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Abstract

Objective—Enhanced serum and glucocorticoid-inducible kinase 1 (SGK1) activity contributes 

to the pathogenesis of vascular disease. We evaluated SGK1 modulation in vascular smooth 

muscle cells by the adipokine, resistin and in aortic tissue in a murine model of diet-induced 

obesity (DIO).

Methods—Modulation of SGK1 by resistin was assessed in human aortic smooth muscle cells 

(HAoSMC) in vitro by quantitative RT-PCR and western blot analyses. To induce the lean or 

obese phenotype, mice were fed a 10 kcal% low-fat or 60 kcal% high-fat diet, respectively for 

eight weeks. Upon study completion, plasma resistin was assessed and aortic tissue was harvested 

to examine the effect of DIO on regulation of SGK1 in vivo.

Results—Resistin increased SGK1 mRNA, total protein abundance and its activation as 

determined by phosphorylation of its serine 422 residue (pSGK1) in HAoSMC. Resistin-mediated 

SGK1 phosphorylation was dependent upon phosphatidylinositol-3-kinase and Toll-like receptor 

4. Furthermore, inhibition of SGK1 attenuated resistin-induced proliferation in HAoSMC. DIO led 

to upregulation of total SGK1 protein levels and pSGK1 in association with increased plasma 

resistin.

Conclusions—These data suggest that high levels of resistin observed during obesity may 

activate SGK1 in the vasculature and contribute to the development of obesity-related vascular 

disease.
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Introduction

Obesity is a growing global epidemic in which excess body fat expansion is associated with 

adverse cardiovascular health complications such as insulin resistance, diabetes, 

atherosclerosis, hypertension and stroke (1). Studies have highlighted that the basis for these 

clinical sequelae is vascular disease. However, the mechanisms underlying obesity-related 

vascular dysfunction have not been fully defined.

Serum and glucocorticoid-inducible kinase 1, (SGK1) is a serine/threonine protein kinase 

that participates in a wide variety of physiological functions including regulation of 

metabolism, cell proliferation, apoptosis, and inflammation (2). This kinase is activated by 

both transcriptional and post-translational mechanisms. For instance, SGK1 mRNA can be 

up-regulated by various stimuli including serum, glucocorticoids, insulin, and glucose (3). 

Moreover, SGK1 is activated by phosphatidylinositol-3-kinase-(PI3K) and mammalian 

target of rapamycin complex C2-dependent phosphorylation of serine 422 (pS422) and 

threonine 256 (4;5). Multiple lines of evidence point to a role for SGK1 in the pathogenesis 

of vascular disease. Several studies established a critical role for SGK1 in vascular 

remodeling in response to vein grafts and in pulmonary hypertension (6). Accordingly, our 

lab defined a molecular role for elevated SGK1 activity in growth factor-dependent 

stimulation of aortic smooth muscle cell (SMC) proliferation, an important event in the 

pathogenesis of vascular dysfunction (7). Other studies implicated a role for SGK1 in the 

pathophysiology of obesity-associated disorders such atherosclerosis, hypertension, and 

diabetes; all hallmarks of metabolic syndrome associated with enhanced cardiovascular 

disease morbidity and mortality(8). In this regard, a gain of function polymorphism in intron 

6 [I6CC] and exon 8 [E8CC/CT] of the SGK1 gene shows a strong positive correlation with 

increased body mass index, elevated blood pressure, and type 2 diabetes (2;9). Of note, a 

recent study demonstrated that SGK1 was important for the development of vascular 

inflammation and atherogenesis in ApoE/SGK1 double knockout mice (10). In addition, 

SGK1 participates in activation of the pro-inflammatory transcription factor, NFκB (11). 

Thus, SGK1 may contribute to obesity-induced vascular dysfunction. However, even though 

expression of SGK1 has been shown to be elevated during obesity in adipose tissue and 

kidneys; (12–14) its regulation in the vasculature during obesity is unknown.

