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Abstract

Hyperglycemia is the consequence of blood glucose dysregulation and a driving force of 
diabetic complications including retinopathy, nephropathy and cardiovascular diseases. 
The serum and glucocorticoid inducible kinase-1 (SGK1) has been suggested in the 
modulation of various pathophysiological activities. However, the role of SGK1 in blood 
glucose homeostasis remains less appreciated. In this review, we intend to summarize the 
function of SGK1 in glucose level regulation and to examine the evidence supporting the 
therapeutic potential of SGK1 inhibitors in hyperglycemia. Ample evidence points to the 
controversial roles of SGK1 in pancreatic insulin secretion and peripheral insulin sensitivity, 
which reflects the complex interplay between SGK1 activation and blood glucose 
fluctuation. Furthermore, SGK1 is engaged in glucose absorption and excretion in intestine 
and kidney and participates in the progression of hyperglycemia-induced secondary organ 
damage. As a net effect, blockage of SGK1 activation via either pharmacological inhibition 
or genetic manipulation seems to be helpful in glucose control at varying diabetic stages.

Introduction

Hyperglycemia, the leading indicator of diabetes, refers 
to a pathological state with abnormally high blood 
glucose level. Hyperglycemia can be a consequence of 
either impaired insulin secretion arising from the loss of 
pancreatic islet β cells or a decline of insulin sensitivity 
in downstream organs, including liver, skeletal muscle 
and adipose tissue. Hyperglycemia can also result from 
inappropriately high endogenous glucose production 
either via glycogenolysis or gluconeogenesis. Specifically, 
in the long run, metabolic disorders that are responsible 
for insulin resistance may also, in turn, damage the 
insulin-secreting capability of islet β cells through 
the accumulation of proinflammatory cytokines and 
toxic lipids (1, 2). Existing therapeutics are aimed at 

lowering blood glucose level by stimulating insulin 
secretion (direct: sulfonylureas, nateglinide; indirect: 
DPP-4 inhibitors/GLP-1), alleviating peripheral insulin 
resistance (Metformin, TZDs), reducing enteral glucose 
absorption (alpha-glucosidase inhibitors) and increasing 
renal glucose excretion (SGLT-2 inhibitors). When 
mono-drug therapy fails, various combinations of 
drug administration are required for different clinical 
conditions. In worsened cases, patients rely on exogenous 
insulin supplement which cannot control blood glucose 
levels as accurately as the endogenous counterpart. Around 
one-third of patients demand special clinical care to blunt 
hyperglycemia-induced complications such as retinal, 
renal and cardiovascular diseases (3). To achieve the goal 
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of better blood glucose management, a comprehensive 
understanding of the potential pathological factors is 
urgently needed.

The serum and glucocorticoid inducible kinase-1 
(SGK1) is a ubiquitously expressed serine/threonine kinase 
downstream of the phosphatidylinositide-3 kinase (PI3K) 
signaling pathway (4, 5). It was originally defined as an early 
transcribed gene in response to serum and glucocorticoid 
stimulation in rat mammary tumor cells. Subsequent 
studies, however, indicated that SGK1 is widely expressed 
in various cell types following a vast array of external 
stimulations, such as transforming growth factor-β (TGF-β) 
and interleukin 6 (IL-6) (4). Multiple endocrine hormones 
including insulin, insulin-like growth factor 1 (IGF-1), 
hepatic growth factor (HGF), follicle-stimulating hormone 
(FSH), thrombin and corticosterone are identified as 
endogenous regulators of SGK1 activation. In addition to 
PI3K, signaling molecules, such as bone marrow kinase/
extracellular signal-regulated kinase 5 (BK/ERK5), p38α, or 
calcium-sensitive calmodulin-dependent protein kinase 
kinase (CaMKK), are also critical upstream kinases. Upon 
activation, SGK1 takes a pivotal part in the modulation 
of fundamental biological activities, such as ion channel 
opening, metabolite transport, hormone release and cell 
survival (4). Excessive expression and activity of SGK1 
is implicated in the progression of diverse disorders, 
including hypertension, obesity, diabetes, thrombosis, 
stroke, fibrotic diseases, vascular calcification, infertility, 
autoimmune disease and tumor growth.

