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Abstract

Objectives

To determine whether the age at menarche (AAM) and the age at menopause (ANM) are
causally related to the development of sepsis.

Methods

We performed a two-sample Mendelian randomization (MR) analysis by utilizing summary
statistics from genome-wide association study (GWAS) datasets for both the exposure and
outcome variables. Single nucleotide polymorphisms (SNPs) that exhibited significant asso-
ciations with AAM and ANM were chosen as instrumental variables to estimate the causal
effects on sepsis. Our study employed a variety of methods, including MR-Egger regres-
sion, weighted median estimation, inverse variance weighting, a simple model, and a
weighted model. Odds ratios (ORs) along with their corresponding 95% confidence intervals
(Cls) were used as the primary indicators for assessing causality. Furthermore, we con-
ducted sensitivity analyses to explore the presence of genetic heterogeneity and validate
the robustness of the tools employed.

Result

Our analysis revealed a significant negative causal relationship between AAM and the risk
of sepsis (IVW: OR = 0.870, 95% Cl = 0.793-0.955, P=0.003). However, our Mendelian
randomization (MR) analysis did not yield sufficient evidence to support a causal link
between ANM and sepsis (IVW: OR =0.987, 95% Cl =0.971-1.004, P=0.129).

Conclusions

Our findings suggest that an earlier AAM may be associated with an increased risk of sep-
sis. However, we did not find sufficient evidence to support a causal relationship between
ANM and sepsis.
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Introduction

Sepsis is a life-threatening condition characterized by organ dysfunction, arising from the dys-
regulation of the body’s immune response, often linked to infectious diseases [1]. Globally,
sepsis is estimated to afflict around 30 million individuals annually, re sulting in six million
fatalities [2]. Despite advances in early goal-directed therapy and tailored treatment
approaches, sepsis continues to impose a substantial burden on global health, prompting the
World Health Organization to designate it as a critical public health concern. Therefore, the
pursuit of therapeutic and preventive targets to enhance sepsis outcomes remains of para-
mount importance.

Female reproductive factors, particularly age at menarche and age at menopause, are geneti-
cally influenced traits that exhibit considerable interindividual variation. These factors have
been associated with a wide range of conditions, including lung cancer [3], depression [4],
osteoporosis [5], Parkinson’s disease [6], and cardiovascular disease [7, 8]. Understanding the
impact of age at menarche and age at menopause offers insights into the pathophysiology of
these diseases, shedding light on the potential repercussions of early or late exposure to sex
hormones on women’s health outcomes and contributing to our comprehension of gender-
specific disparities in common disease risks [9-11]. Epidemiological investigations have indi-
cated that gender plays a pivotal role in the occurrence and prognosis of sepsis syndromes.
Although sepsis incidence appears higher in males [12], certain studies have surprisingly sug-
gested that sepsis mortality rates may be elevated in females [13, 14]. The underlying mecha-
nisms responsible for these epidemiological distinctions remain elusive. Substantial evidence
indicates that sepsis has been linked to irregular menstruation, the menopausal transition, and
both natural and surgical menopause, with reports of sepsis improvement in postmenopausal
women receiving hormone replacement therapy [15]. However, a causal connection between
reproductive factors and sepsis risk has not been conclusively established.

The MR method has emerged as a valuable tool for deducing causal relationships between
exposures and outcomes, employing SNPs as IVs [16]. These variants are randomly assigned
to offspring at conception, akin to the random allocation in randomized controlled trials
(RCTs), thereby mitigating the influence of confounding variables and reverse causality [17,
18]. In this study, we conducted a two-sample MR analysis with the objective of exploring the
causal link between AAM and ANM and the risk of sepsis in women. MR represents a novel
epidemiological approach that has gained substantial traction in recent decades, finding appli-
cation across various research domains. To the best of our knowledge, no prior investigation
has probed the causal nexus between reproductive factors and sepsis. Consequently, our study
pioneers the utilization of MR analysis, harnessing genetic variability to unveil the causal con-
nection between female reproductive factors and sepsis risk.

