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Abstract

Objective Organisms and cellular viability are of paramount importance to living creatures. Disruption of the balance
between cell survival and apoptosis results in compromised viability and even carcinogenesis. One molecule involved in
keeping this homeostasis is serum-glucocorticoid regulated kinase (SGK) 1. Emerging evidence points to a significant role
of SGK1 in cell growth and survival, cell metabolism, reproduction, and life span, particularly in prenatal programming and
reproductive senescence by the same token. Whether the hormone inducible SGK1 kinase is a major driver in the pathophysi-
ological processes of prenatal programming and reproductive senescence?

Method The PubMed/Medline, Web of Science, Embase/Ovid, and Elsevier Science Direct literature databases were
searched for articles in English focusing on SGK1 published up to July 2023

Result Emerging evidence is accumulating pointing to a pathophysiological role of the ubiquitously expressed SGK1 in the
cellular and organismal viability. Under the regulation of specific hormones, extracellular stimuli, and various signals, SGK1
is involved in several biological processes relevant to viability, including cell proliferation and survival, cell migration and
differentiation. In line, SGK1 contributes to the development of germ cells, embryos, and fetuses, whereas SGK1 inhibition
leads to abnormal gametogenesis, embryo loss, and truncated reproductive lifespan.

Conclution SGKI integrates a broad spectrum of effects to maintain the homeostasis of cell survival and apoptosis, confer-
ring viability to multiple cell types as well as both simple and complex organisms, and thus ensuring appropriate prenatal
development and reproductive lifespan.
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BTB Blood—testis barrier
CL Corpora lutea
NFAT Nuclear factor of activated T cells

Introduction

A balance between cell survival and apoptosis is essential
to the development of living creatures [1]. The disruption of
this balance leads to the disturbance of organismal and cel-
lular viability or even carcinogenesis [2]. Therefore, to main-
tain that homeostasis, an appropriate response to dynamic
extracellular and intracellular challenges is pivotal to all
living organisms. One such key regulatory molecule that
coordinately integrates the intracellular signal transduction
pathways in this response is serum-glucocorticoid regulated
kinase (SGK) 1 [3, 4].

SGK1 is a serine-threonine protein kinase, belonging
to the protein kinase A/protein kinase G/protein kinase C
(AGC) family [2, 5]. Being highly conserved throughout
eukaryotic evolution, SGK1 has already been identified in
the genomes of various species [6, 7]. In addition to human,
rats and mice, SGK1 is widely expressed in different spe-
cies such as budding yeast (Saccharomyces cerevisiae) [8],
Caenorhabditis elegans (C. elegans) [9] sheep [10], pig
[11], monkey (Macaca fascicularis) [12], ground squirrel
(Ictidomys tridecemlineatus) [13], Atlantic killifish (Fun-
dulus heteroclitus) [14], spiny dogfish (Squalus acanthias)
[15], Mozambique tilapia [16] and influenza virus [17].
Accordingly, SGK1 contributes to the viability of multiple
cell types as well as both simple and complex eukaryotic
organisms [2].

In response to various extracellular stimuli, SGK1 is tran-
scriptionally induced and rapidly activated by fairly intricate
post-translational modifications accomplished via multifari-
ous signals. SGK1 is involved in the complex regulations
of transcription and protein abundance, activating several
molecules as well as epithelial ion channels and carriers
[18]. Correspondingly, as a functional focal point of intra-
cellular cross-talks, SGK1 participates in the epithelial ion
transport and both cell apoptosis and survival as well [7].
In effect, SGK1 dose has been demonstrated as a crucial
modulator of carcinogenesis biology [19]. Correspondingly,
SGKI1 enhances survival, proliferation, invasiveness, motil-
ity, epithelial to mesenchymal transition, and adhesiveness
of tumor cells [20].

Since several common features shared by tumor growth
and physiologic processes related to cell viability such as
cell survival, proliferation and migration, malignant tumor
growth and invasion exhibit striking similarities with tropho-
blast invasion and placental development, in particular [21].
While tumor invasion is uncontrolled, a pathological pro-
cess characterized by imbalanced regulation of motility
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and proteolysis together with unlimited metastatic capac-
ity, however, trophoblast invasion is a strictly regulated and
self-limited, a controlled physiological event restricted in
time to the implantation window, and localized in space to
the endometrium and the proximal third of the myometrium
[22]. Considering its “oncogenic” property [23], SGK1 pre-
sumably contributes to cell viability, particularly in prena-
tal programming and reproductive senescence by the same
token. Intriguingly, emerging evidence points to a significant
role of SGK1 in cell growth and survival, cell metabolism,
reproduction, and life span, all of which reflect the energic
viability of living creatures [24, 25].

The following review attempts to delineate the current,
albeit limited, understanding of the physiological and patho-
physiological significance of SGK1 action as well as both
SGK1-dependent signal cascades and its substrates in organ-
ism viability, especially in prenatal programming and repro-
ductive senescence.

Methods

The databases Medline/PubMed, Web of Science, Embase/
Ovid, and Elsevier ScienceDirect were searched for original
articles focusing on SGK1 published (to July 2023). The
search performed in Medline/PubMed to identify relevant
studies has used free words “serum and glucocorticoid regu-
lated kinase 17, “serum and glucocorticoid inducible kinase
17, “SGK1”, whereas searches in other databases used the
terms mentioned above as keywords. Our journal database
searches were not restricted by species, as we focused our
review on mice and human. Reference lists of identified arti-
cles were also searched for further relevant articles. We apol-
ogize to all authors whose work could not be cited owing to
space limitations.

SGK1 involvement in gametogenesis
SGK1 in oogenesis

The development of preovulatory follicles is specifically
orchestrated by intra-ovarian growth regulatory factors,
mainly estrogen and progesterone, as well as the pituitary
gonadotropins, such as follicle stimulating hormone (FSH)
and luteinizing hormone (LH) [26, 27]. All of these hor-
mones are under the control of hypothalamic—pituitary—adre-
nal (HPA) axis [28]. SGKI1 transcripts have been detected
in hypothalamus and elevated postnatally [29]. In pituitary
corticotrophs, SGK1 resides in the nucleus region to amplify
hormone release and synchronously exert proliferative and
anti-apoptotic actions via nuclear factor kappa B (NF-xB)
and forkhead box binding protein 3a (FOXO3a) [30-34].
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During ovarian follicular development, SGK1 mRNA
selectively localized to the granulosa cells, as its induction
is associated with specific stages of granulosa cell prolifera-
tion [35, 36] (Fig. 2). The expression of SGK1 is present
in oocytes of primordial follicles, and is very low or even
undetected in granulosa cells of preantral follicles where
the cells are proliferating at an extremely slow rate [37]. As
the granulosa cells differentiate to nondividing luteal cells,
SGKI1 in immature granulosa cells is induced rapidly by
FSH and more specifically LH, physiological stimulators
of granulosa cell proliferation and differentiation [35, 38].
Mediated by Spl binding region in the promotor of SGK1
gene, this marked increase of SGK1 expressions by FSH
through the cAMP/PKA pathway is followed by a transient
decline, and then reaches the maximal level as cells differ-
entiate, coinciding temporally with the secondary burst of
proliferative activity that occurs in granulosa cells of large
preantral follicles as they come into preovulatory follicles
[38, 39]. Richards et al. [40] have reported that Sgk1l mRNA
has also been elevated in ovaries of pregnant mice. In luteal
cells, FSH couples with and even impacts the IGF-I pathway
via PI3K cascade, leading to an augment of SGK1 [40].
SGK is an immediate target of FSH action [41-44]. The
transcription of SGK is regulated in granulosa cells of the
rat ovary by FSH in a biphasic pattern. In granulosa cells
cultured overnight in the absence of hormone, SGK mRNA
levels were very low. The addition of FSH resulted in a
rapid increase in SGK mRNA that reached a peak at 2 h and
then declined by 6 h. Between 12 and 48 h of FSH, SGK
mRNA levels gradually increased [43]. The LH surge rap-
idly initiates the terminal differentiation of granulosa cells
to luteal cells. Although SGK expression is rapidly reduced
by the LH surge, this decrease is transient. The expressions
of SGK mRNA and protein increase as the cells begin to
luteinize (within 12 h post-hCG) in vivo [44]. The levels
of continue to increase as the mature corpora lutea (CL) is
formed (2448 h post-hCG) until they reach their peak dur-
ing midgestation (day 15 of pregnancy) [37].