Notably, SGK1 is identified as a hub molecule on 
which the cascade of events elicited by high salt diet (HSD) 
intake converges (6, 7, 8). As a salt-sensing molecule, 
SGK1 mediates high sodium chloride-triggered responses 
in kidney, brain, heart and various immune cell types (9, 
10, 11, 12, 13, 14, 15, 16, 17). For a long period of time, 
dietary management and caloric restriction were generally 
focused on three major energy sources, carbohydrate, 
fat and protein, while the role of noncaloric nutrients, 
namely salt (sodium chloride), is less appreciated. Besides 
the well-recognized effect on the cardiovascular system, 
the HSD-SGK1 axis is also suggested to engage with 
gastroenterological disorders, obesity-related metabolic 
syndrome and autoimmune diseases (8, 18, 19). Therefore, 
investigations on the multifaceted effect of SGK1 not only 
help to enrich our understanding of nutritional regulation 
but provide valuable targets for clinical interventions  
as well.

Recently, several lines of evidence support that SGK1 
is substantially implicated in the regulation of glucose 
homeostasis. Excessive activation of SGK1 was found to 

impair insulin secretion from pancreatic cells but seems 
to enhance the insulin sensitivity in peripheral organs  
(20, 21, 22, 23). Moreover, SGK1 modulates glucose uptake 
and reabsorption in the intestinal tract and proximal renal 
tubules and it is critically involved in the pathogenesis of 
hyperglycemia-mediated diabetic complications (4, 24). 
We, therefore, intend to summarize the links between 
SGK1 activation and hyperglycemia and indicate the 
potential usage of small molecule SGK inhibitors in blood 
glucose control.

SGK1 impairs insulin secretion of  
pancreatic β cells

Islet β cells take charge for synthesizing and secreting 
insulin, which is committed to maintaining blood glucose 
level within a normal range. Genetic polymorphisms in 
3′-UTR region of SGK1 are associated with the insulin 
secretion capacity and the risk of T2D development, 
suggesting a regulatory role of SGK1 in human β-cell 
function (25). Even though the mRNA transcripts of 
the human serine/threonine kinase SGK are highly 
enriched in human pancreas, low level of SGK is detected 
in corresponding islet β cells (20, 26). Consistent with 
this observation, INS-1 cell, an in vitro β cell line, only 
shows a modest expression of SGK1 protein at the 
steady state (20). Notably, the expression level of SGK1 
sharply increases in the presence of glucocorticoids 
(4). Abnormally elevated SGK1 fuels blockage of 
insulin secretion in the mouse model. The damaging 
consequence of SGK1 on insulin production was further 
confirmed in human islets and human EndoC-βH1 β cells 
(27). Following SGK1 activation, upregulation of voltage-
sensitive Kv1.5 channel improperly hyperpolarizes the β 
cell plasma membrane, which ultimately contributes to 
the impairment of insulin release (20). Moreover, elevated 
SGK1 also potentiates the activation of Na+/K+ ATPase 
during plasma membrane repolarization, thus leading to 
an attenuated insulin secretion (28).

SGK1 influences glucose level by acting on 
intestine and kidney

Intestine and kidney, responsible for glucose absorption 
and reabsorption, respectively, are subjected to the 
regulation of SGK1. Glucose transporter 1 (GLUT1) and 
sodium-glucose cotransporter 1 (SGLT1) are two important 
intestinal glucose transporters that are upregulated by 
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SGK1 upon dietary sugar intake (4, 24). Palmada  et  al. 
found that SGK1 can promote GLUT1 trafficking and 
activity, although the detailed mechanisms remain 
unclear (44). Besides, diabetic mice and patients have 
been shown to exhibit an augmented SGLT1 expression 
in the intestine, which is attributed to the overactivation 
of SGK1 (29, 30). This can, at least in part, account for 
the rapid increase of postprandial blood glucose level in 
diabetic individuals. As for kidney, under physiologic 
condition, the expression of SGK1 is largely confined 
to distal nephron and glomerulus while it is nearly 
undetectable in the proximal renal tubule, the site for 
glucose reabsorption (31). Diabetes leads to dramatically 
increased SGK1, which in turn mediates the coupled 
transportation of sodium ions and glucose via SGLT1 
channel, so as to reduce glucosuria (32). Genetic ablation 
of SGK1 in Akita mice, a spontaneously developed 
diabetes model, was found to cause reduced glucose 
reabsorption along with elevated urinary excretion of 
glucose. Strangely, the plasma glucose level did not 
change with the glucosuria alteration and the underlying 
mechanisms are still unknown. Overall, extra-pancreatic 
glucose regulating function of SGK1 provides another 
rationale for its application in diabetes treatment. For 
example, inactivation of SGK1 by fibroblast growth factor 
21 (FGF-21) exerts hypoglycemic effect by lowering the 
expression of SGLT1 and blocking the intestinal route of 
glucose entry (33).

