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Insulin resistance and associated metabolic sequelae are common
in chronic kidney disease (CKD) and are positively and indepen-
dently associated with increased cardiovascular mortality. However,
the pathogenesis has yet to be fully elucidated. 11β-Hydroxysteroid
dehydrogenase type 1 (11βHSD1) catalyzes intracellular regenera-
tion of active glucocorticoids, promoting insulin resistance in liver
and other metabolic tissues. Using two experimental rat models of
CKD (subtotal nephrectomy and adenine diet) which show early in-
sulin resistance, we found that 11βHSD1 mRNA and protein increase
in hepatic and adipose tissue, together with increased hepatic
11βHSD1 activity. This was associated with intrahepatic but not cir-
culating glucocorticoid excess, and increased hepatic gluconeogene-
sis and lipogenesis. Oral administration of the 11βHSD inhibitor
carbenoxolone to uremic rats for 2 wk improved glucose tolerance
and insulin sensitivity, improved insulin signaling, and reduced he-
patic expression of gluconeogenic and lipogenic genes. Furthermore,
11βHSD1−/− mice and rats treated with a specific 11βHSD1 inhibitor
(UE2316) were protected from metabolic disturbances despite
similar renal dysfunction following adenine experimental uremia.
Therefore, we demonstrate that elevated hepatic 11βHSD1 is an
important contributor to early insulin resistance and dyslipidemia
in uremia. Specific 11βHSD1 inhibitors potentially represent a novel
therapeutic approach for management of insulin resistance in
patients with CKD.

The prevalence of chronic kidney disease (CKD) has increased
dramatically in recent years causing substantial morbidity and

mortality (1). Although diabetic patients with CKD sometimes
develop recurrent hypoglycemia, possibly due to reduced renal
catabolism of insulin, it is increasingly recognized that insulin
resistance and associated hyperinsulinemia are common com-
plications in patients with CKD (2, 3) with an insulin resistance-
like syndrome occurring even at the earliest stage of renal dys-
function (4). CKD-induced insulin resistance is positively and
independently associated with increased cardiovascular mortality
(5, 6). Furthermore, mortality among patients treated with he-
modialysis is higher in those with more severe insulin resistance
(7). Despite this, the mechanisms responsible for the onset of
insulin resistance in CKD are unclear.
Increased hepatic gluconeogenesis can cause hyperinsulinemia

and hyperglycemia (8, 9). Expression of genes encoding key glu-
coneogenic enzymes such as phosphoenolpyruvate carboxykinase 1
(PCK1) and glucose-6-phosphatase (G-6pase) are transcriptionally
induced in response to stimuli such as glucagon and glucocorti-
coids, and suppressed by insulin. This process is tightly regulated
by transcription factors and cofactors, in particular peroxisome
proliferator-activated receptor gamma coactivator 1alpha
(PGC1α) (10). Hepatic gluconeogenesis is inappropriately ele-
vated in rodent models and human patients with insulin re-
sistance and type 2 diabetes mellitus (T2DM). Abnormal elevation
of gluconeogenesis leading to insulin resistance can occur as a result
of circulating glucocorticoid excess, as observed in Cushing
syndrome (11, 12). However, the role of glucocorticoids in the

pathophysiology of CKD-induced insulin resistance has not been
described.
11β-Hydroxysteroid dehydrogenase (11βHSD) enzymes func-

tion to regulate intracellular glucocorticoid levels. 11βHSD type 1
(11βHSD1) catalyzes the conversion of intrinsically inactive cor-
tisone to active cortisol (11-dehydrocorticosterone to corticoste-
rone in rats), thus amplifying local glucocorticoid levels, whereas
11βHSD2 catalyzes the opposite reaction (11, 13) but is largely
confined to the distal nephron. 11βHSD1 is expressed at high
levels in the major organs underpinning metabolism such as liver
and adipose tissue. Hepatic overexpression of 11βHSD1 leads to
insulin resistance in mice with increased lipogenesis (14), consis-
tent with increased intrahepatic glucocorticoid action, whereas
11βHSD1 inhibition or deficiency leads to decreased hepatic glu-
coneogenesis (and decreased PCK1), improved insulin sensitivity,
and correction of hyperglycemia in rodent models of insulin re-
sistance and patients with T2DM (15–18).
We investigated the hypothesis that 11βHSD1-induced gluco-

