\ 255) 27 195) |
Table 3: Deaths (in counts and all-age rate; . bfalseditance, globally, by GBD super-region, for , 2021 and 2050
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2019

Attributable DALY rates per 100000
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2018

Attributable DALY counts (thousands)

1990

2021

Associated DALY rates per 100 000
2019

1990

2019 201

Associated DALY counts (thousands)

1590

.| AMR forecasts

05 5 i | f‘i | e W — ¥ . "
gég BEF e2E M z 5RE = 588 IHME’s Future Health Scenarios framework produces
$88 935 358 93 2 RA8¥835 8 Be 2 =& forecasts of disease burden by cause, age, sex and location
L W U S SN = s from 2022-2050. These estimates of disease burden were
m;%B vEe ™ §§ & 3T = é ¥$REE §§§ %uﬁ: combined with forecasts of AMR to forecast the future

L burden attributable to and associated with AMR. Detailed
3 gg 3z 8 Qg 388 3%& 287 84 gRE8 - methods for the Future Health Scenarios framework are
TRl Y td - Rl | described in detail by Vollset and colleague.”
cEip iz 84T sd8 ane gdn | |
§§§ \;@g SR89 S 23 § Sg % g% REZ g E% Forecasting AMR population attributable fractions
We used the historical estimates of deaths due to AMR
g i § g‘ (attributable deaths) by GBD cause and computed
888 843 2% 285 Rsg 888 Res gag - 19 PAFs for GBD Level 2 causes with AMR attributable
€85 " 3% ~ ._,g nEe gﬂg Z8= ”\%ﬁ = §§ 3 | death counts. We then used a Generalized Ensemble
§ | Model to forecast the fraction of cause-specific deaths
BE su - ea. Sia o s 258 2 = | due to AMR. This model used two main modelling
gﬁé g % 28 f%ﬁ N gé §§§ %E § X é g g gg g approaches: the weighted annualised rate of change and
o S > N et R g | atwo-stage spline model based on the meta-regression—
T | Bayesian, regularised, trimmed tool" to generate
§§ E $25 28 $235 Bés §§ - g g"' 2| 12 difference sub-models (appendix 1 pp 73-74), We then
28g 2% gEZ‘ SEE *E% :’-‘EE E%i 1 :g £ | obtained the final AMR PAFs ensemble forecasts by
taking a mean over these submodels using the sampling
5 94~ 24=20d=8§ §§' 8 288 weights from the out-of-sample experiments. Finally, we
gég ”%g ggg A %.ﬁ ggé g2 g%g 3 g g | applied these PAF forecasts to our reference cause-
> ‘ specific forecasts of mortality.”
2 ég 3 %g & ég 2 % g8 gg 2 E g g8 gg &E g g Computing future attributable and associated burden
i il g RS SIES N e % | For computing attributable AMR burden, we first
S Laz B ol R oA nbe - multiplied our reference mortality and YLL forecasts for
gg& RRE B gg £33 §,.. 232 -’?.'§ 3._: % ia 2 19 cause groups at the age-sex-location level by the
o el - g forecasted AMR PAFs described in the section above.
Afterwards, we computed AMR-attributable YLDs by
& %g |3 § B §§ RR § 28 g & 8 g | §\§ 3?‘; 3 applying a scalar to the attributable YLLs using the global
G T B TSR G S aRES RER ratio of YLL:YLD AMR deaths in 2019* Finally, we
= = = computed AMR-attributable DALYs by taking the sum of
588 858 §§§ 288 §§§ g4388s3858 AMR-attributable YLLs and YLDs.
e &R 5 CF "3 "E= “pe xge For computing associated AMR burden, first, we
g computed the ratio of AMR-associated deaths to AMR-
o= = + -, - 1 / = -
Sd = = 38 = g g attributable deaths for 19 cause groups by age-sex
ggg !"-.‘§ g g gg § Eg Qgg Egg Egg o 5% location in 2021, We then multiplied our AMR PAFs by
o g i - e e the resulting ratio to calculate associated burden forecasts
g g,g 3;3 §§ g g 45 § 58 § 2y §g§ 5 § - for ebach gr]:ezsurde using the same methods as computing
g 8 g 2 attributable burden.
B2% “3§ S35 %35 CRIGLE RER Re
(St o e S~ =] - 2 TR
g = o Developing AMR scenarios
§ § e 5 ﬁ § g 8 §3 g § g 8 ?. = The reference scenario provides a probabilistic forecast
§ S5 =] § SFE o~ P
&85 "B fgy 23237 A55 BB 38w of the most likely future. In addition to a reference
scenario, we produced two alternative scenarios: the
B2 - Shssss g 838 842 P Gram-negative drug scenario and the better care
ggg g § A §rs.-‘. 2 §§ g §§ Egé 2 gg «%gg scenario. We developed the Gram-negative drug
~Ow eRTae g E3 88 128

scenario under the assumption that a ragular release of
new, potent antibiotics targeting Gram-negative bacteria
would lead to decreases in AMR burden, To simulate
this, we calculated the fraction of AMR burden caused
by Gram-negative pathogens and Ui
50% of the value observed
(appendix 1 p 74). For the bett
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Abstract

At 1600ug/ml, the greatest percentage of denaturation of egg albumin was inhibited by synthesized acetophenone
(89.16+0.38%). At the greatest concentration, the synthesized acetophenone showed a significant effect of obstructing
protein denaturation in a dose-dependent manner. It was investigated whether the synthesized acetophenone could keep
BSA from becoming denaturated. Synthesized acetophenone demonstrated the greatest percentage denaturation of BSA to
Je 76.59+0.56% at 1600pg/ml. The RBC membrane was stabilized by the synthesized acetophenone in a dose-dependent
wrnanne:r. with the maximum stability occurring at 1600 pg/ml. At 1600 Hg/ml, the greatest percentage inhibition of RBC
membrane lysis (91.15+0.31%) was observed, in contrast to DS (90.0140.02%) and piroxicam (80.34+0.29%). The highest
and lowest levels of trypsinase activity hindrance were seen at 1600pg/mi and 50pg/ml, respectively, for the synthesized

acetophenone. The greatest percentage of trypsinase activity suppression was found to be 83.94+0.24.
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Abstract

Nerve cell death is the central aspect of human neurodegenerative
disorders, Neuronal death in results leads to the onser of various
human neurological disorders such as Alzheimer's disease,
Parkinson’s disease, Huntington's disease, amyotrophic lateral
sclerosis, and stroke, In developing neurons, apoptosis is assumed
to provide a counterbalance to overexuberant cell replication,
Numerous signals may induce apoptasis in neurons, such as the
absence of neuratrophic factor support, increased levels of
metabolic and oxidative stress, and overstimulation of glutamate
receptors (leading to the calcium influx), Cell death and
neurological disorders have been related to oxidative stress, which
creates an imbalance between antioxidant defenses and free
radical production. In this paper, a summary of the engrossment of
oxidative stress, neuronal apoptosis, and mitochonidrial
dysfunction in neurodegenerative disorders has been discussed.
Antioxidant therapy's potential assistance for neurodegenerative
illnesses in human beings is still up for dispute, despite
encouraging pre-clinical research findings. One elucidation for this
disparity could be the non-existence of an accurate way (0 assess
oxidative stress in the brain. The explosion in research on
apoptosis in neurodegeneration has stemmed from the conception
at persuading neuronal apoptotic death may be crucial to the

rodegenerative processes will serve as the foundation for
ture research into the development of focused, effective
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Apoptosis, neurodegeneration, reactive OXygen species, neurons, o

oxidative stress, cell death Diesuss!

Introduction Sorxbam
Abbreviations

Apoprosis is a phenomenon of programmed cell death, in which

cells die sequentially at the end. The central nervous system is at Declarations
fatal risk during both acute and chronic neurodegenerative
disorders (NDs) [1). The onset and prevalence of NDs such as
Parkinson's disease (PD), Alzheimer’s disease (AD), and stroke lead
to an alarming rate of increase in the number of people suffering
from it. These disorders cause the degeneration of neurons
oxidative stress and excessive cell-mediated proteolysis [2).

Refarences

Degenerating neurons exhibit oxidative stress and excessive
calcium-mediated proteolysis at the cellular level, which eventually
results in apoptosis. In apoptosis, the cell and nucleus shrink and
form blebbing, causing chromatin fragmentation, loss of adhesion,
and rapid engulfment by phagocytosis (3]. Apoptosis also causes
several blochemical changes along with morphological alterations
such as DNA fragmentation, plasma membrane depolarization,
lysosome permeability, and enhanced formation of reactive oxygen
specles (ROS) [4]. Induction of apoprosis is achieved by many
methods depending on their pathways such as interna) and
external stimuli. Internal stimuli are triggered by activating
intrinsic pathways such as abnormalities in the DNA and external
stimuli are activated by cytokines such as extrinsic signaling
pathways [5]. The description of normal apoptotic pathways by
Guerin et al, [6] is depicted in Figure 1.

Display full size
Figure 1.

The description of the general apoptosis pathway of a cell

The apoptosis pathways elaborated in Figure 1 show different
phases such as shrinking of the cell, membrane blebbing, the
collapse of the nucleus, normal apoptotic body, and at the end leads
to lysis of the apoptotic body. The descriptive pathways include two
different methods of apoptosis such as intrinsic and extrinsic
pathways for cascades, as depicted in Figure 2.
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Intrinsic apoptosis

The non-receptor-mediated intracellular signals that are part of the
intrinsic signaling pathway for programmed cell death include the
numerous mitochondrial processes that start apoptosis [7]. The
intrinsic pathway for programmed cell death can also be activated
by damage to cellular DNA, Pro-apoptotic proteins set off caspases,
which then regulate several cell death pathways. These proteins
also enter the cellular nucleus where they trigger apoptosis and
DNA damage. The removal of growth factor supplements from
culture media, exposure to ultraviole (UV) light, or cell stressors
are examples of situations that can start the intrinsic pathway (for
instance osmotic or metabolic). In the end, these clrcumstances
result in DNA cell damage. When exposed to UV radiation, thymine
base pairs adsorb UVB photon, which then joins together to
generate pyrimidine dimers. ROS production may rise in response
to growth factor withdrawal or other stressful circumstances, ROS
can harm DNA through several mechanisms, including base
modification [8].

The literature has reported that several diseases, including hypoxia,
irreversible DNA damage, oxidative stress, and viral infections are
triggered by intrinsic pathways, which will cause the alteration in
the release of cytochrome from mitochondria, and form the
complexes with the apoptotic protease activati ng factor-1 (Apaf-1)
and procaspase 9],

Extrinsic apoptosis

Transmembrane death receptors, which are the products of the

tumor necrosis factor (TNF) receptor gene, are a component of the

extrinsic signaling cascade that results in apoptosis [10). These

receptors interact with extrinsic ligands to bind and translate

intracellular signals that lead to cell death. It works on the active

receptor and subsequently | binds procaspase-8 and TNF R1

(receptor type 1). Procaspase-8 is activated by this multiprotein

complex, which starts apoptosis, or the process of cell death.

Several caspases, which are proteases with specific biolagical

targets, are involved in the signal transduction of the extrinsic &
pathway. The activation of caspases affects a variety of cellular !
processes and plays a significant part in the process that results in

cell death [11],

Prompts of apoptosis: oxidative stress
and Ca?*

Oxidative stress

A highlevel of ROS such as hydrogen peroxide radicals (*H,0,),
hydroxyl radicals («OH), and superoxide anion and an imbalance of
antioxidant enzymes contribute to oxidative stress, which is a
detrimental factor in memory dysfunctions [12]. Oxidative stress
may be associated with cell membrane mutilation from lipid
peroxidation, vicissitudes in protein structure and function, and
structural damage to DNA. As the brain is one of the most
metabolically active organs in the body, it is particularly susceptible
to oxidative stress for the reasons listed below: First, its high
oxygen demand (20% of the body's oxygen intake). Second, the
brain is full of redox-active metals like copper and iron, which
constantly accelerate ROS production. Third. the membranes of
brain cells contain substantial amounts of polyunsaturated fatty
acids, that act as substrates for lipid peroxidation. Fourth, the brain
has comparatively low levels of GSH, which functions as an
epdogenous antioxidant that helps in eliminating ROS [13),

It was evident from a research study that showed a prompt
increase in oxidative stress levels as compared to neurclogically
impaired patients with aging lactors. From the immunohistelogical
examination, it was evident the increased protein oxidation, and
lipid peroxidation in brain areas having neurofibrillary tangles and
plagues. In AD, the cerebrospinal fluid had increased lipid
peroxidation levels such as 4-hydroxynonenal [14), Variations in
¢ antloxidant enzymes catalase, Cu/Zn-superoxide dismutase
&+ (ISOD), and Mn-SOD are caused by the increased oxidative stress in
-L} D. These enzymes present in the neurons in the membrane cause
" # lipid peroxidation with an increase in the secretion of toxic
aldehydes such as 4-hydroxynonenal or malondi-aldehyde. These

aldahudase dienirh nallinlar Falt hamaartacic b inrarfarine with tha
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generation of ROS, which causes mitochondrial dysfunctions [15].

Nitric oxide (NO), which functions as a second messenger and can
combine with superoxide anion to generate peroxynitrite
[ONOO(-)], produces an interesting concept concerning oxidative
stress in neurons. It has been demonstrated that ONOO(-) is
neurotoxic and induces apoptosis in leukemic cells [16]. Several
substances including vitamin E, estrogens, uric acid, and
glutathione, are utilized to alleviate oxidative stress. They have
been reported to prevent cellular in jury, and membrane lipid or
protein damage. Through the tumor protein (p53), poly(ADP-ribose)
polymerase (PARP), or the ataxia telangiectasia mutant (ATM), ROS
can cause DNA damage, which triggers lethal apoprotic signaling
[17]. It was evident that oxidative stress in AD has scavenging free
radicals which are used as a neu roprotective therapy for the
disease. Moreover, prophylactic treatment with free radical
stavengers such as vitamin E may reduce the risk of AD.

Perturbed Ca?* homeostasis

The alteration and dysfunction in the Ca®* regulation have been
reported in various clinical studies on Ppatients with AD. The
neurofibrillary changes are exhibited by calpain-1l which gets
activated by the activation of Ca*-dependent protease [18]. The
oxidative stress or greater intracellular calcium levels can activate
cysteine proteases called caspases, such as calpain linked to
neuronal cell death. Some conditions, such as cerebral ischemia,
epilepsy, and traumaric brain in Jury, affect the calcium homeostasis
of neurons and overstimulate capillaries [19],

To maintain cellular ion homeostasis and cell viability, calpain
depends on a variety of substrates, including membrane receptors,
kinases, phosphatases, cytoskeletal proteins, and transporters,
Increased levels of calpains or the endogenous calpain inhibitor,
calpastatin, have been connected to neuron loss in several
neurodegenerative ilinesses, Including amyotrophic lateral
sclerosis (ALS), PD, and AD [20], Calpain Inhibitors inhibited
neuronal cell death in a variety of experimental scenarios,
supporting the idea that calpains are crucial in the regulation of
apoptosis and necrosis. The existence of higher Ca?" binding
proteins such as calretinin and calbindin, which are resistant to
neurofibrillary degeneration, has been found to promote
neurodegeneration (n AD illness [21).

It is widely known that the cytotaxic buildup of intracellular
calcium plays a crucial role in neuronal cell death as well as other
stress conditions like toxicity. The cytotoxic intracellular Ca?* is
mediated via the stimulation of glutamate receptors. This
strengthens the veltage-dependent Ca’* thannels, metabotropic
glutamate receptors, and Ca®* permeable a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) receptors [22]. The lethal
accumulation of Ca®” in apoptotic cells is caused due to the over-
activation of glutamate receptors. This fatal result arises due to the
cleavage of ion pumps due (o va riability in the physiological
environment which supports the pumping out of Ca*' to maintain a
stable state of cytosolic calcium [23). On exposure 10 apaptatic
damage, the caspases or calpains become activated and cleave the
ion pumps. This lets the Ca?" ion pump remove huge amounts of
calcium that have accumulated in the cytosol. Because of this,
calcium homeostasis {s upset, which ultimately causes apoptotic
signaling to change to necross,

Itreveals that the signaling pathways of apoptosis are crucial for
the development and control of illness. There are still a large
number of proteins that are unknown and are involved in various
signaling pathways. The purpose of that unidentified protein would
be as a linker protein, which would be able to treat or stop the
aberrant loss of neural cells in neurodegenerative illnesses. One of
the key goals of current science is to understand the mechanism of
proteins in the signaling pathways of a Poptosis and anti-apoptosis
[24]).

Pathogenesis of neurogenerative
disorders
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metabolic impairment, at the cellular level. The anti-apoptotic or
neuroprotective signaling pathways comprising neurotraphic
factors, cytokines, and conditioning responses may offset the aging
effects and hereditary Predisposition in the experimental models of
NDs [27).

Free radical production, activation of the pathway for NO synthesis,
disruption of cellular calcium homeostasis, and programmed cell
death are all factors that contribute to the progression of
neurodegenerative illnesses associated with glutamatergic
dysfunction (28, 29}, These methods may induce mutilation of
proteins, nucleic acids, and lipids, as well as apen the pores of
mitochondrial permeability transition, which may increase the ROS
generation, energy failure degeneration, and proclamation of
Pproapoptotic substances like Cyt ¢ in the cytoplasm [30]. The
overproduction of ROS and downregulation of antioxida nt defense
cause the death of NDs’ neuronal cells [31], A variety of
neuredegenerative illnesses are linked to inappropriate regulation
of Wnt/f-catenin (WpC) signaling [32). Degenerative nerve diseases
are thought to contribute to the deterioration of various vital bodily
functions, including memory, breathing, balance, speach,
movement, and heartbeat [29]. The factors for the pathogenesis of
neurogenerative disorders by Mehta et al. [33) are illustrated in
Figure 3.

Figure 3.

Pathogenesis of NDs. HD: Huntington's disease

Apoptosis involvement in NDs

Apoptosis is a fundamental physiologic process that contributes 1o
cellular homeostasis. Apaptosis (programmed cell death) is a type
of physiological cellular suicide that occurs in several biological
pracesses, including immune response, synaptogenesis,
embryogenesis, and normal tissue and organ involvement. Normal
brain development depends on programmed cell death. It affects
the quantity and type of cells in the growing brain and spinal cord
and is essential for the development of a functional neural
network. In pathological circumstances, it is also partly accountable
for physiological aging and the death of neurons linked to NDs [27).
Apoptotic cell death is well characterized via a sequence of
morphological variations that comprise attenuation of nuclear and
cytoplasmic compartments, condensation of chromatin, DNA
degradation into fragments of oligonucleosomes, and an
assortment of nuclear material into the vesicular apoptotic bodies
(34).

Neurodegenerative disorders cause neuronal death at the cellular
level as a result of oxidative stress, DNA damage as a result of
endoplasmic reticulum (ER) stress, and disruption of cellular
calcium homeostasis. The apparent upsurge in the lifespan of
individuals and the normal age of the population is tactlessly allied
to a liberal intensification in the vast number of persons having
NDs [35]. Apoptosis induction via pathogenic pr 2ins of NDs by
Yang et al. [36] is described in Figure 4. '
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Figure 4.

Induction of apoptosis by pa thogenic proteins of NDs. ATP:
adenosine triphosphate; mtDNA: mitochondrial DNA; AIF:
apoptosis-inducing factor

Mitochondrial apoptotic signaling

Mitochondrial dysfunction plays a crucial role in the etiology of
NDs. Numerous fragments of data suggest that NDs have
profoundly impaired mitochondrial activity. The mitochondria are
highly vulnerable to oxidative stress as it has the primary
organelles for the production of ATP and are the main source of
ROS generation [37]. The release of Cyt ¢, which occupies center
stage as the starting point and mediator of the apoptosis cascade, |s
the major paradigm in mitochondria-mediated apoptotic signaling.
Cyt ¢ acts as a molecular adaptor that couples the procaspase-9 and
Apaf-1 to produce the apoptosome complex during the activation of
the death protease, caspase-3, Cyt ¢ is released from the
mitochondria into the cytosol either by non-specifically expanding
and rupturing the mitochondria or by opening a particular channel
or permeability transition pore in the mitochondrial membrane,
Members of the pro- and anti-apoptotic subfamilies of B-cell
lymphoma 2 (Bcl-2) are the guardians of channel-mediated Cyt ¢
release within mitochondria. This ROS mechanism of apoptosis
signaling is probably going to be crucial in reperfusion-induced
neuronal cell death since post-ischemic mitochondria can produce
more ROS [34). This mitachondrial pathway of cellular apoptosis is
illustrated in Figure 5,
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Figure 5. :
The mitochondrial pathway of cellular a poptosis. Bax: Bel-
Z-associated X protein
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& apoptosis Induction in tumor cells affects the anti-tumor
fficacy of radiotherapy and chemothera py. However, the
significant adverse impact of those pro-apoptotic therapies has 30
prompted researchers to seek out other Ways to promote tumor
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taspase inhibitors are also being utilized, The biology of neural
stem cells and the “anti-aging” enzyme telomerase have also been
utilized to create two distinct strategies for avoiding apoptosis and
replacing damaged or dead neurons. The six-base DNA repeat
sequence (TTAGGG) is added to chromosomal ends by the
telomerase reverse transcriptase (TERT) enzyme, which has
recently attracted a lot of attention due to its purported “anti-aging”
capabllities. TERT may assist an anti-apoptotic activity in neurons
by suppressing the TERT expressions or activity, which makes them
more vulnerable to oxidative and excitotoxic stimuli. Conversely,
overexpression of TERT protects the neurons from apoptosis [39].

Acetylcholine (Ach) is a parasympathetic neurotransmitter that also
enhances synaptogenesis in living cells to influence memory and
learning in people. With three approved medications (donepezil,
galantamine, and rivastigmine), acetylcholinesterase inhibitors
(AChEIs) are the most well-researched medications and the first-
choice treatment for NDs globally. Nevertheless, the AChEIs are less
valuable in the advanced stages as they necessitate a higher dose
which also upsurges the risk of adverse effacts. Over the years,
many potential candidates like metrifonate and tesofensine came
under clinical trial as AChEIs but failed at certain stages mainly due
to their safety profile, Altogether, this evidence Indicates an awful
and unmet necessity for the development of novel AChEIs [40].

Some potent apoptotic medications used for the treatment of NDs
are described in Table 1.

Table 1.
Some potent apoptotic medications used for the treatment
of NDs

Sr.  Drugs Mechanism of Model use:
No. action

1. Minocycline Inhibition of the Cultured r
generation of free CGN
radicals and the

neurotoxicity

caused by 6-OHDA

in rat CGN.

& Rasagiline ' This causes MAQ-B Aged male
' inhibition, which C57BUE)
may decrease mice
oxidation and the

buildup of free
radicals while
simultaneously
increasing the
amount of
monoamines in
the brain through
the suppression of
their catabolism,

Display full size
(https://www.explor
ationpub.com/Journ

als/Tables/1001208/t

1)

Sr. No.: serfal number; 6-0HDA: 6-hydroxydopamine;
CGN: cerebellar granule neurons: MAQ-B: monoamin
oxidase B; P13K: phosphoinositide 3-kinase: 578
parentral substrain of mice; Nrf2: nuclear factor
2-related factor 2; PQ: paraquat; iNOS: inducibl
synthase; MPTP: 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine
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When subjected to excessive oxidative stress, neurons may respond
adaptively to overcome the stress, or they may activate a
programmed cell death pathway called apoptosis. Alterations in the
ER and mitochondria, as well as the activation of cysteine proteases
known as caspases, are the characteristics of apoptosis. There is
mounting evidence that neurodegenerative diseases cause
malfunction and neuronal death due (o apoptotic biochemical
pathways. Indeed, the notion that neuronal apoptotic death
induction plays a crucial role in the progression of the disease, the
recent advances in basic apaptosis research, and the recagnition
that apoptosis has a broad range of clinical applications, have
prompted much of the research into Investigations of intervention
tactics directed at the apoptosis control or apoptosis induction in
the neuronal apoptotic death pregram, Potential remedies can be
inferred from the hypothesis that oxidative stress Is shared by
multiple illnesses involving increasing cell death, Among these,
using neurotrophic growth factors and antioxidant molecules could
be a common strategy to shield neurons from oxidative damage.

Conclusions

" The field of apoptosis research has recently gained exciting
additional insights into the mechanics of cell death programs that
may perhaps contribute (o the degeneration and death of neurons
after acute brain trauma and the evolution of neurodegenerative
diseases. The focus of this review paper will be on contemporary
ideas that are important for comprehending the apoptotic death
program, the mediators and regulators of cellular apoptosis, and
the connection between aberrant apoptosis and the emergence of
neurodegenerative illnesses. A deeper comprehension of the
mechanisms underlying apoptosis may apen the door to more
advanced therapeutic approaches and trearment modalities that
#im to regulate the neuronal apopiotic death pathway. To date,
caspases and the Bcl-2 protein family are two members of the
apoptotic machinery that have been the subject of much
Investigation. Future treatment modalities that emerge from
research to more precisely Identify the redox-sensitive molecular
components of the neuronal apaptotic death machinery and their
regulation in the various acute and chronic neurodegenerative
pathologies should be challenged by the successes of these current -
approaches. More apoptotic inhibitors will probably be added to
physicians’ dally toolkits in the coming years for treating
neurclogic conditions Involving caspase-mediated cell malfunction
and cell death.
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Abstract

In the current scenario, Alzheimer's disease is a complex, challenging, and arduous health issue, and its prevalence,
together with comorbidities, is accelerating around the universe. Alzheimer's disease is becoming a primary concern
that significantly impacts an individual's status in life. The traditional treatment of Alzheimer's disease includes some syn-
thetic drugs, which have numerous dangerous side effects, a high risk of recurrence, lower bicavailability, and limited
treatment. Hence, the current article is a detailed study and review of all known information on plant-derived compounds
as nawral anti-Alzheimer's agents, including their biological sources, active phytochemical ingredients, and a possible
mode of action. With the help of a scientific data search engine, including the National Center for Biotechnology
Information (NCBI/PubMed), Science Direct, and Google Scholar, analysis from 2001 to 2024 has been completed.
This article also described clinical studies on phytoconstituents used to treat Alzheimer's disease. Plant-derived com-
pounds offer promising alternatives to synthetic drugs in treating Alzheimer’s disease, with the potential for improving
cognitive function and slowing down the progression of the disease. Further research and clinical trials are needed o

fully explore their therapeutic potential and develop effective strategies for managing this complex condition.
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Introduction

Neurodegenerative diseases are characterized by the progres-
sive loss of both the structural and functional elements of the
peripheral nervous system and the central nervous system,'
Neuronal death leads to the onset of various neurodegenera-
tive diseases such as Alzheimer’s disease (AD), Parkinson’s
disease, Huntington's disease, amyotrophic lateral sclerosis,
and stroke.” AD is the most observable form of dementia
in aged people,” characterized by the progressive deterior-
ation of memory and other cognitive functions.” Memory
loss is the key symptom of AD.} Major hypotheses for AD
include amyloid agd cholinergic hypotheses and additional
risk factors like genetic problems, aging, head injuries, infec-
tions, vascular disorders, and environmental factors.® Recent
research has demonstrated that the genesis of AD is signifi-
cantly influenced by the inhibition of oxidative stress and
larget enzymes like cholinesterase, B-secretase, and mono-
amine oxidase, as well as by the suppression of tau protein
hyperphosphorylation and amyloid-p (Ap) plaque aggrega-
tion, inflammatory responses, and unfolded protein
responses.” The comorbidities due to AD include hyperten-
sion, depression, osteoarthritis, diabetes mellitus, cerebrovas-
cular disease, and others.

The FDA-approved medications for the treatment of AD
are cholinesterase inhibitors (donepezil, galantamine, rivas-
tigmine), glutamate regulators (memantine). and orexin
receptor antagonists (suvorexant), and novel anti-amyloid
antibodies (aducanumab).® The availability of these pharma-
ceuticals and their potentially hazardous side effects restrict
their usage. As a result, developing an effective. safe. eco-
nomical, and cost-efficient drug is essential. Recent studies
indicate that natural products might exert therapeutic poten-
tial against AD and recommend that herbal drugs are alterna-
tives to synthetic drugs in managing AD.” The efficacious
usage of these herbal drugs will enhance anti-AD effects
by acting on numerous targets associated with AD with
lower side effects.'” Therefore, herbal plants and their deriva-
tives are practical approaches to treating AD.

In recent years. researchers have found many active com-
pounds in herbs, and such bioactives have targeted the thera-
peutic potential of herbal products against AD with fewer
adverse effects than conventional drugs.'' This review high-
lights the recent research contributions from different aca-
demics worldwide in herbal-based AD teatment. The
present study covers the trends in epidemiological data, patho-
genesis, and herbs with their phytochemicals and mechanism
of action against AD. This review also discusses the country-
wise research carried out from 2001 1o 2021, Figure | depicts
the workflow for the literature selection process,

Epidemiglogy of Alzheimer’s disease

AD is th¢ most familiar and common type of dementia,

for of all cases, and aro

e _,'ouf{:a_.f cif_'_ ﬂzheimer%ﬁsease OfQ_)

million new cases are found annually, Dementia affects
more than 50 million people in the world today, and by
2050, the total figure of patients is expected to triple, the
majority of whom have AD.'*"* Turkey, Lebanon, Libya.
and Finland have higher death rates because of AD as com-
pared to other countries in the world,

Pathophysiology of Alzheimer's disease

AD is characterized by a complex interplay of pathological
processes contributing 1o its pathophysiology. Key factors
involved in AD include the deposition of extracellular
AB, tau protein abnormalities, oxidative neuronal damage,
intracellular neurofibrillary tangles (NFTs), neuroinflamma-
tion, genetic mutations, dysregulation of neurotransmitters,
and various molecular and cellular pathways; represented in
Figure 2. Deposition of the extracellular AP due to neuro-
toxicity is the main reason for AD,'* ¢

Extracellular deposition of A plays a central role in AD.
AP peptides are derived from the cleavage of amyloid-p
protein precursor (ABPP) and can aggregate to form insol-
uble plaques. These plaques disrupt normal neuronal func-
tion and activate inflammatory responses. AP oligomers,
intermediate forms of Ap aggregation, are particularly toxic
to neurons and contribute to synaptic dysfunction and neuro-
toxic cascades. Tau protein abnormalities contribute 1o intra-
cellular NFT formation. Tau is a microtubule-associated
protein involved in maintaining neuronal structure and trans-
port. In AD, tau becomes hyperphosphorylated, leading to its
detachment from microtubules and aggregation into NFTs.
These tangles disrupt neuronal integrity, impair axonal trans-
port, and contribute to cognitive decline.

Oxidative stress is a prominent feature of AD pathophysi-
ology. Excessive production of reactive OXygen species over-
whelms the antioxidant defense mechanisms. leading 10
neuron oxidative damage. Mitochondrial  dysfunction,
Ap-induced oxidative stress, and inflammation contribute to
reactive oxygen species generation. Oxidative stress results
in lipid peroxidation, protein oxidation. DNA damage, and
mitochondrial dysfunction, further exacerbating neuronal
injury and synaptic dysfunction.

Neuroinflammation plays a significant role in AD.
Microglial cells, the brain’s immune cells, are activated in
response to AP accumulation and NFT formation. Activated
microglia release pro-inflammatory cytokines, contributing 1o
AP production, tau pathology, and neuronal damage.
Peripheral immune cells are also recruited, amplifying the
inflammatory response and contributing o neuroinflammation.

Genetic mutations are implicated in familial forms of
AD. Mutations in genes such as APP, PSEN/. and
PSEN2 affect AP production or metabolism, directly con-
tributing to AD pathology. Risk factors such as advanced
age, the APOE ¢4 allele, and lifestyle factors: influence
AD susceptibility and disease progression, Dys aulation

_ neurotransmitters is observed in AD. wgio
Princip
Indore Institute of Pharmacy,

INDORE (M.P.)

38



Mahajan et al. 3

~ Flowchart of the literature selection process

: - Records identified through NCBI

- 5 (PubMed) database by searching

- = | various keywords ncluding the Additional records were identified
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5 disease etc. from time wterval: direct etc.
= 20012024 (n=59)
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Figure I. Flowchart of the literature selection process.

dysfunction, characterized by the degeneration of choliner- including glutamate and serotonin, are also affected,
gic neugons and reduced acetylcholine levels, contributes to  leading 1o excilotoxicity, synaptic dysfunetion, and behay-
i ioral and psychiatric symptoms.
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Figure 2. Various pathways involved in the pathogenesis of Alzheimer's disease.

AD involves various molecular and cellular pathways,
including factor nuclear factor-kappa B (NF-xB), extracel-
lular regulated Kinases (ERK1/2), p38 mitogen-activated
protein Kinases (MAPK), AMP-activated protein Kinase
(AMPK)/mTOR, extracellular regulated kinases (ERK |/
2), and c-Jun N-terminal kinase (JNK), along with others.

Dysregulated ABPP processing leads to the production of

different AP species with varying degrees of aggregation
and neurotoxicity, Tau kinases, such as glycogen synthase
kinase-3p, contribute to abnormal tau phosphorylation and
NFT formation, Disrupted calcium homeostasis. impaired
insulin signaling, compromised autophagy, lysosomal deg-
radation, and altered synaptic plasticity contribute to AD
pathophysiolpgy .

Emerging|/pathways and mechanisms have gained atten-
tion in AD

abnormalities, epigenetic modifications, and the gut-brain
axis are emerging areas of investigation. Mitochondrial dys-
function affects energy production and increases oxidative
stress. Vascular abnormalities lead 10 reduced cerebral
blood flow and metabolic disturbances, Epigenetic modifica-
tions influence gene expression patterns and may contribute
10 AD development. The gut-brain axis involves bidirec-
tional communication between the gut microbiota and the
brain and has been implicated in AD pathophysiology.'”'®

Trends based upon natural anti-AD agents

The present study is based on a colossal numeral of litera-
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Table | depicts some significant advancements in
natural medicinal development in treating AD. It includes
a list of natural anti-Alzheimer's agents and information
on their biological sources, families, chemical composition,
parts used, and potential mode of action.

According to this review, there are 64 families of herbal
plants, and around 23 parts demonstrated anti-AD activity.
The families, including  Leguminosae, Lamiaceae,
Apiaceae, Rubiaceae, and Moraceae, devote a large
number of anti-AD agents (Figure 3). More than 15 differ-
ent anti-AD mechanisms have been discovered in phyto-
constituents from these plants. The plants from the
Leguminosac family inhibit the AP aggregation, AChE,
BChE. APPP, and BACE], anti-amyloidogenic, blockage
of NF-kB pathway, NO, PGE2 (anti-inflammatory and anti-
oxidant),  pro-inflammatory mediators, TNF-a, [1-8,
MCP-1, IL-18 (cytokines), and ICAM-1, along with
others. The most common mechanism behind the anti-AD
activity is inhibiting the cholinesterase enzyme (BChE/
AChE); the second most common mechanism is the
antioxidant-mediated effect, Only a few researchers,
however, have focused on the particular molecular mechan-
ism responsible for anti-AD action. As a result, the expand-
ing threat of AD to world health has prompted experts and
researchers to devote more time and exercise to identifying
an effective molecular mode of action,

It is observed from Figure 4 that Korea is first, China is
second. India is third in phytochemical research against AD,
followed by Iran, Brazil, and Japan. It has been noted that
research efforts are gradually growing day by day for the
evaluation of potent anti-AD phytochemicals in the man-
agement of AD. Research done in the year 2021 is more
than in other years, indicating a growing interest of
researchers in investigating the therapeutic application of
plant-derived compounds in treating AD (Figure 5).

Figure 6 illustrates phytochemicals derived from various
plant parts exhibiting anti-AD activity, and analysis reveals
that phytochemicals obtained from leaves exhibit the highest
and most significant therapeutic potential against AD, fol-
lowed by roots, fruits, bark, and seeds. This information
holds valuable implications for selecting specific plant parts
for further investigation in herbal plant research related o
AD. However, there is another aspect that we should not
miss: the common observation that not all plant parts have
been explored for all the medicinal plants. So. in the present
case, it would be more appropriate to indicate leaves as the
most explored plant part for anti-AD potential.

Figure 7 summarizes the different modes of action by
which various plants demonstrated their anti-AD activity.
Most plants showed anti-AD activity by inhibiting the cho-
linesterase enzyme (BChE/AChE), followed by antioxidant
activity,

As data is given in Figure 8, alkaloids play a vital role in
treating AD, followed by flavonoids, terpenoids, glyco-
sides, a . We could also mention alkaloids
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Figure 3. Plants associated with several families having anti-AD
action.

are the most explored phytochemical class in evaluating
anti-AD potential.

Clinical studies

Clinical trials have been conducted recently to assess their
therapeutic efficacy and potential side ts. Nicotine

Indore Institute of Pharmacy,
INDORE (M.P)
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Figure 7. Graphical representation of different modes of action shown by various natural anti-AD phytochemicals.
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Figure 8. The different phytochemical classes responsible for anti-AD activity.

was the first natural product studied in a clinical trial study 1990s." The use of natural products in clinical trials has
in 1992. Several other compounds, such as vitamins, were recently gained popularity. Through a webinar in 2017,
studied in_sgh jals for AD therapy during the the National Centre for Complementary agd Integrative

Principal
Indore Institute of Pharmacy,
INDORE (M.P.) 56
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Table 2. Natural products that were used in the clinical trial studies for AD,

S. Natural Condition of Route of Number
no. Products  Participants Dose administration of subjects Duration  Qutcomes References
I. Curcumin AD 1—4 gm/day Oral 34 Six months Safer and well-tolerated 5
2. Nicotine AD 5-10 mg/day  Transdermal 8 Ten weeks Enhancement of attentional '*®
performance
0.4-0.8 mg/day Subcutaneous 70 Two weeks Enhancement of visual and  '*°
perceptual attentional
deficits
3. Resveratrol Mild to 500-1000 mg/ Oral 19 52 weeks  Side effects, no effectiveness '*
moderate twice a day in the reduction of
AD biomarker levels
4. Saffron Mildto 30 mg/day Oral 46 16 weeks  Safe. improvement of W
moderate memory and cognitive
AD functions
5. Blueberry Early memory Not mentioned Oral 9 12 weeks  Reduction of depressive  '*
failures symptoms and
enhancement of learning
6. Huperzine Mildto 200400 pg Not mentioned 177 16 weeks  Safer and well-tolerated, a
A moderate BID/day improvement of cognitive
AD functions
AD 50-100 mg/day Oral 60 60 days  Safer and well-tolerated, '™
reduction of oxidative
stress
7. Ginkgo Mild cognitive 240 mg/iday  Oral 160 24 weeks  Safer and well-tolerated,  '*°
biloba impairment improvement of cognitive
functions
Mild to 240 mg/day Oral 410 24 weeks  Safe, improvement of 128
moderate neuropsychiatric
dementia symproms
AD or vascular 240 mg/day Oral 404 24 weeks  Improvement of cognitive '’
dementia functions and functional

abilities, impravement of
neuropsychiatric

symptoms

Health (NCCIH) announced new funding opportunities for
natural product clinical trials,'%

A detailed report of clinical trial studies on natural pro-
ducts used to treat AD is described in Table 2.

Conclusion

AD is expanding at a frightening rate worldwide in old age
people. AD and its comorbidities are generally lethal if not
treated. Thus, to effectively manage and treat AD, numer-
ous countries focus on research and development activities.
Natural anti-Alzheimer's agents derived from plants might
be promising alternatives to synthetic drugs in managing
and treating AD. These plant-derived compounds have
shown potential for improving cognitive function and
slowing down the progression of the disease. However, it
is essential to ensure the safety and efficacy of these phyto-
constituents through rigorous toxicological studies and clin-
ical trials. Additionally, further research js needed to
elucidate the molecular i derlying the
anti-Alzheimer's actiyg I compounds,

allowing for the development of more targeted and effective
therapies. The exploration of plant-derived compounds in
AD treatment will continue to be an area of significant inter-
est and focus of future research, with the ultimate goal of
providing improved care and management options for indi-
viduals affected by AD.
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Development and Validation of Spectrophotometric
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ABSTRACT: A simple, reproducible, economical, accurate, and precise UV spectrophotometric
method for simultaneous estimation of Atorvastatin Calcium (ATC) and Telmisartan (TEL) in
tablet dosage form has been developed. The absorption maxima at 246 nm and 273 nm were
used for the estimation of Atorvastatin Calcium and Telmisartan respectively. A calibration
curve was plotted over a degree range of 2-20 ug/ml for Atorvastatin Calcium and 1-6 ug/ml for
Telmisartan respectively. Recovary was found at 90.14%for ATR and TEL 99.05 % using
proposed UV  spectrophotometric Telmisartan. The method was validated according 10
International Conference on Harmonization (ICH) guidelines with respect to linearity, recovery,
precision, LOD, and LOQ. The validation study statistically significant as all the statistical
parameters are within the acceptance range (%RSD < 2%). The developed method is simple,
inexpensive, and accurate

KEYWORDS: UV spectroscopy, Simultaneous Estimation method, Atrovastatin. Telmisartan

INTRODUCTION

Atorvastatin is a dihydroxy monocarboxylic acid that is a member of the drug class known as
statins, used primarily for lowering blood cholesterol and for preventing cardiovascular diseases.
It has a role as an environmental contaminant and a xenobiotic. It is an aromatic amide, a
member of monofluorobenzenes, a statin (synthetic), a dihydroxy monocarboxylic acid and a

member of pyrroles. It derives from a heptanoic acid. It is a conjugate acid of an atorvastatin (1))
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Telmisartan is a member of the class of benzimidazoles used widely in the treatmentof
hypertension. It has a role as an antihypertensive agent, an angiotensin receptor
antagonist, (peptidyl-dipeptidase A) inhibitor, a xenobiotic and an environmental contaminant. It

is a member of biphenyls, a member of benzimidazoles and a carboxybiphenyl.(2)

MATERIAL AND METHOD:

Chemical and reagents

Atrovastatin and Telmisartan standard materials obtainedas gift from cipla pharma.indore. tablets
( Telista plus ) make Verdant life science . Containing Atrovastatin (10 mg) and telmisartan (40
mg ) were purchased from locak market.

Instrumentation

A double beam UV Spectrophotometer using Shimadzu UV-1800 (Shimadzu Corp. Japan).
With spectral width of 2 nm quartz cell (1.0cm path) was employed to mcasurc"absorbance of
solutions. On the basis of solubility study Ethanol was selected as the solvent for dissolving
Atrovastatin and Telmisartan .(3)

Preparation of standard stock solution

A. Prepration of standard stock solutions Accurately weighed (10 mg) each of standard
Atorvastatin Calcium (10 mg) and Telmisartan (10 mg) were transferred to two separate 100 mL
calibrated volumetric flasks (100 mL) dissolved in Ethanol which were further diluted with the
Ethanol to obtain standard solutions of Atorvastatin Calcium and Telmisartan (100 pg/mL)(4)

B. Selection of working wavelength

Waorking standard stock solutions of both the drugs were diluted to obtain final concentration of
Atorvastatin Calcium (10 pg/mL) and Telmisartan (10 pg/mL). Solutions were scanned in the

wavelength ran - 400 nm. wavelength range of 210 -236, 237-246 nm were selected for
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C. Preparation of calibration curve of Atorvastatin Calcium and Telmisartan

A. calibration curve was plotted over a degree range of 2-20 ug/ml for Atorvastatin Calcium and
1-6 pg/ml for Telmisartan. Accurately measured standard stock solution of Atorvastatin Calcium
(2, 4,8, 12, 16 & 20 ml) and standard stock solution of Telmisartan (1,2,3,4,5 & 6 ml) were
transferred to a separate series of 10 ml of volumetric flasks and diluted to the mark with
Ethanol. The absorbance of each solution was measured at the wavelengths 246 nm and 273
nm.Calibration curves were constructed for Atorvastatin Calcium and Telmisartan by plotting

absorbance versus concentrations at both wavelengths. (5)

Simultaneous estimation of atorvastatin calcium and telmisartan by simultaneous equation
method

Standard Stock solutions of ATR and TEL in the concentration range 1-10 pg/m L'and 220pg/ml
were made in the water and absorbance of these solutions was measured at 246nm and 273nm.
Calibration curves were plotted to confirm the Beer™s law and the absorptivity values calculated
at the respective wavelengths for both the drugs. Two simultaneous equations as below were
formed using these absorptivity values

A (1%, 1 cm)

LEAT=BXIBCEHIDEY S svitvis i rmnmiasa i)

AZAL=BXZDCKABYE BEY. - i it o ieis (2)

For measurements in |1 ¢cm cells b=1 Rearrange eq. (2) Cy= A2- ax2Cx/ ay2

Substituting for Cy in eq (1) and rearranging

Cx = A2ayl-Al ay2/ax2 ayl-ax1 ay2.................... (3)

Cy=Alax2-A2 ax1/ax2 ayl-ax1 ay2..................... (4) e
Where Cx and Cy are the concentration of ATR and TEL. respectively, Al and A2 ;}c
absorbal:lcc at 246 nm and 273 nm respectively, ax] and ax2 are absorptivities of ATR at 246 nm

and 273 nm respectively; ayl and ay2 are absorptivities TEL of at 246 nm and 273 nm
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respectively. By solving the two simultaneous equations, the concentrations of ATR and TEL in

sample solutions were obtained.(6)

Analysis of tablets formulation

Twenty tablets of (Telistaplus 40 tablet ) each contained 10mg of ATC and 40 mg Accuratel y
weighed. their average weight determined .they was crushed to fine powder The powder
equivalent to 10mg ofamount of drug combination(10 mg ATC+ 40 mg TEL) was weighed and
dissolved in 10 mg Of ethanol with the aid of ultrasonication for S min. The solution was filtered
through Whatman Filter paperno.41 to get sample stock solution . 0.1 ml of this solution was
further diluted with 10 ml distilled water to get required concentration in the liner range the
absorbance was measured at the selected wavelength for the drug the absorbance of the solution
was measured at 246 nm and 273 nm.(7)

Validation of proposed method

The method was validated according to ICH guidelines for validation of analytica] procedures in
order to determine linearity, sensitivity, accuracy and precision for each analyte

Linearity

The linearity of the method is its ability to elicit test results that are directly proportional to the
concentration of the analyte in samples. The calibration curve was taken in the range of 1-6
pg/ml for Telmisartan and 2-20 ug/mL for Atorvastatin Calcium at the respective Amax (8)
Accuracy

10 mg of Atorvastatin Calcium, standard drugs of Atorvastatin calcium and Telmisartan were
added at 80%, 100% and 120% levels. This was extracted diluted and reanalyzed as per the
formulation procedure. Absorbance was noted at respective wavelength.(8)

Precision

The intraday and interday precisions of the proposed spectrophotometric methods were
determined by estimating t he corresponding response 3 times on the same day and on 3 different
days ov.cr a period of 1 week for 3 different concentrations of TEL (1, 2, 3 pg/mL) and ATR (2,

4, 8 pg/mL) and the results are reported in terms relalwe standard deviation (RSD)32. The
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developed method was found to be precise as the %RSD value for intermediate precision

studies(9)

Limit of Detection

It is the lowest amount of analyst in a sample that can be detected but not necessarily quantitated
under the stated experimental conditions. Limit of detection can be calculated using following
equation as per ICH guidelines(10)

LOD =3.3 x N/S

Where, N = Standard deviation of the response and S = Slope of the corresponding calibration
curve

Limit of quantification

It is the lowest concentration of analyte in a sample that can be determined with the acceptable
precision and accuracy under stated experimental conditions. Limit of quantification can be
calculated using following equation as per ICH guideline(10) '

LOQ =10 x N/S

Where, N = Standard deviation of the response and S = Slope of the corresponding calibration

curve. Slope of the corresponding calibration curve.

RESULTS AND DISCUSSION

In the present study, we have to develop UV-vis spectrophotometric method for the simultancous
estimation of Atrovastatin and Telmisartan in combined dosage form. The developed method
was validated as per the ICH guidelines. Linearity was evaluated by analysis of working standard
solution of Atorvastatin Calcium and Telmisartan at six different concentrations. TEL found to
be linear within conc. range of 1-6 pg/ml with regression coefficient of 0.998 and ATR was
found to be linear within conc. range of 2-20 pg/ml with regression coefficient of 0.999 the
results of regression The Absorptivity were found approximately same for all the concentrations

hence both drugs obeyed Beer Lambert’s law in indicated concentration range. The high value of
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were measured at the selected wavelengths and absorptivities for both drugs were determined at

both wavelengths
Jable 1: Absorptivity Values Of ATR and TEL at 246.0 nm and 273.0 nm

Concentration Absorptivity (246.0nm) Absorptivity (273.0nm)
(Mcg/ml)

ATR TEL ATR TEL ATR TEL
2 1 0.44 0.79 0.051 0.116
4 2 0.043 0.089 0.046 0.115
8 3 0.036 0.108 0.034 0.112
12 4 0.034 0.115 0.03 0.11
16 5 0.033 0.126 0.025 0.112
20 6 0.032 0.133 0.022 £ 0.11

Mean 0.103 0.226 0.034 0.096
SD Ax1=0.023 Ay1=0.055 Ax2=0.002 Ay2=0.032
Table 2: Analysis of drug formulation
Sr. No Concentration of Drug Absorbance
taken (equipment weight)
mg/ml At Lambda Max At Lambda Max
1(246nm) 2(273nm)
TEL ATC Al A2
1 40 10 0.079 0.11
PR 40 10 0.11 0.112
10 0.115 0.116 |
£
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40 10 0.117 0.118
40 10 0.12 0.12
Mean 0.115 0.116
PRECISION

The repeatability is expressed as percentage relative standard deviations (% RSD) for the ATR at

the concentration of 2, 4 and 8 pg/ml and their average % RSD value were0.350. 0.168 and

0.286 while for the TEL the concentration of 1,2 and 3 pg/ml and their average % RSD value
were 0.387, 0.170 and 0.282.

TABLE 3: Result of intraday precision studies

% Amt. found (Atorvastatin

% Amt. found (Telmisartan)

Calcium) 4
S.no Parameters
2pg/ml | 4 pg/ml | 8ug/ml lpg/ml | 2 ug/ml | 3 pg/ml

1. Morning 99.89 99.65 99.48 99.93 99.56 99.35

2. Afternoon 99.69 99.69 100.05 99.66 99.97 99.98

3. Evening 99.21 99.21 99.72 99.28 99.22 99,78 |
4, Mean 99.59 99.79 99.75 99.48 00.84 99.76

5. S.D. 0.349 0.168 0.286 0.385 0.170 0.282

6. % R.S.D. 0.350 0.168 0.286 0.387 0.170 0.282

Accuracy: The accuracy was assessed by the standard addition method of three replicate

determinations of three differe

solutions containing 8, 10 and 12 pg/ml of TEL and ATR. The
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TEL 99.05 % using proposed UV spectrophotometric method. The higher values indicate that

the proposed method is accurate for the determination of ATR and TEL in pharmaceutical

dosage formy

Table 4 Recovery (Accuracy) analysis for Atorvastatin Calcium and Telmisartan

S.no | Recovery Level | Standard Conc. | Cone. | Conc. % Recovery | % Mean
pug/ml added | Found Recovery
ng/ml l
Atorvastatin Calcium
1. 80 % 10 8 7.96 99.50
. 100% 10 10 9.86 98.60 99.14
3, 120% 10 12 | 1192 | 9933 g
Telmisartan
: 80 % 10 8 7.94 99.25
2. 100% 10 10 9.90 99.00 99.05
120 % 10 12 11.87 98.90

LOD and LOQ: The limit of detection and limit of quantification were found to be 0.31pug/ml
and 0.1023ug/ml for Atorvastatin Calcium and 0.2805ug/ml and 0.85pug/ml for Telmisartan
respectively by proposed UV spectrophotometric method. Results of LOD and LOQ are
summarized in Table 5 limit of detection (LOD) and limit of quantification (LOQ) of

Atorvastatin Calcium and Telmisartan.

S.no Parameters Method(Simultaneous estimation method)
Atorvastatin Calcium Telmisartan
1. LOD(pg/ml) 0.2805
2. | LOQ(ug/ml) / 0.85
Princ
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developed and validated by UV-spectroscopy with the simultaneous estimation of Atorvastatin

Calcium & Telmisartan.
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CONCLUSION: The validation procedure followed were as per the ICH guidelines study. The

linearity was achieved with Ethanol solvent, Linearity, Accuracy and precision were satisfactory

and the limit of detection (LOD), limit of quantitation achieved was also satisfactory. Hence we

conclude that the simple, rapid, less-time consuming, cost effective and precise method was

developed and validated by UV-spectroscopy with the simultaneous estimation of Atorvastatin

Calcium & Telmisartan.
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ABSTRACT

The present research work aimed at the formulation of film-coated microspheres incorporating ghbenclamide
drug and their evaluation for the management of diabetes mellitus (DM). Microspheres were prepared by solvent
R o e 0 @vaporalion methodology by the usage of ethyl cellulose as polymer, ethanol and dichloromethane as solvents
‘l it - § and Tween B0 as a non-ianic surfactant The film-coated membrane was prepared by pan coating methord,
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was coaled on micraspheres with the help of a spray gun. The efficency of entrapment of the film coated
microspheres of F5' batch, among different formulations, 18 highest and comas oul 'o be in the range of
76.6510 58 The percentage yield was observed to be 73.32+¢0.14 Marphological studies conducted by scanning
cr os Sr ef eleciron microscope show spherical microspheres of uniform size. In vilro drug release study conducted of the

coaled microspheres of glibenclamide shows the highest amount of release of 97 44%, in the F5"batch The best-
fit model was delermined by the highest R2 value. Further, the developed formulation helps in reduction in dose
dumping, with better patient compliance, and alsc masks the bilter laste ol the drug
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ABSTRACT:

Article Info , : ; , _
Poly Cystic Owvarian Syndrome (PCOS) is a gynecological disorder with

increasing presence in the women belonging to the reproductive age group with
about 75% occurrence. With various studies, PCOS has shown impact on

metabolic functioning also which was earlier only limited to reproductive

Volume 6, Issue 6, June 2024 functioning of women. The Objective of this study is to formulate herbal capsules
: ) 4 using the herbal extract prepared by different herbs for the treatment of Poly
Received: 17 Apl’l] 2024 Cystic Ovarian Syndrome. The capsules were formulated and then further
evaluated. The collected herbs were first extracted using ethanol solvent and then

Accepled: 27 May 2024 further the extract was mixed with several excipients in different ratios based on
increasing the ratio of the disintegrating agent to get fine granules. These granules

Published: 20 June 2024 were further made into the final end product which is the polyherbal capsules.

These capsules were evaluated and tested. All the performed tests were evaluated
Doi: 10.33472 Afjbs.6.6.2024.5879-5905 | @nd compiled. The performed tests showed all the parameters were in compliance
as per the standard pharmacopoeias. The current research study was based on the
role of medicinal herbs, namely, Bauhinia wvariegata, Emblica officinalis,
Terminalia belerica, Terminalia chebula, Commiphora wightii, Cinnamon Cassia,
Tribulus Terrestnis, Hypericum perforatum, Commiphora molmeol, Nigella sativa
in the treatment of Poly Cystic Ovarian Syndrome. The study includes all the
Phytochemical. Pharmacognostic. Rheological evaluation of the herbs and
preparation of the end product polyherbal capsules. Also, the prepared formulation
complies with all the standards as per Indian Pharmacopoeia and Ayurvedic
Formulary,

Keywords: Poly cystic ovarian syndrome, polyherbal capsules, infertility, toxicity
studies.
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1. Introduction

Poly Cystic Ovarian Syndrome (PCOS) is a gynecological disorder with increasing
prevalence, and an ovulatory infertility is a big concern which is almost 75% in women.
PCOS now has shown an impact on metabolic functioning of the syndrome with recent
researches, but earlier, PCOS was limited only as a reproductive or gynecological disorder.
[1] PCOS occurs in women of the reproductive age group or the child-bearing age and is
found to affect mostly the endocrine system. Ovaries tend to enlarge in the medical condition
of PCOS with the accumulation of a large amount of fluid in it. Several clinical conditions of
PCOS include irregular menstrual cycle, hair growth, the problem of acne, obesity, in the
long-run problem of infertility, etc. The follicular growth is impaired during the ovarian
cycle, which leads to cysts formation as follicles remain in contact with the ovary the
underlying ¢ondition is due to hormonal imbalance. The anterior pituitary secretes luteinizing
hormone (LH) & follicle-stimulating hormone (FSH), which is the major underlying cause of
the disease. [2]

The major challenge of women suffering from PCOS includes irregular and impaired
estrogen, androgen metabolism, and, also production of androgen control is impaired. The
premenopausal and women of reproductive age group are most commonly affected by the
disease. The major focus is on normalizing the functions of the ovary. 3]

The Gonadotropin-releasing hormone is secreted by the hypothalamus, and the LH & FSH is
secreted by the gonadotrophs in return. The major functions of LH & FSH include
reproductive, growth, and, menstrual regulation. This imbalance between the LH, FSH, and
their ratio of increased serum concentration is the underlying cause of the diseased condition
in women of the reproductive age group. [4]

Both environmental, as well as hereditary factors are the underlying factors for PCOS. Lack
of proper physical exercise, obesity which might further cause insulin resistance comes under
the environmental factors. Several diagnostic parameters of PCOS include Cushing’s
syndrome, secreting tumors of adrenal androgen and ovarian, in some cases hypothyroidism,
etc. [5] It is believed, slight changes in the lifestyle including proper exercise, walking,
weight management might help in the management of the disease by regulating several
problems symptoms of PCOS like weight gain, the regularity of the menstrual cycle, hair
growth in excess, etc. [6] For the treatment of PCOS, various methods and procedures have
been used like changing or modifying the lifestyle, several surgeries, use of Vitamin D,
induction of ovulation, ete. [7,8] Various synthetic drugs such as metformin for insulin
resistance during PCOS have been prescribed to women; Clomiphene Citrate too was used
for ovulation stimulation. But, these drugs showed several side-effects. Therefore, the role of
herbal drugs has increased in the treatment of the disease. Various studies suggest that herbs
have been useful in the treatment of PCOS. The steroidogenic property is seen in the case of
herbs and provides several benefits with the treatment of PCOS. [9] One of the major benefits
of using herbs in combination is that it provides a synergistic or potentiating effect. [10] The
herbs selected for the study are Bauhinia variegata, Emblica officinalis, Terminalia belerica,
Terminalia chebula, Commiphora wightii, Cinnamon Cassia, Tribulus Terrestris, Hypericum
perforatum, Commiphora molmol, and, Nigella sativa. As per a study. the use of Ayurvedic
herbs such as Bauhinia variegata (Kanchnar Guggul) is an effective way for the treatment of
PCOS. The herb shows no adverse drug reaction or risks and can be used to treat hormonal
imbalance, minimize the ovaries with polycystic appearance, menstrual irregularities, the
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significant effect. The plant part with great medicinal significance is the fruit. Due to the
presence of vitamin C and anti-oxidant effects in fruits like Amla, these are considered useful
in treating the condition of menorrhagia. [12] Due to the scavenging of free radicals, Amla
also helps in detoxifying as well as helps to improve the hormonal imbalance in the body.
[10] The next drug used for the study is Commiphora wightii (Guggul), and as per a study,
the ethanolic extract of Guggul is used as a potent medicinal herb to the treatment of PCOS,
Commiphora wightii plays a significant role in normalizing hormone levels and reducing
ovarian follicle abnormalities. [13] Cinnamon Cassia is another herb used for research.
Insulin resistance is one of the common factors gathered by the researchers in the
pathogenesis of PCOS which leads to hyperinsulinemia. Cinnamon cassia is seen to have a
sensitizing effect on PCOS-induced hyperinsulinemia. Also, the study states that Cinnamon
has a vital role in improving the menstrual cycle and effective in the treatment of PCOS. [14]
Another medicinal herb selected for the study is Tribulus terrestris. As per a research study,
the ethanolic extract of Tribulus terrestris in a pre-clinical PCOS study showed the effect on
body mass, synthesis of androgen, etc. The treatment of Tribulus terrestris extract showed a
positive effect on the growth of healthy follicles and minimizing the cystic follicles in
number. Thus, Tribulus terrestris has a significant on women with PCOS. It has a role in
improving lipid, estrogenic, insulin-sensitizing, and hyperandrogenic profile. [1] Hypericum
perforatum or St. John wort’s is another medicinal plant used in PCOS to modulate the
serotonin levels in the body. Mood swings or depression are the signs of illness due to PCOS.
Thus, Hypericum perforatum modulates the levels of serotonin. [15] St. John Wort is useful
in treating depression or mood swings during PCOS. [16] Commiphora molmol or Myrrh is
another medicinal plant chosen for the research. Myrrh is used in PCOS as an Amenorrhea
agent, generally given with iron compounds so as to induce menstruation. Another role in
PCOS is as a Menorrhagia, which helps to prevent excessive loss of blood during the
menstrual cycle. Myrrh also helps in painful or irregular menstruation. [17] The medicinal
herb, Nigella sativa or Kalaunji, is used in the study as it is used in PCOS to decrease
menstrual irregularities in women. The severity of menstrual bleeding also tends to stabilize
by the use of Nigella sativa. The herb acts on oligomenorrhea or irregular menstrual bleeding
which is a common symptom of PCOS by the anti-oxidant and anti-inflammatory
mechanisms. [18]

2. Methods and Materials

Selection and Collection of Plant Material:

The bark of Bauhinia variegata, fruit of Emblica officinalis, seceds of Terminalia bellerica,
Terminalia chebula, Tribulus Terrestris, and Nigella sativa, resin of Commiphora wightii,
Commiphora molmol, sticks of Cinnamon Cassia and seeds of flowers of Hypericum
perforatum, were procured from the botanical garden of Pranveer Singh Institute of
Technology (PSIT), Kanpur,

They were dried and grounded properly in a mixer grinder. Further, it was passed through
sieve number 60. The polyherbal powder was then mixed in a fixed ratio with a maximum of
Commiphora wightii and the remaining in the total amount of Commiphora wightii was
mixed, _

Table | List of Plant Parts Used.

Plant part used |
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Figure 7 Seeds of Tribulus terrestris Figure 8 Resin of Commiphora molmol

Figure 10 Flower of Hypericum perforatum

Preparation of the Polyherbal Powder (PHP)
PHP was prepared by mlxmg the :-.elcr..t;d 10 hcrba in a particular ratio. The ratio sele lcd for
( : ; 1001005083083050'\gvhlch
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includes herbs in the order Guggul, Kanchanar, Harad, Baheda, Amla, Dalchini, Gokhru,
Myrrh, Kalaunji, and St. John's wort respectively.

The selected herbs were first properly washed, and shade dried and then they were blend into
a fine powder using mixer grinder. The obtained PHP was then made to get fine and
homogenous particles by using sieve of 60 mesh size.

Determination of Drug Excipients Interaction: [20)]

The drug excipients interaction testing was done through the isothermal method. About 100
mg of the PHP was taken and separately excipients including lactose, starch, talc, magnesium
stearate, sodium benzoate, microcrystalline cellulose, and sodium starch glycolate were
weighed individually, 100 mg each. Sample 1 was PHP; sample (2-7) was the individual
excipients and combination of drug- excipients samples (8-14) was in the combination of
PHP and ex¢ipient combination.

The samples were placed in clean glass vials along with ultra pure water 10 pL with the help
of micropipette was added separately into each glass vials and mixed using capillary without
touching the sample. The glass vials, were labeled, and sealed properly to avoid any
contamination and kept in the hot air oven for a period of 4 weeks at 40-50°C. After the end
of the fourth week, the samples were analyzed using FTIR. The bands were studied and the
drug- excipient interaction was studied.

