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A B S T R A C T

Ovarian aging occurs due to the reduction of the quality and quantity of the oocytes, and is regulated by mi-
tochondrial survival and apoptotic signals. Reactive Oxygen Species (ROS) are one of those signals considered
detrimental to cellular homeostasis. Nowadays, ROS are regarded as a regulatory factor at low levels as it
induces the stress resistance which in turn increases the longevity. It is believed that the main mechanism for the
life-promoting role of the ROS mediated by the 5' Adenosine Monophosphate-activated Protein Kinase (AMPK).
N1-Methylnicotinamide (MNAM) is well known for its anti-diabetic, anti-thrombotic, and anti-inflammatory
activity. Aldehyde oxidase 1 (AOX1) is a detoxifying enzyme, which metabolizes the MNAM and produces two
metabolites including N1-methyl-2-pyridone-5- carboxamide (2py) and N1-methyl-4-pyridone-3-carboxamide
(4py). The activity of AOX1 enhances the production of ROS and improves the longevity. It has been reported
that the MNAM could postpone the aging through the induction of low-level stress. It has been documented that
the production of MNAM is significantly higher in the cumulus cells of the patients with Polycystic Ovary
Syndrome (PCOS) and its administration on the rat model of PCOS has been shown to alleviate the hyperan-
drogenism and successfully activate the ovarian AMPK. Therefore, it can be hypothesized that the anti-ovarian
aging effects of the MNAM are possibly based on the activation of AMPK through transient elevation of the ROS.

1. Ovarian Aging

It has been well documented that the fertility potential of the
women gradually decreases with the increase in the chronological age
(Broekmans et al., 2009). It is well known that fertility tends to de-
crease after the age of 30 while a loss of natural fertility happens
around the age of 41 (Broekmans et al., 2004; Fédération et al., 1982;
O’Connor et al., 1998; van Noord-Zaadstra et al., 1991v). Ovarian aging
is clinically defined as the qualitative and quantitative reduction of the
oocytes in the ovaries (May-Panloup et al., 2016; te Velde and Pearson,
2002t), which is associated with the low ovarian stimulation, preg-
nancy loss, and risk of miscarriage (May-Panloup et al., 2016). Fur-
thermore, the reduction of the length of the menstrual cycle has been
regarded as the first indication of the reproductive aging process
(Treloar, 1967). The menopausal transition is defined as the reduced

number of follicles, which could lead to prolonged cycles and occurs at
around the ageof 46 (Soules et al., 2001b). It should be taken into ac-
count that the perimenopause is not the same as the menopausal
transition and it is referred to as the year after the final menstrual
period (Broekmans et al., 2009; den Tonkelaar et al., 1998d; Treloar,
1967). Menopause, defined as the final menstrual period, usually hap-
pens at around the ageof 51 (Broekmans et al., 2009).

The female reproductive cycle consists of three main stages; folli-
cular, luteal, and menstrual (Broekmans et al., 2009). In the follicular
phase, the elevation of the follicle-stimulating hormone (FSH) is re-
sponsible for folliculogenesis and its reduction, because of estradiol
negative feedback, is indispensable for the dominant follicle selection
during this phase (Fauser and van Heusden, 1997; van Santbrink et al.,
1995v; Welt et al., 2001). Furthermore, the luteinizing hormone (LH)
induces the production of androgens in the antral follicles, and
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following their aromatization can provoke estradiol biosynthesis
(Broekmans et al., 2009; Erickson et al., 1985). Correspondingly, in the
late follicular phase and also luteal phase, LH is involved in the growth
of dominant follicles, ovulation, and consecutive generation of the
corpus luteum (Broekmans et al., 2009; Erickson et al., 1985). When it
comes to menopausal transition, the elevation of FSH in the early fol-
licular phase is accompanied by diminished follicle number (Soules
et al., 2001a; Warburton, 2005). A growing body of evidence indicates
that the levels of LH and FSH are significantly higher in post-
menopausal women when compared with premenopausal ones (Gill
et al., 2002; Hall et al., 2000). The level of follicular depletion is de-
termined by the initial size of the follicles and the intensity of follicular
atresia (Hussein, 2005; Tait and Green, 2010). Follicular atresia de-
pends on the apoptosis of the oocytes and its surrounding cells, and
mitochondria are among the important regulators of cell survival and
apoptosis (Hussein, 2005; May-Panloup et al., 2016; Tait and Green,
2010).

