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Background: Breast cancer remains the leading cause of cancer incidence and mortality among women globally. However, studies
that not only compare the population-level burden but also interrogate the underlying causal mechanisms to explain the observed
cross-national disparities are lacking. This limits the ability to translate descriptive findings into mechanistically informed prevention
strategies. This study evaluates the burden of female breast cancer attributable to four modifiable risk factors: smoking, high alcohol
use, high body-mass index (BMI), and low physical activity, among women of reproductive age (15 to 49 years) in BRICS countries
from 1990 to 2021.

Methods: We employed a two-tiered analytical framework. First, using data from the Global Burden of Disease (GBD) 2021 study,
we quantified and compared the national burden (deaths, DALYs) and temporal trends (EAPC, ARIMA projections) attributable to
each risk factor. Second, to provide mechanistic insight into these population-level patterns, we conducted a two-sample Mendelian
randomization (MR) analysis to assess the potential causal relationships of the same risk factors with breast cancer.

Results: Substantial heterogeneity in attributable burden was observed across BRICS nations. MR analysis supported the potential
causal roles of high alcohol use, smoking, and low physical activity. Critically, the genetic evidence for causality aligned with and
helped to mechanistically explain the dominant risk drivers identified in the descriptive burden analysis: the rising burden linked to
high alcohol use in Brazil and India, and the increasing burden from smoking in the Russian Federation. A consistent protective
association of high BMI with premenopausal breast cancer was observed in both analyses.

Conclusion: By integrating comparative burden assessment with causal inference, this study moves beyond describing disparities to
offering mechanistically plausible explanations for the distinct risk factor profiles in BRICS countries. This approach provides
a stronger evidence base for developing etiologically informed, targeted prevention strategies that address the specific drivers of
breast cancer in different national contexts.
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Introduction

Breast cancer pathogenesis and management have been profoundly shaped by advances in understanding its tumor
biology and therapeutic landscape.' Decades of research have elucidated key molecular pathways, from hormonal drivers
to DNA repair deficiencies, and have ushered in targeted therapies that significantly improve survival, representing
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a paradigm shift in cancer treatment.” However, these remarkable treatment advances address the disease after its onset.
In parallel, robust epidemiological evidence confirms that a substantial proportion of breast cancer incidence is
attribufgfigu to modifiable lifestyle and metabolic factors, presenting a critical opportunity for primary prevention.’
Therefore, a comprehensive cancer control strategy rests on three intertwined pillars: deciphering tumor biology,
developing effective treatments, and implementing evidence-based prevention. This study is positioned within this
integrative framework, focusing on the preventive pillar by investigating modifiable risk factors, with the aim of bridging
population-level patterns with biological plausibility.

In 2020, nearly 20 million new cancer cases were reported globally, with approximately 9.7 million cancer-related
deaths. Among these, breast cancer emerged as the leading cause of cancer-related mortality in women, accounting for
15.4% of all cancer deaths, and was also the most commonly diagnosed cancer, representing 23.8% of all new cases.* This
underscores that the burden of breast cancer is not only a clinical challenge but also a significant public health and health
systems issue. Of the six Level 2 risk factors identified as significant contributors to breast cancer mortality—dietary risks,
alcohol consumption, high BMI, high fasting plasma glucose, low physical activity, and smoking.” This study focuses on
the modifiable ones, emphasizing that understanding their role is key to reducing the burden through prevention.

The BRICS nations represent a critical group for studying breast cancer burden transition and its modifiable risk
factors, yet a systematic comparative analysis is lacking. These countries contribute substantially to the global absolute
number of female breast cancer cases and deaths due to their large population sizes. These countries are experiencing
swift transitions in both epidemiology and lifestyle. These changes are marked by increasing urbanization, shifts in diet,
rising rates of obesity and metabolic disorders, alterations in women’s reproductive patterns, declining physical activity,
and evolving patterns of tobacco and alcohol use.® Such trends could drive faster and more distinct shifts in breast cancer
risk profiles relative to high-income nations. Furthermore, significant heterogeneity exists within BRICS in terms of
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health system resources, screening coverage, early diagnosis, and treatment accessibility, resulting in different structures
of breast cancer mortality and DALY across these countries.” This internal heterogeneity, alongside their shared status as
emerging economies with varying SDI levels, policies, and behavioral exposures, makes BRICS an ideal setting for
comparative studies on risk factors, burden, and trend disparities.

While previous studies have analyzed various health indicators related to breast cancer, including incidence,
mortality, and DALY, and their associated risk factors, these investigations have often provided limited insights into
breast cancer alone. Some studies have analyzed global data encompassing all cancer types, yet failed to provide detailed,
cancer-specific insights.>®° Other research has focused on breast cancer data from specific countries or regions'®'? or
used data prior to 2021, without conducting a separate analysis of breast cancer trends within BRICS nations.'?

Analyzing women of reproductive age separately is crucial.'*

This group shoulders significant family and societal
roles, and early-onset breast cancer among them carries greater family and socio-economic impacts, reflected in higher
weights of YLL and DALYs.” The risk profile for breast cancer in reproductive age may differ, involving factors related
to metabolism, obesity, behavioral exposures, and hormones. Additionally, screening strategies and healthcare-seeking
behaviors may vary, potentially leading to a different burden structure compared to the all-age population. Therefore,
comparing all-age and reproductive-age women within BRICS can help identify high-risk patterns and policy priorities
that might be masked by overall averages.

Our preliminary observations suggest a potential misalignment or divergence in breast cancer burden levels, temporal
trends, and risk attribution structures between all-age and reproductive-age women within BRICS countries. However,
existing GBD studies predominantly remain at the all-age aggregate level, lacking systematic assessment for the reproductive-
age group, and, more importantly, a direct comparative framework between all-age and reproductive-age. This analysis reveals
a critical knowledge gap concerning the specific countries and risk factors that disproportionately affect women of reproduc-
tive age. It underscores the necessity of systematically comparing these patterns with all-age trends and evaluating whether the
disparities are widening over time. Such a misalignment between population-wide and age-specific risk profiles may signal an
urgent need to refine public health strategies through age-targeted policy priorities.

This study specifically examines the impact of smoking, high alcohol use, high BMI, and low physical activity on
breast cancer burden, selecting these four from the six Level 2 risk factors for methodological and practical reasons. First,
policy intervenability and priority: These four represent highly modifiable behavioral and metabolic factors amenable to
transnational policy implementation, making them suitable for cross-country comparison and recommendation. Second,
cross-national comparability and measurement stability: Within the GBD framework, these factors have relatively
consistent definitions and stronger comparability across countries. Third, methodological feasibility for causal inference:
Our study further employs MR to assess potential causality. These four exposures have more established Genome-Wide
Association Study (GWAS) instrumental variables available, facilitating more robust MR analyses compared to complex
composite exposures like dietary risk. Thus, focusing on these four key modifiable factors allows for more stable cross-
national comparable results and forms a coherent evidence chain with causal inference. Moreover, these four factors are
implicated in distinct yet impactful biological pathways relevant to breast carcinogenesis, such as estrogen metabolism
and oxidative stress (alcohol, smoking), chronic inflammation and insulin signaling (high BMI, low physical activity),
thereby connecting population-level risk to potential mechanistic underpinnings.

