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The common complications in obesity and type 2 diabetes include hepatic steatosis and disruption of glucose-glycogen homeo-
stasis, leading to hyperglycemia. Fatty acid translocase (FAT/CD36), whose expression is inducible in obesity, is known for its
function in fatty acid uptake. Previous work by us and others suggested that CD36 plays an important role in hepatic lipid ho-
meostasis, but the results have been conflicting and the mechanisms were not well understood. In this study, by using CD36-
overexpressing transgenic (CD36Tg) mice, we uncovered a surprising function of CD36 in regulating glycogen homeostasis.
Overexpression of CD36 promoted glycogen synthesis, and as a result, CD36Tg mice were protected from fasting hypoglycemia.
When challenged with a high-fat diet (HFD), CD36Tg mice showed unexpected attenuation of hepatic steatosis, increased very
low-density lipoprotein (VLDL) secretion, and improved glucose tolerance and insulin sensitivity. The HFD-fed CD36Tg mice
also showed decreased levels of proinflammatory hepatic prostaglandins and 20-hydroxyeicosatetraenoic acid (20-HETE), a po-
tent vasoconstrictive and proinflammatory arachidonic acid metabolite. We propose that CD36 functions as a protective meta-
bolic sensor in the liver under lipid overload and metabolic stress. CD36 may be explored as a valuable therapeutic target for the

management of metabolic syndrome.

Individuals with metabolic syndrome or type 2 diabetes are sus-
ceptible to nonalcoholic fatty liver disease (1) and disruption of
hepatic glucose and glycogen homeostasis (2). Hepatic steatosis is
defined as an excess accumulation of fat in hepatocytes. Previous
reports suggested that fatty acid translocase (FAT/CD36) plays an
important role in hepatic lipid homeostasis (3—6). CD36 is a mul-
tiligand class B scavenger receptor with high affinity for lipids and
lipid-containing ligands. CD36 is known for its lipid uptake func-
tion in macrophages, skeletal muscle, and the heart. However, the
role of CD36 in hepatic lipid metabolism is still not well under-
stood, and the available evidence is often conflicting, partly due to
the lack of a reliable in vivo liver-specific gain-of-function model
to specifically evaluate the function of CD36 in the liver.

The basal expression of CD36 in the liver is low; however, it is
highly inducible by a high-fat diet (HFD) (3). The hepatic expres-
sion of CD36 is under the transcriptional control of the nuclear
receptors: liver X receptor (LXR), pregnane X receptor (PXR),
peroxisome proliferator-activated receptors (PPARs), and the aryl
hydrocarbon receptor (AhR) (4). Some studies have suggested
that hepatic CD36, by functioning as a fatty acid transporter, has a
role in the pathogenesis of hepatic steatosis (3), obesity (7, 8), and
age-related hepatic steatosis (5). Furthermore, we and others re-
ported that induction of CD36 was a common factor in fatty liver
following the activation of LXR and PXR (6, 9). On the other
hand, recent reports suggested that CD36 signaling might actually
be beneficial in preventing fatty liver by promoting the formation
and secretion of lipoprotein particles (10). It is conceivable that an
in vivo model in which CD36 expression can be temporally and
liver-specifically regulated will help to establish the function of
CD36 in hepatic lipid metabolism and help to explain the discrep-
ancies arising from earlier studies.
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With CD36 emerging as a key player or even perceived as a
causative factor in fatty liver and the associated metabolic syn-
drome, we hypothesize that CD36 may play an important role in
energy metabolism in the liver, including the homeostasis of gly-
cogen, which is known to be disrupted in diabetes and to contrib-
ute to the manifestation of dysglycemia (11-13). Glycogen is
formed in the liver primarily in the postprandial high blood glu-
cose state. The three key enzymes that are involved in hepatic
glycogen turnover are glycogenin, glycogen synthase (GS), and
glycogen phosphorylase (GP). Glycogenin initiates glycogen syn-
thesis, whereas GS catalyzes the elongation of glycogen chains. GP
catalyzes the breakdown of glycogen. GS and GP are enzymatically
activated by dephosphorylation and phosphorylation, respec-
tively. The activities of these enzymes are also subject to allosteric
regulation (14). The phosphorylation of GP is catalyzed by several
upstream kinases, such as glycogen synthase kinase 3 (GSK3j3)
and AMP-activated protein kinase (AMPK), whereas the dephos-
phorylation of GS is facilitated by protein phosphatase 1 (PP1)
coupled with the glycogen-targeting regulatory subunits (15).

In diabetes and obesity, metabolism of glycogen in the liver is
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affected when triglyceride accumulation reaches levels that man-
ifest pathologically as fatty liver (12, 16). GS activity often be-
comes dysregulated in steatosis, exacerbating the already existing
dysglycemia (12, 17, 18). Recent reports have shown that hepatic
overexpression of the G-regulatory subunits of PP1 increased he-
patic glycogen accumulation, protected mice from fasting hypo-
glycemia, and accelerated postprandial blood glucose clearance in
mice fed a chow diet or an HFD or in rats with streptozotocin-
induced diabetes (15, 19, 20). Given the potential effect of CD36
on steatosis and the link between the homeostasis of glycogen and
triglyceride, it is unclear whether CD36 has a direct effect on the
homeostasis of glycogen, especially when the animals are under
metabolic stress.

