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ABSTRACT

Cholesteryl ester transfer protein (CETP) shuttles lipids between lipoproteins, culminating in cholesteryl ester delivery to liver and increased secretion
of cholesterol as bile. Since gut bile acids promote insulin sensitivity, we aimed to define if CETP improves insulin sensitivity with high-fat feeding.
CETP and nontransgenic mice of both sexes became obese. Female but not male CETP mice had increased ileal bile acid levels versus
nontransgenic littermates. CETP expression protected female mice from insulin resistance but had a minimal effect in males. In liver, female CETP
mice showed activation of bile acid-sensitive pathways including Erk1/2 phosphorylation and Fxrand Shp gene expression. In muscle, CETP females
showed increased glycolysis, increased mRNA for Dio2, and increased Akt phosphorylation, known effects of bile acid signaling. These results
suggest that CETP can ameliorate insulin resistance associated with obesity in female mice, an effect that correlates with increased gut bile acids

and known bile-signaling pathways.

Published by Elsevier GmbH.
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1. INTRODUCTION

Insulin resistance associated with obesity leads to metabolic syndrome,
diabetes, and increased risk of developing coronary heart disease (CHD).
These risk factors are reduced by weight loss; however, weight reduction
regimens rarely result in long-term maintenance of reduced body weight
[1,2]. Activation of pathways that improve insulin sensitivity would be an
attractive alternative to weight loss as a way to prevent complications of
obesity. Bile acids secreted into the gut have recently been linked to
insulin sensitivity by activating signaling pathways that improve liver and
muscle glucose metabolism [3-5]. Activation of pathways that promote
bile production and secretion may improve insulin sensitivity in the setting
of obesity. Cholesteryl ester transfer protein (CETP) is a lipid transfer
protein that promotes the exchange of lipids between lipoproteins,
ultimately resulting in delivery of cholesterol esters to the liver, where
they are converted into bile acids [6,7]. Activation of CETP, therefore, may
contribute to improved insulin sensitivity with obesity.

In addition to their role in digestion, bile acids secreted into the gut
activate signaling pathways that improve peripheral glucose metabolism.
Oral treatment of obese humans with the bile acid tauroursodeoxycholic
acid improves liver and muscle insulin sensitivity [5]. Similarly, treatment
with bile acid sequestrants, which increase the bile acid content in the
gut, improves glucose metabolism, increases energy expenditure, and
improves parameters of type-2 diabetes in both mice and humans [8—10].
Gut bile acids improve insulin sensitivity by upregulating multiple

pathways that signal from the gut to liver and peripheral tissues. Gut
bile acids promote the production of the enterokine fibroblast growth factor
15 (FGF15), which signals to the liver through the FGF4 receptor (FGF4R),
leading to activation of Extracellular Related Kinase 1/2 (Erk1/2), increased
glycogen storage, and reduced gluconeogenesis [4,11,12]. Additionally, gut
bile acids activate the bile sensitive g-protein coupled bile acid receptor
(GPBART, also known as TGR5), which contributes to improved glucose
metabolism [9]. A small amount of bile acids enter the systemic circulation
where they can activate GPBAR1 in adipose and muscle tissue [13,14].
GPBAR1 activity causes activation of type-2 thyroid deiodinase (Dio2),
which leads to an increase in energy expenditure and glucose oxidation by
mitochondria [3,14]. Since bile acids are produced from cholesterol in the
liver, mechanisms that increase cholesterol delivery to the liver might
increase gut bile acid levels and thus promote insulin sensitivity.

CETP has been shown to increase reverse cholesterol transport in mice
[15,16]. Since mice do not naturally express CETP, transgenic mice
expressing CETP have been studied [17,18]. Because of its lipid transfer
capacity, CETP alters lipid uptake and metabolism by tissues. CETP has
the net effect of increasing delivery of CE to the liver by promoting the
movement of CE from HDL to VLDL or LDL, which can be taken up by
the liver through LDLR and VLDLR [6,7,15,19]. CETP also facilitates
uptake of CE from serum macrophages into HDL, which is then delivered
to the liver by scavenger receptor B1 (SR-B1) [16,20]. CE delivered to
the liver is converted into bile acids, which are stored in the gallbladder
and then secreted into the intestine to facilitate absorption of lipophilic
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nutrients. Taken together, these results suggest that increased choles-
terol delivery to the liver mediated by CETP might increase bile acids in
the gut and their related signaling to promote insulin sensitivity in liver
and muscle. To test this hypothesis, we assessed insulin sensitivity in
high-fat diet fed male and female CETP transgenic mice and their non-
transgenic littermates. We observed increased gut bile acids in female
but not male CETP expressing mice. This increase in bile acid levels
corresponded with improved insulin sensitivity and increased bile acid
related signaling in liver and muscle in CETP-expressing female mice.
Overall, we show that CETP expression protects female mice from the
metabolic complications of obesity.

