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Abstract
Background Visceral fat accumulation increases the risk of developing type 2 diabetes and metabolic syndrome, and is
associated with excessive glucocorticoids (GCs). Fat depot-specific GC action is tightly controlled by 11ß-hydroxysteroid
dehydrogenase (11ß-HSD1) coupled with the enzyme hexose-6-phosphate dehydrogenase (H6PDH). Mice with inactivation
or activation of H6PDH genes show altered adipose 11ß-HSD1 activity and lipid storage. We hypothesized that adipose
tissue H6PDH activation is a leading cause for the visceral obesity and insulin resistance. Here, we explored the role and
possible mechanism of enhancing adipose H6PDH in the development of visceral adiposity in vivo.
Methods We investigated the potential contribution of adipose H6PDH activation to the accumulation of visceral fat by
characterization of visceral fat obese gene expression profiles, fat distribution, adipocyte metabolic molecules, and
abdominal fat-specific GC signaling mechanisms underlying the diet-induced visceral obesity and insulin resistance in
H6PDH transgenic mice fed a standard of high-fat diet (HFD).
Results Transgenic H6PDH mice display increased abdominal fat accumulation, which is paralleled by elevated lipid
synthesis associated with induction of lipogenic transcriptor C/EBPα and PPARγ mRNA levels within adipose tissue.
Transgenic H6PDH mice fed a high-fat diet (HFD) gained more abdominal visceral fat mass coupled with activation of
GSK3β and induction of XBP1/IRE1α, but reduced pThr308 Akt/PKB content and browning gene CD137 and GLUT4
mRNA levels within the visceral adipose tissue than WT controls. HFD-fed H6PDH transgenic mice also had impaired
insulin sensitivity and exhibited elevated levels of intra-adipose GCs with induction of adipose 11ß-HSD1.
Conclusion These data provide the first in vivo mechanistic evidence for the adverse metabolic effects of adipose H6PDH
activation on visceral fat distribution, fat metabolism, and adipocyte function through enhancing 11ß-HSD1-driven intra-
adipose GC action.

Introduction

Obesity is a growing global public health problem that
affects billion people worldwide. Overweight, especially
visceral obesity has been recognized as the most dangerous
risk factor for developing type 2 diabetes mellitus (T2DM),
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metabolic syndrome, and cardiovascular diseases [1, 2].
Hormone glucocorticoids (GCs) regulate adipose tissue
differentiation, function, distribution, insulin sensitivity,
and in excess, will lead to the pathological state. Patients
with GC excess (Cushing’s syndrome) develop pronounced
abdominal visceral fat deposition associated with the pro-
gress of metabolic syndrome with dyslipidemia, insulin
resistance, T2DM, and hypertension [3]. In target cells, GC
action is regulated by 11ß-hydroxysteroid dehydrogenase
type 1 (11ß-HSD1) at pre-receptor levels [4]. 11ß-HSD1 is
an intracellular endoplasmic reticulum (ER) lumen-resident
enzyme, and its major function in vivo is the NADPH-
dependent conversion of inert cortisone (11-dehy-
drocorticosterone in rodents) to active cortisol (corticoster-
one) and therefore amplifies tissue GC production.
Increasing GC production in adipose tissue caused by 11ß-
HSD1 induces pronounced visceral fat accumulation and
insulin resistance in mice [5]. Clinical observations also
have shown that adipose 11ß-HSD1 activity is increased in
typical obese humans and patients with metabolic syndrome
[6, 7]. In contrast, mice lacking 11β-HSD1 are resistant to
diet-induced obesity and metabolic syndrome [8]. These
results implicate the importance of adipose 11ß-HSD1-
driven local GC production in the progression of visceral
obesity and T2DM.

11β-HSD1 amplification of intracellular active GC pro-
duction requires a high [NADPH]/[NADP+] ratio, which
can be crucially provided by the enzyme hexose-6-
phosphate dehydrogenase (H6PDH) [9, 10]. H6PDH is an
enzyme localized to the ER lumen that converts glucose-6-
phosphate (G6P) and NADP to produce NADPH, thereby
driving 11β-HSD1 reductase activity and consequently
intracellular GC production [11, 12]. Patients with gene
mutations in H6PDH show defects in 11ß-HSD1 activity
and GC production [13]. Consistent with the physiological
relevance of H6PDH for 11ß-HSD1, H6PDH knockout
mice are unable to reproduce active cortisol from cortisone
by 11ß-HSD1, and have improved lipogenesis and insulin
sensitivity [14]. These results demonstrate that H6PDH is
required for 11β-HSD1 amplifying local GC signaling
related to the progression of obesity and insulin resistance.

