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Introduction
In mammals, the liver is a master organ in the regulation of 
glucose and lipid metabolism in response to nutritional and 
hormonal stimuli (1). During the fasting state, hepatic glucone-
ogenesis is increased to maintain blood glucose levels within a 
narrow range, while ketone bodies, produced as a result of fatty 
acid oxidation, provide metabolic energy for other organs (2). 
In contrast, after a meal, circulating blood insulin and nutri-
ents inhibit gluconeogenesis, activate glycogen synthesis, and 
stimulate de novo lipogenesis (2). In obesity, gluconeogene-
sis, hepatic glucose production, and de novo lipogenesis are 
enhanced due to nutritional excess and selective insulin resis-
tance, leading to the development of type 2 diabetes mellitus 
(T2DM) (3, 4). Although enormous progress has been made 
in our understanding of the molecular mechanisms of T2DM, 
the major causative factors that lead to insulin resistance and 
hyperglycemia remain to be determined.

Glucocorticoids (GCs), steroid hormones derived from the 
adrenal gland, play an integral role in many physiological systems, 

including growth, reproduction, inflammation, and metabolism 
(5). However, an excess of GCs has been implicated in the patho-
genesis of metabolic disorders. Patients with Cushing syndrome, a 
condition characterized by elevated endogenous cortisol, usually 
exhibit hyperglycemia, insulin resistance, and liver steatosis (6–8). 
Furthermore, long-term use of GC synthetic analogs, such as dexa-
methasone (Dex) and hydrocortisone, has been linked to deleteri-
ous metabolic effects (9, 10). At the cellular level, the effects of GCs 
are mediated by the glucocorticoid receptor (GR), a member of the 
nuclear receptor superfamily (11, 12). GR resides in the cytoplasm 
in an unbound form and translocates into the nucleus upon bind-
ing to GCs; it also serves as a transcription factor for enhancing the 
expression of GC-responsive target genes (11, 12). In the liver, the 
GR is believed to be a critical transcriptional checkpoint for hyper-
glycemia, insulin resistance, gluconeogenesis, and hepatic steatosis 
(13), which are mediated through direct and indirect mechanisms. 
GR has been shown to upregulate gluconeogenic enzymes (e.g., 
PEPCK and G6Pase) through direct recruitment to their promoter 
regions (14, 15) and through activation of other important gluconeo-
genic transcription factors (e.g., KLF9 and CREBH) (16, 17). In con-
trast, inactivation of the GR gene in the liver markedly ameliorates 
hyperglycemia and hepatosteatosis in obese mice (18–21).

However, in contrast to the well-defined downstream func-
tions and molecular pathways of GR, the factors contributing to 
the activation of GR in the liver remain uncertain. In particular, the 
relationship between the features of obesity or metabolic syndrome 
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affected by 17-OHP treatment (Supplemental Figure 1, F–I), fur-
ther supporting the specificity of 17-OHP in activating the GR. In 
addition, in response to 17-OHP treatment, endogenous GR trans-
located into the nucleus (Figure 1G) and ChIP assays showed an 
increased recruitment of GR to the promoter regions of both PEP-
CK and TAT in MPHs (Figure 1H). To assess whether 17-OHP was 
a direct GR agonist, we used a cell-free coactivator recruitment 
assay. In this setting, interactions between the human recombi-
nant GR ligand–binding domain and a fluorescein-labeled coact-
ivator peptide were measured by fluorescence resonance energy 
transfer (FRET). We found 17-OHP activated the ligand-binding 
domain of GR with an EC50 of 7.14 μM (Figure 1I). Therefore, our 
data suggest that 17-OHP can act as an endogenous GR ligand.

Hepatic 17-OHP concentration is elevated in T2DM. We next 
determined whether hepatic 17-OHP concentration is altered 
in mouse models of obesity. Liver tissues of C57BL/6 mice fed 
a high-fat diet (HFD) or normal chow diet (NCD) for 12 weeks 
were collected, homogenized, and measured by ELISAs. We 
found hepatic 17-OHP concentrations were markedly elevated 
in HFD-induced obese mice compared with NCD-fed lean mice 
(Figure 2A). Hepatic 17-OHP levels were also elevated in leptin 
receptor–deficient db/db mice and leptin-deficient ob/ob mice, 2 
common models of severe obesity (Figure 2, B and C). Interesting-
ly, plasma 17-OHP levels were also elevated in obese mice (Figure 
2, D–F). Furthermore, 17-OHP concentrations in the liver correlat-
ed with circulating 17-OHP levels (Supplemental Figure 2, A–C), 
suggesting that elevated plasma 17-OHP concentrations in obesi-
ty, at least in part, are derived from the liver tissues.

To investigate whether circulating 17-OHP levels are also 
increased in obese human populations, morning plasma samples 
were collected from a cohort of age-matched healthy male subjects 
(BMI: 22.47 ± 2.10 kg/m2; HbA1c: 5.24% ± 0.28%) and patients 
with T2DM (BMI: 30.92 ± 2.61 kg/m2; HbA1c: 8.87% ± 1.90%). 
Steroid hormones were analyzed by liquid chromatography– 
tandem mass spectrometry (LC-MS/MS) (Supplemental Table 1). 
Our results revealed an increase in plasma 17-OHP levels in T2DM 
patients compared with healthy subjects (Supplemental Table 1). 
We also confirmed that plasma levels of dehydroepiandrosterone 
(DHEAS) were reduced in diabetic patients (Supplemental Table 
1), which has been reported previously (37–39).

To further explore the association between circulating 
17-OHP levels and glucose metabolism, a total of 203 subjects 
of Han Chinese origin were recruited (40–42), and their circu-
lating 17-OHP levels were measured by ELISA. Of note, plas-
ma 17-OHP levels were higher in participants with diabetes 
or prediabetes compared with nondiabetic participants (both  
P < 0.05, Table 1). We further divided the participants into 4 
groups according to quartiles of plasma 17-OHP levels (Table 2). 
Participants in the higher quartiles of plasma 17-OHP levels had 
higher levels of fasting plasma glucose, 2-hour load plasma glu-
cose, HbA1c, triglycerides (TGs), and free fatty acids (FFAs) (P 
< 0.001 for trend). Pearson’s correlation analysis showed that 
fasting plasma glucose, along with 2-hour postload plasma glu-
cose, HbA1c, plasma TGs, FFAs, uric acid, systolic blood pres-
sure, and diastolic blood pressure, was significantly positively 
correlated with plasma 17-OHP levels (Figure 2, G–N). No signif-
icant correlations were found between plasma 17-OHP levels and 

and cortisol concentrations in humans by multiple measurements, 
including morning and evening salivary cortisol as well as morning 
plasma cortisol, is variable (22). While some studies demonstrated 
a positive association between circulating cortisol levels and met-
abolic parameters, other studies found no relationship or even a 
negative association (22–27). Therefore, population-based obser-
vational reports strongly suggest that activation of GR in the liver 
of obese subjects may not be attributed to circulating GCs. Thus, 
identification of the molecules that modulate GR activity directly 
in the liver might provide a unique opportunity for understanding 
the molecular mechanisms that contribute to T2DM and also pro-
vide an option for therapeutic intervention.

