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Introduction
Medial vascular calcification is associated with cardiovascular 
events and mortality (1) of patients with chronic kidney disease 
(CKD) (2). In contrast to intimal atherosclerosis, vascular calcifi-
cation is fostered by traditional and also by nontraditional cardio-
vascular risk factors, most importantly hyperphosphatemia (3). 
Hyperphosphatemia develops in patients with CKD as part of the 
mineral-bone disorder (4). Elevated phosphate levels promote 
the osteo-/chondrogenic transdifferentiation of vascular smooth 
muscle cells (VSMCs), which induces an active process of tissue 
mineralization (5). The osteo-/chondrogenic transdifferentia-
tion of VSMCs is characterized by expression of osteo- and chon-
drogenic transcription factors, such as core-binding factor sub-
unit α1 (CBFA1, also known as runt-related transcription factor 2 

[RUNX2]) (6) and msh homeobox 2 (MSX2) (7). Furthermore, the 
transformed VSMCs express tissue-nonspecific ALPL (alkaline 
phosphatase, liver/bone/kidney), which cleaves the powerful cal-
cification inhibitor pyrophosphate (PPi) (8). The upregulation of 
alkaline phosphatase is, therefore, a critical event leading to min-
eral deposition in vascular calcification (8). Phosphate-induced 
remodeling of VSMCs is decisive for the mineralization of vascular 
tissue (9). However, the signaling cascades inducing the transdif-
ferentiation of VSMCs during CKD remained ill defined.

In patients with CKD, aldosterone plasma levels are 
enhanced (10). Aldosterone is a key factor inducing osteo-/chon-
drogenic transdifferentiation of VSMCs, and mineralocorticoid 
receptor antagonism reduces the extent of vascular calcification 
in animal models as well as the excessive cardiovascular mor-
tality of hemodialysis patients (11–13). Also, cortisol levels are 
associated with mortality in end-stage renal disease, and gluco-
corticoids have been suggested to augment vascular calcification 
(14, 15). Both glucocorticoids and aldosterone exert their effects 
partly via serum- and glucocorticoid-inducible kinase 1 (SGK1) 
(16). SGK1 is known to exert deleterious effects of aldosterone 
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SGK1 is involved in the regulation of various critical intracellu-
lar signaling pathways (16). SGK1 activates the nuclear factor κ-light 
chain enhancer of activated B cells (NF-κB) by phosphorylating IKKα 
(27). IKKβ is required for SGK1-dependent activation of NF-κB (27). 
NF-κB, in turn, has been described as an essential mediator of VSMC 
calcification, effects involving induction of tristetraprolin-mediat-
ed (TTP-mediated) destabilization of ankylosis protein homolog 
(ANKH) mRNA, a transmembrane protein involved in PPi transport 
of cells (28). Patients with CKD show an increased activation of 

and glucocorticoids in the cardiovascular system, such as hyper-
tension, cardiac hypertrophy, cardiac fibrosis, and promotion of 
arrhythmias (17–21). SGK1 also contributes to vascular inflam-
mation during atherosclerosis by regulating macrophage and 
VSMC migration (22, 23). After obstructive renal injury, SGK1 
promotes renal fibrosis (24, 25). A specific inhibitor of SGK1 was 
already developed and successfully tested in vivo (26). SGK1 
may contribute to progression of renal disease and was discussed 
as a possible therapeutic target (16).

Figure 1. SGK1 expression in VSMCs. (A) Scatter dot plots and arithmetic means ± SEM (n = 6 per group; arbitrary units [AU]) of SGK1 relative mRNA 
expression in primary HAoSMCs following treatment with control (CTR) or aldosterone (Aldo), dexamethasone (Dex), β-glycerophosphate (Pi), glucose, 
recombinant human TGF-β1 protein, or recombinant human BMP-2 protein. (B) Representative original Western blots and scatter dot plots and arith-
metic means ± SEM (n = 4 per group; AU) of normalized SGK1/GAPDH protein ratio in HAoSMCs following treatment with triggers of osteo-chondro-
genic transdifferentiation. *P < 0.05, **P < 0.01, ***P < 0.001 statistically significant vs. control-treated HAoSMCs (1-way ANOVA with Tukey-Honestly 
Significant Difference [HSD] [A] and with Games-Howell post hoc test [B]). (C and D) Scatter dot plots and arithmetic means ± SEM (AU) of Sgk1 relative 
mRNA expression in aortic tissue from kl/kl mice and WT mice (C, n = 7 per group) and DBA mice without (CTR) or with subtotal nephrectomy (Nx) (D, n = 
7–8 per group). (E and F) Scatter dot plots and arithmetic means ± SEM (AU) of SGK1 (E) and MSX2 (F) relative mRNA expression in coronary artery tissue 
from patients with maintained (CTR, n = 10) and impaired (IRF, n = 9) renal function. **P < 0.01 statistically significant vs. WT mice, control-treated mice, 
or CTR patients, respectively (unpaired 2-tailed t test for C–F). (G) Correlation of SGK1 and MSX2 relative mRNA expression (AU) in coronary artery tissue 
from CTR and IRF patients. P represents the 2-tailed probability value of the Pearson correlation. (H) Representative original histological images (n = 5 per 
group) showing SGK1 expression as well as ectopic calcification by von Kossa staining (calcification, gray to black) in coronary artery sections from control 
patients and dialysis patients. Scale bars: 100 μm.
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Results
Regulation of vascular SGK1 expression during calcifying conditions. 
A first series of experiments explored the effect of known triggers 
of osteo-/chondrogenic transdifferentiation and calcification of 
VSMCs on vascular SGK1 expression. As illustrated in Figure 1, A 
and B, treatment with aldosterone, dexamethasone, phosphate, 
glucose, recombinant human TGF-β1 protein, or recombinant 
human BMP-2 protein significantly upregulated SGK1 mRNA 

NF-κB in the vasculature (28). In turn, increased expression of Sgk1 
was observed in vascular tissue of rats after adenine-induced renal 
failure (12). At least in kidney biopsies, SGK1 expression is increased 
by advanced renal disease (29). Accordingly, SGK1 may be involved 
in osteo-/chondrogenic transdifferentiation of VSMCs and serve as 
a therapeutic target to limit the progression of vascular calcification. 
The current study, therefore, investigated whether SGK1 may con-
tribute to vascular calcification during hyperphosphatemia.

Figure 2. SGK1 overexpression induces osteo-/chondrogenic transdifferentiation of primary HAoSMCs. (A) Representative original Western blots and 
scatter dot plots and arithmetic means ± SEM (n = 4 per group; AU) of normalized SGK1/GAPDH and phospho-NDRG1(Thr

346
)/GAPDH protein ratio in 

HAoSMCs following transfection with empty vector (V), constitutively active SGK1S422D (SGK1SD), or inactive SGK1K127N (SGK1KN). (B–G) Scatter dot plots and 
arithmetic means ± SEM (n = 8 per group; AU) of MSX2 (B), WNT7A (C), WNT3A (D), CBFA1 (E), ALPL (F), and ANKH (G) relative mRNA expression in HAoS-
MCs following transfection with empty vector (V), constitutively active SGK1S422D (SGK1SD), or inactive SGK1K127N (SGK1KN). (H) Scatter dot plots and arithmetic 
means ± SEM (n = 8 per group; AU) of normalized CBFA1 transcriptional activation in HAoSMCs following transfection with empty vector (V), constitutively 
active SGK1S422D (SGK1SD), or inactive SGK1K127N (SGK1KN). (I) Scatter dot plots and arithmetic means ± SEM (n = 4 per group, U/mg protein) of alkaline phos-
phatase activity in HAoSMCs following transfection with empty vector (V), constitutively active SGK1S422D (SGK1SD), or inactive SGK1K127N (SGK1KN). (J) Scatter 
dot plots and arithmetic means ± SEM (n = 12 per group; AU) of normalized PPi levels in the cell culture medium of HAoSMCs following transfection with 
empty vector (V), constitutively active SGK1S422D (SGK1SD), or inactive SGK1K127N (SGK1KN). *P < 0.05, **P < 0.01, ***P < 0.001 statistically significant vs. 
V-transfected HAoSMCs; †P < 0.05, ††P < 0.01, †††P < 0.001 statistically significant vs. SGK1SD-transfected HAoSMCs (1-way ANOVA with Tukey-HSD post hoc 
test for A–C, E, G, and J and with Games-Howell post hoc test for D, F, H, and I).
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ure 3B), and increased the mRNA expression of the RNA-desta-
bilizing factor tristetraprolin (TTP, encoded by the ZFP36 gene), a 
downstream product of NF-κB activation (Figure 3C).