Materials and methods
Study design

This study employed a two-sample MR analysis conducted using SNPs derived from GWAS
summary data. The exposure variables of interest were AAM and ANM, while the outcome was
sepsis. To establish a robust MR framework, we formulated the following hypotheses (Fig 1): (I)
the chosen SNPs must exhibit a strong correlation with the investigated exposure variables; (II)
these SNPs should be free from associations with any confounding variables; and (III) the
impact of these SNPs on the outcomes is solely mediated through the exposure variables.
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Fig 1. Schematic depicting three key assumptions: (I) identified SNPs must be highly correlated with AAM and ANM; (II) SNPs should be independent
of any confounding variables; and (IIT) SNPs affect the results only through their effect on exposure.

https://doi.org/10.1371/journal.pone.0293540.9001

Data sources

Sepsis-related data were obtained from the UK Biobank, comprising a cohort of 486,484 Euro-
pean participants [19]. GWAS summary data for age at menarche (n = 182,416) [20] and age
at natural menopause (n = 69,360) [21] were generously provided by the Reproductive Genet-
ics (ReproGen) Consortium. It is noteworthy that all GWAS datasets were derived from inde-
pendent cohorts of European ancestry, as detailed in S1 Table. Importantly, for the purposes
of our analysis, we utilized these publicly available datasets without necessitating additional
ethical approval.

SNP selection

Given the pivotal role of MR analysis in studying causality, our study employed this approach
to investigate the potential influence of AAM and ANM on sepsis development. SNPs associ-
ated with AAM and ANM were utilized as IVs in the MR analysis. To ensure the robustness of
our I'Vs, we adhered to stringent criteria. All identified SNPs were required to exhibit a strong
correlation with the respective exposure factors (P<5x10%) and maintain a linkage disequilib-
rium (LD) r* value of less than 0.01 within a 10,000 kb window [22]. The effectiveness of each
genetic instrument was evaluated using the F statistic (F = R*/(1-R*)x[(N-K-1)/K]), where R*
represents the proportion of exposure variance explained by the chosen IV, N represents the
sample size, and K represents the number of SNPs [18]. Specifically, the F statistic was com-
puted using the formula 2xbeta’x(1-EAF)XEAF, where EAF signifies the effect allele fre-
quency, and beta denotes the allele effect value [23]. SNPs with F statistics below 10 were
categorized as weak instruments and were consequently excluded from the MR analysis [24].
Additionally, we excluded SNPs with palindromic or incompatible alleles when harmonizing
exposure and outcome variables. Ultimately, our analysis included 61 independent AAM
SNPs and 166 independent ANM SNPs as instrumental variables. Detailed information on the
SNPs employed as instrumental variables can be found in S2 and S3 Tables.
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Statistical analysis

To evaluate the causal impact of exposure factors on sepsis, we employed five distinct statistical
approaches, namely MR-Egger [25], IVW [26], weighted median [27], simple model, and
weighted model. Among these, IVW is widely recognized as the most reliable MR method. Ini-
tially, we utilized MR-PRESSO to identify potential outliers. In cases where outliers were iden-
tified, they were excluded from the analysis, and the assessment was re-executed.
Subsequently, we conducted a leave-one-out sensitivity analysis, where each SNP was sequen-
tially omitted, and the remaining SNPs were subjected to IVW analysis. This process enabled
us to gauge the individual SNP’s impact on IVW results.Furthermore, we employed the
MR-Egger method [28] to assess horizontal pleiotropy, with a P-value <0.05 indicating the
presence of horizontal pleiotropy [29]. Additionally, Cochran’s Q test was applied to evaluate
heterogeneity among instrumental variables, while a funnel plot was used to scrutinize poten-
tial bias in the study outcomes.

All statistical analyses were conducted using R statistical software (version 4.3.0) and the
"TwoSample MR" package (version 0.5.6). We considered a significance level of P<0.05 as
indicative of statistical significance. Given that the outcome variable is binary and categorical,
we further converted the estimated effects into ORs to provide a more intuitive assessment of
the relationship between AAM, ANM, and sepsis.

Results
Selection of instrumental variables

Following the exclusion of SNPs with palindromic alleles, low allele frequencies, weak instru-
mental characteristics, and SNPs explaining more outcome variance than the variance of the
respective exposure factor, we identified a total of 61 SNPs associated with AAM and 166 SNPs
linked to ANM for subsequent MR analysis. Notably, all of these SNPs exhibited F statistics
exceeding 10, thereby meeting the stringent criteria for strong instrumental correlation
assumption, as mandated in MR studies.

The causal effect of age at menarche on sepsis

In our causal analysis employing the Inverse Variance Weighting (IVW) method, the results
provided substantial evidence supporting a negative causal association between AAM and the
risk of sepsis, with an OR of 0.870 (95% CI = 0.793-0.955, P = 0.003). In sensitivity analyses,
Cochran’s Q test revealed no significant heterogeneity (Cochran’s Q Statistic = 73.567,

P =0.112), while MR-Egger regression analysis indicated no indication of multiplicity (intercept
=-0.003; P =0.708) (Table 1). The scatter plot (Fig 2A) provides a graphical representation of
the causal relationship between AAM and the risk of sepsis, while the forest plot (Fig 2B) visu-
ally depicts the causal effect of AAM on sepsis risk. Leave-one-out sensitivity analyses, which
involved the sequential exclusion of each of the 61 SNPs associated with sepsis, demonstrated
no significant alterations in the results (all data points remained consistently on the same side of
0). This observation underscores the reliability of the MR analysis outcomes (Fig 2C).

