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Abstract

Sirtuins are Class Ill protein deacetylases with seven conserved isoforms. In general, Sirtuins
are highly activated in starving cells in response to stringent conditions, in which levels
of NAD* are increased. Each member of the Sirtuin family is prominently involved in the
regulation of myriad fundamental biological processes including inflammation, proliferation,
cell survival, DNA repair and metabolism. Sirtuins can also interact with various signaling
pathways and factors such as hypoxia-inducible factors (HIFs), mitogen-activated protein
kinases (MAPKs), nuclear factor-kB (NF-kB) and the Notch pathway, yet these interactions
are demonstrated to be rather complicated. Therefore, deficiency in each member of the
Sirtuin family results in severe developmental defects and irregularities both in animals and
humans. Currently, a rapidly expanding body of evidence supports that Sirtuins can improve
the pregnancy outcome. In fact, each Sirtuin isoform plays distinct yet fundamental roles in
controlling folliculogenesis, oocyte meiotic maturation, oocyte aging, trophoblast functions,
feto-maternal inflammation and placental angiogenesis and oxidative stress. Consequently,
alterations in Sirtuin levels can be a pivotal intermediary step in the pathogenesis of several
pregnancy disorders such as fetal growth retardation, preeclampsia and the HELLP syndrome.
Furthermore, Sirtuins also appear to be involved in the regulation of parturition and pregnancy
complications caused by maternal obesity and diabetes. In this review, we shall first address
Sirtuin regulation and functions including their interactions with the most important signaling
pathways involved in pregnancy. Then, we will focus on the pivotal roles of Sirtuins in female
reproductive functions, normal pregnancy, parturition and pregnancy complications.

© 2022 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Sirtuins are a conserved family of proteins that are involved in the regulation of several
physiological conditions such as metabolism, cell cycle, mitochondrial biogenesis, apoptosis,
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inflammatory response, stress  Table 1. Main characteristics of mammalian Sirtuins
and aging [1, 2] HiStOI‘ically, Sirtuins Subcellular Distribution Enzymatic Activity Principle Functions
the first member of the

Sirtuin family was detected

in saccharomyces cerevisiae SIRT1 : gutclers o Dk
and later other isoforms have yopen

been reported in other species

including yeast, bacteria,

plants and mammalians, which Nucleus »
indicates their conservation = * Cyoplasm " Deacentation
throughout evolution [3, 4].
Indeed, it is well recognized

that mammals have seven sk
distinct members of the Sirtuin
family, namely SIRT1-SIRT7
(Table 1) that possess different
C- and N-terminal domains
which leads to their different
distribution in organelles [5].
In general, Sirtuins have been
found in the nucleus (SIRT1,
SIRT6, and SIRT7), cytoplasm
(SIRT2) and mitochondria  ggpe
(SIRT3, SIRT4, and SIRTS5) [6,

7]. However, depending on

the physiological conditions,

they might translocate to  skr
other organelles to exert
their functions. For example,
SIRT3 is mainly expressed in
mitochondria, but under cellular stress, it could localize to the nucleus or SIRT2 might shuttle
from the cytoplasm to the nucleus during cell cycle transition [8]. Sirtuins are primarily
classified as nicotinamide adenine dinucleotide (NAD*)-dependent histone deacetylases/
monoADP ribosyltransferases. In fact, Sirtuins sense cellular stress following micro-
environmental changes (oxidative stress, inflammation, lack of nutrients, hypoxia, and etc.),
leading to the regulation of cellular responses [9]. Of note, several mechanisms are involved
in the Sirtuins activation including a higher ratio of NAD*/NADH and phosphorylation
kinases proteins such as AMP-activated protein kinase or c-Jun N-terminal kinase 1 [10-12].
In general, the enzymatic activity of Sirtuins ensures cellular homeostasis via modifying
a plethora of epigenetic factors and transcription factors implicated in several aspects of
gene expression. Sirtuins are prominently involved in the regulation of myriad fundamental
biological processes including inflammation, proliferation, cell survival, DNA repair and
metabolism that we extensively reviewed earlier [13]. Recent studies also indicate the
biological role of Sirtuins in female reproduction. Currently, a rapidly expanding body of
evidence supports that Sirtuins can improve the pregnancy outcome by reducing placental
inflammation and oxidative stress and enhancing cell survival (anti-apoptotic effects),
placental angiogenesis and trophoblast functions (differentiation and invasion) (Fig. 1). In
general, male and female SIRT1-null (SIRT17/7) mice are sterile (or have very low fertility
rates) and exhibit neonatal or early postnatal lethality due to multiple severe abnormalities.
Indeed, SIRT1-deficient and knockout mice display severe developmental defects and
irregularities including defective germ cell differentiation, small placenta, labyrinthine
layer and junctional zone abnormalities, exencephaly, abnormal shaped eye and defective
cardiac septation. Furthermore, intrauterine growth retardation appears to be a common
phenotype among all SIRT1-null offspring [14-19]. Regarding the localization, it has been
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Fig. 1. Sirtuins play major roles during different stages of oocyte meiotic maturation, embryonic development
and oocyte aging and thus have emerged as vital regulators of female reproductive functions. Sirtuins are
fundamentally involved in regulating feto-maternal inflammation during implantation, gestation and labor
and SIRT1 can further improve the pregnancy outcome by enhancing placental angiogenesis and trophoblast
functions.

elucidated that SIRT1 and SIRT2 are greatly expressed in decidual cells, cytotrophoblasts,
syncytiotrophoblasts, amniotic epithelial cells and the chorionic trophoblast cell layer.
In addition, SIRT2 has also been localized in the placental endothelium [20]. Similarly,
positive SIRT6 staining has been detected in the decidua, amnion epithelium and chorionic
trophoblasts [21].

