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Abstract: Osteoporosis (OP) is a prevalent metabolic bone disease, with several million
cases of fractures resulting from osteoporosis worldwide each year. This phenomenon
contributes to a substantial increase in direct medical expenditures and poses a consider-
able socioeconomic burden. Despite its prevalence, our understanding of the underlying
mechanisms remains limited. Recent studies have demonstrated the involvement of serum
glucocorticoid-regulated protein kinase 1 (SGK1) in multiple signaling pathways that regu-
late bone metabolism and its significant role in the development of osteoporosis. Therefore,
it is of great significance to deeply explore the mechanism of SGK1 in osteoporosis and its
therapeutic potential. In this paper, we present a comprehensive review of the structure
and activation mechanism of SGK1, its biological function, the role of SGK1 in different
types of osteoporosis, and the inhibitors of SGK1. The aim is to comprehensively assess
the latest research progress with regards to SGK1’s role in osteoporosis, clarify its role in
the regulation of bone metabolism and its potential as a therapeutic target, and lay the
foundation for the development of novel therapeutic strategies and personalized treatment
in the future. Furthermore, by thoroughly examining the interactions between SGK1 and
other molecules or signaling pathways, potential biomarkers may be identified, thereby
enhancing the efficacy of early screening and intervention for osteoporosis.

Keywords: osteoporosis; SGK1; protein kinase; metabolic bone disease; therapeutic strategies

1. Introduction

Osteoporosis (OP) is a common metabolic bone disease whose key features include
reduced bone mass and destruction of bone microarchitecture, which significantly increases
the risk of bone fragility and fracture, particularly at high-prevalence sites such as the hip,
spine, and wrist [1,2]. Currently, osteoporosis affects more than 200 million people world-
wide, with approximately 8.5 million osteoporosis-related fractures occurring annually,
resulting in a significant need for medical intervention and recovery [3]. Some studies
have predicted that the number of people with osteoporosis will increase to approximately
300 million worldwide by 2025, leading not only to a dramatic increase in direct healthcare
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costs, but also to a further increase in indirect costs such as nursing, rehabilitation, and
long-term care, which will cause a significant socioeconomic burden [4,5].

SGK1 is a member of the serine/threonine protein kinase family. Its initial identifica-
tion was in rat breast cancer cells through a glucocorticoid-induced differential transcript
expression screening [6]. It has been demonstrated that the expression of the SGK1 gene
rapidly increases by a factor of 5-10-fold within a 30 min period under conditions where
cells are stimulated by glucocorticoids or serum. This rapid increase in expression is there-
fore the reason why the gene is given the name serum- and glucocorticoid-regulated protein
kinase 1 [7]. The full-length sequence of the gene is approximately 2.4 kilobases (kb) and
encodes a protein kinase of 49 kilodaltons (kDa). SGK1 displays highly conserved proper-
ties from yeast to humans, and is widely expressed in various mammalian tissues and cell
lines [8]. Recent studies have revealed that the regulatory mechanism of SGK1 is distinct
from that of most protein kinases and can be activated by various stressors, including hy-
pertonicity, hypotonicity, ultraviolet irradiation, heat shock, ischaemia, and trauma, as well
as glucocorticoids, serum, and saline corticosteroid [9]. SGK1 may represent a functional
intersection of multiple cellular signaling pathways and cellular phosphorylation cascade
reactions [10]. Notably, SGK1 plays a pivotal role in the regulation of ion channels [11],
cell proliferation [12], cell metabolism [13], cell survival [14], and apoptosis [15], as well
as other signaling processes. Furthermore, SGK1 has been found to be closely related to
a variety of physiological and pathological processes, including the regulation of renal
function, bone metabolism, glucose regulation, and tumorigenesis, which have made it a
research focus in the biomedical field [16].

Recent studies have demonstrated the pivotal role of SGK1 in the onset and progression
of osteoporosis [13]. SGK1 exerts a substantial influence on multiple signaling pathways
associated with bone metabolism, which significantly impacts osteoblast function and bone
remodeling homeostasis [17,18]. In light of these findings, it is important to thoroughly
investigate the mechanism of action and therapeutic potential of SGK1 in osteoporosis.
Firstly, this review aims to comprehensively assess recent research progress on the role
of SGK1 in osteoporosis pathology and elucidate its mechanism of action in osteoporosis,
which will provide empirical support for exploring its key role in the regulation of bone
metabolism and, in turn, provide basic data for clinical trials. Secondly, revealing the
functional properties of SGK1 is expected to provide new targets for the development of
novel therapeutic drugs against osteoporosis. In addition, by exploring the interactions of
SGK1 with other molecules and signaling pathways, this review may also provide clues
for the discovery of potential biomarkers, which may, in turn, facilitate the optimization of
osteoporosis screening and early intervention strategies.

2. The Structure and Activation Mechanism of SGK1

SGK1 belongs to the SGK family, which consists of three members: SGK1, SGK2, and
SGKS3 [19]. The SGK isoforms are structurally very similar, with almost 80% sequence
identity in the catalytic structural domain and about 50% sequence identity in the C-
terminal regulatory region. The major structural difference between the three isoforms
is at the N-terminus [20]. SGK is expressed in a number of species [21,22]. In mammals,
SGK1 and SGK3 are widely expressed, but SGK2 expression is restricted to the liver, kidney,
pancreas, and brain [10]. Although SGK1 lacks a PH structural domain, it has a high
degree of structural similarity to protein kinase B (PKB/AKT) (Figure 1). In particular,
its catalytic structural domain shares a homology of 54% with PKB/AKT, and both of
them specifically recognize the RXRXX motif [8]. More interestingly, SGK1 has been found
to possess two specific Ser/Thr regulatory sites: Thr256, located on the activation loop
of its catalytic domain, and Ser422, situated at the C-terminal end. These sites exhibit a
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high degree of similarity to Thr308 and Ser473 of PKB/AKT [23]. A significant number of
substrates of AKT have now been identified as substrates of SGK1 as well. These include
glycogen synthase kinase-3 (GSK-3), the forkhead transcription factor member FKHR-1,
the pro-apoptotic member of the Bcl-2 family BAD, Raf, IKK, CREB, and so on. However, it
is important to note that the sites of phosphorylation of substrates by SGK1 and AKT are
not identical. For example, both phosphorylate Thr32 of FKHRL-1, SGK1 phosphorylates
Ser315 of FKHRL-1, and AKT phosphorylates Ser253 [9,20].
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Figure 1. Domain organization (left) and 3D structure (right) of SGK1 and AKT. SGK1 and AKT
share a similar domain organization consisting of an N-terminal domain, a catalytic domain, and
a C-terminal domain. They also share similar phosphorylation sites: a Thr residue in the catalytic
domain and a Ser residue in the C-terminal domain. SGK1: serum/glucocorticoid regulated kinase 1,
AKT: protein kinase B.

SGK1, an important effector molecule of the phosphatidylinositol 3-kinase (PI3K)
signaling pathway, activates via a mechanism that is both significantly different from and
similar to that of PKB/AKT. Both require phosphatidylinositol-dependent kinase (PDK)-
mediated phosphorylation modification for full activation [22,24]. However, it is important
to note that the activation of SGK1 is strictly dependent on the recognition of the PIF motif
of PDK1. The Ser422 residue in the C-terminal hydrophobic domain binds specifically to
the PIF motif of PDK1, which, in turn, facilitates the phosphorylation modification of the
Thr256 site, resulting in the formation of a complete kinase-activated conformation. In
contrast, the activation of PKB/AKT is less dependent on the PIF motif and exhibits a more
flexible activation mode [24].

The divergent patterns of expression regulation further distinguish the activation
properties of SGK1 from those of PKB/AKT, which is constitutively expressed in most cells,
whereas SGK1 expression is significantly environmentally responsive, with transcript levels
rapidly induced by cortisol hormones, gonadotropins, serum components, and a variety
of stress signals [25,26]. These differences suggest that SGK1 may play a more dynamic
role in cellular stress adaptation. In particular, the regulatory network of SGK1 breaks
the paradigm of traditional kinases that rely only on post-translational modifications, and
its expression is directly regulated by multiple signaling pathways at the transcriptional
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level, forming a dual transcriptional-post-translational regulatory loop [27]. Furthermore,
the regulation of SGK1 activity is multidimensional: at the post-translational level, stim-
ulation with epidermal growth factor (EGF) or insulin-like growth factor (IGF) triggers
rapid phosphorylation and activation (with changes in kinase activity detected within min-
utes) [28]. At the level of protein stability, the ubiquitin ligase Nedd4-2 precisely controls
intracellular SGK1 protein levels by mediating the ubiquitination modification of SGK1 at
the K63 position, targeting and labeling it for entry into the 26S proteasome degradation
pathway [29]. This balanced mechanism of rapid activation and timely degradation is
important for maintaining the spatiotemporal specificity of SGK1 signal transduction.

With further research, molecules such as protein kinase C (PKC) [30], stress-activated
protein kinase 2 (SAPK2/p38) [31], cyclic adenosine monophosphate (cAMP) [32], and the
tumor suppressor protein p53 [33] have been successively found to be involved in the regu-
latory network of SGK1. These findings have not only extended the upstream regulatory
spectrum of SGK1, but have also revealed its central role in physiopathological processes
such as tumorigenesis (e.g., hepatocellular carcinoma) [34], embryonic development [35],
maintenance of electrolyte homeostasis [36], and immunomodulation [37,38]. This provides
an important experimental basis for the analysis of related disease mechanisms and the
development of drug targets.

3. The Biological Function of SGK1

As a pivotal integrator of cellular signal transduction networks and phosphorylation
cascades, SGK1 exhibits distinctive unique kinase activity and a broad substrate profile,
enabling it to fulfill a central regulatory function in diverse biological processes [10]. Despite
the numerous biological functions attributed to SGK1, the present article will primarily
focus on the biological functions of SGK1 in the regulation of ion channels, cell survival,
immune and inflammatory regulation, signal transduction, and other related biological
functions in the development of osteoporosis (Figure 2).
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Figure 2. Biological functions of SGK1 related to osteoporosis. SGK1 plays an important role in
a variety of physiological and pathological processes. However, we discuss in detail some critical
functions of SGK1 related to osteoporosis here. PKD1: protein kinase D1, mTORC2: rapamycin
complex 2.
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3.1. The Role of SGK1 in the Regulation of Ion Channels

SGK]1, as a key regulator downstream of the aldosterone signaling pathway, plays an
important role in the transport regulation of ion channels [36,39]. Its function is mainly
reflected in the regulation of epithelial sodium channels (ENaCs) [40]. SGK1 prevents
the ubiquitination and degradation of ENaCs by phosphorylating the ubiquitin ligase
Nedd4-2 and inhibiting the binding of Nedd4-2 to ENaC [41]. This mechanism significantly
increases the expression of ENaCs on the cell membrane surface and enhances the cellular
uptake of sodium ions [42,43]. In addition, SGK1 is able to directly bind to the « and 3
subunits of ENaCs, further stabilizing the function and localization of ENaCs [44]. The
role of SGK1 is not limited to sodium ion transport. It has been shown to regulate other
ion channels, such as potassium and chloride channels, by similar mechanisms [33,45].
These aforementioned regulatory activities are important for maintaining sodium and
potassium ion homeostasis in vivo and regulating cell volume and osmotic pressure [25,46].
Additionally, SGK1 has been demonstrated to augment the stability and surface activity
of sodium-glucose cotransporter protein 1 (SGLT1), thereby markedly amplifying glucose
uptake [47,48].

The aforementioned functions of SGK1 are closely associated with a variety of
pathological processes, including hypertension, obesity, diabetes, and chronic kidney
disease [49-51]. In such cases, ion channel dysfunction has been demonstrated to exacer-
bate the pathological processes, and modulation of SGK1 activity provides a novel idea for
potential therapeutic targets in these diseases [52].

3.2. SGK1 Is Involved in Cell Proliferation, Apoptosis, and Cell Survival

SGK1 plays an important role in the regulation of cell cycle progression and its function
is realized through dynamic localization between the nucleus and the cytoplasm [53].
Studies have shown that the subcellular distribution of SGK1 is regulated by the cell
cycle and hormonal stimuli. During the G1 phase, SGK1 is mainly distributed in the
cytosol in a hyperphosphorylated form, whereas it translocates to the nucleus during
the S and G2/M phases [8], and this nucleoplasmic shuttling of SGK1 is essential for
normal cell cycle progression [54]. Experiments that have manipulated the subcellular
localization of SGK1 have indicated that maintaining constant levels of SGK1 in either the
nucleus or the cytoplasm can inhibit cell growth and DNA synthesis. This finding serves to
further illustrate the necessity of the dynamic localization of SGK1 in cell proliferation [12].
Furthermore, SGK1 has been demonstrated to regulate cell cycle progression in an indirect
manner through the process of phosphorylating target proteins associated with both the
cell cycle and survival [55,56]. In summary, SGK1 plays a critical role in cell proliferation
and cell cycle processes through its dynamic nucleoplasmic localization, phosphorylation
of forkhead box transcription factors, and regulation of other signaling pathways, which
may be synergistically regulated with PKB [27,57].

The precise regulation of apoptosis, a highly conserved gene that controls the process
of programmed cell death, is critical for maintaining tissue homeostasis and preventing
pathological states. It has been demonstrated that SGK1 plays a pivotal role in the regula-
tion of apoptosis through a dual regulatory network, functioning both as a direct promoter
of cell survival signaling and as an indirect inhibitor of the initiation of the apoptotic
pathway [58]. The kinase has been demonstrated to exhibit significant anti-apoptotic effects
in a variety of cellular model systems, and its mechanism of action is closely linked to the
regulation of transcription factor activity [59]. Molecular mechanistic studies have revealed
that SGK1 performs its function by targeting the pro-apoptotic transcription of genes such
as FOXO3a [60]. Specifically, SGK1 catalyzes specific phosphorylation modifications of
FOXO3a, significantly impairing its DNA-binding capacity [61]. In conditions of insulin or
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growth factor deprivation, a decrease in SGK1 activity leads to an abnormal accumulation
of FOXO3a in the nucleus, which, in turn, activates the transcription of pro-apoptotic
genes, such as FasL and Bim, and triggers cell cycle arrest and activation of the mitochon-
drial apoptotic pathway [62]. Conversely, when SGK1 is activated by upstream signals, it
undergoes nuclear translocation and binds to FOXO3a, inducing the latter to dissociate
from chromatin and translocate to the cytoplasm through phosphorylation modification,
resulting in a state of transcriptional inactivation [63,64]. This dynamic change in subcel-
lular localization effectively blocks FOXO3a-dependent apoptotic gene expression and
constitutes an important defense mechanism for cell survival [65].

Furthermore, the apoptosis regulatory spectrum of SGK1 is not limited to the tran-
scription factor network. Recent studies have revealed that this kinase affects cell volume
homeostasis and apoptotic signaling by regulating the activity of membrane proteins such
as volume-regulated anion channels (VRACs), which further expands its functional dimen-
sion in cell fate determination [66]. These findings reveal that SGK1 forms a multilayered
apoptotic defense system by integrating transcriptional regulation and signal transduction
under stress conditions. In particular, during nutritional stress or genotoxic stimuli, SGK1
remodels the apoptotic threshold through a rapid response mechanism, providing a critical
safeguard for cell survival [25].

