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Atherosclerosis is considered both a metabolic and inflammatory disease; however, the specific
tissue and signaling molecules that instigate and propagate this disease remain unclear. The

liver is a central site of inflammation and lipid metabolism that is critical for atherosclerosis, and
JAK2 is a key mediator of inflammation and, more recently, of hepatic lipid metabolism. However,
precise effects of hepatic Jak2 on atherosclerosis remain unknown. We show here that hepatic
Jak2 deficiency in atherosclerosis-prone mouse models exhibited accelerated atherosclerosis

with increased plaque macrophages and decreased plaque smooth muscle cell content. JAK2’s
essential role in growth hormone signalling in liver that resulted in reduced IGF-1 with hepatic

Jak2 deficiency played a causal role in exacerbating atherosclerosis. As such, restoring IGF-1 either
pharmacologically or genetically attenuated atherosclerotic burden. Together, our data show hepatic
Jak2 to play a protective role in atherogenesis through actions mediated by circulating IGF-1and, to
our knowledge, provide a novel liver-centric mechanism in atheroprotection.

Introduction

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality worldwide, despite advances
in surveillance and treatment strategies. Atherosclerosis, the major pathology in CVD, is a complex multi-
factorial disease of the large arteries in part caused by dyslipidemia (1, 2), with inflammation emerging to
have a major role in the underlying mechanisms (3, 4). To date, molecular mechanisms that instigate and
propagate atherosclerosis remain unclear.

Recent studies have suggested the liver to contribute significantly to the inflammatory process during
atherogenesis. For example, proinflammatory mediators such as the IL-6 family of cytokines can stimulate
hepatic acute phase response via the glycoprotein 130 (gp130)/JAK/STAT signaling pathway, resulting in
hepatic acute-phase protein release, such as C-reactive protein and serum amyloid A, which are implicated
in disease progression (5-7). Thus, liver-derived proteins may play an important role in the development
and progression of atherosclerosis.

The JAK/STAT pathway is a critical regulator of inflammatory processes and transmits extracellular
signals from growth factors and cytokines at the plasma membrane to the nucleus in order to activate
or repress transcription of specific target genes (8-11). Given the critical link between inflammation and
atherosclerosis (12, 13), the JAK/STAT signaling pathway has also been implicated in atherogenesis and
the manifestation of vascular disease (14-18). Various factors are described linking activation of the JAK/
STAT signaling pathway to vascular diseases, including angiotensin [I-mediated neointima formation (18),
vasoconstriction, and hypertension (19); oxidized phospholipid—induced transcription of IL-8, an import-
ant mediator of monocyte transmigration and retention into the vessel wall; and IL-6—-mediated transcrip-
tion of hepatic acute phase proteins (20, 21). We and others have previously demonstrated a pivotal role of
hepatic Jak2 in lipid metabolism, whereby deletion of Jak2 in hepatocytes leads to profound spontaneous
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hepatic steatosis (22, 23). Importantly, we have shown that this steatosis was not associated with systemic
insulin resistance or glucose intolerance, even after high-fat diet feeding. Given the role of the liver in lipo-
protein metabolism and inflammation, both well-known atherogenic risk factors, our goal was to assess the
essential role of hepatic Jak2 in atherogenesis and disease progression.

We and others have previously shown that JAK?2 is required for growth hormone (GH) signaling in
the liver, such that hepatic Jak2—deficient mice have significantly reduced levels of circulating IGF-1 (22,
23). IGF-1 is both an endocrine and autocrine/paracrine growth factor that exerts pleiotropic effects on
different cells types involved in atherogenesis. As such, it is a challenge to delineate the precise contribution
of IGF-1 by a specific cell type in atherogenesis. For instance, in endothelial cells, IGF-1 has been shown
to have an atheroprotective role through reduction in oxidative stress and induction of endothelial NOS
activity (24, 25). In cultured macrophages, however, IGF-1 can enhance chemotactic migration, expression
of TNFa, and LDL uptake (26, 27), which can promote atherosclerosis. In smooth muscle cells, IGF-1
could have either a proatherogenic or an antiatherogenic effect, depending on the stage of atherosclerosis.
At early stages, IGF-1 has been shown to promote smooth muscle cell proliferation and migration, leading
to neointimal formation, which results in proatherogenic effects (28, 29). At later stages, on the other hand,
IGF-1 has been shown to promote plaque stability by promoting survival pathways of the vascular smooth
muscle cells (30). The role of IGF-I in atherogenesis in animal models is also unclear, with some models
showing atherosclerotic plaque-stabilizing effects and others showing exacerbating effects (31-34). The
question still remains what critical role hepatic Jak2 has on atherosclerosis and whether Jak2’s essential role
in GH signaling is central to atherogenesis.

In this study, we show that atherosclerosis-prone mouse models with hepatic Jak2 deficiency have
profound fatty liver and significantly accelerated atherosclerosis. These findings were not associated with
changes in glucose tolerance, insulin sensitivity, circulating cholesterol, or systemic inflammation. To
assess whether reduced Igf7 production by hepatocytes that occurred as a consequence of diminished
GH signaling had a causal role in accelerating atherosclerosis, we restored IGF-1 pharmacologically
through continuous systemic infusion or genetically by overexpressing IGF-1 in hepatocytes of these
Jak2-deficient mice. Intriguingly, we found significant attenuation in atherosclerotic plaque burden when
IGF-1 was restored in hepatic Jak2—deficient mice, supporting the causal role of reduced IGF-1 in the
increased atherosclerotic burden. To our knowledge, our results provide a novel liver-centric mechanism
in the maintenance of vascular health.

Results

Hepatic Jak2 deficiency leads to accelerated atherosclerosis. To assess the essential role of hepatic Jak2 on atheroscle-
rosis, we generated atherosclerosis-prone Alb-Cre*Jak2""ApoE~'~ mice, referred to herein as L-Jak2/-ApoE~",
and Alb-Cre*Jak2*'*ApoE~~ control littermates, referred to herein as L-Jak2**ApoE~-, and placed them on an
atherogenic diet for 12 weeks. Intriguingly, L-Jak2/~ApoE~- mice had a marked increase in atherosclerosis, with
over a 2-fold increase in atherosclerotic plaque burden compared with control littermates, as assessed by oil red
O (ORO) staining of the descending aorta (Figure 1A). Similarly, longitudinal sections of the lesser curvature
of the aortic arch showed over a 2-fold increase in lesion area in L-Jak2”~ApoE~~ mice compared with control
littermates (Figure 1B). These atherosclerotic lesions were advanced, showing enlarged necrotic cores (Figure
1B), significantly increased macrophage content as evidenced by Mac3-immunopositive areas (Figure 1C), and
a decrease in the percentage of a-smooth muscle actin—positive (a-SMA—positive) cells within the plaques that
represent stability (Figure 1D). Collectively, these data suggest that hepatic Jak2 plays a protective role against
development and progression of atherosclerosis, such that mice lacking hepatic Jak2 develop accelerated ath-
erosclerosis with a number of features of advanced plaque progression. Indeed, even on a standard chow diet,
L-Jak2-ApoE~'~ mice spontaneously developed significantly more atherosclerotic plaques compared with con-
trol littermates, as evidenced by en face analysis of the descending aorta (Supplemental Figure 1A; supplemen-
tal material available online with this article; https://doi.org/10.1172/jci.insight.93735DS1) and cross-section
of the lesser curvature of the aortic arch (Supplemental Figure 1B).