Similar to SIRT1 knockout mice, SIRT6-deficient and knockout mice are reported
to mainly suffer post-weaning lethality (die at about 4 weeks of age) and develop several
profound abnormalities such as hypoglycemia (increased glucose uptake and AKT
activation), massive inflammation (enhanced c-JUN and NF-xB transcriptional activity),
severe lymphopenia (elevated lymphocyte apoptosis), osteopenia (reduced bone density),
colitis (erosion of the superficial colonic epithelium), lordokyphosis (hunchbacked spine),
eye abnormalities (retinal transmission defects), developmental retardation (reduced body
size and weight), progeroid degenerative syndrome (an aged appearance at birth), premature
aging, hepatic fibrosis and visceral and subcutaneous fat loss [22-26]. Furthermore, SIRT6-
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null cynomolgus monkeys display increased acetylation levels of H3K56 in various tissues
including the brain and muscle and die hours after birth due to a pan-tissue developmental
delay in utero. Mechanistically, this article illustrates that H3K56 hyperacetylation delays
neuronal maturation and differentiation through transcriptionally activating a potent
developmental suppressor, the long non-coding RNA H19 [27]. In humans, a homozygous
inactivating mutation in the SIRT6 gene leads to perinatal lethality and multiple critical
congenital aberrations including intrauterine growth restriction (IUGR), sex reversal in male
fetuses, cardiac insufficiencies (valve defects, cardiac enlargement and septal defects) and
craniofacialand cephalicanomalies (cerebellar hypoplasia, microcephaly and frontal bossing).
In vitro experiments conducted in this research further clarify that SIRT6 deacetylase activity
towards H3K9Ac and H3K56Ac is required for direct silencing of the core pluripotent genes
(Sox2, Oct4 and Nanog) and consequently SIRT6-deficient stem cells fail to differentiate into
embryoid bodies, functional cardiomyocyte foci and neural progenitor cells [28]. With regard
to SIRT7, heterozygous mutant SIRT7 mice exhibit no obvious phenotype whereas SIRT7
knockout mice show an accelerated aging phenotype and die prematurely (reduced lifespan)
during the postnatal period. The most pivotal abnormalities observed in SIRT7 knockout
mice include partial embryonic lethality (perinatal lethality), kyphosis (excessive convex
curvature of the spine), stem cell dysfunction (decreased tissue regeneration), fatty liver
development (increased hepatic lipogenesis and ER stress and decreased VLDL secretion),
increased heart and liver inflammation, progeroid-like phenotype, reduced plasma IGF-1
levels, subcutaneous fat loss, cardiac hypertrophy, reduced body weight, leukopenia in
lymphoid organs, increased mutant frequency and decreased stress-resistance mechanisms
[29-31]. In particular, SIRT7 is demonstrated to boost stress resistance of neonatal primary
cardiomyocytes by deacetylating p53 (inhibition of apoptosis) and lessen replication stress
through promoting NHE] repair in a PARP1-dependent manner [29, 30]. With respect to
the development of hepatosteatosis, SIRT7 is shown to be recruited to the promoters of
ribosomal protein genes upon physical interaction with Myc to suppress the expression of
these proteins and alleviate ER stress [31].

Contrary to the severe irregularities caused by SIRT1, SIRT6 and SIRT7 deficiency,
knockout mice deficient in SIRT2, SIRT3, SIRT4 and SIRT5 are viable and grossly healthy
and display no obvious phenotypic defects and abnormalities. Nevertheless, SIRT2 knockout
mice display H4K16 hyperacetylation in various tissues and are prone to tumorigenesis,
chromosomal aberrations and genomic instability. In fact, it is demonstrated that SIRT2
participates in a mitotic checkpoint mechanism by directly deacetylating H4K16 and the
histone methyltransferase PR-Set7 and thus increasing the monomethylation of H4K20 [32].
SIRT3 deficiency is reported not to affect the fertility, adaptive thermogenesis and overall
metabolism of SIRT3~/~ mice. However, these mice display not only mitochondrial protein
hyperacetylation but also diminished ATP levels (inhibition of complex I subunit NDUFA9)
[33, 34]. Likewise, SIRT4 knockout mice are shown to be fertile and phenotypically normal
but display slight fasting hypoglycemia because of an increase in circulating insulin levels.
Indeed, SIRT4 can downregulate amino acid-stimulated insulin secretion in mouse {3 cells
through ADP-ribosylation and inhibition of GDH [35]. Regardless of normal fertility and
health, SIRT5 knockout mice are unable to upregulate the enzymatic activity of CPS1 and thus
experience increased blood ammonia levels under fasting conditions [33, 36]. Interestingly,
even dual deletion of SIRT3 and SIRTS5 is reported not to largely alter development, fertility,
mitochondrial mass, immune cell development and hematopoiesis [37]. Overall, it seems
that identifying the underlying mechanisms of Sirtuins functions on pregnancy modulation
is required to develop more efficient diagnostic and therapeutic strategies. In this review, we
shall first address Sirtuin regulation and functions including their interactions with the most
important signaling pathways involved in pregnancy. Then, we will focus on the pivotal roles
of Sirtuins in female reproductive functions, normal pregnancy, parturition and pregnancy
complications.
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Pivotal roles of Sirtuins in female reproductive functions