To further explore whether the effects of SGK1 overexpres-
sion on osteo-/chondrogenic signaling are dependent on NF-κB 
activation, HAoSMCs transfected with SGK1S422D (Supplemental 
Figure 2B) were additionally treated with inhibitors of the NF-κB 
pathway: BAY11-7082, an irreversible inhibitor of IKKα and phos-
phorylation of IκBα; parthenolide, which binds directly and inhib-
its IKKβ; and BMS-345541, a highly selective inhibitor of IKKα 
and IKKβ. The upregulation of MSX2, CBFA1, and ALPL mRNA 
expression induced by SGK1S422D overexpression in HAoSMCs was 
significantly blunted following additional treatment with each 
of the 3 NF-κB pathway inhibitors (Figure 3, D–F). Furthermore, 
silencing of IKKα or IKKβ in HAoSMCs (Supplemental Figure 2, 
C–E) significantly blunted the upregulation of MSX2, CBFA1, and 
ALPL mRNA expression in SGK1S422D-transfected HAoSMCs with-
out significantly affecting the expression of osteogenic markers 
in empty vector–transfected HAoSMCs (Figure 3, G–I). Thus, the 
procalcifying effects of SGK1 in HAoSMCs are, at least in part, 
dependent on NF-κB activation.

Effect of Sgk1 deficiency on phosphate-induced osteo-/chondro-
genic transdifferentiation of primary mouse aortic smooth muscle 
cells. To further explore the role of SGK1 in osteo-/chondrogenic 
transdifferentiation and calcification of VSMCs during hyper-
phosphatemic conditions, primary mouse aortic smooth mus-
cle cells (MAoSMCs) were isolated from Sgk1-deficient mice 
(sgk1–/–) or corresponding WT mice (sgk1+/+). Phosphate treat-
ment upregulated Sgk1 mRNA expression in sgk1+/+ MAoSMCs 
(Figure 4A). As shown by confocal microscopy and analysis of 
fluorescence intensity, Sgk1 protein abundance was higher in 
phosphate-treated as compared with control-treated sgk1+/+ 
MAoSMCs, but no expression was observed in sgk1–/– MAoSMCs 
(Figure 4B). Moreover, phosphate treatment induced nuclear 
translocation of NF-κB p65 protein (Figure 4B), NF-κB–depen-
dent transcriptional activity (Figure 4C), calcium deposition 
(Figure 4, D and E), alkaline phosphatase activity (Figure 4F), 
and Msx2, Cbfa1, and Alpl mRNA expression (Figure 4, G–I) in 
sgk1+/+ MAoSMCs, effects completely abrogated in sgk1–/– MAo-
SMCs. No significant difference in smooth muscle cell–specific 
marker Tagln mRNA expression (encoding the Sm22 protein) 
was observed between control-treated sgk1+/+ MAoSMCs and 
sgk1–/– MAoSMCs (Supplemental Figure 3). Phosphate treat-
ment downregulated Tagln mRNA expression in sgk1+/+ MAoS-
MCs, but not in sgk1–/– MAoSMCs.

Effect of SGK1 inhibition on phosphate-induced osteo-/chon-
drogenic transdifferentiation of primary HAoSMCs. Additional 
experiments were conducted to define the role of SGK1 as a 
possible therapeutic target in osteo-/chondrogenic trans-
differentiation and calcification of HAoSMCs during hyper-
phosphatemic conditions. To this end, HAoSMCs were treat-
ed with phosphate without or with additional treatment with 
the highly selective SGK1 inhibitor EMD638683. As shown 
in Figure 5A, phosphate treatment significantly upregulated 
SGK1 mRNA expression in HAoSMCs, an effect not signifi-
cantly modified by the presence of EMD638683. The SGK1 
inhibitor EMD638683 did not alter the cytoplasmic local-

and protein expression in primary human aortic smooth mus-
cle cells (HAoSMCs). These effects were paralleled by increased 
mRNA expression of the osteogenic transcription factor MSX2 
in all groups of HAoSMCs treated with triggers of VSMC calcifi-
cation (Supplemental Figure 1; supplemental material available 
online with this article; https://doi.org/10.1172/JCI96477DS1). 
The mRNA expression of SGK1 was significantly correlated with 
MSX2 mRNA expression in HAoSMCs (Pearson correlation 0.332,  
P < 0.05). Similarly, Sgk1 mRNA expression was significantly high-
er in aortic tissue of hyperphosphatemic klotho-hypomorphic mice 
(kl/kl) as compared with WT mice (Figure 1C) and of mice with 
subtotal nephrectomy as compared with control-treated mice (Fig-
ure 1D), 2 mouse models of CKD-related vascular calcification.

The mRNA expression of SGK1 and of osteogenic marker 
MSX2 was higher in human coronary arteries from patients with 
impaired renal function than in patients with normal renal func-
tion (Figure 1, E and F). More importantly, in both groups, SGK1 
mRNA expression in human coronary arteries was significantly 
correlated with MSX2 mRNA expression (Figure 1G). Further-
more, as shown by histological analysis, SGK1 protein levels were 
higher in calcified human coronary artery sections from end-stage 
CKD patients on dialysis than from noncalcifying control patients 
and were localized in the calcified arterial regions (Figure 1H and 
Supplemental Table 1).

Effect of SGK1 overexpression on osteo-/chondrogenic transdif-
ferentiation of primary HAoSMCs. To investigate whether SGK1 
plays a role in vascular osteo-/chondrogenic induction, constitu-
tively active SGK1S422D and inactive SGK1K127N were overexpressed 
in HAoSMCs. As a result, overexpression of both SGK1S422D and 
SGK1K127N significantly upregulated SGK1 mRNA and protein 
expression to similarly elevated levels as compared with empty 
vector–transfected HAoSMCs (Figure 2A and Supplemental Fig-
ure 2A). Overexpression of SGK1S422D, but not of SGK1K127N, signifi-
cantly increased the phosphorylation of NDRG1, a known direct 
target of SGK1, pointing toward an increased SGK1 activity in 
SGK1S422D-transfected HAoSMCs (Figure 2A).

In HAoSMCs, overexpression of SGK1S422D significantly 
increased the MSX2/WNT signaling cascade as shown by upreg-
ulated MSX2, WNT7A, and WNT3A mRNA levels (Figure 2, B–D), 
osteogenic transcription factor CBFA1 mRNA expression and tran-
scriptional activity (Figure 2, E and H), and osteogenic enzyme 
alkaline phosphatase (ALPL) mRNA expression and activity (Fig-
ure 2, F and I). Moreover, ANKH mRNA expression (Figure 2G) 
and PPi levels in the cell culture medium (Figure 2J) were signifi-
cantly lower in SGK1S422D-transfected HAoSMCs than in empty 
vector–transfected HAoSMCs. In contrast, overexpression of 
SGK1K127N did not significantly affect the osteo-/chondrogenic sig-
naling in HAoSMCs (Figure 2, B–J). These observations indicate 
that SGK1 induces osteo-/chondrogenic transdifferentiation of 
HAoSMCs, an effect requiring SGK1 kinase activity.

Role of NF-κB in SGK1-induced osteo-/chondrogenic transdif-
ferentiation of primary HAoSMCs. To elucidate the underlying 
mechanisms of SGK1-dependent osteoinduction in HAoSMCs, 
the regulation of NF-κB transcription factor was investigated. 
In HAoSMCs, overexpression of SGK1S422D, but not of SGK1K127N, 
induced the nuclear translocation of NF-κB p65 protein (Figure 
3A), upregulated NF-κB–dependent transcriptional activity (Fig-
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Accordingly, silencing of the SGK1 gene to inhibit the endog-
enous expression in HAoSMCs significantly blunted or virtually 
abrogated the increased calcium content, alkaline phosphatase 
activity, and osteogenic marker mRNA expression following 
high-phosphate treatment, without significantly affecting the 
osteo-/chondrogenic transdifferentiation of control-treated 
HAoSMCs (Supplemental Figure 4, A–F). These results sug-
gest that SGK1 inhibition dissipates the osteo-/chondrogenic 
transdifferentiation and calcification of VSMCs in conditions 
of hyperphosphatemia.

ization of NF-κB p65 protein in control-treated HAoSMCs, 
but inhibited the nuclear translocation of NF-κB p65 protein 
in phosphate-treated HAoSMCs (Figure 5B). Moreover, the 
phosphate-induced calcium deposition (Figure 5, C and D), 
alkaline phosphatase activity (Figure 5E), and MSX2, CBFA1, 
and ALPL mRNA expression (Figure 5, F–H) were in HAoSMCs 
significantly blunted by additional treatment with the SGK1 
inhibitor EMD638683. Treatment with EMD638683 alone did 
not significantly affect the mineralization and osteo-/chon-
drogenic signaling in HAoSMCs (Figure 5, C–H).