To address these gaps, the present study employs data from the GBD 2021, offering, to the best of our knowledge, the
first comprehensive analysis of breast cancer risk factors within the BRICS countries, with a particular focus on China,
India, the Russian Federation, and Brazil. The GBD framework represents the only global methodology for estimating
disease burden, providing critical metrics such as age-standardized mortality, morbidity, and DALYs for various
cancers.'> Despite its comprehensive scope, however, no in-depth GBD analysis has specifically addressed the burden
of breast cancer among women of reproductive age within BRICS countries.

Through this comprehensive investigation, we aim to provide policymakers, researchers, and funding agencies with
robust evidence to inform region-specific and age-targeted breast cancer prevention and treatment strategies. The findings
are intended to help identify which countries, which age groups, and which risk factors should be prioritized. Ultimately,
our study seeks to support the optimal allocation of limited healthcare resources, offer insights for screening and primary
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prevention tailored by age and country, reveal age-stratified gaps within BRICS to guide future mechanistic and
intervention research, and provide projections of breast cancer trends from 2022 to 2030.

Methods
Data Acquisition

Data for this study were obtained from the GBD 2021 database, which offers comprehensive estimates of disease burden
for 371 diseases and injuries across 204 countries and territories from 1990 to 2021. The GBD 2021 database integrates
multiple data sources, including vital registration systems, cancer registries, epidemiological surveys, and disease
surveillance reports. All disease terms were standardized using the International Classification of Diseases (ICD)
codes to ensure comparability across data sets. For this analysis, we extracted data specifically on female breast cancer
among women of reproductive age in the BRICS nations (Brazil, Russian Federation, India, and China). The metrics
analyzed included deaths, DALYs, YLDs, and YLLs, along with their corresponding age-standardized rates (ASRs), as
well as the EAPC of these indicators. These outcomes were further stratified by four modifiable risk factors: high alcohol
use, smoking, high BMI, and low physical activity. The data were accessed through the GBD visualization platform
(https://vizhub.healthdata.org/gbd-results).

Additionally, summary statistics for genetic associations were obtained from the FinnGen R12 and GWAS Catalog,

covering the following traits: breast cancer (ukb-b-16890), breast cancer (ieu-b-4810), BMI (ieu-a-974), alcohol use
disorder (finngen R12 AUD), low physical activity (ebi-a-GCST90061421), and smoking (ukb-b-223). Detailed data
sources and sample sizes are summarized in Table 1 below.

Acknowledgment of GBD Data Heterogeneity Across BRICS Nations

We acknowledge the inherent variability in the underlying data sources and quality across BRICS countries within the GBD
framework. Differences in the coverage and completeness of vital registration systems, cancer registry representativeness
(particularly for younger, rural, or underserved populations), and the frequency of national health surveys contribute to
uncertainty intervals around the estimates. This heterogeneity is explicitly quantified and reported as 95% uncertainty
intervals (Uls) in all GBD outputs. In our analysis, we consistently report these Uls and emphasize that cross-country
comparisons should consider both the point estimates and their overlapping uncertainty ranges. The implications of this
data variability for interpreting national-level trends and disparities are further discussed in the Limitations section.

Disease-Attributable Risk Factors

The GBD 2021 comparative risk assessment framework evaluates the impact of 88 risk factors on disease burden, which
are categorized into environmental, behavioral, and metabolic domains. For this study, we focused on four Level 2 risk
factors that have been linked to female breast cancer:

High Alcohol Use: Consumption of alcoholic beverages.

Smoking: Active and passive tobacco exposure.
High BMI: Defined as a BMI >25 kg/m?.
Low Physical Activity: Insufficient metabolic equivalent (MET) minutes per week.

Table | Detailed Data Sources and Sample Sizes

Variables Source ID Sample Size | nSNPs
Breast cancer GWAS catalog | ukb-b-16890 462,933 9851867
Breast cancer IEU GWAS ieu-b-4810 212,402 12321854
Alcohol use disorder | Finngen RI12 finngen_RI12_AUD 500348 16380466
Low physical activity | GWAS catalog | ebi-a-GCST90061421 | 88,411 8489912
Smoking GWAS catalog | ukb-b-223 462,434 9851867
BMI IEU GWAS ieu-a-974 171,977 2,494,613
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Population attributable fractions (PAFs) were calculated to estimate the proportion of breast cancer burden attributable to each
risk factor. To avoid overestimation of PAFs, mediation effects between risk factors were accounted for. The relative risks and
exposure levels associated with each risk factor were derived from meta-analyses of relevant epidemiological studies.

Statistical Analysis
Temporal trends were assessed by calculating the annual percentage change (EAPC) for ASRs, including ASMR, ASDR,
ASYDR, and ASYR. The formula used was:

Y=aX+p @)
where Y represents the logl 0(ASR) value, and X denotes the calendar year. The EAPC was then derived using the formula:
EAPC = 100 x (10*—1) 2)

Positive EAPC values, with 95% confidence intervals (CIs) excluding zero, indicated an increasing trend, while negative
values indicated a decline.

Age-specific patterns were analyzed by stratifying outcomes into 5-year age groups (15-19, 20-24, 4549 years). To
forecast trends from 2022 to 2030, ARIMA models were applied, with stationarity confirmed through differencing.
Model diagnostics, including residual analysis, were conducted to ensure a good model fit.

Projection Analysis and Policy Relevance

To illustrate the potential future trajectory of breast cancer burden under the assumption that recent risk factor trends and
healthcare contexts persist, and to inform the timing and urgency of interventions, we projected age-standardized rates
from 2022 to 2030 using Autoregressive Integrated Moving Average (ARIMA) models. Stationarity was confirmed
through differencing. Model diagnostics, including residual analysis (Ljung-Box test) and inspection of ACF/PACF plots,
were conducted to ensure a good fit. These projections are presented as a supplementary, policy-relevant illustration of
potential outcomes, rather than as biological forecasts, and their interpretation is integrated with the discussion of
country-specific public health priorities.

Mendelian Randomization
A two-sample MR analysis was performed using the “TwoSampleMR” package in R. Single nucleotide polymorphisms
(SNPs) were selected as instrumental variables with a significance threshold of P<5x10"®. Linkage disequilibrium (LD)
was addressed by applying clumping parameters of 1°<0.001 and a clumping distance of 10,000 kb. In cases where the
number of available SNPs was insufficient, the threshold was relaxed to P<I1x107> 16

Five MR methods were employed to explore the genetic association between exposures and outcomes: inverse-
variance weighted (IVW), weighted median, MR Egger regression, simple mode, and weighted mode. To assess the
robustness of the findings, a leave-one-out sensitivity analysis was conducted to evaluate whether the overall results were

driven by a single genetic variant. The IVW method was primarily used as the main analysis.

Sensitivity Analyses and Robustness Checks
To comprehensively assess potential horizontal pleiotropy and the robustness of our causal inferences, we conducted the
following sensitivity analyses: 1. MR-Egger regression, which provides a test for directional pleiotropy (significant intercept
term) and an estimate adjusted for it; 2. The weighted median method, which provides consistent estimates even if up to 50%
of the instrumental variables are invalid; 3. MR-PRESSO, to detect and correct for potential outliers driven by horizontal
pleiotropy; 4. Leave-one-out analysis, to evaluate if the overall result was unduly influenced by any single SNP; 5. Cochran’s
Q test, to quantify the heterogeneity among the instrumental variables. A significant Q statistic (P < 0.05) indicates the
presence of substantial heterogeneity, for which we additionally report the I* statistic to measure the proportion of total
variation due to heterogeneity rather than chance.

