L T

/

D\

CrossMark
& click for updates

PI3K-resistant GSK3 controls adiponectin formation
and protects from metabolic syndrome

Hong Chen?, Abul Fajol®, Miriam Hoene®, Bingbing Zhang?, Erwin D. Schleicher®“?, Yun Lin®, Carsten Calaminus®,

Bernd J. Pichler®, Cora Weigert®<9d, Hans U. Haring™“?, Florian Lang®f, and Michael Féller

a,9.1

2Department of Physiology, University of Tbingen, 72076 Tuebingen, Germany; PDivision of Clinical Chemistry and Pathobiochemistry, Department

of Internal Medicine IV, University Hospital Tubingen, 72076 Tuebingen, Germany; “Institute for Diabetes Research and Metabolic Diseases of the
Helmholtz-Zentrum Munchen, University of Tubingen, 72076 Tuebingen, Germany; dGerman Center for Diabetes Research, 85764 Neuherberg, Germany;
“Werner Siemens Imaging Center, Department of Preclinical Imaging and Radiopharmacy, University of Ttibingen, 72076 Tuebingen, Germany; 'Department of
Internal Medicine IlI, University Hospital Tbingen, 72076 Tuebingen, Germany; and ®Institute of Agricultural and Nutritional Sciences, Martin-Luther University

Halle-Wittenberg, D-06120 Halle (Saale), Germany

Edited by Tak W. Mak, The Campbell Family Institute for Breast Cancer Research at Princess Margaret Cancer Centre, University Health Network, Toronto,

Canada, and approved April 13, 2016 (received for review January 26, 2016)

Metabolic syndrome is characterized by insulin resistance, obesity,
and dyslipidemia. It is the consequence of an imbalance between
caloric intake and energy consumption. Adiponectin protects against
metabolic syndrome. Insulin-induced signaling includes activation of
PI3 kinase and protein kinase B (PKB)/Akt. PKB/Akt in turn inactivates
glycogen synthase kinase (GSK) 3, a major regulator of metabolism.
Here, we studied the significance of PI3K-dependent GSK3 inactiva-
tion for adiponectin formation in diet-induced metabolic syndrome.
Mice expressing PI3K-insensitive GSK3 (gsk3<') and wild-type mice
(gsk3"™) were fed a high-fat diet. Compared with gsk3"/" mice,
gsk3"! mice were protected against the development of metabolic
syndrome as evident from a markedly lower weight gain, lower total
body and liver fat accumulation, better glucose tolerance, stronger
hepatic insulin-dependent PKB/Akt phosphorylation, lower serum in-
sulin, cholesterol, and triglyceride levels, as well as higher energy
expenditure. Serum adiponectin concentration and the activity of
transcription factor C/EBP« controlling the expression of adiponectin
in adipose tissue was significantly higher in gsk3*' mice than in
gsk3"T mice. Treatment with GSK3 inhibitor lithium significantly de-
creased the serum adiponectin concentration of gsk3X' mice and ab-
rogated the difference in C/EBPa activity between the genotypes.
Taken together, our data demonstrate that the expression of PI3K-
insensitive GSK3 stimulates the production of adiponectin and pro-
tects from diet-induced metabolic syndrome.

obesity | insulin resistance | triglycerides | leptin

etabolic syndrome is characterized by obesity, adipose

tissue accumulation, decreased glucose tolerance with hy-
perglycemia, dyslipidemia with hypertriglyceridemia, and an el-
evated low-density lipoprotein (LDL)/ high-density lipoprotein
(HDL) ratio, as well as by hypertension (1-3). Millions of pa-
tients are affected by this medical condition world-wide and have
to face high cardiovascular mortality as its consequence (4, 5).
Although the exact mechanisms are still to be elucidated, it ap-
pears to be established that metabolic syndrome develops mainly
due to an imbalance between caloric intake and needs (6, 7). In
particular, the diet of patients with metabolic syndrome is often
high in fats, and the patients’ lifestyle is characterized by a lack of
physical exercise (7, 8). Apart from lifestyle factors, a genetic
disposition is also involved (9, 10).

