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Abstract

Objective: Gut microbiota respond to host physiological phenomena, yet little is known
regarding shifts in the gut microbiome due to menopausal hormonal and metabolic changes in
women. HIV infection impacts menopause and may also cause gut dysbiosis. We therefore sought
to determine the association between menopausal status and gut microbiome composition in
women with and without HIV.

Methods: Gut microbiome composition was assessed in stool from 432 women (99 pre-
menopausal HIV+, 71 pre-menopausal HIV—, 182 post-menopausal HIVV+, 80 post-menopausal
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HIV-) via 16S rRNA gene sequencing. We examined cross-sectional associations of menopause
with gut microbiota overall diversity and composition, and taxon and inferred metagenomic
pathway abundance. Models were stratified by HIV serostatus and adjusted for age, HIV-related
variables, and other potential confounders.

Results: Menopause, i.e. post- vs. pre-menopausal status, was associated with overall microbial
composition only in women with HIV (permutational MANOVA of Jensen Shannon Divergence:
p=0.01). In women with HIV, menopause was associated with enrichment of gram-negative order
Enterobacteriales, depletion of highly abundant taxa within Prevotella copri, and alterations in
other low-abundance taxa. Additionally, menopause in women with HIV was associated with
enrichment of metagenomic pathways related to Enterobacteriales, including degradation of amino
acids and phenolic compounds, biosynthesis of enterobactin, and energy metabolism pathways.
Menopause-related differences in some low-abundance taxa were also observed in women without
HIV.

Conclusions: A changing gut microbiome may be an overlooked phenomenon of reproductive
aging in women with HIV. Longitudinal assessments across all reproductive stages are necessary
to confirm these findings and identify health implications.
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INTRODUCTION

Life expectancy for people living with HIV has increased dramatically due to improvements
in antiretroviral therapy?. As a result, aging-related conditions are becoming a priority in
HIV clinical care and research. For women with HIV, this includes consideration of the
menopausal transition?. Menopause marks the end of the reproductive phase of a woman’s
life, at which complete depletion of ovarian follicles leads to loss of ovarian estrogen
production3. Estrogens play a protective role in the physiology of a number of chronic
conditions, including dyslipidemia®, cardiovascular disease® ¢, and osteoporosis’, which are
more prevalent in persons with HIV infection compared to those without HIV8: . There is
some evidence that menopause symptomatology and menopause-related physiologic
changes are heightened in women living with HIV, either due to HIV infection itself or HIV
treatment? 9 10, The menopausal transition and its attendant disease risks are therefore
important health considerations in women with HIV.

Little is known about how the menopausal transition may affect the gut microbiome — the
community of microorganisms residing in the human gut that play important roles in
metabolism and immunity, and are associated with risk for a range of human diseases!? 12,
The menopausal transition could influence gut microbiome composition via loss of estrogen,
as certain bacteria possess metabolic activity towards estrogen in the form of glucuronide
deconjugation?3. In short, bacteria become exposed to conjugated estrogens (and other
hormones) via the enterohepatic circulation; in the gut, certain bacteria can deconjugate
estrogens for intestinal reabsorption, while estrogens that remain conjugated are excreted!4.
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It is also plausible that menopausal changes in mucosal immunityl® modulate the bacterial
milieu in the gut.

A few small human studies have observed differences in the gut microbiome between pre-
and post-menopausal women16-18, A study of 48 women in China (24 pre- and 24 post-
menopause) reported lower gut microbiome diversity, higher relative abundance of phylum
Bacteroidetes and genus 7o/umonas, and lower relative abundance of phylum Firmicutes and
genus Roseburia, in post-menopausal compared to pre-menopausal women®’. A study of 37
women in Spain (17 pre- and 20 post-menopause) also observed higher Firmicutes relative
abundance in post-menopausal compared to pre-menopausal women, as well as higher
relative abundance of genera Lachnospiraand Roseburia, and lower relative abundance of
genera Parabacteroides, Prevotella, and Bilophila'8. Another study of 89 women in Spain
(44 pre- and 45 post-menopausal) observed that the gut microbiota of post-menopausal
women was more similar to men than to pre-menopausal women, with steroid biosynthesis
and degradation pathways enriched in pre-menopausal women and differential abundance of
many taxal®. Yet, no studies have examined menopause-related microbiome differences in
the context of HIV.