Sirtuins have emerged as vital regulators of folliculogenesis, oocyte meiotic maturation
and oocyte aging (ovarian/reproductive and postovulatory aging). Indeed, the expression of
Sirtuins has been detected in endometrium (SIRT1-7), ovaries (SIRT1, 3, 6), oocytes (SIRT1-
7), cumulus cells (SIRT1, 2, 3, 5, 6), embryos (SIRT1-3) and granulosa cells (SIRT1-3) [38, 39].
[t is well illustrated that caloric restriction (CR) or specific activation of SIRT1 can suppress
the activation of primordial follicles (transition from primordial to developing follicles) and
thus preserve the ovarian follicular reserve through increasing the expression levels of SIRT1,
SIRT6, FOX03a and NRF-1 and suppressing mTOR signaling [40, 41]. In oocytes, evidence
indicates that Sirtuins are decisively involved in the regulation of meiotic progression and
aging. Consequently, each member of this family plays distinct yet fundamental roles in key
biological processes controlling oocyte quality, quantity and developmental competence.
Employment of the pan-Sirtuin inhibitor nicotinamide is shown to severely disrupt oocyte
meiotic maturation and progression in mice and pigs. During porcine oocyte maturation,
this effect is reported to be associated with several abnormalities including disrupted
oocyte cortical polarity (inhibition of actin cap and cortical granule-free domain (CGFD)
formation), decreased polar body extrusion, impaired cumulus cell expansion, abnormal
spindle organization and chromosomal misalignment [42]. On the contrary, NAM impairs
the establishment of metaphase II arrest and entry into meiosis I in murine oocytes by
disrupting Cdk1 regulation (lowering Cdk1 activation) [43].

In oocytes undergoing meiotic maturation, SIRT1 activation is demonstrated to decrease
cellular reactive oxygen species (ROS) levels and enhance polar body extrusion, spindle and
chromosome organization, mitochondrial quantity, mitochondrial function (mitochondrial
membrane potential (AWm) and ATP content), intracellular glutathione (GSH) content and
energy homeostasis. Therefore, SIRT1 can positively affect the meiotic maturation of oocytes
by improving their quantity, quality and developmental competence. As evident by increased
blastocyst rate and embryonic developmental competence, SIRT1 can also improve the
oocyte’s ability to develop into a viable embryo and subsequently into a blastocyst [44-48].
With regard to oocyte aging, SIRT1 plays a protective role against both reproductive and
postovulatory aging. In murine ovaries, resveratrol treatment counteracts ovarian aging
and age-associated fertility decline via increasing SIRT1 expression levels, follicular reserve,
telomere length and telomerase activity [46]. As a sensor of oocyte redox state, SIRT1 is
reported to activate a FOXO3a-MnSod axis to orchestrate an antioxidant response in mouse
oocytes. Nevertheless, oocytes isolated from reproductively old mice display a massive
reduction in SIRT1 protein levels under normal conditions and are unable to efficiently
upregulate SIRT1 mRNA levels in response to oxidative stress. Consequently, aged oocytes
fail to upregulate the FOX03a-MnSod axis under oxidative stress, which ultimately could
result in impaired ROS detoxification [48]. During postovulatory aging, mRNA expression
levels of SIRT1, 2 and 3 are all dramatically reduced in murine oocytes. This reduction
has been associated with an increase in aging-induced morphological changes, abnormal
mitochondrial distribution pattern, spindle defects, ROS accumulation, apoptotic rate and
autophagy induction and a decrease in developmental competence, mitochondrial function
(A®m), H3K9me3 levels and maturation-promoting factor activity [49-51]. Importantly,
culture medium supplementation with melatonin is illustrated to avert the alterations
observed in postovulatory aged mouse oocytes by elevating SIRT1 transcription and
subsequently activating a SIRT1-MnSOD-dependent pathway [51]. In a similar fashion,
resveratrol treatment can significantly improve the defects detected in spindle and
chromosome organization and cortical granule and mitochondrial distribution during pig
oocyte in vitro aging [52].

During bovine and mouse oocyte maturation, SIRT2 is uniformly located in both the
nucleusand cytoplasmofthe oocyte.Nevertheless, SIRT2becomes concentrated onthe meiotic
spindle of the mouse oocyte upon entrance into metaphase and its expression decreases in the
bovine oocyte after the first cleavage. Consistently, SIRT2 knockdown or selective inhibition
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by SirReal2 is reported to induce spindle disorganization and chromosome misalignment
and compromise the microtubule-kinetochore interaction, a crucial mechanism in charge
of chromosome segregation, in oocytes undergoing meiotic maturation. Importantly, these
defectsareaccompanied by the hyperacetylation of a-tubulin, involved in spindle morphology,
and H4K16, involved in chromosome alighment and kinetochore function [39, 53]. Other
abnormalities caused by SIRT2 inhibition in bovine oocytes include disturbed cytoplasmic
maturation, mitochondrial dysfunction, and meiotic arrest, decreased oocyte cleavage and
elevated ROS accumulation. Mechanistically, SIRT2 inhibition intensifies cellular ROS levels
through blocking the FOX03a-Sod2/Cat axis and regulates mitochondrial biogenesis and
function by upregulating DRP1 and simultaneously downregulating TFAM and Mfn2 [39].
With regard to oocyte aging, SIRT2 also plays a protective role against both reproductive and
postovulatory aging. In oocytes obtained from reproductively-aged mice, downregulation of
SIRT2 protein is found to be responsible for increased aneuploidy rate, spindle/chromosome
disorganization and compromised kinetochore-microtubule attachments. In detail, SIRT2 is
suggested to mediate the deacetylation of BubR1, a-tubulin and H4K16 to ameliorate the
occurrence of maternal age-associated meiotic defects in aged oocytes [53, 54]. In in vitro-
matured bovine MII oocytes, post-maturation aging is negatively associated with the mRNA
expression levels of SIRT1-6, especially SIRT1, SIRT2 and SIRT5 mRNA levels. Accordingly,
exposure of bovine MII oocytes to SirReal2 can significantly increase autophagy-dependent
cellular apoptosis, mitochondrial dysfunction, abnormal mitochondrial distribution pattern,
ROS accumulation, oocyte activation, cytoplasmic fragmentation and spindle defects during
the early stage of in vitro aging [55].