2. Mitochondria and Ovarian Aging

Mitochondria are the active organelles responsible for providing the
cellular energy, cell cycle, and apoptosis (McBride et al., 2006; Perkins
and Frey, 2000). They are involved in a wide spectrum of metabolic
processes such as calcium, amino acid, and lipid metabolism
(Kuhlbrandt, 2015; Rizzuto et al., 2012). Mitochondria contain their
own genome that encodes the genes for oxidative phosphorylation
(OXPHOS) system, transfer of RNAs (tRNAs) and ribosomal RNAs
(rRNAs), and the rest of required genes are encoded in the nucleus
(Quiros et al., 2016). Therefore, mitonuclear communication is vital for
cellular response to different kinds of signals depending on their sources
(cytosolic, mitochondrial, or extracellular) (Quiros et al., 2016).

Since mitochondria are important factors in oocyte quality, they
may be affected during ovarian aging (May-Panloup et al., 2016). In
this respect, it has been reported that the functional, morphological,
and metabolic aberrancies and their corresponding genes have been
significantly altered in mitochondria of aged oocytes (Duran et al.,
2011; Müller-Höcker et al., 1996; Wilding et al., 2001). Furthermore,
mitochondrial DNA (mtDNA) replication could play a crucial role in
embryonic development as inappropriate mtDNA content in the oocytes
of women with ovarian ageing may lead to impaired mitochondrial
biogenesis, and finally cause abnormal embryonic development (May-
Panloup et al., 2016). McReynolds et al. (McReynolds et al., 2012) have
also reported the effects of aging on ovarian granulosa cells, where
aging women had significantly different proteome of these cells com-
pared with younger ones (McReynolds et al., 2012). Moreover, the
aggregation of damage in granulosa cells could affect the oocytes,
leading to ovarian aging during a woman’s lifetime (Tatone et al.,
2008). Therefore, mitochondrial biogenesis in the granulosa cells may
be changed by ovarian ageing and subsequently affects embryonic de-
velopment (May-Panloup et al., 2016).

3. Mitohormesis

The term “hormesis” is referred to the states that have beneficial
effects at low dose of stress and detrimental effects at high dose of stress
(Paracelsus, von Bodenstein, 2020; Tapia, 2006). All the stressors ex-
hibiting the “biphasic dose-response” are considered as a “hormetin”
(Paracelsus, von Bodenstein, 2020; Tapia, 2006). The “mitohormesis”,
as a newly discovered concept is also referred to as health-promoting
effects of the mitochondrial hormetins such as Reactive Oxygen Species
(ROS), Caloric Restriction (CR), exercise, metabolites, and nutritional
agents (Schulz et al., 2007; Tapia, 2006). ROS and metabolites are
discussed in the following sections. Barcena et al., thoroughly reviewed
the mitohormesis signaling (Barcena et al., 2018).