An understanding of gut microbiome changes in menopause will be important to determine
any roles that gut microbes may play in post-menopausal disease risk, especially in women
with HIV who may have gut dysbiosis'?, disturbed mucosal immunity20, and are already at
increased risk of cardiovascular disease?l. Drawing participants from the Women’s
Interagency HIV Study (WIHS), we aimed to examine differences between pre- and post-
menopausal women with and without HIV in gut microbiome overall diversity and
taxonomic and functional composition.

METHODS
Study cohort.

The WIHS is a prospective cohort of women with and at risk for HIV from 10 clinical sites
across the United States, previously described in detail?2 23, From 1994-2019, WIHS
participants attended semiannual study visits in which they underwent a comprehensive
physical examination, provided biological specimens, and completed an interviewer-
administered questionnaire assessing health behaviors, medical history, and medication use.

Gut microbiome study participants.

In 2016, WIHS participants from the Bronx, Brooklyn, and Chicago sites began home
collection of stool samples for gut microbiome analysis using study provided kits with
detailed instructions, described previously?* 2°. Samples were mailed to the laboratory of
Dr. Robert D. Burk by either the participant or WIHS research staff. We excluded samples
with low microbiome sequencing depth as well as those collected while pregnant or taking
post-menopausal hormone therapy (in the past 6 months), those with discordant self-report
and STRAW+10 menopause data and/or missing menopause status or surgical history,
bilateral oophorectomy, and partial or total hysterectomy (due to inability to assess
menopausal status through menstrual patterns). From 572 cross-sectional samples, these
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exclusions resulted in a sample size of 432 samples for analysis, 281 of whom were from
women living with HIV.

Menopause status.

Menopause was categorized using two survey sections from the WIHS bi-annual
questionnaires: (1) self-report of menopause with the question “Have you been through
menopause (the change of life)?”, defined to participants as not having menstruated for 12 or
more months, and (2) self-report of STRAW+10 criteria?® with questions on menstrual
bleeding patterns. Briefly, the Stages of Reproductive Aging Workshop +10 (STRAW+10)
criteria, based on menstrual bleeding patterns, represent a consensus staging system agreed
upon by experts in the field?6, STRAW+10 defines three major stages of reproductive aging,
with further subdivisions in each stage: the reproductive stage, characterized by normal to
slightly irregular menstrual cycles; the menopausal transition stage, characterized by a =7
day difference in cycle length of consecutive menstrual cycles (early menopausal transition)
or an interval of amenorrhea =60 days (late menopausal transition); and the post-menopause
stage, determined retrospectively when 12 months have passed since a woman’s last menses.
We defined women as pre-menopausal if they reported having a period in the last 12 months
according to both self-report and STRAW+10 categorization, and as post-menopausal if they
reported not having a period in the last 12 months according to self-report and STRAW+10
categorization. Women categorized as pre-menopausal who reported 12 months of
amenorrhea at the immediately subsequent visit (i.e. 6 months later) and all later visits
(according to both self-report and STRAW+10) were recategorized as post-menopausal.
Similarly, women categorized as post-menopausal who reported a period at a later visit(s)
(according to both self-report and STRAW+10) were re-categorized as pre-menopausal. In a
further categorization of pre-menopausal women, we defined women as ‘reproductive stage’
or ‘menopausal transition” based on the STRAW+10 categorization, but did not additionally
break down into ‘early’ and ‘late’ transition due to small sample size.

Microbiome measurement.

Stool samples were collected at home by study participants, using tubes containing
RNAIlater, and gut microbiome was assessed by 16S rRNA gene sequencing; validity of our
methods has been described previously?# 25, This assay was conducted blind to menopause
status or any other participant characteristics. Briefly, DNA was extracted with the DNeasy
PowerLyzer PowerSoil DNA Isolation Kit (QIAGEN, Valencia, CA), following the
manufacturer’s instructions. PCR amplification was performed on the 16S rRNA gene V4
hypervariable region using the 515F and 806R primers, with a 12-bp unique Golay
barcoding?’. PCR reactions were performed with an initial denaturation of 95 °C for 5 min,
followed by 15 cycles of 95 °C for 1 min, 55 °C for 1 min, and 68 °C for 1 min, followed by
15 cycles of 95 °C for 1 min, 60 °C for 1 min, and 68 °C for 1 min, and a final extension for
10 min at 68 °C on a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA).
The PCR products were purified using a QIAquick Gel Extraction Kit (QIAGEN, Valencia,
CA) and quantified using a Qubit 2.0 Fluorometric High Sensitivity dsSDNA Assay (Life
Technologies, Carlsbad, CA). KAPA LTP Library Preparation Kit (KAPA Biosystems,
Wilmington, MA) was used on the combined purified PCR products according to the
manufacturer’s protocol and the size integrity of the amplicons with Illumina indices was

