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Abstract

Key differences exist between men and women in the determinants and manifestations of cardiovascular and
cardiometabolic diseases. Recently, gut microbiome-host relations have been implicated in cardiovascular disease and
associated metabolic conditions; therefore, gut microbiota may be key mediators or modulators driving the observed
sexual dimorphism in disease onset and progression. While current evidence regarding pure physiological sex differences
in gut microbiome composition is modest, robust research suggests that gut microbiome-dependent metabolites may
interact with important biological pathways under sex hormone control, including toll-like receptor and flavin
monooxygenase signaling. Here, we review key sex differences in gut microbiome interactions with four primary
determinants of cardiovascular disease, impaired glucose regulation, dyslipidemia, hypertension, and obesity. Through this
process, we propose important sex differences in downstream metabolic pathways that may be at the interface of the
gut microbiome and cardiovascular disease.
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Background
It is increasingly appreciated that the human gut micro-

biome, a network that includes over 100 trillion bac-

teria, and its changes over the lifespan are involved in

the pathophysiology of cardiovascular disease (CVD)

[1–3]. For example, gut microbial-dependent metabo-

lites including, short-chain fatty acids (SCFAs) and tri-

methylamine N-oxide (TMAO), may modify CVD

determinants through G protein-coupled receptors

(GPCR) that modulate blood pressure [4] or through

inhibition of high density lipoprotein (HDL)-coordi-

nated reverse cholesterol transport [2], respectively.

The extent to whether such microbe-host physiology

exhibits sexual dimorphism in the setting of CVD re-

mains largely unexplored, as these dynamic relation-

ships have not been clearly defined or systematically

reviewed across both men and women.

This review focuses on the biological pathways

underlying sex differences in CVD, particularly involv-

ing novel relationships between the gut microbiome

and CVD risk factors. We will first review sex

differences regarding four primary determinants of dis-

ease including blood pressure, lipid metabolism, glu-

cose metabolism, and body weight. We will then

introduce the gut microbiome, highlighting its intricate

relationship with the human diet, and discuss the

downstream microbiome-dependent metabolites and

pathways influencing CVD. Through this process, we

will assess the current evidence regarding the relation-

ships of the gut microbiome with blood pressure,

serum lipid, and glycemic profiles, as well as body

weight, and the potential influence of sexual dimorph-

ism in these gut microbiome-host relations.

Sex differences in CVD and CVD risk factors

CVD is responsible for the greatest proportion of deaths in

both men and women, with CVD mortality rates approxi-

mately 32% and 35%, respectively [5, 6]. While age-adjusted

CVD mortality rates are higher in men compared to pre-

menopausal women [6, 7], one third of women in the USA

are affected by CVD, and nearly 50% of women in Western

countries will die from coronary heart disease or stroke [8].

Furthermore, whereas clinical and public health CVD ef-

forts must continue to target both sexes equally, key differ-

ences in the epidemiology and pathophysiology of risk

factors have been identified in men and women. These
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corresponding differences underline the need to examine

the role of sex in the development and progression of CVD

and its respective upstream disease risk factors.

A large body of evidence has demonstrated sex differ-

ences in CVD risk over the past several decades. Im-

paired glucose regulation, dyslipidemia, hypertension,

and obesity are among the most important CVD risk

factors in the general population. Table 1 highlights fun-

damental biological sex differences in these four risk fac-

tors as well as the evidence and potential underlying

mechanisms that may mediate such observations.

Introduction to the microbiome

The human microbiota represents the collection of mi-

croorganisms that live in and on the human body, in-

cluding the gastrointestinal tract, urogenital system, and

skin. The human microbiome, precisely, refers to the

genomes of such microorganisms, including bacteria,

fungi, archae, protists, and viruses [9]. While all five

latter microorganisms are found in the human gut,

bacteria are the most prevalent and well-studied, and

relationships of the virome, mycobiota, and archae

with human health remain largely unexplored. Mi-

crobial cells outnumber host cells in the human

body, and the gut microbiome plays a critical role in

host metabolism, physiology, and susceptibility to

and risk of disease, particularly CVD [10]. Our gut

microbiota, predominantly bacteria, helps absorb and

metabolize food constituents, producing biologically

active microbial metabolites that proceed through

the portal system, entering systemic circulation to

influence human physiology.

Diet and the gut microbiome
The gut microbiome serves as a filter for perhaps the most

common human environmental exposure, diet. Our diets

are one the most important modulators of microbiota com-

position and its respective metabolites, notably TMAO and

Table 1 Sexual dimorphism in four main cardiovascular disease risk factors

CVD risk factor Men Women Evidence/potential mechanisms

Impaired glucose
regulationA

↑ Incidence of impaired fasting
glucose
↑ Incidence of diabetes at earlier
ages
↓ Insulin sensitivity

↑ Incidence of impaired glucose
tolerance
↓ Incidence of diabetes
↑ Insulin sensitivity

Estrogens may confer a protective effect on
insulin-glucose homeostasis [172–178]:
- Reduction in inflammation, reactive oxygen
species, hepatic glucose production, and
central and visceral adiposity.

- Improves glucose uptake by skeletal muscle
via activation of PPAR-γ.

