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A B S T R A C T   

Several studies reported an increase in cardiovascular risk (CVR) in women with polycystic ovary syndrome 
(PCOS), considered primarily as the result of the combination of all the clinical features that characterize the 
syndrome, including hyperandrogenism, insulin resistance, diabetes, obesity chronic low-grade inflammation. 
Interestingly, in 2012 it has been proposed the so-called DOGMA theory, suggesting the pivotal role played by 
microbiota alteration in the development of PCOS. Subsequently, several authors evidenced the existence in 
PCOS women of a marked dysbiosis, which is related to the development of metabolic diseases and cardiovas
cular complications, mainly due to the production of bacteria-derived metabolites that interfere with various 
pathways. Among these, trimethylamine-N-oxide (TMAO) is emerging as one of the most important and studied 
microbiota-derived metabolites related to the increase in CVR, due to its pro-atherosclerotic effect. The purpose 
of the present review is to summarize the evidence in order to support the hypothesis that, in women with PCOS, 
dysbiosis might be further involved in enhancement of the CVR via contributing to the increase of circulating 
TMAO. Although no observational studies on a large number of patients directly investigated the serum levels of 
TMAO in PCOS women, this manuscript aimed to drive future studies in this field, concurring in providing a 
novel approach for both comprehension and treatment of the CVR in PCOS.   

1. Introduction 

A very large body of evidence, during the decades, established that 
several factors contributed to increasing cardiovascular risk (CVR), 
including smoking, obesity, hypercholesterolemia, and hyperglycaemia, 
and numerous studies have been performed in order to clarify the exact 
role of these risk factors and the main molecular mechanisms underlying 
this increased risk. Not recently, however, several findings have added a 
new piece to the complex puzzle of the CVR, suggesting the existence of 

a novel prognostic biomarker for CVR, trimethylamine N-oxide (TMAO). 
TMAO is produced by gut microbiota metabolism of dietary L-carnitine, 
choline, betaine, and phosphatidylcholine, mainly contained in several 
foods, including eggs, red meat, and fish. Preclinical studies revealed a 
mechanistic association between TMAO and cardiovascular diseases 
(CVD), in particular exerting a pro-atherosclerotic effect; furthermore, a 
meta-analysis demonstrated that TMAO serum levels are positively and 
dose-dependently associated with cardiovascular events and mortality 
[1]. Interestingly, TMAO seems to be related to the CVR independently 
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of other risk factors, especially in patients with acute coronary syndrome 
[2]. 

In the last ten years, studies investigating TMAO significantly 
increased, as shown in Fig. 1, reflecting the growing interest of scientific 
research in elucidating the main mechanisms involving TMAO in CVR. 

In a very large number of studies, high serum or urinary levels of 
TMAO have been associated with a plethora of CVD, acting by specific 
mechanisms, which will be extensively discussed above. Interestingly, 
evidence also reported high TMAO levels in patients with high-CVR 
pathologies, such as obesity, metabolic syndrome (MetS) [3] and 
vitamin D deficiency [4], with the existence of an interesting 
gender-specific relationship [5]; thus, it is plausible to speculate that 
TMAO might be also involved in metabolic-endocrine disorders in which 
coexists a high CVR, representing, once again, a novel interpretation. 

The purpose of this review is to summarize the available literature in 
order to provide evidence about a possible implication of TMAO in 
polycystic ovary syndrome (PCOS), the most common metabolic- 
endocrine disorder in fertile age women, which is characterized by a 
high CVR. A profound literature research has been conducted in the 
most accredited scientific databases, using several combinations of 
keywords. No observational studies on a large number of patients 
directly evaluated the TMAO serum or urinary levels in women with 
PCOS. However, evidence showed a largely altered microbiota in PCOS 
women, suggesting the possibility of finding also high levels of TMAO. 
This paper, thus, aimed to propose a novel field of research in order to 
provide further explanations for the CVR in women with PCOS, specif
ically in those also defined as “metabolically healthy”. 