2. MATERIALS AND METHODS

2.1. Animals and diets

CETP transgenic mice on a C57BL/6 background were purchased from
Jackson Laboratories (C57BL/6-Tg(CETP)1Pnu/J, Stock number:
001929). This strain expresses a simian CETP gene under control of
a constitutive promoter [17,18]. All mice were maintained on a standard
chow diet until placement on a sucrose-free high-fat diet (HFD) with
carbohydrate content comprised of cornstarch (60% fat, Research Diets
D08060104). Mice were 12—14 weeks old at onset of diet because we
find more robust weight gain in adult mice. Mice were fed HFD for
4 weeks. All procedures were performed in accordance with National
Institutes of Health Guidelines for the Care and Use of Animals and
approved by the Institutional Animal Care and Use Committee at
Vanderbilt University.

2.2. Surgical catheterization

Five to seven days prior to the clamp study, mice received catheters in
the jugular vein and carotid artery as previously described [21].
Surgeries were performed at the Vanderbilt Mouse Metabolic Phenotyp-
ing Center (MMPC). Briefly, mice were anesthetized and the carotid
artery and jugular vein were catheterized. Free catheter ends were
tunneled under the skin to the back of the neck, externalized, and sealed
with steel plugs. These methods permit arterial sampling and are less
stressful than cut-tail sampling. Mice were maintained on HFD and
recovered for 5—7 days after surgery. Only mice returning to within 10%
of pre-surgical body weight were studied. Body composition was
determined on the day of study using an mq10 NMR analyzer (Bruker
Optics).

2.3. Hyperinsulinemic-euglycemic clamp studies

A 2-h hyperinsulinemic-euglycemic clamp study was performed on mice
fasted for 5h as previously described [22]. A 3-uCi bolus of [3-°H]
glucose was given at t= — 90 min followed by a 0.05 uCi/min infusion
until £=0. All blood samples were obtained via an arterial catheter. The
clamp was begun at t=0 min with a continuous infusion of insulin
(4mUkg~"min="). The [3-*H] glucose infusion was increased to
0.1 uCi/min for the remainder of the experiment to prevent changes in
specific activity. Euglycemia (100-150 mg/dl) was maintained by
measuring blood glucose every 10 min by glucometer starting at
t=0 min and infusing 50% dextrose by variable infusion. Mice received
saline-washed erythrocytes from donors throughout the clamp (2.5 pl/
min) to prevent a fall in hematocrit. Arterial samples to measure plasma
hormones and glucose turnover were taken at =60, 80, 90, and
100 min. At 120 min, mice were sacrificed and tissues were collected
and frozen in liquid nitrogen. Calculations of EndoRa, Rd, and SI were
performed as previously described [21,23,24].
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2.4. Western blots

Whole cell extracts were performed on frozen liver and muscle tissue,
and western blotting was performed as previously described [25].
Primary antibodies for Akt, P-Akt (Ser473), Erk1/2, and P-Erk1/2
(Thr202/Tyr204) were purchased from Cell Signaling Technology.
Antibodies for actin and ERa were purchased from Santa Cruz
Biotechnology. IR-Dye 800 anti-rabbit secondary antibody (LI-COR
Biotechnology) was used for band visualization on an Odyssey imaging
system.

2.5. Serum analysis

Serum insulin values were determined using a commercial ELISA kit
(Millipore). CETP activity was measured using a commercially available
kit (Roar Biochemical RB-CETP). Serum TG and cholesterol levels were
measured using commercially available kits (Raichem). Serum estradiol
was quantified using a commercially available kit (Calbiotech). Serum
leptin, adiponectin, and IL-6 were quantified by luminex assay at the
Vanderbilt Hormone Assay & Analytical Services Core.

2.6. Gene expression

RT-PCR was used to measure gene expression. RNA was extracted from
tissues (RNeasy Mini, Qiagen) and cDNAs were synthesized using 1 pg
RNA template (iScript cDNA synthesis kit, BioRad). RT-PCR was
conducted using SYBR Green JumpStart Tag ReadyMix (Sigma) in a
20 pl reaction with 400 nM final primer concentration. Reactions were
carried out for 50 cycles of 95 °C for 10 s, 58 °C for 45 s, and 72 °C for
60 s (MylQ, Bio Rad). Ct values were analyzed using the efficiency
corrected Pfaffl method and were normalized to cyclophilin A. Fold
change was determined relative to fasted WT littermates. See
Supplemental Table 1 for primer sequences.

