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The adverse metabolic effects of prescribed and endogenous
glucocorticoid (GC) excess, Cushing syndrome, create a significant
health burden. We found that tissue regeneration of GCs by 11β-
hydroxysteroid dehydrogenase type 1 (11β-HSD1), rather than cir-
culating delivery, is critical to developing the phenotype of GC
excess; 11β-HSD1 KO mice with circulating GC excess are protected
from the glucose intolerance, hyperinsulinemia, hepatic steatosis,
adiposity, hypertension, myopathy, and dermal atrophy of Cush-
ing syndrome. Whereas liver-specific 11β-HSD1 KOmice developed
a full Cushingoid phenotype, adipose-specific 11β-HSD1 KO mice
were protected from hepatic steatosis and circulating fatty acid
excess. These data challenge our current view of GC action, dem-
onstrating 11β-HSD1, particularly in adipose tissue, is key to the
development of the adverse metabolic profile associated with cir-
culating GC excess, offering 11β-HSD1 inhibition as a previously
unidentified approach to treat Cushing syndrome.
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Estimates suggest that 1–2% of the population of the United
States and United Kingdom take prescribed glucocorticoids

(GCs) for the treatment of a broad spectrum of inflammatory
and autoimmune diseases (1, 2). Despite the efficacy of GCs,
70% of patients experience an adverse systemic side-effect pro-
file. The resultant Cushingoid features include central obesity,
proximal myoatrophy, hypertension, skin thinning, osteoporosis,
hepatic steatosis, insulin resistance, and type 2 diabetes (3, 4).
Collectively, this contributes to increased risk of cardiovascular
morbidity and mortality (5, 6). These features are replicated in
patients with much rarer endogenous GC excess (Cushing syn-
drome), as first described by Harvey Cushing in 1932 (7). Cur-
rent medical therapeutic options that reverse the tissue-specific
consequences of hypercortisolism are limited.
GC availability and action depend not only upon circulating

levels but also on tissue-specific intracellular metabolism by 11β-
hydroxysteroid dehydrogenases (11β-HSDs). Key metabolic tis-
sues including liver, adipose tissue, and skeletal muscle express
11β-HSD type 1 (11β-HSD1), which coverts inactive cortisone
to active cortisol [11-dehydrocorticosterone (11DHC) and cor-
ticosterone (CORT) in rodents, respectively] (8). In the set-
ting of GC excess, the relative contribution to the metabolic
effects induced by GCs of simple delivery of active GCs (cortisol
or CORT) to a target tissue, compared with the regeneration
of active GCs by 11β-HSD1 within the tissue, has not been
determined.
Type 2 11β-HSD (11β-HSD2) is predominately expressed in the

kidney, colon, and salivary gland and catalyzes the inactivation of
cortisol to cortisone (CORT to 11DHC in rodents). This not only
protects the mineralocorticoid receptor from occupancy by
cortisol but also crucially provides substrate for 11β-HSD1 in
peripheral tissues.
Transgenic animal models have highlighted the critical role of

11β-HSD1 in the regulation of metabolic phenotype in individual
tissues. Mice overexpressing 11β-HSD1, specifically in adipose
tissue, develop visceral obesity, insulin resistance, dyslipidemia,

and hypertension (9, 10). Similarly, liver-specific 11β-HSD1
overexpression results in insulin resistance and hypertension, but
not obesity (11). Importantly, circulating CORT levels were not
elevated in either model, suggesting increased intracellular GC
availability underpins the observed phenotypes. Indeed, this was
confirmed in the adipose-specific 11β-HSD1–overexpressing
mice, where twofold higher intraadipose CORT levels were
recorded in comparison with WT controls (9). Ultimately, this
has led to the development of selective 11β-HSD1 inhibitors as
a potential treatment for patients with diabetes, obesity, and
hypertension (12, 13).
Although it is clear that 11β-HSD1 has a critical role to play in

governing GC availability, its potential dynamic role in the set-
ting of GC excess has not been fully explored (14–16). We have
previously reported a patient with Cushing disease who was
protected from the classic Cushing phenotype, owing to a func-
tional defect in 11β-HSD1 activity, as evidenced by serum and
urinary biomarkers (17). Based on this observation, we have
hypothesized that tissue intrinsic 11β-HSD1 activity is the major
determinant of the manifestations of GC excess and that 11β-
HSD1 deletion will ameliorate the associated metabolic abnor-
malities. To determine the relative tissue-specific contribution to
this effect, we have generated tissue-specific 11β-HSD1 deletions
in liver and adipose tissue.

Significance

Glucocorticoids are widely prescribed for their anti-inflammatory
properties but have Cushingoid side effects that contribute sig-
nificantly to patient morbidity and mortality. Here we present
data to demonstrate that the adverse side-effect profile associ-
ated with exogenous active glucocorticoid (GC) administration
(including glucose intolerance, hyperinsulinemia, hyperten-
sion, hepatic steatosis, increased adiposity, and myopathy) is
prevented by global deletion of 11β-hydroxysteroid dehydro-
genase type 1 (11β-HSD1) in mice. This study not only defines a
significant shift in our understanding of the physiological and
molecular mechanisms underpinning the adverse side effects
associatedwith GC use but also raises the possibility of targeting
11β-HSD1 as a novel adjunctive therapy in the treatment of
Cushing syndrome.
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Results
A Model of Exogenous GC Excess. CORT treatment increased cir-
culating CORT levels to a similar extent in both WT and 11β-
HSD1 KO (GKO) animals, suggesting that all of the observa-
tions described below were independent of circulating active GC
concentrations (Fig. 1A). This was associated with suppression of
the hypothalamic–pituitary–adrenal axis and endogenous GC
production, as indicated by adrenal atrophy in both WT mice
and GKO mice (Fig. 1B).