Derangement in the secretion of adipokines from adipocytes and macrophages is reported to 

influence the expression of different genes and contribute to obesity-related organ 

dysfunction. Plasma levels of the pro-inflammatory adipokine, resistin is elevated upon high 

fat feeding in rodents and in people with obesity (15–17). Moreover, hyperresistinemia is 

linked to obesity-related insulin resistance and diabetes (15). Like SGK1, resistin plays a 

permissive role in the uncontrolled proliferation of vascular smooth muscle cells (VSMC), a 

hallmark of vascular remodeling (18). High plasma resistin concentration is implicated in 

clinical and experimental models of cardiovascular diseases. A positive correlation between 
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plasma resistin and the severity of coronary artery disease was observed in a recent clinical 

study (19). Further, overexpression of resistin was observed to increase atherosclerotic lesion 

progression in the ldlr knockout mice (20). In addition, resistin is markedly expressed and 

participates in the inflammatory response in human atherosclerotic lesions. Toll-like receptor 

4 (TLR4) is shown to mediate the effects of resistin in VSMC and other cell types (21–25). 

Moreover, resistin interacts physically with TLR4, suggesting that it is indeed a bona fide 

receptor for resistin. Resistin and SGK1 regulate similar functions in the vasculature; 

however, to date, a biological interaction between resistin and SGK1 in the vasculature has 

not been defined.

Increased understanding of the molecular mechanisms that contribute to obesity-associated 

vascular disorders is a key prerequisite to the identification of novel therapeutic targets to 

treat or prevent the clinical manifestations of diabetes, atherosclerosis or myocardial 

infarctions. Thus, in this study, we examined the effects of diet-induced obesity and resistin 

on regulation of SGK1 in the vasculature in vivo and in VSMC in vitro. Our results suggest 

that high levels of resistin may lead to activation of SGK1 in the vasculature and point to 

inhibition of resistin/SGK1 signaling as a potential therapeutic target for obesity-associated 

vascular dysfunction.

Methods and Methods

Animal Studies

All experimental procedures of our animals were approved by the Institutional Animal Care 

and Use Committee at Morehouse School of Medicine and were performed in accordance 

with the Committee’s Guidelines and Regulations for Animal Care. Male C57BL/6J mice 

were purchased from Jackson Laboratories (Bar Harbor, Maine) and acclimated to their new 

environment for 3 days before experimentation. At eight weeks of age, mice were 

randomized to a 10%kcal (Research Diets No. D12450J) or 60%kcal (Research Diet No. 

D12492) fat diet for eight weeks ad libitum. Body weight and food intake were measured 

weekly. At the end of the study, the mice were euthanized and plasma resistin was analyzed 

with a commercially available resistin ELISA kit (Abcam). Aortic tissue was collected and 

immediately frozen in liquid nitrogen to later assess phosphorylated and total SGK1 via 

immunoblotting.

Human Aortic Smooth Muscle (HAoSMC) Cell Culture

HAoSMC purchased from Lonza were cultured in basal medium supplemented with growth 

factors (Cell Applications, Inc.) at 37°C and 5% CO2. Cells were used at passages 5–8 and 

serum-starved using OPTI-MEM (Gibco) for 48h prior to stimulation with vehicle or human 

recombinant resistin (BioVision).

Resistin, Inhibitor Compounds, and Cell Treatments

To examine the dose and temporal response relationship of SGK1 to resistin 70–80% 

confluent HAoSMc were serum-starved in Opti-MEM for 48h. For all dose response studies, 

cells were then stimulated with increasing doses (0–100ng/ml) of human recombinant 

resistin for 1h. The dose of resistin that produced the maximal change in SGK1 expression 
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was then used in subsequent temporal studies (0–24h). To examine the involvement of the 

PI3K pathway in resistin-mediated effects, HAoSMC were pre-treated with 50µM 

LY294002, the PI3K inhibitor (Enzo) or vehicle for 1h and then for 3h in the presence of 

40ng/ml resistin.

Cell Proliferation Assay

A colorimetric Quick Cell Proliferation Assay (Abcam) based on the activity of 

mitochondrial dehydrogenase as a measurement of viable cells, was used to examine a role 

for SGK1 in resistin-induced HAoSMC proliferation. Briefly, 0.5 × 104 HAoSMC were 

cultured in a flat bottom 96-well plate. Following 24h serum-starvation in Opti-MEM 

HAoSMC were pre-treated for 1h with varying doses (0–10µM) of the SGK1 inhibitor, 

GSK650394 (Tocris). Cells were then stimulated with vehicle or 40ng/ml human resistin in 

the presence of GSK650394 (0–10µM) for 48h. Color development was performed 

according to manufacturer’s instructions. Signal detection was performed on a SpectraMax 

(Roche) plate reader.