corticoid excess mediates abnormal elevation of gluconeogenesis
and lipogenesis in uremia, using two experimental rodent models
with entirely distinct mechanisms of development of renal failure;
subtotal nephrectomy (SNx) and adenine feeding. To investigate
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a potential causal role for 11βHSD1 in uremia-induced insulin
resistance, we used the 11βHSD1 inhibitors carbenoxolone (CBX)
(16, 19) and UE2316 and investigated 11βHSD1−/− mice.

Results
Markers of Renal Failure in Models of Experimental Uremia. Serum
creatinine was elevated 3.6-fold in SNx and 8.1-fold in adenine-fed
rats, and 3.5-fold in adenine-fed 11β-HSD1−/− mice, whereas se-
rum urea was elevated 5.5-, 11.8-, and 4.5-fold, respectively. Fur-
ther markers of chronic renal injury are shown in Tables S1–S3.
Body weights, mean food intake and average heart rate were not
significantly different between the uremic and sham groups. Mean
blood pressure, although tending to be higher in CBX treated
groups, was not significantly different because of high variability
(Tables S4 and S5).

Hepatic 11βHSD1 Is Elevated in CKD.Hepatic 11βHSD1 mRNA and
protein levels, together with 11βHSD1 reductase activity, were
significantly elevated in SNx (Fig. 1 A and B) and adenine-fed
rats (Fig. 1 E and F). Intrahepatic corticosterone levels were also
markedly elevated in SNx and adenine-fed rats (Fig. 1 C and G)
however, consistent with the notion that 11βHSD1 determines
tissue-specific intracrine glucocorticoid levels, this occurred in
the absence of elevated systemic serum corticosterone levels
(Fig. 1 D and H). Administration of CBX (50 mg·kg−1·d−1; 2 wk)
normalized hepatic 11βHSD1 mRNA and protein levels, sup-
pressed 11βHSD1 reductase activity and lowered hepatic corti-
costerone levels in SNx and adenine-fed rats. In contrast, CBX
had no effect on serum corticosterone levels, demonstrating that
CBX selectively influences intrahepatic glucocorticoid levels.
Similar to observations in liver, white adipose tissue levels of
11βHSD1 mRNA and protein were increased in uremia, an ef-
fect that was reversed by CBX (Fig. S1). In contrast, 11βHSD1
mRNA and protein levels in skeletal muscle were unchanged
across all four experimental groups (Fig. S1).
Consistent with recent evidence demonstrating induction of

11βHSD1 transcription by proinflammatory cytokines (20–23) se-
rum levels of IL-1β, TNFα, and IL-6 were elevated in the chronic
phase of SNx and adenine-induced uremia (Fig. S2), but were un-
affected by CBX, suggesting a possible uremia-dependent mecha-
nism upstream of 11βHSD1 induction and hepatic glucocorticoid
metabolism, involving elevated proinflammatory cytokine levels.

Uremic Rats Develop Impaired Glucose Tolerance and Reduced Insulin
Sensitivity. Serum insulin levels were markedly elevated in SNx
(Fig. 2A) and adenine-fed rats (Fig. 3A). However, fasting serum
glucose levels were unchanged (Figs. 2B and 3B), suggestive of
uremia-induced insulin resistance. To further analyze potential
uremia-induced changes in systemic glucose tolerance and in-
sulin sensitivity, we conducted i.p. glucose and insulin tolerance
tests (GTT and ITT). During the GTT, blood glucose levels were
significantly higher in SNx and adenine-fed rats compared with
sham up to 60 min post-glucose administration (Figs. 2C and
3C). In addition, serum insulin levels were elevated during
a GTT, remaining elevated 45 min post-glucose administration
(Figs. 2D and 3D) in SNx and adenine-fed rats compared with
sham. Moreover, impairment in insulin’s ability to lower blood
glucose levels in an ITT was observed in SNx and adenine-fed
rats, with blood glucose levels remaining significantly elevated in
both models 30 min post-insulin administration (Figs. 2E and
3E). Taken together, these data demonstrate the presence of
insulin resistance in both models of uremia. To determine
whether uremia-induced insulin resistance may be linked to el-
evated hepatic glucose production, we conducted a pyruvate
tolerance test (PTT). Consistent with abnormally elevated he-
patic glucose production, SNx and adenine-fed rats displayed
significantly increased blood glucose levels up to 90 min post-
pyruvate administration (Figs. 2F and 3F).
Collectively, these data demonstrate significant insulin resistance