Diabetes and obesity have been linked to reduced SIRT3 expression and elevated ROS
levels in murine oocytes. The same studies further elucidate that, during meiotic maturation,
SIRT3-dependent deacetylation of SOD2 produces an antioxidant effect in oocytes from
obese and diabetic mice, thus improving spindle assembly and chromosome alignment
[56-58]. Notably, SIRT3 is proposed to be indispensable for the development of mammalian
MII oocytes and preimplantation embryos under stress conditions like in vitro culture.
Consistently, in human in vitro-matured MII oocytes, a decrease in SIRT3 mRNA levels has
been identified as the major underlying cause of diminished mitochondrial biogenesis and
reduced developmental competence [59]. Correspondingly, SIRT3 knockdown is illustrated
to provoke developmental arrest in mouse embryos under in vitro culture conditions by
promoting ROS-induced p53 activation whereas SIRT3 overexpression, under the same
conditions, improves the developmental efficiency of mouse MII oocytes, at least in part,
through upregulating mitochondrial biogenesis [59, 60]. SIRT6 has also been proven to
positively affect the meiotic progression of murine and porcine oocytes and is further shown
to play a protective role against reproductive aging. Indeed, specific depletion of SIRT6 in
mouse oocytes is demonstrated to markedly increase spindle/chromosome disorganization,
aneuploidy incidence and impaired kinetochore-microtubule attachments. Consistent
with altered kinetochore function, SIRT6 is suggested to participate in the deacetylation of
histone H4K16 in mouse oocytes undergoing meiotic maturation [61]. During pig oocyte
meiotic maturation, SIRT6 is expressed at mRNA and protein levels in both cumulus cells
and oocytes. In cumulus-free porcine oocytes, SIRT6 inhibition by OSS_128167 is discovered
to dramatically reduce spindle/chromosome organization and the first polar body extrusion
rate while, in cumulus-enclosed oocytes, its inhibition results not only in the mentioned
defects but also in dwindled developmental competence, cumulus expansion and germinal
vesicle breakdown (GVBD) [62]. With respect to its protective role against oocyte aging,
SIRT6, whose expression is reduced in aged oocytes, is believed to take part in the quality
control of aged murine oocytes and embryos by enhancing the telomere elongation and
decreasing the incidence of apoptotic blastomeres [63].

SIRT7-knockdown oocytes are prone to producing aneuploid eggs and display impaired
meiotic progression and developmental competence. Specifically, SIRT7 knockdown
prominently elevates YH2AX signals, H3K18 acetylation levels (at asynaptic regions),
mitochondrial dysfunction and ROS production in mouse oocytes, severely compromising
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DNA integrity, chromosome synapsis, cortical actin cap formation, first polar body extrusion
and spindle/chromosome organization during meiotic maturation [64, 65].In addition, SIRT7
protein level is reported to be markedly lower in oocytes from obese mice while its ectopic
expression can ameliorate maternal obesity-associated meiotic defects and oxidative stress
[64]. Intriguingly, at odds with the protective roles of SIRT1, 2, 3, 6, and 7, increased SIRT4
expression is linked to oocyte aging and meiotic defects in mice whereas its depletion not only
ameliorates the deficient phenotypes of reproductively-aged oocytes but is also expendable
in meiotic maturation. Molecularly, it is illustrated that mouse oocytes overexpressing SIRT4
exhibit spindle/chromosome disorganization, increased ROS accumulation and lowered
ATP content due to an upregulation in the phosphorylation of Ser293-PDHE1« [66].

Anti-inflammatory and angiogenic properties of some Sirtuin isoforms can improve
the pregnancy outcome

The anti-inflammatory properties of Sirtuins mostly rise from the ability of SIRT1, 2,
and 6 to suppress the activation of the inflammatory transcription factors NF-kB and AP-1.
Consistently, the SIRT1 activators resveratrol and SRT1720 are reported to strongly reduce
LPS-induced expression and release of proinflammatory cytokines (IL-6, IL-8 and TNF-a)
and prostaglandins (PGE, and PGF, ) in human fetal tissues [20]. Likewise, in a study on
pregnant non-human primates, resveratrol treatment is demonstrated to protect the mother
and fetus from the adverse effects of maternal high-fat diet (HFD) by lessening placental
inflammation and promoting maternal weight reduction, uterine blood flow and glucose
tolerance [67]. In primary cytotrophoblasts, resveratrol is found to significantly decrease
the secreted levels of IL-6 and TNF-a and the mRNA expression of IL-6, IL-13 and NF-kB
[68]. In addition to SIRT1, evidence supports the active involvement of both SIRT3 and SIRT6
in the regulation of feto-maternal inflammation. SIRT6 silencing is determined to enhance
the production and release of IL-1B-induced proinflammatory cytokines and mediators
including IL-6, IL-8, TNF-a, MMP9, PGE, and PGF, in primary amnion cells. Molecularly, this
article shows that SIRT6 overexpression can inhibit the transcriptional activity of NF-kB in
primary amnion cells [21]. In human primary myometrial cells treated with IL-1f3 or TNF,
SIRT3 knockdown has been associated with augmented NF-kB transcriptional activity and
proinflammatory mediator expression and release (IL-6, CXCL8, CCL2, PGF, , MMP9 and
ICAM-1) [69]. Importantly, NF-kB is not considered to be a direct target of SIRT3, yet SIRT3
is reported to suppress inflammation and NF-kB signaling probably via downregulation of
ROS levels [70-73]. Thus, the mechanism by which SIRT3 contributes to the resolution of
feto-maternal inflammation remains to be investigated.