2.7. Metabolite analysis

Metabolite analysis was performed by Metabolon Inc. (Durham NC).
Briefly, aqueous and organic metabolites were methanol extracted and
then analyzed both by LC/MS and GC/MS. Metabolites were identified by
comparison to a library of known compounds and normalized to internal
standards. Welch's two-sample ttest and an estimate of the false
discovery rate (g-value) were used to take into account the multiple
comparisons that normally occur in metabolomic-based studies. One
animal was excluded as an outlier for hepatic bile acid data, as the
gallbladder was ruptured during tissue collection.

2.8. Gut bile acid analysis

Bile acids were extracted from ileum tissue by ethanol extraction using a
dounce homogenizer. Bile acids were quantified using a commercially
available enzymatic assay (Crystal Chem).

2.9. Indirect calorimetry

Indirect calorimetry was performed on HFD-fed female CETP and WT
littermates using a Promethion system in the Vanderbilt MMPC (Sable
Systems International). The system allows for measurement of VO,
VCO,, food intake, feeding behavior, heat generation and activity level.
Mice were individually housed in the system for a period of 4 days
during which measurements were taken. The facility uses a standard
12 h light/dark cycle and measurements for light and dark phases are
reported separately.

2.10. Statistics
Data are presented as mean 4+ SEM. Data were analyzed by
student's t-test, 1-way ANOVA using Tukey's post-test, or 2-way
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Figure 1: CETP expression alters serum cholesterol and ileal bile acids in obese mice. (A) CETP activity in WT littermates and CETP-transgenic males. (B) Adiposity before (—) and after (+) high-
fat diet in male mice. (C) Serum cholesterol in male mice. (D) Total leal bile acids in male mice. (E) CETP activity in WT littermates and CETP-transgenic females. (F) Adiposity before (—) and after
(+4) high-fat diet in female mice. (G) Serum cholesterol in female mice. (H) Total ileal bile acids in female mice. Data represent the mean + SEM from n=6-8 animals per group, *p < 0.05.

WT Female CETP Female WT Male CETP Male
Initial body weight (g) 205+23 21.0.+18 240+ 2.1 25.4+36
Post-HFD body weight (g) 265+5.1 241+ 36" 284432 32.1+50°
HFD fasting blood glucose (mg/dL) 162 +35.8 134 +19.6 148 £+ 241 151 +38.1
HFD clamp insulin (ng/mL) 48+16 26+1.1 28106 37+10
Chow clamp insulin (ng/mL) 17+04 21+03 ND ND
HFD plasma free fatty acid (mmol/ 1.44 +0.96 1,62 +£0.50 1.57 £0.77 1.44 +0.96
L)
HFD plasma LDL (mg/dL pooled) 33.8 14.6 39.1 217
HFD plasma HDL (mg/dL pooled) 110.3 50.0 795 52.1
HFD basal glucose EndoRa 173+74 19.6 £ 5.6 10.3+4.4 14.6 £ 10.1
(mg kg~ ' min~")
HFD clamp glucose EndoRa 22+21 39+28 37+48 29457
(mgkg "min~")
HFD clamp glucose Rd 171+34 450 £6.1" 169+ 44 1719+ 438
(mg kg "min~")
HFD clamp AUC GIR/glucose 0.10+.03 025 +.05" 0.09 +.03 011+ .02
(mg®minkg 'dL"")
HFD fasting plasma triglyceride 738+226 535421.0 46,54+ 13.0 65.0415.0
(mg/dL)
HFD clamp plasma triglyceride 51.7+23.1 36.6 4 5.9* 438+ 18.6 50.0+11.3
(mg/dl)
HFD liver cholesterol (mg/g tissue) 275+ 15 427 +2.1 247408 386+ 16
HFD liver triglyceride (mg/g tissue) 5484217 751+94 7924205 5384 14.2
HFD liver diacylglycerol (mg/g 2,67 +0.63 2.67 +£0.61 3.61+1.53 2.531.02
tissue)
HFD plasma interleukin 6 (pg/mL) 7764657 7614319 5434235 113.1 £ 64.2
HFD plasma leptin (ng/mL) 129452 10.6+58 12.7 4 0.1 18.6+50
HFD plasma adiponectin (pg/mL) 131+£18 157+£1.8 1561416 176+ 36
HFD serum estradiol (pg/mL) 6.8+ 3.1 6.9+20 ND ND

Table 1: Additional physiological parameters. Values represent mean + standard deviation. ~ p < 0.05 versus WT, n=4-8 animals per group. i 0 < 0.05 versus pre-HFD. n=4-8 animals
per group. ¥ p< 0.05 versus clamp baseline. n=4-8 animals per group.