In contrast, subcutaneous H6PDH mRNA levels are
elevated in the worsening metabolic disorders associated
with increased local cortisol production in obese patients
with the metabolic syndrome [15]. Similarly, there is
increased expression of H6PDH in abdominal visceral and/
subcutaneous fat in patients with T2DM as well as in obese
diabetic rodents compared to normal controls [16–18].
These observations imply that fat-specific elevation of
H6PDH expression may represent an emerging mechanism
in the pathogenesis of metabolic syndrome and thus agents
that reduce endogenous 11β-HSD1 and consequently can
improve or delay the progress of T2DM and obesity. We

recently reported that transgenic mice overexpressing
H6PDH in adipose tissue (aP2-H6PDH Tg mice) exhibit
feature of metabolic syndrome with abdominal region fat
accumulation, fasting hyperglycemia, dyslipidemia with
lipolysis, and elevated intra-adipose GC levels [19], impli-
cating that adipose tissue H6PDH is able to couple the
regulation of cellular GC metabolism and fat mass linked to
the pathogenesis of obesity and insulin resistance. Thus, the
aP2-H6PDH transgenic mouse may serve as a good model
to further explore the potential impact of adipose H6PDH
activation in the etiology of visceral adiposity and the
adverse metabolic consequence relative to visceral obesity/
metabolic syndrome in humans. However, it is unclear
whether enhanced adipose tissue H6PDH expression would
render the transgenic mice even more susceptible to obesity
and insulin resistance when fed a Western-type diet.

In order to gain the new insight of these important issues,
we conducted in vivo studies to investigate the key mole-
cular mechanism underlying the adverse effects of enhanced
adipose H6PDH on abdominal fat deposition by analysis of
lipogenic and adipogenic metabolism profile of visceral
adipose tissue in transgenic aP2-H6PDH mice. We also
investigated at the molecular levels whether adipose tissue
H6PDH activation would exacerbate visceral adiposity and
insulin resistance in obesity by characterization of obese
gene expression profiles, adiposity signaling molecules,
visceral fat distribution, browning maker gene expression,
adipose metabolic parameters, and abdominal visceral fat-
specific GC action mechanisms underlying the diet-induced
obese syndrome in HFD-fed transgenic aP2-H6PDH mice.
Our data provide the first in vivo mechanistic evidence for
the adverse metabolic effects of enhanced adipose H6PDH
on fat distribution, adipose function, and homeostasis
through enhancing 11ß-HSD1-driven intra-adipose GC
action.

Materials and methods

Animals and experimental models

Adult male transgenic mice overexpressing H6PDH under
the adipocyte fatty acid-binding protein (aP2) gene (aP2/
H6PDH Tg) and their age-matched (10 weeks) wild-type
(WT) C57blk/6 control mice were bred and genotyped, as
previously described [19]. Eight animals have been used for
each experimental group, the numbers of animal used were
determined to achieve desired power of 0.8. Animals were
housed in standard SPF conditions under a 12:12-h
light–dark cycle with water ad libitum. Mice were main-
tained on either a control diet (Research Diets D12328) or a
HFD (45 % energy from Fat, Research Diets D12451;
Research Diets Inc., New Brunswick, NJ, USA) for 4 or
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14 weeks. For each genotype, mice are divided randomly
into the control diet or HFD group. Food intake and body
weights were recorded weekly. At the end of the experi-
ments, blood samples were collected, and adipose fat depots
were weighed, dissected, and frozen rapidly in liquid
nitrogen. Animal protocols were approved by the Institu-
tional Animal Care and Use Committee of the Charles R.
Drew University (Los Angeles, California, USA). Blood
samples were analyzed for insulin and FFA levels using
ELISA kit (Abcam, Cambridge, MA, USA), as previously
described [18].

Glucose and insulin tolerance tests

After 20 weeks on a control or a HFD, aP2/H6PDH trans-
genic and wild-type mice were fasted overnight, and blood
samples were taken at the indicated time points following
the intraperitoneal injection (i.p) with glucose (1.0 g/kg D-
glucose). For the insulin tolerance test, mice were injected
with insulin after fasting for 6 h (i.p, 0.75 units/kg; Novolin
R; Eli Lilly, Indianapolis, IN), and the glucose levels were
measured at the indicated time points.

Glucose uptake in adipose tissue

Glucose uptake was measured as previously reported [20].
Briefly, fresh epididymal fat pads were cut into less than 5-
mg pieces and then incubated with 0.5% BSA at 37 °C for
30 min in DMEM. Tissues were washed with 1% BSA in
Ringer bicarbonate-HEPES (KRBH) buffer (Sigma K4002)
and incubated in KRBH solution with 0.1% BSA in the
absence or presence of 100 nM insulin for 5 min at 37 °C.
Tissues were further incubated for 30 min in the same
solution with adding 10 mmol/L glucose and 2.0 μCi 2-[3H]
DG (NEN Life Science, Boston, MA). The uptake reaction
was terminated, and radioactivity was measured by using a
liquid scintillation counter.

