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ABSTRACT Menopause is a pivotal period during which loss of ovarian hormones
increases cardiometabolic risk and may also influence the gut microbiome. However,
the menopause-microbiome relationship has not been examined in a large study, and
its implications for cardiometabolic disease are unknown. In the Hispanic Community
Health Study/Study of Latinos, a population with high burden of cardiometabolic risk
factors, shotgun metagenomic sequencing was performed on stool from 2,300 partici-
pants (295 premenopausal women, 1,027 postmenopausal women, and 978 men), and
serum metabolomics was available on a subset. Postmenopausal women trended to-
ward lower gut microbiome diversity and altered overall composition compared to pre-
menopausal women, while differing less from men, in models adjusted for age and
other demographic/behavioral covariates. Differentially abundant taxa for post- versus
premenopausal women included Bacteroides sp. strain Ga6Al, Prevotella marshii, and
Sutterella wadsworthensis (enriched in postmenopause) and Escherichia coli-Shigella spp.,
Oscillibacter sp. strain KLE1745, Akkermansia muciniphila, Clostridium lactatifermentans,
Parabacteroides johnsonii, and Veillonella seminalis (depleted in postmenopause); these Editor Thomas J. Sharpton, Oregon State
taxa similarly differed between men and women. Postmenopausal women had higher Univer?hy o
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suggesting involvement of postmenopausal gut microbes in sex hormone retention. In nigeruleTre s
postmenopausal women, menopause-related microbiome alterations were associated
with adverse cardiometabolic profiles. In summary, in a large U.S. Hispanic/Latino popu-
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and men suggest that the postmenopausal gut microbiome in women is slightly more
similar to the gut microbiome in men and that menopause depletes specific gut patho-
gens and decreases the hormone-related metabolic potential of the gut microbiome.
At the same time, gut microbes may participate in sex hormone reactivation and reten-
tion in postmenopausal women. Menopause-related gut microbiome changes were
associated with adverse cardiometabolic risk in postmenopausal women, indicating
that the gut microbiome contributes to changes in cardiometabolic health during
menopause.

KEYWORDS gut microbiome, menopause

enopause signifies the end of the reproductive phase of a woman'’s life, when

complete depletion of ovarian follicles causes ovarian hormone (estrogen, pro-
gesterone) production to cease (1). The menopausal transition is recognized as a pivotal
period of cardiometabolic risk, during which women experience increases in several cardi-
ometabolic risk factors (e.g., increased visceral fat, dyslipidemia) and in the prevalence of
the metabolic syndrome, a cluster of conditions, including high blood pressure, high fast-
ing glucose, high triglycerides, low HDL cholesterol, and abdominal obesity (2).
Longitudinal research in women traversing menopause indicates that many of these car-
diometabolic changes are accelerated by reproductive aging (i.e., the menopausal transi-
tion), above and beyond the effects of chronological aging alone (2-4).

Menopause may also alter the composition of the gut microbiome, the community
of microorganisms living in the human gut. This is plausible because a set of bacteria
in the gut (termed the “estrobolome”) that can deconjugate glucuronide or sulfate
groups from sex steroid hormones, allowing for enterohepatic recirculation (5), may be
affected by the depletion of ovarian steroid hormones (estrogen/progesterone) that
accompanies menopause. Effects of the sex steroid milieu on the gut microbiome are
supported by animal and human studies. In mice, sex differences in the gut micro-
biome emerge after puberty; however, sex differences are reversed with male castra-
tion or female ovariectomy and restored with hormone replacement (6-8), revealing
that both ovarian and testicular hormones (testosterone) can shape the gut micro-
biome. In humans, sex differences in the gut microbiome also appear to emerge after
puberty (9), and several large studies in humans have shown differences in gut micro-
biome composition between men and women, reporting higher species richness and
lower Prevotella abundance in women (10-16). Less is known about the effect of meno-
pause, a period of sharp estrogen and progesterone depletion, on the gut microbiome.
A few studies have investigated the association of menopausal status with the gut
microbiome (17-19), limited by small sample sizes and inconsistent results.

The gut microbiome carries out many functions that could modulate risk of metabolic
syndrome, including bile acid metabolism and fiber fermentation, while other bacterial
metabolites and cell wall components may contribute to low-grade inflammation and in-
sulin resistance (20). Associations of the gut microbiome with sex hormones and with
metabolic risk suggest that menopause-related changes in the gut microbiome contrib-
ute to metabolic syndrome (21). This is supported by a study in mice where gut micro-
biota were important mediators of sex differences in metabolic syndrome (8). However,
the association of menopause with the gut microbiome, and implications for metabolic
syndrome, have not been investigated in a large human study.

Here, we explore differences in the gut microbiome between pre- and postmeno-
pausal Hispanic/Latina women, who face a particularly high burden of metabolic syn-
drome and diabetes (22, 23), and use Hispanic/Latino men as comparators to better
understand whether menopause-related microbiome differences are due to sex hor-
mones versus aging and other confounders. We hypothesized that (i) the gut micro-
biome would differ between post- and premenopausal women and (ii) the gut micro-
biome of postmenopausal women would be more similar to that of men than the
microbiome of premenopausal women to men due to the common low-estrogen/pro-
gesterone state shared by postmenopausal women and men (Fig. 1a). We incorporate
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FIG 1 Postmenopausal gut microbiome is less diverse and more similar to that of men than the premenopausal gut microbiome is to that of men. (a)
Overview of study groups, comparisons of interest, and hypotheses. Thickness of black arrows indicates hypothesized relative magnitude of group
difference. (b) Least-squares means of the Shannon diversity index in premenopausal (n = 295) and postmenopausal women (n = 1,027) and younger
(n = 258) and older men (n = 720). Estimates are from multivariable linear regression, adjusting for age, Hispanic/Latino background, U.S. nativity,
AHEI2010, field center, hormonal contraceptive use, antibiotics use in last 6 months, Bristol stool scale, cigarette use, alcohol use, education, income,
physical activity, and BMI. (c) Principal coordinate analysis of the Jensen-Shannon divergence. Sample points are colored by study group, and 75% data
ellipses are overlaid on the plot. (d) R-squared values from PERMANOVA of the Jensen-Shannon divergence. Group comparisons were obtained using

dummy variables and adjusted for the same covariates as in panel b.

sex steroid hormone metabolite data available on a subset of participants to support
whether menopause-related microbiome features are related to female sex hormones.
Lastly, we examine the relationship of menopause-related microbiome features with
cardiometabolic risk factors to explore the potential contribution of the menopausal
gut microbiome to cardiometabolic disease risk.

RESULTS

Participant characteristics. The final analytic data set consisted of 295 premeno-
pausal women, 1,027 postmenopausal women, 258 men matched to premenopausal
women (here referred to as younger men), and 720 men matched to postmenopausal
women (here referred to as older men). As expected, postmenopausal women were older
than premenopausal women (mean age * standard deviation, 40.1 * 8.8 years for pre-
menopausal and 61.0 = 7.2 years for postmenopausal) and had a higher prevalence of
metabolic syndrome and cardiometabolic risk factors (Table 1). Postmenopausal women
were also more likely to have been born outside the United States and have healthier
diets, less alcohol intake, lower income, lower educational attainment, and less physical
activity than premenopausal women. These characteristics similarly differed between
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TABLE 1 Characteristics of pre- and postmenopausal women and age-matched men?in the HCHS/SOL Gut Origins of Latino Diabetes
ancillary study

Value(s) for:

Premenopausal Postmenopausal Younger  Older

Parameter women women Pvalue® men men P value©
N 295 1,027 258 720
Age (yr), mean *= SD 40.1 + 8.8 61.0*72 <0.0001 427 +86 61.2*7.1 <0.0001
Alternative healthy eating index 2010, mean = SD 46.9 = 7.1 505*74 <0.0001 498 *+7.1 524=*7.8 <0.0001
BMI (kg/m?), mean * SD 308 *+72 30.6 £5.7 0.68 3055 289 =53 0.001
Field center, % 0.03 0.004

Bronx 27.5 276 229 239

Chicago 349 26.9 39.1 289

Miami 14.9 204 14.7 233

San Diego 22.7 25.2 233 23.9
Hispanic/Latino background, % 0.003 0.0005

Dominican 125 10.8 10.1 74

Central or South American 9.2 10.0 8.5 8.8

Cuban 8.5 124 9.7 17.6

Mexican 52.2 40.1 523 358

Puerto Rican 10.8 18.1 124 23.2

More than one/Other heritage/Missing 6.8 8.6 7.0 7.2
Bornin US., % 264 8.9 <0.0001  29.5 1.1 <0.0001
Current smoker, % 10.8 10.5 0.91 20.2 194 0.86
Current drinker, % 63.1 43.5 <0.0001 70.5 614 0.01
Antibiotics in last 6 mo, % 29.2 30.3 0.77 236 23.1 0.86
Current hormonal birth control, % 18.0 0 NA9 0 0 NA
Income, % <0.0001 0.0002

Less than $30,000 53.9 65.2 40.7 55.4

$30,000 or more 43.4 28.2 56.2 42.4

Missing 2.7 6.5 3.1 2.2
Education, % 0.0001 0.005

Less than high school 18.3 30.8 16.7 25.7

High school or equivalent 9.8 9.3 15.9 11.5

Greater than high school or equivalent 71.9 60.0 67.4 62.8
Moderate or vigorous physical activity, % 66.1 54.9 0.0006 79.1 68.5 0.001
Metabolic syndrome,® % 305 54.0 <0.0001 364 46.1 0.008
High waist circumference (men = 102 cm, women =88 cm), % 72.5 83.8 <0.0001 438 46.2 0.51
High fasting glucose (=100 mg/dL) or diabetes treatment, % 535 79.6 <0.0001 72.1 81.2 <0.0001
High triglycerides (=150 mg/dL), % 16.9 27.8 0.0001 29.8 28.5 0.69
Low HDL (men < 40 mg/dL, women < 50 mg/dL), % 475 37.7 0.003 37.2 30.1 0.04
Hypertension, % 14.9 50.8 <0.0001 236 55.7 <0.0001

aMen were matched to pre- or postmenopausal women using case-control and nearest-neighbor matching as implemented in the CGEN package in R, where sex was the
case-control variable, age and BMI were the distance variables, and Hispanic/Latino background and U.S. nativity were the stratum variables.

bMetabolic syndrome is defined by having any 3 of the following: waist circumference =88 cm for women or =102 cm for men; triglycerides =150 mg/dL; HDL <50 mg/dL
for women or <40 mg/dL for men; blood pressure =130 mm Hg systolic and/or =85 mm Hg diastolic; and fasting glucose =100 mg/dL (or drug treatment specific to any
of the former).

