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A B S T R A C T

Polycystic ovary syndrome (PCOS) is a multifactorial disease, which is resulted from the three common features,
hyperandrogenism (HA), ovulatory dysfunction (OD), and polycystic ovarian morphology (PCOM). The en-
vironmental inducers (like diet, lifestyle, chemicals, drugs, and ageing) and cardiometabolic risk factors (such as
insulin resistance, metabolic syndrome, and obesity) are involved in pathogenesis of PCOS. The growing body of
evidence has been shown that there exist endothelial cell dysfunction (ECD) in women with PCOS independent
of age, weight and metabolic abnormalities. It has been shown that a broad spectrum of cardiovascular risk
markers are involved in ECD- induced cardiovascular disease. It is well described that there are no worldwide
treatments for PCOS and all of pharmacological treatments are off -label without any approval. MNAM is one of
potential therapeutic factor, which produced by nicotinamide N-methyltransferase (NNMT) via consumption of
S-adenosyl methionine (SAM) and nicotinamide. Only one study has shown higher expression of its producer
enzyme, NNMT, in the cumulus cells of women with PCOS. Therefore, we reviewed beneficial effects of MNAM
on modulation of cardiometabolic risk factors, which are associated to PCOS and try to describe possible mode of
action of MNAM in the regulation of these markers.

1. Introduction

1.1. PCOS

Polycystic ovary syndrome (PCOS) is a multifactorial disease, which
is resulted from the three common features, hyperandrogenism (HA),
ovulatory dysfunction (OD), and polycystic ovarian morphology
(PCOM) [1]. The diagnosis of PCOS is based on the presenting two of
the three features of disease [2].

When it comes to aetiology, PCOS could be considered as a multi-
genic disease in which the combination of various genetic variants
collaborates with environmental stimuli to generate diverse PCOS
phenotypes [3]. These environmental inducers are diet, lifestyle, che-
micals, drugs, and ageing that may lead to PCOS [3]. It is well known
that HA could affect body fat dispersion, insulin resistance, and other
cardiometabolic risk factors and thereby lead to cardiovascular disease
([4–6]. It has been hypothesized that the wrong circle of androgen
excess could favor abdominal adiposity via stimulation of insulin

resistance, which thereby assists the progress of androgen secretion in
women with PCOS [2,7].

PCOS could accompany the cardiometabolic aberrancies that
thereby increase risk of cardiovascular disease [4]. So, it has been
suggested some cardiometabolic risk factors such as insulin resistance,
and metabolic syndrome, [4]. Insulin resistance is a common char-
acteristic of PCOS that may present in tissues like adipose tissue, liver,
and muscles [1]. It could be responsible for about 40% of type 2 dia-
betes in patients with PCOS ([4,8]. Insulin resistance can cause meta-
bolic syndrome (MS), which has four features - hyperglycemia, central
obesity, dyslipidemia and hypertension [9,10]. The prevalence of MS is
two or three times higher in patients with PCOS compared to healthy
individuals [11,12].

1.2. Cardiovascular disease and PCOS

The growing body of evidence has been shown that there is con-
firmed relationship between PCOS and vascular disorders and also there
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exist endothelial cell dysfunction (ECD) in women with PCOS in-
dependent of age, weight and metabolic abnormalities ([4,13–15]. It
has also been reported higher intima-media thickness of carotid arteries
in women with PCOS and it can be indicator of higher risk of athero-
sclerosis in these patients [16]. The numerous studies have demon-
strated higher risk of cardiovascular disease in PCOS patients especially
when have dyslipidemia, hypertension, obesity, diabetes, hypercho-
lesterolemia, hypertriglyceridemia, infertility, history of using oral
contraceptives as one study reported ([4,17–19] that the incidence of
coronary artery disease is 63% higher in PCOS patients compared with
healthy ones [17]. However, there are some studies that declared in-
significant results regarding the association of cardiovascular problems
and PCOS [20–22]. Therefore, it is valuable to study potential risk
factors and markers of cardiometabolic risks in PCOS cases.