The angiogenic properties of SIRT1 can also provide the living fetus with a proper
environment to develop. Indeed, SIRT1, which is highly expressed in endothelial cells
during angiogenesis, promotes sprouting angiogenesis, blood vessel development and
vascular remodeling by deacetylating FOX01, a potent anti-angiogenic transcription factor
[74]. Regarding the angiogenic properties of SIRT1 in pregnancy, it is demonstrated that
resveratrol can reduce sFlt-1 levels both in vivo, in pregnant mice, and in vitro, in human
primary term trophoblasts and placental explants treated with either inflammatory
cytokines or hypoxia. Additionally, SIRT1 activation significantly attenuates sFlt-1 release
from primary cytotrophoblasts probably by a mechanism involving the activation of PGC-
la [68, 75, 76]. Equally important, AMPK (AMP-activated kinase) activation, which induces
SIRT1 activation and expression, has also been associated with the downregulation of sFlt-1
secretion from cytotrophoblast cells and is shown to significantly decrease the expression of
IL-6, IL-8 and MMP9 in fetal membranes and primary amnion cells [75, 77].
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Sirtuins enhance trophoblast survival and functions during pregnancy

Sirtuins play key roles in the enhancement of trophoblast survival, differentiation and
invasion during pregnancy. In primary human trophoblasts exposed to hypoxia, increased
SIRT1 expression is reported to be involved in the upregulation of NDRG1 (N-Myc down-
regulated gene 1), which in turn promotes trophoblast differentiation and apoptotic
resistance. Importantly, this study further substantiates that the observed increase in
trophoblast apoptotic resistance could be attributed to NDRG1 ability to diminish p53
expression possibly via SIRT1/p53 signaling [78, 79]. Perfluorooctanesulfonate (PFOS), an
organic pollutant used in industrial products, is known to adversely affect the pregnancy
outcome by increasing inflammation and oxidative stress. Interestingly, knockdown of
miR-29b, a microRNA increased in preeclampsia (PE) patients, can significantly decrease
PFOS-induced ROS generation in first trimester human trophoblasts and this effect has been
associated with a decrease in global protein hyperacetylation and an increase in global DNA
methylation via upregulation of SIRT1/SIRT3 and DNA methyltransferases, respectively
[80]. On the contrary, it is illustrated that inhibition of LSD1 in trophoblast stem cells
(TSCs) provokes senescence and markedly curtails glutamine anaplerosis required for the
maintenance of functional mitochondria and redox balance through direct upregulation of
SIRT4 expression and subsequent reduction of GDH1 enzymatic activity [81].

While human villous cytotrophoblast and syncytiotrophoblast cells, analogous to
labyrinthine trophoblasts in mice, surround fetal villous vessels to facilitate gas and
nutrient exchange, human endovascular and invasive extravillous cytotrophoblast cells,
analogous to invasive and junctional zone trophoblasts in mice, provide sufficient blood
flow to the feto-placental unit by invading and remodeling the spiral arteries. Therefore,
abnormal differentiation and deficient invasion of placental trophoblast cells can give
rise to multiple obstetric complications distinguished by inadequate placentation and
blood flow [82]. Notably, a recent study has shed new light on the importance of SIRT1
in the regulation of trophoblast functions. In brief, SIRT1-null mouse TSCs display
impaired invasive properties and are not able to properly differentiate into labyrinthine
and junctional zone trophoblasts. In fact, SIRT1-null TSCs persistently express high
levels of cMet and Epcam during differentiation and thus appear to be trapped in an
Epcamt" (labyrinthine) trophoblast progenitor state [19, 83]. Furthermore, according
to this recent study, these cells show clear reductions in STAT3, Smad2/3 and PPARy
expression levels, which, to some extent, can explain their blunted differentiation and the
significantreduction observedintheirinvasive ability [19]. Generally, IL-6 and phosphorylated
STAT3 are known for their ability to enhance the invasive abilities of trophoblast cells during
pregnancy by regulating the release and activity of trophoblast proteases such as MMP-9
and MMP-2 [84]. Provided that Sirtuins are known to negatively impact IL-6 levels, further
investigation can divulge the association between Sirtuin levels and trophoblast invasive
capabilities with regard to the regulation of IL-6. Equally important, as the differentiation
of trophoblast cells into the invasive lineage also firmly depends on the hypoxia inducible
factor (HIF) complex, further investigation could illuminate the effect of Sirtuins on this
complex during trophoblast differentiation [85, 86].