2. Methods 

This review summarizes available evidence on the relationship be
tween PCOS and TMAO, focusing on the role played by hormonal ab
errations in dysbiosis development, resulting in increased CVR. The 
most relevant databases were consulted (including PubMed, Science 
Direct, Medline, Web of Science, Cochrane) using different keywords 
alone and/or in combination, such as “Polycystic ovary syndrome”, 
“PCOS”, “Trimethylamine-N-oxide”, “TMAO”, “Cardiovascular dis
eases”, “Cardiovascular risk”, “Gut microbiota”, “Dysbiosis”, “Hyper
androgenism”, “Insulin-resistance”, “Dysbiosis of Gut Microbiota 
theory”, “DOGMA theory”. In vitro studies, animal-based studies and 
clinical trials were evaluated. 

3. PCOS, a metabolic-endocrine disorder with cardiovascular 
implications 

PCOS is an endocrine-metabolic disorder, resulting from the exis
tence of several factors, including genetic and environmental factors [6]. 
The diagnosis of PCOS can be performed when at least two of the three 

Rotterdam criteria are present: (i) clinical hyperandrogenism (ii) pres
ence of ultrasound evaluable ovarian cysts and (iii) oligo-amenorrhea 
with oligo-anovulation [7]. In addition to a mere impairment in gona
dic axis-related hormonal status, further pathological conditions coexist, 
including obesity (mainly central obesity), insulin-resistance (IR) [8] 
and chronic low-grade inflammation [9]. Besides the well-established 
vicious circle between obesity, chronic low-grade inflammation, IR 
and hyperandrogenism, which is responsible for a dramatic worsening 
of the pathological status [10,11], these factors have been also recog
nized as main actors in the CVR in PCOS women. Moreover, the high risk 
to develop MetS and type 2 diabetes mellitus (T2DM) [12–14] strongly 
increases the risk of cardiovascular events [15,16]. 

The etiopathogenesis of PCOS is very complex and sees the 
involvement of several genetic and environmental factors. Various 
causes for PCOS development have been identified, including (i) heri
table traits/genetic factors (i.e. maternal PCOS, polycystic ovarian 
morphology, hyperandrogenism, MetS and T2DM, gene variants), (ii) 
intrauterine environment (i.e. congenital virilization and altered fetal 
nutrition) and (iii) postnatal environment (i.e. IR, obesity, hyper
androgenism) [17,18]. However, it is well accepted that the most 
important etiopathogenic factor is an ovarian function dysregulation 
causing increased steroidogenesis [17,18]. 

It has been largely documented that metabolic aberrations, including 
impaired glucose and lipid homeostasis, along with chronic low-grade 
inflammatory status and hyperandrogenemia, are responsible for 
women with PCOS to be more prone to develop CVD [15,19], including 
atherosclerosis, vascular dysfunction, thrombosis and mortality for 
cardiovascular causes [15,16]. So-called “atherogenic lipoprotein 
phenotype”, characterized by high levels of triglycerides and 
low-density lipoprotein cholesterol (LDL-c), and oxidized LDL-c and low 
levels of high-density lipoprotein cholesterol (HLD-c), is a common 
dyslipidemic pattern in women with PCOS and may be strongly related 
to the high CVR [20]. IR with compensatory hyperinsulinemia, in turn, 
leads to excessive production of pro-inflammatory mediators, including 
C-reactive protein (CRP), plasminogen activator inhibitor-1, white 
blood cells, endothelin-1 and fibrinogen, resulting in increased athero
sclerotic risk, reduced vascular reactivity and impaired endothelial 
function (EF) [20,21]. Interestingly, there are evidence reporting greater 
carotid intima-media thickness (IMT) in young PCOS women than in 
control, also after adjustment for cardiovascular factors [20,21], sug
gesting that IR might be responsible for increased arterial stiffness and 
impaired EF, resulting in structural atherosclerosis when combined with 
features of MetS [21]. Moreover, increased atherosclerosis risk in 
women with PCOS seems to be also due to a higher coronary artery 
calcification, whose prevalence has been reported to be higher in this 
population, compared to controls [20,21]. Another important aspect to 
consider is that IR-dependent hyperhomocysteinemia commonly occurs 
in women with PCOS, which further increases CVR, with its well-known 
role in increasing the risk of atherosclerosis at the cerebral, coronary and 
peripheral levels [21]. 