3.3. SGK1’s Role in Regulating Immunity and Inflammation

SGK1 plays an important role in inflammation and immune regulation. It achieves its
multiple biological effects by regulating the function of immune cells and inflammatory sig-
naling pathways [67]. SGK1 has a significant regulatory effect on T cell differentiation [68].
SGK1 activates the m TORC1 signaling pathway and induces the expression of retinoic
acid-related orphan receptor gamma (RORy), which enhances the value-addition and dif-
ferentiation of pro-inflammatory Th17 cells, while suppressing the generation of Treg cells,
thereby promoting the development and maintenance of inflammation [69]. In the context
of innate immunity, SGK1 has been observed to promote the expression of inflammatory fac-
tors (e.g., TNF-a and IL-1) in macrophages by activating the nuclear factor kappa-B (NF-«B)
signaling pathway, thereby enhancing the intensity and duration of the local inflammatory
response [70]. In the neutrophil inflammatory response, granulocyte-macrophage colony-
stimulating factor (GM-CSF) has been shown to significantly upregulate SGK1 expression,
thereby prolonging neutrophil survival [71]. Furthermore, SGK1 has been demonstrated
to influence neutrophil migration and reactive oxygen species (ROS) generation by mod-
ulating Na+-K+ ion channels [72]. These processes are imperative for the eradication of
pathogens and the regulation of both acute and chronic inflammation [67].

In recent years, as studies on the relationship between SGK-1 and inflammation have
been carried out in different models and cellular systems, relevant studies have found that
SGK1 can also regulate chronic inflammation through a negative feedback mechanism [73].
Specifically, it curbs excessive inflammatory responses by augmenting the expression of
glucocorticoid-induced anti-inflammatory factors (e.g., IL-10) to forestall tissue damage
and chronic inflammation [74]. Aberrant SGK expression is closely linked to a variety of
inflammatory and immune diseases, including pulmonary fibrosis, inflammatory bowel
disease (IBD), glomerulonephritis, and diabetes [75,76]. Notably, while SGK1 demonstrates
pro-inflammatory or anti-inflammatory effects in various tissues, the underlying patho-
physiological mechanisms remain to be fully elucidated. This further underscores the
notion that SGK1 functions as a pivotal regulator of inflammation and immune-related
diseases, thereby serving as a potential therapeutic target [77].
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3.4. The Role of SGK1 in Cell Signaling and Regulation of Gene Expression

In the PI3K signaling pathway, SGK1, a pivotal effector molecule, plays a crucial
role in regulating various biological processes, including cell proliferation, metabolism,
and differentiation, in conjunction with PKB/AKT [78]. This signaling axis integrates
stimulatory signals from extracellular growth factors and cytokines through the PI3K-
PDK1/2-PKB/AKT cascade, triggering multiple biological responses, including DNA
synthesis, cell survival, glucose transport, vesicular transport, receptor aggregation, and
cytoskeletal remodeling [63]. It is noteworthy that recent studies have demonstrated that
SGK1 exhibits more significant functional advantages in PI3K pathway-mediated physi-
ological regulation [79]. In comparison with PKB/AKT, SGK1 demonstrates distinctive
activation properties in response to diverse cellular stresses, including oxidative stress,
osmotic pressure alteration, and nutrient deprivation. Its protein expression level and
kinase activity can undergo rapid and substantial stress upregulation, while the expression
and activation of PKB remain largely unaltered [9,80]. This discrepancy suggests that SGK1
may function as a specific effector of the PI3K signaling pathway during environmental
adaptation and play a central regulatory role in the cellular stress response mechanism.

In the mitogen-activated protein kinase (MAPK) signaling pathway, SGK1 has been
shown to exhibit a complex multi-target regulatory ability, precisely regulating the two
core pathways, Ras-Raf-MEK-ERK and p38 MAPK, through kinase-substrate interactions
and signaling cascade reactions [81]. Molecular mechanistic studies have demonstrated
that SGK1 significantly inhibits the kinase activity of Raf kinase Ser364 by catalyzing its
phosphorylation modification at the Ser364 site. This phosphorylation event constitutes a
negative feedback regulatory loop of the Ras-Raf-MEK-ERK signaling pathway, which is
physiologically important for preventing over-activation of this pathway under growth
factor stimulation [82]. Furthermore, the regulatory spectrum of SGK1 is not limited to the
ERK pathway. It has been demonstrated that SGK1 is deeply involved in the regulatory
network of cellular stress response and inflammatory response through direct interaction
with the core components of the p38 MAPK pathway, as well as indirect regulation of the
c-Jun amino-terminal kinase (JNK) signaling module [83]. This cross-pathway regulatory
pattern renders SGK1 a pivotal integration node of the MAPK signaling network, capable
of coordinating biological processes such as cell survival, metabolic reprogramming, and
immune response under different stress conditions [84].

These findings reveal the complex function of SGK1 as a signaling hub: it can act both
as a sophisticated regulator of specific signaling pathways, and as a mediator of multi-
pathway dialogues, playing a multidimensional regulatory role in maintaining cellular
homeostasis and regulating pathophysiological processes. This multi-target regulation
provides a theoretical foundation for understanding the function of SGK1 in tumorigenesis,
metabolic diseases, and inflammation-related pathological processes.

4. The Role of SGK1 in Different Types of Osteoporosis
4.1. SGK1 and Postmenopausal Osteoporosis

Postmenopausal osteoporosis (PMOP) is a metabolic disease caused by estrogen
deficiency that results in systemic bone loss and destruction of the bone microarchitecture,
leading to increased bone fragility and increased fracture risk [85]. In recent years, with
the revelation of the important role of SGK1 in estrogen signaling (Figure 3), the study
of SGK1 in PMOP has gradually gained attention [17]. As mentioned above, SGK1 has a
high degree of similarity to PKB/AKT and is widely involved in signaling pathways that
regulate cell survival, proliferation, and metabolism. SGK1 has been shown to promote
osteoblast survival and inhibit apoptosis through the PI3K/ Akt pathway [86]. In PMOP,
aberrant activation of the PI3K/Akt pathway is closely associated with decreased bone
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density [87]. In addition, SGK1 may also be involved in the regulation of osteogenic and
osteoblastic homeostasis by modulating the ERK1/2 and p38MAPK pathways in the MAPK

signaling pathway [88,89].
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Figure 3. The signaling pathways describe the role of SGK1 in postmenopausal osteoporosis. The
decrease in estrogen levels leads to SGK1 activation. Activated SGK1 leads to the occurrence and
development of postmenopausal osteoporosis by inhibiting the osteogenic differentiation of mes-
enchymal stem cells and autophagy of osteoblasts, while promoting the apoptosis of osteoblasts
and the formation of osteoclasts. MSCs: mesenchymal stem cells, M0/1: macrophages, FOXO3a:
forkhead box O3a, LC3ILI: light chain 3, SQSTM/p62: sequestosome/ protein 62.

Patients with PMOP are often associated with a chronic low-grade inflammatory
state, and inflammatory factors (e.g., TNF-c, IL-6) are thought to be important triggers of
osteoclast activation [90]. Li et al. [91] found that TNF-« promotes osteoclast formation
through activation of SGK1, which synergizes with RANKL, ultimately contributing to the
osteoporosis syndrome in postmenopausal women. In addition, Lou et al. [92] showed,
in OVX mice, that estrogen deficiency leads to macrophage polarization toward M1, a
pro-inflammatory property, and that SGK1 indirectly affects the process of bone resorption
by regulating the production and action of these inflammatory factors [18].

There remains considerable academic controversy surrounding the mechanism of
SGK1 in PMOP. A number of studies have proposed that a decrease in estrogen levels
can inhibit SGK1 kinase activity, thereby impairing osteoblast survival and accelerating
apoptosis, which ultimately leads to bone loss [93]. However, other researchers believe that
SGK1 is over-activated in PMOP patients, and the mechanism may involve two aspects:
estrogen deficiency induces immune cells to differentiate towards a pro-inflammatory
phenotype, and the secreted inflammatory cytokines promote osteoclastogenesis through
activation of SGK1 [94,95]; and, at the same time, estrogen withdrawal directly inhibits
bone metabolism pathways such as p38 MAPK, leading to an imbalance of bone resorp-
tion/formation [96]. Although existing studies have initially revealed the bidirectional
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regulatory potential of SGK1 in PMOP, the specific mechanism of SGK1 in the development
of PMOP is still unclear, and most of the studies are limited to the cellular level and lack
in vivo and clinical validation. It is therefore recommended that future studies focus on
the interaction of SGK1 with estrogen receptors, the RANKL/OPG system, and other bone
metabolism-related signaling pathways. Such studies should combine animal models and
clinical cohort studies to elucidate the role of SGK1 in the pathological process of PMOP
and to explore precise intervention strategies based on the regulation of SGK1.

4.2. SGK1 and Senile Osteoporosis

Primary osteoporosis is frequently classified into postmenopausal osteoporosis (type I),
senile osteoporosis (type II), and idiopathic osteoporosis (adolescent). Senile osteoporosis
(SOP) is widely recognized as osteoporosis that manifests in older adults over the age
of 70 years [97]. With the accelerating process of global aging, SOP has emerged as a
significant public health concern, exerting a substantial impact on the quality of life and
health of older adults [98]. While the factors causing age-related bone loss are complex,
recent findings indicate that disorders of bone metabolism due to abnormal activation
of SGK1 (Figure 4) are closely related to the occurrence and development of SOP [25].
Therefore, a comprehensive assessment of the mechanism of the role of SGK1 in SOP may
provide more of a theoretical basis and more practical possibilities for future research
and treatment.

Osteqgeytes

Pre- 1 Osteoclast
re osteoc. a.sts S Ci S
\ . '[\u

PK
D athway
Autophagy

lefercntlatlon
and resorptlon

B cells, T cells, myeloid cells,
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i IL-1, IL-6 ,TNFa, HIF-1a
i MCP-1, RANTES, HMG-1
i PAI-1,M-CSF, PAI-2 , MMP

Mitochondria

Figure 4. The signaling pathways describe the involvement of SGK1 in a series of important patho-
logical processes in senile osteoporosis. In brief, osteocytes act on B cells, T cells, bone marrow cells,
osteoblast progenitor cells, and osteoclasts in the bone microenvironment through the senescence-
associated secretory phenotype (SASP), triggering a series of cascade chain reactions and secreting a
large number of inflammatory factors and chemokines. By activating SGK1-related signaling path-
ways, these harmful cytokines further inhibit the proliferation and differentiation of mesenchymal
stem cells and osteoblasts, promote mitochondrial oxidative stress and osteoclast maturation, and
eventually lead to the development and formation of senile osteoporosis.

4.2.1. Abnormal Activation of SGK1 by Inflammatory Factors

Aging is a vital life process for all living organisms. Bone senescence is chiefly marked
by a reduction in bone mass, a decrease in cortical bone thickness, a decline in bone strength,
and a decrease in the rate of bone mineralization [99]. The production of a senescence-
associated secretory phenotype (SASP) by senescent cells contains numerous inflammatory
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cytokines. The abnormal activation of SGK1 by these inflammatory cytokines disrupts
the balance between osteoblasts and osteoclasts, leading to increased bone resorption and
decreased bone formation, and ultimately affecting the process of bone remodeling [100].
Furthermore, IL-6 has been found to increase osteoblast-mediated osteoclast differentiation
through the activation of JAK2 and RANKL [101]. TNF-« has been observed to promote
osteoclast formation by activating SGK1-mediated upregulation of Blimp1 expression
through the PI3K/ Akt pathway [102]. During the aging process, IL-17 secreted by T cells
has been shown to inhibit bone formation by osteoblast progenitors and osteoclasts through
aberrant activation of SGK1 [103]. Furthermore, a study by Farr et al. [100], measuring SASP
markers in the bone marrow of young (6 months) and aged (24 months) rats, found that the
expression of bone marrow cells, osteoblast progenitors, osteoclasts, and osteoblasts was
significantly altered as the organism aged, and that the osteogenic capacity was diminished
in aged rats with reduced bone formation. Consequently, the inhibition of the aberrant
activation of SGK1 and the mitigation of the effects of inflammatory cytokines on bone
metabolic homeostasis may emerge as a novel therapeutic approach for the treatment of
senile osteoporosis in the future.

4.2.2. Regulation of the Autophagy Process by SGK1

Basal levels of autophagy are critical for maintaining organismal homeostasis; how-
ever, abnormal levels of autophagy can result in various pathological conditions [104]. SOP
is closely associated with autophagy, and the role of autophagy in SOP encompasses the
following aspects. Firstly, autophagy regulates osteoblast (OST) metabolic homeostasis;
autophagy promotes OST metabolic homeostasis by maintaining cellular metabolic bal-
ance and homeostasis, degrading and reutilizing harmful or obsolete cellular components,
thereby reducing the risk of SOP [105]. Secondly, the process of autophagy (hereafter re-
ferred to as ‘autophagy’) has been demonstrated to play a pivotal role in the maturation and
functional regulation of osteosarcoma (OS) cells. Autophagy has been shown to promote
bone formation and repair by regulating the proliferation and maturation of osteosarcoma
cells (OSCs) [106]. Thirdly, autophagy has been shown to play a crucial role in the regulation
of osteoporosis-related factors. Autophagy has been demonstrated to regulate bone quality
and homeostasis by regulating growth factors, inflammatory factors, and cell signaling
pathways [107]. It is widely acknowledged that the mTOR signaling pathway serves as the
primary regulator of cellular autophagy, with SGK1, a pivotal molecule within the mTOR
signaling pathway, potentially playing a crucial role in the development and progression
of SOP. Chen et al. [108] observed a decrease in autophagy levels in osteoblasts (OBs) and
OSTs of aged mice. In a separate study, Onal et al. [109] demonstrated that autophagy
plays a pivotal role in the regulation of SOP in mice. They observed that mice with specific
knockout of autophagy-related genes and reduced expression of autophagy-related genes
exhibited decreased bone mass and aging-related phenotypes in bone tissue. Furthermore,
Wang et al. [110] demonstrated that nanohydroxyapatite could regulate the osteogenic dif-
ferentiation of OBs by activating autophagy through the mTOR /SGK1 signaling pathway,
and that this effect occurred in a dose-dependent manner. However, other studies have sug-
gested that activation of autophagy promotes the function of osteoclasts (OCs), accelerates
bone loss, and exacerbates osteoporosis. Fu et al. [111] showed that the autophagy level
of OCs had an increased level of expression in individuals with glucocorticoid-induced
bone loss. Ma et al. [112] conducted a study on RANKL-induced differentiation of OCs,
in which they found that the administration of exogenous hydrogen sulfide (H2S) could
inhibit the expression of autophagy levels through the mTOR signaling pathway, thereby
inhibiting the differentiation function of OCs.
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In summary, SGK1 has been demonstrated to have complex bidirectional functional
properties in the regulation of skeletal homeostasis in patients with senile osteoporosis. In
studies of inflammatory factors, aberrant activation of SGK1 has been found to significantly
accelerate the progression of osteoporosis through pro-inflammatory factor-mediated en-
hancement of bone resorption. Interestingly, in autophagy-related studies, the regulatory
effects of SGK1 on osteoblasts are dual: at basal levels of autophagy, it maintains osteoblast
homeostasis by activating moderate autophagy; on the other hand, when pathological
factors (e.g., oxidative damage, nutrient deprivation) induce autophagy over-activation,
SGK1 accelerates osteoblast senescence by upregulating autophagy-associated proteins,
resulting in a decrease in bone-forming capacity. This seemingly paradoxical phenomenon
may be attributed to the following mechanisms: (1) Remodeling of the tissue senescence
microenvironment: in elderly patients with osteoporosis, there is long-term, sustained
release of inflammatory factors associated with senescent tissues and organs. These inflam-
matory factors lead to over-activation of autophagy, which results in an imbalance in the
osteoclastic/ osteogenic coupling, ultimately leading to the development of osteoporosis.
(2) Mitochondrial dysfunction: autophagy protects osteoblasts by degrading damaged
organelles in the physiological state, whereas excessive autophagy activation triggers
mitochondrial dysfunction and apoptosis signaling, forming an “autophagy-senescence’
positive feedback loop. (3) Cross-regulation of signaling pathways: SGK1 may integrate
bone metabolism pathways, such as PI3K/AKT, mTOR, and AMPK, to form a dynamic
regulatory network in different pathological phases. Consequently, in subsequent studies,
the construction of bone tissue- or cell-specific SGK1 knockout models, in conjunction with
phosphorylated proteomics analysis, is recommended. This approach will facilitate further
exploration of the mechanism of action between SGK1 and different signaling pathways.
Conversely, the dynamic changes in the SGK1-autophagy axis in living animal models can
be tracked by bioluminescence imaging, and dual regulatory strategies can be developed
for the SGK1-autophagy axis to provide a staged and individualized intervention plan for
age-related osteoporosis.