Figure 3. NF-κB–dependent effects of SGK1 on osteo-/chondrogenic signaling in primary HAoSMCs. (A) Representative confocal microscopy images (n = 3 
per group) showing NF-κB p65 protein expression and localization in HAoSMCs following transfection with empty vector (V), constitutively active SGK1S422D 
(SGK1SD), or inactive SGK1K127N (SGK1KN). Green labeling, NF-κB p65 expression; magenta labeling, nuclei. Scale bars: 20 μm. (B) Scatter dot plots and arithme-
tic means ± SEM (n = 4 per group; AU) of NF-κB–dependent transcriptional activity measured by luciferase reporter assay in HAoSMCs following transfection 
with NF-κB–responsive luciferase/Renilla constructs and with empty vector (V), constitutively active SGK1S422D (SGK1SD), or inactive SGK1K127N (SGK1KN). (C) 
Scatter dot plots and arithmetic means ± SEM (n = 8 per group; AU) of ZFP36 relative mRNA expression in HAoSMCs following transfection with empty 
vector (V), constitutively active SGK1S422D (SGK1SD), or inactive SGK1K127N (SGK1KN). (D–F) Scatter dot plots and arithmetic means ± SEM (n = 6 per group; AU) 
of MSX2 (D), CBFA1 (E), and ALPL (F) relative mRNA expression in HAoSMCs following transfection with empty vector (V) or constitutively active SGK1S422D 
(SGK1SD) and additional treatment with control, BAY11-7082 (BAY), parthenolide (PAR), or BMS-345541 (BMS). (G–I) Scatter dot plots and arithmetic means 
± SEM (n = 6 per group; AU) of MSX2 (G), CBFA1 (H), and ALPL (I) relative mRNA expression in HAoSMCs following transfection with empty vector (V) or 
constitutively active SGK1S422D (SGK1SD) and additional silencing with negative control siRNA (Neg.si), IKKα siRNA (IKKαsi), or IKKβ siRNA (IKKβsi). *P < 0.05, 
***P < 0.001 statistically significant vs. V-transfected HAoSMCs; †P < 0.05, ††P < 0.01, †††P < 0.001 statistically significant vs. SGK1SD-transfected HAoSMCs 
(1-way ANOVA with Tukey-HSD post hoc test for B–E and H or with Games-Howell post hoc test for G and I and Steel-Dwass method for F).
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In addition, the SGK1 inhibitor EMD638683 partly reduced 
aldosterone-induced osteogenic marker mRNA expression in 
HAoSMCs, but it was less effective than the mineralocorticoid 
receptor antagonist spironolactone (Supplemental Figure 5).

Effect of Sgk1 deficiency during cholecalciferol overload–induced 
vascular calcification in mice. To investigate the in vivo signifi-

cance of Sgk1 in medial vascular calcification, experiments were 
performed in Sgk1-deficient mice (sgk1–/–) and corresponding WT 
mice (sgk1+/+) following high-dosed cholecalciferol treatment. As 
a result, cholecalciferol treatment significantly increased plasma 
calcium, FGF23 C-term, aldosterone, and cortisol levels to simi-
larly high values in both sgk1–/– mice and sgk1+/+ mice (Supplemen-

Figure 4. Sgk1 deficiency reduces phosphate-induced osteo-/chondrogenic transdifferentiation and calcification of primary MAoSMCs. (A) Scatter 
dot plots and arithmetic means ± SEM (n = 6 per group; AU) of Sgk1 relative mRNA expression in primary MAoSMCs isolated from WT mice (sgk1+/+) and 
treated with control or β-glycerophosphate (Pi). (B) Representative confocal microscopy images (n = 3 per group) showing Sgk1 and NF-κB p65 protein 
expression and scatter dot plots and arithmetic means ± SEM (n = 3 per group; AU) of normalized Sgk1 fluorescence intensity in sgk1–/– or sgk1+/+ MAoSMCs 
treated with control or Pi. Green labeling, Sgk1 or NF-κB p65 expression; magenta labeling, nuclei. Scale bars: 20 μm. **P < 0.01, ***P < 0.001 statistically 
significant vs. control-treated MAoSMCs (unpaired 2-tailed t test). (C) Scatter dot plots and arithmetic means ± SEM (n = 6 per group; AU) of NF-κB–
dependent transcriptional activity measured by luciferase reporter assay in sgk1–/– or sgk1+/+ MAoSMCs treated with control or Pi. (D) Representative 
original images (n = 3 per group) showing alizarin red staining in sgk1–/– or sgk1+/+ MAoSMCs treated with control or calcification medium. Calcified areas 
are shown as red staining. (E–I) Scatter dot plots and arithmetic means ± SEM of calcium content (E, n = 6 per group, μg/mg protein), alkaline phospha-
tase activity (F, n = 6 per group, U/mg protein), and Msx2 (G), Cbfa1 (H), and Alpl (I) relative mRNA expression (n = 6 per group; AU) in sgk1–/– or sgk1+/+ 
MAoSMCs treated with control or Pi. *P < 0.05, ***P < 0.001 statistically significant vs. control-treated sgk1+/+ MAoSMCs; †P < 0.05, ††P < 0.01, †††P < 0.001 
statistically significant vs. calcification medium/Pi–treated sgk1+/+ MAoSMCs (1-way ANOVA with Tukey-HSD post hoc test for C, E, and G–I and Steel-
Dwass method for F).
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tal Table 2). Plasma phosphorus concentrations were not signifi-
cantly modified following high-dosed cholecalciferol treatment 
(Supplemental Table 2).

As shown by alizarin red staining and quantification of aor-
tic arch calcium content, high-dosed cholecalciferol treatment 
induced aortic calcification in sgk1+/+ mice. Cholecalciferol- 

induced vascular calcification was significantly blunted in aor-
tae of sgk1–/– mice (Figure 6, A and B). The aortic pulse propa-
gation velocity, as a marker of vascular stiffness, was increased 
after cholecalciferol treatment in sgk1+/+ mice, an effect blunted 
in sgk1–/– mice (Figure 6C). Similarly, the mRNA expression of 
stiffness markers collagen type I (Col1a1) and fibronectin (Fn1) 

Figure 5. SGK1 inhibition ameliorates phosphate-induced osteo-/chondrogenic transdifferentiation and calcification of primary HAoSMCs. (A) Scatter 
dot plots and arithmetic means ± SEM (n = 7 per group; AU) of SGK1 relative mRNA expression in HAoSMCs following treatment with control or β-glyc-
erophosphate (Pi) without or with additional treatment with SGK1 inhibitor EMD638683 (EMD). (B) Representative confocal microscopy images (n = 3 
per group) showing NF-κB p65 protein expression and localization in HAoSMCs following treatment with control or β-glycerophosphate (Pi) without or 
with additional treatment with SGK1 inhibitor EMD638683 (EMD). Green labeling, NF-κB p65 expression; magenta labeling, nuclei. Scale bars: 20 μm. (C) 
Representative original images (n = 4 per group) showing alizarin red staining in HAoSMCs following treatment with control or with calcification medium 
without or with additional treatment with SGK1 inhibitor EMD638683 (EMD). Calcified areas are shown as red staining. (D–H) Scatter dot plots and arith-
metic means ± SEM of calcium content (D, n = 6 per group, μg/mg protein), alkaline phosphatase activity (E, n = 4 per group, U/mg protein), and MSX2 (F), 
CBFA1 (G), and ALPL (H) relative mRNA expression (n = 7 per group; AU) in HAoSMCs following treatment with control or phosphate (Pi) without or with 
additional treatment with SGK1 inhibitor EMD638683 (EMD). *P < 0.05, **P < 0.01, ***P < 0.001 statistically significant vs. control-treated HAoSMCs;  
†P < 0.05, ††P < 0.01, †††P < 0.001 statistically significant vs. HAoSMCs treated with calcification medium/Pi alone (Steel-Dwass method for A and 1-way 
ANOVA with Tukey-HSD post hoc test for D–H).
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osteogenic signaling and calcification were paralleled by upregu-
lation of Zfp36 mRNA expression (Figure 7H) and downregulation 
of Ankh mRNA levels (Figure 7I) in cholecalciferol-treated sgk1+/+ 
mice, but not sgk1–/– mice. Thus, Sgk1 deficiency reduces aortic 
osteoinduction, vascular calcification, and vascular stiffening in 
the cholecalciferol overload mouse model.

Effect of Sgk1 inhibition during cholecalciferol overload–induced 
vascular calcification in mice. To explore whether Sgk1 inhibition 
shows similar protective effects on vascular calcification in vivo, 
C57BL/6 mice were treated with high-dosed cholecalciferol without 
or with additional treatment with the Sgk1 inhibitor EMD638683. 
The increased plasma calcium, FGF23 C-term, and cortisol levels 
in cholecalciferol-treated mice were not significantly modified 
following additional treatment with EMD638683 (Supplemental 
Table 3). Plasma aldosterone levels tended to be higher in chole-
calciferol-treated mice than in control mice and not significantly 
affected by EMD638683 (Supplemental Table 3). Plasma phos-

was significantly higher in aortic tissue of cholecalciferol-treated 
sgk1+/+ mice, effects again significantly reduced in aortic tissue of 
sgk1–/– mice (Figure 6, D and E). Accordingly, after cholecalciferol 
treatment, aortic rings from sgk1–/– mice developed less wall ten-
sion after ex vivo mechanical stretch as compared with aortic rings 
from sgk1+/+ mice, indicative of higher aortic stiffness in sgk1+/+ 
mice (Figure 6F). No differences between sgk1+/+ and sgk1-/- con-
trol treated mice were observed (Supplemental Figure 6).