RNA extraction and quantitative real-time RT-PCR

Total RNA was isolated from tissues using the TRIzol
reagent (Invitrogen), and the first-strand cDNA was syn-
thesized from 2.0 μg mRNA using a commercially available
kit (Thermo Fisher Scientific). The primers were designed
with Primer express software 2.0 and were as follows:
mouse 11ß-HSD1 (F: 5′-CCTTGGCCTCATAGACACA-
GAAAC-3′; R: 5′-GGAGTCAAAGGCGATTTT CA-3′),
H6PDH (F: 5′-TGGCTACGGGTTGTTTTTGAA-3′; R: 5′-
TA TACAGGTAC ATCTCCTCTTCCT-3′), ACC (F: 5′-
TGTAAATCTGGCTGCATCCATTAT-3′; R: 5′-TGGTA-
GACTGCCCGTGTGA-3′), ACL (F: 5′ ATGCCAA-
GACCA TCCTCTCACT-3′; R: 5′-
TCTCACAATGCCCTTGAAGGT-3′), GR (F: 5′

-TGCTATGCTTTGCTCCTGAT CTG-3′;R: 5′-
TGTCAGTTGATAAAACCGCTGC-3′), FOXO1 (F: 5′-
GGACAGCCGC GCAAGACCAG-3′; R: 5′-
TTGAATTCTTCCAGCCCGCCGA-3′), SIRT1 (F: 5′-
AATC CCGGACTTCAGATCCC C-3′;R: 5′-CAA-
CATGAAAAAGGGCTTGGG-3′), TXB 1(F: 5′-
CGCTGTGGGACGAGTTCAAT-3′; R:5′-
CGGCCATGGGATCCATT-3′), CD137 (F: 5′-
TTGGGAACATTTAATGACCAGA-3′; R: 5-
TCCCGGTCTTAAGCACAGAC-3′), IREα (F: 5′-CCTA
CAAGAGTATGTGGAGC-3′; R: 5′- GGTCTCTGTGAA-
CAATGTT GAGAG-3′), XBP1 (F: 5′-GGATTTGGAA-
GAAGAGAACCACAA-3′; R: 5′-CCGTGAG TTTT
CTCCCGTAAAA-3′) and G6PT (F: 5′-AGGCCTTG-
TAGGAAGCATTGC-3′; R: F: 5′ TCACCGTTACTCG-
GAAGAGGAA-3′). RT-PCR was performed using SYBR
kits in the ABI Prism 7700 System (Thermo Fisher Scien-
tific). Relative mRNA expression levels were calculated
using the comparative CT method and were expressed as a
relative value after normalization to 18S.

Oil red staining with mounting medium DAPI

Fat tissue was fixed in freshly prepared 4% paraformalde-
hyde, then imbedded in O.C.T., and frozen sections were
cut and stained with Oil Red O (Sigma, St. Louis, MO).
Cells were mounted with Vestashield mounting solution
with 4′, 6′-diamidino-2-phenylindole (Vector Laboratories)
and visualized under a fluorescence microscope.

Adipose tissue corticosterone assays

Corticosterone levels were measured in adipose tissue as
previously described [21–23]. Briefly, epididymal and
mesenteric fat depots were isolated, weighed and homo-
genized in dPBS buffer (PH 7.4) by a tissue solubilizer. The
adipose tissue steroids were extracted twice with ethyl
acetate (5 mL/g adipose tissue). The extractions were eva-
porated and the residues were dissolved in sample analysis
buffer. Adipose corticosterone levels were measured using a
corticosterone EIA kit (Oxford Biomedical Research). 11ß-
HSD1 activity was evaluated by the addition of 1 mM
NADPH and 250 nM 11-DHC with [3H]11-DHC as the
tracer to microsomes in KRB solution at 37 °C for 1–2 h.
Steroids were separated and the conversion of [3H]11-DHC
to [3H]CORT was determined by scintillation counting of
radioactivity, as previously described [19].

Protein extraction and Western blot analysis

Adipose tissues were homogenized on ice and protein
concentrations were determined by Bradford assay as pre-
viously described [18]. Adipose proteins were fractionated
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on 4–15% acrylamide SDS-PAGE gels (BioRad, Hercules,
CA, USA) and transferred onto nitrocellulose membranes
for the Western analysis of pSer79 ACC, pSer455ACL,
p-threonine308 kinase Akt/PKB, IR, IRS-1, GLUT4, pSer9

GSK3β, pSer724 IREα, ACC, ACL, XBP1, p-IREα, IREα,
and GAPDH (Cell Signaling, Danvers MA). Proteins sig-
nals were quantified by Eagle Eye II Quantitation System
(Stratagene, CA, USA).

Statistical analyses

All data are expressed as the mean ± SEM. Data were
compared using an unpaired Student’s t-test. To compare
multiple groups, one-way ANOVA was used. When
ANOVA revealed significant differences, then group com-
parisons were performed using the Newman–Keul’s post
hoc test. A P < 0.05 was considered significant.

Fig. 1 Lipogenic gene ACC and ACL mRNA and protein expression
in epididymal fat (Ep fat), mesenteric fat (Mes fat) and subcutaneous
fat (Sub fat) of aP2-H6PDH (■) or WT (□) mice. a, d, g Relative
expression of ACC and ACL mRNA levels were measured by real-

time RT-PCR and normalized to 18S (n= 8). b, c, e, f, h, i Relative
expression levels of t-ACC, t-ACL, pSer79 ACC, and pSer455 ACL
proteins were normalized to GAPDH. Data are means ± SE of 7–8
mice/group. *P < 0.01 vs. WT controls; **P < 0.001 vs. WT controls
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Results

Transgenic aP2-H6PDH mice have altered lipogenic
gene expression in adipose tissue