4.3. SGK1 and Diabetic Osteoporosis

Type II diabetes mellitus (T2D) is a pathological state characterized by insulin resis-
tance, hyperglycemia, and subsequently impaired glucose-mediated insulin secretion [113].
Persistent hyperglycemia leads to multi-organ dysfunction, including in the skeletal sys-
tem, where it is mainly characterized by disturbances in bone metabolism, bone loss, and
progressive development of diabetic osteoporosis (DOP) [114]. This is one of the most
serious complications in diabetic patients. Recent evidence emphasizes the important role
of SGK-1 in diabetes and its complications [115]. In diabetes, elevated extracellular glucose
concentrations induce glucocorticoid transcription [116]. When SGK1 in pancreatic B cells
is stimulated by glucocorticoids, it reduces Ca?" entry into B cells by upregulating voltage-
gated K* channels and inhibiting Ca?* channel activity, which ultimately leads to reduced
release of insulin [117]. An original study by Liu et al. [118] demonstrated that in the
liver, SGK1, through the extracellular signaling-regulated kinase 1/2 (ERK1/2), regulated
insulin sensitivity in mice. Inhibition of SGK-1 significantly ameliorated insulin resistance
in glucosamine-treated HepG 2 cells and in the liver of db/db mice. These findings are
consistent with a stress protein kinase response, as glucagon activation increases circulating
glucose and decreases insulin release [119].

Obesity is a known risk factor for diabetes, and SGK1 has been identified as a con-
tributing factor to the development of obesity [120]. SGK-1, a potent stimulator of the
Na*-coupled glucose transporter SGLT1, has been shown to aberrantly activate SGLT1,
thereby promoting intestinal glucose uptake and contributing to elevated blood glucose lev-
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regimens for diabetes and diabetic osteoporosis (Figure 5).
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Figure 5. Related roles of SGK1 in diabetic osteoporosis. The high concentration of blood glucose in
diabetic patients activates SGK1 in different organs, leading to decreased insulin secretion from the
pancreas, insulin resistance in the liver, disorders of bone mineral metabolism in the kidney, abnormal
accumulation of adipose tissue, and obesity. This series of pathological processes further promotes the
progression of diabetes and osteoporosis. AMPK«: AMP-activated protein kinase, ENaC: epithelial
sodium channel, BSC-1: Na*-K*-2Cl~ cotransporter, TRPV5: transient receptor potential vanilloid
type 5, x-MSH: alpha-melanocyte stimulating hormone, PPARY: peroxisome proliferator-activated
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gamma coactivator 1-alpha.
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4.4. SGK1 and Chronic Kidney Disease—Mineral and Bone Disorder (CKD-MBD)

Chronic kidney disease (CKD) is defined as a long-term, chronic disease that causes
kidney damage due to various factors. The global prevalence of CKD is estimated to be
10-15%, making it one of the most prevalent non-communicable diseases [124]. Disorders
of mineral metabolism, abnormal bone metabolism, and secondary osteoporosis have
become the most common complications in patients with CKD, especially in patients
with intermediate-to-advanced CKD [125]. Previous studies have confirmed that SGK-1
plays an important role in the progression of CKD-MBD [126]. The specific regulatory
mechanisms are described in Figure 6. In CKD patients, there is increased secretion of
aldosterone, due to elevated aldosterone levels resulting from the activation of the RAAS
system. Aldosterone/MR stimulates SGK1 expression, which, further, causes renal injury
and mineral bone disorder through inflammatory responses [127]. SGK1 also stimulates the
secretion of TGF-3 and accelerates renal fibrosis [128]. Zhou et al. found that the expression
of SGK1 and TGF-3 was enhanced in CKD rats, and aldosterone induced renal angiogenesis
through the SGK-1/TGF-f signaling pathway, induced renal angiogenesis, and aggravated
renal injury and calcium and phosphorus metabolism disorders in CKD [129]. In a similar
vein, Sierra et al. [130] identified that heightened SGK1 activity was instrumental in the
manifestation of salt corticosteroid-dependent renal injury in an SGK1 transgenic mouse
model. The augmentation of SGK1 activity expedited corticosterone/salt-induced renal
injury, in addition to calcium and phosphorus metabolism abnormalities and osteoporosis.
In a related finding, Liu et al. [13] reported that decreased expression of p-ERK1/2 and
p-SGK1 was accompanied by osteoporosis-like pathologic lesions in the femur in CKD-
MBD model rats and NRK-52E cells cultured with TGF-f3 exposure. Fucoidan activated the
ERK1/2-SGK1-NHERF-1-NaPi-2a pathway, thereby ameliorating kidney injury-associated
calcium and phosphorus metabolism disorders and skeletal abnormalities in CKD-MBD
model rats.

The most compelling physiological function of SGK-1 is the regulation of salt homeosta-
sis. Under physiological conditions, SGK-1 phosphorylates Nedd4-2, thereby eliminating
Nedd4-2-mediated tonic inhibition of epithelial sodium channels (ENaCs), which results
in increased sodium reabsorption [131]. Additionally, SGK-1 can regulate ENaC activity
through a mechanism that is independent of Nedd4-2 [132]. Conversely, Nedd4-2 phospho-
rylation has been shown to stimulate the degradation of SGK1 via the 26S proteasome [29].
This feedforward loop plays a pivotal role in the regulation of salt homeostasis in vivo. A
series of related studies have further demonstrated that the regulatory effect of SGK1 on
ion channels is not confined to ENaCs. SGK1 has also been found to regulate the activ-
ity of numerous ion channel transporter proteins, including TRPV5 [133], SCN5A [134],
ROMK1 [135], and Kv1.3 [136]. These findings strongly suggest that SGK-1 plays a key
role in the regulation of ion homeostasis in vivo. However, under pathological conditions,
with the gradual progression of the degree of renal injury in CKD patients, SGK-1 in vivo
is over-activated [137]. The over-activation of SGK1 has been shown to contribute to a
variety of adverse outcomes, including renal fibrosis, lipid accumulation, and vascular
dysfunction, which, in turn, can exacerbate metabolic dysregulation of calcium (Ca?"),
phosphorus (P**), parathyroid hormone (PTH), vitamin D, and fibroblast growth factor
23 (FGF23) [138]. This, in turn, can ultimately lead to the development of CKD-MBD in
patients with CKD. Conversely, SGK-1 has been observed to promote an increase in Th17
cells and a decrease in Treg cells through the activation of the Foxol/IL-23R pathway,
resulting in an imbalance between the Th17/Treg cell subsets. Concurrently, the increased
Th17 releases a substantial amount of pro-inflammatory factors, such as IL-6, IL-17, and
TNF-«. These pro-inflammatory factors may be another significant factor contributing to
abnormal bone metabolism and the development of osteoporosis [139].



Biomolecules 2025, 15, 686

14 of 27

Metabolic
disorders

‘————

G RO
-
factors

|
(NSO

FGF231

cm»

=2 o
cH-8.

!

i

:

i

& G DD oD @

Mineral and
bone disorder

Arteriosclerosis, Hyperphosphatemia, Renal failure,
osteodystrophy I [hyji)per?arat yr0|d|sm] deficiency loss of klotho
' [ &%,

Chronic kidney diséase-mineral and bone disorder

Figure 6. Pathogenic mechanisms of abnormally activated SGK1 in chronic kidney disease—mineral
and bone disorder. Abnormal increases in aldosterone, cortisol, and parathyroid hormone and
metabolic disorders in patients with chronic kidney disease activate SGK1 through multiple signaling
pathways. The abnormal activation of SGK1 directly or indirectly regulates ion channels, T cell
function, and 1x-hydroxylase, which leads to a series of pathological reactions, such as mineral
bone disorder, osteodystrophy, vitamin D deficiency, and hyperparathyroidism, and finally leads to
chronic kidney disease—mineral and bone disorder. SNS: sympathetic nervous system, RAS: renin—
angiotensin—aldosterone system, GILZ: glucocorticoid-inducible leucine zipper, FGF23: fibroblast
growth factor-23, PTH: parathyroid hormone, TMEM16A: transmembrane member 16A, ROMK:
renal outer medullary potassium channel, NHERF-1: Na+/H+ exchanger regulatory factor-1.

Despite the relative abundance of information on the effects of SGK-1 on ion channels
and CKD, most of the reported results presented only establish the relationship between
SGK-1 and CKD. Fewer studies have been conducted on the relationship between SGK-1
and CKD-MBD, and the specific mechanisms are still not fully understood [13]. Conse-
quently, further elucidation of the relationship between the two, as well as the development
of relevant specific inhibitors, will be imperative for the prevention and treatment of chronic
kidney disease osteoporosis in future studies.

5. The Potential of SGK1 as a Therapeutic Target for Osteoporosis

SGK1 plays a critical role in the pathophysiology of skeletal diseases, cancer, hyper-
tension, diabetes, and cellular homeostasis [140]. As a potential regulator of transcription,
enzyme activity, molecular activity, and signal transduction, SGK1 modulates the function
of a variety of biological pathways through the activation of ion and protein channels,
the maintenance of mitochondrial stability, and the regulation of immune responses [19].
SGK1’s involvement in numerous diseases and dysfunctions, both intra- and extracellular,
underscores its critical role in biological processes. These functions include, but are not
limited to, regulating cell survival, proliferation, differentiation, and function [141]. The
development of inhibitors targeting SGK1 has emerged as a significant area of research
in recent years, with notable results obtained [142]. Continued research in this field is
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anticipated to yield more inhibitors and a deeper understanding of SGK1’s regulatory
functions. These inhibitors hold promise for applications in the treatment of various dis-
eases, including cancer, hypertension, and osteoporosis [143]. The following section will
focus on several SGK1 inhibitors that are currently under preclinical and clinical evaluation

(Table 1).

Table 1. Inhibitors of serum glucocorticoid-regulated kinase-1 and their chemical structures.

Inhibitor Structure 1Cso Pathways Targeted Disease Ref.
Cancer
Osteoporosis
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Table 1. Cont.
Inhibitor Structure ICs Pathways Targeted Disease Ref.

Hepatocellular

Herbacetin mTOR-FoxO3 COEistCégog:‘gsis

750 nM signaling pathway P [162-166]
(C15H1007) . Cardiac
ROS production
hypertrophy
H Diabetes

5.1. GSK650394 and QGY-5-114-A

In 2008, Sherk et al. [144] reported the first instance of the SGK1 inhibitor GSK650394, a
7-azaindole derivative with two aryl substitutions at the C3 and C5 positions and 3-phenyl
having carboxyl and cyclopentyl groups in the para- and meso-positions, respectively.
The IC50 value of GSK650394 was determined to be 13 nM through the use of both the
fluorescence polarization assay and the ATP mimetic assay [144]. In vitro activity assay
results demonstrated that GSK650394 effectively inhibited the enzymatic activities of SGK1
and SGK2 with IC50 values of 62 nM and 103 nM, respectively. In a mitochondrial en-
zyme activity assay, GSK650394 exhibited reduced toxicity against M1 cells and HeLa
cells [145]. Furthermore, the results of an in vitro kinase specificity assessment demon-
strated that GSK650394 exhibited more than 30-fold higher selectivity for SGK1 compared
to other members of the AGC protein kinase family; its selectivity is better than that of
EMD638683 [146].

Increased bone resorption, caused by abnormal value-addition and differentiation of
osteoclasts, is a primary factor in the development of osteoporosis, and the underlying
cause may be related to the abnormal activation of SGK1 [147]. GSK650394 has been
demonstrated to inhibit the abnormal activation of osteoclasts in several studies, without
significant cytotoxicity. In vitro experiments have revealed that GSK650394 further inhibits
the activation of NF-kB and MAPK signaling pathways through the inhibition of SGK1,
thereby downregulating the expression of NFATc1 and RANKL. In vivo experiments have
further confirmed that GSK 650394 treatment effectively improved bone mineral density in
ovariectomy-induced bone loss mice [148]. In a recent study, Zhang et al. [18] utilized GSK
650394 to target SGK1, leading to a substantial retardation of osteoclastogenesis in vitro
and a notable reduction in bone loss in mice with breast cancer bone metastases in vivo.
Furthermore, Liang et al. [149] developed a new GSK650394 analog, QGY-5-114-A, which
exhibited a lower IC50 value and significantly inhibited tumor cell growth, migration, and
bone metastasis in rectal cancer. Unfortunately, the current study of QGY-5-114-A lacks
in vivo data. Further in vivo evaluation of its toxicology, bioavailability, and other drug
properties is needed. These findings collectively demonstrate that SGK1 may serve as a
crucial molecular target for the future treatment of osteoporosis diseases.

5.2. EMD638683

EMD638683, a highly selective SGK1 inhibitor, was first identified in 2011 [150]. It has
been demonstrated to inhibit SGK1 in a variety of pathologies, including hypertension,
cancer, osteoporosis, chronic kidney disease, diabetes, and its associated secondary com-
plications [141]. Currently, EMD638683 is undergoing clinical trials for the treatment of
hypertension [49]. In multiple myeloma, complement C3a activates osteoclasts through the
PIBK/PDK1/SGK1 pathway, and the inhibition of SGK1 using EMD638683 significantly
reduces osteoclastogenesis, providing a new therapeutic target and strategy for the treat-
ment of multiple myeloma patients [151]. In the context of diabetes, SGK1 upregulation
has been observed to mediate mesenchymal transformation of vascular smooth muscle
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cells under hyperglycemic conditions, thereby enhancing medial vascular calcification.
Furthermore, EMD638683 has been shown to significantly slow down the progression of
hyperglycemia-induced vascular wall calcification [152]. However, related studies have
shown that, in addition to SGK1, EMD 638683 also inhibits other targets, such as SGK2,
SGK3, and mitogen- and stress-activated protein kinase 1 (MSK1) [153].

The drug EMD638683 has been shown to possess significant anti-inflammatory prop-
erties, playing a crucial role in the treatment of various inflammatory diseases [142]. In the
context of angiotensin II-induced hypertension, the SGK1-FoxO1 signaling pathway has
been identified as a pivotal mediator of the imbalance between Th17/Treg cell subsets and
inflammatory responses in target organs. Conversely, treatment with the SGK1 inhibitor
EMD638683 led to a significant reversal of the Th17/Treg imbalance and cardiorenal insuf-
ficiency [154]. In a recent study, Gan et al. [155] demonstrated that EMD638683 prevented
angiotensin II-induced cardiac inflammation and fibrosis by blocking NLRP3 inflammatory
vesicle activation through SGK1 inhibition. In addition, several studies have demonstrated
that EMD638683 exerts anti-cancer effects and reduces tumor bone metastasis. In colon
cancer cells (Caco-2), EMD638683 increased apoptosis by increasing caspase 3 activity and
decreasing mitochondrial membrane potential, thereby promoting suicidal death of colon
tumor cells [153]. A similar outcome was observed in rhabdomyosarcoma cells, where
EMD638683 significantly inhibited tumor cell proliferation, migration, and survival, as well
as reducing the drug resistance rate by inhibiting SGK1 expression [156]. In conclusion,
EMD 638683 is one of the more desirable candidates for the treatment of SGK1-associated
diseases, as no significant toxicity and off-target effects have been found. Nevertheless,
EMD 63868 is poorly selected, and the majority of its reports remain at the cellular level.
To enhance its therapeutic efficacy and reduce adverse effects, further improvements to
the molecular structure of EMD 63868 are required, as well as in vivo studies to assess
its therapeutic efficacy and adverse effects. The development of targeted drug delivery
mechanisms and related studies will also contribute to the advancement of this field.