Transfection of HAoSMC

To determine whether resistin mediates its effects via the TLR4, HAoSMC were transfected 

with appropriate scramble or siRNA oligonucleotide, using the electroporator Nucleofection 

device (Amaxa) according to the manufacturer’s protocols. Briefly, 0.75 × 106 cells were re-

suspended in nucleofector solution containing 75nM non-specific scrambled sequence or 

TLR4 siRNA (Dharmacon) and nucleofected using program U-025. After 16h, fresh growth 

medium was added to the cells. The next day cells were serum-starved for 24h then treated 

with vehicle or resistin (40ng/ml) for 3h.

Quantitative RT-PCR

To assess the effects of resistin on SGK1 mRNA expression, total RNA was isolated from 

HAoSMC stimulated with vehicle or resistin as described above using an RNeasy mini kit 

(Qiagen) according to the manufacturer’s protocol. cDNA was generated by reverse 

transcription from mRNA using the iScript cDNA synthesis kit (BioRad). RT-PCR was 

performed using the 480 Roche Light Cycler. Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) was used as an internal loading control to account for variations in mRNA 

loading. SGK1 mRNA expression was normalized to GAPDH.

Immunoblotting

Western blotting was performed on protein from aortic tissue lysed in T-PER Mammalian 

Protein Tissue Extraction Reagent (Thermo Scientific) supplemented with Halt protease 

inhibitor cocktail (Pierce, Inc) containing 500µM phenylmethylsulfonyl fluoride, 5µg/ml 

each of leupeptin, aprotinin, and pepstatin, 2mM sodium orthovanadate, 50mM NaF and 

10mM β-glycerophosphonate. Protein concentration was determined using Bradford Assay 

(Bio-Rad). Equal amounts of total protein (18–25 µg) in 1× laemmli loading buffer with β-

mercaptoethanol were separated by SDS-PAGE and transferred to polyvinylidene difluoride 

(PVDF) membranes. PVDF membranes were blocked using 5% milk in Tris-buffered saline 

with 1% Tween 20 (TBS-T) for 1h. Membranes were incubated overnight at 4 °C using the 
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following primary antibodies: phosphoSGK-1(S422) (Santa Cruz), total SGK-1 (Abcam). 

After washing, the PVDF membrane was incubated with appropriate secondary HRP-

conjugated anti-rabbit antibodies (Santa Cruz) for 1h and the immune complexes were 

visualized using enhanced chemiluminescence according to manufacturer’s protocol (Pierce, 

Inc). To verify equal loading, PVDF membrane were stripped with Restore Stripping Buffer 

(Thermo Scientific) and reprobed with β-actin. Signal was quantified by densitometry using 

the NIH software Image J. Normalization of phosphorylated SGK1 was determined by its 

total protein levels.

Statistical Analysis

Data are presented as the mean of three independent experiments ± the standard error of the 

mean (SEM). Statistical analysis was evaluated by Student’s t test for comparison between 

two groups, or One-Way or Two-Way analysis of variance (ANOVA) followed by the 

appropriate post hoc test for multiple comparisons. For body weight analysis, Two-way 

ANOVA Repeated Measures with appropriate post hoc test was used. Statistical significance 

was set at a probability value p< 0.05.

Results

Resistin increases SGK1 mRNA and protein expression in HAoSMC

To determine whether resistin treatment can increase SGK1 mRNA levels in SMC in vitro, 

HAoSMC were treated with increasing concentrations of recombinant resistin (0–100ng/ml) 

for 1h and SGK1 mRNA expression was examined by quantitative RT-PCR. We found that 

resistin treatment significantly increased SGK1 mRNA expression at 10, 20 and 40ng/ml 

with a maximal increase of approximately 40% at the 40ng/ml dose (Figure 1A). Next, we 

examined whether SGK1 protein levels were also increased in HAoSMC stimulated with 

resistin as described above. Our results indicated that increasing doses of resistin 

significantly up-regulated SGK1 protein levels up to 80%. Significant up-regulation of 

SGK1 protein was observed at a dose of 20–60ng/ml (Figure 1B). Based on these results 

subsequent resistin stimulation experiments were conducted at a dose of 40ng/ml.