Adipose H6PDH expression is associated with abdominal
fat storage [14, 19]. To ascertain whether elevated adipose
H6PDH expression influences lipogenic profile, we

assessed the expression of lipid synthase acetyl-CoA car-
boxylase (ACC) and ATP-citrate lyase (ACL), the major
markers of lipid content in adipose tissue of aP2/H6PDH Tg
mice. As shown in Fig. 1, epididymal fat mRNA levels
encoding ACC and ACL in aP2-H6PDH Tg mice were
increased compared with that of the WT controls (P < 0.01;
Fig. 1a). Furthermore, epididymal fat total ACC and ACL
protein levels were increased with elevated (1.9-fold and

Fig. 2 Alterations of obese gene
expression in epididymal fat (Ep
fat), mesenteric fat (Mes fat) and
subcutaneous fat (Sub fat)
between aP2-H6PDH (■) or
WT (□) mice. a, c, e Relative
expression levels of lipid
metabolic gene FAS and
PEPCK, and lipogenic gene
transcriptor C/EBPα, PPARγ,
and SREBP mRNA levels in
epididymal fat (a), mesenteric
fat (c), and subcutaneous fat (e)
were normalized to 18 S. b, d, f
Relative expression of leptin,
FOXO1, and SIRT1 mRNA
levels in epididymal fat (b),
mesenteric fat (d) and
subcutaneous fat (f) of aP2-
H6PDH Tg (■) or WT (□)
mice. Data are mean ± SE from
six to eight mice per group. *P
< 0.01 vs. WT controls; **P <
0.005 vs. WT controls
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2.8-fold respectively) phosphorylated levels of Ser79ACC
and Ser455 ACL in aP2-H6PDH mice compared with WT
controls (Fig. 1b, c). Similarly, higher ACC and ACL
mRNA levels (Fig. 1d) with elevated ACL, pSer79ACC, and
pSer455 ACL contents were observed in mesenteric visceral
fat from the aP2-H6PDH Tg mice, but with unchanged total
ACC protein levels compared to that of WT controls
(Fig. 1e, f). In addition, subcutaneous adipose ACC and
ACL mRNA levels were higher in aP2-H6PDH Tg mice
compared with WT controls (Fig. 1g). Moreover, ACC and
ACL protein expression levels were markedly elevated with
increased levels of pSer79ACC and pSer455 ACL in aP2-
H6PDH mice compared with WT controls (Fig. 1h, i).
Consistent with the increased lipid biosynthesis in adipose
tissue, fatty acid synthase (FAS) mRNA levels were
increased by 2-fold and 2.8-fold, respectively, in epididy-
mal and mesenteric visceral fat in aP2-H6PDH Tg mice
compared with WT controls (Fig. 2a, c). Real-time RT-PCR
analysis also showed that FFA re-esterification enzyme

PEPCK mRNA for TG synthesis, were markedly elevated
in total adipose tissue from aP2-H6PDH Tg (Fig. 2a, c, e; P
< 0.01). These data indicate that aP2-H6PDH Tg mice had
increased adipose lipid content.

The effects of enhanced adipose tissue H6PDH
expression on obese gene expression in fat tissue

To investigate the mechanism underlying the differential
changes in lipogenesis in aP2-H6PDH Tg and WT mice, the
mRNA encoding lipogenic gene transcriptors C/EBPα,
PPARγ, and SREBP were analyzed. C/EBPα mRNA levels
were increased by 4-fold in epididymal fat, 3.6-fold in
mesenteric fat (Fig. 2a, c), and 3-fold in subcutaneous fat
(Fig. 2e) in aP2-H6PDH mice compared with controls.
Adipose PPARγ, a key factor regulating fat distribution
mRNA expression were increased by 2.5-fold in epididymal
fat, 2-fold in mesentiric fat with a more than 6-fold in
subcutaneous fat of the aP2-H6PDH Tg mice compared

Fig. 3 ER stress response and
the relative alterations of Akt/
PKB and GSKβ gene expression
in epididymal fat (Ep fat) of
aP2-H6PDH Tg (■) and their
WT controls (□). a, b Relative
expression of IREα, XBP1,
AKT, and GSK3β mRNA levels
measured by real-time RT-PCR
and normalized to 18S. c, e
Western blotting analyses were
performed to compare the
expression levels of t-REα,
XBP1, and pSer724 IRE. d, f
Relative adipose p-Th308 Akt
and pSer9 GSK3β protein was
standardized to GAPDH. *P <
0.01 vs. WT controls; **P <
0.02 vs. WT controls
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with WT controls (P < 0.01; Fig. 2a, c, e). Moreover,
SREBPα mRNA expression was increased by 1.9-fold in
epididymal fat, 1.7-fold in mesenteric visceral fat, and 5-
fold in subcutaneous fat (P < 0.01; Fig. 2a, c, e) in aP2-
H6PDH Tg mice, respectively. Consistent with the pheno-
type of fat accumulation, aP2-H6PDH Tg mice also had
elevated fat mRNA levels encoding leptin, FOXO1 and
SIRT1 in adipose tissue (Fig. 2b, d, c). These results support
that aP2-H6PDH Tg mice had upregulation of obese genes
associated with fat accumulation.