The synthesis of biologically active steroid hormones from 
cholesterol generates and involves multiple intermediate products, 
including pregnenolone, 17-hydroxypregnenolone, progesterone, 
17-hydroxyprogesterone (17-OHP), etc. Intriguingly, emerging 
evidence has shown that some derivatives of cholesterol, such 
as 25-hydroxycholesterol, 27-hydroxycholesterol, and 22(R)- 
hydroxycholesterol, can function as endogenous ligands for sev-
eral nuclear receptors, including liver X receptor (LXR), estrogen 
receptor α (ERα), and retinoic acid receptor–related orphan recep-
tors (RORs) (28–30). We therefore tested to determine whether any 
of these steroid hormone precursors could be agonist ligands of GR 
and contribute to the development of metabolic disorders.

Results
17-OHP activates GR in hepatocytes. To test our hypothesis, human 
HepG2 cells were transfected with a luciferase reporter harboring 
3 GR-responsive elements (GREs) and a GR expression plasmid. 
Transfected cells were deprived of FBS for 12 hours and subse-
quently exposed to increasing amounts of steroid hormone pre-
cursors. Dex, a synthetic GC analog, was employed as a positive 
control. Notably, only 17-OHP elicited a dramatic induction in 
GR transactivation activity (Figure 1A). However, deletion of the 
DNA-binding domain or ligand-binding domain of GR abolished 
the response to 17-OHP (Figure 1B). The ability of GR to respond 
to 17-OHP is very specific. No transactivation was seen in the  
other nuclear receptors tested (Figure 1C). The selectivity of these 
nuclear receptors was confirmed via luciferase reporter assays 
using their specific ligands (Supplemental Figure 1, A–D; sup-
plemental material available online with this article; https://doi.
org/10.1172/JCI134485DS1). Furthermore, a luciferase reporter 
containing the PEPCK gene promoter, which contains a function-
al GR response element (14, 31), was also stimulated by 17-OHP 
(Figure 1D). Endogenous expression levels of direct GR target 
genes in mouse primary hepatocytes (MPHs), such as PEPCK and 
TAT (31), were upregulated by 17-OHP (Figure 1E). This induction 
was suppressed by RU486, an antagonist of both the GR and the 
progesterone receptor (PR) (Figure 1F). Due to the absent expres-
sion of PR in the liver, as shown by a previous report (32) and our 
Western blots (Supplemental Figure 1E), the suppressive role of 
RU486 suggested that induction of PEPCK and TAT by 17-OHP 
in MPHs depends on the GR instead of PR. Furthermore, expres-
sion levels of downstream target genes of other nuclear receptors, 
including SHP (common target gene of ERα and FXR) (33), Abca1 
(target gene of LXR) (34), Cyp4A14 (target gene of PPARα) (35), 
and CD36 (common target gene of PPARγ and PXR) (36), were not 
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Figure 1. 17-OHP induces GR transcriptional activity. (A) Activation of GR by increasing doses of steroid hormone intermediates. HepG2 cells were trans-
fected with a GRE-luciferase reporter and GR expression plasmid. Cells were deprived of FBS for 12 hours and treated with steroid hormone precursors 
for another 24 hours. Vehicle, ethanol; Dex (+, 10 nM; ++, 100 nM); 17-OHP (+, 0.1 μM; ++, 1 μM); other intermediates (+, 0.1 μM; ++, 1 μM). (B) Luciferase 
assays for GRE activity in HepG2 cells treated with or without 17-OHP (0.1 μM) for 24 hours. Cells were transfected with a GRE-luciferase reporter and 
intact GR or 2 truncated GR expression plasmids, as indicated. The first and second columns represent WT GR expression plasmid. The third and fourth 
columns represent LBD-Del GR expression plasmid. The fifth and sixth columns represent DBD-Del GR expression plasmid. LBD-Del, ligand binding 
domain–deleted GR; DBD-Del, DNA binding domain–deleted GR. (C) No activation of the ARE-, ERE-, FXRE-, and LXRE-luciferase reporters using differ-
ent doses of 17-OHP in HepG2 cells. Cells were transfected with various luciferase reporters and the corresponding nuclear receptor expression plasmids. 
(D) Activation of the PEPCK promoter luciferase reporter in HepG2 cells treated with different doses of 17-OHP for 24 hours. Cells were cotransfected 
with PEPCK promoter reporters and GR expression plasmids. (E) Relative mRNA levels of PEPCK and TAT in MPHs treated with 17-OHP or vehicle control 
for 16 hours. (F) Relative mRNA levels of PEPCK and TAT in MPHs treated with 17-OHP (1μM) or 17-OHP plus RU486 (10 μM). Cells were pretreated with 
RU486 for 2 hours and then incubated with 17-OHP for another 16 hours. (G) Subcellular distribution of endogenous GR in MPHs treated with 17-OHP (0.1 
μM) or vehicle control for 1 hour. (H) ChIP assays showing the recruitment of the GR onto the promoter region of the PEPCK and TAT genes. MPHs were 
treated with 17-OHP (0.1 μM) or vehicle control for 1 hour and then subjected to ChIP assays. (I) Coactivator recruitment dose-response curves for 17-OHP 
and Dex using a LanthaScreen GR coactivator assay kit. Data are represented as mean ± SD. **P < 0.01, and ***P < 0.001, 1-way ANOVA followed by the 
Student-Newman-Keuls test (A, C, D, E, F, and H) or 2-tailed unpaired Student’s t test (B).
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21-hydroxylase deficiency (43). Compared with the normal con-
trols, these patients had significantly higher plasma 17-OHP and 
lower cortisol levels (43). Further univariate regression analysis 
showed that plasma 17-OHP levels were positively correlated with 
fasting plasma insulin levels, homeostatic model assessment for 

plasma high-density lipoprotein, low-density lipoprotein, total 
cholesterol (TC), or urea levels (Supplemental Figure 2, D–G).

We also previously evaluated the clinical characteristics and 
metabolic profiles in 30 untreated Chinese female subjects with 
simple virilizing congenital adrenal hyperplasia (SV-CAH) due to 

Figure 2. Elevated 17-OHP concentrations in obesity. (A–C) 17-OHP concentrations in the livers of C57BL/6 mice fed an HFD or an NCD for 12 weeks (A, n = 6 
per group), db/db and lean mice (B, n = 8 per group), and ob/ob and lean mice (C, n = 8 per group). (D–F) Plasma 17-OHP levels in 3 types of obese mice. (G–N) 
Individual correlations between circulating 17-OHP concentrations and fasting plasma glucose levels (G), along with 2-hour postload plasma glucose levels 
(H), HbA1c (I), plasma TGs (J), FFAs (K), and uric acid (UA) (L), systolic blood pressure (SBP) (M), and diastolic blood pressure (DBP) (N) in humans (n = 203). 
***P < 0.001, 2-tailed unpaired Student’s t test(A–F); Pearson’s correlation analysis (G–I). Data are represented as mean ± SD.
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hypothesis that upregulation of Cyp17A1 in 
the liver is a conserved feature present in both 
obese mice and humans.

To better determine the pathophysio-
logic regulation of Cyp17A1 in hepatocytes, 
we investigated the effects of nutrients on 
Cyp17A1 expression in Hep1-6 and HepG2 
cells. As a result, incubation with palmitic acid 
(PA) or high concentrations of glucose signifi-
cantly increased Cyp17A1 expression in both 
types of cells (Supplemental Figure 4, A–D), 
suggesting that upregulation of Cyp17A1 in 
obesity is, at least in part, due to overnutrition.