Preparation of the extract by Soxhelation Method [2]]

The powdered herbs were extracted using ethanol solvent by the Soxhelation process. The
herbs were extracted in the fixed ratio and extracted for the active constituents. For the
process of soxhelation, about 200 grams of powdered herbs were extracted in about 800 ml of
ethanol. The process was carried out at around 40-50°C. The obtained extract was
concentrated with the rotary evaporator till the extract gets concentrated. ;
Preparation of the Granules [22]

The method used for the preparation of the granules was Wet Granulation Method. The
extract was weighed 500 mg and mixed with 500 mg of excipients. The excipients selected
include lactose, talc, magnesium stearate, starch, microcrystalline cellulose, sodium benzoate.
and sodium starch glycolate.

The extract was first mixed with lactose to form a mass which is less sticky in nature. After
that, other excipients were added in successive order till the extract starts forming a uniform
mass. Starch, then talc in very less quantity (2-3%), magnesium stearate, cellulose, sodium
benzoate, and sodium starch glycolate at the last. The concentration of sodium starch
glycolate was varied in the formulation (1%-5%).

Sodium starch glycolate is used as a super disintegrant in the formulation, which helps in
faster disintegration of the granules. The granules were then dried in desiccator to remove
moisture. The granules were then sieved through sieve no. 44 and then sieve no. 60 to get
even finer particles. The prepared granules were then tested as per the flow properties and
other factors like microscopy, pH, moisture content, reaction of granules with different
reagents, drug interaction test, and Differential scanning colorimetry.

Table 2 Formulation of granules in different concentrations
L con

'| k Sodium |
Extract | Lactose ‘ Starch ‘ Tale DEsR: Sedium | Cellulose starch |
S. No. (500 mg) (i) ‘ (mg) | Gug) Stearate  Benzoate | (MCC) glycolate
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Figure 11 Prepared granules

Evaluation of the prepared granules: [22]

Determination of the flow properties of the prepared granules:

The prepared granules were prepared in bulk for the determination of the flow properties. The
granules were tested for Bulk density, Carr’s index, Tapped density, Angle of repose, and
Hausner’s ratio.

Bulk density: It was estimated for flow of the granules by weighing it 25 grams and placed
in 100 ml of graduated cylinder without disturbing to get the exact space covered by granules.
Bulk density can be calculated by: Bulk density= weight of granules (gm)/ volume occupied
by the powder in the measuring cylinder (ml)

Tapped density: The tapped density of the prepared granules was calculated by placing 25
grams of granules in 100 ml of measuring cylinder and tapping the cylinder 2 inches above
the ground till no deviation in measurement is seen. It is calculated by: Tapped Density=
weight of the prepared granules (gm)/ space occupied by the measuring cylinder after tapping
(ml). [23]

The Carr’s Index:

It is the abbreviation used for the calculation of compressibility of the prepared granules.
Tapped density and bulk density are the two parameters used for the calculation.

Formula for Carr’s Index is = (bulk Density- tapped Density/ Tapped Density) * 100.

Hausner’s Ratio:

Hauser’s ratio is the property used to define how fine the granules are in terms of Flowability.
It can be calculated by:

Hauser’s ratio= Tapped density/ Bulk density [24]

Angle of Repose: The property for granules was calculated after placing a funnel at a fixed
height of 10 mm from the ground and paper was placed beneath it. Pouring of granules done
using funnel and the height and diameter of the circle formed on plain paper were noted. The
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Angle of repose (0) = tan-1 h/r; where, h is observed height, r is the radius formed by the
base of cone, and tan e is height. [25]

Moisture content evaluation: [26]

The moisture content of the prepared granules was evaluated by placing 10 grams of the
granules into a petri dish and kept in oven for drying at 100-105 °C for about 4-5 hours till no
change in weight is observed. The weigh was taken periodically to check the difference of the
weight. The percentage of it is given as: % moisture content= [(weight initial- weigh
final/'weight of granules taken]* 100)

pH determination: The pH for the granules was calculated using pH meter. The pH meter
was calibrated by using capsules of pH 4 and 7. Then around lgram of the granules was
properly dissolved in 100 ml demineralised water with the help using sonicator. The pH was
measured for same.

Granules disintegration test: The disintegration test of the granules was done to check if

the granules disintegrate in as given set of time. The test was performed in a digital
disintegration assembly. The granules were weighed and put into the disintegrating tubes
covered with the disc. The temperature was maintained to room temperature 37+5°C. The
time for granules to permeate through the mesh was observed and noted.

Microscopical Evaluation of the granules: [27] The structure of the prepared granules was
observed under the compound microscope for the evaluation of the granule structure, The
prepared granules were placed on the glass slide and several staining dyes like Phloroglucinol
in combination with conc. HCI was used to observe the granule structure. Glycerin was also
used with saffranine or any other staining dye to observe the structure distinctly. Other
staining dyes used include lodine solution, and Sudan I1I. The slide was covered using cover
slip without applying much pressure and in proper light, the slide was observed using the
microscope.

Assessment of physical nature of granules by using different reagents: [28] The granules
were assessed based on their physical nature by testing them with different reagents. The
change in color of the granules after a time interval of 5, 10, 15, and 30 minutes was
observed. The reagents used for the estimation include n-hexane, iodine solution, chloroform,
ferric chloride, acetone, and methanol. The results were observed and noted.

Formulation of the capsules [28]

The prepared granules were further converted to capsule formulation. The capsules include
equal amount of extract (500mg) and excipients. The granules were filled into the herbal
capsule shells of size 000 by using hand operated capsule filling machine with accuracy. The
prepared capsules were then further evaluated based on various evaluation parameters like

weight variation, drug uniformity content, disintegration, dissolution, thermal evaluation of

the formulation by Differential scanning colorimetry (DSC).
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Figure 12 Prepared herbal capsules

Evaluation of the prepared capsules:

The capsules were ecvaluated based on weight variation, drug uniformity content,
disintegration, dissolution, thermal evaluation of the formulation by Differential scanning
colorimetry.

Maximum wavelength (Amax) estimation: [28]

Exactly measured 10 mg of the herbal extract was mixed properly in 10 ml of the phosphate
buffer with pH 6.8. The prepared stock mixture is 1000 ug/ml in concentration. The solution
was further diluted to 100 pg/ml solution. The wavelength determination was done was done
using Ultra violet spectrophotometer in the range between 200-400 nm.

Preparation of buffer pH 6.8: [29]

The phosphate buffer preparation is done by disodium hydrogen phosphate and potassium
dihydrogen phosphate to produce 1000ml of the buffer. 28.80grams of disodium hydrogen
phosphate and potassium dihydrogen phosphate comprise of 11.45 grams. The solutions were
mixed thoroughly with the help of sonicator till mixing is done. The prepared buffer was
checked on pH meter and filtered.

Preparation of the calibration curve for the polyherbal formulation: [28]

The curve standard was initiated mixing 10 mg of the herbal extract in 10ml of phosphate
buffer with pH 6.8. The prepared concentration of the stock solution is 1000 pg/ml. It was
again diluted as 100pg/ml, 200pug/ml, 300pg/ml, 400pug/ml, 500ug/ml. The calibration of UV
spectrophotometer was done by running the initial baseline by placing the phosphate buffer in
both the cuvette; after the calibration, the prepared dilutions were placed serially in one
cuvette. The maximum wavelength of 275.20 nm was observed and the absorbance was
noted. The process was continued interday and intraday to get accurate readings.

Determination of Weight Variation of Capsules:
The weight variation test is done to establish the uniformity of weight in the capsules. The
weight of the prepared capsules must fall in the particular range to avoid deviations. The

process includes selecting exact twenty capsules from the batch randomly and the average of

these twenty capsules is compared to the weight of the individual capsule. This process is
done a8 per Indian Pharmacopoeia, 2010. The deviation in the weight should not fall under
90% and should not exceed 110% of the amount calculated. The limit should not exceed +5%
for capsule more than “e
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The disintegrating test of the capsules was performed on the disintegration apparatus. The test
is generally done on the conventional dosage forms. The disintegration rate is defined as the
rate or time with which the prepared formulation breaks or disintegrates into the smaller
particles and reaches the site of action, the gastrointestinal tract. The disintegration test was
performed on the randomly selected six capsules from the lot. The required conditions are
1000ml of beaker and 37+5 °C temperature of the apparatus. Each capsule was kept in the six
tubes of the assembly separately with dissolution medium. The time taken by the particles to
cross the mesh at a particular time is the disintegration time.

Dissolution test/ Invitro Release [30]

The dissolution test of the capsules was done as per USP type-I apparatus that is, rotating
basket type assembly. The assembly was set at 37+5 °C and at rpm of 100+ 5. The capsule
was weighed and then kept in the basket then fitted to assembly. 1000ml beaker in the
assembly was poured with 900 ml of the phosphate buffer with pH 6.8. The sample was
withdrawn at an interval of 10 mins. 2ml of the sample was withdrawn and then volume was
made up with 2ml of buffer in the assembly. The volume of the sample was diluted so that it
can be observed under ultra violet spectrophotometer. The sample was observed under UV,
and absorbance was noted. This absorbance was then calculated for the concentration and %
drug release. The standard calibrated curve was used for the determination.

Drug content uniformity analysis:

The test for drug content was done as per the specifications mentioned in Indian
Pharmacopoeia, 2007. About twenty capsules were taken and émptied its content in mortar
pestle. Accurately weighed 500 mg of the granules were mixed with the phosphate buffer pH
6.8. Ultraviolet spectrophotometer was used for the estimation of drug content in each
capsule at 275.20 nm wavelength,

Formulation characterization

Prepared formulation FTIR analysis [31]

The prepared six types of granules were analyzed by FTIR analysis. The drug and excipients
showed no signs of drug interaction. The Perkin Elmer FTIR spectrum was used to scan the
range of 4000 to 400 cm™"-

Differential Scanning colorimetry [32]

The sample which can be analyzed based on the changes in temperature is called differential
scanning colorimetry. The breakdown of heat gives information about the various processes.
DSC (SDT Q600) model has been used for the estimation. The estimation has been done in
the nitrogen based environment.

Toxicity Studies [33]

Acute toxicity study (OECD Guidelines)

The 14 day study was accomplished by with the aqueous extract of the prepared polyhcrbal
extract. The testing of the herbal extract was done on female rats in dose of 500, 1000mg/kg.
The dosing was done with compliance of Organization for Economic Development (OECD)
guidelings. OECD Guideline 425 was followed. The female Wistar rats were weighed and the
extract was dissolved in distilled water as per the body weight. The extract was given orally
to the rats. The rats were observed for any irritation for the first 15 minutes and monitored for
the starnng 4 hours The next 48 hours the animals were monitored on daily basls The study

hich thg sas-were monitored for any changes likgirritation in
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Abstract

The term "hepatic disease" refers to a broad category of conditions that affect
the human liver's tissues, structures, and cells. The liver performs a great deal of
vital processes, therefore there are many opportunities for anything to go wrong.
Inflammation is one of the most frequent causes of liver illness and is frequently
brought on by alcohol abuse, a bad diet, or even malnourishment. The most
significant health concern that affects the drug control board, the
pharmaceutical industry, and medical professionals is medication-induced liver
damage or dysfunction. The United States Acute Liver Failure Study Group
states that over half of cases of acute liver failure are due to drug-induced liver
injury, which includes paracetamol overdose-induced hepatotoxicity. The
present paper deals with the formulation of polyherbal tablet containing hydro-
alcoholic extract of Abutilon indicum Leaves and Phyllanthus niruri Fruits. The
formulated tablet was evaluated and screened for Hepatoprotective activity
against paracetamol induced liver toxicity in albino rats. The results indicate
that prepared polyherbal tablet showed significant hepatoprotective activity as
compared to the hepatotoxic control,

Keywords: Liver disorders, Medicinal Plants, Paracetamol induced
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Introduction

The field of herbal medicine has grown exponentially in the past several years, and due to their
natural origins and low side effects, these medications are becoming more and more popular in
both developed and developing nations. Medicinal plants, minerals, and organic materials are the
source of many commonly used traditional medications. Many medicinal plants known as
rasayana, which have been utilised for over a millennium, are included in herbal remedies used
in Indian traditional medical systems. The majority of medical professionals in Indian systems
create and administer their own concoctions. 21,000 plants are registered by the World Health
Organisation (WHO) as being used medicinally worldwide. Of these 2500 species, 150 are
employed commercially on a somewhat regular basis in India.. [1-3]

Indian Indigenous medicinal plants are most widely used for the treatment of several diseases
either in alone or in combination in raw as well as their extract. Synthetic hepatoprotective
agents can produce several serious effects and also they are not suitable to use during pregnancy.
In this light herbals are preferred in the treatment of liver disorders. Ancient ayurvedic literature
reveals that the selected plants i.e., Abutilon indicum (Leaves) and Phyllanthus niruri (Fruits)
have been widely used in the treatment of liver disorders. These plants have been extensively
used in ayurveda and traditional system of medicine for the treatment of liver disorders and
found to be efficient and inexpensive as compared to synthetic drugs and not evaluated
scientifically in combination as polyherbal tablet. Therefore, it was worthwhile to investigate the
hepatoprotective activity of polyherbal tablet containing hydrOoalcoholic extract of Abutilon
indicum (Leaves) and Phyllanthus niruri ( Fruits).

Material and Methods

Collection of herbs and their authentication
Abutilon indicum (Leaves) and Phyllanthus niruri (Fruits) were collected from local sites of
Malwa region of Madhya Pradesh, India during October 2023 and identified mérphologically,
microscopically and compared with standard pharmacopoeial monograph and authenticated by
Dr. S. N. Dwivedi, Retd. Prof. and Head, Department of Botany, Janata PG College, Visiting
Professor, A.P.S. University, Rewa, (M.P.) and was deposited in our Laboratory. Voucher
specimen No. J/Bot./Al-L/12; J/Bot/PN-F/13 were allotted to the selected plant parts.

Extraction of selected herbs

The shade dried coarsely powdered plant material (250 gms) of plant viz., Abutilon indicum
(Leaves) and Phyllanthus niruri (Fruits) were loaded in Soxhlet apparatus and was extracted
with ethanol: water for 48 hour. After completion of extraction, the solvent was removed by
evaporation. The extracts were dried using rotator evaporator. The residue was then stored in
dessicator and percentage yield were determined. [8-9]

Pharmacological screening

Acute Toxicity Studies of Extracts & Procurement of experimental animals

The mice were used for acute toxicity study as per OECD guidelines 423. The animals were fed
with standard pellet diet (Hindustan lever Ltd. Bangalore) and water ad libitum. All the animals
were housed in polypropylene cages. The animals were kept under alternate cycle of 12 hours of
darkness and light. The animals were acclimatized to the laboratory condition for | week before
starting the experiment. The experimental protocols were approved by Institutional Animal
Ethics Committee after scrutinization. IEAC approval.

Development of Polyherbal Formulation

Preparation of Polyherbal formulation (Tablet)

Polyherbal formulations table (PFT) containing hydro-alcoholic extract of plant Abutilon
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suitable excipients like microcrystalline cellulose, starch, crospovidone, aerosil and magnesium
stearate.”™ The composition of PFT was given in table 1.
Table 1: Composition of Polyherbal formulation (Tablet)

__ngl'edients Quantity
HAEAIL 100
HAEPNF 100
Microcrystalline 125
Cellulose
Starch 50
Crospovidone 20

1 Granulation
Water q.S.
Prelubrication
Starch 25
Aerosil 10
Talc 15
Lubrication
Magnesium 5
Sterate
Total weight 500
(mg)

Evaluation of polyherbal formulation (Tablet)
Appearance -
The prepared herbal tablets were evaluated for their color and appearance. In this study color,
odor, taste were noted down.
Hardness
Randomly five tablets were taken out from each batch and crushing strength was determined
using Monsanto tablet hardness tester.
Friability
Randomly 25 tablets were taken and weighed out and was placed in Electrolab friabilator and
was rotated at 25 rpm for 4 mts to determine the frability. The percentage friability was
calculated by using formula

% F=(1-WI/WF)*100
Where, Wi=Initial weight of the 25 tablets; WF=Final weight of 25 tablets
Weight Variation
Randomly selected 20 tablets were evaluated for weight variation as per IP 2018.
Disintegration Time
Randomly 6 tablets were taken from each batch and were placed in USP disintegration apparatus
using 0.1 N HCl at 37°C. The time was noted down when the tablet get disintegrates completely.
Hepatoprotective activity of Polyherbal Formulatio (Tablet)
Experimental Animal
Albino rats (200-250 g) used in the present studies was procured. The animals were fed with
standard pellet diet (Hindustan lever Ltd. Bangalore) and water ad /ibitum. All the animals were
acclimatized for a week before use.
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Paracetamol Induced Model
The rats were divided into 7 groups of 6 animals in each. [18-19]

S/No. Group Treatments
1. Group | Received vehicle gum acacia (Smg/kg p.o) for 7 days
(Normal)
& Group 11 Received vehicle gum acacia (5 mg/kg p.o) for 7 days
(Control) once daily and paracetamol 500mg/kg once daily
3 Group II1 Received silymarin as standard (50 mg/kg) for 7 days
(Standard) once daily and paracetamol 500mg/kg once daily
4. " Group IV Received PFT (100 mg/kg) once daily and paracetamol
500mg/kg once daily
S Group V Recerved PFT (200 mg/kg) once daily and paracetamol
500mg/kg once daily

On the seventh day, the blood samples were collected via orbital sinus puncture for the
estimation of biochemical marker enzymes and allowed to clot and serum was separated by
centrifuge at 2500 rpm for 15 min and analyzed for various biochemical parameters. Then the
liver was carefully isolated and cleaned off extraneous tissue and preserved in 10% neutral
formalin and then subjected to histopathological studies. [13-14]

Statistical Analysis

All the values ware statistically analyzed by one-way analysis of variance (ANOVA) followed
by Dunnette multiple Comparisons test. Statistically significance of * P<0.01, ** P<0,001, when
compared with respective control. All values are expressed as mean + SEM.
Results and Discussion

The hydroalcoholic extracts of Abutilon indicum (Leaves) and Phyllanthus niruri (Fruits) were
screened for acute toxicity study by OECD guideline no. 423 for determination of LDso. The
LDso was 2000 mg/kg, therefore, EDsp was 200 mg/kg.  Polyherbal formulation (tablet)
containing hydroalcoholic extracts of Abutilon indicum (Leaves) and Phyllanthus niruri (Fruits),
were evaluated for appearance, hardness, friability, weight variation and disintegration time. The
physical appearances of PFT were given in table 2. The results obtained suggest that formulation
do not have any tablet defects. The evaluation parameters of PFT were shown in table 3. The
results obtained indicates that the data obtained are within the limit as per IP.

Rats treated with silymarin, PFT (at the dose of 100 & 200 mg/kg bw respectively) formulations
showed noticeable improvement in histopathological parameters. The results were presented in
table 4. The results were found to be more promising at the dose of 100 mg/kg bw than 200
mg/kg bw in pacarematol induced liver toxicity when compared to standard drug silymarin.
Hence the formulations have prominent action on paracetamol-induced liver damage. Moreover,
at necropsy, livers of rats treated with paracetamol appeared degeneration in hepatocytes, hepatic
cell injury, focal necrosis, congestion in central vein, vascular swelling, and Kupffer cell
proliferation. Furthermore, no gross pathological findings were noted in the livers of the other
groups of rats.
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Table 2: Physical Parameters (Appearance) of Polyherbal Formulation Tablet

Formulation Physical Parameters (Appearance)
Code Color Odor Taste Shape
PFT Light green Characteristic | Characteristic Circular
. biconvex

Table 3: Evaluation Parameters of Polyherbal Formulation Tablet

Ty

Formulation Parameters
Code
Weight Hardness Friability | Disintegration
variations (kg/em?) (%) time (mts)
e N
PFT-1 +3.52 4.74+0.08 0.31+0.24 8.66+0.02

Note: All values are expressed in Mean+SD, n=3

Table 4: Effect of Polyherbal formulation table on Biochemical Parameters in Paracetamol

Induced Hepatic Injury in Rats

Treatment Total Bilirubin | Direct Bilirubin SGOT SGPT ALP ]
(mg %) (mg %) (1/min/l) (/min/l). (1/min/l)
Normal 0.44 + 0.21 0.43 + 0.64 183.02 + 2.1 77.40 + 2.43 1920+ 6.2
Induced 8.61 +2.46 7.45+ 8.60 34541+ 10.42 153.7+ 8.44 358.22+8.85
(PCM 2g/kg) F= 0N |
Standard 0.53 +4.39™ 0.49 £0.19™ 197.0749.43" | 88.07+8.79" | 199.21 +10.61""
(Silymarin
S0mg/kg)
57 PFT-1 0.58 +0.01™ 0.55+0.22" [ 203.14+ 6.10™ | 94.02£6.01" | 204.02+ 832"
| (100 mg/kg)
f PFT-1 0.61 =0.11" 0.59 +0.27*° 207.27+8.39"" | 100.1248.11"° | 206.13+8.01
| (200 mg/kg)

Note: Values are mean +SEM, n= 6. (One way ANOVA Followed by Dunnette multiple
Comparisons test). Statistically significance of * P<0.01, ** P<0.001. when compared with
respective control.

Conclusion

The liver disorders are very common and alarming. In the present work formulation
development, evaluation and hepatoprotective activity of Abutilon indicum (Leaves) and
Phyllanthus niruri (Fruits) against paracetamol induced liver toxicity in albino rats were

showed significant hepatoprotective activity

investigated and the results the formulated polyherbal tablet at the test dose OW mg.kg bw
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Normal Paracetamol induced

\l

(500mg/kg) Silymarin (50mg/kg)

PFT 100 mg/kg  PFT 200 mg/kg

Fig. 1: Histopathologic Section of Liver of Rats in Paracetamol induced Hepatotoxicity
of Normal, Control, Standard, PHT
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“ TRANSFORMATIVE CAPSULE TECHNOLOGY: A REVIEW OF TABLET-IN-CAPSULE

INNOVATIONS”

ABSTRACT
This review explores the revolutionary tablet-in-capsule technology. a novel approach transforming oral drug delivery systems, Oral
administration remains the most favored method for therapeutic agents. encompassing a range of pharmaceutical dosage forms such
as tablets, capsules, suspensions, and solutions. Solid dosage forms, particularly tablets, stand out as the preferred class of products.
widely embraced by pharmaceutical manufacturers, physicians, and patients alike. Capsules, defined as solid dosage forms
encapsulating drugs within gelatin shells, serve as versatile containers for both powder and non-powder fillings, including tablets
and pellets. The past ﬁiw decades have witnessed significant advancements in drug delivery systems. setting the stage for the
emergence of tablet-in-capsule technology. Tablet in capsule represents a multifunctional and multiple unit system, leaturing versatile
mini-tablets enclosed in a hard-gelatin capsule. The formulation of this system offers tremendous flexibility, allowing for tailored
solutions to specific therapeutic needs. Mini-tablets. a novel trend in solid dosage form design. aim to overcome therapeutic obstacles

providing benefits such as dose flexibility and combined release patterns. This review explores the key aspects of this technology.

S’

including formulation possibilities, manufacturing processes and general evaluation tests.
KEYWORDS- Minitablet. Capsule, Tablet-in-capsule, Oral drug delivery, Solid dosage form

INTRODUCTION

Oral drug delivery is one of the most common and preferred methods for administering pharmaceutical substances to patients. '

Solid oral dosage forms are prescribed to produce a therapeutic impact either locally in the oral cavity, throat, or digestive tract, or

1o induce a systemic effect in the body following absorption through oral or gastrointestinal pathways.’ 1

This route of drug administration offers several advantages, such as ease, patient-conformity, and cost-effective, manufaciure in go-

to choose for a wide range of therapeutic interventions.’

Oral drug delivery system is the most desirable, preferable and suitable route for the ad-ministration of therapeutic and

pharmaceutical agents for administration.*

Medications are commonly delivered via the oral-route in a radius of pharmaceutical dosage forms with capsules, tablets,
suspensions, and diverse pharmaceutical solutions being the most prevalent choices.

Itinvolves intake of medications in the form of tab, cap. syrups. or other solid or liquid formulations, with the drugs being ab-sorbed

through the gastro-intestinal-tract into the blood-stream.

Solid oral dosage forms are the favorable categories in pharmaceutical products for oral-administration. They offer versatility, allow

for a wide range of dosage strengths, exhibiting stability, and pose fewer challenges in terms of formulation and packaging.

Additionally, they are suitable to formulate, reserve, and dispense. Solid oral dosage forms provide optimal protection for medications

against factors like light, oxygen, temperature, humidity, and transportation-related stress. Among these solid oral dosage forms.

tablet & capsule have their widespread usage.’

:.'.-;, prifcipal
e Indore Institute of Pharmacy,
'OLUME 12 ISSUE 2, 2024 Z INDORE (M.P)  PAGE NO: 292

96



ournal of Technology ISSN: 10123407

Solid Oral Dosage Form
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| —
b EE™

’u;m—] |mram|‘

[ ]

i

[emm ]
s | | s

o Figure 1: Solid oral dosage form chart®
Novel Tablet Technoldgies
In recent years, there has been a significant development in various novel lablet technologies aimed at enhancing product performance
and providing more effective drug delivery solutions.” These technologies include fast-disintegrating tablets, matrix tablets. tablet-
n-tablet systems. tablet-in-capsule systems, multi-layered tablets, and multi-particulate systems has been developed 1o benefil -
“product performance.®
Tab-in-Tab Systems:
- Tab-in-tab systems involve embedding one tablet within another.
- This approach can be used for combination therapies, where two different drugs are released at different rates or for drugs with
incompatible stability requirements.
- It allows for separate release profiles within a single dosage form.”
Tab-in-Cap Systems:
- Tablet-in-capsule systems combine the benefits of tablet and capsule. «
- Tablets or tablet segments are enclosed within a capsule. offering protection 1o the tablet and controlled release when the capsule
dissolves.
- This approach can be useful for drugs with specific release requirements or stability concerns.

Table- 1: Capsule size chart

Capsule Size Volume External Diameter | Weight —
| Theoretical]
= From Largest to Tolerance ]
smallest {ml} Component {mm) +/- 10% {mg)

000 1.37 Cup 9.91 163
Body 9.55

00 0.95 Cap 8.53 118
Body 8.18

0 0.68 Cap 7.65 96
Body 7.34

1 0.50 Cap 6.91 76
Body 6.63

¢ 2 0.37 Cap 6.35 61
Body 6.07

3 0.30 5.82 S
5.56 .
/
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4 0.21 Cap 5.31 38
Body 5.05

5 0.13 Cap 491 28
Body 4.68

Tablet — In — Capsule Technology
This innovative and distinctive system is referred to as a "TABs-in-CAP device." The resulting capsule device is comprised of an

impermeable capsule body and a soluble capsule.

; @

Figure 2: Tab-in-Cap

Impermeable Capsule Body:

The impermeable capsule body is the outer shell or Encasing of the device. Itis designed to be completely sealed and impervious 1o
external factors, such as moisture, air, or other environmental conditions, This is important to safeguarding the contents of the capsule
and maintain their stability.

Soluble Capsule:

The soluble capsule is an inner component of the device. Unlike the impermeable capsule body, the soluble capsule is designed to
dissolve or disintegrate in a specific environment or under certain conditions. This dissolution is a controlled process and is typically
triggered by factors like exposure to moisture, changes in pH, or specific physiological conditions within the body. "
~_ae TAB-in-CAP system encompasses filling and sealing of single or multiple tabs-in-caps. Targeted drug delivery or controlled
drug release rate is attained by confining multiple tabs

with different separated coatings within a capsule.

Mini-Tablets

Mini-tabs are typically flat or gently curved tablets of a diameter ranging from 1.0 to 3.0 mm. "'

These mini-tabs are commonly introduced within capsule, occasionally compressed into more substantial tablets, or on oceasion,
enclosed in sachets to facilitate administration,

Manufactured by conventional tablet presses equipped with a multiple tooling system. This production process resembles that of
regular tablets but necessitates exceptional powder flow due to the smaller die size, precise control of process parameters, and careful
assembly of the tablet press to prevent tool damage. '

Mini-tabs, which can be either coated or uncoated and are formulated as single unit or multiple-unit systems, and are primarily

designed as patient-friendly resu iatric and geriatric patients, as well as for personalized medicine. They enhance case of
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swallowing and offer flexible dosing options, allowing for the combination of various release kinetics, dosage strengths, and active

ingredients within a single system. Mini-tabs can also effectively serve as multiple-unit modified release systems, including extended

release, delayed-colon release, pulsatile release. bi-modal release, and gastro-retentive systems, thereby enhancing drug

bioavailability compared to single-unit systems."
Mini-Tablet for TAB-in-CAP- technology:

Controlled release caps, frequently comprising multiple coated pellets, constitute another class of solid oral formulations that provide

similar therapeutic benefits. '* A more recent approach that has emerged combines the characteristics of both controlled release

tablets and modified release capsule within a single dosage form.'*This system is designed to offer precise and versatile drug release

profiles by encapsulating various types of tablets within an impermeable capsule body sealed with a water-soluble capsule. Let's

elaborate on this system:
Formulation of Mini Tab-In-Cap System

The process of formulaing mini-tablet-in-capsule systems can be broken down into three essential stages:

1. Creating/producing the mini-tabs.

2. Applying the suitable coating-polymer to these mini-tabs.'®

3. Placing the coated mini-tabs into hard gelatin or hydroxy propyl methyl cellulose capsules. (Mini-tabs-in-capsule systems).'’

__1e administration of mini tabs can occur through the subsequent approaches:

a, Administered directly as an individual unit dosage form.

b. Encapsulated within hard gelatin capsules. (single or multiple mini tabs).

c. utilization of an automated dose dispensing device.'

Administered directly as a unitary dosage form:

a. Mini-tablets can be administered directly.

b. The prescribed dosage can be easily consumed, hence, these are packaged in bottles.

¢. At times, compressed mini tablets undergo additional compression to form tablets of regular size."

Encapsulated in hard gelatin capsules (HGC)

Due to the challenge of managing mini-tabs, they are typically enclosed in hard gelatin capsules hard gelatin capsules before

administration."”

Marketed Formulation of Tab-In-Cap

Table-2: Marketed formulation of tab-in-cap

rand name Drug name Indication Manufacturer Dosage form
Rythmol SR Propafenone HCL Antiarrthythmic GlaxoSmithKline Capsule
Polycap Simvastatin, ramipril, atenol] Heart attack, stroke Cadila pharmaceutical Capsule
hydrochlorothiazide, aspirin
Ramitorva Atorvastatin, Aspirin, Ramipril Heart antack, stroke Zydus Cadila Capsule
Polytorva 5kit Alorvastatin, Aspirin, Ramipril Heart attack, stroke USV hid. Capsule
Unigel Omega 3 fatty acid, Atorvastatin Improve cholesterol | Procaps Capsule
Pantafol-DSR Domperidone + Pantoprazole Acid reflux, Daniel Pasteur Capsule
" Indigestion i
Rasodan-DSR Rabeprazole + Domperidone Anti-ulcer Daniel Pasteur Capsule
Rabex DSR Domperidone + Rabeprazole Anti-ulcer Apotex Pharmachem| Cuapsule
India Pvt Lud v
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Silrab-D Domperidone + Rabeprazole Acid reflux Ascent Therapeuticals Capsule
Midezole Omeprazole + domperidone Gastroesophageal Life vision Healthcare Capsule e
reflux disease
XOM DSR Domperidone + Omeprazole Gastroesophageal Novogen Captab Capsule
reflux discase

Evaluation of Tab-In-Cap Technology
Evaluation of tabs-in-capsules involves specific tests to assess the quality, safety, and performance of this drug delivery system.

The most common evaluation tests and their associated procedures for tab-in-cap:****

(" comem cormy ]

Figure 3: Evaluation of Tab-in-Cap
Future Prospective Of Tablet In Capsule
The future prospects of mini tablets in capsules (commonly known as "mini-tabs-in-a-capsule” technology) are promising and may
lead to significant advancements in drug delivery and therapeutic strategies. Here are some potential future developments and
prospects for this innovative drug delivery system:
Customized Drug Release Profiles;
Mini-tabs-in-a-capsule technology allows for precise control of drug release. In the future, we can expect even more
customization of release profiles to meet the specific needs of various medications, This could include the development of
complex multi-particulate systems within a single capsule, each with a different release profile to optimize treatment.
Improved Patient Compliance:
The convenience of taking a single capsule with multiple mini-tabs can enhance patient compliance. In the future, this approach
may be further optimized to simplify complex dosing regimens, especially for patients who require multiple medications.
Combination Therapies:
Mini-tabs-in-a-capsule systems are well-suited for combination therapies. Future developments may focus on combining
multiple drugs with different release profiles, improving the management of complex medical conditions.
Drug Delivery:
Advances in drug formulation and encapsulation within mini-tabs may result in more accurate and targeted drug delivery. This

could include strategies for site-specific drug release within the body, enhancing the treatment of various conditions.
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The chrono-pharmaceutical approach, which aligns drug delivery with biological thythms, can be further explored. Future mini-
tabs-in-a-capsule systems may be designed to release drugs at specific times of day to optimize treatment efficacy based on the
body's natural rhythms.
Centric Drug Delivery:
Future developments may focus on improving patient-centric drug delivery, taking into account factors like age. lifestyle, and
patient preferences. Personalized medicine could be integrated with mini-tabs-in-a-capsule technology for tailored treatment.
Advanced Materials and Formulations:
Continued research and development in materials science and pharmaceutical formulation can lead 1o the creation of more stable,
biocompatible, and biodegradable components for mini-tabs and capsules.
Regulatory Approvals:
As these innovative drug delivery systems gain popularity, regulatory agencies may establish clear guidelines and approval
pathways for miniciabs-in-a-capsule technology. ensuring safety, efficacy. and quality standards.
Research and Collaboration:
Ongoing research and collaboration between pharmaceutical companies, research institutions, and healthcare providers are likely
to drive the evolution of this technology. New discoveries and innovations will continue to expand its capabilities.
«__ lobal Accessibility:
As mini-tabs-in-a-capsule technology matures, it may become more accessible and cosi-effective, benefiting patients in various
healthcare settings worldwide.
The future of mini-tabs in capsules holds the potential to transform drug delivery, making treatments more effective, convenient. and
patient-centered. As research and development efforts progress, we can expect 10 see a wider range of applications and increased
adoption of this technology across various medical specialties.
List Of Patents In Tab-In-Cap
Table 3: Tab-in-Cap Patents, >

Patent number Title Inventor name Publication date
US-20230062872-A1 Pharmaceutical Formulation Cavatur; Raghu et al. 2023-03-02
US20210145817A1 Apixaban Formulations Sherif Ibrahim Farag Badawy 2019-04-15
USe” 1704B2 Composite formulation comprising a Kyeong Soo KimKi Young Jang 2018-07-06

~ tablet Seung Jae Park Yong Il KimJae Hyun

encapsulated in a hard capsule Park Jong Soo Woo

US-20170304210-A1 Pharmaceutical capsule containing at Ahlgren: Nils William et al. 2017-10-26
least two tablets

WO02014002015A1 Pharmaceutical composition Sumit Madan Ravinder Singh Vinod Kumar 2014-01-03
comprising dutasteride Arora

US-7378102-B2 Diclofenac sodium oral pharmaceutical  Ishibashi: Nobuyuki ; 2008-05-27

CONCLUSION

The conclusion of this review delves deeply into the evolving landscape of tablet-in-capsule technology. providing nuanced insights

into its ongoing advancements and the exciting potential for future developments. The synergistic integration of versatile formulation.
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This multifaceted approach not only addresses existing challenges in drug delivery but also holds the key to significantly enhancing
therapeutic outcomes. The comprehensive exploration of tablet-in-capsule technology in this review signifies its transformative
impact on the field, ushering in a new era of tailored and efficient oral drug delivery systems.
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ABSTRACT:
KEYWORDS Objective: This research aims 1o develop. optimize and characterize the sustained release i
sinr ocular gel containing moxifloxacin hydrochloride. Material and Method: Box-Behuken
In-situ gel, : . : ; 4 -
ic d design was applied to optumze the formulauon. The independent variables were (Xi)
dci|iv elg concentration of sodium alginate (¢aw v). (X:) concentration of carbopol 934 (%ow v) and (NX1)
= concentration of HPMC K100M (?owv) while the (Y1) drug release (%o) was the dependent
pproach. Box- variable
Behnken design,
Evaluation: Further the opumized formulation was evaluated for appearauce. pH. viscosiy,
gelling capacity. drug content estimation. stet iliry testing and spreadabiliry of formulated gel
Result: The optimized formula of moxifloxacin i siw gel containug sodinm alginate (1.5
2w v), Carbopol 934 (1%ew'v) and HPMC K100M (0.625%w v) was found to be clear. pH
was found to be in range 16 8-7.4) and showed maxinnimn drug release of 96.43%: upto 8 hours,
These results concluded that i siru gels can be used as an aliernative of raditional eve drops.
Introduction When the polvmer chain is cross-linked. either

Ocular drug delivery is a challenging task for the
pharmaceutical scientists because of the protecuve
mechanism of eves such as rapid precorneal elmmaton
of drug. tear turnover and poor drug bioavailability o
Conventional drug delivery system such as eye drops
shows poor ocular bioavailability (<5%). To overcome
these factors. the designing of a novel approach for
simple. safe. and effective drug delivery has been
vestigated ) Over the past decades several novel
approaches have been developed among which in-sirn
gels bas anained a great attennon which were
investigated by researchers 10 enhance retenuion nme,
bicavailability and therapeutic efficacy of the topically
administered drgs ¥

1254

chemically (chemucal cross-linking) or nou-covalently
(physical cross-linking). the polymeric solution
wansfors into the gel. An additonal mechantsm known
as phyvsiologic stumuli are also responsible for the
formulation of f-sirn gel. these stumuli welude those that
are triggered by temperature and pH. ! Nunerous
patural and synthetic polymers such as alguuc acud,
gellan gum. xanthum gum. xyloglican. pectui. chitosan,
poly (DL lactic acid) poly | DL -lacude-co-glvcolides,
and poly-caprolactone are employed in the formulauon
and development of in-situ gel drug delivery systents

The formulation adopted is a sodium alginate solution
contauung carbopol 934 and HPMC K 100 M (viscosity
enhancer) which complexes with the Ca“” 1ons present
the lachrvmal flud. Free calcim ions mferact with
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sodium alginate. leading to cross-linking of polymer
chains and fonming a matrix structure. Gelation involves
the formation of double helical junction zones and
reassembly of helical segments. creaung a three-
dimensional network via cation complexation and
hydrogen bonding with water.

Moxifloxacin acts as an antibacterial agent by targeting
and inhibiting the functions of DNA gvrase (also Known
as topoisomerasg II) and topoisomerase IV. These
enzymes are cnucial for bacterial DNA processes,
including  replication.  translation.  repair.  and
recombination. By binding to these enzymes.
Moxifloxacin disrupts the survival mechanisms of
bacteria, making it an effective concentration-dependent.
bactericidal anti-infective medication.[©

Materials and Methods
Materials

Moxifloxacin Hydrochloride was obtained from MSN
Pharmachem Private Limited. Hyvderabad as a gift
sample. Sodium alginate was procured from Sisco
Research Laboratory Pvi. Lid. Maharashtra. Carbopol
934 was purchased from Loba Chemie Pvt Ltd. Mumbai,
HPMC KI100M was procured from Chemdyes
Corporation. Rajkot Gujarat. Other ingredients and
reagents were used of analytical grade.

Methods
Diug-Polymer Compatibility Studies
Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra for moxifloxacin hvdrochloride wn its
pure form alongside o nuxture contaming moxitloxaci
hydrochloride. carbopol 934, and HPMC K100M were
recorded with the use of an FTIR Specuophotomerer. To
evaluate the physicochemical mteractions between the
drug and its excipients. analysis through FTIR was
conducted utilizing the Potassium bronude disk
techuique 7

Method of Preparation of In-situ Gel

The composition of m-sitv gel containing moxifloxacin
hydrochloride was prepared by emploving Box-

Behnken design presented in Table 2 To prepare these
formulations, Sodmm  alginate  combined with
Carbopol® 934 and HPMC K100M was utilized using
the dispersion method. Initally. 75 ml of distilled water
was preheated to 70°C 1o dissolve sodium alginate,
followed by the addition of HPMC KI00M. and
Carbopol® 934 into the solution. This muxture was left
at room temperamire overmight to allow for polymer
hydraton  Separately. moxifloxacin  hydrochlonide
(0.3%w v) was dissolved 1n 23 mL of distilled warer and
then added to the polvmeric solution, The nuxne was
stirred until a wuform solution was achieved. The final
product was then filled nto sterile amber-colored bottles
and sterlized 1w an autoclave at 121°C for 15 minutes.
Subsequently. the prepared formulations were stored 1 2
refrigerator at 4°C until further use ¥

Formula Optimization using Design Expert Software
Computer-aided modeling-

Box-Behnken staristical design with 3-factors, 3-levels,
and 15 runs was implemented for the optimization study
using  Design-Expert  software  (version  13)
Concentration  of sodium  alginate  (®ew' vy (X1
concentration of carbopol 934 (Pewv) (X2) and
Concentration of HPMC KI100M (%ew v) (X3) were
selected as independent variables and they were set at
low. medium and high levels. Table no.1 summarizes the
coded values of different variables. In accordance with
the design. 13 m-sitn g2l formulations were prepared and
characterized for in-vitro %s drug release (Y 1) which was
chosen as response parameter. This design explais the
main effects and interaction eftects of the independent
variables on the formulaton charactenstics. The
objective function for the present study was to enbance
the retention time of the formmlation and sustamed dg
release of the product.

b () = b e A > B - C
tEquation 1)

Where. bg s arithmetic mean response of 15 runs. A, B.
and C are the independent vanables.
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Tablel. Levels and Coustrains of Independent and Dependent Variables

Independent Variables Levels Constrains
Low (-1) Medium (0) High (+1)

A: Concentration of Sodium 0.5 l 1.5
Alginate
B: Concengration of Carbopol 0.25 0.625 l _
934 |
C: Concentration of HPMC 0.25 0.625 1
K100M

Dependent Variables Drug Release upto 8 hours (") 95%

Data analysis and validation of model

Box-Behnken design was particularly selected. because
it needs fewer muns than a central composite design, in
cases of three or four variables. Analysis of varance
(ANOVA) was used to establish the statistical validation
of the polynomial equarions generated by Design Expert
sofiware.  All  the responses observed were
simultaneously fitted to linear (first order). and quadraric
models. Various feasibilities were conducted over the
experimental domain to find the compositions of the
optinuzed in-sin gel formulation. 2D and 3D response
surface plots (fig4 and fig3) were generated by the
Design Expert software. The resultant experunental
values of the responses were quantitanvely compared to
that of the predicted values.[®

Characterization of Moxifloxacin loaded in-situ gel
1. Physical Appearance

The formulated m-sim gel solutions were tested for
clarity by visual appearance against black and white
background w bright light. The pH of the prepared -
siu gel was measured by digital pH meter (Labrech
DPH-115 PM. Cheanai).l"

2. Gelling Capacity

The abilitv of the forntulation to form a gel was evaluated
by adding several drops of it into a vial with 2 ml of
simulated tear fluid. freshly prepared and with a pH of
7.4 Observation was made visually to detemiine the
duration needed for gel formation.V

1. Rheological Studies

The wviscosity estumation was carmed our using
Brookfield viscometer (DV-E, USA model), The i s
gel formulations were placed in a beaker. The samples
were analyzed at 27°C. Spindle number 61 was dropped
perpendicularly into the solution in a beaker. The angular
velocity of the spindle was increased from 10 rpm to 30
rpm and the rheological behaviour of the formulation
was uoted at the end of 30 seconds I'*)

4. Spreadability

To determune the spread abuity of in-situ gel. transfer Ig
of gel to the centre of a glass plate ( [0em» 10cm) ar 32 =
0.5°C and cover this plate by another glass plate of same
size. Apply some weight (123g) on the upper shide 10
evenly spread the gel. After one minwe remove the
weight and measure the diameter of the gel spread area
{cm), Perform this determination test in triplicares. The
mathematical formula expressed as

5=M-L T

Where S is spreadability. M 15 weight tied to the upper
glass shide. L 1s length of the glass shde and T 15 ume
taken to spread the gel 1]

%, Drug Content Estimation

The %¢ drug content estimation was carried out by
diluting prepared formulation equivalent to $0mg m 30
ml of distilled water and analyzed after further dilution
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using UVeovisible spectrophotomerer (Shiumadzu UV-
1800, Shimadzu Corporation, Japan) at 289 am. The
experiment was performed in triplicates. ™

6. In-vitre Dissolution Studies

The in vitro release of moxifloxacin hyvdrochloride from
the formulated preparation was investigated using a
Franz diffusion cell apparatus. comprising two
compartinents: a donor compartient and an accepior
compartment. THe acceptor compartment was filled with
freshly prepared simulated tear flmd (pH 7.4)
mamtamed at a remperamre of 37°C=1°C wnth
CONtNUONS  SUIMINE  USing a4  magnenc  shrrer.
Subsequently. the donor compartment. contaiiing a
cellophane membrane soaked overnight, was securely
attached to the acceptor comparnnent, A 2 ml volume of
the prepared solution was then added to the donor
compartinent. At predetermined time intervals, | ml
aliquots were withdrawn from the acceptor compartment
and replaced with fresh simulated tear tluid. All samples
were collected in triplicate. The amount of drig released
was quantified using a UV-visible spectrophotometer at
289 pim. wath simulared rear fluid at pH 7.4 serving as the
blank control.!'*]

7. Sterility Test

To ensure the sterility of ocular products, 11 15 essentinl
to conduct sterility testing. In this process. the chosen
formulation s wansferred into a  sterile  fluid
thioglveolate medium under aseptic condinons. The
mixture is then incubared for a minunum of 14 days at
A5°C 10 monitor bacterial growtly, Sterliry 1s assessed by
visually mspecting the clarty of the medium ovel the 14-
day period.!'¥

Result and Discussion
Drug-Polymer Compatibility Studies
Fourier Transform Infraved Spectroscopy (FTIR)

An infrared analysis was conducted 10 invesngate
potential interactions bemwveen the pure drug and
additives. Figure | depicts the FTIR specua of
moxifloxacin hvdrochloride along with physical muxnre

The spectra of pure moxifloxacin hydrochloride (MH)
displaved distinct peaks. including C=O stretching
vibrations at 1710 em’. N-H swetching vibrations at
2028 em. and O-H stretching vibranon ar 35327 em™. In
FTIR spectra of physical nuxnwe. primary absorption
bands of moxifloxacin hydrochloride were evident
showing no notable alterations compared to pure diug
spectrunt,  This observanon mdicates no  apparent
interaction benveen the drug and polymers.

= - e & \ 2 d | e
§ if : | ~.|I.‘ '
= 8 I : 1
= I
= i
| . | I |.I " |
2 ZRIS P e SIBTLECBCR N Rggunms
3 2530 B B 39 FE23R@a3afEdfiozagd
3500 3000 2500 2000 1500 1000
Wavenumber cm-1
Fig.1 FTIR spectra of pure moxifloxacin hydrochlonde (AP
1257
Principal

Indore Institute of Pharmacy,
INDORE (M.P.)

106



Journal of Chemical Health Risks
www.jchr.org
JCHR (2024) 14(3), 1254-1264 | ISSN:2251-6727

e s PRE LT
¢
TR
TN b, ey
- e gzn=R & B 2x
iR § % ad
3800 2000 2500 2000
Wavenumber cm-1
Fig.2 FTIR spectra of physical nuxmre of moxifloxacin hydrochlonde and polvmers
Formula Optimization using Design Expert Software
— Box—Behnkeu statistical design with 3-factors. 3-levels. and 13 runs was employed for the optimization stidy usiig the
Design Expert software (version 13). In accordance with the design. 1S in-simv gel formulations were prepared and
characterized for in-vitro % drug release (Y 1) which was chosen as response parameter. (Table 2»
Table 2. Experimental run by design expert software
Std | Run | A:Concentration of Sodium B:Concentration of C:Concentranon of HPMC | Drug Release upto
Algmate Carbopol 934 K100M R howrs
Oy Gow v o) 50N p! % 33
1 1 0.5 0.23 e (s - ' TRBT.
15 F l 0625 0.625 83,94
9 3 1 0.25 0.25 82.74
13 | 4 1 0.625 0.623 $7.01 ]
12| 5 1 1 ¥ 1 $9.34
s 3 6 0.5 1 0.625 §0.02
4 7 18 1 0.625
M8 TR T WS B
14 9 | 0625 0.625
5 | 10 0.5 062> - R e
10 11 | 1 0.25
TN A 15 0.23 AR PO k| e
7 13 1 §0.92
6 14 [ 94.32
8 15 l 9502
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Data Analysis and Optimization
Response Y1: Drug Release upto 8 hours

The high value of the correlanon coefficient indicates a
good fit berween the mdependent variables. and the

dependent vaniable. The linear model was found to be
significant as shown 1o (Table 3) and the P value is less
than = 005 This result clearly demonstrates that this
selected independent varable have a  staustically
significant fluence on the drug release ['”

Table 3. Analysis of Variance (ANOVA for Linear model)

Model 514.34 3 17145 193 47 0.0001 significant
A-Concentration of Sodium 481.90 l 431.90 543.79 < 0.0001
Alginate
B-Concentration of Carbopol 2503 ! 3503 | 2824 0.0002 [ R
934 [ '
C-Concentration of HPMC 741 l 741 8.36 00147 |
K100M |
Residual 9.75 11 0.8862
Lack of Fit [ £79 0 0976l 203 03737 not

. significant

e e e e : " v

Pure Ervor 0.9626 2 0.4513 *
Cor Toral 524.08 14

The Model F-value of 19347 implies the model is
significant. There is only a 0.01% chance that an F-value
this large could occur due to noise.

P-values less than 0.0500 indicate model terms are
significant. In this case A. B, and C are significant model
terms. Values greater than 0.1000 indicate the model
terms are not significant. If there are many insignificant

model terms (uot counting those required 1o support
hierarchy). model reduction may unprove vour model,

The Lack of Fit F-value of 2.03 unplies the Lack of Fit
is not significant relative to the pure error. There is a
37,379, chance that a Lack of Fit F-value this large could
oceur due to noise, Non-significant lack of fit is good --
we want the mode! 1o fir

Table 4. Showing Fit Statistics of linear model (ANOVA)

Std. Dev 0.9414 R? 0.9814
Mean 86.74 Adjusted R 0.9763
CY, % 1.09 Predicted R 0.9635

E Adeq Precision 192084

The Predicted R- 0f 0.9635 is in reasonable agreement with the Adjusted R° of 0.9763. i.e. the difference is less than 0.2

rincipal

INDORE (M.P.)

Indore Institute of Pharmacy,

108



Journal of Chemical Health Risks
www.jchr.org
JCHR (2024) 14(3), 1254-1264 | ISSN:2251-6727

Adeq Precision measures the signal to noise ratio. A ratio HPMC K100 shows optunum drug release upto 8 hours
greater than 4 is deswable. Your ratio of 39.208 indicates All response graphs showing desirability and dimg
an adequate signal. This model can be used to navigate release at different independent variables are shown in
the design space. figure 3. Contour plot and rthree dimensional response

surface plot of optinuzed formulation as shown i figure
4 and 3 respectively shows the interaction effects of the
Drug release (Y1) = 66.66675 + I552250%A + factors on response. When the experunental data of
4.71667*B ~ 2.56667*C response (Y1) of 15 runs was fitred wto ditferent models
of Box-Behuken design. linear model was found to be
best fitted model.

Final Equation in Terms of Actual Factors

The design expgrt software suggested that 1.49% of
sodium alginate, 0.85% of carbopol 934 and 0.983% of

T LA irw & e A e

e e

I
i.

Fig.3 All response graphs showing desirability and drug release at different independent varables

Drug Helease upto B haurs (%

st

8 Concertator ot Cadogel 3H (v

| A Corpmntyatmon ol ot Rgrste | Tes v

Fig.4 The Contour plot for Y; (°s Drug release upto 8 bhours)
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Dirug Rebezss upto 8 nours ()

045
B Concentrabion of Carbopol 334 (Swiv)

L=

A Concentraton of Sosdam Algnate Cew v

Fig.5 The 3D response surface plor showing effect of independent variable on Y1 (®e Drug release upto 8 hours)
g pe v

Evaluation of in-siru gel
Physical Parameter

The optinuzed prepared formulation of m-sin gel (F7)
was found to be transparent and clear. The pH of the
formulation was found ro be in range between 6.8 and 7.4
when noted in tnplicates (n=3).

Gelling capacity

Stiff gel of optunized formula F7 is formed immediately
and remained for extended period of time (more than 8
hours)

Rheological studies

Viscosity of the ophthalmic ip-siru gel is an important
parameter to determine the residence period of drug o
the eves. The viscosity of polymeric solution was found
to be 380cp=0.84 before conversion into gel and the
viscosity of in=situ gel was found to be 1450cp=0.57 after
becoming the gel which comes under the preferred range.

Spreadability

The spreadabuility of optumized i siru gel was found 10
be 13952043 geomsec which was i the acceptable
range. Spreadability 15 inversely  proportional 10
viscosity, Increase in concentration of any polymer can
decrease the spreadability of the formulation.

Drug content %

The drug content of optunized i siri gel was analyzed
in twiplicates by UV-Visible specrrophotometer
(Shimadzu UV-1800. Shinadzu Corporation, Japau) at
289nm and the drug content was found to be 97.47=0.2

9%%.

In=vitre dissolution studies

This study was performed by Franz diffusion cell for 8
hours. By this study it was concluded that an increase w
the concentration of polvmers shows the release
retarding propaity of the polvier.

Table 5. /u-vitro drug release studies of oprinuzed batch

S.No. Time (hours) %% Diug Release
F7 (Optimized) F14 F15
l 0 0 0 0
T L T T 3462005
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3 2 ).52=0:32 16.41=0.81 14.6=0.12
4 3 34.78=0.45 33.28=0.32 31,77=0.67
5 4 48322027 42.92=0.25 40.51=0.82
6 5 67.74=0,32 38.89=0 4] 56.78=0.16
7 6 78.09=0.12 70.,93=0.23 68.532=0.90
8 . 7 £3.59=0.83 §2.08=0.68 80.57=0.24
9 8 96.45=091 93.03=z0.24 | 94 31=0.54
.

Fig.6 [n vimro release profile of optimized moxifloxacin hydro¢ hloride in-sirtn gel (F7.F14 and F15)

Data Analvsis via Drug velease Kinetics Studies

The formulation of moxifloxacin in-sitn gel was
subjected to drug release studies using Franz Diffusion
Cell apparamus containing simulated rear fluid (pH 7.4)

and cellophase membrane.  The flupng of drug
dissolution profile agamst kinetics models were analyzed
using Microsoft Excel. It was observed that the
optimized barch F7 followed First Order Release
Kinetics as the plot showed lineariry.

Zero Order Kinetics

1262
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Stevility Test

To ensure the sterility of ocular products, it 18 essential
to conduct sterility testing. In this process. the chosen
formulation F7 was transferred mto a stenle fhud

thioglveolate medium under asepric condituons, The
nuxture was then mcubated for a minimum of 14 days at
33°C o0 menttor bacterial growth. Sterility was assessed
by visually mspecting the clarny of the medium over the
14-day period

Fig.7 Sterility testung of oprunized formulation E7 from day | to day [4.

Conclusion

The present study demonstrate that the optimized in-situ
gel of moxifloxacin hydrochloride was prepared
successfully using sodium alginate. carbopol 934 and
HPMC KI100M for ophthalime drug delivery that
showed sustained drug release for more than 8 hours and
enhanced retention ume. Certainly Comumercialization of
a dosage form requires both preclinical and clinical
studies. To optimize an w situ ophthalmic gel. a Box-
Behnken design was employed. The optumization
analysis detenmined that a batch comprising |.5%w v
sodium  alginate. 19w v carbopol 934 and 0.623%
HPMC K 100M exlubited the longest residence fine and
inproved efficacy. On the basis of all evalvation
parameters it was concluded that oplithalmic in-situ gel
shows potential as a promising delivery system for
ophthalmic drugs. offering enhanced bioavailability.
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Fig 6 Inn virro release profile of optinuzed moxitloxacin
hydrochloride in-simm gel (F7.F14 and F13)

Fig.7 Zero Order Release Kinetics of Optunized
formulation (F7)

Fig 8 Sterility testing of optumized formulation F7 from
day 1 to day 14.

Table Legends

Tablel. Levels and Constrams of Independent and
Dependent Variables

Table 2. Experumental mn by design expert software

Table 3. Analysis of Vartance (ANOVA for Lineat
model)

Table 4. Showing Fit Statistics of linear model
(ANOVA)

Table 3. Iu-vioro drug release studies of optimized batch
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Table 1 Neurological diseases:
pathogenesis, genetic basis, disease
mechanism and manifestations

Alzheimer's disease (AD) is a chronic and progressive
neurodegenerative disorder that predominantly
distorts the human brain's vast cerebral cortex and
. hippocampus regions. The disease is characterized by
a range of syniptoms, including mental and memory
impairments, cognitive decline, and personality
changes, and it predominantly affects the elderly
—population, especially in patients above 65 years [36].
It is distinguished by two key neuropathological
features i.e., (i) intracellular accretion of
hyperphosphorylated tau- proteins, which form NFTs
in the brain, and (ii) extracellular development and
deposition of amyloid-beta (AP) plaques [3].
Parkinson's disease (PD) is another most common
NDs that significantly impair the eminence of life and
dependency and increase the menace of premature
death in affected individuals [11, 16]. This disease is
“istigated via substantial damage to dopaminergic
_riigrostriatal neurons, leading to reduced motor
function and induced symptoms i.e., bradykinesia,
resting tremor, postural imbalance, and muscular
rigidity. PD are distinguished by the accretion of
protein aggregates, Lewy neurites, and Lewy bodies,
primarily composed of aggregated and misfolded
forms of pre-synaptic protein a-synuclein [42].
Amyotrophic lateral sclerosis (ALS) is a devastating
ND characterized by substantial degeneration and
o\
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Neurodegenerative diseases represent one of the
utmost imperative well-being health issues and
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enhancing cognitive abilities in preclinical models.
According to the latest research, the therapeutic
activity of natural substances can be increased by
adding phytoconstituents in nanocarriers such as
nanoparticles, nanogels, and nanostructured lipid
carriers. They can enhance the stability and
specificity of the bioactive compounds to a more
considerable extent. Nanotechnology can also
provide targeting, enhancing their specificity to the
respective site of action. In light of these findings,
this article discusses the biological and therapeutic
potential of natural products and their bioactive
derivatives to exert neuroprotective effects and some

~ clinical studies assessing their translational potential

to treat neurodegenerative disorders.

Graphical Abstract

Common mechanisms, therapeutic targets, and
molecular pathogenesis of neurodegeneration. It is
focused on the biological and therapeutic potential of
natural products and their bioactive derivatives to
exert a neuroprotective effect on the pathologies of

neurodegenerative diseases.
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Introduction
Neurodegenerative diseases (NDs), comprising a
diverse array of disorders, are typified by the
progressive degeneration of both the structural and
functional components of either the central nervous
system (CNS) or peripheral nervous system (PNS).
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and spinal cord injury, which typically afflict
individuals beyond the age of 60 years [57]. These
debilitating conditions engender a prodigious burden
on individuals and society, as the progressive loss of
structural features and functions marks them.
However, the root causes of several NDs remain
obscure within the current healthcare system [41].
These NDs often present with a range of biological
phenomena, including neuroinflammation, oxidative
stress, cogniti\‘;e decline, the accumulation of
neurofibrillary tangles (NFTs), abnormal deposition
of amyloid-f peptide (AB), diminution, or inadequate
amalgamation of neurotransmitters and abnormal
ubiquitination are linked to the progression of NDs
[43]. Nevertheless, the role of aging in NDs is crucial,
given their irreversible nature, the attendant social
and economic burdens, and the paucity of efficacious
therapeutic interventions [g].

Acute neurodegeneration is a clinical condition
characterized by rapid damage resulting from abrupt
insult or traumatic events, i.e., strokes, traumatic
brain injuries, head injuries, ischemic brain damage,
subarachnoid, or cerebral hemorrhage. Conversely,
~hronic neurodegeneration represents a protracted
ailment in which neurons undergo a
neurodegenerative process that typically commences
gradually and exacerbates progressively due to
various aspects, ultimately causing the irreversible
devastation of specific neuron populations. Chronic
neurodegenerative disorders comprise a variety of
conditions, including ADs, PDs, Huntington's disease
(HD), and amyotrophic lateral sclerosis (ALS) [42].
Other neurological disord:
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atrophy, Cockayne's syndrome, Coffin-lowry
syndrome, Triple-A syndrome, and Rett syndrome,
also fall within the purview of chronic NDs [35],
described in Fig. 1 and summarized in Table 1.

Fig. 1

‘
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11) Sampling locations, sampling procedures, stages,
and plans.

12) The statistical instruments should be applied to
data analysis.

13) The processing operators’ traiing needs.

14) Test strategies that have been proven to work
for both process and final product testing,

15) Details
ingrechents, and packaging.

16) The charts and forms that will be used to record
the outcomes.

regarding test procedures, raw

17) Format for presenting findings, recording
conclusions, and endorsing research findings. [21.22]
€. Validation Report: Following the conclusion of
the validation, a documented report ought to be
made available. Should it be deemed appropriate, it
ought to be permitted and approved (signed and
dated). It ought to draw conclusions about the
process's validation status and provide the required
the
execution of batches, a validation report must be

advice for regular procedures. Following
created to evaluate adherence to the protocol
During execution, data might be gathered in a
format that has been preplanned. The formulation
order of the validation batch processing records
must be compared with the actual yield that was
attained at various stages.

At minimum, the following should be included
the report:

1) The study's title and goal.

2) A mention of protocol.

3) Specifics of the content.

4) Tools.

5) Cycles and programs utilized.

6) Specifics of protocols and testing techniques

7) Qutcomes (weighed against acceptance standards).

8) Suggestions regarding the upper limit and future

application criteria. [13]

XI. CONCLUSION

In pharmaceutical compames, the practice of
process validation is crucial It is essental to
ensuring that the quality objectives are fulfilled.
Understanding of the product and process will be
enhanced, and waste, rejections, lead times, and
other failures will be decreased, by conducting
validation

validation guidelines. Throughout the course of the

in accordance with USFDA process

product life cycle, this guideline also aids mn the
validation process’ ongoing improvement. Prior to
receiving approval, a mnovel medication must
undergo a thorough and dependable evaluation to
determine its safety and efficacv for the intended
use and intended patient population,

To guarantee that the drug product will meet or set
pharmaceutical standards for idenuty, strength.
quahty. purity, stability, assessment safety, and
efficacy, pharmaceutical vahdation and process
control are required when the drug is approved.
Under the statutory  CGMP
provisions of section 501(a)(2)(B) of the Federal

Act,

more expansive

Food, Drug and Cosmernc validation of
manufacturing processes is deemed an enforceable
element of current good manufacturing practice for
active pharmaceutical ingredients (APIs). Validation
of manufacturing processes is a requirement of the
Current Good Manufacturing Practice (CGMF)
regulations for fimshed pharmaceuticals (21 CFR
211.100 and 211.110). There is a high degree of
exact assurance that a manufacturing process that
has been validated will consistently vield acceptable
items. Thus, process validation is a scientific way of
proving that a process can reliably produce high-

quality results
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A. Validation Master Plan: The purpose of this
the Federal
Department of Agriculture (FDA) inspectors that

document 1s

the company has a very well-organized validation

program. Included in the format and content should

be:

1) Introduction: scope, location, schedule, and

to demonstrate to

validation policy.

n study at & near end of
hopper
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speed Individual weight
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Thickness
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|
X. Documents

2) Organizational structure: duties assigned to
employees.
3) Plant,
justification for additions or deletions, as well as the

process, or product descrption:
scope of validation,

4) Particular process factors that need special
attention and are crucial

5) A matrix-formatted list of the systems, processes,
and products that need to be validated. along with
the validation methodology.

6) Key

revalidation operations.

acceptance criteria, real status, and
7) Format for documentation.

8) Making use of the necessary SOPs.

