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Summary. The gut microbiota (GM) is composed of all mi-
croorganisms living in the gastrointestinal tract. The devel-
opment and composition of the GM are highly dependent 
on a multiplicity of environmental and host factors.
Through complex mechanisms, the changes in the GM com-
position and the related microbial metabolites affect the 
immune system and the metabolic functions, leading to 
several pathological conditions, such as obesity and associ-
ated disorders, atherosclerosis and cardiovascular diseases.
The recent literature highlighted the sex differences in the 
microbiome composition both in animal models and in hu-
man studies, together with a bidirectional cross-talk be-
tween the microbiota and the endocrine system. The GM 
composition, in fact, should be affected by the sex hormones 
levels; on the other hand, GM bacteria produce hormones 
(e.g., serotonin, dopamine and somatostatin), respond to 
host hormones (e.g., estrogens) and regulate the homeosta-
sis of the hormones inhibiting the gene transcription (e.g., 
prolactin) or converting them in the host (e.g., glucocorti-
coids to androgens).
In the future, novel therapeutic strategies targeting the gut 
microbial metabolic pathways and/or metabolites, as well 
as altering the gut microbial composition, will offer the op-
portunity to modulate the susceptibility to – and the preven-
tion of – cardiovascular diseases.

Key words. Microbiome, sex hormones, cardiovascular risk, 
gender difference.

Microbioma, ormoni sessuali e rischio cardiovascolare: 
un contributo alla differenza di genere
Riassunto. Il microbiota intestinale rappresenta l’insieme 
dei microrganismi presenti nel tratto gastrointestinale. Lo 
sviluppo e la composizione del microbiota intestinale dipen-
dono fortemente da una moltitudine di fattori ambientali e 
specifici dell’ospite. I cambiamenti nella composizione del 
microbiota intestinale e dei metaboliti da esso prodotti in-
fluenzano le funzioni immunitarie e metaboliche dell’ospite, 
attraverso meccanismi complessi, che si traducono in diver-
se condizioni patologiche come l’obesità e i disturbi asso-
ciati, l’aterosclerosi e le patologie cardiovascolari. La lettera-
tura recente ha evidenziato, sia in modelli animali che in 
studi condotti nell’uomo, differenze sesso correlate nella 
composizione del microbiota. Un’interazione bidirezionale 
tra microbiota e sistema endocrino è stata descritta. La com-
posizione del microbiota intestinale, infatti, è influenzata dai 

livelli di ormoni sessuali (per esempio, gli estrogeni) così 
come i batteri del microbiota intestinale, a loro volta, pro-
ducono ormoni (per esempio, la serotonina, la dopamina e 
la somatostatina), regolano l’omeostasi degli ormoni iniben-
do la trascrizione genica (per esempio, la prolattina) o tra-
sformandoli nell’ospite (per esempio, i glucocorticoidi in 
androgeni). In futuro, nuove strategie terapeutiche che ab-
biano come obiettivo le vie metaboliche e/o i metaboliti 
microbici intestinali, nonché il trattamento della disbiosi 
intestinale offriranno l’opportunità di modulare la suscetti-
bilità e la prevenzione delle malattie cardiovascolari.

Parole chiave. Microbioma, ormoni sessuali, rischio cardio-
vascolare, differenza di genere.

Gender effects on the gut microbiota

Definition, development and composition  
of the gut microbiota 

The gut microbiota (GM) is composed of all the micro-
organisms living in the gastrointestinal (GI) tract, such 
as bacteria and some viruses, bacteriophages and fungi 
and other species still to be identified.1

The development and composition of the GM are 
highly dependent on a multiplicity of environmental 
and host factors, especially those present in early life 
(i.e., birth conditions, mode of delivery, perinatal colo-
nization, hospital environment and familial exposure).2 
Although GM core components tend to remain stable 
in adults, they are highly respondent to environmental 
alterations.3 GM diversity increases from the perinatal 
period to adult life; in the older age this trend is drasti-
cally altered, showing less diversity if compared to a 
younger age.4 

The GM community is mainly composed of five 
phyla (Bacteroidetes, Firmicutes, Actinobacteria, Proteo-
bacteria and Verrucomicrobia);5 however, there is a con-
siderable diversity in the species level and in their rela-
tive abundance. 

In a healthy gut, anaerobic Bacteroidetes and Fir-
micutes represent more than 90% of the total bacterial 
species5. Bacteroidetes are the most prevalent phylum of 
gram-negative bacteria, and they are considered to be 
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highly beneficial, due to their functional capability to 
degrade polysaccharides and regulate calorie absorption.6

In the specific case of Firmicutes, most gut bacteria 
representing this phylum are gram-positive, and are able 
to produce several short-chain fatty acids (SCFAs), con-
tributing to the protective cardiovascular disease (CVD) 
phenotype.7

Through complex mechanisms, the changes in the 
GM composition and related microbial metabolites af-
fect the immune system and the metabolic functions, 
leading to several pathological conditions, such as obe-
sity and associated disorders, atherosclerosis and CVD.8

In fact, a dysbiotic intestinal microflora could impact 
the development of insulin resistance and the accumu-
lation of fat. The GM modulates the mucosal immunity 
and systemic inflammation throughout several mecha-
nisms. Moreover, it regulates gut permeability, maintain-
ing the integrity of enterocytes, tight junctions and pro-
tective mucous layer.9

This is confirmed by the evidence that probiotics 
(such as Streptococcus thermophilus and Lactobacillus aci-
dophilus) prevent any increases in permeability in the 
human intestinal epithelial cells, suggesting the impor-
tance of certain bacteria in maintaining a healthy gut 
mucosal barrier.10

Thus, the GM constitutes a real ex-corpore system that 
communicates with distal organs through multiple path-
ways.

Sex differences in the microbiome: bidirectional cross-talk 
between the microbiota and the endocrine system

The recent literature highlights the sex differences in the 
microbiome composition, both in animal and in human 
models.11 Human studies suggest that women may host 
a higher ratio of Firmicutes/Bacteroidetes (F/B) in com-
parison to men.12 F/B ratio is heavily influenced by the 
body mass index (BMI). Nevertheless, women show 
higher proportions of Firmicutes, adjusting for BMI, 
compared to men.13 In addition, higher numbers of Pro-
teobacteria, Veillonella, and Blautia have been found in 
women.14 On the other hand, healthy male subjects 
show a higher abundance of Bacteroides-Prevotella than 
females, while the GM of post-menopausal woman is 
similar to the male one.15

In fact, sex modifies the relationship between diet 
and GM;16 males and females have distinct microbial 
profiles, suggesting that the GM composition may be 
affected by sex hormones levels.17,18 Figure 1 describes 
sex distinct microbial profiles and GM composition re-
lated to sex hormones levels. 

As a matter of fact, bacteria are able to produce hor-
mones (e.g., serotonin, dopamine, somatostatin), to 
respond to hormones (e.g., estrogens) and regulate the 
host’s hormones homeostasis by inhibiting their gene 

transcription (e.g., prolactin) or by converting them (e.g., 
glucocorticoids to androgens).19

On the other side, environment, sex hormones and 
genetic factors have a significant effect on the GM com-
position, regulating the abundance of specific taxa; the 
resulting bidirectional cross-talk modulates the gender-
related disease phenotype.20 This suggests that the gen-
der differences in the GM composition may be related 
to the dimorphism observed in the incidence and pro-
gression of metabolic and CV diseases. On the contrary, 
the loss of female sex hormones production in post-
menopausal women levels out the gender differences 
in GM composition increasing the CVD incidence.21 
Moreover, sex hormones estradiol and testosterone may 
participate, directly or indirectly, in the gender bias in 
the GM composition, by shaping the gut mucosal im-
mune environment.