In this study, we uncovered a surprising function of CD36 in
regulating glycogen homeostasis. Overexpression of CD36 in
transgenic mice promoted glycogen synthesis, and as a result,
CD36-overexpressing transgenic (CD36Tg) mice were protected
from fasting hypoglycemia. We also showed that the CD36Tg
mice were protected from HFD-induced hepatic steatosis and
type 2 diabetes.

MATERIALS AND METHODS

Mice. To generate the tetracycline (Tet)-inducible “Tet-oft” tetracycline
response element (TetRE)-CD36/FABP-tTA transgenic mice, a tetracy-
cline transactivator (tTA)-responsive TetRE-CD36 expression construct
was assembled, consisting of the Py, Tet-responsive promoter (from
PTRE-Tight; Clontech), rat CD36 cDNA, simian virus 40 (SV40) poly(A)
signal, JoxP-flanked murine phosphoglycerate kinase gene (Pgk) pro-
moter, neomycin resistance gene (neo”) cDNA, SV40 poly(A) signal, and a
3’ splice donor sequence flanked by loxP. To generate a gene-targeting
construct, the above-described expression construct was inserted be-
tween 5 and 3’ homology arms from the murine ROSA26 locus.
C57BL/6 Bruce4 embryonic stem cells were subjected to gene targeting by
Ozgene (Bentley, Australia), and a single line of TetRE-CD36 knock-in/
transgenic mice carrying a single copy of the expression construct targeted
to the ROSA26 locus were identified. The TetRE-CD36 mice were then
crossed with the hepatocyte-specific LAP-tTA transgenic mice ex-
pressing tTA under the control of the LAP (C/EBPf) gene promoter
(21) to generate TetRE-CD36/LAP-tTA double-transgenic mice. The
CD36Tg mice and the age- and sex-matched wild-type (WT) control
mice were in the C56BL/6 background. LAP-tTA transgenic mice
[strain B6.Cg-Tg(Cebpb-tTA)5Bjd/] in the C56BL/6 background were
purchased from the Jackson Laboratory.

Fasting of animals. WT and CD36Tg mice maintained on a normal
chow diet were subjected to 0 h, 6 h, and 16 h of fasting to examine the
dynamics of the hepatic glycogen content. Ten-week-old mice were used
for this experiment to ensure the mice had sufficient body weight and size
for the 16-h fast.

Treatment with an HFD and Dox. WT and CD36Tg mice were sub-
jected to HFD feeding (60% calories from fat) starting at 6 to 7 weeks of
age and fed ad libitum for 13 weeks. When necessary, the CD36Tg mice
were treated with doxycycline (Dox) (CD36Tg plus Dox) by supplement-
ing their drinking water with Dox at a concentration of 1 mg/liter.

GTT, ITT, and euglycemic-hyperinsulinemic clamp. Glucose toler-
ance tests (GTT) were performed on HFD-fed, 16-h-fasted mice with an
intraperitoneal (i.p.) injection of D-glucose at 1 to 2 g/kg body weight. An
insulin tolerance test (ITT) was performed on HFD-fed, 6-h-fasted mice
with an intraperitoneal injection of insulin at 0.75 unit/kg body weight, as
we have previously described (22). Euglycemic-hyperinsulinemic clamps
were performed on HFD-fed 16-h-fasted mice, as we have previously
described (23). The mice were constantly infused with [*H]glucose at 0.05
pCi/min through a right jugular vein catheter in the basal state. In the
clamp state, mice were infused with a primed dose of human insulin (from
Novo Nordisk, Princeton, NJ) at 300 mU/kg body weight, followed by a
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constant insulin infusion at 2.5 mU/kg/min. [*H]glucose was infused at
0.1 wCi/min. At the same time, 20% glucose was infused at a variable rate
to maintain a blood glucose range between 120 and 140 mg/dl. Blood
glucose levels were monitored every 10 min. Twenty microliters of blood
was sampled at the end of the basal state and the clamp state for plasma
[3H]glucose measurement. The liver, skeletal muscle, and adipose tissue
were harvested at the end of the clamp experiment to assess insulin sig-
naling, as we have previously described (23).

Measurement of the VLDL-triglyceride secretion rate. Very low-
density lipoprotein (VLDL) secretion rates in vivo were measured as we
previously described (4). Briefly, 16-h-fasted mice were injected with Tri-
ton WR1339 (500 mg/kg in saline), a lipoprotein lipase inhibitor that
inhibits VLDL hydrolysis, via the tail vein. Plasma samples were collected
at 0 and 90 min after injection, and the triglyceride levels were measured.
The VLDL secretion rate was calculated by subtracting triglyceride levels
at 0 min from their corresponding levels at 90 min.

Liver tissue lipid analysis. Liver tissue lipid analysis was performed
using the chloroform-methanol extraction method of Folch et al. (24).
The lipid pellets were dissolved in a mixture of 60 pl of tert-butyl alcohol
and 40 pl of Triton X-114/methanol (2:1). Triglyceride and cholesterol
levels were measured using assay kits from Stanbio (Boerne, TX).