GKO Mice Are Protected from the Development of CORT-Induced
Cushing Syndrome. A schematic diagram demonstrating the cen-
tral role 11β-HSD1 plays in governing intracellular access to cir-
culating CORT is shown in Fig. 1C. The GC dose used in this
study did not affect total body weight. WT mice treated with
CORT were glucose-intolerant (Fig. 2 A and B), hyperinsulinemic
(Fig. 2C), and hyperglycemic following a 5-h fast (Fig. 2D) and
had a lower homeostatic model assessment as an index of insulin
resistance (HOMA-IR) (Fig. 2E). Systolic blood pressure was also

increased (Fig. 2F). In contrast, CORT-treated GKO mice re-
mained relatively glucose-tolerant (Fig. 2 A and B), had lower
fasting insulin and glucose levels (Fig. 2 C and D) and an im-
proved HOMA-IR index (Fig. 2E), no change in systolic blood
pressure (Fig. 2F), and were therefore protected from the ad-
verse effects of systemic GC excess.

Liver.Nonalcoholic fatty liver disease is a common feature of GC
excess in humans. Consistent with this, WT mice had increased
hepatic triglyceride (TAG) content following CORT treatment,
as demonstrated by oil red O staining (Fig. 3A). This was en-
dorsed using a quantitative TAG assay (Fig. 3B). Serum free
fatty acid levels were also increased (Fig. 3C), paralleled by el-
evated expression of CD36 (a membrane protein that facilitates
fatty acid uptake) (Fig. 3D) in WT mice following CORT
treatment. By contrast, GKO mice were completely protected
from CORT-induced hepatic steatosis (Fig. 3 A and B), increased
serum free fatty acid levels (Fig. 3C), and increased hepatic CD36
expression (Fig. 3D). The mRNA expression of the key hepatic
lipogenic enzymes, acetyl-coA carboxylase 1 (ACC1), fatty acid
synthase (FAS), and diacylglycerol acyltransferase-1 (DGAT1),
and transcription factors regulating lipogenesis, peroxisome
proliferator-activated receptor-gamma (PPARG) and cAMP
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Fig. 1. WT and 11β-HSD1 KO mice administered CORT via the drinking
water results in elevated circulating CORT levels. C57BL/6 WT (white bars)
and 11β-HSD1 KOmice (GKO, black bars) were treated with CORT (100 μg/mL)
or vehicle via the drinking water for 5 wk (n = 7–9 in each group). El-
evated circulating CORT (A) and suppressed adrenal weights (B) were ob-
served in both CORT-treated WT and GKO mice. Data were analyzed using
two-way ANOVA; see Fig. S1 for the complete dataset used in the analysis.
***P < 0.001 vs. WT vehicle; $$$P < 0.001 vs. GKO vehicle. (C) Schematic di-
agram summarizing the three mechanisms by which circulating CORT results
in GR activation: (1) direct binding of circulating CORT with the GR in pe-
ripheral tissues; (2) inactivation of circulating CORT by 11β-HSD2, then
reactivation in peripheral tissues by 11β-HSD1; and (3) GR activation
increases 11β-HSD1 expression and activity, further amplifying intracellular
CORT availability.
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Fig. 2. Deletion of 11β-HSD1 ameliorates the adverse metabolic side-effect
profile induced by CORT. C57BL/6 WT (white bars) and 11β-HSD1 KO mice
(GKO, black bars) were treated with CORT (100 μg/mL) or vehicle via the
drinking water for 5 wk (n = 7–9 in each group). Glucose tolerance (A),
calculated area under the curve (AUC) for glucose tolerance data (B), fasting
insulin levels (C), fasting glucose (D), HOMA-IR index (E), and systolic blood
pressure (BP) (F) were improved in CORT-treated GKO mice compared with
CORT-treated WTs. Data were analyzed using two-way ANOVA; see Fig. S1
for the complete dataset used in the analysis. **P < 0.01, ***P < 0.001 vs. WT
vehicle; ∅P < 0.05, ∅∅P < 0.01, ∅∅∅P < 0.001 vs. WT CORT.
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response element-binding protein (CREB), were unaffected by
CORT treatment in both WT and GKO mice (Fig. 3D). These
data suggest that increased lipid delivery and uptake are likely
to be the major contributing factor to GC-induced hepatic
steatosis in WT mice. Consistent with our hypothesis that GC
excess acts as a “feed-forward” signal to increase intracellular
CORT availability, 11β-HSD1 mRNA expression and 11β-
HSD1–mediated oxo-reductase activity (conversion of 11DHC
to CORT) was increased in the liver of CORT-treated WT mice
compared with vehicle-treated controls. By contrast, no 11β-
HSD1 expression or oxo-reductase activity was detected in the
liver of either vehicle- or CORT-treated GKO mice, confirming
that no alternative reductase is capable of compensating for
deletion of 11β-HSD1 (Fig. 3 E and F).