A key process in the development of metabolic syndrome is
peripheral insulin resistance (11, 12). In particular, hepatic in-
sulin resistance plays a major role and results in the failure of
insulin to suppress hepatic gluconeogenesis (13). Moreover, in-
sulin promotes the uptake of glucose by muscle cells and adi-
pocytes (14, 15). The common consequence of insulin resistance
is hyperglycemia and reduced glucose tolerance (11). On the
molecular level, binding of insulin to its membrane receptor
results in the induction of phosphatidylinositide 3 (PI3) kinase
activity, which leads to activation of protein kinase B (PKB)/Akt
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isoforms, thereby also activating these serine/threonine kinases
(12, 16). PKB/Akt is a central mediator of insulin effects in various
organs (17). Hence, hepatic insulin resistance can be detected by
the failure of insulin to induce PKB/Akt phosphorylation (17, 18).
One important molecular target of PKB/Akt is glycogen synthase
kinase 3 (GSK3), a serine/threonine kinase (19, 20). Insulin-
stimulated PKB/Akt phosphorylates GSK3, thereby rendering this
kinase inactive (17). GSK3 is an important cellular regulator of
metabolism, but also of cell proliferation, migration, cell death,
and immune function (21-24).

To study the physiological relevance of PI3 kinase-dependent
inactivation of GSK3, transgenic mice were generated (gsk3¥")
expressing a mutant GSK3a,, which cannot be phosphorylated by
PKB/Akt. Hence, gsk3® mice are resistant to the insulin-induced
and PI3 kinase-mediated inactivation of GSK3 activity. Surpris-
ingly, gsk3*! mice do not show any signs of type 2 diabetes and are
fertile (25). Therefore, the insulin-induced inactivation of GSK3
does not appear to be an absolute prerequisite for proper insulin
signaling. However, gsk3*! mice have a lower plasma corticoste-
rone and aldosterone concentration, as well as a higher renal so-
dium excretion and blood pressure than gsk3™" mice (26). Gsk3¥!
mice suffer from proteinuria due to glomerular injury, which may
be related to their hypertension (27), and from renal calcium and
phosphate loss with demineralized bone (28).

Multiple manifestations of the metabolic syndrome are counter-
acted by the adipose tissue-derived protein hormone adiponectin
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(29-33). The hormone thus protects against the development of
type II diabetes and hyperglycemia by improving insulin sensitivity
(34, 35). Moreover, it ameliorates dyslipidemia by lowering the
serum triglyceride concentration (36) and favoring the formation
of HDL-cholesterol (37). In line with its beneficial effects, a low
serum adiponectin concentration is associated with metabolic
syndrome (38). Adiponectin may therefore be a valuable biomarker
for metabolic syndrome.

Here, we studied the significance of the PI3 kinase-dependent
inactivation of GSK3 for the development of insulin resistance,
decreased glucose tolerance, obesity, and dyslipidemia in a
mouse model of diet-induced metabolic syndrome. Moreover, we
characterized the role of GSK3 in the formation of the hormone
adiponectin.

Results

We compared mice expressing a mutant GSK3a,f, in which the
codon encoding Ser9 of the GSK3p gene was changed to encode
nonphosphorylable alanine (GSK3p°*°*), and simultaneously
the codon encoding Ser21 of GSK3a was changed to encode the
nonphosphorylable GSK3a*'?'4 (gsk3X") to wild-type mice
(gsk3™T). Metabolic syndrome can be induced by feeding the
mice a high-fat diet (39). We first monitored the weight gain of
the mice on this diet. Compared with gsk3""T mice, the weight
gain was considerably smaller in gsk3*! mice (Fig. 14). Hence, at
11 wk, the relative weight gain was significantly higher in gsk3""
mice than in gsk3™ mice (Fig. 1B).

Feeding the high-fat diet increases body weight due to expan-
sion of adipose tissue. Therefore, we analyzed the adipose tissue
distribution of these mice on control diet and on high-fat diet. As
illustrated in Fig. 1 C and D, no significant differences were ob-
served on control diet whereas the mass of subcutaneous, mes-
enteric, epididymal, and perirenal adligose tissue was significantly
larger in gsk3™ " mice than in gsk3™ mice on high-fat diet. In
line with a higher fat mass, the serum level of the adipose tissue-
derived hormone leptin was dramatically higher in gsk3""T mice
than in gsk3¥" mice on a high-fat diet (Fig. 1E). Moreover, the
high-fat diet induced hepatic steatosis (fatty liver) in gsk3"" mice
but failed to do so in gsk3*" mice (Fig. 1 F and G).