Hepatic prostaglandins and AA metabolite analysis. Hepatic prosta-
glandins (PGs), including PEGF2a, PGE2, PGD2, 6-kPGF1, and 20-hy-
droxyeicosatetraenoic acid (20-HETE), and their precursor arachidonic
acids (AAs) were measured by using an MSQ single-quadrupole mass
spectrometer from Thermo-Finnigan (San Jose, CA), as we have previ-
ously described (25, 26).

Body composition. The animals’ body composition, including fat mass,
lean mass, and water mass, was measured by EchoMRI (Houston, TX).

Primary-hepatocyte preparation and in vitro glycogen synthesis as-
say. Primary mouse hepatocytes were isolated by collagenase perfusion, as
we have previously described (4). For the glycogen synthesis assay, pri-
mary hepatocytes were washed with phosphate-buffered saline (PBS)
three times and then incubated with Dulbecco’s modified Eagle’s medium
(DMEM) without glucose and pyruvate for 2 h to deplete glycogen. After
2 h, the control cells (for the measurement of basal glycogen) were washed
with PBS three times and frozen at —20°C until further analysis. The
remaining cells were incubated with DMEM plus 25 mM glucose and 100
nM insulin for 2 h. The cells were washed with PBS three times, and 400 .l
of 2 M HCl was added per well; then, the cells were scraped and incubated
at 95°C to hydrolyze the glycogen into free glucose. Duplicates of the cells
were treated with 400 pl of 2 M NaOH, scraped, and incubated at 95°C for
1 h for free-glucose control. After the incubation, the HCl was neutralized
with an equal volume of 2 M NaOH, and the NaOH samples were neu-
tralized with an equal volume of 2 M HCIL. Glucose concentrations were
measured with a glucose kit from Sigma, and the results were normalized
by protein concentrations (27).

Liver tissue glycogen content analysis. Ten milligrams of frozen liver
tissues from control and fasted mice fed with a chow diet or HFD was
pulverized in liquid nitrogen and then used in subsequent extraction and
quantification of liver glycogen levels, as previously described (28). The
liver glycogen levels were also evaluated by periodic acid-Schiff (PAS)
glycogen staining.

Northern blot, real-time PCR, and Western blot analyses. Total
RNA was isolated using TRIzol reagent (Invitrogen, Carlsbad, CA).
Northern hybridization using a **P-labeled cDNA probe was performed
as we previously described (21). SYBR green-based real-time PCR was
performed with the ABI 7300 real-time PCR system. The data were nor-
malized against cyclophilin. For Western blot analysis, 3 jul (100 pg of pro-
tein) of plasma or 30 g of protein extracts was separated on SDS-PAGE gels
and transferred onto a nitrocellulose or polyvinylidene difluoride (PVDF)
membrane. The primary antibodies used were anti-ApoB100 (H-15) and
anti-ApoB48 (S-18) from Santa Cruz (Dallas, TX); anti-CD36 (NB400-
144) from Novus (Littleton, CO); anti-PP1Cy (ab134947) from Abcam
(Cambridge, MA); anti-AMPKa, phospho-AMPKa (Thr172), anti-gly-
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FIG 1 Creation of CD36Tg mice that overexpress CD36 in the liver. (A) Tet-off transgenic system to express CD36 in the liver. The open X indicates the silence
of transgenic CD36 expression. (B and C) The mRNA expression of endogenous and transgenic CD36 (B) and transgenic CD36 (C) was detected by Northern
blotting and real-time PCR, respectively. The Northern blotting probe detected both endogenous and transgenic CD36, whereas the real-time PCR specifically
detected transgenic CD36. (D) Protein expression of the transgene and its silencing by Dox were measured by Western blotting. (E) Immunohistochemical
staining of CD36. (F) Uptake of the fluorescent fatty acid analogue BODIPY-C16 by hepatocytes isolated from WT mice and CD36Tg mice treated or not treated
with Dox. (G) Fluorometric quantification of BODIPY-C16 uptake. All the mice were maintained on a chow diet. *, P < 0.05; **, P < 0.01. The data are presented

as means and SEM.

cogen synthase (3886), anti-phospho-glycogen synthase Ser641 (3891),
and anti-a-tubulin (2144) from Cell Signaling (Boston, MA); anti-
GSK3p (5¢-9166), anti-phospho-GSK-38 (ser9) (sc-11757), and anti-gly-
cogen phosphorylase (sc-46347) from Santa Cruz; and anti-B-actin
(A1978) from Sigma.

Histology and Oil Red O staining. The general histology was evalu-
ated by hematoxylin and eosin (H&E) staining. For Oil Red O staining,
liver tissues were embedded in optimal-cutting-temperature compound,
sectioned into 8-pm-thick cryosections, and stained with Oil Red O
(0.5% in isopropanol) from Sigma-Aldrich.

Statistics. Statistical analysis was performed using the unpaired Stu-
dent t test in GraphPad Prism software (San Diego, CA). The statistical
significance threshold was set ata P value of <0.05. The data are presented
as means and standard errors of the means (SEM).