Intriguingly, subcellular distribution of SGK1 protein
is related to the stage of granulosa cell function in a simi-
lar manner with unclear-cytoplasmic shuttling of SGK1
protein [37, 44]. In virtue of the adverse consequence of
misinterpreting the similar stimuli, an appropriate signal
propagation involves not only elaborate procedures that
impart selectivity in the relay of signaling information,
but also highly intricate spatial control of where signals
are generated and temporal control of their duration [45].
Conceivably, the compartmentalization represents another
regulation level for deciphering the signaling pathways
of closely related kinases, which ensures the functional
specificity even when similar phosphorylation motifs
are presented [46]. With regard to SGK1, the subcellular
localization relies heavily on the cell type, stage in the cell

cycle, and local signaling factors [47]. Notably, SGK1 is
enriched in the cytoplasm in the G, phase, whereas pre-
dominantly nuclear in cells synchronously released into
S phase and G,/M phase [3]. SGK1 has been found to
shuttle between the nucleus and the cytoplasm in a cell-
cycle and stimulus-dependent manner via a nuclear locali-
zation signal (NLS) that binds to nuclear import receptor
importin-o [48, 49]. In granulosa cell, SGK1 responds to
FSH in a biphasic manner in vitro, where this kinase is
nuclear at 1 h and cytoplasmic at 48 h [37]. Subsequently,
in vivo, SGK1 protein is localized to the nuclei of imma-
ture granulosa cell and some thecal cells of large preovula-
tory follicles, whereas the exclusively perinuclear region
of the cytoplasm in luteal cells as well as some cells within
the stromal compartment [39]. This distinct transition of
SGKI1 from the nucleus to the cytoplasm as granulosa
cells cycle progression from differentiate, luteinize, cease
dividing to terminal differentiated luteal cells when exit-
ing from the cell cycle [37], indicates that SGK1 controls
distinct actions in proliferative compared with terminally
differentiated granulosa cells [37, 44].

Indeed, the increasing expressions and restriction to the
nucleus of SGK1 in proliferating granulosa cells synergizes
with the markedly down-regulation of FOXO3a [3, 4], a
specific nuclear substrate of SGK1 inducing G, phase cell
cycle arrest to maintain ovarian follicles in long-term devel-
opmental arrest [37, 40, 47]. Meanwhile, exclusion of SGK1
from the nucleus in luteal cells favors phosphorylation of
cytoplasmic targets that sustain a terminally differentiated
state of luteal cells or the arrested stage within oocytes [37].

Moreover, a considerable number of reports have
described the SGKl1-activated channels and carriers in
Xenopus laevis oocytes, including ENaC, voltage-gated
Na* channel Nav1.5 (encoded by the SCN5A gene), volt-
age-gated potassium channels KCNQ1/KCNEI, Kv 4.3
and Kv1.5, epithelial Ca?* channel TRPV3S and TRPVG6,
CI1™ channel CIC-Ka and CIC-2, cystic fibrosis transmem-
brane conductance regulator Cl1~ channel CFTR, amino
acid transporter SN1, excitatory amino acid transporter
(EAAT)1 and EAATS, electrogenic Na* coupled dicarbo-
xylate transporter NaDC-1, posttranslational modulators
PEPT2, Na*-phosphate cotransporter NaPillb, and sodium-
potassium adenosine triphosphatase (Nat/K*-ATPase) [4,
31, 50-52]. All of these ion transporters regulated by SGK1
have been involved in the membrane potential nutrient,
transportation and ion homeostasis of oocytes, contributing
to normal oogenesis.

Collectively, the hormonally regulated expressions of
SGK1 mRNA and the dramatic switch in the subcellular
localization of SGK1 protein in proliferating granulosa cells,
as well as in terminally differentiated luteal cells and resting
oocytes (Fig. 1) [53], indicate that this kinase is involved
in controlling cell cycle progression and stimulating
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Fig. 1 Selectively localized to the granulosa cells, SGK1 is induced by FSH, LH and steroid ovarian hormones in response to the specific stages
of cell proliferation. The unclear-cytoplasmic shuttling of SGK1 protein is related to the granulosa cell differentiation
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differentiation throughout follicular development and lute-
inization [37, 44, 53].

SGK1 in spermatogenesis

In males, on the other hand, both high-quality sperm pro-
duction and normal testicular volume require normal func-
tion of FSH [54]. Accordingly, FSH-inducible transcriptions
of SGKI1 are also present in spermatogenic cells [55]. The
blood—testis barrier (BTB) is a complex protein barrier
structure between the blood vessels in the testis and the sem-
iniferous tubules, which plays an important role in the pro-
cess of spermatogenesis [56]. Studies have shown that SGK1
localizes to the acrosome during the course of epididymal
maturation, and could be involved in endowing sperm with
basal motility by phosphorylating and inactivating of gly-
cogen synthase kinase 3 (GSK3) [55] and downregulating
the abundance of p-catenin protein in the BTB [57]. Other
studies have shown that SGK1 promotes the proliferation
and anti-apoptosis of immature SCs [58] through PI3K,
PDK1, AKT signaling pathways [59, 60], regulates the pro-
tein synthesis and cytoskeleton of mature SCs to change the
structure of BTB [60], and promotes spermatogenesis. In
addition, SGK1 highlights the role of FoxO3a in regulating
oxidative stress [61], which can damage BTB by destroying
BTB-associated junction proteins and inducing apoptosis of
Sertoli cells, leading to testicular damage and spermatogen-
esis disorders [62], which could lead to male infertility [63].

Of note, one downstream substrate of SGK1, cystic fibro-
sis transmembrane conductance regulator (CFTR) has been
implicated in sperm transportation and capacitation [64].
Thus, it is postulated that the upstream regulator SGK1
may also be involved in sperm maturation. This speculation
awaits further investigation.

SGK1 involvement in embryonic
development

As a transitory epiblast marker [65], proper expression of
SGKI1 is involved in early embryonic specifications. SGK1
has been detected at very early stages of embryogenesis [66,
67]. In the developing genitals and forelimb buds, differ-
ential expressions of SGK1 are dependent on mammalian
HOXD, a gene encoding transcription factors that are essen-
tial to morphogenesis along the multiple body axes [68].
SGKI1 expression was reported to be largely limited to the
proximal portion of the interdigital zone of mouse embryo
and abundant within the distal ventral mesenchyme of devel-
oping genital bud as well, both of which are immediately
adjacent to domains of apoptosis [68]. In accordance with
the smaller size of appendages observed in the mouse of
HoxD mutant, deregulation of SGK1 could contribute to cell

apoptosis in both structures [68], probably by phosphoryl-
ating and inactivating the pro-apoptotic downstream target
FOXO3a (FKHRL1) [32]. Moreover, genetic inactivation of
SGK1 contributes to the excessive apoptosis in the ectoderm
[1]. In the endoderm or dorsal mesoderm, PI3K-dependent
activation of SGK1 is speculated to ensure ectodermal cell
survival during early Xenopus embryogenesis in an intercel-
lular signaling cascade, which is mediated by decreasing
death receptors and components of the death-inducing sign-
aling complex (DISC) [1]. In this extrinsic pathway, SGK1
stimulates NF-kB signaling, leading to the accumulation
of bone morphogenetic protein 7 (BMP7), which in turn
acts on neighboring or distant ectodermal cells to repress
the expressions of genes encoding DISC components in the
ectoderm and thus promote cell survival across germ layers
during amphibian embryonic development [1]. The study
found that two growth factors, bone morphogenetic protein
2 (BMP-2) and transforming growth factor-p (TGFp), sig-
nificantly increased both Nuclear factor of activated T cells
(NFAT)-5 protein expression and transactivation in nucleus
pulposus cells located at the center of the intervertebral disc.
This, in turn, affects disk cell function through chondroi-
tin sulfate and aggrecan synthesis [69]. And NFATS was
known to increase the expression of SGK1 [70]. Addition-
ally, BMP15 and GDF9 are expressed by oocytes and play
a key role in granulosa cell development and fertility [71].
During follicular development, the induction of SGK1 is
closely related to the specific stage of granulosa cell pro-
liferation [36]. BMP15 and GDF9 promote FSH-induced
progesterone synthesis in preovulatory follicular granulosa
cells [72], and significantly increase the expression of SGK1
under the mediation of Spl [38, 73]. Thus, BMP2, BMP7,
BMP15 and GDF9 play a role in the regulation of SGK1. Of
note, during the earliest stages of C. elegans embryogenesis,
SGKI1 was found to antagonize sknl, a transcription factor
that orchestrates gene expression programs involved in the
establishing development of the mesendoderm [74]. Thus,
as a primary downstream effector of rapamycin-insensitive
companion of TOR (rict-1)/TORC?2 activity, SGK1 knock-
down partially rescues skn/ deficient-associated lethality by
restoring mesendodermal specification [36, 74]. Apart from
the obvious species difference, the discrepancy in these find-
ings was explained by specific pathways involved in and dif-
ferent states of embryogenesis. Nonetheless, these data point
to an essential role for SGK1 in embryogenesis.
Interestingly, merging evidence reveals that SGK1 is
pivotal to the early vasculogenesis [51, 75, 76]. As early
as embryonic day 8.5 (E8.5), SGK1 was already observed
throughout mouse embryo, especially higher in the yolk
sac [77], a primary tissue where angioblasts differentiate
into endothelial cells in the blood islands to form the earli-
est cardiovascular system [75]. Ablation of SGK1 results
in early cardiovascular failure and embryonic lethality at
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E10.5-E11.5 due to defective angiogenic remodeling and
to impaired myocardial trabeculation [75, 76]. The lethal
effects of SGK1 absence are accompanied by decreased
expression levels of Notch signaling components [75].
Moreover, phosphorylation of NDRG1 by SGK1 alters
NF-«B signaling and the expression of the downstream tar-
get VEGF-A, a pivotal growth factor plays a pivotal role in
mediating the differentiation of endothelial cells [51]. The
disruption of SGK1 leads to defective endothelial cell migra-
tion and tube formation, while increased apoptosis of vascu-
lar smooth muscle cells and endothelial cells, thus suggest-
ing a pro-survival role for SGK1 during angiogenesis in the
cardiac neo-angiogenesis and the endocardium-myocardium
crosstalk during trabeculation [51, 75, 76, 78].