3.1. ROS

Harman proposed a hypothesis for the relationship between ROS
and aging in the 1950s (Harman, 1956). According to this theory, the
elevation of ROS are the main cause of aging and the reduction of ROS
could improve the life span (Harman, 1956). Furthermore, he declared
that somatic mtDNA mutations are notable inducers of the aging pro-
cess (Harman, 1956). A great deal of data demonstrates that in-
appropriate DNA repair, the absence of supportive histones, the close-
ness of mtDNA to electron transport chain (ETC) and ROS could lead to
an increase in mtDNA mutations (Druzhyna et al., 2008; Kasapoglu and
Seli, 2020). Subsequently it stimulates the elevation of the ROS as this
vicious cycle continues and it may cause more and more mtDNA mu-
tations and ROS production (Druzhyna et al., 2008; Kasapoglu and Seli,
2020). Thereafter, the scientists started to use different types of com-
pounds named” antioxidants” to control ROS production and thereby
tried to delay the aging process (Schulz et al., 2007). But, some reports
have indicated that the antioxidants could develop the cancer (Bardia
et al., 2008; Lawenda et al., 2008; Myung et al., 2010) and decrease the
lifespan (Lippman et al., 2009; Ward et al., 2007). Nowadays, ROS are
considered as a regulatory factor at physiological concentrations and it
may be a lifespan-promoting agent (Chandel, 2015; Holmström and
Finkel, 2014; Shadel and Horvath, 2015). In other words, ROS-derived
low-level stress induces the stress resistance so that, it increases the
longevity (Chandel, 2015; Holmström and Finkel, 2014; Shadel and
Horvath, 2015). This phenomenon is defined as “hormesis” as men-
tioned in the previous section (Ristow and Zarse, 2010). Since ROS are
an end-product of the OXPHOS system in the mitochondria, this process
is named as “mitohormesis (Ristow and Zarse, 2010).

3.1.1. ROS and Ovarian Aging
It has been postulated that higher ROS production leads to a low

fertilization rate of the oocyte (Tarin, 1996). Furthermore, ovarian
samples obtained from the aged women have been shown to have sig-
nificantly more damaged and mutated mitochondria (Barritt et al.,
2000; Chan et al., 2005; Kasapoglu and Seli, 2020; Luoma et al., 2004).
However, some other reports have indicated no significant morpholo-
gical and genetic differences between the ovarian samples obtained
from old and young women (Barritt et al., 1999; Brenner et al., 1998;
Chan et al., 2006). It has been reported that older women who received
normal mitochondria showed improvement in their fertility parameters
(Ross et al., 2013). These conflicting results regarding the relationship
between mitochondrial stress and reproductive aging led the scientists
to switch to the “mitohormesis” concept versus the classic Harman's
hypothesis as some of them consider the role of adaptive response to
oxidative stress in ovarian aging (Kasapoglu and Seli, 2020; Pérez et al.,
2009).

3.2. Metabolites

Mitonuclear communication is accomplished by many biological
intermediate metabolites and ions regulating the cellular signaling
pathways through effective crosstalk between the mitochondria and
nucleus (Quiros et al., 2016). Adenosine Triphosphate (ATP) and Ni-
cotinamide Adenine Dinucleotide (NAD+) are two important metabo-
lites playing vital roles in the mitonuclear crosstalk (Rizzuto et al.,
2012).

3.2.1. ATP
Mitochondria are the central organelles responsible for conversion

of dietary energy to cellular energy (Lin et al., 2000; Ristow and Zarse,
2010). These organelles produce the ATP about eightfold higher
through OXPHOS in comparison with the glycolysis (Lin et al., 2000;
Ristow and Zarse, 2010). Therefore, it is very important to maintain the
ATP at physiological levels as deregulation of its levels could exacerbate
the mitonuclear communication (Barcena et al., 2018; Ristow and
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Zarse, 2010). It has been well documented that exercise, mitochondrial
dysfunction, and some pharmaceuticals could activate the 5' Adenosine
Monophosphate-activated Protein Kinase (AMPK) following the eleva-
tion of AMP/ATP ratio (Ristow and Zarse, 2010). AMPK, as an “energy
sensor” regulates the metabolism and mitophagy and maintains the
mitochondrial stability (Egan et al., 2011; Herzig and Shaw, 2018). It
has been demonstrated that the mitochondrial ROS exerts its hormetic
effects through many transcription factors such as AMPK, Forkhead box
protein O (FOXO), P38, Target of Rapamycin (TOR), and Nuclear factor
erythroid 2‐related factor 2 (NRF2) and thereby induces the stress re-
sistance and improves the lifespan (Schaar et al., 2015). AMPK is ne-
cessary for oocyte maturation and its communication with surrounding
somatic cells (Bertoldo et al., 2015). Besides, it has been reported that
ovarian AMPK significantly reduced in the PCOS mice compared to the
healthy ones (Tao et al., 2017).