Testosterone appears to exhibit a U-shaped
association with insulin resistance [179–183]:
- Excess testosterone in both sexes is
associated with dysglycemia and inhibits
myocyte, adipocyte insulin in women.

- Testosterone associates with reduced visceral
and central adiposity, as well as decreased
waist-to-hip ratio in men.

DyslipidemiaB ↓ HDL-C
↑ LDL-C
↑ VLDL
↑ Total plasma TG
↑ FFA oxidation at rest

↑ HDL-C
↓ LDL-C
↓ VLDL
↓ Total plasma TG
↑ FFA storage at rest

Sexual dimorphism is observed in lipid profiles
of premenopausal women compared to men
[184–187]

HypertensionC Younger ages [118, 188–190]
↑ Systolic BP
↑ Incident hypertension
↓ Salt sensitivity
Older ages
↓ Incident hypertension
All ages
↑ Diastolic BP
↓ Survival with hypertension

Younger ages
↓ Systolic BP
↓ Incident hypertension
↑ Salt sensitivity
Older ages (postmenopausal)
↑ Incident hypertension
All ages
↓ Diastolic BP
↑ Survival with hypertension

Endogenous estrogen has a BP lowering
effect [118, 191–194].
- Possible mechanisms include RAAS and
endothelin system, oxidative stress, nitric
oxide production, and salt sensitivity.

Androgens (testosterone) have
pro-hypertensive properties.
- Possible mechanisms include blunting of the
pressure-natriuresis relationship, RAAS, and
oxidative stress.

ObesityD ↓ Obesity [195]
↑ Lean tissue; ↓ Total fat
↑ Visceral adipose tissue

↑ Obesity [195]
↓ Lean tissue; ↑ Total fat
↑ Subcutaneous adipose tissue

Estrogen and androgens impact energy
utilization, storage, and fat distribution
[196–199].

ABroad category of prediabetic syndromes, including impaired fasting glucose (WHO criteria, > 110 mg/dL; ADA criteria, > 100 mg/dL) as well as impaired glucose

tolerance, a condition in which a given concentration of insulin, endogenous or exogenous, is accompanied by an inadequate glucose response
BAn elevation in circulating total cholesterol, low-density lipoprotein, high-density lipoprotein, and/or triglycerides
CDefined by ACC/AHA 2017 guidelines: systolic blood pressure ≥ 130 mmHg or diastolic blood pressure ≥ 80 mmHg
DDefined by a body mass index ≥ 30 kg/m2

BP blood pressure, FFA free fatty acids, HDL-C high-density lipoprotein cholesterol, LDL-C low-density lipoprotein cholesterol, PPAR-γ peroxisome proliferator-

activator gamma, RAAS renin-angiotensin-aldosterone system, VLDL-C very low-density lipoprotein cholesterol
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SCFA [11]. While sex differences were not explored in the

analysis, one study comparing children adherent to a rural

diet in Burkina Faso (vegetarian, high fiber, low fat) versus a

modernized western diet in Europe (animal protein, low

fiber, high fat) found that rural children had significant in-

creases in Bacteroidetes phyla as well as Prevotella and

Xylanibacter genera and a reduction in the Firmicutes bac-

terial phylum [12]. Together, this microbial composition

also led to a significant increased production of the three

most prevalent SCFA, acetate, propionate, and butyrate.

Thus, diets high in fiber and plant protein as well as low in

saturated fat may lead to increased microbial richness and

more abundant production of SCFA [12]. SCFAs are fer-

mentation by-products of carbohydrates and proteins that

help maintain the integrity of the intestinal brush border

but may also reduce CVD risk through reductions in sys-

tolic blood pressure and serum cholesterol, as well as

through improved insulin sensitivity [13, 14]. Similar to

SCFA, gut microbiota-dependent metabolite, TMAO, is in-

tricately associated with dietary intakes. TMAO has been

causally associated with atherosclerosis, and this metabolite

derives from foods rich in choline, phosphatidylcholine,

and carnitine [11]. The latter three dietary metabolites are

predominantly found in animal-based foods, including eggs,

red meat, and dairy, and studies in vegetarians and vegans

have confirmed that individuals adherent to plant-based di-

ets produce less TMAO compared omnivorous to subjects

[15] (Table 2). Mechanistically, dietary foods that contain

TMAO metabolite substrates are converted by gut micro-

bial enzymes to trimethylamine, which is subsequently oxi-

dized by hepatic flavin monooxygenase 3 (FMO3) to yield

TMAO [3].

Differences in dietary intake between men and women

may thus be an important source of sexual dimorphism

in CVD risk. While not all reports have observed sex dif-

ferences in diet [16, 17], several studies have reported

that men consume fewer high-fiber foods, including

fruits and vegetables, and have higher dietary intakes of

fat and salt compared to women in both childhood and

adulthood [18–20]. Likewise, consistent associations

have been reported between specific foods and gender,

with red meat and alcohol associated with masculinity,

whereas femininity has been correlated with fish, fruits,

and vegetables [21]. Therefore, differences in dietary in-

take in men and women, perhaps stemming from societal

and behavioral factors, may be important to consider

when assessing the role of the gut microbiome in sexual

dimorphism in CVD and its associated risk factors.