P-value from Wilcoxon-rank sum test for continuous variables or Chi-squared test for categorical variables.

9NA, not applicable.

older and younger men (Table 1). However, while postmenopausal women had signifi-
cantly higher prevalence of all cardiometabolic risk factors compared to premenopausal
women, older men and younger men had similar prevalence of high waist circumference
and high triglycerides (Table 1).

Menopausal and sex differences in gut microbiome «- and B-diversity.
Premenopausal women had higher gut microbiome diversity, as indicated by the
Shannon diversity index, than postmenopausal women, younger men, and older men,
adjusting for age and other covariates (all P < 0.06) (Fig. 1b). Differences in overall
microbiome composition between post- and premenopausal women were not obvious
in principal coordinate analysis of the Jensen-Shannon divergence (Fig. 1c). However,
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in permutational multivariate analysis of variance (PERMANOVA) of the Jensen-
Shannon divergence adjusting for age and other covariates, postmenopausal and pre-
menopausal women differed significantly in overall microbiome composition (R? =
0.13%, P = 0.009), while older men did not differ from younger men (R? = 0.07%,
P = 0.15) (Fig. 1d). While sex differences explained profoundly greater variation in the
gut microbiome than menopause/age differences, younger men differed more from
premenopausal women (R? = 1.04%, P = 0.001) than older men did from postmeno-
pausal women (R? = 0.80%, P = 0.001) (R? for interaction of menopause/age group x
sex = 0.20%, p interaction = 0.001) (Fig. 1d). These results were consistent after addi-
tional adjustment for cardiometabolic risk factors (see Tables ST and S2 in the supple-
mental material). The percentage of variation explained of overall microbiome compo-
sition by menopause status was smaller than that of sex, age, Hispanic/Latino
background, U.S. nativity, use of antibiotics, and stool type but was larger than the var-
iation explained by healthy diet and was comparable to the variation explained by
smoking and drinking alcohol (Table S2).

Menopausal and sex differences in gut microbiome species. Using analysis of
composition of microbiomes (ANCOM2) and adjusting for age and other covariates, we
detected more differentially abundant species between post- and premenopausal
women than between older and younger men (Fig. 2a). Interestingly, species differen-
ces for post- and premenopausal women correlated strongly with species differences
for younger men versus premenopausal women (Spearman’s R = 0.62, P < 0.0001), less
strongly with species differences for older men versus postmenopausal women
(R =10.28, P < 0.0001), and not at all with species differences for older versus younger
men (R = 0.03, P = 0.42) (Fig. 2b). In contrast, species differences for older versus
younger men correlated weakly with younger men versus premenopausal women (R =
—0.15, P = 0.0003) and not with species differences for older men versus postmeno-
pausal women (R = 0.04, P = 0.34) (Fig. S2a), suggesting that the strong correlation of
menopause and sex effects is more than just regression to the mean. Further, we found
that for many species, the effect of sex on species abundance was significantly larger
in younger participants (younger men versus premenopausal women) than older par-
ticipants (older men versus postmenopausal women), but no species differed more by
sex in older than younger participants (Fig. S2b).

Of the 10 ANCOM2-detected differentially abundant species between post- and
premenopausal women (out of 592 species tested), 3 had enriched abundance in post-
menopausal women (Bacteroides sp. strain Ga6Al, Prevotella marshii, Sutterella wad-
sworthensis) and 7 were depleted in postmenopausal women (Escherichia coli-Shigella
spp., Oscillibacter sp. strain KLE1745, Akkermansia muciniphila, Clostridium lactatifermen-
tans, Escherichia coli, Parabacteroides johnsonii, and Veillonella seminalis) (Fig. 2c). These
associations remained consistent upon additional adjustment for cardiometabolic risk
factors (Table S3). These species also displayed sex differences, especially between
younger men and premenopausal women (Fig. 2c).

Menopausal differences in gut microbiome functional modules and deconjugation
(estrobolome) orthologs. Using ANCOM2 as described above, we observed 5 func-
tional modules (out of 328 modules tested) that differed in abundance between post-
and premenopausal women (Fig. 3a). Four of these modaules, all related to pathogenic
bacterial secretion systems (alpha-hemolysin/cyclolysin transport system, type Ill secre-
tion system, type IV secretion system, and enterohemorrhagic E. coli/enteropathogenic
E. coli [EHEC/EPEC] pathogenicity signature), were depleted in post- compared to pre-
menopausal women. The sulfate transport system module, in contrast, was enriched in
post- compared to premenopausal women. These associations remained consistent
upon additional adjustment for cardiometabolic risk factors (Table S4). These modules
also tended to differ in abundance between younger men and premenopausal women
(Fig. 3a). Abundance of the bacterial 3-glucuronidase ortholog was significantly lower in
post- compared to premenopausal women (P = 0.05) and also tended to be lower in
younger and older men compared to premenopausal women (P = 0.11 and 0.06)
(Fig. 3b). This same pattern was observed for the aryl-sulfatase ortholog, although the
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FIG 2 Gut microbiome species associated with menopause also differ between men and women. (a) Volcano plots show differentially abundant
species for the group comparisons. W statistics are from ANCOM2 analysis adjusting for age, Hispanic/Latino background, U.S. nativity, AHEI2010, field
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post- versus premenopausal difference was not significant (P = 0.20) (Fig. 3b). On exami-
nation of partial (age-adjusted) correlations among species, modules, and deconjugation
(estrobolome) orthologs, we observed a strong relationship of Escherichia coli and E. coli-
Shigella spp. with the type Il secretion system and EHEC/EPEC pathogenicity signature
modules (Fig. 3c). Additionally, species Parabacteroides johnsonii, Clostridium lactatifer-
mentans, Oscillibacter sp. strain KLE1745, and Akkermansia muciniphila (all depleted in
postmenopausal women) were significantly positively related to the alpha-hemolysin/
cyclolysin transport system module and the B-glucuronidase and aryl-sulfatase orthologs
(Fig. 3c). Correlation patterns were similar for men and women and also for premeno-
pausal and postmenopausal women, with some exceptions (e.g., Akkermansia muciniphila
was only associated with estrobolome orthologs in postmenopausal women) (Fig. S3).

Menopause, sex steroid hormone metabolites, and the gut microbiome. Serum
metabolomics data were available for 346 women (154 premenopausal, 192 postmeno-
pausal). Of the 28 metabolites examined (17 androgenic, 7 pregnenolone, and 4 proges-
tin), 7 differed significantly between pre- and postmenopausal women in multivariable
linear regression adjusting for age and other covariates (Fig. 4a and Table S5). These
included 1 androgenic steroid that was enriched in post- versus premenopausal women
(Tbeta-hydroxyandrosterone glucuronide), 2 pregnenolone steroids (pregnenediol disul-
fate [C21H3408S2]*, alpha-hydroxypregnanolone glucuronide) and 4 progestin steroids
(5alpha-pregnan-3beta,20alpha-diol disulfate, 5alpha-pregnan-3beta,20beta-diol mono-
sulfate [1], 5alpha-pregnan-3beta,20alpha-diol monosulfate [2], pregnanediol-3-glucuro-
nide) that were depleted in post- versus premenopausal women (Fig. 4a). While sex ste-
roid metabolites were generally uncorrelated with menopause-related gut microbiome
features and estrobolome orthologs in premenopausal women (Fig. 4b), significant corre-
lations were observed in postmenopausal women (Fig. 4c). Specifically, Clostridium lactati-
fermentans, Akkermansia muciniphila, and the aryl-sulfatase ortholog were positively asso-
ciated with most pregnenolone/progestin steroids, while the sulfate transport system
module was negatively associated with pregnenolone/progestin steroids (Fig. 4c).

Menopause-related gut microbiome features and cardiometabolic risk/metabolic
syndrome. In postmenopausal women, using linear regression models of continuous
cardiometabolic outcomes, we observed that menopause-depleted Clostridium lactati-
fermentans was associated with higher HDL cholesterol and lower waist circumference,
while menopause-enriched Sutterella wadsworthensis was associated with higher sys-
tolic and diastolic blood pressure (Fig. 5a and b and Table S6). The menopause-
depleted alpha-hemolysin/cyclolysin transport system module also was associated
with lower triglycerides. Of these associations, only the relationship of Clostridium lac-
tatifermentans to HDL was significant in binary outcome logistic regression analysis,
although this association became slightly attenuated upon adjustment for body mass
index (BMI) (Table S7). Other associations observed in the binary outcome analysis
(e.g., Escherichia coli and E. coli-Shigella spp. with impaired fasting glucose) were not
consistent with the continuous outcome analysis, suggesting confounding by medica-
tion use and reverse causation (Tables S6 and S7). Finally, Clostridium lactatifermentans
was the only species associated with overall odds of metabolic syndrome, an inverse
association that was slightly attenuated on adjustment for BMI (Table S7).