5.3. 51113 and 17a

SI113, a novel SGK1 inhibitor, was identified by D’Antona et al. [157] through high-
throughput screening, and its biological effects were first reported, in 2015. Currently, SI113
has been studied mainly in various tumor models, with a focus on its antitumor effects,
which are still in the preclinical research stage [158]. In the context of endometrial cancer,
51113 has been observed to markedly reduce the viability of endometrial cancer cells and
to enhance apoptosis, while concomitantly activating endoplasmic reticulum stress by
means of SGK1 inhibition [159]. In a separate study, Rango et al. [160] demonstrated the
presence of potent anti-cancer activity in models of both hepatocellular carcinoma (HCC)
and ovarian cancer through the modification of SI113’s motif. In the context of antitumor
efficacy assessment experiments in HCC and ovarian cancer xenograft mouse models,
a tumor volume reduction of more than 90% was observed; furthermore, no significant
in vivo toxicity was observed. These studies have demonstrated that the inhibition of SGK1
by SI113 has good antitumor efficacy.

Recently, Halland et al. [142] designed another SGK1 inhibitor, 17a, based on the
structure of 1H-pyrazolo[3,4-d] pyrimidine. To optimize the ADMET and selectivity pro-
files of the compound, several ligand-based computer models were applied. In animal
experiments, it was demonstrated that this novel inhibitor satisfies the safety and pharma-
cokinetic requirements for oral administration, and it exhibits high SGK1 selectivity and
adequate bioavailability. 17a is anticipated to be another novel drug for the treatment of
osteoarthritic diseases.
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The aforementioned studies have adequately demonstrated that SI113 and its deriva-
tives possess favorable safety and biological activity profiles, thus establishing them as
optimal SGK1 inhibitors. Unfortunately, there is a paucity of studies conducted on anti-
osteoporosis models, which may be a primary focus area for future research endeavors.

5.4. ZINC00319000

ZINC00319000, a novel SGK1 inhibitor, was selected from the ZINC database through
virtual high-throughput screening. Subsequently, Mohammad et al. [161] employed virtual
screening, molecular docking, and interaction analyses to comprehensively evaluate its
affinity with SGK1, specificity, and safety. The findings indicated that ZINC00319000 exhib-
ited a stable binding affinity for the SGK1 structure, accompanied by a favorable safety and
specificity profile, positioning it as a promising candidate for further development as an
SGK1 inhibitor. Regrettably, there is a paucity of studies addressing ZINC00319000, and
there is an absence of pertinent in vitro and in vivo biological assessments. Hence, there is
a necessity for the future investigation of this compound, encompassing the characteriza-
tion of its structure, its potential modification, if deemed necessary, and the subsequent
comprehensive evaluation of its safety and efficacy.

5.5. Herbacetin (HBT)

Herbacetin, a flavonoid extracted from Ephedra and Sedum, has been the subject
of numerous studies, which have reported its diverse biological functions, including its
potential to improve insulin resistance, reduce inflammation, and exhibit antioxidant and
antitumor properties [162,163]. Earlier studies primarily focused on the inhibitory proper-
ties of HBT on AKT, ACLY (adenosine triphosphate-citrate lyase), and FBPase (fructose
1,6-bisphosphatase) [164]. Due to the similarity between SGK1 and AKT, researchers have
begun to explore its role as an inhibitor of SGK1. Through the use of mass spectrometry, ki-
nase inhibition assay, thermal shift assay, and molecular docking, it has been demonstrated
that HBT can directly bind to and inhibit SGK1 [165]. Further studies have shown that
HBT significantly inhibits cardiomyocyte hypertrophy and reduces reactive oxygen species
(ROS) synthesis in vitro and in vivo by inhibiting the phosphorylation of SGK1, thereby
preventing the activation of its downstream molecule FoxO1 [166]. However, the bioavail-
ability of HBT is low and has been less commonly reported as an SGK1 inhibitor. Future
studies should focus on improving bioavailability, further investigating its pharmacological
mechanism, and evaluating its safety and optimal dose.

6. Summary and Outlook

SGK1 exerts a regulatory influence on multiple biological pathways by activating
various ion channels [167] and protein kinases [8], maintaining mitochondrial stability [168],
and modulating immune responses [169]. In addition to these functions, SGK1 plays a
pivotal role in regulating the signaling pathways of bone metabolism in various types of
osteoporosis, thereby affecting the function of bone-associated cells and the balance of
bone remodeling [13,17]. Consequently, SGK1 emerges as a promising molecular target for
therapeutic intervention in osteoporosis diseases.

Synthesis of the data from previous studies reveals that, in cases of senile osteo-
porosis [25], diabetic osteoporosis [117], and chronic kidney disease—mineral and bone
disorder [138], SGK1 demonstrates elevated expression levels and abnormal activation.
However, in postmenopausal osteoporosis, divergent results have been reported by various
researchers. Further exploration of the molecular mechanism of SGK1 in osteoporosis
and its application in the treatment of specific types of osteoporosis, especially in post-
menopausal osteoporosis, is needed in the future.
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Despite the value of SGK1 as a potential therapeutic target having been revealed by
existing studies, the development of SGK1-targeted therapies that combine utility, safety,
and the absence of toxic side effects still faces multiple challenges [141]. Meanwhile, these
inhibitors are currently used mainly in oncological diseases, with relatively few reports on
their use in osteoporosis. In light of the current research progress, three major technical
bottlenecks must be addressed: 1. The molecular design of specific inhibitors: The structural
domain of SGK1 exhibits a high degree of homology with other members of the AGC kinase
family, resulting in poor specificity of existing inhibitors and a consequent propensity for
off-target effects. Furthermore, the challenge of balancing target binding affinity and
metabolic stability remains a key challenge in medicinal chemistry. 2. Construction of
tissue-specific delivery systems: Abnormal activation of SGK1 in the bones, kidneys, and
central nervous system is closely related to the pathological processes of osteoporosis,
diabetic nephropathy, and Alzheimer’s disease. Ideal inhibitors must possess precise
modulation of tissue penetration, for example, through nanoparticle surface modification
of bone-targeting peptides, or targeted activation in pathological microenvironments using
prodrug strategies. The employment of tissue-targeted delivery systems has the potential
to enhance drug concentration within target tissues, while concomitantly reducing the risk
of peripheral tissue exposure. 3. Optimization of drug resistance and stabilizing efficacy:
Previous studies have shown that long-term SGK1 inhibition tends to induce compensatory
activation of the AKT pathway, leading to therapeutic resistance or attenuation of efficacy.
In the future, further chemical modification of the inhibitor structure or the maintenance of
steady-state blood levels by controlled release techniques (e.g., PLGA microspheres) will
be required.

As a common pathological hub of multiple diseases, the development of SGK1 in-
hibitors necessitates the integration of the multidisciplinary strengths of biology, medicinal
chemistry, and nanomedicine. Future research should focus on the establishment of better
high-throughput screening platforms, the development of intelligent delivery systems
with ‘on/off” functions, and the creation of a system for dynamic monitoring of drug
concentration in tissues. The implementation of these innovative strategies is expected to
facilitate the translation of SGK1-targeted therapies from the laboratory to the clinic, and
provide new solutions for the treatment of metabolic bone diseases, diabetes, hypertension,
and tumors.

In summary, further exploration of the function of SGK1 in osteoporosis and its
potential as a therapeutic target is warranted. These studies have the potential to yield
novel therapeutic strategies and further elucidate the mechanisms underlying this prevalent
bone metabolic disease.

Author Contributions: EY.: writing—original draft, conceptualization, visualization, methodology,
investigation. C.C. and R.C.: writing—original draft, visualization, methodology, investigation. C.Y.
and Z.L.: formal analysis, investigation, methodology. L.W. and H.X.: investigation. B.G. and Y.X.:
writing—review and editing, supervision, project administration, funding acquisition. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China
(82060405 and 82360436 to Y.X. 81960403 to B.G.), the Lanzhou Science and Technology Plan Pro-
gram (2021-RC-102 to Y.X.), the Natural Science Foundation of Gansu Province (22JR5RA943 and
23JRRA1500 to B.G., 22JR5RA956 to Y.X.), and the Cuiying Scientific and Technological Innovation
Program of Lanzhou University Second Hospital (CY2021-MS-A07 to B.G.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.



Biomolecules 2025, 15, 686 20 of 27

Acknowledgments: Special thanks to Bin Geng for his help and guidance. We acknowledge all the
authors who participated in the design and literature analysis of this paper, as well as the Second
Hospital of Lanzhou University for facilitating this paper.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Chen, R;; Yang, C.; Yang, F; Yang, A.; Xiao, H.; Peng, B.; Chen, C.; Geng, B.; Xia, Y. Targeting the mTOR-Autophagy Axis:
Unveiling Therapeutic Potentials in Osteoporosis. Biomolecules 2024, 14, 1452. [CrossRef]

Gullborg, E.J.; Kim, ].H.; Ward, C.M.; Simcock, X.C. Optimizing Treatment Strategies for Distal Radius Fractures in Osteoporosis:
A Comparative Review. Medicina 2024, 60, 1848. [CrossRef] [PubMed]

Mohammadi, S.M.; Saniee, N.; Mousaviasl, S.; Radmanesh, E.; Doustimotlagh, A.H. The Role of Osteocalcin in Patients with
Osteoporosis: A Systematic Review. Iran. |. Public Health 2024, 53, 2432-2439. [CrossRef] [PubMed]

Salari, N.; Darvishi, N.; Bartina, Y.; Larti, M.; Kiaei, A.; Hemmati, M.; Shohaimi, S.; Mohammadi, M. Global prevalence of
osteoporosis among the world older adults: A comprehensive systematic review and meta-analysis. ]. Orthop. Surg. Res. 2021, 16,
669. [CrossRef]

Hernlund, E.; Svedbom, A.; Ivergard, M.; Compston, J.; Cooper, C.; Stenmark, J.; McCloskey, E.V.; Jonsson, B.; Kanis, J.A.
Osteoporosis in the European Union: Medical management, epidemiology and economic burden. A report prepared in
collaboration with the International Osteoporosis Foundation (IOF) and the European Federation of Pharmaceutical Industry
Associations (EFPIA). Arch. Osteoporos. 2013, 8, 136. [CrossRef] [PubMed]

Webster, M.K.; Goya, L.; Ge, Y.; Maiyar, A.C; Firestone, G.L. Characterization of sgk, a novel member of the serine/threonine
protein kinase gene family which is transcriptionally induced by glucocorticoids and serum. Mol. Cell Biol. 1993, 13, 2031-2040.
[CrossRef]

Webster, M.K.; Goya, L.; Firestone, G.L. Immediate-early transcriptional regulation and rapid mRNA turnover of a putative
serine/threonine protein kinase. J. Biol. Chem. 1993, 268, 11482-11485. [CrossRef]

Firestone, G.L.; Giampaolo, ].R.; O’Keeffe, B.A. Stimulus-dependent regulation of serum and glucocorticoid inducible protein
kinase (SGK) transcription, subcellular localization and enzymatic activity. Cell Physiol. Biochem. 2003, 13, 1-12. [CrossRef]
Leong, M.L.; Maiyar, A.C.; Kim, B.; O’Keeffe, B.A.; Firestone, G.L. Expression of the serum- and glucocorticoid-inducible protein
kinase, Sgk, is a cell survival response to multiple types of environmental stress stimuli in mammary epithelial cells. ]. Biol. Chem.
2003, 278, 5871-5882. [CrossRef]

Tessier, M.; Woodgett, ].R. Serum and glucocorticoid-regulated protein kinases: Variations on a theme. . Cell Biocher. 2006, 98,
1391-1407. [CrossRef]

Noor, S.; Mohammad, T.; Ashraf, G.M.; Farhat, ].; Bilgrami, A.L.; Eapen, M.S,; Sohal, S.S.; Yadav, D.K.; Hassan, M.I. Mechanistic
insights into the role of serum-glucocorticoid kinase 1 in diabetic nephropathy: A systematic review. Int. J. Biol. Macromol. 2021,
193, 562-573. [CrossRef] [PubMed]

Buse, P; Tran, S.H.; Luther, E.; Phu, P.T.; Aponte, G.W.; Firestone, G.L. Cell cycle and hormonal control of nuclear-cytoplasmic
localization of the serum- and glucocorticoid-inducible protein kinase, Sgk, in mammary tumor cells. A novel convergence point
of anti-proliferative and proliferative cell signaling pathways. J. Biol. Chem. 1999, 274, 7253-7263. [CrossRef] [PubMed]

Liu, B.H.; Chong, EL.; Yuan, C.C; Liu, Y.L.; Yang, H.M.; Wang, WW.; Fang, Q.J.; Wu, W.; Wang, M.Z.; Tu, Y.; et al. Fucoidan
Ameliorates Renal Injury-Related Calcium-Phosphorus Metabolic Disorder and Bone Abnormality in the CKD-MBD Model Rats
by Targeting FGF23-Klotho Signaling Axis. Front. Pharmacol. 2020, 11, 586725. [CrossRef] [PubMed]

Brunet, A,; Park, J.; Tran, H.; Hu, L.S.; Hemmings, B.A.; Greenberg, M.E. Protein kinase SGK mediates survival signals by
phosphorylating the forkhead transcription factor FKHRL1 (FOXO3a). Mol. Cell Biol. 2001, 21, 952-965. [CrossRef]

Mikosz, C.A.; Brickley, D.R.; Sharkey, M.S.; Moran, T.W.; Conzen, S.D. Glucocorticoid receptor-mediated protection from apoptosis
is associated with induction of the serine/threonine survival kinase gene, sgk-1. . Biol. Chem. 2001, 276, 16649-16654. [CrossRef]
Chaudhary, M.; Sharma, V.; Bedi, O.; Kaur, A.; Singh, T.G. SGK-1 Signalling Pathway is a Key Factor in Cell Survival in Ischemic
Injury. Curr. Drug Targets 2023, 24, 1117-1126. [CrossRef]

Kim, J.M,; Yang, Y.S.; Hong, ].; Chaugule, S.; Chun, H.; van der Meulen, M.C.H.; Xu, R.; Greenblatt, M.B.; Shim, ].H. Biphasic
regulation of osteoblast development via the ERK MAPK-mTOR pathway. Elife 2022, 11, €78069. [CrossRef]

Zhang, Z.; Xu, Q.; Song, C.; Mi, B.; Zhang, H.; Kang, H.; Liu, H.; Sun, Y.; Wang, J.; Lei, Z.; et al. Serum- and Glucocorticoid-
inducible Kinase 1 is Essential for Osteoclastogenesis and Promotes Breast Cancer Bone Metastasis. Mol. Cancer Ther. 2020, 19,
650-660. [CrossRef]