1.3. Cardiovascular markers in PCOS

The various studies have been indicated that some cardiovascular
risk markers could be associated to PCOS [23]. As almost all of these
markers are related to ECD that could lead to cardiovascular disease
and until now two major theories for ECD-induced vascular disease
have been proposed; “Response to injury” and “inflammation” [23,24].

1.3.1. Endothelial cell dysfunction (ECD)
Vascular endothelial cells have permeable and selective character-

istics, which involve in transfer of fluids and macromolecules [25–27].
In addition, they exert various roles such as anticoagulation, production
of cytokines, hormones, vasoactive mediators, and growth factors [26].

ECD could be considered as a major cause of cardiovascular disease
such as atherosclerosis [28]. “Response-to-Injury Hypothesis” is defined
as initiation of atherogenesis in response to intense injury to en-
dothelium via broad spectrum of reasons including oxidized choles-
terol, hyperglycemia, cigarette smoke, hyperhomocysteinemia [29].
Nitric oxide (NO) is one of the major endothelial-derived factors that is
produced by endothelial NO synthase (eNOS) [30] as eNOS-knockout
causes thrombosis, and manifestations of atherosclerosis ([31,32].
Moreover, hypercholesterolemia can stimulate endothelial cells to se-
crete greater NO in response to ECD [26,28,33].

In the pathological circumstances such as atherosclerosis, NO
bioavailability is diminished as compensatory increase of eNOS could
cause eNOS uncoupling, that defined as changeover of eNOS from NO
generating enzyme to superoxide producing molecule [34–37]. It has
been proposed wide range of mechanisms involved in eNOS uncoupling
like elevation of asymmetrical dimethylarginine (ADMA) —endogenous
NOS inhibitor—inadequecy of tetrahydrobiopterin (BH4), and reduc-
tion of L-arginine [34,36].

1.3.2. Proinflammatory activation and ECD
It is well documented that infection and injury (type I inflammatory

response) and damages, pathogens, and inflammatory cytokines (type II
inflammatory response) could stimulate endothelial cells to changing
the phenotype of endothelial cells to proinflammatory condition.
[26,38–41]. The close association between inflammation and athero-
sclerosis has been confirmed by many studies [41–43] as lead to al-
teration of old idea from “Response-to-Injury Hypothesis” to “In-
flammatory Hypothesis of Atherothrombosis” [44–47]. It has been
shown that a broad spectrum of cardiovascular risk markers are in-
volved in ECD- induced cardiovascular disease including asymmetric
dimethylarginine (ADMA), CRP (C - reactive protein), homocysteine,
plasminogen activator inhibitor-I (PAI-I), interleukin-6 (IL-6), and vis-
fatin [26,39–41].

1.3.3. ADMA
ADMA is known as endogenous NOS inhibitor, which is produced

through post-translation modification (PTM) [48]. The two enzyme-
s—protein-arginine methyltransferases (PRMTs) and dimethylarginin

dimethylaminohydrolase (DDAH) — are involved in its biosynthesis
and catabolism, respectively [49,50]. Also, ADMA could reduce NO
bioavailibity and thereby affect vascular biology as its roles in some
diseases like cardiovascular disease and diabetes have been reported
[23].

It has been indicated that oxidative stress and oxidized LDL increase
ADMA accumulation via elevation of PRMT and reduction of DDAH
[50]. Higher levels of ADMA have been reported in atherosclerosis and
considered as independent marker of ECD and cardiovascular disease
[51]. Since circulating ADMA levels are increased in women with PCOS,
these patients are possibly at the risk of cardiovascular complications.
Furthermore, the positive and significant correlations were reported
between ADMA levels and CRP, BMI, and fasting insulin [52]. There-
fore, it is obvious that ADMA could be a reliable candidate for eva-
luation of cardiometabolic risks in PCOS patients.

1.3.4. CRP
CRP has been considered as an inflammation biomarker, owing to

its higher levels in inflammatory conditions like obesity, PCOS, and
cardiovascular disease ([23,53]. In addition, CRP impairs fibrinolysis
and homeostasis of endothelial cells via decrease the eNOS expression,
NO production, destabilization of prostacyclin, and elevation of PAI-1,
and thereby could increase risk of cardiovascular thrombosis and pre-
dict future cardiovascular events ([23,54–56].