17-OHP promotes hyperglycemia and 
insulin resistance in lean mice. To explore the 
pathophysiological role of 17-OHP in glucose 
metabolism, we employed different experi-
mental approaches. First, C57BL/6 male mice 
were given daily i.p. injections of 50 mg/kg 
17-OHP or corn oil (vehicle control) for 14 
days. 17-OHP treatment at this dose markedly  
increased the plasma and hepatic 17-OHP 
concentrations (Supplemental Figure 5, A and 
B), and the extent was similar to that observed 
in obese mice (Figure 2, A–F). However, 
17-OHP treatment did not cause severe liver 
injury, as demonstrated by unaffected plasma 
alanine aminotransferease (ALT), aspartate 

aminotransferase (AST), and bilirubin levels (Supplemental Fig-
ure 5, C–E). Body weight and food intake were not affected by 
17-OHP treatment (Supplemental Figure 5, F and G), while fed, 
fasting, and postprandial blood glucose levels were significantly 
increased (Supplemental Figure 5H). Impaired glucose tolerance 
and reduced insulin tolerance were observed in 17-OHP–treated 
mice, which was evidenced by the glucose tolerance test (GTT) 
and the insulin tolerance test (ITT) (Supplemental Figure 5, I 
and J). Plasma insulin concentrations were elevated in response 
to 17-OHP–induced hyperglycemia and insulin resistance (Sup-
plemental Figure 5K). 17-OHP treatment also enhanced hepatic 
gluconeogenesis and glucose output in the pyruvate tolerance 
test (PTT) (Supplemental Figure 5L), which was accompanied by 
increased expression of gluconeogenic enzymes (Supplemental 
Figure 5M). In addition, 17-OHP–treated mice accumulated a 
significantly elevated amount of TGs in the liver (Supplemen-
tal Figure 5N), while hepatic and plasma TC levels remained 
unchanged (Supplemental Figure 5, O and P). The deleterious 
effects of 17-OHP on glucose homeostasis, which included hyper-
glycemia, hyperinsulinemia, impaired glucose tolerance, reduced 
insulin tolerance, and enhanced hepatic gluconeogenesis, were 
also observed in female mice (Supplemental Figure 6, A–F). 
Therefore, Cyp17A1 may play a similar role in the pathogenesis of 
metabolic disorders in both male and female sexes. Taken togeth-
er, our results suggest that long-term administration of 17-OHP 
could induce insulin resistance and hyperglycemia in lean mice.

Second, an adenovirus containing the Cyp17A1 gene or GFP con-
trol was administered into C57BL/6 mice through tail vein injection. 
Ad-Cyp17A1 injection resulted in increased protein levels of Cyp17A1 

insulin resistance (HOMA-IR), plasma TG levels, and systolic  
blood pressure levels (Supplemental Table 2). Taken together, 
multiple lines of evidence suggest elevated 17-OHP is associated 
with the development of insulin resistance and T2DM.

Cyp17A1 expression is increased in the liver of obese mice and 
humans. 17-OHP is an enzymatic product of the cytochrome 
P450 family 17 subfamily A member 1 (Cyp17A1) (44, 45). West-
ern blot analysis revealed that Cyp17A1 is enriched in testis 
and also present at lower levels in the liver and inguinal white 
adipose tissues (iWAT) (Supplemental Figure 3A). Single-cell 
RNA sequencing further showed that Cyp17A1 is abundantly 
expressed in hepatocytes compared with other nonparenchymal 
liver cells (Supplemental Figure 3B).

Quantitative real-time PCR (Real-time qPCR) analysis 
showed that Cyp17A1 mRNA levels were markedly elevated in the 
livers of HFD mice (Figure 3A), but not in the testis, iWAT, adre-
nal gland, brain, or pituitary gland (Figure 3A), compared with 
mice fed an NCD. The increase in Cyp17A1 expression in the liv-
ers of HFD mice was confirmed by Western blotting (Figure 3B). 
Aberrant upregulation of Cyp17A1 was also observed in the liv-
ers of db/db and ob/ob mice (Figure 3, C–F). Correlation analysis 
revealed that changes in the 17-OHP content in the liver closely 
mirrored the mRNA abundance of Cyp17A1 (Supplemental Fig-
ure 3, C–E), suggesting that overproduction of 17-OHP in obese 
livers is induced by an increased expression of Cyp17A1. Notably, 
Cyp17A1 mRNA expression was much higher in the livers of obese 
patients (Figure 3G) and was positively correlated with fasting 
glucose levels and HbA1c, as determined by Pearson’s correlation 
analysis (Figure 3, H and I). Therefore, our results support the 

Table 1. Clinical characteristics of study participants by diabetic status

Nondiabetes 
(n = 72)

Prediabetes
(n = 62)

Diabetes
(n = 69)

P value  
for trend

Age, yr 48.2 ± 5.1 48.3 ± 5.3 49.1 ± 6.0 0.52
Sex (male/female) 45/27 36/26 40/29 0.61
BMI, kg/m2 24.4 ± 3.2 24.4 ± 3.2 25.1 ± 3.2 25.7 ± 2.9 0.058
WC, cm 80.8 ± 9.2 83.8 ± 9.1 87.4 ± 8.8 <0.001
SBP, mmHg 123.4 ± 15.6 129.3 ± 14.1 132.8 ± 17.9 0.0049
DBP, mmHg 80.1 ± 9.1 84.7 ± 10.1 84.6 ± 10.5 0.010
Lipids
 TC, mmol/L 5.30 ± 1.17 5.36 ± 0.98 5.39 ± 1.06 0.87
 TGs, mmol/L 1.17 (0.80–1.57) 1.41 (0.90–1.80) 1.73 (1.14–2.93) <0.001
 LDL-C, mmol/L 3.19 ± 0.71 3.17 ± 0.63 3.11 ± 0.78 0.80
 HDL-C, mmol/L 1.32 ± 0.25 1.32 ± 0.20 1.31 ± 0.23 0.96
Fasting plasma glucose, mmol/L 5.09 ± 0.47 5.83 ± 0.53 7.96 ± 2.53 <0.001
Two-hour load plasma glucose, mmol/L 5.83 ± 0.92 8.40 ± 1.15 15.94 ± 4.59 <0.001
HbA1c, % 5.43 ± 0.32 5.72 ± 0.42 7.03 ± 1.86 <0.001
Uric acid, μmol/L 240.4 ± 73.2 269.0 ± 78.9 299.2 ± 80.1 <0.001
CRP, mg/L 1.05 (0.70–1.90) 1.70 (1.00–4.50) 1.70 (0.60–4.80) 0.038
FFA, mmol/L 0.38 ± 0.14 0.46 ± 0.20 0.59 ± 0.24 <0.001
UACR, mg/g 1.81 (1.25–2.54) 1.37 (0.97–1.81) 1.60 (1.14-3.08) 0.025
17-OHP, ng/mL 1.13 ± 0.90 1.47 ± 0.31 2.13 ± 0.68 <0.001