Lang, F.; Bshmer, C.; Palmada, M.; Seebohm, G.; Strutz-Seebohm, N.; Vallon, V. (Patho)physiological significance of the serum-
and glucocorticoid-inducible kinase isoforms. Physiol. Rev. 2006, 86, 1151-1178. [CrossRef]


https://doi.org/10.3390/biom14111452
https://doi.org/10.3390/medicina60111848
https://www.ncbi.nlm.nih.gov/pubmed/39597033
https://doi.org/10.18502/ijph.v53i11.16945
https://www.ncbi.nlm.nih.gov/pubmed/39619893
https://doi.org/10.1186/s13018-021-02821-8
https://doi.org/10.1007/s11657-013-0136-1
https://www.ncbi.nlm.nih.gov/pubmed/24113837
https://doi.org/10.1128/mcb.13.4.2031-2040.1993
https://doi.org/10.1016/S0021-9258(19)50221-6
https://doi.org/10.1159/000070244
https://doi.org/10.1074/jbc.M211649200
https://doi.org/10.1002/jcb.20894
https://doi.org/10.1016/j.ijbiomac.2021.10.165
https://www.ncbi.nlm.nih.gov/pubmed/34715204
https://doi.org/10.1074/jbc.274.11.7253
https://www.ncbi.nlm.nih.gov/pubmed/10066787
https://doi.org/10.3389/fphar.2020.586725
https://www.ncbi.nlm.nih.gov/pubmed/33708111
https://doi.org/10.1128/MCB.21.3.952-965.2001
https://doi.org/10.1074/jbc.M010842200
https://doi.org/10.2174/0113894501239948231013072901
https://doi.org/10.7554/eLife.78069
https://doi.org/10.1158/1535-7163.MCT-18-0783
https://doi.org/10.1152/physrev.00050.2005

Biomolecules 2025, 15, 686 21 of 27

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

Basnet, R.; Gong, G.Q.; Li, C.; Wang, M.W. Serum and glucocorticoid inducible protein kinases (SGKs): A potential target for
cancer intervention. Acta Pharm. Sin. 2018, 8, 767-771. [CrossRef]

Waldegger, S.; Barth, P.; Forrest, ].N., Jr.; Greger, R.; Lang, F. Cloning of sgk serine-threonine protein kinase from shark rectal
gland—A gene induced by hypertonicity and secretagogues. Pflug. Arch. 1998, 436, 575-580. [CrossRef]

Hertweck, M.; Gobel, C.; Baumeister, R.C. elegans SGK-1 is the critical component in the Akt/PKB kinase complex to control
stress response and life span. Dev. Cell 2004, 6, 577-588. [CrossRef]

Kobayashi, T.; Deak, M.; Morrice, N.; Cohen, P. Characterization of the structure and regulation of two novel isoforms of serum-
and glucocorticoid-induced protein kinase. Biochem. J. 1999, 344 Pt 1, 189-197. [CrossRef] [PubMed]

Kobayashi, T.; Cohen, P. Activation of serum- and glucocorticoid-regulated protein kinase by agonists that activate phosphatidyli-
nositide 3-kinase is mediated by 3-phosphoinositide-dependent protein kinase-1 (PDK1) and PDK2. Biochem. . 1999, 339 Pt 2,
319-328. [CrossRef] [PubMed]

Lauro, D.; Pastore, D.; Capuani, B.; Pacifici, F.; Palmirotta, R.; Abete, P; Roselli, M.; Bellia, A.; Federici, M.; Di Daniele, N.; et al.
Role of Serum and Glucocorticoid-Inducible Kinase (SGK)-1 in Senescence: A Novel Molecular Target Against Age-Related
Diseases. Curr. Med. Chem. 2015, 22, 3765-3788. [CrossRef] [PubMed]

Brunet, A.; Bonni, A.; Zigmond, M.J; Lin, M.Z,; Juo, P.; Hu, L.S.; Anderson, M.].; Arden, K.C.; Blenis, ]J.; Greenberg, M.E. Akt
promotes cell survival by phosphorylating and inhibiting a Forkhead transcription factor. Cell 1999, 96, 857-868. [CrossRef]
Jang, H.; Park, Y.; Jang, J. Serum and glucocorticoid-regulated kinase 1: Structure, biological functions, and its inhibitors. Front.
Pharmacol. 2022, 13, 1036844. [CrossRef]

Geraghty, K.M.; Chen, S.; Harthill, J.E.; Ibrahim, A.F,; Toth, R.; Morrice, N.A.; Vandermoere, F; Moorhead, G.B.; Hardie, D.G;
MacKintosh, C. Regulation of multisite phosphorylation and 14-3-3 binding of AS160 in response to IGF-1, EGF, PMA and AICAR.
Biochem. |. 2007, 407, 231-241. [CrossRef]

Zhou, R.; Snyder, PM. Nedd4-2 phosphorylation induces serum and glucocorticoid-regulated kinase (SGK) ubiquitination and
degradation. J. Biol. Chem. 2005, 280, 4518-4523. [CrossRef]

Gleason, C.E.; Oses-Prieto, J.A.; Li, K.H.; Saha, B.; Situ, G.; Burlingame, A.L.; Pearce, D. Phosphorylation at distinct subcellular
locations underlies specificity in mTORC2-mediated activation of SGK1 and Akt. J. Cell Sci. 2019, 132, jcs224931. [CrossRef]
Bell, LM.; Leong, M.L.; Kim, B.; Wang, E.; Park, J.; Hemmings, B.A; Firestone, G.L. Hyperosmotic stress stimulates promoter
activity and regulates cellular utilization of the serum- and glucocorticoid-inducible protein kinase (Sgk) by a p38 MAPK-
dependent pathway. . Biol. Chem. 2000, 275, 25262-25272. [CrossRef] [PubMed]

Xu, Z.; Wang, Y.; Liu, Q.; Wang, S.; Sheng, C.; Chen, J.; Tan, J.; Wang, X.; Shao, L.; Zhou, L. Role of serum- and glucocorticoid-
inducible kinase 1 in the regulation of hepatic gluconeogenesis. J. Mol. Endocrinol. 2023, 71. [CrossRef]

Lang, F; Stournaras, C.; Zacharopoulou, N.; Voelkl, J.; Alesutan, I. Serum- and glucocorticoid-inducible kinase 1 and the response
to cell stress. Cell Stress. 2018, 3, 1-8. [CrossRef] [PubMed]

Ikumawoyi, V.O.; Lynch, K.D.; Iverson, D.T.; Call, M.R.; Yue, G.E.; Prasad, B.; Clarke, ].D. Microcystin-LR activates ser-
ine/threonine kinases and alters the phosphoproteome in human HepaRG cells. Toxicon 2024, 249, 108072. [CrossRef]

Zhang, Q.; Tian, Y.; Fu, Z.; Wu, S,; Lan, H.; Zhou, X.; Shen, W.; Lou, Y. The role of serum-glucocorticoid regulated kinase 1 in
reproductive viability: Implications from prenatal programming and senescence. Mol. Biol. Rep. 2024, 51, 376. [CrossRef]
[PubMed]

Pearce, D.; Manis, A.D.; Nesterov, V.; Korbmacher, C. Regulation of distal tubule sodium transport: Mechanisms and roles in
homeostasis and pathophysiology. Pflug. Arch. 2022, 474, 869-884. [CrossRef]

Hanin, A.; Comi, M.; Sumida, T.S.; Hafler, D.A. Cholesterol promotes IFNG mRNA expression in CD4(+) effector/memory cells
by SGK1 activation. Life Sci. Alliance 2024, 7, €202402890. [CrossRef]

Sumida, T.S.; Lincoln, M.R.; He, L.; Park, Y.; Ota, M.; Oguchi, A.; Son, R.; Yi, A,; Stillwell, H.A_; Leissa, G.A.; et al. An autoimmune
transcriptional circuit drives FOXP3(+) regulatory T cell dysfunction. Sci. Transl. Med. 2024, 16, eadp1720. [CrossRef]

Valinsky, W.C.; Touyz, R.M.; Shrier, A. Aldosterone, SGK1, and ion channels in the kidney. Clin. Sci. 2018, 132, 173-183. [CrossRef]
Lou, Y.;; Zhang, F; Luo, Y.; Wang, L.; Huang, S.; Jin, F. Serum and Glucocorticoid Regulated Kinase 1 in Sodium Homeostasis. Int.
J. Mol. Sci. 2016, 17, 1307. [CrossRef]

Kamynina, E.; Staub, O. Concerted action of ENaC, Nedd4-2, and Sgk1 in transepithelial Na(+) transport. Am. J. Physiol. Ren.
Physiol. 2002, 283, F377-F387. [CrossRef] [PubMed]

Lang, F.; Shumilina, E. Regulation of ion channels by the serum- and glucocorticoid-inducible kinase SGK1. Faseb |. 2013, 27, 3-12.
[CrossRef]

Verrey, F,; Fakitsas, P.; Adam, G.; Staub, O. Early transcriptional control of ENaC (de)ubiquitylation by aldosterone. Kidney Int.
2008, 73, 691-696. [CrossRef]

Pearce, D. The role of SGK1 in hormone-regulated sodium transport. Trends Endocrinol. Metab. 2001, 12, 341-347. [CrossRef]


https://doi.org/10.1016/j.apsb.2018.07.001
https://doi.org/10.1007/s004240050674
https://doi.org/10.1016/S1534-5807(04)00095-4
https://doi.org/10.1042/bj3440189
https://www.ncbi.nlm.nih.gov/pubmed/10548550
https://doi.org/10.1042/bj3390319
https://www.ncbi.nlm.nih.gov/pubmed/10191262
https://doi.org/10.2174/0929867322666150812145035
https://www.ncbi.nlm.nih.gov/pubmed/26264924
https://doi.org/10.1016/S0092-8674(00)80595-4
https://doi.org/10.3389/fphar.2022.1036844
https://doi.org/10.1042/BJ20070649
https://doi.org/10.1074/jbc.M411053200
https://doi.org/10.1242/jcs.224931
https://doi.org/10.1074/jbc.M002076200
https://www.ncbi.nlm.nih.gov/pubmed/10842172
https://doi.org/10.1530/JME-23-0046
https://doi.org/10.15698/cst2019.01.170
https://www.ncbi.nlm.nih.gov/pubmed/31225494
https://doi.org/10.1016/j.toxicon.2024.108072
https://doi.org/10.1007/s11033-024-09341-8
https://www.ncbi.nlm.nih.gov/pubmed/38427115
https://doi.org/10.1007/s00424-022-02732-5
https://doi.org/10.26508/lsa.202402890
https://doi.org/10.1126/scitranslmed.adp1720
https://doi.org/10.1042/CS20171525
https://doi.org/10.3390/ijms17081307
https://doi.org/10.1152/ajprenal.00143.2002
https://www.ncbi.nlm.nih.gov/pubmed/12167587
https://doi.org/10.1096/fj.12-218230
https://doi.org/10.1038/sj.ki.5002737
https://doi.org/10.1016/S1043-2760(01)00439-8

Biomolecules 2025, 15, 686 22 of 27

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Gao, Y,; Cao, F; Tian, X.; Zhang, Q.; Xu, C.; Ji, B.; Zhang, Y.A.; Du, L.; Han, J.; Li, L.; et al. Inhibition the ubiquitination of ENaC
and Na,K-ATPase with erythropoietin promotes alveolar fluid clearance in sepsis-induced acute respiratory distress syndrome.
Biomed. Pharmacother. 2024, 174, 116447. [CrossRef] [PubMed]

Saha, B.; Shabbir, W.; Takagi, E.; Duan, X.P; Leite Dellova, D.C.A.; Demko, J.; Manis, A.; Loffing-Cueni, D.; Loffing, J.; Serensen,
M.V,; et al. Potassium Activates mTORC2-dependent SGK1 Phosphorylation to Stimulate Epithelial Sodium Channel: Role in
Rapid Renal Responses to Dietary Potassium. J. Am. Soc. Nephrol. 2023, 34, 1019-1038. [CrossRef]

Khachab, M.; Kanaan, A.; Awad, D.; Deeba, E.; Osman, S.; Nassar, C.F. Colectomy induces an aldosterone-mediated increase in
jejunal glucose uptake in rats. Life Sci. 2017, 174, 43-49. [CrossRef]

Dieter, M.; Palmada, M.; Rajamanickam, J.; Aydin, A.; Busjahn, A.; Boehmer, C.; Luft, EC.; Lang, F. Regulation of glucose
transporter SGLT1 by ubiquitin ligase Nedd4-2 and kinases SGK1, SGK3, and PKB. Obes. Res. 2004, 12, 862-870. [CrossRef]
[PubMed]

Gedney, J.R.; Mattia, V.; Figueroa, M.; Barksdale, C.; Fannin, E.; Silverman, J.; Xiong, Y.; Mukherjee, R.; Jones, ].A.; Ruddy, ]. M.
Biomechanical dysregulation of SGK-1 dependent aortic pathologic markers in hypertension. Front. Cardiovasc. Med. 2024, 11,
1359734. [CrossRef]

Li, P; Hao, Y,; Pan, EH.; Zhang, M.; Ma, ].Q.; Zhu, D.L. SGK1 inhibitor reverses hyperglycemia partly through decreasing glucose
absorption. J. Mol. Endocrinol. 2016, 56, 301-309. [CrossRef]

Schwab, M.; Lupescu, A.; Mota, M.; Mota, E.; Frey, A.; Simon, P.; Mertens, PR.; Floege, J.; Luft, F.; Asante-Poku, S.; et al.
Association of SGK1 gene polymorphisms with type 2 diabetes. Cell Physiol. Biochem. 2008, 21, 151-160. [CrossRef] [PubMed]
Sierra-Ramos, C.; Velazquez-Garcia, S.; Vastola-Mascolo, A.; Hernandez, G.; Faresse, N.; Alvarez de la Rosa, D. SGK1 activation
exacerbates diet-induced obesity, metabolic syndrome and hypertension. J. Endocrinol. 2020, 244, 149-162. [CrossRef] [PubMed]
Pan, H.; Lv, W,; Li, Z.; Han, W. SGK1 protein expression is a prognostic factor of lung adenocarcinoma that regulates cell
proliferation and survival. Int. J. Clin. Exp. Pathol. 2019, 12, 391-408.