In fact, estrogen may modify gut epithelial barrier 
integrity; experimental studies conducted on mouse mod-
els demonstrated that females are more resistant to gut 
injury compared to males.22 The difference in GM com-
position between males and females could potentially 
contribute to the sex bias observed in autoimmunity.

During the puberty period, cells are exposed to high-
er levels of sex hormones, which affect the immune cell 
function and the signaling pathways. Therefore, the 
early host-microbe interactions during childhood could 
have deep and long-term consequences on the adult’s 
health, through the development of the immune system 
and the induction of tolerance.23 Sex hormones modu-
late the local immune environment: the impact of es-
trogens on the various immune cells contributes to a 
hyperactive immune habitat, while androgens (testos-
terone) maintain an anti-inflammatory condition.24 
Females’ cells are generally more respondent to the same 
immunological stimulus than males’. This stronger re-
sponse likely contributes to the female predominance 
in many autoimmune diseases.25

Hormones affect the autoimmune system: androgens 
and estrogens strongly modulate the Th1/Th2 balance. 
Androgens, such as testosterone, down-regulate the pro-
duction of natural killer (NK) cells and tumor necrosis 
factor-alpha (TNF-α) and decrease the toll-like receptor 
4 (TLR 4) expression in macrophage, while enhancing 
the production of anti-inflammatory IL-10.26

In males, testosterone has a suppressive effect on the 
T-cell proliferation, resulting in attenuated immune re-
sponses and a balanced immune system. Similarly, pro-
gesterone acts as a modulator of the immune system, 
inducing the synthesis of anti-inflammatory cytokines 
and inhibiting pro-inflammatory cytokines.27 By con-
trast, estrogens enhance the cell-mediated and humoral 
immune response, the NK cell cytotoxicity and the pro-
duction of pro-inflammatory cytokines IL-1, IL-6 and 
TNF-α.28,29
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This explains the enhanced immune reactivity in fe-
males, which is associated with a more effective resis-
tance to infections compared to males,28 but which con-
sequently also increases the susceptibility to autoim-
mune diseases.30

As well as the GM is influenced by estrogens, it in 
turn impacts on the estrogen levels. In this way GM be-
come an important regulator of the circulating estrogen 
and estrogenic metabolites molecules.31

The enterohepatic circulation gives a further contri-
bution to the homeostasis of sex hormones and their 
metabolites.

Sex steroid hormones and bile acids (BAs) have a 
structural similarity, since they are both derivatives of 
cholesterol, which contains the cyclic steroid nucleus. 
Similar to BAs, endogenous sex steroid hormones are 
derived from cholesterol. They can be recycled through 
the enterohepatic circulation process, in part regulated 
through the GM. Therefore, the GM action is crucial in 
defining whether steroid hormones must be excreted or 
recycled31.

The interactions between estrogen signaling and BA 
metabolism emphasize the importance of sex steroid 
hormones on bile acid-GM homeostasis, contributing 
to sex-specific phenotypes.31,32 

The aggregate of enteric bacterial genes, whose pro-
duction is able to metabolize estrogens, is defined ‘es-
trobolome’.3 Circulating estrogens undergo phase I of 
hepatic metabolism: in the liver, estrogens and their 
metabolites (EMs) are conjugated, and excreted in the 
bile. They are de-conjugated by the GM β-glucuronidases, 

reabsorbed by the gut and translocated into the blood-
stream, to act at distal sites (Figure 1). In this way es-
trobolome contributes to the host’s total estrogen 
amount.

Therefore, the systemic estrogen metabolism (EM) 
profiles may be influenced by the estrobolome through 
multiple mechanisms, such as the distinct enzymatic 
activity regulating the balance between active and inac-
tive steroids.20 Thus, estrogens and the GM maintain 
physiological health and homeostasis, both locally and 
at distal sites.

A potential destruction of the estrobolome homeo-
stasis induces a decrease in the circulating estrogens, as 
well as other metabolic effects of dysbiosis, leading to 
hypoestrogenic conditions: obesity, metabolic syn-
drome, CVD and cognitive decline.33-36

On the other side, hyperestrogenic conditions can 
also be driven by the estrobolome, through the in-
creased abundance of β-glucuronidase-producing bac-
teria, or bacteria whose enzymatic activity is higher in 
the de-conjugative and hydroxylative functions. This 
condition results in increased circulating levels of free 
estrogens, which induce diseases such as endometriosis 
and cancer.37,38

Similarly, conjugated androgens can be hydrolyzed 
in the intestinal tract via bacterial β-glucuronidase into 
free androgens for reabsorption. The enhanced circulat-
ing levels of androgens may induce androgen-related 
diseases. Furthermore, glucocorticoids can be converted 
into androgens via the side-chain cleaving capacity of 
bacteria.39,40

Figure 1. Sex differences in the cardio-metabolic disease and the gut microbiome (modified from Cross L et al. Mol Metab, 2018). SCFA: 
short-chain fatty acids, GI: gastrointestinal; F/B: Firmicutes/Bacteroidetes; CVD: cardiovascular disease.
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The role of gender on the relation between gut 
microbiota and cardiovascular disease

CVD is responsible for a large incidence of death cases in 
both men and women worldwide.41,42 While age-adjusted 
CVD mortality rates are higher in men compared to pre-
menopausal women,43 nearly 50% of women in Western 
countries die due to coronary heart disease or stroke.44

The key differences in the epidemiologic and patho-
physiologic CVD risk factors have been identified in men 
and women. 

These differences underline the need to investigate the 
role of sex in the pathogenesis and progression of CVD.

Many studies demonstrated the association between 
specific GM and CVD. They mainly investigate the po-
tential roles of bacteria in the pathogenesis of coronary 
heart disease, CVD and cardiometabolic disorders (Fig-
ure 2).45-47

Most of the studies investigating the link between 
GM dysbiosis, CVD risk factors and gender differences 
are conducted in mouse models, rather than in humans.