Another hallmark of metabolic syndrome is dyslipidemia char-
acterized by high serum levels of triglycerides (hypertriglyceridemia)
and a high LDL/HDL ratio indicative of a low HDL-cholesterol
serum concentration (1, 40). We therefore analyzed the blood lipids
in gsk3%T mice and gsk3*' mice. Following 7-8 wk of feeding the
mice the high-fat diet, the serum triglyceride (Fig. 24) and total
cholesterol (Fig. 2B) levels were markedly higher in gsk3™" mice
than in gsk3®' mice. Moreover, both the HDL-cholesterol and
LDL-cholesterol serum concentrations were higher in gsk3V7'
mice than in gsk3®" mice on control and high-fat diet (Fig. 2C).
When maintained on control diet, the LDL/HDL ratio was not
different between the genotypes (Fig. 2D). However, feeding a
high-fat diet resulted in a much stronger increase in the serum
level of LDL-cholesterol in gsk3™" mice than in gsk3*' mice.
Therefore, the LDL/HDL ratio in high-fat-diet—fed gsk3"" mice
was significantly higher than that in gsk3%" mice (Fig. 2D).

Metabolic syndrome affects glucose metabolism and results in
peripheral insulin resistance, lower glucose tolerance, and hy-
perglycemia (11, 41). We therefore analyzed the blood glucose
concentration in fasted gsk3" " mice and gsk3*! mice maintained
for 10 wk on a high-fat diet. Compared with gsk3*! mice, gsk3™"
mice were markedly hyperglycemic (Fig. 34), suggesting that the
high-fat diet induced insulin resistance. To test this possibility,
we first carried out a glucose tolerance test. Fig. 3B demonstrates
that glucose tolerance was greatly reduced in gsk3™ " mice fed a
high-fat diet for 10 wk compared with gsk3' mice on the same
diet. In contrast, glucose tolerance was similar in gsk3™' mice
and gsk3®' mice on control diet with significantly lower blood
glucose concentrations in gsk3*! mice only at 0 and 15 min of the
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Fig. 1. High-fat-diet-induced obesity and fat accumulation in gsk3"VT mice
but not in gsk3*' mice. Body weight (A; n = 9) in dependence on the duration
of high-fat-diet feeding (HFD), relative weight gain after 11 wk of high-fat-diet
feeding (B; n = 9), the mass of different fat depots of 6-mo-old mice on
control diet (C; n = 5) and of 6-mo-old mice after 4 mo of high-fat-diet
feeding (D, n = 4), and the serum leptin concentration (E; n = 5-6) before
(control) and after 10 wk of high-fat-diet feeding. All parameters were de-
termined in gsk3"'T mice (white bars) and gsk3*' mice (black bars) and are
given as arithmetic means + SEM. (F and G) High-fat-diet feeding induced
fatty liver in gsk3"VT mice but not in gsk3¥' mice. Shown is the abdominal
situs of mice (F) on control diet (Upper panels) and high-fat diet (Lower
panels); in addition, the livers and a microphotograph (G) of Oil Red O
staining to visualize lipid droplets of hepatic sections is demonstrated.
(Magnification: x200.) (Left panels) gsk3"'T mice. (Right panels) gsk3¥' mice.
*P < 0.05, **P < 0.01, and ***P < 0.001 indicate significant difference be-
tween the genotypes; *P < 0.05 indicates significant difference from the
absence of HFD treatment.