In sgk1+/+ mice, cholecalciferol treatment significantly upregu-
lated aortic Sgk1 mRNA and protein expression (Figure 7, A and B). 
As expected, no Sgk1 expression was observed in the aortic media 
of sgk1–/– mice (Figure 7A). The protein abundance of Msx2 in the 
media of aortic sections (Figure 7A), and Msx2, Wnt7a, Wnt3a, 
Cbfa1, and Alpl mRNA expression in the aortic tissue (Figure 7, 
C–G), were all significantly higher following cholecalciferol over-
load in sgk1+/+ mice as compared with control-treated mice, effects 
again significantly blunted in the sgk1–/– mice. The effects on aortic 

Figure 6. Sgk1 deficiency ameliorates vascular calcification and stiffness during vitamin D3 overload–induced calcification. (A) Representative original 
images (n = at least 3 per group) showing aortic alizarin red staining in Sgk1-deficient mice (sgk1–/–) or corresponding WT mice (sgk1+/+) receiving vehicle 
or high-dosed cholecalciferol (vD). Scale bar: 5 mm. Calcified areas are shown as red staining. (B) Scatter dot plots and arithmetic means ± SEM (n = 7 per 
group; μg/mg protein) of calcium content in the aortic arch of sgk1–/– mice or sgk1+/+ mice receiving vehicle or high-dosed cholecalciferol (vD). (C) Scatter dot 
plots and arithmetic means ± SEM (n = 6–9 per group; m/s) of abdominal aortic pulse propagation velocity (PPV) in sgk1–/– mice or sgk1+/+ mice receiving 
vehicle or high-dosed cholecalciferol (vD). (D and E) Scatter dot plots and arithmetic means ± SEM (n = 10–11 per group; AU) of Col1a1 (D) and Fn1 (E) relative 
mRNA expression in aortic tissue of sgk1–/– mice or sgk1+/+ mice receiving vehicle or high-dosed cholecalciferol (vD). **P < 0.01, ***P < 0.001 statistically 
significant vs. control sgk1+/+ mice; †P < 0.05, ††P < 0.01, †††P < 0.001 statistically significant vs. vD-treated sgk1+/+ mice (1-way ANOVA with Tukey-HSD 
post hoc test for B, C, and E or with Games-Howell post hoc test for D). (F) Summary data of wall tension (n = 7 rings, 4 mice per group; mN/mm) during 
mechanical stretch (μm) ex vivo of abdominal aortae isolated from sgk1–/– mice or sgk1+/+ mice receiving high-dosed cholecalciferol (vD). *P < 0.05, **P < 
0.01 statistically significant vs. vD-treated sgk1–/– mice (unpaired 2-tailed t test).

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/7
https://www.jci.org/articles/view/96477#sd
https://www.jci.org/articles/view/96477#sd
https://www.jci.org/articles/view/96477#sd
https://www.jci.org/articles/view/96477#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 0 3 2 jci.org   Volume 128   Number 7   July 2018

with EMD638683 (Figure 8, A and B). Furthermore, the increased 
aortic pulse propagation velocity after cholecalciferol treatment 
in mice was significantly reduced by EMD638683 (Figure 8C), 
suggesting lower aortic stiffness following Sgk1 inhibition. These 

phorus levels were not significantly different between the groups 
(Supplemental Table 3).

Cholecalciferol overload induced aortic calcification in mice, 
an effect significantly ameliorated following additional treatment 

Figure 7. Sgk1 deficiency ameliorates vascular osteoinductive signaling during vitamin D3 overload–induced calcification. (A) Representative confocal 
microscopy images (n = 4 per group) showing Sgk1 and Msx2 protein expression and scatter dot plots and arithmetic means ± SEM (n = 4 per group; AU) 
of normalized Sgk1 and Msx2 fluorescence intensity in aortic tissues of Sgk1-deficient mice (sgk1–/–) or corresponding WT mice (sgk1+/+) receiving vehicle 
or high-dosed cholecalciferol (vD). Green labeling, protein expression; magenta labeling, nuclei; red labeling, actin staining. Scale bars: 25 μm. (B) Scatter 
dot plots and arithmetic means ± SEM (n = 10–11 per group; AU) of Sgk1 relative mRNA expression in aortic tissue of sgk1+/+ mice receiving vehicle or high-
dosed cholecalciferol (vD). (C–I) Scatter dot plots and arithmetic means ± SEM (n = 10–11 per group; AU) of Msx2 (C), Wnt7a (D), Wnt3a (E), Cbfa1 (F), Alpl 
(G), Zfp36 (H), and Ankh (I) relative mRNA expression in aortic tissue of sgk1–/– mice or sgk1+/+ mice receiving vehicle or high-dosed cholecalciferol (vD).  
*P < 0.05, **P < 0.01, ***P < 0.001 statistically significant vs. control sgk1+/+ mice; †P < 0.05, ††P < 0.01, †††P < 0.001 statistically significant vs. vD-treated 
sgk1+/+ mice (unpaired 2-tailed t test for Sgk1 panel of A and for B; 1-way ANOVA with Games-Howell post hoc test for Msx2 panel of A and for C–F; and 
Steel-Dwass method for G–I).
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Effect of Sgk1 deficiency on vascular calcification in murine renal 
failure. Additional experiments investigated the effect of Sgk1 defi-
ciency in a clinically more relevant model of renal failure. To this 
end, subtotal nephrectomy was performed in Sgk1-deficient mice 
(sgk1–/–) and corresponding WT mice (sgk1+/+) on an apolipopro-
tein E–deficient background (apoE–/–). Subtotal nephrectomy 
increased blood urea nitrogen (BUN) to similar values in both 
genotypes, confirming comparability of the groups (Supplemen-
tal Table 4). After 6 weeks of subtotal nephrectomy, BUN levels 
tended to increase in apoE–/–sgk1+/+ mice to higher levels than in 

effects were paralleled by similar inhibition of aortic osteogenic 
signaling. Cholecalciferol treatment significantly upregulated 
Sgk1 mRNA expression and caused increased mRNA expression 
of the osteogenic markers and Zfp36 mRNA as well as downreg-
ulated Ankh mRNA levels in aortic tissue as compared with con-
trol-treated mice (Figure 8, D–K). These effects were blunted by 
EMD638683 treatment (Figure 8, E–K). Taken together, these 
observations indicate that Sgk1 inhibition by EMD638683 ame-
liorates aortic osteoinductive signaling, vascular calcification, and 
vascular stiffness in the cholecalciferol overload mouse model.