Transgenic aP2-H6PDH mice exhibit increased ER
stress marker expression in fat tissue

Considering that the ER stress proteins have been shown to
be crucial for adiposity in fat tissue through mechanism
integrating various pathways leading to obesity [24–26], we
analyzed the expression levels and the phosphorylation state
of XBP1 and IREα, two key transcriptional factors of ER
stress in adipose tissue. Real-time RT-PCR analysis
revealed that epididymal fat IREα and XBP1 mRNA levels

Fig. 4 Body weight and visceral fat mass of aP2-H6PDH transgenic
and WT mice. a Body weight gain of aP2-H6PDH and WT mice fed
chow diet (C) or high-fat diet (HFD) (○, non-Tg mice fed chow diet;
■, Tg mice fed chow diet; △, non-Tg mice fed HFD; ● Tg mice fed
HFD, n= 8–10 mice/group). b Ep fat and Mes fat mass of H6PDH
mice fed control chow diet or HFD. c Lipid droplet accumulation was
monitored by fluorescent microscopy using Oil Red O staining with
DAPI. d, e Relative mesenteric fat obese gene mRNA levels in aP2-
H6PDH Tg (▨) and their WT controls (■) and WT mice fed HFD. f
Relative alterations of Akt, p-Th308Akt and pSer9 GSK3β content in
Mes fat of mice fed HFD. *P < 0.01 and #P < 0.02 vs. WT controls;
**P < 0.02 vs. HFD-fed controls; †P < 0.02 and ‡P < 0.01 vs. HFD-fed

WT controls. g Schematic diagram representing the consequences of
enhancing adipose H6PDH expression. H6PDH activation provides
the fuel for the production of 11β-HSD1-driven intra-adipose CORT
and results in fat accumulation through: (1) CORT stimulation of
IREα/XBP1 pathway activates C/EBPα and PPARγ expression,
facilitating lipogenesis and TG synthesis, (2) C/EBPα can activate
11β-HSD1, further enhancing CORT availability and (3) CORT-
mediated suppression of p-Akt induces insulin resistance and activa-
tion of GSK3β signaling that is required for adipogenesis. Addition-
ally, GSK3β activation can promote CORT to bind/activate GR and
further amplifying GC action in adipose tissue
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were increased by 1.5-fold and 1.45-fold in aP2-H6PDH Tg
mice compared with their WT controls (Fig. 3a). Parallel to
these observations, IREα protein level was increased with
elevated pSer298 IREα content by 2.7-fold in epididymal fat
of aP2-H6PDH mice (P < 0.01; Fig. 3c, e). Consistent with
these results, aP2-H6PDH Tg mice also had elevated XBP1
protein expression in epididymal fat compared with WT
controls (Fig. 3c, e). These data indicate that activation of
IREα/XBP1 pathway is involved in adipose adiposity of
aP2/H6PDH Tg mice.

Transgenic aP2-H6PDH mice activated GSK3ß with
suppressed Akt signaling in fat tissue

Since Akt can regulate adipogenesis via inhibition of
GSK3ß [27, 28], a master activator of adipogenesis, we next
examined if the molecular basis for the induction of visceral
fat adiposity in aP2-H6PDH Tg mice was associated with
altered Akt and GSK3ß signaling. Consistent with visceral
fat obesity, epididymal fat GSK3ß mRNA levels (Fig. 3b;
P < 0.01) were higher with elevated pSer9GSK3ß content by
1.7-fold in aP2-H6PDH Tg mice (Fig. 3d, f). Reciprocally,
epididymal fat Thr308Akt/PKB phosphorylation in aP2-
H6PDH Tg mice was lower, with no effect of Akt mRNA
and total Akt protein levels compared to their respective

WT controls (Fig. 3d, f). These data indicate that activation
of GSK3ß with reduction of Akt signaling may be a
potential mechanism for adipogenesis in adipose tissue of
aP2-H6PDH Tg mice.

Transgenic aP2-H6PDH mice exhibits exacerbation
of HFD-induced accumulation of visceral fat

To further investigate the impact of enhanced adipose
H6PDH in the development of visceral obesity, we assessed
the effect of high-fat feeding on energy homeostasis, body
weight, food intake, and abdominal visceral fat pad mass in
transgenic aP2-H6PDH mice. The mean body weight gain
of mice fed HFD for 14 weeks were significantly increased
when compared with regular chow diet feeding (Fig. 4a).
However, there were no significant differences in body
weight (Fig. 4a) and food intake (data not shown) between
aP2/H6PDH mice and WT controls on control diet or HFD.
In contrast, HFD-fed aP2/H6PDH mice gained more visc-
eral fat mass (increased by 27% in epididymal fat and 23%
in mesenteric visceral fat (Fig. 4b) than that of WT controls
fed HFD, reflecting altered fat distribution with increased
visceral fat mass. Oil red O staining with mounting media
DAPI showed increased lipid droplet content in visceral fat
from aP2-H6PDH Tg mice fed on both control diet and