For example, in the experimental studies, ovariec-
tomy and castration allow to evaluate the hormonal 
impact on the GM and the susceptibility to the disease.48 
In hypertensive animals, dysbiosis and decreased Bacte-
roidetes to Firmicutes ratio have been found.49 In diet-
induced obese mice, Akkermansia muciniphila abundance 
has been strongly correlated with lipid metabolism and 
inflammation markers in the adipose tissue.50

Although the correlation between sex hormones and 
GM composition has been largely demonstrated, as well 

as the role of the GM in the development and progres-
sion of diseases, only a few studies showed a differential 
analysis on sex/gender, mainly focusing on the irritable 
bowel syndrome (IBS) and on autoimmune diseases.51,52

The pathogenic mechanism of the gut microbiota  
and its metabolites in cardiometabolic diseases

The GM can impact the host’s processes via bioactive 
metabolites that may, directly or indirectly, affect the 
distal organs.53 The GM interacts with the host through 
different pathways, including the trimethylamine 
(TMA)/trimethylamine N-oxide (TMAO), SCFAs and 
primary and secondary bile acid (BAs) pathways. Some 
of these molecules have been proved to functionally 
interact with sex hormones, explaining the gender di-
morphism in the CV risk and the CVD outcomes.54,55

Under particular conditions, such as gut wall barrier 
function damage, lipopolysaccharides (LPS) and pepti-
doglycans (structural components of the microbiota) 
can trigger numerous downstream signaling processes 
involving host’s receptors both at the epithelial cell bor-
der and in the blood vessel.56

Dietary foods containing choline, phosphatidylcho-
line and carnitine are converted by GM enzymes (TMA 
lyases) to trimethylamine, which is subsequently oxi-
dized by hepatic flavin monooxygenase 3 (FMO3) to 
generate TMAO. Circulating TMAO levels reveal a posi-
tive correlation with the atherosclerotic plaque size, al-
though this correlation is not proven with triglyceride, 
lipoproteins, fasting glucose, and hepatic triglycerides.54

Figure 2. Interconnections between immune system, gut microbiota and sex hormones as the possible mechanisms by which gut 
microbiota mediate the sex differences in the cardiovascular disease risk. SCFA: short-chain fatty acids; TMAO: trimethylamine N-oxide, 
TLR: toll-like receptor; FMO3: flavin monooxygenase 3; TH17: T helper 17; CVD: cardiovascular disease.
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Mouse models confirmed that the dietary supple-
mentation with choline increases TMAO levels, macro-
phage foam cell formation, and the development of 
atherosclerosis. The enhanced atherosclerotic effects of 
the phosphatidylcholine metabolism depend on the 
GM, since germ-free conditions eliminate the develop-
ment of atherosclerosis.57 The L-carnitine diet supple-
mentation showed similar effects.54 The association of 
TMAO levels with the adverse clinical consequences 
observed in numerous clinical studies58,59 confirm that 
TMAO is a cardiovascular risk predictor. In a large inde-
pendent clinical cohort (n = 4,007), patients in the high-
est quartile of plasma TMAO levels had a 2.5-fold high-
er risk of a major adverse cardiovascular event than 
patients in the lowest quartile.60 Moreover, TMAO circu-
lating levels predict a 5-year mortality in patients with 
stable coronary artery disease.61 

The GM-mediated gender difference in thrombotic 
risk has also been studied. Women show a greater throm-
botic risk compared to men, depending on the different 
mechanism involving the GM and the steroids hormones. 
Women show an increased TLR and trimethylamine N-
oxide activation of platelets.62,63 Trimethylamine N-oxide 
production is accelerated in women compared to men. 
Another mechanism involved in the enhanced prothrom-
botic risk in women consists in the gonadal hormone 
regulation of the hepatic FMO3 expression.64

Moreover, TMAO enhances the platelet responsive-
ness to multiple distinct agonists (ADP, thrombin and 
collagen) by facilitating the release of Ca2+ from the in-
tracellular stores and by inducing a pro-thrombotic effect 
in vivo. This effect is blocked when choline is fed to germ-
free mice, or to mice treated with oral antibiotics.65

Thrombosis caused by potential platelet hyper-reac-
tivity is a transmissible trait, as demonstrated by studies 
on caecal microbiota transplant using mouse models as 
caecal microbial donor strains and germ-free mice as 
recipients. In a human cohort, a dose-dependent asso-
ciation between plasma TMAO levels and platelet ag-
gregation has been demonstrated. Thus, the effects of 
TMAO directly observed on atherosclerosis and platelet 
aggregation partially explain the increased risk of car-
diovascular events in the presence of GM-generated high 
TMAO levels.66

Gut microbiota, gender difference and cardiovascular 
disease risk factors

Dyslipidemia, dysglycemia, hypertension, and obesity 
may all induce GM changes and, vice versa, the GM may 
induce changes in the aforementioned conditions.67

Clinical studies demonstrated an increased suscep-
tibility to dyslipidemia in men compared to women.

One of the supposed mechanisms underlying this 
gender difference is related to the 17β-estradiol-mediated 

increase in PPAR-γ (peroxisome proliferator-activated 
receptor gamma) receptor expression.68 In fact, piogli-
tazone, a PPAR-gamma agonist, shows a stronger effi-
cacy in female mice compared to male.68,69

Dysglycemia, glucose intolerance and insulin resis-
tance are associated with the absence of TLR2 signaling, 
which may be attributed to an increased serum lipopoly-
saccharide (LPS) activation TLR4 in the muscle, liver, 
and adipose tissue.70 This association has been demon-
strated in TLR2 knockout mice presenting higher propor-
tions of Bacteroidetes and Firmicutes, coupled with a 
lower proportion of Proteobacteria phyla.71

Estrogens, progesterone and testosterone regulate 
LPS-mediated signaling through TLR4, a mechanism by 
which gut dysbiosis could generate insulin resistance. 
In particular, testosterone decreases the TLR4 expression 
in macrophages72 and the TLR2 signaling.

Progesterone diminishes the LPS-mediated TLR4 
signaling,73 while the estrogenic treatment in mice in-
creases the cell membrane expression of TLR4.74

These results suggest that the GM may play a key 
role in the steroid hormone changes across the lifespan 
underlying the CVD risk; for example, the reduction in 
menopausal estrogen levels and the consequent pro-
atherogenic shift of the cardiometabolic profile in 
women.

Hypertension

Hypertension is the most prevalent modifiable risk fac-
tor for CVD. The role of the GM in hypertension has 
been evaluated both in animal and human studies.75-78 
Li et al. described a decreased microbial richness and 
diversity in pre-hypertensive and hypertensive popula-
tions; fecal transplant from hypertensive individuals to 
germ-free mice showed an elevated blood pressure, thus 
demonstrating a direct correlation.79

A recent study showed a blood pressure-lowering ef-
fect in treatment-resistant hypertension patients treated 
also with antibiotics.80 Furthermore, a meta-analysis 
demonstrated a significant decrease in blood pressure 
in patients treated with Lactobacillus probiotics.80-82

The GM can potentially affect the host’s blood pres-
sure through multiple mechanisms. The microbiota 
production of SCFAs plays a pivotal role in the relation-
ship between the GM and hypertension. The lowering 
effects on blood pressure of a high-fiber prebiotic and 
probiotic diet may act through the increase of acetate-
producing bacteria in the gut.83,84

In addition, the production of SCFAs85,86 by the GM 
impacts on renal sensory nerves and blood pressure, 
inducing vasodilation or vasoconstriction.87 In this way, 
sex differences in the renal functions that regulate blood 
pressure88,89 may be derived in part from microbiome 
variations.
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The Lactobacilli effect on the blood pressure-lower-
ing mechanism may be exerted by the secretion of pep-
tides, that inhibits the angiotensin-converting enzyme, 
with a decreased ability to convert angiotensin I into 
angiotensin II, a strong vasoconstrictor. Women have 
higher levels of Lactobacilli in the gut:90 this may partly 
explain the lower pressure levels in fertile women, com-
pared to men of the same age. In addition, men show 
larger increases in blood pressure in response to angio-
tensin II compared to women.91,92

The GM also acts on hypertension through immune 
response and inflammation.93

The GM contribution to sex differences in hyperten-
sion may involve immune-related processes. In fact, pro-
inflammatory T helper (TH) 17 cells are released from 
GM94 and could trigger arterial hypertension.95,96 It has 
been demonstrated that hypertensive male rats present 
more TH17 cells compared to female rats.91

Moreover, the GM Lactobacilli reduction is related 
to an increase in TH17 cells.97 Since women may have 
more Lactobacilli than men,97 and men have a higher 
number of TH17 cells,91 the depletion of the protective 
strain in women may be of greater magnitude, resulting 
in a larger relative increase in TH17 cells, with a cor-
responding greater effect on blood pressure. Generally, 
inflammation is identified as a cause and a conse-
quence of hypertension. A reduced GM diversity can 
lead to low-grade inflammation, which contributes to 
the development of hypertension.98 Conversely, estro-
gens can reduce inflammation,99-101 concurring to the 
maintenance of normal blood pressure values during 
the fertile age.