Profound hepatic steatosis in L-Jak2”~ApoE~'~ mice. Similar to hepatic Jak2—-deficient mice without the
ApoE-null mutation (23), L-Jak2’-ApoE~~ mice also exhibited profound hepatic steatosis, as evidenced by
H&E and ORO stains showing increased intrahepatic lipid accumulation compared with control litter-
mates (Figure 2A) with an increase in liver triglyceride (TG) content (Figure 2B). This was associated with
hepatomegaly, as shown by increased liver weight (Figure 2C). Furthermore, markers of liver injury, serum
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Figure 1. Accelerated atherosclerosis with hepatic Jak2-deficiency. ApoE-null mice with hepatic Jak2 deficiency (L-Jak2”-ApoE~") and littermate controls
(L-Jak2+*ApoE~") were fed an atherogenic diet containing 0.2% cholesterol for 12 weeks, starting at 6 weeks of age. (A) Representative photographs of en
face oil red O (ORO) staining and quantification of atherosclerotic plaque area in descending aortas of L-Jak27/-ApoE~- mice (n = 17) and control L-Jak2*/*A-
poE~~ mice (n =13). Scale bar: 1cm. (B) Representative images of longitudinal sections from the aortic arch of L-Jak2~-ApoE~- mice (n = 15) and control
L-Jak2*/*ApoE~- mice (n = 10) stained with H&E and quantification of lesion size at the lesser curvature. B, brachiocephalic artery; C, left common carotid;
S, subclavian artery; L, lesser curvature. Arrow indicates necrotic core. Scale bar: 200 pm. (C and D) Representative images of the lesser curvature of
longitudinal aortic arch sections from L-Jak2/-ApoE~~ (n = 10-14) and control L-Jak2*/*ApoE~~ (n = 8-9) mice immunostained with antibody against Mac-3
and a-smooth muscle actin (¢-SMA) and quantification of positively stained area expressed as an absolute number or percentage. Scale bars: 100 um. In
each of the panels, each dot in the scatter plot indicates an individual animal. Data represent mean + SEM. Differences between groups were analyzed for
statistical significance by Student unpaired t test. *P < 0.05, **P < 0.01.

insight.jci.org

aspartate aminotransferase (AST) and alanine aminotransferase (ALT), were increased compared with con-
trols, consistent with increased inflammation and fatty liver, respectively (Figure 2D). Furthermore, mRNA
expression for markers of inflammation, including Tnfa, 116, and Ifng, and markers of fibrosis, including
Tefb, aSma, and Procollagenl, were also increased in liver tissue of L-Jak2/-ApoE~~ mice compared with
controls (Figure 2E). Inflammation appeared to be isolated within the liver tissue, as circulating levels of
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Figure 2. L-Jak2/-ApoE~'- mice develop profound hepatic steatosis. L-Jak2/-ApoE~- and L-Jak2*/*ApoE~'- littermate controls were fed an atherogenic diet
containing 0.2% cholesterol for 12 weeks, starting at 6 weeks of age. (A) Representative images of H&E and oil red O (ORO) staining of liver sections from
L-Jak2~-ApoE~- mice (n = 8 and 5) and control L-Jak2*/*ApoE~- mice (n = 7 and 5). Scale bars: 300 um (black), 50 pm (gray). (B) Total hepatic triglyceride
(TG) content in L-Jak2-ApoE~- mice (n = 6) and control L-Jak2*/*ApoE~~ mice (n = 6). Results are normalized to tissue weight. (C) Liver weight normalized
to total body weight in L-Jak2/-ApoE~~ mice (n = 7) and control L-Jak2*/*ApoE~- mice (n = 6). (D) Levels of serum aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) in L-Jak2/-ApoE~- mice (n = 5-6) and control L-Jak2*/*ApoE~- mice (n = 3). (E) Quantitative PCR (gPCR) analysis of mRNA
expression of genes encoding inflammatory markers (Tnfa, 16, Ifng) and fibrosis markers (Tgfb, aSma, Procollagen1) in livers from L-Jak2”/-ApoE~- mice

(n = 5-7) and control L-Jak2*/*ApoE~~ mice (n = 4-5). Values are normalized to 185 mRNA levels and presented as fold change over control group. aSma,
a-smooth muscle actin. (F) Serum levels of TNFa, IL-6, IFN-y, and MCP-1in L-Jak2/-ApoE~- mice (n = 5-8) and control L-Jak2*/*ApoE~- mice (n = 5-7). MCP-
1, monocyte chemoattractant protein-1. (G) Total number of white blood cells in red cell-lysed blood from L-Jak2”-ApoE~- (n = 5) and control L-jak2*/*A-
poE~~mice (n = 3). (Hand 1) Frequency and absolute numbers of Ly6C" monocytes in red cell-lysed blood from L-Jak27/-ApoE~- mice (n = 5) and control
L-Jak2**ApoE~~ mice (n = 3) using flow cytometry. Ly6C" monocytes were defined based on CD115*Ly6CMLy6G- expression. In each of the panels, each dot
in the scatter plot indicates an individual animal. Data represent mean + SEM. Differences between groups were analyzed for statistical significance by
Student unpaired t test. *P < 0.05, **P < 0.01.