Together, SGK1 participates in regulating embryonic
development by promoting cell survival and early angio-
genesis (Fig. 2).

SGK1 involvement in fetal development

Along with fetal development, the expression of SGKI1 is
stringently regulated in a temporal context [77]. By whole-
mount in situ hybridization of mouse embryo, Lee et al.
[77] have observed that SGK1 is prominent in the yolk sac
and decidua at E8.5, and then highly expressed in the lung
buds, blood vessels surrounding the somites, developing
otic vesicle and the heart chamber during developmental
stages E9.5-E12.5. By days E13.5-E16.5, SGK1 is exten-
sively localized in the brain stem, distal epithelium and the
thymus, terminal bronchi/bronchioles, adrenal gland, liver
and intestines [77, 79]. And then the expression of SGK1
transcripts remains high in mouse heart tissue, but delinks in
the other embryonic tissues on the later stages [77].

This tissue- and stage-specific expression is highly con-
gruous with the pluripotent role of SGKI1 in the transition
from intrauterine to extrauterine life [77, 80]. Particularly,
as a crucial regulator of ion channels and transporters [30,
81], SGK1 has been proposed in fetal volume regulation and
amniotic fluid secretion, the physical processes attributed
specifically to the lung, kidney and small intestine [80]. The
induction of SGK1 increases distal lung fluid absorption by
activating o subnet of epithelial Na* channel (a-ENaC) [82]
through Nedd4-2 suppression in fetal lung tissue [83]. By
the same token, SGK1 in placental trophoblast contributes
to normal sodium homeostasis in the bidirectional process
of maternal—fetal fluid exchange by modulating trophoblast
Na* transport under the stimulation of corticosteroids [84].
Besides, two single-nucleotide polymorphisms (SNPs)
of SGK1 (rs1057293 and rs1743966) were reported to be
related to transient tachypnea of the newborn (TTN) [85],
proposing a protecting role in fetal growth and develop-
ment [86]. Consistently, SGK1 protein is significantly lower
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postnatally, while increasing prominently in the fetal lung
[80]. By comparison, SGK1 protein in renal cortex is rather
steady for not increasing further with gestational age or even
after birth [80]. In late gestation, the increased expressions
of SGKI1 in brain stem, hypothalamus, and hippocampus,
reveal the development of the fetal brain—pituitary—adrenal
axis [79].

Taken together, SGK1 has a positive effect on the prena-
tal development. Intriguingly, maternal SGK1 expression is
speculated as a modifier of intrauterine fetal development
[53]. In the placenta of intrauterine programmed gestational
diabetes mellitus (GDM) rats, increased phosphorylation of
SGKI1 combined with other alterations in mTOR signaling
apparently lead to fetal overgrowth in female offspring by
inducing a pro-oxidant and pro-inflammatory intrauterine
environment [87, 88]. Concordantly, the offspring of wild
type (SGK1*/*) female mice mated with SGK1 knockout
(SGK17/7) male mice had significantly higher blood pres-
sure and slower weight gain postnatally following prenatal
fasting, whereas the offspring of SGK1~/~ mothers had no
such phenotypes [31]. Therefore, maternal signals mediated
by SGKI1 participate in the fetal programming of diabetes
and hypertension, shedding light on the decisive role of
SGKI in the maternal side of fetal programming.

SGK1 involvement in reproductive
senescence

Upon DAVID bioinformatics analysis in C. elegans gene,
SGKI has been identified to delay reproductive senescence
[89]. Accordingly, loss of SGK1 in C. elegans results in
defective egg-laying, extended generation time, reduced
fecundity [90]. Moreover, beyond prolonging reproductive
lifespan, inactivation of SGK1 has been proposed to increase
healthy life expectancy, rather than altering total lifespan
[89]. Thus, it seems that reproductive aging could have a
predominant effect on a healthy somatic lifespan [89].
Therefore, reproductive senescence has been suggested as
a distinguishing feature of aging, noted by a progressive age-
related decline in fertility mainly attributed to the reduction
in oocyte quantity as well as quality [89, 91]. No relevant
study has demonstrated that SGK 1 can cause premature
ovarian failure or luteal insufficiency, however, SGK1 altera-
tions can lead to reproductive dysfunctions. According to
reports, excessive SGK1 in the luminal epithelium of the
endometrium may disturb the delicate uterine luminal fluid
(ULF) balance, leading to a hostile environment that pre-
vents embryo implantation. Additionally, it may dysregulate
endometrial receptivity genes, contributing to unexplained
implantation failure in humans [31]. Since the risk of infer-
tility, abortion and birth defects increased along with ger-
mline ages, the somatic health should be well sustained to



Molecular Biology Reports (2024) 51:376

Page70f12 376

support reproductive activities [89]. Consistent with this
view, the most significant prognosticator for reproductive
senescence is the maternal age [91].

Over the past two decades, studies in model organisms,
such as worms, yeast, and mice, have witnessed a rapid pro-
gress in identifying avenues related to senescence [92, 93].
For example, decreasing insulin and insulin-like growth
factor-1 signaling (IIS), restricting food intake (dietary
restriction or DR), reducing germline function, slowing
mitochondrial respiration, or lowering temperature can all
extend lifespan [94]. Since many aspects of the molecular
regulation of senescence are conserved from worms to mam-
mals [93], the C. elegans model of senescence sheds light
on the regulation of reproductive senescence and lifespan in
other organisms, including humans [95-97].

Given the pronounced role in cell survival, prolifera-
tion, and growth that mentioned above, SGK1 has been
implicated to be involved in the modulations of reproduc-
tive senescence [89] and lifespan of C. elegans [98]. Ample
evidence suggests that IIS is central to whole-organism
metabolism, development, and stress response, and has a
conserved role in senescence and lifespan [94, 99, 100]. In
C. elegans, mutations in the DAF-2 gene (encodes the C.
elegans homolog of the mammalian insulin/IGF-1 recep-
tors) increase stress resistance and longevity [101, 102]. In
DAF-2 insulin signaling, TORC2, with its specific compo-
nent Rictor, has been firmly implicated in senescence and
regulation of cellular energetics, growth and metabolism
[74]. Intriguingly, the effects of rict-1/TORC2 were largely
mediated through SGK1 in C. elegans [74]. Loss-function
of SGK1 results in an overall reduced brood size, devel-
opmental delay, defective egg-laying, extended generation
time, increased stress resistance and an extension of lifes-
pan, thereby phenocoping the phenotypes associated with
mutation of upstream rict-1/TORC2 [74]. The effect of
reduced SGK1 is mainly achieved through de-suppression
of downstream effector DAF-16/FOXO, an IIS-inhibited
FOXO homolog regulating reproduction, growth and lifes-
panin C. elegans [103—106]. SGK1 directly phosphorylates
DAF-16/FOXO proteins, thus promoting its cytosolic locali-
zation [90, 107], whereby controlling development, stress
response, and longevity through rict-1/TORC2 signaling
cascade [108].

Similarly, the antioxidant-mediated longevity has been
also found to activate the SGK1/DAF-16 pathway [109]. In
this context, SGK1/DAF-16 has been reported to impact the
generation of reactive oxygen species (ROS) [109], which
accounts for ovarian senescence as well as poor oocyte qual-
ity [110].

Moreover, loss of germline proliferation regulates the
lifespan within the SGK1-dependent DAF-2-DAF-16 path-
way [103]. Ablation of mitotic germ cells leads to nuclear
entry of intestinal DAF-16 and extends lifespan [106].

Alternatively, SGK1 in tissues other than hypodermis inhib-
its DAF-16 activity that counteracts hypodermal DAF-16
[111]. Activated somatic DAF-16 in the epidermis shortens
lifespan by promoting a tumorigenic germline phenotype
and disrupting the surrounding extracellular matrix of C.
elegans [111]. Thus, SGK1 has been indicated in the func-
tional balance of tissue-specific DAF-16 activities, exerting
an antagonistic regulation on lifespan [111].