Figure 8. Sgk1 inhibition ameliorates vascular calcification, stiffness, and osteoinductive signaling during vitamin D3 overload–induced calcification. 
(A) Representative original images (n = 3 per group) showing aortic alizarin red staining in mice receiving vehicle or high-dosed cholecalciferol (vD) without 
or with additional treatment with SGK1 inhibitor EMD638683 (EMD). Scale bar: 5 mm. The calcified areas are shown as red staining. (B) Scatter dot plots 
and arithmetic means ± SEM (n = 7 per group; μg/mg protein) of calcium content in the aortic arch of mice receiving vehicle or high-dosed cholecalciferol 
(vD) without or with additional treatment with SGK1 inhibitor EMD638683 (EMD). (C) Scatter dot plots and arithmetic means ± SEM (n = 10 per group; 
m/s) of abdominal aortic pulse propagation velocity (PPV) in mice receiving vehicle or high-dosed cholecalciferol (vD) without or with additional treatment 
with SGK1 inhibitor EMD638683 (EMD). (D) Scatter dot plots and arithmetic means ± SEM (n = 7 per group; AU) of Sgk1 relative mRNA expression in aortic 
tissue of mice receiving vehicle or high-dosed cholecalciferol (vD). (E–K) Scatter dot plots and arithmetic means ± SEM (n = 7 per group; AU) of Msx2 (E), 
Wnt7a (F), Wnt3a (G), Cbfa1 (H), Alpl (I), Zfp36 (J), and Ankh (K) relative mRNA expression in aortic tissue of mice receiving vehicle or high-dosed chole-
calciferol (vD) without or with additional treatment with SGK1 inhibitor EMD638683 (EMD). *P < 0.05, **P < 0.01, ***P < 0.001 statistically significant vs. 
control mice; †P < 0.05, ††P < 0.01, †††P < 0.001 statistically significant vs. vD-treated mice (unpaired 2-tailed t test for D and 1-way ANOVA with Tukey-HSD 
post hoc test for J and K or with Games-Howell post hoc test for B, C, and E–I).
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Figure 9. Sgk1 deficiency ameliorates vascular calcification in apolipoprotein E–null mice after subtotal nephrectomy. (A) Scatter dot plots and arithme-
tic means ± SEM (n = 5–9 per group; AU) of Sgk1 relative mRNA expression in aortic tissue of mice lacking apolipoprotein E (apoE–/–) without or with sub-
total nephrectomy (Nx). ***P < 0.001 statistically significant vs. control mice (unpaired 2-tailed t test). (B) Scatter dot plots and arithmetic means ± SEM 
(n = 5–10 per group; μg/mg protein) of calcium content in the aortic arch of Sgk1-deficient mice (apoE–/–sgk1–/–) or corresponding WT mice (apoE–/–sgk1+/+) 
under the apoE–/– background without or with subtotal nephrectomy (Nx). (C) Representative confocal microscopy images (n = 4 per group) showing Msx2 
protein expression and scatter dot plots and arithmetic means ± SEM (n = 4 per group; AU) of normalized Msx2 fluorescence intensity in aortic tissues of 
apoE–/–sgk1–/– mice or corresponding apoE–/–sgk1+/+ mice without or with subtotal nephrectomy (Nx). Green labeling, Msx2 expression; magenta labeling, 
nuclei; red labeling, actin staining. Scale bars: 25 μm. (D–J) Scatter dot plots and arithmetic means ± SEM (n = 5–9 per group; AU) of Msx2 (D), Wnt7a (E), 
Wnt3a (F), Cbfa1 (G), Alpl (H), Zfp36 (I), and Ankh (J) relative mRNA expression in aortic tissue of apoE–/–sgk1–/– mice or corresponding apoE–/–sgk1+/+ mice 
without or with subtotal nephrectomy (Nx). *P < 0.05, **P < 0.01, ***P < 0.001 statistically significant vs. control apoE–/–sgk1+/+ mice; †P < 0.05, ††P < 0.01, 
†††P < 0.001 statistically significant vs. Nx-treated apoE–/–sgk1+/+ mice (1-way ANOVA with Tukey-HSD post hoc test for B, D–F, H, and J or with Games-How-
ell post hoc test for C and G, and Steel-Dwass method for I).
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from hemodialysis patients before dialysis (30) and from healthy 
volunteers and HAoSMCs were exposed to uremic serum (US) or 
normal serum (NS) (Supplemental Table 5). Serum calcification 
propensity (30) measured as calciprotein particle maturation time 
(T50) was significantly higher in uremic serum than in normal 
serum (Supplemental Table 5). As shown in Figure 10A, treatment 
with uremic serum significantly upregulated SGK1 mRNA expres-
sion in HAoSMCs as compared with normal serum–treated HAo-
SMCs. Similarly, MSX2, CBFA1, and ALPL mRNA expression was 
significantly upregulated in uremic serum–treated HAoSMCs as 
compared with normal serum–treated HAoSMCs, effects signifi-
cantly reduced by additional treatment with the SGK1 inhibitor 
EMD638683 (Figure 10, B–D). SGK1 inhibition, thus, interferes 
with osteo-/chondrogenic signaling in HAoSMCs following expo-
sure to uremic serum.

Discussion
The current observations identify SGK1 as a decisive regulator of 
vascular calcification. SGK1 induces osteo-/chondrogenic repro-
gramming of VSMCs, at least partly, via NF-κB activation, while 
SGK1 inhibition blunts or virtually abrogates vascular calcification 
in vitro and in vivo.

SGK1 gene expression is highly dynamic, and strong upregu-
lation of SGK1 is observed in the cardiovascular system under sev-
eral pathophysiological conditions (16, 21). SGK1 gene expression 
is regulated by various clinically important factors contributing to 
vascular calcification (15, 31). Accordingly, we demonstrated that 
SGK1 mRNA and protein expression in VSMCs was upregulated by 
dexamethasone and aldosterone as well as phosphate exposure. 
Phosphate exposure triggers upregulation of TGF-β and BMP-2, 
which augment the osteo-/chondrogenic transdifferentiation of 
VSMCs (32, 33). Treatment with either TGF-β or BMP-2 increases 
SGK1 expression. Interestingly, high extracellular glucose con-
centrations also upregulated SGK1 expression in VSMCs. Like 
patients with CKD, diabetic patients develop vascular calcification 
(34). Increased aortic Sgk1 mRNA expression was also observed 
in 2 mouse models of CKD-related vascular calcification, klotho- 
hypomorphic mice and subtotal nephrectomy–treated mice. We 
also observed increased mRNA expression of SGK1 in coronary 
arteries of patients with impaired renal function (31). In end-stage 
CKD patients, SGK1 protein abundance was increased and local-
ized at the calcified regions in coronary arteries. Along those lines, 
treatment of VSMCs with uremic serum increased SGK1 mRNA 
expression. Taken together, these observations suggest that SGK1 
is dynamically upregulated in the vasculature under calcifying con-
ditions, and is required for the triggering of vascular calcification.

apoE–/–sgk1–/– mice, a difference, however, not reaching statisti-
cal significance. Similarly, plasma FGF23 C-term concentrations 
were significantly increased after subtotal nephrectomy in both 
genotypes, but tended to be lower in apoE–/–sgk1–/– mice than in 
apoE–/–sgk1+/+ mice, a difference not reaching statistical signifi-
cance (Supplemental Table 4). Plasma cholesterol, aldosterone, 
and cortisol levels significantly increased following subtotal 
nephrectomy in apoE–/–sgk1+/+ mice, but not in apoE–/–sgk1–/– mice 
(Supplemental Table 4).

In apoE–/–sgk1+/+ mice, the aortic Sgk1 mRNA expression was 
significantly upregulated by subtotal nephrectomy (Figure 9A). Fur-
thermore, subtotal nephrectomy slightly but significantly increased 
the aortic arch calcium content (Figure 9B) without visible calcifi-
cations in von Kossa staining of thoracic aorta sections (Supple-
mental Figure 7). Furthermore, subtotal nephrectomy significantly 
upregulated the mRNA expression of stiffness markers Col1a1 and 
Fn1 in the vascular tissue (Supplemental Figure 8) and of hypertro-
phy markers Nppa and Nppb in the cardiac tissue (Supplemental 
Figure 9) from apoE–/–sgk1+/+ mice, all effects ameliorated in the 
apoE–/–sgk1–/– mice. Moreover, subtotal nephrectomy significantly 
increased Msx2 mRNA and protein expression as well as Wnt7a, 
Wnt3a, Cbfa1, and Alpl mRNA levels in the aortic tissue of apoE–/–

sgk1+/+ mice (Figure 9, C–H). Similarly, the aortic mRNA expression 
of Zfp36 was significantly higher and that of Ankh significantly low-
er after subtotal nephrectomy in apoE–/–sgk1+/+ mice than in control 
mice (Figure 9, I and J). All effects on aortic osteoinductive signaling 
were significantly blunted in the apoE–/–sgk1–/– mice (Figure 9, C–J). 
Thus, Sgk1 deficiency tends to improve renal function and protects 
against vascular calcification following subtotal nephrectomy.

Effect of SGK1 inhibition in primary HAoSMCs during uremic 
conditions. Further experiments were conducted to investigate the 
effects of SGK1 inhibition on osteo-/chondrogenic transdifferenti-
ation of HAoSMCs during uremic conditions. Serum was collected 

Figure 10. SGK1 inhibition ameliorates uremic serum–induced osteo-/
chondrogenic transdifferentiation of primary HAoSMCs. Scatter dot plots 
and arithmetic means ± SEM (n = 7 per group; AU) of SGK1 (A), MSX2 (B), 
CBFA1 (C), and ALPL (D) relative mRNA expression in HAoSMCs following 
treatment with normal serum (NS) or uremic serum (US) without or with 
additional treatment with SGK1 inhibitor EMD638683 (EMD). *P < 0.05, 
**P < 0.01, ***P < 0.001 statistically significant vs. NS-treated HAoSMCs; 
†P < 0.05, ††P < 0.01 statistically significant vs. US-treated HAoSMCs 
(Steel-Dwass method for A and 1-way ANOVA with Tukey-HSD post hoc test 
for B and C or with Games-Howell post hoc test for D).
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SGK1 has previously been suggested as a therapeutic target in 
cardiovascular disease, and a specific inhibitor that has already been 
tested in vivo is available (16, 26). Treatment with the SGK1 inhibitor 
EMD638683 strongly blunted vascular osteoinduction, stiffening, 
and calcification in the cholecalciferol overload model. SGK1 inhibi-
tion also ameliorates the osteoinductive properties of uremic serum, 
underscoring the feasibility of SGK1 inhibition in CKD patients. 
SGK1 is apparently not required for basic cellular functions, and 
exerts effects especially under pathophysiological conditions (45, 
46). SGK1 is upregulated by phosphate exposure, glucocorticoids, 
aldosterone, and enhanced glucose concentrations, indicating that 
SGK1 could be a converging key signaling element mediating the 
effects of various procalcific signals. Accordingly, SGK1 inhibition 
also reduces aldosterone-induced VSMC osteoinduction.