Fig. 5 Glucose and insulin
tolerance tests in aP2-H6PDH
Tg mice and WT controls. a
Glucose tolerance test (GTT; □,
non-Tg mice fed chow diet (C);
○, non-Tg mice fed high-fat diet
(HFD); ■, Tg mice fed chow
diet; ● Tg mice fed HFD). b
Insulin tolerance test (ITT; △,
non-Tg mice fed chow diet; ○,
Tg mice fed chow diet; ▲, non-
Tg mice fed HFD; ● Tg mice
fed HFD). c Serum FFA levels.
d Adipose glucose uptake in
visceral fat tissue from aP2-
H6PDH mice and WT control.
Data are means ± SE of 7–8
mice/group. †P < 0.02 vs. HFD-
fed WT controls; *P < 0.001 and
#P < 0.01 vs. WT controls; **P
< 0.01 vs. HFD-fed WT controls
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HFD when compared with their respective WT controls
(Fig. 4c, d). Consistent with adipose redistribution,
mesenteric visceral fat PPARγ, SREBP, and C/EBPα
expression were higher with elevated mRNA levels of
IRE and XBP1 (Fig. 4d, e), which paralleled to the ele-
vated IREα and XBP1 protein with activation of pSer298

IREα in mesenteric fat of aP2/H6PDH mice (Fig. 4f).
Likewise, HFD-fed aP2-H6PDH Tg mice also had
increased mesenteric fat mRNA levels encoding leptin
(Fig. 4d) with upregulation of Ser9 GSK3ß phosphor-
ylation, but reduced p-Thr308Akt/PKB level (Fig. 4f).
These data show that elevation of H6PDH in adipose
tissue promotes the HFD-induced phenotype of abdom-
inal fat accumulation.

In contrast, we found that HFD-fed aP2-H6PDH Tg mice
had decreased browning marker gene CD137 and
browning-related gene GLUT4 mRNA levels in mesenteric
fat, but did not significantly change TBX mRNA levels
(Fig. 4e) in visceral fat, reflecting decreased the browning of
white adipose tissue in aP2-H6PDH Tg mice may be
involved in the development of HFD-induced abdominal
visceral obesity.

Transgenic aP2-H6PDH mice have impaired glucose
tolerance and insulin sensitivity

We then determined if elevated adipose H6PDH would
render the transgenic mice more susceptible to diet-induced
insulin resistance. We measured the rate of glucose disposal
and insulin sensitivity by the glucose and insulin tolerance
tests and analyzed adipose metabolic function. The fasting
blood glucose levels of aP2-H6PDH Tg and WT mice fed
HFD were higher than those of their respective controls fed
chow diet (WT control diet: 158 ± 12.6 mg/dL; WT high-fat
diet: 274 ± 17 mg/dL; H6PDH Tg control diet: 198 ± 11 mg/
dL; H6PDH Tg high-fat diet: 337 ± 14 mg/dL) (Fig. 5a).
Furthermore, higher plasma glucose levels during GTT
(Fig. 5a) were observed in HFD-fed aP2-H6PDH Tg mice
compared to that of WT mice fed HFD. During the ITT,
aP2-H6PDH Tg mice on HFD also had decreased glucose
disposal in response to insulin compared with WT mice fed
HFD (Fig. 5b). Moreover, plasma FFA, which is stimulated
by GCs [30] and can cause adipose insulin resistance[31],
was elevated in HFD-fed aP2-H6PDH Tg mice (Fig. 5c).
Additionally, basal and insulin-stimulated glucose uptake in
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Fig. 6 Adipose target gene expression and corticosterone levels in
epididymal fat (Ep fat) and mesenteric fat (Mes fat) of aP2-H6PDH
(white bar) and WT mice fed HFD (black bar). a, b Quantitative real-
time RT-PCR analysis demonstrating the relative alterations of
H6PDH, G6PT, 11β-HSD1, and GR mRNA levels in Ep fat (a) and
Mes fat (b) of aP2-H6PDH and WT mice fed HFD. c Western blot
analysis of expression of 11β-HSD1 in epididymal fat (Ep fat) and
mesenteric fat (Mes fat) of aP2-H6PDH and WT mice fed HFD. d

Adipose 11β-HSD1 reductase activity was measured in adipose
microsomes using 11-dehydrocorticosterone (DHC) as the substrate in
the presence of NADPH. Enzyme activity was expressed as % DHC
converted to corticosterone (B). e Tissue corticosterone concentrations
in epididymal fat and mesenteric visceral fat of aP2-H6PDH and WT
mice fed HFD. f Plasma corticosterone levels in aP2-H6PDH and WT
mice fed HFD. Data are means ± SE of 7–8 mice/group. *P < 0.001 vs.
HFD-fed WT controls; †P < 0.01 vs. HFD-fed WT controls
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adipose tissue were lower in aP2-H6PDH mice (Fig. 5d),
reflecting the cause of adipose insulin resistance.