Data are presented as the mean ± SD or median (interquartile range). Analysis of covariance was 
performed using general linear models to test the differences among groups, and the χ2 analysis 
was performed to compare categorical variables. WC, waist circumference; CRP, C-reactive protein.
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in the livers of C57BL/6 mice relative to the Ad-GFP control group 
(Figure 4A). In contrast, protein levels of Cyp17A1 in the WAT, brown 
adipose tissue, and skeletal muscle were not affected by the Cyp17A1 
adenovirus (Supplemental Figure 7A). The 17-OHP concentrations in 
the liver and plasma were also increased as expected (Figure 4, B and 
C). Analysis of the blood glucose levels of mice showed Ad-Cyp17A1 
significantly increased blood glucose levels in both fed and fasting 
states (Figure 4D). GTTs and ITTs revealed an impaired glucose 
disposal rate and reduced insulin sensitivity in Cyp17A1-expressing 
mice (Figure 4, E and F). Consistently, circulating insulin levels were 
higher in Cyp17A1-expressing mice (Figure 4G). Phosphorylated 
AKT, which plays a central role in insulin signaling, was reduced in 
Cyp17A1-injected mice versus Ad-GFP controls (Figure 4H). PTTs 
also confirmed Ad-Cyp17A1 enhanced gluconeogenesis and hepatic 
glucose output (Figure 4I). In agreement, gluconeogenic enzymes 
were also increased (Figure 4J). Analysis of lipid metabolism showed 
that mice expressing Ad-Cyp17A1 had a significantly higher TG con-
tent in the liver (Figure 4, K and L). Food intake and body weight were 
not altered (data not shown). In addition, plasma adrenocorticotropic 
hormone (ACTH) and corticosterone levels were reduced in mice 
treated with 17-OHP or mice overexpressing Cyp17A1 (Supplemen-
tal Figure 7, B–E). The reduction of ACTH and corticosterone levels 
could be attributed to a feedback suppression, which further sup-
ports the notion that 17-OHP is an activator of GR. Of note, plasma 
and hepatic bile acid levels were unaltered in mice overexpressing 

Cyp17A1 or treated with 17-OHP (Sup-
plemental Figure 7, F–I). This result is 
consistent with a previous study show-
ing that treatment of mice with 17-OHP 
at a dose of 125 mg/kg did not affect 
circulating and hepatic bile acid levels 
(46). Therefore, the metabolic effects 
of 17-OHP are likely independent of 
changes in bile acid levels.

We also evaluated the potential 
physiological role of Cyp17A1 in the 
liver. We measured the expression 
of Cyp17A1 in normal C57BL/6 mice 
during fed, fasting, and refed condi-
tions. As a result, Cyp17A1 expression 
was activated after a period of fasting 
and suppressed upon refeeding (Sup-
plemental Figure 8, A and B), which 
correlates well with the characteristic 
regulatory pattern of gluconeogenic 
genes (Supplemental Figure 8, C and 
D). Cyp17A1 levels in a fasted state 
are less than those detected in obese 
mice (Figure 3, A–D). These results 
suggest that Cyp17A1 might be 
involved in the regulation of hepatic  
gluconeogenesis in normal mice. 
C57BL/6 mice were then transfect-
ed with the Cyp17A1 adenovirus at a 
low dose (5 × 108 PFUs per mouse). 
This low dose of Ad-Cyp17A1 mod-
erately increased Cyp17A1 protein 

levels in the liver (Supplemental Figure 8E), which was similar to 
the extent of the expression changes observed in the fasted state. 
Blood glucose levels and expression of gluconeogenic enzymes 
were moderately increased in Cyp17A1-overexpressing mice 
(Supplemental Figure 8, F and G). In contrast, insulin sensitiv-
ity was not significantly altered, as determined by ITT (Supple-
mental Figure 8H). Therefore, our results indicate that hepatic 
Cyp17A1 in healthy mice plays a physiological role in maintaining 
glucose homeostasis under fasting conditions.

Third, to avoid immune responses triggered by the ade-
novirus, an adeno-associated virus (AAV) using a liver- 
specific thyroxine-binding globulin promoter was used. 
AAV-Cyp17A1 injection increased protein levels of Cyp17A1 
in the liver of C57BL/6 mice (Supplemental Figure 9A), but 
not in other metabolic tissues examined (Supplemental Fig-
ure 9B). Hepatic and plasma 17-OHP concentrations were 
increased in the AAV-Cyp17A1 group compared with the 
AAV-GFP group (Supplemental Figure 9, C and D). Measure-
ment of blood glucose levels at fed and fasting states showed 
that Cyp17A1-expressing mice had higher blood glucose lev-
els (Supplemental Figure 9E). Furthermore, plasma insulin 
levels were also markedly increased (Supplemental Figure 
9F). GTT and ITT assays revealed a significantly reduced glu-
cose and insulin tolerance in Cyp17A1-expressing mice (Sup-
plemental Figure 9, G and H). Hepatic glucose production,  

Table 2. Clinical characteristics of participants by quartiles of 17-OHP levels

Variables Quartiles of 17-OHP P value  
for trend

Quartile 1
(n = 51)

Quartile 2
(n = 51)

Quartile 3
(n = 51)

Quartile 4
(n = 50)

17-OHP, ng/mL ≤1.113 1.113–1.491 1.491–1.923 >1.923 <0.001
Age, yr 49.7 ± 5.7 49.4 ± 5.7 50.3 ± 6.3 50.7 ± 6.0 0.65
Sex (male/female) 19/32 16/35 21/30 21/29 0.43
BMI, kg/m2 24.5 ± 3.4 24.5 ± 2.9 25.2 ± 3.4 25.7 ± 2.9 0.18
WC, cm 80.7 ± 9.9 81.6 ± 7.9 84.7 ± 9.6 86.7 ± 9.0 0.009
SBP, mmHg 124.6 ± 15.2 126.0 ± 17.4 128.5 ± 14.4 131.1 ± 18.1 0.26
DBP, mmHg 80.6 ± 9.3 82.2 ± 10.8 83.7 ± 10.5 83.7 ± 9.4 0.40
Lipids
 TC, mmol/L 5.30 ± 1.11 5.26 ± 1.18 5.37 ± 1.03 5.45 ± 1.02 0.81
 TGs, mmol/L 1.22

(0.87–1.56)
1.33

(0.90–1.78)
1.56

(1.00–1.97)
1.63

(1.09–2.29)
0.02

 LDL-C, mmol/L 3.19 ± 0.65 3.13 ± 0.77 3.14 ± 0.63 3.19 ± 0.79 0.95
 HDL-C, mmol/L 1.32 ± 0.25 1.30 ± 0.24 1.32 ± 0.20 1.32 ± 0.24 0.99
Fasting plasma glucose, mmol/L 5.26 ± 0.73 5.66 ± 0.62 6.13 ± 1.55 7.59 ± 2.76 <0.001
Two-hour load plasma glucose, mmol/L 6.37 ± 2.17 7.51 ± 1.72 9.93 ± 4.52 14.49 ± 5.79 <0.001
HbA1c, % 5.50 ± 0.45 5.59 ± 0.42 5.91 ± 0.83 6.94 ± 1.99 <0.001
Uric acid, μmol/L 247.8 ± 66.1 255.0 ± 84.6 272.0 ± 82.3 290.6 ± 82.7 0.035
CRP, mg/L 1.35

(0.90–2.40)
1.65

(0.90–4.50)
1.20

(0.60–3.80)
1.70

(0.60–4.90)
0.081

FFA, mmol/L 0.39 ± 0.16 0.44 ± 0.19 0.49 ± 0.21 0.54 ± 0.24 0.002
UACR, mg/g 1.64

(1.23–2.71)
1.64

(1.12–2.29)
1.31

(1.05–2.26)
1.58

(1.14–2.83)
0.028

Data are presented as the mean ± SD or median (interquartile range). ANOVA was performed using 
general linear models to test the differences among groups, and the χ2 analysis was performed to compare 
categorical variables. 
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estimated by PTT, was also higher in mice injected with  
AAV-Cyp17A1 than in mice injected with AAV-GFP (Supplemental 
Figure 9I). Increased hepatic TG contents were also observed 
in AAV-Cyp17A1–injected mice (Supplemental Figure 9J).