Table 2 Sexual dimorphism in four main cardiovascular disease-related metabolites

Metabolite Men Women Cardiovascular disease risk

Branched-chain amino
acids

↑ Serum branched-chain amino
acids
↓ Branched-chain 2-oxoacid
dehydrogenase

↓ Serum branched-chain amino acids
↑ Branched-chain 2-oxo acid
dehydrogenase

Increased risk of insulin resistance and
type II diabetes in men compared to women
- Possible mechanisms include female sex
hormone regulation of branched-chain
2-oxoacid dehydrogenase and enrichment
of the gut microbial Bacteroides-Prevotella
group in men [30, 72].

Short-chain fatty acids ↓ Short-chain fatty acids
↓ Dietary fiber intake
↓ PPAR-γ

↑ Short-chain fatty acids
↑ Dietary fiber intake
↑ PPAR-γ

Increased susceptibility to dyslipidemia in
men compared to women
- Possible mechanisms include
17β-estradiol-mediated increase in
PPAR-γ receptor expression and
decreased dietary fiber intake in men
[20, 82].

Trimethylamine N-oxide ↓ TLR expression
↓ FMO3 expression
↓ Secondary bile acids

↑ TLR expression
↑ FMO3 expression
↑ Secondary bile acids

Greater thrombotic risk in women compared
to men
- Possible mechanism: increased TLR and
trimethylamine N-oxide activation of
platelets. [54, 55].

Accelerated trimethylamine N-oxide
production
in women compared to men
- Possible mechanisms: gonadal hormone
regulation
of hepatic FMO3 expression and increased
secondary
bile acid activation of Farnesoid X receptor
[43, 87].

Lipopolysaccharide ↓ TLR4 expression
↓ TLR2 signaling

↑ TLR4 expression
↑ TLR2 signaling

Estrogens, progesterone, and testosterone
regulate
LPS-mediated signaling through
TLR4 [62–64].

FMO3 flavin monooxygenase-3, PPAR-γ peroxisome proliferator activating receptor gamma, TLR toll-like receptor
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Sex differences in the microbiome
Sexual dimorphism in the gut microbiome may be influ-

enced by genotype, diet, age, ethnicity, geographic location,

and/or the health status of the host [22]. Characterizing gut

microbiome profiles through bacterial phyla [23, 24] dem-

onstrates high proportions of Bacteroidetes and Firmicutes

phyla in healthy adults, while Proteobacteria, Actinobac-

teria, Fusobacteria, and Verrucomicrobia are phyla less rep-

resented [25–27]. Evidence from studies suggests that

women may harbor a higher ratio of Firmicutes/Bacteroi-

detes (F/B) in comparison to men [28–30]. The F/B ratio,

increasing in magnitude from birth to adulthood [31], is

used in microbiome studies as it is an important measure

of human microbiota composition and appears to be a key

component in biological aging and obesity [32]. Addition-

ally, Firmicutes and Bacteroidetes are the two most com-

mon bacterial phyla in the human microbiome; therefore,

perturbations in the proportional composition of these two

taxonomical groups may provide insight into host health

status. Bacteroidetes are the most prevalent phylum of

gram-negative bacteria occupying the human gastrointes-

tinal tract and are considered to be largely beneficial due to

their functional capabilities of polysaccharide degradation

and regulation of calorie absorption [33]. With respect to

Firmicutes, most gut bacteria representing this phylum are

gram-positive and are capable of producing several SCFAs,

which may contribute to a protective CVD phenotype

through improved blood pressure control and glucose

homeostasis [13]. The F/B ratio is heavily influenced by

BMI [34] and thus may play a significant role in regulation

of adiposity. Among those with a BMI greater than 33, a

significantly lower F/B ratio has been seen in men com-

pared to women, while the opposite holds true in those

with a BMI less than 33 as well as in postmenopausal

women [35]. Adjusting for BMI, higher proportions of Fir-

micutes have been found in women compared to men.

With respect to other less represented gut microbiome

phyla, higher numbers of Proteobacteria, Veillonella, and

Blautia have been reported in women in comparison with

men [29, 35, 36]. The F/B ratio has been used as an indica-

tor of gut dysbiosis, with a higher F/B ratio representing a

more dysbiotic microbiome.

In addition to compositional differences, sex-specific

heterogeneity may exist in microbiome responses to ex-

ternal stimuli, including diet. In one study of Japanese

individuals between 18 and 23 years of age, sex was

found to modify the relationship between yogurt con-

sumption and gut microbiome composition. Regular

yogurt consumption was associated with a higher pro-

portion of Lactobacillus casei in women yet was nega-

tively associated with microbiome concentrations of

Lactobacillus sakei, Enterobacteriaceae, and Staphylococ-

cus in men [37]. Lactobacilli are the most common spe-

cies found in probiotic preparations [38] currently being

investigated for benefit in several gastrointestinal dis-

eases, such as ulcerative colitis [39] and irritable bowel

syndrome [40]. While findings from the noted research

may suggest that sex biologically modifies the relation-

ship between diet and the gut microbiome, investigators

in this study did not control for important covariates in-

cluding BMI or baseline diet.

