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Hepatic insulin signaling regulates VLDL
secretion and atherogenesis in mice
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Type 2 diabetes is associated with accelerated atherogenesis, which may result from a combination of fac-
tors, including dyslipidemia characterized by increased VLDL secretion, and insulin resistance. To assess the
hypothesis that both hepatic and peripheral insulin resistance contribute to atherogenesis, we crossed mice
deficient for the LDL receptor (Ldlr~- mice) with mice that express low levels of IR in the liver and lack IR in
peripheral tissues (the L1836 mouse strain). Unexpectedly, compared with Ldlr~/~ controls, L13Ldlr~/- mice fed a
Western diet showed reduced VLDL and LDL levels, reduced atherosclerosis, decreased hepatic AKT signaling,
decreased expression of genes associated with lipogenesis, and diminished VLDL apoB and lipid secretion.
Adenovirus-mediated hepatic expression of either constitutively active AKT or dominant negative glycogen
synthase kinase (GSK) markedly increased VLDL and LDL levels such that they were similar in both Ldlr~-and
L156Ldlr~/- mice. Knocking down expression of hepatic IR by adenovirus-mediated shRNA decreased VLDL
triglyceride and apoB secretion in Ldlr~~ mice. Furthermore, knocking down hepatic IR expression in either
WT or ob/ob mice reduced VLDL secretion but also resulted in decreased hepatic Ldlr protein. These findings
suggest a dual action of hepatic IR on lipoprotein levels, in which the ability to increase VLDL apoB and lipid
secretion via AKT/GSK is offset by upregulation of Ldlr.

Introduction

Increased atherosclerosis is a major cause of morbidity and mor-
tality in type 2 diabetes and metabolic syndrome (1), but the
underlying mechanisms are poorly understood. Although vascu-
lar insulin resistance and hyperglycemia are likely to be involved, a
fundamental reason for accelerated atherogenesis in diabetes and
metabolic syndrome is dyslipidemia, characterized by increased
VLDL and reduced HDL levels (2). Increased hepatic VLDL apoB
secretion is a characteristic feature of type 2 diabetes, accounting
in part for diabetic dyslipidemia (3, 4).

Several mechanisms have been proposed to account for the
increased VLDL triglyceride (Tg) and apoB secretion in diabetes
and metabolic syndrome. Peripheral insulin resistance gives rise
to an increased flux of free fatty acids to the liver, resulting in
enhanced Tg synthesis, decreased apoB degradation, and increased
secretion of VLDL (5, 6). In cell-culture models, free fatty acids
cause a decrease in ER-associated, ubiquitin-dependent apoB
degradation (7), and thus, availability of lipid for VLDL synthesis
appears to be a key factor regulating apoB synthesis and secretion
(8). In addition, insulin treatment has been reported to suppress
apoB secretion in cultured cells (9) and to decrease apoB trans-
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lation (10), and an analysis of insulin signaling in hepatocytes
derived from insulin-resistant, fructose-fed hamsters (11) as well
as some correlative human data suggest that there are direct effects
of insulin in hepatocytes to suppress apoB and VLDL secretion in
vivo (12, 13). Thus, decreased insulin signaling in the periphery
and liver could both act to increase VLDL secretion.

Mice with genetic knockouts of key molecules in the insulin sig-
naling pathway have provided an important tool for elucidating
the effects of decreased insulin signaling in peripheral tissues and
liver (14-16). IR/~ mice die in the neonatal period from diabetic
ketoacidosis but can be rescued by low-level expression of the IR in
the liver, brain, and pancreas (the L1 mouse strain). Characteriza-
tion of L1 mice on a mixed genetic background showed marked
hyperinsulinemia and moderately increased hepatic gluconeo-
genesis (17, 18). We bred the L1 strain into a uniform C57BL/6
background (L1%6 mice) in order to study the effects of decreased
insulin signaling in various tissues on atherogenesis.

Transplantation of bone marrow from L15 mice into Ldlr~~ recip-
ients, followed by Western diet (WTD) feeding led to a moderately
increased atherogenesis, owing primarily to increased macrophage
apoptosis (19). In the present study, we assessed atherogenesis in
the L1%6Ldlr/~ strain that had been used for bone marrow donation
in our earlier study. Since these mice had decreased levels of IRs in
liver and no IRs in arteries, peripheral tissues, and bone marrow
cells, we thought they would have dramatically increased athero-
sclerosis compared with Ldlr7~ controls. To our surprise, we found
that they were protected from atherosclerosis, reflecting reduced
plasma levels of VLDL and LDL and reduced hepatic VLDL secre-
tion. This led to studies showing a direct relationship between
hepatic insulin signaling via the IR and regulation of VLDL apoB
and lipid secretion. In addition to using the LI®Ldlr~~ strain for
these studies, we also confirmed key findings by direct knockdown
of the hepatic IR using adenovirus carrying shRNA sequences tar-
geting IR mRNA (IR shRNA).
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Table 1
Metabolic characteristics of Ldlr-~and L18Ldlr"- mice

Genotype Chow WTD
Ldlr- Body weight (g) 23.0£0.3 29.5+0.7
Glucose (mg/dl) 167.5+£12.2 202.0+11.4
Insulin (pg/ml) 1016.5+126  1741.5+185
Cholesterol (mg/dl) 181.7 £10.1 992.7 +43.9
HDL-C (mg/dl) 79.8 £10.7 87.1+42
Tgs (mg/dl) 81.9+71 587 +41.6
FFA (mmol/l) 145+0.2 17803
L186Ldlr"~ Body weight (g) 21.1£0.8 29.5+0.5
Glucose (mg/dl) 118.4+£12.98  195.3+215
Insulin (pg/ml) 4901.7 £ 5200 9233.6 + 75.6*
Cholesterol (mg/dl) 131.1£9.48 664.2 + 66.24
HDL-C (mg/dl) 60.4 £9.1 79+29
Tgs (mg/dl) 75.8+6.1 368.2 + 37.54
FFA (mmol/l) 11503 20704

Metabolic characteristics were measured in plasma from mice fasted for
5 hours. Mice were fed on chow diet (8 weeks old) or on WTD for

10 weeks (18 weeks old). Values are expressed as mean + SEM.
n=10-15; AP < 0.001; BP < 0.01. HDL-C, HDL cholesterol.