To examine the functions of the hepatic GR in mediating the 
effects of 17-OHP in vivo, C57BL/6 mice were depleted of endog-
enous GR expression using adenoviral shRNA (sh-GR) and then 
treated with 17-OHP or vehicle control (Figure 5A). As a result, 
suppression of hepatic GR expression substantially blocked the 

metabolic side effects caused by 17-OHP, including hypergly-
cemia, hyperinsulinemia, hepatosteatosis, insulin resistance, 
glucose intolerance, and enhanced gluconeogenesis (Figure 5, 
B–H). Therefore, these results support the idea that hepatic GR 
mediates the effects of 17-OHP on glucose metabolism in mice.

Knockdown of hepatic Cyp17A1 improves obesity-associated  
metabolic disorders. Finally, we performed RNAi knockdown 
in the liver of db/db mice using 2 independent recombinant 
adenovirus-expressing shRNAs directed toward Cyp17A1  

Figure 3. Increased Cyp17A1 expression in obese livers. (A) Relative mRNA levels of Cyp17A1 in the liver, testis, iWATs, adrenal gland, brain, and pituitary 
gland of mice fed an HFD or an NCD for 12 weeks. n = 6 per group. (B) Western blots of total liver lysates from mice fed NCD or HFD diet. (C) Relative mRNA 
levels of Cyp17A1 in the liver, testis, iWATs, adrenal gland, brain, and pituitary gland of lean and db/db mice. n = 8 per group. (D) Western blots of total liver 
lysates from lean and db/db mice. (E) Relative mRNA levels of Cyp17A1 in the liver, testis, iWATs, adrenal gland, brain, and pituitary gland of lean and ob/ob 
mice. n = 8 per group. (F) Western blots of total liver lysates from lean and ob/ob mice. (G) Relative mRNA levels of Cyp17A1 in the livers of obese and normal 
weight humans. n = 16 per group. (H and I) Association between relative Cyp17A1 mRNA levels and fasting plasma glucose levels (H) and HbA1c (I) in humans 
(n = 32). ***P < 0.001, 2-tailed unpaired Student’s t test (A, C, E, and G) or Pearson’s correlation analysis (H and I). Data are represented as mean ± SD.
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tolerance, and decreased hepatic glucose production (HGP), as 
determined by GTT, ITT, and PTT assays (Figure 6, G–I). Con-
sistently, AKT phosphorylation was significantly increased while 
expression levels of gluconeogenetic genes were reduced (Fig-
ure 6, J and K). In addition, the hepatic TG contents were also 
reduced in the livers of Cyp17A1-knockdown mice (Figure 6, L and 
M). Additionally, plasma ALT and AST levels were significantly 
reduced (Figure 6, N and O), suggesting that suppression of hepatic 
Cyp17A1 has beneficial effects on whole-body metabolism.

(C1 and C2). As a result, Cyp17A1 mRNA and protein levels were 
significantly decreased relative to the negative control (NC) fol-
lowing the injection of both shRNA adenoviruses (Figure 6, A and 
B). Hepatic and circulating 17-OHP levels were also significantly 
reduced (Figure 6, C and D). Although body weight and food intake 
remained similar among the 3 groups (data not shown), the blood 
glucose levels and plasma insulin concentrations were decreased 
in the knockdown mice (Figure 6, E and F). These observations 
are consistent with improved glucose tolerance, enhanced insulin  

Figure 4. 17-OHP promotes hyperglycemia and insulin resistance in vivo. (A) Western blots showing the protein levels of Cyp17A1 in the livers of C57BL/6 
mice transfected with adenovirus containing Cyp17A1 or GFP. (B and C) 17-OHP concentrations in the livers and plasma from mice overexpressing Cyp17A1 
or GFP. (D–G) Blood glucose levels on postinjection day 5 (D), GTTs and ITTs on postinjection days 7 and 10, respectively (E and F), and plasma insulin levels 
(G) in 2 groups of mice. (H) Western blots showing the protein levels of phosphorylated AKT (serine 473) and total AKT in the livers of mice overexpressing 
Cyp17A1 or GFP. (I) PTTs in the 2 groups of mice on postinjection day 13. (J) Relative mRNA levels of PEPCK and G6Pase in the liver. (K) Liver TG contents. (L) 
Oil red O–stained liver sections. Original magnification, ×200. 2 × 109 PFUs per mouse were delivered into C57BL/6 mice through the tail vein. Sixteen days 
later, mice were sacrificed for analysis (A–C, G, H, and J–L). n = 6 per group. Data are represented as mean ± SD. *P < 0.05; **P < 0.01; and ***P < 0.001, 
2-tailed unpaired Student’s t test (B–D, G, J, and K); 1-way ANOVA followed by Student-Newman-Keuls test (E, F, and I).
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in human subjects. Therefore, our present study supports the 
hypothesis that 17-OHP in the liver is an important causal factor 
in the development of metabolic disorders. Interestingly, recent 
studies suggest that local GCs’ action due to upregulated activity  
of 11β-hydroxysteroid dehydrogenase type 1 (11β-HSD1) in the 
liver of obese mice contributes to the pathogenesis of metabolic 
disorders (47, 48). In addition, some animal studies have shown 
the metabolic benefits of 11β-HSD1 inhibitors, although careful 
consideration and more clinical data are still required in T2DM 
patients (49, 50). Together with these reports, our findings pre-
sented herein arise from a shift in our rethinking about the roles 
of circulating GCs in the development of metabolic diseases.