Adipose Tissue. Increased adiposity, particularly in visceral
depots, is a well-characterized feature associated with GC excess.
Gonadal, mesenteric, retroperitoneal, and s.c. adipose tissue
depot weights were increased in WT mice following CORT
treatment (Fig. 4 A–D). By contrast, CORT-treated GKO mice
were protected from this increase (Fig. 4 A–D). Adipocyte size
was increased in both gonadal (Fig. 4 E and G) and s.c. depots
(Fig. 4F) of CORT-treated WT mice. CORT-treated GKO mice
were not protected from increased adipocyte size in either depot,
suggesting the observed decrease in fat pad weights was due to
a reduction in adipocyte number (Fig. 4 E–G).
Gene expression analysis revealed increased expression of

DGAT1 and the insulin signaling component insulin receptor
substrate 2 (IRS2) in CORT-treated WTmice, suggesting increased
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Fig. 3. The 11β-HSD1 KO mice are protected from the development of CORT-induced hepatic steatosis. Frozen liver sections stained with oil red O (A) and
a quantitative TAG assay (B) revealed 11β-HSD1 KO (GKO) mice were protected from CORT-induced hepatic steatosis. GKO mice were also protected from
increased serum free fatty acids (C) and increased haptic mRNA expression of CD36 (D) induced by CORT. The expression of the key lipogenic modulators in
the liver, ACC1, FAS, DGAT1, PPARG, and CREB, was unaffected by CORT in both WT and GKO mice (D). Data were analyzed using two-way ANOVA; see Fig. S2
for the complete dataset used in the analysis. Hepatic 11β-HSD1 mRNA expression (E) and oxo-reductase activity (F) were increased following CORT treatment
in WT mice but not GKO mice. Data were analyzed using Student t tests (n = 7–9 in each group). **P < 0.01, ***P < 0.001 vs. WT vehicle; ∅P < 0.05, ∅∅∅P <
0.001 vs. WT CORT. C, CORT; N.D, not detected; V, vehicle.
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insulin-stimulated lipogenesis. By contrast, CORT-treated GKO
mice were protected from increased DGAT1 and IRS2 expres-
sion (Fig. 4H). The expression of other lipogenic genes including
ACC1, FAS, PPARG, and CREB was unaffected by GC treat-
ment in both WT and GKO mice (Fig. 4H). Despite increased
adiposity, lipid mobilization was elevated in CORT-treated WT
mice, with increased expression of the lipolytic enzymes adipose
triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL)
and increased expression of transcription factors regulating li-
polysis, liver X receptor (LXR) α and LXRβ (Fig. 4I), paralleled
by increased serum fatty acid levels (Fig. 3C). By contrast,
CORT-treated GKO mice were protected from increased
ATGL, HSL, LXRα, and LXRβ expression and increased serum

free fatty acids (Figs. 4I and 3C). The 11β-HSD1 mRNA ex-
pression and 11β-HSD1-mediated oxo-reductase activity (con-
version of 11DHC to CORT) were increased in the adipose
tissue of CORT-treated WT mice compared with vehicle-treated
controls. By contrast, no 11β-HSD1 expression or oxo-reductase
activity was observed in adipose tissue of either vehicle- or
CORT-treated GKO mice (Fig. 4 J and K).

Skeletal Muscle. Skeletal myoatrophy is a key feature of exoge-
nous GC excess; in keeping with this observation, WT mice
treated with CORT had decreased grip strength (Fig. 5A). This
was paralleled by decreased mass of type IIb fiber-rich muscle
beds (Fig. 5 B and C), but not the type I fiber-rich soleus muscles.
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Fig. 4. The 11β-HSD1 KO mice are protected from increased adiposity induced by CORT. The 11β-HSD1 KO mice (GKO, black bars) were protected from CORT-
mediated increases in gonadal (A), s.c. (B), retroperitoneal (C), and mesenteric (D) adiposity compared with CORT-treated WT mice (white bars). H&E staining
of paraffin-embedded gonadal fat sections revealed increased adipocyte size in both CORT-treated WT and GKO mice (E and G). A similar increase in adi-
pocyte size was observed in the s.c. adipose tissue depot (F). The mRNA expression of the key lipogenic mediatorsACC1, FAS, PPARG, and CREB was unaffected
by CORT treatment in both WT and GKO mice, whereas IRS2 and DGAT1 were increased by CORT in WT mice only (H). The mRNA expression of key lipolytic
genes was increased in gonadal adipose tissue of CORT-treated WT mice, but not CORT- treated GKOs (I). Data were analyzed using two-way ANOVA; see Fig. S3
for the complete dataset used in the analysis. The 11β-HSD1 mRNA expression (J) and oxo-reductase activity (K) in adipose tissue were increased in CORT-treated
WT mice but not GKO mice. Data were analyzed using Student t tests (n = 7–9 in each group). *P < 0.05, **P < 0.01 vs. WT vehicle; ∅P < 0.05, ∅∅P < 0.01 vs. WT
CORT; $P < 0.05, $$P < 0.01 vs. GKO vehicle. C, CORT; N.D, not detected; V, vehicle. (Scale bars, 100 μm.)
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Histologically, quadriceps muscles from CORT-treated WT mice
had reduced myofiber cross-sectional area, compared with ve-
hicle-treated animals (Fig. 5D). Consistent with these obser-
vations, increased mRNA expression of several key atrophy
markers was observed following CORT treatment in WT mice,
including muscle ring finger-1 (MuRF1) and atrogin1 (both E3
ubiquitin ligases) (Fig. 5 E and F), myostatin (Mstn) (a negative
regulator of muscle mass) (Fig. 5G), and forkhead box O1
(FoxO1) (a transcription factor that regulates muscle mass) (Fig.
5H). GKO mice were protected from the reduced grip strength
(Fig. 5A), decreased lean mass (Fig. 5 B and C), and diminished
myofiber diameter (Fig. 5D) induced by CORT. Furthermore,
CORT-mediated induction of muscle atrophy markers MuRF1,