MOLECULAR METABOLISM 2 (2013) 457-467 Published by Elsevier GmbH

www.molecularmetabolism.com

459



Original article

Male
A B
200, 2.0
9 -
8 150 —— £ 45
= 2
(Dj -
8% £
82 100 3 1.0
m £ <
D ()]
= £
@ 501 @ 0.5
[T L
0 ) ) 0.0 ) )
KR ¥ W
¢ NS N R
N & &
Female
C D
200, 1.5 .
0 -
(2]
8 450 — £ T
3~ £ 1.0
'o@' £
8 2 100 3
m £ <
g 2 05
& 50 3
L [T
0—— 0.0-—
> g > N
((Q}“ ((Q,é\ ((Q}“ (((,50
N & N S
[® $

Figure 2: CETP expression decreases fasting plasma insulin in female mice. (A) Fasting blood glucose in male mice. (B) Fasting plasma insulin in male mice. (C) Fasting blood glucose in female
mice. (D) Fasting plasma insulin in female mice. Data represent the mean 4+ SEM from n=6-8 animals per group, “p < 0.05.

ANOVA using Bonferoni post-test as appropriate. p<0.05 is
considered statistically significant.

3. RESULTS

3.1. CETP expression does not alter high-fat diet induced weight

or adiposity gain in males or females

Age- and weight-matched male and female CETP transgenic mice and
their wild-type littermates (WT) lacking CETP expression were placed on
HFD for 4 weeks to test their metabolic adaptation to obesity. As
expected, CETP activity was significantly higher in CETP mice compared
to WT in both males and females (males Figure 1A, females Figure 1E).
There was no difference in CETP activity between transgenic males and
females. Both male and female WT and CETP mice gained similar
weight and had similar adiposity on HFD (males Figure 1B, females
Figure 1F body weight: Table 1).
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3.2. CETP expression reduces serum cholesterol in males and females
and increases gut bile acid content in females only

To determine the effect of CETP expression on lipid and bile metabolism,
we measured fasted serum lipids and ileal bile acids. We observed that
CETP expression reduced serum cholesterol in both male and female
mice (males Figure 1C, females Figure 1G, and Table 1). HDL and LDL
cholesterol were both lower in CETP mice compared to WT, consistent
with the changes in total cholesterol (Table 1). CETP-expressing males
showed no difference in ileal bile acid content compared to WT males
(Figure 1D). CETP-expressing females, however, showed a significant
increase in ileal bile acid content compared to WT (Figure 1H). We saw a
trend towards increased bile acid species in the serum of CETP females
(Supp. Table 2). We did not see a change in total liver bile acids, but
observed a modest increase in the measured hepatic bile acid species in
the CETP females ((Supp. Table 2), p < 0.05 for genotype effect). We did
not observe a difference in plasma free fatty acid, triglyceride, or
estradiol (Table 1). We saw a trend towards increased hepatic

www.molecularmetabolism.com
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Figure 3: CETP expression protects female mice against diet-induced insulin resistance. (A) Hyperinsulinemic-euglycemic clamp study design. (B) Clamp blood glucose in HFD-fed males.
(C) Glucose infusion rate (GIR) required to maintain euglycemia during hyperinsulinemic clamp in HFD-fed males. (D) Insulin sensitivity index based on steady-state GIR/insulin for HFD-fed males.
(E) Clamp blood glucose in HFD-fed females. (F) GIR for HFD-fed females. (G) Insulin sensitivity index for HFD-fed females. (H) Blood glucose during clamp in chow-fed females. () GIR for chow-fed
females. (J) Insulin sensitivity index for chow-fed females. Data represent the mean + SEM from n=6-8 animals per group, *p < 0.05.
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cholesterol content in both male and female CETP expressing mice, but
this difference was not significant (Table 1). Overall, we observed a
reduction in serum cholesterol in both male and female CETP mice, and
an increase in gut bile acids in female CETP mice only.