glucose tolerance test (Fig. S14). Next, we determined the circu-
lating insulin concentration of fasted and unfasted mice on a high-fat
diet. As expected, fasted gsk3™' mice exhibited hyperinsulinemia in
comparison with gsk3*' mice (Fig. 3C), suggesting decreased insulin
sensitivity as the main cause of glucose intolerance in gsk3" ' mice.
The serum insulin concentration, however, was not significantly
different between unfasted gsk3™" and gsk3*" mice (Fig. 3C). We
did not observe a significant difference between the circulating glu-
cagon levels in fasted gsk3™ " mice and gsk3"! mice either (Fig. 3D).
Glucose-induced insulin secretion was significantly stronger in high-
fat-diet—fed gsk3"" mice compared with gsk3%' mice, again pointing
to reduced insulin sensitivity of gsk3™" mice (Fig. 3E). To further
characterize the responsiveness of gsk3"T mice and gsk3*! mice to
insulin (17), we determined P-Akt (Thr308) in liver tissue isolated
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Fig.2. High-fat-diet-induced dyslipidemia in gsk3"'" mice but not in gsk3*!
mice. Serum triglyceride (A; n = 6-7) and total cholesterol concentration (B;
n = 6) before (control) and after 7-8 wk of feeding a HFD. HDL- and LDL-
cholesterol concentrations (C; n = 5-6) and LDL/HDL ratio (D; n = 5-7) of
3- to 4-mo-old mice on control diet and of 3- to 4-mo-old mice on HFD for
7-8 wk. All parameters were determined in gsk3WT mice (white bars) and
gsk3X' mice (black bars) and are given as arithmetic means + SEM. **P <
0.01 and ***P < 0.001 indicate significant difference between the geno-
types. P < 0.05 and *#*P < 0.001 indicate significant difference from the
absence of HFD treatment.

from the mice 8 min after insulin injection. As illustrated in Fig. 3F,
following the injection of insulin the abundance of P-Akt (Thr308
was markedly and significantly higher in hepatic tissue from gsk3
mice compared with gsk3"" mice whereas total Akt abundance was
not different between the genotypes (Fig. 3G) This result further
demonstrates that the hlgh -fat diet resulted in peripheral insulin
resistance in gsk3™ " mice but not in gsk3*" mice. On control diet,
hepatic insulin-induced Akt phosphorylation was not significantly
different between the genotypes. (Fig. S1 B and C).

Phosphatase PTEN is regulated by phosphorylation at Ser380/
Thr382/383 and counteracts PI3K-mediated signaling. PTEN
phosphorylation was not significantl nly different in the livers from
high-fat-diet—fed gsk3¥" and gsk3™" mice KgFlg. S2 A and B).

Thus far, our data indicate that gsk3™ mice are protected
from the development of metabolic syndrome (41), characterized
by obesity, adipose tissue accumulation, dyslipidemia, and pe-
ripheral glucose intolerance, which all were readily induced by a
high-fat diet in gsk3%" mice. The adipose tissue-derived hor-
mone adiponectin has been shown to provide protection against
these manifestations of metabolic syndrome (29, 42). We
therefore determined the serum adlponectln level in gsk3®!
mice and gsk3™T mice. As illustrated in Fig. 44, the serum
adlponectln concentratlon was significantly hlgher in gsk3®!
mice compared with gsk3%T mice both before and after feeding
of the high-fat diet. The stimulation of energy consumption
contributes to the effects of adiponectin protecting against the
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development of metabolic syndrome (43). Thus, we measured
energy expenditure in gsk3*' mice and gsk3%“' mice. In line
with their high serum adiponectin level, we found significantly
higher energy expenditure in gsk3*! mice compared with gsk3™"
mice (Fig. 4B).