9) Schedules for everv validation project and its
subsidiary projects. (19, 20,

B. Validation Protocol: To guarantee that the
process is sufficiently validated. comprehensive
procedures are necessary for carrying out vahdations
The following components must to be mncluded 1n
validation protocols:

1) The goals and extent of the validation study’s
coverage

2) The composition, credentials, and duties of the
validation team, '
3) Validation types include  prospective.
contemporaneous, retrospective, and re-validation,
4) The quantity and choice of batches to be included
in the validation research.

5) A list with the typical and worst-case operating
parameters for every piece of equipment that will be
used.

6) IQ and OQ results for essential equipment.

7) Requirements for all measurement mstruments’
calibration.

8) Important process variables and the tolerances
that apply to them. _
9) Process characteristics and variables that are
likelv to cause risk should be noted.

10) A copy of the product’s master documents s

used to describe the processing processes.
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IX. Process Validation of Manufacturing
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of all process-related documentation, including
validation audit report backs. At this point, the
validation team additionally guarantees that there
haven't been any modifications or deviations that
should have led to revalidation and requalification.
[11,12.13]

Step 1. Process Design
a. Developing and Preserving Process Knowledge
and Understanding
b. Formulating a Process Control Plan
Step 2: Qualification of the Process
a. Facility design and equipment and utility
qualification
b. Process performance qualification

¢. PPQ Protocol
d. Execution and Report of the PPQ Protocol

l

Step 3: Ongoing Process Validation
Fig 3 Methods for Validating Processes
VII. Types of Process Validation

A Prospective validation is

conducting validation before a new product or one

the practice of

created using an altered manufacturing process—a
process that may have an impact on the product’s
characteristics—is  distributed. FDA validation 1s
performed prior to the regular production of goods
meant for retail distribution.

B. Concurrent validation is the process of validating
products that are routinely produced with the
intention of selling them.

C. Retrospective validation is the process of
validating a product's manufacturing procedure
using data from production, testing, and control that
has alreadv been distributed. (FDA)
vahdation for a product tlz{ has been sold using

Process

data gathered from manufacture, testing, and
control batches.

D Re-Validation A repeat of the process validation
to guarantee that equipment or  process
modifications made m compliance with change
control procedures won't negatively impact the

process's characteristics or its output qualiry. [14]

VIII. Validation Life Cycle

The process of validation 1s ongoing and dynamic.
Its scope includes training, process and system
maintenance, and  revision  control  for
documentation. Validation evidence ought 1o be
visible at the corporate level and show up in the
One

establishing and preserving quality is validation. [15]

management  lhierarchy. technique  for
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V. Process Validation
-
European Commission: The validation process,
known as the "Act of Proving, in Comphance with
GMPs that Any," genuinely vields the anticipated
outcomes. 2000: "Documented evidence that the
process can perform effectively and reproducibly to
medicinal

produce a product

predetermined specifications and quality attributes

meeting  its

when operated within established parameters.”
According to USFDA 1987, "a high degree of
assurance that a specified process will consistently
produce a product meeting its pre-determined
specifications and quality characteristics” is provided
by documented evidence.

According to ICH, "Process Validation is the process
of verifving and supplying documented proof that
processes operating within the parameters of their
designated designs are able to consistently and
dependably produce a final product of the necessary
quality.”

According to the WHO, "the documented act of
proving that any procedure, process, piece of
machinery, substance. activity, or svstem actually
produces the desired outcome.’

USFDA (2011) - Process vahdation 1s the process of
gathering and analyzing data to demonstrate
scientifically that a process can consistently create
high-quality products, starting from the process
design stage and continuing through commercial
production, [10]

TABLE II. The most recent defimtion of process
validation is provided in this table.

1987 Definition 2011 Definition

‘Determining “The process design
documented proof that | stage through
offers a high level of production data
assurance that a collection and
particular process will | evaluation that
consistently vield a establishes scientific
product that satisfies its | evidence that a process
predetermined is capable of
specifications and consistently delivering

quality products”

qualiry characteristics”

VI. Process Validation Stages

A. stage 1: Process Design: Using the knowledge
gathered from development and scale-up activities.
the commercial process is defined at this step. It
mcludes all of the following: creating stability
conditions; storing and managing m-process and
finished dosage forms. equipment qualification;
mstallation master

qualification; production

documents; operational qualification:  process
capability; formulations; pilot batch studies; scaleup
the
commercial scale batches.

B. Stage 2: Process Qualification: In this phase, the

suitabiliry

studies; and transfer of technology to

process  design's for  repeatable
commercial manufacturing 1s verified This stage 1s
designed to confirm that all of the important process
parameter limits that have been defined are valid
and that good products are frequently generated
even in the worst-case scenario. It stands for the
spet‘:fic research or Expﬁ‘ﬂ!ﬂellli carried out to
demonstrate.

C. Stage 3: Ongoing Process Verification: During
regular production, continuous assurance 1s obtained
that the process stavs under control. In order to
ensure that there are no deviations, failures, or
changes to the assembly process, as well as that all
SOP, mcluding the change control procedure, are

followed. this phase necessitates periodic evaluation
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There
depending on the stage of manufacturing. These are

are four forms of process validation
as follows:

The four types of validation are

1) Retro specific,

2) concurrent,

3) prospective, and

4) revalidation.

C. Cleaning validation:

recorded setup that offers a high level of assurance

Cleaning validation 1s a

that a specific system, piece of equipment, or quality
of clean-up is regularly carried out to acceptable
limits and established quality. A wide range of
pollutants, including  lubricants,  airborne
contaminants, prepared product residues, and
microorganisms, can contaminate pharmaceutical
goods. Therefore, preventing contamination and

cross-contamination requires a thorough cleaning

process.
D. Equipment validation: Equipment validation 15
the established, documented setup  that

demonstrates that any equipment functions as
intended and produces results that are accurate and
acceptable (predetermined result). The idea that
equipment needs to be bulr, mamtaed, and
modified in order to carry out the intended tasks is
the basis of the equipment validation process. Since
equipment is the fundamental element of the
pharmaceutical industry, it 1s crucial to provide
equipment  validation (recorded evidence of
equipment) prior to Carrying out any process in the
sector. [9]

IV. Validation Approaches

1) Manufacturers ought to design and arrange
validation in a way that guarantees the efficacy,
safety, and quality of ther products over the
duration of their life cycles.

2) Risk management concepts ought to serve as the
foundation for the range and depth of qualification
and validation

3) When applicable, statistical cofiputations should

process, or other relevant element has been suitably
validated.

4) Qualification and validation should be carried out
in comphance with established processes, and the
outcomes suitably recorded, for example, m reports.
5) The administration and organization of validation
should be ensured by a suitable and efficient quality
system.

6) Senior management 1s in charge of making sure
there are enough resources available to complete
validation tasks quickly

7) The task of completing validation should fall to
individuals who possess the necessary training and
expertise.

8) A defined timetable or program should be m
place to assist with the organizing and carrying out
of validation tasks.

9) In accordance with the established protocols and
procedures, validation should be carried out m an
organized manner.

10) Qualification and validation should be carmed
out: whenever new facilities, machinery, utihties,
systems, processes, and procedures are int roduced. if
changes are made, coutingent upon the results of
the risk assessment; and whenever required or
recommended by the results of the periodic review.
11) The should be
documented in writing,

results of the vahdation
12) As stated in the World Health Organization
(WHO) guidelines on quality risk management, the
breadth should be
determined by knowledge. experience, and the

and depth of validation
application of quality risk management principles.
Worst-case scenarios or particular challenge tests.
such as stress load and volume verification m
computer system vahdation, should be taken into
consideration when adding to the validation as
needed.

13) The V-model provides an illustration of a

qualification and validation strategy. [22]
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3) Raw maternal requirements

4) Operating procedures for processes.

5) The requirements for handling materials.

6) Change control procedures.

7) Education.

8) The role of equipment control.

9) The process’s short-term stability and capabilities
(latitude studies or control charts).

10) Worst-case scenarios, action levels, and probable
failure modes.

11) In order to optimize the procedure, statistically
sound methods like screening experiments may be
applied at this stage. [6]

D. Performance Qualification (PQ): Installation and
operational qualification should be successfully
completed before
qualification (PQ).

moving on to performance
PQ factors consist of the following:

1) Real product and process specifications and
guidelines set forth in OQ.

2) The product’s acceptability.

3) Guarantee of process capability according to OQ
standards.

4) Long-term stability and repeatability of the
process.

5) Tests that incorporate an upper and lower
operating linit condition, or circumstances that

encompass both. [7]

E. Re-qualification: Any equipment modification or
relocation must be approved by the change control
procedure after a thorough evaluation and approval
process. It 1s recommended that the equipment be
requalified as part of this official examination.
Modest alterations or those that don't directly affect
the quality of the finished or in-process product
should be

maintenance program’s documentation system.[8]

managed using the preventive

T

o
International ] 6h!

III. Types

validation

equipment
validation

I |

process
validation

analytical
validation

cleaning
validation

installation
qualification

prospective
validation

ey

operational
qualification

| |

concurrent
validation

retrospactive
validation

performance
qualification

Fig. 1. Types of validation

A Analytical method validation: Tlus process aims
to confirm that the chosen analytical technique will
produce accurate results sufficient for the intended
use. The validation of analvtical methods
encompasses various parametgrs. These are listed m
the following order: S

1)Accuracy

2) Detection linut,

3) range.

4) lineariry:

5) precision;

6) repeatability;

7) reproducibility;

8) specification;

9) The quantity himt

B. Process validation: Tlus kind of validanon
presents wnitten evidence, which offers a higher
level of assurance that the procedure will reliably
result in a product that satisfies all predefined
quahty standards and attributes. In addition to
ensuning process repeatability and lowering the
possibility  of manufacturing

15516, Process

vahdation also increases output of a set quality.
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4) Quality controls: Evaluate protocols, conduct
contracts validation testing, and provide reports as
required.

5) Research & development: This field addresses
product design.

6) Department of Engineering: Installs, certifies, and
maintains plant, facilities. equipment, and support
systems. (24, 22]

D. Validation Team and Its Responsibilities
Validation investigations are generally carried out
and supervised by a diverse team. Individuals
possessing training and experience in a pertinent
field may carry out these kinds of investigations.
Among the validation team's many duties are:

1) Updates, evaluates, and approves each project's
validation deliverables and plans.

2) Verifies that the project validation plan and the
company validation master plan are followed for
validation.

3) Coordinates, carries out, and vahdates VMP

compouents.

4) Gives advice, assesses, and approves modifications.

5) Examines and authorizes 1Q OQ PQ plans and
processes
6) Examines test findings and offers suggestions for
publication.
7) Evaluates potential threats and creates: backup
plans. (25, 22]

I1. Phases of Validation

A Design Qualification (DQ): Design qualification
may be the initial step in validating new buildings.
systems, or equipment (DQ). The design's adherence
to GMP requirements needs to be proven and
recorded. It is an official confirmation of the
production facilities' and equipment's designs.

DQ factors include:

1) Legal requirements and good manufacturing
procedures.

2) Critetia for performance.

3) Dependability and effectiveness.

4) Access to and maintenance of vital instruments
and equipment.

5) Impact on the environment and safety.

6) Pressure engines, movement flow, and air flow
within the faciliry. [5]

B. Installation Qualification (1Q): 1s the process of
proving, by objective evidence. that every important
detail of the installation of the process equipment
and ancillary  systems complies  with the
manufacturer’s approved specification and that the
recommendartions  are

equipment  suppher's

appropriately taken imto account Equipment.
svstems, and facilities that are new or updated need
to undergo installation qualification.

1Q factors mclude:

1) Features of equipment design (e.g., cleanability of
construction materials, etc.)

2) Installation circumstances (unlity, functonality.
wiring, etc.)

3) Cleaning schedules, calibration. and preventatve
maintenance.

4) Security elements.

5) Prints, drawings, and manuals from supphers

6) Documentation for software. :

7) List of spare parts,

8) Environmental factors (including humidity.
temperature. and clean room requirements).

9) Equipment description.

10) Functional specifications for the facility.

11) Operational premise

C Operational Qualification (OQ): An approved
protocol should be followed when conducting an
operational qualification (OQ). At the OQ stage, the
crucial operational parameters for the systems and
equipment should be determined.

0Q factors include:

1) Process control constramis (lime, temperature,
pressure, line speed, setup conditions. etc.) are
among the OQ factors to be taken into account.

2) Parameters of the software
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preliminary evidence that the process design yields
the desired product quality through commercial
batch manufacturing.

A Goals
1) Equipment validation 1s necessary for both the
manufacturing process and the individual pieces of

equipment.

2) The objective is to develop a strong
manufacturing process that reliably vields a
pharmaceutical product that satisfies purity,

identification, and potency quality standards with
little fluctuation.

3) Any process or system's validation results m the
determination of process parameters and controls.

4) It assists in identifving potential hazards and
worst-case scenarios during the production of high-
quality goods.

Examinimg variations that occur during the process
is beneficial.
6) Validation

comprehension of the svstem and 1ts components.

enables in-depth analyvsis and
7) Following validation, the risk of regulatory
noncomphance 1s reduced.

8) Less process control and final product testing are
needed throughout a validation process.

9) There is less fluctuation from batch to batch

10) Lowers the cost of production.

11) Boosts manufacturing facility ourput as a result
of less rejection and rework.

12) Reduces the likelihood that batches may fail. [1]

B. Requirements

1) Experience

2) Planning

3) Resources

4) Communication and Understanding

5) Instruction

6) Standard Operating Procedures, Tools, and Tech-
niques

7) Master Plan for Validation

8) Information Evaluation

j rnal of Scieﬁt.;’ﬁé

) { =}

9) Report on Validation (1]
TABLE 1. Difference Between Validation and
Qualification.

! Validation Qualification

| 1) The act of 1) Ensuring that

i demonstrating and equipment or auxiliary
‘ recording that a process, | systems are installed
method, or procedure correctly, function as

genuinely and reliably intended. and produce
I produces the desired the desired outcomes
| outcomes. through documentation
'; and provision of this

mformation.

2) qu wipment

process validation is qualification is carried

carried out. out as a component of

|

2) System, procedure, or
| vahdation.
|

'

3 Documentary proof | 3) Done on a specific

that the procedure will | process element to verify

reliably result in the its functionality and

mtended result. ascertamn whether 1t
possesses the necessary
characteristics to

generate a

predetermined result

°
C. Departments Responsible for Validation:

The following departments hold primary
responsibility for validation:
1) Site validaton commuttee: Create a plan for the
master validation of the site

2) The manufacturing section 1s responsible for

preparing the batches as if they were regular,

production batches. 1o help n data collection

3) Qualty assurance: Venfy that all procedure's.
documentation, and compliance are in place
approves reports and procedures. Examining the
documentation for validation. ro give the procedure

approval.
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I. INTRODUCTION

Validation is a crucial component of quality

assurance  that  ensures the  equipment,
manufacturing process, software, and testing are all
of the highest caliber.

Validation ensures that, within predetermined
manufacturing process limitations, items with
particular quality features and qualities can be
produced consistently.

Documented evidence that offers a high level of
assurance that 2 particular procedure  will
consistently result in a product that satisfies its
planned specifications and quality attributes is
known as vahdation. [1,16]

To maintam and enhance the quality of
pharmaceutical products, the Food and Drug
Administration (FDA) adopted Good Manufacturing
Practices. [2]

The portion of quality assurance known as GMP
makes ensuring that products are regularly
manufactured and managed to the standards of
quality appropriate for their intended use and as
mandated by the marketing authorization.

The primary guidelines of GMP include correct
facility and equipment design and construction,
ongoing facility and equipment monitoring, and
recurring andits.
Good practices, such as good manufacturing
practices (GMP) and good clinical practices (GCP).
depend on validation. Thus, it is a component of the
svstem for ensuring pharmaceutical quality. [2.3,17]
Validation entails certification and ought to be used
throughout a system's, equipment’s, product’s,
process’. or method's life.

The general principles of qualification and
validation, as well as tasks like computerized

systems,

analvtical

methodologies,  process

International ]o‘t}nnl..df Sc:em‘if:

validation, cleaning vahdation, and other related
operations, are covered in these guidelines. [3]
Pharmaceutical facilities use a variery of processes,
all of which need to be precise in order to guarantee
a high-quality final product. Although the focus of
validation is mostly on processes, when the same
methodology 1s used on a machine or piece of
equipment rather than a process, it is known as a
quahfication. [1.4]

In an effort to raise the caliber of medications, Ted
Bvers and Bud Loftus, two FDA officials, originally
put out the idea of validation i the middle of the
1970s. The documented proof that offers a high level
of assurance to a desired outcome with planned
conformity is the validation process. The word
“valid or validity,” which meaning "legally defined.”
is the source of this phrase.

The US FDA food, drug. and

pharmaceutical regulatory bodies, as well as their

and other

good manufacturing practices recommendations.
mandate validation. [18]

Precise and accurate measurement of analytical data
depends on the calibration of analytical instruments.
Everything else that depends “on wusing that
instrumentation is dubious if 1t 15 not certified 1o
ensure that the results shown are rehable. For the
purposes of this paper, it will be assumed that well-
tplaliﬁed‘insmmwnIatior.l forms the basis of the
validation and verification work that will come afrer
The process of proving through laboratory testing
that an analytical procedure's performance
characteristics satisfy the demands of the planned
analytical applications is known as validation. (1,2]
A manufacturer must 1o he able to validate the
n]aullfaf“ll’lllg PI"DC'ESS \-\'IIII al}pl’D‘Pl’latE" desigll ﬂlld
dependable methods to transfer process knowledge
to commercial

from development production

Within a quality system, process validation offers

Indore Institdte of Pharmacy,
INDORE (M.P.)

s

Volume 11 | Issue 2

131



@
International Journal of Scientific Research in Science and Technology
Available online at : www.ijsrst.com : 8 %‘

‘\l RST
ls Print ISSN: 2395-6011 | Online ISSN: 2395-602X dot : h[rps:. dolorg](} 32628 [JSRST524112209 -
Theoretical Approaches to Process Validation in Pharmaceutical

Manufacturing Process
" Richa Shukla®', Dr. Nimita Manocha?, Dr.

I'Department of Qualiry Assurance. Indore Institute of P]nrmar:\ lndore \l.tdlna Pradesh India

Department of Pharmaceutical Chemistry (Principal), Indore Institute of Pharmacy, Indore. Madhya Pradesh. India
IDepartment of Quality Assurance (HOD) Indore Institute of Pharmacy, Indore. Madhva Pradesh, India

ARTICLEINFO ABSTRACT

Article History: Under the more general statutory CGMP provisions of section 501(a)(2)(B)

of the Federal Food. Drug and Cosmetic Act, validation of manufacturing
Accepted: 20 March 2024

Published: 09 April 2024

processes is deemed a legal part of current good manufacturing practice for
active pharmaceutical ingredients (APls). Vahdation of manufacturing
processes is required by the Current Good Manufacturing Practice (CGMP)
regulations for finished pharmaceuticals (21 CFR 211100 and 211.110). A
medication should be created that is suitable for its intended purpose.

Publication Issue :
Volume 11, Issue 2
March-April-2024

according to the fundamental tenet of quality assurance. Procedure
Validation is the collection and estimation of data that proves a process can
reliably produce high-quality goods, starting with process design and

Page Number :
573-385

continuing through commercial production. Three stages of vahdation are
suggested by the 2011 USFDA process validation gui&eluw Process
design, Process qualification, Contmmued Process qualificaion  An
mtroduction and broad review of process vahidation in the pharmaceutical
manufacturing process, specifically in the tablet manufacturing process, are
provided in this article. Progess validation ensures that a process will
consistently create a product that meets its predefined quality features and
qualities. It 1s a crucial step in the design, prototyping, and manufacturing
processes. Since quality 1s alwavs a necessary precondition for any product.
pharmaceuticals must be produced to the greatest standards of qualiry.
Furthermore, end-product testing does not ensure the product’s quality on
its own. rather, quality assurance methods need to be applied to
mcorporate the product's quality throughout the whole process, rather
than only testing it at the conclusion

Keywords — GMP, Food and Drug Admimstration, QA, Validauon.
Validation Master Plan, Re Q_uahﬁcatwn

‘access article distribured under the terms of the Creanve
BY-NC 4.0)

cipal
Indore Institute of Pharmacy,
INDORE (M.P.)

132



suitable dilutions with buffer, the absorbance was measured at 225 nm and the drug content was
calculated by the standard curve drawn. (9)

Percentage Moisture Loss: 9% moisture loss of the film was determined by keeping the films in
desiccator for three days containing silica gel and then the before and after weight of three days was
noted and moisture loss was evaluated. (10)

9% Moisture Loss = (Initial Weight - Final Weight) = 100

Initial Weight
In-Vitro Disintegration Test: The disintegration of the film was conducted by putting the film of every
formulation in beaker containing 25ml of distilled water and the time was recorded when the film starts
break or disintegrates. (11)
In-Vitro Dissolution Study: Dissolution study of film was carried out by using USP type 1l apparatus
having 300ml of buffer solution (6.8pH) rotated at 50 rpm and temperature-maintained 37+0.5°C. The
solution was withdrawn at every 15 sec and replace by the fresh solution, the withdrawn sample as
filtered and then absorbance was recorded at 225nm.
Kinetic Study: In order to analyze kinetic release or drug release parameter the data was fitted in
different orders zero-order, First-order and Higuchi model, Korsmeyer-Peppas Model, Hixson model.(12)
In-Vitro Permeation Release: In-Vitro permeation release was conducted with the help of Franz
diffusion cell, in which the cellophane membrane of 3cm was mounted between the receptor and donor
compartment, receptor compartment was filled with 6.8 pH buffer (37£0.2°C) solution for maintaining
dynamics magnetic bead was kept and the formulation (film) was maistened with same buffer solution
and was held on donor compartment. After a fixed interval of time solution was withdrawn from the
receptor compartment and replace by the 6.8 pH buffer. The % amount of drug release or permeated was
determined by checking absorbance in UV spectrophotometry.(13)

RESULTS AND DISCUSSION
Evaluation of Mouth Dissolving Film of Cyclizine Hydrochloride
Table 2.Physical Appearance of the Film

Property Observation

Color White >

Odor Odorless

Shape Rectangular K
Thickness of MDF s

The thickness of the film was measured with the help of vernier caliper. As the concentration of the
polymer increase the thickness of the film also increases gradually. The thicknesses of the formulations
are ranged from 0.030£0.00057 to 0.047+ 0.00057 as shown in table 3.

Weight Variation

The average weight of the formulations was determined and was in the range of 43.420.057 to
84.2+0.057 and is shown in table 3.

Table 3. Evaluation of thickness, weight variation, l‘oldlng1 endurance and surface pH of MDF

Formulation Code | Thickness (mm) Weight Folding Surface
(*MeanSD) Variation(mg) Endurance pH
(*MeanzSD) (*Mean+SD) (*Mean+SD
F1 0.032+0.001 43.4+0.057 40+1.15 7.0240.005
F2 0.035£0.0011 47.5£0.057 53+0.57 6.9520.01
F3 0.039£0.0011 537:0.1 | 621057 6.92:0.01 |
F4* 0.030£0.00057 59.4£0.057 74+1.0 6,8240.005
| FS 0.032+£0.001 66.4+0.152 #0+1.52 6.90£0.015
Fé6 0.041+0.00057 71.8+0.057 B82+0.57 6.93£0.017
F7 0.043+£0.00057 78.5+0.115 B3+1.0 6.99:0.10 |
F8 0.047£0.00057 B84.2+0.057 8541.52 6.96+0.015 |

Values are represented as mean £ SDandn =3

Folding Endurance

The value of folding was in the range of 40£1.15 to 85¢ 1.52. It was observed that with the increase in the
concentration of the r folding endurance also_ipcreases and hence the chance of film rupturing
decreases as show,
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MATERIAL AND METHODS

Materials

Cyclizine hydrochloride was obtained as a gift sample from Tooba Pharmaceutical Private Limited, MIDC
Paithan, Aurangabad, India, Aspartame from Oxford Lab fine chem LLP, Maharashtra, India; Gelatin from
Merck Specialities Pvt. Ltd, Mumbai, PEG 400, Tween 80, Citric acid, Ethanol were supplied by
Lobachemiepvt. Ltd. Mumbai, Maharashtra, India.

Method to Prepare MDF

The most appropriate and convenient method for the formation of film is solvent casting method. In this
method water soluble polymer was dissolved in water on magnetic stirrer and the drug and other
ingredients were dissolved in appropriate solvent after dissolving the solutions separately hoth the
solutions were mixed and stirred to get an homogenous solution then after degassing, poured the solution
in petriplate, dry the films so that they are ready to cut in desired shape and dimensions. (4)

Table 1: Formulation of mouth dissolving film of cyclizine hydrochloride

Ingredients F1 F2 F3 F4 F5 F6 F7 F8
Cyclizine Hydrochloride (mg) | 25 25 25 25 25 25 25 25
Gelatin (mg) 700 | 750 | 800 | 850 | 900 | 950 | 1000 1050 |
| PEG 400 (mg) 90 90 90 a0 90 90 90 90
Citric Acid [mgj 30 30 30 30 30 30 30 30
Tween B0 (mg) 06 |06 |06 |06 |06 |06 |06 0.6 |
Aspartame (mg) 30 130 130 (30 |30 |30 130 30
Water (ml) 9 9 9 2 9 9 I O (U
Ethanol (ml) 1 1 1 1 1 1 1 1t
Dose Calculations

Width of the plate = 8cm
Length of the plate = 15¢m
No. of 3x2 em? films present whole plate = 20
Each film contains 25mg of drug
20 no. of films contains mg of drug = 25x20

=500 mg
Evaluation of MDF
Organoleptic Evaluation: The external appearance of film like transparency, color, ador apd shape was
observed visually and recorded.
Folding Endurance: Folding endurance of the film was estimated manually by folding the film
continuously from the same position till the films get break. For experimental purpose the formulated
dosage form of 3x2 cm? film was taken and folded at a same point again and again till it breaks.(5)
Thickness of Film: The thickness of the film was measured by vernier calipers so that accurate thickness
of the film was observed and recorded. The thickness is measured by repeating .the process
approximately 3 times at different positions and get average thickness of the film.
Weight Variation: For determining the weight of the individual film 3-4 film of every formulation were
weigh by digital weighing balance and average was recorded. (6)
Surface pH: The pH of the film was tested by moistened the film with the help of water and then the
electrode was kept in contact with film for 1 min and pH was recorded by observing on three film, the
mean was obtained. (7)
Tensile Strength: Tensile strength of the film is the test used to determine that at what maximum load
the film get break. For this the film of 3x2¢m? was placed longitudinal between the grips of tensile tester
and load at breakage was recorded.
Tensile strength = Load at Breakage = Strip Width

Strip Thickness
Percentage Elongation: The % elongation of the film was determined by dividing the Increase in the
length to the original length.(8)
% Elongation = Increase in Length x 100

Original Length
Drug Content Uniformity: Drug Content Uniformity: The film was transferred into a graduated flask,
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ABSTRACT

The aim of the present research work was to formulate the Mouth Dissolving Film, to minimize the current and [uture
problems of engulfing the oral dosage form like tablets, capsules and less patient compliance especially of pediatric and
geriatric. Therefore, to overcome the problems like dysphagia, bedridden and comatose patient and to improve the
bieavailability of the drug mouth dissolving film can be a better option. The preparation of mouth dissolving film was
carried out by simple method that was solvent casting method, the homogeneity and the thickness of the film obtained by
this method was good. The film was tested for thickness, surface pH, weight variation, folding endurance, % moisture
loss, ex vivo permeation study, tensile strength, % elongation, drug content uniformity, in-vitro dissolution studies and in-
vitro disintegration test. The best formulation was F4 as it releases 99.17% of drug in 2 minutes, the drug release of the
best formulation (F4) followed zero-order kinetics and the Correlation Coefficient R was 0.993and ex-vivo permeation
study of F4 formulation showed a drug release of 87.62% within 2 minutes, The study reveals that the formulation can be
very useful for the treatment of the disease which requires quick-onset of action.

Keywords: Mouth Dissolving Film, Natural Polymer, Solvent-Casting Methad, Cyclizine Hydrochloride, Oral Mucosal
Absorption. -
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INTRODUCTION .

The common pharmaceutical dosage form like tablets, capsule, syrup are maximally used in market to
deliver the dose and give therapeutic effect but the geriatric, pediatric and dysphagia patients have
choking and swallowing problem so to overcome this problems mouth dissolving oral film are formed.
Mouth dissolving oral film is the novel approach to deliver the dose in appropriate manner to enhance
activity and making more convenient, they can be manufactured by different types of technologies like:
solvent casting method, hot melt extrusion, semisolid casting method, rolling method and solid dispersion
extrusion. The major advancement of this system is no requirement of water, painless and can be
administered by ourselves (1). MDF (Mouth Dissolving Film) by pass the hepatic first pass metabolism so
there is no or less chance of drug degradation and increase the bioavailability of the drug, the drug
incorporated in MDF is used in less amount therefore it reduces the side-effects. This dosage form is the
best option for the diseases which requires quick on-set of action like: high blood pressure, cardiac
problems, allergic condition, shortness of breath, nausea, epilepsy, for comatose patients, accidental
patients and in various disease or conditions in which patients are unable to engulf the tablets or pills or
any ather dosage forms(2).MDF are the dosage form which get adhere to the surface of oral mucosal layer
and delivering the drug through polymeric layer achieved a greater success in the field of pharmaceutical
science. When the films are placed on tongue it releases the active pharmaceuticai ingredients as soon as
it gets hydrated by saliva. First MDF was Listerine and Pfizer was the first company who manufactured it
for mouth freshening purpose(3).
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Conclusion

In conclusion, this study successfully formulated and optimized a Tablet-in-Capsule containing
sodium bicarbonate and pantoprazole sodium using response surface methodology, specifically the
Box-Behnken Design, to enhance the performance of pantoprazole sodium mini-tablets. The precise
determination of the sodium bicarbonate dose via Digital pH meter measurements ensured accurate
control over the alkalizing capacity of the formulation. Utilizing a desirability plot, a highly desirable
D value of 0.995 confired the effectiveness of the optimized formulation. Evaluation of the
formulation revealed excellent characteristics, including appropriate thickness, minimal weight
variation, satisfactory hardness, and minimal friability, crucial for tablet integrity and patient
compliance. Moreover, the formulation achieved a disintegration time of 5.5 minutes and 99.11%
drug release within 50 minutes, indicating robust performance in drug delivery. This comprehensive
approach highlights the potential of Tablet-in-Capsule technology to improve the therapeutic
outcomes of pantoprazole sodium, offering promising avenues for enhanced patient treatment and
compliance in managing gastroesophageal reflux disease.
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Angle of repose 328 Good
Carr’s index 2042 Fair
Hausner’s ratio 1.25+0.25 Fair
PARAMETER RESULTS
Thickness o 3.65+0.10 mm
Hardness 6.9+0.70 kg/cm’
Weight variation 195.7144.8 mg
friability 0.51+£0.02%
Disintegration 5.5+0.15 min
In-vitro drug release 99.11+0.15 %
Dissolution Profile
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Figure 04: All factor interaction for desirability

Preparation of Pantoprazole sodium tablets

Pre-compression and post-compression parameters: Powder blend of mini-tablet is
evaluated for pre-compression parameters. Obtained results were compared with standard
values to confirm the flow characteristics, Farmulation blend of tablet shows the Hausner’s
ratio of 1.25 and Carr’s index as 20%. The maximum angle of repose was found to be 32.8e.
All these results confirm the good to fair flow property. Prepared mini-tablet formulations
were found to be flat, oval with thickness in the range of 3.65 mm. Hardness and thickness
for mini-tablet was maintained as 6.9 kg/cm” and 3.65mm. Weight variation for mini-tablet
was found to be within the acceptable range i.e., 195.71mg. Percentage friability for mini-
tablet is 0.51% which shows good mechanical strength. Desired formulation was selected on
the basis of disintegration profile and according to global desirability function. Drug release
profile of the optimized formulation was found to be 99.11%.

PARAMETER RESULTS | FLOW CHARACTERISTICS
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conclusion, formulation with Croscarmellose concentration of 8mg, MCC concentration of 23 mg
and DCP concentration of 25mg and total tablet weight of 200 mg, can accomplish the
prerequisites of optimum formulation and the use of such combination will achieve CDH at 5.5
min which matches with the optimized result.
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straight line, they affirm the accuracy of the quadratic modelling.

ANOVA results (Table 4) reinforce the model's reliability, with a significant Model F-value of

215.13 and a non-significant Lack of Fit value, indicating the model's adequacy in representing
the data. Polynomial equations, derived from multiple regression analysis, enable the estimation of
variable effects on selected responses, with significant factors determined by p-values less than
0.0500. (16)

In particular, Response I is significantly influenced by both the antagonistic effect of factors A and
B (p < 0.001) and the synergistic effect of the interaction term AB and the polynomial term of A
(with p-values of 0.0007 and 0.0012, respectively). Notably, factor B exhibits the highest
magnitude of impact on Response I among all significant factors. Table 4: Disintegration

Source Sum of Squares df Mean Square F-value prvalue
Model 182.51 9 20.28 90.76 < 0.0001 | significant
A-CROSS 145.35 1 145.35 650,56 < 0.0001
B-mCC 18.39 1 18.39 B2.32 < 0.0001
c-Dep 6.90 1 6.90 30,89 0.0009
A8 1.35 1 1.35 6.02 0.0438
AC 0.2116 1 0.2116 09ar: 0.3629
BC 0.0072 1 0,0072 00323 0.8624
A2 0.9651 1 0.9651 4.32 0.0763
8* 2.01 1 201 9.00 0.0199
(ng 6.44 1 6.44 18.80 0.0010
Residual 1.56 7 0.2234
Lack of Fit 0.3640 3 0.1213 0.4044 0.7585 | not significant
Pure Ermor 1.20 4 0.3000
Cor Total 184.08 16

Factor coding is Coded.

Sum of squares is Type 111 - Partial

The Model F-value of 90.76 suggests that the model is highly significant. The probability of such a
large F-value occurring due to noise is only 0.01%.(17)

P-values less than 0.0500 indicate that model terms are significant, implying their influence on the
response. In this case, factors A, B, C, AB, B?, and C? are all found to be significant model terms.
Conversely, values greater than 0.1000 suggest that the model terms lack significance.
Additionally, a polynomial equation can be employed to predict the response at any given level of
the factor. Utilizing response surface methodology enables the elucidation and analysis of the
effects of factors on selected responses. Visual representations such as contour plots and 3-
dimensional (3-D) response surface graphs (RSG) provide a clear illustration of calculated responses.
Final Equations in Terms of Coded Factors

15.0969 + -1.05725 * A + -0.00666205 * B + -0.111199 * C + -0.00508772 * AB + -

0.00191 0299219 * A”2 + 0.000851031 * B"2
0.00
e Principal
7 naore Institute'\of pj
INDORE (M)

L - ’ ";’;*
ol )
Optintization of #fic process can be done by s€

desirability function (D) was applied simultaneously. Response | was targeted to 5.5 min. On basis
of these criteria, the desirability plot was generated with a D value of 0.995 (Fig. 3). 141

goal for every response then the Global
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was assured that pH should not shift too much alkaline that it impacts the digestion process.

HCL BUFFER VS ARTIFICIAL GASTRIC JUICE
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Figure 01: pH profile of the formulation.
Optimization data analysis and validation of Optimization model:

Box-Behnken design was used to study the optimal levels of independent variables. As shown in
Table 1, a total of 17 anticipated runs were observed. The sequential model sum of squares [Type I11]
confirms the highest fit Statistics. The Predicted R* of 0.9582 is in reasonable agreement with
the Adjusted R? of 0.9806; i.¢. the difference is less than 0.2,

The sequential p value for the Quadratic model was found to be 0.0018, which is below the level of
significance (< 0.001). The Predicted R* of 0.9582 is in reasonable agreement with the Adjusted R?
of 0.9806: i.e. the difference is less than 0.2. Fig. 02.
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igure 02: Drug reléns@profiles of Mini tablet formulations
qUate e ion, as assessed by the signal-to-noise ratio, is essential for ensuring model

reliabilty: 7\ “ratio exceeding 4 is considered desirable, and our ratio of 31.880 indicates a robust
signal, underscoring the model's efficacy for navigating the design space (refer to Table 2). The
quadratic model, characterized by a precision ratio of 31.8578, signifies satisfactory signal strength
for exploration within the design space. This is further bolstered by a relatively low coefficient of
variation (CV) of 2.42%. Although studentized results displayed slight deviation from 1hc1 42
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from the batch are sampled, and their average thickness is calculated. Acceptable thickness falls
within £5% variation of the standard value.(14)

Friability Test

The friability test, conducted with a friabilator, presents results as a percentage (%). Twenty tablets
from each batch are weighed individually (Wt. Initial) and subjected to 100 revolutions at 25 rpm
in the friabilator. Subsequently, the tablets are reweighed (Wt. Final), and the percentage friability
(F) is calculated using a specified formula.

Weight Variation Test

The weight.variation test selects twenty tablets from the lot, weighs each to find the average weight,
and calculates the percent deviation from this average. Acceptable weight ranges, as per
pharmacopeial standards, determine maximum and minimum allowable weights for the tablets. The
batch passes if no more than 2 tablets exceed the specified limit.

Drug Content Uniformity

Drug Content Uniformity ensures that each unit dose of a drug product contains the correct amount of active
pharmaceutical ingredient (API) within acceptable limits. Randomly sclect 30 tablets from the batch for
testing. Out of which 10 tablets were assayed individually.

The batch is considered to pass the test if 9 out of 10 tablets contain not less than 85% and not more than
115% of the labelled drug content, and the 10th tablet must also contain not less than 75% and not more than
125% of the labelled drug content. Should these conditions not be met, the remaining 20 tablets are assayed
individually, and none may fall outside of the 85%-115% range.

Disintegration Test

Disintegration test was carried out using disintegration test apparatus. It assesses the time taken
for a dosage form to break down into smaller particles or disintegrate into its individual components
when exposed to a specified medium under standard conditions.

Randomly 6 tablets were selected from the batch for testing in water as disintegration medium at 37
4 0.5 °C and recorded the time taken for each unit to completely disintegrate. Compare the
observed disintegration times of the dosage units to the pharmacopeial standards. If all units meet
the specified disintegration time, the batch passes the test.

In-vitro drug release studies

In vitro drug release studies of the formulation were conducted in 900 ml of 6.8 phosphate buffer
as the dissolution media using a USP type 1 dissolution apparatus. The apparatus was maintained at
50 rpm and 37 = 0.5 °C for 1 hour. During the dissglution test, samples were withdrawn at
appropriate time interval and replaced with equivalgnt volume of fresh medium to maintain sink
condition. The samples were ﬁltcred_l_dilute appr -,,.-;:.--; d then analysed spectrophotometrically
for Pantoprazole sodium at 285; 1507 "-

w, 0

: Riraelis Indore Institute of Phart
Salus INDORE (M.P.)

Sodium bicarbonate was taken at:foses: ing 300mg to 800mg in HCI buffer and artificial gastric
juice. The objective was 10 asscss its ability to neutralize acidity within the stomach, potentially
safeguarding pantoprazole sodium mini-tablets from degradation by altering pH levels from acidic
to alkaline conditions. The optimum dose i.c.. 400mg was selected on the basis of ANC and its
ability to maintain the pH at or above 5.5 for 1 hour. figure 1 While selecting the optimum dos|c4ié
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15.0969 + -1.05725 * A + -0.00666205 * B + -0.111199 * C + -0.00508772 * AB + -
0.00191667 * AC + 4.97076e-05 * BC + 0.0299219 * A”2 + 0.000851031 * B"2 +
0.00137361 * C"2

Where, A=CROSS, B= MCC, C=DCP

Evaluation

Pre-Compression Parameters

The flow characteristics of powders play a crucial role and are vital for optimizing tabletting efficiency.
Efficient tabletting relies on good powder flow for effective mixing and uniform tablet weight. Common
flow property measurements, such as Bulk Density, Tapped Density, Compressibility Index, Hausner’s
Ratio, and Angle of Repose, inform the selection of compression techniques by assessing material flow
characteristics. The flow property measurements of drug and blend, guides the selection of Compression
method based on the flow characteristics of materials.(12)

Bulk Density

Bulk density is crucial in tablet manufacturing as it influences blend homogeneity, tablet weight
uniformity, compression behaviour, tablet hardness, disintegration, dissolution, and manufacturing
efficiency.

Tapped Density
Tapped density in tablet manufacturing ensures optimal powder compaction, uniform tablet weight, and
consistent tablet hardness.

Angle of Repose
Angle of repose in tablet manufacturing determines powder flow properties and influences
manufacturing processes such as blending, filling, and compaction.

Carr's Index

Cars index in tablet manufacturing assesses powder compressibility, aiding in formulation
optimization and ensuring consistent tablet quality.

Hausner’s Ratio
Hausner's ratio in tablet manufacturing evaluates powder flowability, indicating potential
processing challenges and affecting tablet compression efficiency.

POST-COMPRESSION PARAMETERS

Post-compression parameters such as hardness, thickness, weight variation, friability,
disintegration time, and dissolution rate are vital for ensuring the quality, efficacy, and safety of
pharmaceutical tablets. These parameters directly influence the tablet's strength, uniformity,
durability, and drug release properties, crucial for its performance in treating patients. Hence,
meticulous control and monitoring of these parameters are essential to uphold product quality and
comply with regulatory standards.(13)

a———
i
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SubTyp | Minimu | Maxim | Coded | Coded Std.
Factor | Name Units Type “ o i G High Mean Dot
Numeri | Continu -1 +1 & _
A CROSS | Mg 5 o 2.00 10.00 2.00 10.00 6.00 2.83
Numeri | Continu =16 +1 6>
B MCC Mg A e 23.00 80.00 23.00 80.00 51.50 20.15
Numeri | Continu -1 +1 &
C DCP Mg & B 25.00 85.00 25.00 85.00 55.00 21.21
Table: 2 Experimental run Project:
e Factor1 Factor 2 f Factor 3 Response 1
‘ Std ‘ Run ‘ A:CROSS B:MCC C:.DCP Disintegration
A | | mg mg mg , min
17 1 6 515 55 8.12
15 2 6 51.5 55 8.12
|
1 2 23 55 11
9 4 6 23 25 7.38
6 5 10 51.5 25 4.63
14 6 6 515 55 712
| 16 7 6 81.5 55 7.12
l 5 8 2 51.5 25 - 12.46
7 9 2 515 85 14.7
2 10 10 23 55 34
12 1 6 80 85 12
1 12 6 23 85 9.23
j 10 13 6 80 25 9.98
4 14 10 80 55 5.62
8 15 10 51.5 85 5.95
3 16 2 80 55 15.54
13 17 6 51.5 55 8.12
Table 3: Fit Statistics:
Std. Dew. R? 0.9915
Mean Adjusted R? 0.9806
CV.% Predicted R? 0.9582
A7 UTE 31.8803 |
Quadratic Co(_\
i o . 'l al
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Estimation of Alkalizing Power of Sodium Bicarbonate

The study determined the acid-neutralizing capacity of sodium bicarbonate within a dosage
range of 300-800mg, alkalizing capacity within this range was investigated using a digital pH
meter for one hour and the investigation was conducted in two media: HCI buffer and
artificial gastric juice.(10)

Formulation Development of Pantoprazole Sodium Mini-Tablets

The mini-tablets were fabricated using the direct compression method using Croscarmellose
sodium used as a Disintegrating agent, Microcrystalline cellulose used as binder, Mannitol &
Dicalcium Phosphate used as a filler. Magnesium stearate used as a glidant and tale used as a
lubricant.

An ideal mixture was directly punched into tablets weighing about 200 mg containing 40 mg
of pantoprazole sodium sesquihydrate, using rotary tablet compression machine using 5.6
mm diameter concave punches. The different batches of pantoprazole tablets were collected
and stored in air tight containers.

Optimization of Mini Tablet:

Three formulation factors, namely CROSS (Croscarmellose sodium), MCC (Microcrystalline
cellulose), and DCP (Dicalcium Phosphate), exerted significant influence on powder
flowability, compressibility, and consequently, the characteristics of compressed tablets via
direct compression. Table 1 outlines the levels for each variable determined in preliminary
studies. Disintegration time (DT), cited in Table 2, served as the selected response variable.

A five-level three-factor BB experimental design assessed the impact of chosen independent
variables on enhancing flowability, compressibility, characterizing drug release, and
optimizing procedures.

This design enables exploration of quadratic response surfaces and construction of second-
order polynomial models, facilitating process optimization with minimal experimental runs.
In the three-level three-factor BB experimental design, 17 experimental runs were conducted,
as indicated in Table 2. Tablets were assessed for physiochemical properties, with
disintegration time (DT) measured as the response variable. Polynomial regression equations
were derived and tested for significance. Subsequently, the process was optimized to
determine levels of A, B, and C that yield optimal Y values under constrained conditions.

To confirm these values, a new formulation was created following the anticipated levels of A,
B, and C. Subsequently, tablets were manufactured based on the optimized values and
compared with the predicted values, as illustrated in Table 3. (11)

INDORE (M.P.)

Indore Institute of Pharmacy.
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Introduction

The oral route of drug administration plays a crucial role in heslicase Selivery as it is the
most common and natural form of drug delivery offering mumesoes benefits including
convenience, patient-centered care, and cost-effectiveness, making it a preferred choice for a
diverse array of therapeutic interventions.(1) Oral drug delivery stands out as the most
favored and preferred approach for administering therapeutic agents to achieve systemic
effects. Tablets and capsules are solid dosage forms commonly used for drug delivery. They
offer convenience, precise dosing, and easy administration. Tablets are compressed powders
or granules, while capsules consist of gelatin shells enclosing drug formulations. Both tablets
and capsuleS are available in various sizes, shapes, and formulations to accommodate diverse
therapeutic needs.(2) Tablet-in-Capsule, a novel approach that combines the advantages of
both tablet and capsule dosage forms. This amalgamation offers precise dosing, ease of
administration, and improved drug stability. Gastrointestinal (GIT) diseases encompass a
range of conditions affecting the digestive tract.(3)

Common gastrointestinal conditions encompass GERD (Gastroesophageal Reflux Discase),
peptic ulcer disease, IBD (Inflammatory Bowel Disease), IBS (irritable bowel syndrome),
gastroenteritis, and more.

Proton pump inhibitors (PPls) are commonly used to treat such gastric conditions by
inhibiting the proton pump enzyme in the stomach lining, which is responsible for producing
acid.(4) By reducing acid production, PPIs help to relieve symptoms and promote healing of
gastric conditions. But the acidic environment in stomach, leads to degradation of the drug
molecules of PPI's. To mitigate the degradation of PPIs and ensure their efficacy, tablet-in-
capsule technology is employed.(5) So, the current frontier in PPl therapy is immediate-
release mini-tablet of Pantoprazole sodium combined with Sodium bicarbonate acting as
buffering agent which prevents the degradation of drug by neutralizing the pH of stomach
before absorption and protect the drug from low pH. (6)

Computer-aided modelling:

The mathematical relationship, expressed as a polynomial equation and visualized using the
Box-Behnken design, was plotted to represent the measured responses. This was achieved
using the statistical package of Design Expert V.13. (7)

Box-Behnken Experimental Design

For the optimization of mini tablet, three independent variables representing different
concentrations of excipients were utilized. Design Expert 13, specifically employing the Box-
Behnken design, facilitated this optimization process. Each numeric factor was set to three
levels, allowing for a comprehensive exploration of the design space. The Box-Behnken
design was duplicated for every combination of the categorical factor levels, ensuring
thorough coverage of the parameter space.(8,9)

MATERIALS AND METHOD

Materials

@) disodium hydrogen ph
Ei from LOBA Chemie pvt.

Indore Instifute of Phamaq
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ABSTRACT

Objective: This study aimed to formulate and optimize a Tablet- in-Capsule containing
sodium bicarbonate and pantoprazole sodium using response surface methodology to
optimize pantoprazole sodium mini-tablets,
Methods: Mini-tablets were prepared via the direct compression method. utilizing
Croscarmellose sodium as a disintegrating agent, Microcrystalline cellulose as a
binder, Mannitol & Dicalcium Phosphate as fillers. Magnesium stearate was used as
a glidant and talc as a lubricant.
Results: The sodium bicarbonate dose was determined via Digital pH meter
measurements for one hour. Mini-tablet formulation aimed for a disintegration time of
5.5 minutes. Subsequently, a desirability plot yielded a D value of 0.995. The
optimized formulation was evaluated for thickness (3.65+0.10mm), weight variation
(195.71+4.8 mg), hardness (6.9£0.70 kg/em2), friability (0.51+0.02%), disintegration
(5.540.15 min), and dissolution(99.11+0.15%).
Conclusion: A formulation containing sodium bicarbonate (400mg) and pantoprazole
sodium mini-tablets with concentrations of pantoprazole sodium (40mg) Croscarmellose
sodium (8mg), Dicalcium Phosphate (25mg), Microerystalline cellulose (23mg)
Mannitol (98mg) talc (2mg) magnesium stearate (4mg) with a total tablet weight of
200 mg, met the prerequisites of optimum formulation. This combination yielded a
disintegration time of 5.5 minutes and 99.11% drug release in 50 minutes, aligning with
the optimized result.

ORDS Pamoprazolc sodium, Sodium bicarbonate, tablet-infapsule,
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proportion of each 5-year ASFR was predicted using a linear mixed-effects model with fixed-effects covariates (female

educational attainment and contraceptive met need) and random intercepts for geographical regions. Projected TFRs

were then computed for each calendar year as the sum of single-year ASFRs across age groups. The reference forecast

is our estimate of the most likely fertility future given the model, past fertility, forecasts of covariates, and historical

celationships between covariates and fertility, We additionally produced forecasts for multiple alternative scenarios in

each location: the UN Sustainable Development Goal (SDG) for education is achieved by 2030; the contraceptive met

need SDG is achieved by 2030; pro-natal policies are enacted to create supportive environments for those who give

birth; and the previous three scenarios combined. Uncertainty from past data inputs and model estimation was

propagated throughout analyses by taking 1000 draws for past and present fertility estimates and 500 draws for future

forecasts from the estimated distribution for each metric, with 95% uncertainty intervals (Uls) given as the

2:5 and 975 percentiles of the draws. To evaluate the forecasting performance of our model and others, we computed

skill values—a metric assessing gain in forecasting accuracy—by comparing predicted versus observed ASFRs from

the past 15 years (2007-21). A positive skill metric indicates that the model being evaluated performs better than the

baseline model (here, a simplified model holding 2007 values constant in the future), and a negative metric indicates

that the evaluated model performs worse than baseline.

Findings During the period from 1950 to 2021, global TFR more than halved, from 4. 84 (95% Ul 4-63-5:06) to

2:23 (2-09-2-38). Global annual livebirths peaked in 2016 at 142 million (95% Ul 137-147), declining 1o

129 million (121-138) in 2021. Fertility rates declined in all countries and territories since 1950, with TFR remaining

above 2-1—canonically considered replacement-level fertility—in 94 (46-1%) countries and territories in 2021, This

included 44 of 46 countries in sub-Saharan Africa, which was the super-region with the largest share of livebirths

in 2021 (29-2% (28 . 720=F])4Rxquntries and territories in which lowest estimated fertility between 1950 and 2021

p : wilh higher fertility; only three of these locations cipa]

i -;;‘-\ to continue to decline worldw':dem fungstitute of Pharmacy,
Hiyunder the reference scenario. The num e DORE (M.P.)
Qfl_i.jt was forecast to be 49 (24-0%) in 2050 an
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only six (2:9%) in 2100, with three of these six countries included in the 2021 World Bank-defined low-income group,
alllocated in the GBD super-region of sub-Saharan Africa. The proportion of livebirths occurring in sub-Saharan Africa
was forecast to increase to more than half of the world's livebirths in 2100, to 41-3% (39-6-43-1) in 2050 and
54:3% (47:1-59.5) in 2100. The share of livebirths was projected to decline between 2021 and 2100 in most of the
six other super-regions—decreasing, for example, in south Asia from 24-8% (23 .7-25. 8)in 2021t0 16-7% (14-3-19.1)
in 2050 and 719 (4-4-10-1) in 2100—but was forecast to increase modestly in the north Africa and Middle East and
high-income super-regions. Forecast estimates for the alternative combined scenario suggest that meeting SDG
targets for education and contraceptive met need, as well as implementing pro-natal policies, would result in global
TERs of 1-65 (1-40-1-92) in 2050 and 1-62 (1-35-1-95) in 2100. The forecasting skill metric values for the IHME
model were positive across all age groups, indicating that the model is better than the constant prediction.

Interpretation Fertility is declining globally, with rates in more than half of all countries and territories in 2021 below
replacement level. Trends since 2000 show considerable heterogeneity in the steepness of declines, and only a small
number of countries experienced even a slight fertility rebound after their lowest observed rate, with none reaching
replacement level. Additionally, the distribution of livebirths across the globe is shifting, with a greater proportion
occurring in the lowest-income countries, Future fertility rates will continue to decline worldwide and will remain low
even under successful implementation of pro-natal policies. These changes will have far-reaching economic and
societal consequences due to ageing populations and declining workforces in higher-income countries, combined

with an increasing share of livebirths among the already poorest regions of the world.

Funding Bill & Melinda Gates Foundation,

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0

license.

Introduction
Characterising trends in key demographic indicators of
fertility and projecting estimates into the future are
essential to understand the impact of changing birth
rates on social, economic, and geopolitical systems, both
now and in the coming century. Dynamics in fertility
patterns are central to the well established concept of the
demographic transition,'* which classically holds that
societies will passage from a condition of high fertility
and high mortality with more young than old people to a
state of low fertility and low mortality with an
increasingly older population. Some theorists have
proposed the concept of a demographic dividend,
whereby declining fertility rates lead temporarily to
higher proportions of working adults available to
generate resources and capital, potentially stimulating
economic growth and eventual rebounds in fertility
rates.' Demographic data in the 5 years preceding 2021
demonstrate that the total fertility rate (TFR) in some
countries has fallen below replacement levels—the
minimum rate necessary for generational replacement
of the population assuming no migration—with no
evidence of this predicted rebound.” The replacement
level is generally accepted to be a TFR of at least 2.1,
although the true replacement level depends on the
specific mortality rate and sex ratio at birth in a
population.” Low levels of fertility have the potential over
time to result in inverted population pyramids with
wing numbers of older people and declig

-age populations. These changes are J&G

alter patterns of resource usge. Accurate estimates and
future forecasts of fertility rates and their impact on
population age structures are therefore essential to
anticipate  potential economic and  geopolitical
consequences and to inform the development of effective
health, environmental, and economic policies.

Al present, an important source of fertility estimates
and future forecasts for countries and areas throughout
the world has been the Population Division of the UN
Department of Economic and Social Affairs, which
most recently produced the 2022 Revision of World
Population Prospects (WPP 2022).' The UN Population
Division estimates of past fertility are not compliant
with the Guidelines on Accurate and Transparent
Health Estimates Reporting (GATHER) statement in

important respects; notably, they do not provide all.

code for statistical models or explicit details on criteria
for exclusion or adjustment of primary data sources.
Furthermore, the validity of UN Population Division
projections has been questioned due to the assumptions
applied in countries experiencing low post-transition
fertility dropping below replacement level."® Previous
UN Population Division forecasts have assumed that,
in such circumstances, fertility rates will increase
towards replacement levels," " and WPP 2022 assumes
convergence to a rate that is a combinatign of country-
specific historical rates and the meayf fte in low-

fertility countries that have exper fertility
increases.” The WPP 2022 projects gradifll icreases in
S R even in countries that have shown\ng evidence of

) Nity rate increases, such aPT$88 Egﬁrea and
pand. b= Additinnmuoﬂé Hﬂgﬁiﬁﬁﬂ hlo &
' INDORE (M.P.)
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Evidence before this study

Since the 19505, global and national estimates and projections
of key fertility indicators have been produced and reqularty
updated by the Population Division of the UN Department of
Economic and Social Affairs, with the most recent iteration
being the 2022 Revision of World Population Prospects.
Assessments of fertility 3t national and subnational levels
worldwide have also been conducted by the US Census Bureau
since the 1960s, with estimates reported in the Bureau's
International Database. More recently, fertility estimates and
projections have been generated by the Wittgenstein Centre for
Demography and Global Human Capital and by the Global
Burden of Diseases, Injuries, and Risk Factors Study (GBD),
anongoing, large-scale research enterprise that systematically
analyses worldwidle data to assess global health trends. Past
estimates of fertility have been produced as part of GBD since
2017, and future forecasts based on GBD findings were first
published in 2020.

Added value of this study

Of the existing large-scale efforts to estimate worldwide trends
in fertility, only GBD analyses are compliant with the Guidelines
on Accurate and Transparent Health Estimates Reporting
(GATHER) statement. This study also incorporates several
Important innovations introduced by the GBD population
forecasting study by Vollset and colleagues in 2020 that support
forecasting accuracy assessment and provide a framework by
which to explore the impact of various policy scenarios on
fertility pattems. These methods include: basing the GBD
forecasting model on a measure of cohort fertility (completed
cohort fertility at age 50 years, CCF50) that reflects the number
of children born over time to females from a specific cohort,
which better captures long-term choices people make about
childbearing—such as delaying having children—than does the
classic period-based measure of total fertility rate; and
incorporating measures of female education and met need for
modern contraceptives as covariates, which improves accuracy
and allows for modelling alterative scenarios by changing levels
of these indicators. In contrast to other models that assume rates
in countries currently experiencing low fertility will tend to
increase over time, or those that base their projections on expert

models are based on TFR, which is a period measure
and therefore does not account for change over time in
fertility behaviours. For example, in settings where
fertility rates in older women increase due to choices to
delay births, TFR would underestimate fertility
forecasts. Reliance on TFR can also lead to short-term
fluctuations in estimated fertility forecasts that are
especially impactful in countries with low fertility
rates.” Moreover, theizprojections forecast TFR solely

ool

explanatod‘i{ﬁ and precludgSeifWstigaring the effefs
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judgements, GBD fertility forecasting methods are grounded in
existing, real-world evidence about fertility patterns in long-
term cohorts of females and in data on related evidence-based
covariates such as education and contraception, GBD 2021 has
further improved the estimation of past, current, and future
fertility in four important ways, First, an additional 147 surveys,
21 censuses, and 634 country-years of vital and sample
registration data were added for estimation of past fertility
trends. Second, smoothing parameters for estimating past
fertility trends were updated to better fit available data. Third, to
further improve specificity and accuracy of future fertility
projections, two additional covariates were included that
account for urbanicity (defined here as population density in
habitable areas) and under-5 mortality in the CCF50 model.
Fourth, we added a pro-natal alternative scenario to help policy
makers plan interventions in countries with fertility rates below
replacement level. Based on a skill metric designed to evaluate
forecasting accuracy, the model presented here performed better
across all age groups compared with a constant prediction.

Implications of all the available evidence

Our past estimates and future forecasts indicate that fertility
rates are declining everywhere and are projected to continue to
decrease over the coming century. By 2100, we est| mate that
fertility rates will be below replacement level in more than
95% of the world's countries and territories but that marked
disparities in rates will remain. Our forecasts also suggest that,
by 2100, the largest concentrations of livebirths will shift to
low-income settings, particularly a subset of countries and
tertitories in sub-Saharan Africa, which are among the most
wuinerable to economic and environmental challenges. Extreme
shifts in the global distribution of livebirths can be partially
ameliorated by improved female education and met need for
modern contraception. Outside of this subset of low-income
areas, most of the world's countries will experience the
repercussions of low fertility, with ageing populations,
declining workforces, and inverted population pyramids, which
are likely to lead to profound fiscal, economic, and social
consequences. National policy makers and the global health
community must plan to address these divided sets of
demographic challenges emerging worldwide

of alternative policy-related scenarios or other drivers of
fertility. The US Census Bureau International Database
has also provided worldwide fertility estimates and
projections, currently in 227 countries, since the 1960s,
but country-specific updates are not performed on a
regular basis." Since the 1990s, global and regional
fertility forecasts have also been generated by the World
Population Program of the International Institute for
: ystems Analysis,” with country-level
R Npore recently produced by an affiliated
MWW tgenstein Centre for Demography an?ﬂﬂClpal
il Capital. ' These f"ort'msis rel

ndord Ifistitute of Pharmacy,
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assumptions informed by expert opinions from
demographic scientists to predict future fertility
rate_sl“-“

The Global Burden of Diseases, Injuries, and Risk
Factors Study (GBD) is an ongoing, large-scale research
enterprise that characterises the state of global health by
estimating key health metrics at global, regional, and
national levels." Beginning with the 2017 GBD cycle, past
and current fertility estimates generated as part of the
GBD analytic framework were published;" before that,
estimates from the UN Population Division were used as
inputs to GBD analytic processes.”” For GBD 2019, past
and current fertility estimates were reported jointly with
mortality, life expectancy, and population measures in a
publication focused on overall demographic estimates.”
and GBD-based forecasts of population and fertility
up to 2100 were reported separately by Vollset and
colleagues in 2020." GBD fertility estimates are based on
clear data and methods applying a standardised approach,
providing publicly available code. Vollset and colleagues
addressed some of the existing issues regarding the use
of TFR in the modelling process by developing an
Institute for Health Metrics and Evaluation (IHME)
forecasting model based instead on completed cohort
fertility at age 50 years (CCF50: the average number of
children born over time to females from a specified birth
cohort)” to capture change over time in fertility
behaviours, which yields more stable and accurate fertility
estimates, Vollset and colleagues' also included covariates
representing female educational attainment and
contraceptive met need (a measure of the proportion of
females of reproductive age whose need for contraception
has been met with modern contraceptive methods) to
better inform fertility estimates and facilitate exploration
of alternative future scenarios associated with
achievement of UN Sustainable Development Goals
(SDGs) related to education and contraception.

The present GBD 2021 study focuses on fertility
metrics, presenting past estimates (1950-2021) along
with forecasts up to 2100. Results were improved since
GBD 2019 and the 2020 study by Vollset and colleagues
by incorporating newly available demographic data and
through key methodological advances, This paper
provides a high-level overview of our findings. We
anticipate that the results will provide insights for policy
makers and will be used as a tool to help plan and shape
future policies to better prepare for profound changes in
global fertility,

This paper was produced as part of the GBD
Collaborator Network and in accordance with the GBD
Protocol.”

uent GBD round, newly avgilalals
Uiithods are used to updatgsfhic

Wind censuses th

analysis. As a consequence, GBD 2021 estimates
supersede all previous estimates. GBD 2021 estimated
key fertility metrics in females between ages 10 years and
54 years in 204 countries and territories grouped into
21 regions and seven super-regions. GBD regions are
made up of countries and territories that are
geographically close and epidemiologically similar.”
These regions are then grouped into super-regions based
on cause of death patterns. The full GBD location
hierarchy is shown in appendix 1 (table $1). GBD 2021
drew on the expertise of more than 11000 collaborators
across more than 160 countries and territories. The
GBD 2021 fertility analysis framework produced
estimates for every year from 1950 to 2021 and forecasts
up to 2100,

The methods used to produce fertility estimates from
1950 to 2021 closely followed those of GED 2019.»
Methods used to generate fertility forecasts to 2100 were
based on a modified and revised version of the modelling
approach used in the 2020 study by Vollset and
colleagues.' These methods have been peer-reviewed
over previous GBD rounds and as part of the peer-review
process for GBD 2021. Here we provide an overview of
the methods with an emphasis on the main changes
since GBD 2019 and the 2020 study by Vollset and
colleagues;'” a more comprehensive description of the
analytical methods for GBD 2021 is provided in
appendix 1. Additional details on specific data inputs are
accessible through the GBD Sources Tool.