Resistin enhances phosphosphorylation of SGK1 at S422

SGK1 kinase activity can be activated by phosphorylation of serine 422 (Ser422) within its 

C-terminal hydrophobic motif (2). Therefore, to determine whether resistin can activate 

SGK1, we examined Ser422 phosphorylation of SGK1 in HAoSMC treated with resistin for 

0–3h by Western blot using phospho-specific antibodies for Ser422. As observed in Figure 

2A–B, resistin treatment significantly increased net Ser422 phosphorylation by more than 

350% with peak phosphorylation occurring within 1h of resistin stimulation. Thus, these 

results indicate that in addition to increasing SGK1 mRNA and protein levels, resistin 

stimulates activation of SGK1 in HAoSMC.

Resistin-mediated SGK1 phosphorylation is PI3K-dependent

Next, we explored the downstream signaling pathway that participates in resistin-mediated 

activation of SGK1. Resistin stimulation of VSMC leads to activation of the PI3K pathway 

(18), therefore, we examined S422 phosphorylation in HAoSMC stimulated with resistin in 
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the presence or absence of the PI3K inhibitor, LY294002. PI3K inhibition with LY294002 

completely and significantly abolished resistin-mediated up-regulation of SGK1 

phosphorylation (Figure 3A–B).

TLR4 mediates resistin-induced SGK1 phosphorylation

As the TLR4 receptor is reported to transmit signals from resistin, we investigated the 

possible involvement of TLR4 in resistin-induced Ser422 phosphorylation of SGK1 in 

HAoSMC. To this end, HAoSMC were transfected with non-targeting scrambled or TLR4 

siRNA prior to stimulation with resistin. As shown in Figure 4A, we achieved greater than 

50% reduction in TLR4 mRNA expression. As shown previously, resistin stimulated SGK1 

phosphorylation by greater than 90% in cells transfected with scrambled oligonucleotide 

(p<0.05). However, stimulation of SGK1 phosphorylation was significantly blocked in 

siRNA TLR4 -transfected HAoSMC treated with resistin (Figure 4C–D).

SGK1 is Required for Resistin-Induced Proliferation

To test the hypothesis that resistin stimulates VSMC proliferation via activation of SGK1, 

we treated HAoSMC with vehicle or resistin in the presence or absence of the 

pharmaceutical SGK1 inhibitor, GSK650394 and assessed VSMC proliferation. Our results 

indicate that treatment of HAoSMC with resistin increased proliferation by 70%. However, 

inhibition of SGK1 significantly attenuated resistin-induced VSMC proliferation in vitro 
(Figure 5).

SGK1 Expression and Phosphorylation are Increased in the Vasculature of DIO Mice

As expected, high fat (HF) feeding caused a steady increase in body weight throughout the 

course of the study. At the end of eight weeks, body weight significantly increased greater 

than 70% in HF fed mice compared to low fat (LF) fed mice (Figure 6A). Gross examination 

indicated enhanced adipose tissue deposition throughout the entire body cavity including the 

heart (arrow) in HF fed mice compared to LF fed mice (Figure 6B). Further, mesenteric 

adipose tissue was hypertrophied (arrowhead) in obese mice compared to their lean 

counterparts (Figure 6C). Consistent with previous reports, (15) fasting plasma levels of 

resistin were statistically elevated approximately 70% in HF fed mice compared to LF fed 

mice (Figure 6D). SGK1 is implicated in the development of obesity-related 

complications(14). Therefore, we examined SGK1 expression and phosphorylation status in 

the vasculature in response to diet-induced obesity (DIO). Western blotting analysis revealed 

that SGK1 was up-regulated over 2-fold in the aortas of obese mice (Figure 7A–B). 

Moreover, we observed a significant increase in the ratio of SGK1-Ser422 phosphorylation 

to total SGK1 (p<0.05) in the aortas of DIO mice compared to lean mice (Figure 7A and C).

Discussion

In the current study, we demonstrate a permissive role for resistin in transcriptional and post-

translational regulation of SGK1 and define the molecular mechanisms involved in this 

process. Specifically, we established that resistin significantly increased phosphorylation of 

SGK1 at S422 via a TLR4-PI3K-dependent mechanism. We also demonstrated a role for 

SGK1 in resistin-induced VSMC proliferation. Consistent with these findings, we found that 
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elevated plasma levels of resistin correlated with an increase in total SGK1 abundance and 

phosphorylation in the aortas of DIO mice.