associated with abnormally elevated hepatic glucose production in
both SNx and adenine-feeding models of CKD.

11βHSD1 Inhibition Improves Systemic Glucose Tolerance and Insulin
Sensitivity in CKD Rats. To assess the potential role of increases in
11βHSD1 levels and activity in mediating insulin resistance in
uremia, we analyzed rats treated with CBX. Administration of
CBX did not improve markers of renal failure in any group
(Tables S1 and S2). Despite this, CBX completely prevented
uremia-induced increases in serum insulin levels in both models
(Figs. 2A and 3A). Moreover, 11βHSD1 inhibition with CBX
resulted in a significant improvement in insulin sensitivity and

Fig. 1. Hepatic 11βHSD1 levels and acitivity are elevated in SNx and Ad rats.
(A and E) 11βHSD1 mRNA and protein, (B and F) hepatic corticosterone
production (pg·min−1·mg−1 liver protein), (C and G) hepatic corticosterone
levels, and (D and H) plasma corticosterone levels. Data are expressed as
mean ± SEM (n = 8 per group). Statistically significant differences between
sham/control and Ad or SNx are indicated by *P < 0.05, **P < 0.01, and
***P < 0.001. Statistically significant effects of CBX treatment are indicated
by #P < 0.05, ##P < 0.01, and ###P < 0.001.

Fig. 2. 11βHSD1 inhibition ameliorates insulin resistance in SNx rats. (A)
Fasting plasma insulin, (B) fasting plasma glucose, (C) plasma glucose re-
sponse to GTT, (D) plasma insulin response to GTT, (E) plasma glucose re-
sponse to ITT, and (F) plasma glucose response to PTT. Data are expressed as
mean ± SEM (n = 8 per group). Statistically significant differences between
sham and SNx are indicated by *P < 0.05. Statistically significant effects of
CBX treatment are indicated by #P < 0.05.
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glucose tolerance (Figs. 2 A–F and 3 A–F), as well as reduced
hepatic glucose production following a PTT. Taken together,
these data demonstrate that abnormally elevated 11βHSD1 plays
a crucial role in mediating insulin resistance in uremia.

11βHSD1 Inhibition Suppresses Hepatic Gluconeogenic Gene Expression
and Markers of Impaired Insulin Signaling in Uremia. Because uremia-
induced insulin resistance was associated with elevated blood
glucose levels following a PTT, we examined alterations in hepatic
gluconeogenic enzymes. Levels of PCK1 mRNA and protein and
G6Pase protein were elevated in SNx (Fig. 4 A–C) and adenine-
fed rats (Fig. 4 F–H). PGC1α mRNA and protein levels were also
increased in SNx (Fig. 4 D and E) and adenine-fed rats (Fig. 4 I
and J). Similar to effects observed on systemic insulin resistance,
CBX administration reversed these effects on gluconeogenic
enzymes in both models of uremia. To assess whether increased
hepatic gluconeogenesis occurs in association with impaired in-
sulin signaling, we measured phosphorylation of AKT at serine
473. Protein levels of phospho-(Ser473)-AKT were reduced in
liver and also in the skeletal muscle and white adipose tissue of
uremic rats. In all three tissues, this effect was reversed by CBX
administration (Fig. S1). Taken together, these data suggest that
11βHSD1 mediates insulin resistance in uremia through abnor-
mal elevation of hepatic gluconeogenesis and dysregulation
insulin signaling.