Dysbiosis is associated with hypertension, due to an 
increase in the sympathetic drive. The latter mediates 
the inflammatory responses by affecting gut permeabil-
ity.102 GM products are implicated in the sympathetic 
activation and the maintenance of an influx of lympho-
cytes to the intestinal tissue. Communication between 
the gut enteric nervous system and the central nervous 
system has similarly emerged as a potential connection 
to blood pressure.103,104

Overall, these data confirm a strong association be-
tween gut microbial dysbiosis, hypertension and gender.

Myocardial infarction and heart failure

Some studies confirm the relationship between GM dys-
biosis and the pathogenesis of atherosclerosis (A), myo-
cardial infarction (MI), coronary artery disease (CAD) 
and heart failure (HF) in humans. Nevertheless, all data 
are provided without age and gender differentiation.

The GM of CVD patients may be fostering inflam-
mation by producing proinflammatory molecules. Ath-
erosclerotic plaques include bacterial DNA, mostly of 
Proteobacteria, and these bacteria have been found in 

the same individual’s gut,105 suggesting a disruption in 
the intestinal epithelial barrier. Thus, the GM communi-
ties may be a source of plaque bacteria.106

GM Bacteria may affect plaque stability and the de-
velopment of CVD, through the disruption of the intes-
tinal epithelial tight junctions caused, at least partially, 
by ammonia and ammonium hydroxide.107 Moreover, the 
presence of vulnerable coronary plaque, plaque rupture, 
and long-term risks of incident cardiovascular events in 
patients with acute coronary syndrome (Figure 2) were 
associated with high circulating TMAO levels.108,109

Thus, TMAO could be a marker for coronary plaque 
vulnerability and progression.

Human studies on more than 1,800 stable cardiac 
patients undergoing elective coronary angiography dem-
onstrated that all TMAO-associated metabolites had a 
positive association with prevalent CVDs and incident 
cardiovascular events. TMAO can also predict adverse 
outcomes of all-cause mortality or re-infarction 2 years 
after a MI.110 These data emphasize that TMAO acts as a 
direct participant in an enhanced risk for atherosclerosis 
and myocardial infarction.

Recently, a mechanistic link between the gut micro-
biota and the severity of myocardial infarction has re-
ported in rats.111,112 The use of broad-spectrum antibiot-
ics has been shown to affect the circulating levels of 
leptin and the analytes produced during the aromatic 
amino acid catabolism, with an associated reduction in 
the myocardial infarct size.111,112 Similarly, Lactobacillus 
plantarum suppresses the production of leptin, improves 
the left ventricular function and ultimately decreases the 
myocardial infarct size after MI.111 Another animal study 
showed that the administration of the Lactobacillus rham-
nosus GR-1 attenuated the left ventricular hypertrophy 
and the heart failure after experimental MI.113 The reduc-
tion in the metabolites of the aromatic amino-acids 
phenylalanine, tryptophan and tyrosine can decrease 
the severity of induced MI.112

HF is a disease with a high morbidity and mortali-
ty,114 where about half of the patients die within 5 years 
from their diagnosis.115 Changes in the composition and 
diversity of the GM have been observed in patients with 
HF. There is a growing literature supporting the role of 
GM in the pathogenesis of HF – the so-called “gut hy-
pothesis of HF”. The latter implies that a decreased car-
diac output and an elevated systemic congestion can 
induce intestinal mucosal ischemia and/or edema, lead-
ing to the disruption of the intestinal barrier and to an 
increase in bacterial translocation and circulating endo-
toxins, contributing to the underlying inflammation in 
HF patients.116-118

Niebauer et al. found that HF patients with periph-
eral edema had higher plasma concentrations of endo-
toxin and inflammatory cytokines, compared to those 
without edema.119 In another study, HF patients with 
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lower intestinal blood flow showed higher serum con-
centrations of immunoglobulin A-anti lipopolysaccha-
ride, which in turn was correlated with an increased 
growth of the bacteria obtained from the biopsies of 
colonic mucosa, but not by stool bacteria.120 The nature 
of the bacterial flora in these subjects also appeared to 
be different from controls, as recently confirmed by Pa-
sini et al.121

Moreover, microbial metabolites – especially those 
derived from dietary nutrients – can generate paracrine 
and endocrine effects, leading to an increased suscepti-
bility to HF. In fact, TMAO and choline are associated 
with the severity of HF, since circulating TMAO levels 
are higher in HF patients compared with age- and gen-
der-matched healthy subjects.122 In addition, an elevat-
ed TMAO level is relevant to the severity of HF, and in-
dicates a worse prognosis,122 even after adjusting for the 
traditional risk factors60.

At present there are no data reporting the effect of 
GM dysbiosis on the development of HF related to gen-
der dimorphism.

Conclusions

Relations between the gut microbiome and the host have 
been assumed in CVD and associated metabolic condi-
tions. The GM may be the key mediator or modulator 
of the observed sexual dimorphism in the onset and 
progression of cardiovascular disease. Gut microbiome-
dependent metabolites may interact with important 
biological pathways under the sex hormone control, 
since male and female sex hormones have differential 
effects on the GM. Endogenous sex hormones and mi-
crobiota affect each other: the hormonal milieu modu-

lates the composition and diversity of the GM which, in 
turn, affects the metabolism of the sex hormones, with 
systemic implications. The assessment of the intestinal 
barrier function may lead to a greater comprehension 
of gut-directed CVD risk prevention and therapy.

Further human studies, highlighting the effect of 
gender on the relationship between GM dysbiosis and 
CVD, should be pursued in order to pave the way to 
potential low-risk interventions involving microbiota to 
reduce the CVD risk throughout the lifespan.

References

1. Qin J, Li R, Raes J. A human gut microbial gene catalogue 
established by metagenomic sequencing. Nature. 
2010;464:59-65.

2. Dinan TG, Cryan JF. Gut instincts: microbiota as a key 
regulator of brain development, ageing and neurodegen-
eration. J Physiol. 2017;595:489-503.

3. Osadchiy V, Martin CR, Mayer EA. The gut-brain axis and 
the microbiome: mechanisms and clinical implications. 
Clin Gastroenterol Hepatol. 2019;17:322-32. 

4. Ussar S, Fujisaka S, Kahn CR. Interactions between host 
genetics and gut microbiome in diabetes and metabolic 
syndrome. Mol Metab. 2016;5:795-803.

5. Huttenhower C, Gevers D, Knight R, Abubucker S, Badger 
JH, Chinwalla AT et al. Structure, function and diversity of 
the healthy human microbiome. Nature. 2012;486:207-14.