Menopause. Author manuscript; available in PMC 2022 January 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Peters et al.

Page 5

validated with a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) at the Genomics
Core at Albert Einstein College of Medicine. High-throughput amplicon sequencing was
conducted on a MiSeq (Illumina, San Diego, CA. RRID:SCR_016379) using 2 x 300
paired-end fragments, to capture the entire 16S V4 region, at the Albert Einstein College of
Medicine Sequencing Core.

Bioinformatics processing.

Illumina reads were preprocessed to remove bases that fell below PHRED quality score of
25 using prinseq?8. Processed reads were then demultiplexed using sample specific barcode
combinations using novobarcode2®. Demultiplexed reads were combined into a QIIME2 file
for further processing in QIIME230, Paired-end reads were joined, followed by quality
filtering as described in Bokulich et al.31. Next the Deblur workflow was applied, which
uses sequence error profiles to obtain putative error-free DNA sequences, referred to as
amplicon sequence variants (ASVs)32. ASVs were assigned taxonomy using a naive Bayes
classifier pre-trained on the Greengenes33 13 8 99% OTUs, where the sequences have been
trimmed to only include 250 bases from the 16S V4 region, bound by the 515F/806R primer
pair. A phylogenetic tree was constructed via sequence alignment with MAFFT34, filtering
the alignment, and applying FastTree3® to generate the tree. PICRUSt236 was used to infer
the metagenomic functions of the microbial communities using the default reference
database (IMG Nov. 2017 database). Number of observed ASVs and the Shannon Diversity
Index were calculated in 100 iterations at 40 different rarefied sequencing depths (from 20 to
35,000 sequence reads per sample), and averaged for each subject at each depth, to generate
rarefaction curves (Supplementary Figure 1). We excluded samples with sequencing depths
<2000 sequence reads per sample after the Deblur workflow (n=11), based on visual
observation in the rarefaction curves that this depth sufficiently represents the diversity of
the samples in this study (Supplementary Figure 1). The sequencing depths after Deblur for
the 432 women included in the analysis ranged from 2,507 to 60,932 (Q1=7,491, Q2=9,839,
Q3=19,609). Quality control was assessed from duplicate samples run on the same PCR
plate (intra-plate) or across plates (inter-plate), using coefficients of variation for the number
of observed ASVs and the Shannon Diversity Index, and dissimilarity according to the
Jensen Shannon Divergence (JSD). Mean coefficients of variation for the number of
observed ASVs and the Shannon Diversity Index at 2,507 sequence reads per sample were
4.4% and 1.8% for intra-plate duplicates and 11.5% and 5.1% for inter-plate duplicates,
respectively. Mean JSD dissimilarity among intra-plate and inter-plate duplicates was 0.10
and 0.12, while mean dissimilarity for non-duplicates was 0.47, consistent with high
repeatability.

Statistical analysis.