Very few studies have specifically explored gut micro-

biome differences between men and women as a primary

research question, as much of the current evidence

stems from sensitivity and post hoc analyses. Addition-

ally, while a significant body of evidence demonstrates

that early infant life and age are key determinants of gut

microbial composition, no prospective longitudinal stud-

ies tracking potential sex differences in the gut micro-

biome across the lifespan have been conducted.

The microbiome and CVD risk factors: role of sex

differences
Bidirectionality is an important consideration when de-

scribing gut microbiome changes in relation to respective

CVD risk factors. Dyslipidemia, dysglycemia, hyperten-

sion, and obesity may all induce or themselves be modified

by gut microbiome changes [41] (Fig. 1). In spite of the

prematurity of the scientific discipline and the need for

longitudinal studies to establish temporality, there is a

considerable amount of evidence to parse regarding sex-

specific differences underlying the relationship of the gut

microbiome and traditional CVD risk factors. The focus

here is to highlight aspects of microbiome-CVD risk fac-

tor relationships that may be a result of or contribute to

observed sex differences in disease.

Some of the evidence implicating microbiota with CVD

risk factors and identifying sex differences in these rela-

tionships comes from experimental studies in mice that

have used various biological mouse models. For example,

apolipoprotein E-deficient mice are atherosclerosis-prone

and have been used to assess the role of microbiota in ath-

erosclerotic processes [42]. Ovariectomy and castration in

female and male mice, respectively, allow for the study of

hormonal influences on physiology and susceptibility to

disease [43]. Germ-free mice are commonly used in

microbiome-related research as they are raised in condi-

tions that render them completely free of all (detectable)

microorganisms. This offers the possibility of studying ef-

fects in the total absence of microbes (germ-free) and in

the presence of known microbes (gnotobiotic) once intro-

duced to the germ-free mice, for example after fecal trans-

plantation. This model allows for studying the temporal

and near direct effects of the gut microbiome on pheno-

types, as gut microbiota are transferred from donor mice

with a particular disease phenotype to recipient germ-free

mice [44]. An alternative method to using germ-free mice

is antibiotic treatment to depress resident microbes prior
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to introducing specific microbes for study [45]. Knockout

mice have also been used to assess the impact of a loss of

certain genes on the relationship between the microbiome

and CVD risk factors [46].

Microbiome and markers of cardiovascular

disease risk
Direct evidence for the involvement of the gut micro-

biome in the etiology of CVD comes from TMAO [47], a

gut microbiome-dependent plasma metabolite that has

been associated with increased CVD risk and events in

several human and animal studies [47, 48]. TMAO is a

prevalent metabolite in animals and humans, serving as

an osmolyte particularly in the kidney, and high plasma

concentrations of TMAO may suggest both underlying

CVD and/or renal disease [49]. Of the metabolite’s many

functions, TMAO modulates cholesterol metabolism in

the liver, intestines, and arterial walls. When TMAO is

present in systemic circulation, there is increased accumu-

lation and decreased removal of cholesterol from periph-

eral endothelial cells lining arterial walls [50]. Circulating

TMAO levels trigger increases in pro-inflammatory cyto-

kine expression, leukocyte recruitment, and adhesion mol-

ecules, inducing vascular inflammation [51]. Wang et al.

were able to prevent atherosclerosis in apolipoprotein E-

deficient mice by reducing plasma TMAO levels [52], and

TMAO levels may predict adverse cardiovascular events

[53]. Heart failure patients have increased levels of TMAO

compared with age- and sex-matched controls, and ele-

vated TMAO is also associated with shorter survival in

heart failure [48]. The cardiovascular risks of varying

TMAO plasma levels were transferrable by gut microbiota

transplantation in antibiotic-treated mice [45].

Overall, men may harbor protective physiological

mechanisms with respect to endogenous TMAO pro-

duction. Sexual dimorphism in the TMAO pathway may

be attributable to diet, genetics, and hormones, as well

as renal and immuno-physiologic factors. TMAO in-

creases both platelet reactivity and thrombotic risk [54].

Sex differences in TMAO-induced platelet activation

may be mediated by toll-like receptors (TLR); women

contain more TLR mRNA transcripts compared to men

[55], potentially making them more vulnerable to the ad-

verse cardiovascular effects of TMAO. FMO3 catalyzes

the rate-limiting step in TMAO production. Sex differ-

ences in hepatic FMO3 expression have been reported,

with women expressing higher levels of this TMAO-

producing enzyme compared to men [43]. FMO3 may

Fig. 1 Proposed mechanisms by which gut microbiota mediate sex differences in cardiovascular disease risk
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be under hormonal regulation, as castrated male mice

experience an over 100- and 7-fold rise in FMO3 mRNA

and TMAO levels, respectively [43]. Estrogen, although

to a smaller magnitude than androgens, also seems to

influence FMO3 expression; estrogen supplementation

in ovariectomized mice increases FMO3 expression. In

total, these results suggest that androgens are the pri-

mary drivers of sex differences in hepatic FMO3 expres-

sion, with estrogens complementarily widening this

difference although by a much smaller magnitude.