The causal effect of age at menopause on sepsis

MR analyses performed on both datasets yielded results indicating the absence of a causal rela-
tionship between age at menopause and the risk of sepsis (IVW method: OR = 0.987, 95%
CI=0.971-1.004, P = 0.129). Furthermore, our analysis revealed no significant heterogeneity
(Cochran’s Q statistic = 161.956, P = 0.552), and no evidence of pleiotropy was detected
(MR-Egger intercept = -0.001, P = 0.618) (Table 1 and Fig 3).
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Table 1. Results of the MR analysis.

Outcome |Methods SNP OR(95CI) SE P-value Cochran’s Q statistic (p-value) Egger intercept (pvalue)
AAM | MR-egger 61 0.929(0.653-1.321) | 0.180 0.683 73.391(0.098) -0.003(0.708)
Weighted median 61 0.876(0.772-0.995) 0.065 0.041
Inverse variance Weighted 61 0.870(0.793-0.955) 0.048 0.003 73.567(0.112)
Simple mode 61 0.890(0.662-1.195) 0.151 0.441
Weighted mode 61 0.870(0.705-1.074) 0.107 0.201
ANM MR-egger 166 0.994(0.964-1.025) 0.016 0.692 161.707(0.536) -0.001(0.618)
Weighted median 166 1.007(0.979-1.036) 0.014 0.619
Inverse variance Weighted 166 0.987(0.971-1.004) 0.008 0.129 161.956(0.552)
Simple mode 166 1.009(0.949-1.072) 0.030 0.778
Weighted mode 166 1.004(0.974-1.036) 0.016 0.779

AAM: age at menarche; ANM: age at menopause.

https://doi.org/10.1371/journal.pone.0293540.t001

Discussion

In our study, we investigated the potential causal relationship between reproductive factors

and the risk of sepsis using a two-sample MR analysis. Our findings revealed a significant neg-
ative causal association between AAM and sepsis, indicating that early menarche may elevate
the risk of sepsis development. However, we did not identify a clear link between ANM and
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Fig 2. Scatter plot (A), forest plot (B), sensitivity analysis (C), and funnel plot (D) of the causal effect of AAM on sepsis. AAM: age

at menarche.

https://doi.org/10.1371/journal.pone.0293540.g002
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Fig 3. Scatter plot (A), forest plot (B), sensitivity analysis (C), and funnel plot (D) of the causal effect of ANM on sepsis. ANM: age
at menopause.

https://doi.org/10.1371/journal.pone.0293540.9003

sepsis. These results contribute valuable insights into the underlying biological mechanisms of
sepsis and hint at AAM as a potential risk factor for sepsis, suggesting that women who experi-
ence early menarche may require closer monitoring for sepsis.

Prior research has suggested that females may have a reduced susceptibility to sepsis, possi-
bly due to the protective effects of estrogen [30-32]. Epidemiological studies have increasingly
examined the impact of gender on sepsis incidence and prevalence, with men being more sus-
ceptible to sepsis than women. Observational studies have reported higher sepsis incidence
and organ dysfunction in men compared to women with similar injury scores [33]. Another
study in a general intensive care unit context found that men were more likely to develop sep-
sis on admission and progress to sepsis and organ failure during their stay [34]. However, a
causal link between reproductive factors and sepsis had not been previously established. Our
study suggests that early menarche may indeed be causally associated with an increased sepsis
risk. Several reasons support this conclusion: (1) Research by Zhang et al. [35] indicates that
early menarche is associated with higher C-reactive protein (CRP) levels. (2) Early menarche
might render women more susceptible to life-related stresses, potentially leading to heightened
sympathetic nervous system activity [36]. (3) Early menarche can result in early estrogen expo-
sure, elevated estradiol levels, and potential adverse effects on vascular elasticity and coagula-
tion [37, 38]. (4) Premature estrogen exposure due to early menarche could lead to significant
estrogen accumulation effects. As socioeconomic conditions improve, the age of menarche
among females is trending earlier [39], potentially elevating sepsis risk in the female

population.
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Menopause in women signifies a loss of fertility and a significant decline in endogenous
estrogen production, strongly linked to various adverse health outcomes. Intriguingly, our
study did not establish a causal relationship between ANM and sepsis prevalence, contrary to
several previous studies. These earlier investigations indicated that women under the age of 50
have a significantly lower likelihood of developing sepsis [40] and a reduced risk of post-
trauma mortality compared to men [41, 42], though this effect diminishes after age 50 [43, 44].
Additionally, hormone-regulating medications like postmenopausal hormone therapy have
been associated with reduced sepsis risk [15].