Maiyar, A.C.; Leong, M.L.; Firestone, G.L. Importin-alpha mediates the regulated nuclear targeting of serum- and glucocorticoid-
inducible protein kinase (Sgk) by recognition of a nuclear localization signal in the kinase central domain. Mol. Biol. Cell 2003, 14,
1221-1239. [CrossRef] [PubMed]

Ozdemir, O.; Yurt, K; Pektas, A.N.; Berk, S. Evaluation and normalization of a set of reliable reference genes for quantitative
sgk-1 gene expression analysis in Caenorhabditis elegans-focused cancer research. Nucleosides Nucleotides Nucleic Acids 2024, 44,
91-110. [CrossRef]

Hong, F; Larrea, M.D.; Doughty, C.; Kwiatkowski, D.J.; Squillace, R.; Slingerland, ]. M. mTOR-raptor binds and activates SGK1 to
regulate p27 phosphorylation. Mol. Cell 2008, 30, 701-711. [CrossRef]

Lang, E; Henke, G.; Embark, H.M.; Waldegger, S.; Palmada, M.; Bohmer, C.; Vallon, V. Regulation of channels by the serum and
glucocorticoid-inducible kinase—Implications for transport, excitability and cell proliferation. Cell Physiol. Biochem. 2003, 13,
41-50. [CrossRef]

Pearce, L.R.; Komander, D.; Alessi, D.R. The nuts and bolts of AGC protein kinases. Nat. Rev. Mol. Cell Biol. 2010, 11, 9-22.
[CrossRef]

Zhang, Y.; Zhang, D.; Meng, T,; Tian, P,; Chen, J.; Liu, A.; Zheng, Y.; Su, G. SGK1 is involved in doxorubicin-induced chronic
cardiotoxicity and dysfunction through activation of the NF«kB pathway. Int. Immunopharmacol. 2023, 125, 111151. [CrossRef]
Tao, G.Z.; Lehwald, N.; Jang, K.Y.; Baek, J.; Xu, B.; Omary, M.B.; Sylvester, K.G. Wnt/ 3-catenin signaling protects mouse liver
against oxidative stress-induced apoptosis through the inhibition of forkhead transcription factor FoxO3. |. Biol. Chem. 2013, 288,
17214-17224. [CrossRef]

Greer, E.L.; Brunet, A. FOXO transcription factors at the interface between longevity and tumor suppression. Oncogene 2005, 24,
7410-7425. [CrossRef]

Dijkers, PF.; Medema, R.H.; Lammers, ].W.; Koenderman, L.; Coffer, P.J. Expression of the pro-apoptotic Bcl-2 family member
Bim is regulated by the forkhead transcription factor FKHR-L1. Curr. Biol. 2000, 10, 1201-1204. [CrossRef] [PubMed]

Biggs, W.H., 3rd; Meisenhelder, J.; Hunter, T.; Cavenee, WK.; Arden, K.C. Protein kinase B/ Akt-mediated phosphorylation
promotes nuclear exclusion of the winged helix transcription factor FKHR1. Proc. Natl. Acad. Sci. USA 1999, 96, 7421-7426.
[CrossRef] [PubMed]

Brunet, A.; Kanai, F,; Stehn, J.; Xu, J.; Sarbassova, D.; Frangioni, J.V.; Dalal, S.N.; DeCaprio, ]J.A.; Greenberg, M.E.; Yaffe, M.B.
14-3-3 transits to the nucleus and participates in dynamic nucleocytoplasmic transport. J. Cell Biol. 2002, 156, 817-828. [CrossRef]
Tran, H.; Brunet, A.; Grenier, ].M.; Datta, S.R.; Fornace, A.]., Jr.; DiStefano, P.S.; Chiang, L.W.; Greenberg, M.E. DNA repair
pathway stimulated by the forkhead transcription factor FOXO3a through the Gadd45 protein. Science 2002, 296, 530-534.
[CrossRef]

Naray-Fejes-Toth, A.; Canessa, C.; Cleaveland, E.S.; Aldrich, G.; Fejes-Téth, G. sgk is an aldosterone-induced kinase in the renal
collecting duct. Effects on epithelial na+ channels. J. Biol. Chem. 1999, 274, 16973-16978. [CrossRef] [PubMed]


https://doi.org/10.1016/j.biopha.2024.116447
https://www.ncbi.nlm.nih.gov/pubmed/38518606
https://doi.org/10.1681/ASN.0000000000000109
https://doi.org/10.1016/j.lfs.2017.02.012
https://doi.org/10.1038/oby.2004.104
https://www.ncbi.nlm.nih.gov/pubmed/15166308
https://doi.org/10.3389/fcvm.2024.1359734
https://doi.org/10.1530/JME-15-0285
https://doi.org/10.1159/000113757
https://www.ncbi.nlm.nih.gov/pubmed/18209482
https://doi.org/10.1530/JOE-19-0275
https://www.ncbi.nlm.nih.gov/pubmed/31600722
https://doi.org/10.1091/mbc.e02-03-0170
https://www.ncbi.nlm.nih.gov/pubmed/12631736
https://doi.org/10.1080/15257770.2024.2317413
https://doi.org/10.1016/j.molcel.2008.04.027
https://doi.org/10.1159/000070248
https://doi.org/10.1038/nrm2822
https://doi.org/10.1016/j.intimp.2023.111151
https://doi.org/10.1074/jbc.M112.445965
https://doi.org/10.1038/sj.onc.1209086
https://doi.org/10.1016/S0960-9822(00)00728-4
https://www.ncbi.nlm.nih.gov/pubmed/11050388
https://doi.org/10.1073/pnas.96.13.7421
https://www.ncbi.nlm.nih.gov/pubmed/10377430
https://doi.org/10.1083/jcb.200112059
https://doi.org/10.1126/science.1068712
https://doi.org/10.1074/jbc.274.24.16973
https://www.ncbi.nlm.nih.gov/pubmed/10358046

Biomolecules 2025, 15, 686 23 of 27

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Bian, X.; Xue, H.; Jing, D.; Wang, Y.; Zhou, G.; Zhu, F. Role of Serum /Glucocorticoid-Regulated Kinase 1 (SGK1) in Immune and
Inflammatory Diseases. Inflammation 2023, 46, 1612-1625. [CrossRef]

Brescia, C.; Dattilo, V.; D’Antona, L.; Chiarella, E.; Tallerico, R.; Audia, S.; Rocca, V.; Iuliano, R.; Trapasso, F; Perrotti, N.;
et al. RANBP1, a member of the nuclear-cytoplasmic trafficking-regulator complex, is the terminal-striking point of the SGK1-
dependent Th17(+) pathological differentiation. Front. Immunol. 2023, 14, 1213805. [CrossRef]

Wu, C,; Chen, Z.; Xiao, S.; Thalhamer, T.; Madi, A.; Han, T.; Kuchroo, V. SGK1 Governs the Reciprocal Development of Th17 and
Regulatory T Cells. Cell Rep. 2018, 22, 653-665. [CrossRef]

Martin-Ferndndez, B.; Rubio-Navarro, A.; Cortegano, I.; Ballesteros, S.; Alia, M.; Cannata-Ortiz, P.; Olivares-Alvaro, E.; Egido,
J.; de Andrés, B.; Gaspar, M.L.; et al. Aldosterone Induces Renal Fibrosis and Inflammatory M1-Macrophage Subtype via
Mineralocorticoid Receptor in Rats. PLoS ONE 2016, 11, e0145946. [CrossRef]

Burgon, J.; Robertson, A.L.; Sadiku, P.; Wang, X.; Hooper-Greenhill, E.; Prince, L.R.; Walker, P.; Hoggett, E.E.; Ward, ].R.; Farrow,
S.N.; et al. Serum and glucocorticoid-regulated kinase 1 regulates neutrophil clearance during inflammation resolution. J. Immunol.
2014, 192, 1796-1805. [CrossRef]

Han, H.; Liu, C.; Li, M.; Wang, J.; Liu, Y.S.; Zhou, Y.; Li, Z.C.; Hu, R;; Li, Z.H.; Wang, RM,; et al. Increased intracellular CI(-)
concentration mediates neutrophil extracellular traps formation in atherosclerotic cardiovascular diseases. Acta Pharmacol. Sin.
2022, 43, 2848-2861. [CrossRef] [PubMed]

Artung, F; Amann, K.; Nasir, O.; Friedrich, B.; Sandulache, D.; Jahovic, N.; Risler, T.; Vallon, V.; Wulff, P.; Kuhl, D.; et al. Blunted
DOCA /high salt induced albuminuria and renal tubulointerstitial damage in gene-targeted mice lacking SGK1. J. Mol. Med. 2006,
84,737-746. [CrossRef]

Lang, F.; Stournaras, C. Serum and glucocorticoid inducible kinase, metabolic syndrome, inflammation, and tumor growth.
Hormones 2013, 12, 160-171. [CrossRef] [PubMed]

Bai, J.A.; Xu, G.F; Yan, L]J.; Zeng, WW.; Ji, Q.Q.; Wu, ].D.; Tang, Q.Y. SGK1 inhibits cellular apoptosis and promotes proliferation
via the MEK/ERK/p53 pathway in colitis. World |. Gastroenterol. 2015, 21, 6180-6193. [CrossRef] [PubMed]

Friedrich, B.; Warntges, S.; Klingel, K.; Sauter, M.; Kandolf, R.; Risler, T.; Miiller, G.A.; Witzgall, R.; Kriz, W.; Grone, H.J.; et al.
Up-regulation of the human serum and glucocorticoid-dependent kinase 1 in glomerulonephritis. Kidney Blood Press. Res. 2002,
25,303-307. [CrossRef]

Kleinewietfeld, M.; Manzel, A.; Titze, J.; Kvakan, H.; Yosef, N.; Linker, R.A.; Muller, D.N.; Hafler, D.A. Sodium chloride drives
autoimmune disease by the induction of pathogenic TH17 cells. Nature 2013, 496, 518-522. [CrossRef]

Cen, Y,; Yang, J.; Su, L.; Wang, E; Zhu, D.; Zhao, L.; Li, Y. Manganese induces neuronal apoptosis by activating mTOR signaling
pathway in vitro and in vivo. Food Chem. Toxicol. 2024, 185, 114508. [CrossRef]

You, H; Jang, Y.; You-Ten, AL; Okada, H.; Liepa, J.; Wakeham, A.; Zaugg, K.; Mak, T.W. p53-dependent inhibition of FKHRL1 in
response to DNA damage through protein kinase SGK1. Proc. Natl. Acad. Sci. USA 2004, 101, 14057-14062. [CrossRef]

David, S.; Kalb, R.G. Serum/glucocorticoid-inducible kinase can phosphorylate the cyclic AMP response element binding protein,
CREB. FEBS Lett. 2005, 579, 1534-1538. [CrossRef]

Mason, J.A.; Davison-Versagli, C.A.; Leliaert, A.K.; Pape, D.J.; McCallister, C.; Zuo, J.; Durbin, S.M.; Buchheit, C.L.; Zhang, S.;
Schafer, Z.T. Oncogenic Ras differentially regulates metabolism and anoikis in extracellular matrix-detached cells. Cell Death
Differ. 2016, 23, 1271-1282. [CrossRef] [PubMed]

Kim, M.J.; Chae, ].S.; Kim, K.J.; Hwang, S.G.; Yoon, K.W.,; Kim, E.K.; Yun, H].; Cho, ] H.; Kim, ]J.; Kim, B.W.; et al. Negative
regulation of SEK1 signaling by serum- and glucocorticoid-inducible protein kinase 1. EMBO ]. 2007, 26, 3075-3085. [CrossRef]
[PubMed]

Kuntzsch, D.; Bergann, T.; Dames, P.; Fromm, A.; Fromm, M.; Davis, R.A.; Melzig, M.E.; Schulzke, ]J.D. The plant-derived
glucocorticoid receptor agonist Endiandrin A acts as co-stimulator of colonic epithelial sodium channels (ENaC) via SGK-1 and
MAPKSs. PLoS ONE 2012, 7, €49426. [CrossRef] [PubMed]

Tai, D.J.; Su, C.C.; Ma, Y.L.; Lee, E.-H. SGK1 phosphorylation of IkappaB Kinase alpha and p300 Up-regulates NF-kappaB activity
and increases N-Methyl-D-aspartate receptor NR2A and NR2B expression. J. Biol. Chem. 2009, 284, 4073-4089. [CrossRef]
Subarajan, P.; Arceo-Mendoza, R.M.; Camacho, PM. Postmenopausal Osteoporosis: A Review of Latest Guidelines. Endocrinol.
Metab. Clin. N. Am. 2024, 53, 497-512. [CrossRef]

Yu, X.H.; Xu, XM.; Zhang, S.X. Low-dose dexamethasone promotes osteoblast viability by activating autophagy via the
SGK1/FOXO3a signaling pathway. Cell Biol. Int. 2023, 47, 669—678. [CrossRef]

Kong, Y.; Nie, ZK; Li, F; Guo, HM.; Yang, X.L.; Ding, S.F. MiR-320a was highly expressed in postmenopausal osteoporosis and
acts as a negative regulator in MC3T3E1 cells by reducing MAP9 and inhibiting PI3K/AKT signaling pathway. Exp. Mol. Pathol.
2019, 110, 104282. [CrossRef]

Rodriguez, J.P; Rios, S.; Fernandez, M.; Santibafiez, J.F. Differential activation of ERK1,2 MAP kinase signaling pathway in
mesenchymal stem cell from control and osteoporotic postmenopausal women. J. Cell Biochem. 2004, 92, 745-754. [CrossRef]


https://doi.org/10.1007/s10753-023-01857-8
https://doi.org/10.3389/fimmu.2023.1213805
https://doi.org/10.1016/j.celrep.2017.12.068
https://doi.org/10.1371/journal.pone.0145946
https://doi.org/10.4049/jimmunol.1300087
https://doi.org/10.1038/s41401-022-00911-9
https://www.ncbi.nlm.nih.gov/pubmed/35513433
https://doi.org/10.1007/s00109-006-0082-0
https://doi.org/10.14310/horm.2002.1401
https://www.ncbi.nlm.nih.gov/pubmed/23933686
https://doi.org/10.3748/wjg.v21.i20.6180
https://www.ncbi.nlm.nih.gov/pubmed/26034353
https://doi.org/10.1159/000066794
https://doi.org/10.1038/nature11868
https://doi.org/10.1016/j.fct.2024.114508
https://doi.org/10.1073/pnas.0406286101
https://doi.org/10.1016/j.febslet.2005.01.040
https://doi.org/10.1038/cdd.2016.15
https://www.ncbi.nlm.nih.gov/pubmed/26915296
https://doi.org/10.1038/sj.emboj.7601755
https://www.ncbi.nlm.nih.gov/pubmed/17568772
https://doi.org/10.1371/journal.pone.0049426
https://www.ncbi.nlm.nih.gov/pubmed/23152905
https://doi.org/10.1074/jbc.M805055200
https://doi.org/10.1016/j.ecl.2024.08.008
https://doi.org/10.1002/cbin.11971
https://doi.org/10.1016/j.yexmp.2019.104282
https://doi.org/10.1002/jcb.20119

Biomolecules 2025, 15, 686 24 of 27

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.
105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Xiao, B.; Wang, G.; Li, W. Weighted gene correlation network analysis reveals novel biomarkers associated with mesenchymal
stromal cell differentiation in early phase. Peer] 2020, 8, e8907. [CrossRef]

Wang, X.; Zhang, C.; Zhao, G.; Yang, K.; Tao, L. Obesity and lipid metabolism in the development of osteoporosis (Review). Int. J.
Mol. Med. 2024, 54, 61. [CrossRef]

Zha, L; He, L.; Liang, Y,; Qin, H.; Yu, B.; Chang, L.; Xue, L. TNF-« contributes to postmenopausal osteoporosis by synergistically
promoting RANKL-induced osteoclast formation. Biomed. Pharmacother. 2018, 102, 369-374. [CrossRef] [PubMed]

Lou, Y;; Fu, Z,; Tian, Y.; Hu, M.; Wang, Q.; Zhou, Y.; Wang, N.; Zhang, Q.; Jin, F. Estrogen-sensitive activation of SGK1 induces M2
macrophages with anti-inflammatory properties and a Th2 response at the maternal-fetal interface. Reprod. Biol. Endocrinol. 2023,
21, 50. [CrossRef]

Sweeney, E.E.; Fan, P; Jordan, V.C. Molecular modulation of estrogen-induced apoptosis by synthetic progestins in hormone
replacement therapy: An insight into the women'’s health initiative study. Cancer Res. 2014, 74, 7060-7068. [CrossRef]

Tang, X.; Zhu, X.; Liu, S.; Wang, S.; Ni, X. Isoflavones suppress cyclic adenosine 3',5'-monophosphate regulatory element-mediated
transcription in osteoblastic cell line. J. Nutr. Biochem. 2011, 22, 865-873. [CrossRef]

Zhao, W.; Qian, J.; Li, ].; Su, T.; Deng, X.; Fu, Y.; Liang, X.; Cui, H. From death to birth: How osteocyte death promotes osteoclast
formation. Front. Immunol. 2025, 16, 1551542. [CrossRef] [PubMed]

Ullah, A.; Chen, Y,; Singla, R.K.; Cao, D.; Shen, B. Exploring cytokines dynamics: Uncovering therapeutic concepts for metabolic
disorders in postmenopausal women- diabetes, metabolic bone diseases, and non-alcohol fatty liver disease. Ageing Res. Rev.
2024, 101, 102505. [CrossRef]

Pan, B.; Chen, C.; Zhao, Y.; Cai, J.; Fu, S.; Liu, J. SIRT3: A Potential Target of Different Types of Osteoporosis. Cell Biochem. Biophys.
2024, 82, 489-500. [CrossRef] [PubMed]

Cauley, J.A. Public health impact of osteoporosis. |. Gerontol. A Biol. Sci. Med. Sci. 2013, 68, 1243-1251. [CrossRef]