Androgen-dependent reduction in FMO3 expression is

thus a potential protective factor in the setting of athero-

genic CVD. Farnesoid X receptor (FXR), which plays a

role in bile acid receptor signaling [56, 57], may also

regulate TMAO production via FMO3. Similar rises in

plasma TMAO across both sexes are noted upon syn-

thetic FXR activation in mice [43]. Though not previ-

ously reported, we believe that FXR-induced TMAO

production may partially explain the observed potential

deleterious effects of FXR on CVD risk, and that

microbiome-derived secondary bile acids are a possible

mediator of sexual dimorphism in this pathway. Women

reportedly contain higher circulating concentrations of

gut microbiome-dependent secondary bile acids com-

pared to men, and this physiological manifestation may

accelerate TMAO production, subsequently increasing

atherogenic and thrombotic risk.

Microbiome and impaired glucose regulation

Gut microbiome dysbiosis has been implicated in the

pathogenesis of type II diabetes [41]. Individuals with type

II diabetes have both functional and compositional gut

microbiota differences compared to those without disease

[58]. Transfer of fecal microbiota from healthy human

hosts to individuals with metabolic syndrome has in-

creased gut microbial diversity and improved insulin sen-

sitivity [59]. Such evidence demonstrates a role for the gut

microbiome in the development of glycemic dysregulation

and type II diabetes; however, mechanistic pathways and

sex-specific pathophysiology remain to be elucidated.

Among the number of mechanisms by which gut dys-

biosis could contribute to insulin resistance, one primary

means may be through systemic low-grade inflammation

[60]. Inflammation can disrupt insulin sensitivity via

TLR signaling cascades. Toll-like receptor 2 (TLR2)

knockout mice exhibit insulin resistance and glucose in-

tolerance associated with key modifications in intestinal

microbiota, including higher proportions of Bacteroi-

detes and Firmicutes coupled with a lower proportion of

Proteobacteria phyla [46]. Insulin resistance associated

with absent TLR2 signaling may be attributed to in-

creased serum lipopolysaccharide (LPS) activation of

toll-like receptor 4 (TLR4) in the muscle, liver, and adi-

pose tissue [61]. Sex-specific expression and signaling

through both TLR2 and TLR4 have been reported [62],

particularly through sex hormones. Testosterone de-

creases TLR4 expression in macrophages [63], and ex-

ogenous estrogen treatment in mice increases cell

membrane expression of TLR4 [64], while progesterone

diminishes LPS-mediated TLR4 signaling [65]. There-

fore, although no studies have specifically examined the

potential modifying effects of sex on the relationship be-

tween the gut microbiome and insulin resistance, sex-

specific activation of inflammatory pathways is an im-

portant area for future research.

The relationship between the gut microbiome and

insulin sensitivity may be modified by the serum me-

tabolome. Serum triglycerides [66], membrane phos-

pholipids [67], and branched-chain amino acids

(BCAAs) [68] are associated with insulin resistance

and type II diabetes. Gut microbiota are intricately in-

volved in metabolite biochemical pathways, helping

synthesize vitamins, SCFAs, and amino acids, but also

facilitate bile acid transformation and hydrolysis of

non-digestible molecules [69]. In one study of 300

Danish individuals, insulin resistance was character-

ized by high serum concentrations of BCAAs and

high proportions of gut microbiota Prevotella copri

and Bacteroides vulgatus species, which have a high

biosynthetic potential for producing BCAAs [70].

Notably, sex differences have been reported in BCAA

and related degradation product metabolism, with

men exhibiting higher serum metabolome concentra-

tions of BCAA compared to metabolically similar

women [71]. These findings are in line with data

demonstrating that the Bacteroides-Prevotella groups

are more prevalent in men compared to women [30].

In an animal model, female rats have more pro-

nounced diurnal variation in hepatic branched-chain

2-oxoacid dehydrogenase (BCODH) activity, with over

a twofold increase in morning expression of BCODH

compared to male rats [72]. BCODH facilitates the

catabolism of circulating BCAAs. Female sex hor-

mones may be responsible for BCODH diurnal vari-

ation, as gonadectomy inhibits diurnal variation in

female but not male rats [72]. Given that higher

serum BCAA concentrations confer increased risk for

glucose abnormalities [68, 73], female sex hormone

regulation of BCODH may confer a protective effect

for insulin resistance and type II diabetes.

Microbiome and lipids

Gut microbes may affect lipid metabolism through sev-

eral potential mechanisms. One biologic pathway impli-

cated is gut microbial fermentation of non-digestible

carbohydrates. Anaerobic bacteria are uniquely capable

of digesting complex carbohydrates, or dietary fiber, with

one primary product being SCFAs [41]. There is
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significant heterogeneity with respect to dietary fiber

and SCFA production, of which butyrate, propionate,

and acetate are the most abundant. In vitro studies sug-

gest that hydrolyzed guar gums lead to the highest gut

microbiota-dependent production of butyrate, while pine

fiber and arabinogalactan are the major contributors to

acetate and propionate production, respectively [74].