these inflammatory cytokines, as well as monocyte chemoattractant protein-1 (MCP-1), were not elevated
in hepatic Jak2-deficient mice compared with control littermates (Figure 2F). In fact, there was a general
trend toward a decrease in these circulating cytokines, with serum IFN-y being significantly decreased in
L-Jak2'-ApoE~'~ mice compared with controls (Figure 2F). Mice were also assessed for circulating leuko-
cyte counts, and hepatic Jak2 deficiency did not result in significant differences (Figure 2G). A subpopu-
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Figure 3. L-Jak2/-ApoE~- mice do not display glucose intolerance, insulin resistance, or hypercholesterolemia. L-Jak2-ApoE~- mice and L-Jak2*/*A-
poE~- littermate controls were fed an atherogenic diet containing 0.2% cholesterol for 12 weeks, starting at 6 weeks of age. (A) Glucose tolerance test in
overnight-fasted L-Jak2-ApoE~- mice (n = 14) and control L-Jak2*/*ApoE~- mice (n = 11). Mice received glucose (1g/kg) i.p. and blood glucose was mea-
sured sequentially for 120 minutes. (B) Insulin tolerance test in 4 hour-fasted L-Jak2/-ApoE~- mice (n = 14) and control L-Jak2*/*ApoE~- mice (n = 10). Mice
received insulin (0.75 units/kg) i.p. and blood glucose was measured sequentially for 60 minutes. Data are expressed as a percentage of basal (fasting)
glucose. (C) Fasting serum insulin levels from L-Jak2-ApoE~- mice (n = 5) and control L-Jak2*/*ApoE~- mice (n = 4). (D) Random blood glucose from
L-Jak2"-ApoE~- mice (n = 10) and control L-Jak2**ApoE~~ mice (n = 8). Total serum (E) triglycerides; P = 0.1112 and (F) cholesterol from L-Jak2/-ApoE~/~ mice
(n = 6) and control L-Jak2*/*ApoE~- mice (n = 3). (G-}) Distribution of serum cholesterol among lipoprotein fractions determined by fast performance liquid
chromatography (FPLC) and total serum VLDL, LDL, and HDL cholesterol were quantified from FPLC serum lipoprotein profiles from L-Jak2”-ApoE~- mice
(n = 6) and control L-Jak2**ApoE~- mice (n = 3). In panels displaying scatterplots, each dot in the scatter plot indicates an individual animal. Data represent
mean + SEM. Differences between groups were analyzed for statistical significance by Student unpaired t test. **P < 0.01, ***P < 0.001.

lation of circulating Ly6C" monocytes that are proinflammatory and often increased with atherosclerosis
(35) were also not different between L-Jak2/-ApoE~'~ mice and control littermates (Figure 2, H and I).
Hepatic steatosis without metabolic abnormalities in L-Jak2’'-ApoE™'~ mice. Profound fatty liver in these
hepatic Jak2—deficient mice was not accompanied by the usually associated glucose intolerance (Figure
3A). In fact, L-Jak2'-ApoE~"- mice had improved glucose tolerance compared with control littermates (Fig-
ure 3A), similar to our observation in L-Jak2~~ mice (23). Also similar to L-Jak2”~ mice, L-Jak2”/-ApoE~"~
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mice did not have insulin resistance that usually occurs with fatty liver, as evidenced by comparable glucose
lowering during insulin tolerance tests and similar fasting insulin levels compared with control littermates
(Figure 3, B and C). Random blood glucose levels were also similar to control littermates (Figure 3D).

We next assessed lipid profiles in these mice to delineate potential mechanisms that may account for
the accelerated atherosclerosis in hepatic Jak2—deficient mice. Analysis of plasma lipids revealed no sig-
nificant differences in the levels of total serum TG or cholesterol (Figure 3, E and F). Fast protein liquid
chromatography (FPLC) analysis of serum also revealed no significant differences in VLDL, LDL, and
HDL cholesterol between L-Jak2”-ApoE~~ mice and control littermates (Figure 3, G-J).

L-Jak2-Ldlr”’- mice also exhibit increased atherosclerosis. To further confirm the atheroprotective effect of
hepatic Jak2, we used another atherosclerosis-prone model with LDL receptor deficiency by generating
Alb-Cre*Jak2""Ldlr'- mice, referred to herein as L-Jak2”/-Ldlr’~, and Alb-Cre*Jak2"'*Ldlr’- control littermates,
referred to herein as L-Jak2*/*Ldlr’-, and placed them on an atherogenic diet for 12 weeks. These L-Jak2 '~ Ld-
Ir’~ mice also showed an increase in atherosclerotic plaque burden compared with control littermates, similar
to results seen in the ApoE-deficient model, as determined by both en face assessment of the descending
aorta (Figure 4A) and lesion area in the longitudinal section of the lesser curvature of the aortic arch (Figure
4B). Similarly, L-Jak2~-Ldlr’~ mice had profoundly increased macrophage content (Figure 4C) and decreased
plaque smooth muscle cell content within atheromas compared with control littermates (Figure 4D). Fur-
thermore, L-Jak2’'~Ldlr’~ mice, similar to L-Jak2”~-ApoE~mice, exhibited profound hepatic steatosis without
metabolic disturbances such as glucose intolerance, insulin resistance, or systemic inflammation, as measured
by serum cytokines or leukocytes (Figure 5, A—K). While total serum cholesterol levels were not significantly
different between L-Jak2”~Ldlr’- and control littermates (Figure 5L), L-Jak2-Ldlr”’~ mice had a higher trend
in total serum TG (Figure 5M) and VLDL cholesterol levels compared with littermate controls, which often
associate with fatty liver, without differences in LDL or HDL cholesterol levels (Figure 5, N-Q).

Causal role of low-circulating IGF-1 in the accelerated atherosclerosis of L-Jak2"'~ApoE~'~ mice. We and others
have shown hepatic Jak2 to be an essential signaling partner to growth hormone receptor (GHR) that is
required for the activation of STATS (22, 23). Activation of the GHR/JAK2 pathway leads to the tran-
scription of Igfl, a STATS target gene that is the major contributor to circulating IGF-1 (36, 37). As such,
L-Jak2'-ApoE~"- mice showed significantly decreased expression of phosphorylated STATS5 in the liver (Fig-
ure 6A). Phosphorylation of STAT3, another signaling partner of JAK2 that has been shown to respond
to cytokines such as IL-6 and leptin (38, 39), was not changed with hepatic Jak2 deficiency (Figure 6A).
The residual expression of JAK2 likely reflects JAK2 expression in nonhepatocytes, such as stellate cells,
Kupftfer cells, and sinusoidal endothelial cells. In accordance with the essential role of hepatic JAK2 in GH
signaling, L-Jak2”/-ApoE~"~ mice showed a marked decrease in hepatic expression of Igf7 (Figure 6B) and
a reduction in serum IGF-1, in support of the liver being the major source of this hormone in circulation
(Figure 6C). L-Jak2”/-Ldlr’- mice similarly showed a marked reduction in levels of serum IGF-1 (Figure
6D). As one would expect, no significant differences in the mRNA expression of Jak2 or Igfl were observed
in the vasculature of L-Jak2/-Ldlr’~ mice compared with control littermates (Supplemental Figure 2, A and
B). Additionally, both L-Jak2/-ApoE~- and L-Jak2’-Ldlr’~ mice had increased levels of serum GH, reflect-
ing reduced feedback inhibition at the level of the hypothalamus (Figure 6, E and F).