atrogin1, Mstn, and FoxO1 were also blunted in GKO animals
(Fig. 5 E–H). The 11β-HSD1 mRNA expression and 11β-HSD1-
mediated oxo-reductase activity (conversion of 11DHC to
CORT) were increased in quadriceps muscle of CORT-treated
WT mice compared with vehicle-treated controls. By contrast, no
11β-HSD1 expression or oxo-reductase activity was observed in
quadriceps muscles of either vehicle- or CORT-treated GKO
mice (Fig. 5 I and J).

Skin.A reduction in skin thickness is a well-established side effect
of GC excess, and we have previously shown 11β-HSD1 to play
a central role in age-associated skin thinning (18). CORT dra-
matically reduced skin thickness in WT mice (Fig. 6A), with

A

B C

D E F

G H

I J

Fig. 5. The 11β-HSD1 KO mice are protected from skeletal myopathy induced by CORT. Grip strength (A), quadriceps muscle bed weights (B), and tibialis
anterior muscle bed weights (C) were reduced in CORT-treated WT mice (white bars), whereas 11β-HSD1 KO mice (GKO, black bars) were protected from the
effects of CORT. Paraffin-embedded quadriceps muscle sections stained with H&E revealed a smaller myofiber diameter in CORT-treated WT mice, whereas
CORT was without effect on myofiber diameter in GKO animals (D) (Scale bars, 200 μm.) Similarly, GKO mice were protected from the induction of several
muscle atrophy markers including MuRF1 (E), atrogin-1 (F), myostatin (G), and FoxO1 (H) following CORT treatment. Data were analyzed using two-way
ANOVA; see Fig. S4 for the complete dataset used in the analysis. The 11β-HSD1 mRNA expression (I) and oxo-reductase activity (J) in quadriceps muscle was
increased in CORT-treated WT mice but not GKO mice. Data were analyzed using Student t tests (n = 7–9 in each group). *P < 0.05, **P < 0.01, ***P < 0.001 vs.
WT vehicle; ∅P < 0.05 vs. WT CORT. N.D, not detected.
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significant atrophy of the collagen-rich dermal layer (Fig. 6B).
This was accompanied by decreased expression of a number of
genes involved in collagen biosynthesis and processing that we
have shown to be GC-regulated in skin (18), including collagen 1
(col1a1) (the major structural component of the dermis) (Fig.
6C), prolyl hydroxylase (leprel1), and lysyl hydroxylase (PLOD1)
(both catalyze the hydroxylation of collagen at proline and lysine
residues, respectively, a key step in collagen cross-linking) (Fig. 6
D and E). The expression of lysyl oxidase (LOX) (catalyses the
cross-linking of collagen with elastin) was unchanged following
CORT treatment (Fig. 6F). By contrast, CORT failed to induce
dermal atrophy in GKO mice (Fig. 6 A and B), with no change
in the mRNA expression of Col1A1, Leprel1, and PLOD1
(Fig. 6 C–F). As with the other tissues investigated in this
study, 11β-HSD1 mRNA expression and 11β-HSD1–mediated

oxo-reductase activity (conversion of 11DHC to CORT) was
increased in the skin of CORT-treated WT mice compared with
vehicle-treated controls. By contrast, no 11β-HSD1 expression or
oxo-reductase activity was observed in skin of either vehicle- or
CORT-treated GKO mice (Fig. 6 G and H).
As with CORT, 11DHC treatment (which requires activation

by 11β-HSD1) in WT mice was effective at elevating circulating
CORT levels (Fig. S1A) and inducing adrenal atrophy (Fig.
S1B). Furthermore, 11DHC treatment resulted in a Cushingoid
phenotype identical to that observed in CORT-treated WT mice.
Specifically, 11DHC treatment induced glucose intolerance (Fig.
S1 C and D), hyperinsulinemia (Fig. S1E), systolic hypertension
(Fig. S1F), hepatic steatosis (Fig. S2 A and B), elevated serum
free fatty acids (Fig. S2C), adiposity (Fig. S3 A–F), increased
lipolysis in adipose tissue (Fig. S3G), skeletal myopathy (Fig. S4),