Data sources and processing
We systematically searched for accurate and complete
data on livebirths reported according to the age of
tnothers. In many high-income countries and territories,
these data were available from high-quality vital
registration systems, but in many lowerincome
countries, birth registries were incomplete, interrupted,
or delayed; in these instances, we instead relied on
complete and summary birth histories in censuses and
household surveys. Fertility rates from vital registration
data were calculated as observed births divided by
population estimates. Complete and summary birth
history data were collapsed from the available microdata
and sample weights applied to calculated age-specific
fertility rates (ASFRs) and number of children ever born,
respectively. A full description of data seeking and
synthesis is provided in appendix 1 (section 2.1). In total.
we compiled 58 072 unique location-source-years of data
for females aged 10-54 years for the period between
1950 and 2021 (number of sources by location and by
year can be found in appepdix 1 tables S3 and S4). At the
national level, we obtaified\8680 unique country-source-
years of vital registry data, with an additional
29 country-source-years\of\daga from sample registration
systems. We additionally\e M{hﬂ on period ASFR,
or average numbfﬁ&grt;hi}gm:wtﬂ'ﬁﬁersum-ys
at yie é‘q;@j@mldw.binh histories,
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879 summary birth histories, and 28 unclassified forms
. of birth Thistories (details are in appendix 1
tables S3 and S4).

Throughout the forecasting modelling processes, we
used female education, under-5 mortality, met need for
contraceptive use, and population density in habitable
areas as covariates. Details of these covariates are
available in appendix 1 (section 3.1).

L.

Fertility from 1950 to 2021

GBD 2021 estimates of fertility metrics between
1950 and 2021 were based on a systematic synthesis of all
available data for all GBD locations. The fertility
estimation process was closely connected to parallel,
‘oncordant modelling of population and mortality, with
population estimates used iteratively to generate inputs
to fertility estimation models and vice versa® GBD
methods are designed to account for the diversity of data
available and the different biases inherent in various data
sources, with customised data processing and data
synthesis steps implemented to account for known
biases, missing data, and heterogeneous measurement
metrics used across data sources. Estimation of fertility
rates between 1950 and 2021 for females ages 10-54 years
largely followed the methods used in GBD 2019.* First,
ASFRs were estimated for 5-year age groups between
15 years and 49 years only using age-specific vital
registration and complete birth history data. These
results were used to split all-age data from vital
registration, summary birth history, and other sources
into ASFRs, and then another model was fit to estimate
ASFRs using the original age-specific ASFR data from
vital registration and complete birth history along with
these age-split data. Next, we extended these estimates to
the age groups of 10~14 years and 50-54 years using data
tom these ages and adjacent age groups. Finally, ASFR
estimates were used to calculate TFR. A summary of
these methods follows, with a comprehensive description
provided in appendix 1 (section 2).

To estimate ASFRs by 5-year age groups for females
aged 1549 years, we implemented mixed-effects
regression models using bounded logit(ASFR) as the
outcome. The 20-24-years age group was estimated first,
and these estimates were used to model the remaining
age groups. Both sets of models were fit separately for
the high-income, sub-Saharan Africa, and central Europe,
eastern Europe, and central Asia super-regions to account
for differences in the relationships between the ASFR of
the 20-24-years age group and that of other age groups.
ASFRs in the 20~24-years age group were modelled with
female educational attainment as a covariate and random
intercepts for each location source. Then, we separately
modelled ASFRs in the remaining age groups between
15 years and_49-veq i i

Rer-region and age group.
G&%d female educational

attainment as a covariate, except in the high-income
super-region, and random intercepts for each location
source. After running these mixed-effects models, we
corrected for systematic differences across data sources
by selecting a reference source for each location and
adjusting other sources based on their discrepancy from
the reference source. Last, a spatiotemporal Gaussian
process regression (ST-GPR) was used to smooth ASFRs
across location and time, producing final point estimates
and uncertainty intervals (Uls),

First-round ASFR estimates were generated from this
modelling approach using age-specific vital registration
and complete birth history data. To split total birth data
from vital registration data, summary birth histories, and
other sources into ASFRs, we calculated the ratio of the
parity implied by each total birth data source to the parity
estimated in this first-round ASFR model. This ratio was
then multiplied by the estimated ASFRs from the first-
round model. These age-split data were incorporated into
a second round of estimation for each location using the
same modelling approach described earlier. To generate
estimates for ages 10-14 years and 50-54 years, we
estimated the ratio of ASFR to the adjacent age group
using all available data, then applied these ratios to the
second-round ASFR estimates. We used a mixed-effects
regression model to estimate location-specific ratias for
ages 10-14 years, whereas we calculated the average ratio
across all locations for ages 5054 years. Finally, TFR was
calculated by multiplying the ASFRs from each S.year
age group by five and summing.

Fertility forecasting
We produced forecasts of fertility using an updated
modelling framework (appendix 1 section 3) that
improved on the methods in the 2020 study by Vollset
and colleagues.' In our updated methods, we used not
only estimates of female educational attainment and
contraceptive met need as covariates, but also estimates
of under-5 mortality and population density in habitable
areas to account for a larger variation in CCF50 across all
countries in the sub-models (appendix 1 section 3.1,
appendix 2 figure S2). Similar to Vollset and colleagues,
we continued to forecast fertility with CCFS0 rather than
TFR, because modelling in cohort space is more stable
than in period space. For this analysis, we used past
CCF50 estimates for birth cohorts from 1945 to 1972 to
forecast CCF50 up to the 2085 birth cohort of females,
followed by predicting ASFR for each 5-year age interval
as a proportion of CCF50. CCF50 was defined as the
average number of children born to an individual female
from an observed birth cohort (indexed by year of birth)
if she lived to the end of her reproductive lifespan (ages
1549 years). CCF50 was forecast using an ensemble
prseach with three equally weighted sub-
'\-.. three, and four covariates) in which

hsed the MR-BRT {me(d
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four-covariate sub-model
following equation;

was represented by the

logit ;.5 14/ (CCFS0,. )=+ spline(education, ) x 8,
+met need, x 3,
+under-5 mortality, x 3,
+population density per habitable area, x,

b s +E;

where CCF50 is scaled from more than 0-7 to less than
10 and modelled in logit space for location (J) and
cohort (c), B, is an intercept, B, is a vector of the spline
coefficients of female educational attainment covariate,
B, is a slape on proportion of met need for contraception,
B, is a slope on under-5 mortality, B, is a slope on
population density in habitable areas, and ¢ is a residual
term. Further details are provided in appendix 1
(section 3.2, figure S1).

From forecast CCF50, we then derived ASFR forecasts
for the years 2022 to 2100 using a combination of a linear
mixed-effects model, spline interpolation, and an
autoregressive integrated moving average (ARIMA)
model (1,0.0) on residuals to estimate the age pattern of
fertility for each cohort. Once ASFR values for ages
15-49 years were abtained, we inferred the ASFR values
for the 10-14-years and 50-54-years age groups based on
their ratios to the rest of the age pattern during the last
observed year (2021). Single-year age interval ASFRs
were summed over all ages to yield the TFR for each
calendar year (appendix 1 section 3.3).

We also produced fertility forecasts for four alternative
scenarios applied to all 204 countries and territories,
These scenarios explore shifting forecast values of
two known drivers of fertility (education and met need
for contraceptives) as well as a proxy pro-natal policy.
More specifically. the scenarios included were: the UN
SDG target 4.1 for education is achieved by 2030; the
contraceptive met need SDG target 3.7 is achieved
by 2030; pro-natal policies are enacted that create
supportive environments for those who give birth; and
the previous three scenarios combined (more details are
provided in appendix 1 section 3.4). For the education
SDG scenario, the forecasts assume that by 2030, all
peaple will have 12 years or more of education by the age
of 25 years and then maintains the same rate of change
as the reference scenario up to 2100, For the contraceptive
met need scenario, to reflect the SDG scenario of
universal access, the forecasts assumed a linear increase
in contraceptive coverage to reach 100% by 2030 and then
stay constant up to 2100,

leave, insurance coverage expansi
) i -/
ent," and other forms of sypf@n

assumptions on the effects of such policies. First, we
assumed the full effect of pro-natal policies will be to
increase TFR by 0-2. Second, it will take 5 years after the
policy is introduced for the full increase in TFR to accur,
and TFR will rise linearly over that time span. Last, we
assumed that both the policies and the increase in
TFR by 0-2 will endure for the remainder of the century,
For each pro-natal year, the TFR increase was distributed
proportionally among the single-year ages according to
their reference forecast ASFR values. The pro-natal
scenario parameters were drawn from previously observed
increases in TFR that coincided with pro-natal policies and
broader empirical evidence regarding effects of pro-natal
pelicies in low-fertility contexts. Further details on the pro-
natal scenario can be found in appendix 1 (section 3.4.3),

In the combined scenario, we applied the
aforementioned changes to the covariate forecasts
simultaneously without assigning any weights because
these covariates were already embedded in our model
and the coefficients for each covariate were calculated
based on the observed data.

GBD 2021 updates
To estimate ASFRs from 1950 to 2021, GBD 2021 added
147 surveys, 21 censuses, and 634 country-years of vital
and sample registration datascompared with GBD 2019,
for a total of 1455 surveys and censuses, 8709 country-
years of vital and sample registration data, and 150 other
sources. Methods were updated for GBD 2021 by
changing the time weight in ST-GPR to use a beta density
function, in which hyperparameters were assigned based
on quality of available data sources and the number of
available datapoints. This better accounted for increased
data availability, which improved precision and produced
more plausible time trends compared with GBD 2019.
Updates to the fertility forecasting methods first
introduced in the 2020 study by Vollset and colleagues'
included the incorporation of two new covariates in the
CCF50 model—namely, under-5 mortality and population
density in habitable areas—in addition to those previously
used (ie, female educational attainment and contraceptive
met need). Furthermore, the current iteration of the
IHME model employed a linear fixed-effect model to
forecast S-year ASFRs, which were interpolated to 1-year
estimates using an ARIMA model on the residuals to
quantify variation not explained by the covariates,

Comparison with other models

We evaluated the IHME fertility forecasting model
performance based on out-of-sample predictions during
the validation period 2007-21. We used the following skill
metric* for model evaluation and comparison (see
appendix 1 section 3.6 for more details):

a RMSE(Model)
RMSE(Baseline Model),

ipal
Indore Institute of Pharm

WAW 1he|ameltﬁlr29§£3( er 2024

acy,

154



icles I

Art

155

2
J L 1 it el o) jU e WL = s dlib b ]
~
(@bed pou uo Sanunuod TogeL) e
£090) (£911-vEY) (L ¥ST-££91) (L18E-6vof) {r904-1089) (99LL-£48L) (6z1-i80)  (op1-¥OT) (ES1-zet)  (eEzved)  (eLeesed
‘o L84 7907 oThE ££69 | 174 ot it LET gz 1143 purog i
(90-90) (0E-60) (6T1-£4) (g61-£:41) (obb-098) Stovd) (6oreRo) (oztto1)  (ofrorl)  (wirize) (zotvorf) e
90 81 6 L8Y 666 g lE £60 ort (74 Stz 79t  muopae e =
603 0) {57-60) (rS-28) (r-£-59) {pot-T01) (e€r-git) lgsrtzr)  (ofvEpi)  (Emitom)  (oEetta) (LEv63E) ,m... .
80 91 Sy of st st ort 951 et e avy OBy, .m.“
(go-to) (6:g2-1 2E) (£ v6619) (¥ 86-5 B4} (Z15¢-1Er1) (6Eoc-Lzgl) (SS1-901)  (S91-zey)  (SL-0p1) (RGU-PRL)  (ZLCERD) £ = m
80 915 ou 648 otv | LE6T 621 wi 951 631 g5¢ fnbuny @ 7
6-0-g0) (Ego-t 17) (586-2:£9) (9 £11-+56) (gSs1-9gv1) 6#61-98/1)  (09-T-ET-T) (941-¥ET) (E61-£5T)  (ETT-toE) (96 I-69F) P mm
go (% 128 650t €751 9981 gE1 51 4 BOZ 18 IR .m
£0-90) (z2-£0) loze-ETy (6-gE-018) (£69-659) (SE6-0/B) (gE1-260O) (9t 1-80°1) (Est-vzty  Ugrglt) (00E-3LD) =
i0 43 891 g¥E ¥/9 06 LI i £1 £g1 68¢ eyros) =
(go-Lo) {o1z-58) (ov¥-960) (rz9-LES) (goEt-LFet) (£S41-5091)  (Sh1-g01)  (651-621) (02t-2v1)  (Cvz-zon) (16 T-S90)
g0 611 998 rgs gL 9491 971 5 g5t 07 Uz vuebyng
({£0-90) (eg-L1) (g-9t-g8) (v6e-Tv2) (gg-Lod) (rzot-g€g) (6ri-12o)  (SE1-660) (ovi0e1)  (opz=461) (Rob-1EE) ruinobazay
90 St it ot (1374 976 S0 184 fEL 7z g9t pur riLsog
(g-0-90) (ET1-67) (rzz-911) (P tE-Lb) (E¥/-g89) (005-65F) (oS i-9g0) (1gt-ory  (6erT-EE1)  (gSE1EE)  (frg-fol)
L0 £9 PaL 64 {474 o8y £ VET oSt e BRS gy
{goLo) (bzib-g 5g1) (E98£-£ £95) (I6eL-E¥S6) (BE1NZ-£9502) (ve6Ez-£9/ze) (tht-tot)  (0S1-611) (191981} (rzz-gtl) (oEEfrt)
0 9fge 1499 EgEot SSgoe (1374 121 el arl 12z we adoany i)
{r1-r1) (6-266-1-L0F) (0ERE-Z-T6F) (E¥S8-6EEL) (1¥9S-z-gES) (gote-6082) (z7-691) (z9z-goz}  (orE-997) (6Ov-Lb¥) (90G-TES)
£1 0565 9lel TE6L 5155 9467 61 FEE @ g5v 855
St-zt) (zov1-T-££) lo6Et-208) (£-¢z1-+686) (866-6-26) (S05-£oF) (gzz-gEU) logz-ig 1) (Sre-t57)  (h6P-55P)  (105-fot)
£1 652 (&1 5011 P96 gy g1 St £ge SLv 43
(£1-91) (9-tzb-£ tot) (B:1gE-r622) (5'90E-0897) (5¥91-8 #S1) (668978 (6¥z-5L1)  (6r-EE2)  (b9f-ftE)  (r@5LPS)  (G69-£0)
g1 TErz o10E ot £BST 708 3474 997 ort 595 599
[CR& 24 (16L1-La¥) (StZT-8-94) (ogg-+zs) (T99-£-65) (vzerg0) (SEZ-SET)  (ggZ-zod) (6pE-0g2)  (L65-5SS) (1¢SgLt)
St ot Goot 00f 619 T0E 31 o¥-z 183 g/ 5 605
S1-£1) (55k1-512) tg-rgt-z vot) {tSi1-w5P1) (egu-£ 201) (zo9-95%) (Efzf90) (ofz-Sozd (rzg-997) Uebg6f) (SEé-fod)
v o L6EL r6st (433 645 S61 SET 6T oy (N84
(S1-v1) (9-60b-L:4¥1) (r19¥-05¢2¢) (£ grr-600%) (B-9LE-9£SE) (v#92-SFre) (B1:2691)  (S9¢-tz2)  (ocE-S80)  (LEE6T)  (1ew-6Lf)
il #19¢ 6Z6E (.04 150 gE52 ¥61 e ot 2ok Y6 E urISyeTey
lot60) (oE-T 1) (=290 (egb-riv) (696~ 95) (Eo6-¥a) (W1-vED) (967-S9T)  (grz-z61)  (EEz-lo?) (RLT-Z¢E)
o1 E1z 19F (14 816 ovg 5t 081 50T we 09t eihaoan
Bo-L0) {g-69-6:21) (£z71-0:69) (6#S1-SE2T) (9-691-0:551) (evit-zoot) (6SI-tO1) (821-Lz 1) (561-551)  (ghEg1f) (6ab-60¥)
8o Egt 586 P13 9L S0t b1 151 St EEE BEV urleqazy
6o-L0) (E1-SE) leee-61n) (58E-918) (66L-TEL) (1549 (6y1-tot) (s91-f21)  (PRL-EST)  (192-6EZ) [(EEV-S6E)
g0 L9 691 05k S9s o6k vzl St 891 By 8 LI
(P T-ET1) (rLeb1-9L001)  (Er0Z2-/ 6i91) (Z-8512-1-0661) (2 60£1-E ZvO1) (vopor-0986) (Erz-9/1)  (pe9rz) (1628970  (08E-S9E) (6S¥-iEh)
£l ogivt TErhe 187174 balat 0910t 561 1z bl 743 Svv
(6-0-8-0) (v£90E-5BELT)  (VOBEV-TOOVE)  (LS6IS-LSEQY)  (vTRXLS0C0L)  (9669Lcletd) (ELvery) (181951 (614D  (ger-1ed) (WEI6T)  pue's
60 [ 374 avigE 1-906% EET S-ashe 51 891 -3 4 vzt T0E .
o Y (g-6TEEET {0-907BEL (g€zavir _ ’
(r1-01) (SErggLI-STIROV) ~#-g69£6) -6zgeten) -Otb¥61L) (80E996-5-E9988) (961-5zT) (go-z-651) (gEz-6oz) (69°EE5E) (90G-E9t)
o1 g9gELs gELoTin 9 ERERTL LETOTTL §52976 651 394 {24 9k rgv
iird asor 1zoe 0861 0561 ootz 050z 1zoz ogét 0561 :
1202 ‘0 <
aannpoudar z
- (poesao) sigenn :

e Kypsag [e0L




I Articles

‘Kovwuseyd K

(6ed 1xau Lo sanuuey T jqey)
(g0-£0) (rSoge-1o5ce)  (OSkeh-gO0EE)  (EBLrv-rTLE)  (9OLOP-5998E) (cveir-62068) (091-tzT)  (pot-gEn)  (EL1-€51)  (g1S/1)  (gretof) EMIAUY
ko ££96¢ gIELE grioy 9-gr6E zEzoy i1 151 EGL 8t OLE  yuoN awourybiH
Q:ﬂ.givc_ {(E06-+5¥) (9-600-6551) (z v6r-vore) (cELg-Eazg) JAseouo)  R6o-Er0)  (680-5L0) (bo-c-gve)  (809-LES)
m_ 959 5181 9692 9g9vg ce\ N80 280 0 957 s e T
(£o-50) I565-5g) (gosovy) o oS8k} (g vi-26E) A% 0 (wwi-g60)  (BET-Sot)  (gereoT  (1E95LS)
90 £S5k 095 555 oIv Nt St ot & £09
{£o-s50) {zel5-¢652) (8 062-1559) (EEE6-0¥SL)  (19EQE-Z'BISI) i (kiber (ervin) (s2rven)  read)
50 B8t v 99 08€8 £ 6051 /2 ozt 91 691 Lt
(0-L0) (S-zal rre (e295) (Lg-#s) " N o} .\mmé gei-got)  (gg1-Evl)  (orkS9B)  (£59-be9)
80 ot e ¥9 BS A LNV et okt 591 g€ 9
(g0-50) t6:£0/-58VE) (£:£p01-LYBL) (vSLe-£5001) (P IPS2-900KT) GyERIPEE  (SEr-960)  (oft-0o1)  (ezr-for)  (ooz-6gt)  (9BE-65E)
50 66 £ 806 56911 Lig¥e 8650k Pl b 7 vt ({43
(go-£0) {tel-5eh) (evL-25) (07955 (5 15-¥ 61) (goS-zgh) (STory) (@SR feerEsy)  (ooTisn  WSERD)
80 T9s £59 989 505 L6Y €1 St 791 961 6V E
{6:0--0) (g-L¥r-otor) (giir-E8Le} (r-z£6-5897) eeez-Leet) (£f0t-6961) (191901 (of-fz1)  (eg1-ivD) 6188l (VUE-B6D)
80 B0t EREE £66r LLee zeoz 23 Sk bt 61 90€
(50-L0) {o9ts-105¢) (G1gv-58EE) (6 E6E-9 FCE) (L Egr-OELL) logse-tave) (6St-got)  (891S¢t)  (ogt-gb) (E1-06T)  (1ZE90E)
80 GE9E b oY 645€ I8l 6152 £ET Sr1 rot g6 3€3 essejensn
@o20)  (Stv6e-o8bis) (07SSOT-TIge) (EOTITI-ORLLE) (LEEOTI-EEEEZT) (VES6EI-OSLZEN (E5TTrT)  (95T0ED)  (19TTvD) (061981 (26T8LD)
o 61969 486 86601 9igbIL T9z9fr L5 1 123 881 S8 awonnybi
(90-+0) (509-261) (¥ Sgt-gHou (g LiE-£9vT) (egl-r6tl) {€of6-1658) (gr1-£go)  (or1-ggo)  (gri-v6o)  (toT06l)  (SSTEEQD)
50 (33 BgEL (Y7 £yl 1168 gho 1ot Sot 561 e e
(g0-L0) (Lg5£-080%) (r6Ea1-S1g)  (Lvop-615e1)  (06622-0VELD) (rS662-01£98) (E1oot)  (proct)  (09t-£E1)  (EB1-€gD)  (S6T-79T)
£ B 95 BESOL v ISET gLETT 66182 L4 EE1 gFi @t Ut eSSy
(go0-50) e F€1-95) (ozE-+52) (6g8-vE8) (0Bg-+ig) (rFe1-480) (Sci¥60)  (EET-901)  (WS7gbd)  (6E198
90 (24 56 var 198 P €01 601 gL ave /43 CADPIOW
zo9:0) (1922 (#51-001) (r5e-612) (925660 (Gee-£65) (sz1-960)  (SErrm)  (1SE0fT)  (S0¢-S61)  (OvE-RLT)
L0 or vit 9te £15 985 601 trt ort [+ 34 b e
(80-90) (g9-cz) (re-54 (6gL-6¥1) (¥9E-6 ¥E) (656-206) (Brr-torl  (e81-et1)  (rZe-SE1)  (veTogn) (T E-¥RT)
‘0 6% 16 89t 95t bt Tt SE1 s a6 1 861 BIAYE
(go-L0) 65-g2) (2108 {otr-z 1) (vgz-612) {zie-t6n (9F1901  (oSt¥en  (wrbpn) (el (Evegrd
80 el 4 vh LEL St 1oz i LEL 091 90 (1134 BlUOjs3
(go-90) (res-Egn) {e0gotr) (g56-904 (pzat-6051) (z€oz-g1gt) (415600  (SS1-90m  (bor-fz1)  (6or¥e1) (BLEERD
Lo SOk 865 S8 past £61 611 621 ki 107 00E ey
(£0-90) (L1ggTosy)  (EVESI-Ezgon)  (26PS-E1590)  (GRIVE-T6geE)  (eSgey-SE6f) (SEr-Sor)  (EbIST ) (6hrazn)  (561-g81)  (28C-657)
L0 oErg SELTL L¥BLT BO5EE 9-660F 611 gl get 161 e addouny usysey
(go-20) (6:91-¢01) {§-0z-£51) looz-9:L1) (roE-g-gz) (z9eggn) (BSTPED)  (WOTHET (€51 (9ozd6T)  (0rE¥SD)
80 (431 641 88l §62 {243 gel 51 £91 1oz ugt EIaA0lS
{g0-£0) b Le-1 51l L Sr-T¥E) (g:65-6:¢5) (£96-676) (zzov-z46) (opr-ore)  (6ST-vED  (EL1-651) (WEZ-@D)  (SE956)
80 60z oov £95 9¥6 966 133 9¥1 Eg1 e S9E eIEACIS
(9:6-5-0) (o1 (aob-gL2) (£99-895) (191-£ €51) (1ggt-160) (60T-zg0)  (trt-0b0)  (9r1-660)  (BZE-LtE) (o¥-E-Z2'E)
50 Sof ovE a9 S5t 6E81 960 ot 8ot ({44 € Lo
Bo-go) (Leo-ggt) {oEb1-268) (9 7619 €51 (266E-L548) (revb-606¢) (gF1-901)  (99reET)  (WTLST (BErSzT)  (erEbRD
80 (443 6 ¥IL 9Lt [ 974:13 o5y 9et gr1 0Lt (424 e nurnuoy |
(abed snomasd woi ponunuey)
0012 0502 1z0z 0861 0561 ootz 050z 1207 0B61 o561
TZog "ne
wN (spursnow) spuigeAn awes Ky oL
: /

2064

156



Ioumal of Chemical Hea[th Risks -

: e www;chrom ; .
~ ICHR(2024) 14(3), 1530-1537 | ISSN:2251-6727

Formulation & Characterization of Sustained Release: Multichambered
Tablet of Losartan Potassium Using Fused Deposition Modelling (FDM)
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ABSTRACT:

Introduction: The Aim of present research work was to formulate and characterize
. Sustained release: Multichambered Tablet Using Fused Deposition Modelling (FDM) 3D-

Printer, the drug candidate used in this project was Losartan Potassium, is an Angiotensin

receptor Type -II blocker.

Objectives: By altering the shell thickness and infill density %, sustained release action of
tablet using API Losartan Potassium had been achieved.

Methods: The Novel method had been used for fabricating Tablet called “Pause and fill
Method™. Tablets was prepared using FDM 3D-printer with three different batches (FI, FII
and FIIT) by creating variation in infill-density and inner wall thickness: 0.5mm, 1mm and
1.5 mm respectively using poly vinyl alcohol (PVA) filament. As half-life of Losartan 1s
1.5-2hrs (Indian Pharmacopoeia, 2018) with poor bioavailability, sustained release tablet
enhanced the bioavailability of the drug, the in-vitro drug release from the tablet drug 1s
extended upto 270mins (approx.).

Results: From the Results it concluded that the FIII batch of tablet is the optimized batch
with drug release about 99.23 % for 270 mins, whereas FII shows 98.69 % for 240 mins
and FI shows 97.71% for 210 mins. The data when used to evaluate the kinetic studies,
states that the coefficient “r” indicated the drug release from the tablet which was followed
by zero order release kinetics.

¥ 2? & e  Conclusions: The work conclude that the FDM 3D printing process was capable for
T O  producing rapid and sustained release tablets on the basis of different thickness. This work
ok 5 faet - also helps to decrease the side effects of drugs by providing sustained release of drugs &
SRRl Sl i _ increase the safety and efficacy and avoid incompatible between APIs by developing drug
Ny, * release characteristics. The printer software enabled easy fabrication of oral drug delivery
z devices with different wall or chamber thickness.
1. Introduction printing and Fused deposition modelling (FDM). Such

novel methods can be used in choosing the doses i.e,
flexibility in selection of amount of drug or API, shape
and size of the dosage, etc '* A Rapid proto-typing
technology, due to it's cheapest printing costs, high
printing quality, and well capacity to employ drug-loaded
filaments via hot-melt extrusion (HME), Fused
deposition modelling (FDM) is one of the a /(‘\i\yw

Novel Drug delivery systems are the techniques which
are day by day getting more developed and more accurate
for delivering of therapeutic doses, which are tailored
according to the patient need or requirement. Additive
manufacturm technology includes various types of 3D-

as follows: Stereolithography

]
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manufacturing techniques that is most oftenly researched
or used for formulating dosage forms, or even in case of
bioprinting in medical emergencies .

The "three Ds of 3D printing" refers to the overall
procedure of 3D-printing method. These are (i) Design,
(ii) Development and (iii) Dispense. This technique is
only now beginning to be adopted by the pharmaceutical
sector. There aten't any significant companies in the
pharmaceutical sector creating drugs for regular use.
Chuck Hull's stereolithography apparatus (SLA)
received the first patent in 1986, which is when 3D
printing initially emerged. He is regarded as the
originator of 3D printing technology as well printing in
the biomedical and pharmaceutical industries or field had
been introduced in the year of 2015 **. Numerous firms
are investigating this possibility, including Teva and
Aprecia Pharmaceuticals. A high medication load, up to
1,000 mg, may be delivered in a single dosage thanks to
ZipDose Technology. By administering even the highest
concentrations of levetiracetam with only a sip of drink,
“SPRITAM™ was authorized by the US Food and Drug
Administration (FDA) on year August 3, 2015, to treat
partial-onset, myoclonic, and generalized tonic-clonic
seizures improves the patient experience. Using 3DP
technoiogy, which was developed at Massachusetts
Institute of Technology, Aprecia created its ZipDose
Technology platform *-!!

An appropriate polymer is chosen, melted, and then
pushed or introduced through a heated nozzle out that
may be moved. The polymer is applied layer by layer
along all three following axis i.e, (x, y, and z axis), and
when it get solidified, it takes on the precise shape as per
the computer-aided design (CAD) models had intended
into machine >, The invention and experiments using
3D -printing method had been described illustratively in

Figure 1

2. Objectives

The aim of this research work is that the FDM 3D
printing process was capable for producing rapid and
sustained release tablets on the basis of different
thickness. This work also helps to decrease the side
effects of drugs by providing sustained release of drugs
& increase the safety and efficacy and avoid
incompatible between APIs by developing drug release
characteristics. The printer software enabled easy
fabrication of oral drug delivery devices with different
wall or chamber thickness. DSC and HPLC are carried to
check the identification and purity of drug. All results are
within the acceptance range. DSC data showed that the
Losartan Potassium drug was unaffected by the printing
and that there were no detectable interactions. PVA
compartments are designed by the use of CAD software
(Auto-CAD) in two steps. First printing of the tablet upto
75% and then paused, again after the API filling
manually the rest part of the body building up. PVA
reservoir were fabricated in three different batches on the
basis of different thickness of inner most walls and
difference in infill densities (FI, FII, FIII).

The 3D printed tablets were evaluated for Size and shape,
hardness, weight variation, dye test and drug release test.
All results are within acceptable range as defined by
Indian Pharmacopoeia. In drug release performance we
found the best result from FIII batch because it showed
up for longest period of time amongst the three batches
of formulation i.e, sustained release action upto 270 mins
(approx.) In this system the drug resent in the outer
compartment or chamber with thin wall is released first
and release of the drug in the thick layer of compartment
only commences when the thin lay er is practically
dissolved. Drug release kinetic data of the 3D printed
(FIII) batch of tablet analyzed and found to be fitted into
zero order drug release kinetics. First order, Higuchi and
korsmeyer-peppas model. Almost all formulations were
well fitted in zero-order drug release kinetics with the
highest linearity

3. Methods
Model Designing of 3D- Tablet

The tablet model had been designed using CAD software
(Auto-CAD), then the STL file is further sliced using
Cura-Ultimaker and converted into G-code format file i.e,
Machine readable format. The filament fhich was used
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for the fabrication of the sustained release multi-
chambered tablets namely Poly-vinyl Alcohol (PVA)
filament. PVA is a water- soluble, biodegradable
Polymer which is widely used by the researchers in the
preparation or fabrication of the Pharmaceutical
Formulation using 3D- Printer, due to its flexibility and
physiochemical properties. Figure 2 provides brief
working of 3D- printing process'®.

This section outlines plan and how the process had been
carried out. In this study “Pause and fill method"”. The
structure was printed by a single-nozzled (0.4 mm in
diameter) FDM 3D printer (3D-Prototyperz, DEX 200,
Indore, India). The filament which is used to fabricate the
Tablet is Poly vinyl alcohol (PVA) which is a water-
soluble and biodegradable polymer. This Tablet is
having 2 hollow chambers in which the drug (API) is to
be filled shown in Figure 3 The outer most chamber wall
is having thickness of 1.5mm and the inner-most wall
thickness is about 1.0 mm. The command had been given
to the 3D-Printer using SD card in which the design of
the tablet is saved in the format of g-code. The g-code
file must be containing the command of stop i.e; after the
completion of 75-80 % of the printing of tablet the
machine will automatically be paused and then the
desired dose will be poured into the different cavities or
chambers of the tablet as per the need, then again just
““press” print again and the remaining portion of the tablet
will be printed successfully.

A coil-ronl of thenmoplaste filement o firstly loadad into the printer Once the nozale
achucved the desired tempeoranuce, the Slameat i3 fed W the catrusion bead and m the norsde
through which o i exrudong out o the melind form.

&

The vemi solid melted material i then extuded i thin strands & i depousted in layered form
 predetermured locatuons, whete if cools down and solsdifies

4

The extrusion bead i sttached to 3-axis systom which allows it wmove in X, Y and Z

: 4

When a layer is finisbed, the build platform meoves down and 3 freah layer 1 deponited. Thas
process is repeated uniil the whole object s build up m a single unit

The printer parameter was adjusted by the 3D slicing
software namely “Auto-CAD software” are as follows: a
layer height of 0.1 mm, printing speed 10 mm/sec., infill
density of 40%, 75% and 100% (FI, FII, FII)
respectively. The nozzle temperature were set to be at
temperature 210 "C and the bed or printer tray
temperature at 60 "C 617,

Figure 3: Printing procession of Tablet (After
completion of 75% the nozzle is moved back, for the
filling of the API)

4. Results

Losartan Potassium loaded Sustained Release: Multi-
chambered Tablet were prepared successfully using
Fused Deposition Modelling 3D- Printing method. The
three batches of tablets had been prepared with different
infill densities and inner-wall thickness, FI, FII and FIII
with 40%, 75% and 100% infill density respectively. And
the results were evaluated and observed as follows —
Size, Height, mass, width:

The shape of the tablet fabricated was circular containing
chambers or cavities in the form of different layers
vertically. The Diameter of the tablet was found to be 13
mm and height 0.5 mm. Three batches of the formulation
were formulated i.e, FI, FII and FIII with different infill
densities are as followed — 40%, 75% and 100% enlisted
in Table no. 1
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Table 1: Size and shape of 3D- Printed tablets

S. No.|Diameter| Height | Infill density | Inner chamber
(mm) (mm) (%) wall thickness
(mm)
1. 13mm S5mm 40 0.5 mm
75 I13mm S5mm 75 | mm
B 13mm [ Smm 100 1.5 mm

The thickness and the difference in the infill density of
the tablet so the weight of the tablet found to be
consequently increasing i.e, FI — 0.11% < FII - 0.27%
<FIII — 0.39%. All the tablet batches were passed the
weight variation test and within the acceptable limit (less
than +5 %) according to USP weight variation limit.

Differential scanning calorimeter (DSC)

DSC study was carried out to check the compatibility
between Losartan Potassium and PVA filament used in
the formulation. It is carried out to confirm that there
should be complete physical compatibility of drug and

filament with no mutual interaction. DSC thermogram of

Losartan Potassium exhibited an endothermic peak at
278 *C followed by Figure 4

= LOmAN AN FOTASELM ﬁ
“’/\_/‘— e e e
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Figure 4: DSC report of Losartan Potassium

Whereas, the mixture of drug (Losartan) and polymer (PVA
filament) was kcpt in.an accelerated condition of 40 “C/ 75%
RH for 10 da}csand sub_]ccledTo DSC analysis. The mixture

*C, which suggested clearly that there was no interaction
between Losartan Potassium and PVA filament and the drug
Losartan Potassium was existed in it’s unchanged form

Figure 5

Push = IT594 T

-
- . - o - -
T <

Figure 5: DSC report of mixture of PVA and Losartan
Potassium

High Performance Liquid Chromatography (HPLC)
The chromatographic separation was performed using
Cig column (250mm x 4.6mm x 5.0pm) including a
Rheodyne injector with 10 pl fixed loop. Empower
software had been used for the data analysis and
interpretation. The mobile phase consists of 2 solvents:
0.1% Ortho-phosphoric acid (OPA) considered as mobile
phase (A) and Acetonitrile (ACN) as, mobile phase (B)
in ratios 75:25, 10:90, 75:25, 75:25 followed by I.P, 2018
edition. Run time of the method was set at 55 mins. The
flow rate of the sample was 1ml/min. The readings are —
ref. Table 2 and Figure 6 & 7

Table 2: - HPLC report conc./area

S.No. | Concentration (ppm) Area (AUC)
L. 10 413061
2. 20 760424
3. 30 1129993

ORE (M.P)
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Figure 6: Graph of Losartan Potassium showing
linearity Conc. (ppm)/AUC
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Figure 7: HPLC spectrum of Losartan potassium

Hardness Determination

The hardness measured of the tablet of each batch
between 5-6.5 kg/cm®. According to Indian
pharmacopoeia 5.5+0.06 and 7.5+0.06 kg/cm’? is the
hardness limit of the matrix tablet which depicts good
mechanical strength of tablet. It was due to the plasticity
nature of the PVA. Hardness of the 3D- Printed Tablet is
shown in Table no- 3

Table 3: - Hardness of 3D- Printed tablets (n=3)

Formulation| Hardness (kg/cm®) | Average Hardness
(kg/cm?)
FI 58 | 62 | 59 5.9 4061
FII 60 | 55| 62 5.910.13
FIIl 55 | 65 | 64 6.1 +0.33
T
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Dye Test

The results of Dye test reveals that the methyl orange
starts releasing between 30 mins to 120 mins i.e, The
outer chamber wall started dissolving between 30-
120mins. whereas, inner chambers wall start dissolving
and the methylene blue start releasing between 180 mins.
to 270 mins. as shown in Figure 8

Figuvre 8: Photographs of dye test

In-vifro Drug release

Dissolution study had been carried out at 0.1 N HCl
medium at 205nm by maintaining the temperature about
37 "C £ 0.5 °C of the medium to mimic human stomach
environment for all the three batches of tablet and the
results clearly shows that the drug percentage release
profile of the batch three i.e, FIII with infill density 100%
and inner chamber wall thickness upto 1.5mm is having
extended time duration and better drug release profile
comparatively to the other two batches (FI and FII) of
formulations shown in Figure 9-
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Figure 9: Percentage Drug (::éase of 3D- Printed Tablet
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Drug release kinetics mechanism study

The kinetics of in-vifro drug release was calculated by
applying the data of drug released to various kinetic
model such as Zero order, First order, Higuchi and
Korsmeyer — peppas. And the result obtained is shown in
Table 4. From the results of kinetic studies, the
coefficient ‘r’ indicated-that the drug release followed
zero order release kinetics. It was found that the value of
‘r* for zero ordef'ranged from 0.9651 to 0.9902, which is
near to | when compared to first order ranged from
0.8089 to 0.9123. So, it was understood to be following
zero order release pattern followed by all three
formulations shown in Figure 10 and 11-

100
%“ 80 y = 0.3722x - 4.2627
2 g 60 R =0.9648
2 2 40 —e—Zero
g 20 order
0 . 1
[3]
.20 0 200 400
Time (hrs.)
(a)
- 20 y = 0.3592x - 4.7256
g 80 R? = 0.9651
o 60
g E 40 —e—Zero
g 20 order
0 - y
200 200 400
Time (mins.)
(b)
100
5 y=0.3712x + 1.1389
§ R? = 0.9902
r % 50
% S ——Zero
B it order
g 400

Figure 10: Graph between cumulative % drug release
v/s time of Losartan Potassium (a) Formulation -1, (b)
Formulation — I, (¢) Formulation — III

Table 4: - Kinetic data of 3D- printed Tablet

Formulation Zero order (%)
FI1 (40 %) 0.9648
FII (75%) 0.9651

FIIT (100%) 0.9902
1
@ 099
S 0.98
B
T 097
N |
0.95 -
FI Fil
Formulation

Figure 11: Chart showing the increase in R? value of
zero order for all batches of formulation

5. Discussion

In conventional dosage form drugs, which are
Amorphous nature, flocculent and low-density character
is difficult to compress into a tablet. Hygroscopic drugs
are not suitable for compressed tablets. Some limitations
and problems like poor patient compliance, dose
variation etc. Conventional dosage form has drawbacks
like poor bioavailability and fluctuations in plasma drug
level and are unable to achieve sustained release.
Conventional oral dosage forms such as tablets or
capsules undergo many production steps eg, granulation,
compaction, size reduction, tableting or coating. In other
hand, 3D printing reduces production to one or two steps,
depending if there is pharmaceutical material in filament
from available. 3D printing can revolutionize the world.
3D printing used to modify medicines as per the patient
requirement involving the potentially to select optimal
dose, appearances and release profile. Fused deposition
modelling (FDM) is one of the most widely used 3D
printing techniques to make solid dosages and offers
accurate dosage by adjustingthe parameters in CAD.
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This paper aim was to formulate and evaluate 3D printed
Sustained Release: Multi-chambered Tablet using Fused
Deposition Modelling (FDM) technology. The 3D
printer uses a fixed amount of drug and polymer to print
which minimizes the dose variation of the drug. Result
accurate and precision dosing of the drug to the patients.
Keeping in view of the above benefits, our aim was to
explore 3D printing technology for formulation suitable
dosage form of drug which may lead to reduce the dosing
frequency, manufacturing cost and increase the patient
compliance.
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Global fertility in 204 countries and territories, 1950-2021, @ ®
with forecasts to 2100: a comprehensive demographic '
analysis for the Global Burden of Disease Study 2021

GBO 2021 Fertility and Forecasting Collaborators m

Summary 3

Background Accurate assessments of current and future fertility—including overall trends and changing population  tancet 2024, 403 205799
age slructures across countries and regions—are essential to help plan for the profound social, ECONOMIC,  published nfin
environmental, and geopolitical challenges that these changes will bring. Estimates and projections of fertility are March 20,2024
necessary to inform policies involving resource and health-care needs, labour supply, education, gender equality, and :;'m;;‘:q;;f:ﬂ;;"g“f
family planning and support. The Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2021 produced SN
up-to-date and comprehensive demographic assessments of key fertility indicators at global, regional, and national
levels from 1950 to 2021 and forecast fertility metrics to 2100 based on a reference scenario and key policy-dependent
alternative scenarios.

See Comment page 16953
“Callaborators are tod at the
end ol the Article

Correspandence to!
Prof Simon | Hay, Institute for

Methods To estimate fertility indicators from 1950 to 2021, mixed-effects regression models and spatiotemporal  Health Mevics nd Evaluatian
Gaussian process regression were used to synthesise data from 8709 country-years of vital and sample registrations, Uneyessity of Washingtan
1455 surveys and censuses, and 150 other sources, and to generate age-specific fertility rates (ASFRs) for 5-year age :::;';ﬁgu'%'““
groups from age 10 years to 54 years. ASFRs were summed across age groups to produce estimates of total fertility

rate (TFR). Livebirths were calculated by multiplying ASFR and age-specific female population, then summing across

ages 10-54 years. To forecast future fertility up to 2100, our Institute for Health Metrics and Evaluation (IHME)

forecasting model was based on projections of completed cohort fertility at age 50 years (CCF50; the average number

of children born over time to females from a specified birth cohort), which yields more stable and accurate megsures

of fertility than directly modelling TFR. CCF50 was modelled using an ensemble approach in whigh three sub-models

(with two, three, and four covariates variously consisting of female educational attainment, contraceptive met need,

population density in habitable areas, and under-5 mortality) were given equal weights, and axdlyses were conducted

utilising the MR-BRT (meta-regression—Bayesian, regularised, trimmed) tool. To capture time-series trends in

CCF50 not explained by these covariates, we used a first-order autoregressive model on #he residual term. CCF50 as a

proportion of each S-year ASFR was predicted using a linear mixed-effects model with fixed-effects covariates (female

educational attainment and contraceptive met need) and random intercepts for geographical regions. Projected TFRs

relationships between covariates and fertility, We additionally produced forecasts for multiple alternative scenarios in
each location: the UN Sustainable Development Goal (SDG) for education is achieved by 2030; the contraceptive met
need SDG is achieved by 2030: pro-natal policies are enacted to create supportive environments for those who give
birth; and the previous three scenarios combined, Uncertainty from past data inputs and model estimation was
propagated throughout analyses by taking 1000 draws for past and present fertility estimates and 500 draws for future
forecasts from the estimated distribution for each metric, with 95% uncertainty intervals (Uls) given as the
2-5and 97-5 percentiles of the draws. To evaluate the forecasting performance of our model and others, we computed
skill values—a metric assessing gain in forecasting accuracy—by comparing predicted versus observed ASFRs from
the past 15 years (2007-21). A positive skill metric indicates that the model being evaluated performs better than the
baseline model (here, a simplified model holding 2007 values constant in the future), and a negative metric indicates
that the evaluated model performs worse than baseline,

included 44 of 46 countries in sub-Saharan Africa, which was the super-region with the largest share of livebirths
in 2021 (29-2% [28- 7-29-6])). 47 countries and territories in which lowest estimated fertility between 1950 and 2021
was below repl xperienced one or more subsequent years with higher fertility; only three of these locations

rebounded a6 \{W t levels. Future fertility rates were projected to continue to decline worldwide, reaching
4 global 1 1°83 Eﬁif——.‘lxﬂ;ﬁ] in 2050 and 1-59 (1.25-1.96).in 2100 under the reference scenario. The numlzer of \/_/
countri territories with fertjlity rates remaining4Bove fe ent was forecast to be 49 (24.0%) in Z‘Pjﬂﬂﬁlpa_ﬂ_. “
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only six (2-9%) in 2100, with three of these six countries included in the 2021 World Bank-defined low-income group,
alllocated in the GBD super-region of sub-Saharan Africa. The proportion of livebirths occurring in sub-Saharan Africa
was forecast to increase to more than half of the world's livebirths in 2100, to 41.3% (39:6-43-1) in 2050 and

six other super-regions—decreasing, for example, in south Asia from 24-8% (23.7-25-8) in 2021 t0 16 - 7% (14-3-19.1)
in 2050 and 7-1% (4-4-10-1) in 2100—but was forecast to increase modestly in the north Africa and Middle East and
high-income super-regions. Forecast estimates for the alternative combined scenario suggest that meeting SDG
targets for education and contraceptive met need, as well as implementing pro-natal policies, would result in global

s place increasing’

Interpretation Fertility is declining globally, with rates in more than half of all countries and territories in 2021 below
replacement level. Trends since 2000 show considerable heterogeneity in the steepness of declines, and only 4 small
number of countries experienced even a slight fertility rebound after their lowest observed rate, with none reaching

replacement level. Additionally,

the distribution of livebirths across the globe is shifting, with a greater proportion

occurring in the lowest-income countries. Future fertility rates will continue to decline worldwide and will remain low
even under successful implementation of pro-natal policies. These changes will have far-reaching economic and
societal consequences due to ageing populations and declining workforces in higher-income countries, combined
with an increasing share of livebirths among the already poorest regions of the world.

Funding Bill & Melinda Gates Foundation.

Copyright © 2024 The Author(s). Published by
license,

Introduction

Characterising trends in key demographic indicators of
fertility and projecting estimates into the future are
essential to understand the impact of changing birth
rates on social, economic, and geopolitical systems, both
now and in the coming century, Dynamics in fertility
patterns are central to the well established concept of the
demographic transition,'" which classically holds that
societies will passage from a condition of high fertility
and high mortality with more young than old people to a
state of low fertility and low mortality with an
increasingly older population. Some theorists have
proposed the concept of a demographic dividend,
whereby declining fertility rates lead temporarily to
higher proportions of working adults available to
generate resources and capital, potentially stimulating
economic growth and eventual rebounds in fertility
rates,’ Demographic data in the 5 years preceding 2021
demonstrate that the total fertility rate (TFR) in some
countries has fallen below replacement levels—the
minimum rate necessary for generational replacement
of the population assuming no migration—with no
evidence of this predicted rebound.* The replacement
level is generally accepted to be a TFR of at Jeast 2. 1,
although the true replacement level depends on the
specific mortality rate and sex ratio at birth in a
population." Low levels of fertility have the potential over
time-to-result in inverted population pyramids with

rowing. ‘umbers of older people and declining

ey

1 -
/
!

ing-age“populatiops. These changes are likely to

ysteins, transf}_’f,

*
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alter patterns of resource use. Accurate estimates and
future forecasts of fertility rates and their impact on
population age structures are therefore essential to
anticipate  potential  economic  and geopolitical
consequences and to inform the development of effective
health, environmental, and economic policies.

At present, an important source of fertility estimates
and future forecasts for countries and areas throughout
the world has been the Population Division of the UN
Department of Economic and Social Affairs, which
most recently produced the 2022 Revision of World
Population Prospects (WPP 2022). The UN Population
Division estimates of past fertility are not compliant
with the Guidelines on Accurate and Transparent
Health Estimates Reporting (GATHER) statement in
important respects; notably, they do not provide all
code for statistical models or explicit details on criteria
for exclusion or adjustment of primary data sources.
Furthermore, the validity of UN Population Division
projections has been questioned due to the assumptions
applied in countries experiencing low post-transition
fertility dropping below replacerent level"" Previous
UN Population Division forecasts have assumed that,
in such circumstances, fertility rates will increase
towards replacement levels," "' and WPP 2022 assumes
convergence to a rate that is a combination of country-
specific historical rates and the mean rate in low-
fertility countries that have experienced fertility
increases." The WPP 2022 projects gradual increases in
TFR even in countries that have shown no evidence of
fertility rate incfeases, such as South Korea and
Thailand.**" A 'ur:a[‘ufﬁnl{:%zﬂopu]auon Division
(ute of Pharmacy.
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Research in context

Evidence before this study

Since the 19505, global and national estimates and projections
of key fertility indicators have been produced and regularly
updated by the Population Division of the UN Department of
Economic and Social Affairs, with the most recent iteration
being the 2022 Revision of World Population Prospects.
Assessments of fertilityat national and subnatianal levels
worldwide have also been conducted by the US Census Bureau
since the 19605, with estimates reported in the Bureau's
International Database. More recently, fertility estimates and
projections have been generated by the Wittgenstein Centre for
Demography and Global Human Capital and by the Global
Burden of Diseases, Injuries, and Risk Factors Study (GBD),

an ongoing, large-scale research enterprise that systematically
analyses worldwide data to assess global health trends. Past
estimates of fertility have been produced as part of GBD since
2017, and future forecasts based on GBD findings were first
published in 2020.

Added value of this study

Of the existing large-scale efforts to estimate worldwide trends
in fertility, only GBD analyses are compliant with the Guidelines
on Accurate and Transparent Health Estimates Reporting
(GATHER) statement. This study also incorporates several
Important innovations introduced by the GBD population
forecasting study by Voliset and colleagues in 2020 that support
forecasting accuracy assessment and provide a framework by
which to explore the impact of various policy scenarios on
fertility patterns. These methads include: basing the GBD
farecasting model on a measure of cohort fertility (completed
cohort fertility at age 50 years, CCF50) that reflects the number
of children born over time to females from a specific cohort,
which better captures long-term choices people make about
childbearing—such as delaying having children—than does the
classic period-based measure of total fertil ity rate; and
incorporating measures of female education and et need for
moderm contraceptives as covariates, which improves accuracy
and allows for modelling alternative scenarios by changing levels
of these indicators. In contrast to ather models that assume rates
in countries currently experiencing low fertility will tend to
Increase over time, or those that base their projections on expert

models are based on TFR, which is a period measure
and therefore does not account for change over time in
fertility behaviours. For example, in settings where
fertility rates in older women increase due to choices to
delay births, TER would underestimate fertility
forecasts. Reliance on TFR can also lead to short-term
fluctuations in estimated fertility forecasts that are
especially impactful in countries with low fertility
rates." Moreover, their projections forecast TFR solely

as a function W

to inform
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judgements, GBO fertility forecasting methods are grounded in
existing, real-world evidence about fertility patterns in long-
term cohorts of females and in data on related evidence-based
covariates such as education and contraception. GBD 2021 has
further improved the estimation of past, current, and future
fertility in fourimportant ways. First, an additional 147 surveys,
21 censuses, and 634 country-years of vital and sample
registration data were added for estimation of past fertility
trends. Second, smoothing parameters for estimating past
fertility trends were updated to better fit available data. Third, to
further improve specificity and accuracy of future fertility
projections, two additional covariates were included that
account for urbanicity (defined here as population density in
habitable areas) and under-5 mortality in the CCF50 model.
Fourth, we added a pro-natal alternative scenario to help policy
makers plan interventions in countries with fertility rates below
replacement level, Based on a skill metric designed to evaluate
forecasting accuracy, the model presented here performed better
across all age groups compared with a constant prediction,

Implications of all the available evidence

Our past estimates and future forecasts indicate that fertility
rates are declining everywhere and are projected to continue to
decrease over the coming century. By 2100, we estimate that
fertility rates will be beiow replacement leve! in more thar
95% of the world's countries and territories but that marked
disparities in rates will remain. Our forecasts also suggest that,
by 2100, the largest concentrations of livebirths will shift to
low-income settings, particularly a subset of countries and
territories in sub-Saharan Africa, which are among the most
wulnerable to economic and environmental challenges. Extreme
shifts in the global distribution of livebirths can be partially
ameliorated by improved female education and met need for
modern contraception, Qutside of this subset of low-income
areas, most of the world's countries will experience the
repercussions of low fertility, with ageing populations,
declining workforces, and inverted population pyramids, which
are likely to lead to profound fiscal, economic, and social
censequences. National policy makers and the global health
community must plan to address these divided sets of
demographic challenges emerging worldwide.

of alternative policy-related scenarios or other drivers of
fertility. The US Census Bureau International Database
has also provided worldwide fertility estimates and
projections, currently in 227 countries, since the 1960s,
but country-specific updates are not performed on a
regular basis." Since the 1990s, global and regiorial
fertility forecasts have also been generated by the World
Population Program of the International Institute for
Analysis,”  with country-level
re recently produced by an affiliated
enstein Centre for Demography an

Capital."* These forecasts re
’ rmcz"—“_‘P
indore Institute of Pharmacy.
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assumptions informed by expert opinions from
demographic scientists to predict future fertility
rates, !

The Global Burden of Diseases, Injuries, and Risk
Factors Study (GBD) is an ongoing, large-scale research
enterprise that characterises the state of global health by
estimating key health metrics at global, regional, and
national levels.* Beginning with the 2017 GBD cycle, past
and current fertility estimates generated as part of the

See Online for appendix 1 GBD analytic framework were published:” before that,

estimates from the UN Population Division were used as
inputs to GBD analytic processes.”” For GBD 2019, past
and current fertility estimates were reported jointly with
mortality, life expectancy, and population measures in a
publication focused on overall demographic estimates,*
and GBD-based forecasts of population and fertility
up to 2100 were reported separately by Vollset and
colleagues in 2020.° GBD fertility estimates are based on
clear data and methods applying a standardised approach,
providing publicly available code. Vollset and colleagues
addressed some of the existing issues regarding the use
of TFR in the modelling process by developing an
Institute for Health Metrics and Evaluation (IHME)
forecasting model based instead on completed cohort
fertility at age 50 years (CCF50: the average number of
children born over time to ferales from a specified birth
cohort)” to capture change over time in fertility
behaviours, which yields more stable and accurate fertility

For the GBD Sources Toolsee  estimates, Vollset and colleagues* also included covariates

hutpsi/fghde healthdata org/
gbd- 2021/ sources

2060

fepresenting  female educational attainment and
contraceptive met need (a measure of the proportion of
females of reproductive age whose need for contraception
has been met with modern contraceptive methods) to
better inform fertility estimates and facilitate exploration
of alternative future scenarios associated with
achievement of UN Sustainable Development Goals
(SDGs) related to education and contraception.

The present GBD 2021 study focuses on fertility
metrics, presenting past estimates (1950-2021) along
with forecasts up to 2100. Results were improved since
GBD 2019 and the 2020 study by Vollset and colleagues
by incorporating newly available demographic data and
through key methodological advances. This paper
provides a high-level overview of our findings. We
anticipate that the results will provide insights for policy
makers and will be used as a tool to help plan and shape
future policies to better prepare for profound changes in
global fertility,

This paper was produced as part of the GBD
« Collaborator Network and in accordance with the GBD

Protocol.”

Methods

= For éﬁ%}bsequem GBD round, newly available data

and updd : \;nethods are used to upda

analysis. As a consequence, GBD 2021 estimates
supersede all previous estimates, GBD 2021 estimated
key fertility metrics in females between ages 10 years and
54 years in 204 countries and territories grouped into
21 regions and seven super-regions. GBD regions are
made up of countries and territories that are
geographically close and epidemiologically similar."
These regions are then grouped into super-regions based
on cause of death patterns. The full GBD location
hierarchy is shown in appendix 1 (table S1). GBD 2021
drew on the expertise of more than 11000 collaborators
across more than 160 countries and territories. The
GBD 2021 fertility analysis framework produced
estimates for every year from 1950 to 2021 and forecasts
up to 2100.

The methods used to produce fertility estimates from
1950 to 2021 closely followed those of GBD 2019.»
Methods used to generate fertility forecasts to 2100 were
based on a modified and revised version of the modelling
approach used in the 2020 study by Vollset and
colleagues.* These methods have been peer-reviewed
over previous GBD rounds and as part of the peer-review
process for GBD 2021. Here we provide an overview of
the methods with an emphasis on the main changes
since GBD 2019 and the 2020 study by Vollset and
colleagues;™ a more compréhensive description of the
analytical methods for GBD 2021 is provided in
appendix 1. Additional details on specific data inputs are
accessible through the GBD Sources Tool.

Data sources and processing
We systematically searched for accurate and complete
data on livebirths reported according to the age of
mothers. In many high-income countries and territories,
these data were available from high-quality vital
registration systems, but in many lowerincome
countries, birth registries were incomplete, interrupted,
or delayed; in these instances, we instead relied on
complete and summary birth histories in censuses and
household surveys. Fertility rates from vital registration
data were calculated as observed births divided by
population estimates. Complete and summary birth
history data were collapsed from the available microdata
and sample weights applied to calculated age-specific
fertility rates (ASFRs) and number of children ever born,
respectively. A full description of data seeking and
synthesis is provided in appendix 1 (section 2.1). In total,
we compiled 58072 unique location-source-years of data
for females aged 10-54 years for the period between
1950 and 2021 (number of sources by location and by
year can be found in appendix 1 tables $3 and 54). At the
national level, we obtained 8680 unique country-source-
years of vital registration data, with an additional
29 country-source-years of data from sample registration
systems. We additionally extracted data on period ASFR,
or average numpey of children ever born from surveys
- o 3 'l fe r' :.
and censuses t ielded 73});%:1&15:& birth fn.sto ies
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879 summary birth histories, and 28 unclassified forms
of birth histories (details are in appendix 1
tables 53 and S4),

Throughout the forecasting modelling processes, we
used female education, under-5 mortality, met need for
contraceptive use, and population density in habitable
areas as covariates. Details of these covariates are
available in appendix 1 (section 31

-

Fertility from 1950 to 2021
GBD 2021 estimates of fertility metrics between
1950 and 2021 were based on a systematic synthesis of all
available data for all GBD locations. The fertility
estimation process was closely connected to parallel,
concordant modelling of population and mortality, with
population estimates used iteratively to generate inputs
to fertility estimation models and vice versa® GBD
methods are designed to account for the diversity of data
available and the different biases inherent in various data
sources, with customised data processing and data
synthesis steps implemented to account for known
biases, missing data, and heterogeneous measurement
metrics used across data sources. Estimation of fertility
rates between 1950 and 2021 for fernales ages 10-54 years
largely followed the methods used in GBD 2019, First,
ASFRs were estimated for 5-year age groups between
I5 years and 49 years only using age-specific vital
tegistration and complete birth history data. These
results were used to split allage data from vital
registration, summary birth history, and other sources
into ASFRs, and then another model was fit to estimate
ASFRs using the original age-specific ASFR data from
vital registration and complete birth history along with
these age-split data. Next, we extended these estimates to
the age groups of 10-14 years and 50-54 years using data
from these ages and adjacent age groups. Finally, ASFR
estimates were used to calculate TFR. A summary of
these methods follows, with a comprehensive description
provided in appendix 1 (section 2).

To estimate ASFRs by S5-year age groups for females
aged 1549 years, we implemented mixed-efiects
regression models using bounded logit(ASFR) as the
outcome. The 20-24-years age group was estimated first,
and these estimates were used to mode] the remaining
age groups. Both sets of models were fit separately for
the high-income, sub-Saharan Africa, and central Europe,
eastern Europe, and central Asia super-regions to account
for differences in the relationships between the ASFR of
the 20-24-years age group and that of other age groups.
ASFRs in the 20-24-years age group were modelled with
female educational attainment as a covariate and random
intercepts for each location source. Then, we separately
modelied ASFRs in the remaining age groups between
15 years and . 2.

attainment as a covariate, except in the high-income
super-region, and random intercepts for each location
source, After running these mixed-effects models, we
corrected for systematic differences across data sources
by selecting a reference source for each location and
adjusting other sources based on their discrepancy from
the reference source. Last, a spatiotemporal Gaussian
process regression (ST-GPR) was used to smooth ASFRs
across location and time, producing final point estimates
and uncertainty intervals (Uls).

First-round ASFR estimates were generated from this
modelling approach using age-specific vital registration
and complete birth history data, To split total birth data
from vital registration data, summary birth histories, and
other sources into ASFRs, we calculated the ratio of the
parity implied by each total birth data source to the parity
estimated in this first-round ASFR model. This ratio was
then multiplied by the estimated ASFRs from the first-
round model. These age-split data were incorporated into
a second round of estimation for each location using the
same modelling approach described earlier. To generate
estimates for ages 10-14 years and 50-54 years, we
estimated the ratio of ASFR to the adjacent age group
using all available data, then applied these ratios to the
second-round ASFR estimates. We used a mixed-effects
regression model to estimate location-specific ratips for
ages 10-14 years, whereas we calculated the average ratio
across all locations for ages 50-54 years. Finally, TFR was
calculated by multiplying the ASFRs from each 5-year
age group by five and summing.

Fertility forecasting
We produced forecasts of fertility using an updated
modelling framework (appendix 1 section 3) that
improved on the methods in the 2020 study by Vollset
and colleagues.! In our updated methods, we used not
only estimates of female educational attainment and
contraceptive met need as covariates, but also estimates
of under-5 mortality and population density in habitable
areas to account for a larger variation in CCF50 across all
countries in the sub-models (appendix 1 section 31,
appendix 2 figure 82). Similar to Vollset and colleagues,
we continued to forecast fertility with CCF50 rather than
TFR, because modelling in cohort space is more stable
than in period space. For this analysis, we used past
CCF50 estimates for birth cohorts from 1945 to 1972 to
forecast CCF50 up to the 2085 birth cohort of fermales,
followed by predicting ASFR for each 5-year age interval
as a proportion of CCF50. CCF50 was defined as the
average number of children born to an individual female
from an observed birth cohort (indexed by year of birth)
if she lived to the end of her reproductive lifespan (ages
15-49 years). CCF50 was forecast using an ensemble
modelling approach with three equally weighted sub-
els (with two, three, and four covariates) in which
ib-model utilised the MR-BRT (meta-regression—
. regularised. trimmed) tool.” For example, the

Soe Online for appendix 2
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2062

| infertility_treatment,” and other

four-covariate sub-model
following equation:

was represented by the

logityy ; 1) (CCF50, J=By+ spline (education, ) x B,
+ met need, x[3;
+under-S mortality, x 8,
+ population density per habitable area, %P,

L +Eg

where CCF50 is scaled from more than 0.7 to less than
10 and modelled in logit space for location () and
cohort (c), B, is an intercept, B, is a vector of the spline
coefficients of female educational attainment covariate,
B, is a slope on proportion of met need for contraception,
B, is a slope on under5 mortality, B, is a slope on
population density in habitable areas, and € is a residual
term. Further details are provided in appendix 1
(section 3.2, figure S1).

From forecast CCF50, we then derived ASFR forecasts
for the years 2022 to 2100 using a combination of a linear
mixed-effects model, spline interpolation, and an
dutoregressive integrated moving average (ARIMA)
model (1,0,0) on residuals to estimate the age pattern of
fertility for each cohort. Once ASFR values for ages
15-49 years were obtained, we inferred the ASFR values
for the 10~14-years and 50-54-years age groups based on
their ratios to the rest of the age pattern during the last
observed year (2021). Single-year age interval ASFRs
were summed over all ages to yield the TFR for each
calendar year (appendix 1 section 3.3).