To test whether the low-circulating IGF-1 in hepatic Jak2-deficient mice may have a causal role in
their accelerated atherosclerosis, we infused an IGF-1 analog using osmotic minipumps to continuously
provide circulating hormone levels for the duration of atherogenic diet feeding. Long arginine 3-IGF-1
(LR3 IGF-1) is an analog with a substitution of amino acid arginine (Arg) for glutamic acid (Glu) at
position 3 of IGF-1 with an extended N-terminal tail leading to superior potency due to decreased affinity
for IGF binding proteins. We used 1 mg/kg/day (d) of LR3 IGF-1, a dose previously shown to effectively
restore the GH-IGF1 axis in a mouse model deficient in this axis (40). In support of LR3 IGF-1 infu-
sion sufficiently restoring the somatotroph axis function, the elevated GH levels in L-Jak2/-ApoE~'~ mice
reversed to similar levels as those of L-Jak2*'*ApoE~~ mice after LR3 IGF-1 infusion (Figure 7A). These
results suggest that the infusion led to restoration of circulating IGF-1 to physiologic levels.

Intriguingly, L-Jak2"-ApoE~'- mice with LR3 IGF-1 infusion had a significant attenuation in athero-
sclerotic plaque burden in their descending aorta compared with vehicle-infused L-Jak2/-ApoE~~ mice,
reaching similar levels to L-Jak2"/*ApoE~'~ controls (Figure 7B), in support of IGF-1’s role in atheroprotec-
tion other features of accelerated atherosclerosis, including less necrotic core and decreased atherosclerotic
lesion area in longitudinal sections of the lesser curvature of the aortic arch (Figure 7C). Furthermore,
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Figure 4. L-Jak2~-LdIr’- mice exhibited increased atherosclerotic plaque burden with increased macrophage and decreased smooth muscle cell content.
LdlIr-null mice with hepatic Jak2 deficiency (L-Jak2”/-LdIr’") and littermate controls (L-Jak2*/*LdIr’-) were fed an atherogenic diet containing 1.25% cholester-
ol for 12 weeks, starting at 6 weeks of age. (A) Representative photographs of en face oil red O (ORO) staining and quantification of atherosclerotic plague
area in descending aortas of L-Jak2~/-LdIr”~ mice (n = 14) and control L-Jak2**LdIr’- mice (n = 10). Scale bar: 1cm. (B) Representative images of longitudinal
sections from the aortic arch of L-Jak2”-LdIr’- mice (n = 10) and control L-Jak2*/*LdIr’- mice (n = 8) stained with H&E and quantification of lesion size at
the lesser curvature. B, brachiocephalic artery; C, left common carotid; S, subclavian artery; L, lesser curvature. Scale bar: 200 um. (C and D) Representative
images of the lesser curvature of longitudinal aortic arch sections from L-Jak2~/-LdIr”~ mice (n = 6) and control L-Jak2*/*Ldlr”- mice (n = 6) immunostained
with antibody against Mac-3 and a-smooth muscle actin (a-SMA) and quantification of positively stained area expressed as an absolute number or
percentage. Scale bars: 100 um. In each of the panels, each dot in the scatter plot indicates an individual animal. Data represent mean + SEM. Differences
between groups were analyzed for statistical significance by Student unpaired t test. **P < 0.01, ***P < 0.001.
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decreased macrophage content within the atherosclerotic plaques of IGF-1-infused L-Jak2”/-ApoE~'~ mice
was observed compared with vehicle-infused L-Jak2”-ApoE~~ mice (Figure 7D). LR3 IGF-1 infusion at
the concentrations we used had no significant effect on atherosclerotic plaque burden and lesion area in
L-Jak2*"* ApoE~"~ mice (Figure 7, B and C), likely due to the lack of advanced lesions that is required to
detect the reduction that may be mediated by LR3 IGF-1 in the examined timeframe. LR3 IGF-1 infusion
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Figure 5. L-Jak2™-LdIr’- mice develop profound hepatic steatosis but do not display glucose intolerance, insulin resistance, or systemic inflammation.
L-Jak2-LdIr’- mice and L-Jak2**LdIr”- littermate controls were fed an atherogenic diet containing 1.25% cholesterol for 12 weeks, starting at 6 weeks of
age. (A) Representative images of H&E and oil red O (ORO) staining of liver sections from L-Jak2~/-LdIr”- mice (n = 9 and 5) and control L-Jak2*/*LdIr”~ mice
(n = 6 and 4). Scale bars: 300 um (black), 50 um (white). (B) Total hepatic triglyceride (TG) content in L-Jak2/-LdIr’- mice (n = 5) and control L-jak2*/*Ld-
Ir’- mice (n = 6). Results are normalized to tissue weight. (C) Liver weight normalized to total body weight in L-Jak2-LdIr’- mice (n = 5) and control
L-Jak2**LdIr”- mice (n = 6). (D) Random blood glucose from L-Jak2”-LdIr’- mice (n = 14) and control L-Jak2*/*LdIr’- mice (n = 10). (E) Glucose tolerance test
in overnight-fasted L-Jak2~-LdIr’- mice (n = 15) and control L-Jak2*/*Ldlr"- mice (n = 11). Mice received glucose (1g/kg) i.p., and blood glucose was measured
sequentially for 120 minutes. (F) Insulin tolerance test in 4 hour-fasted L-Jak2”-LdIr’- mice (n = 16) and control L-Jak2*/*Ldlr”- mice (n = 11). Mice received
insulin (0.75 units/kg) i.p., and blood glucose was measured sequentially for 60 minutes. Data are expressed as a percentage of basal (fasting) glucose.
(G) Fasting serum insulin levels from L-Jak2-LdIr’- mice (n = 6) and control L-Jak2**Ldlr”- mice (n = 7). (H) Serum levels of TNFa, IL-6, and MCP-1in
L-Jak2-LdlIr’- mice (n = 4-5) and control L-Jak2*/*LdIr’- mice (n = 3-6). MCP-1, monocyte chemoattractant protein-1. (I) Total number of leukocytes in blood
from L-Jak2~-LdIr”~ mice (n = 7) and control L-Jak2**LdIr’- mice (n = 5). () and K) Frequency and absolute numbers of Ly6C" monocytes in red cell-lysed
blood from L-Jak2”-LdIr”- mice (n = 7) and control L-Jak2*/*LdIr- mice (n = 5) using flow cytometry. Ly6C" monocytes were defined based on CD115*Ly6C""
Ly6G- expression. Total serum (L) cholesterol; P = 0.1061 and (M) triglycerides from L-Jak2”-LdIr’- mice (n = 7) and control L-Jak2*/*LdIr’- mice (n = 4). (N-Q)
Distribution of serum cholesterol among lipoprotein fractions determined by fast performance liquid chromatography (FPLC) and total serum VLDL, LDL,
and HDL cholesterol were quantified from FPLC serum lipoprotein profiles from L-Jak2~-LdIr”- mice (n = 7) and control L-jak2*/*LdIr”- mice (n = 4). Each
dot in scatter plots indicate an individual animal. Data represent mean + SEM. Differences between groups were analyzed for statistical significance by
Student unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6. L-Jak2-ApoE~- and L-Jak2-/-LdIr’- mice exhibit impaired hepatic growth hormone signaling. L-Jak2/-ApoE~-, L-Jak2”/-LdIr-, and littermate
controls (L-Jjak2*/*ApoE~- or L-Jak2*/*LdIr-, respectively) were fed an atherogenic diet containing either 0.2% cholesterol (for ApoE-null mice) or 1.25%
cholesterol (for Ldlr-null mice) for 12 weeks, starting at 6 weeks of age. (A) Western blots and quantitative summary of JAK2, phospho-STATS, total
STATS, phospho-STAT3, and total STAT3 in liver homogenates from L-jak2”-ApoE~~ mice (n = 5) and control L-Jak2*/*ApoE~~ mice (n = 5). Protein band
intensity was quantified by Image) software, and levels of JAK2 were normalized to expression of GAPDH; levels of p-STAT5 and p-STAT3 were nor-
malized first to expression of GAPDH and then normalized to expression of total STAT5 and STAT3, respectively. Values are presented as fold change
over control group. (B) Quantitative PCR (gPCR) analysis of /gf1 mRNA expression in livers from L-Jak2~-ApoE~- mice (n = 7) and control L-jak2*/*A-
poE~~mice (n = 6). Values are normalized to 185 mRNA levels and presented as fold change over control group. (C) Serum levels of IGF-1 measured