All statistical analyses were performed using R software (version 4.4.3). P-value of <0.05 was considered statistically
significant.

International Journal of Women’s Health 2026:18 https: 5



Yan et al

Addressing Potential Confounders

In the analysis of disease burden trends using GBD data, the estimates provided by the GBD study itself have already
been adjusted for a set of known demographic and socio-economic covariates as part of its comparative risk assessment
framework. For our time-series forecasting (ARIMA), we ensured model stationarity through differencing to control for
underlying temporal confounders. In the Mendelian randomization analysis, the use of genetic variants as instrumental
variables inherently reduces residual confounding, as genetic alleles are randomly assorted at conception and generally
independent of postnatal environmental and lifestyle factors. Furthermore, we rigorously screened instrumental variables
to minimize pleiotropic effects, as detailed in the MR assumptions validation below.

Patient and Public Involvement
Patients and/or the public were not involved in the study design, data interpretation, manuscript drafting or dissemination
plans of this research.

Results
Overview

We analyzed the burden of breast cancer among women of reproductive age in BRICS countries from 1990 to 2021 and
projected trends up to 2030, with a specific focus on four key risk factors: smoking, high alcohol use, high BMI, and low
physical activity. Using data from the Global Burden of Disease Study 2021, we estimated breast cancer deaths, DALY,
YLDs, and YLLs, as well as age-standardized rates. This descriptive analysis aimed to map the heterogeneous landscape
of risk-attributable burden across nations. Subsequently, risk factor analysis, supported by MR, was conducted to
independently assess the potential causal underpinnings of these exposures in relation to breast cancer. Furthermore,
we projected the trends of breast cancer from 2022 to 2030.

DALYs, Deaths, YLDs and YLLs of Breast Cancer in BRICS Countries

From 1990 to 2021, the DALY attributable to high alcohol use in Brazil increased by 176%, rising from 4093 (95%
uncertainty interval [UI]: 2178 to 6566) to 11,325 (95% UI: 6984 to 16,720). Similarly, DALYSs related to low physical
activity rose by 154%, from 1936 (95% UI: 298 to 4426) to 4926 (95% UI: 763 to 11,253). In contrast, DALYs due to
smoking decreased by 19%, from 6831 (95% UI: 5039 to 8902) to 5502 (95% UI: 3755 to 7641) (Table 2). The DALYs
associated with high BMI shifted from —6181 (95% UI: —13,466 to —1) to —16,218 (95% UI: —35,934 to —4).

During the same period, deaths from breast cancer attributable to high alcohol use increased by 175%, from 80 (95%
UL 42 to 129) to 220 (95% UI: 134 to 325). Deaths attributed to high BMI changed from —124 (95% UI: —270 to 0) to
—323 (95% UI: =718 to 0). The number of breast cancer-related deaths due to low physical activity increased by 153%,
from 39 (95% UI: 6 to 89) to 99 (95% UI: 15 to 225). Meanwhile, deaths attributable to smoking decreased by 19%, from
139 (95% UI: 103 to 182) to 112 (95% UI: 77 to 154) (Table S1).

In terms of YLDs, the most substantial increase was observed in breast cancer due to high alcohol use, which rose by
322%, whereas the smallest increase was seen for smoking-related YLDs, which rose by 23% (Table S2). Regarding
YLLs, smoking’s contribution to the burden of breast cancer decreased by 21% (Table S3).

In China, the DALY for female breast cancer attributed to high alcohol use increased modestly by 31%, rising from
7525 (95% UI: 3601 to 13,232) to 9837 (95% UI: 4354 to 18,644). In contrast, DALYs linked to low physical activity
experienced a more pronounced increase of 39%, from 7681 (95% UI: 956 to 19,828) to 10,692 (95% UI: 1229 to
27,019). Smoking had a relatively smaller effect, with a 29% increase in DALY, from 3137 (95% UI: 1636 to 5511) to
4045 (95% UI: 2037 to 7488) (Table 2).

During the same period, the deaths due to female breast cancer associated with high alcohol use rose by 27%, from
148 (95% UI: 71 to 260) to 188 (95% UI: 83 to 353). Deaths related to low physical activity increased by 36%, from 151
(95% UI: 19 to 389) to 205 (95% UI: 24 to 520), while smoking-related deaths showed the smallest increase of 25%,
from 63 (95% UL: 33 to 111) to 79 (95% UI: 40 to 147) (Table S1).
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Table 2 The DALYs in 1990 and 2021

DALYS (95%UlI)

Region

Brazil

Risk Factors 1990 2021
Number ASR per 100,000 Number ASR per 100,000 EAPC (95% ClI)
High Alcohol use 4093 (2178,6566) 12.515 (6.622,20.18) 11,325 (6984,16,720) 17.48 (10.792,25.779) 0.76(0.54,0.98)
Low physical activity 1936 (298,4426) 6.127 (0.963,13.966) 4926 (763,11,253) 7.495 (1.162,17.138) 0.54(0.47,0.6)
Smoking 6831 (5039,8902) 21.793 (16.072,28.437) 5502 (3755,7641) 8.323 (5.681,11.56) —4(—4.32,-3.68)
High BMI —6181 (—13,466,-1) —19.385 (—42.158,-0.004) 16,218 (—35,934,-4) —24.727 (—54.778,-0.006)

China

High Alcohol use

7525 (3601,13,232)

2.844 (1.37,4.979)

9837 (4354,18,644)

2.434 (1.081,4.633)

~0.66(~0.98,-0.35)

Low physical activity

7681 (956,19,828)

2.902 (0.362,7.488)

10,692 (1229,27,019)

2.629 (0.305,6.659)

~0.57(~0.72,-0.42)

Smoking

3137 (1636,5511)

1.231 (0.642,2.157)

4045 (2037,7488)

0.974 (0.491,1.798)

~1.03(~1.13,-0.93)

High Alcohol use

1274 (170,2640)

0.75 (0.103,1.551)

4910 (1898,9557)

1.358 (0.526,2.642)

2.09(1.91,2.26)

India

Low physical activity

3918 (568,9202)

2.36 (0.345,5.52)

9511 (1512,21,571)

2.658 (0.423,6.019)

0.14(-0.09,0.36)

Russian Federation

Smoking 1749 (923,3013) 1083 (0.574,1.861) 2634 (1275,5183) 0.742 (0.359,1.459) ~131(~1.43,-1.18)
High BMI ~9480 (—20,627,-6) ~5.667 (~12.32,-0.003) ~36,726 (-82,919,-22) ~10.206 (~23.052,-0.006)

High Alcohol use 13555 (8903,18,723) | 36.014 (23.645,49.783) 11,167 (6566,16,162) 25.18 (14.864,36.386) ~1.69(-2.08,-1.29)
Low physical activity 1262 (147,3113) 3.46 (0.407,8.437) 1195 (127,3130) 2.645 (0.281,6.947) ~1.28(~1.44,-1.12)
Smoking 2941 (1903,4334) 7.911 (5.105,11.672) 4908 (3173,6936) 10.806 (6.989,15.269) 1.31(0.94,1.68)
High BMI ~9127 (-20,228,-7) ~24.848 (-55.179,-0.018) ~9380 (~20,683,-6) ~20.778 (~45.82,-0.013)
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Regarding YLDs, high alcohol use, low physical activity, and smoking exhibited similar growth rates, with increases
of 235%, 244%, and 210%, respectively (Table S2). Similarly, the increases in YLLs under the influence of these three
risk factors followed a comparable pattern, rising by 23%, 32%, and 22%, respectively (Table S3).