Study approval. The Central Animal Facility of the University of Pitts-
burgh is fully accredited by the AALAC. All procedures were performed in
accordance with relevant federal guidelines and with the approval of the
University of Pittsburgh ethical committee.
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RESULTS

Creation of CD36Tg mice that overexpress CD36 in the liver. To
study the hepatic function of CD36 in vivo, we generated inducible
and liver-specific CD36Tg mice using the Tet-Off system, as out-
lined in Fig. 1A. A single copy of the TetRE-CD36 transgene was
site-specifically knocked into the mouse ROSA26 gene locus via
homologous recombination. The resulting TetRE-CD36 trans-
genic mice were then bred with liver-specific LAP-tTA transgenic
mice expressing tTA under the control of the LAP (C/EBPf3) gene
promoter (21). The liver/hepatocyte-specific expression of the
CD36 transgene was confirmed by Northern blotting (Fig. 1B) and
real-time PCR analysis (Fig. 1C). Transgene expression was unde-
tectable in extrahepatic tissues, such as the small intestine, skeletal
muscle, and white adipose tissue (WAT) (Fig. 1B and C). The
protein expression from the transgene was verified by Western
blotting, and as expected, treatment of the CD36Tg mice with Dox
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FIG 2 Overexpression of CD36 attenuated the fasting-induced steatosis, hypoglycemia, and depletion of hepatic glycogen. (A to D) Mice maintained on a chow
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hepatic glycogen during the euglycemic-hyperinsulinemic clamp. WT, n = 7; CD36Tg, n = 6. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, statistically not

significant. The data are presented as means and SEM.

silenced transgene expression (Fig. 1D). CD36 transgenic protein
expression was estimated to be 16 times the endogenous CD36
level when mice were maintained on a chow diet (Fig. 1D). Im-
munohistochemistry showed that the overexpressed CD36 had a
predominant hepatocyte membrane distribution (Fig. 1E), which
rendered the CD36 protein a functional translocase (7). The func-
tionality of the transgenic CD36 protein was confirmed in primary
hepatocytes, where the uptake of BODIPY-C16, a fluorescent fatty
acid analogue and substrate of CD36 (4), was higher in CD36Tg
hepatocytes than in the WT or CD36Tg hepatocytes treated with
Dox (Fig. 1F and G).

Overexpression of CD36 attenuated fasting-induced steato-
sis, hypoglycemia, and depletion of hepatic glycogen. Surpris-
ingly, the CD36Tg mice maintained on a chow diet did not show
obvious signs of fatty liver. We then subjected the mice to the
metabolic stress of fasting, which is known to induce acute hepatic
steatosis (29), and compared the steatotic phenotype to that of the
WT mice. Under the basal conditions and after 6 h of fasting, the
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CD36Tg mice had marginally higher levels of liver triglycerides
than their WT counterparts (Fig. 2A). However, after 16 h of fast-
ing, the CD36Tg mice had significantly lower hepatic triglyceride
levels (Fig. 2A), which was not associated with increased VLDL
secretion (data not shown). Fasting is also known to induce hypo-
glycemia and depletion of hepatic glycogen (30). As expected, WT
mice showed significantly decreased blood glucose levels after the
16-h fast (Fig. 2B). In contrast, the fasting-responsive fall in blood
glucose in the CD36Tg mice was not significant, and the levels
were significantly higher than those of their WT counterparts (Fig.
2B). The fed glucose levels in CD36Tg mice appeared to be higher
than in WT animals, but the difference was not statistically signif-
icant (Fig. 2B).

The fasting response is dependent on glycogen dynamics, and a
hallmark of the fasting response is glycogen depletion (31). The
basal levels of hepatic glycogen were not different between the
chow-fed WT and CD36Tg mice (Fig. 2C). After fasting for 6 h,
glycogen was almost completely depleted in the livers of CD36Tg
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mice, whereas in the WT mice, glycogen levels were reduced by
approximately 80%, but a substantial amount still remained. After
fasting for 16 h, glycogen was essentially exhausted in the WT
mice, while in contrast, it had been restored to approximately 35%
of the prefasting levels in the CD36Tg mice (Fig. 2C). The dynam-
ics of fasting glycogen levels were confirmed by periodic acid-
Schiff staining (Fig. 2D). These results suggested that overexpres-
sion of CD36 in hepatocytes promoted glycogen synthesis during
prolonged starvation and led to partial recovery of this important
energy store.

To determine whether overexpression of CD36 was suffi-
cient to induce glycogen synthesis, we went on to directly mea-
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sure glycogen synthesis in isolated primary hepatocytes in vitro.
Insulin is known to promote hepatic glucose uptake and glyco-
gen synthesis (32). In response to high glucose and insulin
stimulation, glycogen synthesis in primary hepatocytes from
CD36Tg mice was twice that in hepatocytes from WT mice
(Fig. 2E). Although this in vitro glycogen synthesis model does
not mimic the fasting condition, our results suggested that
CD36 overexpression was sufficient to affect glycogen synthe-
sis. CD36Tg mice also showed increased glycogen synthesis in
vivo, because under the euglycemic-hyperinsulinemic clamp
condition, the hepatic synthesis of glycogen was higher in
CD36Tg mice than in WT mice (Fig. 2F).

mcb.asm.org 2719


http://mcb.asm.org

Garbacz et al.