in L-Jak2-ApoE~- mice (n = 9) and control L-Jak2*/*ApoE~- mice (n = 7). (D) Serum levels of IGF-1 measured in L-Jak2~/-LdIr”- mice (n = 9) and control
L-Jak2*+LdIr’- mice (n = 7). (E) Serum levels of growth hormone (GH) measured in L-Jak2/-ApoE~- mice (n = 15) and control L-Jak2*/*ApoE~- mice (n =
12). (F) Serum levels of GH measured in L-Jak2~-Ldlr’- mice (n = 15) and control L-jak2*/*LdIr”- mice (n = 11). In each of the panels, each dot in the scat-
ter plot indicates an individual animal. Data represent mean + SEM. Differences between groups were analyzed for statistical significance by Student
unpaired t test. **P < 0.01, ***P < 0.001.
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Figure 7. Restoration of IGF-1 reduces circulating growth hormone levels and attenuates atherosclerotic plaque burden in L-Jak2-ApoE~- mice. To restore
circulating IGF-1 levels by pharmacologic means, vehicle (saline + 10 mmol/L HCI) or human long R3 IGF-1 (1.0 mg/kg/d), a biologically active IGF-1 analog, was
administered by s.c. osmotic pumps into 8-week-old L-Jak2”-ApoE~~ mice and L-jak2*/*ApoE~ littermate controls for 12 weeks while being fed an atherogenic
diet containing 0.2% cholesterol. (A) Serum growth hormone (GH) levels were measured in vehicle-infused L-jak2*/*ApoE~~ (n = 7), IGF-1-infused L-Jak2*/*A-
poE~~ (n = 4), vehicle-infused L-Jak2”-ApoE~~ (n = 7), and IGF-1-infused L-Jak2/-ApoE~- (n = 6) mice. (B) Representative photographs of en face oil red O (ORO)
staining and quantification of atherosclerotic plague area in descending aortas of vehicle-infused L-Jak2**ApoE~- (n = 7), IGF-1-infused L-Jak2** ApoE™ (n =

4), vehicle-infused L-Jak2-ApoE~~ (n = 8), and IGF-1-infused L-Jak2-ApoE~- (n = 6) mice. Scale bar: 1cm. (€) Representative images of longitudinal sections
from the aortic arch of vehicle-infused L-Jak2*/*ApoE~~ (n = 6), IGF-1-infused L-Jak2**ApoE~'~ (n = 4), vehicle-infused L-Jak2”/-ApoE~- (n = 8), and IGF-1-infused
L-Jak2"-ApoE~~ (n = 5) mice stained with H&E and quantification of lesion size at the lesser curvature. B, brachiocephalic artery; C, left common carotid; S, sub-
clavian artery; L, lesser curvature. Scale bar: 200 um. (D) Representative images of the lesser curvature of longitudinal aortic arch sections from vehicle-infused
L-Jak2*/*ApoE~~ (n = 5), IGF-1-infused L-Jak2*/*ApoE~- (n = 2), vehicle-infused L-Jak27/-ApoE~- mice (n = 8), and IGF-1-infused L-Jak2”-ApoE~- (n = 5) mice immu-
nostained with antibody against Mac-3 and quantification of positively stained area. Scale bar: 100 um. To restore circulating IGF-1 using a genetic approach,
L-Jak2”-ApoE~- and L-Jak2*/*ApoE~- controls expressing an Igf1 transgene in the liver (L-Jak2"-ApoE~-Tg-Igf1* or L-Jak2*/*ApoE~-Tg-Igf1*, respectively) and those
not expressing the transgene (L-Jak2/-ApoE~-Tg-Igf1- or L-Jak2*/*ApoE~-Tg-IgfT, respectively) were fed an atherogenic diet containing 0.2% cholesterol for 13-14
weeks, starting at 8 weeks of age. (E) Representative photographs of en face ORO staining and quantification of atherosclerotic plaque area in descending aor-
tas of L-Jjak2*/*ApoE~-Tg-Igf1- (n = 7), L-Jak2*/*ApoE~-Tg-Igf1* (n = 9), L-Jak2”-ApoE~-Tg-Igf1- (n = 8), and L-Jak2”/-ApoE~-Tg-Igf1* (n = 11) mice. (F) Serum GH levels
were measured in L-Jak2*/*ApoE~-Tg-Igf1- (n = 4), L-Jak2*/*ApoE~-Tg-Igf1* (n = 5), L-Jak2”-ApoE~-Tg-Igf1- (n = 3), and L-Jak2”-ApoE~/-Tg-Igf1* (n = 8) mice. In each
of the panels, each dot in the scatter plot indicates an individual animal. Data represent mean + SEM. Differences between groups were analyzed for statistical
significance using One-way ANOVA with Newman-Keuls post-hoc test. *P < 0.05, ***P < 0.001.
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did not affect glucose tolerance, insulin sensitivity, or total serum cholesterol or TG levels significantly in
L-Jak2'-ApoE~'~ or control mice (Supplemental Figure 3, A-D). Interestingly, in addition to the atheropro-
tective effects of LR3 IGF-1 infusion in L-Jak2”/-ApoE~'~ mice, we observed a visible reduction in fatty liver
compared with vehicle-infused L-Jak2/-ApoE~~ mice by H&E and ORO staining (Supplemental Figure
3E), along with reduced liver TG content compared with control littermates (Supplemental Figure 3F).