6. Wexler HM. Bacteroides: the good, the bad, and the nitty-
gritty. Clin Microbiol Rev. 2007;20:593-621.

7. den Besten G, van Eunen K, Groen AK et al. The role of 
short chain fatty acids in the interplay between diet, gut 
microbiota, and host energy metabolism. J Lipid Res. 
2013;54:2325-40.

8. Chen J, He X, Huang J. Diet effects in gut microbiome 
and obesity. J Food Sci. 2014;79:442-51.

9. Delzenne NM, Cani PD. Interaction between obesity and 
the gut microbiota: relevance in nutrition. Annu Rev 
Nutr. 2011;31:15-31.

10. Resta-Lenert S, Barrett KE. Probiotics and commensals 
reverse TNF-alpha- and IFN-gamma-induced dysfunction 
in human intestinal epithelial cells. Gastroenterology. 
2006;130:731-46.

11. Markle JG, Frank DN, Mortin-Toth S, Feazel LM, Rolle-
Kampczyk U, von Bergen M et al. Sex differences in the 
gut microbiome drive hormone-dependent regulation of 
autoimmunity. Science. 2013;339:1084-8.

12. Dominianni C, Sinha R, Goedert JJ, Pei Z, Yang L, Hayes 
RB et al. Sex, body mass index, and dietary fiber intake 
influence the human gut microbiome. PloS one. 2015; 
10:1-14.

13. Kasai C, Sugimoto K, Moritani I, Tanaka J, Oya Y, Inoue 
H et al. Comparison of the gut microbiota composition 
between obese and non-obese individuals in a Japanese 
population, as analyzed by terminal restriction fragment 
length polymorphism and next- generation sequencing. 
BMC Gastroenterol. 2015;15:100.

Key messages

nn Changes in the gut microbiota (GM) composition and 
the related microbial metabolites affect the immune 
system and the metabolic functions of the host, lead-
ing to several pathological conditions, such as cardio-
vascular diseases (CVD).

nn Sex differences in GM are involved in the risk for CVD 
and for CVD dimorphism.

nn Sex hormones are a pivotal modulating factor of the 
mammalian microbiota composition. 

nn Systemic estrogen metabolism profiles may be influ-
enced by the composition and diversity of the GM. 

nn A bidirectional cross-talk between microbiota and sex 
hormones has been described; bacteria can produce 
hormones, responding to the host’s hormones regulat-
ing its homeostasis and suggesting the potential im-
provement of CVD outcomes by altering the gut flora.

- Copyright - Il Pensiero Scientifico Editore downloaded by IP 216.73.216.190 Thu, 10 Jul 2025, 08:07:59



8 Ital J Gender-Specific Med 2021; 7(1): online ahead of print

14. Haro C, Rangel-Zúñiga OA, Alcalá-Díaz JF, Gómez-Del-
gado F, Pérez-Martínez P, Delgado-Lista J et al. Intestinal 
microbiota is influenced by gender and body mass index. 
PloS one. 2016;11:e0154090.

15. Mueller S, Saunier K, Hanisch C, Norin E, Alm L, Midtvedt 
T et al. Differences in fecal microbiota in different Euro-
pean study populations in relation to age, gender, and 
country: a cross-sectional study. Appl Environ Microbiol. 
2006;72:1027-33.

16. Imamura F, Renata M, Shahab K, Fahimi S, Lim S, Andrews 
KG et al. Global burden of diseases nutrition and chron-
ic diseases expert group (NutriCoDE. “Dietary quality 
among men and women in 187 countries in 1990 and 
2010: a systematic assessment”). Lancet Glob Health. 
2015;3:e132-42.

17. Yatsunenko T, Rey FE, Manary MJ, Trehan I, Dominguez-
Bello MG, Contreras M et al. Human gut microbiome 
viewed across age and geography. Nature. 2012;486(7402): 
222.

18. Fransen F, van Beek AA, Borghuis T, Meijer B, Hugenholtz 
F, van der Gaast-de Jongh C et al. The impact of gut mi-
crobiota on gender-specific differences in immunity. Front 
Immunol. 2017;754:1-23.

19. Neuman H, Debelius JW, Knight R, Koren O. Microbial 
endocrinology: the interplay between the microbiota and 
the endocrine system. FEMS Microbiol Rev. 2015; 39: 
509-21.

20. García-Gómez E, González-Pedrajo B, Camacho-Arroyo 
I. Role of sex steroid hormones in bacterial-host interac-
tions. Biomed Res Int. 2013;928290.

21. Arnlov J, Pencina MJ, Amin S, Benjamin EJ, Murabito JM, 
Wang TJ et al. Endogenous sex hormones and cardiovas-
cular disease incidence in men. Ann Intern Med. 2006;145: 
176-84.

22. Homma H, Hoy E, Xu DZ, Feinman R, Deitch EA. The 
female intestine is more resistant than the male intestine 
to gut injury and inflammation when subjected to condi-
tions associated with shock states. Am J Physiol Gastro-
intest Liver Physiol. 2005;288:G466-G472.

23. Kollmann TR, Levy O, Montgomery RR, Goriely S. Innate 
immune function by toll-like receptors: distinct respons-
es in newborns and the elderly. Immunity. 2012;37: 
771-83.

24. Gomez A, Luckey D, Taneja V.  The gut microbiome in 
autoimmunity: sex matters. Clin Immunol. 2015;159: 
154-62.

25. Rubtsova K, Marrack P, Rubtsov AV. Sexual dimorphism 
in autoimmunity. J Clin Invest. 2015;125:2187-93.

26. Gonzalez DA, Diaz BB, del Rodriguez Perez MC, Hernan-
dez AG, Chico BN, de Leon AC. Sex hormones and auto-
immunity. Immunol Lett. 2010;133:6-13. 

27. Su L, Sun Y, Ma F, Lü P, Huang H, Zhou J. Progesterone 
inhibits Toll-like receptor 4-mediated innate immune 
response in macrophages by suppressing NF- kappaB ac-
tivation and enhancing SOCS1 expression. Immunol Lett. 
2009;125:151-5.

28. Gomez Klein SL, Jedlicka A, Pekosz A. The Xs and Y of 
immune responses to viral vaccines. Lancet Infect Dis. 
2010;10:338-49.

29. Chervonsky AV. Influence of microbial environment on 
autoimmunity. Nature immunology. 2010;11:28-35. 

30. Mangalam AK, Taneja V, David CS. HLA class II molecules 
influence susceptibility versus protection in inflamma-
tory diseases by determining the cytokine profile. J Im-
munol. 2013;190:513-18.

31. Baker JM, Al-Nakkash L, Herbst-Kralovetz MM. Estrogen-
gut microbiome axis: physiological and clinical implica-
tions. Maturitas. 2017;103:45-53.

32. Plottel CS, Blaser M.J. Microbiome and malignancy. Cell 
Host Microbe. 2011;10:324-35.

33. Wang J, Tang H, Zhang Ce, Zhao Y, Derrien M, Rocher E 
et al. Modulation of gut microbiota during probiotic-
mediated attenuation of metabolic syndrome in high fat 
diet-fed mice. ISME J. 2015;9:1-15.

34. Faulds MH, Zhao CY, Dahlman-Wright K, Gustaffson 
JA. The diversity of sex steroid action: regulation of me-
tabolism by estrogen signaling. J Endocrinol. 2012;212: 
3-12.