DISCUSSION

In this large cross-sectional analysis within the diverse HCHS/SOL cohort, we observed
significant associations of menopause status with the gut microbiome, assessed by shot-
gun metagenomic sequencing, including reductions in gut microbiome diversity, altera-

FIG 2 Legend (Continued)

center, hormonal contraceptive use, antibiotics use in last 6 months, Bristol stool scale, cigarette use, alcohol use, education, income, physical activity,
and BMI. Effect size (beta) coefficients are from multivariable linear regression on clr-transformed species abundance, adjusting for aforementioned
covariates. Effect size represents difference in clr-transformed species abundance between the specified groups. (b) Correlation of effect sizes (beta)
for the different group comparisons. Spearman correlation coefficients are displayed on the plots. (c) Heatmap of effect size (beta) for species with
detection level of =0.6 in ANCOM2 analysis of post- versus premenopausal women. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 in

multivariable linear regression.
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tions in overall composition, and depletion of pathogenic bacteria E. coli and E. coli-
Shigella spp. and the B-glucuronidase estrobolome ortholog in postmenopausal com-
pared to premenopausal women. Gut microbiome differences observed between post-
and premenopausal women resembled differences between men and premenopausal
women, suggesting that depletion of female hormones drives gut microbiome changes
during menopause. Metabolomics analysis in a subset of women indicated that meno-
pause-related gut species and functions influence serum levels of progestin steroids or
vice versa in postmenopause. Finally, some menopause-related species were associated
with cardiometabolic profiles in postmenopause, suggesting an adverse effect of meno-
pause-related gut microbiome alterations on metabolic syndrome risk.

Several smaller studies have previously examined the association of menopause or
sex hormones with the gut microbiome. In our previous study of women with HIV
(n = 281) and demographically similar women without HIV (n = 151) based on 16S
rRNA gene sequencing, menopause status was associated with overall gut microbiome
composition in women with HIV but not in women without HIV (24). However, some
taxa were associated with menopause in women without HIV, including an amplicon
sequence variant from E. coli-Shigella that was depleted in post- versus premenopausal
women, similar to our findings (24). Two studies from Spain (n = 37 and n = 89 women)
observed that the overall gut microbiome composition of postmenopausal women
was more similar to that of men than that of premenopausal women but did not find
differences in gut microbiome diversity (17, 19). In the larger study from Spain, they
also reported enrichment of the bacterial steroid degradation pathway in premeno-
pausal compared to postmenopausal women, which was positively correlated with
plasma progesterone (19). A study of 48 women in China reported lower gut micro-
biome diversity in postmenopausal compared to premenopausal women (18). In 7
postmenopausal women and 25 men from the United States, total urinary estrogens
were positively associated with gut microbial diversity (25). Similarly, serum estradiol
was associated with increased gut microbial diversity in 26 women from South Korea,
but this study did not account for menstrual cycle timing (26). Lastly, use of combined
hormonal contraceptives, which decrease serum estradiol and progesterone on aver-
age, was associated with decreased gut microbiome diversity among 16 women from
Austria (27). Taken together, these studies suggest that menopause and low estrogen
are related to decreased gut microbiome diversity and a gut microbiome composition
more similar to that of men, in agreement with our findings. While these studies also
reported alterations in bacterial taxa associated with menopause and/or sex hormones,
they generally did not match our findings here, which could be related to small sample
sizes and/or different study populations, given the uniqueness of gut microbiomes
based on countries of origin and relocation histories (28, 29).

Our analysis of gut microbiome species, functional modules, deconjugation (estro-
bolome) orthologs, and serum pregnenolone/progestin metabolites may reveal mech-
anisms of menopausal influence on the gut microbiome and hormone interactions.
While in vitro and in silico evidence has supported that human gut microbial B-glucur-
onidases and aryl-sulfatases are capable of deconjugating estrogens (30, 31), little evi-
dence exists for the relationship of the estrobolome with sex hormones or hormonal
states (i.e.,, menopause) in humans. We hypothesized that the deconjugating functions

FIG 3 Legend (Continued)

analysis of post- versus premenopausal women. Effect size (beta) coefficients are from multivariable
linear regression on clr-transformed module abundance, adjusting for age, Hispanic/Latino background,
U.S. nativity, AHEI2010, field center, hormonal contraceptive use, antibiotics use in last 6 months, Bristol
stool scale, cigarette use, alcohol use, education, income, physical activity, and BMI. Effect size represents
difference in clr-transformed module abundance between the specified groups. *, P < 0.05; **, P < 0.01;
P < 0.001; ****, P < 0.0001 in multivariable linear regression. (b) Least-squares means of clr-
transformed ortholog abundance in pre- and postmenopausal women and younger and older men.
Estimates are from multivariable linear regression, adjusting for the same covariates as in panel a. (c)
Partial Spearman’s correlation matrix (age-adjusted) for species, modules, and orthologs, derived from
entire study population. Only menopause-related species and modules, and a priori estrobolome
orthologs were included in the matrix. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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FIG 4 Sex hormone metabolites are associated with menopause-related gut microbiome species and functions. (a) Least-
squares means of inverse normal-transformed metabolite abundance in premenopausal (n = 154) and postmenopausal women
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of the gut microbiome (the estrobolome) would decline during menopause due to
menopausal loss of female sex hormones estrogen and progesterone. Indeed, we
observed significantly lower abundance of the B-glucuronidase ortholog in postmeno-
pausal compared to premenopausal women, and several menopause-depleted species
were correlated with this ortholog. For example, abundance of Akkermansia mucini-
phila was depleted in postmenopausal women. This species is known to express B-glu-
curonidase and aryl-sulfatase (30, 31) and was positively associated with abundance of
these estrobolome orthologs in our study, particularly in postmenopausal women.
Further, A. muciniphila was positively correlated with progestin steroid metabolites in
postmenopausal women. These observations support that A. muciniphila is involved in
deconjugation and reactivation/retention of sex steroid hormones and thus becomes
depleted during menopause due to loss of conjugated sex steroid substrates.
Interestingly, we only observed significant correlations of gut species and estrobolome
orthologs with pregnenolone/progestin steroid metabolites in postmenopausal
women, suggesting that gut microbiota play a role in sex steroid reactivation/retention
after menopause; this effect may not be obvious prior to menopause due to the heavy
production of sex steroids by the ovaries. Since postmenopausal women are largely
deprived of ovarian hormone production, enterohepatic recycling of sex steroid hor-
mones by the gut microbiota may be an important determinant of systemic sex hor-
mone levels postmenopause. Clostridium lactatifermentans in particular was most
highly correlated with progestin steroid metabolites in postmenopausal women,
though this species, typically found in chickens (32), is not known to express the B-glu-
curonidase or aryl-sulfatase enzymes. Ex vivo research based on gut microbiota from
postmenopausal women may elucidate the activity of specific gut species toward sex
steroids and the mechanisms involved.

Another finding potentially related to shifts in sex steroid substrates was the observed
increase in the sulfate transport system functional module in postmenopausal compared
to premenopausal women. Many bacteria require sulfur for growth and utilize sulfate
transporters to carry sulfate into the cell (33). Overall reduction in sex steroid hormones,
and therefore sulfate-conjugated hormones, after menopause may increase systemic sul-
fur availability for bacterial use. The significant inverse correlations in postmenopausal
women between the sulfate transport system module and the pregnenelone/progestin
steroid metabolites, many of which were sulfated metabolites, suggests two competing
mechanisms for sulfur usage, one related to sulfur use by bacteria and the other to the
level of sulfate conjugation on sex steroid hormones. This may also explain the inverse
correlation between the sulfate transport system module and the aryl-sulfatase ortholog,
as the latter may indirectly reflect the abundance of sulfate-conjugated sex steroid hor-
mones. The consequence of menopause-enriched bacterial sulfate transport is not yet
clear; excess bacterial production of hydrogen sulfide is thought to cause intestinal
inflammation, although minimal amounts of hydrogen sulfide have been shown to main-
tain gut homeostasis and prevent inflammation (34, 35).

We also observed that postmenopausal women had decreased abundance of the
pathogenic bacteria E. coli and E. coli-Shigella spp. and related functional modules of
pathogenic bacterial secretion systems. This was unexpected, as the functionality of
the immune system is generally thought to decrease with aging and menopause, lead-
ing to increased risk of infection (36). A possible explanation relates to the immune-sup-
pressive actions of progesterone. Progesterone is known to suppress the immune sys-
tem, particularly during pregnancy, and increase susceptibility to pathogens (37-39).

FIG 4 Legend (Continued)

(n = 192), adjusting for age, Hispanic/Latino background, U.S. nativity, AHEI2010, field center, hormonal contraceptive use,
antibiotics use in last 6 months, Bristol stool scale, cigarette use, alcohol use, education, income, physical activity, and BMI. A
total of 28 metabolites (17 androgenic, 7 pregnenolone, and 4 progestin) were tested; shown here are those significantly
different between pre- and postmenopausal women in multivariable regression (P < 0.05). (b and c) Partial Spearman’s
correlation matrix (age-adjusted) for species, modules, and estrobolome orthologs versus metabolites in premenopausal women
(b) and postmenopausal women (c). Only menopause-related metabolites, menopause-related species and modules, and a priori
estrobolome orthologs were included in the matrices. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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FIG 5 Association of menopause-related gut microbiome features with continuous cardiometabolic outcomes in postmenopausal women. Beta coefficients for
associations of clr-transformed species and functional module abundance with cardiometabolic outcomes (fasting glucose excluding antidiabetic medication
users, triglycerides, and HDL cholesterol, excluding lipid-lowering medication users, systolic and diastolic blood pressure excluding antihypertensive medication
users, and waist circumference) in postmenopausal women. Estimates are from multivariable linear regression with continuous metabolic indicators as
outcomes, adjusting for age, Hispanic/Latino background, U.S. nativity, AHEI2010, field center, hormonal contraceptive use, antibiotics use in last 6 months,
Bristol stool scale, cigarette use, alcohol use, education, income, and physical activity (a), with additional adjustment for BMI (b). *, P = 0.05.