Resistin Regulates SGK1 via a PI3K- and TLR4-dependent mechanism in vitro

Resistin is secreted by abdominal adipocytes, inflammatory cells and the perivascular 

adipose tissue surrounding the vasculature (1). In response to increasing adiposity, resistin 

secretion is exaggerated and can lead to vascular dysfunction and the progression of 

atherosclerosis. Our results which show that resistin can significantly increase SGK1 

expression in a dose- and time-dependent manner in VSMC in vitro establish a biological 

interaction between resistin and SGK1 in the vasculature. We also demonstrate that resistin 

can increase SGK1 phosphorylation at Ser-422 in HAoSMC, an effect which was blocked 

by treatment of cells with the PI3K inhibitor, LY294002. Post-translational phosphorylation 

of SGK1 is an important regulator of SGK1 activity. Phosphorylation of SGK1 at Ser-422, 

in particular, stimulates its activation and downstream signaling. Thus, our findings 

demonstrate that resistin stimulation leads to activation of SGK1 and that the PI3K pathway 

is critical for resistin-mediated activation of SGK1. More importantly, our data implicates 

SGK1 as an effector molecule that mediates the actions of resistin in VSMC.

In general, studies pointing to the identity of the receptor which transmits resistin’s signals 

are limited. Nonetheless, several studies have shown that the TLR4 receptor mediates some 

of the downstream effects of resistin in myeloid cells, epithelial cells, leukocytes, 

monocytes, neuronal, lymphocytes, and adipocytes (22;31). However, not much is known 

about the receptor that mediate resistin’s actions in VSMC. Recently, two independent 

studies have shown that TLR4 functions as a receptor for resistin. TLR4 was found to 

mediate resistin-induced inflammatory responses in VSMC by mechanisms involving the 

chemokine fractalkine (24;25). In addition, both resistin and TLR4 are markedly expressed 

in human atherosclerotic lesions and participate in the inflammatory response of 

atherosclerosis (25;32). Thus, we hypothesized a potential crosstalk between resistin and 

TLR4 in the regulation of SGK1 phosphorylation in HAoSMC. TLR4 silencing blocked 

resistin-mediated SGK1 phosphorylation suggesting that resistin binding to the TLR4 

receptor leads to SGK1 activation. In this study, we observed that PI3K inhibitor, LY294002 

did not completely abolish SGK1 phosphorylation induced by resistin. Perhaps, other 

signaling pathways are activated in VSMC upon resistin stimulation. Resistin is reported to 

engage other membrane receptors such as the Gi-protein receptor and to activate other 

intracellular signaling pathways. Also, the adenylyl cyclase-associated protein 1 has been 

shown to bind resistin and mediate inflammatory actions in monocytes (33). Recently, NFκB 

and MAPK pathways have been shown to work downstream of TLR4 (21). Similarly, ERK 

and p38MAPK have already been shown to be phosphorylated upon resistin stimulation of 

vascular cell lines (18;34). Moreover, PI3K signaling is redox sensitive (35). Thus, it would 

be interesting to determine in future studies whether NFκB, ERK, p38, or reactive oxidative 

stress is also involved in resistin-mediated phosphorylation of SGK1 in VSMC.

Resistin-Induced Stimulation of VSMC Proliferation is SGK1-Dependent

Aberrant proliferation of VSMCs can lead to pathological changes within the vessel wall 

(26). Indeed, resistin has been shown to induce both HAoSMC and rat aortic smooth muscle 
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cell proliferation in a dose-dependent manner via both the MAPK and AKT signaling 

pathways (18;27). Moreover, resistin also promotes VSMC migration (28;29). Uncontrolled 

proliferation and migration of VSMC occur as a consequence of vascular injury and can 

contribute to neointimal formation. Notably, the importance of resistin in neointimal 

thickening after mechanical injury has been established (30). Our data indicate that blocking 

SGK1 signaling abolishes resistin-mediated VSMC proliferation. Thus, our findings here 

support the notion that crosstalk between resistin and SGK1 leads to VSMC hyperplasia and 

neointimal development in individuals that are obese.

A High-Fat Diet Induces Vascular SGK1 Expression and Activation

Epidemiological and animal studies implicate SGK1 in the pathogenesis of obesity-related 

complications (13). Recent studies highlight that SGK1 is up-regulated in adipose tissue of 

individuals with obesity and in murine models of DIO. However, regulation of SGK1 in the 

vasculature in the setting of obesity is unknown. In this study, we demonstrated that a high-

fat diet increased both SGK1 abundance and Ser-422 phosphorylation in the vasculature of 

DIO mice. Previous studies from our laboratory and others demonstrate that enhanced 

expression or activation of SGK1 exacerbate cellular processes that lead to pathological 

vascular remodeling (7;36;37). Thus, our findings suggest that SGK1 is activated in the 

vasculature with the onset of obesity and may participate in cellular processes that lead to 

vascular dysfunction. Several studies have highlighted resistin’s role in activation of the 

NFkβ pathway and its association with inflammatory markers such as TNF-α, IL-6, C-

reactive protein thus supporting a pro-inflammatory role for resistin in the vasculature (1). 