35. Rosano GMC, Vitale C, Marazzi G, Volterrani M. Meno-
pause and cardiovascular disease: the evidence. Climac-
teric. 2007;10:19-24.

36. Collins SM, Surette M, Bercik P. The interplay between 
the intestinal microbiota and the brain. Nat Rev Micro-
biol. 2012;11:735-42.

37. Khan KN, Fujishita A, Masumoto H, Muto H, Kitajima 
M, Masuzaki H. Molecular detection of intrauterine mi-
crobial colonization in women with endometriosis. Eur 
J Obstet Gynecol Reprod Biol. 2016;199:69-75.

38. Upala S, Sanguankeo A. Bariatric surgery and risk of post-
operative endometrial cancer: a systematic review and 
meta-analysis. Surg Obes Relat Dis. 2015;1:949-55.

39. Mueller S, Saunier K, Hanisch C, Norin E, Alm L, Midtvedt 
T et al. Differences in fecal microbiota in different Euro-
pean study populations in relation to age, gender, and 
country: a cross-sectional study. Appl Environ Microbiol. 
2006;72:1027-33.

40. Schnorr SL, Candela M, Rampelli S, Centanni M, Conso-
landi C, Basaglia G et al. Gut microbiome of the Hadza 
hunter-gatherers. Nat Commun. 2014;5:3654. 

41. Ortona E, Pierdominici M, Maselli A, Veroni C, Aloisi F, 
Shoenfeld Y. Sex-based differences in autoimmune dis-
eases. Ann Ist Super Sanità. 2016;52:205-12.

42. Hooper LV, Littman DR, Macpherson AJ. Interactions be-
tween the microbiota and the immune system. Science. 
2012;336:1268-73.

43. Chen B, Sun L, Zhang X. Integration of microbiome and 
epigenome to decipher the pathogenesis of autoimmune 
diseases. J Autoimmun. 2017;83:31-42.

44. Goverse G, Molenaar R, Macia L, Tan J, Erkelens MN, 
Konijn T et al. Diet-derived short chain fatty acids stimu-
late intestinal epithelial cells to induce mucosal tolero-
genic dendritic cells. J Immunol. 2017;198:2172-81.

45. Koren O, Spor A, Felin J, Fåk F, Stombaugh J, Tremaroli 
V et al. Human oral, gut, and plaque microbiota in pa-
tients with atherosclerosis. Proc Natl Acad Sci USA. 2011; 
108:4592-8.

46. Karlsson FH, Fak F, Nookaew I, Tremaroli V, Fagerberg B, 
Petranovic D et al. Symptomatic atherosclerosis is associ-

- Copyright - Il Pensiero Scientifico Editore downloaded by IP 216.73.216.190 Thu, 10 Jul 2025, 08:07:59



9Maffei S, Citti I, Guiducci L: Microbiome and CV risk, gender difference

ated with an altered gut metagenome. Nat Commun. 
2012;3:1245.

47. Yamashiro K, Tanaka R, Urabe T, Ueno Y, Yamashiro Y, 
Nomoto K et al. Gut dysbiosis is associated with metabo-
lism and systemic inflammation in patients with ischemic 
stroke. PLoS One. 2017;12:e0171521.

48. Bennett BJ, de Aguiar Vallim TQ, Wang Z, Meng Y, Greg-
ory J, Allayee H et al. Trimethylamine-N-oxide, a metabo-
lite associated with atherosclerosis, exhibits complex 
genetic and dietary regulation. Cell Metab. 2013;17:49-60.

49. Yang T, Santisteban MM, Rodriguez V, Li E, Ahmari N, 
Carvajal JM et al. Gut dysbiosis is linked to hypertension. 
Hypertension. 2015;65:1331-40.

50. Schneeberger M, Everard A, Gomez-Valadés AG. Akker-
mansia muciniphila inversely correlates with the onset of 
inflammation, altered adipose tissue metabolism and 
metabolic disorders during obesity in mice. Sci Rep. 
2015;5:16643.

51. Pittayanon R, Lau JT, Yuan Y, Leontiadis GI, Tse F, Surette 
M et al. Gut microbiota in patients with irritable bowel 
syndrome: a systematic review. Gastroenterology. 2019; 
157:97-108.

52. Rizzetto L, Fava F, Tuohy KM, Selmi C. Connecting the im-
mune system, systemic chronic inflammation and the gut 
microbiome: the role of sex. J Autoimmun. 2018;92:12-34.

53. Medzhitov R. Recognition of microorganisms and activa-
tion of the immune response. Nature. 2007;449:819-26.

54. Wang Z, Klipfell E, Bennett BJ, Levison BS, Dugar B, Feld-
stein AE et al. Gut flora metabolism of phosphatidylcholine 
promotes cardiovascular disease. Nature. 2011;472:57-63.

55. Zhu W, Gregory JC, Org E, Buffa JA, Gupta N, Wang Z et 
al. Gut microbial metabolite Tmao enhances platelet hy-
perreactivity and thrombosis risk. Cell. 2016;165:111-24.

56. Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Basteli-
ca D et al. Metabolic endotoxemia initiates obesity and 
insulin resistance. Diabetes 2007;56:1761-72.

57. Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy 
BT et al. Intestinal microbiota metabolism of l-carnitine, 
a nutrient in red meat, promotes atherosclerosis. Nat Med. 
May. 2013;19:576-85.

58. Tang WH, Wang Z, Shrestha K, Borowski AG, Wu Y, 
Troughton RW et al. Intestinal microbiota-dependent 
phosphatidylcholine metabolites, diastolic dysfunction, 
and adverse clinical outcomes in chronic systolic heart 
failure. J Card Fail. 2015;21:91-6.

59. Senthong V, Wang Z, Fan Y, Wu Y, Hazen SL, Tang WH. 
Trimethylamine n-oxide and mortality risk in patients 
with peripheral artery disease. J Am Heart Assoc. 
2016;19:5-15.

60. Tang WHW, Wang Z, Levison BS, Koeth RA, Britt EB, Fu 
X et al. Intestinal microbial metabolism of phosphatidyl-
choline and cardiovascular risk. N Engl J Med. 2013;368: 
1575-84.

61. Senthong V, Wang, Z, Li XS, Fan Y, Wu Y, Tang WH et al. 
Intestinal microbiota-generated metabolite trimethyl-
amine-N-oxide and 5-year mortality risk in stable coro-
nary artery disease: the contributory role of intestinal 
microbiota in a COURAGE-like patient cohort. J Am Heart 
Assoc. 2016;5:1-10.

62. Zhu W, Gregory JC, Org E, Buffa JA, Gupta N, Wang Z et 
al. Gut microbial metabolite Tmao enhances platelet hy-
perreactivity and thrombosis risk. Cell. 2016;165:111-24.

63. Koupenova M, Mick E, Mikhalev E Benjamin EJ, Tan-
riverdi K, Freedman JE. Sex differences in platelet toll-like 
receptors and their association with cardiovascular risk 
factors. Arterioscler Thromb Vasc Biol. 2015;35:1030-7.

64. Bennett BJ, de Aguiar Vallim TQ, Wang Z, Shih DM, Meng 
Y, Gregory J et al. Trimethylamine-N-oxide, a metabolite 
associated with atherosclerosis, exhibits complex genetic 
and dietary regulation. Cell Metab. 2013;17:49-60.