General principles.—Data for analysis were pulled from the closest WIHS core visit to
the time of stool sample receipt (median: 1.4 weeks). Demographic and clinical
characteristics were compared between pre- and post-menopausal women using the
Wilcoxon rank-sum test and Fisher’s exact test for continuous and categorical variables,
respectively. Statistical models were adjusted for a priori variables — age (continuous), race
(White, Black, other or multi-racial), ethnicity (Hispanic, non-Hispanic), HIV serostatus
(positive, negative), hepatitis C virus antibody status (HCV status; positive, negative),
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hormonal contraceptive use (yes, no), HIV antiretroviral therapy (yes, no), viral load
(undetectable, detectable) — as well as variables that were associated with menopause
(p<0.10) independent of age, in the entire (unstratified) study population or in HIV+ or HIV
- strata. Associations with menopause independent of age were assessed using likelihood
ratio tests comparing a logistic model with age and the variable of interest to a model with
age alone. Additional variables considered for inclusion in models were study site (Bronx,
Brooklyn, Chicago), country of birth (U.S., Puerto Rico or other U.S. territories, other
countries), employment status (employed, not employed), alcohol use (abstainer, 1-7 drinks/
week, 8-12 drinks/week, or >12 drinks/week of alcoholic beverages), smoking status (never,
former, current), injected or non-injected recreational drug use including marijuana (yes,
no), body mass index (BMI in kg/m?2; continuous), diabetes (ever any fasting glucose=>126
mg/dL, hemoglobin A1C=6.5%, self-reported diabetes, or diabetes medication; yes, no), and
any hypertension (systolic blood pressure =140 mmHg, diastolic blood pressure =90 mmHg,
self-report, or use of anti-hypertensive medication; yes, no). Missing data for covariates
were imputed based on the immediately prior study visit with available data. All analyses
were conducted among the entire sample (unstratified), and stratified by HIV status.
Analyses were conducted using R (version 3.5.1).

Within-subject (a-) and between-subject (B-) diversity.—a-diversity (within-subject
diversity) was assessed by the average number of observed ASVs (richness) and the average
Shannon Diversity Index over 100 iterations at the rarefied depth of 2507 sequences per
sample; data were not rarefied for any other analyses. Multivariate linear regression was
used to examine the difference in a-diversity by menopausal status, adjusting for covariates.
B-diversity (between-subject diversity) was assessed using the Jensen Shannon Divergence
(JSD), and permutational multivariate analysis of variance (PERMANOVA) was used to
assess differences in overall microbiome composition by menopausal status, adjusting for
covariates.

Taxa and functional pathways.—Taxa and functional pathways were analyzed in two
stages: first using the Analysis of Composition of Microbiomes (ANCOM2) method37,
followed by confirmatory multivariate linear regression, described below. ANCOM2 was
used to detect taxa and functional pathways associated with menopause status, adjusting for
covariates. We tested taxa at the different taxonomic levels (phylum, class, order, family,
genus, species, ASV) separately, controlled the false discovery rate (FDR) at 10%, and
excluded taxa or pathways from testing if they were present in <20% of the study
population. A total of 10 phyla, 17 classes, 21 orders, 41 families, 84 genera, 131 species,
660 ASVs, and 964 functional pathways were tested. An ANCOM detection level >0.6 was
considered significant — this level indicates that the ratios of the taxon or pathway to at least
60% of other taxa or pathways were detected to be significantly different (FDR g<0.10)
between pre- and post-menopausal women. For the ANCOM-selected taxa and pathways,
we constructed multivariate linear regression models, with centered log ratio (clr)-
transformed taxon/pathway abundance as outcome, and menopausal status as the main
predictor, adjusting for covariates.
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Sensitivity analysis.—To further control for potential confounding that may result from
differences in age and other variables between pre- and post-menopausal women, we next
examined significant findings relating menopause with taxa and functional pathways using
overlap weighted38 regression analyses with propensity score weights. Propensity scores for
menopause status were derived from logistic regression, including all available covariates
with standardized mean difference >10% and no missing data, so that all 432 women in our
analysis would receive a propensity score; these variables included those defined above (age,
race, ethnicity, HIV serostatus, HCV status, hormonal contraceptive use, study site, country
of birth, employment status, alcohol use, smoking status, recreational drug use, BMI,
diabetes, hypertension), as well as BMI category (BMI<25 kg/m?, 25 kg/m? <BMI<30
kg/m2, BMI=30 kg/m2), marijuana use (yes, no), use of hallucinogens or other drugs not
including marijuana, crack, cocaine, heroin, illicit methadone, or methamphetamines (yes,
no), health insurance status (yes, no), and diabetes medication (yes, no). Standardized mean
differences of covariates, including age, between pre- and post-menopausal women were
generally reduced after propensity score weighting, indicating that this method achieved
balance between the groups (Supplementary Figure 2).

Participant characteristics.