In addition to restoring circulating IGF-I levels by pharmacologic means, we took a genetic approach
by overexpressing Igfl transgene in the liver (41) of L-Jak2”/-ApoE~~ mice. This also led to a remarkable
attenuation of atherosclerotic plaque burden (Figure 7E), while sufficiently suppressing their elevated GH
levels to levels comparable with L-Jak2*'* ApoE~"~ mice (Figure 7F). These results further confirm the athero-
protective role of IGF-1 in the setting of hepatic Jak2 disruption. Similar to IGF-1 infusion, overexpression
of the Igfl transgene in L-Jak2”-ApoE~~ mice did not lead to any significant changes in glucose tolerance or
insulin sensitivity (Supplemental Figure 4, A and B). Taken together, these data highlight the pivotal role of
low-circulating IGF-1 in the accelerated atherosclerosis in hepatic Jak2-deficient mice, providing a mecha-
nistic link between liver dysfunction that occurs with hepatic Jak2 disruption and increased atherosclerosis.

Discussion

In this study, we investigated the role of hepatic Jak2, a key mediator of cytokine signaling, in athero-
genesis. Using mice with hepatic Jak2 deletion, we show that Jak?2 is essential for GH signaling, which
results in dramatically reduced circulating IGF-1, and this is associated with accelerated atherosclerotic
plaque development. To test whether reduced IGF-1 had a causal role in the accelerated atherosclerosis, we
restored IGF-1 levels by pharmacological or genetic means, and both of these strategies attenuated the ath-
erosclerotic burden in hepatic Jak2—deficient mice. Importantly, atherosclerosis in both L-Jak2"-ApoE~~ and
L-Jak2”-Ldlr’- models occurred without other confounding cardiovascular risk factors, including insulin
resistance, glucose intolerance, or systemic inflammation. Together, these data show that hepatic Jak2 is
required for GH signaling that mediates atheroprotection through transcriptional induction of IgfI.

The role of IGF-1 in CVD has been a subject of much interest, prompted by the curious obser-
vation in individuals with either high or low levels of IGF-1 such as in acromegaly or hypopituitar-
ism, respectively, that have an increased CVD risk and related mortality. Human studies examining the
association of IGF-1 levels with CVD risk remain inconclusive. Depending on the level of circulating
IGF-1, different clinical studies have shown IGF-1 to be either a protective or an aggravating factor for
CVD. Some prospective and cross-sectional studies show that higher serum levels of IGF-1 are related
to increased carotid artery intima-media thickness that increases susceptibility to coronary artery disease
and cardiovascular mortality (42—44). Conversely, other studies have shown that lower serum IGF-1 is
associated with an increased risk of ischemic heart disease, as well as increased incidence of coronary
calcification and carotid atherosclerotic plaques (45-50). There have also been meta-analyses and other
studies including a recent prospective study in elderly men that show a U-shaped association between
serum IGF-1 levels and cardiovascular events or all-cause mortality (51, 52). These varying results likely
reflect the complexity of IGF-1 effects on the vasculature that are dependent on a multitude of factors,
including the predominant cell type within the atheroma to which IGF-1 targets or the degree of disease
progression when IGF-1 effects were examined.

In our study, we have a unique mouse model with hepatic Jak2 deficiency that shows a significant
reduction in liver-derived Igf7 in which the effect on atherogenesis was examined. Of note, this was accom-
panied by isolated fatty liver disease without other metabolic abnormalities such as diabetes, insulin resis-
tance, hypercholesterolemia, or systemic inflammation. We demonstrate that low IGF-1 with hepatic Jak2
deficiency played a causal role in accelerating atherosclerosis, as this was attenuated with restoration of
circulating IGF-1. Our results show that Jak2 is essential for hepatic GH signaling and support studies
showing the detrimental role of IGF-1 deficiency in atherosclerosis. For example, a 20% reduction in circu-
lating IGF-1 that was found in a congenic 6T/ APOE-KO mouse strain was reported to exhibit significantly
increased atherosclerotic plaque burden following 12 weeks of Western diet (53). Another study reported
that adult-onset Igf7 deficiency in C57BL/6 mice results in increased diet-induced fatty streak formation
in female mice (54). Furthermore, administration of IGF-1 by systemic infusions in ApoE-null mice at a
pharmacological dose of 1.5 mg/kg/d showed a reduction in atherosclerotic plaque burden (55). Some
possible mechanisms by which IGF-1 infusion reverses the accelerated atherosclerosis include its effect on
cholesterol efflux, given a recent study linking IGF-1 and HDL cholesterol (56).
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While the somatotroph axis appears to be the primary pathway affected by hepatic Jak2 disruption (22,
23), with accelerated atherosclerosis being attenuated with restoration of this axis, we cannot rule out other
hepatic Jak2-mediated signalling pathways contributing to accelerated atherosclerosis. JAK2 functions at the
junction of many biological processes by mediating a variety of cytokines and growth factors in multiple cell
types, including IL-6, IL-12, macrophage CSF, ciliary neurotrophic factor, oncostatin M, IFN-y, GH, pro-
lactin, erythropoietin, and leptin (57, 58). In vascular smooth muscle cells, JAK2 has been shown to interact
with the angiotensin II type 1 receptor in mediating angiotensin II-induced hypertension (19) and neointimal
formation (18), both of which have been shown to aggravate atherosclerosis. Despite these many possible
mechanisms by which Jak2 deficiency can exacerbate atherosclerosis, our results show that reduced circulat-
ing IGF-1 is primarily responsible for accelerated atherosclerosis that was observed in Jak2-deficient mice, and
restoring IGF-1 levels was sufficient to attenuate atherosclerotic plaque burden. Indeed, our data illustrate a
link between the liver and atherosclerosis through the hepatic JAK2/IGF-1 axis. However, given the potential
role of GH in atherosclerosis including lipid metabolism (59), an important future study would be to delineate
the relative direct contribution of the changes in GH versus IGF-1 in atherosclerosis.