3.3. CETP expression reduces fasting insulin in female mice

Since bile acids are known to affect insulin sensitivity, we measured
fasting glucose and insulin levels in the CETP mice and WT littermates.
After 4 weeks of HFD-feeding, there was no difference in fasting blood
glucose between CETP and WT mice (males Figure 2A, females
Figure 2C). While there was not a difference in fasting insulin between
CETP and WT males (Figure 2B), CETP female mice had lower fasting
insulin levels than WT (Figure 2D). Thus, despite weight and adiposity
gain on HFD, female CETP mice maintained lower fasting insulin levels,
suggesting improved insulin sensitivity in the female animals.

3.4. Expression of CETP protects against diet-induced insulin
resistance in female mice

Since the changes in fasting insulin suggested improved insulin
sensitivity in the CETP female mice, we measured insulin sensitivity
using a hyperinsulinemic-euglycemic clamp in mice fed HFD for 4 weeks
(Figure 3A). The hyperinsulinemic-euglycemic clamp technique assesses
insulin sensitivity by determining the glucose infusion rate (GIR) required
to maintain euglycemia in response to a physiologic increase in serum
insulin; increased GIR corresponds to greater insulin sensitivity. There
was no significant difference in GIR between the CETP and WT males
during the clamp (Figure 3B and C). Male CETP mice showed no change
in insulin sensitivity index (SI) compared to WT (Figure 3D), which is
defined by the GIR divided by the average insulin level in the steady-
state clamp period.

In contrast, CETP females showed a markedly increased GIR compared
to WT (Figure 3E and F). Additionally, SI was increased by approximately
3-fold in the CETP females compared to WT (Figure 3G). The
endogenous rate of glucose production EndoRa, an index of liver insulin

action, was suppressed by insulin in all groups. However, the dose of
insulin used, which raises insulin to a post-prandial level, was optimized
to study muscle metabolism (Table 1). Glucose rate of disappearance
(Rd), an index of muscle insulin action, was significantly increased in
CETP females compared to WT (Table 1). Rd in CETP expressing females
was significantly higher than both WT females and CETP-expressing
males. Overall, the clamp results show that CETP expression signifi-
cantly improves insulin sensitivity in obese female mice fed HFD.

To determine if CETP-mediated effects on insulin sensitivity are
dependent on diet composition, we performed a parallel
hyperinsulinemic-euglycemic clamp study on CETP and WT females
fed a standard chow diet (Figure 3A). We focused on the female mice
because of the large phenotype observed in the HFD-fed females. In
contrast to the HFD-fed group, there was no difference in GIR or Sl
between the chow-fed CETP and WT mice, suggesting that the
improvement in insulin sensitivity observed with CETP expression
depends on HFD-feeding (Figure 3H, I, and J). Thus, CETP protects
against the effect of HFD on insulin sensitivity in females; it has no effect
on insulin sensitivity in lean chow-fed females. The interaction between
CETP and diet in females correlates with a mechanism mediated by gut
bile acids, which are known to be increased by HFD.

3.5. CETP expression increases insulin-stimulated phosphorylation of

hepatic Akt and Erk1/2 in HFD-fed mice

To define changes in insulin signaling compared to the fasted state, we
added an additional non-insulin treated cohort of CETP and WT female
mice that were HFD-fed for 4 weeks and then fasted for 5 h with no
insulin treatment prior to sacrifice. We performed western blot analysis
and found that insulin-stimulated Akt phosphorylation was greater in
clamped female CETP mice compared to WT (Figure 4A and B). We did
see a trend towards increased hepatic AKT phosphorylation in the CETP
males, although this result was not statistically significant (Supp.
Figure 1). Erk1/2 phosphorylation was increased in the insulin-
clamped CETP females compared to clamped WT females (Figure 4A
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Figure 4: CETP expression alters hepatic insulin signaling and bile acid signal related gene expression. (A) Immunoblot analysis of Akt, P-Akt (S-473), Erk1/2, P-Erk1/2, and actin in liver whole-
cell extract from fasted and clamped CETP and WT female mice on a high fat diet. (B) Quantification of P-Akt to Akt ratio. (C) Quantification of P-Erk1/2 to Erk1/2 ratio. (D) Gene expression for
genes whose products control glucose metabolism, bile acid metabolism, and gene transcription determined by gRT-PCR from hepatic RNA. Data represents the mean 4+ SEM from n=4 animals
per group. Asterix () indicates p < 0.05 for insulin-treated versus fasted, brackets (a) indicate statistical significance (p < 0.05) for genotype effect by 2-way ANOVA.
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and C). Fasting Erk1/2 phosphorylation was similar between fasted CETP
and WT females, suggesting that insulin is required for increased Erk1/2
phosphorylation in CETP female mice (Figure 4A and C). Erk1/2
phosphorylation was not increased in CETP males (Supp. Figure 1).
To further investigate the sex difference, we performed western blots for
estrogen receptor alpha in liver and muscle of female CETP and WT
mice. We did not observe a difference in ERa expression between CETP
and WT in either liver or muscle (Supp. Figure 2). Overall, we observed
that CETP expression improves the insulin signal to Akt in the context of
HFD-feeding. Female CETP mice had an additional robust signal to
increase signaling to Erk1/2, likely contributing to the marked sex-
difference seen in our clamp study. These signaling changes suggest an
intersection between insulin signaling to AKT and gut bile signaling
through FGF15, which results in increased ERK1/2 phosphorylation in
the liver [4,11].