Transgenic aP2-H6PDH mice exhibit enhanced 11β-
HSD1 expression and corticosterone level in fat
tissues

Adipose H6PDH expression have shown to be associated
with corticosterone production in adipose tissue [14, 17].
We next determined if the adverse metabolic phenotypes
observed in aP2-H6PDH Tg mice fed on HFD are partly
due to changes in local GC metabolism in this tissue. We
found that HFD-fed aP2-H6PDH Tg mice exhibited ele-
vated H6PDH and 11β-HSD1 mRNA expression in epidi-
dymal fat and mesenteric visceral fat (Fig. 6a, b). Moreover,
we observed that epididymal fat and mesenteric fat G6PT
mRNA, the key driver supplying G6P for H6PDH-mediated
NADPH generation within the ER lumen for 11β-HSD1
[11], were higher in HFD-fed aP2-H6PDH Tg mice (P <
0.01; Fig. 6b). Consistent with these observations, epidi-
dymal and mesenteric fat 11β-HSD1 protein expression and
activity were higher in HFD-fed aP2-H6PDH mice than
their respective HFD-fed controls (Fig. 6c, d). In parallel
with the increase in 11β-HSD1 activity, adipose corticos-
terone levels were increased by 38% in epididymal fat and
by 35% in mesenteric fat in aP2-H6PDH Tg mice compared
with WT controls fed HFD (Fig. 6c), indicating increased
intra-adipose GC production. Furthermore, adipose GC
receptor (GRα) mRNA that is activated by GCs [30], were
also elevated in epididymal and mesenteric fat of aP2-
H6PDH Tg mice fed on HFD (Fig. 6a, b), reflecting
increased GR-mediated local GC action in abdominal adi-
pose tissue. However, there were no significant differences
in plasma corticosterone levels between aP2-H6PDH Tg
and WT mice fed on HFD, although HFD-fed aP2-H6PDH
Tg mice had slightly elevated plasma corticosterone levels
(Fig. 6d). These results suggest that elevated intra-adipose
GC levels may account, at least in part, for the adverse
metabolic phenotype observed in aP2-H6PDH Tg mice fed
on HFD, despite normal circulating GC levels.

Discussion

The data presented here suggest that a new fat depot-
specific mechanism driving the adverse fat distribution and
visceral fat accumulation is the result of enhanced adipose
H6PDH-mediated induction of intra-adipose GC production
with upregulation of 11ß-HSD1. We found that H6PDH
transgenic mice induced visceral fat adiposity and the
adverse metabolic phenotypes are correlated with elevated
11ß-HSD1-driven local corticosterone level in visceral
adipose tissue. We observed that aP2-H6PDH Tg mice

exhibit elevated 11ß-HSD1 and increased epididyminal and
mesenteric visceral fat mass, hyperglycemia, insulin resis-
tance, hyperlipidemia along with elevated GC-inducible
lipogenic enzyme ACC and ACL expression. Increased
adipose tissue H6PDH could elevate ER luminal NADPH
ability to drive 11ß-HSD1 amplification of local GC action
and consequently leads to lipogenesis and increased adipose
mass linked to visceral fat deposition. This interpretation is
further supported by recent report revealing that patients
with obesity and metabolic syndrome have increased
H6PDH mRNA levels and elevated cortisol production with
increased 11ß-HSD1 in visceral fat and subcutaneous fat
[15–18]. In addition, adipose H6PDH activation was cor-
related with elevated G6PT mRNA level in visceral fat of
aP2-H6PDH Tg mice. Elevated G6PT expression ensures
ER luminal G6P availability to increase H6PDH and may
thus provide an additional mechanism to maintain adipose
H6PDH activation in the aP2-H6PDH Tg mice.

Interestingly, we found that the visceral adiposity and its
adverse metabolic phenotype were tightly associated with
elevated intra-adipose corticosterone levels in aP2-H6PDH
mice, but circulating corticosterone levels were elevated
only slightly in response to HFD. Endorsing this hypoth-
esis, is the demonstration of increased adipose GC pro-
duction leading to visceral obesity and metabolic syndrome,
despite the normal plasma GC levels in aP2-11ß-HSD1
mice [5]. Our data suggest that activated H6PDH coupled
with elevation of 11ß-HSD1-driven intracellular GC pro-
duction in adipose tissue may be an emerging mechanism to
account for the accumulation of visceral fat by increased
lipogenesis in aP2-H6PDH mice.

It is well known that tissue-specific action of GCs is
mediated by activation of intracellular GR [31]. We found
that aP2-H6PDH mice have enhanced 11ß-HSD1 and
simultaneously induced fat GR expression with con-
comitant elevation of adipose GSK3ß phosphorylation that
is activated by GCs [31]. Indeed, GSK3ß has been identi-
fied as the key ligand-dependent transcription activator and
its functional signaling is required for GC-dependent tran-
scriptional activation of GR [32, 33], a ligand-activated
transcription factor that is crucially required for GC action.
These findings support a concept that activation of GSK3ß
signaling itself may be an additional mechanism to ensure
adipose H6PDH-coupled 11ß-HSD1-driven local GC
action. Induction of GSK3ß signaling could allow GCs to
bind/activate intracellular GR and thus promotes GR-
mediated intra-adipose corticosterone action leading to
visceral fat accumulation and the adverse metabolic phe-
notype observed in aP2-H6PDH mice. This is consistent
with the previous data showing that GSK3ß is required for
adipose adipogenesis in insulin-resistant animals [34, 35].
Additionally, we also found that the pThr308Akt content, a
marker of adipose insulin sensitivity that is suppressed by
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GCs [23], were reduced coupled with decreased glucose
uptake in response to elevated local GC levels with con-
comitant induction of GSK3ß in adipose tissue of aP2-
H6PDH Tg mice. Reduction in phosphorylated AKT may
indicate failures in insulin signaling and, therefore, a lower
GLUT4 translocation to the cell membrane. This could
explain in part the insulin resistance observed in this animal
model.