In India, the DALY for female breast cancer due to high alcohol use surged by 285%, from 1274 (95% UI: 170 to
2640) to 4910 (95% UI: 1898 to 9557). In contrast, the DALYs associated with low physical activity and smoking
increased by 143% and 51%, respectively, while high BMI led to a reduction of 287% (Table 2).

Over the same period, deaths from female breast cancer attributed to high alcohol use increased by 288%. Deaths linked
to low physical activity climbed from 80 (95% UI: 12 to 187) to 193 (95% UI: 31 to 436), marking a 141% rise, while deaths
associated with smoking grew by 49%, from 37 (95% UI: 20 to 63) to 55 (95% UI: 27 to 108). In contrast, high BMI-related
deaths showed a declining trend, from —192 (95% UI: =419 to 0) to —736 (95% UI: —1658 to 0) (Table S1).

In terms of YLDs, the most significant decreases were observed for high BMI and the most significant increases were
observed for high alcohol use, by 499% and 479%, respectively. YLDs associated with low physical activity and
smoking increased by 291% and 123%, respectively (Table S2). Regarding YLLs, smoking had a relatively minor
impact, contributing to a 49% increase in female breast cancer YLLs in India (Table S3).

Between 1990 and 2021, in the Russian Federation, the DALY's for female breast cancer attributed to high alcohol use
decreased from 13,555 (95% UI: 8903 to 18,723) to 11,167 (95% UI: 6566 to 16,162), while deaths dropped from 267
(95% UI: 175 to 370) to 218 (95% UI: 129 to 316). Similarly, DALY linked to low physical activity decreased from
1262 (95% UI: 147 to 3113) to 1195 (95% UI: 127 to 3130), with deaths declining from 26 (95% UI: 3 to 63) to 24 (95%
UI: 3 to 62). Among the BRICS countries, the Russian Federation was the only nation to show a downward trend in
DALYs for these two risk factors (Tables 2 and S1).

In contrast, the DALY for female breast cancer attributable to smoking increased from 2941 (95% UI: 1903 to 4334) to
4908 (95% UI: 3173 to 6936), with deaths rising from 59 (95% UI: 38 to 87) to 97 (95% UI: 62 to 138). The DALY linked
to high BMI shifted from —9127 (95% UI: —20,228 to —7) to —9380 (95% UI: —20,683 to —6), with deaths changing from
—184 (95% UL: —409 to 0) to —187 (95% UI: —413 to 0), both showing a declining trend (Tables 2 and S1).

Regarding YLDs, the influence of high alcohol use led to a 30% increase, while YLLs decreased by 20%. For high
BMI, YLDs increased by 61%, and YLLs showed a minimal rise of 0.2%. Low physical activity contributed to a 48%
increase in YLDs, while YLLs decreased by 8%. Smoking had the most significant impact, with YLDs surging by 163%
and YLLs increasing by 63% (Tables S2 and S3).

Time Trends Between 1990 and 2021
At the national level, substantial disparities were observed in the breast cancer burden associated with four major risk
factors among the BRICS countries in 2021. From 1990 to 2021, trends in ASMR exhibited distinct patterns:

For high alcohol use, India and Brazil showed an upward trend in ASMR, with India’s ASMR nearly doubling, while
China experienced a decline. The Russian Federation exhibited an initial increase followed by a decrease, with
a particularly notable reduction exceeding 32% (Figure 1A(ii)).

In the context of low physical activity, the impact of this factor remained relatively modest across the four countries,
with variations in all cases staying below 30%. The Russian Federation experienced an initial increase followed by
a decline, recording the largest reduction at 25%, whereas Brazil showed an upward trend, with the highest increase
reaching 19% (Figure 1B(ii)).

Regarding smoking, the Russian Federation exhibited an initial increase followed by a stabilization in its ASMR,
which rose by 32%. In contrast, the other three countries showed downward trends. Brazil recorded the most pronounced
decline, with its ASMR falling from 0.449 (95% UI: 0.331 to 0.588) to 0.169 (95% UI: 0.116 to 0.233), representing
a 62% decrease. India and China followed, with reductions of 35% and 24%, respectively (Figure 1C(ii)).

Similarly, from 1990 to 2021, trends in the ASDR largely mirrored those of ASMR, albeit with some variations:

For high alcohol use, India experienced the highest increase in ASDR, which rose by approximately 81%, though the
rise was less pronounced compared to ASMR. The Russian Federation saw the largest decline in ASDR, around 30%
(Figure 1A(1)).
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Figure 1 BRICS trends in number and age-standardized rates of DALYs, deaths, YLLs, YLDs (per 100,000, reproductive age) from 1990 to 2021. (A) High alcohol use (B)
Low physical activity (C) Smoking i. BRICS trends in DALYs ii. BRICS trends in Deaths.

In the context of low physical activity, the impact of this factor on the ASDR in the four countries was not statistically

significant overall. Brazil showed an upward trend, while the Russian Federation exhibited an initial rise followed by
a decline (Figure 1B(i)).
Regarding smoking, smoking-related ASDR showed an overall increase in the Russian Federation, rising from 7.911

(95% UI: 5.105 to 11.672) to 10.806 (95% UI: 6.989 to 15.269), while the other three countries experienced declines.
Brazil led with a 62% reduction (Figure 1C(i)).

From 1990 to 2021, trends in ASYR and ASYDR across the four BRICS countries showed both alignment and
divergence, reflecting varied patterns of change for different risk factors. While ASYR and ASYDR often moved in the
same direction within a given country for certain risks, notable exceptions emerged, with some countries exhibiting
opposing trends for the same risk.

For high alcohol use, ASYR and ASYDR both increased in India and Brazil. In India, ASYR rose by 79%, from
0.733 (95% UI: 0.101 to 1.515) to 1.313 (95% UI: 0.508 to 2.555), while ASYDR surged by 165%, from 0.017 (95% UTI:
0.002 to 0.036) to 0.045 (95% UL 0.016 to 0.089). In Brazil, ASYR and ASYDR increased by 37% and 114%,
respectively (Figures S1A(i) and (ii)). In contrast, China and the Russian Federation showed divergent trends: in China,
ASYR decreased by 19%, from 2.74 (95% UI: 1.318 to 4.81) to 2.21 (95% UI: 0.978 to 4.188), while ASYDR more than
doubled, from 0.104 (95% UI: 0.045 to 0.198) to 0.224 (95% UI: 0.093 to 0.44). In the Russian Federation, ASYR
decreased by 32%, while ASYDR increased by 9% (Figures S1A(i) and (ii)).
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In the context of low physical activity, this risk factor led to increased ASYDR across all four countries. China had
the largest increase, more than doubling from 0.103 (95% UI: 0.013 to 0.277) to 0.229 (95% UI: 0.025 to 0.579), while
Russian Federation showed the smallest, from 0.148 (95% UI: 0.017 to 0.383) to 0.177 (95% UI: 0.018 to 0.468). ASYR
trends varied, with declines in China and Russian Federation, and modest increases (below 30%) in India and Brazil
(Figures S1B(i) and (ii)).