Thus, depletion of progesterone after menopause may lead to increased immune activa-
tion toward pathogens and a decrease in pathogen abundance. In our study, E. coli was
positively correlated with one pregnenelone steroid metabolite (pregnenediol disulfate)
but was not correlated with progestin steroid metabolites, and E. coli-Shigella spp.
showed no significant correlations with sex steroid metabolites, which did not support
the hypothesis of a progesterone-related mechanism. It should be noted that sex hor-
mones act in a highly tissue-specific manner, and much less is known regarding the
immunological effect of menopause-related hormonal changes on the gut compared to
the reproductive tract (36). The association of menopause with a reduction of pathogens
in the gut will require confirmation in other studies.

Regarding metabolic syndrome risk, our results suggest that menopause-related
changes in the gut microbiome lead to adverse cardiometabolic profiles. However,
because this is a cross-sectional analysis, results must be interpreted with caution.
We found that Clostridium lactatifermentans, which was depleted with menopause
and positively correlated with progestin steroid metabolites, was associated with
higher HDL, lower waist circumference, and lower risk of metabolic syndrome. Little
is known about this species, especially in humans. We also found that Sutterella wad-
sworthensis, which was enriched with menopause, was related to higher blood pressure,
consistent with a previous study comparing patients with hypertension and controls (40).
A prospective study is needed to better test the temporal relationship of menopause-
related gut microbiome changes and disease risk. Other observed menopause-related
species that may plausibly exert health effects include Akkermansia muciniphila, which
has been shown to improve cardiometabolic parameters in humans (41).

Strengths of this study included the large sample size, detailed information on men-
opause, a wide variety of potentially confounding demographic and clinical factors,
inclusion of age-matched men as comparators, and availability of sex steroid hormone
metabolomics data in a subset of participants. Our study was limited by self-report of
menopause, which can result in misclassification, lack of data on menopausal stage (i.e.,
perimenopausal status), and the cross-sectional design, which precluded longitudinal
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FIG 6 Summary of key findings. (a) We found that the effect of sex on the gut microbiome was profoundly greater than the
effect of menopause, but both effects were statistically significant. (b) We observed that the postmenopausal gut microbiome
was less diverse than the premenopausal gut microbiome and more similar to men than the premenopausal gut microbiome
was to men. Further, the postmenopausal microbiome had decreased abundance of microbial B-glucuronidase, indicating
reduced estrobolome potential, i.e, deconjugation activity toward sex steroid hormones. (c) Menopause-depleted gut
microbiome features were positively associated with progestin metabolites in postmenopausal women, suggesting that the
postmenopausal gut microbiome is involved in sex steroid reactivation and retention. (d) Menopause-related gut microbiome
changes were associated with an adverse cardiometabolic risk factor profile in postmenopausal women, including lower HDL,
higher waist circumference, and higher blood pressure, suggesting that the gut microbiome contributes to menopause-related
cardiometabolic risk.

analysis of gut microbiome changes within women during menopause as well as pro-
spective analysis of cardiometabolic disease risk. We lacked serum measurement of es-
tradiol, which is one of the primary hormones depleted during menopause. Our sample
size for premenopausal women was significantly smaller than that of postmenopausal
women, and our results in a U.S. Hispanic/Latino population may not be generalizable to
other racial/ethnic groups. Lastly, while men were used as a comparison group related
to their generally low levels of estrogen/progesterone, men are not a gold standard of
estrogen/progesterone deficiency, and factors other than sex hormones contribute to
sex differences in the gut microbiome; thus, the resemblance of menopause-related dif-
ferences in the gut microbiome with sex differences is suggestive but not conclusive of a
sex hormone effect.

In summary, this largest to-date investigation of menopause and the gut micro-
biome demonstrated that the postmenopausal gut microbiome is more similar to that
of men than the premenopausal microbiome is to men, supporting the hypothesis
that declining female sex hormones during menopause influence gut microbiome
composition (Fig. 6). The effects of menopause on the gut microbiome may relate in
part to reductions in the estrobolome, the group of bacteria responsible for deconju-
gating sex steroid hormones, and to immunological changes, which could deplete gut
pathogens. Our analysis of pregnenolone/progestin steroid metabolites suggested
that the gut microbiome has an important role in deconjugation and reactivation of
sex steroids in postmenopausal women. Future studies can examine whether post-
menopausal hormone therapy can reverse menopause-related changes in the gut
microbiome and restore the estrobolome (hormone therapy usage is extremely low in
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HCHS/SOL, and these women were excluded from our analysis). In this cross-sectional
study, we also observed that menopause-related gut microbiome changes may be
associated with adverse cardiometabolic risk (e.g., low HDL cholesterol, high blood
pressure) in postmenopausal women. Prospective studies will be needed to establish
the temporality of these findings and identify any other health implications of meno-
pause-hormone-gut microbiome interactions.

MATERIALS AND METHODS

Study cohort. The Hispanic Community Health Study/Study of Latinos (HCHS/SOL) is a prospective,
population-based cohort study of 16,415 Hispanic/Latino adults (ages 18 to 74 years at the time of
recruitment during 2008 to 2011) who were selected using a multistage probability sampling design
from randomly sampled census block areas within four U.S. communities (Chicago, IL; Miami, FL; Bronx,
NY; San Diego, CA) (42, 43). The HCHS/SOL Gut Origins of Latino Diabetes ancillary study (28) was con-
ducted to examine the role of gut microbiome composition on diabetes and other outcomes, enrolling
~3,000 participants from the HCHS/SOL approximately concurrent with the second in-person HCHS/SOL
visit cycle (2014 to 2017). For this analysis, we excluded participants with prevalent cancer or with
<100,000 sequence reads in their microbiome sample as well as further menopause-related exclusions
defined below and in Fig. S1 in the supplemental material. The study was conducted with the approval
of the Institutional Review Boards (IRBs) of the five participating universities in HCHS/SOL. Written
informed consent was provided by all study participants.

Menopause status. Women were categorized as pre- or postmenopausal based on their response
to the question “Have your natural periods stopped permanently?” (Spanish: “;Ha dejado de tener sus
periodos PERMANENTEMENTE?") in the reproductive medical history form at HCHS/SOL visit 2. Women
who responded “No” were considered premenopausal, and those who responded “Yes, | have no men-
strual periods” were considered postmenopausal. Women who responded “Yes, but | have periods
induced by hormones” were excluded. No information was available to categorize perimenopausal
women. Among postmenopausal women, we excluded women who (i) had anything other than a natu-
ral menopause in response to the question “Why did your periods stop?”; (ii) were taking estrogen medi-
cation; (iii) were taking hormonal birth control; or (iv) were younger than 35 years old. Among premeno-
pausal women, we excluded women who (i) were older than 55 years old; (ii) did not have a period
within 90 days prior to the visit, to exclude possibly peri- or postmenopausal women from the premeno-
pausal group; (iii) were over age 45 at the study visit with stool sample collected =2 years after the
study visit; or (iv) were over age 45 at the study visit with stool sample collected <2 years after the study
visit but did not have a period within 60 days prior to the visit; these exclusions were to remove pre-
menopausal women who may have reached menopause at the time of stool sample collection. We also
excluded women with missing menopause data or whose age at menopause response was older than
their current age (Fig. S1).

Inclusion of men. Men were matched to pre- or postmenopausal women using case-control and
nearest-neighbor matching as implemented in the CGEN package in R, where sex was the case-control
variable, age and BMI were the distance variables, and Hispanic/Latino background and U.S. nativity
were the stratum variables. Men who did not match any women were excluded from analysis (Fig. S1).
Men matched to pre- or postmenopausal women will be referred to here as younger and older men,
respectively.

Covariate adjustment. Participant characteristics were included for statistical adjustment in our
analysis based on known or suspected relationships with menopause and/or the gut microbiome. These
variables were age (continuous), Hispanic/Latino background (Dominican, Central or South American,
Cuban, Mexican, Puerto Rican, more than one heritage/other/missing), U.S. nativity (born in 50 U.S.
states/DC or a U.S. territory, foreign born), the Alternative Healthy Eating Index 2010 (AHEI2010; continu-
ous), field center (Chicago, Miami, Bronx, San Diego), hormonal contraceptive use (yes, no), antibiotic
use in last 6 months (yes, no), Bristol stool type (8 categories), current smoking (yes, no), current drinking
(yes, no), education (less than high school, high school or equivalent, greater than high school, missing),
income (<$30,000, =30,000, missing), physical activity based on the Global Physical Activity
Questionnaire (GPAQ; moderate/vigorous, low), and BMI (continuous). In a sensitivity analysis, we
checked whether additional adjustment for cardiometabolic risk factors affected the associations of
menopause with the gut microbiome. These variables were waist circumference (continuous), fasting
glucose (continuous), triglycerides (continuous), systolic blood pressure (continuous), diastolic blood
pressure (continuous), HDL cholesterol (continuous), antidiabetic medication (yes, no), cholesterol medi-
cation (yes, no), and antihypertensive medication (yes, no). Missing covariate data were imputed at the
median and mode of sex/menopause strata for continuous and categorical variables, respectively, with
the exception of categorical variables with >1% missing, for which a missing category was created.

Metabolic syndrome. The outcome of metabolic syndrome was defined as presence of 3 or more of
the following risk indicators: waist circumference of =88 cm for women or =102 c¢m for men; triglycer-
ides of =150 mg/dL or lipid-lowering medication; HDL of <50 mg/dL for women or <40 mg/dL for men
or lipid-lowering medication; blood pressure of =130 mm Hg systolic and/or =85 mm Hg diastolic or
antihypertensive medication; and fasting glucose of =100 mg/dL or antidiabetic medication (44).