The main regulator of adiponectin formation in adipose tissue
is transcription factor C/EBPa (44). GSK3 has been shown to
regulate C/EBPa (45). We therefore determined the activity of
C/EBPa in adipose tissue from gsk3%! mice and gsk3™' mice by
Western blotting. As demonstrated in Fig. 54, the abundance of
P-C/EBPa (Thr222/226) was significantly higher in adipose tissue
from gsk3*! mice compared with gsk3" " mice, pointing to enhanced
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Fig. 3. High-fat-diet-induced hyperglycemia, glucose intolerance, and in-
sulin resistance in gsk3"" mice but not in gsk3"' mice. Arithmetic means +
SEM of the fasted blood glucose level (A; n = 11-13) and of the blood glu-
cose concentration (B; n = 11-13) following i.p. injection of glucose (2 g/kg
body weight) into fasted gsk3"/" and gsk3"' mice. (C) Circulating insulin
levels. Arithmetic means + SEM of the serum insulin concentration (n = 5-6)
of gsk3"T and gsk3*' mice; the animals were fasted overnight (Right bars) or
unfasted (Left bars) right before the experiment. (A-C) All mice had been
maintained for 10 wk on a HFD. (D) Circulating glucagon levels. Arithmetic
means + SEM of the serum glucagon concentration (n = 6-7) of gsk3V and
gsk3X' mice; all mice had been maintained for 8 wk on a high-fat diet and
were fasted overnight right before the experiment. (E) Glucose-induced
insulin secretion. Arithmetic means + SEM of the serum insulin concentration
(n = 5-6) 30 min after i.p. glucose injection (2 g/kg body weight) into gsk3"W"
and gsk3¥' mice; all mice had been maintained for 10 wk on a high-fat diet
and were fasted overnight right before the experiment. (F and G) Original
Western blots (Left panels) demonstrating the abundance of P-Akt (Thr308,
F) and total Akt (G) in livers isolated from gsk3"'T and gsk3*' mice 8 min after
insulin injection (0.5 U/kg body weight). The mice had been fed a high-fat
diet for 12 wk. GAPDH expression is also shown. (Right panels) Densitometric
analysis (arithmetic means + SEM; n = 4-7); white bars: gsk3WT mice; black
bars: gsk3*' mice. *P < 0.05, **P < 0.01, and ***P < 0.001 indicate significant
difference from gsk3"™ mice.
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Fig. 4. Gsk3*' mice on a high-fat diet exhibited a higher serum adiponectin
level and energy expenditure. (A) Arithmetic means + SEM of the serum
adiponectin concentration (n = 9-11) in gsk3"V" mice (white bars) and gsk3*'
mice (black bars) before (control) and after 9-10 wk of feeding a HFD.
(B) Arithmetic means + SEM of energy expenditure (n = 6) in gsk3WT mice
(white bar) and gsk3*' mice (black bar) determined after 10-11 wk of feeding a
high-fat diet. *P < 0.05 and **P < 0.01 indicate significant difference from
gsk3"VT mice.

C/EBPa activity in gsk3%" mice. Total C/EBPa was not different
between the genotypes (Fig. 5B).

As a last step, we treated gsk3* mice and gsk3™T mice with
GSK3 inhibitor lithium chloride to test whether GSK3 kinase
activity accounted for enhanced adiponectin formation in gsk3*!
mice. We found that a 21-d treatment with lithium iignificantly
lowered the serum adiponectin concentration in gsk3™ mice but
not in gsk3™T mice (Fig. 64). Upon treatment with lithium
chloride, no difference in P-C/EBPa (Thr222/226) abundance in
adipose tissue from gsk3*" mice and gsk3™" mice could be found,
indicating similar C/EBPa activity after inhibition of GSK3 (Fig. 6
B and C). The hepatic abundance of P-Akt (Thr308) and total Akt
was not different between lithium-chloride-treated gsk3%! mice
and gsk3™" mice either (Fig. 6 D and E).

3WT

Discussion

Our study reveals that the PI3 kinase-dependent inhibition of
GSK3 is an important regulator of adiponectin formation. Mice
expressing PI3 kinase-resistant GSK3 (gsk3*') were protected
against the development of metabolic syndrome readily induced
by feeding a high-fat diet in gsk3"" mice.

As described by others before (46), feeding a high-fat diet
caused multiple manifestations of the metabolic syndrome in
gsk3WT mice within 12 wk: Gsk3™T mice developed obesity with
massive adipose tissue accumulation and fatty liver, dyslipidemia
with hypertriglyceridemia, hypercholesterolemia, and high LDL/
HDL ratio, as well as hyperglycemia with decreased glucose
tolerance and insulin resistance. All these health problems were
markedly lower or even absent in gsk3*! mice.

A key process in the development of the metabolic syndrome
is hepatic steatosis and insulin resistance (11, 47-49). In our
study, we identified hepatic steatosis by oil red staining and in-
sulin resistance by the abundance of phosphorylated PKB/Akt
8 min after insulin injection. Whereas gsk3¥! mice were again
protected a%%inst these manifestations of the metabolic syn-
drome, gsk3™T mice developed massive hepatic steatosis and
insulin resistance.