Likewise, fermentation of resistant starch, a dietary and

functional fiber found in high amounts in specific foods,

including banana flour and rolled oats, favors butyrate

production [74]. SCFAs may affect CVD risk via a wide

variety of mechanisms including lipid and glucose me-

tabolism, as well as blood pressure modulation [75]. For

example, evidence suggests that propionate prevents de

novo lipogenesis and cholesterogenesis and may also re-

duce visceral and liver fat [76]. Such physiology may be

mediated through propionate’s activation of GPCR43, a

receptor expressed in intestinal and adipose tissue, as

well as in immune cells [77]. No sex differences were

observed in one rodent study involving production of

propionate in response to oligofructose-supplemented

diets [78]. Butyrate and acetate have higher selectivity

for GPCR41 and GPCR43, respectively, and are both

metabolized to become incorporated into fatty acids and

cholesterol [13]. Acetate, propionate, and butyrate may

interact with peroxisome proliferator-activated receptors

(PPARs) in liver, heart, and skeletal muscle tissue, in-

creasing mitochondrial biogenesis and fatty acid oxida-

tion that ultimately lowers lipid levels [79]. PPARs

occupy a critical role in the regulation of lipid and

carbohydrate metabolism, and sex differences have been

reported in the stimulation of PPAR gamma [80]. Pio-

glitazone, a PPAR-gamma agonist, exhibits stronger effi-

cacy in female mice compared to male mice [81]. This

finding may be attributed to 17B-estradiol and a down-

stream increase in PPAR gamma receptor expression

[82]. Besides biological sex, differences in dietary habits

and/or genetics are also important variables to consider

in the setting of SCFA production and lipid metabolism.

In addition to SCFA, secondary bile acids produced

from colonic bacteria may regulate hepatic and systemic

lipid metabolism via the bile acid receptor FXR [83].

Hepatic lipids as well as systemic total cholesterol and

triglycerides are increased in mice with no expression of

FXR, while FXR agonism lowers plasma lipid concentra-

tions [56, 57]. The clinical implication of FXR inactiva-

tion is the important role it plays in preventing

dyslipidemia, but also hepatic steatosis, a disease that

has been closely associated with CVD. In particular, sex-

specific expression of lipid-related genes, including Fas,

Colla1, Timp1, and Smpd3, may be FXR-dependent [84].

FXR knockout mice do not display sex-specific expres-

sion of lipid- and bile acid-associated genes [85], sug-

gesting that the interaction of microbiota, bile acids, and

FXR may be partially responsible for sexual dimorphism

in lipid homeostasis.

Though women have smaller bile acid pools paralleled

to men [86], women produce higher concentrations of

secondary bile acids compared to men [87]; therefore,

perhaps, women harbor more gut microbiota that are

capable of bile acid transformations. Gut bacterial spe-

cies in the colon, especially Clostridum, Eubacterium,

Ruminococcus, Coprococcus, Dorea, Lachnospira, Rose-

buria, and Butyrivibrio [88, 89], remove bile acid hy-

droxyl, glycine, and/or taurine groups to yield secondary

bile acids that then enter the portal circulation. Second-

ary bile acids may then activate a number of down-

stream targets, including FXR, having potential mixed

effects on CVD risk [90], leading to a decrease in serum

triglycerides and an increase in HDL cholesterol. While

an important basis for the sex-specific interplay among

the gut microbiome, FXR, and bile acids has been identi-

fied, further research is required to explain how these

factors subsequently modify lipid-related risk of CVD.

In addition to bile acids, cholesterol-derived steroid hor-

mones may hold an important relationship with gut

microbiota in the setting of CVD. Male mice have lower

gut microbiome diversity compared to female mice in the

same environment [44, 91, 92], and this difference is re-

duced upon the gonadectomy of male mice. Similarly, ani-

mal models demonstrate that gut microbiota are vital in

supporting regular estrogen cycles, testosterone concen-

tration, and reproductive roles in men and women [91–

93]. Gut bacteria may facilitate the reabsorption of conju-

gated estrogens, as antibiotic administration has been as-

sociated with a 60-fold rise in conjugated estrogen

excretion in feces [94, 95]. Bacterial beta-glucuronidase is

the primary enzyme involved in deconjugating estrogens

for reabsorption in the intestines [96], and the genes en-

coding this protein are primarily found in the Firmicutes

phylum [97, 98]. Though levels of Firmicutes appear to be

influenced by body weight, women may harbor higher in-

testinal Firmicutes compared to men irrespective of BMI

[35]. These results suggest that gut microbiota may play a

role in key steroid hormone changes across the lifespan

that underlie CVD risk, for example, the menopausal es-

trogen decline and consequent proatherogenic shift of

lipid profiles in women.

Microbiome and blood pressure

The gut microbiota has been implicated in hypertension in

both animal and human studies [99–102]. High blood pres-

sure is associated with gut microbiota dysbiosis [103], and

the hypertensive phenotype is transferable from humans to

germ-free mice through gut microbiota via fecal transplant-

ation [104]. Decreased diversity of gut microbiota has been

found in prehypertensive and hypertensive patients [103,

104]. Gut-derived SCFAs, prebiotics, and probiotics have all
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shown potential to decrease both systolic and diastolic

blood pressure in humans [105, 106].