Vascular calcification is observed not only in CKD, but also in 
further clinical conditions and in the aging common population 
(47). It is tempting to speculate that SGK1 similarly influences vas-
cular calcification in those conditions and during vascular aging. As 
a matter of fact, mineralocorticoid receptor–sensitive upregulation 
of SGK1 expression has been shown to accelerate aging of the skin 
(48). SGK1 inhibition would further be expected to interfere with 
organ fibrosis, sodium reabsorption, metabolic syndrome, and 
thrombocyte aggregation as well as cardiac hypertrophy and fail-
ure (16, 21, 22, 49). SGK1 inhibition may therefore prove a clinically 
effective treatment strategy and warrants further study of the trans-
lational potential.

In conclusion, SGK1 is upregulated in calcifying conditions. 
SGK1 promotes vascular calcification, at least in part, by activat-
ing the NF-κB pathway. SGK1 inhibition ameliorates vascular cal-
cification in vitro and in vivo. These observations warrant further 
study of SGK1 inhibition as a therapeutic strategy in renal disease.

Methods
Cell culture of HAoSMCs. Primary human aortic smooth muscle cells 
(HAoSMCs) were commercially obtained from Thermo Fisher Scien-
tific. HAoSMCs were routinely cultured in medium containing a 1:1 
ratio of Waymouth’s MB 752/1 medium and Ham’s F-12 nutrient mix-
ture (Thermo Fisher Scientific) supplemented with 10% FBS (Thermo 
Fisher Scientific), 100 U/ml penicillin, and 100 μg/ml streptomycin 
(Thermo Fisher Scientific). HAoSMCs were grown to confluence 
and used in all experiments from passages 4 to 10. At least 8 differ-
ent batches of HAoSMCs were used during the course of this study, 
and each experiment was performed in at least 2 different batches of 
HAoSMCs depending on the availability of the cells (n indicates the 
number of independent experiments performed at different passages 
of the cells). The medium was changed to medium containing 10% 
charcoal-stripped FBS (Sigma-Aldrich) 24 hours before aldosterone/
vehicle treatments to reduce the effects of endogenous ligands (13).

HAoSMCs were transfected with 2 μg DNA encoding constitu-
tively active SGK1S422D, inactive SGK1K127N in pcDNA3.1 vector, or emp-
ty vector as control (18) using X-tremeGENE HP DNA transfection 
reagent (Roche Applied Science) according to the manufacturer’s pro-
tocol. The cells were used 24 hours (confocal microscopy), 48 hours 
(RT-qPCR, luciferase assay, Western blotting), or 7 days (ALPL activ-
ity) after transfection. HAoSMCs were transfected with 10 nM SGK1 
siRNA (s740, Thermo Fisher Scientific), 10 nM IKKα siRNA (s3076, 
Thermo Fisher Scientific), or 10 nM IKKβ siRNA (s223928, Thermo 

SGK1 is a powerful regulator of NF-κB activity (16). SGK1 stim-
ulates IKKα with subsequent activation of NF-κB, an effect requir-
ing IKKβ (27). Accordingly, silencing or pharmacological inhibi-
tion of either IKKα or IKKβ abrogates SGK1-dependent signaling. 
The transcription factor NF-κB is essential for the development of 
vascular calcification and is activated in patients with CKD (28). 
Sustained activation of NF-κB has been described following phos-
phate exposure of VSMCs (35). NF-κB upregulates the osteogenic 
transcription factor MSX2, which is required for ALPL expres-
sion (36). Furthermore, vascular NF-κB promotes expression of 
CBFA1, which also increases ALPL expression and is required for 
phosphate-induced vascular calcification (37–39). ALPL degrades 
PPi, an inhibitor of hydroxyapatite formation and mineral depo-
sition in the vascular tissue (8). ALPL overexpression is sufficient 
to cause generalized vascular calcification and has emerged as 
a key enzyme in vascular calcification (40). A downstream prod-
uct of NF-κB activation is TTP (41), an RNA-destabilizing factor 
that inhibits ANKH expression and, thus, the export of PPi in the 
extracellular space (8, 28). SGK1-induced decrease in PPi levels 
may result from both enhanced ALPL activity and reduced ANKH 
expression. However, SGK1 regulates a wide variety of further cel-
lular functions and pathways (16). Other signaling pathways con-
tributing to the effects of SGK1 on vascular calcification and VSMC 
osteo-/chondrogenic transdifferentiation, thus, cannot be ruled 
out. Nevertheless, NF-κB interference disrupts the osteoinductive 
effects during overexpression of constitutively active SGK1. NF-κB 
activation seems, therefore, to be required for the SGK1-depen-
dent osteo-/chondrogenic transdifferentiation of VSMCs.

Along these lines, SGK1 regulates inflammatory processes in 
macrophages, at least partly, by NF-κB activation (22). SGK1 also 
fosters migration of VSMCs (23). SGK1 has therefore been associ-
ated with intimal atherosclerosis and vascular inflammation (22). 
Other than intimal atherosclerosis, phosphate-induced medial 
vascular calcification is mediated mainly by osteo-/chondrogenic 
transdifferentiation of VSMCs (34). Although overlapping pathways 
exist, intimal atherosclerosis and medial vascular calcification have 
been considered as distinct entities (42). The current observations 
indicate that SGK1 activation may be decisive for vascular calcifi-
cation during CKD or further hyperphosphatemic conditions. Sgk1 
deficiency and Sgk1 inhibition blunt vascular calcification and vas-
cular stiffness in the cholecalciferol overload model. Calcitriol levels 
are decreased in patients with CKD (43). The cholecalciferol over-
load model, nonetheless, mimics vascular calcification and osteo-/
chondrogenic remodeling (44). Furthermore, the subtotal nephrec-
tomy model exhibited vascular osteo-/chondrogenic reprogram-
ming and slightly increased calcification, indicative of early-stage 
calcification. Sgk1 deficiency ameliorated vascular osteoinduction 
and calcification. However, Sgk1 deficiency also tended to improve 
renal function and to partially reverse hyperphosphatemia, dyslip-
idemia, hyperaldosteronism, and hypercortisolism in these mice. 
Thus, additional mechanisms may contribute to the beneficial 
vascular effects of Sgk1 deficiency. Also, beneficial effects of Sgk1 
deficiency on other organs besides the vasculature may contrib-
ute to the observed phenotype. In any case, the results observed in 
the subtotal nephrectomy model indicate that SGK1 is dispensable 
during renal failure and overall suggest beneficial effects of SGK1 
blockade as a therapeutic target in renal disease.
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Subtotal nephrectomy was performed in apolipoprotein E–defi-
cient mice with or without Sgk1 deficiency. The origin of these mice 
was described previously (22). Subtotal nephrectomy was performed 
during isoflurane anesthesia (1.5%–2%) as previously described (6). 
In a first step, the right kidney mass was reduced by electrocauteri-
zation and surgical excision. In a second step, the left kidney was 
excised. Sham-operated mice were used as control. Buprenorphine 
(0.05 mg/kg body weight s.c.) was used for analgesia after the surgi-
cal treatments. One week after the nephrectomy, BUN was measured 
and the diet changed to a phosphate-rich diet (0.6% calcium and 0.9% 
phosphorous; C1031 mod, Altromin). After 6 weeks of treatment, mice 
were sacrificed, and blood was collected and tissues stored in liquid 
nitrogen. The subtotal nephrectomy procedure (6) was also performed 
in DBA mice and tissues collected after 16 weeks of treatment.

Plasma concentrations of phosphate, calcium, BUN, and total cho-
lesterol were measured by a photometric method (FUJI FDC 3500i, 
Sysmex). For EMD638683 experiments, plasma concentrations of 
phosphate and calcium were measured by QuantiChrom Phosphate 
assay kit and QuantiChrom Calcium assay kit, respectively (BioAs-
say Systems). ELISA kits were used to determine plasma aldosterone 
(Alpha Diagnostic International), cortisol (Alpha Diagnostic Interna-
tional), and FGF23 C-term (Immutopics) concentrations according to 
the manufacturer’s instructions.

Aortic stiffness measurements ex vivo. The abdominal aortae were 
isolated from mice under inhalation with isoflurane anesthesia and 
sacrificed by cervical dislocation. Aortae were quickly transferred 
to cold (4°C), oxygenated (95% O2/5% CO2) physiological salt solu-
tion (PSS) containing (in mmol/l) 119 NaCl, 4.7 KCl, 1.2 KH2PO4, 25 
NaHCO3, 1.2 MgSO4, 11.1 glucose, 1.6 CaCl2. After cleaning of the 
connective tissue with scissors without damaging the adventitia, the 
aortic ring segments were dissected into 2-mm (vessel length) rings. 
Each ring was positioned between 2 stainless steel wires (diameter 
0.0394 mm) in a 5-ml organ bath of a Small Vessel Myograph (DMT 
610M, Danish Myo Technology). The organ bath was filled with PSS. 
The bath solution was continuously oxygenated (95% O2/5% CO2) 
and kept at 37°C (pH 7.4) (52). The vessels were allowed to equili-
brate for 30 minutes in the absence of tension. For length/tension 
analysis, aortae were stretched to an internal circumference (l0) that 
reproduces the wall force exerted on the vessel at a resting transmu-
ral pressure of 100 mmHg (DMT Normalization module by CHART 
software). Thereafter, wall tension was measured by sequential 
increasing of the distance (stretch length) between the wires in 
50-μm increments using the software Chart5 (AD Instruments Ltd.). 
Wall tension was measured for 2 minutes per aorta after the stretch 
length was increased (52).