Discussion
Previous studies have shown Cyp17A1 is expressed in the liver 
and that the extreme induction of Cyp17A1 in hepatocytes can 
contribute to liver injury in FXR/SHP double-knockout mice 
(46). However, its pathophysiological functions in glucose 
metabolism have not been fully explored. In this report, we 
found that obesity-associated upregulation of Cyp17A1 in the 
liver led to elevated hepatic and circulating levels of 17-OHP. 
We used gain- and loss-of-function approaches to explore 
whether Cyp17A1 and 17-OHP have deleterious effects on glu-
cose homeostasis. To our knowledge, we are the first to show 
that elevated plasma 17-OHP levels are associated with T2DM 

Figure 5. Ablation of hepatic GR attenuates 17-OHP–induced metabolic side effects. (A) Western blot results showing GR protein levels in the livers of mice 
injected with adenoviral shRNA targeting GR or the NC. (B–D) Blood glucose levels on postinjection day 8 (B), plasma insulin levels (C), and hepatic TG content 
(D). (E) Oil red O staining of liver sections. Original magnification, ×200. (F–H) GTTs (F), ITTs (G), and PTTs (H) on postinjection days 10, 12, and 14, respectively. 
C57BL/6 mice were injected with GR shRNA or control shRNA at a dose of 4 × 109 PFUs per mouse through the tail vein. On postinjection day 2, mice were given 
17-OHP or corn oil (vehicle) daily at doses of 50 mg/kg body weight by i.p. injection for another 14 days. Then mice were sacrificed for analysis (A, C–E). n = 7 per 
each subgroup. Data are represented as mean ± SD. **P < 0.01, and ***P < 0.001, 1-way ANOVA followed by the Student-Newman-Keuls test (B–D and F–H).
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to upregulate GR target genes, are sufficient to activate GR and 
contribute to the pathogenesis of metabolic disorders. In addi-
tion, our animal experiments showed that 17-OHP injection at 
a dose of 50 mg/kg increased hepatic 17-OHP concentrations 
by 2.6-fold (Supplemental Figure 5B). The extent of this rise is 
similar to that observed in 3 different obese mouse models (Fig-
ure 2, A–C), which demonstrates that hepatic overproduction of 
17-OHP can disrupt glucose homeostasis.

In the present study, our data showed that 17-OHP at a 
concentration of 0.1 μM can enhance the transcriptional activ-
ity of GR, promote its nuclear translocation, and upregulate 
the expression of its target genes (Figure 1, A, B, D, E, G, and 
H). In addition, we found that the concentration of 17-OHP in 
mouse livers ranged from 100 to 600 ng/g tissue, which corre-
sponds to a concentration of 0.3 to 1.8 μM. Thus, hepatic levels 
of 17-OHP, which are much higher than the amount necessary 

Figure 6. Knockdown of hepatic Cyp17A1 improves hyperglycemia in obese mice. (A and B) Relative mRNA levels (A) and protein levels (B) of 
Cyp17A1 in the db/db mice injected with adenovirus shRNA targeting Cyp17A1 (C1 and C2) or NC. (C and D) Hepatic and circulating 17-OHP concentra-
tions in the 3 groups of db/db mice. (E and F) Blood glucose levels on postinjection day 5 and plasma insulin levels in the 3 groups of mice. (G–I) ITTs 
(G), GTTs (H), and PTTs (I) on postinjection days 7, 10, and 13, respectively. (J) Western blots of protein levels of phosphorylated AKT (Serine 473) and 
total AKT in livers of mice. (K) Relative mRNA levels of gluconeogenic genes in livers of 3 groups of mice. (L) Hepatic TG content. (M) Representative 
oil red O staining. Original magnification, ×200. (N–O) Plasma ALT (N) and AST (O) levels in the 3 groups of mice. n = 8 per group. 4 × 109 PFUs per 
mouse were delivered into db/db mice through the tail vein. Sixteen days later, mice were sacrificed for analysis (A–D, F, and J–O). Data are repre-
sented as mean ± SD. ***P < 0.001, 1-way ANOVA followed by the Student-Newman-Keuls test (A, C–F, K, L, N, and O). *P < 0.05; **P < 0.01;  
***P < 0.001, NC versus C1 (G–I). #P < 0.05; ##P < 0.01; ###P < 0.001, NC versus C2 (G–I).
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ment of hyperglycemia and insulin resistance. Strategies that  
specifically target Cyp17A1 in the liver may therefore have bene-
ficial effects for treating T2DM and related metabolic disorders.

Methods
Reagents. 17-OHP, DHEAS, deoxycorticosterone, estrone, pregneno-
lone, and progesterone were purchased from APExBIO Technology 
LLC. Bovine serum albumin, Dex, estradiol (E2), glucose, GW4064, PA, 
R1881, RU486, and T0901317 were purchased from MilliporeSigma. 
Abiraterone was provided by Zhenfei Li (Shanghai Institute of Biochem-
istry and Cell Biology, Chinese Academy of Sciences, Shanghai, China).

Human studies. A total of 203 subjects of Chinese Han descent 
were recruited from community-based epidemiological studies of 
diabetes and related metabolic disorders. Detailed information con-
cerning this study population has been previously described (40–42). 
Briefly, all the subjects underwent anthropometric measurements and 
a 75 g oral glucose tolerance test (OGTT) in the morning. Blood sam-
ples were obtained at 0 and 120 minutes of the OGTT. Plasma glu-
cose levels were measured using the glucose oxidase method. HbA1c 
levels were determined using high-performance liquid chromatogra-
phy (Bio-Rad). Concentrations of lipid profiles were measured on a 
Hitachi 7600-020 automated biochemical analyzer; these included 
TC, TGs, high-density lipoprotein cholesterol (HDL-C), low-density 
lipoprotein cholesterol (LDL-C), and FFA. High sensitive C-reactive 
protein (hsCRP) levels were measured by using CardioPhase hsCRP 
reagent in a particle-enhanced immunoturbidimetric assay (Dade 
Behring). Urine albumin-to-creatinine ratio (UACR) was calculated as 
urine albuminuria/creatinine. In addition, a total of 60 subjects with 
SV-CAH and normal subjects (n = 30 per each group) were recruited as 
previously described (43). For the analysis of hepatic Cyp17A1 mRNA 
expression, a liver biopsy was performed in subjects who donated their 
partial livers for liver transplantation, as previously described (68).

Animal studies. Male db/db and ob/ob mice 8 weeks of age were 
purchased from the Nanjing Biomedical Research Institute of Nan-
jing University (Nanjing, China). Male C57BL/6 mice 8 to 10 weeks 
of age and female C57BL/6 mice 8 weeks of age were obtained from 
the Shanghai Laboratory Animal Company (SLAC). To generate HFD- 
induced obese mice, C57BL/6 mice were fed ad libitum with an NCD or 
an HFD (D12492; Research Diets) for 12 weeks. All mice were housed 
at 21°C ± 1°C with 55% ± 10% humidity and a 12-hour light/12-hour 
dark cycle. The metabolic features of HFD-fed, ob/ob, and db/db mice 
were previously described (68). 17-OHP or corn oil (vehicle control) 
was administered daily at a dose of 50 mg/kg body weight by i.p. injec-
tion for 14 days. Plasma ALT and AST levels were measured using kits 
from Shanghai KeHua Bio-Engineering Company. Oil red O staining of 
liver sections was conducted in formalin-fixed and sucrose-protected 
tissues. For analyzing hepatic TG content, liver tissues (~100 mg) were 
homogenized in 1 mL of 5% NP-40 solution and heated to 100°C and 
then cooled to room temperature. The tissue homogenates were centri-
fuged for 2 minutes, and the supernatants were processed to measure 
TG content using the Triglyceride Quantification Kit (BioVision).