The study population was comprised of 170 pre-menopausal women (99 living with HIV)
and 262 post-menopausal women (182 living with HIV). Among the pre-menopausal
women, 107 were in the reproductive stage and 63 were in the menopausal transition
according to the STRAW+10 criteria. Post-menopausal women were older than pre-
menopausal women, as expected, resulting in many age-related differences between pre- and
post-menopausal women (e.g. higher prevalence of diabetes and hypertension in post-
menopausal women) (Table 1). After adjusting for age, post-menopausal women were more
likely to have been born in the U.S., less likely to be currently employed, and more likely to
have formerly smoked compared with pre-menopausal women; on average, post-menopausal
women had lower BMI than pre-menopausal women (Table 1). Menopausal differences in
these characteristics were generally more apparent in women with HIV compared to women
without HIV (Table 2).

Gut microbiome diversity and composition by menopausal status.

Post- vs. pre-menopausal differences in overall gut microbiome diversity (a-diversity) and
composition (pB-diversity) were only observed in women with HIV (Supplementary Table 1),
though significant effect modification by HIV serostatus was not observed (all p>0.05). The
Shannon diversity index was higher in post-menopausal women with HIV compared to pre-
menopausal women with HIV, adjusting for age, study site, race, ethnicity, country of birth,
hormonal contraceptive use, BMI, employment status, HCV status, smoking status,
hypertension, HIV status, HIV viral load, and HIV therapy (B [95% CI] = 0.31 [0.04 to
0.57], p = 0.02) (Supplementary Table 1; Supplementary Figure 3). The same pattern was
observed for the number of observed ASVs (i.e. gut microbiome richness; p = 0.09). Post-
menopausal women with HIV also differed in overall microbiome composition from pre-
menopausal women with HIV, adjusting for covariates (R? = 0.33%, p = 0.01) (Figure 1a;
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Supplementary Table 1). Consistent with this finding, principal coordinate analysis of the
JSD in women with HIV revealed some separation of post-menopausal and pre-menopausal
women (Figure 1b), while complete overlap was observed in women without HIV (Figure
1c). Gut microbiome overall diversity and composition did not differ significantly by
menopausal status in the unstratified study population or in women without HIV.
Additionally, pre-menopausal women in the menopausal transition did not differ from
reproductive stage women in the a- or B-diversity measures (Supplementary Table 1); thus
for increased power these were considered as the combined pre-menopausal group for
downstream analyses. We also explored whether HIV-related gut dysbiosis was dependent
on menopausal status (i.e. whether gut microbiome compositional differences between HIV+
and HIV- women were more apparent in pre- or post-menopause); however, HIV-related
variation in the gut microbiome was similar in pre-menopausal and post-menopausal women
(Supplementary Figure 4).

Differential abundance of microbial taxa by menopausal status.

Using the ANCOM2 method, adjusting for covariates, we identified several highly abundant
taxa that differed between pre- and post-menopausal women with HIV. Order
Enterobacteriales was enriched, while three ASVs from Prevotella copriwere depleted, in
post-menopausal women with HIV compared to pre-menopausal women with HIV (Figure
2a-b; Supplementary Tables 2-3; Supplementary Figure 5). Other minor taxa also differed
in abundance by menopausal status in women with HIV, including ASVs from
Ruminococcus torques, Bacteroides (unspecified species), and Parabacteroides distasonis
(enriched in post-menopausal women with HIV) and species Bacteroides acidifaciens
(depleted in post-menopausal women with HIV). We additionally observed menopause-
related differences for minor taxa in the unstratified study population and in women without
HIV (Figure 2a—b; Supplementary Tables 2-3), though these taxa largely did not overlap
with the menopause-related taxa in women with HIV. For the majority of menopause-related
taxa, results were consistent in models weighted with overlap propensity score weights
(Supplementary Table 2). Further, effect modification by HIV status was observed for the
effect of menopause status on certain taxa, including order Enterobacteriales (p-interaction =
0.001) and an ASV from Bacteroides (unspecified species; p-interaction = 0.001).
Menopause-related taxa were generally not correlated with each other, with the exception of
taxa from the same species or clade (Supplementary Figure 6), and the correlations were
consistent in women with and without HIV (not shown).

Differential abundance of functional pathways by menopausal status.