Results

Metabolic parameters in L15Ldly~~ mice. We initially assessed meta-
bolic parameters, atherogenesis, and plasma lipoprotein changes
in L18¢Ldlr/- and Ldlr/~ control mice in a uniform C57BL/6 back-
ground (Table 1). Compared with Ldlr/- controls on the chow
diet, L1B6Ldlr/~ mice had about 5-fold higher insulin levels. In

contrast with L1 mice in a mixed genetic background (17), the
L156Ldlr~- strain had slightly lower glucose levels (Table 1) and
showed increased insulin sensitivity during a glucose-tolerance
test (Supplemental Figure 1A; supplemental material available
online with this article; doi:10.1172/JCI36523DS1). At 8 weeks of’
age, male mice were switched from chow to WTD and maintained
on the diet for 12 weeks before sacrifice for atherosclerosis studies.
On the WTD, both groups developed higher insulin and glucose
levels, but L18Ldly~~ mice maintained 5-fold higher insulin lev-
els than controls, while glucose levels and glucose tolerance test
responses were similar in the 2 groups (Supplemental Figure 1B).
Plasma free fatty acid levels were similar in the 2 groups of mice
(Table 1), as reported previously in nonobese mice with peripheral
insulin resistance (17, 20). Plasma adiponectin levels were modest-
ly increased in L1%Ldlr~~ mice (8.6 + 0.5 ug/mlvs. 11.1 £ 0.9 ug/ml,
P =0.04), similar to those in a previous report (21).

Atherosclerosis studies. After 12 weeks on the WTD, there was an
approximately 40% reduction in proximal aortic atherosclerosis
in L1%°Ldlr~~ mice compared with Ldlr/~ controls (Figure 1A), as
measured by lesion area. Western blot analysis showed absence
of IR protein expression in the aortae of L18Ldlr/~ mice (Figure
1B). Evaluation of lesion morphology indicated that lesions were
smaller but had relative necrotic core areas similar to those in the
former group (12.3% + 2.8% vs. 15.4% + 1.7%, P = 0.3). Quantifi-
cation of total hepatic IR protein using an antibody that recog-
nizes both endogenous and transgenic IR showed more than 90%
reduction in levels in LI2Ldly~~ mice. We have previously reported
that IR transgene expression was approximately 50% of normal in
mice of mixed genetic background (17, 18, 21). Thus, backcross-
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Figure 2

Plasma lipoprotein profiles, plasma lipoprotein cholesterol, Tg and apoB levels, and Tg and apoB production of Ldlr- and L156LdIr-- mice. (A)
Lipoprotein separation by FPLC. Pooled plasma from 10 Ldlr- (circles) and 10 L7186LdIr"- (squares) mice described in Figure 1A were used
for FPLC analysis. Plasma was collected after 5 hours of fasting. Fractions were used to quantify plasma lipoprotein cholesterol concentra-
tion. (B) Quantification of plasma VLDL cholesterol (VLDL-C), LDL cholesterol (LDL-C), HDL cholesterol (HDL-C), VLDL-Tg, and LDL-Tg from
LdlIr- (white bars) and L186LdIr"- (black bars) mice. Plasma was collected from mice fed WTD for 2 weeks, after a 5-hour fast (n = 13-14;
*P < 0.001). (C) Representative sample of apoB (apoB100 [B100] and apoB48 [B48]) levels in Ldlr- and L185LdIr- mice shown in B. apoB-
containing lipoproteins (VLDL and LDL) isolated by ultracentrifugation were resolved by SDS-PAGE and visualized by Coomassie blue stain-
ing. Each lane represents an individual mouse. apoB was normalized to the amount in the Ldlr-- controls (n = 5; **P < 0.01). (D) Tg and apoB
production in Ldlr- and L188LdIr-- mice. Tg production was determined by measuring plasma Tg concentrations at indicated times after Triton
WR-1339 injection (n = 4-5). Equal amounts of plasma from each mouse 2 hours after injection with 35S-methionine was resolved by SDS-PAGE
to visualize 3S-methionine—labeled apoB proteins. Similar results were obtained from 2 independent experiments.

ing onto the BL6 background resulted in lower transgene expres-
sion levels. This is likely an effect of transgene methylation (22)
or of modifier genes (23). There was also a significant decrease
in atherosclerosis in haploinsufficient (i.e., IR”") L1®¢Ldlr/~ mice
with about 40% IR protein levels in liver (15) compared with that
in Ldlr/~ mice (Figure 1A). Regression analysis of hepatic IR levels
versus atherosclerotic lesion area in these different groups of mice
revealed a strong direct relationship between IR levels and athero-
sclerotic lesion areas (Figure 1C; R? = 0.91, where R? is the correla-
tion coefficient; P = 0.01). This analysis also included atheroscle-
rotic lesion areas in Ldlr/~ and heterozygote L1%Ldlr~~ mice with
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and without the transthyretin-IR (TTR-IR) transgene, showing
that atherosclerotic lesion area was unaffected by the presence of
the IR transgene (Figure 1C).

Plasma lipoprotein analysis. An explanation for these findings
emerged from the analysis of plasma lipoprotein profiles. Fast-
performance liquid chromatography (FPLC) separation showed a
substantial reduction of VLDL and LDL cholesterol levels in WTD-
fed L1B6Ldlr~/~ mice compared with those in Ldlr7~ controls, with
no difference in HDL levels (Figure 2A). There were no differences
in hepatic SR-B1 expression, lecithin-cholesterol acyltransferase
(LCAT) activity, and lipoprotein lipase (LPL) activity between these
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Figure 3

Hepatic lipid content and mRNA expression of genes involved in lipid metabolism. (A) Hepatic Tg and cholesterol (Chol) levels in the livers of
Ldlr- and L188LdIr- mice (n = 4-5). Livers were collected from mice fed WTD for 2 weeks, after a 5-hour fast. (B) Analysis of hepatic gene
expression by real-time quantitative PCR in Ldlr"- (white bars) and L7186 Ldlr- (black bars) mice (n = 3). Livers were collected from mice fed WTD
for 2 weeks. Acox1, acyl-CoA oxidase 1; UCP2, uncoupling protein 2; syn, synthase; red, reductase. *P < 0.05; **P < 0.01.