Microbiome measurement. Stool samples were collected by participants at home using stool col-
lection kits, as described previously (28). Shotgun sequencing was conducted in the Knight laboratory at
the University of California San Diego using a shallow approach (45), as previously described in HCHS/
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SOL (46). Briefly, DNA is extracted from fecal samples by following the Earth Microbiome Project protocol
(47). Input DNA is quantified in a 384-well plate using a PicoGreen fluorescence assay (ThermoFisher,
Inc.) and normalized to 1 ng using an Echo 550 acoustic liquid-handling robot (Labcyte, Inc.). Enzyme
mixes for fragmentation, end repair and A-tailing, ligation, and PCR are added using a Mosquito HV
micropipetting robot (TTP Labtech). Fragmentation is performed at 37°C for 20 min, followed by end-
repair and A-tailing at 65°C for 30 min. Sequencing adapters and barcode indices are added in two steps
by following the iTru adapter protocol (48). Universal “stub” adapter molecules and ligase mix are first
added to the end-repaired DNA using the Mosquito HV robot and ligation performed at 20°C for 1 h.
Unligated adapters and adapter dimers are removed using AMPure XP magnetic beads and a BlueCat
purification robot (BlueCat Bio). Next, individual i7 and i5 are added to the adapter-ligated samples
using the Echo 550 robot. Eluted bead-washed ligated samples then are added to PCR master mix and
PCR amplified for 15 cycles. The amplified and indexed libraries are purified again using magnetic beads
and the BlueCat robot, resuspended in water, and transferred to a 384-well plate using the Mosquito
HTS liquid-handling robot for library quantitation, sequencing, and storage. Samples are then normal-
ized based on a PicoGreen fluorescence assay for sequencing on lllumina NovaSeq.

Microbiome bioinformatics processing. FASTQ sequence reads were demultiplexed, sequence
adapters trimmed, and reads mapping to the human genome identified using Bowtie2 (49) and
removed. The quality controlled paired-end sequences were then aligned against the NCBI RefSeq repre-
sentative prokaryotic genome collection (release 82) (50) using Bowtie2 (49), and per-strain coverage
was calculated using default SHOGUN (45, 51) settings. Reads mapping to a single reference genome
are labeled with NCBI taxonomy at species level, while reads mapping to multiple genomes are labeled
with the lowest common ancestor (LCA) (45). A species labeled Shigella dysenteriae was renamed
Escherichia coli-Shigella spp. due to the known difficulty differentiating between E. coli and Shigella (52)
as well as contigs of this species from our data matching to both E. coli and Shigella species in BLAST
queries. Species tables were subset to bacterial species only (making up >99.5% of reads), and indices
of a-diversity (Shannon diversity index) and B-diversity (Jensen-Shannon Divergence) were calculated
using vegan and phyloseq packages in R (53, 54). Functional profiles were obtained using SHOGUN via
sequence alignment to a nucleotide gene database derived from NCBI RefSeq (release 82) and anno-
tated with Kyoto Encyclopedia of Genes and Genomes (KEGG) orthology (51, 55). KEGG orthologs were
collapsed (i.e.,, summed) into higher level KEGG functional modules using SHOGUN.

Metabolomics measurement. A subset of ~800 participants with gut microbiome samples col-
lected within 30 days of HCHS/SOL visit 2 were selected for metabolomics profiling of visit 2 serum sam-
ples. On the basis of discovery HD4 platform at Metabolon, Inc., quantification of serum metabolites was
achieved by using an untargeted liquid chromatography-mass spectrometry (LC-MS)-based metabolo-
mic quantification protocol, as previously described (56). In total, 38 sex steroid hormone-related metab-
olites were captured by the platform, including 23 androgenic steroids, 9 pregnenolone steroids, and 6
progestin steroids. We imputed missing values as half the minimum value per metabolite and excluded
metabolites with =10% missing.

Statistical analysis. (i) General principles. Four group comparisons were employed in the analysis:
(i) postmenopausal women versus premenopausal women; (ii) older versus younger men; (iii) younger
men versus premenopausal women; and (iv) older men versus postmenopausal women (Fig. 1a). These
comparisons were designed to indirectly explore the hypothesis that changes in female sex hormones
(e.g., estradiol, progesterone) are responsible for menopause-related gut microbiome alterations rather
than age and other confounders, because men (like postmenopausal women) have low levels of female
sex hormones. In accordance with this overarching hypothesis, we expected that gut microbiome differ-
ences for post- versus premenopausal women would be greater than those for older versus younger
men and likewise that differences for younger men versus premenopausal women would be greater
than those for older men versus postmenopausal women. Further, we expected that differences
observed for post- versus premenopausal women would be similar to differences for younger men ver-
sus premenopausal women due to a common low estrogen/progesterone state in postmenopausal
women and men.

(ii) Within-subject (@) and between-subject () diversity. Multivariable linear regression was used
to examine differences in the Shannon diversity index between study groups, adjusting for age,
Hispanic/Latino background, U.S. nativity, AHEI2010, field center, hormonal contraceptive use, antibiot-
ics use in last 6 months, Bristol stool type, current smoking, current drinking, education, income, physical
activity, and BMI. Permutational multivariate analysis of variance (PERMANOVA) was used to assess dif-
ferences in overall microbiome composition, as measured by the Jensen-Shannon divergence, between
study groups, adjusting for the aforementioned covariates. The interaction of sex with menopause/age
group was tested by including an interaction term in the PERMANOVA as the following: ~covariates +
sex + menopause/age group + sex X menopause/age group.

(iii) Species and functional modules. Microbial species and KEGG functional modules were ana-
lyzed in two stages: first using the analysis of composition of microbiomes (ANCOM2) method (57), fol-
lowed by confirmatory multivariable linear regression, described below. ANCOM2 was used to detect
species and functional modules differing in abundance between study groups, adjusting for aforemen-
tioned covariates. We controlled the false discovery rate (FDR) at 10% and excluded species or modules
from testing if they were present in <10% of the study population. An ANCOM detection level of =0.6
was considered significant; this level indicates that the ratios of the species or module to at least 60% of
other taxa or modules were detected to be significantly different (FDR g < 0.10) between groups. For
example, if 101 species were present in the data, a species would be considered significant if 60 or more
out of 100 statistical tests (comparing between groups the ratio of the species to every other species)
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were significant with g < 0.10. For the ANCOM-selected species and modules, we constructed multivari-
able linear regression models, with centered log ratio (clr)-transformed species/module abundance as
outcomes and study group as the main predictor, adjusting for covariates.

(iv) Deconjugation (estrobolome) orthologs. We also explored differential abundance between
study groups for the orthologs B-glucuronidase (EC 3.2.1.31; K01195) and sulfatase (EC 3.1.6.1; KO1130),
which encode enzymes that deconjugate glucuronide and sulfate groups from steroid hormones,
respectively. We used multivariable linear regression models, with clr-transformed ortholog abundance
as outcomes and study group as the main predictor, adjusting for covariates.

(v) Sex steroid metabolites. Metabolite concentrations were inverse-normal transformed for analy-
sis. We tested whether metabolites differed between pre- and postmenopausal women using multivari-
able linear regression. For menopause-related metabolites, we examined partial Spearman correlations
(adjusting for age) of metabolites with menopause-related gut microbiome features and deconjugation
(estrobolome) orthologs, separately in pre- and postmenopausal women.

(vi) Associations of microbiome features with cardiometabolic risk factors and metabolic
syndrome. We next examined whether the menopause-related species and functional modules were asso-
ciated with the presence of metabolic syndrome, any of its 5 binary components (defined above), or any of
the 6 continuous indicators, excluding medication users (i.e., fasting glucose excluding antidiabetic medica-
tion users, triglycerides, and HDL, excluding lipid-lowering medication users, systolic and diastolic blood
pressure excluding antihypertensive medication users, and waist circumference). We focused this analysis
on postmenopausal women to explore possible consequences of menopause-related gut microbiome alter-
ations. Analysis of binary and continuous outcomes used multivariable logistic and linear regression, respec-
tively, adjusting for age, Hispanic/Latino background, U.S. nativity, AHEI2010, field center, hormonal contra-
ceptive use, antibiotics use in last 6 months, Bristol stool type, current smoking, current drinking, education,
income, and physical activity. Models adjusting additionally for BMI were also considered.

Availability of data and materials. HCHS/SOL data are archived at the National Institutes of Health
repositories dbGap and BIOLINCC. Sequence data from the samples described in this study were deposited in
QIITA (study ID 11666). HCHS/SOL has established a process for the scientific community to apply for access
to participant data and materials, including the metabolomics data used here, with such requests reviewed
by the project’s Steering Committee. These policies are described at https:/sites.cscc.unc.edu/hchs/.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, TIF file, 1.9 MB.

FIG S2, TIF file, 10.7 MB.

FIG S3, TIF file, 10.4 MB.

TABLE S1, XLSX file, 0.01 MB.
TABLE S2, XLSX file, 0.01 MB.
TABLE S3, XLSX file, 0.01 MB.
TABLE S4, XLSX file, 0.01 MB.
TABLE S5, XLSX file, 0.01 MB.
TABLE S6, XLSX file, 0.02 MB.
TABLE S7, XLSX file, 0.02 MB.

ACKNOWLEDGMENTS

We thank the staff and participants of HCHS/SOL for their important contributions.