65. Zhu W, Gregory JC, Org E, Buffa JA, Gupta N, Wang Z et 
al. Gut microbial metabolite Tmao enhances platelet hy-
perreactivity and thrombosis risk. Cell. 2016;165:111-24.

66. Zhu W, Wang Z, Tang WHW, Hazen SL. Gut microbe-
generated trimethylamine N-oxide from dietary choline is 
prothrombotic in subjects. Circulation. 2017;135:1671-73.

67. Jovel J, Dieleman LA, Kao D, Mason AL. The human gut 
microbiome in health and disease. In: Nagarajan M (Ed), 
Metagenomics. Perspectives, methods and applications. 
Cambridge (MA): Academic Press. 2018;197-213.

68. Han L, Wang P, Zhao G, Wang H, Wang M, Chen J et al. 
Upregulation of SIRT1 by 17β-estradiol depends on ubiq-
uitin-proteasome degradation of PPAR-γ mediated by 
NEDD4-1. Protein Cell. 2013;4:310-21.

69. Park HJ, Park HS, Lee JU, Bothwell AL, Choi JM. Gender-
specific differences in PPARγ regulation of follicular 
helper T cell responses with estrogen. Sc Rep. 2016;6:28495.

70. Creely SJ, McTernan PG, Kusminski CM, Fisher FM, Da 
Silva NF, Khanolkar M et al. Lipopolysaccharide activates 
an innate immune system response in human adipose 
tissue in obesity and type 2 diabetes. Am J Phy Endocrinol 
Metab. 2007;292:E740-7.

71. Caricilli AM, Picardi PK, de Abreu LL, Ueno M, Prada PO, 
Ropelle ER et al. Gut microbiota is a key modulator of 
insulin resistance in TLR 2 knockout mice. PLoS Biol. 
2011;9:e1001212.

72. Rettew JA, Huet-Hudson YM, Marriott I. Testosterone re-
duces macrophage expression in the mouse of toll-like 
receptor 4, a trigger for inflammation and innate immu-
nity. Biol Reprod. 2008;78:432-7.

73. Lei B, Mace B, Dawson HN, Warner DS, Laskowitz DT, 
James ML. Anti-inflammatory effects of progesterone in 
lipopolysaccharide-stimulated BV-2 microglia. PloS one. 
2014;9:e103969.

74. Rettew JA, Huet YM, Marriott I. Estrogens augment cell 
surface TLR4 expression on murine macrophages and 
regulate sepsis susceptibility in vivo. Endocrinology. 
2009;150:3877-84. 

75. Jose PA, Raj D. Gut microbiota in hypertension. Curr Opin 
Nephrol Hypertens. 2015;24:403-9.

76. Pevsner-Fischer M, Blacher E, Tatirovsky E, Ben-Dov IZ, 
Elinav E. The gut microbiome and hypertension. Curr 
Opin Nephrol Hypertens. 2017;26:1-8.

77. Richards EM, Pepine CJ, Raizada MK, Kim S. The gut, its 
microbiome, and hypertension. Curr Hypertens Rep. 
2017;19:36.

78. Marques FZ, Mackay CR, Kaye DM. Beyond gut feelings: 
how the gut microbiota regulates blood pressure. Nat Rev 
Cardiol. 2017;15:20-32.

- Copyright - Il Pensiero Scientifico Editore downloaded by IP 216.73.216.190 Thu, 10 Jul 2025, 08:07:59



10 Ital J Gender-Specific Med 2021; 7(1): online ahead of print

79. Li J, Zhao F, Wang Y, Chen J, Tao J, Tian G et al. Gut mi-
crobiota dysbiosis contributes to the development of 
hypertension. Microbiome. 2017;5:2-19.

80. Kawase M, Hashimoto H, Hosoda M, Morita H, Hosono 
A. Effect of administration of fermented milk containing 
whey protein concentrate to rats and healthy men on serum 
lipids and blood pressure. J Dairy Sci. 2000;83:255-63.

81. Tanida M, Yamano T, Maeda K, Okumura N, Fukushima 
Y, Nagai K. Effects of intraduodenal injection of lactoba-
cillus johnsonii La1 on renal sympathetic nerve activity 
and blood pressure in urethane-anesthetized rats. Neu-
rosci Lett. 2005;389:109-14.

82. Gomez-Guzman M, Toral M, Romero M, Jiménez R, Ga-
lindo P, Sánchez M et al. Antihypertensive effects of pro-
biotics lactobacillus strains in spontaneously hypertensive 
rats. Mol Nutr Food Res. 2015;59:2326-33.  

83. Marques FZ, Nelson E, Chu P-Y, Horlock D, Fiedler A, 
Ziemann M et al. High-fiber diet and acetate supplemen-
tation change the gut microbiota and prevent the develop-
ment of hypertension and heart failure in hypertensive 
mice. Circulation. 2017;135:964-77.

84. Khalesi S, Sun J, Buys N, Jayasinghe R. Effect of probiotics 
on blood pressure. Hypertension. 2014;64:897-903.

85. Furness JB, Rivera LR, Cho H-J, Bravo DM, Callaghan B. 
The gut as a sensory organ. Nat Rev Gastroenterol Hepa-
tol. 2013;1010:729-40.

86. Chambers ES, Preston T, Frost G, Morrison DJ. Role of 
gut microbiota-generated short-chain fatty acids in meta-
bolic and cardiovascular health. Current Nutrition Re-
ports. 2019;7:198-206.

87. Pluznick J. A novel SCFA receptor, the microbiota, and 
blood pressure regulation. Gut microbes. 2014;5:202-7.

88. Ivy JR, Bailey MA. Pressure natriuresis and the renal control 
of arterial blood pressure. J Physiol. 2014;592:3955-67.

89. Hall JE. Renal dysfunction, rather than non renal vascular 
dysfunction, mediates salt-induced hypertension. Circula-
tion. 2016;133:894-906.

90. Suzuki Y, Ikeda K, Sakuma K, Kawai S, Sawaki K, Asahara 
T et al. Association between yogurt consumption and in-
testinal microbiota in healthy young adults differs by host 
gender. Front Microbiol. 2017;8:847.

91. Zimmerman MA, Sullivan JC. Hypertension: what’s sex 
got to do with it? Physiology. 2013;28:234-44.

92. Gillis EE, Sullivan JC. Sex differences in hypertension: 
recent advances. Hypertension 2016;8:1322-7.

93. Bartolomaeus H, Balogh A, Yakoub M, Homann S, Markó 
L, Höges S et al. Short-chain fatty acid propionate protects 
from hypertensive cardiovascular damage. Circulation 
2019;139:1407-21.

94. Ivanov II, Atarashi K, Manel N, Brodie EL, Shima T, Karaoz 
U et al. Induction of intestinal Th17 cells by segmented 
filamentous bacteria. Cell. 2009;139:485-98.

95. Guzik TJ, Hoch NE, Brown KA, McCann LA, Rahman A, 
Dikalov S et al. Role of the T cell in the genesis of angio-
tensin II induced hypertension and vascular dysfunction. 
J Exp Med. 2007;204:2449-60.

96. Wenzel U, Turner JE, Krebs C, Kurts C, Harrison DG, 
Ehmke H. Immune mechanisms in arterial hypertension. 
J Am Soc Nephrol. 2016;27:677-86.