SGK1 impacts on the insulin sensitivity of 
major downstream organs

Hepatic insulin resistance partially accounts for the 
occurrence of hyperglycemia and previous studies on 
SGK1 provide evidence for its vital effect on reinforcing 
insulin sensitivity in the liver (7, 21). For instance, liver 
specific SGK1 knockout mice (LKO mice) demonstrated 
impaired glucose clearance and attenuated insulin 
sensitivity (21). Following insulin stimulation, major 
components of insulin signaling including IRS1, AKT and 
GSK-3β were hypophosphorylated in LKO hepatocytes, 
which subsequently blunt glucose uptake (21). SGK1 also 
exerts dramatic liver protection effect. Existing researches 
revealed that SGK1 alleviates hepatocyte apoptosis via 
repressing the transcriptional activity of FoxO3a (34, 
35). Besides, SGK1-triggered VDCA-1 (voltage-dependent 
anion channel) degradation negatively regulates the 
mitochondrial permeability transition pore (mPTP) 
opening and prevents from hepatic injury (36).

Skeletal muscle is another major insulin target 
where SGK1 promotes the utilization of glucose. 
Creatine supplementation can be facilitated through 
SGK1 mediated expression of CreaT (SLC6A8), which 
contributes to skeletal muscle sugar uptake and glycogen 
synthesis (37, 38). The transcription level of SGK1 was 
found not just to be compensatorily upregulated in 
skeletal muscle from patients with insulin resistance but 
also to be restored after exercise (23). On the other hand, 
hyperglycemia could induce skeletal muscle atrophy via 
the WWP1/KLF15 axis (39). SGK1 acts as a guarder of 
skeletal muscle metabolism, as overexpression of SGK1 
reverses muscle atrophy. At least two mechanisms are 
involved in this process: (1) SGK1 inactivates FoxO3a to 
hamper the expression of Atrogin1 and MuRF1 and (2) 
SGK-1 and its substrate, N-myc downstream-regulated 
gene 1 (NDRG1), block Smad2/3 activation in muscle cells 
(40, 41, 42). The expression and activity of muscle SGK1 
is susceptible to blood glucose fluctuation; however, it is 
unclear whether SGK1 is implicated and what role it plays 
in hyperglycemia-induced muscle wasting.

Adipose tissue is deemed to be a key modulator of fuel 
metabolism and glucose homeostasis. Despite high salt 
diet being shown to activate SGK1 in many other tissues, 
it suppresses adipocyte SGK1 activation and thus hinders 
glucose deposition in the fat tissue (7). Research on mouse 
3T3-L1 cells proved that adipocyte differentiation was 
enhanced via distinct metabolic pathways in response to 
high glucose stimulation, while genetic ablation of Sgk1 
attenuates glucose uptake and adipocyte differentiation 
(43). Mechanistically, SGK1 markedly enhances Glut1 
activity via boosting the transporter’s appearance in 
the plasma membrane instead of potentiating de novo 
protein synthesis (44). FoxO1, the negative regulator 
of adipogenesis, is phosphorylated and suppressed by 
SGK1; meanwhile, the transcription of PPARγ is activated 
to foster lipid synthesis (22, 45, 46, 47). Although SGK1 
serves to transform the blood glucose into storage lipid, 
excessive SGK1 activation resulting from stimulation of 
hormones, such as aldosterone and glucocorticoids, is 
responsible for the development of obesity and the related 
metabolic disorders (48).

SGK1 exaggerates hyperglycemia-induced 
diabetic complications

Uncontrolled chronic hyperglycemia is prone to cause 
long-term damage in various organs, including the eyes, 
kidneys, heart and blood vessels. SGK1 has been shown 
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to accelerate the progression of these common diabetic 
complications through distinct molecular pathways 
(Table 1).

Diabetic retinopathy results from the damage to 
small blood vessels and retinal neurons. Almost all T1D 
patients suffer from different forms of retinopathy by the 
first decade of disease onset. A growing body of evidence 
suggests that SGK1 is involved in the pathogenesis 
of retinopathy. First, SGK1 tend to benefit increased 
conversion of glucose to sorbitol, the excessive deposition 
of which causes severe retinal microvascular lesions 
(49). Oncofetal extra domain B fibronectin (EDB+FN), 
preferentially expressed in diabetic retinopathy and the 
culprit for dysregulated angiogenesis, can be activated 
by glucose-induced SGK1 signaling (50). In addition, 
SGK1 is likely to hinder the clearance of glutamate in 
synaptic space by affecting glutamate transporters (4). 
Accumulation of glutamate plays a neurotoxic role and 
eventually leads to the death of retinal neurons.