A

B C D

E F

G H

Fig. 6. The 11β-HSD1 KO mice are protected from skin thinning induced by CORT. Paraffin-embedded skin sections stained with H&E revealed dramatically
reduced skin thickness in WT mice following CORT treatment (A). By contrast, CORT was without effect on skin thickness in 11β-HSD1 KO mice (GKO) mice (A).
(Scale bars, 200 μm.) Dermal thickness was quantified using ImageJ software (B). In agreement with the histology, GKO mice were shielded from decreased
expression of several genes involved in collagen biosynthesis and processing in skin induced by CORT, including Col1A1 (C), Leprel1 (D), and PLOD1 (E), but
not LOX (F). n = 3 for skin histology and n = 7–9 for gene expression and 11β-HSD1 activity data. Data were analyzed using two-way ANOVA; see Fig. S5 for
the complete dataset used in the analysis. The 11β-HSD1 mRNA expression (G) and oxo-reductase activity (H) in skin were increased in CORT-treated WT mice
but not GKO mice. Data were analyzed using Student t tests. *P < 0.05, **P < 0.01 vs. WT vehicle; ∅P < 0.05 vs. WT CORT. N.D, not detected.
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and dermal atrophy (Fig. S5). As anticipated, 11DHC-treated
GKO mice were indistinguishable from vehicle-treated animals
for all parameters assessed.

Deletion of 11β-HSD1 in Adipose Tissue, but Not the Liver, Protects
from the Hepatic Manifestation of GC-Induced Cushing Syndrome. To
test whether GCs, reactivated by 11β-HSD1 in the liver and/or
adipose tissue, contribute to the adverse effects of GC excess, we
treated liver- and adipose-specific 11β-HSD1 KO mice (LKO
and FKO, respectively) with CORT (100 μg/mL), 11DHC (100
μg/mL), or vehicle via drinking water for 5 wk. Details with re-
spect to the generation of these transgenic lines are presented in
ref. 19, SI Text, and Fig. S6 A–E.
In contrast to GKO mice, neither FKO nor LKO mice were

protected from increased adiposity, decreased lean mass (Tables S1
and S2), glucose intolerance (Figs. S7 A–C and S8 A–C), hyper-

insulinemia (Figs. S7D and S8D), or reduced grip strength (Figs.
S7E and S8E) following CORT or 11DHC treatment.
Similarly, LKO mice were not protected from increased he-

patic TAG accumulation (Fig. 7 A and B and Fig. S9 A and B),
increased serum free fatty acids (Fig. 7C and Fig. S9C), or in-
creased adipose expression of HSL, ATGL, LXRα, LXRβ (Fig.
S9D) or hepatic CD36 (Fig. S9E) following CORT or 11DHC
treatment. Surprisingly, the magnitude of response observed in
the 11DHC-treated LKO mice was similar to that of the 11DHC-
treated control animals, suggesting extrahepatic 11β-HSD1 ac-
tivity is mostly responsible for mediating the effects of 11DHC in
this study.
FKO mice were, however, significantly protected from both

CORT- and 11DHC-induced hepatic TAG accumulation (Fig. 7
A and B and Fig. S10 A and B), increased serum free fatty acids

A

B C

D E

Fig. 7. Fat-specific 11β-HSD1 KO mice, and not liver-specific 11β-HSD1 KO mice, are protected from the development of CORT-induced hepatic steatosis.
Frozen liver sections stained with oil red O (A) and hepatic TAG quantification (B) revealed adipose-specific 11β-HSD1 KO mice (FKO, black bars), and not liver-
specific 11β-HSD1 KO mice (LKO, gray bars), were protected from CORT-induced hepatic steatosis, compared with CORT-treated WT controls (white bars).
Similarly, FKO mice (and not LKO mice) were shielded from increased serum free fatty acids (C) and increased mRNA expression of key lipolytic mediators in
adipose tissue (D) following CORT treatment. FKO mice were not protected from increased expression of the hepatic free fatty acid transporter CD36 induced
by CORT in WT mice (E). Data were analyzed using two-way ANOVA; see Figs. S9 and S10 for the complete datasets used in the analysis (n = 6–7 in each
group). *P < 0.05, ***P < 0.001 vs. WT vehicle; ∅P < 0.05, ∅∅P < 0.01 vs. WT CORT; $P < 0.05, $$P < 0.01, $$$P < 0.001 vs. LKO vehicle. C, CORT; V, vehicle.
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(Fig. 7C and Fig. S10C), and increased adipose expression of
HSL, ATGL, LXRα, and LXRβ (Fig. 7D and Fig. S10D), but not
increased hepatic CD36 expression (Fig. 7E and Fig. S10E).
Although in the case of LXRα and LXRβ the difference between
GC-treated FKO and GC-treated controls did not reach statis-
tical significance, the ability of CORT and 11DHC to up-regu-
late these genes was clearly attenuated in the FKO mice. Taken
together, these data suggest intracellular GC availability in adi-
pose tissue, and not the liver, underpins hepatic TAG accumu-
lation following exogenous GC treatment in WT mice.