On the other side, SGK1 may delay senescence by regu-
lating proteins other than DAF-16/FOXO, such as transcrip-
tion factor SKN-1 [74, 112]. In this regard, SGK1 not only
inhibits DAF-16 protein but also directly inactivates SKN-1
in parallel [113]. SKN-1 has conserved functions in stress
detoxification, cellular homeostasis, metabolism and lon-
gevity [114]. SGK1 phosphorylates SKN-1 and prevents its
accumulation in intestinal nuclei, thus inhibiting its func-
tions on lifespan [74]. Interestingly, SKN-1/Nrf establishes
the development of the mesendoderm in embryos as illus-
trated above [74]. Therefore, TORC2/SGKI1 signal cascade
influences in the context of both embryonic development
and senescence [74]. Additionally, SGK1 negatively regu-
lates development and reproduction by decreasing the dos-
age compensation complex (DCC) activity via physically
interacting with its component DPY-21 protein post-embry-
onically [115].

Taken together, SGK1 may orchestrate gene expression
programs involved in growth and metabolism cellular home-
ostasis, thus contributing to delayed reproductive senescence
and prolonged lifespan [115]. Since most of these data are
from C. elegans concentrating on aging, the role of SGK1 in
regulating reproductive senescence in human merits further
investigation.

Conclusion

Since inundated with a diverse array of extracellular stimuli,
overwhelming data has landed SGK1 center stage of numer-
ous signaling pathways integrating several cellular processes
important to the organism viability, including cell survival
and/or apoptosis, cell proliferation and growth, cell migra-
tion and differentiation, nutrients and energy conditions with
extracellular signals [3, 4, 116, 117]. Significantly, as a focal
point of several signaling outputs, SGK1 is deeply involved
in the regulation of prenatal programming, such as game-
togenesis, embryonic and fetal development, and reproduc-
tive life span as well via osmoregulation and balancing anti-
or pro-apoptotic actions [31]. Moreover, this anti-apoptotic
virus of SGK1 shows a gender-specific expression pattern
[47]. Consistent with this view, SGK1 seems to play a more
prominent role in endometrial regeneration and maternal-
fetal interface integrity [31]. However, SGK1 abrogation
does not fully disrupt the respective functions [118]. This
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discrepancy might attribute partly to the differences in
experimental approaches and array platforms. Neverthe-
less, current knowledge spurs the need to further investigate
whether SGK1 is an innocent bystander or a major driver
actively participating in the molecular mechanisms [20] that
stimulates cell proliferation and survival, thereby conferring
organism viability.

Acknowledgements Basic Public Welfare Research Program of Zheji-
ang Province (Grant No. LGF22H270021); Hangzhou Health Science
and Technology Plan (Grant No. ZD20230093); Medical and Health
Research Project of Zhejiang Province (Grant No. 2022RC232); Zheji-
ang Traditional Chinese Medicine Science and Technology Plan (Grant
No. 2022ZA111); The Research Project of Zhejiang Chinese Medical
University (Grant No. 2022JKZKTS48).

Author contributions All authors listed have made a substantial, direct
and intellectual contribution to the work, and approved it for publica-
tion. (1) the conception and design of the study: YL, QZ, YT; (2) the
literature search and data analysis: SW, XZ, WS; (3) drafting the article
or revising it critically for important intellectual content: QZ, YT, ZF,
HL; (3) final approval of the version to be submitted: YL.

Funding This work was supported by Basic Public Welfare Research
Program of Zhejiang Province (Grant No. LGF22H270021), Hang-
zhou Health Science and Technology Plan (Grant No. ZD20230093),
Medical and Health Research Project of Zhejiang Province (Grant No.
2022RC232), Zhejiang Traditional Chinese Medicine Science and
Technology Plan (Grant No. 2022ZA111) and The Research Project
of Zhejiang Chinese Medical University (Grant No. 2022JKZKTS48).

Data availability No data associated in the manuscript.

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Ethical approval Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Endo T, Kusakabe M, Sunadome K et al (2011) The kinase SGK1
in the endoderm and mesoderm promotes ectodermal survival
by down-regulating components of the death-inducing signaling
complex. Sci Signal 4(156):ra2. https://doi.org/10.1126/scisignal.
2001211

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

Pastore D, Della-Morte D, Coppola A et al (2015) SGK-1 pro-
tects kidney cells against apoptosis induced by ceramide and
TNF-a. Cell Death Dis 6(9):e1890. https://doi.org/10.1038/cddis.
2015.232

Liu W, Wang X, Liu Z et al (2017) SGK1 inhibition induces
autophagy-dependent apoptosis via the mTOR-Foxo3a pathway.
Br J Cancer 117(8):1139-53. https://doi.org/10.1038/bjc.2017.
293

Jang H, Park Y, Jang J (2022) Serum and glucocorticoid-regu-
lated kinase 1: structure, biological functions, and its inhibitors.
Front Pharmacol 13:1036844. https://doi.org/10.3389/fphar.
2022.1036844

. DiX,DuanZ,MaY et al (2023) Jiawei Shoutai Pill promotes

decidualization by regulating the SGK1/ENaC pathway in
recurrent spontaneous abortion. J Ethnopharmacol 318(Pt
A):116939. https://doi.org/10.1016/j.jep.2023.116939

Yang C, Li J, Sun F et al (2020) The functional duality of
SGKI1 in the regulation of hyperglycemia. Endocr Connect
9(7):R187-R94. https://doi.org/10.1530/EC-20-0225

Li J, Zhou Q, Yang T et al (2018) SGK1 inhibits PM2.5-
induced apoptosis and oxidative stress in human lung alveo-
lar epithelial A549 cells. Biochem Biophys Res Commun
496(4):1291-5. https://doi.org/10.1016/j.bbrc.2018.02.002
Garcia-Marqués S, Randez-Gil F, Dupont S et al (2016) Sngl
associates with Ncel02 to regulate the yeast Pkh-Ypk signal-
ling module in response to sphingolipid status. Biochim Bio-
phys Acta 1863:1319-33. https://doi.org/10.1016/j.bbamcr.
2016.03.025

Zhang S, Wang Y, Yu M et al (2022) Discovery of herbacetin as
anovel SGK1 inhibitor to alleviate myocardial hypertrophy. Adv
Sci 9(2):2101485. https://doi.org/10.1002/advs.202101485
Jones AK, Brown LD, Rozance PJ et al (2019) Differential effects
of intrauterine growth restriction and a hypersinsulinemic-
isoglycemic clamp on metabolic pathways and insulin action
in the fetal liver. Am J Physiol Regul Integr Comp Physiol
316(5):R427-R40. https://doi.org/10.1152/ajpregu.00359

Wu ZW, Gao ZR, Liang H et al (2022) Network analysis reveals
different hub genes and molecular pathways for pig in vitro ferti-
lized early embryos and parthenogenotes. Reprod Domest Anim
57(12):1544-53. https://doi.org/10.1111/rda.14231

Wesch D, Miranda P, Afonso-Oramas D et al (2010) The neu-
ronal-specific SGK11 kinase regulates {delta}-epithelial Na*™
channel independently of PY motifs and couples it to phospho-
lipase C signaling. Am J Physiol Cell Physiol 299(4):C779-90.
https://doi.org/10.1152/ajpcell.00184.2010

Andres-Mateos E, Brinkmeier H, Burks TN et al (2013) Acti-
vation of serum/glucocorticoid-induced kinase 1 (SGK1) is
important to maintain skeletal muscle homeostasis and prevent
atrophy. EMBO Mol Med 5(1):80-91. https://doi.org/10.1002/
emmm.201201443

Oezen G, Schentarra EM, Bolten JS et al (2022) Sodium arsenite
but not aluminum chloride stimulates ABC transporter activ-
ity in renal proximal tubules of killifish (Fundulus heteroclitus).
Aquat Toxicol 252:106314. https://doi.org/10.1016/j.aquatox.
2022.106314

Waldegger S, Barth P, Forrest JN et al (1998) Cloning of sgk
serine-threonine protein kinase from shark rectal gland—a gene
induced by hypertonicity and secretagogues. Pflugers Archiv
436(4):575-80. https://doi.org/10.1007/s004240050674
Alamares-Sapuay JG, Martinez-Gil L, Stertz S et al (2013)
Serum- and glucocorticoid-regulated kinase 1 is required for
nuclear export of the ribonucleoprotein of influenza A virus. J
Virol 87(10):6020-6. https://doi.org/10.1128/JV1.01258-12
Bakre A, Andersen LE, Meliopoulos V et al (2013) Identifica-
tion of host kinase genes required for influenza virus replication


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1126/scisignal.2001211
https://doi.org/10.1126/scisignal.2001211
https://doi.org/10.1038/cddis.2015.232
https://doi.org/10.1038/cddis.2015.232
https://doi.org/10.1038/bjc.2017.293
https://doi.org/10.1038/bjc.2017.293
https://doi.org/10.3389/fphar.2022.1036844
https://doi.org/10.3389/fphar.2022.1036844
https://doi.org/10.1016/j.jep.2023.116939
https://doi.org/10.1530/EC-20-0225
https://doi.org/10.1016/j.bbrc.2018.02.002
https://doi.org/10.1016/j.bbamcr.2016.03.025
https://doi.org/10.1016/j.bbamcr.2016.03.025
https://doi.org/10.1002/advs.202101485
https://doi.org/10.1152/ajpregu.00359
https://doi.org/10.1111/rda.14231
https://doi.org/10.1152/ajpcell.00184.2010
https://doi.org/10.1002/emmm.201201443
https://doi.org/10.1002/emmm.201201443
https://doi.org/10.1016/j.aquatox.2022.106314
https://doi.org/10.1016/j.aquatox.2022.106314
https://doi.org/10.1007/s004240050674
https://doi.org/10.1128/JVI.01258-12