A relevant feature of PCOS is the existence of a chronic inflamma
tion, recognized as an important contributor in PCOS pathogenesis. In 
PCOS, indeed, the levels of various inflammatory biomarkers are found 
increased. Among these, tumor necrosis factor-α (TNF-α) is considered 
one of the most important, due to its central role in PCOS-processes, 
mainly influencing the androgen signaling. In particular, TNF-α is 
responsible for increased androgen levels via promoting their secretion 
and up-regulating the expression of CYP17A1 and down-regulating the 
expression of CYP19A1, two key enzymes involved in synthesis of an
drogens and androgen-to-estrogen conversion, respectively. This effect 
of TNF-α results in hyperandrogenism that, in turn, plays a role in 
causing chronic inflammation in PCOS [22–26]. 

Overall, this evidence reports the now well-known high CVR in 
PCOS, which seems to be independent of body weight, affecting not only 
overweight/obese but also normal-weight women with diagnosed PCOS 
[19]. However, many authors agree that it is not possible to accurately 

Fig. 1. The number of papers on TMAO per year. Papers have been selected 
typing the words “trimethylamine N-oxide” in titles. 
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predict the CVR in PCOS women [15,19] and that long-term, prospective 
studies are needed [19]. This might suggest further levels of clinical 
assessment as a useful tool for a better CVR evaluation in these patients. 

4. The relationship between gut microbiota, TMAO and CVR 

TMAO is a gut microbiota-derived compound, that is currently 
recognized as a novel risk factor for CVD, including atherosclerosis [27], 
heart failure [28], stroke [29–32] and other major adverse cardiovas
cular events [2,33–38]. Observational studies reported a direct rela
tionship between high serum levels of TMAO and increased risk of 
infarct relapse [2], rehospitalisation [39] and mortality [2,39] in pa
tients with CVD. Moreover, TMAO has been positively correlated with 
levels of inflammatory and endothelial dysfunction biomarkers in pa
tients with T2DM and chronic kidney disease [40]. Overall, this evi
dence suggests that TMAO plays a crucial role in increasing CVR [41]. 
Interestingly, TMAO has been suggested by several authors as “a prog
nostic biomarker for CVD beyond the traditional risk factors” [2,28,42, 
43], suggesting the importance to evaluate its levels for management of 
CVD. According to several studies, TMAO seems to be involved in 
various pathways related to the CVR; in particular, evidence reported 
that TMAO is able to increase recruitment of leukocyte, expression of 
pro-inflammatory cytokine and adhesion molecules, resulting in 
enhanced vascular inflammation [41]. Moreover, TMAO is also 
responsible for the accumulation of cholesterol in peripheral endothelial 
cells [44], platelet aggregation and adhesion induced by both ADP and 
thrombin [45]. In this context, the inflammation-promoting effect of 
TMAO is of relevant importance, also in pathogenesis of PCOS. Recent 
studies investigated the relationship between TMAO and inflammation, 
clarifying various mechanisms. In particular, a strong relationship was 
found between TMAO and TNF-α. It has been reported, indeed, that 
TMAO is able to enhance the polarization of M1 macrophages via acti
vation of the NLRP3 inflammasome. The M1 macrophage polarization, 
in turn, mediates the response of the Th1 and Th17 activation [46]. Also, 
TMAO promotes the TNF-α-induced expression of tissue factor in 
vascular endothelial cells [47]. On the other and, in the liver, TMAO is 
responsible for decreased bile acid pool that, in turn, is linked to sys
temic inflammation [48]. Overall, this evidence remarks the central role 
played by TMAO in promoting inflammation, one of the main features of 
PCOS. 