This MR study is the first to explore the association of AAM and ANM with sepsis risk,
offering unique advantages over traditional observational studies, particularly in minimizing
residual confounding factors. Thus, our findings contribute novel insights into sex-related dis-
parities in sepsis incidence. We employed data from a recently published large-scale GWAS
and conducted multiple sensitivity analyses to validate the robustness of our results.

Nonetheless, our study has limitations. Firstly, since our analyses focused solely on Euro-
pean populations, the generalizability of our results to other ethnic groups may be limited,
warranting caution when extrapolating findings to other populations. Secondly, despite our
efforts to identify potential surrogate SNPs, not all relevant exposure SNPs were available in
the resulting GWAS dataset. Consequently, many exposure SNPs were not included in our
MR analysis. While this may have affected the statistical power to detect small effects, we incor-
porated a substantial number of SNPs and conducted a rigorous MR analysis. Thirdly, our use
of a sepsis-related dataset that included both males and females could potentially attenuate the
association signal between AAM, ANM, and sepsis, leading to conservative results.

Conclusion

To summarize, our study offers compelling evidence indicating a link between early AAM and
a heightened risk of sepsis, while no causative association was established between ANM and
sepsis. These findings contribute to our comprehension of sepsis pathogenesis and suggest that
AAM might merit consideration as a potential risk factor for sepsis.

Supporting information

S1 File.
(DOCX)

S§1 Table. Description of data sources about the MR analyses.
(DOCX)

S2 Table. Detailed information for the genetic variants associated with AAM.
(DOCX)

$3 Table. Detailed information for the genetic variants associated with ANM.
(DOCX)

Acknowledgments

Summary-level data for SNPs associated with AAM and ANM were extracted from the Repro-
Gen database. Summary-level data related to sepsis were extracted from UK Biobank. We
express our sincere gratitude to all participants for generously sharing their data.

PLOS ONE | https://doi.org/10.1371/journal.pone.0293540 February 7, 2024 7/10


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0293540.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0293540.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0293540.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0293540.s004
https://doi.org/10.1371/journal.pone.0293540

PLOS ONE

Mendelian randomization analysis

Author Contributions

Conceptualization: Lu Zhang.

Data curation: Hong Guo.

Methodology: Nannan He.

Writing - original draft: Na Guo.

Writing - review & editing: Jian Liu.

References

1.

10.

11.

12.

13.

14.

15.

Singer M, Deutschman C S, Seymour C W, Shankar-Hari M, Annane D, Bauer M, et al. The Third Inter-
national Consensus Definitions for Sepsis and Septic Shock (Sepsis-3)[J]. Jama, 2016, 315(8): 801—
10. https://doi.org/10.1001/jama.2016.0287 PMID: 26903338

Reinhart K, Daniels R, Kissoon N, Machado F R, Schachter R D, Finfer S. Recognizing Sepsis as a
Global Health Priority - A WHO Resolution[J]. N Engl J Med, 2017, 377(5): 414—417. https://doi.org/10.
1056/NEJMp1707170 PMID: 28658587

Lankester J, Li J, Salfati E L I, Stefanick M L, Chan KH K, Liu S, et al. Genetic evidence for causal rela-
tionships between age at natural menopause and the risk of ageing-associated adverse health out-
comes[J]. Int J Epidemiol, 2023, 52(3): 806—816. https://doi.org/10.1093/ije/dyac215 PMID: 36409989

Hirtz R, Hars C, Naaresh R, Laabs B H, Antel J, Grasemann C, et al. Causal Effect of Age at Menarche
on the Risk for Depression: Results From a Two-Sample Multivariable Mendelian Randomization Study
[J]. Front Genet, 2022, 13: 918584. https://doi.org/10.3389/fgene.2022.918584 PMID: 35903354

Zhang Q, Greenbaum J, Zhang W D, Sun C Q, Deng H W. Age at menarche and osteoporosis: A Men-
delian randomization study[J]. Bone, 2018, 117: 91-97. https://doi.org/10.1016/j.bone.2018.09.015
PMID: 30240960

Kusters C D J, Paul K C, Duarte Folle A, Keener A M, Bronstein J M, Bertram L, et al. Increased Meno-
pausal Age Reduces the Risk of Parkinson’s Disease: A Mendelian Randomization Approach[J]. Mov
Disord, 2021, 36(10): 2264—2272. https://doi.org/10.1002/mds.28760 PMID: 34426982