1.3.5. Homocysteine
Hyperhomocysteinemia provokes atherosclerosis via oxidative

stress, endothelial dysfunction, and thrombosis and led the researchers
to consider it as an independent risk marker for development of
atherosclerosis [23,57]. Some studies have confirmed higher levels of
homocysteine in PCOS patients, independent of insulin resistance, HA,
and obesity [58]. On the other hand, it is believed that deteriorative
effects of ADMA in ECD, at least partly is through homocysteine, be-
cause the main source of methylation in ADMA, is S-adenosylmethio-
nine, which is mediator of homocystein metabolism [59]. Since ADMA
and homocysteine are elevated in PCOS patients and also are the main
players of ECD-induce cardiovascular problems, they could be possible
candidate biomarkers for assessment of cardiovascular risks in women
with PCOS [23,58].

1.3.6. PAI-I
PAI-1 inhibits urokinase plasminogen activator and tPA, and by that

blocks fibrinolysis [60]. The growing body of evidence indicates that
different kind of factors may increase adipose tissue-derived PAI-1 le-
vels such as transforming necrosis factor (TNF-a), angiotensin-II,
transforming growth factor- β (TGF-β), insulin, and leptin [61].

The accumulating body of literature shows the elevated serum levels
of PAI-1 in different pathological states like obesity, type 2 diabetes,
insulin resistance, and PCOS [62]. Due to association between higher
PAI and insulin resistance in PCOS patients, it could be consider as
predicator of insulin resistance and also cardiometabolic risks in PCOS

1.3.7. Visfatin
It is well recorded that visfatin stimulates vascular inflammation as

a result of changing the expression of inflammatory cytokines like TNF-
a, and IL-6 [23]. The relationship between circulating visfatin levels
and PCOS is controversial and inconsistent as higher levels of visfatin in
PCOS patients have been noted and even consider it as specific markers
of insulin sensitivity in PCOS [63]. Furthermore, it was reported that
circulating visfatin levels are significantly correlated to CRP and could
predicate ECD in women with PCOS [63,64]. The higher gene expres-
sion of visfatin in adipose tissue of women with PCOS and its correla-
tion with insulin resistance and BMI have been reported [63,65]. On the
other hand, some studies declared that there are no significant differ-
ences between circulating visfatin levels and PCOS [23,63].
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2. Management and treatment

It is well described that there is no worldwide treatment for PCOS
and all of pharmacological treatments are off -label without any ap-
proval [2]. Nowadays, almost all of treatments have focused on the
three important facets of PCOS including HA, infertility and metabolic
dysfunction [1,2].

2.1. Hyperandrogenism(HA)

It has been thoroughly reported that using oral contraceptive pills
(OCPs) and anti-androgens like flutamide, spironolactone, finasteride,
and cyproterone acetate are recommended for treatment of HA in PCOS
patients ([1,2,66,67]. It is also known that estrogen and progestin of
OCPs reduce androgen levels through induction of hepatic sex hormone
binding globulin (SHBG) and direct androgen biosynthesis, respectively
([1,68].

2.2. Infertility

It has been confirmed that reversing the ovulation is a first-line
treatment of infertility in PCOS patients [1]. The main target of such
treatments is modulation of insufficient estrogen feedback using drugs
like clomiphene citrate (selective estrogen receptor antagonist), and
letrozole (aromatase inhibitor) ([1,69]. The second-line treatment is
gonadotropin therapy, which includes LH, FSH, or both and low dose
should be used to reduce risk of multiple pregnancies and OHSS
(ovarian hyperstimulation syndrome) [70,71]. Although gonadotropin
therapy has higher pregnancy rates compared to first-line treatments
[72], higher costs and vital risks such as OHSS forwarded clinicians to
first line treatment [1]. Third-line treatment is in vitro fertilization
(IVF), as when applied to PCOS women; their pregnancy rates are si-
milar to other women with different indications ([1,73]. Two common
corrections are suggested for IVF procedure in PCOS patients; in vitro
maturation (IVM) of immature oocytes (process without gonadotropin
therapy) and freeze-all policy (transfer of cryopreserved embryos in a
following embryo transfer cycle) ([1,74]. It has been shown that
pregnancy rate in IVM procedure is lower than conventional IVF;
however, non-use of gonadotropin during IVM could eliminate OHSS
risks in these patients [75,76]. Furthermore, PCOS patients in freeze-all
process have better pregnancy rates compared to fresh embryo transfer
cycle [77].