Based on an a priori hypothesis, we first evaluated whether the p-glucuronidase pathway
was related to menopausal status, but did not observe any significant associations
(Supplementary Table 4). In ANCOM?2 analysis, adjusting for covariates, we observed
twenty functional pathways that differed in abundance between pre- and post-menopausal
women with HIV (Supplementary Tables 4-5). In women with HIV, pathways related to
degradation of amino acids (arginine and ornithine), aromatic/phenolic compounds, glycerol,
alcohol, and sulfoquinovose, were enriched in post-menopausal compared to pre-
menopausal women. Post-menopausal women with HIV also showed enrichment in
biosynthesis of uridine diphosphate-sugars and enterobactin, as well as pathways related to
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energy metabolism (glycolysis, the tricarboxylic acid cycle, and glyoxylate bypass), and
depletion of the ethylmalonyl-coenzyme A pathway. We additionally observed one
menopause-related functional pathway (biotin biosynthesis) in the unstratified study
population, and one (reductive acetyl coenzyme A pathway) in women without HIV
(Supplementary Tables 4-5).

Associations of menopause-related pathways with menopause-related taxa.

Abundance of the order Enterobacteriales, enriched in post-menopausal women with HIV,
was strongly correlated with the majority of menopause-related pathways in women with
HIV (Figure 3), suggesting that alterations in this taxon may be responsible for the many
enriched functional pathways in post-menopausal women with HIV. Indeed, menopausal
status was significantly related to Enterobacteriales-specific abundance of many functional
pathways in women with HIV (Supplementary Table 6).

DISCUSSION

In this cross-sectional analysis of women with or without HIV at pre- or post-menopausal
stages of reproductive aging, we observed a significant difference in overall gut microbiome
composition between pre- and post-menopausal women with HIV, but not in women without
HIV. Menopause in women with HIV explained 0.33% of gut microbiome variation, an
effect size similar to that of significant disease, medication, and dietary factors in large,
extensively phenotyped studies of the human gut microbiome3?: 40, The menopausal
differences in women with HIV involved alterations in highly abundant gut bacterial taxa,
including enrichment of the order Enterobacteriales and depletion of taxa from Prevotella
copri, as well as alterations in a variety of degradative, biosynthetic, and energy-related
bacterial functional pathways. A changing gut microbiome may be an overlooked and
potentially clinically meaningful effect of the menopausal transition in women with HIV.

Few human studies have directly examined the association of menopausal status with the gut
microbiota, reviewed in the Introduction. Our findings do not replicate these prior studies,
but comparison with these studies may be limited due to the small sample sizes in prior
studies, making their findings more subject to chance, and the differing study populations.
Ours is the first study to examine associations of menopausal status with the gut microbiome
in women with or at risk for HIV. To our knowledge, no studies have longitudinally
examined within-woman changes in the gut microbiome pre- to post-menopause.

Here, we observed significant enrichment of order Enterobacteriales and depletion of three
ASVs from Prevotella copriin post-menopausal women with HIV, as well as alterations in
other minor taxa. These taxa are highly abundant in this study population, suggesting that
the menopause-related compositional changes may be important, though the consequences
require further investigation. Enterobacteriales is a gram-negative bacterial order that
includes many pathogenic bacteria, and is implicated in antibiotic resistance*!. Several
studies have shown enrichment of Enterobacteriales in HIV infection, and association of
Enterobacteriales with systemic immune activation and inflammation in people living with
HIV42, Enterobacteriales may exert systemic effects via microbial translocation from the gut
to the circulation?3, which may contribute to the persistent immune activation observed in
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HIV44. The enrichment of Enterobacteriales in post-menopausal women with HIV correlated
with enrichment of Enterobacteriales-related functional pathways, including pathways of
amino acid and phenolic compound degradation, enterobactin biosynthesis, and energy
metabolism. The genus Prevotella has been previously associated with HIV infection??,
though this observation is believed to relate to male sexual behavior rather than HIV46 and is
not observed in the WIHS cohort®. Prevotella copri comprises four distinct clades with
different functional potential, that tend to be more prevalent in non-Westernized populations
with high fiber diets#’, and has been associated with insulin resistance*8 and with
inflammatory autoimmune diseases such as rheumatoid arthritis*® and ankylosing
spondylitis®. We suspected that potential shifts in the gut microbiome during menopause
would arise from bacterial metabolism of estrogen via glucuronide deconjugation’3, but we
did not observe an association of menopausal status with the bacterial B-glucuronidase
pathway. However, metagenomic function was not measured directly in this study but rather
it was inferred from taxonomy.