Chen X, Liu Y, Sun X, Yin Z, Li H, Liu X, et al. Age at menarche and risk of all-cause and cardiovascular
mortality: a systematic review and dose-response meta-analysis[J]. Menopause, 2018, 26(6): 670—
676. https://doi.org/10.1097/GME.0000000000001289 PMID: 30562317

Lee J J, Cook-Wiens G, Johnson B D, Braunstein G D, Berga S L, Stanczyk F Z, et al. Age at Menarche
and Risk of Cardiovascular Disease Outcomes: Findings From the National Heart Lung and Blood Insti-
tute-Sponsored Women'’s Ischemia Syndrome Evaluation[J]. J Am Heart Assoc, 2019, 8(12): e012406.
https://doi.org/10.1161/JAHA.119.012406 PMID: 31165670

Global, regional, and national incidence, prevalence, and years lived with disability for 301 acute and
chronic diseases and injuries in 188 countries, 1990-2013: a systematic analysis for the Global Burden
of Disease Study 2013[J]. Lancet, 2015, 386(9995): 743-800. https://doi.org/10.1016/S0140-6736(15)
60692-4 PMID: 26063472

Mendelsohn M E, Karas R H. Molecular and cellular basis of cardiovascular gender differences[J]. Sci-
ence, 2005, 308(5728): 1583—7. https://doi.org/10.1126/science.1112062 PMID: 15947175

Carey M A, Card J W, Voltz J W, Arbes S J, Jr., Germolec D R, Korach K S, et al. It's all about sex: gen-
der, lung development and lung disease[J]. Trends Endocrinol Metab, 2007, 18(8): 308—13. hitps://doi.
org/10.1016/j.tem.2007.08.003 PMID: 17764971

Martin G S, Mannino D M, Eaton S, Moss M. The epidemiology of sepsis in the United States from 1979
through 2000[J]. N Engl J Med, 2003, 348(16): 1546-54. https://doi.org/10.1056/NEJMoa022139
PMID: 12700374

Fowler R A, Sabur N, Li P, Juurlink D N, Pinto R, Hladunewich M A, et al. Sex-and age-based differ-
ences in the delivery and outcomes of critical care[J]. Cmaj, 2007, 177(12): 1513-9. https://doi.org/10.
1503/cmaj.071112 PMID: 18003954

Pietropaoli A P, Glance L G, Oakes D, Fisher S G. Gender differences in mortality in patients with
severe sepsis or septic shock[J]. Gend Med, 2010, 7(5): 422-37. https://doi.org/10.1016/j.genm.2010.
09.005 PMID: 21056869

Weniger M, D’haese J G, Angele M K, Chaudry | H. Potential therapeutic targets for sepsis in women[J].
Expert Opin Ther Targets, 2015, 19(11): 1531—43. https://doi.org/10.1517/14728222.2015.1057570
PMID: 26083575

PLOS ONE | https://doi.org/10.1371/journal.pone.0293540 February 7, 2024 8/10


https://doi.org/10.1001/jama.2016.0287
http://www.ncbi.nlm.nih.gov/pubmed/26903338
https://doi.org/10.1056/NEJMp1707170
https://doi.org/10.1056/NEJMp1707170
http://www.ncbi.nlm.nih.gov/pubmed/28658587
https://doi.org/10.1093/ije/dyac215
http://www.ncbi.nlm.nih.gov/pubmed/36409989
https://doi.org/10.3389/fgene.2022.918584
http://www.ncbi.nlm.nih.gov/pubmed/35903354
https://doi.org/10.1016/j.bone.2018.09.015
http://www.ncbi.nlm.nih.gov/pubmed/30240960
https://doi.org/10.1002/mds.28760
http://www.ncbi.nlm.nih.gov/pubmed/34426982
https://doi.org/10.1097/GME.0000000000001289
http://www.ncbi.nlm.nih.gov/pubmed/30562317
https://doi.org/10.1161/JAHA.119.012406
http://www.ncbi.nlm.nih.gov/pubmed/31165670
https://doi.org/10.1016/S0140-6736(15)60692-4
https://doi.org/10.1016/S0140-6736(15)60692-4
http://www.ncbi.nlm.nih.gov/pubmed/26063472
https://doi.org/10.1126/science.1112062
http://www.ncbi.nlm.nih.gov/pubmed/15947175
https://doi.org/10.1016/j.tem.2007.08.003
https://doi.org/10.1016/j.tem.2007.08.003
http://www.ncbi.nlm.nih.gov/pubmed/17764971
https://doi.org/10.1056/NEJMoa022139
http://www.ncbi.nlm.nih.gov/pubmed/12700374
https://doi.org/10.1503/cmaj.071112
https://doi.org/10.1503/cmaj.071112
http://www.ncbi.nlm.nih.gov/pubmed/18003954
https://doi.org/10.1016/j.genm.2010.09.005
https://doi.org/10.1016/j.genm.2010.09.005
http://www.ncbi.nlm.nih.gov/pubmed/21056869
https://doi.org/10.1517/14728222.2015.1057570
http://www.ncbi.nlm.nih.gov/pubmed/26083575
https://doi.org/10.1371/journal.pone.0293540