Adenovirus and AAV. Recombinant adenoviruses for the overex-
pression or knockdown of target genes have been described previously 
(68). Briefly, full-length mouse Cyp17A1 cDNA or the GFP gene was 
cloned into GV314 adenoviral vector (CMV-MCS-3FLAG-SV-40- 
EGFP) from GeneChem, and 2 × 109 PFUs per mouse were deliv-
ered into C57BL/6 mice for 16 days. To produce AAV, the Cyp17A1 or 

Our knockdown experiments in db/db mice suggest that sup-
pression of Cyp17A1 might be a therapeutic avenue for treating 
hyperglycemia and diabetes (Figure 6, A–M). To further validate 
this hypothesis, abiraterone, a selective inhibitor of Cyp17A1 pre-
scribed in patients with metastatic castration-resistant prostate 
cancer (51–53), was used. Ten-week-old male db/db mice were 
treated daily with abiraterone (0.5 mmol/kg/d) or vehicle control 
by i.p. injection for 30 days. This dose was chosen based on previ-
ous studies (54, 55). As a result, abiraterone treatment decreased 
blood glucose levels and plasma insulin levels in db/db mice, com-
pared with vehicle control (Supplemental Figure 10, A and B). Fur-
thermore, improved glucose tolerance, enhanced insulin sensi-
tivity, decreased expression levels of gluconeogenetic genes, and 
reduced hepatic TG accumulation were observed in db/db mice 
treated with abiraterone (Supplemental Figure 10, C–F). Interest-
ingly, a recent case report showed that abiraterone therapy may 
be associated with hypoglycemia when administered to patients 
with prostate cancer (56), further emphasizing the potent glucose- 
lowering effects of Cyp17A1 inhibitors. However, due to ubiqui-
tous expression of Cyp17A1 in many tissues with enrichment in 
the testis shown in this study (Supplemental Figure 3A) and oth-
er reports, abiraterone can block androgen biosynthesis (57, 58). 
Therefore, compounds that specifically target hepatic Cyp17A1 
would offer a more ideal way for treating hyperglycemia and insu-
lin resistance without changes in other steroid hormones.

17-α Hydroxyprogesterone caproate has been shown to 
reduce the rate of recurrent preterm delivery in pregnant women  
and is approved for the prevention of preterm birth by the US 
Food and Drug Administration (59, 60). However, subsequent 
studies examining the association between supplemental 17-α 
hydroxyprogesterone caproate and gestational diabetes mellitus 
(GDM) uncovered a significantly increased rate of GDM in preg-
nant women treated with 17-α hydroxyprogesterone caproate 
(61–63). Furthermore, 2 meta-analyses, one including 6 and the 
other including 11 studies, also clearly demonstrated that women  
receiving 17-α hydroxyprogesterone caproate had a higher 
risk of developing GDM, while women receiving progesterone 
may have had a decreased risk (64, 65). Here, we showed that 
17-OHP treatment also increased blood glucose levels, reduced 
insulin tolerance, and enhanced hepatic glucose production in 
female mice (Supplemental Figure 6, A–F). Therefore, our results 
may help to explain the increased incidence of GDM in women 
receiving 17-α hydroxyprogesterone caproate.

There are several limitations of this study that we would like to 
point out. First, the sample size of the human study was relatively 
small. Multicenter prospective studies are needed to further estab-
lish the association of plasma 17-OHP levels and incidence of T2DM. 
Second, recent studies have shown the GR in adipocytes also exerts 
important roles in the development of metabolic disorders (66, 67). 
Understanding whether overproduction of hepatic 17-OHP could 
activate the adipocyte GR and subsequently affect glucose and lipid 
metabolism requires further in-depth analysis. Third, the develop-
ment and studies of hepatocyte-specific Cyp17A1-knockout mice 
are still needed to confirm the role of Cyp17A1 in systemic glucose 
metabolism under different energetic states.

In summary, our results have identified a hepatic Cyp17A1/17-
OHP/GR–dependent pathway that plays a role in the develop-
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ARE-luciferase plasmid was provided by Jinke Cheng (Department 
of Biochemistry and Molecular Cell Biology, Shanghai Jiao Tong Uni-
versity School of Medicine, Shanghai, China) (71). LXRE-luciferase 
plasmid was provided by Youfei Guan (Advanced Institute for Med-
ical Sciences, Dalian Medical University, Dalian, China) (72). For 
luciferase reporter assays, HepG2 cells were placed in 24-well plates 
and transfected with indicated reporter vectors (200 ng) and expres-
sion plasmids (50 ng) in duplicate wells using Lipofectamine 3000  
(Thermo Fisher) according to the manufacturer’s instructions. Total 
DNA used in each transfection was adjusted equally by adding appro-
priate amounts of empty vectors. pRL-TK–expressing renilla luciferase 
(Promega) was used to normalize the luciferase activity. Sixteen hours 
after transfection, cells were deprived of FBS for 12 hours and treated 
with various compounds or vehicle control (ethanol) for another 24 
hours. Luciferase activities were measured using the Dual-Luciferase 
Reporter Assay System (Promega).

RNA isolation and real-time qPCR. Total RNAs from mouse livers 
or cultured MPHs were extracted using TRIzol reagents (Invitrogen). 
RNA purity and concentrations were measured using the Nano-
Drop ND-2000 spectrophotometer (Thermo Fisher Scientific). The 
mRNA were then reversed transcribed into cDNA using the Promega  
Reverse Transcription System. Oligo dT was used to prime cDNA 
synthesis. cDNA was stored at –20°C before use. Real-time qPCR 
was performed using SYBR Green Premix Ex Taq on a Light Cycler 
480 (Roche), and data were analyzed by the comparative CT meth-
od. PCR conditions included an initial holding period at 95°C for 5 
minutes, followed by a 2-step PCR program consisting of 95°C for 5 
seconds and 60°C for 30 seconds for 50 cycles. Relative abundance 
of mRNA was normalized to ribosomal protein 36B4. The primers for 
real-time qPCR are listed in Supplemental Table 4.

Western blots. To prepare total protein extracts, hepatic tissues 
and cells were lysed in RIPA buffer containing 50 mM Tris-HCl, 
150 mM NaCl, 5 mM MgCl2, 2 mM EDTA, 1 mM NaF, 1% NP40, 
and 0.1% sodium dodecyl sulfate. Cytoplasmic and nuclear protein 
fractions were prepared with the NE-PER Nuclear and Cytoplasmic 
Extraction Kit (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. For Western blots, equivalent amounts of pro-
tein samples were denatured in loading buffer and resolved by 10% 
to 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis 
and transferred onto polyvinylidene fluoride membranes. Mem-
branes were blocked in 5% nonfat milk for 1 hour before incubation 
with primary antibody overnight at 4°C. Membranes were washed 
with PBS with Tween-20 (PBST) 5 times and incubated with sec-
ondary antibody for 1 hour. The signals of the proteins were then 
visualized by an electrochemiluminescence (ECL) system. The 
following primary antibodies were used: anti-Cyp17A1 at 1:2000 
(catalog ab125022, Abcam), anti-GR at 1:2000 (catalog ab2768, 
Abcam), anti–phospho-Akt (S473) at 1:3000 (catalog 4060, Cell 
Signaling Technology), anti-total Akt at 1:2000 (catalog 4691, Cell 
Signaling Technology), anti-PR at 1:2000 (catalog ab2765, Abcam), 
anti-HSP90 at 1:5000 (catalog sc-69703, Santa Cruz), anti–α-tubu-
lin at 1:3000 (catalog ab7291, Abcam), anti-histone H3 antibody 
at 1:5000 (catalog 4499, Cell Signaling Technology), and anti- 
GAPDH antibody at 1:8000 (catalog KC-5G5, Kangchen Technol-
ogy). GAPDH and HSP90 were used as loading controls for total 
lysates. α-Tubulin and histone H3 were used as loading controls for 
cytoplasmic and nuclear lysates, respectively.