We also produced fertility forecasts for four alternative
scenarios applied to all 204 countries and territories.
These scenarios explore shifting forecast values of
two known drivers of fertility (education and met need
for contraceptives) as well as a proxy pro-natal policy,
More specifically, the scenarios included were: the UN
SDG target 4.1 for education is achieved by 2030; the
contraceptive met need SDG target 3.7 is achieved
by 2030; pro-natal policies are enacted that create
supportive environments for those who give birth; and
the previous three scenarios combined (more details are
provided in appendix 1 section 3.4). For the education
SDG scenario, the forecasts assume that by 2030, all
people will have 12 years or more of education by the age
of 25 years and then maintains the same rate of change
as the reference scenario up to 2100. For the contraceptive
met need scenario, to reflect the SDG scenario of
universal access, the forecasts assumed a linear increase
in contraceptive coverage to reach 100% by 2030 and then
stay constant up to 2100.

In the pro-natal scenario, we assumed a country will
introduce pro-natal policies, such as childcare subsidies,
ded parental leave, insurance coverageexp {

assumptions on the effects of such policies. First, we
assumed the full effect of pro-natal policies will be to
increase TFR by 0-2. Second, it will take 5 years after the
policy is introduced for the full increase in TFR to occur.
and TFR will rise linearly over that time span. Last, we
assumed that both the policies and the increase in
TFR by 0-2 will endure for the remainder of the century,
For each pro-natal year, the TFR increase was distributed
propertionally among the single-year ages according to
their reference forecast ASFR values. The pro-natal
scenario parameters were drawn from previously observed
increases in TFR that coincided with pro-natal policies and
broader empirical evidence regarding effects of pro-natal
policies in low-fertility contexts. Further details on the pro-
natal scenario can be found in appendix 1 (section 3.4.3),

In the combined scenario, we applied the
aforementioned changes to the covariate forecasts
simultaneously without assigning any weights because
these covariates were already embedded in our model
and the coefficients for each covariate were calculated
based on the observed data.

GBD 2021 updates

To estimate ASFRs from 1950 to 2021, GBD 2021 added
147 surveys, 21 censuses, and 634 country-years of vital
and sample registration data compared with GBD 2019,
for a total of 1455 surveys and censuses, 8709 country-
years of vital and sample registration data, and 150 other
sources. Methods were updated for GBD 2021 by
changing the time weight in ST-GPR to use a beta density
function, in which hyperparameters were assigned based

on quality of available data sources and the number of

available datapoints. This better accounted for increased
data availability, which improved precision and produced
more plausible time trends compared with GBD 2019.
Updates to the fertility forecasting methods first
introduced in the 2020 study by Vollset and colleagues’
included the incorporation of two new covariates in the
CCF50 model—namely, under-5 mortality and population
density in habitable areas—in addition to those previously
used (ie, female educational attainment and contraceplive
met need). Furthermore, the current iteration of the
IHME model employed a linear fixed-effect model to
forecast 5-year ASFRs, which were interpolated to 1-year
estimates using an ARIMA model on the residuals to
quantify variation not explained by the covariates.

Comparison with other models

We evaluated the IHME fertility forecasting model
performance based on out-ofsample predictions during
the validation period 2007-21. We used the following skill
metric* for model evaluation and comparison (see
appendix 1 section 3.6 for more details):

RMSE(Model)
MSE(Bascline Pipgagipal
Indore Institute of Pharmacy,
INDORE (M.P))
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Global, regional, and national age-specific progress
towards the 2020 milestones of the WHO End TB Strategy:
a systematic analysis for the Global Burden of Disease Study
2021

GBO021 Tuberculosis Collaborators®

Summary

Background Global evaluations of the progress towards the WHO End TB Strategy 2020 interim milestones on
mortality (35% reduction) and incidence (20% reduction) have not been age specific. We aimed to assess global,
regional, and national-level burdens of and trends in tuberculosis and its risk factors across five separate age groups,
from 1990 to 2021, and to report on age-specific progress between 2015 and 2020,

Methods We used the Global Burden of Diseases, Injuries, and Risk Factors Study 2021 (GBD 2021) analytical
framework to compute age-specific tuberculosis mortality and incidence estimates for 204 countries and territories
(1990-2021 inclusive). We quantified tuberculosis mortality among individuals without HIV co-infection using
22603 site-years of vital registration data, 1718 site-years of verbal autopsy data, 825 site-years of sample-based vital
registration data, 680 site-years of mortality surveillance data, and 9 site-years of minimally invasive lissue sample
(MITS) diagnoses data as inputs into the Cause of Death Ensemble modelling platform. Age-specific HIV and
tuberculosis deaths were established with a population attributable fraction approach. We analysed all available
population-based data sources, including prevalence surveys, annual case notifications, tuberculin surveys, and
tuberculosis mortality, in DisMod-MR 2.1 to produce internally consistent age-specific estimates of tuberculosis
incidence, prevalence, and mortality. We also estimated age-specific tuberculosis mortality without HIV co-infection
that is attributable to the independent and combined effects of three risk factors (smoking, alcohol use, and diabetes).
As a secondary analysis, we examined the potential impact of the COVID-19 pandemic on tuberculosis mortality
without HIV co-infection by comparing expected tuberculosis deaths, modelled with trends in tuberculosis deaths
from 2015 to 2019 in vital registration data, with observed tuberculosis deaths in 2020 and 2021 for countries with
available cause-specific mortality data.

Findings We estimated 940 million (95% uncertainty interval [Ul] 5-36 lo 10-5) tuberculosis incident cases and
1.35 million (1-23 to 1/52) deaths due to tuberculosis in 2021. At the global level, the all-age tuberculosis incidence
rate declined by 6-26% (5-27 to 7-25) between 2015 and 2020 (the WHO End TB strategy evaluation period). 15 of
204 countries achieved a 20% decrease in all-age tuberculosis incidence between 2015 and 2020, eight of which were
in western sub-Saharan Africa. When stratified by age, global tuberculosis incidence rates decreased by 16-5%
(14-8 to 18- 4) in children younger than 5 years, 16-29% (142 to 17-9) in those aged 5-14 years, 6-29% (5-05 to 7-70)
in those aged 15-49 years, 5-72% (4-02 to 7-39) in those aged 50-69 years, and 8.48% (6-74 to 10-4) in those aged
70 years and older, from 2015 to 2020. Global tuberculosis deaths decreased by 11-9% (5-77 to 17-0) from 2015 to
2020. 17 countries attained a 35% reduction in deaths due to tuberculosis between 2015 and 2020, most of which were
in eastern Europe (six countries) and central Europe (four countries). There was variable progress by age: a 35-3%
(26-7 to 41.7) decrease in tuberculosis deaths in children younger than 5 years, a 29-5% (25-5 to 34-1) decrease in
those aged 5-14 years, a 15-2% (100 to 20-2) decrease in those aged 15-49 years, a 7-97% (0-472t0 14.1) decrease in
those aged 50-69 years, and a 3-29% (-5-56 to 9.07) decrease in those aged 70 years and older. Removing the
combined effects of the three attributable risk factors would have reduced the number of all-age tuberculosis deaths
from 1-39 million (1-28 to 1-54) to 1.00 million (0-703 to 1:23) in 2020, representing a 36-5% (21:5 10 54 -8) reduction
in tuberculosis deaths compared to those observed in 2015. 41 countries were included in our analysis of the impact
of the COVID-19 pandemic on tuberculosis deaths without HIV co-infection in 2020, and 20 countries were included
in the analysis for 2021. In 2020, 50 900 (95% C1 49700 to 52400) deaths were expected across all ages, compared to
an observed 45 500 deaths, corresponding to 5340 (4070 to 6920) fewer deaths; in 2021, 39600 (38 300 to 41100) deaths
ages compared to an observ 000 deaths, corresponding to 657 (=713 to 2180) fewer

ress in reducing the global burden of tuberculosis in the past decade, the

lestones qf the WHQJ/End TB Strategy in 2020. The pace of decline has been
aglults sie .'lié'sé*a‘g >50 years) having the slowest progress. As countries
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refine their national tuberculosis programmes and recalibrate for achieving the 2035 targets, they could consider
learning from the strategies of countries that achieved the 2020 milestones, as well as consider targeted interventions

to improve outcomes in older age groups.

Funding Bill & Melinda Gates Foundation.

Copyright ©@ 2024 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY

4.0 license,

-
Introduction
Despite being a preventable and largely curable disease,
tuberculosis remains a major contributor to the global
burden of disease. Tuberculosis causes more than
1 million deaths annually and was the leading cause of

Research in context

Evidence before this study
In the context of the WHO End TB Strategy, several groups have
generated estimates of tuberculosis incidence and mortality,

" including the WHO Global Tuberculosis Programme and the
Global Burden of Diseases, Injuries, and Risk Factors Study
(GBD), to monitor global and national-level progress towards
eliminating tuberculosis. 2020 marked a crucial year for
evaluating progress as the first quantitative milestones of the
End TB Strategy passed. We searched PubMed with the search
string “(*tuberculosis” OR “TB") AND (“burden” OR “estimates”)
AND {“End TB") AND ( “target™" OR "milestone™"}", with no
language restrictions, for publications from Jan 1, 2015, to
Dec 1, 2023, Our search identified seven studies presenting
population-based tuberculosis burden estimates to assess
progress towards the End TB targets for subsets of countries; of
these, only one study examined differences in progress by age,
The single study analysing progress by age used GBD 2019
tuberculosis estimates to evaluate temporal trends in
Cambodia. Additionally, the 2022 Global Tuberculosis Report
from WHO illustrated that tuberculosis deaths decreased by
only 5:9%, while the tuberculosis incidence rate dropped by
10%, between 2015 and 2021, falling well short of the targeted
milestones. However, as yet, no global, systematic, age-specific
study has been done to investigate progress towards the
2020 End TB Strateqy mortality and incidence milestones,
which outlined a 35% reduction in tuberculosis deaths and
20% reduction in the tuberculosis incidence rate between 2015
and 2020, with additional assessments of the role of key risk
factors in achieving these milestones.

Added value of this study
We comprehensively examined the burden of tuberculosis for
five separate age groups in 204 countries and territories from
1990 to 2021. We focused on examining temporal trends in
tuberculosis incidence and mortality from 2015 to 20200
assess global progress towards the End TB Strategy milestones,
with an emphasis on exploring progress by age for the
first time. We also present age-specific, risk-deleted mortality

: deaths due to tuberculosis that would

death due to a single infectious agent in 2019, Since the
early 1990s, global initiatives to address tuberculosis
have grown more prominent, resulting in declines in the
global burden of this disease.” Recent progress has been
unimpressive, however, as global annual rates of decline

factors were removed, to provide insights into the role of
addressing risk factors in achieving the End TB targets. Last,
we analysed vital registration data only (2015-21 inclusive) to
assess the potential impact of the COVID-19 pandemic on
age-specific tuberculosis mortality in countries with available
cause-specific data.

Implications of all the available evidence
Global tuberculosis control programmes could consider closely
examining the 15 countries that achieved the 2020 incidence=
milestone and the 17 countries that achieved the 2020
mortality milestone, many of which were in western
sub-Saharan Africa and eastern Europe, to better unclerstand
drivers of their marked progress. Many of these countries have
implemented innovative approaches to active case finding
while implementing social protection interventions such as
advanced tuberculasis surveillance in high-risk areas and
economic incentives for patients. We observed unequal
progress by age groups and found particularly slow progress in
reducing the tuberculosis burden in older adults (aged
>50 years), indicating that tuberculosis in this age group should
be more widely recognised and monitored to achieve WHO's
2035 End TB Strategy targets. One approach for reducing
the tuberculosis burden in older adults and achieving the 2035
End TB targets is addressing risk factors for tuberculosis. Our
assessment of risk-deleted mortality suggests that the world
would have achieved the 2020 End TB mortality milestone,
with a 36% reduction in global tuberculosis deaths and the
largest benefits in older adults, if the risk factors of smoking,
alcohol use, and diabetes were removed. Although complete
elimination of such risk factors is highly unlikely, this
assessment illustrates the magnitude of potential
improvement. Finally, our secondary analysis of countries with
complete vital registration data showed variable impacts of the
COVID-19 pandemic on tuberculosis mortality in 2020 and
2021; some countries and age groups reported fewer than
-tedﬂe;l{s.due to tuberculosis, whereas others reported
)expected, Additional data from countries
sis burden are urgently needed to
neralisability of these findings. Pr ;CIPQI
Indore Institute of Pharmacy,
INDORE (M.P.)
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See Online for appendix 1

in tuberculosis incidence over the past 10 years have
ranged between 1% and 2%." The WHO End TB Strategy
represents a renewed global resolve to accelerate progress
by aiming to reduce deaths due to tuberculosis by 95%
and cut tuberculosis incidence by 90% between 2015 and
2035, while also seeking to have zero tuberculosis-
affected househelds experiencing catastrophic financial
costs due to the disease by 2035." Rigorous evaluations of
thewtrends in the global burden of tuberculosis are
therefore crucial for assessing progress towards
achieving the End TB Strategy targets and identifying
specific drivers of marked national progress.

The year 2020 marked a crucial timepoint for
evaluating progress towards eliminating tuberculosis.
The first quantitative milestones in the End TB Strategy
called for a 35% reduction in deaths due to tuberculosis
and a 20% reduction in the tuberculosis incidence rate
by 2020." The 2022 Global Tuberculosis Report from
WHO illustrated that tuberculosis deaths decreased by
only 5.9%, while the tuberculosis incidence rate
decreased by 109, between 2015 and 2021, falling well
short of the 2020 milestones. Morcover, studies
examining global trends towards WHO targets have yet
to fully consider age-specific differences in progress.
The current evidence suggests that although the
tuberculosis burden remains substantially high in
children,™ older age groups generally have the highest
rates of tuberculosis mortality and incidence.” A report
of the Global Burden of Diseases, Injuries, and Risk
Factors Study 2019 (GBD 2019) based on data from
Cambodia also indicated that temporal trends of
reductions in the tuberculosis burden become slower
with increasing age." Several factors could explain these
marked age-related differences, including age-specific
diagnostic challenges,"" age-specific mixing patterns,”
immune senescence” and other age-related immune
dysfunctions,” and comorbidities common in older
patients masking tuberculosis symptoms.” Although
largely unexplored at the global level, age-specific
differences in risk factor prevalence might further
augment these age-related discrepancies. Identification
of age-specific progress towards the End TB Strategy
milestones, combined with assessments of the role of
key risk factors, could therefore help inform targeted
interventions to accelerate progress towards eliminating
tuberculosis.

Leveraging the GBD 2021 framework, we aimed to
examine the levels and trends in the global burden of
tuberculosis to investigate age-specific attainment of the
2020 WHO End TB Strategy mortality and incidence
milestones for 204 countries and territories. Considering
that modifiable tuberculosis risk factors, such as alcohol
g ption, smoking and diabetes. can augment

\ (PAF) approach (appendix 1 pp 14-15).

mortality were removed) to highlight the need to address
reductions in risk factor exposure as part of any holistic
response to achieving the End TB Strategy targets. Last,
we examined the potential impact of the COVID-19
pandemic on tuberculosis mortality by drawing on vital
registration data from those countries with available
data. This manuscript was produced as part of the
GBD Collaborator Network and in accordance with
the GBD Protocol.

Methods

Overview

We have previously published detailed methods of the
GBD analytical framework™" and tuberculosis burden
estimation in GBD."'" Here, we summarise the
methodology for estimating tuberculosis mortality and
morbidity, as well as key risk factors, with more detailed
descriptions of the modelling strategy provided in
appendix 1 (pp 3-26). In compliance with the Guidelines
for Accurate and Transparent Health Estimates
Reporting, input data sources and codes for each step of
the estimation process are available on the Global Health
Data Exchange.

Tuberculosis mortality

The GBD 2021 Cause of Death database contained all
available vital registration, surveillance system, and
verbal autopsy data from 1980 to 2020. Leveraging the
database, we included 22603 site-years of vital
registration data, 825 site-years of sample-based vital
registration data, 680 site-years of mortality surveillance
data, and 9 site-years of minimally nvasive tissue
sample (MITS) diagnoses data for modelling tuber.
culosis mortality among individuals without HIV co-
infection. Country-specific data sources and citations
are included in the Global Health Data Exchange. We
processed raw cause of death data to account for
completeness and differences in coding schemes, to
redistribute deaths from unspecified codes to more
specific underlying causes of death.” and to reassign
misclassified HIV deaths.

We used the Cause of Death Ensemble modelling
(CODEm) strategy to generate tuberculosis mortality
estimates in individuals without HIV co-infection by
location, year, age, and sex. CODEm is a hierarchical
modelling platform that uses an ensemble of different
modelling methods for rates or cause fractions with
varying choices of covariates (eg, smoking prevalence,
alcohol consumption, and Healthcare Access and Quality
[HAQ]| Index) that perform best with out-of-sample
predictive validity testing.” Appendix 1 (p 13) provides
example countries illustrating that final tuberculosis
mortalily estimates presented throughout this analysis
largely follow trends in input data, Finally, we established
age-specific tuberculosis deaths among ighyiduals with
HIV infection using a population attriputable fraction

1
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Tuberculosis morbidity
We simultaneously modelled age-sex-specific tuber-
culosis incidence, prevalence, and cause-specific mortality
using the DisMod-MR 2.1 (disease-model-Bayesian meta-
regression) modelling tool. DisMod-MR 2.1 is a Bayesian
disease modelling tool that leverages all available
morbidity and mortality data, the epidemiological
relationships between disease parameters, and spatial
relationships to output™internally consistent disease
burden estimates.” We provide details of case definitions,
input data sources, and data processing strategies in
appendix 1 (pp 2-3. 16-20).

Briefly, we identified all population-based tuberculosis
~revalence surveys via comprehensive reviews of the
__«erature. Similarly to previous GBD iterations, we used
a Bayesian meta-regression tool* to adjust prevalence
surveys that used smear-positive tuberculosis as the case
definition rather than bacteriologically confirmed
tuberculosis. We further recalibrated surveys that used
symptoms only as the screening method over both
symptoms and chest X-ray (appendix 1 pp 22-23). Next,
we maximised data informing DisMod-MR by predicting
age-sex-specific incidence for countries with low-quality
data ratings for cause of death data. We estimated
incidence for these countries through a mortality-to-
incidence ratio approach using countries with high-
quality data ratings on cause of death data as inputs into
a Bayesian meta-regression analysis” where the HAQ
Index* was the primary covariate. We then linked
location-specific predicted mortality-to-incidence ratios
with tuberculosis death estimates to obtain estimated
age-sex-specific incidence (appendix 1 p 20).

We subsequently modelled these data, together with age-
sex-specific case notifications for locations with high-

wulity data ratings on causes of death data,
-population-based tuberculin surveys, and estimates of
tuberculosis excess mortality rate, remission, and cause-
specific mortality rate, in DisMod-MR 2.1 to generate all-
form tuberculosis morbidity estimates that were internally
consistent. To further improve internal consistency of
modelling in DisMod, we computed all-age and both-sexes
priors of tuberculosis duration using a combination of
tuberculosis duration data from a systematic review of
studies during the pre-chemotherapy era” and the HAQ
Index. We then used DisMod's statistical triangulation
approach, using the estimated tuberculosis duration priors
and age-sex-specific tuberculosis mortality, prevalence,
and incidence data, to derive final age-sex-specific
tuberculosis duration estimates (appendix 1 pp 27-28).
Finally, we disaggregated tuberculosis incidence by HIV
status by applying the fraction of new all-form tuberculosis
cases that were HIV and:puberculosis co-infections to our

Risk factor a [RY
GBD has p -l T
risk factor §

PAFs in adults were computed within the comparative
risk assessments framework of GBD with the following
inputs: prevalence estimates for exposure to risk factors;
the relative risk of tuberculosis mortality as an outcome
of exposure to each risk factor; and the theoretical
minimum risk exposure level (TMREL), defined as the
level of exposure that would minimise risk for each
individual in a population. We computed tuberculosis
mortality attributable in adults (aged =15 years) to each
risk factor by multiplying the PAF by the number of
tuberculosis deaths for each risk-outcome pair. We
subsequently derived risk-deleted mortality rates to
quantify tuberculosis deaths that would have been
observed had the risk factors been set to their
corresponding TMRELs. The risk-deleted tuberculosis
mortality rates are therefore computed by multiplying the
observed tuberculosis mortality by one minus the PAF for
a risk factor or combination of risk factors, The objective
of the risk-deleted analysis is to illustrate the potential
magnitude of addressing tuberculosis risk factors across
countries and age groups. For this analysis, we quantified
tuberculosis PAFs for alcohol consumption,” smoking,*
and diabetes” among adults without HIV co-infection.
We provide complete details of the methods for estimation
of the tuberculosis risk factors in appendix 1 (pp 39-67).

Impact of the COVID-19 pandemic on tuberculosis
mortality

We evaluated the potential age-specific impact of the
COVID-19 pandemic on tuberculosis mortality without
HIV co-infection using vital registration data for all
countries with available cause-specific mortality data in
2020 and 2021. This secondary analysis included data
from 41 countries that reported at least ten tuberculosis
deaths in 2019 for each age group of interest, representing
four of the seven GBD superregions (appendix 2
pp 300-04), with 15 countries from the high-income
super-region, 14 in central Europe, eastern Europe, and
central Asia, ten in Latin America and the Caribbean,
and two in southeast Asia, east Asia, and Oceania that
had sufficient cause-specific mortality data. Using these
data as inputs, we fitted quasi-Poission regression
models to data from 2015 to 2019 with population size as
an offset to estimate the expected number of tuberculosis

deaths in 2020-21 for each country. The quasi-likelihood

was selected to account for overdispersion in count data.
This analysis was stratified by adults and children
combined (aged <65 years), elderlly individuals
(265 years), and all ages combined. We selected these age
groups on the basis of evidence illustrating that global
tuberculosis diagnoses during the pandemic declined
relatively more in individuals aged 65 years and older
than in those younger than 65 years.” We subsequently
Lumpated age-specific observed tuberculosis deaths to
eruberculosis deaths in 2020 and 2021 to identify

®ss tuberculosis deaths. Comparisons were

iputing the difference in observed to

Seg Undine for appendix 2
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expected tuberculosis deaths (excess tuberculosis deaths)
and the respective ratio.

Data presentation

We aggregated tuberculosis incidence and mortality
estimates by HIV status to present all-form tuberculosis
burden estimates for five age groups (<5 years, 5-14 years,
15-49 years, 50-69 years, and 270 years) throughout this
andlysis. Next, we used the GBD world population age
standard to derive age-standardised rates for all-form
tuberculosis incidence and mortality. For changes over
time, we provide annualised rates of change (ARC) as the
difference in the natural log of the incidence and
mortality rates at the start and end of the time interval
divided by the number of years in the interval. We
present tuberculosis incidence-specific and mortality-
specific ARCs for 1990-2010 and 2010-21. To evaluate
attainment of the 2020 WHO End TB interim milestones,
we derived percentage changes in all-form tuberculosis
rates and counts of both incidence and mortality from
2015 to 2020. At each modelling step described, parameter
uncertainty was incorporated by randomly drawing
500 samples from each age-sex-location-year-specific
parameter distribution and propagating this uncertainty
forward across each step of the analysis. Consistent with
the GBD framework, we computed 95% uncertainty
intervals (Uls) for all estimates based on the 2-5th and
97.5th percentiles of the final 500 draws. More detailed
tuberculosis burden results by HIV status, age, and sex
across locations and years are available in the GBD
Results Tool. Counts are rounded to three significant
figures while rates and percentages are rounded to one
decimal place, except where greater precision was needed
to differentiate between values.

Role of the funding source

The funder of the study had no role in study design, data
collection, data analysis, data interpretation, writing of
the report, or the decision to submit the manuscript for
publication.

Results
Overview
In 2021, we estimated that there were 9-40 million
(95% Ul 8-36-10-5) tuberculosis incident cases and
1-35 million (1-23-1-52) deaths due to tuberculosis
globally (table 1). HIV and tuberculosis co-infection
constituted 1.00 million (0-90-1-13; 10.7% [10.3-11-0})
of the 9-40 million all-form tuberculosis incident cases
and 205000 (158000~-248000; 15-1% [11-9-17-7]) of the
1-35 million all-form global tuberculosis deaths. The age-
standardised incidence rate for all-form tuberculosis was
02-128) per 1000{}0 populauou and the age-

age-standardised tuberculosis mortality rate decreased by
61-1% (52-6-66-3).

Age-specific tuberculosis burden

The global age distribution for the number of all-form
tuberculosis incident cases in 2021 demonstrated a drop-
off in cases after age 5 years, but a rapid spike in cases at
age 15-24 years, followed by steady decreases until age
70-74 years, after which there was a rapid drop in cases
(appendix 2 p 4). The corresponding age distribution of
tuberculosis incidence rates showed a similar pattern
until age 20-24 years, when the rate levelled off until a
rapid increase from age 5069 years, followed by a small
drop (appendix 2 p 5). In 2021, 3-8% (95% UI 3-6-4-2)
of incident cases were in those younger than 5 years,
4.7% (3-8-5.9) were in those aged 5-14 years, 54-9%
(52-4-58-9) were in those aged 15-49 years, 26-5%
(23-4-29-5) were in those aged 50-69 years, and 10-1%
(9-2-11.0) were in those aged 70 years and older (table 1).

The age distribution for tuberculosis deaths in 2021
showed a similar drop-off in deaths after age 5 years, with
numbers rapidly increasing after age 19 years before
levelling off at age 55-69 years and then sharply decreasing
(appendix 2 p 4). For the tuberculosis mortality rate
distribution, the rate dropped after age 5 years before
steadily increasing for the remaining age groups until age
80-84 years when it levelled off (appendix 2 p 5). In 2021,
4.5% (959 U1 3-5-5.0) of global tuberculosis deaths were
in children younger than 5 years, 1-5% (1-5-1-6) were in
those aged 5-14 years, 36-4% (35.7-35-9) were in those
aged 1549 years, 33-2% (32-8-33-6) were in those aged
50-69 years, and 24-5% (24-6-24-9) were in those aged
70 years and older (table 1),

In 2021, tuberculosis incidence rates were greater than
100 per 100000 population in children younger than
5 years in 34 countries, and in children aged 5-14 years in
14 countries (appendix 2 pp 6, 8, 20-85). Tuberculosis
incidence rates exceeded 500 per 100000 population in
those aged 15—49 years in nine countries, in those aged
50-69 years in 33 countries, and in those aged 70 years
and older in 50 countries (appendix 2 pp 10, 12, 14, 20-85).

In 2021, tuberculosis mortality rates exceeded 25 per
100000 population in children younger than 5 years in
20 countries, in those aged 5-14 years in one country, and
in those aged 1549 years in 37 countries (appendix 2
pp 7. 9. 11, 20-85). Among older adults, tuberculosis
mortality rates exceeded 300 per 100000 in those aged
50-69 years in eight countries and in those aged 70 years
and older in 44 countries (appendix 2 pp 13, 15, 20-85),

Our assessment of the global ARC in tuberculosis
incidence showed that children younger than 5 years and
those aged 5-14 years had the largest ARCs, decreasing
by 4-1% (95% UI 3-8-4.3) and 3.7% (3.44.0),
respectively, between 2010 and 2021, while ARCs in the
adult age groups decreased by around 2% in the same
period (table 1). Similarly, children younger than 5 years

and those 5-14 years had the largest ARCs for
: Prmcmal
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Global, regional, and national burden of disorders affecting
the nervous system, 1990-2021:a systematic analysis for
the Global Burden of Disease Study 2021

GBD 2021 Nervous System Disorders Collaborators”

Summary

Background Disorders affecting the nervous system are diverse and include neurodevelopmental disorders, late-life
neurodegeneration, and newly emergent conditions, such as cognitive impairment following COVID-19. Previous
publications from the Global Burden of Disease, Injuries, and Risk Factor Study estimated the burden ol
15 neurological conditions in 2015 and 2016, but these analyses did not include neurodevelopmental disorders, as
defined by the International Classification of Diseases (ICD)-11, or a subset of cases of congenital, neonatal, and
infectious conditions that cause neurological damage. Here, we estimate nervous system health loss caused by
37 unique conditions and their associated risk factors globally, regionally, and nationally from 1990 to 2021.

Methods We estimated mortality, prevalence, years lived with disability (YLDs), years of life lost (YLLs), and disability-
adjusted life-years (DALYs), with corresponding 95% uncertainty intervals (Uls), by age and sex in 204 countries and
territories, from 1990 to 2021, We included morbidity and deaths due to neurological conditions, for which health loss
is directly due to damage to the CNS or peripheral nervous system. We also isolated neurological health loss from
conditions for which nervous system morbidity is a consequence, but not the primary feature, including a subset of
congenital conditions (ie, chromosomal anomalies and congenital birth defects), neonatal conditions (ie, jaundice,
preterm birth, and sepsis), infectious diseases (ie, COVID-19, cystic echinococcosis, malaria, syphilis, and Zika virus
disease), and diabetic neuropathy. By conducting a sequela-level analysis of the health outcomes for these conditions,
only cases where nervous system damage occurred were included, and YLDs were recalculated to isolate the non-fatal
burden directly attributable to nervous system health loss. A comorbidity correction was used to calculate total
prevalence of all conditions that affect the nervous system combined.

Findings Globally, the 37 conditions affecting the nervous system were collectively ranked as the leading group cause
of DALYs in 2021 (443 million, 95% Ul 378-521), affecting 340 billion (3-20-3-62) individuals (431%, 40-5-45.9 of
the global population); global DALY counts attributed to these conditions increased by 18- 2% (8-7-26-7) between
1990 and 2021. Age-standardised rates of deaths per 100000 people attributed to these conditions decreased from 1990
lo 2021 by 33-6% (27-6-38-8), and age-standardised rates of DALYs attributed to these conditions decreased by
27-0% (21-5-32-4). Age-standardised prevalence was almost stable, with a change of 1:5% (0-7-2-4). The ten con-
ditions with the highest age-standardised DALYs in 2021 were stroke, neonatal encephalopathy, migraine, Alzheimer's
disease and other dementias, diabetic neuropathy, meningitis, epilepsy, neurological complications due to preterm
birth, autism spectrum disorder, and nervous system Cancer.

Interpretation As the leading cause of overall disease burden in the world, with increasing global DALY counts,
effective prevention, treatment, and rehabilitation strategies for disorders affecting the nervous system are needed.

Funding Bill & Melinda Gates Foundation.

Copyright © 2024 World Health Organization. Published by Elsevier Ltd. All rights reserved. This is an Open Access
article published under the CC BY 3.0 1GO license which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited. In any use of this article, there should be no suggestion that
WHO endorses any specific organisation, products or services. The use of the WHO logo is not permitted. This notice
should be preserved along with the article’s original URL.

cerebrovascular and  neurodegenerative diseases,
neurological infections, neurological-immunological
disorders, neuromuscular or peripheral nervous system
disorders, traumatic injuries, and cancers of the nervous
system, for brevity sumnina rised as neurological disorders
or nervous system/copditions. These disorders vary in
cause, symptoms course. Some neryous system
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Research in context

Evidence hefore this study

We searched PubMed between Jan 1, 1980, and Oct 22, 2023,
to identify studies that assessed trends in nervous system
health loss globally, with the search string (“nervaus
system”[Title] OR "neuralogical”[Title]) AND
("prevalen*"|Title/Abstract] OR “inciden**[Title/Abstract] OR
“death* [ Title/Abstract] OR*burden”[ Title/Abstract ) AND
{"global"[Title] OR “international”[ Title]). Results yielded
studies that either looked at a small subset of conditions, such
as only cancers or COVID-19, looked at single geographies, or
used Global Burden of Disease, Injuries, and Risk Factors Study
(GBD) results. Previous GBD reports on the global, regional, and
national burden of neurclogical disorders covered a period from
1990 to 2016 and were limited to 15 conditions. In 2016,
neurological disorders ranked as the leading cause of DALYs and
the second-leading cause of death. The largest contributors to
DALYs were stroke, migraine, and Alzheimer’s disease and other
dementias. Other research groups used GBD 2019 results to
quantify 18 neurological disorders or smaller geographies.
Previous analyses excluded neurodevelopmental conditions
that frequently cause lifelong disability, and neurological
complications from conditions that affect multiple body
systems, such as diabetes, syphilis, malaria, or more recently
COVID-19 and Zika virus disease.

Added value of this study
This study extends pravious evidence by including important
neurological and neurodevelopmental disorders that were

conditions cause lifelong disability, whereas others are
associated with high fatality rates; some are treatable or
preventable, whereas for others there is no cure.

Increased life expectancy is arguably one of the greatest
achievements of health systems around the world.
_rlowever, this increase has also led to increases in
age-related neurological disorders, such as Alzheimer's
disease and other dementias, stroke, and Parkinson's
disease, necessitating global health policies not only to
focus on survival but also to minimise health loss due to
disability by promoting function and independence. Not
all neurological burden is associated with population
ageing, rendering it important to quantify the overall
health loss associated with nervous system conditions
throughout the lifespan.’

In response to the growing burden of nervous system
disorders and conditions worldwide, the World Health
Assembly adopted the Intersectoral Global Action Plan on
Epilepsy and Other Newrological Disorders 2022-2031
(IGAP) in May, 2022." The action plan aims to “reduce
the stigma, impact and burden of neurological disorders,
including their associated mortality, morbidity and
disability, and to i he quality of life of people with
i .ﬂ.,g‘lrtmr carers and families".’
en of- Dise&se Injuries, and Risk
=i BD), nervous systerny disorders and

previously not considered and by adding consequences of
non-neurological conditions that affect the nervous system,
bringing the total number of included conditions to 37. This
study estimated the proportion of nervous system burden that
was potentially avertible by eliminating known risk factors for
stroke, Alzheimer's disease and other dementias, multiple
sclerosis, Parkinson's disease, encephalitis, meningitis, and
idiopathic intellectual disability but also emphasises the
scarcity of knowledge about risk factors for nervous system
conditions. ‘

Implications of all the available evidence

Until recently, the nervous system has not been a focus of
glabal public health discourse. Quantifying the global burden
associated with nervous system health loss aids policy making
and helps to lift brain health onto the public health agenda.
With the adoption of the Intersectoral Global Action Plan on
Epilepsy and Other Neurological Disorders 2022-2031 by the
World Health Assembly, the prevention, early identification,
diagnosis, treatment, and rehabilitation of disorders that affect
the nervous system have been brought inta focus. This study
provides the latest evidence to guide ongoing advocacy and
awareness efforts. Additional research on modifiable risks, and
support for adequate facilities and workforces in managing
nervous system conditions, is necassary for equity and'access to
quality care. As the leading cause of DALYs, affecting

more than 40% of the global population, nervous system
health loss should be a public health priority.

conditions are spread across many disease groupings.
The basic GBD grouping of neurological disorders
includes Alzheimer's disease and other dementias,
headaches, idiopathic epilepsy, motor neuron disease,
multiple sclerosis, Parkinson's disease, and a residual
group of other neurological disorders that includes, for
instance, muscular dystrophy and Huntington’s disease.
Using GBD 2015 and 2016 estimates, Feigin and
colleagues previously provided more comprehensive
estimates of neurological health loss than the basic
GBD grouping by also including stroke, meningitis,
encephalitis, tetanus, traumatic brain injury, spinal cord
injury, and brain and CNS cancers.' Other researchers
used GBD 2019 estimates to look at 18 neurological
disorders or specific geographies.” However, a
proportion of global neurological burden stems from
neurodevelopmental disorders, which traditionally have
been classified in GBD under mental health or neonatal
conditions, and from childhood infections. Both
infections and neurodevelopmental disorders are often
associated with lifelong disability,” Furthermore, some
penpheral neuropath:es were not previously captured

B shown by the COVID-19 pandemic,*
“réemerging infectious diseases arePrinchal

inckddsing global concern. Fo mﬂsl!lme of Pharmnc‘y.
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vector-borne viruses such as Zika virus Japanese
encephalitis virus," and West Nile virus" are increasing
their geographical spread owing to climate change and
constitute a notable global public health threat. These
infections, often targeting the nervous system directly,
cause both mortality and neurological morbidity, with
an especially high burden in low-income and middle-
income countries (LMICs)."

This Article aims to create an estimate of the burden
of disorders and conditions that affect the nervous
system using an expanded group of GBD conditions,
cause categories, and disease consequences compared
with previous analyses. This manuscript was produced
as part of the GBD Collaborator Network and in
accordance with the GBD Protocol.

Methods

Overview

GBD 2021 quantifies health loss for 371 diseases in
204 countries and territories, including measures of
prevalence, disease severity, and death that together
constitute a comprehensive assessment of disease
burden. The analysis presented here groups conditions
that affect the CNS and peripheral nervous system for
which neurological consequences can be isolated in
GBD (table 1). The conditions included here are not an
exhaustive list; we were unable to include neurological
consequences from some conditions, for example HIV
or adrenoleukodystrophy, because they could not be
explicitly estimated in GBD at this stage. However, this
analysis is the most comprehensive attempt to capture
neurological health loss to date. Broadly, and as outlined
in the IGAP, these conditions include: neurodevelop-
mental disorders;" neurological disorders (eg, stroke or
Alzheimer's disease and other dementias); and neuro-
logical consequences of other congenital, neonatal,
metabolic, or infectious diseases, Neurological
consequences captured in this analysis include
intellectual disability, cognitive impairment, motor
impairment, epilepsy, microcephaly, neuropathy, and
sensory deficits resulting from neonatal insults
(described by condition in appendix p 5). For example,
persistent cognitive symptoms and Guillain-Barré
syndrome after COVID-19 were included in the analysis,
but ongoing fatigue or respiratory symptoms due to
COVID-19 were not included. Methods that were used to
isolate nervous system health loss for conditions with
neurological and non-neurological outcomes are
described later in this section. Other neurological
disorders is a residual category (appendix pp 5-6) that
encompasses conditions that affect the CNS and
peripheral nervous system but are not explicitly
modelled as isolated diseases in GBD Dbecause of
resource constraints. The cate rbre iy includes

spinocerebellar diseases, nerve root and plexus
disorders, peripheral nerve disorders, some neuro-
muscular disorders, and muscle diseases, such as
myopathies (appendix pp 5-6, 63-64). Epilepsy estimates
exclude epilepsy cases that are captured under other
conditions to avoid double counting. A Guidelines for
Accurate and Transparent Health Estimates Reporting
checklist is included in the appendix (pp 2-5).

Prevalence estimates

GBD attempts to acquire all available population-
representative studies, large-scale surveys, censuses,
insurance claims, and hospital records that catalogue
incidence and prevalence for each condition. The
number of data sources that inform non-fatal estimates
for each condition are summarised in the appendix
(pp 6-7). For each condition, a reference case definition
and data collection method was set. Data collected with
non-reference methods were adjusted to the reference
case definition using regression analyses assessing
systematic bias. Case definitions and International
Classification of Disease (ICD) codes used in non-fatal
analyses are described in the appendix (pp 8-16).

For most conditions, Bayesian models were used to
estimate incidence and prevalence across time,
geography, age, and sex, on the basis of data and relevant
predictive covariates, Modelling details vary by condition
but generally use a Bayesian meta-regression tool called
Disease Modelling Meta-Regression (DisMed-MR) 2.1."
Details of Dismod-MR 2.1 are in the GBD 2019 capstone
appendix 1, section 4.5 of reference 9," and described in
the appendix (p 16). Predictive covariates included in
models for individual conditions and details on
geographical categories are also described in the
appendix (pp 16-18). By including remission rates in the
GBD modelling approach, we counted cases as being
prevalent only if they were still a case, and we further
accounted for transient versus progressive conditions in
the case definition (appendix pp 8-14) and assessment of
burden. Details of the modelling approach of three
conditions with episodic occurrence (ie, migraine,
tension-type headaches, and epilepsy) are in the
appendix (p 20).

This Article describes prevalence, which reflects
incidence and duration, Duration in turn is determined
by mortality and remission rates and reflects disease
severity and access to care. Total prevalence for each
condition was split into more granular categories,
termed sequelae, to capture different levels of severities
and different possible health outcomes (appendix
pp 21-48). For example, Parkinson’s disease prevalence
was proportionally split between three sequelae (ie,
mild, moderate, and severe)." For conditions that are not
purely neurological, such as COVID-19, only relevant
neurological sequelae were mc[uded FI. deta ils on
non-fatal methods for these condifSHR

shown in the apgendix [Eﬂé—{gmgumle
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Case aggregation and comorbidity corrections
The total number of prevalent cases for each individual
condition was calculated by aggregating cases for all
underlying sequelae. For wholly neurological conditions,
the aggregate of sequela-level cases equalled the total
number of cases for the overall condition. For conditions
with both non-neurological and neurological health loss,
& the aggregate number of cases for sequelae with nervous
system health loss was a~subset of the total number of
cases. For example, only a subset of all individuals with
long-term consequences of COVID-19 in 2021 had
neurological sequelae captured in GBD, such as cognitive
impairment or Guillain-Barré syndrome (details of
analysis linking Guillain-Barré syndrome as an outcome
from COVID-19 infection are shown in appendix p 62).
he total cases of cognitive impairment due to
TCOVID-19 included in this analysis equals the total
number of people who had cognitive impairment or
Guillain-Barré syndrome attributed to COVID-19, but
calculation of vears lived with disability (YLDs) excludes
any additional health loss in these individuals due lo
acute COVID-19 symptoms, fatigue, or ongoing
respiratory problems.

A comorbidity correction was used to calculate total
prevalence of all nervous system conditions and disorders
combined, assuming independent comorbidity. Without a
comorbidity correction, prevalence would be overestimated
because individual conditions or disorders would be
assumed to be non-overlapping (ie, one condition or
disorder per individual), The total number of people with
any nervous system health loss was then calculated by
multiplying by the number of people in the population:
prevalence, = 1-|(1-prevalence, ... * (1-prevalence, . .....)
*...(1-prevalence,....n))-

YLDs due to nervous system health loss
~.The YLDs measure of non-fatal burden allows for
comparison of relative health effects between disparate
diseases. Disability refers to the relative health loss
from a condition, as reflected in disability weights that
grade severity of health loss from none (ie, disability
weight of 0) to severe (ie, disability weight of 1, which is
equivalent to death).” YLDs account for both prevalence
and severity of health loss by multiplying sequela
prevalence by a sequela-specific disability weight. For
example, although tension-type headaches are highly
prevalent, the associated disability weight is relatively
low compared with those of many other neurological
conditions, which is reflected in the final YLD values.
As another exanmple, the disability weight for mild
multiple sclerosis is 0-183, and that for severe multiple
sclemsts is 0-719 (a descrlpnon of multlple sclerosis

between
with a brief

Included InGBD 2016 Mortality
analysis by Feiginand  included in this
colleagues' analysis

Alzheimer’s disease and other dementias Yes Yeos i

Attention deficit hyperactivity disorder No No !

Autism spectrum disorder No No |

Cerebral malana No No

Cognitive impairment or Guillain-Barré syndrome due to No No

CoviD-19

Congenital and adult neurosyphilis No No

Diabetic neuropathy No No

Encephalitis Yes Yos

Epilepsy Yes (idiopathic) Yes

Epilepsy due to cystic echinococcos:s No No

Fetal alcohol syndrome No No

Guillain-Barré syndrome No Yo5*

Idiopathic intellectual disability No No

Meningitis Yos Wies |

Migraine Yes Na |

Motor neuran disease Yes Yes |

Multiple sclerosis Yes Yes i

Neonatal encephalopathy No Yes

Nervous system cancer {ie, CNS cancers, neuroblastoma, and  Yes (CNS) Yes

other peripheral nervous cell tumours; indudes paediatric

and adult primary cases, and excludes metastases)

Newral tube defects No' . Yos

Neurocysticetcosis No Yes

Neurological complications due to congenital birth defects No No

Neurological complications dueto congenital Zika syndrome  No No |

Neurological complications due to Down syndrome No No |

Neurological complications due to Klinefelter syndrome Ne No i

Neurological complications due ta neonatal jaundice No Na |

Neurslogical complications due to neonatal sepsis No No

Neurological complications due to other chromosomal No No i

anomalies (excluding Down syndrome, Klinefelter syndrome, |

and Turner syndrome) |

Neurological compl duetop birth No No

Other nevrological disorders (including degenerative Yos Yes

diseases, disorders of the autonomic nervous system, same

movement disorders, spinocerebellar diseases, nerve root and

plexus disorders, peripheral nerve disordeérs, nedromuscular

disorders, and some muscle diseases such as myopathies;

appendix pp 5-6)

Parkinson's disease Yes Yes

Rabwes No Yes

Spinal cord injury Yes No .

Stroke (ie, ischagmic stroke, subarachnoid haemorrhage, and  Yes Yes

intracerehral haemorrhage)

Tension-type headache Yes No

Tetanus i You

Traumatic brain injury Yes No

' neurclogical discrders

| Tﬂbhl.tmdlﬁnmlnduded In our inllﬁiu! mwssyst health loss

| *Guillain-Barré syndrome deaths not ascribed to an underlylng cause are captured in the category of other
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lay description of health states included in GBD. Disability
weights and lay descriptions for all health states included
in this analysis are described in the appendix (pp 49-61).
To account for the fact that individuals can have more than
one condition, we did a simulation to produce adjusted
disability weights on the basis of the observed combi-
nations of comorbidities generated by the simulation,

For sequelae that include both neurological and non-
newsological health loss, YLDs were recalculated to isolate
the non-fatal burden attributable to nervous system health
loss. For example, sequelae of Down syndrome include
severe intellectual disability with congenital heart disease
due to Down syndrome (sequela 1) and severe intellectual
disability due to Down syndrome (sequela 2), To isolate the
neurological component of sequela 1, the adjusted
disability weight generated from the comorbidity
simulation for sequela 2 was used to recalculate YLDs by
multiplying the prevalence of sequela 1 by the adjusted
disability weight for sequela 2. This method was used to
calculate YLDs for all sequelae with combined neurological
and non-neurological health loss to isolate the burden due
to nervous system health loss.

Calculating deaths and years of life lost

Deaths were estimated for 15 neurological conditions
(table 1). An overview of data and modelling methods is
shown in the appendix (pp 62-66). Total sources included
for each individual condition are in the appendix
(pp 62-63); ICD-9 and 1CD-10 mapping for each condition
and predictive covariates included in models are in the
appendix (pp 63-66).

Causes of death in GBD are mutually exclusive and
collectively exhaustive, meaning a given individual is
assignied only one underlying cause of death and the sum
of all disease-specific deaths adds up to total deaths for a
given year. Years of life lost (YLLs) were calculated for each
condition by multiplying deaths and remaining standard
life expectancy.” This measure captures premature death,
meaning that a death at a young age, for example from
neonatal encephalopathy, leads to more YLLs than a death
at older ages, such as from Alzheimer's disease and other
dementias. Disability-adjusted life-years (DALYs) were
calculated as the sum of YLDs and YLLs by year, age, sex,
and location, and represent the combined non-fatal and
fatal burden of each condition. For conditions where we
did not ascribe deaths (eg, headaches or conditions such
as preterm birth where we included only long-term
neurological outcomes), DALYs are equal to YLDs.

Percentage of deaths and DALYs that occurred in LMICs
were calculated using World Bank income levels, which
are based on gross national income per capita.

DALYs was quantified for eight conditions: stroke,
Alzheimer's disease and other dementias, multiple
sclerosis, Parkinson's disease, idiopathic epilepsy.
meningitis, encephalitis, and idiopathic intellectual
disability. We did not include conditions that are not
wholly neurological, for examples diabetes, as we could
not ascribe risk contribution specific to neurological
health states. The number of risk factors assessed in GBD
2021 varies by condition on the basis of evidence of
association and available data. Exposure to a given risk
was estimated for each location, age, sex, and year using
regression modelling, and relative risk curves were
computed by pooling data from studies assessing a given
risk~outcome pair, such as intervention, cohort, and
case—control studies. For each risk—outcome pair, risk
exposure and relative risk analyses were used to calculate
population attributable fraction. Attributable DALYs were
then calculated, defined as the expected decrease in
disease burden if risk exposure had equalled the
theoretical minimum risk exposure level. Total
attributable burden across all risks for a given outcome
accounted for mediation effects but not potential
synergistic effects.

Mean estimate, uncertainty, and percentage change
calculation

Estimates were calculated 500 times by sampling the
posterior distribution of the estimate (termed draws) at
each step in the madelling process, and all calculations
were performed by draw. Mean estimates for each year,
age, sex, and location were taken from the distribution of
100 estimates, and 95% uncertainty intervals (Ul) were
taken as the 12-5th and 487.5th ordered draws. Age-
standardised estimates were calculated using standard
GBD population age weights." Percentage change
between 1990 and 2021 was calculated by subtracting
1990 estimates from 2021 estimates and dividing the
difference by 1990 estimates.

Role of the funding source

The funder of the study had no role in the study design,
data collection, data analysis. data interpretation, or
writing of the report.

Results

Overview

An estimated 3.40 Dbillion (95% Ul 3.20-3-62)
individuals had a condition affecting the nervous system
in 2021, corresponding to 43 -1% (40 5-45-9) of the world
population (table 2). These conditions caused
1.1 million (9.75-13-8) deaths and contributed to
168 million (114-243) YLDs and 275 million (247-3106)
YLLs. With a total of 443 million (378-521) DALYs, this
expanded nervous system category was the top-ranked
contributor to global DALYs and YlLs in GBD 2021,
followed by cardiovascular diseases (excluding stroke;

unpublished esfimates, GBD Zﬂmﬁaﬁﬂand Injuries
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Collaborators). The grouping of 15 conditions or
disorders published in previous analyses’ contributed
313 million (260-379) DALYs, or 70-5% (66-9-74-6) of
the total neurological DALYs reported here for 2021
Newly added neurological conditions contributed
2+14 million (1:53-2-82) DALYs, or 0:5% (0-4-0:6) of
total neurological DALYs: neurodevelopmental and
paediatric  conditions  contributed 80-3  million
(69-6-92-5) DALYs, or 48-29% (15-3-21-2); and other
conditions that incude neurological health loss
contributed 48-1 million (34.1-64-8) DALYs, or 10-8%
(8:1-13.6) of total neurological DALYs. The percentage
contribution of original and newly added groups of
conditions to total DALYs is shown in the appendix (p 67).
The onginal category of 15 conditions would have still
ren the top-ranked contributor to global DALYs in GBD
72021 even without the addition of new conditions. The
expanded category was also the first-ranked contributor
to global YLDs, followed by musculoskeletal disorders
(unpublished estimates, GBD 2021 Diseases and Injuries
Collaborators).

For total nervous system health loss, global DALY
counts increased by 18-2% (95% Ul 8:7 to 26-7), from
375 million (339-419) DALYs in 1990 to 443 million
(378-521) DALYs in 2021 (table 2). By contrast, age-
standardised DALY rates decreased by 27.-0%
(21-5 to 32-4), from 7712-5 (6965-3 to 8626:0)
per 100000 people in 1990 to 5637-6 (48297 to 6587-9)
per 100000 people in 2021. Global YLLs remained almost
constant, with a change of -3:1% (-11:8 to 7-7)
from 284 million (268 to 302) YLLs in 1990 to 275 million
(247 to 316) in 2021. By contrast, age-standardised
YLL rates decreased 39-0% (33-2 to 44-3), from 58533
(55259 to 6272-7) per 100000 people in 1990 to 35733
(3190+9 to 4134-3) per 100000 people in 2021. Global YLDs
‘ncreased 85-6% (75-8 to 98-0), from 91:0 million
386 to 134) YLDs in 1990 to 168 million (114 to 243)
in 2021, Age-standardised YLDs rates increased by 11-2%
(7-2 to 16-3), from 1859.4 (12177 to 2701.4)
per 100000 people in 1990 to 20641 (1390-0 to 2983-1)
per 100000 people in 2021 (table 2; appendix pp 68-69).

Regionally, age-standardised DALY rates were highest
in western sub-Saharan Africa (8190-6 [95% Ul
6986-0-9548-9] per 100000 people) and central sub-
Saharan Africa (7967 - 56665 -8-9546 - 6] per 100000 people)
and lowest in Australasia (2882-6 [2253-6-3717-3|
per 100000 people) and high-income Asia Pacific (29846
[2359-4-3768 2] per 100000 people; appendix pp 70-78),
with large differences observed for children younger than
5 years. For example, DALY rates for children younger
than 5 years were approximately 18-fold higher in western
sub-Saharan Africa (29334.5 [23721-8-35170.5]) than in
Australasia (16041 [1405-5-1846 - 4]), driven by conditions
including neoasss ephalopathy. meningitis, and

' ; s were similar between
{1 in east Asia of 1698-
e to a maximum in th

Caribbean of 2327-5 (1571-2-3295-6) per 100000 people.
Age-standardised YLLs had greater regional vanation,
ranging from a minimum in Australasia of 1098.9
(910-3-1456-4) to a maximum in western sub-Saharan
Africa of 6163-8 (5131.0-7314-G; appendix pp 70-79).
Using World Bank income levels, 81-9%
(77-5-84-9; 9-10 million of 111 million) of deaths and
84.7% (83-1-863; 375 million of 443 million) of DALYs
attributable to neurological conditions were in LMICs.

The ten conditions that accounted for the greatest
nervous systern DALYs in 2021 were stroke, neonatal
encephalopathy, migraine, Alzheimer’s disease and other
dementias, diabetic neuropathy, meningitis, epilepsy.
neurological complications due to preterm birth, autism
spectrum disorder, and nervous system cancer, with
stroke being the greatest contributor globally and
in 19 of 21 GBD regions (table 2; figure 1). Notably, four
of the top ten conditions were not included in our
previous analyses of neurological burden: neonatal
encephalopathy, diabetic neuropathy, neurological comp-
lications due to preterm birth, and autism spectrum
disorder, which emphasises the effects of early life and
childhood conditions on total nervous system health
loss and the under-recognised effects on the peripheral
nervous system.

Regional rankings across conditions were mostly
consistent (figure 1). Exceptions included regional
variation for meningitis (regional ranking range:
third to 22nd), tetanus (range: 11th to 35th), multiple
sclerosis (range: 15th to 31st), and motor neuron disease
(range: 15th to 34th). Some infectious disease rankings
reflected their regional pathogen endemicity (eg, cerebral
malaria, neurocysticercosis, and neurological compli-
cations due to congenital Zika syndrome).

For children younger than 5 years. the three leading
causes of DALYs globally were neonatal encephalopathy
(8316-7 [95% Ul 7072-6-9991-8] per 100000 people),
meningitis (1234:9 [869-5-1741.7] per 100000 people),
and neural tube defects (722-6 [580-8-899.4]
per 100000 people). For older children and adolescents
aged 5-19 years, the three leading causes of DALYs were
migraine (380-0 (24:7-946-6] per 100000 people),
neurological complications due to preterm birth (2343
[168-4-305+2] per 100000 people), and epilepsy (185-1

[137-0-261-7) per 100000 people). For adults aged

20-59 years, the leading causes were stroke (1126:1
[1035:5-1218-4] per 100000 people), migraine (750:8
[117-3-1617 - 8] per 100000 people), and diabetic neuro-
pathy (2605 [171-9-387 6] per 100000 people), and for
adults aged 60-79 years, the leading causes were
stroke (8490.9 [7827-5-9108-6] per 100000 people),
Alzheimer's disease and other dementias (1504.2
[746-6-3345-6] per 100000 people), and diabetic
1397-3 (911-8-1930-8] per 100000 people).
ed 80 years and older, the leading
stroke  (20336-1 [17762.6-22137-4]

le), Alzheimer's disease and ';#ﬁﬁ i
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Counts (thousands) ‘Age-standardised rate (per 100 000 people) |
2021 Percentage change, 2021 Percentage change, Females Males Fermale-to-male
1990-2021 1990-2021 ratio”
All neurological conditions
DALYs 443000 1B.2% 56376 -7 0% 51858 61010 085
(378000 to 521000) (B710267) (4829710 65879)  (3241w-215) (428121062629) (53202t 69827) (07B100:93)
YLDs 168000 85 6% 20641 11-2% 20782 20416 101
{114 0rto 243 000) (75810 98.0) (1390010 2983-1) (7:21016:3) (1301310 3133.1) (1439 2102832.7) (0-8810 1-14)
YiLs 275000 -3:1% 35733 -390% 31074 40572 o
(247000 to 316000) (<118t 77} (31909 to 4134.3) (~44 3110-332) (2755110 3604 8) (3574 410 4576 6) {07100 B4)
| Prevlence 3400000 58.8% 412041 15% 434585 389490 112
{3200000103620000] (56-3t0615) (38654310 438699) (07t024) (40796 2t0460787) (36503410416047) (110to114)
| Deaths 11100 41.2% 1390 -336% 1250 154-6 0:81
| {97500 13800) (28-11058.8) (121310173 3) {-38810-276) (1051101612) (136010 186/7) (073 100.50)
! ‘zhelmer's disease and otherdementias
|~urnALys 36300 168 7% 4509 7% 5048 3724 137
(1720010 77 400) (156310 179-9) (212910956 8) (-28t051) (241510 1062.7) (170 810 B06 4) (12610146)
YLDs 11600 1627% 1419 26% 1619 1144 142
‘ (796010 15300) (157-010 168:0) (977 10 187.2) {111036) (110710 214.8) (78510 151:2) (133101 49)
Yils 24700 173-4% 3089 14% 3429 2580 136
(637010 65 700) (153-210192°5) (78910 7890} {~4-11074) (Bg2t08720) (62810 674.5) (12210147}
Prevalence 56900 160-8% 6940 32% 7699 5895 131
(4940010 65000) (156110165 9) (6029 ta 7941) (17tod2) (670710 B77.6) (5076t06788) ° (12B10136)
Deaths 1950 198.3% 2532 15% 9 207 138
{503 to 5080) (175-2t0 221.8) (671064 4) (-40t071) (7510 701) (5210551) (124 to 1.49)
| YLDs 1030 187% 135 -9.6% 77 1907 040
| (572 t0 1670} (14810 228) (74 to 21.9) {<1191t0-7.3) (421012.7) (10410 307) (03810 043)
| Prevalence 84800 18 8% 11089 -§.7% 6360 15617 041
163400 to 117 000) (14910 232) (828:7161536.2) (-118t0-7.4) (4679 to 879.0) (11725102151 7) (03910 0.43) |
~ Autism spectrum disorder :
YLDs 11500 46.7% 1476 21% 945 1998 047
(784010 16300) {445t0 485) (100-210-208'1) (0610 34) (646101331) (136 310.281.7) (0-46 10 0-49) |
Preevalence 61800 47.5% 7883 20% 5081 10647 048 '
(52 1001072 700) (4511049 4) (663 810 927:2) (0410 31) (424610 604 3) (898510 12457) (D46 o 0:50)
YLDs 407 109-1% 53 53 6% 56 50 112
\ (296 to514) (98-6 10 120 1) (391t067) {45 610615) {411071) (36t063) (1:08t0 116)
Prevalence 996 122:3% 129 63 0% 118 121 114
{82310 1070) (1164101281 (12010 13.9) (58-7ta 67 4) (12710 14.9) (112t0131) {1131t01:15)
Congenital birth defectst |
YLDs 1450 53.4% 187 Bow 159 214 074 !
(676 10 2750) (483to 58.4) (B810354) (550 124) (74t0304) (102 to 399) (069 to 0-B0) [
| - Provalence 13900 56-0% 1802 11:4% 1570 2030 037 |
{7980 1o 21600) (51:6to 60.4) (104 5t02787) (861014 5) (90-4tc 243 6) (118010 315.0) (073 t00'81) !
Congenital Zika syndromet :
YLDs 0100 100:0% 00 1000% 00 00 097
{0-100 to 0-100) (100-0to 100.0} (00t 0.0) (100.0 10 100-0) (000 0-0) (0-0ts0.0) (09312 1.02)
Prevalence 0100 100-0% 00 100-0% 00 00 0-97
! (0100 1o 0.200) {100.0to 100.0) (00t00.0) (100010 100:0) (D0t 0Q) (001000} (097t0097)
| covipagt
I ¥LDs « 2480 100% 264 100 0% 69 197 184
| (872 107950) (10010100} (11101011) (100010 100:0)  (10101228) (D910 750) (097103 35)
|/ Prevalence 23400 100% 2885 100-0% 3709 2057 187
| {100 to 100} (50-5 10 B99-2) (100:010 100 0) 64-310:1175.0) (35810608.9) 132102:61)
| Cystic
[ YLDs 01 -24 7% 01 01 1
| {00to01) (-377t0-92) (00te 01) (00te01) (114401 27) !
: {Ta £t page)
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2011 Percentage change, 021 Percentage change, Females Males Female-to-male
19502021 1990-2021 ratio
(Continued from previous page)
Prevalente 151 45 2% 02 -10.7% 02 b2 21
{1151019.3) (27.910602) (01to02) (-1910-2.0) @21003) 011002) (11410127}
Diabetic neuropathy
YLDs g;uo 3091% 6940 91.9% 7699 5895 0162
(18000t 37400) (296-2t0 320-4) (602910 794 1) (86-31t0973) (6707 ta 8776} (507.5ta 678.8) (089t 0/54)
Provalence 206000 1N05% 1019 922% 2897 1159 045
(171000 to 249 000) (297-4 10 322.3) (207010 429:4) (B6:4t0977) (198410410 9) (216:4 10 449 9) (09210 0.97)
Down syndromet
YLDs 135 -45% 18 24 2% 17 19 043
(8981t0194) (-<118to30) (1210 2:6) (<297t0-183) (1-21025) (121027) (092 to 0-95)
Prevalence 1490 “54% 200 -24.6% 193 207 093
(1240 to 1780) (-1261t0 2:3) (167t024.0) (-30-210-186) (16:1t022.9) (17:2t0 25.0) (091 o 0/94)
Encephalitis
DALYs 4950 -178% 674 =35 7% 672 677 1m
(4150 t0 §700) (-334t040) (557 1078-3) (-47810-19.0) {584t 78 2) (50610 835) (076t01.26)
YLDS 497 50% 62 ~29-9% 61 63 096
(354 to 658) (0010 10:5) (441082) (~33210-266) 431081) (45t084) {0:93t01.00)
Yils 4460 -197% 612 -362% 612 614 10t
(368010 5280) (-36-410 4.6) (49910 72.9) {(-491t0-179) (51810711 (44210 762) (074t0131)
Prevalence 4640 0-7% 573 ~356% 47 599 091
(3250 to 6000) (-30t053) (40-2t073.9) (-382to-3.02) (387t070.3) (417 to 777) (09010 0.93)
Deaths 920 8% 12 -161% 12 12 098
(79010108) (-B910364) (10to14) (-38010-83) {1010 14) {091t015) {06910127)
. =
Epilepsy 3
DALYs 14400 215% 1839 -146% 1604 2072 077
(11000 to 18500) (7710 387) (141.010237.2) (-2461t0-39) (118 3to 2122) (161910 262 2) (067 to 0-86)
YLbs 7760 156% 489 -71% 944 1036 091
(4660 to 11 800) (711067 6) {59810 149 8) (-25810137) {57010142.9) (62-4 10 157.5) (0:89t00:94)
Yils 6610 107w 850 -216% bbo 1036 064
(545010 7340) (~-06t024.4) (707 t0 95.0) (-29616-125) (4761076 6) (842101172 (045100 78)
Prevalence 24400 57-4% 3089 B2% 2946 3238 091
(1860010 30800) (306108586) (236-2t0 3901) (<10510.241) (2246t03737) (249010 406.4) (08910 0:83)
Deaths 140 342% 17 ~157% 14 21 0h4
(1160 153) (2331045 8) (15101.9) (~42:510-B:8) (101015) {1810 24) (0-46 ta 0 76)
YLDs 236 24.0% 03 =111% 03 o3 091
(13B1037:0) (14810321) (0:2t005) (-17-4 to-54) (021005) (021005) (0-84 10 0-.99)
Prevalence 517 337% 67 -4 7% 62 71 088
(374 to 677) [2B41037.9) (49108.8) (-8210-18) (470 80) (5110 8:5) {0-8410099)
Guillain-Barré syndrome
YLD 490 71:3% 06 7% 06 07 086
(31610725) (614t081.9) (04 to09) (33t082) (041008) (0-41010) (084 t0089)
Provalence 166 713% 20 S57% 19 2 086
(134 10 201) (61:41081.9) (17te25) (331082) {151023) (18t027) {0-84t00BY)
Idiopathic intellectual disability
YLOs 3810 16 3% 499 -13:6% 514 483 1.08
(1760 to 6520) (1051022 3) (23210854} (=180 w0 -84) (25510 85 6) (2081084 7) (10010120}
Prevalence #8300 10 2% 11572 -18.0% 1204 4 11105 110
(47100 10 129 0600) (5710137) (620910 16881) {~21110-157) (688 7to 1708 4) (554510 1867 2) (102101 24)
Klinefelter syndromet
YLDs 300 30-5% o0 27% NA o0 NA
(150t05-80) (24110373} (0010 0-0) (~171667) {00t 01)
Prevalence 30 30 2% 31 2% NA 61 NA
(257 ta 34.6) (21to4-3) (1-31042) (42084)
(Tab on next page)
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[ Counts (thousands) Age-standardised rate (per 100000 people)
: 2021 Percentage change,- 2021 Percentage change, Females Males Female-to-male
| 1990-2021 1990-2021 ratio .
| (Continued fram previous page) |
| Meningitis
DALY 14500 -56:0% 2085 =621 1933 2230 087
(11500 to 18 700) (~63610-455) (163 610 270 B) (-68-9 to -52/8) (155110 2450) (1677 10 302-2) (069 10 103)
| YLDs EE] -313% 78 51 7% 76 79 097
| (4250 791) (~343t0-280) (551010:2) (<538 to -49 4) (54 to 10.0) (5b10104) (095 to 1-00)
' ¥ils 135900 56 7% 2007 ~-625% 1857 2151 087
| (1100018 18000) (-64-210-458) (156510 2625) [-69 3t0-52.9) (146910 236.1) (160010 294-1) (06810 103)
f Prevatence 7270 -355% 523 568 Bis 961 0492
(5930 10 9070) (-38:210-32.7) (75210114 8) (-58-6 10 ~55 1) (725101097) (78210 1200) (09110 0-93)
Deaths 24 -49.0% 29 -602% 27 32 087
(177 to 266) (-56:610-38:2) (24103 7) (~66-310~51.7) (22t034) 251041} (07010 D:5%)
\—f‘wm
YLDs 43400 58.9% 5327 06 6028 4039 162
(6740 10 95100) (53 7t 660) (807101167 8) (<4010 2:6) (938101450 9) (67510 B72.6) (13910179}
Prevalence 1160000 58 2% 142465 16% 17902:6 106242 169
(996000t01330000) (54410 62.6) (12194110 163787) (0-31026) (15446010 20487.0) (903951012257 3) (16510 1.74)
Motor neuron disease
DALYs 1040 105 8% 122 85y 101 144 070
(962't0 1120) (87-1t01259) (11210132) (<060 186) (93111} {130t 157) (06210 077}
YiDs 579 68.4% 07 -14% 06 08 083
(407 to 78.0) (61610 759) {05101.0) (<34100.7) 10410 04) (05101.0) (0-81t00-86)
¥ils 983 108:6% 15 g.2% 94 137 069
(903 o 1070) (B8.710130.2) (105 t0 12-4) {-0510 200) (8 7t0105) (12:210 150) (061100 77)
Prevalence 273 68 6% 33 -13% 30 36 083
[23610314) (61-81t0762) (29t038) -33t009) {26t035) (321042) (08110 0-85)
| Deaths 391 156:2% 05 199% 04 05 069
(356t542.4) (136.010178:6) {040 05) (109t0301) (03t004) (050 06) (06210 0.77)
Multiple sclerosis
DALYs 973 69.5% 114 ~11.0% 145 81 180
. (836101130) (63510 75 6) (9710132) (-1410-80) {1241016.9) (701095) (17210 1.87)
| vips 484 B65% 57 -04% 75 19 193
(34410 631) (789 t0 94 5) (40t 74) (-35ta31) {531097) (271051) (186t0200)
YiLs 490 557% 57 ~19-5% 71 42 168
(46510 513) (47310 63.9) (54 to60) (-23:510-15:1) (67t 76) (401045) (154 to 1.80)
T 1890 88-1% 22 -03% 293 147 135
(168010 2110) (B0-B 10 95%) (15810 24 8) (-36t033) (262t0327) (13.0t0 16 6) (194 to 2.05)
| Deaths 163 791% 02 -127% 02 01 159
(15310 17-0) (692 to BB-6) (02t00:2) -17-410-83) 02t002) {(01t002) {14610 1-70)
' Neonatal encephalopathy
| DalYs 58600 -275% 9321 2654 7952 10602 075
| {50100 to 69 DDO) (-39.5t0-145) {797:5 10 1100.7) (=389 10-13.0) (6751109423 (8897 to 1258-1) (067 10 0-87)
| YLDs 4280 1891% 5512 107 0% 453 647 070
(3100 10 5590} {61.5 10 348.9) (38 510721) (162 02204) (32510595) (46710843) (06810072
YiLs 54300 -31 5% 8769 -29.2% 7499 9956 076
(46000 to 64 500) (-43.910-179) (743 6to 1056 6) (-42-010-153) {627 710 8950} (8247101193 6) (06710 0-88)
Prevalence 18600 175:2% 2381 912% 1884 2866 0-66
[ (1610010 21 100) {949 to 246.8) {206 310 2697) (37210 1358) {1635t02133) (248710 325.4) (06510 0:67)
| Deaths 604 =31:5% 97 -29-1% 83 1 076
‘ (511t 722) (~44/:010~17.9) {83t011.7) (-42.010-153) {7.0ta 10.0) (921013 3) (06710 0.88)
| Neonatal jaundicet
YiDs 718 B0.0% 93 5% 95 92 103
(517 10 917) (6981090 3) (6710119) (24310390) 16-81012.1) (661011 8) (10110 1.65)
Prevalence 1027% 255 488% 256 254 1m
(95-8 )0 109.0) (23 410282) (235t028:2) (23-3t0 28.1) {10010 1-02)
|  f (Table: on next page)
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P —
| ‘Counts (thousands) Age-standardised rate (per 100 000 people)
2021 Percentage change, w01 Percentage change, Females Males Female-to-male
1990-2021 1990-2021 ratio
{Continued from previous page)
Neonatal sepsist
YLDs 2490 1365% 323 704% 270 73 o072
(157010 3550) (323to322:0) (2031046:5) (-45102031) (171t038.7) (235t054.0) (071 to 0:74)
. Prevalence 7100 153 8% 921 833% 752 1083 069
lSlzﬁtu 9260) (515103326) (66810 1201) (9-5ta 212.0) (5471087:7) (78 3to141-4) (068 t0070)
Nervous system cancer
DALYs 9200 50-2% 1118 -B9% 968 1275 o077
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Summary

Background Regular, detailed reporting on population health by underlying cause of death is fundamental for public
health decision making. Cause-specific estimates of mortality and the subsequent effects on life expectancy worldwide
are valuable metrics to gauge progress in reducing mortality rates. These estimates are particularly important
following large-scale mortality spikes, such as the COVID-19 pandemic. When systematically analysed, mortality
rates and life expectancy allow comparisons of the consequences of causes of death globally and over time, providing
a nuanced understanding of the effect of these causes on global populations.