PLOS ONE

Mendelian randomization analysis

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Katan M B Apolipoprotein E isoforms, serum cholesterol, and cancer[J]. Lancet, 1986, 1(8479): 507-8.
https://doi.org/10.1016/s0140-6736(86)92972-7 PMID: 2869248

Richmond R C, Davey Smith G. Mendelian Randomization: Concepts and Scope[J]. Cold Spring Harb
Perspect Med, 2022, 12(1). https://doi.org/10.1101/cshperspect.a040501 PMID: 34426474

Davies N M, Holmes M V, Davey Smith G. Reading Mendelian randomisation studies: a guide, glossary,
and checklist for clinicians[J]. Bmj, 2018, 362: k601. https://doi.org/10.1136/bmj.k601 PMID: 30002074

Glymour M M, Tchetgen Tchetgen E J, Robins J M. Credible Mendelian randomization studies:
approaches for evaluating the instrumental variable assumptions[J]. Am J Epidemiol, 2012, 175(4):
332-9. https://doi.org/10.1093/aje/kwr323 PMID: 22247045

Perry JR, Day F, Elks C E, Sulem P, Thompson D J, Ferreira T, et al. Parent-of-origin-specific allelic
associations among 106 genomic loci for age at menarche[J]. Nature, 2014, 514(7520): 92-97. https://
doi.org/10.1038/nature13545 PMID: 25231870

Ruth K'S, Day F R, Hussain J, Martinez-Marchal A, Aiken C E, Azad A, et al. Genetic insights into bio-
logical mechanisms governing human ovarian ageing[J]. Nature, 2021, 596(7872): 393—397. hitps://
doi.org/10.1038/s41586-021-03779-7 PMID: 34349265

Park S, Lee S, Kim Y, Cho S, Kim K, Kim Y C, et al. Causal effects of atrial fibrillation on brain white and
gray matter volume: a Mendelian randomization study[J]. BMC Med, 2021, 19(1): 274. https://doi.org/
10.1186/s12916-021-02152-9 PMID: 34814924

Pierce B L, Burgess S. Efficient design for Mendelian randomization studies: subsample and 2-sample
instrumental variable estimators[J]. Am J Epidemiol, 2013, 178(7): 1177-84. https://doi.org/10.1093/
aje/kwt084 PMID: 23863760

Burgess S, Thompson S G. Improving bias and coverage in instrumental variable analysis with weak
instruments for continuous and binary outcomes|J]. Stat Med, 2012, 31(15): 1582—-600. https://doi.org/
10.1002/sim.4498 PMID: 22374818

Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid instruments: effect estima-
tion and bias detection through Egger regression[J]. Int J Epidemiol, 2015, 44(2): 512-25. https://doi.
org/10.1093/ije/dyv080 PMID: 26050253

Bowden J, Del Greco M F, Minelli C, Davey Smith G, Sheehan N, Thompson J. A framework for the
investigation of pleiotropy in two-sample summary data Mendelian randomization[J]. Stat Med, 2017,
36(11): 1783-1802. https://doi.org/10.1002/sim.7221 PMID: 28114746

Bowden J, Davey Smith G, Haycock P C, Burgess S. Consistent Estimation in Mendelian Randomiza-
tion with Some Invalid Instruments Using a Weighted Median Estimator[J]. Genet Epidemiol, 2016, 40
(4): 304-14. https://doi.org/10.1002/gepi.21965 PMID: 27061298

Noyce A J, Kia D A, Hemani G, Nicolas A, Price T R, De Pablo-Fernandez E, et al. Estimating the causal
influence of body mass index on risk of Parkinson disease: A Mendelian randomisation study[J]. PLoS
Med, 2017, 14(6): e1002314. https://doi.org/10.1371/journal.pmed.1002314 PMID: 28609445