2 groups (Supplemental Figure 1, C, E, and F). Analysis of plasma
lipoprotein changes revealed similar findings in LI2Ldlr~/~ mice that
were heterozygous for the IR null allele (i.e., these mice had IR levels
that were intermediate between those of Ldlr~~ and L1%°Ldlr~/~ mice),
with reduced VLDL and LDL cholesterol levels compared with those
in Ldlr7~ mice (not shown). These data establish a gene-dosage cor-
relation between IR levels and VLDL and LDL cholesterol levels.
These findings were confirmed by ultracentrifugal isolation of lipo-
protein fractions, revealing approximate 55% and 28% decreases in
VLDL and LDL cholesterol levels as well as significant reductions in
the apoB content of VLDL and LDL, respectively (Figure 2, B and C).
To determine whether these changes resulted from altered hepatic
lipoprotein secretion, we carried out a Triton WR-1339 injection
study. Triton WR-1339 blocks the removal of lipoproteins from the
circulation, and thus the rate of accumulation of lipoprotein com-
ponents in plasma reflects secretion rate (24). These studies revealed
a marked reduction in the secretion of Tgs and VLDL cholesterol as
well as apoB100 and apoB48 in the L1%Ldlr~~ mice (Figure 2D and
Supplemental Figure 1D). There were also reduced levels of Tgs and
cholesterol in the livers of these mice (Figure 3A).

LIBLdlr/~ mice show decreased lipogenic gene expression. The decrease
of hepatic Tg and cholesterol content and the reduced VLDL secre-
tion in LI%°Ldlr7~ mice could potentially arise from decreased
expression of lipogenic genes in the liver. We found a profound
decrease in the expression of sterol regulatory element-binding
protein isoform-1c (SREBP-1c) mRNA in fed liver samples from
L186Ldlr/~ mice compared with Ldlr/~ controls, accompanied by
reduced expression of lipogenic genes such as fatty acid synthase
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(FAS), acetyl-CoA carboxylase (ACC), and stearoyl-CoA desaturase
(SCD), and decreased hepatic Tg and cholesterol content (Figure 3,
A and B). HMG-CoA reductase showed modestly decreased expres-
sion, while expression of HMG-CoA synthase was unchanged. The
expression of genes mediating fatty acid oxidation (Figure 3B) was
unchanged in L1%°Ldlr~7~ compared with Ldlr~/~ mice. L-pyruvate
kinase, a key target gene of ChREBP — another transcriptional
regulator of lipogenic genes — did not show altered expression
(not shown). Other potential candidate molecules involved in the
regulation of VLDL levels, including apoB, microsomal Tg trans-
fer protein (MTP), and LPL, were unchanged (Figure 3B and data
not shown). Consistently, LI1®Ldlr7~ mice showed decreased FAS
and SCD1 protein expression compared with control Ldlr~/~ mice,
as expected, while there was no difference in MTP protein levels
between groups (data not shown and Supplemental Figure 1C).
Consistent with previous findings (18), the expression of gluco-
neogenetic gene G6Pase was unaltered while the expression of IGF-
binding protein 1 (Igfbp1) and phosphoenolpyruvate carboxyki-
nase (PEPCK) was significantly reduced in L18¢Ldlr/~ (data not
shown and Figure 3B). Together, these observations suggest a pic-
ture of reduced insulin stimulation of lipogenic gene expression
without major alteration in gluconeogenetic gene expression.
LIPLdly~~ mice show reduced hepatic insulin signaling via IRS1/p85
and AKT. In order to define the mechanisms of this mixed picture
of insulin resistance and sensitivity, we monitored steady state lev-
els of hepatic insulin signaling in the 2 groups of mice. Hepatic
IR protein levels were markedly reduced (290%) in L1Ldlr/- mice
(Figure 4A). While IRS1 protein was increased, the association
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Hepatic expression of insulin signaling molecules in Ldlr”- and L186LdIr- mice. (A) Western blot analysis of IR (B-subunit), -actin, IRS1,
IRS1-associated p85 (regulatory subunit of PI3K), IRS2, IRS2-associated p85, pAKT, and AKT from Ldlr-- and L186LdIr- mouse livers of male
mice after 2 weeks on WTD. Mice were fasted for 5 hours. Fold change shows the expression ratio of L186Ldlr- over LdIr"-. n = 3; *P < 0.05;
**P < 0.01. (B) Western blot analysis of hepatic expression of indicated signaling proteins following acute i.p. injection of an insulin bolus (+) or
saline () into Ldlr”- and L186LdIr- mice fasted for 16 hours. Lanes were run on the same gel but were noncontiguous.

of the p85 regulatory subunit of PI3 kinase with IRS1 and AKT
phosphorylation was reduced in L1P°Ldlr/~ mice compared with
Ldlr~ mice. The levels of IRS2 protein and its association with the
regulatory p85 subunit of PI3K were comparable in the 2 groups
of mice. Phospho-AKT (Ser 473) was reduced by 3-fold (P < 0.05) in
L156Ldlr/- mice compared with that in Ldlr/~ controls.

To further dissect the effects of IR deficiency on the insulin sig-
naling pathway, fasted mice were injected with a bolus of insulin
(Figure 4B). This resulted in an increased association of the regu-
latory p85 subunit of PI3 kinase with IRS1 and IRS2 in Ldlr/~
mice and an increase in AKT phosphorylation. These responses
were markedly blunted in L186Ldlyr~/~ mice. Furthermore, the insu-
lin-induced phosphorylation of AKT substrates, notably glyco-
gen synthase kinase 3 (GSK3), forkhead box O1 (FoxO1), and
mammalian target of rapamycin (mTOR), was markedly attenu-
ated in LI%Ldlyr~~ mice compared with Ldlr7~ controls (Figure
4B). Phosphorylation of FoxO1 on Ser253, the canonical AKT
site (25), was impaired, while phosphorylation at Thr24, which
is AKT-independent (26, 27), was maintained in LI56Ldlr/~ mice.
Together, these findings suggest that reduced levels of hepatic IR
in L1%Ldlr~~ mice lead to reduced insulin signaling via IRS1/PI3K
and reduced levels of AKT phosphorylation and its downstream
targets, leading to reduced expression of lipogenic genes and
decreased VLDL secretion.