In an effort to identify the reason for the striking protection of
gsk3¥! mice against the metabolic syndrome, we showed that the
production of the hormone adiponectin is enhanced in gsk3!
mice. In line with low adiponectin serum levels in metabolic
syndrome, the serum level of this hormone was significantly
higher in gsk3¥" mice compared with gsk3%" mice. Moreover,
because GSK3 inhibitor lithium reduced adiponectin production
in gsk3™ mice, it appears safe to conclude that, indeed, GSK3
activity accounted for its enhanced formation. Notably, lithium has
recently been shown to lower the serum adiponectin concentration
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in patients treated with this drug for bipolar disorders (50). Our
study now sheds light on the underlying mechanism, i.e., lithium-
dependent inhibition of GSK3.

Adiponectin has been demonstrated to counteract the devel-
opment of metabolic syndrome (29) and to be particularly ef-
fective against insulin resistance (51, 52). Therefore, we conclude
that enhanced adiponectin formation contributes to the observed
resistance of gsk3™' mice to diet-induced metabolic syndrome.
We also elucidated the underlying mechanism: GSK3 phos-
phorylates the transcription factor C/EBPa at Thr226/222 (45).
C/EBPa is the key transcription factor required for the pro-
duction of adiponectin (44, 53). In line with a decisive role of
GSK3 in the control of C/EBPa activity, treatment with GSK3
inhibitor lithium chloride abrogated the difference in C/EBPa
phosphorylation between the genotypes. Our study therefore
discloses GSK3 as a major regulator of adiponectin formation in
adipose tissue.

Adiponectin deficiency favors not only metabolic syndrome,
but also the development of typical sequelae such as athero-
sclerosis, coronary heart disease, inflammation, and even some
forms of cancer (54-57). Therefore, efforts are undertaken to
elucidate the signaling of adiponectin production and to gener-
ate agonists of the adiponectin receptor (58). Our results suggest
that activation of GSK3 may be a promising way to enhance the
serum adiponectin level and to combat metabolic syndrome. On
the other hand, several GSK3 inhibitors are currently being de-
veloped and tested for the treatment of Alzheimer’s disease (59,
60). In view of the present observations, those substances may
share with lithium (50) the negative influence on serum adipo-
nectin levels, potentially leading to a negative cardiovascular
safety profile (55, 61). Clearly, further research is needed to
analyze the impact of GSK3-dependent adiponectin production
on the adverse effects of GSK3 inhibitors.

Normal insulin signaling involves the PKB/Akt-dependent
phosphorylation of GSK3 (16, 62). This phosphorylation cannot
occur in gsk3™ mice. Therefore, it was a surprise that gsk3™!
mice are not diabetic (25). Our study now demonstrates that
gsk3%! mice are even protected against the development of di-
abetes, which was readily induced by a high-fat diet in gsk3%"
mice. We could not detect significant differences in glucagon
production, which could also have contributed to differences in
glucose metabolism in gsk3" mice.