3.6. CETP expression alters expression of genes involved in liver
glucose metabolism

As insulin sensitivity was only altered in the female CETP mice, we
focused our further mechanistic studies on female CETP mice versus
female WT. To determine the effect of CETP expression on hepatic gene
expression, we performed gRT-PCR on hepatic mRNA from fasted and
insulin-clamped CETP and WT female mice. We determined mRNA
levels for genes whose products are involved in glucose and lipid
metabolism and regulate gene transcription (Figure 4D). After HFD-
feeding, insulin failed to suppress glucose-6-phosphatase (G6pc), and
phosphoenol pyruvate carboxylase (Pepck) expression in the WT mice,
consistent with the severe insulin resistance noted in the clamp for WT
animals. Pepck and G6pc gene products are central to control of hepatic
gluconeogenesis. CETP mice showed improved insulin-suppression of
mRNA for G6pc and Pepck compared to WT. Additionally, insulin-
mediated suppression of RNA for sterol CoA desaturase expression, a
gene whose product is involved in de-novo lipogenesis, was improved in
the CETP mice compared to WT. Female CETP mice had increased
expression of Hnf4a, Fxr, and Lrh-1, as well as increased Shp under
insulin treatment. These transcription factors regulate genes whose
products control bile, glucose and lipid metabolism. Based on our
observed changes in ileal bile acids, liver protein, and mRNA, CETP
expression may improve insulin action on control points of hepatic
glucose metabolism, potentially through bile acid signaling initiated in
the gut.

3.7. CETP expression increases insulin-stimulated phosphorylation of
muscle Akt in HFD-fed mice

The large increase in GIR and Rd in CETP females was likely due to
increases in muscle insulin sensitivity, since muscle is the largest depot
for insulin-stimulated glucose uptake. We measured phosphorylated Akt
in gastrocnemius muscle from fasted and insulin-clamped CETP and WT
females. We observed an increase in Akt phosphorylation in response to
the insulin in CETP but not WT females (Figure 5A and B). We saw a
trend towards increased Akt phosphorylation in muscle of CETP males,
but this result was not significant (Supp. Figure 1). This result suggests
that CETP expression ameliorates the HFD-induced insulin resistance to
Akt in muscle of female mice.

3.8. CETP expression reduces muscle glycolytic intermediates

Having observed improved muscle insulin signaling and increased
glucose disposal, we measured glycolytic intermediates in muscle
tissue from fasted CETP and WT females (Figure 5C and D). CETP
animals had significantly decreased levels of glucose-6-phosphate (G6P)
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and fructose-6-phosphate (F6P). We also saw a trend towards
decreased fructose 1,6 bisphosphate (F1,6BP) in the CETP females
(p=0.11). Glycogen-derived glucose-1-phosphate (G1P) was also
significantly decreased. Muscle glucose was not altered. Levels of
citrate were increased in the CETP mice, an indicator of increased
glucose and/or lipid oxidation. The reduced glycolytic intermediates
despite increased citrate (an inhibitor of glycolysis) suggest that CETP
expression promotes muscle TCA cycle flux in the fasting state. We
examined soleus muscle mRNA for genes whose products promote TCA
cycling, and found significantly increased gene expression for DioZ,
carnitine palmitoyltransferase 1b (Cpt7b), and a trend towards increased
hexokinase 2 (Hk2) gene expression in CETP mice (Figure 5E: p=0.058
for Hk2). Taken together, the reduction in muscle glycolytic intermedi-
ates along with increased gene expression for Dio2 and Cpt1b suggests
that CETP expression causes increased muscle substrate oxidation.
These changes likely contribute to improved insulin sensitivity in CETP
females.