GFP sequence was cloned into the GV632 vector (TBGp-MCS-SV-40 
PolyA) from GeneChem, in which the thyroid hormone–binding glob-
ulin promoter controls hepatocyte-specific expression of Cyp17A1, 
and 5 × 1010 PFUs per mouse were delivered into C57BL/6 mice for 
35 days. Ad-shRNA particles targeting Cyp17A1 were generated using 
pAD_BLOCK_IT_DEST vectors (Invitrogen). The 2 shRNAs designed 
for the knockdown of Cyp17A1 had the following target sequences: C1: 
5′-GCCTTTGCGGATAGTAGTAGC-3′; and C2: 5′-GCAGGCATA-
GAGACAACTAGC-3′. For 15 days, 4 × 109 PFUs per mouse were deliv-
ered into db/db mice. All viruses were purified by the cesium chloride 
method, dialyzed in PBS containing 10% glycerol, and administered 
to mice through tail vein injection.

ELISA analysis. For ELISA measurements of hepatic 17-OHP, 
freshly frozen liver tissues were homogenized in buffer containing 150 
mmol/L NaCl, 10 mmol/L HEPES (pH 7.4), and 0.5% Triton X-100 
plus antiprotease cocktail (MilliporeSigma). 17-OHP concentrations in 
the liver and plasma were measured by commercial kits (catalog FRE-
2800, Labor Diagnostika Nord). Plasma insulin, ACTH, and corticos-
terone levels were measured using kits from Crystal Chem (catalog 
90080), Phoenix Peptide (catalog FEK-001-21), and Labor Diagnos-
tika Nord (catalog ARE-8100), respectively.

Ligand-binding analysis. FRET assays were performed using the 
LanthaScreen TR-FRET glucocorticoid receptor coactivator assay 
(A15899, Thermo-Fisher). Briefly, a GR ligand-binding domain that 
was tagged with glutathione-S-transferase (GST) and a fluorescein- 
labeled coactivator peptide were incubated with Dex or 17-OHP for 
20 minutes. Fluorescence was detected with a multireader with a 
background emission at 495 nm and binding signal at 520 nm after 
excitation at 340 nm. We then generated a binding curve by plot-
ting the emission ratio versus the log (ligand). The y axis shows the 
ratio of fluorescence intensity at 520 nm (signal) over intensity at 
495 nm (background). The x axis represents the log scale of concen-
trations of 17-OHP or Dex in Figure 1I. To determine the EC50 value, 
we fitted the data using an equation for a sigmoidal dose response, 
as plotted by GraphPad Prism 6.0.

PTTs, GTTs, and ITTs. PTTs and GTTs were performed by i.p. 
injecting the mice with 1.5 mg/kg pyruvate (MilliporeSigma) or 
2 mg/kg d-glucose (Sigma-Aldrich) after a 16-hour fast. For the 
ITTs, the mice were injected with regular human insulin (Eli Lily) at 
a dose of 0.75 U/kg body weight after a 6-hour fast. Blood glucose 
levels were then determined using a portable blood glucose meter 
(Lifescan, Johnson & Johnson).

Cell culture. HepG2 and Hep1-6 cells were obtained from Cell 
Bank of Shanghai Institute of Biochemistry and Cell Biology. MPHs 
were isolated from the livers of C57BL/6 mice aged 10 weeks by 
collagenase perfusion and then purified by centrifugation. Freshly 
prepared MPHs were resuspended in attachment media (Science 
Cell) and seeded in 6-well plates at a final density of 5 × 105 cells per 
well. The media were replaced with DMEM (Gibco, Thermo Fisher 
Scientific) 12 hours after plating.

Plasmids, transfections, and luciferase reporter assays. HA-tagged 
full-length mouse AR, ERα, FXR, GR, and LXRα were obtained by 
PCR amplification of the cDNA from mouse liver and cloned into 
pCMV vector with HindIII/BamHI restriction sites. The PCR primer  
sequences are listed in Supplemental Table 3. ERE-luciferase and 
FXR-luciferase plasmids, which harbored 3 ER and FXR responsible 
elements, respectively, were used in our previous studies (69, 70). 
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dent-Newman-Keuls test was used to compare more than 2 groups.  
P values of less than 0.05 were considered statistically significant.

Study approval. The human study was approved by the Human 
Research Ethics Committees of Zhongshan Hospital, Fudan Univer-
sity, and Shanghai Jiao Tong University Affiliated Sixth People’s Hos-
pital. Written, informed consent was obtained from each subject. All 
animal protocols were reviewed and approved by the Animal Care 
Committee of Zhongshan Hospital, Fudan University.
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ChIP. A ChIP assay kit was used (MilliporeSigma). In brief, MPHs 
were treated with 17-OHP or vehicle control for 1 hour. Then cells were 
fixed in 1% formaldehyde (MilliporeSigma) for 10 minutes, washed, and 
harvested in SDS lysis buffer. DNA was sheared to fragments of 200–
1000 bp by several sonications. Lysates containing soluble chromatin 
were incubated and precipitated overnight with 5 μg anti-GR antibody 
(catalog ab3579, Abcam) or rabbit IgG (catalog ab172730, Abcam). 
DNA protein–immune complexes were removed with protein G agarose 
and then washed and eluted. Protein DNA crosslinks were reversed by 
treatment with proteinase K for 2 hours at 45°C. The DNA was subse-
quently purified, diluted, and subjected to real-time qPCR. The mouse 
PEPCK and TAT gene promoter fragments containing the GRE motif 
were amplified using the following primers: PEPCK: 5′-TGCAGCCAG-
CAACATATGAA-3′ (forward), 5′-TGATGCAAACTGCAGGCTCT-3′ 
(reverse); and TAT: 5′-CGCAAACAACAGGAAGCCTAA-3′ (forward), 
5′-CATGACACCCAAAAGCCTCTC-3′ (reverse). The promoter region 
of the GAPDH proximal promoter was set as the NC. Primers for the 
GAPDH promoter were 5′-CTATCCTGGGAACCATCA-3′ (forward) 
and 5′-AAGCGTGTGGGCTCCGAA-3′ (reverse).

All original microarray data were deposited in the NCBI’s Gene 
Expression Omnibus database (GEO GSE129516).

Statistics. All statistical analysis was performed with SAS version 9.3 
(SAS Institute). Data are presented as mean ± SD or median (interquar-
tile range). The human subjects were classified into different groups 
according to diabetic status or 4 quartiles according to plasma 17-OHP 
levels. A χ2 test was used to compare categorical variables between 
groups. ANOVA was performed using general linear models to test dif-
ferences in study variables between groups or different quartiles of plas-
ma 17-OHP levels. Data with an abnormal distribution were logarithmi-
cally transformed before analysis. Plasma 17-OHP levels and metabolic 
parameters were analyzed by Pearson’s correlation. For animal and 
cellular experiments, a 2-tailed unpaired Student’s t test was performed 
to compare between 2 groups. One-way ANOVA followed by the Stu-
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