TABLE 1 Serum biochemistry of WT, CD36Tg, and CD36Tg-plus-Dox mice fed chow diet or HFD for 19 weeks

Value for:

Chow diet-fed mice

HFD-fed mice

CD36Tg CD36Tg + CD36Tg CD36Tg +
Parameter WT (n=5) (n=4) Dox (n = 4) WT (n=7) (n=26) Dox (n = 4)
Total cholesterol (mg/dl) 114.3 £ 16.2 114.6 = 8.8 119.2 £9.3 1294 £ 22.1 165 = 15.6° 1379 £ 145
Triglyceride (mg/dl) 51.8 £ 10.2 49.9 = 9.5 58.5* 4.4 75.2 = 20.0° 75.0 £ 7.7 752 = 7.7
Free fatty acids (uWM) 318.5 = 86.9 294 = 101.8 347.2 * 151 496 + 94.7¢ 526.5 = 158.9 698.1 £ 145.9
ALT (U/liter) 264 5.0 30.7 7.3 214 *+12.8 65.2 = 6.7 45.7 £ 17.4° 82.5 = 30.0
AST (U/liter) 62.9 = 20.1 68.9 = 10.7 71.0 = 14.3 225.7 + 38.8¢ 166.4 = 17.6" 265.9 £ 65.1
Fasting blood glucose (mg/dl) 128.7 = 17.2 143.8 = 3.2 127.4 = 14.2 187.9 £ 35.6° 190.1 = 24.2 183.9 = 23.3
Fasting insulin (ng/ml) 0.4 *0.1 0.6 £0.5 0.4 £ 0.08 8.3 = 4.087 124 £ 6.1 6.1 £2.0

@ P < 0.05 compared to the WT within the diet group.
¥ P < 0.01 compared to the WT within the diet group.

€ P < 0.05 for WT mice fed an HFD compared to WT mice fed chow to validate the HFD model.
4P < 0.01 for WT mice fed an HED compared to WT mice fed chow to validate the HFD model.

CD36Tg mice were protected from HFD-induced hepatic
steatosis. We then challenged mice with an HFD, another meta-
bolic stress, and a model of fatty liver, obesity, and type 2 diabetes.
When mice were maintained on a chow diet, there were no obvi-
ous differences in the gross appearance and histology of the liver
between the WT and CD36Tg mice (Fig. 3A, left). Upon 19-week
HFD feeding, the CD36Tg liver appeared less fatty, which was
confirmed by H&E and Oil-Red O staining (Fig. 3A, right). In-
deed, CD36Tg mice had a modest but significant increase in liver
triglyceride levels when maintained on a chow diet. Upon HFD
feeding, the liver triglyceride levels in CD36Tg mice were signifi-
cantly lower than in their WT counterparts, and this effect was
abolished by Dox treatment (Fig. 3B). When the expression of
CD36 was examined, we found the expression of hepatic CD36 in
WT mice was induced by HFD feeding (Fig. 3C), consistent with a
previous report (3). The hepatic expression of CD36 in the HFD-
fed CD36Tg mice was approximately 2.5 times that in the HFD-
fed WT mice (Fig. 3C). These results suggested that the elevated
expression of hepatic CD36 is not a sufficient explanation for the
HFD-responsive steatosis. It was noted that the HFD effect on the
expression of endogenous CD36 was somehow diminished in
Dox-treated CD36Tg mice, perhaps through yet to be defined
feedback regulation of endogenous CD36.

In investigating the molecular basis for the attenuated HFD-
induced steatosis in CD36Tg mice, we found the expression of
major genes involved in de novo lipogenesis and fatty acid 3-oxi-
dation was not different in the HFD-fed CD36Tg and WT mice
(Fig. 3D). Instead, the VLDL-triglyceride secretion rate in the
HFD-fed CD36Tg mice was significantly higher than in the WT
mice, and this effect was attenuated by Dox treatment (Fig. 3E).
The level of lipoprotein ApoB100 (liver origin), an essential com-
ponent of the VLDL particles, in serum was increased, whereas the
level of ApoB48 (intestine origin) in serum was not affected (Fig.
3F). These results suggested that increased liver triglyceride export
might have contributed to the overall attenuation of the HFD-
induced steatosis in the CD36Tg mice. The increase of VLDL se-
cretion in the CD36Tg mice was also consistent with the reduction
of VLDL secretion recently reported for CD36 '~ mice (10).

Analysis of serum biochemistry revealed transgene-depen-
dently decreased levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) in HFD-fed CD36Tg mice (Ta-
ble 1), consistent with the relief of hepatic steatosis in the geno-
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type. The triglyceride level was not affected by the transgene de-
spite the increased VLDL secretion, suggesting increased clearance
of triglycerides from the circulation. CD36Tg mice also showed a
transgene-dependent increase in total serum cholesterol, the mecha-
nism of which remains to be understood. The fasting blood glucose,
serum free fatty acid, and fasting insulin levels were not significantly
affected by the transgene in the HED groups (Table 1).

Overexpression of CD36 attenuated HFD-induced insulin
resistance. When mice were treated with an HFD, the CD36
transgene had little effect on body weight gain (Fig. 4A), fat mass
gain (Fig. 4B), or food intake (Fig. 4C). Metabolic cage analysis
showed that the CD36Tg mice had increased oxygen consump-
tion during the dark phase (Fig. 4D). However, the respiratory
exchange ratio (RER) (Fig. 4E) and locomotive movement (Fig.
4F) were not affected. The heat generated (Fig. 4G) showed a trend
toward increase, but the difference did not reach statistical signif-
icance. In addition, the HFD-fed CD36Tg mice showed signifi-
cantly improved performance in the GTT (Fig. 4H) and ITT com-
pared with WT mice (Fig. 4I), and both benefits were abolished
upon Dox treatment.