3.2.2. NAD+
NAD+ acts as a cofactor for the metabolites of the Krebs cycle where

it leads to the production of energy in the OXPHOS system (Katsyuba
and Auwerx, 2017). So, the balance of the NAD+/NADH ratio is crucial
for metabolic function of the cells and is regulated by the mitochondria
(Barcena et al., 2018). In addition to the roles of NAD+ as a cofactor, it
is the main co-substrate for functional enzymes such as Sirtuins (SIRTs),
poly ADP-ribose polymerases, and histone acetyltransferases (Fang
et al., 2017; Imai and Guarente, 2016). A growing body of evidence
indicates that SIRT-1 is involved in the improvement of lifespan
(Banerjee et al., 2012; Rogina and Helfand, 2004). However, other re-
ports have not verified such an effect (Boily et al., 2008; Burnett et al.,
2011). These conflicting results regarding the role of SIRT-1 in the
aging process encouraged the scholars to investigate other possible
mediators for the anti-aging function of SIRT-1. In this respect,
Schmeisser et al., (Schmeisser et al., 2013) reported that the methyla-
tion of nicotinamide (NAM) produced by the SIRT-1 from NAD+ and
generation of N1-methylnicotinamide (MNAM) may be the main cause
of anti-aging effects of the SIRT-1.

4. MNAM

Nicotinamide N-methyltransferase produces the MNAM through the
consumption of NAM and S-Adenosylmethionine (SAM) (Aksoy et al.,
1994; Pissios, 2017). MNAM is well known for its anti-diabetic, anti-
thrombotic, and anti-inflammatory activity (Pissios, 2017). Its curative
effects have been reported in a broad spectrum of disorders such as
diabetes (Przyborowski et al., 2015; Watała et al., 2009), cardiovas-
cular (Nejabati et al., 2018; Nejabati et al., 2019) and renal diseases
(Tanaka et al., 2015), Parkinson’s disease (Fukushima et al., 1995), and
PCOS (Nejabati et al., 2020). Recently, in our previous study, we re-
viewed the roles of MNAM in the cardiovascular disease (Nejabati et al.,
2018). MNAM acts as a guardian of the cardiovascular system through
the regulation of Nitric Oxide (NO), and Prostaglandin I2 (PGI2) me-
tabolism (Nejabati et al., 2018; Nejabati et al., 2019). Furthermore, it
induces the formation of lipid droplets and uptake of Polyunsaturated
Fatty Acids (PUFAs) and protects the cardiac cells against the lipo-
toxicity and detrimental oxidative stress (Nejabati et al., 2018).

A growing body of evidence indicates that the MNAM could be
considered as an anti-inflammatory factor in the inflammatory diseases
such as hepatitis and atherosclerosis (Jakubowski et al., 2016; Liu et al.,
2017; Mateuszuk et al., 2016; Mateuszuk et al., 2009; Shadel and
Horvath, 2015; Sternak et al., 2015). It has been reported that the
MNAM reduces elevated plasma levels of liver transaminases and acute
-phase proteins, liver histological damages, and secretion of in-
flammatory cytokines such as Tumor Necrosis Factor alpha (TNF-a) and
Interleukin 6 (IL-6) (Jakubowski et al., 2016). Furthermore, the secre-
tion of MNAM has been shown to increase following impaired redox
status, energy deficit, and systemic inflammation in the animal models
of hepatitis (Sternak et al., 2015). This increased level of MNAM in the

inflammatory diseases has been considered as compensatory response
of MNAM especially in protection of liver and heart in the disorders
such as hepatitis and atherosclerosis (Jakubowski et al., 2016;
Mateuszuk et al., 2016; Mateuszuk et al., 2009; Shadel and Horvath,
2015; Sternak et al., 2015). Furthermore, Fu et al. (Fu et al., 2019) have
suggested that MNAM may have the potential for improvement in the
treatment of Alzheimer’s disease (AD). Their research indicated that
MNAM reversed cognition deficits reducing neuroinflammation and
apoptosis through the controlling NF-KB pathway (Fu et al., 2019).
Another group investigated the possible roles of MNAM on oxidative
markers in a rat model of diabetes mellitus. They found that MNAM is
able to reduce protein carbonyls and DNA oxidation as they considered
this anti-inflammatory agent as a modulator of the oxidation of proteins
and DNA (Országhová et al., 2012).