Regarding smoking, the impact on ASYDR was mixed. Brazil declined from 0.664 (95% UI: 0.414 to 0.993) to 0.387
(95% UI: 0.231 to 0.604), while others increased. Russian Federation rose markedly from 0.331 (95% UI: 0.188 to 0.544)
to 0.706 (95% UI: 0.4 to 1.141), and India’s change was negligible from 0.024 (95% UI: 0.011 to 0.044) to 0.025 (95%
UI: 0.01 to 0.05). For ASYR, only Russian Federation increased from 7.579 (95% UI: 4.886 to 11.17) to 10.1 (95% UI:
6.485 to 14.333), while others declined, with Brazil falling 62% from 21.129 (95% UI: 15.588 to 27.634) to 7.936 (95%
UI: 5.429 to 10.959) (Figures S1C(i) and (ii)).

In contrast to the characteristics observed in women of reproductive age, a distinct phenomenon related to high BMI
is noted across the female population of all ages. Among women of reproductive age, the ASMR, ASDR, ASYR, and
ASYDR associated with high BMI are all negative, indicating a protective effect (Table 2) (Table S1-S3). Conversely,
among females of all ages, the ASMR, ASDR, ASYR, and ASYDR for high BMI are all positive, with an upward trend
observed across all BRICS countries. For the other three risk factors, the trends remain largely consistent, with only
variations in the magnitude of effects among different countries (Figure S2).

Age Attribute

Age is a critical determinant of cancer burden. Therefore, we examined the age distribution patterns of female breast
cancer among women aged 15—49 across the four BRICS nations. Among the BRICS countries, the proportion of women
of reproductive age across the four health indicators showed a declining trend for all three risk factors. High alcohol
consumption consistently accounted for the largest overall proportion, while low physical activity represented the
smallest (Figure 2) (Figure S3).

Regarding high alcohol use, for DALY, deaths, YLDs, and YLLs, the highest estimated annual EAPC was observed
in the 25-29 age group in China and Brazil. In India, the highest EAPC for these indicators occurred in the 15-19 age
group. While in the Russian Federation, the highest EAPC was observed in the 25-29 age group except YLLs. The
lowest EAPC values for DALY, deaths, YLDs, and YLLs were found in the 15-19 age group in China and the Russian
Federation, with all EAPC values in the Russian Federation being negative except YLDs. In contrast, India and Brazil
showed the lowest EAPC in the 45-49 age group, with positive EAPC values in both countries (Figures 3A and S4A).

In terms of low physical activity, for DALYSs, deaths, YLDs, and YLLs, the highest EAPC was observed in the 25-29
age group in all countries except Brazil. In Brazil, the highest EAPC occurred in the 30-34 age group. The lowest EAPC

values were found in the 4549 age group in India and Brazil, whereas in China and the Russian Federation, the lowest
EAPC was observed in the 35-39 and 4044 age groups, respectively (Figures 3B and S4B).

Concerning smoking, the highest EAPC for DALY, deaths, YLDs, and YLLs was observed in the 35-39 age group
in the Russian Federation, 30-34 in India, 40—44 in China, and 45-49 in Brazil. In the Russian Federation, the lowest
EAPC for all indicators except YLDs (which was lowest in the 30—34 age group) was found in the 4549 age group, with
all EAPC values being positive. In India, the lowest EAPC for all four indicators was in the 45—49 age group. In China,
the lowest EAPC was in the 35-39 age group, and in Brazil, it was in the 40-44 age group, with all EAPC values in
Brazil being negative (Figures 3C and S4C).

Although age-specific cancer distribution patterns may vary slightly from global trends, the overall trends remained
largely consistent across these nations.

Forecasting ASDR, ASYR, ASYDR, and ASMR Between 2021 and 2030

In this study, data and time series were transformed and differenced to achieve stationarity. During testing, the model
residuals showed no significant deviations, indicating a good fit between the selected models and the data.

From 2022 to 2030, in Brazil, DALYs, deaths, YLDs, and YLLs are projected to exhibit an upward trend under the
influence of high alcohol use, low physical activity, and smoking, while a downward trend is expected for high BMI (Figure 4).
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Figure 2 Age distribution proportions of age-standardized rates of DALYs, Deaths, YLLs, YLDs (per 100,000) from 1990 to 2021. (A) High alcohol use (B) Low physical

activity (C) Smoking i. Proportions in DALYs ii. Proportions in Deaths.

In China, DALYs, deaths, and YLLs are predicted to increase under high alcohol use and low physical activity but

decrease under smoking. For YLDs, all three risk factors—high alcohol use, low physical activity, and smoking—are

projected to drive an upward trend (Figure 4).

In India, high BMI is projected to lead to a decline in DALY, deaths, YLLs, and YLDs. Low physical activity is
expected to result in a slight increase in YLDs, with minimal impact on DALY, deaths, and YLLs. Smoking and high

alcohol use are anticipated to have almost no effect on any of the metrics. (Figure 4).

In the Russian Federation, DALY, deaths, and YLLs attributable to high alcohol use and smoking are projected to

decline, while minimal change is anticipated for high BMI and low physical activity. Similarly, YLDs are projected to

rise under high alcohol use and smoking but remain largely stable under high BMI and low physical activity (Figure 4).

International Journal of Women’s Health 2026:18

https: 11



Yan et al

A i EAPC in DALYs Rate i EAPC in Deaths Rate
i QO COCOQ | GCCCSSOO
(/]
(7] EAPC . EAPC
! - 0000000 §T "~ 0000000 §
—_— 2 2
(] 1 1
< 01 o1
g2 - |000C0CC l: --|0000e0S I
©
=
g - |0O00000 -  OOOOOOO
o o D D
I S SO SO & A R R I
Q' Q' 4 4 & Q Q Q’b Q,’b @fb Q)’b Qz(b Q,'b efb
;94' ,fl?ﬁ ,ffﬁ ,‘bb‘* ;b°-‘* ,»P‘* ,59* o8 Y b Y oY Y oS
N S S S S
NP P PR N P W
B i i
:é‘ Russian Federation . @ . 0 . @ . @ Russian Federation @ . @ . @ . @ . @
>
:'3
(] EAPC ' EAPC
: -~ 00000 F -~ 00000
1]
L2 0 0
»
> hin : . “es . -1 China - o .- .. -1
= China
o
i = |0000e - | QOO0
& ) ) & 2 & & & & &
¢ & ¢ & ¢ & & F F I
2 opx o) N X o » ) u )
o P 5 o SV bl Pio N M
0 oS of ® W o oS P N ¥
C i i
Russian Federation 0 . @ e @ “ @ Russian Federation @ - @ . @ . @
EAPC Indi EAPC
s =~ © 0 e - © € & ®
£ 0 0
S 2 Chi -
2 o | @@ @@ M- S S S e 1.
(/7]
| @ @ @ © - @ @ @ &

& @ & &
& & & &
0y ) X )

/rb /f\_) v b‘ 7 b‘
> £ % ‘* o P w© ¥

Figure 3 Age distribution for EAPCs of age-standardized rates of DALYs, Deaths, YLLs, YLDs (per 100,000, reproductive age) in 2021. (A) High alcohol use (B) Low
physical activity (C) Smoking i. EAPC in DALYs Rate ii. EAPC in Deaths Rate.