Activated SGK1 phosphorylates IκB kinase alpha up-regulating the activity of the pro-

inflammatory transcriptional regulator, NFκB (38). Taken together, our results suggest that 

SGK1 may function downstream of resistin to enhance obesity-related vascular 

inflammation. SGK1 may also participate in resistin-mediated perpetuation of 

atherosclerosis. In particular, resistin derived from subendothelial atherosclerotic plaques 

has been shown to enhance macrophage recruitment and transmigration in endothelial and 

smooth muscle cell co-cultures via fractalkine and MCP-1(25). Given our results, it is 

possible that SGK1 may participate in resistin-related development of atherosclerosis by 

increasing macrophage recruitment and accumulation within the vessel wall.

The mechanisms underlying enhanced vascular SGK1 phosphorylation are unknown, but 

may be related to altered secretion of adipokines into the plasma or perivascular adipose 

tissue (39;40) during the development of obesity. In this regard, we found that plasma 

resistin levels were elevated in our DIO mice. Resistin concentrations are in the range of 3–

13ng/ml in healthy subjects with levels approaching 40ng/ml in individuals with obesity-

associated diabetes and cardiovascular disease that correlates with inflammation (1;16;17). 

Notably, 40ng/ml was the optimal dose that increased SGK1 abundance and phosphorylation 

in our human VSMC line. Thus, resistin along with insulin and other pro-inflammatory 

mediators may participate in vascular activation of SGK1 in humans.
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Conclusion

In summary, while the role of resistin in the vasculature has been an area of intense study, 

the downstream signaling pathways that mediate resistin’s actions in VSMC during obesity 

are not fully understood. An increasing body of evidence points to aberrant levels of 

adipokines as a contributor to the molecular processes that promote that pathogenesis of 

obesity-mediated cardiovascular disease. Data from this study provide compelling evidence 

that the elevated plasma resistin profile that occur in individuals with obesity may lead to 

activation of SGK1, aberrant VSMC proliferation and ultimately the development of 

vascular dysfunction (Figure 8). These findings point to inhibition of the resistin/SGK1 

pathway as a novel therapeutic target for the treatment obesity-associated vascular diseases 

such as atherosclerosis.
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Novelty/Significance

What is already known about this subject

• A gain of function polymorphism in intron 6 [I6CC] and exon 8 

[E8CC/CT] of the SGK1 gene shows a strong positive correlation with 

increased body mass index, elevated blood pressure, and type 2 

diabetes.

• Sgk1 expression has been shown to be elevated during obesity in 

adipose tissue, kidney and liver.

• Hyperresistinemia is linked to obesity-related insulin resistance and 

diabetes and has been implicated in clinical and experimental models 

of cardiovascular diseases.

What does your study add

• For the first time we have shown that expression and activation of 

SGK1 is increased in the arteries during obesity supporting a role of 

SGK1 in the pathogenesis of obesity-related cardiovascular diseases.

• Our results indicate that the adipokine resistin promotes activation of 

SGK1 via a TLR4-PI3K-dependent mechanism and that SGK1 

participates in resistin-mediated stimulation of vascular smooth muscle 

cell proliferation.

• Targeting the mechanisms that regulate this pathway could be a novel 

therapeutic approach for vascular diseases such as diabetes, 

atherosclerosis, and hypertension.
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Figure 1. Resistin-mediated increase in SGK1 expression is dose-dependent
A: mRNA. HAoSMC were serum-starved for 48h and stimulated with increasing doses of 

resistin (0–100ng/ml) for 1h and SGK1 mRNA was quantified by qRT-PCR. n=3. B: 
Representative western blot image of protein extracted from HAoSMC serum-starved for 