4.1. MNAM and Aging

The clearance pathway of MNAM is based on its oxidation to two
metabolites including N1-methyl-2-pyridone-5- carboxamide (2py) and
N1-methyl-4-pyridone-3-carboxamide (4py) through the Aldehyde
Oxidase 1 (AOX1) activity (Felsted and Chaykin, 1967). Generation of
these compounds transiently increases the level of Hydrogen Peroxide
(H2O2), which induces the antioxidant defense pathways such as FOXO
and NRF2, and subsequently elevates the production of antioxidant
enzymes like catalase and Glutathione S-Transferase (GST) (Schmeisser
et al., 2013). All of these events finally induce the stress resistance
which in turn leads to improvement of the lifespan (Schmeisser et al.,
2013). Schmeisser et al., proposed this novel and interesting me-
chanism for the anti-aging properties of the MNAM (Schmeisser et al.,
2013). It should be noted that, the low doses of MNAM have the life-
promoting effect and its high doses have detrimental effect (Schmeisser
et al., 2013). Therefore, MNAM improves the longevity in a hormetic
fashion and it could be considered as a novel hormetin in the aging
process.

Similar to the effects of the MNAM, a growing body of evidence
indicates that the pharmacological intervention of stress-related path-
ways has been regarded as an effective strategy for treating certain
neurologic diseases (Brunetti et al., 2020; Calabrese et al., 2020;
Calabrese et al., 2018b; Miquel et al., 2018). The vitagene network is
activated by the brain cells to generate the adaptive response and
combat oxidative stress, as a hallmark of neurologic diseases. Further-
more, this network induces corresponding genes such as NRF-2, which
in turn promote anti-oxidative enzymes (Calabrese et al., 2010;
Calabrese et al., 2018a; Miquel et al., 2018). In this regard, it has been
demonstrated that low doses of plant polyphenols also activate the vi-
tagene network, thereby increasing the cellular antioxidant capacity
and modulating neuroinflammation (Di Rosa et al., 2020; Leri et al.,
2020). Moreover, they could have neuroprotective effects, thereby
bringing about an increase in the lifespan of animals and humans (Leri
et al., 2020). In addition to plant polyphenols, anserine, as a methylated
compound, ameliorates nephropathy through the induction of the
adaptive cellular stress response (Peters et al., 2018). Furthermore,
Pilipenko et al. (Pilipenko et al., 2019) have conducted a study to ex-
amine the possible effects of the gammapyrone in the alleviation of
neuroinflammation and oxidative stress in a rat model of AD (Pilipenko
et al., 2019). They found that neuroprotective effects of the gamma-
pyrone occur through the inhibition of neuroinflammation and the in-
duction of the cellular protection against oxidative stress and mi-
tochondrial dysfunction (Pilipenko et al., 2019).

4.2. MNAM in the Ovary

It has been reported that the NNMT has higher expression in the
cumulus cells of the women with PCOS compared to the healthy con-
trols (Kenigsberg et al., 2009). This evidence indicates that the pro-
duction of MNAM increases in the cumulus cells (as the cells
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surrounding the oocytes) under the pathological conditions such as
PCOS although the reason for this result is not known yet. In our recent
study, for the first time, we demonstrated the beneficial effects of
MNAM on the PCOS (Nejabati et al., 2020). We reported that the
MNAM modulates higher serum levels of Luteinizing Hormone (LH),
testosterone, and also Cytochrome P450 family 17 subfamily A member
1 (CYP17A1) (as a rate-limiting enzyme for ovarian androgen produc-
tion) gene expression in the ovary of the PCOS rats (Nejabati et al.,
2020). Furthermore, the MNAM successfully activated the ovarian
AMPK in these rats (Nejabati et al., 2020).