Discussion
Since the discovery of cortisone in 1950, and demonstration of its
potent anti-inflammatory effect in patients with rheumatoid ar-
thritis (Nobel laureates Hench, Kendall, and Reichstein), pre-
scribed GCs are widely used throughout medicine as potent anti-
inflammatory and immunosuppressive agents. However, they
cause side effects, as predicted from the phenotype of patients
with endogenous Cushing syndrome, that contribute to increased
cardiovascular risk (3–5). Here we demonstrate that the reac-
tivation of GCs by 11β-HSD1 in peripheral tissues, in contrast to
circulating levels, is a major determinant of the phenotype of GC
excess in mice, and when deleted the metabolic side effects as-
sociated with GC excess are ameliorated. Our data challenge the
idea that simple delivery of active GCs from the circulation
represents the most important level of regulation of GC action.
As such, 11β-HSD1 may be a novel target for therapeutic in-
tervention in patients with Cushing syndrome, as well as offering
a possible strategy to limit the adverse effects of prescribed GCs.
Our data suggest that exogenously administered CORT may

contribute to GR activation by three different mechanisms (Fig.
1C). First, circulating CORT can enter the cell and bind/activate
cytoplasmic glucocorticoid receptor (GR) directly. Second,
CORT may be inactivated to 11DHC by 11β-HSD2, largely in
the kidneys, and once delivered to key metabolic target tissues is
reactivated to CORT by 11β-HSD1 to allow GR activation. In
agreement, elevated urinary cortisone levels (the inactive pre-
cursor of cortisol and the human equivalent of 11DHC) have
been reported in patients diagnosed with endogenous/exogenous
Cushing syndrome and Cushing disease (20). Third, GR activa-
tion stimulates 11β-HSD1 expression and activity, further fueling
GC excess. This feed-forward action has previously been dem-
onstrated in both in vitro and in vivo studies (15, 21–23). Phys-
iologically, an acute increase in local GC availability is important
in rapidly resolving local inflammation. However, if 11β-HSD1
activity remains chronically elevated, the consequences are likely
to be less beneficial, and this could contribute to the phenotype
of GC excess. Indeed, forced overexpression of 11β-HSD1 in
adipose tissue and liver in mice results in features of metabolic
disease, without elevating circulating GC levels (9–11).
Our data highlight a potentially critical role for cortisone in

the phenotype of GC excess and raise an intriguing question: Is
Cushing a cortisone disease? Importantly, cortisone has limited
binding to corticosteroid-binding globulin in the circulation and
no circadian rhythm, in contrast to cortisol. Therefore, for the
most part, free cortisone levels will exceed those of free, un-
bound cortisol, resulting in an abundance of substrate for 11β-
HSD1 in peripheral tissues. This concept makes physiological
sense, in terms of individual tissues regulating precisely their GC
availability—rather than its being dictated by a distant gland.
Indeed, circulating cortisone levels have been shown to be neg-
atively associated with bone mineral density and osteocalcin
levels independent of circulating cortisol levels, suggesting 11β-
HSD1 activity within osteoblasts regulates bone mineral density (24).
These observations are likely to be most applicable to patients

prescribed GCs with kinetics similar to those of endogenous
cortisol. Interestingly, prednisolone in most of the United
Kingdom and Europe, and prednisone in the United States, are

currently the most widely prescribed synthetic GC and are me-
tabolized by 11β-HSDs 1 and 2 in a totally analogous fashion to
cortisol and cortisone, with similar kinetic affinities (25). Be-
cause this inactivation/reactivation loop has the potential to in-
crease intracellular prednisolone levels, this mechanism may be
central to the adverse systemic side-effect profile associated with
these commonly prescribed steroids.
In an effort to pinpoint which 11β-HSD1–expressing tissue(s)

are involved in driving the metabolic side effects associated with
GC excess, we examined the impact of GC administered to mice
with targeted deletions of 11β-HSD1 in adipose tissue and liver.
We demonstrated that GC-treated adipose-specific 11β-HSD1
KO mice are protected from hepatic TAG accumulation, in-
creased serum free fatty acids, and increased expression of adi-
pose lipolytic enzymes, but protection from increased expression
of the fatty acid transporter in the liver, CD36, was not observed—
suggesting hepatic fatty acid uptake is unaffected by deletion of
11β-HSD1 in adipose tissue. This may offer an explanation as to
why protection from GC-induced hepatic TAG accumulation did
not totally revert to that in vehicle-treated levels.
In contrast, liver-specific 11β-HSD1 KO animals were not

protected from any of these GC-dependent affects. This strongly
suggests increased intracellular GC availability in adipose tissue,
and not the liver, underpins hepatic TAG accumulation in GC-
treated WT mice. In support, GCs are well known to directly
stimulate lipolysis in adipose tissue, resulting in elevated serum
free fatty acid levels (26). However, we have not fully discounted
the possibility that increased GC delivery from adipose tissue to
the liver via the portal vein underpins these phenotypic obser-
vations. The fact that neither adipose-specific nor liver-specific
11β-HSD1 KO mice were protected from glucose intolerance,
hyperinsulinemia, decreased lean mass, and increased adiposity
following exogenous GC treatment is likely to reflect the im-
portance of GCs reactivated by 11β-HSD1 in tissues other than
the liver and adipose tissue, such as skeletal muscle.
In contrast to our findings, Harno et al. (14) recently dem-