97. Wilck N, Matus MG, Kearney SM, Olesen SW, Forslund 
K, Bartolomaeus H  et al. Salt-responsive gut commensal 
modulates TH17 axis and disease. Nature. 2017;551:85.

98. Schiffrin EL. Immune mechanisms in hypertension and 
vascular injury. Clin Sci. 2014;126:267-74.

99. Cotillard A, Kennedy SP, Kong LC, Prifti E, Pons N, Le 
Chatelier E et al. Dietary intervention impact on gut mi-
crobial gene richness. Nature. 2013;500:585-8.

100. Blasco-Baque V, Serino M, Vergnes J-N, Riant E, Loubieres 
P, Arnal JF et al. High-fat diet induces periodontitis in 
mice through lipopolysaccharides (LPS) receptor signal-
ing: protective action of estrogens. Federici M, editor. PLoS 
One. 2012;7:e48220.

101. Riant E, Waget A, Cogo H, Arnal JF, Burcelin R, Gourdy P. 
Estrogens protect against high-fat diet-induced insulin 
resistance and glucose intolerance in mice. Endocrinol-
ogy. 2009;150:2109-17.

102. Santisteban MM, Qi Y, Zubcevic J, Kim S, Yang T, Shenoy 
V et al. Hypertension-linked pathophysiological altera-
tions in the gut, Circ  Res. 2017;120:312-23.

103. Straub RH, Pongratz G, Weidler C. Ablation of the sym-
pathetic nervous system decreases gram-negative and 
increases gram-positive bacterial dissemination: key roles 
for tumor necrosis factor/phagocytes and interleukin-4/ 
lymphocytes. J Infect Dis. 2005;192:560-72.

104. Heijtz D, Wang S, Anuar F, Qian Y, Björkholm B, Samuels-
son A et al. Normal gut microbiota modulates brain de-
velopment and behavior. Proc Natl Acad Sci USA. 2011; 
108:3047-52.

105. Koren O, Spor A, Felin J, Fåk F, Stombaugh J, Tremaroli V 
et al. Human oral, gut, and plaque microbiota in patients 
with atherosclerosis. Proc Natl Acad Sci USA. 2011;108: 
4592-8.

106. Ott SJ, El Mokhtari NE, Musfeldt M, Musfeldt M, Hellmig 
S, Freitag S et al. Detection of diverse bacterial signatures 
in atherosclerotic lesions of patients with coronary heart 
disease. Circulation. 2006;113:929-37.

107. Vaziri ND, Wong J, Pahl M, Piceno YM, Yuan J, DeSantis 
TZ et al. Chronic kidney disease alters intestinal micro-
bial flora. Kidney Int. 2013;83:308-15.

108. Fu Q, Zhao M, Wang D, Hu H, Guo C, Chen W et al. 
Coronary plaque characterization assessed by optical co-
herence tomography and plasma trimethylamine-n-oxide 
levels in patients with coronary artery disease. Am J Car-
diol. 2016;118:1311-5.

109. Li XS, Obeid S, Klingenberg R, Gencer B, Mach F, Räber L 
et al. Gut microbiota-dependent trimethylamine n-oxide 
in acute coronary syndromes: a prognostic marker for 
incident cardiovascular events beyond traditional risk fac-
tors. Eur Heart J. 2017;4:814-82.

110. Suzuki T, Heaney LM, Jones DJ, Ng LL. Trimethylamine 
N-oxide and risk stratification after acute myocardial in-
farction, Clin Chem. 2017;63:420-8.

111. Lam V, Su J, Koprowski S, Hsu A, Tweddell JS, Rafiee P et 
al. Intestinal microbiota determine severity of myocar-
dial infarction in rats. FASEB J. 2012;26:1727-35. 

112. Lam V, Su J, Hsu A, Gross GJ, Salzman NH, Baker JE. 
Intestinal microbial metabolites are linked to severity of 
myocardial infarction in rats. PLoS One. 2016;11:e0160840.

- Copyright - Il Pensiero Scientifico Editore downloaded by IP 216.73.216.190 Thu, 10 Jul 2025, 08:07:59



11Maffei S, Citti I, Guiducci L: Microbiome and CV risk, gender difference

113. Gan XT, Ettinger G, Huang CX, Burton JP, Haist JV, Raja-
purohitam V et al. Probiotic administration attenuates 
myocardial hypertrophy and heart failure after myocar-
dial infarction in the rat. Circ Heart Fail. 2014;7:491-9.

114. Kociol RD, Pang PS, Gheorghiade M, Fonarow GC, 
O’Connor CM, Felker GM. Troponin elevation in heart 
failure prevalence, mechanisms, and clinical implications, 
J Am Coll Cardiol. 2010;56:1071-8.

115. Suzuki T, Heaney LM, Bhandari SS, Jones DJ, Ng LL. Tri-
methylamine N-oxide and prognosis in acute heart failure. 
Heart. 2016;102:841-8.

116. Sandek A, Bauditz J, Swidsinski A, Buhner S, Weber-Eibel 
J, von Haehling S et al. Altered intestinal function in pa-
tients with chronic heart failure. J Am Coll Cardiol. 
2007;50:1561-9.

117. Krack A, Richartz BM, Gastmann A, Greim K, Lotze U, An-
ker SD et al. Studies on intragastric pco2 at rest and during 
exercise as a marker of intestinal perfusion in patients with 
chronic heart failure. Eur J Heart Fail. 2004;6:403-7.

118. Nagatomo Y, Tang WH. Intersections between microbi-
ome and heart failure: re-visiting the gut hypothesis, J 
Card Fail. 2015;21:973-80.

119. Niebauer J, Volk HD, Kemp M, Dominguez M, Schumann 
RR, Rauchhaus M et al. Endotoxin and immune activation 
in chronic heart failure: a prospective cohort study. Lancet. 
1999;353:1838-42.

120. Sandek A, Swidsinski A, Schroedl W, Watson A, Valentova 
M, Herrmann R. Intestinal blood flow in patients with 
chronic heart failure: a link with bacterial growth, gastro-

intestinal symptoms, and cachexia. J Am Coll Cardiol. 
2014;64:1092-102.

121. Pasini E, Aquilani R, Testa C, Baiardi P, Angioletti S, Boschi 
F et al. Pathogenic gut flora in patients with chronic heart 
failure. JACC Heart Fail. 2016;4:220-7.

122. Tang WH, Wang Z, Fan Y, Levison B, Hazen JE, Donahue 
LM. Prognostic value of elevated levels of intestinal mi-
crobe-generated metabolite trimethylamine-n-oxide in 
patients with heart failure: refining the gut hypothesis. J 
Am Coll Cardiol. 2014;64:1908-14.

Author contribution statement: SM: conceived and designed the 
study, analyzed and interpreted the data, critically reviewed its 
intellectual content. IC: editing and translation. LG: literature 
revision and manuscript writing.

Conflict of interest statement: the Authors declare no conflicts of 
interest.

Correspondence to: 
Silvia Maffei
Department of Cardiovascular
and Gynecological Endocrinology
CNR-Regione Toscana
‘G. Monasterio Foundation’
Via G. Moruzzi 1
56124 Pisa, Italy
email: silvia.maffei@ftgm.it

- Copyright - Il Pensiero Scientifico Editore downloaded by IP 216.73.216.190 Thu, 10 Jul 2025, 08:07:59