Molecular Biology Reports

(2024) 51:376

Page9of12 376

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

and the regulatory role of MicroRNAs. PLoS ONE 8(6):¢66796.
https://doi.org/10.1371/journal.pone.0066796

Binger KJ, Linker RA, Muller DN et al (2015) Sodium chloride,
SGKI1, and Th17 activation. Pflugers Archiv 467(3):543-50.
https://doi.org/10.1007/s00424-014-1659-z

Xiaobo Y, Qiang L, Xiong Q et al (2016) Serum and glucocor-
ticoid kinase 1 promoted the growth and migration of non-small
cell lung cancer cells. Gene 576(1 Pt 2):339-46. https://doi.org/
10.1016/j.gene.2015.10.072

Sang Y, Kong P, Zhang S et al (2021) SGK1 in human cancer:
emerging roles and mechanisms. Front Oncol 1910:608722.
https://doi.org/10.3389/fonc.2020.608722

Mor G, Aldo P, Alvero AB (2017) The unique immunologi-
cal and microbial aspects of pregnancy. Nat Rev Immunol
17(8):469-82. https://doi.org/10.1038/nri.2017.64

Halasz M, Polgar B, Berta G et al (2013) Progesterone-
induced blocking factor differentially regulates trophoblast and
tumor invasion by altering matrix metalloproteinase activity.
Cell Mol Life Sci 70(23):4617-30. https://doi.org/10.1007/
s00018-013-1404-3

Mason JA, Davison-Versagli CA, Leliaert AK et al (2016)
Oncogenic Ras differentially regulates metabolism and anoikis
in extracellular matrix-detached cells. Cell Death Differ
23(8):1271-82. https://doi.org/10.1038/cdd.2016.15
Al-Alem U, Rauscher GH, Alem QA et al (2023) Prognostic
value of SGK1 and Bcl-2 in invasive breast cancer. Cancers
15(12):3151. https://doi.org/10.3390/cancers15123151

Di Cristofano A (2017) Chapter Two—SGK1: the dark side
of PI3K signaling. In: Jenny A (ed) Current topics in develop-
mental biology. Protein kinases in development and disease.
Academic Press, Cambridge, pp 49-71

Convissar S, Bennett-Toomey J, Stocco C (2023) Insulin-like
growth factor 1 enhances follicle-stimulating hormone-induced
phosphorylation of GATA4 in rat granulosa cells. Mol Cell
Endocrinol 559:111807. https://doi.org/10.1016/j.mce.2022.
111807

El-Hayek S, Demeestere I, Clarke HJ (2014) Follicle-stimu-
lating hormone regulates expression and activity of epidermal
growth factor receptor in the murine ovarian follicle. Proc Natl
Acad Sci USA 111(47):16778-83. https://doi.org/10.1073/
pnas.1414648111

LiJ, He P, Zhang J, Li N (2021) Orcinol glucoside improves
the depressive-like behaviors of perimenopausal depression
mice through modulating activity of hypothalamic—pituitary—
adrenal/ovary axis and activating BDNF-TrkB-CREB signaling
pathway. Phytotherapy Res 35(10):5795-807. https://doi.org/
10.1002/ptr.7237

Zhu W (2017) The effects of apelin-13 on stress-induced rec-
ognition memory deficits and abnormal of SGK1-GR pathway
in rats. University of South China, Hengyang

Baskin R (2012) Angiotensin IT mediates cell survival through
upregulation and activation of the serum and glucocorticoid
inducible kinase 1. Cell Signal 24(2):435-42. https://doi.org/
10.1016/j.cellsig.2011.09.016

Lang F, Rajaxavier J, Singh Y et al (2020) The enigmatic role
of serum & glucocorticoid inducible kinase 1 in the endome-
trium. Front Cell Dev Biol 8:556543. https://doi.org/10.3389/
fcell.2020.556543

Bian X, Xue H, Jing D et al (2023) Role of serum/glucocorti-
coid-regulated kinase 1 (SGK1) in immune and inflammatory
diseases. Inflammation 46(5):1612—-1625. https://doi.org/10.
1007/s10753-023-01857-8

Reiter MH, Vila G, Knosp E et al (2011) Opposite effects of
serum- and glucocorticoid-regulated kinase-1 and glucocorti-
coids on POMC transcription and ACTH release. Am J Physiol

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Endocrinol Metab 301(2):E336-41. https://doi.org/10.1152/
ajpendo.00155.2011

Qi H, Wang R, Nie W (2021) The expression of SGK1 pro-
tein in cervical cancer and its mechanism of regulating NF-xB
pathway affecting the proliferation and apoptosis of cervical
cancer cells. Hebei Med J 43(20):3069-72

Wang L (2017) Study on the Roles and Mechanisms of Ric-
tor/mTORC?2 Signaling Pathway in Folliculogenesis and Pre-
mature Ovarian Insufficiency. Southern Medical University,
Guangzhou

Hao E (2020) Research on the regulatory mechaniam of mTOR
signaling pathway mediated melatonin to delay ovary aging in
late-phase laying hen. Agricultural University of Hebei, Hebei
Alliston TN, Gonzalez-Robayna 1J, Buse P et al (2000) Expres-
sion and localization of serum/glucocorticoid-induced kinase in
the rat ovary: relation to follicular growth and differentiation.
Endocrinology 141(1):385-95. https://doi.org/10.1210/endo.
141.1.7257

Ludwig CLM, Bohleber S, Lapp R et al (2023) Alterations in
gonadotropin, apoptotic and metabolic pathways in granulosa
cells warrant superior fertility of the Dummerstorf high fertil-
ity mouse line 1. J Ovar Res 16(1):32. https://doi.org/10.1186/
s13048-023-01113-5

Richards JS (2001) New signaling pathways for hormones and
cyclic adenosine 3',5’-monophosphate action in endocrine cells.
Mol Endocrinol 15(2):209-18. https://doi.org/10.1210/mend.
15.2.0606

Richards JS, Sharma SC, Falender AE et al (2002) Expression of
FKHR, FKHRLI, and AFX genes in the rodent ovary: evidence
for regulation by IGF-I, estrogen, and the gonadotropins. Mol
Endocrinol 16(3):580-99. https://doi.org/10.1210/mend.16.3.
0806

Robker RL, Richards JS (1998) Hormone-induced proliferation
and differentiation of granulosa cells: a coordinated balance of
the cell cycle regulators cyclin D2 and p27KIP1. Mol Endocrinol
12(7):924-40. https://doi.org/10.1210/mend.12.7.0138

Robker RL, Richards JS (1998) Hormonal control of the cell
cycle in ovarian cells: proliferation versus differentiation. Biol
Reprod 59:476-482. https://doi.org/10.1095/biolreprod59.3.476
Alliston TN, Maiyar AC, Buse P et al (1997) Follicle stimulating
hormone-regulated expression of serum/glucocorticoid-inducible
kinase in rat ovarian granulosa cells: a functional role for the
Spl family in promoter activity. Mol Endocrinol 11:1934-1949.
https://doi.org/10.1210/mend.11.13.0033

Gonzalez-Robayna 1J, Alliston TN, Buse P et al (1999) Func-
tional and subcellular changes in the A-kinase-signaling pathway:
relation to aromatase and Sgk expression during the transition of
granulosa cells to luteal cells. Mol Endocrinol 13(8):1318-37.
https://doi.org/10.1210/mend.13.8.0334

Yan L, Mieulet V, Lamb RF (2008) mTORC?2 is the hydrophobic
motif kinase for SGK1. Biochem J 416(3):e19-21. https://doi.org/
10.1042/BJ20082202

Arteaga MF, Wang L, Ravid T et al (2006) An amphipathic helix
targets serum and glucocorticoid-induced kinase 1 to the endo-
plasmic reticulum-associated ubiquitin-conjugation machinery.
Proc Natl Acad Sci USA 103(30):11178-83. https://doi.org/10.
1073/pnas.0604816103

Sahin P, McCaig C, Jeevahan J et al (2013) The cell survival
kinase SGK1 and its targets FOX0O3a and NDRG1 in aged human
brain. Neuropathol Appl Neurobiol 39(6):623-33. https://doi.org/
10.1111/nan.12023

Engelsberg A, Kobelt F, Kuhl D (2006) The N-terminus of the
serum- and glucocorticoid-inducible kinase Sgk1 specifies mito-
chondrial localization and rapid turnover. Biochem J 399(1):69—
76. https://doi.org/10.1042/BJ20060386