Calcification analysis. The quantification of aortic arch calcification 
was performed by incubation of the tissues overnight at 37°C in 0.6 M 
HCl. The calcium content in the supernatant was determined with a 
QuantiChrom Calcium assay kit (BioAssay Systems) according to the 
manufacturer’s protocol. Tissues were lysed with 0.1 M NaOH/0.1% 
SDS, and total protein concentration was measured by the Bradford 
assay (Bio-Rad Laboratories). VSMCs were decalcified for 24 hours 
at 4°C in 0.6 M HCl. Calcium content was determined with a Quanti-
Chrom Calcium assay kit (BioAssay Systems). VSMCs were lysed with 
0.1 M NaOH/0.1% SDS, and total protein concentration was measured 
by the Bradford assay (Bio-Rad Laboratories). Calcium content was 
normalized to total protein concentration.

Fisher Scientific) or with 10 nM negative control siRNA (4390843, 
Thermo Fisher Scientific) using siPORT amine transfection agent 
(Thermo Fisher Scientific) according to the manufacturer’s protocol. 
The cells were used 48 hours (RT-qPCR), 7 days (ALPL activity), or 14 
days (calcium deposition) after silencing. Transfection and silencing 
efficiency were determined by real-time quantitative PCR (RT-qPCR). 

HAoSMCs were treated for 24 hours (RT-qPCR, confocal micros-
copy, Western blotting) (35), 7 days (ALPL activity), or 14 days (calcium 
deposition) with 2 mM β-glycerophosphate (Sigma-Aldrich), 50 μM 
SGK1 inhibitor EMD638683 (stock in DMSO) (18), 10 μM BAY11-7082 
(stock in DMSO; Sigma-Aldrich), 10 μM BMS-345541 (stock in DMSO; 
Sigma-Aldrich), 10 μM parthenolide (stock in DMSO; Sigma-Aldrich), 
100 nM aldosterone (stock in DMSO; Sigma-Aldrich), 10 μM spirono-
lactone (stock in DMSO; Sigma-Aldrich), 100 nM dexamethasone 
(stock in ethanol; Sigma-Aldrich), 25 mM d-glucose (Sigma-Aldrich), 
10 ng/ml TGF-β1 (stock in 4 mM HCl solution containing 1 mg/ml BSA; 
R&D Systems), or 200 ng/ml BMP-2 (stock in 4 mM HCl solution; 
R&D Systems). Equal amounts of vehicle were used as control. Treat-
ment for 14 days with 3 mM sodium phosphate buffer (Sigma-Aldrich) 
or with 10 mM β-glycerophosphate and 1.5 mM CaCl2 (Sigma-Aldrich) 
was used as calcification media for the calcium deposition quantifica-
tion or for alizarin red staining, respectively. Fresh media with agents 
were added every 2–3 days.

Isolation and culture of primary MAoSMCs. Primary mouse aortic 
smooth muscle cells (MAoSMCs) were isolated from Sgk1-deficient 
and corresponding WT mice. The origin of the mice has been described 
previously (46). MAoSMCs were obtained from pooled aortic tissue 
similarly to what has been previously described (31). MAoSMCs were 
grown to confluence in DMEM/F12 medium (Thermo Fisher Scien-
tific) supplemented with 10% FBS (Thermo Fisher Scientific), 100 U/
ml penicillin, 100 μg/ml streptomycin (Thermo Fisher Scientific), and 
0.025 μg/ml Fungizone (Thermo Fisher Scientific). The cells were 
used in all experiments from passages 3–6. N indicates the number of 
independent experiments from 3 independent isolations of MAoSMCs. 
The cells were treated for 24 hours (RT-qPCR, confocal microscopy, 
luciferase assay) or 7 days (ALPL activity) with 2 mM β-glycerophos-
phate (Sigma-Aldrich). Treatment for 14 days with 3 mM sodium phos-
phate buffer (Sigma-Aldrich) or with 10 mM β-glycerophosphate and 
1.5 mM CaCl2 (Sigma-Aldrich) was used as calcification media for the 
calcium deposition quantification or for alizarin red staining, respec-
tively. Fresh media with agents were added every 2–3 days.

Animal experiments. Sgk1-deficient and corresponding WT mice 
were injected s.c. with 400,000 IU/kg body weight of cholecalciferol 
(Sigma-Aldrich) or vehicle for 3 days as previously described (6, 44). 
For EMD638683 experiments, C57BL/6 mice received twice-daily oral 
gavage with 300 mg/kg body weight EMD638683 (Biorbyt); control 
mice received only vehicle. The mice were injected s.c. with 400,000 
IU/kg body weight of cholecalciferol (Sigma-Aldrich) or vehicle for 3 
days. Pulse propagation velocity was measured in the abdominal aor-
ta during isoflurane anesthesia (1%–1.5%) by ultrasound (Vevo 3100, 
MX700 transducer) using EKV-image acquisition. Analysis was per-
formed with the Vevo-Vasc software (Visualsonics, Fujifilm). After 6 
days of treatment, mice were sacrificed in isoflurane anesthesia, blood 
was collected, and tissues were snap-frozen in liquid nitrogen.

Klotho-hypomorphic (kl/kl) mice and corresponding WT mice 
were described earlier (50, 51). Mice were sacrificed and aortic tissue 
stored in liquid nitrogen.
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After centrifugation at 10,261 g for 5 minutes, the proteins were boiled 
in Roti-Load1 Buffer (Carl Roth GmbH) at 100°C for 10 minutes. 
Equal amounts of proteins were separated on SDS-polyacrylamide 
gels and transferred to PVDF membranes. The membranes were incu-
bated with the following primary antibodies overnight at 4°C: rabbit 
anti-SGK1 (diluted 1:1,000; no. 12103, Cell Signaling), rabbit anti–
phospho-NDRG1 (Thr346) (diluted 1:1,000; no. 3217, Cell Signaling), 
or rabbit anti-GAPDH (diluted 1:5,000; no. 2118, Cell Signaling); and 
then with secondary anti-rabbit HRP-conjugated antibody (diluted 
1:1,000; Cell Signaling) for 1 hour at room temperature. For loading 
controls, the membranes were stripped in stripping buffer (Thermo 
Fisher Scientific) at room temperature for 10 minutes. Antibody bind-
ing was detected with ECL detection reagent (Thermo Fisher Scien-
tific). Bands were quantified with ImageJ software (NIH), and results 
are shown as the ratio of total protein to GAPDH and phosphorylated 
protein to GAPDH normalized to the control groups.

Immunocytochemistry and confocal microscopy. VSMCs cultured 
onto 4-well chamber slides (BD Biostatus) were fixed with ice-cold 
100% methanol for 10 minutes at room temperature (for NF-κB p65 
staining) or with 4% paraformaldehyde/PBS for 15 minutes at room 
temperature and then permeabilized with PBS/0.1% Triton X for 10 
minutes at room temperature (for Sgk1 staining). Slides were incu-
bated with 5% normal goat serum in PBS/0.1% Triton X-100 for 1 
hour at room temperature to reduce nonspecific background stain-
ing. Cells were incubated overnight at 4°C with primary rabbit poly-
clonal anti–NF-κB p65 antibody (diluted 1:50; sc-372, Santa Cruz 
Biotechnology) or with rabbit anti–mouse Sgk1 antibody (diluted 
1:50; Pineda; ref. 18) and then with goat anti-rabbit Alexa Fluor 488–
conjugated antibody (diluted 1:1,000; Thermo Fisher Scientific) for 
1 hour at room temperature. Nuclei were stained using DRAQ5 dye 
(diluted 1:1,000; Biostatus) for 10 minutes at room temperature. The 
slides were mounted with Prolong Gold antifade reagent (Thermo 
Fisher Scientific). Images were collected with a confocal laser-scan-
ning microscope (LSM 510, Carl Zeiss MicroImaging GmbH) using 
a ×63 (Watter), 1.2W objective. Negative controls were carried out 
simultaneously with all experiments by omitting incubation with 
primary antibody. The intensity of fluorescence per area was quanti-
fied with ImageJ software in at least 5 images taken in different areas 
within the sample, and the results are shown as arbitrary units nor-
malized to the control group.