The observation of an association of menopause with the gut microbiome primarily in
women with HIV, but not in uninfected women, could be due to the smaller sample of
women without HIV. However, it may also be due to differences in sex hormones, the
menopausal transition, or immunity in women with HIV. Pre-menopausal women with HIV
may have lower estradiol and testosterone than uninfected women®2: 52, which could modify
their hormonal trajectories during the menopausal transition®3, although this has not been
studied in women with HIV. Women with HIV also may be more likely to experience
ovarian dysfunction, in the form of more frequent amenorrhea and anovulation®*, and have
lower levels of anti-mullerian hormone®®, a marker of ovarian reserve. Some research
suggests that women with HIV have heightened menopause-related symptomatology (e.g.
vasomotor symptoms), and menopause-related physiologic changes (e.g. body composition,
bone mineral density)? 9 10, Lastly, people with HIV experience persistent immune
activation and inflammation, which may be exacerbated in women after menopause:
estrogen is known to have an enhancing effect on the immune system, which is lost during
menopause, resulting in increased inflammation and an attenuated immune response in post-
menopausal women®>6: 57, Further, gut permeability and microbial translocation may increase
during the menopausal transition, leading to inflammation®8. Inflammation in the gut can
lead to overgrowth of opportunistic bacteria, such as Enterobacteriales®; this may explain
our observation of a menopause-related increase in Enterobacteriales in women with HIV,
who are already at risk of persistent inflammation®0. Taken together, it is possible that HIV
infection modulates the menopausal transition and its related microbial consequences. Yet it
is important to note that the women without HIV in this cohort do not represent the general
population, but rather a population with risk factors and behaviors similar to women with
HIV. Therefore, the lack of a menopausal association in these women may not translate to
other populations of women without HIV.

This study was strengthened by the large sample size, the comprehensive assessment of gut
microbiome taxonomic composition via 16S rRNA gene sequencing, and the well-
characterized WIHS cohort providing detailed information on menopause and other
covariates. Our study also had several limitations. Self-report of menopause based on recall
of menstrual cycles may be subject to measurement error1, however the longitudinal

Menopause. Author manuscript; available in PMC 2022 January 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Peters et al.

Page 11

assessment of menopausal status every 6 months in WIHS reduces likelihood of
misclassification. The observational, cross-sectional nature of the data did not allow us to
draw causal conclusions or examine within-woman changes in the gut microbiome through
the menopausal transition. Further, because menopausal status is so closely intermingled
with age, adjustment for age in statistical models may not fully control for the effects of
chronological aging. Similarly, the known close relationship of menopausal status with body
composition and insulin sensitivity may drive microbiome associations. Our covariate
adjustment strategy and sensitivity analysis with propensity score weighting suggests that
our findings were independent of age and other potential confounders; however, as this is an
observational study, potential for residual confounding remains. The stratified analysis in
women without HIV suffered from less power, due to smaller sample size than the women
with HIV. Lack of shotgun metagenomic data precluded analysis of true metagenomic
functional modules with menopausal status, and lack of plasma hormone data precluded
analysis of whether menopause-related taxa are also related to sex hormones that change
during menopause (e.g. estradiol, follicle stimulating hormone). Finally, our findings in
women with or at-risk for HIV in the U.S. may have limited generalizability to other
populations.

CONCLUSIONS

In summary, we observed a significant difference in gut microbiome composition between
pre-menopausal and post-menopausal women with HIV. Further research is warranted to
determine potential mechanisms of these microbiome changes (e.g. hormone-related,
immune-related), functional implications of these changes (e.g. with shotgun metagenomics
or metatranscriptomics), and implications for health and disease. With the ongoing success
of antiretroviral therapy and the lengthened life expectancy of women with HIV, gut
microbiome changes during the menopausal transition may have a long-lasting impact on
post-menopausal health and disease risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Differences in overall microbiome composition by menopausal status in the Women’s

Interagency HIV Study.