Given that Akt is also a negative regulator of obesity and
insulin resistance through inhibition of GSK3ß [35, 36],
reduction of p-Thr308Akt could also promote GSK3ß acti-
vation and, in turn, visceral fat adiposity and local insulin
resistance. These findings support our hypothesis that
visceral fat lipid accumulation of aP2-H6PDH mice may be
mediated, at least, in part by activation of GSK3β with
suppression of Akt.

Consistent with increased lipogenic gene expression
prolife of adipose tissue, SREBP expression is elevated in
response to increased H6PDH coupled with 11ß-HSD1 in
visceral fat in aP2-H6PDH mice. SREBP is stimulated by
insulin [37] and aP2-H6PDH mice had elevated insulin
levels, which is associated with high-SREBP levels and
visceral fat accumulation observed in aP2/H6PDH Tg mice.
Importantly, we also observed that another two key lipo-
genic transcriptional activator mRNA encoding PPARγ and
C/EBPα that are positively regulated by GCs [38, 39], were
also elevated in response to activation of obese gene mRNA
levels encoding SIRT1 and FOXO1 with induction of 11ß-
HSD1 in adipose tissue of aP2-H6PDH mice. Moreover,
subcutaneous fat PPARγ and C/EBPα mRNA levels were
also increased in aP2-H6PDH mice. Elevated adipose
PPARγ and C/EBPα could thus promote the progress of
lipogenesis and adipogenesis linked the development of
adipose adiposity in aP2-H6PDH mice. This interpretation
is supported by studies reporting that activation of C/EBPα
and PPARγ are necessary and sufficient to initiate adipo-
genesis and obesity in insulin-resistant rodents [40, 41]. In
addition, aP2-H6PDH mice also exhibit reduced expression
of visceral fat CD137 [42, 43], the key gene for begin and
browning of white adipocytes that is decreased in adipose
tissue in obese animals [42, 43]. Moreover, we also
observed that brown fat-related gene encoding GLUT4
expression that is high in browning of white adipocytes
[44], was decreased in fat tissue of aP2-H6PDH mice.
These findings suggest that reduced adipose CD137 and
GLUT4 may also contribute to adipose adiposity in aP2-
H6PDH mice.

In addition, the current study also observed that induc-
tion of adipose C/EBPα and PPARγ expression paralleled
the elevated expression of adipose IREα and XBP1, two
key ER stress transcription factors activated by GCs [45] in
response to elevated adipose GC levels in aP2-H6PDH
mice. Indeed, IREα/XBP1 are required for the

transcriptional activator of C/EBPα during adipogenesis
[24] and aP2-H6PDH mice show elevated IREα expression
and its phosphorylation in visceral fat tissues. Consistent
with this concept, we also found that the adipose XBP1
levels, a specific substrate for IRE1α [46, 47], were
increased in aP2-H6PDH mice, suggesting that activation of
IREα/XBP1 itself could promote the activation of C/EBPα
and lipogenesis in adipose tissue. This is consistent with the
role of IREα/XBP1 in inducing lipogenesis and adipogen-
esis [24]. Moreover, IREα/XBP1 is upregulated by insulin
[48] and elevated plasma insulin levels may contribute to
higher IREα and XBP1 in visceral fat from aP2-H6PDH
mice. Consistent with the earlier finding that PPARγ is
activated by XBP1 [33], here, we observed elevated XBP1
and increased PPARγ expression in fat tissue of aP2-
H6PDH mice. These findings imply that elevation of XBP1/
IREα could contribute to high C/EBPα and PPARγ levels,
which is sufficient to trigger adipogenesis and the pro-
gression of fat accumulation in aP2-H6PDH mice. This
interpretation is supported by earlier observation that adi-
pose IREα and XBP1 are increased with obesity and insulin
resistance in obese mice [25, 26]. Adipose H6PDH
activation-mediated induction of IREα/XBP1 may thus
provide an additional mechanism to maintain C/EBPα and
PPARγ linked to increased lipogenesis and fat accumulation
in aP2-H6PDH mice.

In summary, our current findings provide the first in vivo
mechanistic evidence for the contribution of increased adi-
pose H6PDH expression to fat accumulation, insulin
resistance, and its relative metabolic disorders. We further
demonstrated that the adverse effects of H6PDH activation
on adipose function and insulin sensitivity may be largely
driven by elevated 11ß-HSD1 amplifying local GC action
relative to changes in obese gene expression profile and
reduction of glucose uptake associated with reduction of
insulin signaling molecules. These results imply that fat-
specific manipulation of H6PDH may have potential as a
new therapeutic strategy, and we may expect that selective
inhibition of adipose H6PDH may represent novel and
potential pharmaco-therapeutic approaches to target fat 11ß-
HSD1 and treat T2DM and visceral obesity.
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