Metabolic syndrome favors the development of different types
of cancer (63). PI3K signaling is activated in diverse tumors (64).
Hence, PI3K inhibition is therefore considered a promising
therapeutic target in cancer (64). Also inhibition of GSK3 has
been proposed for cancer therapy (65-67). At least in theory, the
beneficial effect of PI3K-insensitive GSK3 on metabolic syndrome
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Fig. 5. Higher activity of transcription factor C/EBP« in adipose tissue from
gsk3¥! mice. Original Western blots demonstrating (A) P-C/EBPa (Thr222/226)
and GAPDH abundance or (B) total (/EBPa and GAPDH abundance (Left
panels) in epididymal fat tissue from gsk-3"YT mice and gsk-3¥' mice after
12 wk of feeding a HFD. (Right panels) Densitometric analysis (arithmetic
means + SEM; n = 8-15); white bars: gsk3'" mice; black bars: gsk3' mice. *P <
0.05 indicates significant difference from gsk3/™ mice.
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Fig. 6. GSK3 inhibitor lithium lowered the higher serum adiponectin level
in gsk3*! mice. (A) Arithmetic means + SEM (n = 7) of the serum adiponectin
concentration in gsk3"T mice (white bars) and gsk3¥' mice (black bars) de-
termined before (Left bars) and after 3 wk of oral treatment with lithium
chloride (Right bars). (B and C) Original Western blots (Left panels) dem-
onstrating (B) P-C/EBPa (Thr222/226) and (C) total C/EBPa expression in epi-
didymal fat tissue from gsk-3VT mice and gsk-3“' mice after 3 wk of oral
treatment with lithium chloride. (D and E) Original Western blots (Left
panels) demonstrating the abundance of P-Akt (Thr308, D) and total Akt
(E) in livers isolated from gsk3"™ and gsk3"' mice after 3 wk of oral treat-
ment with lithium chloride. For all blots GAPDH expression is also shown.
(Right panels) Densitometric analysis (arithmetic means + SEM; n = 4); white
bars: gsk3"T mice; black bars: gsk3"' mice. **P < 0.01 indicates significant
difference between the genotypes; *P < 0.05 indicates significant difference
from control.

may also be relevant for the growth of tumors. The phosphory-
lation of PTEN, which negatively regulates downstream PI3K
signaling, thereby controlling it, was not different between the
genotypes. Clearly, further studies addressing the role of GSK3-
associated protection against metabolic syndrome and other
diseases associated with deranged PI3K signaling, such as cancer,
are warranted.

In conclusion, PI3 kinase/PKB/Akt-sensitive GSK3 signaling is
a powerful regulator of adiponectin formation. Thus, transgenic
mice expressing PI3 kinase-resistant GSK3 (gsk3"') are pro-
tected from diet-induced metabolic syndrome due to enhanced
adiponectin production.

Materials and Methods

Animals and Treatments. All animal experiments were conducted according to
the German law for the welfare of animals and were approved by the au-
thorities of the state of Baden-Wurttemberg. For our study, mice were used,
in which the codon encoding Ser9 of the GSK3p gene had been changed to
encode nonphosphorylable alanine (GSK3p°°4) and simultaneously the
codon encoding Ser21 of GSK3a had been changed to encode the non-
phosphorylable GSK3a?'~2'A, thus yielding the GSK3a/p2'~21V949A doyble
knockin mouse (gsk3*') as already described (25). The mice were kindly
provided by Dario Alessi (University of Dundee, Dundee, UK). Only male
mice were used in this study. The mice were compared with age-matched
wild-type mice (gsk3*V7).

Chen et al.

At the age of 6-8 wk, mice were fed a high-fat diet containing 70% kcal
from fat (Altromin), and body weight was recorded weekly. Control groups
were maintained on normal chow (SSniff). All animals had free access to
food and tap water. For some experiments, 4-mo-old male mice were
maintained on normal chow and in addition were treated with lithium
chloride (Roth) in drinking water at a concentration of 600 mg/L for 3 wk as
indicated in Fig. 6. Serum was taken 1 wk before and on the last day of
the treatment.

For the quantification of the adipose tissue distribution, the mice were
killed, and the different depots were weighed.

Blood and Serum Parameters. Animals were lightly anesthetized, and blood
from the retro-orbital plexus was collected into serum tubes. Serum leptin,
adiponectin, insulin, and glucagon were determined by commercially available
ELISA kits from Merck Millipore (leptin and adiponectin), from Crystal Chem
(insulin), and from R&D systems (glucagon) according to the manufacturer’s
instructions. Serum total cholesterol and triglyceride levels were determined
by a photometric method according to the manufacturer’s instructions (dri-chem
clinical chemistry analyzer FUJI FDC 3500i; Sysmex). Serum HDL-cholesterol and
LDL-cholesterol were measured by the central laboratory of the University
Hospital of Tubingen according to routine clinical chemistry methods (Siemens).
The blood glucose concentration was determined in a drop of tail blood by a
glucometer (Accu-Chek Performa, Roche).

Glucose Tolerance Test. Glucose (2 g/kg body weight) was injected in-
traperitoneally (i.p.). The blood glucose concentration was determined in a
blood drop from the tail vein before as well as 15, 30, 45, 60, 90, and 120 min
after the injection with a glucometer.