Methods The Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2021 cause-of-death analysis estimated
mortality and years of life lost (YLLs) from 288 causes of death by age-sex-location-year in 204 countries and territories
and 811 subnational locations for each year from 1990 until 2021. The analysis used 56604 data sources, including data
from vital registration and verbal autopsy as well as surveys, censuses, surveillance systems, and cancer registries, among
others. As with previous GBD rounds, cause-specific death rates for most causes were estimated using the Cause of
Death Ensemble model—a modelling tool developed for GBD to assess the out-of-sample predictive validity of different
slatislical models and covariate permutations and combine these results to produce causespecific n:artiity estimates—
with alternative strategies adapted to model causes with insufficient data, substantial changes in veporting over \i¢ study
perind, or nnusual epidemiology. YLLs were computed as the product of the number of death< fiur ~uch cauze se-sex

"o ation-year and the siandard life expectancy at each age. As part of the modelling process, uncertaiity intervals (Uls)
were generated using the 2-5th and 97- 5th percentiles from a 1000-draw distribution for each metric. We decomposed
life expcctancy by cause of death, location, and year to show cause-specific effects on life expectancy from 1990 to 2021,
We also used the coefficient of variation and the fraction of population affected by 90% of deaths to highlight
concentrations of mortality. Findings are reported in counts and age-standardised rates. Methodological improvements
for cause-of-death estimates in GBD 2021 include the expansion of under-5-years age group to include four new age
groups, enhanced methods to account for stochastic variation of sparse data, and the inclusion of COVID-19 and other
pandemic-related mortality—which includes excess mortality associated with the pandemic, excluding COVID-19, lower
respiratory infections, measles, malaria, and pertussis. For this analysis, 199 new country-years of vital registration cause-
of-death data, 5 country-years of surveillance data, 21 country-years of verbal autopsy data, and 94 country-years of other
data types were added to those used in previous GBD rounds.

Findings The leading causes of age-standardised deaths globally were the same in 2019 as they were in 1990; in descending
order, these were ischaemic heart disease, stroke, chronic obstructive pulmonary disease, and lower respiratory
infections. In 2021, however, COVID-19 replaced stroke as the second-leading age-standardised cause of death, with
94-0 deaths (95% Ul 89-2-100-0) per 100000 population. The COVID-19 pandemic shifted the rankings of the leading
five causes, lowering stroke to the third-leading and chronic obstructive pulmonary disease to the fourth-leading position.
In 2021, the highest age-standardised death rates from COVID-19 occurred in sub-Saharan Africa (271-0 deaths
[250-1-290-7] per 100000 population) and Latin America and the Caribbean (195-4 deaths [182.1-211-4] per
100000 population). The lowest age-standardised death rates from COVID-19 were in the high-income super-region
(481 deaths [47 - 448 - 8] per 100000 population) and southeast Asia, east Asia, and Oceania (23- 2 deaths [16-3-37 . 2] per
100000 population). Globally, life expectancy steadily improved between 1990 and 2019 for 18 of the 22 investigated
causes. Decomposition of global and regional life expectancy showed the positive effect that reductions in deaths from
enteric infections, lower respiratory infections, stroke, and neonatal deaths, among others have contributed to improved
survival over the study period. However, a net reduction of 1.6 years occurred in global life expectancy between 2019 and
2021, primarily due to increased death rates from COVID-19 and other pandemic-related mortality. Life expectancy was
highly variable between super-regions over the study pcnod, w1th southeast Asia, east Asia, and Oceania gaining § -3 years

Canbbean (3 6 years). Addmcmally
of the global population as of 2021,
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and these causes of death became progressively more concentrated since 1990, when only 44 causes showed this pattern.
The concentration phenomenon is discussed heuristically with respect to enteric and lower respiratory infections,
malaria, HIV/AIDS, neonatal disorders, tuberculosis, and measles.

Interpretation Long-standing gains in life expectancy and reductions in many of the leading causes of death have been
disrupted by the COVID-19 pandemic, the adverse effects of which were spread unevenly among populations. Despite
the pandemic, there has been continued progress in combatting several notable causes of death, leading to improved
global life expectancy over the study period. Each of the seven GBD super-regions showed an overall improvement from
1990 and 2021, obscuriag the negative effect in the years of the pandemic. Additionally, our findings regarding regional
variation in causes of death driving increases in life expectancy hold clear policy utility. Analyses of shifting mortality
trends reveal that several causes, once widespread globally, are now increasingly concentrated geographically. These
changes in mortality concentration, alongside further investigation of changing risks, interventions, and relevant policy,
present an important opportunity to deepen our understanding of mortality-reduction strategies. Examining patterns in
mortality concentration might reveal areas where successful public health interventions have been implemented.
_ Translating these successes to locations where certain causes of death remain entrenched can inform policies that work

to improve life expectancy for people everywhere.
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Introduction
For more than three decades, the Global Burden of
Diseases, Injuries, and Risk Factors Study (GBD) has
been systematically and comprehensively recording and
analysing causes of human death stratified by age, sex,
and time across the world." This information has been
used to guide policy solutions, reduce moditable risk
factors, monitor and evaluate national and sub-national
health interventions, and ultimately improve health
recommendations at both regional and local levels.
Assessing trends in cause-specific mortality is essential
to inform health policy that must continuously evolve to
account for rapid changes to the global health landscape,
such as the COVID-19 pandemic.’ Comprehensive
updates to levels and trends in causes of death give
insight into emerging global health challenges and can
facilitate benchmarking in the case of a new pandemic or
other events that can lead to a staggering loss of life.
Therefore, documenting novel changes to mortality, such

as an emerging pandemic, in real time, is important.
Causes of death are not uniformly distributed between
populations; rather, large variability in the leading
causes often reflects important social and geographical
differences. These differences can include access to and
quality of health care, timeliness of health system
responsiveness, and exposure to causes that are
endemic to specific geographical locations.! Mortality
patterns continually evolve, as some areas become
successful in their reduction efforts, whereas other
causes persist within specific locations. The past
30 years have seen improvements among many causes
of mortality, some of which have considerably narrowed
in geographical range and are now concentrated within
smaller areas—wms dyide. This change enables us to
i ias of concentraled mortali

a limited subset of the global population. Our analysis
provides an opportunity to answer important epidem-
iological questions that have been at the forefront of
global and public health discourse—eg, which causes
have contributed to the largest increase or decrease in
life expectancy, which locations are experiencing greater
concentrations of preventable causes of death, and how
has COVID-19 and other pandemicrelated mortality
(OPRM) affected life expectancy and the overall fatal
burden of diseases? Regional variation in many of the
leading causes of death remains evident in these most
recent estimates, representing important oppoertunities
for creating tailored health policy to improve disparities
and alleviate concentrations of mortality.

GBD 2021 provides an updated, comprehensive set of
the fatal burden of disease summarised with cause-
specific mortality metrics and years-of-life-lost (YLLs)
metrics for 288 causes by age and sex across
204 countries and territories from 1990 to 2021, an
update from the previously published estimates
covering 1990-2019. In this study, we present mortality
concentrations and a decomposition analysis of life
expectancy due to different causes of death and illustrate
the impact of causes of death on global, regional, and
country-specific life expectancy, as well as highlighting
locations that are most affected by concentrated
geographical mortality burden. As with previous
iterations of GBD, this cycle incorporates newly
available data sources and improved methodological
approaches to re-estimate the entire time series,
providing updated estimates that supersede all previous
GBD cause-of-death publications, GBD 2021 includes
an estimation of several different models for dis
and injury outcomes. This manuscript was produ
of the GBD Collaborator Network and in acco
bie GBD Protocol”
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Research in context

Evidence before this study

The Global Burden of Diseases, Injuries, and Risk Factors Study
(GBD) has provided regular updates on the complex patterns
and trends in population health around the world since the first.
GBD publication in 1993. With each subsequent iteration, there
have been important methodological updates, new datasets

w included, and an expanded list of causes, risk factors, and

locations for which estimates of the burden of disease are
produced. In 1993, mortality and years of life lost (YLLs) were
reported for 107 categories of diseases that covered all possible
causes of death, for eight regions. In the Jast GBD cycle—GBD
2019—estimates of mortality and YLLs were produced for

286 causes of death in 204 countries and territories, including
allWHO member states, and for subnational locations in

21 countries and territaries, for every year from 1990 to 2019,
Although many groups have reported on national-level, cause-
specific mortality and other population-health metrics,
including the WHO World Health Statistics reports, GBD Is the
most detailed and transparent research effort to date. Further,
estimates of COVID-19-related deaths in 2020 and 2021 have
been reported by several sources, including GBD studies that
have quantified excess mortality due to the pandemic within a
subset of GBD locations, However, no previous publications
have quantified the effect of COVID-19 on lifa expectancy, while
considering the full spectrum of disease mortality over the past
three decades, across all countries and territories. This study
presents, for the first time, 288 causes of death from 1990 to
2021, complementary to the all-cause mortality findings
presented in the GBD 2021 Demographics analysis. Combined,
these studies provide a comprehensive view of all-cause and
cause-specific mortality from 1390 to 2021.

Added value of this study
Alongside the all-cause mortality and life-expectancy

‘assessments in companion publications for GBD 2021, this

analysis delineates cause-specific mortality and its effect on life
expectancy, This study includes a comprehensive decomposition
analysis elucidating the primary cause of death influencing life
expectancy on a global, regional, and national level.
Additionally, we present causes of death and YLLs for all
countries and territories, providing policy makers with valuable
insights into variations in cause-specific mortality. This study is
aksa tha first of its kind to publish 2021 estimates of COVID-19-
related deaths and YLLs for 204 countries and territories in the
context of the global burden of disease. Although other
publications have estimated deaths due to COVID-19, those
deaths have not previously been compared with deaths from

other causes. By modelling COVID-1 deaths within a hierarchy

Methocds

Overview

1 glogical quantity of interest for
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\ F¥0bnational analyses for 21 coppined
Indore Inctitute of Pharmagy;
wwew tidanck? £ Vol 403 ‘Miy 18, 2024

of mutually exclusive and collectively exhaustive causes of
death, this study provides policy makers with information that
is essential for setting health priorities around the world.

To obtain more comprehensive insights from life expactaricy, it
is necessary to break it down into age-specific mortality, which
is influenced by cause-specific mortality rates. We examined the
effect of COVID-19 and other causes of death on life expectancy
by decomposing death counts into different cause-specific
mortality rates across various dimensions, including country or
territory, fegion, super-region, and five distinct time periods:
1990-2000, 2000-2010, 2010-2019, 2019-2021, and
1990-2021. We could therefore systematically calibrate the
COVID-19 pandemic against other causes of mortality over the
period 1390-2021. Finally, our study identified several causes of
death that exhibited increased geographical concentration over
time—ie, causes with a disproportionate jmpact within a specific
geographical area compared with the rest of the global
observations. This analysis provides policy makers important
information on regional varfation and inequalities in cause-
specific mortality, Also new to GBD 2021, we report on

12 additional causes of death: COVID-19 and other pandemic-
related mortality, pulmonary arterial hypertension, and

nine cancer types—hepatoblastoma, Burkitt lymphoma, other
non-Hodgkin lymphoma, eye canger, retinoblastoma, other eye
cancers, soft tissie and other extrinsseous sarcomas, malignant
neoplasm of bone and articular cartilage, and neuroblastoma
and other peripheral nervous-cell tumours. Granularity of the
estimation of deaths in children younger than §years was
enhanced by the addition of four new age groups: 1-5 months,
6-11 months, 12-23 moniths, and 2-4 years.

Implications of all the available evidence

Qur study provides a full analysis of causes of death worldwide
and across time, alongside the changing patterns in fife
expectancy precipitated by those causes, Increasing
geographical concentration of mortality was observed for many
causes of death, highlighting disparities between regions and
substantial differences in cause-specific contributions to life
expectancy. On a global scale, this information provides an
opportunity to examine whether reductions in mortality were
resilient to the onset of a novel pandemic. On a regional level,
the estimates generated by our study provide important detail
on the evolving impact of causes of death among countries,
allowing crucialinsight into differential success by geography,
time, and cause. The comprehensive nature of GBD 2021 cause-
of-death estimation provides valuable opportunities to learn
from mortality gains and losses, helping to accelerate progress
in reducing mortality.

birth to 95 years and older; for males, femalés, and both
sexes combined; in 204 countries and terriforjes grouped
into 21 regions and seven super-regionsy fyid for every

ar from 1990 to 2021. GBD 2021

includes
territories
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(appendix 1 section 2.1). An international network of
collaborators provides, reviews, and analyses the available
data to generate these metrics; GBD 2021 drew on the
expertise of more than 11000 collaborators from more
than 160 countries and territories,

The methods used to generate these estimates closely
followed those for GBD 2019.° These methods have been
extensively peer reviewed over previous rounds of the
GBD study“~ and as part of the peer-review process for
GBD 2021. Here, we provide an overview of the methods
with an emphasis on the main methodology changes
since GBD 2019; a comprehensive description of the
analytical methods for GBD 2021 is provided in
appendix 1. Detailed descriptions of analytical methods
_and models for each cause of death are also available in a
searchable online tool.

The GBD 2021 cause-of-death estimates described here
include cause-specific mortality and the premature death
metric (YLLs), We calculated YLLs as the number of
deaths for each cause-age-sex-location-year multiplied by
the standard life expectancy at each age (appendix 1
section 6.3). Standard life expectancy is calculated from
the lowest age-specific mortality rate between countries."”
Briefly, we estimated cause-specific death rates for
209 zauses using the Cause of Death Ensemble model
(CODEm), and we used alternative strategies to model
causes with little data, substantial changes in reporting
over the study period, or unusual epidemiology. The
modelling strategy used for all causes of death can be
found in appendix 1 (table $10). CODEm is a modelling
tool developed specifically for GBD that assesses the out-
of-sample predictive validity of different statistical models
and covariate permutations and then combines the
resulls from those assessments to produce cause-specific
estimates of the burden of mortality. Methodological
improverments for cause-of-death estimates in the present
round of estimation focused on several key areas. First,
cause-of-death data were updated to include age data for
the following age groups younger than 5 years:
1-5 months, 6-11 months, 12-23 months, and 24 years.
Second, we implemented enhanced methods to account
for stochastic variation in cause-of-death data and improve
the estimation of small cause fractions present in less
common causes of death. Third, we added 199 new
country-years of vital registration cause-of-death data,
5 country-years of surveillance data, 21 country-years of
verbal autopsy data, and 94 country-years of other data
types. Lastly, we incorporated COVID-19 and OPRM,
which includes excess morlality associated with the
COVID-19 pandemic, excluding deaths from COVID-19,
lower respiratory infections, measles, malaria, and
pertussis.

The GBD disease and injury hierarchy
GBD classifies 2ftanas Anehy

four levels Maaihettere

Level 1 ca

(communicable, maternal, neonatal, and nutritional
[CMNN] diseases; non-communicable diseases [NCDs|;
and injuries) and Level 2 disaggregates those categories
into 22 clusters of causes, which are further disaggregated
into Level 3 and Level 4 causes, At the most detailed level,
288 fatal causes are estimated. For a full list of causes of
death by level, see appendix 1 (table $2). For GBD 2021, we
separately report on 12 causes of death for the first time:
COVID-19, OPRM, pulmonary arterial hypertension, and
nine cancer types: hepatoblastoma, Burkitt lymphoma,
other non-Hodgkin lymphoma, eye cancer, retinoblastoma,
other eye cancers, soft tissue and other extraosseous
sarcomas, malignant neoplasm of bone and articular
cartilage, and neuroblastoma and other peripheral
nervous cell tumours.

Data sources, processing, and assessing for
completeness

The GBD 2021 cause-of-death database included data
sources identified in previous rounds of estimation in
addition to 9248 new sources (appendix 1 table S5). We
included multiple data types to capture the widest array
of information, including vital registration and verbal
autopsy for all 288 causes as well as survey, census,
surveillance, cancer registry, police records, open-source
databases, and minimally invasive tissue sampling. To
standardise these data so that they can be compated by
cause, age, sex, location, and time, we applied a set of
dala processing corrections, First, deaths with insufficient
age data to estimate the GBD age groups or missing age
and sex data underwent age and sex splitting to assign
GBD age groups as well as sex (appendix 1 section 3.5).
Additionally, garbage codes, which are non-specific,
implausible, or intermediate, rather than underlying
cause of death codes from the International Classification
of Diseases, were redistributed to appropriate targets to
assign the underlying cause of death." We excluded data
sources with more than 50% of all deaths assigned to
major garbage codes (class 1 or class 2 garbage codes) in
a given year for a specific location (location-year) to
mitigate the potential for bias from these sources
(appendix 1 section 3.7). For GBD 2021, we established a
buffer system so that location-years that were included in
the previous GBD cycle would not be dropped from the
current cycle as long as less than 55% of all deaths were
assigned to major garbage codes. This 5% buffer ensured
greater consistency in data source inclusion from one
cycle to the next.

Assessing data completeness illustrates the coverage
from a data source on overall mortality for the country.
Vital registration and verbal autopsy data
completeness—a  source-specific estimate of the
percentage of total cause-specific deaths that are reported
in a given location and year—was assessed by location-
urces with less than 50% completeness wer
uded 142 country-years of data becaus

frin
In

As with garbage codes, we used 4,

See Online for appendix 1
For a searchable repository of

cause-specific model details see
hittps./fwaw hoalthdataorg/

gbd/methods-appendices-2021

For the GBD data sources see
hittpsi/ighdx healthdata.org/
gbd-2021/s0uries
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5% buffer so that sources included in the previous GBD
cycle would not be excluded from the current cycle if
they had at least 45% completeness, allowing us to retain
24 country-years that had previously been dropped. We
then multiplied the estimated all-cause mortality for
each age-sex-location-year by the cause fraction for the
corresponding age-sex-location-year to adjust all
included sources to 100% completeness. Verbal autopsy
and vital registration data availability, completeness, and
quality rating for each location-year are available in
appendix 1 (section 3), as well as full details on all data
processing corrections. -

Improvements in GBD 2021 to cause of death data
processing and estimation

Adjustments for stochastic variation

In GBD 2021, we made two primary improvements to the
methods used to reduce stochastic variation, most
affecting causes of death with small sample sizes. First,
we updated the Bayesian algorithm used in the noise
reduction of these data to improve the preservation of
real trends in data with large sample sizes, and imparted
additional information from regional trends for data with
small sample sizes. Second, the non-zero floor, a method
that addresses distorted data shapes and nonsensical
trends caused by small numbers when transformed to
log space, was updated to be time-invariant and
independent of demographic inputs. The full details of
these two key improvements, as well as other
improvements that address stochastic variation, can be
found in appendix 1 (section 3.14).

COVID-19 and OPRM estimation

We derived COVID-19 and OPRM estimates from an
analysis of the overall excess mortality due to the
COVID-19 pandemic from [January 1. 2020, to
December 31, 2021. Full details of the estimation of
excess mortality, COVID-19 deaths, and OPRM are
provided in appendix 1 (section 5). To estimate excess
mortality, we first developed a database of all-cause
mortality by week and month after accounting for
reporting lags, anomalies such as heat waves, and under-
registration of deaths. Next, we developed an ensemble
model to predict expected deaths in the absence of the
COVID-19 pandemic for the years 2020 and 2021. In
location and time combinations with data used for these
models, we estimated excess mortality as observed
mortality minus expected mortality. To estimate excess
mortality for location-years without data, we developed a
statistical model to directly predict the excess mortality
due to COVID-19, using covariates that pertained to both
the COVID-19 pandemic and background population-
health-related metrics at the population level before
SARS-CoV-2 r:merged Uncertainty was propagated

Y

causesspecific contributions. to
) N Princ

'-:-1_..3

The counterfactual estimates the number of deaths if
infection detection rates were at the highest observed
value for each location-year. Using the ratio of
counterfactual over estimated excess deaths and the ratio
of reported COVID-19 deaths over excess deaths, we
calculated the ratio of total COVID-19 deaths over
reported COVID-19 deaths and multiplied this figure by
the number of reported COVID-19 deaths for our final
estimates of COVID-19 deaths.”

To account for increases in excess mortality in 2020 and
2021 that could not be attributed to particular causes, we
introduced a residual cause, OPRM. ‘We identified four
causes of death—lower respiratory infections, measles,
malaria, and pertussis—as related to the COVID-19
pandemic and having reliable enough estimates to not
contribute to OPRM. Thus, we calculated OPRM as the
difference between excess mortality and the sum of
deaths due to COVID-19 and these four causes.”

Presentation of cause-specific mortality estimates
Cause-specific mortality estimates for 2021 are given in
death counts and agestandardised rates per
100000 population, calculated using the GBD standard-
population structure." For changes over time, we present
percentage changes over the period 1990-2021, and
annualised rates of change as the difference in the
natural log of the values at the start and end of the time
interval divided by the number of years in the interval.
We computed uncertainty intervals (Uls) for all metrics
using the mean estimate across 1000 draws (appendix 1
sections 2-3), and 95% Uls are given as the 2-5th and
97-5th percentiles of that distribution.

Life-expectancy decomposition

The objective of life-expectancy decomposition is to
analyse the difference in life expectancy by age and
location, quantifying contributions from specific causes
{appendix 1 section 7). We examined temporal trends in
causes over continuous time periods across different
locations. We aimed to identify the effect of causes
of death on life expectancy by using three main
decomposition steps. For this study, we investigated the
top-20 Level 2 and Level 3 GBD causes contributing to
change in life expectancy. The remaining causes were
then combined as “other communicable and maternal
disorders” or “other NCDs". The first step involved
decomposing the difference in life expectancy by age.
We calculated age-specific contributions to understand
the variation in life expectancy across different
age groups. In the second step, each age-specific
contribution was further decomposed into cause-age-
specific contributions. This analysis allowed for the
identification of the specific causes of death that
contributed to the differences in life expectancy within
each age group. Finally, we ag ed the cause-age-
specific contributions across a ps to produce
a1!.!131';1]1 difference
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in life expectancy. This aggregation provided a
comprehensive understanding of how different causes
of death contributed to the observed variations in life
expectancy. By applying this decomposition approach,
we gain insights into the relative effect of different
causes of death on changes in life expectancy by age and
location.

Calculation of mortality concentration

Concentrated causes in GBD refer to causes that exhibit a
disproportionate impact in a specific geographical subset
of the data compared with the rest of the global
observations. In GBD 2021, we used two different methods

to identify these concentrated causes: coeflicient of .

variation and mortality concentration.

Coefficient of variation

For each GBD cause, we calculated a coefficient of
variation using standard statistical methods. 'This
measure assesses the variability of a population relative
to its mean.” The observations considered for this
calculation were national, age-standardised, both.sex
mortality rates, using the mean mortality rate between
2019 and 2021. Causes with larger coefficients of

variation have data that are less centred around the
mean and indicate a greater likelihood of a concentrated
cause.

Mortality concentration

To identify concentrations of mortality—geographical
locations or groups of locations with populations that
are disproportionately affected by a particular cause—
we first calculated the total number of all-age, both-sex
deaths in 2021 by cause in each of the 811 subnational
locations and sorted these locations by number of

* deaths in descending order. We then calculated the

cumulative percentage of deaths by dividing location-
specific cumulative deaths by the number of global
deaths for each cause. When the cumulative percentage
reached or exceeded 90% for a given cause, we divided
the population of the geographical subset included in
that cumulative percentage by the total global population
in 2021, using population estimates from the GBD
population model described in previous publications.*"
This identification of geographical subsets that contain
at least 90% of deaths from a given cause but represent
a comparatively small share of the global population
was used to identify potential inequalities in the

Leading causes 1990 Age-standardised rate Leading causes 2019 Age-standardised rate Leading caurses 2021 Agestandardised rate
of deaths per 100000, of deaths per 100000, of deaths per 100 000,
1990 2019 01
1 lschaemie heare disease 1585 (1474 10 165-4) 1 lschanic heart disease 1109 (102.5 to 116.9) 1 lschaemic heant disease 1087(998 10 1156) |
2 Stioke 1443 {1340 t0 152.3) | 2 Stroke 893 (B16togh6) | 2 COVID-19 94.0 (B9 1o 100.0)
3 COPD 719 (64610775 3 COPD 461(420t0498) }. [ 3 Swroke 87479 51094 4)
4 Lower mspiratory infections 618 (57010 668) 4 Lower resp y inflections 347 (31510 37°5) 3 5 4 COPD 452(407 to 4;__3)_
5 Diarrhoeal diseases 60-6 (467 to 79-6) A5 Neonatal disorders 307(2681tw0353) }.- 5 Other pandemic-related death 3324810 42@_
§ Neonatal disorders 460(43510489) P |6 Akheimer's and other dermentias || 250 (6210 650) 6 Neonatal diiorders 296 (253 10344)
7 Tuberculoiis 400 (341to 446) \ 7 Lung cancer 237 (2181w0258) 7 Lower respiratory infections 287 (26.0t0311)
: 8 Luﬁuw:u 276 (2611629-0) 198 (18516208) 8 Alzheimer's and othier dementias || 252 (64 1o 65.6)
[ 9 Alshelmer's and other dementias ]| 261(60t0 661 L 1B§ (169t0198) .‘ 9 Lung tancer 235@212t0259)
10 Cirthosis 244 (22310275) _}. " 171(124t0232) } ", "{10 Diabetes E 196(18210208)
11 Stomach cancer 22.0(20110740) 1710159185 |, {11 Orvonic idney diseie 18516710199)
12 Road injuries ; 218(20910228) 169(1411018:6) | " [ 12 Ginhosis liver 2 166 (15210 182)
_wumlmm disense 209 (171 wn-g):l 5 151 (143 10 16:0) T 13 Hyperensive heart diseise 1&-; il&-‘m 18-1]
14 Diabates 182 (170 t0191) : 149 (137 to 16-4) .. {34 Diarrheal diseases 15-4 {10-9t0 20.9)
[ 15 Colorectal cancer 156(145t0163) | e 15 Colorectal cancer 126 (116 1013.4) 15 Road injuries 14613 610156)
16 Congenital defacts 15:2(9-6t0197) / 16 Stomach cancer 15(99t129) | ” . 118 Tobercylosis 140(12610158) |
17 Seff-hiam 149 (12810 15.8) ]},‘ 17 falls 103(88t011a)  } ", "|{17 Colorectal cances 12:4/(11-21a 13-
18 Chionic kidney disease 148 (137 Lo 16.4) \ / 18 HIVAIDS 98 (9010110 {18 Stomach cancer e 11-2(9610126) |
18 Malaria 125 (611026:0) FH19 Malaria 93(3710183)  Fr——] 19 Makiria 105(3910214) |
[20 Measies 110 (39t0226) [20 se-ham 9286197 | . [0 r 99(8510108)
21 Falls - 1091980 11.8) . {21 Congenital defects 89 (7710109) {21 Seli-harm I soE3was)
34 HIVIAIDS 59{45t078) 167 Measles 14 (0510 3.0) 22 HWVIAIDS I 87811096
B3 Non<communicable diseases
3 Communicable, matemal, neonatal, and nutritional causes
33 wjuiles

" .:\: 0 population for males and females combined, 1990,

, and 2021
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Sen Online for appendix 2

Toview and download
estimates from the GBD Results
toof see https) fwww.vizhub,
healthdata org/ghd -results

To explore estimates of health
burden using GBD Compare see
htps:{www, vizhub healthdata
oegfgbd-campare

For summaries of results for

each cause of death see https;//
www.healthdata orgfresearch-
analysis/diseases-injuries-risks/
factsheets
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Figure 2: Age-standardised mortality rate per 100 000 population for the ten leading Level 3 causes of death globally, 2019-21

Whisker plat in which the y-axis represents the age-standardised mortality rate and the x-axis represents a selected cause-year. Causes are amanged from highast to
lowest age-standardised mortality rate, with each cause assigned a distinct colour for identification. The whiskers represent rhe 95% uncertainty interval
COPD=chianic obstructive pulmonary disease, OFRM=other pandemic-related mortality,

incidence of mortality between locations and
populations. In addition to identifying these
concentrations of mortality in 2021, we repeated this
same analysis for 1990. By comparing the respective
proportions of affected global population in these two
years, we were able to differentiate causes that showed
increased, decreased, or unchanged concentrations of
mortality. The causes highlighted in this study were
those characterised by an age-standardised mortality
rate greater than 0:5 per 100000 population. The
purpose of presenting mortality concentrations is to
illustrate causes that are disproportionately affecting
specific populations, when previously that cause affected
large swaths of the population. Thus, we did not
calculate the mortality concentration for causes that are
endemic to certain regions, as the mortality rate is
already known to be concentrated among specific parls
of the global population. We excluded two endemic
causes, Ebola virus disease and Chagas disease, from
this calculation.

GBD research and reporting practices
This research is compliant with the Guidelines for
Accurate and Transparent Health Estimates Reporting
recommendations (GATHER; appendix 1 table $4)."
G ftwa:e packages used in the cause-of-death anal}ms for

Role of the funding source

The funder of this study had no role in study design, data
collection, data analysis, data interpretation, or the
writing of the report.

Results

Estimates described in the Article are viewable in
appendix 2. Detailed results for each cause of death in
the analysis are available in downloadable form through
the GBD Results tool and via visual exploration through
the online tool GBD Compare. Summaries of results for
each cause of death included in the analysis are available
online.

Global causes of death

From 1990 to 2019, the annual rate of change in global
deaths from all causes ranged from -0-9% (95% Ul
=2-7100:8) to 2-4% (0-1to 4-7; appendix 2 figure S1).
The corresponding annual rates of change in the global
age-standardised mortality rate ranged from -3.3%
(-5-0 to =1:6) to 0-4% (-1-9 to 2-5). In 2020, however,
the total number of deaths worldwide increased
by 10:8% (6-4 to 15-4) compared with 2019, from
57-0 million deaths (54-9 to 59-5) in 2019 to
63-1 million deaths (60-6 to 65-9) in 2020. This trend
persisted in 2021, with an increfise of 7-5% (3-1t0 12-4)
relative to 2020, to 67-9 milligg [65-0 to 70-8) deaths.
The age-standardised mortalityd rate followed 2 similar
pattern, increasing by 819, ab-4) in 2020 and
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: eastern Evrope, : andCaribbean  Middie East estAsaand  Afria
2020 .
1
Cause kchaemic heart  lschaemic heart  bchaemic heart  COVID-19 Ischaemic heart  kchaemic heart  Stioke CoviD-19
disease disease disease disease disease
Age-standardised rate (per 1094 153 514 1337 2052 1503 1428 1589
100000 population) (100-7-1161)  (1992-2357)  (451-54.6) (1215-1453) (182.7-225.6) (139:7-162-2) (123.9-159.8) (1485-170.0)
Number 8840000 1410000 1290000 799000 760000 1960000 3460000 652000
(2180000~ {1310 000~ (1 110000 (725000 {681 000 (1820000~ (3030000~ (615000
9360000) 1480000) 1390000) 868 000) 838000 2110000) 3880000) 706000)
2
Cause Stioke Stroke COVID-19 Ischaemic heart  COVID-19 Chronic Ischaemic heart  Stroke
€ disease obstructive disease
pulmenary
dlisease
Age-standardised rate (per 883 1107 418 843 1239 1041 1108 1262
100000 population) (802950 {102.7-115.6) {40-8-42.8) (77.2-89.4) (106 8-1371) (92:3-117.0) (97.3-124/6) (113.4-140.4)
Number 7140000 726000 930000 496000 483000 1230000 2570000 481000
(6500 000 (675000 (908 000~ (454 000- (415000 {1090000- (2260 000- (432000~
7680 000) 758 000) $52000) 525000) §37000) 1370000) 2880000) 538000)
3
Cause CoVID-19 covip-19 Stroke Stroke Stroke COVID-19 Chranic tschaemic heart
obstructive disease :
pulmonary disease
Age-standardised rate (per 587 7249 290 475 1038 1018 669 929
100000 population) (55862 4) (641-817 (247212) (434-505) (92:0-115.6) (495-0-1085) (57.4-770) (83:1-103.0)
Number 4800000 467000 764000 278 000 370000 1320000 4 1500000 346000
(4550000~ (411000~ {636 000~ (255000~ (329000~ (1230000~ {1290 000~ (308000~
5110000) 523000} 830000) 296000) 414000) 1400000) 1730000) 388 000)
4
Cause Chronic Other COVID-19  Akheimer's Diabates mellitus  Hypertsisive Stroke Tracheal, Lower
obstructive pandemic-related  disease and other heart disease bronchus, and respiratory
pulmenary futcomes dementias lung cancer infections
disease
Age-standardised rate (per 455 410 265 365 402 833 348 885
100000 population) (412-496) (32.9-51.9) (6-74-651) (335-38.9) (32.0-467) (757-90-4) (29-0-41.0) (778982)
Number 3650000 264000 774000 217000 138000 1060000 938000 S88000
(3320000~ (212 D00~ (198 000~ (202000~ (110000~ (969000~ (783000~ (494 000~
3970000 333000) 1900000) 231000) 160000) 1150000) 1110000) 686000)
5
Cause Lower Tracheal, Tracheal Lower Chronickidney  Diarthosal Alzheimer’s Malaria
respiratory bronchus,and  bronchus, and respiratory disease diseases disease and other
Infections lung cancer lunig cancer infections dementias
Age-standardised rate (per 304 255 259 128 379 502 279 67-9
100000 population) (27-7-32:9) (24:4-26-5) (23:8-270) (29-6-351) (33-342:4) {(32:0-79-4) (6-76-74-8) (22-6-1450)
Number 2280000 168000 581000 187 000 142 000 551000 562000 713000
(2080 000~ (161000~ (526 000~ (169 000- (125000~ (381000~ {136 000~ (251000-
2 460000) 174 000) 610000) 200000) 159000) 940000) 1490 000) 1480000)
6
Cause Neonatal Cirthosis and Chronic Chronickidney  Other COVID-19  Neonatal Lower respiratory  Tubercullosis
disorders ather chronic obstructive disease pandemic- disorders infections
liver dissases pulmonary related outcomes
disease
Age-standardised sate (per 303 25 192 309 304 438 212 67-3
100000 population) {263-350} (21:7-233) (16-9-203) (283-33.1) (11:4-52-0) (37:2-51:6) (18.9-23.6) (56:7-77-8)
Number 1910000 131000 490000 184 000 121000 672000 424000 378000
(1650000~ (127 000~ (424 000- (169000~ (46500~ (571000~ (378 000~ (313000~
136 000) 522000} 197 000) 207000) 792000) 469 000) 442 000)
1 i /\ _ (Table 1continueson next page)
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Global Central Europe,  High income Latin America  North Africaand South Asia Southeast Asia,  Sub-Saharan
7
Cause Alzheimar's Alzheimer's Colon and rectum  Chronic Diabetes meflitus  Lower respiratory Hypertensive HIV/AIDS
disease and disease and cancer obstructive infections heart disease
other dementias  otherdementias pulmonary
& disease
Age-standardised rate {per 249 208 147 250 294 400 201 658
100 000 population) (6-16-65-0) (4-88-553) (13-2-15-6) (22:5-265) (26:4-323) (358-44.7 (14:1-24.8) (59-9-73-2)
Number 1890000 136000 344000 144000 113000 522000 459000 539000
{470 000~ (32100~ (300000 {130 000- (101000~ (465 000~ (320000~ {487 000~
4940 000) 362000) 367000) 152000) 124 000) 562000) 562 000) 612 000)
8
Cause Tracheal, Lower Chronic kidney  Interpersonal Chronic Tuberculosis Stomachcancer  Diarrheeal
bronchus, and  respiratory disease violence obstructive diseases
lung cancer infections pulmaonary
disease
Age-standardised rate (per 235 195 140 235 269 342 184 570
100 000 population) (213-25.8) {18.3-20.8) (12:1153) (22.4-24-8) (239-297) (301-40-1) (14:2-22:0) (36-2-79-4)
Numier 1470000 56200 364 000 147000 92400 509000 451000 452000
(1780000~ (91200~ (307000~ (140 000- (82500~ (450000~ (380000~ (324000~
2160 000) 101000) 399000) 155000) 102000) 597000) 589000) 588 000)
9
Cause Diabetes Cardiomyopathy  Lower respiratory  Other COVID-19  Alzheimer's Diabetes mellitus  Road injuries Other COVID-19
mellitus and myocarditis  infections pandemic- diseasa and ather pandemic-
relared dementias related
outcomes o outcames
Agasstandardised rate (per 137 192 13.6 209 257 31 157 505
100 060 population) (18:4-20.9) (17-9-20/4) (11:8-14.6) {10-3333) (6:30-67-6) (29:8-36-0) {13.9-176) (313-70-8)
Numibes 1630000 113000 361000 125000 73600 419000 380000 245000
(1520000~ {105 000- (306000~ 59 600- {17900~ (378 000~ (335000~ (159 000~
1720000) 111000} 330000) 199000) 198 000) A457000) 429000) 339000)
10
Cause Chronic kidney  Colonand Salfharm Alzheimer's Lower respiratory  Other COVID-19  Chronic kidney Neonatal
disease rectum cancer disease and infections pandemic-refated  disease disorders
other dementias outcomes
Age-standardised rate (per 186 186 109 208 254 282 153 500
100000 population) (16-9-19.9) {17.6-19.4) (10.5-11.2) (514-53-8) (22.4-285) (185-39.5) (13.4-17.0) {421-59.2)
Number 1500000 122000 149 000 119000 103000 370000 376000 889000
(1360000~ {115 000~ (142000 (29200~ (91000~ {245 000- (333000~ (749000~
1610000) 127000) 153000) 308000) 116 000) §14000) 420000) 1050 000)
2021
1
Cause Ischaemic heart  lschaemicheart  lschaemic heart  COVID-19 Ischaemic heart  COVID-19 Stroke CoviDas
disease disease disease disease
Age-standardised rate (per 1087 2136 510 1954 2028 1565 1411 2710
100 000 population) (99 8-115.6) (196-1-229-1)  (449-542) {182.1-211.4) (1787-225.9) {150-4-1644) (123-2-159-7) (2501-2907)
Number 8590000 1410000 1310000 1200000 769000 2060000 3550000 1150000
(8290000~ (1290000~ (1120000~ (1110000~ (679 000~ (1980000~ (3100000~ (1060 000~
4 550 000) 1510000) 1400000) 1290 000) 863 000) 2170000) 4020000) 1240000)
2
Cause CoviD-19 Covip-19 CovViD-19 Ischaemicheart  COVID-19 Ischagmic heart.  Ischagmic heart Stroke
disease disease diseasa
Age-standardisad rata (per 94.0 1688 481 838 1724 1431 1104 1247
100 000 population) (89.2-100-0) (150-6-186-1)  (474-48-8) (75:9-90-6) (150-3-191-5) (136.4-161-8) (94:9-124.6) (111-8-138.6)
Number 7890000 1100000 1070000 504000 698000 1990000 2660000 484000
(7490000~ (982 000- (1060000~ (457 000~ (608 000- (1820000~ (2290000~ (432 000-
H 40dmBni 1210000) 1040 000) . 2160000) 3000 544 000)
‘ 3@1 continues on next page)
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lnumkmcpt, and Caribbean  Middie East A, s
and central Asia
{Continued from previous page) o
3
Cause Stroke Stroke Stroke Stroke Stroke Chronic Chranic Other COVID-19
obstructive obstructive pandemic-
pulmonary pulmaonary disease  related
disease outcomes
Age-standardised rate (pies B74 1098 288 46:7 1019 1016 666 123.9
100600 population) (73:5-94.4) (101:6-1166)  (24:5-30.9) (42:3-50-2) (B9.2-114-4) (90-3-114-2) (56-2-77-7) (B7-7-159.5)
Numiber 7250000 725000 771000 275000 372000 1230000 1560000 584 000
(6600000~ (671000~ (641000~ (254 006 (325000~ (1100000~ (1310000~ - (418000~
7820000) 770000) #38000) 301000) 421000) 1380000) 1820000) 757 000)
4
Cause Chrenic Other COVID-19  Alzheimer's Other COVID-19  Other COVID-19  Stroke Tracheal, " ischaemic heart
obstructive pandemic-refated  disease and other  pandermic- pandemic- bronchus, and disease
pulmonary oulcameas dementias refated related outcomes lung cancer
disease outcomes
Age-standardised rate (per 452 500 265 39.0 64.5 218 348 928
100000 population) (407-49-8) (34-8-687) (6-74-64-8) (225-56-4) (34-4-100-6) (74-2-89.6) (28:8-411) (B3:3-103.5)
Number 3720000 321000 792000 236000 265000 1070000 970000 352000
(3360 000- (223000~ (203 000- {135000- (139 000- (968000~ (B00 000 (316000~
4090000) 438 000) 1940000) 355000) 414000) 1170000) 1150000) 396.000)
5
Cause Other COVID-19  Tracheal, Tracheal, Diabetes mellitus  Hypertensive Other COVID-19  Alzheimer's Lowver
pandemic- bronchus, and  bronchus, and heart disoase pandemic-related  diseaseandather  respiratory
related lung cancer lung eancer outcomes dementias infections
outcomes
Age-standardised rate (per 323 251 259 363 395 633 = 289 854
100008 populition) (24 8-433) (23.7-26-6) (23-8-270) (33.2-39.3) (313-463) (50:4-772) 17-41-78:6) {753-95.0)
Number 26090000 167000 591000 221000 138000 838000 608 000 563000
(2060000 {157 000~ (537000~ (202000~ (109000~ (674000~ {155 000~ (472000~
1610000) 176000) 620000) 239000) 162 000) 1020000) 1670000) 655.000)
6
Cause Negnatal Cirthosis and Chronic Chronickidney  Chronic kidney  Diarthoeal CoviD-19 Malaria
disorders other chronic obstructive disease disease dispases
liver diseases pulmonary
disease
Age-standardised rate (per 29-6 223 191 307 377 478 232 659
100000 population) (253-344) (21.0-235) (16.8-20.2) (278-335) (32.742:8) (30:2-757) (163-37.2) (236-136.7)
Number 1830000 131000 495000 187 000 145 000 573000 606 000 704000
(1570000~ (123000~ (428 000- (170000- (126000~ (372000~ (425000~ (265000~
2130000) 138000) 527.000) 204000) 164 000) S08000) 974000) 1400000)
7
Cause Lower Alzheimer's Colonandrectum  Lower Diabetes mellitus  Neonatal Lower respiratory  Tuberculosis
respiratory disease and cancer respiratory disorders infections
infections. other dementias infections
Age-standardised rate (per 287 208 147 304 293 420 209 65-8
100000 papulation) (26-0-311) (494-55:6) {13-1-15:5) (270-333) (25.9-325) (356-502) (18.6-23.4) (56:1-769)
Number 2180000 137000 348000 177000 116000 636000 431000 373000
{1980 000~ (32 500~ {304 000~ (157 000~ (102 060 (538000~ (384 000- (313000~
2360000) 370000) 372000) 194000) 129000) 760000) 482000) 439000)
g
Cause Alzheimer's Cardiomyopathy Chronickidney  Chronic Chronic Lower respiratary  Hypertensive HINVJAIDS
dlisease and and myocarditis  dissase obstructive obstructive infections heart disease
- other dementias " pulmanary pulmonary 3
disease disease
Age-standardised rate (per 52 191 -9 247 264 332 198 614
100000 population) (6:36-656) (175-207) 5.1) {221-26-4) (23-2-29:6) (34.2-44.6) (140-24.3) (55:8-685)
Number 1960000 112000 145000 92700 516000 470000 515000
t499 000- (82000~ (451000 (333000~ (467 000~
_‘ 104 000) 584000) 5000) 583000)
: 40. S (Table 1 continues on next page)
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Global age-sex-specific mortality, life expectancy, and
population estimates in 204 countries and territories and
811 subnational locations, 1950-2021, and the impact of the
COVID-19 pandemic: a comprehensive demographic analysis
for the Global Burden of Disease Study 2021

GBD 2021 Demographics Collaborators*

Summary

Background Estimates of demographic metrics are crucial to assess levels and trends of population health outcomes.
_ The profound impact of the COVID-19 pandemic on populations worldwide has underscored the need for timely
estimates to understand this unprecedented event within the context of long-term population health trends. The
Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) 2021 provides new demographic estimates for
204 countries and territories and 811 additional subnational locations from 1950 to 2021, with a particular emphasis
on changes in mortality and life expectancy that occurred during the 2020-21 COVID-19 pandemic period.

Methods 22 223 data sources from vital registration, sample registration, surveys, censuses, and other sources were
used to estimate mortality, with a subset of these sources used exclusively to estimate excess mortality due to the
COVID-19 pandemic. 2026 data sources were used for population estimation. Additional sources were used to
estimate migration; the effects of the HIV epidemic; and demographic discontinuities due to conflicts, famines,
natural disasters, and pandemics, which are used as inputs for estimating mortality and population. Spatiotemporal
Caussian process regression (S8T-GPR) was used to generate under-5 mortality rates, which synthesised 30763 location-
vears of vital registration and sample registration data, 1365 surveys and censuses, and 80 other sources. ST-GPR was
also used to estimate adult mortality (between ages 15 and 59 years) based on information from 31642 location-years
of vital registration and sample registration data, 355 surveys and censuses, and 24 other sources. Estimates of child
and adult mortality rales were then used to generate life tables with a relational model life lable system. For countries
with large HIV epidemics, life tables were adjusted using independent estimates of HIV-specific mortality generated
via an epidemiological analysis of HIV prevalence surveys, antenatal clinic serosurveillance, and other data sources.
Excess mortality due to the COVID-19 pandemic in 2020 and 2021 was determined by subtracting observed all-cause
mortality (adjusted for late registration and mortality anomalies) from the mortality expected in the absence of the
pandemic. Expected mortality was calculated based on historical trends using an ensemble of models. In location-
years where all-cause mortality data were unavailable, we estimated excess mortality rates using a regression model
with covariates pertaining to the pandemic. Population size was computed using a Bayesian hierarchical cohort
component model. Life expectancy was calculated using age-specific mortality rates and standard demographic
methods. Uncertainty intervals (Uls) were calculated for every metric using the 25th and 975th ordered values from a
1000-draw posterior distribution.

Findings Global all-cause mortality followed two distinct patterns over the study period: age-standardised mortality
rates declined between 1950 and 2019 (a 62-8% [95% Ul 60-5-65-1] decline), and increased during the COVID-19
pandemic period (2020-21; 5-1% [0-9-9-6] increase). In contrast with the overall reverse in mortality trends during
the pandemic period, child mortality continued to decline, with 4.66 million (3-98-5.50) global deaths in children
younger than 5 years in 2021 compared with 5.21 million (4-50-6-01) in 2019. An estimated 131 million (126-137)
people died globally from all causes in 2020 and 2021 combined, of which 15-9 million (14-7-17-2) were due to the
COVID-19 pandemic (measured by excess mortality, which includes deaths directly due to SARS-CoV-2 infection and
those indirectly due to other social, economic, or behavioural changes associated with the pandemic). Excess mortality
rates exceeded 150 deaths per 100000 population during at least one year of the pandemic in 80 countries and
territories, whereas 20 nations had a negative excess mortality rate in 2020 or 2021, ind icating that all-cause mortality
in these countries was lower during the pandemic than expected based on historical trends. Between 1950 and 2021,
global life expectancy at birth increased by 22-7 years (20-8-24-8), from 49-0 years (46.7-51-3) to 71-7 years

) Gloml&apatancy at birth declined by 1-6 years (1-0-2-2) between 2019 and 2021, reversing
m}xd-s"ﬂmfncrease in life expectancy was -ebserved in 32 (15:7%6) of 204 countries and territories

ulations have declined, The largest proportion of
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population growth between 2020 and 2021 was in sub-Saharan Africa (39.5% [28:4-52.7]) and south Asia
(26:3% [9-0~44-7]). From 2000 to 2021, the ratio of the population aged 65 years and older to the population aged
younger than 15 years increased in 188 (92 2%) of 204 nations.

Interpretation Global adult mortality rates markedly increased during the COVID-19 pandemic in 2020 and 2021,
reversing past decreasing trends, while child mortality rates continued to decline, albeit more slowly than in earlier
years. Although COVID-19 had a substantial impact on many demographic indicators during the first 2 years of the
pandemic, overall global health progress over the 72 years evaluated has been profound, with considerable
improvernents in mortality and life expectancy. Additionally, we observed a deceleration of global population growth
since 2017, despite steady or increasing growth in lowerincome countries, combined with a continued global shift of
population age structures towards older ages. These demographic changes will likely present future challenges to
health systems, economies, and societies. The comprehensive demographic estimates reported here will enable
researchers, policy makers, health practitioners, and other key stakeholders to better understand and address the
profound changes that have occurred in the global health landscape following the first 2 years of the COVID-19

pandemic, and longer-term trends beyond the pandemic.

Funding Bill & Melinda Gates Foundation.

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0

license.

Introduction

Understanding mortality and population trends over
time and across locations, age groups, and sexes is
crucial for planning population-specific public health
policies. Age-specific mortality rates can indicate the
emergence of new adverse health risks in specific
locations, while population counts can inform resource
allocation and aid in planning future development. The
COVID-19 pandemic has highlighted the importance of
demography in understanding disease and injury
burden’ and the roles health policy and infrastructure
have in health and demographic outcomes.” As the
COVID-19 pandemic enters an endemic phase in some
locations, demographic indicators can provide important
context for understanding and addressing COVID-19,
long COVID-19,' and the interaction between COVID-19
and other diseases and injuries. Furthermore,
demographic trends in the decades before the COVID-19
pandemic and reversals in those trends during the first
2 years of the COVID-19 pandemic (2020-21) can provide
insights into potential long-term effects of the pandemic.
These shifts in demographic patterns, including in
population growth and age distribution, can help policy
makers and public health experts betler understand how
the pandemic has impacted different groups within
society and inform strategies for future pandemic
preparedness and health-care planning.

The Global Burden of Diseases, Injuries, and Risk
Factors Study (GBD) is an evolving research effort that
quantifies the state of global health.* The scope of the
study has historically included estimating key
demographic 1 metncs and comprehensive health metrics
d subnational locations that has
lity has been estimated as part

mortality estimates have been included in each update
since GBD 2010.7° A comprehensive, internally
consistent modelling strategy for estimating population
and fertility was introduced in GBD 2017, greatly
improving the consistency of results." Previously, GBD
drew on population estimates from the UN Population
Division of the Department of Economic and Social
Affairs (UNPD)."" In GBD 2019, the demographic
analysis used population, fertility, and mortality estimates
to produce a typology that better helped to specify phases
of demographic transition.” The GBD demography
framework is part of the greater GBD enterprise; thus, it
differs from other demographic research initiatives by
using estimates of disease and injury burden to inform
population and mortality estimates, and vice versa.
Attempting to estimate the effects of the pandemic is
now a major focus of GBD and other demographic
research efforts. """

The GBD 2021 demographic analysis improved on
GBD 2019 by using additional data sources and refined
methods to generate updated estimates of mortality, life
expectancy, and population size at the global, regional,
national, and subnational levels for each year from
1950 to 2021. GBD 2021 is the first round to incorporate
the COVID-19 pandemic into the modelling process
through the estimation of excess mortality due to the
pandemic, defined as the net difference between the
number of deaths that occurred between 2020 and 2021
and the number of deaths that would be expected over the
same period based on previous trends in all-cause
mortality. The unified approach to estimate all-cause
mortality and excess mortality in GBD 2021 is an
innovation in current demographic research methods.
This facilitates analysis of the interplay between wider
emographic processes and the COVID-19 pandemic. In

iteration of the &BD demographic analysis, we aim to
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Research in context

Evidence before this study
The UN Population Division of the Department of Economic
and Social Affalrs (UNPD) produces estimates and projections
of global, regional, and national demegraphic metrics that are
updated biannually. Thelr latést findings, published in the
Warld Population Prospects 2022 revision, incorporated WHO
estimates of excess mogtality due to the COVID-19 pandemic
in 2020 and 2021. Estimates of excess mortality during the
pandemic have also been generated by the Institute for Health
Metrics and Evaluation and the World Mortality Dataset.
The International Database of the US Census Bureau reports
population estimates and projections for more than

* 200 countries and areas, of which a subset are updated every
year. Organisations including WHO, the Organisation for
Economic Co-operation and Development, and the European
Union release demographic estimates less reqularly and
typically only for select metrics or locations, Some national
statistics offices also produce their own demographic
indicators. The Global Burden of Diseases, Infuries, and Risk
Factors Study (GBD) generates regularly updated and globally
comparable health metrics, including mortality, life
expectancy, and population estimates for past years, and
forecasts up to the year 2100. The current GBD 2021 cycle is
directly preceded by GBD 2019, which reported demographic
estimates for 204 countrles and territories for each year from
1950 through 2019. While each of these studies represent
important efforts to provide insights into demographic
estimates and the COVID-19 pandemic, only GBD estimates
comply with the Guidelines for Accurate and Transparent
Health Estimates Reporting, which identifies best practices for
reporting global health estimates.

Added value of this study

GBD 2021 Is ane of the first studies to fully evaluate
demographic trends in the context of the first 2 years of the
COVID-19 pandemic. The study employed a unified framework
to calculate excess mortality rates due to the COVID-19
pandamic along with a comprehensive set of demographic
metrics including all-cause mortality, life expectancy, and

provide policy makers and the public with the information
needed to gain a better understanding of the demographic
context of disease and injury burden since 1950 and
during the COVID-19 pandemic in 2020-21 specifically.

Methods

Overview

For each new GBD iteration, recently available data and
improved methods are used to update the full time series
of demographic estimates from 1950 to the latest year of
hic estimates therefore

analysis; GBD 2021

population counts for 204 countries and territories and

811 subnational locations. This allowed estimates of all-cause
mortality to inform estimates of excess mortality due to the
pandemic, and vice versa. In contrast, the demographic
estimates published by UNPD for 2020 and 2021, although
based on data available during the pandemic, did not use a
unified framework for all-cause and excess mortality.
Additionally, while the US Census Bureau published population
estimates for 2020 and 2021, the estimates were adjusted to
reflect the effects of the pandemic for only a subset of locations.
GBD 2021 utilised a suite of customised and validated data
processing and modelling tools, systematically analysing
thousands of data sources to produce global, regional, national,
and subnational demographic estimates by age, sex, and Socio-
demographic Index (SDI) level for each year from 1950 to 2021,
Compared with GBD 2019, GBD 2021 utilised 5296 additional
data sources, Additionally, the model fife table system used in
GBD 2021 was improved to provide more accurate mortality
estimates for lder age groups. All estimates are packaged
within freely accessible data-sharing and visualisation tools.

2 bnpﬁdiiom of allthe available evidence

Our study highlights the impact of the first 2 years of the |
COVID-19 pandemic at a novel level of granularity,
demonstrating unprecedented reversals in adult mortality and
life expectancy trends at the global, regional, and national
levels. Furthermore, globally comparable measures of excess
miortality due to the pandemic show substantial variation in the
burden experienced by different countries and territories. Our
comprehensive set of demographic estimates provides a rich
description of evolving long-term trends in mortality and life
expectancy across age groups, sexes, and SDI levels, and our
population analyses reveal changing dynamics and age

structures with implications for the future of health-care

systems, economies, and societies. Collectively, the estimates
reported here provide an integrated demographic framework
for GBD and a valuable foundation for policy evaluation,
development, and implementation around the workl.

centred on a single framework to estimate both all-cause
mortality and excess mortality due to the COVID-19
pandemic. The analytical process for computing internally
consistent demographic estimates included six main
components: (1) estimating age-specific fertility rates;
(2) estimating under-5 and adult {age 15-59 years) mortality
rates; (3) estimating age-specific mortality rates using a

* relational model life table system with HIV adjustments;

(4) estimating excess mortality due to the COVID-19 :
p:mdelmc and adjusting all-cause mortality estimates ‘
ung for fatal discontinuities such as ‘\)

| disasters; and (6) estimating

sizes. To resolve discrepancies due to the

i ndcut nature of population, mortali
EEEE Tl popuiation, mortalipineipal
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For the GED 2021 Sources Tool

Sei Online for appendix 1

see hitps:fghdx healthdata org/

1992

ghd-2021/sources

and fertility estimates, the estimation process was run
twice: first to generate preliminary numbers, and second
to refine all estimates and ensure internal consistency. A
detailed description of all methods and analytical
flowcharts for all-cause mortality, fertility, and population
estimation are available in appendix 1 {sections 2-6, 8).

This study complies with the Guidelines for Accurate
and ‘Transparent Health Estimates Reporting
{GATHER);” a completed GATHER checklist is provided
inappendix1(section 8). Python (version 3.8.17 and 3.10.4),
Stata (version 15.1), and R (version 3.5 and 4.2) were used
for statistical analysis This manuscript was produced
with the GBD Collaborator Network and in accordance
with the GBD Protocol.” An international network of
collaborators provides, reviews, and analyses the available
data to generate health metrics; the 2021 GBD round
drew on the expertise of more than 11000 collaborators
across more than 160 countries and territories.