Uremia-Induced Dyslipidemia Is Corrected by 11βHSD1 Inhibition.
Dyslipidemia manifested by raised serum levels of triglycerides,
free fatty acids, and cholesterol is observed in CKD patients and
rodent models of uremia (5, 6, 24). Dyslipidemia can cause in-
sulin resistance (25, 26). The de novo synthesis of fatty acid and

cholesterol is controlled through transcriptional regulation of
several key genes, in particular acetyl CoA carboxylase (ACC),
fatty acid synthase (FASN), and 3-hydroxy-3-methylglutaryl CoA
reductase (HMGCR) (27). Transcriptional regulation of these
genes is controlled by sterol regulatory element-binding protein
1 (SREBP1) (28), which is induced by insulin (29).
Consistent with previous reports in experimental models of

uremia (30, 31), SNx and adenine-fed rats showed elevated se-
rum levels of cholesterol, triglycerides, and nonesterified fatty
acids (NEFAs), (Figs. 5 A–C and 6 A–C). Hepatic mRNA ex-
pression of HMGCR was elevated in both uremic models (Figs.
5D and 6D) suggesting increased de novo hepatic cholesterol
biosynthesis. Moreover, mRNA and protein levels of ACC (Figs.
5E and 6E) and FASN (Figs. 5F and 6F) and mRNA levels of
SREBP1c (Figs. 5G and 6G) were markedly increased in SNx
and adenine-fed rats, indicative of increased hepatic de novo
lipogenesis. Importantly, in both CKD models, abnormally ele-
vated serum levels of cholesterol, triglycerides, and NEFAs were
ameliorated following administration of CBX, demonstrating
that uremia-induced dyslipidemia, like gluconeogenesis, may
occur in part through an 11βHSD1-mediated mechanism (Figs. 5
A–C and 6 A–C). Consistent with this, mRNA and protein levels
of ACC1, FASN, SREBP1c, and HMGCR were also partially
normalized by CBX in SNx and adenine-fed rats (Figs. 5 D–G
and 6 D–G).
We also assessed liver and skeletal muscle lipid content by

measuring triglyceride levels in SNx rats. Despite observed changes
in lipogenic gene and protein levels, hepatic triglyceride content
was unchanged between sham and uremic rats (Fig. S3). In con-
trast, uremia increased skeletal muscle triglyceride levels, but
these increases were not reversed by CBX.
Taken together, these data demonstrate that uremia-induced

dyslipidemia occurs through an 11βHSD1-dependent mechanism
and may contribute to insulin resistance in these models.

Fig. 3. 11βHSD1 inhibition ameliorates insulin resistance in adenine-fed
rats. Experimental uremia was induced in rats by administration of 0.75% Ad
(n = 8 per group). CBX (50 mg·kg−1·d−1) or vehicle was administered by oral
gavage for 2 wk in both groups. (A) Fasting plasma insulin, (B) fasting plasma
glucose, (C) plasma glucose response to 2 g per kg dextrose injected i.p.
(GTT), (D) plasma insulin response to glucose load following i.p. GTT, (E)
plasma glucose response to i.p. ITT, and (F) plasma glucose response to i.p.
PTT. Data are expressed as mean ± SEM. Statistically significant differences
between control and Ad are indicated by *P < 0.05 and **P < 0.01. Statis-
tically significant effects of CBX treatment are indicated by #P < 0.05.