12 https://doi.org/10.2147/)WH.S606547 International Journal of Women’s Health 2026:18



Yan et al

Brazil China India Russian Federation
50
254
—————— —_——
JTTTTTTTT VY4amaman N | P | — B
=
______ @
- ——
254 ™ o - - - - —
\ ~ -~
-
_50_
1.04
0.5+
——————— —_—— o
_______ e e e e e e e e e~ e — | ®
0.04 9
_____ - ol Sex

High alcohol use
054 ~ = = = - - - ~

\ ~ =’ -~ == High body-mass index
-~

= Low physical activity

1
o
1

Age-standardized Rate per 100,000

Smoking
2_
Type
Ly ] = Observed
—————————————— — - _ —_—— = — | — Predicted
01 [
—————— =]
- — @
-1 S ——-—- -
\ SoT T e s~
24
504
254
_______ —_— I | B | I "
0 F
______ )
- ——
25~ = = = =~ - -~ —
\ ~ ~=7
- 0 T T T T T T T T T T T T T T T T T T T T
1990 2000 2010 2020 20301990 2000 2010 2020 20301990 2000 2010 2020 20301990 2000 2010 2020 2030

Year

Figure 4 Age-standardized rates of Deaths, DALYs, YLLs, YLDs (per 100 000, reproductive age) in the BRICS, 1990-2030.

Causal Effects of Smoking, High Alcohol Use, and Low Physical Activity, BMI on Breast
Cancer

To evaluate the potential causal relevance of the four risk factors identified in the descriptive burden analysis, we
performed a two-sample MR analysis. In the MR analysis, 94 SNPs were extracted with high alcohol use as the exposure
and breast cancer as the outcome. There was no evidence of heterogeneity (Q = 34.68461, p = 0.5311015) in the
Cochran’s Q test. No directional pleiotropy was found in the MR-Egger regression (intercept=0.001876219,
se=0.001481644, p=0.208466615) and MR-PRESSO Global test (Rssobs=36.6976, p=0.548) (Table 3). The results

Table 3 Sensitivity Analysis of MR Analyses

Exposure Heterogeneity Test | MR-Egger Pleiotropy Test | MR-PRESSO Global Pleiotropy Test
Q p-value Intercept p-value RSSobs p-value

Smoking 118.9298 | 0.561763 | —0.000429848 | 0.346000294 124.8055 0.491

Alcohol Use disorder | 34.68461 | 0.531102 | 0.001876219 | 0.208466615 36.6976 0.548

Low Physical Activity | 48.43276 | 0.169265 | —0.000463666 | 0.789729413 50.7468 0.228

BMI 22.08181 | 0.055848 | 0.001014552 | 0.07595444 25.50644 0.08
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demonstrated: IVW (OR=1.03, 95% CI=1.03-1.03, P<0.01), MR-egger (OR=1.00, 95% CI=0.99-1.00, P=0.809),
weighted median (OR=1.03, 95% CI=1.03-1.04, P<0.01), indicating a significant association between high alcohol use
and breast cancer (Figures 5A and S5A). The scatter plot of SNP effect sizes for high alcohol use and breast cancer is
presented in Figure S6. Leave-one-out analysis revealed no significant outliers (Figure S10). These findings support

a genetic relationship between high alcohol use and breast cancer.
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Figure 5 Presents a forest plot illustrating the MR estimates concerning the association between risk factors and breast cancer. (A) Alcohol use disorder (B) Low physical
activity (C) Smoking (D) BML.
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The Mendelian randomization analysis for low physical activity extracted 166 SNPs with low physical activity as the
exposure and breast cancer as the outcome. There was no evidence of heterogeneity (Q = 48.43276, p = 0.1692652) in
the Cochran’s Q test. No directional pleiotropy was found in the MR-Egger regression (intercept=—0.000463666,
se=0.001735814, p=0.789729413) and MR-PRESSO Global test (Rssobs=50.7468, p=0.228) (Table 3). The results
showed: IVW (OR=1.03, 95% CI=1.03-1.03, P<0.01), MR-egger (OR=0.98, 95% CI=0.94-1.01, P=0.185), weighted
median (OR=1.03, 95% CI=1.03-1.03, P<0.01), demonstrating a significant association between low physical activity
and breast cancer (Figures 5B and S5B). The scatter plot of SNP effect sizes for low physical activity and breast cancer is
displayed in Figure S7. Leave-one-out analysis showed no significant outliers (Figure S11). Our findings support
a genetic relationship between low physical activity and breast cancer.

For smoking, the MR analysis extracted 123 SNPs, with smoking as the exposure and breast cancer as the outcome. There
was no evidence of heterogeneity (Q = 118.9298, p =0.5617626) in the Cochran’s Q test. No directional pleiotropy was found in
the MR-Egger regression (intercept=—0.000429848, se=0.000454382, p=0.346000294) and MR-PRESSO Global test
(Rssobs=124.8055, p=0.491) (Table 3). The results showed: IVW (OR=1.10, 95% CI=1.09-1.10, P<0.01), MR-egger
(OR=1.02, 95% CI=0.96-1.07, P=0.585), weighted median (OR=1.10, 95% CI=1.09-1.11, P<0.01), demonstrating
a significant correlation between smoking and breast cancer (Figure 5C) (Figure S5C). The scatter plot of SNP effect sizes for
smoking and breast cancer is shown in Figure S8. Leave-one-out analysis results showed no significant outliers (Figure S12). Our
findings support a genetic relationship between smoking and breast cancer.

Regarding high BMI, the MR analysis extracted 33 SNPs with high BMI as the exposure and breast cancer as the
outcome. There was no evidence of heterogeneity (Q = 22.08181, p = 0.0558475) in the Cochran’s Q test. No directional
pleiotropy was found in the MR-Egger regression (intercept=0.001014552, se=0.000554252, p=0.07595444) and MR-
PRESSO Global test (Rssobs=25.50644, p=0.08) (Table 3). The results showed: IVW (OR=0.986, 95% CI=0.975-0.997,
P=0.014), MR-egger (OR=0.958, 95% CI=0.931-0.985, P<0.01), weighted median (OR=0.989, 95% CI=0.976-1.002,
P=0.109), demonstrating a significant association between high BMI and breast cancer (Figures 5D and S5D). The scatter
plot of SNP effect sizes for high BMI and breast cancer is displayed in Figure S9. Leave-one-out analysis showed no
significant outliers (Figure S13). Our findings support a genetic relationship between high BMI and breast cancer.

Synthesis of Epidemiological Burden and Genetic Evidence

The parallel application of GBD and MR analyses provides complementary lenses on the role of modifiable risk factors.
The MR findings offer genetic support for the potential causal involvement of smoking, high alcohol use, and low
physical activity in breast cancer etiology. When viewed alongside the GBD-derived burden estimates, a convergent
pattern emerges for specific country-risk pairs: the significant genetic association for smoking aligns with its prominent
and increasing attributable burden in the Russian Federation, and the genetic signal for high alcohol use corresponds with
its substantial and growing burden in Brazil and India. This convergence suggests that the population-level burden
attributed to these factors in these countries is consistent with a potential causal biological mechanism.