Microbiota production of SCFAs appears to play a pivotal

role in the relationship between the microbiome and hyper-

tension. Recent evidence suggests that the blood pressure

lowering effects of a high-fiber (prebiotic) diet may act

through the production of SCFA acetate by increasing

acetate-producing bacteria in the gut [105]. Another study

utilizing two independent mouse models found that the

SCFA propionate reduced hypertension acting through re-

duced systemic inflammation via T cell regulation, and re-

sulted in decreased aortic atherosclerotic lesions [107].

Although sex differences were not explored in these stud-

ies, differential intake of fiber between men and women

may contribute to sexual dimorphism in hypertension, me-

diated by gut microbiota-dependent SCFA.

Regarding particular bacterial strains, Lactobacilli seems

to be the most beneficial gut bacteria and has been linked

to the antihypertensive effect of foods such as blueberries

[108], fermented milk [109], and other probiotics. It

should be noted that probiotics have a smaller impact on

blood pressure reduction than prebiotic fiber-rich diets

acting through increased SCFA production, as described

above [105]. The blood pressure-lowering mechanism of

Lactobacilli may be partially through secretion of peptides

that inhibit angiotensin-converting enzyme [99, 110],

resulting in decreased ability to convert angiotensin I to

angiotensin II, a strong vasoconstrictor. Given that

women have been found to have higher levels of Lactoba-

cilli in the gut [37], this may partly explain observed lower

blood pressure in women prior to menopause compared

to men. In addition, men show larger increases in blood

pressure in response to angiotensin II than women [111,

112], adding to the potential sex-differential blood pres-

sure effects of varying gut microbiota composition.

The microbiome also acts on hypertension through im-

mune response and inflammation. Gut dysbiosis is shown

to lead to increased inflammation, and hypertension is as-

sociated with gut dysbiosis, with increased F/B ratio and

altered SCFA production [113]. As described previously,

the mechanism through which the gut-derived SCFA pro-

pionate delivers antihypertensive effects is partly explained

by anti-inflammatory immune responses [107]. With fur-

ther study, these immune-related processes may reveal

gut microbiome contributions to sex differences in hyper-

tension. Pro-inflammatory T helper (TH) 17 cells are re-

leased from actions by gut microbiota [114] and help

initiate arterial hypertension [115, 116], and hypertensive

male rats have been found to have more TH17 cells com-

pared to female rats [112]. Additionally, high salt diets can

deplete microbiota diversity, particularly the Lactobacilli

strain as demonstrated in mice and humans by Wilck et

al. [117]. This Lactobacilli reduction resulted in increased

TH17 cells [117]. These findings pose the possibility that

higher blood pressure salt sensitivity seen in women [118]

may be influenced by reduction in Lactobacilli under

high-salt environments. Since women may have more

Lactobacilli than men to begin with [37] and men have a

higher number of TH17 cells [112], the depletion of the

protective strain in women may be of greater magnitude

and consequence, resulting in a larger relative increase in

TH17 cells and a corresponding greater blood pressure

effect.

More generally, inflammation has been identified as

both a cause and a consequence of hypertension [119]

and reduced microbiome diversity can lead to low-grade

inflammation [120]. Estrogens can reduce inflammation

[121–124], and this activity has been linked to sex differ-

ences in the gut microbiome of mice [125].

Gut microbiota production of SCFAs [126, 127] impacts

renal sensory nerves and blood pressure [128, 129]. SCFAs,

including lactate, acetate, butyrate, and propionate, pro-

duced by gut microbiota impact vasodilation and vasocon-

striction by acting on cell surface receptors GPCR43,

GPCR41, and olfactory receptor 78 [99]. Sex differences in

renal functions that regulate blood pressure [130, 131] may

be derived in part from microbiome variations.

Recent compelling evidence for the role of the gut

microbiome in hypertension comes from a study by

Menni et al. that found an inverse association between

gut microbial diversity and arterial stiffness, as measured

via pulse wave velocity, in women [132]. This association

was mostly independent of other metabolic syndrome

markers. Further evidence is needed to determine if this

effect is similar for men or if this could be a factor con-

tributing to sex differences in hypertension.

Microbiome and obesity

The gut microbiome has been implicated in the etiology

of obesity, particularly through energy extraction [133]

as well as energy expenditure [99, 134]. At the same

time, obesity alters the composition of the gastrointes-

tinal microbiota [34, 35, 135, 136], indicating a bidirec-

tional relationship.

It is known that diet modulates the composition of gut

microbiota in humans and other animals [12, 120, 137–

142], but these changes are not easily characterized and

can vary greatly by individual [143]. The composition of

the gut microbiome responds quickly to large alterations

in diet, but it is predominantly influenced by long-term

dietary habits [143]. Sex-specific diet preferences, in-

cluding different macronutrient intakes, are likely strong

contributors to sex differences in the microbiome that

influence obesity and other metabolic risk factors.