2.3. Metabolic dysfunction

A growing body of literature has suggested some treatment options
for metabolic dysfunctions such as lifestyle modification, bariatric
surgery, and medical treatment [1].

It has been demonstrated that lifestyle alteration is an initial
treatment of metabolic dysfunction in PCOS and by that promotes
fertility outcomes like ovulation and pregnancy rates ([78,79]. Fur-
thermore, physical activity decreases cardiovascular risks in PCOS pa-
tients through increase insulin sensitivity, and improvement of body fat
dispersion [80]. Bariatric surgery is another reliable treatment option,
in which its actions have confirmed in the context of cardiovascular
risks in PCOS [81].

The wide spectrum of drugs such as metformin, thiazolidinediones,
inositol isomers, orlistat, vitamin D, and statins are used for treatment
of metabolic dysfunction [1]. Metformin is an approved drug for type II
diabetes as could improve insulin sensitivity in women with PCOS [82].
Furthermore, it has been demonstrated that beneficial effects of met-
formin plus life style modifications on the reduction of BMI and sub-
cutaneous adipose tissue in PCOS patients [83]. Due to lack of FDA-
approved medications for PCOS patients, many research groups have
focused on the discovery of new therapeutic factors to targeted different
aspects of this multifactorial syndrome. There is no specific suggested

drug to minimize cardiometabolic risk in PCOS patients. In the fol-
lowing sections, we introduce N1-methylnicotinamide (MNAM) as a
possible therapeutic factor to modulate such risks and discuss its pos-
sible mode of actions.

3. N1-methylnicotinamide (MNAM)

MNAM is produced by nicotinamide N-methyltransferase (NNMT)
via consumption of S-adenosyl methionine (SAM) and nicotinamide
(NAM) [84]. It is confirmed that epigenome of a few cancer cells
[85,86], adipose tissue [87], and human embryonic stem cells (hESCs)
[88], are affected by NNMT activity owing to its need for using SAM
[89]. Therefore, using MNAM instead of NAM and nicotinic acid (NA)
could eliminate risk of methyl donor imbalance in targeted cells/tissues
as it has been considered as a safe food according to UK food standards
agency.

3.1. MNAM and hyperhomocysteinemia

It has been demonstrated that exposure of white adipose tissue
(WAT) to NAM could increase homocystein secretion through activa-
tion of NNMT [87]. In contrast, MNAM, as inhibitor of NNMT activity,
decreases release of homocysteine around 50% and this fact led the
scientists to think that one half of homocysteine production of WAT is
possibly belongs to NNMT activity [87]. Owing to positive association
of NNMT with insulin resistance [90,91], higher NNMT activity of WAT
could lead to hyperhomocysteinemia, and being potential linker be-
tween insulin resistance and cardiovascular disease. Hence, it can be
indicator of this fact that MNAM could also possible therapeutic option
for cardiometabolic risks especially in metabolic disorders such as
diabetes, obesity, and PCOS.

3.2. MNAM, NO, and ADMA

It is well known that ECD is one of valuable characteristic of various
disorders such as diabetes, and PCOS, which could cause cardiovascular
disease ([92–95]. Among studied reasons for ECD, deterioration of NO
metabolism is well documented ([94,96–98]. There has been a recent
focus on trying to discovery agents with regulate NO metabolism [99].
MNAM is an anti-inflammatory and anti-thrombotic factor, which is
known as guardian of cardiovascular system [100]. It has been docu-
mented that MNAM improves endothelial function through NO pro-
duction and by that has beneficial effects on cardiovascular system
[101].

It has been reported that MNAM increases plasma levels of arginine/
ADMA in the ApoE/LDLR−/− mice [102]. Furthermore, study by jiang
et al. indicated that MNAM boosts NO bioavailability and reduces
ADMA levels through the regulation of methylation of DDAM and
thereby they have proposed epigenetical mechanism for effects of
MNAM on ADMA levels.