Gut microbiota is directly involved in the synthesis of TMAO. In the 
colon, indeed, bacteria metabolize diet-derived compounds, mainly 
choline, phosphatidylcholine, carnitine, and betaine, producing trime
thylamine (TMA), by the activity of specific TMA lyases [49,50]. 
Through the portal circulation, TMA reaches the liver where is oxidised 
by flavin mono-oxygenases 3 (FMO3) to TMAO. Diet, thus, plays a 
pivotal role in modulation of the TMAO serum levels; in particular, high 
and prolonged consumption of foods rich in TMA precursors seems to be 
responsible for increased serum levels of TMAO [51]. 

There is evidence, however, that in addition to an unhealthy diet, 
microbiota per se contributes to increasing the circulating levels of 
TMAO [35]. In this sense, studies in animals fed high-carnitine diet 
showed that antibiotic treatment intended to decimate the commensal 
microbiota resulted in reduced serum levels of TMAO and abolished 
cardiovascular consequences, including atherosclerotic lesions, the 
content of cholesterol in macrophages and foam cell formation [33,34]. 
Furthermore, the atherosclerotic risk increased or decreased after mi
crobial transplantation with TMA-producing strains or non-TMA pro
ducing strains, respectively [52]. 

Interestingly, specific bacterial strains have been indicated as more 
responsible than others to produce TMA. In particular, studies demon
strated the existence of a direct relationship between TMAO serum levels 
and the abundance of Tenericutes and Desulfovibrio [50]. Further studies 
reported that bacteria belonging to the Clostridiaceae or Lachnospiraceae 
families and Ruminococcus, Allobaculum and Candidatus arthromitus 
genera are also implicated, and their abundance results in an increased 

risk of atherosclerosis and arterial thrombosis via increased TMAO 
serum levels [45,53]. In line with this evidence, studies investigating 
human microbiota identified TMA-producing bacterial species, mainly 
belonging to Firmicutes and Proteobacteria phyla [54]. It is possible to 
speculate that the strain-specific ability of such bacteria to produce TMA 
is mainly due to the fact that some of them predominantly express en
zymes involved in the metabolism of TMA precursors, including lyases 
(Clostridia and Eubacteria) and carnitine oxygenases (Proteobacteria) [33, 
55]. Notably, a gender-specific diversity has been found, suggesting that 
in male mice, Clostridiaceae play a major role in the microbiota-TMAO 
relationship, while in the female it is due to Ruminococci [53]. 

FMO3 is directly involved in modulating circulating levels of TMAO, 
derived from its ability to convert TMA in TMAO in the liver. Evidence 
reported an interesting relationship between steroid hormones and 
FMO3 activity. Specifically, it has been demonstrated that 17β-estradiol 
is able to inhibit the accumulation of Fmo3 mRNA in mouse liver cells 
[56], and FMO activity in rat hepatocytes [57], suggesting possible 
gender-specific differences in metabolic pathways underlying the syn
thesis of TMAO. Moreover, these studies further lead to hypothesize that 
hormonal status alterations might also act in this way. 

5. Altered microbiota in PCOS women 

As TMAO is a microbiota-derived metabolite, the hypothesis pro
posed in the present manuscript is that in women with PCOS an altered 
gut environment may contribute to increased CVR. The present sections 
are focused on reporting evidence suggesting the presence of altered 
microbiota in PCOS women, which role in exacerbating both clinical and 
subclinical manifestations is well established. As previously reviewed, 
indeed, dysbiosis is responsible for increased intestinal permeability (the 
so-called “leaky gut”), promoting the permeation of gut microbiota- 
derived substances (including lipopolysaccharides, LPS). These, in 
turn, activate both the immune system and the pro-inflammatory 
pathways (i.e. via activation of the toll-like receptors 4), resulting in 
increasing inflammation and IR [58,59]. These mechanisms support the 
“Dysbiosis of Gut Microbiota (DOGMA) theory” discussed below. 