To assess the effects of CD36 on hepatic and peripheral insulin
sensitivity, we performed the hyperinsulinemic euglycemic clamp
experiment on HFD-fed mice. Compared to the WT mice, the
CD36Tg mice required approximately double the amount of glu-
cose infusion to maintain euglycemia (Fig. 5A), indicating en-
hanced insulin-stimulated glucose uptake and metabolism in the
genotype. When glucose production was measured, the CD36Tg
mice exhibited dramatic suppression of hepatic glucose produc-
tion under the insulin-stimulated clamp state (Fig. 5B), suggesting
an enhancement of hepatic insulin sensitivity. Additionally, the
glucose disposal rate under the clamp state was significantly
higher in the CD36Tg mice (Fig. 5C). To directly assess the insulin
effect, we injected mice i.p. with insulin, and the livers were col-
lected for the measurement of Akt phosphorylation by Western
blotting. As shown in Fig. 5D, the CD36Tg mice showed increased
basal and insulin-responsive Akt phosphorylation in the liver.
Consistent with their increased glucose tolerance (Fig. 4H) and
insulin sensitivity (Fig. 4I and 5A to C) and decreased glucose
production during the hyperinsulinemic euglycemic clamp (Fig.
5B), the CD36Tg mice showed an overall suppression of hepatic
genes that are involved in gluconeogenesis, including significant
inhibition of peroxisome proliferator-activated receptor 1y coacti-
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vator la (PGCla) and glucose 6-phosphatase (G6Pase) gene ex-
pression, which was abolished upon Dox treatment (Fig. 5E).
Interestingly, the metabolic benefit of the transgene was also
observed in skeletal muscle, despite the lack of transgene targeting
in the tissue. Basal Akt phosphorylation in skeletal muscle was
markedly increased in CD36Tg mice, but acute treatment with
insulin did not lead to a further increase (Fig. 5D). The skeletal
muscle tissues harvested under the clamp (i.e., under continuous
insulin infusion) also showed a higher level of Akt phosphoryla-
tion in the CD36Tg mice (data not shown). The metabolic benefits
of the transgene in skeletal muscle were also supported by the
decreased tissue triglyceride levels (Fig. 5F), decreased expression
of the lipogenic Srebp-1c gene, increased expression of fatty acid
oxidative long-chain fatty acid acyl coenzyme A (acyl-CoA) dehy-
drogenase (Lcad) (Fig. 5G), and decreased expression of genes
indicative of inflammation, such as the tumor necrosis factor al-
pha (TNF-a) gene (data not shown). Expression in muscle of
carnitine palmitoyltransferase I (Cptl) and PPARa also tended to
be higher (Fig. 5G). Meanwhile, the muscle mRNA expression of
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lipoprotein lipase (LPL), which hydrolyzes triglycerides, was sig-
nificantly increased in CD36Tg mice, whereas expression of the
glucose uptake transporter GLUT4 was not affected (Fig. 5H). In
skeletal muscle, the glycogen contents were not different between
the WT and CD36Tg mice (Fig. 5I), suggesting that the glycogen
phenotype was liver specific.

The induction of LPL appeared to be skeletal muscle specific,
because the expression of LPL in WAT was not affected by the
transgene (Fig. 5]). The expression in adipose tissue of hormone-
sensitive lipase (HSL), adipose triglyceride lipase (ATGL), angio-
poietin-like 4 (ANGPTL4), perilipin, and adiponectin tended to
be higher in CD36Tg mice, but the differences did not reach sta-
tistical significance (Fig. 5]). The morphology of adipocytes in
WAT was not affected (data not shown).

Molecular mechanism for the promotion of glycogen synthe-
sis by CD36. To understand how glycogen synthesis was enhanced
in the CD36Tg mice, we first examined the mRNA expression of
genes that are involved in glycogen synthesis and breakdown dur-
ing fasting. Glycogenin initiates the synthesis of glycogen poly-
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mers from glucose molecules, whereas GS is the rate-limiting en-
zyme for glycogen synthesis. As expected, the expression of both
genes tended to increase during fasting, but the relative levels of
expression were not statistically different in WT, CD36Tg, and
CD36Tg-plus-Dox mice (Fig. 6A). GP is responsible for the break-
down of glycogen and the release of glucose. The expression of GP
was largely unaffected by either fasting or the genotype (Fig. 6A).
These results suggested that the promoting effect of CD36 on gly-
cogen dynamics might not occur at the transcriptional level.
When the protein expression of GP was measured, we found that
hepatic GP levels were significantly higher in the CD36Tg mice
after 6 h of fasting (Fig. 6B), likely through a yet to be defined
posttranscriptional mechanism. The levels of GP in Dox-treated
CD36Tg mice were similar to those in the WT mice. Since the
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activity of GP is also regulated by phosphorylation, we cannot
simply conclude that the increased GP protein expression had
contributed to the accelerated glycogen breakdown or resistance
to fasting-induced hypoglycemia in CD36Tg mice.