Differential diets result in alterations in microbiome

composition as evidenced by the lower F/B ratio, with a

higher proportion of Bacteroidetes phylum, in people

consuming more plant-based fibers compared to those
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consuming a western diet [12, 144]. The F/B ratio has

demonstrated sex- and BMI-dependent differences such

that women have a higher F/B ratio, indicative of gut

dysbiosis, at high BMI (> 33) compared to men [35]. It

has also been shown that the F/B ratio is higher, with in-

creased genera in the Firmicutes phylum, in overweight

and obese subjects [34, 135, 136]. Firmicutes are believed

to be important in the development of obesity, and

weight loss among obese subjects corresponds with a re-

duction in total Firmicutes such that the F/B ratio re-

aligns with that seen in lean patients [133, 136]. The

compositional microbiota differences confer the ability

of microbiota in obese individuals to extract more calo-

ries from food than microbiota from lean subjects by en-

coding enzymes that break down otherwise indigestible

polysaccharides [133] leading to increased release of LPS

endotoxins into circulation. These LPS endotoxins in

turn influence fat storage and adipose tissue inflamma-

tion in the progression towards obesity [145]. Given this

mechanism, the increased proportions of Firmicutes that

women experience in the presence of obesity indicate a

possible mechanism for microbiota in the sexual di-

morphism of obesity. Further evidence for the role of

gut microbiota in energy harvest is seen in late-stage

pregnancy where altered microbiota results in higher

energy-yielding communities, increasing the capacity for

energy harvest from dietary sources [146, 147].

Gut microbiota-produced SCFAs promote storage of tri-

glycerides [148] through the activation of lipogenic liver en-

zymes including sterol response element binding protein-1

(SREBP-1) [149]. Compared to men, women may express

higher levels of SREBP-1 [150], presenting a possible route

for increased lipid storage and increased risk of obesity in

women via a microbiota involved pathway. SCFAs also act

on obesity development via suppression of the fasting-

induced adipocyte factor (FIAF)/angiopoietin-like protein,

an important inhibitor of lipoprotein lipase (LPL), as dem-

onstrated in mice gut microbiota [149, 151]. The resulting

increased LPL corresponds to a microbiota-mediated in-

crease in fat storage [149] that may be part of the sex differ-

ence in body composition and obesity.

In addition to energy homeostasis, the microbiome

impacts chronic low-grade inflammation through a var-

iety of mechanisms including the expression of GPR41

and GPR43 activated by gut-produced SCFAs [152] and

increases in endocannabinoid system tone [153, 154].

Some mice studies have implicated GPR41 and GPR43

in the chronic inflammatory states of obesity, but the

evidence is conflicting [77]. Sex-differential response to

GPR41, which is also involved in regulation of energy

homeostasis [155], may be an important microbiota-

originating mechanism for sexual dimorphism in body

weight. Decreased energy expenditure and increased

body fat mass were reported in male but not female

GPR41 knockout mice compared to their wild litter-

mates [156].

Despite these findings, the role of SCFAs in obesity is

still unclear as evinced by studies of acetate, the most

abundantly circulating SCFA in humans [157]. Several ani-

mal [152, 158–164] and some human [165–168] studies

have shown beneficial effects of increased dietary sources

of acetate and corresponding stimulation of microbial

acetate production. These benefits include weight homeo-

stasis influenced by satiety and appetite control [158, 160],

resistance to weight gain and adiposity in the presence of

a high fat diet [152, 163], and improving glucose regula-

tion and insulin sensitivity [163]. However, recent rodent

trials have also demonstrated opposite effects, finding that

increased acetate turnover, resulting in part from gut

microbiota acetate production, can contribute to obesity

via weight gain and insulin resistance [169–171]. The role

of sex differences in these processes is not established, but

these discrepant findings point to the complexity and un-

certainty of the role of microbiota-produced SCFAs in

obesity development that needs to be considered when

evaluating the role of the gut microbiome in obesity and

CVD risk factors more generally.

Although evidence is mounting for the microbiota as a

mediator of diet on obesity and other metabolic diseases

[143], additional longitudinal research in humans is

needed to elucidate the complex interplay and direction-

ality of the microbiota-obesity relationship as well as to

understand the influence of and resultant sex differences

in these processes.

Future directions and conclusion

Recent investigations have highlighted key sex differences

with respect to CVD prevalence, risk, and progression that

may be driven by traditional risk factors including dyslipid-

emia, hypertension, insulin resistance, and obesity. Further-

more, while preliminary research has implicated a potential

role of the microbiome in mediating the relationships of

upstream risk factors and CVD, sexual dimorphism in this

research area remains largely unexplored. Future studies

must clearly isolate the role of sex from diet, host health,

age, ethnicity, and environment to conclusively identify po-

tential biological sex differences in the gut microbiome. In

particular, prospective study designs are necessary to docu-

ment temporal changes in the gut microbiome as they re-

late to physiological hormonal cycles and critical hormonal

time periods that associate with determinants of CVD, in-

cluding puberty and menopause. Initial studies suggest that

microbiome-associated toll-like receptor signaling cascades,

bile acid metabolism, and steroid hormone modulation

may be important drivers in sex differences in CVD risk.

Additional mechanistic studies are necessary to discover

how gut microbiota may initiate or mediate key sex-specific
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biological determinants of CVD, particularly through the

serum metabolome, in the general population. Future evi-

dence derived from mechanistic studies may pave the way

for potential low risk interventions involving microbiota to

reduce CVD risk throughout the lifespan.
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