The HCHS/SOL is a collaborative study supported by contracts from the National
Heart, Lung, and Blood Institute (NHLBI) to the University of North Carolina
(HHSN2682013000011/N01-HC-65233), University of Miami (HHSN2682013000041/NO1-
HC-65234), Albert Einstein College of Medicine (HHSN2682013000021/N01-HC-65235),
University of lllinois at Chicago (HHSN2682013000031/NO1-HC-65236 Northwestern
University), and San Diego State University (HHSN2682013000051/N01-HC-65237). The
following Institutes/Centers/Offices have contributed to the HCHS/SOL through a transfer
of funds to the NHLBI: National Institute on Minority Health and Health Disparities,
National Institute on Deafness and Other Communication Disorders, National Institute of
Dental and Craniofacial Research, National Institute of Diabetes and Digestive and Kidney
Diseases, National Institute of Neurological Disorders and Stroke, NIH Institution-Office of
Dietary Supplements. Additional funding for the “Gut Origins of Latino Diabetes” ancillary
study to HCHS/SOL was provided by ROTMDO011389-01 from the National Institute on
Minority Health and Health Disparities and the Life Course Methodology Core (LCMC) at
Albert Einstein College of Medicine and the New York Regional Center for Diabetes
Translation Research (P30 DK111022-8786 and P30 DK111022) through funds from the
National Institute of Diabetes and Digestive and Kidney Diseases.

May/June 2022 Volume 7 Issue 3

mSystems

10.1128/msystems.00273-22

16


https://sites.cscc.unc.edu/hchs/
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00273-22

Menopause and the Gut Microbiome

mSystems

N. Santoro is a consultant with Ansh Labs and ASTELLAS/Ogeda and receives grant
support from Menogenix, Inc., outside the submitted work. All other authors declare no
competing financial interests.

REFERENCES

1.

Santoro N, Roeca C, Peters BA, Neal-Perry G. 2020. The menopause transi-
tion: signs, symptoms, and management options. J Clin Endocrinol Metab
106:1-5. https://doi.org/10.1210/clinem/dgaa764.

. El Khoudary SR, Aggarwal B, Beckie TM, Hodis HN, Johnson AE, Langer RD,

Limacher MC, Manson JE, Stefanick ML, Allison MA. 2020. Menopause transi-
tion and cardiovascular disease risk: implications for timing of early preven-
tion: a scientific statement from the American Heart Association. Circulation
142:2506-e532. https://doi.org/10.1161/CIR.0000000000000912.

. Matthews KA, Crawford SL, Chae CU, Everson-Rose SA, Sowers MF,

Sternfeld B, Sutton-Tyrrell K. 2009. Are changes in cardiovascular disease
risk factors in midlife women due to chronological aging or to the meno-
pausal transition? J Am Coll Cardiol 54:2366-2373. https://doi.org/10
.1016/j.jacc.2009.10.009.

. Derby CA, Crawford SL, Pasternak RC, Sowers M, Sternfeld B, Matthews

KA. 20009. Lipid changes during the menopause transition in relation to
age and weight: the Study of Women's Health Across the Nation. Am J
Epidemiol 169:1352-1361. https://doi.org/10.1093/aje/kwp043.

. Kwa M, Plottel CS, Blaser MJ, Adams S. 2016. The intestinal microbiome

and estrogen receptor-positive female breast cancer. J Natl Cancer Inst
108:djw029. https://doi.org/10.1093/jnci/djw029.

. Yurkovetskiy L, Burrows M, Khan AA, Graham L, Volchkov P, Becker L,

Antonopoulos D, Umesaki Y, Chervonsky AV. 2013. Gender bias in autoim-
munity is influenced by microbiota. Immunity 39:400-412. https://doi
.org/10.1016/j.immuni.2013.08.013.

. Markle JG, Frank DN, Mortin-Toth S, Robertson CE, Feazel LM, Rolle-

Kampczyk U, von Bergen M, McCoy KD, Macpherson AJ, Danska JS. 2013.
Sex differences in the gut microbiome drive hormone-dependent regula-
tion of autoimmunity. Science 339:1084-1088. https://doi.org/10.1126/
science.1233521.

. Kaliannan K, Robertson RC, Murphy K, Stanton C, Kang C, Wang B, Hao L,

Bhan AK, Kang JX. 2018. Estrogen-mediated gut microbiome alterations
influence sexual dimorphism in metabolic syndrome in mice. Microbiome
6:205. https://doi.org/10.1186/540168-018-0587-0.

. Yatsunenko T, Rey FE, Manary MJ, Trehan |, Dominguez-Bello MG,

Contreras M, Magris M, Hidalgo G, Baldassano RN, Anokhin AP, Heath AC,
Warner B, Reeder J, Kuczynski J, Caporaso JG, Lozupone CA, Lauber C,
Clemente JC, Knights D, Knight R, Gordon JI. 2012. Human gut micro-
biome viewed across age and geography. Nature 486:222-227. https://
doi.org/10.1038/nature11053.

. Ding T, Schloss PD. 2014. Dynamics and associations of microbial commu-

nity types across the human body. Nature 509:357-360. https://doi.org/
10.1038/nature13178.

. Falony G, Joossens M, Vieira-Silva S, Wang J, Darzi Y, Faust K, Kurilshikov A,

Bonder MJ, Valles-Colomer M, Vandeputte D, Tito RY, Chaffron S, Rymenans
L, Verspecht C, De Sutter L, Lima-Mendez G, D'hoe K, Jonckheere K, Homola
D, Garcia R, Tigchelaar EF, Eeckhaudt L, Fu J, Henckaerts L, Zhernakova A,
Wijmenga C, Raes J. 2016. Population-level analysis of gut microbiome vari-
ation. Science 352:560-564. https://doi.org/10.1126/science.aad3503.

. Zhernakova A, Kurilshikov A, Bonder MJ, Tigchelaar EF, Schirmer M,

Vatanen T, Mujagic Z, Vila AV, Falony G, Vieira-Silva S, Wang J, Imhann F,
Brandsma E, Jankipersadsing SA, Joossens M, Cenit MC, Deelen P, Swertz
MA, Weersma RK, Feskens EJ, Netea MG, Gevers D, Jonkers D, Franke L,
Aulchenko YS, Huttenhower C, Raes J, Hofker MH, Xavier RJ, Wijmenga C,
Fu J, LifeLines Cohort Study. 2016. Population-based metagenomics anal-
ysis reveals markers for gut microbiome composition and diversity. Sci-
ence 352:565-569. https://doi.org/10.1126/science.aad3369.

. Sinha T, Vich Vila A, Garmaeva S, Jankipersadsing SA, Imhann F, Collij V,

Bonder MJ, Jiang X, Gurry T, AIm EJ, D'Amato M, Weersma RK, Scherjon S,
Wijmenga C, Fu J, Kurilshikov A, Zhernakova A. 2019. Analysis of 1135 gut
metagenomes identifies sex-specific resistome profiles. Gut Microbes 10:
358-366. https://doi.org/10.1080/19490976.2018.1528822.

. Takagi T, Naito Y, Inoue R, Kashiwagi S, Uchiyama K, Mizushima K, Tsuchiya

S, Dohi O, Yoshida N, Kamada K, Ishikawa T, Handa O, Konishi H, Okuda K,
Tsujimoto Y, Ohnogi H, Itoh Y. 2019. Differences in gut microbiota associ-
ated with age, sex, and stool consistency in healthy Japanese subjects. J
Gastroenterol 54:53-63. https://doi.org/10.1007/s00535-018-1488-5.

May/June 2022 Volume 7 Issue 3

20.

21.

22.

23.

24,

25.

26.

27.

28.

. Oki K, Toyama M, Banno T, Chonan O, Benno Y, Watanabe K. 2016. Com-

prehensive analysis of the fecal microbiota of healthy Japanese adults
reveals a new bacterial lineage associated with a phenotype character-
ized by a high frequency of bowel movements and a lean body type.
BMC Microbiol 16:284. https://doi.org/10.1186/5s12866-016-0898-x.

. de la Cuesta-Zuluaga J, Kelley ST, Chen Y, Escobar JS, Mueller NT, Ley RE,

McDonald D, Huang S, Swafford AD, Knight R, Thackray VG. 2019. Age-
and sex-dependent patterns of gut microbial diversity in human adults.
mSystems 4:200261-19. https://doi.org/10.1128/mSystems.00261-19.

. Santos-Marcos JA, Rangel-Zuniga OA, Jimenez-Lucena R, Quintana-

Navarro GM, Garcia-Carpintero S, Malagon MM, Landa BB, Tena-Sempere
M, Perez-Martinez P, Lopez-Miranda J, Perez-Jimenez F, Camargo A. 2018.
Influence of gender and menopausal status on gut microbiota. Maturitas
116:43-53. https://doi.org/10.1016/j.maturitas.2018.07.008.

. Zhao H, Chen J, Li X, Sun Q, Qin P, Wang Q. 2019. Compositional and func-

tional features of the female premenopausal and postmenopausal gut
microbiota. FEBS Lett 593:2655-2664. https://doi.org/10.1002/1873-3468
.13527.

. Mayneris-Perxachs J, Arnoriaga-Rodriguez M, Luque-Cérdoba D, Priego-

Capote F, Pérez-Brocal V, Moya A, Burokas A, Maldonado R, Fernandez-
Real J-M. 2020. Gut microbiota steroid sexual dimorphism and its impact
on gonadal steroids: influences of obesity and menopausal status. Micro-
biome 8:136. https://doi.org/10.1186/540168-020-00913-x.

Dabke K, Hendrick G, Devkota S. 2019. The gut microbiome and meta-
bolic syndrome. J Clin Invest 129:4050-4057. https://doi.org/10.1172/
JCI129194.

Becker SL, Manson JE. 2021. Menopause, the gut microbiome, and weight
gain: correlation or causation? Menopause 28:327-331. https://doi.org/10
.1097/GME.0000000000001702.

Ma Y, Hebert JR, Manson JE, Balasubramanian R, Liu S, Lamonte MJ, Bird
CE, Ockene JK, Qiao Y, Olendzki B, Schneider KL, Rosal MC, Sepavich DM,
Wactawski-Wende J, Stefanick ML, Phillips LS, Ockene IS, Kaplan RC, Sarto
GE, Garcia L, Howard BV. 2012. Determinants of racial/ethnic disparities in
incidence of diabetes in postmenopausal women in the U.S.: the Wom-
en's Health Initiative 1993-2009. Diabetes Care 35:2226-2234. https://doi
.org/10.2337/dc12-0412.