Data sources and processing

The GBD 2021 analysis used a range of data types for
mortality and population estimation that were identified
from a systematic search of available data from
governmen! websites, statistical annuals, demographic
compendia, large-scale surveys, and collaborator input;
comprehensive details on the sources of input data are
available online via the GBD 2021 Sources Tool. Under-5
mortality rates (USMRs), defined as the probability of
death from birth to age 5 years, were estimated using
30526 location-years of vital registration data (3179 new
location-years for GBD 2021 compared with GBD 2019),*
237 location-years of sample vital registration data, and
1445 other sources (including 57 new surveys, one new
census, and ten other new sources; appendix 1 section 8).
Adult mortality, defined as the probability of death before
age 60 years assuming survival to age 15 years, was
estimated using 30207 location-years of vital registration
data (3150 new location-years for GBD 2021 compared
with GBD 2019), 1435 location-years of sample vital
registration data, 75 censuses, 280 surveys (including
65 sources of household death data and 167 sources
of sibling history data), and 24 other sources
(appendix 1 section 8). Age-specific mortality was
estimated using 43758 empirical life tables for 1950~2021
(compared with 35406 in GBD 2019; appendix 1 section 8).
Prevalence surveys, antenatal clinic serosurveillance, and
vital registration were used to adjust for the impact of the
HIV epidemic due to its exceptional impact on age-
specific mortality. Fatal discontinuities were accounted
for using 2235 location-years from vital registration and
237 other sources (compared with 1812 from vital
registration and 174 other sources in GBD 2019).
Estimation of excess mortality due to the COVID-19
pandemic utilised an additional 146139 datapoints of all-
(&} or!allry data at either wcekh or monthly lutcrvalb

our previous excess mortality estimation,* GBD 2021
used 1389 additional weeks or months of data).

Population estimates utilised national and subnational
censuses (1277 overall; 25 new), population registries
(749 location-years of data), and post-enumeration
surveys (161 in total). Additionally, migration data on
refugee movements from the UN High Commissioner
for Refugees and datasets for select countries (primarily
Gulf States and nations in the EU) were used to inform
migration estimates.

All-cause mortality estimation

GBD 2021 allcause mortality estimation followed the
analytical framework for mortality analysis used in
GBD 2019.” Point estimates from surveys were generated
using both direct and indirect estimation methods for
USMR, while for adult mortality, they were generated
from sibling history data with methods that correct for
inherent biases such as zero-survivor and recall bias.
Time series estimates of the completeness of adult vital
registration data were generated using the same
modelling process as GBD 2019, which used a
combination of five death distribution methods, and
point estimates were adjusted accordingly.

Time series of under-5 and adult mortality without fatal
discontinuities were estimated using spatiotemporal
Gaussian process regression’(ST-GPR), including a bias-
adjustment process for USMR, to correct for systematic
differences in the data sources and smooth results across
time and location. Education, HIV, and lag-distributed
income were included as covariates, along with USMR
for adult mortality. These estimates were used as inputs
for the GBD relational model life table system with
adjustments for older-age mortality lo estimate HIV-free
age-specific mortality rates. HIV mortality was modelled
with a combination of ST-GPR, the Estimation and
Projection Package Age-Sex Model,* and Spectrum,® and
subsequently used to produce life tables that included
HIV mortality. These abridged life tables were used to
generate full life tables by single year age groups with
further detailed age groups under the age of 1 year. Sex-
redistributed and age-redistributed fatal discontinuities
by cause were aggregated by age and sex and added to the
estimated mortality from the previous step to generate
the final all-cause mortality life tables by lecation, year,
sex, and age. We recalculated abridged life tables,
including fatal discontinuities for each location, year, and
sex combination, and then calculated the final envelope
from these abridged life tables. Detailed methods for
estimating each mortality component are available in
appendix 1 (section 2).”

Excess mortality due to the COVID-19 pandemic
estimation

Excess mortality due to the COVID-]9 ‘pandemic in
2020 and 2021 is defined as the obse all-cause
ortality minus the mortality that woul ted had
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the pandemic not occurred, based on historical trends.
Excess deaths are those attributed to the COVID-19
pandemic as a whole, both from SARS-CoV-2 infection
and from other pandemic-related factors such as deferred
care secking.”” Excess mortality was calculated using
similar methods as in Wang et al (2022)," with several
key improvements. We included yearly observed deaths
from vital registration to supplement daily, weekly, and
monthly observed death data. We then used five variants
of the spline for weekly seasonal patterns that set the
second-to-last knot at 18, 24, 36, 48, or 60 months to allow
for more stable trends. To select covariates, we used
Rover, a method developed at the Institute for Health
Metrics and Evaluation based on Bayesian model
. averaging. Rover is conceptually similar to the Bayesian
model averaging method, which is widely used to explore
the parameter space and aggregate estimates across
candidate models based on performance metrics.” The
main difference is that while Bayesian model averaging
uses marginal likelihood, Rover focuses on out-of-sample
performance. We included covariates pertaining to the
COVID-19 pandemic, such as seroprevalence, and
background population health metrics, such as the
Healthcare Access and Quality Index.™ With the best
model selected. we ran a prediction process using
100 draws for each covariate and 100 draws of estimated
coefficients and residuals, estimated from the regressions
run at the draw level using draw-level input data on both
excess mortality and covariates. Mean values and
95% uncertainty intervals (Uls) were then generated at
national, regional, and global levels. Out-ofsample
predictive validity testing was conducted based on our
final model specification. Complete excess mortality
methodology is detailed in appendix 1 (section 2.8).

To determine age-specific and sex-specific excess
mortality, we estimated all-cause mortality twice: once
with data from during the pandemic in 2020 and 2021
included and once without. For location-years with vital
registration data from during the pandemic, we
computed the difference in estimated age-sex-specific
miortality between the two sets of estimates. We then
applied this distribution to our excess mortality estimates
to calculate age-specific and sex-specific excess mortality.
Due to instability in age-sex distributions and implausible
patterns, we used the global age-sex distribution for
locations with fewer than 75000 excess deaths, unless
otherwise noted (appendix 1 section 2.8). Other
pandemic-related mortality (OPRM) was estimated by
calculating the difference between excess mortality and
the sum of deaths due directly to COVID-19 infection
and indirect deaths due to lower respiratory infections,
measles, and pertussis. For locations with a negative
OPRM, we adjusted the non-pandemic mortality
estimates downward accordingly. We redistributed small
discrepancies that— | between the mortallly
eslimates that

mortality estimates plus age-sex-specific excess mortality
to ensure that the final mortality estimates including
mortality shocks were consistent with observed high-
quality vital registration data.

Population estimation

We used the Bayesian hierarchical cohort component
model for population projection (BCCMP) from GBD 2019
to produce age-specific population estimates." This method
used agespecific fertility estimates from GBD 2021
{appendix 1 section 3), the previously described age-specific
mortality estimates, and available census and registry data
as inputs. Auxiliary refugee and migration data were used
to inform the prior distribution on net migration in
countries with substantial migration or reliable data. The
model estimates an age-specific 1950 baseline population,
age-specific net migration, and age-specific population
estimates that are fully consistent with the input fertility
and mortality estimates. Complete population estimation
methodology is in appendix 1 (section 4).

Expected mortality based on Socio-demographic Index
(SDI) estimation

We analysed the relationship between age-specific log
mortality rates and SDI using MR-BRT (meta-regression-
Bayesian regularised trimmed),”® a meta-regression
programme (appendix 1 section 6.1). SDI is a comiposite
indicator of a country’s lag-distributed income per capita,

GBD super-region
— Global ~o- High income

=== Global (excluding China and India) ~—o- Latin America and Caribbean
=&~ Central Europe, eastern Europe, and central Asia =8~ North Africa and Middle East
-~ South Asia Estimated deaths (millions)
~&- Southeast Asia, east Asia, and Oceania 7710 <190 0 241010 <680
~&- Sub-Saharan Africa 0219010410 ©O=680t0 52791

100G e

o0
o
i

o
o
I

VR completenass (%)
s
o
L

204

Figure 1: Completeness of VR systems in GBD super-regions, 1975-2021
Completeness is defined as the total number of deaths registered in all VR systems within a super-region during
a5.year period dmdcd by the tul.al number afl.'shmalr.d deaths mthm that super-region and period, with

PN solid black fine shows the global completeness, the dashed black line indicates global
2 -' Ay China and india, and other cal lines indicate GBD super-regions. The green box
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healthdata orgfmortality/

average years of schooling, and the total fertility rate in
fernales younger than age 25 years (appendix 1 section 5).
MR-BRT defines a linear mixed-effects model with a
B.spline specification for the relationship between
outcomes of interest and SDI. We used a cubic spline
with five knots between 0 and 1, with left-most and right-
most spline segments enforced to be linear, and with
slopes matching adjacent interior segments. To ensure
that the results were not sensitive to the choice of spline
knots, we used a model ensemble of over 50 cubic spline
models, as described above. For each model, interior
knot placement was randomly generated to be
between 0-1and 0-9, with minimum inter-knot distance
of 0-1 and maximum inter-knot distance of 1. 0. The final
predictions were obtained using the ensemble aggregate
over these 50 models. This model was performed
separately for each GBD age-sex group. Expected
mortality rates for each age-sex group based on SDI were
used to estimate expected life expectancy. A similar
analysis was done for excess mortality rates due to the
COVID-19 pandemic, with the exception that two-degree
splines were used.

Geographical units, age groups, and time periods

We produced estimates for each demographic metric by
age-sex-location-year for 25 age groups: early neonatal
(0-6 days), late neonatal (7-27 days), 1-5 months,
6-11 months, 12-23 months, 2-4 years, 5-9 years, every
S-year age group up lo 95 years, and 95 years and older
(fertility estimated for 5-year age groups between ages
10 years and 54 years); for males, ferales, and all sexes
combined; for 204 countries and territories grouped into
21 regions and seven super-regions; and for every year
from 1950 to 2021. We also included subnational analyses
for 21 countries and territories (Brazil, China, Ethiopia,
India, Indonesia, Iran, Italy, Japan, Kenya, Mexico,
New Zealand, Nigeria, Norway, Pakistan, the Philippines,
Poland, Russia, South Africa, Sweden, the UK, and
the USA) and estimates by SDI quintile. All countries
and territories were assigned an SDI value ranging
from 0 (lowest income and educational attainment and
highest fertility) to 100 and then grouped into quintiles
from low SDI to high SDI.

Uncertainty analysis
Uncertainty was propagated throughout the estimation
process. For under-5 and adult mortality, ST-GPR
generated 1000 draws for every location, year, and sex
combination; 1000 draws were also produced for the
crude death rate associated with HIV estimates. The
100 draws of excess mortality due to the COVID-19
pandemic were repeated ten times to generate
1000 draws. These draw-level inputs were then used to
create 1000 draws of all-cause mortality estimates and
draw-level eslimates of fatal discontinui

estimates and 95% Uls (the 25th and 97 ';ar;kﬂ valu.es X

\
-‘lﬁ/&mographi _

from the 1000 draws) were generated f

metrics using the draw-level estimates. The uncertainty
associated with fertility and mortality estimates was
included as inputs in the BCCMP model to produce
1000 draws of pepulation estimates,

Role of the funding source

The funders of this study had no role in study design,
data collection, data analysis, data interpretation, or the
writing of the report

Results

This section presents global, regional, and national-level
results for key demographic metrics; given space
constraints, estimates at the subnational level are
presented in appendix 2 and are also available in
downloadable form through the GBD Results tool. All
subnational locations are listed in appendix 1 (section 8).

Civil registration and vital statistics completeness

The proportion of deaths registered in vital registration
systems increased substantially at the global level during
the study period, from 30-3% in 1975 to a peak of
61.1% in 2016, before declining in subsequent years due
to lags in reporting (figure 1), Completeness of death
registration in vital registration systerns varied markedly
between regions, however, most progress in completeness
was observed in China (where completeness peaked at
71:2% in 2018) and India (where completeness peaked at
80-1% in 2019; appendix 2 table §1). The Indian Sample
Registration System is considered complete for the
sample population it covers. Outside of China and India,
progress in death registration has been slow, with only a
10- 3 percentage point increase observed in the rest of the
world between 1975 and the peak in 2016. This increase
was concentrated in north Africa and the Middle East,
which improved from 20-6% completeness in 1975 to a
peak of 56:0% in 2016. While registration has been
complete (defined as >95%) since 1975 for mearly all
countries in the high-income superregion and
central Europe, eastern Europe, and central Asia, in
sub-Saharan Africa peak completeness of only 8-7% was
reached in 2008 and completeness has declined since
then. Death registration in Latin America and
the Caribbean was more variable: countries such as
Costa Rica, Cuba, and Argentina have been complete for
many years; registration in countries such as
Ecuador has remained around 60-90% c

Figure 2: Globaland GBD:upe:-mng Mwﬁhmmy.

Hespan infemales (BERLP P71

Mortality rates are expressed as the number of deaths per 1000 population
Fatal discontinuities are indicated by the following letters: A=HIV epidemic;
B=conflicts in the Middle East; Cewar and genocide in India, Pakistan, and
Bangladesh In 1971; Dvwir and qenocide In Cambadia in the 1570 E=Rwandan
4; F=earthguake in Haiti in 2010; G=famine
Burden of Diseases, Injuries, and Risk
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others, such as Bolivia, continue to lack registration data.
At the national level, 96 countries and territories had at
least 1 year of complete death registration between
2010 and 2021; 29 countries and territories without
complete death registration had at least 1 year of
registering more than 75% of deaths; and 47 countries and
territories had no vital registration data in the GBD 2021
mortality database. Registration was incomplete or non-
gxistent in many countries with large numbers of deaths
in 2021, especially in sub-Saharan Africa, including
Nigeria and Democratic Republic of Congo. In the
2020-21 period, superregions had varying degrees of
lowered completeness indicative of lags in reporling
(figure 1).

Mortality and life expectancy

Between 1950 and 2019, global age-standardised all-cause
mortality rates per 100000 population broadly declined,
from 1980.-5 age-standardised deaths (95% Ul
1855:5-2115:0) in 1950 to 736:1 (700-1-772-8) in 2019
(appendix 2 table S3A), which equates to a
62-8% (60-5-65-1) decline in mortality during the entire
period. Global all-cause mortality rates across the human
lifespan for the younger than 15 years and older than 40
years age groups broadly improved for both fernales and
males between 1950 and 2019 (figure 2). This pattern was
relatively consistent across super-regions, with the
exception of increased mortality in sub-Saharan Africa
during the HIV epidemic and a fluctuating pattern in the
central Europe, eastern Europe, and central Asia super-
region. However, substantial variation in mortality levels
and trends across super-regions and over time were
observed in the 15-39-years age group. This age group

was particularly susceptible to mortality shocks such as
famine in China between 1959 and 1961; conflicts in
the Middle East during multiple time periods; war in
India, Pakistan, and Bangladesh and genocide in
Bangladesh in 1971; war and genocide in Cambodia in
the 1970s; the Rwandan genocide in 1994; and the
earthquake in Haiti in 2010 (figure 2). Conflict and war
had a larger impact on mortality rates in males than
females. Furthermore, the HIV epidemic had an
especially large impact on this age group in
sub-Saharan Africa and a lesser impact in southeast Asia,
east Asia, and Oceania, with a larger impact on females
than males. Additionally, male mortality rates increased
in Latin America and the Caribbean during the 2000s, to
varying extents in countries such as El Salvador, Peru,
Guatemala, Honduras, Mexico, Venezuela, and Brazil
{appendix 2 figure S5). An increase in male and female
mortality was observed in the high-income super-region
during the late 2010s, which was most notable in
the USA, Canada, and Spain (appendix 2 figure S5).

During the COVID-19 pandemic in 2020 and 2021,
global age-standardised all-cause mortality rates increased
by 21-9% (95% Ul 13-6-31-1) for males aged 15 years and
older compared with 2019 and 16-6% (10-0-23-4) for
females in the same age group and time period, reversing
ttends in mortality observed before the pandemic
(appendix 2 table §3), In contrast, during 2020 and 2021,
global mortality rates for both males and females generally
remained constant or further decreased for age groups
younger than 15 years (figure 2). In particular, between
2019 and 2021, global USMR decreased by 7-0% (2. 3-11-1),
This continued reduction in child mortality was consistent
across all super-regions (figure 2).
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Unlocking the Immunomodulatory Potential of Rosmarinic Acid
Isolated from Punica granatum L. using Bioactivity-Guided
am Approach: In Silico, In Vitro, and In Vivo Approaches
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Abstract: Background: Punica granatum L. is well-known for its multifaceted therapeutic potential, in-
cluding anti-inflammatory and immunomedulatory activities,

Aim: This study aimed to characterize an immunomodulatory compound isolated from Punica grana-
fum L. using a biouctivity-guided approach.

Methods: Chromatographic techniques were adopted for isolation and purtfication of secondary metabo-
hites. I silico, in vitro, and in vive methods were performed to characterize the therapeutic potential of

TiCL STOR §
o ) : the isolated compound.
Reweived: November (73, 2123

HEDid ek 19, 2054 Results: Using preparative thin-layer chromatography, rosmarinic acid was isoloted from Fd (column

F Accepied: Janaary 29, 2024 chromatography product obtained from a butanolic fraction of the extract), The impact of rosmarinic
acid was assessed in rats using the neutrophil adhesion test, DTH response. and phagocytic index. In im-

1y munized rats. rosmarinic acid demonstrated significamt immunomodulatory potential. Computational ex-
MBS0 0429022700965 periments, like molecular docking and molecular dynamics, were also conducted against two targeted re-

ceptors, Cereblon (PDB 1D: 8A0Q) and human CD22 (PDB 1D: SVKM). Computational studies

@ CrossMark suggested that an inerease in phagoeytic index by rasmarinic acid could be attributed 1o inhibiting Cere-

blon und CD22. Pharmacokinetics and toxicity prediction also suggested the drug-likeness of ros-
marini¢ acid

Conclusion: Rosmarinic acid 1s @ potential candidate. but extensive research needs to be done to trans-
late this molecule from bench 1o bedside

Keywords: Punica granatum L., rosmarinic acid, immunomodulatory activity, Cereblon, CD22, immune response.
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L. INTRODUCTION

A disease-free state may be achieved in a living or-
ganism by stimulating or inhibiting the immune re-
sponse [1]. A different system of medicines exists for
managing diverse diseases and provides a massive
scope of research and discovery of various potent
herbs and shrubs as natural therapy [2-9]. Many herb-
s/shrubs that produce immunomodulatory effects cither
in single or combination have been explored [10].

With the help of various immunomodulators, the
immune system can perform better. Wide varieties of
medicinal plants dFe available to improve the natural re-
sistance of living organisms against various pathogenic
attacks and are scientifically reported for their immuno-
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modulatory activities. Currently, medicinal flora is ex-
haustively being explored for high-quality and mighty
immunomodulatory compounds [10-13].

Punica granatum L. is also commonly known as
pomegranate. Hepatic injury, cerebral ischemia-reper-
fusion injury, neurological diseases, ulcers, and many
other ailments are traditionally treated using various
parts of P. granatum L. [14, 15], Previous researchers
using various models have proved its anti-inflammato-
ry and immunomodulatory activities [16-18]. In our
earlier study on arthritic rats, the anti-arthritic potential
of the butanolic fraction of P. granarum L. rind extract
was evaluated, and a significant effect was observed
[19]. As of January 12, 2024, there were 9 articles on
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Fig. (1). Interactive mapping between various co-oceurring MeSH terms associated with the literature obtained from PubMed
related to Pumica granatum L. and ﬂavoneiﬁavanol.-‘camtenoidfﬂavunoid!alkal:3idfterpenelterpenoidfgtycaside-‘saponinKpo-

lyphenol/anthocyanin/steroid. Metadata from PubMed was processed in VOSviewer. (A higher resolution / colour version of

this figure is available in the electronic copy of the article),
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PubMed when we used search terms like **Punica gra-
natum (title) AND Immunomodulat* (title/abstract).”
When we explored PubMed for articles having *“Puni-
ca granatum” in their title and other search terms, like
“flavone/flavanol/carotenoid/flavonoid/alkaloid/ter-
pene/terpenoid/glycoside/saponin/polyphenol/antho-
cyanin/steroid” in their title/abstract, it resulted in 109
articles, as on January 12, 2024, including 7 review ar-
ticles. Interestingly, 5 out of 7 reviews were published
in 2023, reflecting the sudden surge and interest of re-
searchers. VOSviewer is a tool that is widely used for
bibliometric anakysis [20-22]. We processed metadata
and abstracts from these 109 articles in VOSviewer
and observed 306 MeSH terms. 99 of the MeSH terms
co-occurred in a minimum of 2 publications. Fig. (1) il-
lustrates the interactive mapping between these 99 co-
occurring MeSH terms. Some of the top co-occurring
MeSH terms were “Lythraceae,” “plant extracts,”
“fruit,” “antioxidants.” “anthocyanins,” “polyphenols,”
“phenols,” “flavonoids,” “hydrolysable tannins,” “seed-
s.” and “flowers.” Ellagic acid is one of the most
studied molecules, and it seems to be mainly discussed
with “antioxidants™ and animal studies (Fig. 1). The in-
teractive analysis also suggested that P. granarum L.
has been explored for various kinds of phytochemical
classes, including flavonoids, phytosterols, tannins (in-
cluding hydrolysable tannins), alkaloids, plant oils, and
amino acids, MeSH terms related to many pharmaco-
logical activities were also visible in the interactive
mapping. Some of those were related to diabetes, obesi-
ty, inflammation, cancer, and infections. Further, clini-
cal studies on P. granatum L. and some of its major
compounds, like ellagic acid, signify its translational
potential [23-25].

Continuing the above perspective, this study aimed
to characterize the immunomodulatory compound
from P. granatum. In this current investigation, we
have used in vitro, in vivo, and in silico study protocols
to evaluate pharmacological efficiency. We have util-
ized chromatographic and spectroscopic techniques to
isolate and characterize the bioactive constituent of 2.
granatum. L. Protein denaturation assay was adopted
for preliminary screening and bioactivity-guided isola-
tion approach. It was then followed by neutrophil adhe-
sion test, DTH response, HA titer, as well as a phago-
cytic assay to ascertain the immunomodulatory activi-
ty. Molecular docking, MD simulation, and MM/PB-
SA binding free energy calculations were performed to
ascertain the binding capabilities of isolated compound
with selected targets. Further, ADME profile and toxic-

ity were Wd for drug-likeness assessment,
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2. MATERIALS AND METHODS

2.1. Chemicals and Solvents

Analytical grade solvents (procured from S.D. Fine
Chemicals, India) were used in our study. A precoated
Thin Layer Chromatography (TLC) plate of 0.2 mm
thickness procured from Merck, Germany, was also uti-
lized.

2.2. Extraction, Fractionation, and Isolation by
Bioactivity-guided Approach

The extraction, fractionation, and isolation of the
compound were carried out according to our previous
study, i.¢., bioactivity-guided isolation procedure [26].
Briefly, 90% methanolic extract was obtained from
250 g of powdered P. granarum L., and it was further
fractionated using various solvents. A preliminary phy-
tochemical screening of all the fractions had been per-
formed previously to determine the presence of several
active phytocompounds [19, 27, 28]. The inhibition of
protein denaturation method has been used to prelimi-
nary determine the anti-inflammatory potential of Fl
to F5 (collected fractions). Among all fractions, frac-
tion F4 exhibited potent activity and, based on TLC, it
showed two spots/bands [26]. Both spots (F4A and
F4B) were scratched out and evaluated using a protein
denaturation assay [29]. Both scratched spots were
characterized using spectral metheds (1H-NMR, 13C-
NMR, IR, and mass spectrometry) to determine their
structural identity.

2.3. Animals

Healthy and untreated Wistar albino rats (body
weight ranging between 180-200 g) were used in the
pharmacological evaluation of the isolated compound.
They were maintained under standard laboratory condi-
tions at 25 + 2°C, relative humidity (50 £ 15%), and
regular photoperiod (12-hour light-dark cycle) through-
out the experimental period. A standard pellet diet with
water ad libirum has been provided to all animals ac-
cording to standard guidelines provided by the CPC-
SEA (The Committee for the Purpose of Control and
Supervision of Experiments on Animals). The study
protocol was followed after getting approval from the
IAEC (Institutional Animal Ethics Committee) (proto-
col no.: 192/PhD/2012/IAEC/BRNCP/12-13/Mandsau-
r). The rats were subjectively separated as per the mod-
¢ls, and six animals were included in each group.

1) The sample size was taken as 6 rats per group.

2) The experimental animals were purchased ftt
a CPCSEA-approved vendor, ie., Indian Vetet
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2.4. Immunomodulatory Activity of Rosmarinic
Acid

2.4.1. Neutrophil Adhesion Test (NAT)

As per the Wilkinson method (1978), three groups
were prepared. Group 1 included normal rats treated
with normal saline, whereas rats of groups 11 and II]
were orally given rosmarinic acid (25 and 50 mg/keg, re-
spectively). The rosmarinic acid was given till the 14th
day, and on the last day of the experiment, Total
Leukocyte Count (TLC) and Differential Leukocyte
Count (DLC) were evaluated from the sample (which
was collected into heparinized vials) [30-33],

The below formula has been used to calculate the
percent neutrophil adhesion:

Neutrophil adhesion (%) = Nlu (untreated blood

sample) - NIt (treated blood sample) * 100

Nlu (untreated blood sample)

(Eq. 1)

2.4.2. Hemagglutinating Antibody (HA) Titer

Rosmarinic acid (25 and 50 mg/kg, orally) was ad-
ministered 10 the drug-treated rat groups for 14 days.
Simultaneously, Sheep Red Blood Cells (SRBC) were
used to immunize all control and drug-treated groups.
The day on which immunization was induced was con-
sidered as day zero and the drug was continued until
14 days. On the last day of the experiment. blood was
collected from cach rat, and the titer value was ex-
amined through titrating serum dilution method. Anti-
body titer was considered as hemagglutination using a
minimum volume of serum [34].

2.4.3. Delayed-type Hypersensitivity (DTH) Response

Rats were divided into three groups, and every
group included six rats. Group I was treated as a con-
trol, while groups 11 and 111 were administered the test
drug (rosmarinic acid). All rats from each group were
treated with 0.5%109 cells SRBCs (acting as an anti-
gen) in the pad of the right hind foot. The immuniza-
tion day was considered zero, and rosmarinic acid was
given for seven days. The differences in the paw thick-
ness obtained using pre- and post-challenge thickness-
es in the foot were considered for assessing delayed--
type hypersensitivity reaction and measured in mm
[35].

2.4.4. Phagocytic Response

The methodology proposed by Cheng ef al. in 2005
was adopted to determine phagocytic response [36-38].
From day 0 1o day 7, animals were exposed to varying
concentrations of rosmarinic acid (25 and 50 mg/kg, re-

Gautam et al,

spectively). On the 7" day, each animal received a 0.3
ml/30 g intravenous injection of pre-warmed Indian
ink dispersion. Blood samples (50 pl) were taken from
each animal at a time interval of 2 and 10 minutes
post-injection via retro-orbital bleeding. These samples
were combined with a 0.1% sodium carbonate solution
to break down the red blood cells. The absorbance of
these samples was determined at 675 nm using a spec-
trophotometer. After the final blood collection at 10
minutes, animals were euthanized, and their livers and
spleens were harvested and weighed [38]. The K value
was determined as follows:

Carbon clearance (K) = log OD2 - log OD10
T2-TI

Phagocytic index (a) = (K1/3 x body wt of ani-
mal)/(liver wt + spleen wt)

OD2 is the log absorbance of blood at 2 min; OD10
is the log absorbance of blood at 10 min; T2 is the last

time point of blood collection; T1 is the first time point
of blood collection [38].

(Eq. 2)

2.5. Statistical Analysis

The values have been expressed in mean + SEM.
Statistical analysis between treated and control groups
was performed using one-way ANOVA and multiple
comparison tests to calculate sighificant differences.
The differences were measured as significant when p
values were 0.001, 0.01, and 0.05, respectively.

2.6. Computational Studies for Mechanistic Insights
and ADME Prediction

2.6.1. Ligand Preparation

The 3D structure of the co-crystallized ligand was
extracted from the crystal structure of the target pro-
tein, and the rosmarinic acid structure was sourced
from PubChem. Both the ligands underwent optimiza-
tion using the LigPrep tool in the Schrodinger Suite
[39], utilizing the OPLS 2005 force field [40]. The
Epik algorithm was applied at pH 7.0 £ 2.0 to explore
the potential protonation states of all molecules [41].
Throughout the process, the original chirality of the
structures was preserved, and tautomeric states were
created.

2.6.2. Protein Preparation

Cereblon (CRBN) is an essential target for immuno-
modulatory drugs and also has antiproliferative poten-
tial [42, 43]. Cereblon negatively regulates phagocyto-
sis [44]. Similarly, CD22 is well-recognized for its inhi-
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2.4. Immunomodulatory Activity of Rosmarinic
Acid

2.4.1. Neutrophil Adhesion Test (NAT)

As per the Wilkinson method (1978), three groups
were prepared. Group | included normal rats treated
with normal saline, whereas rats of groups II and III
were orally given rosmarinic acid (25 and 50 mg/kg, re-
spectively). The rosmarinic acid was given till the 14th
day, and on the last day of the experiment, Total
Leukocyte Count (TLC) and Differential Leukocyte
Count (DLC) were evaluated from the sample (which
was collected into heparinized vials) [30-33].

The below formula has been used to calculate the
percent neutrophil adhesion:

Neutrophil adhesion (%) = Nlu_(untreated blood

sample) - NIt (treated blood sample) x 100

Nlu (untreated blood sample)

(Eq. 1)

2.4.2. Hemagglutinating Antibody (HA) Titer

Rosmarinic acid (25 and 50 mg/kg, orally) was ad-
ministered to the drug-treated rat groups for 14 days.
Simultaneously, Sheep Red Blood Cells (SRBC) were
used to immunize all control and drug-treated groups.
The day on which immunization was induced was con-
sidered as day zero and the drug was continued until
14 days. On the last day of the experiment, blood was
collected from cach rat, and the titer value was ex-
amined through titrating serum dilution method. Anti-
body titer was considered as hemagglutination using a
minimum volume of serum [34).

2.4.3. Delayed-type Hypersensitivity (DTH) Response

Rats were divided into three groups, and every
group included six rats. Group I was treated as a con-
trol, while groups Il and 111 were administered the test
drug (rosmarinic acid). All rats from each group were
treated with 0.5x109 cells SRBCs (acting as an anti-
gen) in the pad of the right hind foot. The immuniza-
tion day was considered zero, and rosmarinic acid was
given for seven days. The differences in the paw thick-
ness obtained using pre- and post-challenge thickness-
es in the foot were considered for assessing delayed--
type hypersensitivity reaction and measured in mm
(35].

2.4.4. Phagocytic Response

The methodology proposed by Cheng ez al. in 2005
was adopted to determine phagocytic response [36-38].
From day 0 to day 7, animals were exposed to varying
concentrations of rosmarinic acid (25 and 50 mg/kg, re-
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spectively). On the 7" day, each animal received a 0.3
ml/30 g intravenous injection of pre-warmed Indian
ink dispersion. Blood samples (50 pl) were taken from
each animal at a time interval of 2 and 10 minutes
post-injection via retro-orbital bleeding. These samples
were combined with a 0.1% sodium carbonate solution
to break down the red blood cells. The absorbance of
these samples was determined at 675 nm using a spec-
trophotometer. After the final blood collection at 10
minutes, animals were euthanized, and their livers and
spleens were harvested and weighed [38). The K value
was determined as follows:

Carbon clearance (K) = log OD2 — log OD10
I

(Eq. 2)

Phagocytic index («) = (K1/3 x body wt of ani-
mal)/(liver wt + spleen wt)

OD2 is the log absorbance of blood at 2 min; OD10
is the log absorbance of blood at 10 min; T2 is the last
time point of blood collection; T1 is the first time point
of blood collection [38],

2.5. Statistical Analysis

The values have been expressed in mean + SEM.
Statistical analysis between treated and control groups
was performed using one-way ANOVA and multiple
comparison tests to calculate significant differences.
The differences were measured as significant when p
values were 0.001, 0.01, and 0.05, respectively.

2.6. Computational Studies for Mechanistic Insights
and ADME Prediction

2.6.1. Ligand Preparation

The 3D structure of the co-crystallized ligand was
extracted from the crystal structure of the target pro-
tein, and the rosmarinic acid structure was sourced
from PubChem. Both the ligands underwent optimiza-
tion using the LigPrep tool in the Schrodinger Suite
[39], utilizing the OPLS 2005 force field [40]. The
Epik algorithm was applied at pH 7.0 £ 2,0 to explore
the potential protonation states of all molecules [41].
Throughout the process, the original chirality of the
structures was preserved, and tautomeric states were
created.

2.6.2. Protein Preparation

Cereblon (CRBN) is an essential target for immuno-
modulatory drugs and also has antiproliferative poten-
tial [42, 43]. Cereblon negatively regulates phagocyto-
sis [44]. Similarly, CD22 is well-recognized for its inhi-
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bition of phagocytosis and is a promising option for tar-
geted immunotherapy [45-48). Considering these find-
ings, we have selected two targets, Cereblon and hu-
man CD22, for the computational studies to assess the
molecular mechanism of rosmarinic acid’s immunomo-
dulatory action and to understand if rosmarinic acid in-
duces phagocytosis by inhibiting these targets. The
crystal structures of Cereblon in complex with 3-
[(phenylsulfonyl)methyl]piperidine-2,6-dione  (PDB
ID: 8AOQ) and human CD22 in complex with alpha
2-6 sialy lactose (PDB ID: SVKM) were acquired from
the RCSB protein data bank [49, 50]. The protein pre-
paration workflow tool in the Schrédinger Suite 2022
was utilized to prepare the structures to be utilized for
computational studies [S1]. This involved adding hy-
drogens, assigning charges, refining bond orders, and
removing all non-standard residues (including water
molecules) from the PDB files. Subsequently, the pro-
tein's minimization was performed using the OPLS
2005 force field, which was followed by adding any
missing side chains using Prime [51]. For docking sim-
ulations, the receptor grid was generated with its center
points set at X = 25.76, Y = 19.44, and Z = -7.78 for
Cereblon, while X = -53.65, Y = 10.62, and Z = 18.47
for human CD22. Dimensions were defined as X = 10
A, Y =10A, and Z = 10 A. Considering the protein's
substrate-binding region, these dimensions were deter-
mined to ensure an appropriate grid box size.

2.6.3. Re-docking and Free Binding Energy Calcula-
tion

To assess the reliability of Glide, which was em-
ployed for docking, we conducted re-docking experi-
ments using co-crystallized ligands. The co-crystall-
ized ligand structures of Cereblon (PDB ID: 8AOQ, li-
gand 3-[(phenylsulfonyl)methyl]piperidine-2,6-dione)
and human CD22 (PDB ID: VKM, ligand alpha 2-6
sialyl lactose) were redocked into the active site using
the standard precision mode [52]. The RMSD values
were 0.3512 A for Cereblon and 0.5907 A for human
CD22, respectively. These results confirmed the robust-
ness and accuracy of the applied methodology. Further-
more, the docked pose of both ligands aligned perfect-
ly with their respective conformations in the crystal
structures. Afterward, rosmarinic acid was subjected to
docking against both these targets.

2.6.4. Molecular Dynamics (MD) Simulations

As reported earlier, the stability of various pro-
tein-ligand complexes resulting from molecular dock-
ing was investigated using explicit solvent MD simula-
tions [53]. A protein-ligand complex was simulated for
100 nanosccon;ia:'qs ng-GROMACS version 20194

e % _1.{!‘ E:._ .\
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while employing the charmm36-jul2021 force field
[54]. The force field and parameter files for ligands
were generated using the CGenFF (CHARMM Gener-
al Force Field) [55]. The complexes were solvated in
cubic boxes with periodic boundary conditions to
conduct the simulations. The TIP3P water model was
used, and a minimum distance of 10A was maintained
between the box and the solute. To achieve a neutral
charge, sodium and chloride ions were added at a con-
centration of 0.15 M, with a gradient tolerance of less
than 10 kJ/mol/nm. Before the actual dynamics simula-
tions, the systems underwent 50,000 steps of energy
minimization using the steepest descent method. The
LINCS-like algorithm and Particle Mesh Ewald (PME)
method were employed to restrain all atoms and han-
dle long-range electrostatic interactions to control the
dynamics during simulations. Short-range Van der
Waals interactions were considered within a cutoff dis-
tance of 10 A. The equilibration of the systems was per-
formed in two phases, involving 100 picoseconds each,
under the NVT (constant Number of particles, Vol-
ume, and Temperature) and NPT (constant Number of
particles, Pressure, and Temperature) ensembles. A V-
rescale thermostat and Parrinello-Rahman barostat
were used to control 300 K temperature and | bar pres-
sure during equilibration. Following equilibration, a
production run of 100 nanoseconds was carried out us-
ing the NPT ensemble. The resulting trajectories of the
simulated systems were then saved for the detailed
analysis. Built-in features of GROMACS, such as gmx
rms, rmsf, and hbond, were utilized to analyze various
properties throughout the trajectory, including Root
Mean Square Deviation (RMSD), Root Mean Square
Fluctuation (RMSF), and hydrogen bonds. PYMOL
and VMD software were employed for visualization
purposes so as to examine and interpret the structures
of interest [56, 57].

2.6.5. Binding Energy Calculations using MM/PBSA

The MM/PBSA protocol was employed to deter-
mine the relative binding energies of specific protein-li-
gand pairs. The following equations were utilized to
calculate the free binding energies for each complex:

AG bind = Gy, - (G, + G,) (Eq. 3)

Here, Gy, represents the binding free energy of the
receptor-ligand complex, while G, and G, correspond
to the binding free energies of receptor and ligand, re-
spectively. Every 500 frames from the last 50 ns of the
trajectory were used. The detailed methodology adopt-
ed was resourced from our previous work [58], employ-
ing the ¢ mmpbsa tool compiled with GROMALS to
calculate the binding free energy of the ligands [ J@

Principa

INDORE (MP.)

Indore Institute of Pharmasy,

224



5974 Current Medicinal Chemistry, 2024, Vol. 31, No. 36

2.6.6. Pharmacokinetics and Toxicity Prediction

The SwissADME tool was used to predict the phar-
macokinetics and drug-likeness of rosmarinic acid
[60]. Various parameters considered in the current
study include Log Po/w (iLOGP), Log Po/w (XLOG-
P3), Log S (ESOL), GI absorption, BBB permeant, P-
gp substrate, CYP1A2 inhibitor, CYP2C19 inhibitor,
CYP2C9 inhibitor, CYP2D6 inhibitor, CYP3A4 inhibi-
tor, Log Kp (skin permeation), Lipinski, and bioavaila-
bility score. ProTox-II webserver was used for toxicity
prediction [61]. Toxicological parameters taken into
consideration wege hepatotoxicity, carcinogenicity, im-
munotoxicity, mutagenicity. cytotoxicity, Aryl Hydro-
carbon Receptor (AhR), Androgen Receptor (AR), An-
drogen Receptor Ligand Binding Domain (AR-LBD),
aromatase, Estrogen Receptor alpha (ER). Estrogen Re-
ceptor Ligand Binding Domain (ER-LBD), Peroxi-
some Proliferator-activated Receptor Gamma (P-
PAR-Gamma), Nuclear factor (erythroid-derived 2)--
like 2/Antioxidant Responsive Element (nrf2/ARE),
Heat Shock factor response Element (HSE), Mitochon-
drial Membrane Potential (MMP), phosphoprotein (tu-
mor suppressor) p53, and ATPase family AAA domain
containing protein 5 (ATADS).

3. RESULTS AND DISCUSSION

3.1. In Vitre Evaluation of Subfractions

Based on the results of the protein denaturation as-
say, sub-fractions (F1-F5. concentrations ranging from
10 to 500 pg/ml) significantly inhibited protein denatu-
ration. Our study revealed that F4 sub-fraction exhibit-
ed more potent inhibition than F1, F2, F3, and F5 (Fig.
2), leading us to conclude F4 as the most potent sub-
-fraction out of all these tested sub-fractions,

3.2. In Vitro Evaluation of Scratched Samples (F4A
and F4B)

The protein denaturation assay revealed that the
sub-fractions F4A and F4B, isolated from F4, exhibit-
ed significant inhibition of protein denaturation at con-
centrations ranging from 10 to 500 pg/ml. We evaluat-
ed each sub-fraction and found F4B to be significantly
better (Fig. 3).

3.3. Characterization of the Isolated Compound

After isolating the compound, we performed TLC
and found the Retention factor (Rf) value to be 0.63.
We tested various solvents to determine solubility and
observed that the isolated compound was freely solu-
ble in methanol and water. The isolated compound ap-
peared as a light gray colored powder. Based on the
UV, FTIR, NMR, and mass spectra, we deduced the

Gautam et al,

molecular formula of C18H 1608 and the compound as
rosmarinic acid after validating our results with the
published literature [62].
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Fig. (2). Comparative inhibitory effect (compared 1o the stan-
dard diclofenac sodium) of different sub-fractions obtained
from the butanolic fraction of the methanolic extract of P
granatum L. against protein denaturation. (4 higher resolu-
tion / colowr version of this figure is available in the elec-
tronic copy of the article).
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Fig. (3). Comparative inhibitory effect (compared to the stan-

dard diclofenac sodium) of scratched samples (F4A and

F4B) observed in the protein denaturation assay. (4 higher

resolution / colour version of this figure is available in the

electronic copy of the article).

Our previous study showed that rosmarinic acid
(500 mg/kg orally) did not produce any toxic symp-
toms, behavioral changes, or mortality in the tested ani-

mals [26]. According to do Nascimento ef al., LDS0 of

rosmarinic acid is around 2500 mg/kg [63], so safety
seems not to be an issue for rosmarinic acid.

3.4, Evaluation of Immunomodulatory Activity

3.4.1. Neutrophil Adhesion Test

At 25 and 50 mg/kg, rosmarinic acid produced a
highly significant increase in neutrophil adhesion. An
increase in neutrophil count in the blood of both treat-
ed groups was also observed. However, rosmarinic
acid showed a dose-dependent pergentage rise in neu-
trophil adhesion. The results are tabulated in Table 1.
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Table 1. Effect of rosmarinic acid on neutrophil count. RA: rosmarinic acid: TLC: total leukocyte count; UB, untreated
blood: NFTB, nylon fiber treated blood. Values are expressed as mean=SEM, with #=6 in each group: ** p<0.01, com-
pared to disease control. ***p<0,001, compared to disease control.

Treatments TLC (103/mm3) (A) Neutrophil% (B) | Neutrophil Index (A%B) Neutrophil Adhesion (%)
UB NFTB UB NFTB UB NFTB
Disease control 6.7-0.14 6.8+£0.17 [27.4£ 0.71] 24.6:0.6 [177.82£54] 174.92+6.6 1.62
RA (25 mg!kg} 7.6x 0.65 6.740.52 |26.4+ 1.25] 16.741.5%* |211.72£5.6/1 |R.68+8.5%** 44 475w
RA (50 mg/kg) 8.8+ ().56 7.640.15 [28.1+ 1.32[17.541.1*%%[ 253.326.5 | 138.6::6,8"** 45 73ees

Table 2. Effect of rosmarinic acid on Delayed-Type Hypersensitivity (DTH) and Hemagglutinating Antibody (HA) titer
in rats. Values are expressed as meantSEM, with n=6 in each group: ** p<0.01, compared to disease control.

***p<0.001, compared to disease control,

S. No. Treatments Delayed Type Hypersensitivity Response [ Delayed Type Hypersensitivity Response| HA Titer
(mm) at 24 hrs (mm) at 48 hrs
1 [Normal control (10 mlkg) 0.29+0.03 0.2340.03 2335+0.12
RA (25 mgkg) 0.58£0.03%* 0.46+0.03%* 41,21 £2.21%*
RA (50 mg/kg) (0.82£0.04%=* 0,68£0.07*=* 79.42 £ 2.45%*+

3.4.2. DTH Response and HA Titer using SRBC as
Antigen

Rosmarinic acid demonstrated a dose-dependent in-
crease in DTH reactivity in animals (Table 2). At a
dose of 50 mg/kg, rosmarinic acid produced a highly
significant (p< 0.001) increase in DTH response activi-
ty, indicating its potential as an immunomodulatory
agent.
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Fig. (4). Effect of rosmarinic acid on phagocytic index in
rats. (A higher resolution / colour version of this figure is
available in the electronic copy of the article).

Furthermore, after immunization with SRBCs, treat-
ment with rosmarinic acid resulted in a noticeable in

crease (p <0.01, p <0.001) in the HA titer, which cont-
inued to rise with increasing doses (Table 2). The re-
sults suggest that rosmarinic acid positively affects the
immune system and can enhance the body's ability to
fight infections. Overall, the findings of this study pro-
vide important insights into the potential therapeutic ap-
plications of rosmarinic acid in_immunomodulation,
and warrant further investigation,

3.4.3. Phagocytic Response

Rosmarinic acid at both doses enhanced (p<0.01,
p<0.001) phagocytic index significantly (Fig. 4). An
enhancement in the clearance of colloidal carbon was
also observed due to rosmarinic acid.

3.5. Molecular Docking against Immunomodulato-
ry Receptor

The results of the docking and the free binding ener-
gies calculated using Molecular Mechanics with Gener-
alised Born and Surface Arca solvation (MMGRBSA)
prime for both targets are presented in Table 3 and Fig.
(5) [64). The comparison between the docking scores
and MMGBSA energies indicated that rosmarinic acid
bound less strongly to both targets than the co-crystall-
ized ligands. However, in the case of Cerebolon (Fig.
SB). rosmarinic acid displayed H-bond interactions
with the critical active site residues, TYR 101 and
PHE 77, as also observed in the case of the co-crystall-
ized inhibitor. Additionally, rosmarinic acid formed a
hydrogen bond with GLU 76 and engaged in pi-pi
stacking with TRP 85 and TRP £9. In the case of

CD22 (Fig. 5D), rosmarinic acid exhapited an interac-
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Table 1. Effect of rosmarinic acid on neutrophil count, RA: rosmarinic acid; TLC: total leukocyte count; UB, untreated
blood; NFTB, nylon fiber treated blood. Values are expressed as mean=SEM, with #=6 in each group: ** p<0.01, com-
pared to disease control. ***p<0.001, compared to disease control,

Treatments TLC (103/mm3) (A) Neutrophil% (B) Neutrophil Index (AxB) Neutrophil Adhesion (%)
UB NFTB UB NFTB UB NFTB
Disease control 6.7+-0.14 6.8+0,17 [27.4+ 0.71| 24.6:0.6 [177.82£54] 174.9246.6 1.62
RA (25 m‘g_',a'kg) 7.6+ 0.65 6.740.52 |26.4+ 1.25] 16.7+1.5%* [211.7245.6/1 18.68+8.5%** 44 47%%*
RA (50 mg/kg) 8.8+ .56 760,15 (28,12 1.32(17.5¢1.1%%*[ 253.326.5 | 138.6::6,8%** 45.73%%e

Table 2. Effect nf:osmarinic acid on Delayed-Type Hypersensitivity (DTH) and Hemagglutinating Antibody (HA) titer
in rats. Values are expressed as mean+SEM, with n=6 in each group; ** p<0.01, compared to disease control,

***p<0.001, compared to disease control.

S. No. Treatments

(mm) at 24 hrs

Delayed Type Hypersensitivity Response

Delayed Type Hypersensitivity Response|  HA Titer

(mm) at 48 hrs

1 |Normal control (10 ml/kg) 0.29+0.03 0.2320.03 2335+ 0.12
2 RA (25 mg/kg) 0),58=().03%* (L. 46=0.03%* 4121 £ 2.21%*
3 RA (50 mg'kg) 0.82:0).04%%* 0.68+0.07%** T79.42 £ 2.45%*+

3.4.2. DTH Response and HA Titer using SRBC as
Antigen

Rosmarinic acid demonstrated a dose-dependent in-
crease in DTH reactivity in animals (Table 2). At a
dose of 50 mg/kg, rosmarinic acid produced a highly
significant (p< 0.001) increase in DTH response activi-
ty, indicating its potential as an immunomodulatory
agent.

10~
ke
5 o
b~ ] 1's 1
=
o 67
T
o
2
a 24
od
9] ) o)
o o \a
: o« PO

<
& &

Groups
Fig. (4). Effect of rosmarinic acid on phagocytic index in
rats. (4 higher resolution / colour version of this figure is
available in the efectronic copy of the article).

Furthermore, after immunization with SRBCs, treat-
ment with rosmarinic acid resulte

in a noticeable in-_
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crease (p <0.01, p <0.001) in the HA titer, which cont-
inued to rise with increasing doses (Table 2). The re-
sults suggest that rosmarinic acid positively affects the
immune system and can enhance the body's ability to
fight infections. Overall, the findings of this study pro-
vide important insights into the potential therapeutic ap-
plications of rosmarinic acid in_immunomodulation,
and warrant further investigation. -

3.4.3. Phagocytic Response

Rosmarinic acid at both doses enhanced (p<0.01,
p<0.001) phagocytic index significantly (Fig. 4). An
enhancement in the clearance of colloidal carbon was
also observed due to rosmarinic acid.

3.5. Molecular Docking against Immunomodulato-
ry Receptor

The results of the docking and the free binding ener-
gies calculated using Molecular Mechanics with Gener-
alised Born and Surface Arca solvation (MMGRBSA)
prime for both targets are presented in Table 3 and Fig.
(5) [64]. The comparison between the docking scores
and MMGBSA energies indicated that rosmarinic acid
bound less strongly to both targets than the co-crystall-
ized ligands. However, in the case of Cerebolon (Fig.
5B), rosmarinic acid displayed H-bond interactions
with the critical active site residues, TYR 101 and
PHE 77, as also observed in the case of the co-crystall-
ized inhibitor. Additionally, rosmarinic acid formed a
hydrogen bond with GLU 76 and engaged in pi-pi
stacking with TRP 85 and TRP §9. In the case of
ited an interac-
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tion pattern similar to the co-crystallized ligand alpha tions were performed to further understand the stability
2-6 sialyl lactose, involving H-bond interactions with and interaction pattern of the docked rosmarinic acid

ARG 120, MET 129, and ARG 131. The MD simula- complexes.

A GLU 76

MET 129

B

TRP BS

TRP 79

‘'TRP 128

Fig. (5). (A) 3D superposition and binding interactions of docked pose with native co-crystallized ligand in complex with Cere-
blon (PDB ID: 8A0Q). (B) Binding interactions of rosmarinic acid in complex with Cereblon. (C) Superposition of docked
pose with native co-crystallized ligand and binding interactions in complex with human CD22 (PDB ID; SVKM). and (D)
Binding interactions of rosmarinic acid in complex with human CD22. (4 higher resolution / colour version of this figure is

available in the electronic copy of the article).

Table 3. Docking score and MMGBSA energy against Cereblon and human CD22.

Target Compound Docking Score| MMGBSA (keal/maol)
Cereblon (PDB 1D: 8AOQ)[3-[(phenylsulfonyl)methyl piperidine-2 6-dione (co-crystallized ligand) -9.112 -72.10
Cereblon (PDB ID: 8A0Q) Rosmarinic acid -6.467 -53.07
CD22 (PDB ID: 5VKM) 2-6 sialyl lactose (co-crystallized ligand) -5.867 -73,91
CD22 (PDB ID; 5VKM) Rosmarinic acid 4.077 [\ -42.57
Principal
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3.6. MD Simulation

The study aimed to assess the stability and accura-
cy of different protein-ligand complexes obtained from
docking studies by subjecting them to 100 ns MD simu-
lations (Fig. 6). The RMSD data for the ligand binding
to Cereblon (Fig. 6A) revealed that co-crystallized li-
gand and rosmarinic acid converged at approximately
0.15 and 0.35 nm, respectively. These values remained
constant throughout the MD simulation, indicating a
highly stable and robust binding of the ligands to the
target's active site.
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On the other hand, the RMSD graph for human
CD22 (Fig. 6B) indicated that rosmarinic acid initially
exhibited a gradual rise in RMSD up to 20 ns, after
which it reached convergence at around 0.9 nm. This
deviation was significant, likely due to the increased
conformational space of certain linear portions of the Ii-
gands, such as the 4-vinylbenzene-1,2-diol. Neverthe-
less, the ligand predominantly remained within the pro-
tein binding cavity, suggesting a stable interaction. The
rosmarinic acid in the complex with Cereblon demons-
trated better stability than rosmarinic acid-human
CD22 docked complexes.
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Fig. (6). (A) RMSD plot for 3-[(phenylsulfonyl)methyl]piperidine-2,6-dione and rosmarinic acid in complex with Cereblon,
(B) RMSD plot for alpha 2-6 sialy! lactose and rosmarinic acid in complex with human CD22. (€) RMSF plot for 3-[(phenyl-
sulfonyl)methyl|piperidine-2,6-dione and rosmarinic acid in complex with Cereblon. (D) RMSF plot for alpha 2-6 sialyl lac-
tose and rosmarinic acid in complex with human CD22. (E) H-bond plot for 3-[(phenylsulfonylymethyl]piperidine-2,6-dione
and rosmarinic acid in complex with Cereblon. (F) H-bond plot for alpha 2-6 sialyl lactose and rosmarinic acid in complex
with human CD22 throughout the 100 ns MD simulation. (A higher resolution / colour version of this figure is axailable in the

electronic copy of the article).
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Fig. (7). Contribution of individual interaction components and binding free energy of Cereblon and CD22 inhibitors. (A). Da-
ta related to interactions with Cereblon; (B). Data related to interactions with human CD22, (4 higher resolution / colour ver-

sion of this figure is available in the electronic copy of the artic

The variability in the residues' flexibility was as-
sessed by calculating the RMSF of the co-crystallized
ligand and rosmarinic acid when bound to Cereblon
and human CD22. The RMSF values of 3-[(phenylsul-
fonyl)methyl]piperidine-2,6-dione and rosmarinic acid
in complex with Cereblon (Fig. 6C), as well as alpha
2-6 sialyl lactose and rosmarinic acid in complex with
human CD22 (Fig. 6D), demonstrated relatively stable
fluctuations. These fluctuations displayed a similar pat-
tern to that of the co-crystallized ligands.

Further calculations were conducted to better under-
stand the nature of H-bonds, which exhibited primary
stabilizing interactions between two molecules at the
inhibitory site. The formation of H-bonds withina 5 A
distance was analyzed during the simulations. As a re-
sult, it was found that the complex of 3-[(phenylsul-
fonyl)methyl]piperidine-2,6-dione and rosmarinic acid
with Cercblon formed an average of 3.165 and 2.975
H-bonds, respectively (Fig. 6E). On the other hand, the
complex of alpha 2-6 sialyl lactose and rosmarinic acid
with human CD22 exhibited an average of 3.505 and
2.579 H-bonds (Fig. 6F).

3.7. MM/PBSA Binding Free Energy Calculations

The MM/PBSA (Molecular Mechanics energics
combined with the Poisson-Boltzmann and Surface
Area continuum solvation) based method can more ac-
curately determine all complexes’ free binding energy
[65]. This binding free energy accounts for various
non-bonded interactions between the receptor and li-
gand during the MD simulation. These interactions en-
compass. Van der Waals forces, electrostatic interac-
tions, polar solvation effects, and SASA (Solvent-ac-
cessible Surface Area) energies. A lower binding free
energy value indicates a stronger affinity between the
ligand and receptor.

le).

Using a 100ns MD trajectory, the binding free ener-
gies of docked ligands were calculated. Specifically, 3-
[(phenylsulfonyl)methyl]piperidine-2,6-dione and ros-
marinic acid exhibited a binding free energy of -140.53
+ 2.13 kJ/mol and -87.55 + 4.070 ki/mol, respectively,
towards the inhibitory receptor site of Cereblon (Fig.
7A). On the other hand, alpha 2-6 sialyl lactose and ros-
marinic acid, when interacting with human CD22, de-
monstrated a binding free energy of -216.24 + 4.58 kJ/-
mol and -183.06 + 7.28 kJ/mal, respectively (Fig. 7B).
The observed data suggest that both Van der Waals
and electrostatic interactions contributed to the stabili-
ty of all complexes, while the polar solvation energy
exhibited an inverse relationship.

3.8. ADME and Toxicity Prediction of Rosmarinic
Acid

SwissADME and Protox-11 web-based servers were
used for the ADME and toxicity predictions. Table 4
showcases the pharmacokinetic features of rosmarinic
acid as predicted by the SwissADME. In line with our
findings, rosmarinic acid was predicted to be water sol-
uble and suitable for making oral formulations. Fur-
ther, rosmarinic acid was predicted not to cross the
Blood-Brain Barrier (BBB), being favorable to avoid
any CNS-related adverse events. However, this BBB
impermeability prediction contradicts the literature
where rosmarinic acid has been validated for antide-
pressant activity [66]. Hitl and the team, in their re-
view article, documented various routes for administer-
ing rosmarinic acid, including topical, pulmonary, intra-
nasally, and intravenous, with peroral as the main
route [67]. They have also indicated the metabolism of
rosmarinic acid by gut microflora, whiclh) should also
be considered [67]. SwissADME also

rosmarinic acid might not be an inhibito 1A2,
Princ
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CYP2C19, CYP2C9, CYP2D6, and CYP3A4, suggest-
ing lower chances for the CYP-associated drug-drug in-
teractions. However, this is contrary to the study pub-
lished by Kim and the team, where they found that ros-
marinic acid weakly inhibited CYP2C19 and CYP2EI.
They further indicated mixed inhibition in the case of
CYP2CI9 and competitive inhibition in the case of
CYP2EL [68]. Further, looking into this article, we
could observe that rosmarinic acid also had a slight in-
hibitory effect on CYP1A2. However, SwissADME
prediction in the case of CYP3A4 seems to be accurate
and adheres te the experimental results of Kim and the
team [68].

Toxicity prediction (Table 5 and Fig. 8) by Protox
Il indicated the LDS0 value for rosmarinic acid to be
5000mg/kg, corroborating with our previously per-
formed acute toxicity studies [26]. Except for immuno-
toxicity, for all other toxicological endpoints, ros-
marinic acid was predicted to be safe (Table 5§ and Fig.
8). Our experiments also validate the immunotoxicity
as immunomodulatory activity has been observed. As
per the ProTox 1l prediction, rosmarinic acid was not
found to be hepatotoxic, which agrees with the previ-
ous studies [59-62]. The results of the studies by Yao
and the team [69], Yu and the team [70], Jafaripour
and the team [71], and Elufioye and the team proved th-
ese predictions to be accurate [72], as these studies vali-
date hepatoprotective effects of rosmarinic acid. Ren-
zulli and the team indicated the protective effect of ros-
marinic acid against aflatoxin B(1)-induced carcino-
genicity in a human hepatoma cell line (Hep G2) (73],
which proved the prediction of Protox-1l for ros-
marinic acid to be non-carcinogenic as accurate. Furta-
do and the team indicated antimutagenicity of ros-

Table 5, Toxicity prediction of rosmarinic acid.
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marinic acid in Swiss mice [74]. Han and the team,
through their experiments, proved that rosmarinic acid
activated PPAR-gamma [75], again proving the reliabil-
ity of the prediction of Protox-11 that rosmarinic acid is
not a PPAR-gamma inhibitor. Along with many other
predictions, ProTox-1I also suggested rosmarinic acid
to not be an inhibitor of Nuclear factor (ery-
throid-derived 2)-like 2/Antioxidant Responsive Ele-
ment (Nrf2/ARE). Experiments by Chen and the team
and Fetoni and the team validate it as rosmarinic acid
has been reported to activate or upregulate the Keapl-
Nrf2-ARE antioxidant system [76, 77).

Table 4, Prediction of pharmacokinetics and drug-like-
ness of rosmarinic acid.

Parameters Predicted Value
Log Po/w (1ILOGP) 117
Log Po/w (XLOGP3) 2.36
Log S (ESOL) -3.44
Solubility 1.31¢-01 mg/ml ;
3.63¢-04 mol/]
Water solubility class Soluble
Gl absorption Low
BBB permeant No
P-gp substrate No
CYPIA2 inhibitor No
CYP2C19 mnhibitor 4 No
CYP2C9 inhibitor No
CYP2D6 inhibitor No
CYP3A4 inhibitor No
Log Kp (skin permeation) -6.82 cm/s

Drug likeness as per Lipinski's rule of five]  Yes, 0 violation

Bioavailability score 0.56

Classification Target Prediction |Probability
Oral toxicity Predicted LDS0 5000mg kg -
hOl'j_mﬂ toxicity Hepatotoxicity [nactive  |0.62

Toxicity end-point Carcinogenicity

[nacnve  [0.66

Toxieity end-point Immunotoxicity

Active 0,93

Toxicity end-point Mutagenicily

Inactive  |0.85

Toxicity end-point Cytotoxicity

[nactive  |0.90

Tox21 nuclear receptor signaling pathways|Aryl hydrocarbon Receptor (AhR)

Inactive  [0.82
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Fig. (8). Toxicity radar plot indicating the probability of toxicity induced by rosmarinic acid. Immunotoxicity was the only pos-
itive indication. (A higher resolution / colour version of this figure is available in the electronic copy of the article).

Synthetic drugs are often associated with undesir-
able side effects, leading to a growing interest in natu-
ral products with significant therapeutic potential and
negligible side effects. In this study, we aimed to iso-
late the active compound, rosmarinic acid, using a
bioactivity-guide roach for its immunomodulatory

activity [78, 79]. Through this approach, we collected
sub-fractions (F1-FS) and evaluated their inhibitory ef-
fect on protein denaturation. Our findings revealed that
the F4 fraction exhibited a promising effect compared
to other fractions and diclofenac sodium, a réference
standard [26]. The observed pharmacological/effect of
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the F4 fraction may be attributed to the presence of
flavonoids and phenolics, as identified through phyto-
chemical screening. These phytoconstituents have
been previously reported for their anti-arthritic activity
and may be responsible for the observed effect of P.
granatum L. [31, 34-36, 62, 78]. Our study provides
evidence for the immunomodulatory potential of ros-
marinic acid and highlights the importance of natural
products in drug discovery. The F4 fraction of 2. gra-
natum L. may serve as a potential natural source of an-
ti-arthritic compounds with negligible side effects.
However, the experiments conducted in this direction
are very preliminary and more exhaustive studies
should be conducted to validate our hypothesis. Fur-
ther research is warranted to elucidate the mechanism
of action and potential clinical applications of the F4
fraction.

Using a preparative thin-layer chromatography ap-
proach, we collected two samples (F4A and F4B) and
evaluated their in vitro acute anti-inflammatory activi-
ty. Our results showed fraction F4B to be more effec-
tive than F4A. Thus, we selected F4B for further char-
acterization using spectral analysis to identify the ac-
tive compound. Based on the spectral comparison and
distinction from the current biomarker, we successfully
identified the isolated compound as rosmarinic acid.

Rosmarinic acid and its related compounds are com-
monly called “Labiatengerbstoff™. It was initially iden-
tified in Rosmarinus officinalis L. (rosemary) and is a
natural phenolic compound found in various species of
Boraginaceae and other plants [79]. Other biosustain-
able sources for rosmarinic acid include Thunbergia
laurifolia Lindl [80], Mentha arvense [81), Mentha
piperita [81], Melissa officinalis L [82), Blechnum
brasiliense [83], Rabdosia serra (MAXIM.) HARA
[84]. Coleus blumei Benth [85], Salviae miltiorrhizae
[86], Perilla frutescens Britton Var. acuta f. viridis
[87], and Salvia limbata C.A. Meyer [88]. Rosmarinic
acid has various pharmacological activities, including
antioxidant and anti-inflammatory effects [79, 89). Cos-
ta and the team have shown the immunomodulatory
and antiallergic potential of rosmarinic acid, mediated
by a decrease in total inflammatory cells, cosinophils,
and [L-4 levels [90, 91]. Zhao and the team have
proven the anti-inflammatory potential of rosmarinic
acid by evaluating the DD-induced colitis model. Ac-
cording to their studies, possible mechanisms shown
by the rosmarinic acid were mediated by the downregu-
lation of COX-2, iNOS, NF-kBp635, and pSTAT3, as
well as by the upregulation of I1L-1p, IL-6, and 1L-22

Current Medicinal Chemistry, 2024, Vol, 31, No, 36 5981

[91, 92]. do Nascimento and the team have indicated
that rosmarinic acid could prevent gastric cancer via
multiple pathways, including sulfhydryl groups rein-
forcement, oxidative stress-mediated and immunomod-
ulatory effects (reduction of pro-inflammatory cy-
tokines TNF-a and [L-1§ levels) [63). Shakeri and the
team evaluated the immunomodulatory and anti-inflam-
matory effects of rosmarinic acid in asthmatic rats.
They observed decreased 1L-4, IgE, PLA2, IFN-y, and
TP levels in rosmarinic acid-treated asthmatic rats
[93].