The activity of GS is known to be regulated by phosphorylation
(33) and partly by allosteric interactions with glucose-6-phos-
phate (G6P) (14). The phosphorylation of GS was dramatically
different between WT and CD36Tg mice. In WT mice, the expres-
sion of GS protein increased steadily with the fasting time, and this
was mirrored by the decrease in Ser641 phosphorylation of GS,
rendering the enzyme more active (Fig. 6B). However, in the livers
of CD36Tg mice, the GS protein was not only more abundant but
also constitutively dephosphorylated (and thus activated) regard-
less of fasting time (Fig. 6B). The decreased phosphorylation of GS
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in CD36Tg mice was attenuated upon Dox treatment (Fig. 6B).
The densitometric quantifications of the protein expression of GP
and phosphorylated GS (GS-P)/GS are shown in Fig. 6C. The
phosphorylation of GS is primarily mediated by GSK3 at Ser641,
but it can also be mediated by AMPK and protein kinase A (PKA).
The activities of these kinases are also regulated by phosphoryla-
tion (34). We found that the total protein and phosphorylation of
GSK3B and AMPKa were not significantly affected by the CD36
genotype (Fig. 6B).

The lack of evidence that upstream kinase is responsible for the
altered GS phosphorylation during fasting prompted us to exam-
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ine the effect of the CD36 transgene on the expression of PP1. PP1
is responsible for the dephosphorylation and activation of GS (35,
36). PP1 consists of three catalytic subunits, Ca, CB, and Cy. We
found that the basal mRNA expression of phosphoprotein
phophatase 1 catalytic subunit gamma (PPP1Cry) was significantly
upregulated in the liver in CD36Tg mice, but the expression of
two other catalytic subunits was not significantly affected (Fig.
6D). The higher expression of PPP1Cy protein in the CD36Tg
mice was confirmed by Western blotting (Fig. 6E). The sub-
strate specificity of PP1 is achieved by its association with reg-
ulatory subunits, such as PPP1R3B, PPP1R3C, and PPP1R3G (15,
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35). The hepatic mRNA expression of PPP1R3B and PPP1R3G
was significantly upregulated in CD36Tg mice in a transgene-de-
pendent manner, but the expression of PPP1R3C was not affected
(Fig. 6F).

Overexpression of CD36 affected arachidonic acid metabo-
lism and decreased hepatic levels of prostaglandins and 20-
HETE. PGs are catabolic metabolites of AA. CD36 signaling has
been suggested to play a role in the liberation of AA and subse-
quent formation of PGs (37). Increased levels of hepatic PGs can
negatively affect the hepatic export of VLDL (10, 38). We found
that HFD-fed CD36Tg mice had significantly reduced hepatic
PGE2, PGF2a, and 6-keto-PGF1 levels compared to their WT
controls and the CD36Tg-plus-Dox group (Fig. 7A). The de-
creased PG levels were not due to the lack of AA substrate, because
the levels of AA were similar in WT and CD36Tg mice (Fig. 6B),
but rather was associated with decreased expression of cyclooxy-
genase 2 (Cox-2) in the liver (Fig. 7C). In addition to the forma-
tion of PGs, terminal hydroxylation of AA yields the potent
vasoconstrictive and proinflammatory eicosanoid 20-HETE
(25). 20-HETE can induce hyperglycemia through the cAMP/
PKA-PhK-GP pathway (39), and 20-HETE levels have been posi-
tively associated with liver cirrhosis (40). We found that the he-
patic 20-HETE level was significantly reduced in CD36Tg mice,
but it was restored to the WT level upon Dox treatment (Fig. 7D).
The metabolism of AA to 20-HETE is catalyzed by the CYP4A/4F
enzymes. We found that the expression of Cyp4al4 was signifi-
cantly lower in CD36Tg mice (Fig. 7E).
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DISCUSSION

Despite the well-documented function of CD36 in fatty acid up-
take (41) and several reports that associate hepatic CD36 signaling
with an increased risk of developing liver steatosis (3, 5, 6, 8, 42),
we showed that overexpression of CD36 in the livers of our trans-
genic mice did not worsen metabolic functions but rather pro-
tected the mice from the detrimental metabolic changes caused by
HFD feeding and prolonged fasting. The antisteatotic effect of
CD36 is consistent with a report that whole-body CD36 ablation
exacerbated hepatic steatosis in the 0b/ob background (10) but is
contrary to a recent study showing that liver-specific knockout of
CD36 reduced the liver lipid content when mice were challenged
with HFD (42). Future studies are necessary to explain the dis-
crepancies in the fatty liver phenotypes between the whole-body
and liver-specific CD36 knockout models.