Fig. 4. CBX corrects uremia-mediated insulin resistance in association with
suppressed hepatic gluconeogenesis. Experimental uremia was induced in
rats by SNx (n = 8 per group) or Ad (n = 8 per group). CBX (50 mg·kg−1·d−1)
or vehicle was administered by oral gavage for 2 wk. (A and B) SNx, PCK1
mRNA and protein; (C) SNx, G-6pase protein; (D and E) SNx, PGC1α mRNA
and protein; (F and G) Ad, PCK1 mRNA and protein; (H) Ad, G-6pase protein;
and (I and J) Ad, PGC1α mRNA and protein. Data are expressed as mean ±
SEM. Statistically significant differences between sham and Ad or SNx are
indicated by *P < 0.05, **P < 0.01, and ***P < 0.001. Statistically significant
effects of CBX treatment are indicated by #P < 0.05 and ###P < 0.001.
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Specific Inhibition of 11βHSD1 with UE2316 Protects Uremic Rats from
Insulin Resistance. Finally, to confirm a specific role for 11βHSD1
in uremia-induced insulin resistance and rule out potential
nonspecific CBX effects, we examined the effects of specific
11βHSD1 inhibitor (UE2316) (32) on insulin resistance in ure-
mic (adenine-fed) rats. In agreement with data obtained from
CBX treatment, UE2316 (20 mg·kg−1·d−1) significantly improved
glucose tolerance and insulin sensitivity in adenine-fed rats (Fig.
7 A and B), without affecting parameters of renal failure (Table
S6), confirming a role for 11βHSD1 in mediating uremia-in-
duced insulin resistance.

11βHSD1−/− Mice Are Protected from Uremic Insulin Resistance. To
further establish the role of 11βHSD1 in uremia-induced insulin
resistance we used 11βHSD1−/−mice (33). Following consumption
of an adenine-diet, both 11βHSD1−/− and wild-type (WT) mice
developed similar levels of renal dysfunction (Fig. 8A and Table
S3). Similar to the phenotype observed in rats, uremic WT mice
developed dyslipidemia (raised systemic triglyceride levels), im-
paired glucose tolerance, and reduced insulin sensitivity (Fig. 8
B–E). In marked contrast, 11βHSD1−/− mice were protected
against uremia-induced insulin resistance and dyslipidemia,
displaying a lipid profile similar to control animals, as well as
improved glucose tolerance and insulin sensitivity comparable
with that in WT controls.

Discussion
We report here that elevated hepatic 11βHSD1 mediates impaired
glucose tolerance, reduced insulin sensitivity, hyperinsulinemia,
and dyslipidemia in two distinct male rat models of CKD. Im-
portantly, increased 11βHSD1 elevated hepatic corticosterone
content without changes in systemic corticosterone, suggesting
a key role for hepatic 11β-HSD1, the major source of local corti-
costerone regeneration in liver, in development of insulin re-
sistance in CKD. Although these studies have yet to be confirmed
in female rats, improvements in metabolic profiles following
11βHSD1 inhibition or ablation occurred without corrections in
renal dysfunction, indicating that selective inhibitors of 11βHSD1
may be a plausible therapeutic approach to insulin resistance and
its complications in CKD.
Previous studies have reported elevated hepatic glucose pro-

duction in chronically uremic patients (34). Furthermore, increased
hepatic gluconeogenesis in acute experimental uremia is reversed

by the glucocorticoid receptor antagonist RU 38486 (35). Elevated
hepatic gluconeogenesis can cause insulin resistance and hyper-
insulinemia (8, 9), whereas knockdown of gluconeogenic genes and
cofactors have resulted in the correction of insulin resistance and
improvement in insulin sensitivity in murine models (36–39). This
suggests that 11βHSD1-mediated increases in hepatic gluconeo-
genesis via up-regulation of PCK1 and PGC1α may represent
a likely cause of hyperinsulinemia and insulin resistance in uremia.
Dyslipidemia is also a common complication of CKD (5, 6,