@ Springer


https://doi.org/10.1371/journal.pone.0066796
https://doi.org/10.1007/s00424-014-1659-z
https://doi.org/10.1016/j.gene.2015.10.072
https://doi.org/10.1016/j.gene.2015.10.072
https://doi.org/10.3389/fonc.2020.608722
https://doi.org/10.1038/nri.2017.64
https://doi.org/10.1007/s00018-013-1404-3
https://doi.org/10.1007/s00018-013-1404-3
https://doi.org/10.1038/cdd.2016.15
https://doi.org/10.3390/cancers15123151
https://doi.org/10.1016/j.mce.2022.111807
https://doi.org/10.1016/j.mce.2022.111807
https://doi.org/10.1073/pnas.1414648111
https://doi.org/10.1073/pnas.1414648111
https://doi.org/10.1002/ptr.7237
https://doi.org/10.1002/ptr.7237
https://doi.org/10.1016/j.cellsig.2011.09.016
https://doi.org/10.1016/j.cellsig.2011.09.016
https://doi.org/10.3389/fcell.2020.556543
https://doi.org/10.3389/fcell.2020.556543
https://doi.org/10.1007/s10753-023-01857-8
https://doi.org/10.1007/s10753-023-01857-8
https://doi.org/10.1152/ajpendo.00155.2011
https://doi.org/10.1152/ajpendo.00155.2011
https://doi.org/10.1210/endo.141.1.7257
https://doi.org/10.1210/endo.141.1.7257
https://doi.org/10.1186/s13048-023-01113-5
https://doi.org/10.1186/s13048-023-01113-5
https://doi.org/10.1210/mend.15.2.0606
https://doi.org/10.1210/mend.15.2.0606
https://doi.org/10.1210/mend.16.3.0806
https://doi.org/10.1210/mend.16.3.0806
https://doi.org/10.1210/mend.12.7.0138
https://doi.org/10.1095/biolreprod59.3.476
https://doi.org/10.1210/mend.11.13.0033
https://doi.org/10.1210/mend.13.8.0334
https://doi.org/10.1042/BJ20082202
https://doi.org/10.1042/BJ20082202
https://doi.org/10.1073/pnas.0604816103
https://doi.org/10.1073/pnas.0604816103
https://doi.org/10.1111/nan.12023
https://doi.org/10.1111/nan.12023
https://doi.org/10.1042/BJ20060386

376

Page 10 of 12

Molecular Biology Reports (2024) 51:376

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Raikwar NS, Snyder PM, Thomas CP (2008) An evolutionarily
conserved N-terminal Sgk1 variant with enhanced stability and
improved function. Am J Physiol Renal Physiol 295(5):F1440-8.
https://doi.org/10.1152/ajprenal.90239.2008

Lang F, Pearce D (2016) Regulation of the epithelial Nat chan-
nel by the mTORC2/SGK1 pathway. Nephrol Dial Transpl
31(2):200-5. https://doi.org/10.1093/ndt/gfv270

Lang F, Stournaras C, Zacharopoulou N et al (2018) Serum- and
glucocorticoid-inducible kinase 1 and the response to cell stress.
Cell Stress 3(1):1-8. https://doi.org/10.15698/cst2019.01.170
Talarico C, Dattilo V, D’Antona L et al (2016) SGK1, the new
player in the game of resistance: chemo-radio molecular target
and strategy for inhibition. Cell Physiol Biochem 39(5):1863-76.
https://doi.org/10.1159/000447885

Lou Y, Hu M, Mao L et al (2017) Involvement of serum glu-
cocorticoid-regulated kinase 1 in reproductive success. Faseb j
31(2):447-56. https://doi.org/10.1096/1].201600760R
Nechamen CA, Thomas RM, Dias JA (2007) APPL1, APPL2,
Akt2 and FOXOla interact with FSHR in a potential signaling
complex. Mol Cell Endocrinol 260-262:93-9. https://doi.org/
10.1016/j.mce.2006.08.014

Vadnais ML, Aghajanian HK, Lin A et al (2013) Signaling
in sperm: toward a molecular understanding of the acquisi-
tion of sperm motility in the mouse epididymis. Biol Reprod
89(5):127. https://doi.org/10.1095/biolreprod.113.110163
Mruk DD, Cheng CY (2015) The mammalian blood—testis bar-
rier: its biology and regulation. Endocr Rev 36(5):564-591.
https://doi.org/10.1210/er.2014-1101

Lang F, Voelkl J (2013) Therapeutic potential of serum and
glucocorticoid inducible kinase inhibition. Expert Opin Inves-
tig Drugs 22(6):701-714. https://doi.org/10.1517/13543784.
2013.778971

Nascimento AR, Macheroni C, Lucas TF et al (2016) Cross-
talk between FSH and relaxin at the end of the proliferative
stage of rat Sertoli cells. Reproduction (Cambridge, England)
152(6):613-628. https://doi.org/10.1530/REP-16-0330

Lou Y, FuZ, Tian Y et al (2023) Estrogen-sensitive activation
of SGK1 induces M2 macrophages with anti-inflammatory
properties and a Th2 response at the maternal-fetal interface.
Reprod Biol Endocrinol 21(1):50. https://doi.org/10.1186/
$12958-023-01102-9

Chen KQ, Wei BH, Hao SL et al (2022) The PI3K/AKT signal-
ing pathway: how does it regulate development of Sertoli cells
and spermatogenic cells? Histol Histopathol 37(07):621-636.
https://doi.org/10.14670/HH-18-457

Gonzalez-Herrera F, Catalan M, Anfossi R et al (2023) SGK1
is necessary to FoxO3a negative regulation, oxidative stress
and cardiac fibroblast activation induced by TGF-p1. Cell Sig-
nal 109:110778. https://doi.org/10.1016/j.cellsig.2023.110778
Huang W, Liu M, Xiao B et al (2021) Aflatoxin B1 disrupts
blood-testis barrier integrity by reducing junction protein
and promoting apoptosis in mice testes. Food Chem Toxicol
148:111972. https://doi.org/10.1016/j.fct.2021.111972

Cho YM, Pu HF, Huang WJ et al (2011) Role of serum- and
glucocorticoid-inducible kinase-1 in regulating torsion-
induced apoptosis in rats. Int J Androl 34(4):379-89. https://
doi.org/10.1111/§.1365-2605.2010.01091.x

Chan HC, Ruan YC, He Q et al (2009) The cystic fibrosis
transmembrane conductance regulator in reproductive health
and disease. J Physiol 587(Pt 10):2187-95. https://doi.org/10.
1113/jphysiol.2008.164970

Gerovska D, Araizo-Bravo MJ (2016) Does mouse embryo
primordial germ cell activation start before implantation as
suggested by single-cell transcriptomics dynamics? Mol Hum
Reprod 22(3):208-25. https://doi.org/10.1093/molehr/gav072

@ Springer

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

He WH, Jin MM, Liu AP et al (2019) Estradiol promotes
trophoblast viability and invasion by activating SGK1. Biomed
Pharmacother 117:109092. https://doi.org/10.1016/j.biopha.
2019.109092

Lv Y, Gao S, Zhang Y et al (2016) miRNA and target gene
expression in menstrual endometria and early pregnancy
decidua. Eur J Obstet Gynecol Reprod Biol 197:27-30. https://
doi.org/10.1016/j.ejogrb.2015.11.003

Cobb J, Duboule D (2005) Comparative analysis of genes
downstream of the Hoxd cluster in developing digits and
external genitalia. Development (Cambridge, England)
132(13):3055-67. https://doi.org/10.1242/dev.01885

Hiyama A, Gogate SS, Gajghate S et al (2010) BMP-2 and
TGF-p stimulate expression of f1,3-glucuronosyl transferase
1 (GIcAT-1) in nucleus pulposus cells through AP1, TonEBP,
and Spl: Role of MAPKSs. J Bone Miner Res 25:1179-90.
https://doi.org/10.1359/jbmr.091202

Sahu I, Pelzl L, Sukkar B et al (2017) NFAT5-sensitive Orail
expression and store-operated Ca?* entry in megakaryocytes.
FASEB J 31(8):3439-3448. https://doi.org/10.1096/1j.20160
1211R

Su YQ, Wu X, O’Brien MJ et al (2004) Synergistic roles of
BMP15 and GDF9 in the development and function of the
oocyte—cumulus cell complex in mice: genetic evidence for an
oocyte—granulosa cell regulatory loop. Dev Biol 276(1):64-73.
https://doi.org/10.1016/j.ydbio.2004.08.020

Li J (2020) Effect of GDF9 and BMP15 on chicken follicu-
lar granulosa cell proliferation and progesterone production.
Huazhong Agric Univ. https://doi.org/10.27158/d.cnki.ghznu.
2019.000056

Godbole M, Togar T, Patel K et al (2018) Up-regulation of the
kinase gene SGK1 by progesterone activates the AP-1-NDRG1
axis in both PR-positive and -negative breast cancer cells. J Biol
Chem 293(50):19263-19276. https://doi.org/10.1074/jbc.RA118.
002894