Having observed a significant difference in insulin sensitivity in HFD-fed
CETP females as well as altered muscle glucose metabolism, we
performed indirect calorimetry on HFD-fed CETP and WT females to
measure energy expenditure. Food intake and energy expenditure were
similar between CETP and WT, although CETP females ate more
frequently than WT (Supp. Figure 3). Additionally, the increase in
respiratory quotient showed that CETP females had increased carbohy-
drate oxidation compared to WT (Figure 5F). The finding that CETP
expression increases the relative utilization of carbohydrate compared to
lipid is consistent with our observation that CETP alters muscle glucose
oxidation. Activation of glycolysis and Dio2 are known effects of bile acid
signaling in muscle, and these observations are consistent with our
model that bile signaling is responsible for improved insulin sensitivity in
the CETP females.

4. DISCUSSION

Our studies demonstrate a novel role for CETP expression to ameliorate
insulin resistance in obese female mice. We propose that the increase in
gut bile acids in the CETP females contributes to the improved insulin
sensitivity in the setting of obesity. Our data is consistent with the
growing body of evidence that bile acids initiate signaling pathways in
the gut that promote insulin sensitivity [3-5]. CETP expression did not
alter ileal bile acid levels in male mice, and, correspondingly, there was
no alteration in insulin sensitivity in the male CETP mice. Additionally,
we did not observe a difference in insulin sensitivity between female
CETP mice and female WT littermates fed chow, suggesting that CETP
may have metabolic benefits that promote insulin sensitivity only in the
context of a lipid-rich diet that would promote bile acid secretion.

We propose that the metabolic effect of CETP in female mice is due to
bile acid signaling that originates in the gut. We observe multiple
alterations in metabolism in the CETP mice that are similar to the effects
of gut bile acids to improve insulin sensitivity in both humans and mouse
models. Our observation of improved insulin sensitivity and increased
Akt phosphorylation in muscle is similar to the effects of oral
taurodeoxycholic acid treatment in humans [5]. CETP expressing female
mice showed increased Erk1/2 phosphorylation in the liver, which is a
known effect of FGF15 signaling from the gut to the liver [4,11,12]. A
limitation of our data is that we were unable to precisely quantify
specific bile acid species that are ligands for bile acid receptors, such as
chenodeoxycholic acid and deoxycholic acid for FXR (reviewed in [26]).
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Figure 5: CETP-expressing mice on a high-fat diet display improved muscle insulin signaling and altered glucose metabolism. (A) Immunoblot analysis of Akt, P-Akt (S-473), and actin in muscle
whole-cell extract from fasted and clamped CETP and WT female mice. (B) Quantification of P-Akt to Akt ratio. (C) Metabolite analysis of glycolytic and TCA cycle intermediates in muscle of fasted
CETP and WT female mice. (D) Schematic representation of changes in glycolytic and TCA cycle intermediates. (E) Gene expression for Dio2, Cpt1b, and Hk2 determined by gRT-PCR from muscle
RNA extracts. (F) Respiratory quotient determined by indirect calorimetry for HFD fed CETP and WT female mice. Data represent the mean + SEM from n=4 animals per group, except for

(F) which is n=3 animals per group. *p < 0.05.

We also saw a large increase in the rate of glucose disappearance
during our clamp studies, an index of muscle glucose disposal. The
increase in Rd corresponded with decreased glycolytic intermediate
metabolites and an increase in the TCA cycle intermediate citrate as well
as increased respiratory quotient. The increased glucose disposal in
CETP female mice is consistent with human studies in which patients
with type-2 diabetes were treated with bile acid sequestrants, which
lead to increased gut bile content [10]. These effects on glucose
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metabolism also correlate with known effects of bile acid signaling
through Gpbar1 to induce Dio2, which was upregulated in the CETP
female animals. GPBAR1 signaling in the gut can also promote the
secretion of glucagon-like peptide 1 (GIp1) from enteroendocrine cells
[3]. Glp1 is known to improve insulin sensitivity in both humans and
mouse models of diabetes [27,28]. GPBAR1 is also expressed in enteric
nervous system and may have an effect on the afferent signal from the
gut to the central nervous system [29]. Collectively, our results show a
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strong correlation between CETP expression in females and increased
bile acid signaling that may result in increased glucose disposal,
oxidation of carbohydrate, and improved insulin sensitivity. Further
studies are required to determine if bile acid signaling has a truly
causative role in the metabolic effects of CETP.

The role of CETP in human health has been a topic of considerable
controversy, and there are significant unresolved questions about its effects
on lipid and glucose homeostasis. CETP promotes the movement of
cholesterol esters and triglycerides between lipoproteins, resulting in a net
flux of cholesterol from HDL to LDL. Since low HDL levels are a well-known
risk factor for CHD, CETP inhibitor drugs were developed with the goal of
increasing HDL and reducing CHD. While the inhibitors successfully raised
HDL in humans, the clinical benefit of these drugs on cardiovascular
disease has not yet been established [30,31]. Our data suggest that CETP
may have additional effects not directly related to lipoproteins, such as
improvements in whole body glucose metabolism with obesity.