5.1. In vivo evidence 

A large body of evidence investigated the relationship between PCOS 
and gut microbiota [60–62], suggesting the existence of a dysbiosis 
condition which, in turn, is considered the main cause of increased in
testinal permeability. This increased permeability favors the entry of 
bacteria-produced LPS into the bloodstream, resulting in stimulation of 
the inflammatory pathways. This mild chronic inflammation is respon
sible for the activation of the immune system, which causes an increase 
in insulin serum levels altering the physiological functioning of insulin 
receptors. This mechanism suggests that dysbiosis is crucial in wors
ening the pathological course in PCOS women [62,63]. Interestingly, in 
2012 Tremellen and Pearce proposed the so-called “DOGMA theory”, as 
a microbiological hypothesis for the development of PCOS. In particular, 
the DOGMA theory suggests that the aforementioned increase in serum 
insulin caused by LPS-induced inflammation is, in turn, responsible for 
the alteration of the hormonal status. In the DOGMA paradigm, the 
dysbiosis is considered as the main cause of the three components of 
PCOS (hyperandrogenism, ovarian cysts development and altered 
ovulation) [63]. 

Guo et al. [62] demonstrated the existence of differences in gut 
microbiota between letrozole-induced PCOS rats and controls. In 
particular, they found a relative abundance of Pseudomonas, Roseburia 
and Prevotella, and reduced amount of Lactobacillus, Ruminococcus and 
Clostridium in the PCOS group compared to the control [62]. Similar 
results have been reported by Kelley and coworkers (2016) demon
strating that the altered microbiota in letrozole-induced mouse resulted 
in changes in relative abundance of Bacteroidetes and Firmicutes, in 
particular with reduction in Bacteroidales and increase in Clostridiales 
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amount [64]. The reduced amount of Bacteroidetes and increased 
amount of Firmicutes have been also found in 
dihydrotestosterone-induced PCOS rats which, remarkably, presented a 
microbiota profile similar to that of rats fed a high-fat diet. Additionally, 
in PCOS group was found an abundance of Prevotella, which amount has 
been reported to be higher in males than in females, suggesting the in
fluence of sex hormones [65]. 

In addition to animal-based studies, various authors investigated the 
above-mentioned relationship between PCOS and altered microbiota in 
humans, demonstrating the existence of a dysbiosis [60,61,66–68]. 
Similar to the studies conducted on rats and mice, in women with PCOS 
two main features have been found: a microbiota profile similar to that 
of obesity, both in obese and non-obese PCOS women [60] and the 
reduced relative abundance of specific phyla, including Bacteroidetes 
[60,66,67] and Tenericutes [61] and increased genera, including Strep
tococcus [60], Catenibacterium, Kandleria [61], Prevotella and Collinsella 
[68]. Interestingly, in PCOS women, lower abundance of Lactobacillus 
[67], Bifidobacterium [67,68] and Faecalibacterium prausnitzii [68] has 
been found, which are also referred to as “good bacteria” [68]. 

5.2. The role of hyperandrogenism in microbiota alterations 

Besides the DOGMA theory proposed a microbiological point of view 
for the pathogenesis of PCOS, a large body of studies provided evidence 
on a clear and marked effect of hormones on the microbiota. In partic
ular, many authors demonstrated that alterations in hormonal status are 
reflected in changes in the normal distribution of bacteria in the gut 
environment, resulting in the development of dysbiosis. This is clearly 
observable in PCOS women, where hyperandrogenism may cause dys
biosis. In this way, therefore, a new vicious cycle is emerging in the 
PCOS scenario, which underlines the bi-directional relationship between 
the altered hormonal status and microbiota, with the consequent 
impaired metabolism and inflammation, characteristic in PCOS. 