Knockdown of bepatic IRs by shRNA impairs VLDL secretion. In order
to further evaluate the direct effects of hepatic insulin signaling
on VLDL apoB and lipid secretion, we used adenovirus-mediat-
ed IR shRNA (IR shRNA) to knock down expression of the IR in
WTD-fed Ldlr/~ mice. Ten days after injection of IR shRNA, there
was significantly reduced (~80%) hepatic IR protein expression in
Ldlr/~ mice compared with mice injected with a control scrambled
shRNA adenovirus (Figure 5A). Similarly, AKT phosphorylation was
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reduced in IR shRNA-injected mice (Figure SA), as were plasma and
hepatic Tg levels (Supplemental Table 1). There were no differences
in body weight, plasma glucose, total or HDL cholesterol levels, or
hepatic MTP or apoB mRNA levels between the 2 treatment groups.
There was significantly decreased VLDL Tg, cholesterol, and apoB
secretion in IR shRNA-treated mice compared with controls (Figure
S, C-F;n =3 or 4). Thus, we confirmed that reduced hepatic insulin
signaling leads to decreased VLDL lipid and apoB production.

AKT overexpression increases hepatic lipogenesis and increases VLDL
and LDL cholesterol and apoB levels. To further evaluate the role of
the insulin signaling pathway in regulation of lipoprotein levels,
constitutively active adenovirus expressing myristoylated Akt
(myrAKT) or control empty adenoviruses were injected via tail
vein into WTD-fed L186Ldlr~/~ and Ldlr/- mice (Figure 6). This
resulted in increased levels of VLDL and LDL cholesterol and
Tgs as well as apoB100 and apoB48 in both groups (Figure 6, A
and B). These experiments were also performed in chow-fed mice
with similar results (Supplemental Figure 2). We also carried out
a dose-response experiment. This showed a clear dose relation-
ship between myrAKT and apoB levels, with increases in apoB
seen even at the lowest doses of myrAKT (Figure 6C and Supple-
mental Figure 2C). Notably, a moderate 3-fold increase in AKT
phosphorylation comparable to the levels seen in fasting ob/ob
mice (see below) resulted in increased apoB levels (Figure 6C and
Supplemental Figure 2C). There was also a marked increase in
VLDL lipid and apoB secretion following myrAKT injection in
Ldlr~7~ mice (Supplemental Figure 2, D-F). myrAKT expression
largely eliminated the differences in lipogenic gene expression
and lipoprotein levels between the 2 groups, consistent with the
hypothesis that reduced insulin signaling via AKT was primar-
ily responsible for altered lipogenic gene expression and reduced
VLDL and LDL levels in LI8Ldlr~~ mice.
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Effect of hepatic IR knockdown on VLDL and apoB production in Ldlr”- mice. All mice were 10 to 11 weeks old and had been fed WTD for
2 weeks when virus was injected. (A) Western blot analysis of IR, pAKT, and a-tubulin in liver lysates from Ldlr”- mice after infection with
scrambled control adenovirus or IR shRNA. Livers were collected after a 5-hour fast. Each lane shows the liver lysate of a different mouse. (B)
Tg production in WTD fed Ldlr- mice treated with control adenovirus (open squares) or IR shRNA (filled squares). Tg production was determined
at indicated times after Triton WR-1339 injection. Plasma from each mouse at 0- and 120-minute time points was used for ultracentrifugation to
obtain the VLDL fraction. VLDL Tg (C) and VLDL cholesterol (D) secretion were measured. VLDL apoB (apoB100 and apoB48) levels (E) and
secretion (F) were examined in control adenovirus— and IR shRNA—-treated mice from experiment shown in B. n = 3—4; *P < 0.05; **P < 0.01.

GSK and regulation of VLDL apoB secretion. We next conducted
an analysis of the role of the insulin signaling pathway in the
regulation of apoB lipoprotein levels and secretion. We consid-
ered the potential involvement of the 3 major pathways acting
downstream of AKT, i.e., mTOR, FoxO1, and GSK3 (28), which
showed diminished activity in the L18Ldlr~~ mice (Figure 4B).
AKT phosphorylates and leads to nuclear exclusion of FoxO1;
thus, if AKT signaling and inactivation of FoxO1 was responsible
for increased apoB secretion, hepatic overexpression of consti-
tutively active FoxO1 should lead to a reduction in apoB levels.
However, when administered to Ldlr/~ mice, increasing amounts
of adenovirus encoding constitutively nuclear FoxO1 (FoxO1-
ADA) did not change plasma apoB levels (Figure 7A) and Tg pro-
duction (Figure 7B). We then determined whether direct activa-
tion of mTOR by AKT could lead to increased apoB secretion.
To this end, we administered the mTOR inhibitor rapamycin in
Ldlr~/- mice. Contrary to expectations, at the higher doses, the
mTOR inhibitor caused an increase in apoB levels and choles-
terol (Figure 7, C and D), indicating that signaling via mTOR-1
is unlikely to mediate the effects of AKT on apoB levels. Inhibi-
tion of signaling via mTOR-1 is known to activate a feedback
loop resulting in increased levels of IRS1 (as in Figure 4A) and
increased AKT signaling (29), suggesting that increases in VLDL
secretion secondary to mTOR inhibition may have been second-
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ary to increased AKT signaling via other pathways. AKT signal-
ing also leads to phosphorylation and inactivation of GSK3 (28).
Thus, if this pathway were involved, a dominant negative form
of GSK3 should mimic the effect of AKT and lead to increased
secretion of apoB. Indeed, adenoviral vector expressing a domi-
nant negative form of GSK3 (GSK-KM) caused a marked increase
in VLDL and LDL apoB100 and apoB48 and cholesterol and Tg
levels in both Ldlr~~ and L156Ldlr/~ mice (Figure 8). Since these
experiments relied on overexpression, we also wished to inhibit
endogenous GSK3. Lithium chloride (LiCl) has been shown to
inhibit GSK3 by an interaction with endogenous AKT that leads
to increased GSK3 phosphorylation (30). Thus, we treated Ldlr/~
mice with LiCl. This led to a significant increase in apoB levels
in VLDL (x1.5; P = 0.0005, n = 4) and LDL (x1.3; P = 0.03, 1 = 4).
Similar results were obtained with L18Ldlr~/~ mice (not shown).
These changes were not as dramatic as those observed with the
dominant negative GSK3, probably because LiCl is a relatively
ineffective inhibitor of hepatic GSK3 (31, 32). Together, these
findings suggest that AKT signaling leads to inactivation of GSK
and thus increases VLDL and LDL apoB secretion.