Diabetic patients frequently develop nephropathy, 
which presents as edema, proteinuria, low urinary 
sodium excretion and hypertension caused by sodium 
retention. SGK1, as a signal hub of sodium transport, 
regulates various renal Na+ transporters, such as epithelial 
sodium channel (ENaC), voltage-gated sodium channel 
(Nav1.5), sodium hydrogen exchanger 1/3 (NHE1 and 
NHE3), sodium chloride cotransporter (NCC), sodium 
chloride potassium cotransporter 2 (NKCC2), Na+/K+-
ATPase and type A natriuretic peptide receptor (NPR-A) 
(4, 51, 52). Exposure to hyperglycemia can dramatically 
stimulate the expression and activity of SGK1 in proximal 
tubule cells and mesangial cells (53, 54). Enhanced 
SGK1 potentiates the activity of ENaC, NCC, NKCC2 
and Na+/K+-ATPase, thereby exerting a significant effect 
on Na+ reabsorption and the occurrence of secondary 
hypertension (55). Beyond its impact on renal electrolyte 
excretion, SGK1 also involves in the development of renal 
fibrosis. Overexpression of SGK1 alone has little effect 
on the formation of fibronectin in human mesangial 
cells (56). However, under high glucose stimulation, the  

pro-fibrotic function of SGK1 is markedly turned on (56). 
The secreted pro-fibrotic mediators that drive extracellular 
matrix deposition, such as TGF-β and EGF, in turn, trigger 
SGK1 activity (56). Such a positive feedback loop plays 
a deteriorating role in the development of diabetic 
nephropathy, which may ultimately lead to renal failure.

Diabetic cardiomyopathy is described as a clinical 
condition of ventricular dysfunction in individuals with 
diabetes mellitus but free of other cardiac risk factors, 
such as coronary atherosclerosis. SGK1 is moderately 
expressed in human cardiomyocyte and the heart resident 
fibroblast. In STZ-induced diabetic mouse model, glucose-
induced cardiomyocyte hypertrophy is associated with 
the further upregulation and activation of SGK1, which 
is then confirmed in diabetic patient samples (57, 58). 
Activated SGK1 accelerates Na+ entry through the NHE1-
mediated pathway, thereby disrupting ion homeostasis 
and leading to arrhythmia and even heart failure (59). 
Besides, SGK1 has been similarly suggested to be an 
important mediator in myocardial fibrosis. Activation of 
cardiac fibroblast SGK1 promotes the differentiation and 
maturation of myofibroblast which generates massive pro-
fibrotic factors that participate in ventricular remodeling.

Conclusion and discussion

As easily seen, SGK1 plays a dual role during the entire 
process of blood glucose regulation. For one thing, it 
serves to strengthen insulin sensitivity (glucose reuptake 
in particular) of liver, skeletal muscle and fat tissue (Fig. 1).  
For another, aberrant activation of SGK1 damages 
insulin-secreting β cells, augments intestinal and renal 
glucose absorption and aggravates the progression of 
hyperglycemia-induced diabetic complications (Fig. 2). 
The functional duality of SGK1 seems organ dependent 
and the spatial counterregulation helps to maintain the 
blood glucose homeostasis. However, despite a certain 
level of SGK1 activity being helpful and necessary for 
insulin target organs, overactivation of SGK1 has been 

Table 1 Pathophysiological roles of SGK1 on hyperglycemia-induced complications.

Complications Actions of SGK1 Functional outcomes

Diabetic retinopathy Facilitate the accumulation of sorbitol Retinal microvascular lesions
Enhance the expression of EDB+FN Dysregulated angiogenesis
Hinder the clearance of glutamate Neurotoxicity

Diabetic nephropathy Fuel the Na+ reabsorption Secondary hypertension
Trigger the production of profibrotic mediators Renal fibrosis