5. Possible Anti-Aging Effects of the MNAM in the Ovary

5.1. AOX1

AOX1 as a detoxifying enzyme metabolizes the MNAM and produces
two metabolites including 2py and 4py (Felsted and Chaykin, 1967).
These two compounds are excreted in the urine but there is no
knowledge about their roles. The activity of AOX1 leads to production
of the H2O2, which also enhances the production of ROS (Schmeisser
et al., 2013). High ROS levels induce low-level stress, which is possibly
due to the mitohormetic function of the MNAM through induction of
the ROS (Schmeisser et al., 2013). Interestingly, the expression of AOX1
gene has been shown to significantly reduce in the granulosa and cu-
mulus cells of the patients with PCOS (Koks et al., 2010; Wu et al.,
2019). Given higher expression of the NNMT and lower expression of
AOX1, it can be concluded that the production of MNAM is highly in-
duced in the ovarian cells of the women with PCOS; however, sub-
sequent metabolization of the MNAM is impaired and the low-level
stress required for stress resistance would not be achieved. Some re-
ports have indicated the role of ROS in the activation of AMPK (Ruiz
et al., 2016). So, the metabolization of MNAM by AOX1 and finally
elevation of the ROS are likely to induce the phosphorylation of AMPK
and it could be proposed that the mitohormetic effects of the MNAM are
partially mediated by the AMPK activation depending on the transient
augmentation of the ROS in the ovary (Fig. 1).

5.2. AMPK

It has been well documented that the reduction of AMP/ATP ratio
following caloric restriction, exercise, and consumption of some nutri-
tional agents leads to the activation of AMPK (Herzig and Shaw, 2018).
Higher AMPK levels change the target cells from anabolic to catabolic
state and induce higher OXPHOS and ROS levels, and the mitohormetic
signal of the ROS could also activate the AMPK (Barcena et al., 2018;
Ristow and Zarse, 2010). Then, cellular adaptive response provokes the
stress resistance and improves the life span (Barcena et al., 2018;
Ristow and Zarse, 2010). As mentioned in the previous section, there
are two studies providing important clues regarding the possible roles
of the MNAM in the ovary. One report indicated a higher production of
the MNAM in the ovary of the women with PCOS (Kenigsberg et al.,
2009), and our report showed the potential of MNAM in the activation
of AMPK as cellular energy sensor in the rat model of PCOS (Nejabati
et al., 2020). Although, the precise mechanism of its effect on the ovary
has not been elucidated, the activation of AMPK by the MNAM may be
related to the hormetic potential of the MNAM in the ovary (Fig. 1).
Although, it is not yet clear that the proposed mechanism is applicable
on the effects of MNAM on the ovary. But it could pave the way for
investigating the roles of MNAM in the ovarian aging especially re-
garding the AMPK activation.

5.3. Testosterone and Estradiol

It has been reported that ovarian aging and PCOS have similar in-
dications (Acuna et al., 2009; Bukovsky et al., 2000; Park and Choi,
2012; Rezvanfar et al., 2014). Hyperandrogenism is one of the