24). We observed abnormally elevated plasma lipids and cho-
lesterol in uremic rats, with parallel increases in lipogenic gene
and protein expression. 11βHSD1 inhibition corrected systemic
dyslipidemia, in association with reduced hepatic lipogenic gene
and protein expression. These observations are consistent with
glucocorticoid induction of triglyceride synthesis and fatty liver
in rats, whereas mice overexpressing hepatic 11βHSD1 display in-
creased hepatic lipogenesis (14). However, it is unclear in our
model whether increased hepatic lipogenic gene expression occurs
via direct induction by glucocorticoids or through elevated insulin-
mediated SREBP1c induction, as would be anticipated because of
undesirable metabolic consequence of hyperinsulinemia (28, 29).
Although our data points to a crucial role for hepatic 11βHSD1

as a key mediator of insulin resistance in uremia, we also observed
increases in 11βHSD1 levels and parallel impairment of insulin
signaling in adipose tissue, changes which were reversed by CBX.
These changes may also contribute to uremia-induced insulin re-
sistance, for example via glucocorticoid-mediated increases in cir-
culating NEFA levels, as observed in our models, which may
account for the impaired insulin signaling observed in uremic liver,
through ectopic lipid deposition in liver and skeletal muscle. This
may be particularly plausible given the lack of increased triglyceride
levels in uremic liver. Interestingly, studies have suggested that
CBX may not act directly on adipose tissue (15), raising the
possibility that a secreted hepatokine produced during hepatic
CBX metabolism may have impact on adipose tissue 11βHSD1.
Similar to adipose tissue and liver, insulin signaling was also
impaired in uremic skeletal muscle, whereas skeletal muscle
lipid levels are increased, suggesting a potential contributory
role for muscle ectopic lipid deposition in uremia-induced insulin
resistance. However, uremia-induced increases in skeletal muscle
triglyceride were not reversed by CBX, while we did not observe

Fig. 5. CBX suppresses total and hepatic lipogenesis in SNx animals. Experi-
mental uremia was induced in rats by SNx (n = 8 per group). CBX
(50 mg·kg−1·d−1) or vehicle was administered by oral gavage for 2 wk. (A) Plasma
cholesterol, (B) plasma triglycerides, (C) plasma NEFA, (D) HMGCRmRNA, (E) ACC
mRNA and protein, (F) FAS mRNA and protein, and (G) SREBP1 mRNA. Data are
expressed as mean ± SEM. Statistically significant differences between sham and
SNx are indicated by *P < 0.05 and **P < 0.01. Statistically significant effects of
CBX treatment are indicated by #P < 0.05.

Fig. 6. CBX suppresses total and hepatic lipogenesis in Adenine-fed animals.
Experimental uremia was induced in rats by Ad (n = 8 per group). CBX (50
mg·kg−1·d−1) or vehicle was administered by oral gavage for 2 wk. (A) Plasma
cholesterol, (B) plasma triglycerides, (C) plasma NEFA, (D) HMGCR mRNA, (E)
ACC mRNA and protein, (F) FAS mRNA and protein, (G) SREBP1 mRNA. Data
are expressed as mean ± SEM. Statistically significant differences between
sham and Ad are indicated by *P < 0.05, **P < 0.01, and ***P < 0.001. Sta-
tistically significant effects of CBX treatment are indicated by #P < 0.05, ##P <
0.01, and ###P < 0.001.
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changes in skeletal muscle 11βHSD1 levels across all four ex-
perimental groups. Despite this, skeletal muscle insulin signaling
was improved by CBX. These data suggest that the insulin-
sensitizing effects of CBX in skeletal muscle are indirect, and
are not mediated through reversal of skeletal muscle triglyceride
levels, instead occurring through direct CBX effects on liver and
adipose tissue. Thus, both hepatic and adipose tissue 11βHSD1
contribute to onset of insulin resistance in uremia. However,
without conducting longitudinal studies of uremia, it is not possible
to deduce in which tissue insulin resistance initially manifests.
CBX also inhibits 11βHSD2. However, 11βHSD2 is not expressed

in the liver and its renal expression is confined to the distal nephron
which alone is unlikely to account for the substantial metabolic
impacts observed. Importantly, a crucial, specific role for 11βHSD1
is underlined by the protective metabolic phenotype observed in the
uremic 11βHSD1−/− mice and the fact that a specific 11βHSD1 in-
hibitor (UE2316) (32), which has no activity against 11βHSD2, also
improved glucose tolerance and insulin sensitivity in uremic rats.
The mechanism underlying elevated 11βHSD1 in uremia has not