In addition to the systemic IGF-1 infusion attenuating atherosclerotic plaque burden in hepatic Jak2—
deficient mice potentially through direct actions in the vasculature, we also observed attenuated hepatic
steatosis in these mice. Thus, atheroprotection by IGF-1 may also occur through its effects in the liver.
Our observation on the effects of IGF-1 on fatty liver is in line with a previous study demonstrating IGF-1
administration to attenuate steatohepatitis and fibrosis present in a GH-deficient rat model (60), as well as
another study demonstrating improvement in liver function and a decrease in fibrosis in a rat carbon tetra-
chloride-induced cirrhosis model following IGF-1 treatment (61). In contrast, another study did not show
any effects of IGF-1 infusion on hepatic steatosis that was present in liver-specific G4-KO mice, despite
restoration of circulating GH to normal levels (62).

Identifying a definitive mechanistic link between nonalcoholic fatty liver disease (NAFLD) and CVD is
challenging due to multiple concurrent metabolic abnormalities, including insulin resistance and type 2 diabetes
that cosegregate with NAFLD. However, in our model of hepatic Jak2—deficient mice, NAFLD is present with-
out the usually associated metabolic defects. Thus, we have a unique model of isolated NAFLD in which we can
study its effects on atherosclerosis and identify a novel IGF-1-mediated connection between NAFLD and ath-
erosclerosis. Indeed, individuals with NAFLD have a 10%—-30% reduction in circulating IGF-1 levels compared
with controls, and IGF-1 concentrations have been shown to inversely correlate with severity of nonalcoholic
steatohepatitis (NASH) (63, 64). This inverse relationship between IGF-1 and NAFLD is also seen in obese chil-
dren and adolescents (65). Thus, IGF-1 may serve as a mechanistic link between fatty liver and atherosclerosis.

Besides JAK?2, other upstream regulators of hepatic IGF-1 may mediate its effects, such as FGF21,
PPARY, and components of the hedgehog signaling pathway including Smoothened (66—68). Furthermore,
recent clinical studies have shown ®-3 supplementation and baclofen, a B-p-chlorophenyl derivative of
y-aminobutyric acid (GABA), in increasing plasma IGF-1 concentrations to varying extent (69-71).

In our current study, we show that Jak2 is essential in GH signaling in liver and that low Igf7 in L-Jak2 '~
ApoE~~ mice plays a causal role in the accelerated atherosclerosis. As such, restoration of IGF-1 either with
continuous infusion or with genetic overexpression attenuated the accelerated atherosclerosis in L-Jak2”/~
ApoE~~ mice. Together, we uncovered a mechanistic link between NAFLD and atherosclerosis through
hepatic Jak2-dependent production of IGF-1 that provides atheroprotection. We highlight a liver-centric
mechanism by which atherosclerosis occurs as a therapeutic strategy for the treatment of CVD.

Methods

Generation of ApoE-null or Ldlr-null hepatocyte-specific Jak2-KO mice. Hepatocyte-specific Jak2-KO mice,
Alb-Cre*JAK2"", were previously generated as described (23). To generate ApoE-null hepatic Jak2—deficient
mice, Alb-Cre*JAK2"" were crossed to ApoE~”~ mice (The Jackson Laboratory, B6.129P2-Apoetm1Unc/J;
stock number 002052) resulting in Alb-Cre*Jak2*"ApoE*- mice. These mice were intercrossed to generate
L-Jak2/-ApoE~'~ and L-Jak2*'*ApoE~'~, which were used as littermate controls. Similarly, Ld/»null hepatic
Jak2-deficient mice were generated by crossing Alb-Cre*JAK2" mice to Ldlr’~ mice (The Jackson Labo-
ratory, B6.129S7-Ldlrtm1Her/J; stock number 002207) with similar strategies as used to generate ApoE-
null mice as described. Mice were maintained on a mixed C57BL/6 and 129/Sv background. Mice were
housed in a temperature-controlled pathogen-free animal facility with a 12-hour light and dark cycle with
free access to water and food. Only male mice were used for experiments and were fed a standard rodent
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chow diet (5% fat; Harlan Teklad) until 6 weeks of age followed by an atherogenic diet containing 0.2%
cholesterol for the ApoE~- model (TD88137, Harlan Laboratories) or 1.25% cholesterol for the Ldlr’'~ mod-
el (D12108; Research Diets Inc.) for 12 weeks. Another cohort of L-Jak2/-ApoE~~ and littermate control
L-Jak2""* ApoE~'~ mice were fed a standard rodent chow diet for 22 weeks.

Generation of L-Jak2"-ApoE~~ mice expressing rat Igfl transgene. Hepatic Jak2—deficient mice expressing
the hepatic rat [gfl transgene (referred to herein as L-Jak2”/-ApoE~~Tg-IgfI*) were generated by crossing
L-Jak2'-ApoE~"- mice with hepatic Igfl transgenic mice. Hepatic [gfI transgenic mice, referred to herein as
Tg-Igfl* (The Jackson Laboratory, FVB-Tg(Ttr-Igf1)1Sykr/J; stock number 012662), overexpress rat Igf]
specifically in the liver under the control of the rat transthyretin promoter (41). The resulting 4/b-Cre*Jak2*/
TApoE*"Igfl*”- mice were intercrossed to generate ApoE-null mice expressing the Cre recombinase with
or without loxP-flanked Jak2 alleles and with or without Igfl transgene. Hemizygous and homozygous
transgenic animals exhibit the same phenotype and cannot be distinguished by standard polymerase chain
reaction (41). Male mice were used for experiments, and these mice were maintained on a mixed C57BL/6,
129/8Sv, and FVB/NJ background. Mice were fed a standard rodent chow diet (5% fat; Harlan Teklad) until
8 weeks of age, after which an atherogenic diet containing 0.2% cholesterol (TD88137, Harlan Laborato-
ries) was provided for an additional 13-14 weeks.

Atherosclerosis assessment and quantification. Atherosclerotic plaque burden in the descending aorta was
assessed distal to the left subclavian artery to the iliac bifurcation as previously described (72). Under anes-
thesia, the entire arterial tree was perfused with PBS (pH 7.3) for 2 minutes followed by 4% paraformal-
dehyde in 0.1 M PBS (pH 7.4) for 10 minutes. The full length of the aorta, which included the aortic arch
to the iliac bifurcation, was dissected out. The descending aorta was severed from the aortic arch and then
opened longitudinally, pinned en face and stained with ORO as previously described (73). Stained aortas
were imaged using a CoolPix digital camera (Nikon). The extent of lesion development was defined as
percentage of ORO-positive plaque area per total aortic surface area and was quantified using ImageScope
version 11.0.2.716 software (Aperio Technologies).