Increased AKT activity and VLDL secretion in ob/ob mice. Obese ob/ob
mice are commonly employed as a model of insulin resistance:
they have markedly increased insulin levels, lipogenesis, and VLDL
secretion and develop increased VLDL and LDL levels and acceler-
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Plasma lipoprotein lipid and apoB levels in WTD-fed mice injected with myrAKT or control adenovirus. All mice were 10—11 weeks old and fed
WTD for 2 weeks before viral injection. (A) Plasma lipoprotein Tg and cholesterol levels in Ldlr--and L188LdIr- mice injected with either control
empty adenovirus (white bars) or myrAKT (black bars). Plasma was collected after 5 hours fasting, and VLDL and LDL were separated by ultra-
centrifugation. (B) apoB contents in VLDL and LDL in mice injected with either control empty adenovirus or myrAKT. apoB-containing lipoproteins
were resolved by SDS-PAGE and stained with Coomassie blue. apoB was quantified and normalized to the amount present in the mice carrying
control adenovirus. Lowest panel shows Western blot analysis for AKT expression. Representative results are shown. Statistical significance
was determined upon comparison of results with those obtained following treatment with the control adenovirus. n = 3; *P < 0.05; **P < 0.01. All
data are representative of at least 2 independent experiments. Lanes were run on the same gel but were noncontiguous. (C) apoB amount in
VLDL and LDL in LdIr”- mice injected with empty adenovirus or different dosages (x107 PFU/g body weight) of myrAKT. Lowest panel shows
Western blot analysis of hepatic AKT expression in adenovirus-injected mice.

ated atherogenesis when crossed onto the Ldlr7~background (33).
We found that basal state AKT and GSK3 phosphorylation levels
were markedly increased in fasting ob/ob mice (Figure 9A) and were
associated with increased VLDL secretion (Figure 9B).
Knockdown of the hepatic IR by shRNA in 0b/0b mice resulted
in an approximately 90% reduction in IR protein levels compared
with controls (Figure 10A). While there were no differences in
body weight, plasma glucose, HDL cholesterol or Tg levels, or
hepatic MTP or apoB mRNA levels between mice treated with
IR shRNA and scrambled controls, the former mice had higher
total plasma cholesterol, increased non-HDL cholesterol (i.e.,
VLDL+LDL cholesterol), and lower hepatic Tg levels (Supple-
mental Table 2). Decreased hepatic IR levels resulted in decreased
secretion of VLDL Tg and apoB (Figure 10, B-D). However, plas-
ma VLDL and LDL apoB levels were not decreased (Supplemen-
tal Figure 4), and as noted, VLDL+LDL cholesterol was increased
in ob/ob mice injected with IR shRNA (Supplemental Table 2).
This finding was explained by the observation that ob/ob mice
had high basal levels of Ldlr protein (x3.2, P = 0.0003), which
were markedly decreased by IR shRNA (Figure 10A). Thus, the
decrease in VLDL secretion was offset by a decrease in hepatic
Ldlr protein levels, resulting in no change in plasma VLDL and
LDL apoB levels and a moderate increase in VLDL+LDL choles-
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terol levels. Notably, knockdown of IR by shRNA also led to a
substantial reduction (x0.4; P = 0.0005) in hepatic Ldlr protein
levels in WTD-fed WT mice (Figure 10A).

In order to test the hypothesis that increased AKT signaling led
to GSK3 inactivation and thus increased VLDL secretion in ob/ob
mice, we administered a low dose of constitutively active GSK3
adenovirus to ob/ob mice. This resulted in decreased secretion of Tg
and VLDL apoB following Triton WR-1339 administration in ob/ob
mice (Figure 10E). Nuclear SREBP-1c protein was not changed fol-
lowing injection of myrAKT or dominant negative GSK3 viruses
(Supplemental Figure 3, A and B). However, there was a modest
but significant decrease in nuclear SREBP-1c following injection
of constitutively active GSK3 (Supplemental Figure 3C).

Discussion

We found that Ldlr/~ mice with impaired IR expression in liver
and lacking IRs in peripheral tissues and aortae had substantially
reduced aortic atherosclerosis. Reduced levels of VLDL and LDL in
LI%Ldlr/- mice are very likely responsible for this result. Despite
hyperinsulinemia, reduced levels of hepatic IRs led to dimin-
ished AKT and GSK3 phosphorylation in LI#Ldlr~~ mice. Using
IR shRNA to knock down the IR, we confirmed that decreased
VLDL apoB and lipid secretion were the direct result of reduced
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hepatic insulin signaling. A dissection of the hepatic insulin sig-
naling pathway showed that inactivation of GSK3 by AKT led
to increased VLDL secretion, suggesting that increased hepatic
insulin signaling via IR/AKT with GSK3 inactivation may be an
important mechanism leading to increased VLDL lipid and apoB
secretion in diabetes and metabolic syndrome.

Despite a deficiency of peripheral and arterial IRs, the LI%Ldlr/~
mice had reduced atherosclerosis. Reductions in VLDL and LDL lev-
els of about 50% in these mice were sufficient to limit atherogenesis,
overcoming likely adverse effects of vascular insulin resistance. We
recently showed an increase in atherosclerotic lesion area, increased
numbers of apoptotic macrophages, and increased necrotic core
formation in WTD-fed Ldlr~/~ mice transplanted with L156 bone
marrow (19). In addition, knockout of the IR in endothelial cells
causes an increase in atherosclerosis on a susceptible background
(34), and vascular AKT deficiency markedly worsens atherosclero-
sis, primarily by influencing endothelial NO release and inflam-
matory gene expression (35). Thus, insulin resistance at the level of
endothelial cells or macrophages appears to worsen atherosclerosis,
but in L15Ldlr~~ mice, this was offset by the reduced VLDL and
LDL levels associated with low IR signaling.