Exploring PubMed (dated 09.08.2023) for the arti-
cles with rosmarinic acid in their title resulted in 881
articles. These included 10 trials, 9 randomized trials.
and 29 review articles. However, when we explored
PubMed (dated 09.08.2023) for the articles having ros-
marinic acid in their title and “immuno*" as the MeSH
term, it resulted in 54 articles. PubMed metadata for th-
ese 54 articles was then exported to VOSviewer for fur-
ther analysis of co-occurring MeSH terms and their in-
teractions. 463 co-occurring MesH keywords were ob-
served in these articles and 147 had been repeated in at
least two publications. These MeSH-related results
may somehow improve the understanding of readers
about the kinds of studies that have been conducted in
a particular domain. Some MeSH terms were removed,
including “animals”, “humans”, “mice”, “male”, “dis-
case models, animals”, “female”, “plant extracts”,
“mice, inbred BALB ¢”, “rats”, ™ cell culture”, “blott-
ing, western”, “phytotherapy”, “immunohistochem-
istry”, “rats, Wistar”, “reverse transcriptase poly-
merase chain reaction”™, “signal transduction, en-
zyme-linked immunosorbent assay”, “cell line, tumor”,
“rabbits”, “in vitro techniques”, “cell line”, “models,
chemical”, “middle-aged”, “adult”, “rats, Sprague--
Dawley”, “time factors”, “enzyme inhibitors”, “dou-
ble-blind method™, “reproducibility of results”, “real--
time polymerase chain reaction”, “immunoblotting”,
“flow cytometry”, “‘comet assay”, and other such terms
having no or poor significance with immuno-related re-
sults and most probably not being insightful for read-
ers. Interactions between remaining MeSH terms are vi-
sualized in Fig. (9). The top-most co-occurring MeSH
terms with high “total link strengths™ and with signifi-
cant occurrences were “depsides”, “cinnamates”, “cy-
tokines”, “NF-Kappa B”, “lymphocyte activation™, “in-
terleukin 2", “chemokine CCL1 1", “tumor necrosis fac-
tor-alpha”, and “anti-inflammatory agents, non-steroi-
dal™. All such studies have validated the strong poten-
tial of rosmarinic acid, and extensive studies fur-
ther required for its translation to bedside.
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Fig. (9). Interactive mapping between co-occurring MeSH terms based on the literature obtained from PubMed using the

search term as rosmarinic acid. Metadata from PubMed has been processed using VOSviewer. (4 higher resolution / colour

version of this figure is available in the electronic copy of the article).

Our previous study has evaluated the anti-arthritic
activity of the isolated compound F4B, identified as
rosmarinic acid from P. granatum [26). The findings
of our previous study have highlighted the potential of
rosmarinic acid as a natural anti-arthritic agent, adding
to the growing body of evidence supporting the phar-
macological activities of this compound.

Our immune system's primary and secondary de-
fense mechanisms co-exist to combat foreign particles
and various antigens. The neutrophils arc the central
part of the primary defense mechanism and, in continu-
ation, have limited capacity to divide and induce pro-
tein synthesis [26, 94-96]. In our study, rosmarinic
acid at a dose of 25-50 mg/kg by oral route provoked a
considerable enhancement in the percentage of neu-
trophils. Ingreasing the total neutrophil count improved
the body's defense against microbial infection [26].

Antibodies are the molecules that may play a role
in_humoral or antibody-mediated immune responses

P UTE O,’_‘ :‘\
Lt \

\. -

and the creation of B-lymphocytes and plasma cells. In
humans, the chief immunoglobulins are IgG and 1gM.
The chief role of immunoglobulins has been consid-
ered in activating the complement system and neutraliz-
ing various endogenous and exogenous toxins [26]. In
our study, the increase in the antibody titer was signifi-
cantly enhanced by rosmarinic acid. The proposed
mechanism may be the increased T and B lymphocyte
responsiveness that may be concerned with the synthe-
sis of antibodies, but it needs to be experimentally vali-
dated [26].

The cells of cell-mediated immunity activate a de-
fense mechanism against various infectious organisms,
foreign particles, transplanted organs, and different
types of hypersensitivity reactions [26]. Therefore, in
our study, delayed-type hypersensitivity reaction has
been found to be dependent on T cells. Rosmarinic
acid has been found to have a stimulatory effect on an
antigen being T cell-dependent.
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Phagocytes are the defense cells of our body that
mediate the phagocytosis process. Through this pro-
cess, cells’ phagocytes digest various microorganisms,
cancerous cells, inflammatory cells, and certain inor-
ganic particles [26]. In our study, rosmarinic acid in-
creased phagocytic activity by enlarging the cells of
the reticule endothelial system.

CONCLUSION

In this research, we have successfully isolated, char-
acterized, and evaluated the immunomodulatory activi-
ty of rosmarinic acid, isolated from the butanolic frac-
tion of the methanolic extract obtained from the rind of
P. granatum L. We have observed rosmarinic acid to
have significant immunomodulatory potential. Molecu-
lar docking and molecular dynamics studies have indi-
cated that interactions with Cereblon and human CD22
might be some of the possible mechanisms behind the
phagocytosis activity of rosmarinic acid. ADME and
toxicological predictions have affirmed rosmarinic
acid's drug-likeness and its safety profile.

More exhaustive animal studies, along with cell
line-based studies, are needed and may reflect the limi-
tations of this work. Moreover, experimental valida-
tion of the binding affinity of rosmarinic acid with
Cereblon and human CD22 is required to ascertain the
computational results, Moreover, cytoskeletal rear-
rangement, crawling, transmigration, and superoxide
production may be evaluated to further ascertain the
immunomodulatory activity of rosmarinic acid.
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ABSTRACT

The present research work aimed at the formulation of film-coated microspheres incorporating glibenclamide
drug and their evaluation for the management of diabetes mellitus (DM). Microspheres were prepared by solvent
evaporation methodology by the usage of ethyl cellulose as polymer, ethanol and dichloromethane as solvenls
and Tween 80D as a non-ionic surfactant. The film-coated membrane was prepared by pan coating method,
incorporating ethyl cellulose, isopropyl aleohol, diethyl phthalatle and sodium lauryl sulfate. This film membrane
* was coated on micrespheres with the help of a spray gun. The efficiency of entrapment of the film ccated

of F5" batch, among different formulations, is highest and comes out lo be in the range of
76.6520.58. The percentage yield was observed to be 73.3220,14. Morphological studies conducted by scanning
electron microscope show spherical microspheres of uniform size. In vitro drug release study conducted of the
coated microspheres of glibenclamide shows the highest amount of release of 97.44% in the F5'batch. The best-
fit model was determined by the highest R2 value. Further, the developed formulation helps in reduction in dose
dumping, with better patient compliance, and also masks the bitter taste of the drug.
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Abstract

Nerve cell death is the central aspect of human neurodegenerative disorders. Neuronal death in results
leads to the onset of various human neurological disorders such as Alzheimer’s disease, Parkinson’s
disease, Huntington's disease, amyotrophic lateral sclerosis, and stroke. In developing neurons, apoptosis is
assumed to provide a counterbalance to overexuberant cell replication. Numerous signals may induce
apoptosis in neurons, such as the absence of neurotrophic factor support, increased levels of metabolic and
oxidative stress, and overstimulation of glutamate receptors (leading to the calcium influx). Cell death and
neurological disorders have been related to oxidative stress, which creates an imbalance between
antioxidant defenses and free radical production. In this paper, a summary of the engrossment of oxidative
stress, neuronal apoptosis, and mitochondrial dysfunction in neurodegenerative disorders has been
discussed. Antioxidant therapy's potential assistance for neurodegenerative illnesses in human beings is
still up for dispute, despite encouraging pre-clinical research findings. One elucidation for this disparity
could be the non-existence of an accurate way to assess oxidative stress in the brain. The explosion in
research on apoptosis in neurodegeneration has stemmed from the conception that persuading neuronal
apoptotic death may be crucial to the progression of a disease and that anti-apoptotic approaches may be
useful in the prevention of neurodegenerative processes. A deeper understanding of the role that apoptosis
plays in neurodegenerative processes will serve as the foundation for future research into the development
of focused, effective treatment modalities.
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Introduction

Apoptosis is a phenomenon of programmed cell death, in which cells die sequentially at the end. The central
nervous system is at fatal risk during both acute and chronic neurodegenerative disorders (NDs) [1]. The
onset and prevalence of NDs such as Parkinson’s disease (PD), Alzheimer’s disease (AD), and stroke lead to
an alarming rate of increase in the number of people suffering from it. These disorders cause the
degeneration of neurons oxidative stress and excessive cell-mediated proteolysis [2].

Degenerating neurons exhibit oxidative stress and excessive calcium-mediated proteolysis at the
cellular level, which eventually results in apoptosis. In apoptosis, the cell and nucleus shrink and form
blebbing, causmg chromatin fragmentation, loss of adhesion, and rapid engulfment by phagocytosis [3].
Apoptosis also causes several biochemical changes along with morphological alterations such as DNA
fragmentation, plasma membrane depolarization, lysosome permeability, and enhanced formation of
reactive oxygen species (ROS) [4]. Induction of apoptosis is achieved by many methods depending on their
pathways such as internal and external stimuli. Internal stimuli are triggered by activating intrinsic
pathways such as abnormalities in the DNA and external stimuli are activated by cytokines such as extrinsic
signaling pathways [5]. The description of normal apoptotic pathways by Guerin et al. [6] is depicted in
Figure 1.
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Figure 1. The description of the general apoptosis pathway of a cell
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The apoptosis pathways elaborated in Figure 1 show different phases such as shrinking of the cell,
membrane blebbing, the collapse of the nucleus, normal apoptotic body, and at the end leads to lysis of the
apoptotic body. The descriptive pathways include two different methods of apoptosis such as intrinsic and
extrinsic pathways for cascades, as depicted in Figure 2.

Apoptosis pathways
Lt ttag

Initiator
caspase B

Figure 2, Intrinsic and extrinsic apoptosis pathways. Cyl c: cytochrame ¢

Intrinsic apoptosis

The non-receptor-mediated intracellular signals that are part of the intrinsic signaling pathway for
programmed cell death include the numerous mitochondrial processes that start apoptosis [7]. The
intrinsic pathway for programmed cell death can also be activated by damage to cellular DNA. Pro-
apoptotic proteins set off caspases, which then regulate several cell death pathways. These proteins also
enter the cellular nucleus where they trigger apoptosis and DNA damage. The removal of growth factor
supplements from culture media, exposure to ultraviolet (UV) light, or cell stressors are examples of
situations that can start the intrinsic pathway (for instance osmotic or metabolic). In the end, these
circumstances result in DNA cell damage. When exposed to UV radiation, thymine base pairs adsorb UVB
photon, which then joins together to generate pyrimidine dimers. ROS production may rise in response to
growth factor withdrawal or other stressful circumstances. ROS can harm DNA through several
mechanisms, including base modification [8].

The literature has reported that several diseases, including hypoxia, irreversible DNA damage,
oxidative stress, and viral infections are triggered by intrinsic pathways, which will cause the alteration in
the release of cytochrome from mitochondria, and form the complexes with the apoptotic protease
activating factor-1 (Apaf-1) and procaspase [9].

Extrinsic apoptosis

Transmembrane death receptors, which are the products of the tumor necrosis factor (TNF) receptor gene,
are a component of the extrinsic signaling cascade that results in apoptosis [10]. These receptors interact
with extrinsic ligands to bind and translate intracellular signals that lead to cell death. It works on the
active receptor and subsequently | binds procaspase-8 and TNF R1 (receptor type 1). Proc se-8 is
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“activated by this multiprotein complex, which starts apoptosis, or the process of cell death. Several

caspases, which are proteases with specific biological targets, are involved in the signal transduction of the
extrinsic pathway. The activation of caspases affects a variety of cellular processes and plays a significant
part in the process that results in cell death [11].

Prompts of apoptosis: oxidative stress and Ca**
Oxidative stress

A high level of ROS such as hydrogen peroxide radicals (+H,0,), hydroxy! radicals (+OH), and superoxide
anion and an imbalance of antioxidant enzymes contribute to oxidative stress, which is a detrimental factor
in memory dysfunctions [12]. Oxidative stress may be associated with cell membrane mutilation from lipid
peroxidation, vicissitudes in protein structure and function, and structural damage to DNA. As the brain is
one of the most metabolically active organs in the body, it is particularly susceptible to oxidative stress for
the reasons listed below: First, its high oxygen demand (20% of the body’s oxygen intake). Second, the
brain is full o redox-active metals like copper and iron, which constantly accelerate ROS production. Third,
the membranes of brain cells contain substantial amounts of polyunsaturated fatty acids, that act as
substrates for lipid peroxidation. Fourth, the brain has comparatively low levels of GSH, which functions as
an endogenous antioxidant that helps in eliminating ROS [13].

It was evident from a research study that showed a prompt increase in oxidative stress levels as
compared to neurologically impaired patients with aging factors. From the immunohistological
examination, it was evident the increased protein oxidation, and lipid peroxidation in brain areas having
neurofibrillary tangles and plaques. In AD, the cerebrospinal fluid had increased lipid peroxidation levels
such as 4-hydroxynonenal [14]. Variations in the antioxidant enzymes catalase, Cu/Zn-superoxide
dismutase (SOD), and Mn-SOD are caused by the increased oxidative stress in AD. These enzymes present in
the neurons in the membrane cause lipid peroxidation with an increase in the secretion of toxic aldehydes
such as 4-hydroxynonenal or malondi-aldehyde. These aldehydes disturb cellular Ca’* homeostasis by
interfering with the activity of the adenosine triphosphatases (ATPases), glucose, and glutamate
transporters. Oxidative stress accumulation leads to the generation of ROS, which causes mitochondrial
dysfunctions [15]. %

Nitric oxide (NO), which functions as a second messenger and can combine with superoxide anion to
generate peroxynitrite [ONOO(-)], produces an interesting concept concerning oxidative stress in neurons.
It has been demonstrated that ONOO(-) is neurotoxic and induces apoptosis in leukemic cells [16]. Several
substances including vitamin E, estrogens, uric acid, and glutathione, are utilized to alleviate oxidative
stress. They have been reported to prevent cellular injury, and membrane lipid or protein damage. Through
the tumor protein (p53), poly(ADP-ribose) polymerase (PARP), or the ataxia telangiectasia mutant (ATM),
ROS can cause DNA damage, which triggers lethal apoptotic signaling [17]. It was evident that oxidative
stress in AD has scavenging free radicals which are used as a neuroprotective therapy for the disease.
Moreover, prophylactic treatment with free radical scavengers such as vitamin E may reduce the risk of AD.

Perturbed Ca** homeostasis

The alteration and dysfunction in the Ca®* regulation have been reported in various clinical studies on
patients with AD. The neurofibrillary changes are exhibited by calpain-1l which gets activated by the
activation of Ca**-dependent protease [18]. The oxidative stress or greater intracellular calcium levels can
activate cysteine proteases called caspases, such as calpain linked to neuronal cell death. Some conditions,
such as cerebral ischemia, epilepsy, and traumatic brain injury, affect the calcium homeostasis of neurons
and overstimulate capillaries [19].

To maintain cellular ion homeostasis and cell viability, calpain depends on a variety of substrates,
including membrane receptors, kinases, phosphatases, cytoskeletal proteins, and transporters. Increased
levels of calpains or the endogenous calpain inhibitor, calpastatin, have been connected to neuron loss in
several neurode tive illnesses, including amyotrophic lateral sclerosis (ALS), PD, and AD |20]. Calpain
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inhibitors inhibited neuronal cell death in a variety of experimental scenarios, supporting the idea that
calpains are crucial in the regulation of apoptosis and necrosis. The existence of higher Ca** binding
proteins such as calretinin and calbindin, which are resistant to neurofibrillary degeneration, has been
found to promote neurodegeneration in AD illness [21].

It is widely known that the cytotoxic buildup of intracellular calcium plays a crucial role in neuronal
cell death as well as other stress conditions like toxicity. The cytotoxic intracellular Ca®* is mediated via the
stimulation of glutamate receptors. This strengthens the voltage-dependent Ca* channels, metabotropic
glutamate receptors, and Ca?* permeable a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
receptors [22]. The lethal accumulation of Ca®" in apoptotic cells is caused due to the over-activation of
glutamate receptors. This fatal result arises due to the cleavage of ion pumps due to variability in the
physiological environment which supports the pumping out of Ca** to maintain a stable state of cytosolic
calcium [23]. On exposure to apoptotic damage, the caspases or calpains become activated and cleave the
ion pumps. This lets the Ca** ion pump remove huge amounts of calcium that have accumulated in the
cytosol. Because of this, calcium homeostasis is upset, which ultimately causes apoptotic signaling to
change to necrosis.

It reveals that the signaling pathways of apoptosis are crucial for the development and control of
illness. There are still a large number of proteins that are unknown and are involved in various signaling
pathways. The purpose of that unidentified protein would be as a linker protein, which would be able to
treat or stop the aberrant loss of neural cells in neurodegenerative illnesses. One of the key goals of current
science is to understand the mechanism of proteins in the signaling pathways of apoptosis and anti-
apoptosis [24].

Pathogenesis of neurogenerative disorders

Proteopathies are diseases in which some proteins develop aberrant structural characteristics, which are
aggregated at various cellular levels and in tissues causing the interruption of their activities |25]. The
proteopathies comprise several NDs in which peculiarly accumulated proteins seem to play a vital role [26].
When the misfolded or atypical proteins accumulate in the nuclear, cytoplasmic, and extracellular
enclosures, it leads to disruption of organelle and synaptic dysfunction in the nervous system. Neuronal
apoptosis in neurodegenerative illnesses can be induced via oxidative stress, disruption of calcium
homeostasis, and metabolic impairment, at the cellular level. The anti-apoptotic or neuroprotective
signaling pathways comprising neurotrophic factors, cytokines, and conditioning responses may offset the
aging effects and hereditary predisposition in the experimental models of NDs [27].

Free radical production, activation of the pathway for NO synthesis, disruption of cellular calcium
homeostasis, and programmed cell death are all factors that contribute to the progression of
neurodegenerative illnesses associated with glutamatergic dysfunction [28, 29]. These methods may induce
mutilation of proteins, nucleic acids, and lipids, as well as open the pores of mitochondrial permeability
transition, which may increase the ROS generation, energy failure degeneration, and proclamation of
proapoptotic substances like Cyt c in the cytoplasm [30]. The overproduction of ROS and downregulation of
antioxidant defense cause the death of NDs' neuronal cells [31]. A variety of neurodegenerative illnesses are
linked to inappropriate regulation of Wnt/p-catenin (WpC) signaling [32]. Degenerative nerve diseases are
thought to contribute to the deterioration of various vital bodily functions, including memory, breathing,
balance, speech, movement, and heartbeat [29]. The factors for the pathogenesis of neurogenerative
disorders by Mehta et al. [33] are illustrated in Figure 3.

Apoptosis involvement in NDs

Apoptosis is a fundamental physiologic process that contributes to cellular homeostasis. Apoptosis
(programmed cell death) is a type of physiological cellular suicide that occurs in several biological
processes, including immune response, synaptogenesis, embryogenesis, and normal tissue and organ
yrmal brain development depends on programmed cell death. It affects the fuantity and
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Figure 3. Pathogenesis of NDs. HD: Huntington's disease

type of cells in the growing brain and spinal cord and is essential for the development of a functional neural
network. In pathological circumstances, it is also partly accountable for physiological aging and the death of
neurons linked to NDs [27]. Apoptotic cell death is well characterized via a sequence of morphological
variations that comprise attenuation of nuclear and cytoplasmic compartments, condensation of chromatin,
DNA degradation into fragments of oligonucleosomes, and an assortment of nuclear material into the
vesicular apoptotic bodies [34].

Neurodegenerative disorders cause neuronal death at the cellular level as a result of oxidative stress,
DNA damage as a result of endoplasmic reticulum (ER) stress, and disruption of cellular calcium
homeostasis. The apparent upsurge in the lifespan of individuals and the normal age of the population is
tactlessly allied to a liberal intensification in the vast number of persons having NDs [35]. Apoptosis
induction via pathogenic proteins of NDs by Yang et al. [36] is described in Figure 4.

Mitochondrial apoptotic signaling

Mitochondrial dysfunction plays a crucial role in the etiology of NDs. Numerous fragments of data suggest
that NDs have profoundly impaired mitochondrial activity. The mitochondria are highly vulnerable to
oxidative stress as it has the primary organelles for the production of ATP and are the main source of ROS
generation [37]. The release of Cyt ¢, which occupies center stage as the starting point and mediator of the
apoptosis cascade, is the major paradigm in mitochondria-mediated apoptotic signaling. Cyt c acts as a
molecular adaptor that couples the procaspase-9 and Apaf-1 to produce the apoptosome complex during
the activation of the death protease, caspase-3. Cyt c is released from the mitochondria into the cytosol
either by non-specifically expanding and rupturing the mitochondria or by opening a particular channel or
permeability transition pore in the mitochondrial membrane. Members of the pro- and anti-apoptotic
subfamilies of B-cell lymphoma 2 (Bcl-2) are the guardians of channel-mediated Cyt c release within
mitochondria. This ROS mechanism of apoptosis signaling is probably going to be crucial in reperfusion-
induced neuronal cell death since post-ischemic mitochondria can produce more ROS [34]. This
mitochondrial pathway of cellular apoptosis is illus in Figure 5.
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Figure 4. Induction of apoptosis by pathogenic proteins of NDs. ATP: adenosine triphosphate; mtDNA: mitochondrial DNA; AIF:
apoptosis-inducing factor
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Figure 5. The mitachondrial pathway of cellular apoptosis. Bax: Bcl-2-associated X protein

Novel strategies for preventing neuronal apoptosis/anti-apoptotic
strategies

The apoptosis induction in tumor cells affects the anti-tumor efficacy of radiotherapy and chemotherapy. -
However, the significant adverse impact of those pro-apoptotic therapies has prompted researchers to seek
out other ways to promote tumor apoptosis [38]. Antioxidants or medications that block glutamate
receptors or calcium channels have traditionally been used to reduce neuronal death in NDs. Anti-
inflammatory medicines and caspase inhibitors are also being utilized. The biology of neural stem cells and
the ':anti-aging" enzyme telomerase have also been utilized to create two distinct strategies for avoiding
apoptosis and replacing damaged or dead neurons. The six-base DNA repeat sequence (TTAGGG) is added
to chromosomal ends by the telomerase reverse transcriptase (TERT) enzyme, which has recently attracted
a lot of attention due to its purported “anti-aging” capabilities. TERT may assist an anti-apoptotic activity in
sing the TERT expressions or activity, which makes them more vulnerable to oxidative
I &‘I}{ onversely, overexpression of rotects the neurons from apoptds [39].
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Acetylcholine (Ach) is a parasympathetic neurotransmitter that also enhances synaptogenesis in living
cells to influence memory and learning in people. With three approved medications (donepezil,
galantamine, and rivastigmine), acetylcholinesterase inhibitors (AChEls) are the most well-researched
medications and the first-choice treatment for NDs globally. Nevertheless, the AChEls are less valuable in
the advanced stages as they necessitate a higher dose which also upsurges the risk of adverse effects. Over
the years, many potential candidates like metrifonate and tesofensine came under clinical trial as AChEls
but failed at certain stages mainly due to their safety profile. Altogether, this evidence indicates an awful
and unmet necessity for the development of novel AChEls [40].

Some potent apoptotic medications used for the treatment of NDs are described in Table 1.

Table 1. Some potent apoplotic medications used for the treatment of NDs

Sr. Drugs Mechanism of action Model used References
No.

1. Minocycling, Inhibition of the generation of free radicals and the neurotoxicity caused Cultured rat CGN [41, 42]
by 6-OHDA in rat CGN.

2. Rasagiline This causes MAQ-B inhibition, which may decrease oxidation and the ~ Aged male C57BI/6J [43, 44]
buildup of free radicals while simultaneously increasing the amount of ~ mice
monoamines in the brain through the suppression of their catabolism.

3. Resveratrol Present inred wine, grapes, and other fruits that inhibit oxidative stress  6-OHDA-Induced PD (45, 46)
via attenuation of 6-OHDA-induced oxidative damage and dopamine ral model

depletion.
4. Coenzyme By reducing oxidative stress and activating the P13K pathway, amyloid Amyloid beta,, ;- [47]
Qyq beta-induced neuronal cell death can be prevented. induced rat cortical
neurons
5. Metformin By lowering the transcription of Nrf2 and neurotrophic factors, the brain  Aged male C57BI/6J (48]
is protected against neurodegeneration without suffering cognitive mice
impairment.
9. Mucuna Its treatment significantly reduced nitrite levels, lipid peroxidation, and ~ PQ-induced PD [49]
pruriens INOS expression, indicating that it lowers NO in PD. mouse model
10. Ursolic acid Reduction of oxidative stress in nigrostriatal tissue and ennancement of MPTP-induced [89]
neurobehavioral functioning in PD patients. Parkinsonian mouse
model

Sr. No.: serial number; 6-OHDA: 6-hydroxydopamine; CGN: cerebellar granule neurons; MAQO-B: monoamine oxidase B P13K:
phosphoinositide 3-kinase; C57BI/6J: parentral substrain of mice; Nrf2: nuclear factor erythroid 2-related factor 2; PQ: paraquat;
INOS: inducible NO synthase; MPTP: 1-methyl-4-phenyl-1,2,3,6-telrahydropyridine

Discussion

When subjected to excessive oxidative stress, neurons may respond adaptively to overcome the stress, or
they may activate a programmed cell death pathway called apoptosis. Alterations in the ER and
mitochondria, as well as the activation of cysteine proteases known as caspases, are the characteristics of
apoptosis. There is mounting evidence that neurodegenerative diseases cause malfunction and neuronal
death due to apoptotic biochemical pathways. Indeed, the notion that neuronal apoptotic death induction
plays a crucial role in the progression of the disease, the recent advances in basic apoptosis research, and
the recognition that apoptosis has a broad range of clinical applications, have prompted much of the
research into investigations of intervention tactics directed at the apoptosis control or apoptosis induction
in the neuronal apoptotic death program, Potential remedies can be inferred from the hypothesis that
oxidative stress is shared by multiple illnesses involving increasing cell death. Among these, using
neurotrophic growth factors and antioxidant molecules could be a common strategy to shield neurons from
oxidative damage.

Conclusions

The field of apoptosis research has recently gained exciting additional insights into the mechanics of cell
death programs that may perhaps contribute to the degeneration and death of neurons after acute brain
trauma and the evolution of neurodegenerative diseases. The focus of this review paper will be on

ZOTE Or\

T e R




contemporary ideas that are important for comprehending the apoptotic death program, the mediators and
regulators of cellular apoptosis, and the connection between aberrant apoptosis and the emergence of
neurodegenerative illnesses. A deeper comprehension of the mechanisms underlying apoptosis may open
the door to more advanced therapeutic approaches and treatment modalities that aim to regulate the
neuronal apoptotic death pathway. To date, caspases and the Bcl-2 protein family are two members of the
apoptotic machinery that have been the subject of much investigation. Future treatment modalities that
emerge from research to more precisely identify the redox-sensitive molecular components of the neuronal
apoptotic death machinery and their regulation in the various acute and chronic neurodegenerative
pathologies should be challenged by the successes of these current approaches. More apoptotic inhibitors
will probably be added to physicians’ daily toolkits in the coming years for treating neurologic conditions
involving caspase-mediated cell malfunction and cell death.
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Abstract

Diabetes has been a significant healthcare problem worldwide for a considerable period.
The primary objective of diabetic treatment plans is to control the symptoms associated
with the pathology. To effectively combat diabetes, it is crucial to comprehend the
disease’s etiology, essential factors, and the relevant processes involving p-cells. The
development of the pancreas, maturation, and maintenance of -cells, and their role in
regular insulin function are all regulated by PDX1. Therefore, understanding the

regulation of PDX1 and its interactions with signaling pathways involved in f-cell
differentiation and proliferation are crucial elements of alternative diabetes treatment
strategies. The present review aims to explore the protective role of PDX1 in B-cell
proliferation through signaling pathways. The main keywords chosen for this review
include "PDX1 for -cell mass," "B-cell proliferation,” "B-cell restoration via PDX1," and
"mechanism of PDX1 in B-cells." A comprehensive literature search was conﬁ" cted using
various internet search engines, such as PubMed, Science Direct, and other publication
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Introduction

The endocrine pancreas has four types of cells: PP-cells, which create pancreatic
polypeptide; 6-cells make somatostatin; a-cells make glucagon; and B-cells, which result
in insulin. Islet pancreatic § cells have formed the transcription, production, and
stimulation of insulin according to the disposition of blood sugar levels. While B-cells
make between 70 to 80% of the bulk of an islet, the islet itself only makes up around 1%
of the overall mass of the pancreas [1]. -cell malfunction and its reductions cause the
onset of diabetes [2]. Thus, it is essential for our comprehension of the etiology of
diabetes to clarify the molecular processes governing the death of B-cells.

A B-cell function is commonly regulated by PDX1, known as pancreatic duodenal
homeobox 1. Pdx1 plays an essential role as the insulin gene in the pancreas, where it
also controls the development and differentiation of pancreatic growth factors in the gut
[1], [3]. On mouse chromosome 5, the Pdx1 gene is a part of the mammalian Parahox
gene cluster. Its name refers to a group of essential genes for early embryogenesis that is
not a part of the conventional Hox (homeobox) gene cluster [4]. Genes involved, Gsh1,
Pdx1, and Cdx2/3, which are all outlined in a certain kind of pancreatic cell, make up the
Parahox cluster [3], [4], [5]. The dominant human mutation ortholog of the Pdx1 gene
similarly causes the same severe phenotype in humans [6], highlighting the importance
of Pdx1 seems to be essential for the developed B-cell's functionality. Hefemzygous
missense and frameshift mutation of the PDX1 gene cause impaired insulin production
and the onset of one variant of maturity-onset diabetic of the young 4 (MODY4) (7], 8],
[9], [10].

Similarly, the etiology of type 2 diabetes (T2D) in animal studies illustrated that B-cell

failure might be connected to the downregulation of Pdx1 transcription in the -cell [11].

As a result, Pdx1 contributes to pancreatic islet development and f-cell survival in
animals. Although Pdx1 has a well-defined involvement in creating specific types in the
developing pancreatic islets, it is less known how Pdx1 controls $-cell viability and
functioning in adult pancreatic islets. This review describes regulating Pdx1 synthesis
and signaling pathways to maintain the pancreatic  cell mass via PDX1.
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Section snippets

Physiological characteristics of PDX1

PDX1 is synonymous with insulin promoter factor 1, a transcriptional factor at the
ParaHox gene cluster. PDX1 activity may be observed in mice at the 5-6 somite stage as
early as embryonic stage 8.5 (E8.5). However, humans do not see it until the fourth week
after pregnancy. According to the case report, a 5-year-old white girl has a deletion of a
single homozygous nucleotide in the PDX1 gene, which causes pancreatic agenesis [12].
This suggests that PDX1 is necessary for the early stages of ...

-

Regulation of PDX1 gene

PDX1 gene expression is controlled from transcription up to 6kb (Fig. 1). The ubiquitous
bHLH protein USF-1 is bound by a downstream E box at around =104 [16], [17]. HNF3, a
transcription factor with forkhead wings, may also bind to other sites [18], [16], [17], [19].
This family of organisms can reach regulatory sequences by opening up chromatin.
Hence, HNF3p could set the stage for other transcription factors to express the PDX1
gene. One of the HNF3p locations where PDX-1 binds has a TAAT ...

Regulation of expression of PDX1 in -cell

The nuclear mesoderm protein PDX1 was initially identified as being made by the
pancreatic islets and duodenal epithelium [22]. Later, it was discovered that PDX1 was
responsible for binding and activating promoters for insulin gene expression [23]. Some
pancreas-related genes are activated by PDX1, such as glucose kinase (GCK), HNF1B
(HNF1 homeobox B), somatostatin (SST), islet amyloid polypeptide (IAPP), regulatory
factor X6 (RFX6) [24].

Unlike other species, the human PDX1 gene is relatively ...

PDX1 stimulates pancreatic development and islet 3 cell proliferation

Every endocrine cell develops from endocrine progenitors that express Neurogenin 3
(Ngn3), which is Cl‘ltlcal for triggering the differentiation of endocrine islet cells from
embryonic pan pI
1[53]. One of’ / o "'_‘fucxal transcnptxq:ffgzzters for\pancreatlc maturation/and
directed de éﬂ pment;i 15 PDX 1. PDX-1 enpqﬂlﬂgﬁs,the pi‘lmary expansion of tHe pancreas
e1ent1a9bn' uring embu\ i elopynent, a l‘n%rkEl  Pringy
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Conclusion

Diabetes management is a systematic and intricate procedure. Conventional medicine
can only slow the spread of a disease; it cannot cure it. The primary transcription factor
controlling islet cells is PDX-1, and cell division, growth, and differentiation are necessary
for the synthesis of insulin, transcription of the insulin gene, and other purposes. As a
result, PDX-1-targeted medication, depending on the pertinent PDX-1 mechanism, offers
a path to treating diabetes. Yet, after the ...
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Abstract >
Rubus ellipticus 1s a native plunt to India s tropical and subtropival regions and has bees
used as a traditionn]l medicinal. The mim of studv was to wdentifs and evaluate the
antimierabial and anti-arthritis activities of hydroethanelio extract of R, ellipticus leives
(HEERE). ‘The leaves were collocted from the Narkanda Vallex, India and were shade
dried and finely ground to produce the powdor. The hvdraethanolic extraet wis utilized

for phytochemical analvsis (o deternune the existence of carbohvdrate. phennli

terpenoid. flavonoid, saponin. ghveoside. tannin, protein, and alkalmd. The HEERE was
futher anahzed by gas chromatography mass spectrometry  [GC MS) for  the
characterization of the phytoconstituents. The antinnerobinl actiaty was tested against
Eschericha colt, .‘ﬂ(rp'li_,-:'- oocets elirvas as well as Asporgillus riige U assoss 115 Bnt
arthritin activities, different doses of HEERE were given orally ta complete Fraund

adiuvant (CFAY induced albino Wistar rats for twenty one dave The GC MSanalvas o

¥

hydroethanclic estracts from leaves detected and identified the précence .

phyvtocheinival compounds. HEERE showed sizmhicant eftpots aguinst E o voli, 5. aredi;

and A, niger strains at 600 ppm. Ohr data indicated that [IEERE 200 ma kg wils more
effective than 50 mg 'Kg as anti arthritia Paw voluime ankle joint diameter, the nuiber
loneoeies. and ervthroovte sedimentation: rate (ESR) were all significanth pedueed

experimental rats. Furthermaore, when cotipared to respective standard drugs, the bods

weizht. ervthroevie, hemoglobin, and svnobium healing effect have all improved. These
g € :

dats demonstrated the potential of K ellipticus for the long term investigation

antinderobizl and anti-arthnic properties

Keywords Rubus eilipticus, phvtocheneal, GC-MS, antitmerolaal, anti arthntis

y their adverse

warprimentally
1sadvantages
Prindiphl _
Indore institute of Pharmacy.
INDORE {M.PY

——23n e

“.E-}ria\dmnnﬂl hetbs are gaufihg’

Fenas apdanphal adverse effecy
N e |

2033 F'uﬁ-‘f‘ 0 T . ber 23, siay
2 AT )

J

257



Kumari et al. Narra | 2023 3 (300 ei52 - hupe rdokorg 0.62235/ 0t a viigass

of modern svnthetic medications. people mcreasingly opt for plant-based herbal remedies [1]
Medicinal plants, such as traditional herbs, contain a high concentration of bioactive compounds.
which have been linked to several therapeutic potentials such as antimerobial, antioxidant. anti-
inflammatory, and anticancer properties [2-6].

The increasing utilization of bioactive derivatives for managing vanous diseases necessitates
a critical exammation of their perspective. Medicinal plants are a complex blend of various
phytochemicals that ave tvpically derived from crude plant extracts [=]. Many species of plants
contain a large number of bioactive compounds. however. only a simall fraction of them have been
studied and proven to significantly contnbute to boactive mediators. The usage of the
appropriate methodology of screening is crucial m the discovery of novel compounds [8]
Extraction and charactenzation of numerous bioactive compounds from varions medicmal plants
have led to the development of stable medicinal agents with higher therapeutic profiles [0]. Gas
chromatography-mass spectrometry (GC-MS) techniques have been employed m the mital
screening of herbal plants, assisting in the identification of bioactive compounds found in the
plants [10,11].

The Rosaceae familv contains around =30 species and has primanly been emploved as
traditional medicinal, and ornamental plants in varous Asian regions. Rubus ellipticus (R
ellipticus). belonging to the Rosaceae berry plant fanuly, is a plant species native to Indias
tropical and subtropical regions, exhibiting potental antinmerobial and anti-arthritic properties
[12,13,14]. The aim of this study was to identify and evaluate the antinuerobial and anti-arthntis
activities of the hydroethanolic extract of R. ellipticus leaves (HEERE).

L)
2
=
<
o
B
=

Methods

Plant material

R. ellipticus leaves were collected in the Narkangla Valley, India, in August 2020 and were
identified by the Himachal Pradesh State Biodiversity Board, Shumla, India, under the specimen
number HPSBB/30355, and the specimen was finally acquiesced at the Biodiversity Board
Herbarium Department, Shimla, India.

Extraction of R. ellipticus leaves 3
R ellipticus leaves were shade-dried and finely ground to produce a powder of 800 grams by
utilizing hvdroethanolic (4:6) via a Soxhlet extractor for around =2 hours following the standard
protocol [13]. Afterward, the extract was concentrated with a rotarv evaporator using Rotavapor
(BUCHI, Flawil, Switzerland) and kept in a glass vial sealed with a Teflon-coated cap at 3°C i the
refrigerator for further investigation.

Photochemical analysis

The phytochemical analysis of HEERE was performed following the standard procedures
outlined in previous studies [3,15]. The existence of carbohvdrates, phenolic. terpenoids.
flavonaids, saponins, glveosides, tannins, proteins, and alkaloids was determmed n the crude
extract.

Gas chromatography-mass spectrometry (GC-MS)

The Agilent =890B gas chromatograph and Agilent 50=7B mass detector (Agilent Tech, Califorma.

1'SA) were emploved for the GC-MS analvsis. The equipment was equipped with an auto-mjector

and a fused silica capillary column. Samples were injected at a split ratio of 501, with helw

serving as the carrier gas at a rate value of 1 ml ‘minute. The injector s telperature was fixed to

+280°C. The temperature of the oven was primarily set at 80°C for 2 minutes, then changed to

220°C at 10°C/minute with no hold and augmented to 310°C at 20°C nun held for 10 minutes

and with a solvent delav of five minutes. The flow rate of the coluni was set at 1 ml/minute, The

* chromatography of a single sample took 30 minutes. The following paranieters were set for the
mass spectronteter’s operation, namely 1on source temperature of 230°C, electron energy (=oeY),

MS Quad temperature of 150°C. and scanning range of m/z. 25-1000 fuju Matching

ibrary searclies were used to identify the metabolite
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Antimicrobial activity evaluation
The well-diffusion method was used to assess antimicrobial activity [16]. The Microbial Tyvpe
Culture Collection (MTCC) from the Institute of Microbial Technology, Chandigarh, India,
provided two bacterial strains of Escherichia coli (MTCC 452) and Staphylococcus aureus (MTCC
=37}, and one fungal strain of Aspergillus niger (MTCC 1344). These strais were kept i the
freezer at 4°C until they were utilized. Potato dextrose agar (PDA) and nutnent agar (NA) were
used in the studv. The bacterial inoculum was made by growing the freeze-dried cells in NA for
24 hours at 37°C, and the fungal strain was made by growing freeze-dried cells m PDA for =2
hours at 20°C. The test organisms were inoculated on a sohdified agar plate with a micropiperte
and dried for about 10 minutes. A sterilized steel borer was utilized to make the 4-wells in each
Peti1 dish contaiming agar and then filled with the test compound and standard solutions. The
solvent used for the sample preparation was dimethyl sulfoxide (DMSO). The test sample was
- prepared 1 DMSO at various concentrations (i.€.. 200, 400, and 600 ppm). Ciprofloxacin and
« fluconazole (both from the Central Drug House Pvt. Ltd., India) were used as positive controls.
respectively for bacteria and fungus. The negative control was DMSO, and positive reference
standards were ciprofloxac/ fluconazole at 100 ppi tor all selected stramns.

For the microbial assay, all work was done under aseptic conditions. The bacteria plates
underwent incubation at 37£1°C for 24 hours. whereas the fungal plates underwent incubation at
3041°C for 72 hours. The anti-microbial potential of the test compounds was caleulated using the

' average diameter of the zone of inhibition surrounding the wells in millimeters (mm). Each
antimicrobial activity was replicated three times, and the standard deviation of the bactenal and
fungal growths corresponding to a specific sample was reported.

Animal preparation and oral acute toxicity test

Albino rats (Wistar strain) of Rattus norvegicus from both genders. with a weight range ot
200-250 grams. were employed m the studv as testganiples and housed in standard temperature
conditions (24-28°C). and 1 a relatively humid environment (60-=0%) with a 12:12 light and
dark evele. The animals were fed a standard pellet diet and an unhunted supply of water, The
protocol was approved by the Institute of Animal Etlics Comumittee of MM College of Pharmacy
(deemed to be University), Maharishi Markandeshwar, India, following the guidelines of the
Committee for the Purpose of Control and Supervision on Experimental Ammals (CPSCEA)

The test samples of various doses (50, 100, and 200 mg/kg) of HEERE were dissolved i
0.2% w/v carboxy methvl cellulose and 2% Tween 80. Methotrexate (0.5 mg/ kg) was also given
orally as a standard drug in the form of a suspension [17] The rats were divided into six groups
with six rats from each group. Group 1: normally operated + normal salme (0 0% normal sahne
orally); Group II: complete Freund's adjuvant (CFA) 0.1 ml, injected subcutaneously. Group 111
CFA + methotrexate (0.5 mg/kg. orally); Group IV: CFA + HEERE (50 mg/kg body weight, once
a day, orally); Group V: CFA - HEERE (100 mg kg body weight. once a day, orally) and Group

L VI: CFA + HEERE (200 mg kg body weight. once a day, orally). Group 1 acted as the negative
control, while Group 11 served as the arthritic control.

The Orgamization for Econonue Cooperation and Development (OECD) guideline 42518 was
emploved to test acute oral tosicity in the rats. The rats fasted for 16 hours before the experinent
and had unhmited access to water. Six groups of rats were given the test samples orally at doses
of 50 mg/kg, 500 mg/kg, and 2.000 mg kg, respectively. The rats were continuously observed
for 3 hours to detect any behavioral changes and for = days to look for signs of critical and short-
term toxicological indications such as coma, respiratory depression, diarrhea. salivation,
convulsion, and perspiration [18]. ;

Anti-arthritis activity evaluation

The condition of arthritis was induced in all groups of rats via subcutaneous mjection of 0.1 ml
5 (0.1% w/v) suspension of killed M. tuberculosis bacteria, homogenized in the liquid para ffin mto

the left hind paw (except the normal control group). Intraperitoneal injection of thiopentone

sodinm (40 mg 'kg) [18] was used to anesthetize the rats. The diug treatment began on the 17 da

and lasted until the twenty-first. The paw volume was measured by a digitdl ethvsimometer
=130 (UGO Basile, Gemonio, Italy) on the first, seventh, fourteenth. an v-first davs
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An anti-inflammatory response was defined as the percentage mhibition of edema as that of
normal control. Methotrexate (0.5 mg, kg, once daily) [18] was used as a controlled drug. The
ankle-joint diameter and body weight were measured using a vermiercaliper and a digital
weighing balance AUXzaz20 (Shimadzu, Kvoto, Japan) on the first, sixth, eleventh, sixteenth, and
twenty-first days [19].

For the biochemical evaluation, the rats with were anesthetized with thiopentone sodiun:
(60 mg/kg) and sacrificed at the end of the protocol. The blood samples were collected trom each
rat by retro-orbital plexus puncture and placed in vials containing ethvlenediaminetetraacetic
acid (EDTA) for biochemical analvsis such as red blood cells (RBC), wlite blood cells (WBC),
hemoglobin (Hb), and ervthrocyte sedimentation rate (ESR) count [10].

After the sacrifice, the rat’'s knee joints were separated and well-preserved 1 10% formalin
for lustopathology examination of the synovium. After the fixatnon and decaleification. the sample
was cut into 45 m pieces and provided staimng with eosm and hematoxvin for nucroscopic
estimation [20,21].

Statistical analysis

The data were accessible as the mean standard deviation of the mean (SEM). ANOVA test was
utilized for comparison of the statistical significance of the means, followed by Tukey's multiple
comparison tests. The p<0. 03 was considered to be statistically sigmficant. All statistical analysis
was perfornied on SPSS version 20 (SPPS. 1BM Ine. New York, U'S)

Results

Phytochemical analysis

The existence of flavonoids, tannins, phenols, carbohydrates. saponms. terpenoids. phenolic
compounds, proteins, oil, and fats was observed n the phytochemical analysis of the HEERE
(Table 1). Phyvtochemicals of alkaloids and glvcosides were not found.

Table 1. Phvtochemical constituents of HEERE

Phvtochemical compounds Chemical tests Hvdroethanolic extract
Alkaloids Dragendortt’s test . '
Wagner's test
Glycosides Legal's test
Keller Killiani test
Flavonoids Shinoda's test ..
Alkaloid's test wee
Tannins and Phenols Ferric chloride test “ee
Carbohvdrates Fehling's test
Molisch's test
Protein Ninhvdrin test -
Biuret s test
Terpenoids Hager's test .
Saponins Froth test S
0il and fats Saponification test <
-- Absent: --+: slightly present; -+ +: moderatelyv present; + - - mtense]\ present

Gas chromatography-mass spectrometry (GC-MS) analysis

Atotal of 33 phhivtochemical constituents were found in HEERE. The most prominent compound
found in the HEERE were gallic acid (13.69%). protocatechuicaaid (10.12%). quercetin (6.09%),
glveeric acid (5.10%). malic acid (4.10%). 4-counanc ucid (3.01%), 2-butene-dioic acid (3,88,
en‘thutol (3.82%), galactaric acid (3.55%). and palnutic acid (3.30%) (Table 2).

Table 2. Gas chromatography-mass spectrometry (GC-MS) analvsis of HEERFE

Peakno  Retention time Compound name Area (%) Molecular
{minute) weight (ug)
5778 1.3-Propanediol 0.30 76
608 Glyeolic acid 02" =6
8.3%1 4 Hvdroxvbutanoie acid 015 104
A 8.392 1 0.12 23
T
N A
LA Page 4 of 10
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Peak no  Retention time Compound name Area (%) Molecular
(minute) weight (ug)
5 8.865 Glveerol §.27 92
6 22 L-Proline 3.19 115
> 9.476 Butanedioic acid 0.80 118
8 9.643 Glveeric acid 5.10 106
9 9.960 2-Butenedioic acid 3.88 144
10 10.127 Pipecolic acid 0.67 129
11 10.956 B-Alanine 0.22 89
2 11.389 Decanoic acid 017 172
13 11.495 Citramalic acid 0.11 148
14 11.723 Malic acid 41.80 134
15 11.834 Ervthritol 1.82 22
16 12.118 Aspartic acid 0.42 133
17 12157 5-Oxoproline 0.69 12
18 12.263 2.,3,4-Trihvdroxyvbutyric acid 0.71 136
19 13.481 Levoglucosan 2.5 161
20 13.731 Dodecanoic acid 0.09 200
21 14.415 Arabitol 286 152
22 15.505 Citrie acid 1.62 192
2r 15.544 Protocatechoie acid 10 12 154
2 16.823 4 Coumaric acid a.91 16
25 16.923 Gallic acid 13.69 170
2 17.663 Galactaric acid .55 210
27 17.78 Palmitic Acid 339 256
28 18.04° Mve-Inositol 0.66 180
29 18.441 Caffeic acid 042 180
30 19.142 Stearic acid 0.69 284
31 20.838 1-Monopalmitin (3 gl 230
32 21.628 Glveerol monostearate .54 358
33 23.569 Quercetin 6.09 302

Antimicrobial activity

All tested microorganisms were inhibited by the HEERE., with the zone of mlnbition ranging trom
1.0£0.2 to 8.0£0.15 mm for bacterial strains and 1.420.4 to 4.5320.1 1 for fungal strains, The
HEERE was more effective againts 8. aureus (8 0=0.15 mum) than £ coli (6.4=0 ymm) at 600
ppm concentration. While at the same concentration, a maxunum zone ofinhibition 4.520.11nm
was observed for the fungal stramn (A. niger) (Table 3).

Table 4. Antiznerobial actwity of HEERE using well-diffusion method

Samples HEERE doses (ppm) Zone of inhibition
Mean=SD (mm)

E. coli 200 1.9=0.2

400 312011

6oo 6.4+0.4
S. aureus 200 282019

100 4:2:0.4

600 8.0=0.15
A. niger 200 1.4z0.2

400 292031

(iTale] 4.5=01
Ciprofloxacin 100 20.8=z0:1
Fluconazole 100 18.3:0.1

Anti-arthritis activity

Acute toxicity studies have demonstrated that the HEERE was risk-free: The treated rats
appeared normal, with no significant changes in behavioral or neurclogical responses up to 2.000
mg/kg bodyv weight of HEERE. Smularly. no change m body weight, adaptation. mortality. or
toxicity reaction was observed at any of the doses until the studv's conclusion As a result,
therapeutic doses of R. ellipticus of 50, 100, and 200 mg/kg were chosen. In the chrome CFA
model, swelling and redness were observed in the mjected paw after 24 hours, From the seventh
day until the end of the study, the methotrexate-treated group had a decrease m payryolume. All
HEERE doses of 50. 100. and 200-fg kg decreased paw volume and thickness thiqug
ar day of the studyv. kg dose of H outperformed the 100 and 50 ¥ kg doses

g -lv_"_-.:-:.'_.:l-'i I
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and was almost identical to methotrexate. From the first day to the end of the research

investigation, the CFA-indnced paw volmme graduallv inereases {Table 4 and Table 3)

Table 4. Effect of HEERE on paw thickness

Groups o day 1* day 6" day 1% dav 16%day 21" dav
Negative control 0.40% 0.40% 0.45= 0412 0.422 0.40=
0.05 0.03 0.08 0.006™* 0.05™* 0,06
Arthritic control (CFA) 0.421 0.78= 1.64= 180z 2.0z 2.26=
0.018 0.031 0.84 036 0.13 0,00
CFA-methotrexate 0.36= 0.50= 1.89x 1,57+ 0.86= O 7=
o.5mg, kg) 0.05 0.04 0,533 o.80% (38 & Latad g™
CFA-HEERE 30 mg kg 0.34% 0.82= 2.36= 2.08= 1.809= 1.66=
0.06 0.14 0.53 Q.22 015 0.91"
CFA-HEERE 100 mg kg 0.36= 0.81= a9y 1.83= 1.54= 1.20=
0.10 0.03 0.80 0.16 013" ol
CFA-HEERE 200 mg kg 037= 0.80= 2.13= 1.67= 1.2%= 0.85=
0.03 63" 0.30 0.20° o3 D i .05

Data was presentad in mean=SD and analyzed by one-way ANOVA which is followed by Tukev s multple
comparison test. All treated groups and the normal group were compared with the Arthritic control group.
* Statistically significant at p<0.03

=+ Statistically significant at p<0.01
#=* Statistically significant at p<0.001

Table 5. Effect of HEERE on paw volunie

Groups o day 1# dav 7t day 14'h dav 21° day
Negative control 1.82+0,05 1.8120.08 1.79z0.79""" 1.8220.55""" L14=2074"""
Arthritic control (CFA) 1.8420.07 1.99=0.03 2.20:0.11 2 46+:0.87 a.62-089
CFA + methotrexate 1.85:z0.06 2.14:012 1.90+0.327 170:0.43" 1.2120:07"""
o.5mg kg

CFA - HEERE 50 mg kg 1.86+001 23420.13 222:0.45% 2.16=0.39" 2.06=0.48""
CFA+-HEERE 100 mg kg 1.8720,05 2.23:z0.13 2.17=0.90™ 2.13=0.80%  2.01z0.186"°
CFA+~HEERE 200 mg kg 1.86:0.04 221-012 214:038% 100-063" 1 32s0.048

Data was presented in mean=SD and analszed by one wnv ANOVA which is tollowed by Tukey's multiple
comparison test. All treated groups and the normal group were compared with the arthritic control group
* Statistically significant at p<0.05

== Statisticallv significant at p<6.01 &

==+ Statistically significant ot p<0.001

The WBC and ESR levels increased in the arthntic control group, while Hb and REC levels
decreased. In hematological analysis, all HEERE doses (30, 100, and 200 mg/kg) exhibited
significant results (p<0.03, p<0.01, and p<0.001) The HEERE at 200 mg, kg produced the best
results. with lower WBC and ESR levels and higher Hb and RBC levels (Table 6)

Table 6. Effect of HEERE on hematology paranieters

Groups Hb (g/dl) WBC (10%/L)  RBC ESR (mm)
(millien/ ul)

Negative Control 141820.51*** 8 46=0.59*** 6.88=0.11*** 3.202047**

Arthritic Control (CFA) =29+0,42 14.9620.49 3.0620.58 10.23£0.15

CFA-Standard 12.30=0.54""" S.ag=p.7a~" 6.97£0.49""" 3.65z0107""

(Methotrexate 0.5mg/ 'kg)

CFA-HEERE 50 mg/kg 9.5520.10™ 13.03=0.52% 4.92:0.43™ 8.26z0.70""

CFA-HEERE 100 mg/kg 11.03:0.75" 12.8320.43" 3.46=0.84" =S {=0=h"

CFA-HEERE 200 mg kg 12.55:0.82"" 9.0320.70"" ale. T 5.48£0.387""

Data was articulated in mean=SD and analyzed by one-way ANOVA which is followed by Tukey's multiple
comparison test. All treated groups and the normal group were compared with the arthritic control group
= Statistically significant at p<6.035

== Statistically significant at p<0.01

=== Statistically significant at p<0.001

‘Histopathology
Histopathology of the ankle joint of negative control and arthritic control rats exposed mtact
synovium and synovial lining morphology, without inflammation. and the nflux of inflammatony
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cells. HEERE at 200 mg/ kg inlibited all histological findings of arthrtis sigmficantly more than
at 100 and 50 mg/kg (Figure 1).

Figure 1. Histopathology of ankle-joint of Wistar rats (A) Group I normally operated « noral
saline; (B) Group 1I: Complete Freund's adjuvant (CFA) 0.1 mil, mjected subcutaneousivy, (C)
Group I11: CFA + methotrexate (0.5 mg/kg. orallv) standard. (D) Group IV CFA + HEERE (50
mg/kg body weight, once a day, orally), (E) Group V- CFA « HEERE (100 mg/kg body weight
once a day, orally); and (F) CFA+ HEERE (200 mg/ kg body weiglt, once a day, orally. Ongimal
magmfication gox, DXIT 1200, Nikon. Japan

Discussion

The present study mvestigated phytochemical constituents and m-vivo ant arthritis activity of
HEERE. Phytochenucal analysis was done by the GC-MS. Several studigs confirmed simular
phytochemical constituents found in R. ellipticus [17.18). In line the study’s findings, thurty-three
phytochemical constutuents were identified in R. ellipticus leaves by GC-MS analvsis m previous
studies [22,23,24]. The HEERE was found to have the lughest levels of gallic acid, protocatechosc
acid, and quercetin in our studyv. However, these constituents have already been reported from
the genus Rubus by numerous studies [12,22-20]

The HEERE have shown antimicrobial activities against E. coli, S. aureus, and A. niger The
masimum zone of inhabitation was observed in S. aureus. rather than E. coli, and A. niger due to
phenols and flavonoids as a major constituent Phenols and flavonoids are responsible for the
destruction of the membrane of microorgamisms first and making the cells more dehicate
Resulted in impairment of proton pumps and loss of H+- ATPase i damaged membranes can
disrupt the normal cellular function of the microorganism nlhmately lead to cell death. Tlie
antimerobial activity findings of this study also aligns with several other prior studies [17.18.27]
Several herbal plants deliver relief from the various maladies and symptoms that are sinular to
those provided by traditional medicinal agents [28] The CFA or Adjuvant induced arthritis in q
tested rat model was chosen for the study because 1t is a common and widely employed ammal
model for inflammation and arthritis [20]. Reduced paw swelling 1s the most important factoran
determining the degree of inflammation, and activity of anti-mflammatory and anti-arthntic
drugs [30, 31] 1t is also one of the sunplest, most sensitive, and fastest methods The decrease
paw thickness is thought to be due to a decline i the release of inflammatory mediators, and it 1s
evidence of anv drug's anti-inflanmmatory and anti-arthritic action in CFA-induced arthritis [32]

R ellipticus i1s commmonly emploved m traditonal medicmes to treat inflanmation [33] As
a result, the current study has been confirmung the efficacy of R. ellipticus i reducing paw
swelling as well as regulating the synobiun cell line. Previous research has confirmed that the

road range of anti-arthntic activity due to thefphesence ot
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< gallic acid, procatechoic acid. p-coumaric acid, Quercetin, and Kaempterol.which is sinnlar to our
| findings [37-239]

~ - .

S Conclusion

A total of 33 phytochemical constituents were found in the hydroethanolie extract of R.ellipticus
leaves. The HEERE demonstrated potential antimicrobial properties wit h the zone of inhibition
ranging from 1.9£0.2 to 8.040.15 mm for bacterial strains and 1 440.4 10 4.520.1 mm for fungul
strains, The acute toxaaity studies have demonstrated that the HEERE was nisk-free wath no
significant changes in behavioral or neurological respouses up to 2,000 mg /kg body weight of
HEERE. All HEERE doses of 50, 100, and 200 mg'kg decreased paw volume and thickness
throughout the study. The 200 mg/kg dose of HEERE was almost identical to methotrexate for
anti-anthritis activity.

-
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ABSTRACT

Peristrophe bicalyculata (R.) Nees. (PB) is one of the most widely medicinal plants used in ancient folklore to treat a number

__ ofdiseases. In the present investigation, the diuretic activity of hydroalcoholic extract of leaves of selected plant was evaluated

in saline-loaded rats. Rats weighing in between 180 to 200 gm of either sex were taken for the present study and concentration
of urinary NA'K" and CI" was determined to access the memorandum of association (MOA). The hydroalcoholic extract of
PB leaves at the test dose of 250 mg/kg bw showed significant diuresis in 3 hours while at the test dose of 500 mg’kg bw

produced substantial diuresis at the end of 4 hours,

Keywords: Peristrophe hicalvculata, Diuresis, Leaves, Rat. Extract.
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INTRODUCTION

From ancient cultures, herbs have been used to treat several
human disorders, even in developing countries; a majority of
the population depends on medicinal plants for the treatment of
various human ailments." Diuresis is one of the most important
fields where there is a tremendous possibility to use MP’s and
their products so as to get good effects of drug and patient will
feel comfortable.”

The plant Peristrophe bicalveulata (R.) Nees. ( PB) family
Acanthaceae is a short sub-shrub having a height of 4 to 6 feet.
The various part of the plant is used medicinally. The plant is
widely used as an antioxidant. anti-cancer, anti-inflammatory,
etc. Literature has reported the dieresis action of this plant.’
therefore an attempt was made to screen the anti-diuretic
activity of the plant.

MATERIAL AND METHODS

Plant Material

The leaves of P. bicalveulata (R.) Nees. Was collected from
the Malwa region and was made authenticated by Botanist,

Animal

Rats of wither sex weighing 180 to 200 gm were selected for
the present study. The protocols were approved by IAEC,
Plant Extraction

In 250 gm off dried powdered coarscly plant material was
subject to extraction in soxhlet using cthanol and water (90:10),
after extraction extract was dried. HAEPBL is a hydroa lcoholic
extract on leaves extract of P. bicalyeulata (R).!

Animal Group and Dosing

Rats were divided in different groups. Oral treatment vehicle
2 mL/I-ml. was given as negative control. and standard drug
furosemide at the dose of 10 mg/kg was taken in reconstitution
2 mL/100 gm distilled water. The other two groups reccived
plant extract at the test dose of 250 and 500 mg/kg bw. (The
dose was received from previous findings)

Diuretic activity

The activity was performed using animal fasting overnight
and the treatment with NaCl i.e.. normal saline. oral dose of
15 mL/kg for uniformity in water and salt lpad. The groups

Voucher No. J./Bot./PBL-038. .. 3
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Diuretic Activity of Peristrophe bicalyculata (R.) Nees

Table 1: Effects of hydroalcoholic extract on leaves extract of P
bicalveulata (R.) Nees, on urine volume

Goc Volume (mL)  “Urine  Diwetic  Diuretic
“w after § hour  Excretion  action Activity
Control 287=0.16 51.39 | -
Standard-10 mg/ 693 =0.18 101.36 1.97 1

kgbw

HAEPBL-250 476 =028 80.27 1.56 0.79
mg/kgbw

HAEPBL-500 514=028 91.28 1.77 0.89
mg/kgbw

Table 2: Effect of hydroalcoholic extract on leaves extract of 2
bicalyeulata (R.) Nees, on urinary electrolyte

Efectrolvie Conc. Urinary (mmol/L

G
T Na' K cr

Control 3532112 22.18:242  4182+414
Standard-10 65324 60.14 7728 &
mg/kgbw 41400 3.08%+* 4.48%%%
HAEPBL-250 4329+ 64.46 + 5328 +

, mgkghw 3 (7w 3,19%4 225%e%
HAEPBL-S00 4823 +87*** 7046+ 66.24 +
m/kgbw 2714 41540

Note: Reading are expressed as X + SEM from data six and found
significant ***p <0.001
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Graph 1: Diuretic action of leaves extract of PB
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Graph 2: Urinary Electrolyte Concentration in leaves extract of P
bicalyculara (R.) Nees. on urinary electrolyte

were given with standard drug and another test dose. Urine
was collected and further pH and electrolyte analysis was
estimated. Statistically, the results were compared using
ANOVA and expressed in mean £ SEM.*’

RESULTS AND DISCUSSION

The diuretic activity of hydroalcoholic extract on leaves extract
of P. hicalveulata (R.) was screened on saline-loaded rats,
From the results obtained it was found that the diuretic action
of HAEPBL having dose 500 mg/kgbw is 1.77 which is more
than that of HAEPBL having 250 mg/kgbw (1.56). “Urine
excretion is more in HAEPBL 500 mg/kg be and was found to
be 91.28. The diuretic activity of HAEPBL -250 mg/kg bw was
found to be 0.79 and HAEPBL-500 mg/kg bw was found to be
0,89 (Table | and Graph 1). The results for urinary electrolytes
wad presented in Table 2 and Graph 2.

CONCLUSION

From the results obtained, it was revealed that the hydroalcoholic
extract on leaves extract of P. bicalveulata (R\) possess diuretic
activity at both dose i.c., 250 and 500 mg/kg bw. At higher
doses the results were more better than lower doses. The results
of urinary electralyte concentration suggest that the extract
has several MOA and the study will provide the traditional
and folklore claims of the plant as a diuretic agent.
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