Immunohistochemistry and confocal microscopy. Murine thorac-
ic aortic tissues were fixed in 4% paraformaldehyde, cryoprotected 
in 30% sucrose, frozen in mounting medium (Tissue-Tek, Sakura 
Finetek), and sectioned at a thickness of 8 μm on coated slides. For 
immunostaining, sections were dehydrated at room temperature for 
30 minutes and fixed in 100% methanol for 10 minutes at room tem-
perature. To reduce nonspecific background staining, slides were 
incubated with 5% normal goat serum or with 5% BSA in PBS/0.1% 
Triton X-100 for 1 hour at room temperature. Sections were incu-
bated overnight at 4°C with primary goat polyclonal anti-Msx2 anti-
body (diluted 1:50; sc-17729, Santa Cruz Biotechnology) or with 
rabbit anti–mouse Sgk1 antibody (diluted 1:50; Pineda). Binding of 
primary antibodies was visualized using goat anti-rabbit Alexa Flu-
or 488–conjugated antibody or donkey anti-goat Alexa Fluor 488–
conjugated antibody (diluted 1:1,000; Thermo Fisher Scientific) 
incubated for 1 hour at room temperature. Nuclei were stained using 
DRAQ5 dye (diluted 1:1,000; Biostatus) and actin using Rhodamine 

To visualize calcium deposition, aortae were stained with alizarin 
red (0.0016% in 0.5% KOH; Sigma-Aldrich). VSMCs were fixed with 
4% paraformaldehyde and stained with 2% alizarin red (pH 4.5). Calci-
fied areas are shown as red staining.

Paraformaldehyde-fixed thoracic aortic tissues were cryoprotect-
ed in 30% sucrose, frozen in mounting medium (Tissue-Tek, Saku-
ra Finetek), and sectioned at a thickness of 8 μm on coated slides. 
Sections were stained for calcification with a von Kossa staining kit 
(Abcam) according to the manufacturer’s protocol. Calcified areas are 
shown as gray/black staining.

Alkaline phosphatase (ALPL) activity assay. ALPL activity in VSMCs 
was determined with an ALPL colorimetric assay kit (Abcam) according to 
the manufacturer’s protocol. ALPL activity was normalized to total protein 
concentration as assessed by the Bradford assay (Bio-Rad Laboratories).

Luciferase assay. VSMCs were transfected for 48 hours with 1 μg 
DNA mixture of NF-κB–responsive luciferase construct and a consti-
tutively expressing Renilla construct (40:1 ratio; Qiagen) as control 
for transfection efficiency using X-tremeGENE HP DNA transfection 
reagent (Roche Applied Science) according to the manufacturer’s 
protocol. After the incubation period, cells were lysed with Passive 
Lysis Buffer (Promega) and assayed for transcriptional activity using 
Dual-Luciferase Reporter Assay (Promega) and a luminometer (Walter 
Wallac 2 plate reader, Perkin Elmer) according to the manufacturer’s 
protocol. All results are expressed as the ratio of NF-κB firefly luciferase 
to Renilla luciferase (relative light units) normalized to vector-trans-
fected HAoSMCs or control-treated sgk1+/+ MAoSMCs, respectively.

CBFA1 transcription factor assay. The preparation of nuclear extracts 
from HAoSMCs was performed using NE-PER nuclear and cytoplasmic 
extraction reagents (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. Protein concentration was determined by Bradford 
assay (Bio-Rad Laboratories). Equal amounts of nuclear proteins were 
used to determine CBFA1 transcriptional activation with a RUNX2 Tran-
scription Factor Colorimetric Assay Kit (Abcam) according to the manu-
facturer’s protocol. Results are shown normalized to the control group.

PPi levels in cell culture medium. Medium PPi levels were deter-
mined with a PiPer Pyrophosphate assay kit (Thermo Fisher Scientif-
ic) according to the manufacturer’s instructions. For each sample, the 
blank (reaction without pyrophosphatase) was subtracted to obtain 
the true PPi amount. PPi levels were normalized to total protein con-
centration as assessed by the Bradford assay (Bio-Rad Laboratories) 
and to the control group.

Quantitative RT-PCR. Total RNA was isolated from VSMCs and 
mouse tissues with Trifast Reagent (Peqlab) according to the manufac-
turer’s instructions. Reverse transcription of total RNA was performed 
using oligo-dT12–18 primers (Thermo Fisher Scientific) and SuperScript 
III Reverse Transcriptase (Thermo Fisher Scientific). RT-qPCR was 
performed with the iCycler iQ Real-Time PCR Detection System (Bio-
Rad Laboratories) and iQ SYBR Green Supermix (Bio-Rad Laborato-
ries) according to the manufacturer’s instructions. A detailed descrip-
tion of the primer sequences (Thermo Fisher Scientific) can be found 
in Supplemental Methods online. The specificity of the PCR products 
was confirmed by analysis of the melting curves. All PCRs were per-
formed in duplicate, and relative mRNA fold changes were calculated 
by the 2–ΔΔCt method using GAPDH as internal reference.

Western blot analysis. HAoSMCs were lysed with ice-cold IP lysis 
buffer (Thermo Fisher Scientific) supplemented with complete pro-
tease and phosphatase inhibitor cocktail (Thermo Fisher Scientific). 
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was replaced by nonimmune mouse or rabbit serum (BioGenex) or 
Tris buffer. Calcified arteries were detected with von Kossa staining 
using standard procedure.

Statistics. Data are shown as scatter dot plots and arithme-
tic mean ± SEM. N indicates the number of independent experi-
ments performed at different passages of the cells or the number 
of mice or human patients examined, respectively. Normality 
was tested with the Shapiro-Wilk test. Non-normal data sets were 
transformed (log, reciprocal or sqrt) before statistical testing to 
provide normality according to the Shapiro-Wilk test. Statistical 
testing was performed by 1-way ANOVA followed by Tukey’s test 
for homoscedastic data or the Games-Howell test for heteroscedas-
tic data. Non-normal data were tested by the Steel-Dwass method. 
Two groups were compared by unpaired 2-tailed t test or U test. For 
correlation analysis, Pearson correlation test was performed. P less 
than 0.05 was considered statistically significant.

Study approval. All animal experiments were conducted according 
to the recommendations of the Guide for the Care and Use of Laboratory 
Animals of the NIH (National Academies Press) as well as the German 
law for the welfare of animals, and reviewed and approved by the local 
government authority (Regierungspräsidium Tübingen, Germany; 
Lageso Berlin, Germany). Experiments with human tissues (31) and 
serum were reviewed and approved by the local ethics commission 
(Ethical Committee of the Charite, Berlin, Germany; Ethical Com-
mittee of the University of Erlangen-Nürnberg, Erlangen, Germany; 
Ethical Committee of the Medical University of Graz, Graz, Austria).
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Phalloidin (diluted 1:100; Thermo Fisher Scientific). The slides 
were mounted with Prolong Gold antifade reagent (Thermo Fisher 
Scientific). Images were collected with a confocal imaging system 
(A1Rsi+, Nikon Instruments) using a ×40 (Oil), 1.4NA objective. 
Negative controls were carried out simultaneously with all experi-
ments by omitting incubation with primary antibodies. The intensity 
of fluorescence per area was quantified with ImageJ software in at 
least 2 sections of each animal and at least 5 images taken in differ-
ent areas within the samples, and the results are shown as arbitrary 
units normalized to the control group.

Human samples. Human coronary arteries were obtained from 
brain-dead multi-organ donors. The origin and collection of the 
samples and the patient characteristics were described in detail 
previously (31).

Blood was collected from CKD patients before dialysis. Healthy 
volunteers served as controls. All patients and volunteers gave 
informed consent. Serum was obtained by immediate centrifugation 
and stored at –80°C. HAoSMCs were serum-starved for 24 hours prior 
to treatment for 24 hours with 15% uremic serum from hemodialysis 
patients (uremic serum) or control serum from matched healthy indi-
viduals (normal serum) collected as described previously (30). Serum 
calcification propensity was analyzed by determination of the one-half 
maximal transition time (T50) of in vitro transformation from prima-
ry to secondary calciprotein particles (30) as described by Pasch et al. 
(53) using a Nephelostar Plus nephelometer (BMG Labtech).

For histological analysis, coronary arteries of 5 patients with end-
stage CKD and calcified vessels and 5 control patients showing no 
vascular calcification were examined at the Department of Patholo-
gy, Universität Erlangen–Nürnberg. The inclusion criterion for control 
patients was an estimated glomerular filtration rate greater than 45 
ml/min. In both groups, clinical information on preexisting coronary 
disease was not available. Laboratory chemistry was obtained from 
hospital records.

Immunohistochemical analysis and von Kossa staining in human 
samples. Paraffin-embedded arteries were deparaffinized and rehy-
drated, followed by antigen retrieval using a pressure cooker for 
2.5 minutes in target retrieval solution (TRS; Dako GmbH). After 
blocking of endogenous peroxidase with 3% H2O2 and 1% BSA, 
sections were incubated overnight at 4°C with monoclonal rabbit 
anti-SGK1 (12103, Cell Signaling) diluted 1:100 in 50 mM Tris (pH 
7.5) supplemented with 0.05% Tween-20 (Tris buffer). After wash-
ing with Tris buffer, sections were incubated with biotinylated goat 
anti-rabbit IgG (Vector Laboratories). Bound secondary antibod-
ies were detected using ABC staining kit and DAB Immpact (both 
from Vector Laboratories). All sections were counterstained with 
hematoxylin and examined using light microscopy. As negative 
control for immunohistochemical staining, the primary antibody 
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