We dissected key elements in the hepatic insulin signaling path-
way involved in the regulation of VLDL secretion in WT, Ldlr~/~,
and ob/ob mice and discovered a major role for signaling via AKT
and probably GSK3 in the regulation of VLDL secretion. While this
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appeared to be the dominant pathway responsible for regulation
of VLDL secretion, it is important to note that insulin signaling
via AKT/mTOR-1 appeared to have the opposite result of signal-
ing via GSK3 (Figure 7C), perhaps due to compensatory feedback
loops that are known to increase AKT activity (29). mTOR activ-
ity is subject to regulation by nutritional factors (36) and appears
to be involved in a mode of regulation of apoB secretion by n-3
long-chain fatty acids involving autophagy (37), and thus it is
conceivable that mTOR could have an important direct role in
the regulation of VLDL secretion in certain dietary settings. Since
AKT inactivates FoxO1 and constitutively active FoxO1 led to an
increase in cholesterol levels (38), insulin signaling should sup-
press VLDL secretion via FoxO1. Indeed, a recent study has shown
that FoxO1 directly targets the promoter of MTP, promoting apoB
lipidation and VLDL secretion (39). However, MTP mRNA and
protein were not changed in L18Ldlr~~ (Figure 3B and Supplemen-
tal Figure 1C) or 0b/ob mice (not shown), and thus changes in MTP
expression are probably not involved in our study. In summary,
while insulin signaling via AKT/GSK3 had a predominant role in
regulation of VLDL secretion in the models we studied, effects on
FoxO1 and mTOR could be counterregulatory to AKT/GSK3 sig-
naling and predominate in other settings.

Our conclusions are consistent with other studies showing that
insulin induces the key lipogenic transcription factor, SREBP-1c,
and its downstream targets in primary hepatocytes (40, 41) and
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hepatic overexpression of SREBP leads to increased VLDL Tg and
apoB secretion and levels (42). They are also supported by stud-
ies showing that AKT overexpression or PTEN knockout leads to
increased SREBP expression and increased expression of lipogenic
genes in the liver (43, 44). A recent cell-culture study has shown
that phosphorylation of SREBPs on specific residues (S430 and
T426) by GSK3 causes their SCF-mediated ubiquitination and
degradation (45). Our studies provide in vivo evidence suggest-
ing a role of GSK3 in regulating VLDL apoB secretion. Nuclear
SREBP-1c protein levels were unchanged following myrAKT or
dominant negative GSK3 expression in Ldlr~~ mice but were mod-
erately decreased in response to constitutively active GSK3 in ob/ob
mice (Supplemental Figure 3). Overall, it appears unlikely that
GSK3-mediated degradation of SREBP-1c was the major underly-
ing mechanism accounting for decreased VLDL secretion associ-
ated with decreased insulin signaling. Other unknown signaling
mechanisms not operating via SREBPs appear to be acting down-
stream of AKT/GSK3 to regulate VLDL apoB and lipid secretion.
The findings in our study in which mice had low hepatic IR lev-
els complement those reported recently using mice with complete
liver-specific IR KO (LIRKO) in a background of intact LDL recep-
tors. The finding of reduced expression of SREBP-regulated lipo-
genic genes and reduced secretion of VLDL lipids is common to
the 2 studies. Biddinger et al. (46) reported increased apoB secre-
tion, increased plasma levels of VLDL and LDL, reduced HDL
levels, and increased aortic fatty streak formation in LIRKO mice
of mixed genetic background fed the Paigen diet. There are sev-
eral important differences in experimental design that may have
contributed to the different outcomes in these studies, such as
differences in genetic background and diets. Most importantly,
Biddinger et al. used Ldlr/* mice, while our atherosclerosis studies
were carried out in the Ldlr/~ strain. The major factor responsible
for the atherogenic phenotypes was marked downregulation of
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hepatic LDL receptor levels and increased VLDL and LDL choles-
terol levels on the Paigen diet (46). This is the principal difference
and likely the primary reason for the opposite findings concern-
ing VLDL and LDL levels and atherogenesis. This could perhaps
also explain the moderate increase in apoB secretion observed by
Biddinger et al. (46), since Ldlr is active in the secretory pathway
of hepatocytes and thus profound downregulation of hepatic Ldlr
levels as observed in the LIRKO mice may lead to increased apoB
secretion (47). Another important difference relates to the level
of residual hepatic IR expression. Our studies used mice with low
levels of IRs in liver (~10% of controls in L1%¢Ldlr/- mice and 20%
of controls in IR shRNA-treated Ldlr/~ mice) versus absent IRs in
the LIRKO mice. The different outcomes of complete and partial
knockdown of hepatic IRs could be partly related to developmen-
tally determined structural changes in the liver, including 36%-50%
decreases in liver weight and mitochondrial and functional defects
in LIRKO mice (16), with no comparable changes in mice with up
to 95% IR deficiency including the L1 strain (48, 49) and no com-
parable change in liver weight in L186Ldlr~/~ mice (1.2 = 0.07 g vs.
1.3 £0.08 g; P = 0.2). It is notable that LIRKO mice had increased
hepatic-free and hepatic-esterified cholesterol accumulation on
chow or high-cholesterol diets, despite markedly reduced expres-
sion of cholesterol biosynthetic genes. This suggests that small,
developmentally impaired livers of the LIRKO mice may accumu-
late dietary cholesterol contributing to downregulation of Ldlrs
and cholesterol biosynthetic genes. However, in agreement with
the study of Biddinger et al. (46), we found that reducing hepatic
insulin signaling via the IR led to reduced levels of Ldlr protein,
both in 0b/ob mice and WTD-fed WT mice (Figure 10A), though
perhaps not as dramatically as observed in the LIRKO mice.