onstrated that liver-specific 11β-HSD1 KO mice were protected
from glucose intolerance, hyperinsulinemia, and increased adi-
posity induced by low-dose 11DHC administered orally, al-
though the effects of CORT treatment was not explored. The
studies differed in the doses of 11DHC used, and it may be that
deletion of hepatic 11β-HSD1 offers some protection from the
mild side effects associated with low-dose inactive GC adminis-
tration. However, we have demonstrated that at a higher dose
GCs reactivated by 11β-HSD1 in extrahepatic tissues play a ma-
jor role in driving a florid Cushing phenotype, suggesting first-
pass metabolism is not the sole regenerator of orally adminis-
tered inactive GCs.
Our data suggest that therapeutically targeting 11β-HSD1,

either locally (in the case of skin thinning) or systemically (in the
case of the other metabolic features), may offer a novel ad-
junctive therapy to limit the side-effect profile associated with
exogenous GC treatment and endogenous Cushing syndrome/
disease. Importantly, we have shown that the 11β-HSD1 KO
mice cannot activate 11DHC to CORT following vehicle or
CORT treatment in a number of key metabolic tissues, sug-
gesting no alternative reductase is capable of compensating for
loss of 11β-HSD1 activity. Because adipose-specific 11β-HSD1
KO mice are partially protected from exogenous Cushing syn-
drome, 11β-HSD1 expressed in adipose tissue would need to be
the primary target of these compounds. However, selectively
inhibiting 11β-HSD1 may not offer complete protection from the
phenotype of GC excess, because the ability of GCs to bind the
GR directly would be unaffected. Preclinical and clinical studies
have shown selective 11β-HSD1 inhibitors to improve insulin
sensitivity, reduce dyslipidemia, and reverse central obesity in
patients with type 2 diabetes (12, 13). Furthermore, we have re-
cently demonstrated that 11β-HSD1 blockade prevents age- and
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photosensitivity-induced skin structure and function defects (18).
Although these compounds are still being evaluated clinically,
their potential to block the adverse side-effect profile associated
with GC excess is an exciting prospect. However, despite the fact
that these compounds seem to be well tolerated in short-term
studies, the consequences of long-term 11β-HSD1 suppression in
humans is unknown, and further studies are necessary to ensure
that symptoms suggestive of tissue-specific GC deficiency are
not encountered.
Importantly, the adverse metabolic complications associated

with GC excess involve the key metabolic tissues, liver, adipose
tissue, and skeletal muscle, which have comparatively high 11β-
HSD1 activity. As such, administering a selective 11β-HSD1 in-
hibitor under conditions of GC excess is likely to have its greatest
impact in these tissues.
Current strategies used to abrogate Cushingoid features in-

clude the recently licensed use of the GR antagonist Mifepris-
tone (27). The development of selective GR agonists (28) that
target the transrepressive effects of GCs over the tranasctivating
actions looks promising (29, 30) but a clinical drug has not yet
been delivered. Numerous selective 11β-HSD1 inhibitors have
been developed and many tested in phase II studies (12, 13);
their evaluation in patients with Cushing syndrome will be of
great interest.
In summary, we have shown that GCs, reactivated by 11β-

HSD1 in peripheral tissues, are major determinants of exoge-
nous Cushing syndrome in mice and, when deleted, the meta-
bolic Cushingoid side effects associated with GC excess are
ameliorated, despite elevated circulating concentrations. Fur-
thermore, we have demonstrated that local GC regeneration in
adipose tissue is central in driving the hepatic manifestations of
GC excess. Taken together, this raises the intriguing possibility of
using selective 11β-HSD1 inhibitors as an adjunctive therapy to
limit the side effects associated with GC excess in endogenous
and exogenous Cushing syndrome.

Research Design and Methods
Administration of GCs in Vivo. All procedures were carried out in accordance
with the UK Animals (Scientific Procedures) Act 1986. Six-week-old male
global (GKO) (C57BL/6) (31), liver-specific (LKO) (C57BL/6J/129SvJ) (19), and
adipose-specific (FKO) C57BL/6J (SI Text) 11β-HSD1 KO mice, with WT con-
trols, had ad libitum access to standard chow and drinking water supple-
mented with either CORT (100 μg/mL, 0.66% ethanol), 11DHC (100 μg/mL,
0.66% ethanol), or vehicle (0.66% ethanol) for 5 wk. Treatments were
replaced twice weekly. At the end of the experiment, animals were culled by
cervical dislocation and tissues excised, weighed, and snap-frozen using
liquid nitrogen for later analyses.

Metabolic Assessments. Glucose tolerance was assessed during week 4 by
fastingmice 5 h before blood glucose was measured from tail vein nicks using
a glucometer (Accu-Chek; Roche) at 0, 15, 30, 60, 90, and 120 min after
glucose i.p. injection (2 g/kg). A blood samplewas taken at baseline for insulin
determination, measured using the Ultra Sensitive Mouse Insulin ELISA kit
(Crystal Chem, Inc.). An insulin resistance score (HOMA-IR) was calculatedwith
the following formula: fasting plasma glucose (millimolar) × fasting serum
insulin (microunits per liter) divided by 22.5. Low HOMA-IR values indicate
high insulin sensitivity, whereas high HOMA-IR values indicate low insulin
sensitivity (insulin resistance). Grip strength was assessed during week 4
using a digital grip-strength meter (Linton Instrumentation). Each mouse
underwent four repeat readings before results were averaged and nor-
malized to body weight.