48h and stimulated with increasing doses of resistin (0–100ng/ml) for 1h C: SGK1 protein 

levels were normalized to GAPDH and quantified using NIH Image J. Data were analyzed 

by One-Way ANOVA followed by appropriate post hoc test for multiple comparisons and 

expressed as ± SEM, *P<0.05 vs 0ng/ml control. (n=3 independent studies).
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Figure 2. Resistin increases the phosphorylation of SGK1 at Ser422
A: Representative western blot image of protein extracted from HAoSMC serum-starved for 

48h and stimulated with 40ng/ml of resistin for the indicated times. B: pSGK1 protein levels 

were normalized to total SGK1 and quantified using NIH Image J. Data were analyzed by 

One-Way ANOVA followed by appropriate post hoc test for multiple comparisons and 

expressed as ± SEM, *P< 0.0005 vs 0min control. (n=4 independent studies).
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Figure 3. Resistin-mediated SGK1 phosphorylation is PI3K-dependent
A: HAoSMC were pre-treated with 50µM LY294002 or vehicle for 1h. Media was replaced 

with fresh LY294002 and incubated in the presence or absence of 40ng/ml resistin for 3h. 

SGK1 phosphorylation at Ser422 was examined by western blot. B: phospho-SGK1 protein 

levels were normalized to total SGK1 and quantified using NIH Image J. Data were 

analyzed by One-Way ANOVA followed by appropriate post hoc test for multiple 

comparisons and expressed as ± SEM *P< 0.05 vs Vehicle; *P< 0.05 vs Resistin, *P<0.05. 

(n=4 independent studies).
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Figure 4. Resistin-mediated SGK1 phosphorylation is TLR4-dependent
A: PCR product verification on agarose gel of siRNA TLR4 knockdown. B: mRNA 

quantification of HAoSMC transfected with scramble or siRNA TLR4. C: Representative 

western blot image of phospho- and total SGK1 protein levels from HAoSMC transfected 

with scramble or siRNA TLR4 in the presence or absence of 40ng/ml resistin. D: 
Quantitative analysis of phospho- and total SGK1 were performed with NIH Image J. Data 

were analyzed by Student’s t-test or Two-Way ANOVA followed by appropriate post hoc 

test for multiple comparisons and expressed as ± SEM *P<0.01 vs scramble control; 

**P<0.05 vs scramble resistin. (n=3–5 independent studies).
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Figure 5. SGK1 is Required for Resistin-Induced Proliferation
Serum-starved HAoSMC were pre-treated for 1h with varying doses (0–10µM) of the SGK1 

inhibitor, GSK650394. Cells were then stimulated with vehicle or 40ng/ml human resistin in 

the presence of the inhibitor for 48h. Sample absorbance was measured at OD 450nm. Data 

were analyzed by Two-Way ANOVA followed by appropriate post hoc test for multiple 

comparisons and expressed as ± SEM, *P<0.001 vs inhibitor control. (n=3 independent 

studies).
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Figure 6. Metabolic parameters in C57B6/J mice fed a low (LF) or high fat (HF) diet
A: Body weight throughout the course of the 8-week period of the study. B: Fat distribution 

throughout body cavity of representative mice fed a LF or HF diet. C: Representative 

hemotoxylin and eosin staining of mesenteric adipose tissue from mice fed a LF or HF diet. 

Scale bar is 20µm. D: Plasma resistin levels measured by ELISA in LF and HF mice. Data 

were analyzed by Student’s t-test when comparing two groups or by Two-Way ANOVA with 

Repeated Measures followed by appropriate post hoc test for multiple comparisons and 

expressed as ± SEM, *P<0.001vs 10 kcal% fat. (n=7–12 mice).
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Figure 7. Activation of SGK1 is increased in the vasculature following DIO
A: Western blot of total and SGK1 phosphorylation at Ser422 (pSGK1) in the aortas of mice 

fed a LF and HF diet. B: SGK1 abundance in the vasculature of lean and obese mice. C: 
Ratio of pSGK1/SGK1 in the vasculature of lean and obese mice. Quantitative analysis of 

pSGK1 and total SGK1 were performed with NIH Image J. Data were analyzed by Student’s 

t-test and expressed as ± SEM, *P<0.05 vs 10%kcal. (n=6–8 mice).
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Figure 8. Model illustrating a crosstalk between resistin-TLR4-PI3K in resistin-mediated 
phosphorylation of SGK1
Resistin binds to TLR4 activating the PI3K pathway. This in turn phosphorylates SGK1 at 

S422 leading to its activation and the initiation of VSMC processes that promote VSMC 

dysfunction and the perpetuation of vascular disease.
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