We observed a pronounced sexual dimorphism in insulin sensitivity
between the male and female CETP mice, which is consistent with the
observed sex-specific roles of CETP between men and women in human
studies [32-34]. In men, studies suggest a neutral or harmful effect of
CETP on glucose homeostasis. An association study in men showed a
correlation between high levels of CETP activity and markers of insulin
resistance [35]. An insulin clamp study performed in men showed no
correlation between CETP activity and insulin sensitivity [36]. A post-hoc
analysis of the ILLUMINATE CETP inhibitor trial showed that diabetic patients
treated with the CETP inhibitor torcetrapib had a modest reduction in
hemoglobin A1c [34]. This study involved 70% men, and only examined
individuals with long-standing obesity, diabetes, and established cardio-
vascular disease. In our studies, CETP expression did not improve insulin
sensitivity in males. Although the GIR was higher in CETP males in our
clamp study, mice in the CETP group also had higher blood glucose levels
in the clamp period. Two measures of insulin sensitivity, SI and the AUC of
the GIR/glucose, were not different in male CETP vs. WT. Mice in our study
were fed HFD for 4 weeks. A longer duration of HFD-feeding may have
revealed an effect of CETP on insulin sensitivity in males.

Reciprocally, studies in females suggest beneficial effects of CETP on
cholesterol efflux and glucose metabolism. Higher CETP activity is
associated with increased transfer of CE from macrophages to HDL in
women but not men [37,38]. This improved cholesterol transport
capacity with increased CETP was independent of HDL cholesterol
[37]. In women, CETP polymorphisms that increase CETP activity
correlated with reduced risk of ischemic heart disease [39]. Higher
CETP activity is associated with improved glucose metabolism after
roux-en-Y gastric bypass in women but not men [32,33]. In our studies,
we found that female CETP mice had 3-fold improvement in insulin
sensitivity with HFD-feeding compared to WT, showing a strong
protection of female CETP mice against diet-induced insulin resistance.
In our studies there was a significant sex-difference in gut bile acid
content that correlates with the observed increases in bile acid related
signaling in the CETP expressing females. Estrogen may augment the
bile signal in female CETP mice, as both CETP and estrogen signaling
through ERa increase bile secretion [40,41]. We observed alterations in
signaling pathways that were unique to the females, such as increased
hepatic Erk phosphorylation, and increased Shp mRNA, pathways that
are shared between estrogen and bile-signaling pathways [11,42]. CETP
has also been shown to augment estradiol delivery to tissues, enhancing
estrogen signaling [43,44]. We did not, however, observe an increase in
ERx levels in liver or muscle of CETP-expressing mice, and CETP-
expressing females had levels of circulating estradiol similar to WT.
Overall, we propose that the mechanism for the observed sex difference
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in insulin sensitivity lies in the alteration in gut bile acids observed in the
CETP expressing females.

Our finding that CETP expression promotes insulin sensitivity does not
necessarily suggest that CETP inhibition would be harmful with regard to
glucose homeostasis. CETP has an extracellular role in lipid transfer
between lipoproteins but also functions intracellularly to promote CE uptake,
and direct partitioning of CE between subcellular compartments [45,46]. If
our effects were mediated by intracellular CETP, we would not expect CETP
inhibition to adversely impact the phenotype [45]. Additionally, several CETP
inhibitors promote RCT, culminating in increased CE delivery to the liver and
bile secretion [47,48]. Such drugs would be predicted to increase bile acid
signaling and perhaps improve insulin sensitivity.

In humans, dietary weight-loss strategies are complicated by weight regain.
Pharmacologic strategies to achieve weight loss often have significant side
effects on the cardiovascular system or central nervous system. Strategies
to improve insulin sensitivity in the setting of obesity would be an attractive
alternative to weight loss. The idea of “metabolically-healthy obesity” is an
important goal in the prevention of diabetes and cardiovascular risk
associated with obesity. We observe a metabolically-healthy obese
phenotype in female CETP mice. The model shown here, though dissimilar
to the human in some regards, demonstrates an important proof-of-
principle that augmenting aspects of CETP function, such as bile acid
signaling, may be a therapeutic approach to improve insulin sensitivity and
lessen the negative metabolic impact of obesity.
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