Correlation between proinflammatory cytokines and Sirtuin levels in the context of
pregnancy and abortion

In general, proinflammatory cytokines and factors negatively affect the levels of
SIRT1 and SIRTZ2. However, in the context of pregnancy, these interactions seem to be
more complicated. While LPS and the inflammatory cytokines TNF-a and IL-1f negatively
regulate the mRNA expression of SIRT1, SIRT2 expression level may be regulated by a
mechanism independent of inflammation in the human placenta [20]. Women suffering
from recurrent implantation failure (RIF) are reported to have higher levels of SIRT1 in
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their serum as compared to non-pregnant women and healthy pregnant women; however, it
should be mentioned that this report may show poor reproducibility due to the low number
of subjects [87]. Importantly, the expression patterns of local and systemic cytokines are
markedly changed in patients with RIF. It is described that the plasma levels of IFN-y, IL-1§,
TNF-a, IL-6 and IL-4 are higher whereas TGF-f3 plasma levels are lower in women suffering
from RIF [88, 89]. Conversely, local expressions of IL-6, IL-8 and TGF- are decreased in
the endometrium of patients with RIF compared to normal fertile women [90]. Therefore,
further investigation is required to determine the systemic and local correlation between
these cytokines and SIRT1 levels in the context of pregnancy and abortion. Similar to the
effect on SIRT1 expression, LPS significantly diminishes SIRT6 expression both at the mRNA
and protein levels in human fetal membranes [21]. Likewise, the proinflammatory cytokines
IL-1B and TNF are reported to reduce SIRT3 mRNA and protein expression levels in human
primary myometrial cells [69].

Parturition and maternal obesity are accountable for major alterations in Sirtuin
levels

Sirtuins also seem to play major roles in the regulation of parturition and pregnancy
complications caused by obesity. Provided that normal pregnancy comprises a sequence
of distinct events, namely implantation (inflammatory), gestation (anti-inflammatory) and
parturition (inflammatory), any alterations in the nature of these events and responses
could provoke dire consequences during pregnancy [91]. Importantly, parturition is
an event represented by both systemic and localized intrauterine inflammation, which
juxtaposes the anti-inflammatory properties of SIRT1, 3, and 6 during pregnancy [92]. In
fact, it can be hypothesized that, once inflammation is induced by the onset of labor, not
only the expression levels of SIRT1, 3, and 6 should be reduced in response, but also the
constraints imposed by these Sirtuins on feto-maternal inflammation should be diminished.
Consistently, it is demonstrated that both SIRT1 and SIRT6, but not SIRT2, levels are
significantly downregulated in human gestational tissues and cells by the physiologic onset
of labor [20, 21]. Similarly, in human myometrium, the spontaneous onset of labor has been
associated with a significant reduction in SIRT3 expression levels while no change has been
observed in the expression levels of SIRT4, 5, and 7 [69]. Visfatin/NAMPT (VSF) is a systemic
adipocytokine, which is involved in SIRT1 activation via catalyzing the rate-limiting step
in the nicotinamide adenine dinucleotide (NAD)* salvage pathway. Interestingly, it is also
shown that, although SIRT1 levels are decreased in placental samples collected from term
preeclamptic women compared to term controls, VSF and SIRT1 levels are not significantly
affected by labor [93]. The observed discrepancies in this study could partially be due to the
small sample size and use of semi-quantitative methods. Contrary to uterine SIRT3, hepatic
SIRT3is found toreachits peaklevel on the day of parturition and gradually decline to the basal
level during the first two weeks after parturition in dairy goats, indicating that parturition
may regulate SIRT3 expression by a different mechanism in the liver [94]. Notably, NF-«B
can directly bind to a cis-acting element in the SIRT3 promoter to activate its expression
in tumor cells and perhaps SIRT3 is regulated by NF-«B itself in the liver [95]. Inevitably,
altered levels of Sirtuins may either prolong, as observed in postterm delivery associated
with obesity, or expedite, as observed in preterm delivery, the onset of parturition. Prior to
term labor, placental syncytiotrophoblast VSF levels are reported to be positively correlated
with both BMI and syncytiotrophoblast SIRT1 levels and consequently obese women tend to
have higher levels of VSF in their placenta, which are suggested to be culpable for postterm
delivery in obese pregnancy. However, and unexpectedly, this report has also divulged that
the placental SIRT1 levels are not affected by maternal BMI [92]. In conclusion, further
investigation is essential to unravel more details on the relationship between Sirtuin levels
and the initiation of labor.
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Maternal obesity is considered as a contributing factor to several complications in
pregnancy including increased placental oxidative stress, inflammation, lipotoxicity and
vasculopathy. Besides, maternal HFD increases the levels of proinflammatory cytokines and
factors such as IL-6, IL-8, IL-18, TNF-a and NF-xB in the placenta. In this context, diminished
expression of SIRT1 and SIRT3 is suggested to participate in the exacerbation of oxidative
stress, inflammation and p53-mediated cell cycle arrest at the feto-maternal unit [96].
Furthermore, SIRT3 is hyperacetylated in aged and obese mice due to reduced SIRT1 activity
and this hyperacetylation is reported to influence both the stability and enzymatic activity
of SIRT3 including its ability to promote fatty acid $-oxidation via deacetylating LCAD. At the
molecular level, SIRT1 is demonstrated to directly interact with and deacetylate SIRT3 in
the mitochondria, improving its stability and deacetylase activity [97]. Therefore, maternal
obesity may abrogate the beneficial effects of SIRT1 and SIRT3 on pregnancy by decreasing
not only their expression but also their activity. Consistently, Maternal HFD feeding is found
to significantly decrease SIRT1 protein and mRNA levels in the murine placenta, with
concomitant increased levels of placental LPL and proliferator activated receptor (PPAR) y
levels. Using selective activators and inhibitors, this study further explains that SIRT1
negatively regulates LPL expression in JEG-3 trophoblasts through suppressing PPARy
expression [98]. In addition, obese pregnant women, regardless of gestational diabetes
mellitus (GDM) status, display diminished skeletal muscle SIRT3 activity and expression,
which is proposed to be a contributing factor to the increased oxidative stress observed in
obese pregnancy [99]. Importantly, hierarchical cluster analysis of the hepatic and placental
gene expression has identified that maternal obesity in mice prominently upregulates lysine
acetyltransferases and Bromodomain-containing protein 2 in the fetal liver and placental
labyrinth, while downregulating most histone deacetylases in the same tissues. Among the
histone deacetylases analyzed in this study, SIRT4 expression is shown to be downregulated
in dams fed a HFD, yet the significance of this finding remains to be elucidated [100].
Moreover, maternal obesity, similar to SIRT1-deficiency, is also related to poor placental
angiogenesis and fetal developmental problems. According to a recent study, regardless
of SIRT1 genotypes, dams fed a HFD develop pronounced placental angiogenic problems,
which are reversible by eicosapentaenoic acid (EPA) treatment. Compared to HFD, EPA diet
significantly decreases placental HIF-1a expression and increases placental angiogenesis
via boosting NF-kB-mediated inflammatory responses [101]. Therefore, it is possible that
obesity-induced placental vasculopathy is independent of SIRT1 angiogenic properties, yet
the lack of a normal diet group has limited this study. In addition to placental complications,
maternal obesity can induce alterations in fetal metabolic programming by exposing the
fetus to maternal overnutrition. With this regard, expression and enzymatic activity of both
SIRT1 and SIRT3 are found to be decreased in the fetal liver in response to maternal obesity
[102,103].