Ruf V, Holzem C, Peyman T et al (2013) TORC2 signaling antag-
onizes SKN-1 to induce C. elegans mesendodermal embryonic
development. Dev Biol 384(2):214-27. https://doi.org/10.1016/j.
ydbio.2013.08.011

Catela C, Kratsios P, Hede M et al (2010) Serum and glucocorti-
coid-inducible kinase 1 (SGK1) is necessary for vascular remod-
eling during angiogenesis. Dev Dyn 239(8):2149-60. https://doi.
org/10.1002/dvdy.22345

Harada Y, Tanaka T, Arai Y et al (2021) ETS-dependent enhanc-
ers for endothelial-specific expression of serum/glucocorticoid-
regulated kinase 1 during mouse embryo development. Genes
Cells 26(8):611-26. https://doi.org/10.1111/gtc.12874

Lee E, Lein ES, Firestone GL (2001) Tissue-specific expres-
sion of the transcriptionally regulated serum and glucocorticoid-
inducible protein kinase (Sgk) during mouse embryogenesis.
Mech Dev 103(1-2):177-81. https://doi.org/10.1016/50925-
4773(01)00351-3

Araki M, Hisamitsu T, Kinugasa-Katayama Y et al (2018) Serum/
glucocorticoid-regulated kinase 1 as a novel transcriptional tar-
get of bone morphogenetic protein-ALK]1 receptor signaling in
vascular endothelial cells. Angiogenesis 21(2):415-23. https://
doi.org/10.1007/s10456-018-9605-x

Keller-Wood M, Powers MJ, Gersting JA et al (2006) Genomic
analysis of neuroendocrine development of fetal brain-pituitary-
adrenal axis in late gestation. Physiol Genomics 24(3):218-24.
https://doi.org/10.1152/physiolgenomics.00176.2005
Keller-Wood M, von Reitzenstein M, McCartney J (2009) Is the
fetal lung a mineralocorticoid receptor target organ? Induction
of cortisol-regulated genes in the ovine fetal lung, kidney and
small intestine. Neonatology 95(1):47—-60. https://doi.org/10.
1159/000151755


https://doi.org/10.1152/ajprenal.90239.2008
https://doi.org/10.1093/ndt/gfv270
https://doi.org/10.15698/cst2019.01.170
https://doi.org/10.1159/000447885
https://doi.org/10.1096/fj.201600760R
https://doi.org/10.1016/j.mce.2006.08.014
https://doi.org/10.1016/j.mce.2006.08.014
https://doi.org/10.1095/biolreprod.113.110163
https://doi.org/10.1210/er.2014-1101
https://doi.org/10.1517/13543784.2013.778971
https://doi.org/10.1517/13543784.2013.778971
https://doi.org/10.1530/REP-16-0330
https://doi.org/10.1186/s12958-023-01102-9
https://doi.org/10.1186/s12958-023-01102-9
https://doi.org/10.14670/HH-18-457
https://doi.org/10.1016/j.cellsig.2023.110778
https://doi.org/10.1016/j.fct.2021.111972
https://doi.org/10.1111/j.1365-2605.2010.01091.x
https://doi.org/10.1111/j.1365-2605.2010.01091.x
https://doi.org/10.1113/jphysiol.2008.164970
https://doi.org/10.1113/jphysiol.2008.164970
https://doi.org/10.1093/molehr/gav072
https://doi.org/10.1016/j.biopha.2019.109092
https://doi.org/10.1016/j.biopha.2019.109092
https://doi.org/10.1016/j.ejogrb.2015.11.003
https://doi.org/10.1016/j.ejogrb.2015.11.003
https://doi.org/10.1242/dev.01885
https://doi.org/10.1359/jbmr.091202
https://doi.org/10.1096/fj.201601211R
https://doi.org/10.1096/fj.201601211R
https://doi.org/10.1016/j.ydbio.2004.08.020
https://doi.org/10.27158/d.cnki.ghznu.2019.000056
https://doi.org/10.27158/d.cnki.ghznu.2019.000056
https://doi.org/10.1074/jbc.RA118.002894
https://doi.org/10.1074/jbc.RA118.002894
https://doi.org/10.1016/j.ydbio.2013.08.011
https://doi.org/10.1016/j.ydbio.2013.08.011
https://doi.org/10.1002/dvdy.22345
https://doi.org/10.1002/dvdy.22345
https://doi.org/10.1111/gtc.12874
https://doi.org/10.1016/s0925-4773(01)00351-3
https://doi.org/10.1016/s0925-4773(01)00351-3
https://doi.org/10.1007/s10456-018-9605-x
https://doi.org/10.1007/s10456-018-9605-x
https://doi.org/10.1152/physiolgenomics.00176.2005
https://doi.org/10.1159/000151755
https://doi.org/10.1159/000151755

Molecular Biology Reports

(2024) 51:376

Page110f12 376

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Di X, Hao Y, Duan Z et al (2023) Activation of SGK1/ENaC
signaling pathway improves the level of decidualization in unex-
plained recurrent spontaneous abortion. Reprod Sci. https://doi.
org/10.1007/s43032-023-01273-1

Deng X, Luo X, Tong J et al (2023) Clearance effect of regulation
of serine/threonine protein kinase-1 signaling pathway bu insulin
on pulmonary edema in mice with acute lung injury. Chin J Biol
36(07):805-9

Keller-Wood M, Wood CE, Hua Y et al (2005) Mineralocor-
ticoid receptor expression in late-gestation ovine fetal lung. J
Soc Gynecol Investig 12(2):84-91. https://doi.org/10.1016/j.jsgi.
2004.10.010

McCartney J, Richards EM, Wood C et al (2014) Mineralocor-
ticoid effects in the late gestation ovine fetal lung. Physiol Rep.
https://doi.org/10.14814/phy2.12066

Oztekin O, Akyol M, Kalay S et al (2013) Investigation of the
serum glucocorticoid kinase 1 gene in patients with transient
tachypnea of the newborn. J Maternal-Fetal Neonatal Med
26(10):990—4. https://doi.org/10.3109/14767058.2013.766709
Driver PM, Rauz S, Walker EA et al (2003) Characterization of
human trophoblast as a mineralocorticoid target tissue. Mol Hum
Reprod 9(12):793-8. https://doi.org/10.1093/molehr/gag091
Capobianco E, Fornes D, Linenberg I et al (2016) A novel rat
model of gestational diabetes induced by intrauterine program-
ming is associated with alterations in placental signaling and fetal
overgrowth. Mol Cell Endocrinol 422:221-32. https://doi.org/10.
1016/j.mce.2015.12.020

Roberti SL, Higa R, White V et al (2018) Critical role of mTOR,
PPARY and PPARS signaling in regulating early pregnancy decid-
ual function, embryo viability and feto-placental growth. Mol Hum
Reprod 24(6):327-40. https://doi.org/10.1093/molehr/gay013
Wang MC, Oakley HD, Carr CE et al (2014) Gene pathways that
delay Caenorhabditis elegans reproductive senescence. PLoS
Genetics 10(12):e1004752. https://doi.org/10.1371/journal.pgen.
1004752

Aspernig H, Heimbucher T, Qi W et al (2019) Mitochondrial per-
turbations couple mTORC?2 to autophagy in C. elegans. Cell Rep
29(6):1399—409. https://doi.org/10.1016/j.celrep.2019.09.072
Moghadam ARE, Moghadam MT, Hemadi M et al (2022) Oocyte
quality and aging. JBRA Assisted Reprod 26(1):105-22. https://
doi.org/10.5935/1518-0557.20210026

Wu N, Ma YC, Gong XQ et al (2023) The metabolite alpha-ketobu-
tyrate extends lifespan by promoting peroxisomal function in C. ele-
gans. Nat Commun. https://doi.org/10.1038/s41467-023-35899-1
Taormina G, Ferrante F, Vieni S et al (2019) Longevity: lesson
from model organisms. Genes. https://doi.org/10.3390/genes10070
518

Sasako T, Ueki K (2016) Insulin/IGF-1 signaling and aging. Nihon
Rinsho 74(9):1435-40

Son HG, Altintas O, Kim EJE et al (2019) Age-dependent changes
and biomarkers of aging in Caenorhabditis elegans. Aging Cell
18(2):¢12853. https://doi.org/10.1111/acel. 12853

Tarkhov AE, Alla R, Ayyadevara S et al (2019) A universal tran-
scriptomic signature of age reveals the temporal scaling of Caeno-
rhabditis elegans aging trajectories. Sci Rep 9(1):7368. https://doi.
0rg/10.1038/541598-019-43075-z

Ayuda-Duran B, Gonzalez-Manzano S, Miranda-Vizuete A et al
(2019) Exploring target genes involved in the effect of quercetin
on the response to oxidative stress in Caenorhabditis elegans. Anti-
oxidants 8(12):585. https://doi.org/10.3390/antiox8120585

Zhou B, Kreuzer J, Kumsta C et al (2019) Mitochondrial perme-
ability uncouples elevated autophagy and lifespan extension. Cell
177(2):299-314. https://doi.org/10.1016/j.cell.2019.02.013