Blood Pressure Assessment. Using a separate cohort from those used for
metabolic assessments, blood pressure was measured using tail cuff pleth-
ysmography according to the manufacturer’s instructions (BP-2000 Blood
Pressure Analysis System; Visitech Systems). Briefly, mice were restrained and
tail cuffs with pneumatic pulse sensors attached to tails. Mice were habitu-
ated to this procedure for 10 d before measurements were recorded. Results
presented are averaged systolic blood pressure measurements taken over
the final 7 d of the 5-wk treatment period.

Hepatic TAG Quantification. Hepatic TAG content was measured using a col-
orimetric assay according to the manufacturer’s instructions (BioVision, Inc.).
Samples were prepared by homogenizing 100 mg of liver tissue in 1 mL of
5% Nonidet P-40 in water; samples were heated to 80–100 °C in a water
bath for 2–5 min and then allowed to cool to room temperature. The
heating step was repeated to solubilize all TAGs, upon which samples were
centrifuged for 2 min to remove any insoluble material. Samples were di-
luted 10-fold with distilled H2O before being subjected to a TAG assay.

Serum CORT and Free Fatty Acid Quantification. Mouse blood was obtained by
cardiac puncture and immediately centrifuged at 1,000 × g in heparin-coated
tubes. Serum was transferred to cryotubes and snap-frozen. CORT and free
fatty acid levels were measured according to the manufacturer’s instructions
(Abcam plc and BioVision, Inc., respectively).

Tissue Histology and Oil Red O Staining. Quadriceps muscle, gonadal adipose
tissue, and skin were fixed in 4% (vol/vol) buffered paraformaldehyde.
Samples were subsequently paraffin-embedded and 8-μm sections prepared
on a microtome (Leica). Sections were stained with hematoxylin and eosin,
and adipocyte area and skin thickness (dermal layer) were quantified using
ImageJ software. Frozen liver samples were embedded in optimal cutting
temperature reagent (Tissue-Tek; Sakura Finetek) and sectioned at 8 μm on
a cryostat (Leica). Cryosections were fixed in formaldehyde before in-
cubation in 0.5% oil red O in isopropyl alcohol. After rinsing in distilled
water, liver sections were mounted with permanent aqueous mounting
medium Gel/Mount (Biomeda) and photographed using light microscopy.

11β-HSD1 Enzyme Assays in Tissue Explants. Mouse tissue was obtained as
detailed above, oxo-reductase activity (11DHC to CORT) was assessed by
incubating freshly dissected tissue explants with 100 nm 11DHC diluted in
1mLmedia (in glass tubes) with tracer amounts of [3H]11DHC (synthesized in-
house) (32) at 37 °C for 2 h. Following incubation, steroids were extracted
from the medium with dichloromethane, separated by TLC with chloroform/
ethanol (92:8), and the fractional conversion of steroids was calculated by
scanning analysis with a Bioscan 2000 radioimaging detector (Bioscan).
Percentage conversion was normalized to tissue weight.

RNA Extraction and Real-Time PCR. Total RNA was extracted from tissue and
cells using the Tri-Reagent system. RNA integrity was assessed by electro-
phoresis on 1% agarose gel. Concentration was determined spectrophoto-
metrically at OD260. In a 50-μL volume, 500 ng of total RNA was incubated
with 250 μM random hexamers, 500 μM dNTPs, 20 U RNase inhibitor, 63 U
Multiscribe reverse transcriptase, 5.5 mM MgCl, and 1× reaction buffer. The
reverse transcription reaction was carried out at 25 °C for 10 min and at 48 °C
for 30 min before the reaction was terminated by heating to 95 °C for 5 min.
mRNA levels were determined using an ABI 7500 sequence detection system
(Applied Biosystems). Reactions were performed in singleplex in 10-μL vol-
umes on 96-well plates in reaction buffer containing 2× TaqMan Universal
PCR Master Mix (Applied Biosystems). Primers and probes were supplied by
Applied Biosystems as premade “assay on demands.” All reactions were
normalized against the housekeeping gene 18S rRNA, provided as a pre-
optimized control probe. All target genes were labeled with FAM and the
reference gene with VIC. The reaction conditions were as follows: 95 °C for
10 min, then 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Data were
obtained as Ct values (cycle number at which logarithmic PCR plots cross
a calculated threshold line) and used to determine ΔCt values [(Ct of the
target gene) – (Ct of the reference gene)]. Data were expressed as arbitrary
units using the following transformation: [arbitrary units (AU) = 1,000 × (2−Δct)].
When used, fold changes were calculated using the following equation: [fold
increase = 2−difference in ΔCt].

Statistical Analysis. Statistical comparisons were performed using SigmaStat
3.1 (Systat Software, Inc.). Data are presented as mean ± SEM with statistical
significance defined as P < 0.05. Two-way ANOVA followed by Bonferroni’s
multiple comparison post hoc test was used to compare treatments and
genotypes. Statistical analysis on real-time PCR data were performed on ΔCt
values and not fold changes or AU.
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