Koehne, T.; Vettorazzi, E.; Kiisters, N.; Liineburg, R.; Kahl-Nieke, B.; Piischel, K.; Amling, M.; Busse, B. Trends in trabecular
architecture and bone mineral density distribution in 152 individuals aged 30-90 years. Bone 2014, 66, 31-38. [CrossRef]

Farr, J.N,; Fraser, D.G.; Wang, H.; Jaehn, K.; Ogrodnik, M.B.; Weivoda, M.M.; Drake, M.T.; Tchkonia, T.; LeBrasseur, N.K.; Kirkland,
J.L.; et al. Identification of Senescent Cells in the Bone Microenvironment. J. Bone Miner. Res. 2016, 31, 1920-1929. [CrossRef]
Wu, Q.; Zhou, X.; Huang, D.; Ji, Y.; Kang, F. IL-6 Enhances Osteocyte-Mediated Osteoclastogenesis by Promoting JAK2 and
RANKL Activity In Vitro. Cell Physiol. Biochem. 2017, 41, 1360-1369. [CrossRef] [PubMed]

Wu, L.; Guo, Q.; Yang, J.; Ni, B. Tumor Necrosis Factor Alpha Promotes Osteoclast Formation via PI3K/Akt Pathway-Mediated
Blimp1 Expression Upregulation. J. Cell Biochem. 2017, 118, 1308-1315. [CrossRef] [PubMed]

Srivastava, R.K.; Sapra, L. The Rising Era of “Immunoporosis”: Role of Inmune System in the Pathophysiology of Osteoporosis.
J. Inflamm. Res. 2022, 15, 1667-1698. [CrossRef]

Kitada, M.; Koya, D. Autophagy in metabolic disease and ageing. Nat. Rev. Endocrinol. 2021, 17, 647-661. [CrossRef] [PubMed]
Zhu, C; Shen, S.; Zhang, S.; Huang, M.; Zhang, L.; Chen, X. Autophagy in Bone Remodeling: A Regulator of Oxidative Stress.
Front. Endocrinol. 2022, 13, 898634. [CrossRef]

Wang, S.; Deng, Z.; Ma, Y,; Jin, J.; Qi, E; Li, S.; Liu, C.; Lyu, EJ.; Zheng, Q. The Role of Autophagy and Mitophagy in Bone
Metabolic Disorders. Int. J. Biol. Sci. 2020, 16, 2675-2691. [CrossRef]

Young, A.R.J.; Cassidy, L.D.; Narita, M. Autophagy and senescence, converging roles in pathophysiology as seen through mouse
models. Adv. Cancer Res. 2021, 150, 113-145. [CrossRef]

Chen, K; Yang, Y.H,; Jiang, 5.D.; Jiang, L.S. Decreased activity of osteocyte autophagy with aging may contribute to the bone loss
in senile population. Histochem. Cell Biol. 2014, 142, 285-295. [CrossRef]

Onal, M.; Piemontese, M.; Xiong, J.; Wang, Y.; Han, L.; Ye, S.; Komatsu, M.; Selig, M.; Weinstein, R.S.; Zhao, H.; et al. Suppression
of autophagy in osteocytes mimics skeletal aging. J. Biol. Chem. 2013, 288, 17432-17440. [CrossRef]

Wang, R.; Hu, H.; Guo, J.; Wang, Q.; Cao, J.; Wang, H.; Li, G.; Mao, ].; Zou, X.; Chen, D.; et al. Nano-Hydroxyapatite Modulates
Osteoblast Differentiation Through Autophagy Induction via mTOR Signaling Pathway. J. Biomed. Nanotechnol. 2019, 15, 405-415.
[CrossRef]

Fu, L.; Wu, W,; Sun, X.; Zhang, P. Glucocorticoids Enhanced Osteoclast Autophagy Through the PI3K/Akt/mTOR Signaling
Pathway. Calcif. Tissue Int. 2020, 107, 60-71. [CrossRef]

Ma, J.; Du, D,; Liu, J.; Guo, L.; Li, Y,; Chen, A.; Ye, T. Hydrogen sulphide promotes osteoclastogenesis by inhibiting autophagy
through the PI3K/AKT/mTOR pathway. J. Drug Target. 2020, 28, 176-185. [CrossRef] [PubMed]

Raveendran, A.V. Remission of type 2 diabetes mellitus: Emerging concepts and proposed diagnostic criteria. World ]. Methodol.
2024, 14, 95210. [CrossRef] [PubMed]

Leungsuwan, D.S.; Chandran, M. Bone Fragility in Diabetes and its Management: A Narrative Review. Drugs 2024, 84, 1111-1134.
[CrossRef] [PubMed]


https://doi.org/10.7717/peerj.8907
https://doi.org/10.3892/ijmm.2024.5385
https://doi.org/10.1016/j.biopha.2018.03.080
https://www.ncbi.nlm.nih.gov/pubmed/29571022
https://doi.org/10.1186/s12958-023-01102-9
https://doi.org/10.1158/0008-5472.CAN-14-1784
https://doi.org/10.1016/j.jnutbio.2010.07.011
https://doi.org/10.3389/fimmu.2025.1551542
https://www.ncbi.nlm.nih.gov/pubmed/40165960
https://doi.org/10.1016/j.arr.2024.102505
https://doi.org/10.1007/s12013-024-01254-4
https://www.ncbi.nlm.nih.gov/pubmed/38512537
https://doi.org/10.1093/gerona/glt093
https://doi.org/10.1016/j.bone.2014.05.010
https://doi.org/10.1002/jbmr.2892
https://doi.org/10.1159/000465455
https://www.ncbi.nlm.nih.gov/pubmed/28278513
https://doi.org/10.1002/jcb.25672
https://www.ncbi.nlm.nih.gov/pubmed/27505147
https://doi.org/10.2147/JIR.S351918
https://doi.org/10.1038/s41574-021-00551-9
https://www.ncbi.nlm.nih.gov/pubmed/34508250
https://doi.org/10.3389/fendo.2022.898634
https://doi.org/10.7150/ijbs.46627
https://doi.org/10.1016/bs.acr.2021.02.001
https://doi.org/10.1007/s00418-014-1194-1
https://doi.org/10.1074/jbc.M112.444190
https://doi.org/10.1166/jbn.2019.2677
https://doi.org/10.1007/s00223-020-00687-2
https://doi.org/10.1080/1061186X.2019.1624969
https://www.ncbi.nlm.nih.gov/pubmed/31134826
https://doi.org/10.5662/wjm.v14.i4.95210
https://www.ncbi.nlm.nih.gov/pubmed/39712557
https://doi.org/10.1007/s40265-024-02078-5
https://www.ncbi.nlm.nih.gov/pubmed/39103693

Biomolecules 2025, 15, 686 25 of 27

115.

116.

117.

118.

119.

120.

121.

122.

123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Ferrelli, F,; Pastore, D.; Capuani, B.; Lombardo, M.EF,; Blot-Chabaud, M.; Coppola, A.; Basello, K.; Galli, A.; Donadel, G.; Romano,
M.; et al. Serum glucocorticoid inducible kinase (SGK)-1 protects endothelial cells against oxidative stress and apoptosis induced
by hyperglycaemia. Acta Diabetol. 2015, 52, 55-64. [CrossRef]

Lang, F; Klingel, K.; Wagner, C.A_; Stegen, C.; Warntges, S.; Friedrich, B.; Lanzendorfer, M.; Melzig, J.; Moschen, L; Steuer, S.; et al.
Deranged transcriptional regulation of cell-volume-sensitive kinase hSGK in diabetic nephropathy. Proc. Natl. Acad. Sci. USA
2000, 97, 8157-8162. [CrossRef]

Ullrich, S.; Berchtold, S.; Ranta, F.; Seebohm, G.; Henke, G.; Lupescu, A.; Mack, A.F,; Chao, C.M.; Su, J.; Nitschke, R.; et al. Serum-
and glucocorticoid-inducible kinase 1 (SGK1) mediates glucocorticoid-induced inhibition of insulin secretion. Diabetes 2005, 54,
1090-1099. [CrossRef]

Liu, H.; Yu, J.; Xia, T.; Xiao, Y.; Zhang, Q.; Liu, B.; Guo, Y,; Deng, J.; Deng, Y.; Chen, S.; et al. Hepatic serum- and glucocorticoid-
regulated protein kinase 1 (SGK1) regulates insulin sensitivity in mice via extracellular-signal-regulated kinase 1/2 (ERK1/2).
Biochem. |. 2014, 464, 281-289. [CrossRef]

Zhou, B.; Zhang, Y.; Li, S.; Wu, L.; Fejes-Toth, G.; Naray-Fejes-Toth, A.; Soukas, A.A. Serum- and glucocorticoid-induced kinase
drives hepatic insulin resistance by directly inhibiting AMP-activated protein kinase. Cell Rep. 2021, 37, 109785. [CrossRef]
Deng, Y.; Xiao, Y.; Yuan, F; Liu, Y; Jiang, X.; Deng, ].; Fejes-Toth, G.; Naray-Fejes-Toth, A.; Chen, S.; Chen, Y.; et al. SGK1/FOXO3
Signaling in Hypothalamic POMC Neurons Mediates Glucocorticoid-Increased Adiposity. Diabetes 2018, 67, 569-580. [CrossRef]
Di Pietro, N.; Panel, V.; Hayes, S.; Bagattin, A.; Meruvu, S.; Pandolfi, A.; Hugendubler, L.; Fejes-T6th, G.; Naray-Fejes-Té6th, A;
Mueller, E. Serum- and glucocorticoid-inducible kinase 1 (SGK1) regulates adipocyte differentiation via forkhead box O1. Mol.
Endocrinol. 2010, 24, 370-380. [CrossRef] [PubMed]

Klepper, J.; Voit, T. Facilitated glucose transporter protein type 1 (GLUT1) deficiency syndrome: Impaired glucose transport into
brain—A review. Eur. |. Pediatr. 2002, 161, 295-304. [CrossRef]

Lang, E; Gorlach, A.; Vallon, V. Targeting SGK1 in diabetes. Expert. Opin. Ther. Targets 2009, 13, 1303-1311. [CrossRef]

Zhang, L.; Wang, F.; Wang, L.; Wang, W.; Liu, B.; Liu, J.; Chen, M.; He, Q.; Liao, Y.; Yu, X,; et al. Prevalence of chronic kidney
disease in China: A cross-sectional survey. Lancet 2012, 379, 815-822. [CrossRef] [PubMed]

Tariq, F; Ahmad, M.; Subhan, M.; Zaid Alvi, S.M.; Tarig, M.U; Ullah, S.; Khalid, A.; Bibi, R.; Shafique Ur Rehman, M.; Abbas, A.
The Management of Osteoporosis in Chronic Kidney Disease: A Review of Diagnostic and Therapeutic Approaches. Cureus 2024,
16, €73882. [CrossRef]

Erben, R.G.; Andrukhova, O. FGF23-Klotho signaling axis in the kidney. Bone 2017, 100, 62—68. [CrossRef]

Fujita, T. Mechanism of salt-sensitive hypertension: Focus on adrenal and sympathetic nervous systems. J. Am. Soc. Nephrol. 2014,
25,1148-1155. [CrossRef] [PubMed]

Li, X.L,; Liu, J.; Chen, X.S.; Cheng, L.M.; Liu, W.L.; Chen, X.F; Li, Y.J.; Guan, Y.Y,; Zeng, X.; Du, Y.H. Blockade of TMEM16A
protects against renal fibrosis by reducing intracellular CI(-) concentration. Br. J. Pharmacol. 2022, 179, 3043-3060. [CrossRef]
Zhou, W.; Xu, C.; Niu, J.; Xiong, Y.; He, Z.; Xu, H.; Zhang, M.; Wang, H.; Xu, Q.; Wang, X_; et al. Inhibitory effects of Eplerenone
on angiogenesis via modulating SGK1/TGEF-f pathway in contralateral kidney of CKD pregnancy rats. Cell. Signal. 2024, 122,
111346. [CrossRef]

Sierra-Ramos, C.; Velazquez-Gazrcia, S.; Keskus, A.G.; Vastola-Mascolo, A.; Rodriguez-Rodriguez, A.E.; Luis-Lima, S.; Herndndez,
G.; Navarro-Gonzélez, ].F.; Porrini, E.; Konu, O.; et al. Increased SGK1 activity potentiates mineralocorticoid /NaCl-induced
kidney injury. Am. J. Physiol. Ren. Physiol. 2021, 320, F628-F643. [CrossRef]

Bhalla, V.; Soundararajan, R.; Pao, A.C.; Li, H.; Pearce, D. Disinhibitory pathways for control of sodium transport: Regulation of
ENaC by SGK1 and GILZ. Am. ]. Physiol. Ren. Physiol. 2006, 291, F714-F721. [CrossRef]

Diakov, A.; Korbmacher, C. A novel pathway of epithelial sodium channel activation involves a serum- and glucocorticoid-
inducible kinase consensus motif in the C terminus of the channel’s alpha-subunit. J. Biol. Chem. 2004, 279, 38134-38142.
[CrossRef]

Vallon, V.; Lang, F. New insights into the role of serum- and glucocorticoid-inducible kinase SGK1 in the regulation of renal
function and blood pressure. Curr. Opin. Nephrol. Hypertens. 2005, 14, 59-66. [CrossRef]

Boehmer, C.; Wilhelm, V.; Palmada, M.; Wallisch, S.; Henke, G.; Brinkmeier, H.; Cohen, P.; Pieske, B.; Lang, F. Serum and
glucocorticoid inducible kinases in the regulation of the cardiac sodium channel SCN5A. Cardiovasc. Res. 2003, 57, 1079-1084.
[CrossRef] [PubMed]

Palmada, M.; Embark, H.M.; Wyatt, A.W.; Bohmer, C.; Lang, F. Negative charge at the consensus sequence for the serum- and
glucocorticoid-inducible kinase, SGK1, determines pH sensitivity of the renal outer medullary K+ channel, ROMKI. Biochem.
Biophys. Res. Commun. 2003, 307, 967-972. [CrossRef]

Henke, G.; Maier, G.; Wallisch, S.; Boehmer, C.; Lang, F. Regulation of the voltage gated K+ channel Kv1.3 by the ubiquitin ligase
Nedd4-2 and the serum and glucocorticoid inducible kinase SGK1. J. Cell Physiol. 2004, 199, 194-199. [CrossRef] [PubMed]


https://doi.org/10.1007/s00592-014-0600-4
https://doi.org/10.1073/pnas.97.14.8157
https://doi.org/10.2337/diabetes.54.4.1090
https://doi.org/10.1042/BJ20141005
https://doi.org/10.1016/j.celrep.2021.109785
https://doi.org/10.2337/db17-1069
https://doi.org/10.1210/me.2009-0265
https://www.ncbi.nlm.nih.gov/pubmed/19965929
https://doi.org/10.1007/s00431-002-0939-3
https://doi.org/10.1517/14728220903260807
https://doi.org/10.1016/S0140-6736(12)60033-6
https://www.ncbi.nlm.nih.gov/pubmed/22386035
https://doi.org/10.7759/cureus.73882
https://doi.org/10.1016/j.bone.2016.09.010
https://doi.org/10.1681/ASN.2013121258
https://www.ncbi.nlm.nih.gov/pubmed/24578129
https://doi.org/10.1111/bph.15786
https://doi.org/10.1016/j.cellsig.2024.111346
https://doi.org/10.1152/ajprenal.00505.2020
https://doi.org/10.1152/ajprenal.00061.2006
https://doi.org/10.1074/jbc.M403260200
https://doi.org/10.1097/00041552-200501000-00010
https://doi.org/10.1016/S0008-6363(02)00837-4
https://www.ncbi.nlm.nih.gov/pubmed/12650886
https://doi.org/10.1016/S0006-291X(03)01301-9
https://doi.org/10.1002/jcp.10430
https://www.ncbi.nlm.nih.gov/pubmed/15040001