(a) Percent variation explained (R?) in the Jensen Shannon Divergence (JSD) by menopausal
status (post- vs. pre-menopausal), according to PERMANOVA models. Models were
adjusted for age, study site, race, ethnicity, country of birth, hormonal contraceptive use,
BMI, employment status, HCV status, smoking status, hypertension, HIV status, HIV viral
load, and HIV therapy; dummy variables for menopausal status by HIV status were used to
obtain comparable R-squared values. P-values: all (p = 0.43), HIV+ (p = 0.01), HIV- (p =
0.49) (b) Principal coordinate analysis of the JSD in women with HIV, showing 75% data
ellipses. (c) Principal coordinate analysis of the JSD in women without HIV, showing 75%

data ellipses.
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Figure 2. Microbial taxa related to menopausal status in the Women’s Interagency HIV Study.
(a) Barplots of mean (95% ClI) relative abundance for taxa associated with menopausal

status (post- vs. pre-menopausal) in either the unstratified or HIV-stratified ANCOM2
analysis. Taxa names are shown as “Taxonomic level: order; family; genus; species (internal
study ID)”. (b) Heatmap of linear regression estimates for the effect of menopausal status on
taxon abundance. Taxon abundance was clr-transformed for linear regression, and models
were adjusted for age, study site, race, ethnicity, country of birth, hormonal contraceptive
use, BMI, employment status, HCV status, smoking status, hypertension (and HIV status in
the unstratified analysis; HIV therapy and viral load in HIV+ models). Effect size (beta)
represents the difference in clr-transformed abundance between post- and pre-menopausal
women. Asterisk (*) indicates significant detection in ANCOM2 analysis.
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Figure 3. Correlations between taxa and functional pathways associated with menopause in
women with HIV, the Women’s Interagency HIV Study.

Heatmap shows Spearman’s correlations between taxa associated with menopausal status in
women with HIV, and functional pathways associated with menopausal status in women
with HIV. Correlations were calculated in women with HIV, on relative abundance of taxa
and functional pathways.
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Table 1.

Characteristics of the Women’s Interagency HIV Study participants by menopausal status.

Page 18

Age-adjusted P-

Pre-menopausal (N=170) | Post-menopausal (N=262) | p.yalue? value
Age, y (mean + SD) 446+56 57.4+59 <0.0001
Site (%) 0.77 0.09
Bronx 46.5 49.6
Brooklyn 27.6 27.1
Chicago 25.9 233
Race (%) 0.20 0.29
Black/African-American 58.8 63.7
White 4.7 7.3
Other or multi-racial 36.5 29.0
Hispanic (%) 324 23.3 0.05 0.30
Country of birth (%) 0.004 0.07
uU.s. 735 84
Puerto Rico or other U.S. territories 35 53
Other countries 229 10.7
Education (%) 0.96 0.28
Grade 6 or less 1.2 23
Grade 7-11 40.6 41.2
Completed high school 30.0 29.8
Some college 22.9 225
Completed college or any graduate school 47 42
Missing 0.6 0
Employed (%) 471 23.3 <0.0001 0.007
Alcohol use (%) 0.01 0.72
Abstainer 45.3 61.1
>0-7 drinks/wk 44.7 328
>7-12 drinks/wk 4.7 31
>12 drinks/wk 5.3 31
Cigarette smoking history (%) 0.005 0.04
Never smoker 28.8 17.9
Current smoker 40.6 37.8
Former smoker 30.6 443
Recreational drug use (%) 30.6 17.2 0.001 0.86
Hormonal contraceptive use (%) 6.5 0.4 0.0002 0.46
HIV-positive (%) 58.2 69.5 0.02 0.73
Detectable HIV viral Ioadc(% among HIV+) 28.3 21.4 0.24 0.75
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Age-adjusted P-

Pre-menopausal (N=170) | Post-menopausal (N=262) | p.yalue® value
HIV therapy (% among HIV+) 90.9 96.2 0.10 0.43
HCV antibody detectable (%) 7.1 34.0 <0.0001 0.19
BMI, kg/m? (mean + SD) 325+81 30476 0.004 0.02
Diabetes (%) 17.6 34.7 0.0001 0.17
Hypertension (%) 36.5 65.3 <0.0001 0.16

a - . . . . .
P-values from Wilcoxon rank-sum test for continuous variables and Fisher’s exact test for categorical variables.

P-values are from likelihood ratio tests comparing a logistic model with age and the variable of interest to a model with age alone.

c . . .
Lower limit of detection = 20 copies/mL
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