Diabetic cardiomyopathy Accelerate Na+ entry into myocytes Arrhythmia and heart failure
Promote myofibroblast maturation Cardiac remodeling
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proven harmful in adipocytes. It is thus possible that the 
dose-dependent effect of SGK1 dictates the physiological 
and pathological roles of SGK1, and such concept deserves 
support from more experimental investigations. As a net 
effect, inhibition of SGK1 has proven its effectiveness in 
various pre-clinical studies. Chemical inhibition of SGK1 
exhibits a favorable effect on counteracting hyperglycemia, 
as demonstrated by decreased fasting blood glucose (FBP), 
glycosylated hemoglobin (HbA1c) and small intestine 
SGLT1 transcription in diabetic mice (60). Administration 
of EMD638683 blunts SGK1 activity, thereby restoring 
blood glucose level and preventing diet-induced weight 
gain. Moreover, EMD638683 may play a helpful role in 
reducing the risk of diabetic cardiomyopathy. The cardiac 
protective effect has been shown in an angiotensin-II 
(AngII)-induced cardiac inflammation and fibrosis model 
(61). Although the small molecule inhibitor was found to 
have little effect on the elevated blood pressure in AngII-
perfused mice, it helps to normalize blood pressure in high 
salt-induced hypertension (61, 62, 63). The discrepancy 
most likely derives from the distinct roles of SGK1 in 
different hypertensive models, whereas the part of SGK1 

that takes in diabetic nephropathy is quite similar to that 
in high salt-induced hypertension. Additionally, SGK1 
inhibitors have been reported to inhibit epithelial to 
mesenchymal transformation and promote renal tubular 
epithelial cell autophagy, which is of benefit to slow down 
the development of renal fibrosis (64). Until now, several 
SGK1 inhibitors have been developed and EMD638683 
ranks the most effective one, which has been proved for 
its long-term safety in animal experiments and shows 
potential in glucose management (60, 65).

Though ample studies support the active involvement 
of SGK1 in T2D-related hyperglycemia, the straight 
link between SGK1 activation and T1D is less defined. 
The damage of insulin-secreting cells, including 
mass reduction and functional impairment, is now 
acknowledged as a crucial pathophysiological factor 
immersed on hyperglycemia. Glucose-stimulated insulin 
secretion (GSIS) is impaired in SGK1 overactive islet β 
cells, especially in the presence of glucocorticoids released 
from adrenal gland with the possible aim to quench the 
enduring inflammatory response, which would be much 
more prominent under T1D conditions (20). SGK1 was 

Figure 1
The blood glucose lowering effect of SGK1 in 
insulin target organs. (A) In liver, SGK1 stimulates 
insulin signaling and inhibits FoxO3a activity, thus 
increasing insulin sensitivity and preventing 
hepatic injury. (B) In muscle, SGK1 facilitates 
SLC6A8 expression and inhibits FoxO3a activity, 
resulting in enhanced glucose uptake and 
glycogen synthesis. (C) In adipose tissue, SGK1 
promotes Glut1 expression and suppresses 
FoxO1, which leads to intensified glucose uptake 
and lipid synthesis.

Figure 2
SGK1 exacerbates hyperglycemia by acting on 
pancreas, intestine and kidney. (A) In pancreas, 
SGK1 abnormally activates Kv1.5 channel and 
Na+/K+ ATPase to interfere with the membrane 
polarization and repolarization process. As a 
result, the insulin-secreting activity of pancreatic β 
cell is severely impaired. (B) In intestine, SGK1 
promotes the activity of GLUT1 and SGLT1, 
causing a rapid increase of postprandial blood 
glucose level via enteral absorption. (C) In kidney, 
SGK1 facilitates coupled transportation of sodium 
ions and glucose, which enhances glucose 
reabsorption and reduces glucosuria.
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discovered to enhance the effector function of DCs and 
macrophages (14, 66, 67, 68). At the same time, mounting 
evidence points to the fact that high salt concentration 
boosts the polarization of Th17 lineage while limiting the 
suppressive function of Treg cells (9, 69, 70). Importantly, 
the immune disturbing effect induced by sodium chloride 
largely attributes to the activation of SGK1 and high salt 
intake has been proved to accelerate diabetes development 
in both LADA patients (latent autoimmune diabetes in 
adults) and NOD mice (6, 8; https://www.sciencedaily.
com/releases/2017/09/170914210621.htm). These 
findings imply that SGK1 is central to the vicious cycle 
formed by immune activation, islet β cell impairment and 
blood glucose dysregulation, which together push T1D 
into an irreversible direction.

Collectively, SGK1 is central to blood glucose regulation 
and hyperglycemia-induced diabetic complications. 
Inhibition of SGK1 represents a comprehensive strategy to 
blunt and even block the development of hyperglycemia, 
while the detailed mechanisms remain to be determined.
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