4. MNAM and PCOS

Until now, there is no report regarding the possible effects of MNAM
on PCOS. Only one study has shown higher expression of its producer
enzyme, NNMT, in the cumulus cells of women with PCOS [103]. The
higher expression of NNMT has two different patterns; for instance, up-
regulation of NNMT in WAT is deteriorative and positively correlated to
insulin resistance and elevation of its product, MNAM is due to com-
pensatory response as we mentioned that MNAM was able to reduce
homocystein secretion more than 50% in adipose tissue [87]. On the
other hand, the production of MNAM undergoing NNMT activity is
beneficial for tissue function; dominant example of such a tissue is liver,
which exerts its NNMT-dependent functions via generation of MNAM as
in this tissue, MNAM does not inhibit NNMT activity but increased
activity of enzyme is done for production of more MNAM not for its
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feedback inhibition [104,105]. Therefore, it is not obvious that higher
expression of NNMT in the cumulus cells of PCOS patients is parallel to
its activity and also whether pattern of this up-regulation is similar to
adipose tissue or liver. We could hypothesize that higher expression of
NNMT is similar to its function in adipose tissue and higher MNAM
production in cumulus cells of women with PCOS is vital for regulation
of NNMT activity. However, more investigations are needed to unravel
possible roles of NNMT and its product, MNAM, in PCOS patients.

5. MNAM and cardiometabolic markers in PCOS

In previous sections, we mentioned some cardiometabolic markers
in PCOS patients. There are some important studies that indicate pos-
sible association of MNAM to these markers in various types of dis-
orders like cardiovascular disease, diabetes, obesity, and so on.

It has been demonstrated that MNAM exerts its anti-thrombotic
roles via reduction of PAI-1 [106]. Due to the reduction of PAI-1 by
MNAM administration, it is possible that MNAM could be able to reg-
ulate thrombosis and insulin resistance at least partially through PAI-1.

Visfatin was another cardiometabolic marker that contributed to
PCOS [107]. It has been indicated that NNMT knockout increases vis-
fatin gene expression in adipose tissue of obese mice [108]. So, it is
possible that MNAM could be able to modulate visfatin gene expression
and by that controls insulin resistance in PCOS. However, possibility of
the current comments should be investigated more precisely.

A growing body of literature indicates that higher levels of CRP are
contributed to risk of cardiovascular disease via reduction of NO, and
elevation of PAI-1[109–111]. Since NO, and PAI-1 are deregulated in
PCOS patients and also MNAM modulates their levels [112], so MNAM
can affect the CRP levels. However, it has been shown the positive
correlation of CRP with MNAM in serum of patients with cardiovascular
disease [113]. We believe that such a correlation may be related to
compensatory elevation of MNAM following cardiac injury [104,113].

It has been shown that hyperhomocysteinemia and higher ADMA
levels in PCOS patients [109]. On the other hand, MNAM reduces
homocystein secretion in adipose tissue and circulating ADMA levels
[104]. Although possible effect of MNAM on the modulation of these
markers has not reported yet, evidence shows that one of possible
beneficial roles of MNAM in women with PCOS may be partially
through regulation of these factors.

Therefore, we reviewed beneficial effects of MNAM on cardiome-
tabolic risk factors, which are associated to PCOS and try to describe
possible mode of action of MNAM in the regulation of these markers.

6. Conclusion and perspectives

It has been documented that MNAM could modulate cardiometa-
bolic markers which involved in PCOS. However, until now, there are
no specific therapeutic agents, which have been designed and targeted
for cardiometabolic risks in PCOS patients. The potential of MNAM in
the regulation of cardiometabolic markers such as PAI-1, visfatin, CRP,
and homocystein led us to hypothesize that MNAM could ameliorate
endothelial-dependent cardiometabolic problems in PCOS. Since
MNAM is considered as a safe food and also unlike nicotinamide, it does
not have methylation imbalance problems that can change epigeneome
of target cell/tissues; therefore, using this agent especially in clinical
studies is required. For future studies, exact mode of actions of MNAM
should be studied as these kinds of mechanistic insights could pave the
way for designing targeted therapeutic agents for treatment of meta-
bolic disorders like PCOS.
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