Sirtuins can hold mTOR functions in check during pregnancy

SIRT1 and mammalian target of rapamycin (mTOR) are known to negatively regulate
each other. mTOR is the catalytic subunit of two distinct enzymatic complexes, a rapamycin-
sensitive complex mammalian target of rapamycin complex 1 (mTORC1) and a rapamycin-
insensitive complex mTORC2, and is implicated in the regulation of a wide variety of
functions including gene transcription, protein formation, proliferation, inflammation
and cellular metabolism. Furthermore, rapamycin, a potent SIRT1 activator and an
immunosuppressant widely used in transplantation medicine, downregulates mTOR activity
by inhibiting mTORC1 [104-107]. It is reported that high glucose levels significantly enhance
the expression and activity of mTOR while they have a negative effect on the expression
and activity of SIRT1, which collectively leads to the senescence of mesangial cells [108]. In
embryonic cells, chitosan nanoparticles (CSNPs) reduce the expression of SIRT1 and SIRT3,
which provokes oxidative stress and apoptosis. In contrast, rapamycin is demonstrated

653



Cellular Physiology Cell Physiol Biochem 2022;56:644-662

. . DOI: 10.33594/000000588 © 2022 The Author(s). Published by
and BIOChemIStry Published online: 25 November 2022 |Cell Physiol Biochem Press GmbH&Co. KG

Kahmini et al.: Sirtuins as Regulators of Pregnancy

to neutralize the apoptotic effects of CSNPs and reduce reactive oxygen species levels in
embryonic cells by considerably upregulating the expression levels of Bcl-2, SIRT1 and
SIRT3 and downregulating Caspase-3 mRNA expression [109]. Similar to SIRT1, both SIRT3
and SIRT4 have also been implicated in restraining mTOR signaling and functions [110, 111].
Nevertheless, the importance of these interactions should be investigated in detail in the
context of pregnancy.

Sirtuins and pregnancy complications

Alterations in Sirtuin levels may be a pivotal intermediary step in the pathogenesis of
several pregnancy disorders such as recurrent spontaneous abortion (RSA), PE, RIF and
fetal growth restriction (FGR). PE is a disorder of vascular endothelial malfunction and
is associated with an imbalance between inflammatory and regulatory cells and several
other events including hyper-lipidemia, anti-angiogenic factor production and inadequate
trophoblastinvasion and differentiation. PE eventually results in chronichyper-inflammation,
hypoxia, oxidative stress and abnormal placental development and function [112-114].
Indeed, Abnormal differentiation of syncytiotrophoblasts (labyrinthine trophoblasts)
and shallow invasion of extravillous cytotrophoblasts (junctional zone trophoblasts) are
regarded as hallmarks of this disease [115]. Compared to normal pregnancies, placental
mRNA expression levels of SIRT1 and PGC-1q, together with placental mitochondrial DNA
and protein, are found to be markedly reduced in pregnancies complicated by both PE and
IUGR [116]. In fact, results from other studies have further substantiated that preeclamptic
women, regardless of being at term or preterm delivery, exhibit reduced SIRT1 and VSF levels
in placental syncytiotrophoblasts compared to normal controls whereas SIRT3 decreases in
preeclamptic placentas most significantly at preterm [93, 117]. Similar to the reductions
observed in placental SIRT1 and SIRT3 levels, SIRT2 protein expression is reported to be
significantly lower in preterm preeclamptic and fetal growth restricted placentas relative to
gestation matched preterm controls. In preeclamptic placentas, this reduction is illustrated to
be concomitant with elevated mRNA levels of receptor-interacting serine/threonine-protein
kinase 1 (RIPK1), an enzyme involved in the induction of necroptosis [118]. Contrary to these
reductions, expression of the placental SIRT4 gene is reported to be significantly higher in
PE superimposed on chronic hypertension than normal pregnancy, but the mechanism and
importance of this observation remain to be explored in greater detail [119].