Another intriguing finding is the antidiabetic effect of the
CD36 transgene, which might have been accounted for by the
improved liver glycogen dynamics, as evidenced by the consti-
tutive activation of GS, improved glycemic control, and in-
creased insulin sensitivity in our CD36Tg mice. Hepatic glyco-
gen homeostasis under metabolic stress is known to have a
profound effect on whole-body energy homeostasis (11, 43).
To explain the increased glycogen synthesis, we found that the
GS protein in the CD36Tg liver was not only more abundant
but also constitutively dephosphorylated and thus activated.
The increased expression of the catalytic (PP1Cvy) and regula-
tory (PPP1R3G) subunits of PP1 might have also contributed
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to the increased glycogen synthesis in the CD36Tg mice. In-
deed, modulation of GS (44) or overexpression of the regula-
tory subunits of PP1 has been shown to relieve diabetes, obesity
(15, 19), and steatosis (15). The mechanism by which CD36
affects the expression of PP1Cy and PPP1R3G remains to be
defined. Nevertheless, the improved glycogen homeostasis in
CD36Tg mice might explain their protection from fasting-in-
duced hypoglycemia, because liver glycogen breakdown and
synthesis are essential in controlling blood glucose (45). In
addition to the improved liver glycogen dynamics, the suppres-
sion of hepatic gluconeogenesis and the metabolic benefit in
skeletal muscle may have also contributed to the antidiabetic
phenotype in our CD36Tg mice. Since the CD36 transgene was
specifically targeted to hepatocytes, we speculate that the met-
abolic benefit in skeletal muscle might be secondary to the
improved liver metabolism. Although there were no changes in
the respiratory exchange ratio (Fig. 4E) and locomotive move-
ment (Fig. 4F), oxygen consumption during the dark phase was
clearly increased in the transgenic mice (Fig. 4D). The CD36Tg
mice also showed a tendency toward increased heat generation
(Fig. 4G). The overall phenotype of the CD36Tg mice might
reflect a compensatory mechanism caused by an increased tri-
glyceride shift from the liver to the peripheral tissues, such as
skeletal muscle and brown adipose tissue, in which the pre-
ferred energy source is lipids. Interestingly, despite their an-
tidiabetic phenotype, the CD36Tg mice showed little change in
body mass (Fig. 4A), fat mass (Fig. 4B), or food intake (Fig.
4C), which was consistent with the notion that animal models
with enhanced glycogen synthesis reveal little change in body
weight (15, 19, 20, 46).

We also observed inhibition of hepatic prostaglandin forma-
tion in our CD36Tg mice, which may have contributed to the
increased glycogen synthesis. Prostaglandins, such as PGE, and
PGF,, have been reported to have inhibitory effects on GS (47).
However, it was noted that the effect of prostaglandins on glyco-
gen synthesis has been controversial. For example, Okumura and
colleagues reported that PGE, can actually stimulate glycogen
synthesis in rat hepatocytes, and this effect might depend on the
concentrations of calcium in the incubation medium (51). Inter-
estingly, the intracellular concentrations of calcium can be regu-
lated by CD36 (37). Additionally, PGE, was reported to decrease
glucagon stimulation of GP activity (16), which may help to ex-
plain the fast depletion of glycogen in CD36Tg mice during the
early phase of fasting and the consequent protection from fasting-
responsive hypoglycemia. Meanwhile, the constitutive activation
of GS in the CD36Tg mice restored the glycogen deposits more
efficiently in these mice than in the WT mice. The sources of
glycogen replenishment are most likely the gluconeogenic precur-
sors or glycerol released during lipolysis (48, 49). However, we
cannot exclude the possibility that mechanisms other than the
inhibition of prostaglandin formation accounted for the increased
glycogen synthesis in our CD36Tg mice. Due to the lack of PG
phosphorylation results, we cannot exclude the possibility that
changes in the rate of glycogen breakdown also contributed to the
overall improvement in glycogen homeostasis. Moreover, in the
absence of an unbiased metabolomics analysis, it is not our inten-
tion to claim that changes in the prostaglandin levels are the driv-
ing force for the metabolic phenotypes of our CD36Tg mice.

The suppression of PGs may have contributed to increased
VLDL secretion, because PGs are known to inhibit VLDL secre-
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tion from the liver (10, 50). The suppressed PG production and
increased VLDL secretion in our CD36Tg mice were both consis-
tent with the increased PG levels and decreased VLDL secretion
reported for the ob/ob CD36~/~ mice (10). It was noted that the
whole-body knockout of CD36 was used in the ob/ob CD36™ '~
study, so we cannot exclude the possibility that a loss of CD36 in
extrahepatic tissues contributed to the PG phenotype. Neverthe-
less, it is likely that in our CD36Tg mice, amelioration of diet- or
fasting-induced steatosis resulted from a synergistic effect of en-
hanced glycogen turnover and increased VLDL secretion, sup-
porting our hypothesis that CD36 functions as a protective fatty
acid sensor in the liver. In addition to the reduction of PGs, we
showed that the hepaticlevel of 20-HETE was also decreased in the
CD36Tg mice without affecting the level of the parent arachidonic
acid. The decreased formation of 20-HETE may have also contrib-
uted to the overall improvement of metabolic function, because
this arachidonic acid metabolite has been shown to induce hyper-
glycemia (39).

In summary, we have uncovered a novel function of CD36 in
regulating glycogen homeostasis and fasting hypoglycemia, al-
though the mechanism by which CD36 affects glycogen homeo-
stasis has yet to be clearly defined. Overexpression of CD36 in the
liver conferred resistance to fasting hypoglycemia and metabolic
harm caused by HFD feeding. We propose that CD36 serves as a
protective fatty acid sensor in the liver. Rather than being a caus-
ative factor of steatosis, the induction of CD36 under HFD feeding
or obesity may represent a protective response against metabolic
stress and lipid overload. Manipulation of the expression or activ-
ity of hepatic CD36 may represent a novel approach to managing
metabolic syndrome.
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