Park YW, Zhu S, Palaniappan L, Heshka S, Carnethon MR, Heymsfield SB.
2003. The metabolic syndrome: prevalence and associated risk factor
findings in the US population from the Third National Health and Nutri-
tion Examination Survey, 1988-1994. Arch Intern Med 163:427-436.
https://doi.org/10.1001/archinte.163.4.427.

Peters BA, Xue X, Wang Z, Usyk M, Santoro N, Sharma A, Anastos K, Tien
PC, Golub ET, Weber KM, Gustafson D, Kaplan RC, Burk R, Qi Q. 2021. Men-
opausal status and observed differences in the gut microbiome in women
with and without HIV infection. Menopause 28:491-501. https://doi.org/
10.1097/GME.0000000000001730.

Flores R, Shi J, Fuhrman B, Xu X, Veenstra TD, Gail MH, Gajer P, Ravel J,
Goedert JJ. 2012. Fecal microbial determinants of fecal and systemic
estrogens and estrogen metabolites: a cross-sectional study. J Transl Med
10:253. https://doi.org/10.1186/1479-5876-10-253.

Shin J-H, Park Y-H, Sim M, Kim S-A, Joung H, Shin D-M. 2019. Serum level of
sex steroid hormone is associated with diversity and profiles of human gut
microbiome. Res Microbiol 170:192-201. https://doi.org/10.1016/j.resmic
.2019.03.003.

Mihajlovic J, Leutner M, Hausmann B, Kohl G, Schwarz J, Réver H,
Stimakovits N, Wolf P, Maruszczak K, Bastian M, Kautzky-Willer A, Berry D.
2021. Combined hormonal contraceptives are associated with minor
changes in composition and diversity in gut microbiota of healthy
women. Environ Microbiol 23:3037-3047. https://doi.org/10.1111/1462
-2920.15517.

Kaplan RC, Wang Z, Usyk M, Sotres-Alvarez D, Daviglus ML, Schneiderman
N, Talavera GA, Gellman MD, Thyagarajan B, Moon JY, Vazquez-Baeza Y,
McDonald D, Williams-Nguyen JS, Wu MC, North KE, Shaffer J, Sollecito
CC, Qi Q, Isasi CR, Wang T, Knight R, Burk RD. 2019. Gut microbiome com-
position in the Hispanic Community Health Study/Study of Latinos is

10.1128/msystems.00273-22 17


https://doi.org/10.1210/clinem/dgaa764
https://doi.org/10.1161/CIR.0000000000000912
https://doi.org/10.1016/j.jacc.2009.10.009
https://doi.org/10.1016/j.jacc.2009.10.009
https://doi.org/10.1093/aje/kwp043
https://doi.org/10.1093/jnci/djw029
https://doi.org/10.1016/j.immuni.2013.08.013
https://doi.org/10.1016/j.immuni.2013.08.013
https://doi.org/10.1126/science.1233521
https://doi.org/10.1126/science.1233521
https://doi.org/10.1186/s40168-018-0587-0
https://doi.org/10.1038/nature11053
https://doi.org/10.1038/nature11053
https://doi.org/10.1038/nature13178
https://doi.org/10.1038/nature13178
https://doi.org/10.1126/science.aad3503
https://doi.org/10.1126/science.aad3369
https://doi.org/10.1080/19490976.2018.1528822
https://doi.org/10.1007/s00535-018-1488-5
https://doi.org/10.1186/s12866-016-0898-x
https://doi.org/10.1128/mSystems.00261-19
https://doi.org/10.1016/j.maturitas.2018.07.008
https://doi.org/10.1002/1873-3468.13527
https://doi.org/10.1002/1873-3468.13527
https://doi.org/10.1186/s40168-020-00913-x
https://doi.org/10.1172/JCI129194
https://doi.org/10.1172/JCI129194
https://doi.org/10.1097/GME.0000000000001702
https://doi.org/10.1097/GME.0000000000001702
https://doi.org/10.2337/dc12-0412
https://doi.org/10.2337/dc12-0412
https://doi.org/10.1001/archinte.163.4.427
https://doi.org/10.1097/GME.0000000000001730
https://doi.org/10.1097/GME.0000000000001730
https://doi.org/10.1186/1479-5876-10-253
https://doi.org/10.1016/j.resmic.2019.03.003
https://doi.org/10.1016/j.resmic.2019.03.003
https://doi.org/10.1111/1462-2920.15517
https://doi.org/10.1111/1462-2920.15517
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00273-22

Menopause and the Gut Microbiome

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

shaped by geographic relocation, environmental factors, and obesity. Ge-
nome Biol 20:219. https://doi.org/10.1186/513059-019-1831-z.

Vangay P, Johnson AJ, Ward TL, Al-Ghalith GA, Shields-Cutler RR,
Hillmann BM, Lucas SK, Beura LK, Thompson EA, Till LM, Batres R, Paw B,
Pergament SL, Saenyakul P, Xiong M, Kim AD, Kim G, Masopust D,
Martens EC, Angkurawaranon C, McGready R, Kashyap PC, Culhane-Pera
KA, Knights D. 2018. US immigration westernizes the human gut micro-
biome. Cell 175:962-972. https://doi.org/10.1016/j.cell.2018.10.029.

Ervin SM, Li H, Lim L, Roberts LR, Liang X, Mani S, Redinbo MR. 2019. Gut
microbiome-derived B-glucuronidases are components of the estrobo-
lome that reactivate estrogens. J Biol Chem 294:18586-18599. https://doi
.org/10.1074/jbc.RA119.010950.

Ervin SM, Simpson JB, Gibbs ME, Creekmore BC, Lim L, Walton WG,
Gharaibeh RZ, Redinbo MR. 2020. Structural insights into endobiotic reac-
tivation by human gut microbiome-encoded sulfatases. Biochemistry 59:
3939-3950. https://doi.org/10.1021/acs.biochem.0c00711.

van der Wielen P, Rovers G, Scheepens JMA, Biesterveld S. 2002. Clostrid-
ium lactatifermen tans sp. nov., a lactate-fermenting anaerobe isolated
from the caeca of a chicken. Int J Syst Evol Microbiol 52:921-925. https://
doi.org/10.1099/00207713-52-3-921.

Kertesz MA. 2001. Bacterial transporters for sulfate and organosulfur
compounds. Res Microbiol 152:279-290. https://doi.org/10.1016/50923
-2508(01)01199-8.

Wallace JL, Motta J-P, Buret AG. 2018. Hydrogen sulfide: an agent of sta-
bility at the microbiome-mucosa interface. Am J Physiol Gastrointest Liver
Physiol 314:G143-G149. https://doi.org/10.1152/ajpgi.00249.2017.
Blachier F, Andriamihaja M, Larraufie P, Ahn E, Lan A, Kim E. 2021. Produc-
tion of hydrogen sulfide by the intestinal microbiota and epithelial cells and
consequences for the colonic and rectal mucosa. Am J Physiol Gastrointest
Liver Physiol 320:G125-G135. https://doi.org/10.1152/ajpgi.00261.2020.
Ghosh M, Rodriguez-Garcia M, Wira CR. 2014. The immune system in
menopause: pros and cons of hormone therapy. J Steroid Biochem Mol
Biol 142:171-175. https://doi.org/10.1016/j.jsbmb.2013.09.003.

Hall OJ, Klein SL. 2017. Progesterone-based compounds affect immune
responses and susceptibility to infections at diverse mucosal sites. Muco-
sal Immunol 10:1097-1107. https://doi.org/10.1038/mi.2017.35.

Robinson DP, Klein SL. 2012. Pregnancy and pregnancy-associated hor-
mones alter immune responses and disease pathogenesis. Horm Behav
62:263-271. https://doi.org/10.1016/j.yhbeh.2012.02.023.

Yao Y, Li H, Ding J, Xia Y, Wang L. 2017. Progesterone impairs antigen-
non-specific immune protection by CD8 T memory cells via interferon-y
gene hypermethylation. PLoS Pathog 13:€1006736. https://doi.org/10
.1371/journal.ppat.1006736.

Yan Q, Gu Y, Li X, Yang W, Jia L, Chen C, Han X, Huang Y, Zhao L, Li P, Fang
Z, Zhou J, Guan X, Ding Y, Wang S, Khan M, Xin Y, Li S, Ma Y. 2017. Altera-
tions of the gut microbiome in hypertension Front Cell Infect Microbiol 7:
381. https://doi.org/10.3389/fcimb.2017.00381.

Depommier C, Everard A, Druart C, Plovier H, Van Hul M, Vieira-Silva S,
Falony G, Raes J, Maiter D, Delzenne NM, de Barsy M, Loumaye A,
Hermans MP, Thissen J-P, de Vos WM, Cani PD. 2019. Supplementation
with Akkermansia muciniphila in overweight and obese human volun-
teers: a proof-of-concept exploratory study. Nat Med 25:1096-1103.
https://doi.org/10.1038/541591-019-0495-2.

Lavange LM, Kalsbeek WD, Sorlie PD, Avilés-Santa LM, Kaplan RC,
Barnhart J, Liu K, Giachello A, Lee DJ, Ryan J, Criqui MH, Elder JP. 2010.
Sample design and cohort selection in the Hispanic Community Health
Study/Study of Latinos. Ann Epidemiol 20:642-649. https://doi.org/10
.1016/j.annepidem.2010.05.006.

Sorlie PD, Avilés-Santa LM, Wassertheil-Smoller S, Kaplan RC, Daviglus ML,
Giachello AL, Schneiderman N, Raij L, Talavera G, Allison M, Lavange L,
Chambless LE, Heiss G. 2010. Design and implementation of the Hispanic
Community Health Study/Study of Latinos. Ann Epidemiol 20:629-641.
https://doi.org/10.1016/j.annepidem.2010.03.015.

Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA,
Fruchart JC, James WP, Loria CM, Smith SC, Jr, International Association
for the Study of Obesity. 2009. Harmonizing the metabolic syndrome: a
joint interim statement of the International Diabetes Federation Task
Force on Epidemiology and Prevention; National Heart, Lung, and
Blood Institute; American Heart Association; World Heart Federation;

May/June 2022 Volume 7 Issue 3

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

mSystems

International Atherosclerosis Society. Circulation 120:1640-1645. https://doi
.0rg/10.1161/CIRCULATIONAHA.109.192644.

Hillmann B, Al-Ghalith GA, Shields-Cutler RR, Zhu Q, Gohl DM, Beckman
KB, Knight R, Knights D. 2018. Evaluating the information content of shal-
low shotgun metagenomics. mSystems 3:e¢00069-18. https://doi.org/10
.1128/mSystems.00069-18.

Mei Z, Chen GC, Wang Z, Usyk M, Yu B, Baeza YV, Humphrey G, Benitez
RS, Li J, Williams-Nguyen JS, Daviglus ML, Hou L, Cai J, Zheng Y, Knight R,
Burk RD, Boerwinkle E, Kaplan RC, Qi Q. 2021. Dietary factors, gut micro-
biota, and serum trimethylamine-N-oxide associated with cardiovascular
disease in the Hispanic Community Health Study/Study of Latinos. Am J
Clin Nutr 113:1503-1514. https://doi.org/10.1093/ajcn/nqab001.
Thompson LR, Sanders JG, McDonald D, Amir A, Ladau J, Locey KJ, Prill RJ,
Tripathi A, Gibbons SM, Ackermann G, Navas-Molina JA, Janssen S,
Kopylova E, Vazquez-Baeza Y, Gonzalez A, Morton JT, Mirarab S, Zech Xu
Z, Jiang L, Haroon MF, Kanbar J, Zhu Q, Jin Song S, Kosciolek T, Bokulich
NA, Lefler J, Brislawn CJ, Humphrey G, Owens SM, Hampton-Marcell J,
Berg-Lyons D, McKenzie V, Fierer N, Fuhrman JA, Clauset A, Stevens RL,
Shade A, Pollard KS, Goodwin KD, Jansson JK, Gilbert JA, Knight R, Rivera
JLA, Al-Moosawi L, Alverdy J, Amato KR, Andras J, Angenent LT,
Antonopoulos DA, Apprill A, Earth Microbiome Project Consortium. 2017.
A communal catalogue reveals Earth’s multiscale microbial diversity. Na-
ture 551:457-463. https://doi.org/10.1038/nature24621.

Glenn TC, Nilsen RA, Kieran TJ, Sanders JG, Bayona-Vasquez NJ, Finger JW,
Pierson TW, Bentley KE, Hoffberg SL, Louha S, Garcia-De Leon FJ, Del Rio
Portilla MA, Reed KD, Anderson JL, Meece JK, Aggrey SE, Rekaya R,
Alabady M, Belanger M, Winker K, Faircloth BC. 2019. Adapterama I: uni-
versal stubs and primers for 384 unique dual-indexed or 147,456 combi-
natorially-indexed Illumina libraries (iTru & iNext.). Peer) 7:e7755. https://
doi.org/10.7717/peerj.7755.

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with Bowtie
2. Nat Methods 9:357-359. https://doi.org/10.1038/nmeth.1923.

O'Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, McVeigh R, Rajput
B, Robbertse B, Smith-White B, Ako-Adjei D, Astashyn A, Badretdin A, Bao
Y, Blinkova O, Brover V, Chetvernin V, Choi J, Cox E, Ermolaeva O, Farrell
CM, Goldfarb T, Gupta T, Haft D, Hatcher E, Hlavina W, Joardar VS, Kodali
VK, Li W, Maglott D, Masterson P, McGarvey KM, Murphy MR, O'Neill K,
Pujar S, Rangwala SH, Rausch D, Riddick LD, Schoch C, Shkeda A, Storz SS,
Sun H, Thibaud-Nissen F, Tolstoy I, Tully RE, Vatsan AR, Wallin C, Webb D,
Wu W, Landrum MJ, Kimchi A, et al. 2016. Reference sequence (RefSeq)
database at NCBI: current status, taxonomic expansion, and functional
annotation. Nucleic Acids Res 44:D733-D745. https://doi.org/10.1093/
nar/gkv1189.

Hillmann B, Al-Ghalith GA, Shields-Cutler RR, Zhu Q, Knight R, Knights D.
2020. SHOGUN: a modular, accurate and scalable framework for micro-
biome quantification. Bioinformatics 36:4088-4090. https://doi.org/10
.1093/bioinformatics/btaa277.

Devanga Ragupathi NK, Muthuirulandi Sethuvel DP, Inbanathan FY,
Veeraraghavan B. 2018. Accurate differentiation of Escherichia coli and
Shigella serogroups: challenges and strategies. New Microbes New Infect
21:58-62. https://doi.org/10.1016/j.nmni.2017.09.003.

McMurdie PJ, Holmes S. 2013. phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One 8:
€61217. https://doi.org/10.1371/journal.pone.0061217.

Oksanen J, Blanchet FG, Kindt R, Legendre P, O’'Hara RG, Simpson G,
Solymos P, Stevens H, Wagner H. 2013. Multivariate analysis of ecological
communities in R: vegan tutorial. R package version 1.7.

Kanehisa M, Sato Y, Kawashima M, Furumichi M, Tanabe M. 2016. KEGG as
a reference resource for gene and protein annotation. Nucleic Acids Res
44:D457-D462. https://doi.org/10.1093/nar/gkv1070.

Chen G-C, Chai JC, Yu B, Michelotti GA, Grove ML, Fretts AM, Daviglus ML,
Garcia-Bedoya OL, Thyagarajan B, Schneiderman N, Cai J, Kaplan RC,
Boerwinkle E, Qi Q. 2020. Serum sphingolipids and incident diabetes in a
US population with high diabetes burden: the Hispanic Community
Health Study/Study of Latinos (HCHS/SOL). Am J Clin Nutr 112:57-65.
https://doi.org/10.1093/ajcn/nqaal14.

Mandal S, Van Treuren W, White RA, Eggesbo M, Knight R, Peddada SD.
2015. Analysis of composition of microbiomes: a novel method for study-
ing microbial composition. Microb Ecol Health Dis 26:27663. https://doi
.0rg/10.3402/mehd.v26.27663.

10.1128/msystems.00273-22 18


https://doi.org/10.1186/s13059-019-1831-z
https://doi.org/10.1016/j.cell.2018.10.029
https://doi.org/10.1074/jbc.RA119.010950
https://doi.org/10.1074/jbc.RA119.010950
https://doi.org/10.1021/acs.biochem.0c00711
https://doi.org/10.1099/00207713-52-3-921
https://doi.org/10.1099/00207713-52-3-921
https://doi.org/10.1016/s0923-2508(01)01199-8
https://doi.org/10.1016/s0923-2508(01)01199-8
https://doi.org/10.1152/ajpgi.00249.2017
https://doi.org/10.1152/ajpgi.00261.2020
https://doi.org/10.1016/j.jsbmb.2013.09.003
https://doi.org/10.1038/mi.2017.35
https://doi.org/10.1016/j.yhbeh.2012.02.023
https://doi.org/10.1371/journal.ppat.1006736
https://doi.org/10.1371/journal.ppat.1006736
https://doi.org/10.3389/fcimb.2017.00381
https://doi.org/10.1038/s41591-019-0495-2
https://doi.org/10.1016/j.annepidem.2010.05.006
https://doi.org/10.1016/j.annepidem.2010.05.006
https://doi.org/10.1016/j.annepidem.2010.03.015
https://doi.org/10.1161/CIRCULATIONAHA.109.192644
https://doi.org/10.1161/CIRCULATIONAHA.109.192644
https://doi.org/10.1128/mSystems.00069-18
https://doi.org/10.1128/mSystems.00069-18
https://doi.org/10.1093/ajcn/nqab001
https://doi.org/10.1038/nature24621
https://doi.org/10.7717/peerj.7755
https://doi.org/10.7717/peerj.7755
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/nar/gkv1189
https://doi.org/10.1093/nar/gkv1189
https://doi.org/10.1093/bioinformatics/btaa277
https://doi.org/10.1093/bioinformatics/btaa277
https://doi.org/10.1016/j.nmni.2017.09.003
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1093/nar/gkv1070
https://doi.org/10.1093/ajcn/nqaa114
https://doi.org/10.3402/mehd.v26.27663
https://doi.org/10.3402/mehd.v26.27663
https://journals.asm.org/journal/msystems
https://doi.org/10.1128/msystems.00273-22

	RESULTS
	Participant characteristics.
	Menopausal and sex differences in gut microbiome α- and β-diversity.
	Menopausal and sex differences in gut microbiome species.
	Menopausal differences in gut microbiome functional modules and deconjugation (estrobolome) orthologs.
	Menopause, sex steroid hormone metabolites, and the gut microbiome.
	Menopause-related gut microbiome features and cardiometabolic risk/metabolic syndrome.

	DISCUSSION
	MATERIALS AND METHODS
	Study cohort.
	Menopause status.
	Inclusion of men.
	Covariate adjustment.
	Metabolic syndrome.
	Microbiome measurement.
	Microbiome bioinformatics processing.
	Metabolomics measurement.
	Statistical analysis. (i) General principles.
	(ii) Within-subject (α) and between-subject (β) diversity.
	(iii) Species and functional modules.
	(iv) Deconjugation (estrobolome) orthologs.
	(v) Sex steroid metabolites.
	(vi) Associations of microbiome features with cardiometabolic risk factors and metabolic syndrome.
	Availability of data and materials.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