Furthermore, the expression and activity of xanthine oxidase, an enzyme known to
induce oxidative stress via ROS generation, are elevated in cytotrophoblasts during PE [120].
Treatment of human placental explants with hypoxanthine and xanthine oxidase is explained
to reduce placental GLUT1 expression and resultant glucose uptake by inhibiting SIRT1
expression at both the transcriptional and translational levels [121]. Even so, it is still unclear
whether SIRT1 can regulate the expression of xanthine oxidase in feto-maternal tissues
during pregnancy. Similar to xanthine oxidase, HMGB1 and HSP70 also play an important
role in the pathogenesis of PE. Under cellular stress, heat-shock protein 70 (HSP70) inhibits
caspase-dependentand FasL-induced apoptosis by preventing several apoptotic events [122-
126]. Conversely, HSP70 can also promote TNF-triggered apoptosis by suppressing IKK and
NF-xB anti-apoptotic activities [127]. Equally important, high mobility group box-1 (HMGB1)
is considered both as an actively secreted cytokine produced by inflammatory cells and a
chromatin-associated protein involved in the transcriptional regulation of several important
genes [128, 129]. Upon being released into the extracellular space, HMGB1 binds to multiple
surface receptors including TLR2, TLR4, and RAGE (Receptor for Advanced Glycation End-
products) and induces either apoptosis by regulating the expression of mTOR and discoidin
domain receptor 1 (DDR1) or inflammation via activating inflammatory pathways like
NF-xB [130-132]. Importantly, plasma levels of both HMGB1 and HSP70 are strongly and
positively correlated with the severity of PE and HMGB1 expression levels are markedly
increased in the placental syncytiotrophoblasts of preeclamptic patients, which is described
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to contribute to RAGE-mediated endothelial cell activation. Moreover, the expression of
inflammatory mediators such as IL-1f3, IL-18, TNF-a and HMGB1 is found to be significantly
elevated in monocytes isolated from pregnant women with PE [133-135]. Interestingly, using
amurine model of PE, a recent study has revealed that a decrease in placental SIRT1 protein
levels can be the underlying cause of increased serum HMGB1 and HSP70 concentrations
in preeclamptic patients. Mechanistically, SIRT1 has been found to hinder both IL-6- and
preeclamptic serum-induced release of HMGB1 and HSP70 from in vitro-cultured human
umbilical vein endothelial cells (HUVECs) [136]. Indeed, HMGB1 hyper-acetylation, which
can be regulated by Sirtuins, is elucidated to be responsible for the translocation of HMGB1
into the cytosol and the lysosomal release of HMGB1 [132]. Thus, Sirtuins may avert the
adverse effects (inflammation and apoptosis) of these proteins by direct regulation of their
acetylation status, so further research is needed to clarify the exact underlying mechanisms
involved in the regulation of HMGB1 and HSP70 by Sirtuins during pregnancy.

In contrast to preeclamptic pregnancies, very little is known about Sirtuin alterations
in the hemolysis, elevated liver enzymes, and low platelet count (HELLP) syndrome.
Importantly, short-term hypoxia and impaired fatty acid oxidation are considered to be
involved in the pathogenesis of this syndrome. With this regard, after a short-term hypoxia
treatment, HUVECs from HELLP pregnancies are shown to have higher SIRT4 protein levels
than HUVEC s isolated from normal pregnancies. As a result, elevated SIRT4 levels can be a
possible contributor to the mitochondrial defects observed in pregnancies complicated by the
HELLP syndrome, but this possibility should be further explored [137]. Likewise, SIRT4 also
appears to play a role in the fetal complications caused by maternal diabetes in conjunction
with SIRT1, 2, and 3. Specifically, it is demonstrated that GDM reduces the transcription
levels of SIRT1, 3, and 4 and the activity of SIRT1, and 3 in fetal endothelial cells, which
may contribute to long-term cardiovascular complications in the offspring [138]. In addition,
SIRT2 is proposed to play a protective role against maternal diabetes-induced apoptosis,
cellular organelle stress and neural tube defects by deacetylating myristoylated alanine-rich
C-kinase substrate (MARCKS) [139]. Interestingly, exposure of pregnant mice to chronic mild
stress enhances the expression of SIRT7 in the placenta, which can be attributed to SIRT7’s
ability to promote cell survival and DNA repair [140]. As a concluding remark, each member
of the Sirtuin family plays distinct yet integral roles in key biological processes related to
the pregnancy and thus their dysregulated expression or activity can give rise to adverse
pregnancy outcomes such as PE, IUGR, diabetic embryopathy and the HELLP syndrome.

Conclusion

Recent evidence supports that Sirtuins can improve the pregnancy outcome by
regulating fundamental biological processes in charge of folliculogenesis, oocyte meiotic
maturation, oocyte aging, trophoblast functions, feto-maternal inflammation and placental
angiogenesis and oxidative stress. Sirtuins also play major roles in the regulation of labor and
obstetric complications caused by maternal obesity and diabetes. Consequently, alterations
in Sirtuin levels and activity can be a pivotal intermediary step in the pathogenesis of
several pregnancy complications including recurrent spontaneous abortion, fetal growth
retardation, preeclampsia, recurrent implantation failure and the HELLP syndrome.
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