Evidence about the influence of hormones in microbiota changes is 
provided by both animal-based and human studies. During their studies 
on letrozole-induced PCOS rats, Guo and colleagues demonstrated a 
linear correlation between increased levels of androgens and copy 
number of Prevotella, and between reduced levels of estrogens and 
colonization of Lactobacillus, suggesting that dysbiosis and sex hormones 
were associated [62]. In this animal model, the hypothesis that the 
hyperandrogenism may be responsible for a microbiota dysbiosis arises 
from the fact that letrozole is an aromatase inhibitor acting, therefore, 
on the reduction of the testosterone to estrogen conversions, and 
resulting in increased circulating levels of androgens. The observed 
dysbiosis in letrozole-induced animals, compared to control, may sup
port the hypothesis [64]. Interestingly, in dihydrotestosterone-induced 
PCOS rats the treatment with cyproterone acetate, a progesterone 
agonist and androgen antagonist, ameliorated the microbiota profile, in 
particular reducing the amount of Prevotella [65]. 

The relationship between sex hormone levels and microbiota were 
also found in humans, suggesting that both androgens and estrogens 
may be involved in a sexual dimorphism related to the gut environment, 
resulting in the so-called “microgenderome” [69], which spotlights on 
the existence of the mutual relationship between sex hormones and 
microbiota. In addition, it has been reported that in men the relative 
abundance of Bacteroidetes is higher than in women [70–73], while the 
abundance of Desulfovibrio, Methanobrevibacter and Clostridia is lower 
[74]. 

Notably, in PCOS women interesting correlations have been found 
between Prevotella and circulating testosterone and between Kandleria 
and circulating androstenedione, while Prevotella negatively correlated 
with circulating estradiol [61]. Similarly, both alpha- (the overall spe
cies richness) and beta- (the composition of the microbial community) 
diversity have been found correlated with hyperandrogenism in women 
with PCOS [75]. 

In addition, to further support the influence of sex hormones on 

microbiota, an interesting study using an animal model reported that the 
prenatal androgen exposure caused dysbiosis in the offspring [76], 
suggesting that hyperandrogenism in PCOS women may also act during 
pregnancy in modulating not only maternal microbiota but also that of 
unborn. 

To understand the mechanisms at the base of this relationship, it is 
necessary to underline the numerous activities of bacteria, and among 
these their ability to act in altering the conjugated/deconjugated status 
of several host-derived compounds, including sex hormones [73,77]. 
Gut bacteria are also able to synthesize beta-glucuronidase that decon
jugates molecules, facilitating their re-absorption throughout the 
entero-hepatic circulation, and releasing glucuronic acid, used as a 
source of energy. It has been speculated that changing the levels of 
substrate, sex steroids may be responsible for the alteration of both 
beta-glucuronidase activity and the production of energy, resulting in 
the modification of the gut microbiota [73]. In addition to this mecha
nism, sex hormones may also activate steroid receptors, also present in 
the gastrointestinal tract, resulting in a further modulation of the gut 
microbiota. In particular, both estrogen and androgen receptors have 
been reported to be expressed in intestinal epithelial cells [78,79] and 
human colon mucosa [80,81], respectively. Intriguing, it has been 
demonstrated that estrogen receptor knockout mice presented an altered 
microbiota compared to wild-type [79], suggesting the marked influ
ence of sex hormones in modulating the gut microbiota. 

6. Increased TMAO serum levels in PCOS women 

A very small body of evidence directly investigated the role of TMAO 
in both pathogenesis and increased CVR in PCOS women. However, such 
evidence are concord in demonstrating higher serum levels of TMAO in 
this kind of patients compared to age- and BMI-matched controls. 

In 2019, Eyupoglu and colleagues investigated for the first time in 
this sense. They demonstrated that PCOS women have higher levels of 
circulating TMAO compared to control (2.39 (2.15–4.49) and 2.05 
(1.39–3.33), p = 0.042, PCOS and control, respectively). Interestingly, 
they observed that 3-month oral contraceptive and healthy lifestyle (diet 
and regular exercise) contributed to decrease TMAO levels, from 3.35 
(2.18–4.93) to 2.05 (1.7–2.93), p = 0.002. Authors concluded that 
increased TMAO serum levels were associated with hyperandrogenism 
[82]. The same research group conducted another interesting study 
aimed to investigate differences in gut microbiota composition between 
overweight/obese PCOS women and age- and BMI-matched controls. 
Authors observed the abundance of Ruminococcaceae in PCOS subjects 
[83], a microbe family positively associated with plaque size and TMAO 
serum levels in animals [53]. Interestingly, this diversity in microbiota 
composition was associated with hyperandrogenism [83]. In line with 
the results published by Eyupoglu and coworkers, a recent observational 
study conducted on 27 PCOS women reported higher TMAO serum 
levels compared to non-PCOS women [84]. Notably, a not recent 
cross-sectional study demonstrated that PCOS women presented signif
icantly higher serum levels of dimethylamine than healthy women [85], 
providing further evidence for the predominant role played by micro
biota in this class of patients. 