The case of high BMI presents a more complex picture. The GBD analysis suggested a protective population-
attributable fraction for high BMI in reproductive-age women. In contrast, the MR analysis yielded a negligible causal
estimate (OR=0.986) with a confidence interval barely excluding the null. This discrepancy highlights the distinct
perspectives of these methods: the GBD association may encapsulate complex life-course or confounding pathways,
whereas the MR analysis, while controlling for confounding, may be limited in capturing age-specific effects or the
relevant biological exposure window through the available genetic instruments. Therefore, the relationship between high
BMI and premenopausal breast cancer risk remains an area requiring clarification and should be interpreted with caution.

Collectively, this synthesis does not posit that MR “explains” the GBD patterns, but rather that the alignment of
evidence from independent methodological approaches strengthens the rationale for prioritizing specific risk factors for
targeted public health intervention. The framework employed here, juxtaposing population-level attribution with genetic
causal evidence, serves to triage and reinforce etiological hypotheses, particularly highlighting instances where popula-
tion disease patterns are congruent with a plausible causal basis.
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Discussion

Principal Findings and Global Implications
This study provides, to our knowledge, the first comprehensive analysis of the breast cancer burden attributable to four
key modifiable risk factors, namely smoking, high alcohol use, high BMI, and low physical activity, among women of
reproductive age in BRICS nations from 1990 to 2021, utilizing the latest data from the GBD 2021 study. Our analysis,
further strengthened by MR which supports a potential causal role for high alcohol use, smoking, and low physical
activity, reveals substantial heterogeneity in the breast cancer burden across these countries. This heterogeneity is closely
linked to the varying prevalence and temporal trends of specific risk factors. For instance, the increasing burden in Brazil
and India is primarily driven by a sharp rise in alcohol-attributable and low physical activity-related metrics, whereas the
Russian Federation faces a growing threat from smoking. In contrast, China demonstrates improvements in several
indicators, potentially reflecting advancements in public health interventions and healthcare systems. A notable and
counterintuitive finding was the consistent inverse association observed between high BMI and breast cancer burden in
this premenopausal cohort, challenging conventional wisdom and underscoring the complex, age-dependent nature of this
risk factor. These population-level patterns gain further significance when considered alongside potential underlying
biological mechanisms. The causal relationships suggested by MR imply that these risk factors may directly influence
breast cancer pathogenesis through specific molecular pathways, such as DNA damage,'’ hormonal modulation,'® and
chronic inflammation,'® which can interact with the individual’s genetic background and tumor molecular subtype.
These findings carry significant global implications for cancer control strategies. The distinct risk factor profiles
identified in each BRICS country highlight the inefficiency of a “one-size-fits-all” approach to breast cancer prevention.
Instead, our results argue for a shift toward “precision public health”, where limited resources are strategically allocated
to target the dominant, modifiable risk factors within specific national contexts. For example, prioritizing alcohol control
and promoting physical activity are likely to yield the greatest returns in Brazil and India, while intensifying tobacco
control remains the most urgent priority for the Russian Federation. The projections to 2030 further underscore the
necessity of these tailored interventions, as current trends are expected to persist, potentially widening the existing
disparities in breast cancer burden among these major economies. By moving beyond generalized strategies to implement
targeted, evidence-based policies, BRICS nations can more effectively mitigate the future impact of breast cancer and
serve as a model for other regions undergoing similar epidemiological transitions.

Country-Specific Priorities Across the Development Spectrum

The significant heterogeneity in risk factor profiles revealed by our analysis underscores the critical need for tailored,
country-specific public health strategies. A “one-size-fits-all” approach is inefficient; instead, resource allocation must be
strategically aligned with the dominant, modifiable risk factors within each national context to maximize the cost-
effectiveness of breast cancer prevention.

In Brazil and India, which are characterized by a rapidly rising breast cancer burden, public health priorities should be
sharply focused on curbing the escalating trends attributable to high alcohol use and low physical activity. For these
middle-income nations, evidence-based alcohol control policies are paramount; these include increasing excise taxes,
restricting marketing and availability, and implementing public awareness campaigns about the link between alcohol and
cancer.”*! Public health messaging can be enhanced by explaining the biological rationale, such as alcohol’s metabolism
to acetaldehyde (a mutagen)* and its role in elevating estrogen levels,” which are particularly relevant for hormone
receptor-positive breast cancer subtypes. Concurrently, promoting physical activity requires creating supportive social
and built environments. This can be achieved through urban planning that prioritizes walkability and access to green
spaces, community-based fitness programs,”* and integrating physical activity promotion into primary healthcare
services.”> Promoting physical activity can be framed as a strategy to mitigate chronic inflammation and insulin
resistance, which are key pathways linking inactivity to cancer risk.”® These combined efforts represent the most direct
and impactful strategy to address the surge in alcohol and inactivity-related metrics.

The situation in the Russian Federation presents a distinct challenge, marked by a persistently high and increasing
burden linked to smoking, even as its alcohol-attributable burden has declined. This divergence highlights tobacco
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control as the most urgent and immediate priority. Strengthening existing measures through comprehensive smoke-free
legislation, increasing tobacco taxes, mandating plain packaging, and enhancing the accessibility and funding of smoking
cessation services are essential steps.””** Tobacco control efforts can be coupled with education on the direct genotoxic
effects of tobacco carcinogens, which cause characteristic DNA damage and may influence tumor mutational profiles.?’
The nation’s documented success in reducing alcohol-related burden could serve as a valuable model,>® demonstrating
the potential effectiveness of robust, well-enforced public health regulations when applied to tobacco.

China demonstrates a more complex, transitional burden profile, with improvements in several indicators likely
reflecting advancements in its healthcare system. The policy focus here should be twofold: first, to consolidate and
disseminate the successful tobacco control experiences from specific regions nationwide to ensure equitable benefits.
Second, proactive measures are needed to counteract the emerging threat of population-level physical inactivity driven by
rapid urbanization and lifestyle changes.*' Furthermore, the health system must adapt to the shifting nature of the burden,
as indicated by rising YLDs, by strengthening chronic disease management and survivorship care to effectively manage
the increasing prevalence of women living with breast cancer.>

This stratified approach, moving from generalized recommendations to targeted policy packages, ensures that
interventions are not only evidence-based but also contextually appropriate and feasible within the specific socio-

economic and healthcare landscapes of each BRICS nation.

Towards Integrated Risk Factor Management

While the identification of country-specific priorities is crucial, our findings advocate for a paradigm shift from isolated,
single-factor interventions toward an integrated, life-course approach to risk factor management. The distinct pathophy-
siological pathways of the four risk factors, such as alcohol’s role in elevating estrogen levels and inducing oxidative
stress, smoking’s direct DNA damage, carcinogen exposure, hormone receptor status,”> genetic susceptibility,®* and
hormonal levels®> and physical inactivity’s contribution to chronic inflammation®® and insulin resistance,?’ underscore
that these factors do not operate in isolation, and high BMI’s protective effect before menopause®® and increased risk
after menopause through estrogen synthesis, DNA damage, and metabolic dysfunction, underscore that these factors do
not operate in isolation.?*** Importantly, the effects of these exposures are likely modified by tumor heterogeneity.*' For
instance, the impact of alcohol and BMI may vary by hormone receptor status,** while smoking has been differentially
associated with certain molecular subtypes.*> Our MR findings, which reflect average population-level genetic suscept-
ibility, themselves aggregate over a heterogeneous background of individual genetic risk, which can be shaped by gene-
environment interactions and specific germline mutational profiles, as seen in subsets like triple-negative breast cancer.**
A synergistic strategy that concurrently addresses multiple risks is likely to yield greater and more sustainable reductions
in breast cancer burden.