In hyperinsulinemic obese (0b/0b) or lipodystrophic mice, the
liver shows paradoxical sensitivity to the actions of insulin on lipo-
genic gene expression and VLDL secretion but insulin resistance in
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terms of increased expression of genes mediating gluconeogenesis
(50). Our mice, L1%6Ldlr/~, showed the opposite phenotype — resis-
tance to the lipogenic effects of insulin signaling but sensitivity
in terms of gluconeogenic gene expression. Our data suggest that
chronically reduced insulin signaling via AKT leads to persistently
reduced lipogenic gene expression and VLDL secretion but that
there is compensation via an unknown mechanism for the expect-
ed increased FoxO1 activity. The divergent control mechanisms for
glucose homeostasis and lipogenesis in the liver could be exploit-
ed therapeutically in metabolic syndrome or type 2 diabetes, for
example, by reducing hepatic gluconeogenesis, hyperinsulinemia,
and consequent increased hepatic lipogenesis and VLDL secretion
(51). Our findings suggest that a direct partial reduction in hepatic
insulin signaling via the IR/AKT/GSK3 axis could reduce VLDL
lipid and apoB secretion. However, based on our findings in ob/ob
and WT mice (Figure 10A) and in the LIRKO mice as well (46),
such a strategy could also reduce hepatic Ldlr levels, without an
overall net benefit on plasma VLDL and LDL levels. Interestingly,
constitutively active GSK3 seemed to reduce VLDL apoB secretion
in ob/ob mice, without reducing Ldlr protein levels (Figure 10F),
suggesting divergent downstream effects of insulin signaling on
control of Ldlr protein levels and VLDL secretion. Thus, a better
understanding of the effects of insulin signaling downstream of
AKT could lead to the identification of therapeutic strategies to
reduce VLDL secretion, perhaps without adverse effects on gluco-
neogenesis or hepatic Ldlr expression.

Methods

Animals. Transgenically rescued IR/~ L1 strain mice (17) with mixed
C57BL/6, FVB, and 129/Sv genetic backgrounds were backcrossed into
C57BL/6 mice using marker-aided selection (19). We named this C57BL/6
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L1 strain of mice L15. In N7 generation, these L1% mice were further back-
crossed into Ldlr/~ mice on a C57BL/6 background (002207; The Jackson
Laboratory) to produce L1%Ldlr~~ mice in a uniform C57BL/6 background.
The N9 generation male descendants were used for all the experiments per-
formed in this study. Both L15¢Ldlr/~ and control Ldlr/~ groups contained
the same level of human IR transgene (TTR-IR). The mice were genotyped
for WT mouse IR allele and human IR transgene by PCR amplification of
total genomic DNA extracted from tail biopsies (19). 0b/oband WT C57BL/6
mice were purchased from The Jackson Laboratory. For the atherosclerosis
study, all the mice were fed WTD (21% milk fat, 0.15% cholesterol; TD88137,
Harlan Teklad) starting at the age of 8 weeks. The length of WTD feeding
is specified in the figure legends. Mice freely accessed food and water and
were housed in a pathogen-free facility following animal welfare guidelines.
All experiments were reviewed and approved by the Columbia University
Institutional Animal Care and Use Committee and were conducted accord-
ing to that committee’s guidelines.

Plasma glucose, insulin, lipid, and bepatic lipid determination. Mice were fast-
ed for 5 hours, and blood samples were collected by retroorbital venous
plexus puncture. Plasma was separated by centrifugation and stored at
-70°C until analyzed. Total plasma cholesterol, FFA, and HDL cholesterol
were measured with Wako enzymatic kits according to the manufacturer’s
instructions. Tgs, glucose, and insulin were measured with Infinity (Thermo
Scientific), Trinder (Sigma-Aldrich), and an ELISA kit (Crystal Chem Inc.),
respectively, according to the manufacturers’ instructions. For hepatic lipid
determination, all the livers were collected after mice were fasted for S hours.
Hepatic Tg and cholesterol contents were determined as described (52).

FPLC and ultracentrifugation. 250 ul of pooled plasma ( = 10) from mice fasted
for S hours was used for FPLC analysis using 2 Sepharose 6 columns in series
(Amersham Biosciences). The buffer contained 100 mM Tris and 0.04% NaNj,
pH 7.5; a flow rate of 0.7 ml/min was used. Cholesterol levels of FPLC frac-

tions were measured using Wako enzymatic kits (Cholesterol E). The major
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The effect of hepatic IR knockdown and of constitutively active GSK (S9A) on VLDL and apoB production in ob/ob mice. (A) Western blot
analysis in upper panel shows LdIr and a-tubulin in WT (C57BL/6J) and ob/ob mice. Center panel shows IR, pAKT, LdIr, and a-tubulin in ob/ob
mice after injection with scrambled adenovirus or IR shRNA. Lower panel shows IR, Ldlr, and a-tubulin from WT mouse treated with scrambled
or IR shRNA after 4 weeks of WTD feeding. All livers were collected after a 5-hour fast and 10 days after shRNA adenovirus injection. (B) Tg
production in ob/ob mice treated with control adenovirus or IR shRNA. Plasma from each mouse at 0- and 120-minute time points was used
for ultracentrifugal preparation of the VLDL fraction. VLDL Tg (C) and VLDL apoB (D) secretion were measured. n = 3—-4; *P < 0.05; **P < 0.01.
(E) Effect of constitutively active GSK (S9A) on Tg production and apoB levels in ob/ob mice. After a 5-hour fast, Triton WR-1339 was injected
and plasma was collected at indicated times from ob/ob mice injected with either empty adenovirus or GSK-S9A. Plasma from each mouse at
the 120-minute time point was used for Western blot analysis of apoB. n = 3-4, *P < 0.05, 1-tailed Student’s t test. (F) Western blot analysis of
LdlIr and a-tubulin in ob/ob mice after injection with empty or constitutively active GSK (S9A) adenovirus. All livers were collected after 2 weeks

of WTD feeding, followed by a 5-hour fast.

lipoproteins, VLDL (d < 1.006 g/ml), IDL+LDL (d = 1.006-1.063 g/ml),
and HDL (d = 1.063-1.21 g/ml), where d = density, were isolated by sequen-
tial density ultracentrifugation of plasma using a TLA-100 rotor (Beck-
mann Coulter). apoB-containing lipoproteins were run on SDS-PAGE gels
and visualized by 0.05% Coomassie blue staining (Sigma-Aldrich).