Burgess S, Thompson S G. Interpreting findings from Mendelian randomization using the MR-Egger
method[J]. Eur J Epidemiol, 2017, 32(5): 377—-389. https://doi.org/10.1007/s10654-017-0255-x PMID:
28527048

Wichmann M W, Inthorn D, Andress H J, Schildberg F W. Incidence and mortality of severe sepsis in
surgical intensive care patients: the influence of patient gender on disease process and outcome[J].
Intensive Care Med, 2000, 26(2): 167—72. https://doi.org/10.1007/s001340050041 PMID: 10784304

Offner P J, Moore E E, Biffl W L. Male gender is a risk factor for major infections after surgery[J]. Arch
Surg, 1999, 134(9): 935-8; discussion 938—40. https://doi.org/10.1001/archsurg.134.9.935 PMID:
10487586

Angele M K, Schwacha M G, Ayala A, Chaudry | H. Effect of gender and sex hormones on immune
responses following shock[J]. Shock, 2000, 14(2): 81-90. https://doi.org/10.1097/00024382-
200014020-00001 PMID: 10947147

Oberholzer A, Keel M, Zellweger R, Steckholzer U, Trentz O, Ertel W. Incidence of septic complications
and multiple organ failure in severely injured patients is sex specific[J]. J Trauma, 2000, 48(5): 932—7.
https://doi.org/10.1097/00005373-200005000-00019 PMID: 10823539

SakrY, Elia C, Mascia L, Barberis B, Cardellino S, Livigni S, et al. The influence of gender on the epide-
miology of and outcome from severe sepsis[J]. Crit Care, 2013, 17(2): R50. https://doi.org/10.1186/
cc12570 PMID: 23506971

Zhang S M, Lin J, Cook N R, Lee | M, Manson J E, Buring J E, et al. C-reactive protein and risk of breast
cancer[J]. J Natl Cancer Inst, 2007, 99(11): 890—4. https://doi.org/10.1093/jnci/djk202 PMID: 17551149

Allsworth J E, Weitzen S, Boardman L A. Early age at menarche and allostatic load: data from the Third
National Health and Nutrition Examination Survey[J]. Ann Epidemiol, 2005, 15(6): 438—44. https://doi.
org/10.1016/j.annepidem.2004.12.010 PMID: 15967391

PLOS ONE | https://doi.org/10.1371/journal.pone.0293540 February 7, 2024 9/10


https://doi.org/10.1016/s0140-6736(86)92972-7
http://www.ncbi.nlm.nih.gov/pubmed/2869248
https://doi.org/10.1101/cshperspect.a040501
http://www.ncbi.nlm.nih.gov/pubmed/34426474
https://doi.org/10.1136/bmj.k601
http://www.ncbi.nlm.nih.gov/pubmed/30002074
https://doi.org/10.1093/aje/kwr323
http://www.ncbi.nlm.nih.gov/pubmed/22247045
https://doi.org/10.1038/nature13545
https://doi.org/10.1038/nature13545
http://www.ncbi.nlm.nih.gov/pubmed/25231870
https://doi.org/10.1038/s41586-021-03779-7
https://doi.org/10.1038/s41586-021-03779-7
http://www.ncbi.nlm.nih.gov/pubmed/34349265
https://doi.org/10.1186/s12916-021-02152-9
https://doi.org/10.1186/s12916-021-02152-9
http://www.ncbi.nlm.nih.gov/pubmed/34814924
https://doi.org/10.1093/aje/kwt084
https://doi.org/10.1093/aje/kwt084
http://www.ncbi.nlm.nih.gov/pubmed/23863760
https://doi.org/10.1002/sim.4498
https://doi.org/10.1002/sim.4498
http://www.ncbi.nlm.nih.gov/pubmed/22374818
https://doi.org/10.1093/ije/dyv080
https://doi.org/10.1093/ije/dyv080
http://www.ncbi.nlm.nih.gov/pubmed/26050253
https://doi.org/10.1002/sim.7221
http://www.ncbi.nlm.nih.gov/pubmed/28114746
https://doi.org/10.1002/gepi.21965
http://www.ncbi.nlm.nih.gov/pubmed/27061298
https://doi.org/10.1371/journal.pmed.1002314
http://www.ncbi.nlm.nih.gov/pubmed/28609445
https://doi.org/10.1007/s10654-017-0255-x
http://www.ncbi.nlm.nih.gov/pubmed/28527048
https://doi.org/10.1007/s001340050041
http://www.ncbi.nlm.nih.gov/pubmed/10784304
https://doi.org/10.1001/archsurg.134.9.935
http://www.ncbi.nlm.nih.gov/pubmed/10487586
https://doi.org/10.1097/00024382-200014020-00001
https://doi.org/10.1097/00024382-200014020-00001
http://www.ncbi.nlm.nih.gov/pubmed/10947147
https://doi.org/10.1097/00005373-200005000-00019
http://www.ncbi.nlm.nih.gov/pubmed/10823539
https://doi.org/10.1186/cc12570
https://doi.org/10.1186/cc12570
http://www.ncbi.nlm.nih.gov/pubmed/23506971
https://doi.org/10.1093/jnci/djk202
http://www.ncbi.nlm.nih.gov/pubmed/17551149
https://doi.org/10.1016/j.annepidem.2004.12.010
https://doi.org/10.1016/j.annepidem.2004.12.010
http://www.ncbi.nlm.nih.gov/pubmed/15967391
https://doi.org/10.1371/journal.pone.0293540