Li W-J, Wang C-W, Tao L et al (2021) Insulin signal-
ing regulates longevity through protein phosphorylation in

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Caenorhabditis elegans. Nat Commun 12(1):4568. https://doi.org/
10.1038/s41467-021-24816-z

Mathew R, Pal Bhadra M, Bhadra U (2017) Insulin/insulin-like
growth factor-1 signalling (IIS) based regulation of lifespan across
species. Biogerontology 18(1):35-53. https://doi.org/10.1007/
$10522-016-9670-8

Zhang Y-P, Zhang W-H, Zhang P et al (2022) Intestine-specific
removal of DAF-2 nearly doubles lifespan in Caenorhabditis ele-
gans with little fitness cost. Nat Commun 13(1):6339. https://doi.
org/10.1038/s41467-022-33850-4

Yan B, Sun W, Shi X et al (2017) Angiostrongylus cantonensis
daf-2 regulates dauer, longevity and stress in Caenorhabditis ele-
gans. Vet Parasitol 240:1-10. https://doi.org/10.1016/j.vetpar.2017.
04.025

Zeci¢ A, Braeckman BP (2020) DAF-16/FoxO in Caenorhabdi-
tis elegans and its role in metabolic remodeling. Cells 9(1):109.
https://doi.org/10.3390/cells9010109

Ji H, Qi Z, Schrapel D et al (2021) Sulforaphane targets TRA-1/
GLI upstream of DAF-16/FOXO to promote C. elegans longevity
and healthspan. Front Cell Dev Biol 9:784999. https://doi.org/10.
3389/fcell.2021.784999

Sun X, Chen W-D, Wang Y-D (2017) DAF-16/FOXO transcription
factor in aging and longevity. Front Pharmacol. https://doi.org/10.
3389/fphar.2017.00548

Uno M, Tani Y, Nono M et al (2021) Neuronal DAF-16-to-
intestinal DAF-16 communication underlies organismal lifespan
extension in C. elegans. iScience 24(7):102706. https://doi.org/10.
1016/j.is¢i.2021.102706

Heimbucher T, Qi W, Baumeister R (2020) TORC2-SGK-1 signal-
ing integrates external signals to regulate autophagic turnover of
mitochondria via mtROS. Autophagy 16(6):1154-6. https://doi.org/
10.1080/15548627.2020.1749368

Chen AT-Y, Guo C, Dumas KIJ et al (2013) Effects of Caenorhabdi-
tis elegans sgk-1 mutations on lifespan, stress resistance, and DAF-
16/FoxO regulation. Aging Cell 12(5):932—40. https://doi.org/10.
1111/acel.12120

Kim J, Ishihara N, Lee TR (2014) A DAF-16/FoxO3a-dependent
longevity signal is initiated by antioxidants. Biofactors 40(2):247—
57. https://doi.org/10.1002/biof.1146

Wang L, Tang J, Wang L et al (2021) Oxidative stress in oocyte
aging and female reproduction. J Cell Physiol 236(12):7966-83.
https://doi.org/10.1002/jcp.30468

Qi W, Huang X, Neumann-Haefelin E et al (2012) Cell-nonautono-
mous signaling of FOXO/DAF-16 to the stem cells of Caenorhab-
ditis elegans. PLoS Genet 8(8):¢1002836. https://doi.org/10.1371/
journal.pgen.1002836

Ayuda-Duran B, Gonzalez-Manzano S, Miranda-Vizuete A et al
(2019) Epicatechin modulates stress-resistance in C. elegans via
insulin/IGF-1 signaling pathway. PLoS ONE 14(1):e0199483.
https://doi.org/10.1371/journal.pone.0199483

Tullet IMA, Hertweck M, An JH et al (2008) Direct inhibition
of the longevity-promoting factor SKN-1 by insulin-like signaling
in C. elegans. Cell 132(6):1025-38. https://doi.org/10.1016/j.cell.
2008.01.030

Phan HD, Nguyen TTM, Lee S et al (2023) The metabolic
contribution of SKN-1/Nrf2 to the lifespan of Caenorhabdi-
tis elegans. Metabolomics 19(6):58. https://doi.org/10.1007/
$11306-023-02022-w

Webster CM, Wu L, Douglas D et al (2013) A non-canonical role
for the C. elegans dosage compensation complex in growth and
metabolic regulation downstream of TOR complex 2. Development
140(17):3601-12. https://doi.org/10.1242/dev.094292

Liang X, Lan C, Jiao G et al (2017) Therapeutic inhibition of SGK1
suppresses colorectal cancer. Exp Mol Med 49(11):€399. https://
doi.org/10.1038/emm.2017.184

@ Springer


https://doi.org/10.1007/s43032-023-01273-1
https://doi.org/10.1007/s43032-023-01273-1
https://doi.org/10.1016/j.jsgi.2004.10.010
https://doi.org/10.1016/j.jsgi.2004.10.010
https://doi.org/10.14814/phy2.12066
https://doi.org/10.3109/14767058.2013.766709
https://doi.org/10.1093/molehr/gag091
https://doi.org/10.1016/j.mce.2015.12.020
https://doi.org/10.1016/j.mce.2015.12.020
https://doi.org/10.1093/molehr/gay013
https://doi.org/10.1371/journal.pgen.1004752
https://doi.org/10.1371/journal.pgen.1004752
https://doi.org/10.1016/j.celrep.2019.09.072
https://doi.org/10.5935/1518-0557.20210026
https://doi.org/10.5935/1518-0557.20210026
https://doi.org/10.1038/s41467-023-35899-1
https://doi.org/10.3390/genes10070518
https://doi.org/10.3390/genes10070518
https://doi.org/10.1111/acel.12853
https://doi.org/10.1038/s41598-019-43075-z
https://doi.org/10.1038/s41598-019-43075-z
https://doi.org/10.3390/antiox8120585
https://doi.org/10.1016/j.cell.2019.02.013
https://doi.org/10.1038/s41467-021-24816-z
https://doi.org/10.1038/s41467-021-24816-z
https://doi.org/10.1007/s10522-016-9670-8
https://doi.org/10.1007/s10522-016-9670-8
https://doi.org/10.1038/s41467-022-33850-4
https://doi.org/10.1038/s41467-022-33850-4
https://doi.org/10.1016/j.vetpar.2017.04.025
https://doi.org/10.1016/j.vetpar.2017.04.025
https://doi.org/10.3390/cells9010109
https://doi.org/10.3389/fcell.2021.784999
https://doi.org/10.3389/fcell.2021.784999
https://doi.org/10.3389/fphar.2017.00548
https://doi.org/10.3389/fphar.2017.00548
https://doi.org/10.1016/j.isci.2021.102706
https://doi.org/10.1016/j.isci.2021.102706
https://doi.org/10.1080/15548627.2020.1749368
https://doi.org/10.1080/15548627.2020.1749368
https://doi.org/10.1111/acel.12120
https://doi.org/10.1111/acel.12120
https://doi.org/10.1002/biof.1146
https://doi.org/10.1002/jcp.30468
https://doi.org/10.1371/journal.pgen.1002836
https://doi.org/10.1371/journal.pgen.1002836
https://doi.org/10.1371/journal.pone.0199483
https://doi.org/10.1016/j.cell.2008.01.030
https://doi.org/10.1016/j.cell.2008.01.030
https://doi.org/10.1007/s11306-023-02022-w
https://doi.org/10.1007/s11306-023-02022-w
https://doi.org/10.1242/dev.094292
https://doi.org/10.1038/emm.2017.184
https://doi.org/10.1038/emm.2017.184

376 Page 12 of 12 Molecular Biology Reports (2024) 51:376

117. Guerriero I, Monaco G, Coppola V et al (2020) Serum and gluco- Publisher's Note Springer Nature remains neutral with regard to
corticoid-inducible kinase 1 (SGK1) in NSCLC therapy. Pharma- jurisdictional claims in published maps and institutional affiliations.
ceuticals. https://doi.org/10.3390/ph13110413

118. RenJ, Han X, Lohner H et al (2021) Serum- and glucocorticoid-
inducible kinase 1 promotes alternative macrophage polarization
and restrains inflammation through FoxO1 and STAT3 signaling. J
Immunol 207(1):268-80. https://doi.org/10.4049/jimmunol.20014
55

@ Springer


https://doi.org/10.3390/ph13110413
https://doi.org/10.4049/jimmunol.2001455
https://doi.org/10.4049/jimmunol.2001455

	The role of serum-glucocorticoid regulated kinase 1 in reproductive viability: implications from prenatal programming and senescence
	Abstract
	Objective 
	Method 
	Result 
	Conclution 

	Introduction
	Methods
	SGK1 involvement in gametogenesis
	SGK1 in oogenesis
	SGK1 in spermatogenesis

	SGK1 involvement in embryonic development
	SGK1 involvement in fetal development
	SGK1 involvement in reproductive senescence
	Conclusion
	Acknowledgements 
	References