Atherosclerosis lesion analysis. At 8 weeks of age, mice were switched from regu-
lar chow to WTD (21% milk fat, 0.15% cholesterol; TD88137, Harlan Teklad)
and maintained on this diet for 12 weeks before sacrifice for atherosclerosis
studies. Mice were anesthetized using FORANE (Baxter) and killed by cervical
dislocation. The aortic roots were dissected and fixed in 10% formalin (Fish-
er Scientific) after perfusing hearts with 10 ml of PBS (Invitrogen). Serially
paraffin-sectioned proximal aortae were stained with H&E (Sigma-Aldrich).
Lesion areas were quantified using image analysis software Image-Pro Plus
3.0 (MediaCybernetics). Aortic lesion size of each mouse was determined by
averaging lesion areas in 5 sections from the same mouse.

apoB and Tg production. The Triton WR-1339 method was used in mice to
measure Tg and apoB production rate in plasma (53). Mice fasted for five
hours were injected with 35S-methionine (100 uCi; GE Healthcare) and Tri-
ton WR-1339 (0.5 mg/g body weight; Sigma-Aldrich) simultaneously via tail
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vein in order to radiolabel apoB and block the clearance of nascent apoB-
containing lipoproteins. Blood samples were collected at 0, 30, 60, and 120
minutes after injection. Plasma samples were used for Tg quantification or
SDS gel electrophoresis. Gels were dried and exposed to x-ray film to visual-
ize 3S-methionine-labeled apoB100 and apoB48 proteins.

Western blot analysis. To examine expression of proteins, liver samples were
collected from S-hour fasted mice or 5 minutes after i.p. injection of insulin
(5 U/kg body weight; Sigma-Aldrich) into overnight-fasted mice. Cell lysates
were prepared and analysis was performed as described previously (38). West-
ern blot analysis was carried out using the following primary antibodies:
anti-AKT (Cell Signaling Technology) anti-P-AKT (Cell Signaling Technol-
ogy); anti-GSK3 (Cell Signaling Technology); anti-P-GSK3f (Cell Signal-
ing Technology); anti-FoxO1 (Santa Cruz Biotechnology Inc.); anti-P-FoxO1
(Cell Signaling Technology); anti-mTOR (Cell Signaling Technology); anti-
P-mTOR (Cell Signaling Technology); anti-apoB (Abcam); anti-IR (Santa
Cruz Biotechnology Inc.); anti-IRS1 (Upstate; Millipore); anti-IRS2 (Upstate;
Millipore); anti-p85 (Upstate; Millipore); anti-Ldlr (Abcam); anti-o-tubulin
(Abcam); and anti-f-actin antibody (Sigma-Aldrich). For IRS1-associated

p85 and IRS2-associated p85, equal amounts (~1 mg) of liver extracts were
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immunoprecipitated using either anti-IRS1 or anti-IRS2 antibody and precip-
itant was immunoblotted using anti-p85 antibody. Nuclear extraction from
liver was performed using the AY2002 Nuclear Extraction Kit (Panomics),
according to the manufacturer’s instructions. Antibodies for detecting
nuclear SREBP-1c and Lamin A were from Abcam. Protein samples were sep-
arated by SDS-PAGE and transferred onto nitrocellulose membranes (Bio-
Rad). Blots were probed separately with antibodies as described in respective
figures. Following incubation with horseradish peroxidase-conjugated sec-
ondary antibodies, proteins were visualized with SuperSignal West Pico Che-
miluminescent reagents (Pierce; Thermo Scientific) on x-ray films. The band
intensity was quantified using scanning densitometry of the autoradiogram
with NIH Image]J software (http://rsb.info.nih.gov/ij/).

Real-time quantitative PCR analysis. Liver tissues were homogenized and
total RNA was isolated using RNAzol B (Tel-Test) according to the manu-
facturer’s instructions. 2 ug of total RNA was treated with DNAse I (Ambi-
on; Applied Biosystems) and reverse transcribed at 42°C with SuperScript I
(Life Technologies). The expression of SREBP-1c and FAS mRNA was mea-
sured by real-time quantitative PCR with TagMan Universal PCR Master
Mix (Applied Biosystems). Detection of specific PCR products was per-
formed in triplicate using the Mx4000 Multiplex Quantitative PCR System
(Stratagene), with 1 cycle at 50°C for 2 minutes and 1 cycle at 95°C for
10 minutes followed by 45 cyclesat95°C for 15 secondsand 60°C for 1 minute.
The expression of ACC, SCD1, acyl-CoA oxidase 1 (Acox1), uncoupling
protein 2 (UCP2), SREBP-2, HMG-CoA synthase, HMG-CoA reductase,
MTP, apoB, IGFBP1, and PEPCK was measured using SYBR Green PCR
core reagents (Applied Biosystems). Quantitative PCR was performed in
triplicate using the Mx4000 Multiplex Quantitative PCR System with
1 cycle at 95°C for 10 minutes followed by 40 cycles at 90°C for 30 seconds,
58°C for 30 seconds, and 72°C for 1 minute. The relative amounts of spe-
cific target amplicons for each primer set were estimated by a standard
curve method using Mx4000 software (version 3.01; Stratagene) and were
normalized to the copy number of housekeeping gene 36B4. The sequences
of PCR probes and primers used are described in Supplemental Table 3.

IR shRNA adenovirus and in vivo study. The sequences against mouse
(C57BL/6J) IRmRNA (54) were cloned to BamHI/HindIII sites of DUAL-U6-
PLACI1 vector, and the recombinant adenoviruses were generated by Vector
BioLabs. Prior to in vivo use, both scrambled control adenoviruses and IR
shRNA were purified through a cesium chloride gradient. 10- to 11-week-old
WTD-fed Ldlr/~ or chow-fed ob/ob mice were injected via tail vein (3 x 10°
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