been fully elucidated, but may involve inflammation. Consistent
with observations in CKD patients, serum levels of IL-6, TNFα,
and IL-1β were elevated in both models of uremia, likely as a result
of decreased renal cytokine clearance and increased systemic oxi-
dative stress (40, 41). TNFα and IL-1β induce transcription of
hepatic and adipose 11βHSD1 via a mechanism mediated by p38
and C/EBPα signaling (21, 42), suggesting a potential mechanism
for up-regulation of 11βHSD1 in uremia. Proinflammatory
cytokines can also impair insulin signaling. However, because CBX
corrects insulin resistance without changes in plasma cytokine
levels, this rules out a direct role for proinflammatory cytokine-
induced insulin resistance.
In conclusion, we provide evidence that hyperinsulinemia and

insulin resistance in CKD can occur through a mechanism mediated
by elevated 11βHSD1. These changes occurred without increased
systemic corticosterone levels, suggesting that an intrahepatic Cush-
ing-type syndrome mediates insulin resistance in CKD. Selective
inhibitors of 11βHSD1, already progressed to clinical trials for type 2
diabetes and obesity, are potential therapeutic strategies for man-
agement of the common metabolic abnormalities in CKD.

Methods
Rat Models of Uremia. Chronic experimental uremia was studied using two
distinct rat models. For subtotal SNx, uremia was induced in male Wistar rats
(7 wk old, eight per group; Charles River) using an established two-stage
surgical procedure for a period of 4 wk (43). Controls were sham operated by
removing the renal capsule and replacing the intact kidney. Separately,
uremia was induced using dietary manipulation. Male Wistar rats (7 wk old,
eight per group) were fed a high-adenine (0.75% in standard rat chow) diet
or standard rodent diet for 2 wk (Lillico Biotechnology). CBX (50 mg·kg−1·d−1;

2 wk in saline) or vehicle (saline) was administered to both uremic models by oral
gavage, giving four SNxmodel groups [(i) SNx, (ii) SNx + CBX, (iii) sham operated
(S), and (iv) S + CBX] and four adenine-fed model groups [(i) adeinine (Ad), (ii)
Ad + CBX, (iii) control (CON), and (iv) CON + CBX]. For specific 11βHSD1 inhibitor
studies, 2-wk adenine-fed rats were administered UE2316 (20 mg·kg−1·d−1) or
vehicle (50:50 DMSO/PEG-400) equivalent for 2 wk by s.c. minipump (Alzet) to
create three groups [(i) CON + vehicle, (ii) Ad + vehicle, and (iii) Ad + UE2316].

For all experimental models, after 4 wk, animals were fasted overnight and
killed between 0800 and 1000 hours. Blood was obtained immediately via
cardiac puncture and centrifuged to obtain plasma, whereas liver, skeletal
muscle, andepididymalwhite adipose tissuewere snap-frozen in liquid nitrogen
for protein andmRNA analyses. For all rodent studies, animals weremaintained
on standard chow on a 12 h light/12 h dark cycle. All animal experiments were
conducted in accordance with the UK Home Office Animals (Scientific Proce-
dures), 1986 (44), with Queen Mary Ethics of Research Committee approval.

11βHSD1−/− Mice. Male progeny of mice with targeted global disruption of the
11βHSD1−/− gene congenic on C57BL/6J were derived as described previously
(33). Controls were WT, C57BL/6J, age-matched males. Adult 8-wk old WT and
11βHSD1−/− (six to eight per group) were fed a control or 0.25% adenine diet for
4 wk. Mice were fasted overnight and killed at approximately 9:00 AM, within 1
min of disturbing each cage, or used in dynamic physiological studies.

Quantification of Renal Injury. Plasma and urine levels of urea, creatinine, Na+,
and K+ along with urinary protein were measured commercially using a dry-
slide automated analyzer (Idexx Laboratories).