Biomolecules 2025, 15, 686 26 of 27

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Nagase, M.; Yoshida, S.; Shibata, S.; Nagase, T.; Gotoda, T.; Ando, K.; Fujita, T. Enhanced aldosterone signaling in the early
nephropathy of rats with metabolic syndrome: Possible contribution of fat-derived factors. J. Am. Soc. Nephrol. 2006, 17, 3438-3446.
[CrossRef] [PubMed]

Hruska, K.A.; Sugatani, T.; Agapova, O.; Fang, Y. The chronic kidney disease—Mineral bone disorder (CKD-MBD): Advances in
pathophysiology. Bone 2017, 100, 80-86. [CrossRef]

Wang, D.; Zhang, Z.; Si, Z.; Yang, Y.; Li, S.; Xue, Y. Dapagliflozin reverses the imbalance of T helper 17 and T regulatory cells by
inhibiting SGK1 in a mouse model of diabetic kidney disease. FEBS Open Bio 2021, 11, 1395-1405. [CrossRef]

Lang, F; Artunc, F,; Vallon, V. The physiological impact of the serum and glucocorticoid-inducible kinase SGK1. Curr. Opin.
Nephrol. Hypertens. 2009, 18, 439-448. [CrossRef]

Gulzar, M.; Noor, S.; Hasan, G.M.; Hassan, MLL. The role of serum and glucocorticoid-regulated kinase 1 in cellular signaling:
Implications for drug development. Int. ]. Biol. Macromol. 2024, 258, 128725. [CrossRef] [PubMed]

Halland, N.; Schmidt, F.; Weiss, T.; Li, Z.; Czech, ].; Saas, J.; Ding-Pfennigdorff, D.; Dreyer, M.K.; Striibing, C.; Nazare, M. Rational
Design of Highly Potent, Selective, and Bioavailable SGK1 Protein Kinase Inhibitors for the Treatment of Osteoarthritis. . Med.
Chem. 2022, 65, 1567-1584. [CrossRef]

Halland, N.; Schmidt, E; Weiss, T.; Saas, J.; Li, Z.; Czech, J.; Dreyer, M.; Hofmeister, A.; Mertsch, K.; Dietz, U.; et al. Discovery of
N-[4-(1H-Pyrazolo [3,4-b]pyrazin-6-yl)-phenyl]-sulfonamides as Highly Active and Selective SGK1 Inhibitors. ACS Med. Chem.
Lett. 2015, 6, 73-78. [CrossRef]

Sherk, A.B.; Frigo, D.E.; Schnackenberg, C.G.; Bray, ].D.; Laping, N.J.; Trizna, W.; Hammond, M.; Patterson, J.R.; Thompson, S.K,;
Kazmin, D,; et al. Development of a small-molecule serum- and glucocorticoid-regulated kinase-1 antagonist and its evaluation
as a prostate cancer therapeutic. Cancer Res. 2008, 68, 7475-7483. [CrossRef] [PubMed]

Mansley, M.K.; Wilson, S.M. Effects of nominally selective inhibitors of the kinases PI3K, SGK1 and PKB on the insulin-dependent
control of epithelial Na+ absorption. Br. J. Pharmacol. 2010, 161, 571-588. [CrossRef] [PubMed]

Maestro, L.; Boya, P.; Martinez, A. Serum- and glucocorticoid-induced kinase 1, a new therapeutic target for autophagy modulation
in chronic diseases. Expert. Opin. Ther. Targets 2020, 24, 231-243. [CrossRef]

Fagerli, UM.; Ullrich, K.; Stithmer, T.; Holien, T.; Kochert, K.; Holt, R.U.; Bruland, O.; Chatterjee, M.; Nogai, H.; Lenz, G,;
et al. Serum/glucocorticoid-regulated kinase 1 (SGK1) is a prominent target gene of the transcriptional response to cytokines in
multiple myeloma and supports the growth of myeloma cells. Oncogene 2011, 30, 3198-3206. [CrossRef]

Jin, L.Y.; Huo, S.C.; Guo, C.; Liu, H.Y,; Xu, S.; Li, X.E. GSK 650394 Inhibits Osteoclasts Differentiation and Prevents Bone Loss via
Promoting the Activities of Antioxidant Enzymes In Vitro and In Vivo. Oxid. Med. Cell Longev. 2022, 2022, 3458560. [CrossRef]
Liang, X; Lan, C.; Zhou, J.; Fu, W;; Long, X.; An, Y.; Jiao, G.; Wang, K.; Li, Y.; Xu, J.; et al. Development of a new analog of SGK1
inhibitor and its evaluation as a therapeutic molecule of colorectal cancer. J. Cancer 2017, 8, 2256-2262. [CrossRef]

Ackermann, T.F; Boini, K.M.; Beier, N.; Scholz, W.; Fuchss, T.; Lang, F. EMD638683, a novel SGK inhibitor with antihypertensive
potency. Cell Physiol. Biochem. 2011, 28, 137-146. [CrossRef]

Jiang, F; Liu, H.; Peng, F; Liu, Z,; Ding, K.; Song, ].; Li, L.; Chen, J.; Shao, Q.; Yan, S.; et al. Complement C3a activates osteoclasts
by regulating the PI3K/PDK1/SGK3 pathway in patients with multiple myeloma. Cancer Biol. Med. 2021, 18, 721-733. [CrossRef]
Poetsch, F.; Henze, L.A.; Estepa, M.; Moser, B.; Pieske, B.; Lang, F.; Eckardt, K.U.; Alesutan, I.; Voelk], J. Role of SGK1 in the
Osteogenic Transdifferentiation and Calcification of Vascular Smooth Muscle Cells Promoted by Hyperglycemic Conditions. Int.
J. Mol. Sci. 2020, 21, 7207. [CrossRef]

Towhid, S.T.; Liu, G.L.; Ackermann, T.F,; Beier, N.; Scholz, W.; Fuchf, T.; Toulany, M.; Rodemann, H.P,; Lang, F. Inhibition of
colonic tumor growth by the selective SGK inhibitor EMD638683. Cell Physiol. Biochem. 2013, 32, 838-848. [CrossRef]

Du, Y.N,; Tang, X.E; Xu, L.; Chen, W.D.; Gao, PJ.; Han, W.Q. SGK1-FoxO1 Signaling Pathway Mediates Th17/Treg Imbalance and
Target Organ Inflammation in Angiotensin II-Induced Hypertension. Front. Physiol. 2018, 9, 1581. [CrossRef] [PubMed]

Gan, W,; Ren, J.; Li, T;; Lv, S.; Li, C,; Liu, Z.; Yang, M. The SGK1 inhibitor EMD638683, prevents Angiotensin II-induced cardiac
inflammation and fibrosis by blocking NLRP3 inflammasome activation. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 1-10.
[CrossRef] [PubMed]

Schmid, E.; Stagno, M.J.; Yan, ].; Schleicher, S.; Yu, W.; Honisch, S.; Lang, E,; Fuchs, J.; Seitz, G. Serum and Glucocorticoid Inducible
Kinase 1-Sensitive Survival, Proliferation and Migration of Rhabdomyosarcoma Cells. Cell Physiol. Biochem. 2017, 43, 1301-1308.
[CrossRef] [PubMed]

D’Antona, L.; Amato, R.; Talarico, C.; Ortuso, F.; Menniti, M.; Dattilo, V,; Iuliano, R.; Gigliotti, F.; Artese, A.; Costa, G.; et al. SI113,
a specific inhibitor of the Sgk1 kinase activity that counteracts cancer cell proliferation. Cell Physiol. Biochem. 2015, 35, 2006—2018.
[CrossRef]

Talarico, C.; D’Antona, L.; Scumaci, D.; Barone, A.; Gigliotti, F.; Fiumara, C.V,; Dattilo, V.; Gallo, E.; Visca, P.; Ortuso, F,; et al.
Preclinical model in HCC: The SGK1 kinase inhibitor SI113 blocks tumor progression in vitro and in vivo and synergizes with
radiotherapy. Oncotarget 2015, 6, 37511-37525. [CrossRef]


https://doi.org/10.1681/ASN.2006080944
https://www.ncbi.nlm.nih.gov/pubmed/17082236
https://doi.org/10.1016/j.bone.2017.01.023
https://doi.org/10.1002/2211-5463.13147
https://doi.org/10.1097/MNH.0b013e32832f125e
https://doi.org/10.1016/j.ijbiomac.2023.128725
https://www.ncbi.nlm.nih.gov/pubmed/38092114
https://doi.org/10.1021/acs.jmedchem.1c01601
https://doi.org/10.1021/ml5003376
https://doi.org/10.1158/0008-5472.CAN-08-1047
https://www.ncbi.nlm.nih.gov/pubmed/18794135
https://doi.org/10.1111/j.1476-5381.2010.00898.x
https://www.ncbi.nlm.nih.gov/pubmed/20880397
https://doi.org/10.1080/14728222.2020.1730328
https://doi.org/10.1038/onc.2011.79
https://doi.org/10.1155/2022/3458560
https://doi.org/10.7150/jca.19566
https://doi.org/10.1159/000331722
https://doi.org/10.20892/j.issn.2095-3941.2020.0430
https://doi.org/10.3390/ijms21197207
https://doi.org/10.1159/000354486
https://doi.org/10.3389/fphys.2018.01581
https://www.ncbi.nlm.nih.gov/pubmed/30524295
https://doi.org/10.1016/j.bbadis.2017.10.001
https://www.ncbi.nlm.nih.gov/pubmed/28986310
https://doi.org/10.1159/000481842
https://www.ncbi.nlm.nih.gov/pubmed/28992614
https://doi.org/10.1159/000374008
https://doi.org/10.18632/oncotarget.5527

Biomolecules 2025, 15, 686 27 of 27

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Conza, D.; Mirra, P; Cali, G.; Tortora, T.; Insabato, L.; Fiory, E; Schenone, S.; Amato, R.; Beguinot, F; Perrotti, N.; et al. The SGK1
inhibitor SI113 induces autophagy, apoptosis, and endoplasmic reticulum stress in endometrial cancer cells. J. Cell Physiol. 2017,
232, 3735-3743. [CrossRef]

Rango, E.; D’Antona, L.; Iovenitti, G.; Brai, A.; Mancini, A.; Zamperini, C.; Trivisani, C.I.; Marianelli, S.; Fallacara, A.L.; Molinari,
A; et al. 5i113-prodrugs selectively activated by plasmin against hepatocellular and ovarian carcinoma. Eur. . Med. Chem. 2021,
223, 113653. [CrossRef]

Mohammad, T.; Siddiqui, S.; Shamsi, A.; Alajmi, M.E; Hussain, A.; Islam, A.; Ahmad, F; Hassan, M.I. Virtual Screening
Approach to Identify High-Affinity Inhibitors of Serum and Glucocorticoid-Regulated Kinase 1 Among Bioactive Natural
Products: Combined Molecular Docking and Simulation Studies. Molecules 2020, 25, 823. [CrossRef] [PubMed]

Wei, X.; Zhao, Z.; Zhong, R.; Tan, X. A comprehensive review of herbacetin: From chemistry to pharmacological activities.
J. Ethnopharmacol. 2021, 279, 114356. [CrossRef] [PubMed]

Rocha, S.; Vicente, B.; Proenga, C.; Silva, V.L.M.; Silva, A.M.S.; Corvo, M.L.; Fernandes, E.; Freitas, M. Herbacetin Inhibits
Human Fructose 1,6-Bisphosphatase Among a Panel of Chromone Derivatives and Pyrazoles, Demonstrating Positive Effects on
Insulin-Resistant HepG2 Cells. Chem. Biol. Drug Des. 2024, 104, e70017. [CrossRef]

Amiran, M.R; Taghdir, M.; Abasi Joozdani, F. Molecular insights into the behavior of the allosteric and ATP-competitive inhibitors
in interaction with AKT1 protein: A molecular dynamics study. Int. . Biol. Macromol. 2023, 242, 124853. [CrossRef] [PubMed]
Wang, P.; Hou, T.; Xu, F; Luo, F; Zhou, H,; Liu, F; Xie, X.; Liu, Y.; Wang, J.; Guo, Z.; et al. Discovery of Flavonoids as Novel
Inhibitors of ATP Citrate Lyase: Structure-Activity Relationship and Inhibition Profiles. Int. J. Mol. Sci. 2022, 23, 10747. [CrossRef]
Zhang, S.; Wang, Y.; Yu, M,; Shang, Y.; Chang, Y.; Zhao, H.; Kang, Y.; Zhao, L.; Xu, L.; Zhao, X; et al. Discovery of Herbacetin as a
Novel SGK1 Inhibitor to Alleviate Myocardial Hypertrophy. Adv. Sci. 2022, 9, e2101485. [CrossRef]

Embark, H.M.; Setiawan, I.; Poppendieck, S.; van de Graaf, S.F.; Boehmer, C.; Palmada, M.; Wieder, T.; Gerstberger, R.; Cohen, P;
Yun, C.C,; et al. Regulation of the epithelial Ca2+ channel TRPV5 by the NHE regulating factor NHERF2 and the serum and
glucocorticoid inducible kinase isoforms SGK1 and SGK3 expressed in Xenopus oocytes. Cell Physiol. Biocherm. 2004, 14, 203-212.
[CrossRef]

Aspernig, H.; Heimbucher, T.; Qi, W,; Gangurde, D.; Curic, S.; Yan, Y.; Donner von Gromoff, E.; Baumeister, R.; Thien, A.
Mitochondrial Perturbations Couple mTORC2 to Autophagy in C. elegans. Cell Rep. 2019, 29, 1399-1409.e5. [CrossRef]
Willebrand, R.; Kleinewietfeld, M. The role of salt for immune cell function and disease. Immunology 2018, 154, 346-353. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/jcp.25850
https://doi.org/10.1016/j.ejmech.2021.113653
https://doi.org/10.3390/molecules25040823
https://www.ncbi.nlm.nih.gov/pubmed/32070031
https://doi.org/10.1016/j.jep.2021.114356
https://www.ncbi.nlm.nih.gov/pubmed/34166735
https://doi.org/10.1111/cbdd.70017
https://doi.org/10.1016/j.ijbiomac.2023.124853
https://www.ncbi.nlm.nih.gov/pubmed/37172698
https://doi.org/10.3390/ijms231810747
https://doi.org/10.1002/advs.202101485
https://doi.org/10.1159/000080329
https://doi.org/10.1016/j.celrep.2019.09.072
https://doi.org/10.1111/imm.12915

	Introduction 
	The Structure and Activation Mechanism of SGK1 
	The Biological Function of SGK1 
	The Role of SGK1 in the Regulation of Ion Channels 
	SGK1 Is Involved in Cell Proliferation, Apoptosis, and Cell Survival 
	SGK1’s Role in Regulating Immunity and Inflammation 
	The Role of SGK1 in Cell Signaling and Regulation of Gene Expression 

	The Role of SGK1 in Different Types of Osteoporosis 
	SGK1 and Postmenopausal Osteoporosis 
	SGK1 and Senile Osteoporosis 
	Abnormal Activation of SGK1 by Inflammatory Factors 
	Regulation of the Autophagy Process by SGK1 

	SGK1 and Diabetic Osteoporosis 
	SGK1 and Chronic Kidney Disease—Mineral and Bone Disorder (CKD-MBD) 

	The Potential of SGK1 as a Therapeutic Target for Osteoporosis 
	GSK650394 and QGY-5-114-A 
	EMD638683 
	SI113 and 17a 
	ZINC00319000 
	Herbacetin (HBT) 

	Summary and Outlook 
	References