Indirect Calorimetry. Energy expenditure was measured using an indirect
calorimetric system (Oxylet, Panlab). Mice were individually placed in air-tight
metabolic cages (Panlab) and allowed free access to chow and water.
Relative energy expenditure was calculated using the Metabolism 2.1.04
Software (Panlab).

Histology. After the mice were killed, the livers were collected immediately,
fixed overnight in 4% (vol/vol) paraformaldehyde, snap-frozen in OCT Tissue-
Tek (Sakura Finetek), and cut into 8-um-thick sections. To visualize lipids, the
sections were stained with Oil Red O.

Western Blotting. Livers and epidydimal fat were collected and immediately
shock-frozen in liquid nitrogen. The tissues were then lysed in lysis buffer
[54.6 mM 4-(2- hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes); 2.69 mM
Na4P,07; 360 mM NaCl; 10% (vol/vol) glycerol and 1% (volivol) Nonidet P-40]
or RIPA lysis buffer (Cell Signaling Technology), containing phosphatase
and protease inhibitor mixture tablets (Complete mini; Roche). After in-
cubation on ice for 30 min and centrifugation at 10,000 x g and 4 °C for
20 min, the supernatant was removed and used for Western blotting. Total
protein (40 pg) was separated by SDS/PAGE, transferred to PVDF membranes,
and blocked in 5% nonfat milk with Tris-buffered saline-Tween-20 (TBST)
at room temperature for 1 h. Membranes were probed overnight at 4 °C
with rabbit anti-phospho-Akt (Thr308) or -total-Akt antibody with rabbit anti-
phospho-C/EBPa (Thr222/226) or -total-C/EBPa antibody, with rabbit anti-
phospho-PTEN (Ser380/Thr382/383) or -total-PTEN antibody (all: 1:1,000 in
5% BSA in TBST, Cell Signaling Technology), or with anti-GAPDH antibody
(Cell Signaling; 1:2,000 in 5% BSA in TBST) as a loading control. The mem-
branes were washed several times and again incubated with horseradish-
peroxidase—conjugated anti-rabbit secondary antibody (1:2,000; Cell Signaling
Technology) for 1 h at room temperature. The membranes were washed
again, and the bands were visualized with ECL reagents (GE Healthcare-
Amersham). The blots were densitometrically analyzed with Quantity One
software (Bio-Rad).

Statistics. Data are provided as means + SEM; n represents the number of
independent experiments. All data were tested for significance using un-
paired Student t test. Only results with P < 0.05 were considered statistically
significant.
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Fig. S1. Glucose tolerance test and insulin-induced Akt phosphorylation in gsk-3"" and gsk-3%' mice fed a control diet. (A) Arithmetic means + SEM of blood
glucose concentration (n = 9-11) following i.p. injection of glucose (2 g/kg body weight) into 6- to 8-wk-old gsk3"T and gsk3*' mice fed a control diet. The
glucose tolerance test of another group of mice after 10 wk of feeding a high-fat diet is shown in Fig. 3B. (B and C) Original Western blots (Left panels)
demonstrating the abundance of P-Akt (Thr308, B) and of total Akt (C) in livers isolated from 5- to 6-mo-old gsk3*V" and gsk3*' mice fed a control diet 8 min
after insulin injection (0.5 U/kg body weight). GAPDH expression is also shown. (Right panels) Densitometric analysis (arithmetic means + SEM; n = 4); white
bar: gsk3"'" mice; black bar: gsk3*' mice., *P < 0.05 and ***P < 0.001 indicate significant difference from gsk3"/" mice.
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Fig. S2. PTEN activity in livers from high-fat-diet-fed gsk-3"" and gsk-3“' mice. Original Western blots demonstrating (A) P-PTEN (Ser380/Thr382/383) and
(B) total PTEN abundance in livers from gsk-3"T mice and gsk-3¥' mice after 12 wk of feeding a high-fat diet. For both blots, GAPDH expression is also shown.
(Right panels) The densitometric analysis (arithmetic means + SEM; n = 4); white bars: gsk3w-r mice; black bars: gsk3K' mice.
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