Glucose, Pyruvate, and Insulin Tolerance Test. For GTT and PTT, animals were
fasted overnight and injected i.p. with 2 g per kg body weight of 25% (wt/vol)
dextrose (Sigma) or sodium pyruvate (Sigma), respectively. Blood glucose (tail
vein) was measured (Accucheck) at 0–120min and additional bloodwas collected
in a heparinized tube at 0–45 min for measurement of insulin concentration. For
ITT, animals were fasted overnight and injected i.p. with 2 units per kg body
weight of porcine insulin (Intervet). Blood glucose (tail vein) was measured
(Accucheck) at 0–45 min.

Metabolite Measurements. Serum glucose was measured using a colorimetric
glucose oxidase assay based on the method described (45). Plasma insulin
(Crystal Chem), corticosterone (Cambridge Biosciences), and IL-6, TNFα, and
IL-1β (all R&D Systems) levels were determined by specific ELISA. Plasma
levels of cholesterol and triglycerides were measured commercially using
a dry-slide automated analyzer (Idexx Laboratories). Plasma NEFA levels

Fig. 7. Specific inhibition of 11βHSD1 corrects uremia-induced insulin re-
sistance in adenine-fed rats. Experimental uremia was induced in rats by Ad
(n = 8 per group). UE2316 (20 mg·kg−1·d−1) or vehicle was administered by
osmotic minipump for 2 wk. (A) plasma glucose response to 2 g per kg
dextrose injected i.p. (GTT) and (B) plasma glucose response to 2 units per kg
of body weight porcine insulin injected i.p. (ITT). Data are expressed as
mean ± SEM. Statistically significant differences between CON and Ad are
indicated by ***P < 0.001. Statistically significant effects of CBX treatment
are indicated by #P < 0.05, ##P < 0.01, and ###P < 0.001.

Fig. 8. 11βHSD1−/− mice have improved insulin sensitivity and glucose tol-
erance and a favorable lipid profile despite uremia. Experimental uremia was
induced in mice by administration of 0.25% Ad (n = 8 per group). (A) Plasma
creatinine, (B) total plasma cholesterol, (C ) plasma triglycerides, (D)
plasma glucose response to 2 g per kg dextrose injected i.p. (GTT), and
(E) plasma glucose response to i.p. PTT. Data are expressed as mean ± SEM.
Statistically significant differences between sham and Adenine diets are
indicated by *P < 0.05, **P < 0.01, and ***P < 0.001. Statistically significant
differences effects of HSD1−/− are indicated by #P < 0.05.

Chapagain et al. PNAS | March 11, 2014 | vol. 111 | no. 10 | 3821

M
ED

IC
A
L
SC

IE
N
CE

S



were measured by colorimetric assay kit (ZenBio, Inc.). Liver and skeletal
muscle triglyceride levels were determined using a Fluorometric Triglyceride
Assay kit (Cayman Chemical).

Quantitative RT-PCR. All gene expression was measured using quantitative
RT-PCR (qRT-PCR), according to the procedure previously described (46) via
Taqman or Sybr green methodology using specific primers (all Eurogentec;
Table S7) designed with Primer Express 2.0 Software (Applied Biosystems).
Relative changes in gene expression were determined by standard curve
methodology normalized against 18S RNA (Applied Biosystems).

Immunoblotting. Immunoblotting was conducted as previously described (47).
Primary antibodies against 11βHSD1, PCK1, G6Pase (Abcam), ACC, FASN,
phospho(Ser473)-AKT, total AKT (Cell Signaling Technologies), and PGC1α
(SCBT) were used in this study. Reference protein measurements were made
with mouse monoclonal anti–β-actin (clone AC-15; Sigma).

Hepatic Glucocorticoid Levels and 11βHSD1 Reductase Activity. The Hepatic
glucocorticoid levels and 11βHSD1 reductase activity were measured as
previously described (48). Full methodology is discussed in SI Methods.

Statistical Analysis. Results are expressed as mean ± SEM. Statistical com-
parisons were obtained using GraphPad Prism Version 5. Statistical differ-
ences were calculated using either an unpaired Student t test or one-way
ANOVA followed by a Fisher’s posttest, where appropriate.
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