This integrated approach should be embedded within a “life-course” framework, where breast cancer prevention is
woven into health promotion activities across key stages of a woman’s life. During adolescence and young adulthood,
public health efforts should focus on school-based education that emphasizes the long-term cancer risks of smoking and
alcohol initiation, while promoting the establishment of lifelong healthy habits, including regular physical activity.*> For
reproductive-age women, personalized risk assessment and counseling on modifiable factors should be integrated into
routine healthcare touchpoints, such as prenatal and postnatal care, well-woman exams, and family planning services.*®**
In the perimenopausal and postmenopausal periods, a critical window for risk reduction, targeted messaging and interven-
tions can be effectively delivered within chronic disease management programs, emphasizing the compounded benefits of
healthy lifestyles for both cardiovascular and cancer prevention.**->

Therefore, our study supports a transition from fragmented interventions to a cohesive, life-course-oriented model of
women’s health. In this model, breast cancer prevention is not a standalone goal but is systematically embedded within
reproductive health services, chronic disease management plans, and broader public health policies aimed at creating
healthier environments. By adopting this holistic perspective, BRICS nations can move beyond merely mitigating

individual risks towards fostering overall well-being and achieving sustainable, long-term cancer control.
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Future Directions

A notable and complex finding was the consistent inverse association between high BMI and breast cancer burden in
premenopausal women—a result that aligns with several cohort studies®® but contrasts with the well-established elevated
risk in postmenopausal populations. This underscores the age-dependent duality of BMI’s role and cautions against
oversimplified public health messaging. Equity-focused strategies should emphasize lifelong weight maintenance rather
than short-term reduction, and avoid inadvertently promoting weight gain in younger women.”' At the same time, policy
efforts must address the adverse metabolic and cardiovascular consequences of obesity, even as its relationship with
premenopausal breast cancer appears protective.’” Future research should investigate whether this association varies by
breast cancer subtype and explore the underlying molecular mechanisms, such as differences in adipokine profiles or
estrogen metabolism, that may explain the age-specific effect.”->*

From an equity perspective, the significant disparities in risk-factor profiles and data quality across BRICS nations
reflect underlying differences in healthcare infrastructure, regulatory enforcement, and public health investment. Lower-
resource settings (eg, India and Brazil) face compounded challenges from rapid urbanization, weak regulatory imple-
mentation, and limited health literacy, which amplify the burden from alcohol use and physical inactivity.”>>® Future
interventions should not only be targeted but also designed with equity at their core—ensuring that screening, counseling,
and lifestyle programs reach vulnerable subgroups, including rural, low-income, and less-educated populations.”’
Furthermore, the concept of “precision public health” can be expanded in the future to include biomarker-driven risk
stratification. Integrating population-level exposure data with individual molecular profiling, such as germline genetic
risk scores or emerging liquid biopsy markers, could help identify high-risk subgroups within these populations for
intensified prevention, moving towards a more biologically-informed tiered intervention strategy.”®

In summary, advancing breast cancer control in these diverse economies will require a dual approach: (1) investing in
robust, disaggregated data systems to address current monitoring gaps, and (2) embedding equity-focused, life-course-
oriented interventions within broader primary care and health promotion platforms. By confronting these limitations
directly, researchers and policymakers can collaboratively foster more resilient and inclusive cancer prevention strategies
for women across the BRICS nations.

Limitations
While this study provides a comprehensive assessment of the breast cancer burden attributable to modifiable risk factors
across BRICS nations, several limitations should be acknowledged. First, data availability and quality varied substan-
tially between countries. The scarcity of high-quality, population-based cancer registries in certain regions, particularly
for younger age groups, constrained the precision of our estimates. For example, data on high BMI were incomplete for
adolescents (ages 15—-19), and low physical activity records were sparse among women aged 15-29. Furthermore, in the
case of China, relevant data pertaining to high BMI were notably lacking. Additionally, for women of reproductive age in
BRICS countries, the available data related to high BMI consistently yields negative values, which precludes the
calculation of the corresponding age-standardized trend, EAPC, and the proportion of cases within specific age groups.
In addition, smoking-related estimates excluded individuals aged 15-20, and no GBD 2021 data were available on
emerging risks such as e-cigarette use, despite growing evidence of its potential role in breast cancer progression. These
gaps highlight the urgent need for strengthened cancer surveillance systems and standardized risk-factor monitoring
across BRICS countries, which should be prioritized within national health information system strengthening efforts.
Second, our analysis was limited to four Level 2 risk factors within the GBD framework. While these are important
modifiable exposures, we did not incorporate other clinical and socioeconomic determinants, for example, reproductive
history, hormone therapy use, genetic predisposition, and access to screening. The lack of subtype-specific data, such as
hormone receptor status, also prevented an investigation of how risk factors might influence distinct biological profiles of
breast cancer. This limits our ability to link the observed population-level burden to specific molecular subtypes or
genomic alterations, which is a key direction for connecting epidemiology with cancer biology. Future research that
combines molecular characteristics with population-level burden metrics could help clarify etiological heterogeneity and
support more precisely targeted prevention efforts.
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Third, several methodological constraints warrant consideration. The ecological study design, which relies on
aggregated population-level data, limits causal inference at the individual level and is susceptible to ecological fallacy.
While our Mendelian Randomization analysis complements this by providing genetic evidence for causality at the
individual level, the GBD-based comparative assessments remain correlational. Furthermore, the ARIMA projections for
2030 rely on the assumption that past trends will continue linearly, which may not hold given potential non-linear shifts
in socioeconomic factors, policies, or health behaviors. Lastly, although the GBD framework applies standardized
estimation methods, underlying variability in the quality, coverage, and measurement of source data across BRICS
countries may affect the precision of cross-national comparisons.

Despite these limitations, our study, strengthened by MR analysis which supports a potential causal role for alcohol
use, smoking, and low physical activity, provides valuable insights into the breast cancer burden among 15-49-year-old
women in BRICS countries. This genetic evidence significantly bolsters the credibility of the observed epidemiological
associations and establishes an important foundation for future research and policy development in breast cancer
prevention and control. We explicitly acknowledge these constraints to encourage appropriate interpretation of our
findings and to identify key areas for methodological improvement in subsequent studies.

Conclusion

Conclusively, our study reveals substantial heterogeneity in the breast cancer burden attributable to four modifiable risk
factors among reproductive-aged women in BRICS countries from 1990 to 2021. A key finding is the consistent
protective association of high BMI in this premenopausal cohort, contrasting with its established risk in postmenopausal
women, highlighting the complex, age-dependent nature of this factor. MR analysis supports potential causal roles for
high alcohol use, smoking, and low physical activity. The distinct risk factor profiles across nations underscore the
inefficiency of a “one-size-fits-all” prevention approach. These findings advocate for a strategic shift toward “precision
public health”, where resource allocation is tailored to dominant national risk factors, and for integrating breast cancer
prevention into a broader, life-course-oriented women’s health framework to achieve sustainable cancer control.
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