Overall, this evidence allows concluding that in PCOS women al
terations in microbiota composition (probably due by endocrine aber
rations, i.e. hyperandrogenism) are responsible for overproduction of 
specific metabolites (i.e. TMA as a precursor of TMAO) that, in turn, may 
increase the risk of CVD development. However, observational studies 
on a larger number of patients are needed to confirm the presence of 
increased circulating TMAO levels in PCOS women. 

7. Conclusion and future perspectives 

In 2012, the DOGMA theory provided a novel and captivating 
approach for the comprehension of the complex PCOS pathogenesis, 
suggesting the pivotal role played by altered microbiota in the 
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development of both the syndrome and related metabolic complications. 
A large amount of evidence suggests how dysbiosis may be considered 
the trigger of many diseases, including obesity, T2DM, MetS and CVD 
[33,86–95]. 

According to this evidence, dysbiosis may be considered the keystone 
for a novel approach in both comprehension and study of the CVR also in 
PCOS women. As described above, altered microbiota is responsible for 
increased serum levels of TMAO, which has been considered as one of 
the main causes of enhanced CVR, due to its pro-atherosclerotic effect, 
as schematically represented in Fig. 2. 

What has been proposed in the present manuscript is a hypothesis, 
based on the analysis of the available literature, and further in
vestigations in this field are undoubtedly needed in order to confirm or 
disprove it. Moreover, this review aimed to provide the basis to establish 
novel approaches for the management of PCOS, including the use of 
probiotics, to restore a normal microbiota, or nutraceutical to contrast 
the increased serum levels of TMAO. 

Since TMAO is a gut microbiota-derived metabolite, it appears clear 
that the first approach for control of its serum levels may reside in the 
use of probiotic supplements. However, available literature in this sense 
is contradictory [96]. On one hand, clinical studies reported that sup
plementation with L. plantarum 229v (20 billion CFU daily for 6 weeks) 
[97], L. casei Shirota (6.5 × 109 CFU daily, 3 times for 12 weeks) [98] or 
mix of probiotics (900 billion live bacteria for 4 weeks) [99] did not 
change significantly the serum levels of TMAO. In contrast, an 
animal-based study conducted on ApoE-/- choline-fed mice reported that 
supplementation with L. plantarum ZYDO4 was able to inhibit the 
development of atherosclerosis induced by TMAO [100]. Our research 
group in a clinical trial also observed the TMAO-reducing effect of 
probiotic supplementation (lactofermented annurca apple puree 

containing 3 × 108 CFU L. rhamnosus LRH11 and L. plantarum SGL07) in 
high CVR subjects [101]. Similarly, it has been reported that B. animalis 
subsp. Lactis LKM512 reduced the levels of TMA in healthy subjects 
[102]. 

Notably, recent studies demonstrated that grape pomace poly
phenolic extract-based nutraceuticals significantly reduced TMAO 
circulating levels both in healthy young people [103] and over
weight/obese middle-aged subjects [104], probably acting not only in 
modulating microbiota but also in exerting antioxidant activity, result
ing in a reduction of circulating TMAO to TMA at serum level. 

The travel proposed in this manuscript would suggest that every step 
forward in medical research should not be experienced with fear but 
understood with the knowledge that no certainty remains unchanged 
over time, and it is always possible to obtain new tools to manage 
already widely known diseases. 
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