PLOS ONE

Mendelian randomization analysis

37.

38.

39.

40.

41.

42,

43.

44,

Pezzini A, Grassi M, Paciaroni M, Zini A, Silvestrelli G, lacoviello L, et al. Obesity and the risk of intrace-
rebral hemorrhage: the multicenter study on cerebral hemorrhage in Italy[J]. Stroke, 2013, 44(6):
1584-9. https://doi.org/10.1161/STROKEAHA.111.000069 PMID: 23549133

Cao M, Cui B. Negative Effects of Age at Menarche on Risk of Cardiometabolic Diseases in Adulthood:
A Mendelian Randomization Study[J]. J Clin Endocrinol Metab, 2020, 105(2).

Ong KK, Ahmed M L, Dunger D B. Lessons from large population studies on timing and tempo of
puberty (secular trends and relation to body size): the European trend[J]. Mol Cell Endocrinol, 2006,
254-255: 8-12. https://doi.org/10.1210/clinem/dgz071 PMID: 31614369

Frink M, Pape H C, Van Griensven M, Krettek C, Chaudry | H, Hildebrand F. Influence of sex and age
on mods and cytokines after multiple injuries[J]. Shock, 2007, 27(2): 151-6. https://doi.org/10.1097/01.
shk.0000239767.64786.de PMID: 17224789

George R L, Mcgwin G, Jr., Windham S T, Melton S M, Metzger J, Chaudry | H, et al. Age-related gen-
der differential in outcome after blunt or penetrating trauma[J]. Shock, 2003, 19(1): 28—-32. https://doi.
org/10.1097/00024382-200301000-00006 PMID: 12558140

Mostafa G, Huynh T, Sing R F, Miles W S, Norton H J, Thomason M H. Gender-related outcomes in
traumal[J]. J Trauma, 2002, 53(3): 430—4; discussion 434-5. https://doi.org/10.1097/00005373-
200209000-00006 PMID: 12352476

Kher A, Wang M, Tsai B M, Pitcher J M, Greenbaum E S, Nagy R D, et al. Sex differences in the myo-
cardial inflammatory response to acute injury[J]. Shock, 2005, 23(1): 1-10. https://doi.org/10.1097/01.
shk.0000148055.12387.15 PMID: 15614124

Eachempati S R, Hydo L, Barie P S. Gender-based differences in outcome in patients with sepsis[J].
Arch Surg, 1999, 134(12): 1342—7. https://doi.org/10.1001/archsurg.134.12.1342 PMID: 10593332

PLOS ONE | https://doi.org/10.1371/journal.pone.0293540 February 7, 2024 10/10


https://doi.org/10.1161/STROKEAHA.111.000069
http://www.ncbi.nlm.nih.gov/pubmed/23549133
https://doi.org/10.1210/clinem/dgz071
http://www.ncbi.nlm.nih.gov/pubmed/31614369
https://doi.org/10.1097/01.shk.0000239767.64786.de
https://doi.org/10.1097/01.shk.0000239767.64786.de
http://www.ncbi.nlm.nih.gov/pubmed/17224789
https://doi.org/10.1097/00024382-200301000-00006
https://doi.org/10.1097/00024382-200301000-00006
http://www.ncbi.nlm.nih.gov/pubmed/12558140
https://doi.org/10.1097/00005373-200209000-00006
https://doi.org/10.1097/00005373-200209000-00006
http://www.ncbi.nlm.nih.gov/pubmed/12352476
https://doi.org/10.1097/01.shk.0000148055.12387.15
https://doi.org/10.1097/01.shk.0000148055.12387.15
http://www.ncbi.nlm.nih.gov/pubmed/15614124
https://doi.org/10.1001/archsurg.134.12.1342
http://www.ncbi.nlm.nih.gov/pubmed/10593332
https://doi.org/10.1371/journal.pone.0293540