important characteristics of the PCOS pathophysiology damaging the
follicular maturation and developing the anovulation, abnormal cycles,
and cytogenesis (Goodarzi et al., 2011; Motta, 2010; Rezvanfar et al.,
2014). On the other hand, it is obvious that the menopause is accom-
panied with the reduction of estradiol levels and could lead to various
diseases such as diabetes, obesity, and cardiovascular problems
(Genazzani et al., 2007; Parikh et al., 2012; Welt and Carmina, 2013).
The main underlying mechanism is based on the protective effects of
the estradiol against follicular apoptosis, and the modulation of oxi-
dative stress (Lund et al., 1999; Seino et al., 2002). In the ovarian aging
and PCOS, hyperandrogenism and low estradiol levels are partially
responsible for follicular atresia, abnormal oxidative stress, and apop-
tosis (Lund et al., 1999; Rezvanfar et al., 2014; Seino et al., 2002).
Therefore, all the therapeutic strategies targeting the hyperan-
drogenism and promoting the estradiol levels could delay the ovarian
aging process. In this regard, we recently showed that the MNAM re-
duces the testosterone and estradiol levels (Nejabati et al., 2020). In-
terestingly, in this review study, we mentioned that the MNAM induces
low-level stress and thereby enhances the lifespan. Our report showed
the reductive effects of MNAM on the estradiol level (Nejabati et al.,
2020) thus, it can be hypothesized that the anti-aging effects of the
MNAM are possibly related to the estradiol levels. MNAM decreases the
estradiol levels and possibly provokes a transient increase in the ROS,
and this low-level stress activates the mitohormetic signaling mediators
such as AMPK (Fig. 1).

6. Conclusion

Mitohormetic effect of the ROS are a relatively new idea suggesting
that the mitochondrial ROS may be a life-promoting molecule if it
generates the low-level stress as its higher doses could have a detri-
mental effect on the cellular homeostasis. Recent studies have shown
that the mitohormetic effect of the ROS may be partially mediated by
the AMPK as cellular energy sensor. So, therapeutic agents inducing the
formation of low cellular ROS have attracteda great deal of attention
recently. MNAM is well known as an anti-diabetic, anti-thrombotic, and
anti-inflammatory factor; however, there is not sufficient evidence re-
garding its anti-aging roles. In this regard, Schmeisser et al., reported a
valuable evidence showing that the MNAM induces low-level stress in
the cellular system and its hormetic effects lead to the generation of the
stress response and thereby promotes the longevity. It has been re-
ported that the endocrine abnormalities such as hyperandrogenism
induces the ovarian aging process as seen in the PCOS thus, the PCOS
can be considered as an aging-associated disease. It has been docu-
mented that the production of MNAM is significantly higher in the
cumulus cells of the patients with PCOS and its administration on the
PCOS rats has been shown to alleviate the hyperandrogenism and
successfully activate the ovarian AMPK. Therefore, it was hypothesized
that the anti-ovarian aging effects of the MNAM possibly result from the
activation of AMPK through transient elevation of the ROS. Although, it
is recommended to thoroughly investigate the roles of the MNAM in the
ovarian aging and related disorders like PCOS in the context of mito-
hormetins such as ROS. Of note, in the current hypothetical review, we
considered MNAM as a hypothetical hormetin and there is no enough
solid data to support the idea of this paper. The idea of our hypothetical
review is only based on the findings of our original work (Nejabati
et al., 2020), which addressed the therapeutic effects of MNAM on
PCOS rats and also anti-aging roles of MNAM, which proposed by
Schmeisser et al. (Schmeisser et al., 2013). It should be taken into ac-
count that the anti-ovarian ageing effects of the MNAM, which have
been proposed in the current study, were based on animal studies and
to date, there is no evidence in terms of human studies. However, given
the higher production of MNAM and lower expression of AOX1 in the
cumulus cells of women with PCOS, and the life-promoting mechanism
for MNAM, provided by Schmeisser et al. (Schmeisser et al., 2013), it
can be concluded that the induction of the adaptive stress response is
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impaired in the pathological conditions like PCOS and ovarian ageing.
The adaptive mechanism of Schmeisser et al. (Schmeisser et al., 2013) is
proposed for the ovary in the current review and there is a need for
more in depth investigation in animal studies and if possible, the ob-
tained knowledge be translated to humans. Therefore, the life-pro-
moting effects of MNAM and the corresponding mechanism may not
have been attributed to its possible anti-ovarian ageing effects and it
should not be confused with the investigation of ‘lifespan increase ‘and’
anti-ovarian ageing ‘phenomena.
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