Analysis of serum parameters. Blood was collected at sacrifice by cardiac puncture from overnight-fasted
mice. Serum insulin, TNFa, IL-6, and MCP-1 were measured using a serum adipokine kit (Millipore) by
the Luminex 100 Instrumental System. Serum GH and IGF-1 were measured using a mouse GH ELISA
kit (Millipore) and mouse/rat IGF-1 ELISA kit (R&D Systems), respectively, as per the manufacturer’s
instructions. Serum ALT and AST levels were measured by IDEXX Ltd. (Markham). Serum total choles-
terol, TG, and the assessment of lipoprotein distribution by FPLC were performed in the lipid laboratory
at St. Michael’s Hospital, Ontario, Canada. Serum total cholesterol and TGs for the IGF-1 infusion exper-
iments were determined at the Mouse Metabolic Phenotyping Centre (Vanderbilt University, Nashville,
Tennessee, USA; Mouse Metabolic Phenotyping Centre [MMPC], grant DK59637).

Hepatic TG content. Hepatic lipids were extracted, and hepatic TG content was quantified as previ-
ously described (74).

Histology and ITHC. Liver and aortic arch were fixed in 4% paraformaldehyde in PBS solution (pH 7.4).
Tissue sections were stained with H&E and imaged by light microscopy (Leica Microsystems Inc.). Athero-
sclerotic plaque size on the lesser curvature of aortic arches was measured using cellSens software (Olympus).
Plaque area was defined as the region extending from the internal elastic lamina to the luminal edge of the
plaque. Immunohistochemical analysis was performed on longitudinal aortic arch sections using anti-Mac-
3 (1:200, M3/84 clone, BD Pharmingen) and anti—-a-SMA antibody (1:500, A2547, Sigma-Aldrich) with
antigen retrieval TRIS-EDTA Buffer (10 mM Tris Base, 1 mM EDTA Solution, 0.05% Tween 20, pH 9.0).
Thresholding of maximum and minimum color intensity was conducted using ImageScope version 11.0.2.716
software (Aperio Technologies) with positively stained regions expressed as an absolute value or percentage
of plaque area. For ORO staining, livers were immersed in Tissue-Tek OCT compound (Sakura) and sections
were stained with ORO (Sigma-Aldrich) as previously described (75).

Immunoblotting. Immunoblotting of protein lysates was performed as previously described (76). The follow-
ing antibodies were used: total JAK2 (1:1,000, catalog 3230, Cell Signaling Technology), total STATS5 (1:1,000,
catalog 9363, Cell Signaling Technology), phospho-STATS (Tyr694) (1:1,000, catalog 4322, Cell Signaling Tech-
nology), total STAT3 (1:1,000, catalog 9363, Cell Signaling Technology), phospho-STAT3 (Tyr705) (1:1,000,
catalog 9145, Cell Signaling Technology), and GAPDH (1:1,000, catalog 2118, Cell Signaling Technology).
Membrane blots were visualized by enhanced chemiluminescence (PerkinElmer Inc.). Signal quantification was
obtained using ImageJ software.

insight.jci.org  https://doi.org/10.1172/jci.insight.93735 13



. RESEARCH ARTICLE

Table 1. Primer sequences for quantitative PCR

Gene
18s
aSma
Ifng
Igf1
16
Jak2
Procollagent
Tgfb
Tnfa

Forward (5'-3') Reverse (5'-3)
AGTCCCTGCCCTTTGTACACA CGATCCGAGGGCCTCACTA
CCACCGCAAATGCTTCTAAGT GGCAGGAATGATTTGGAAAGG
ACTGGCAAAAGGATGGTGAC GCTGATGGCCTGATTGTCTT
GGCATTGTGGATGAGTGTTG TCTCCTTTGCAGCTTCGTTT
CTCTGGGAAATCGTGGAAATG AAGTGCATCATCGTTGTTCATACA
AGGCCACGGGAACAAGATGT AGGCCATTCCCATCTAGAGC

GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG
GCCTGAGTGGCTGTCTTTTGA CACAAGAGCAGTGAGCGCTGAA
CTGTGAAGGGAATGGGTGTT TTGGACCCTGAGCCATAATC

In vivo metabolic analyses. Random blood glucose measurements were measured as previously described
(76). Glucose (i.p., 1 g/kg) and insulin (0.75 U/kg) tolerance tests were performed as previously described (76).

Flow cytometry. Leukocytes were isolated from whole blood, and analyses of monocyte subpopula-
tions were done by flow cytometry as previously described (77). Cells were incubated on ice for 30 min-
utes with fluorescently conjugated antibodies for cell surface markers: FITC anti-mouse Ly-6C (clone
AL-21; BD Pharmigen), anti-CD115-APC (clone AFS98; eBioscience), and anti-mouse cd45 (clone
EF-450; BD Pharmigen). Data were acquired on an LSRII flow cytometer (BD Biosciences) and ana-
lyzed with FlowJo v7.6.1.

In vivo treatment with IGF-1. Sterile Alzet osmotic pumps (Alzet, type 2004, Durect Corporation) were
inserted s.c. into 8-week-old mice while anesthetized with isoflurane (55). The minipumps provided a
constant infusion (0.11 pl/hr) of vehicle (saline + 10 mmol 1"! hydrochloric acid (HCI) or Long R3 IGF-1
(1.0 mg/kg/d; GroPep Bioreagents), a biologically active IGF-1 derivative. Long R3 IGF-1 or vehicle
was administered for 12 weeks while mice were fed an atherogenic diet containing 0.2% cholesterol
(TD88137, Harlan Laboratories). Minipumps were replaced every 28 days. Mice were housed individu-
ally and euthanized at the end of 12 weeks for analysis.

Quantitative PCR. Total RNA from liver tissue and aortic arches were isolated using Trizol reagent (Invi-
trogen). RNA was reverse-transcribed with random primers using M-MLV enzyme (Invitrogen). Quan-
titative PCR (qPCR) was performed using specific primers and SYBR Green master mix on a 7900HT
Fast-Real-Time PCR System (Applied Biosystems). The relative mRNA abundance of each gene was nor-
malized to the expression levels of 18S as previously described (78). Primer sequences are listed in Table 1.

Statistics. Data are presented as mean = SEM. Statistical tests were carried out using GraphPad Prism
version 5 (GraphPad Software). For comparison of data between 2 groups, 2-tailed independent-sample
Student’s ¢ test was performed, where applicable. For comparison among multiple groups, one-way ANO-
VA with post hoc Newman-Keuls multiple comparison test was performed, where applicable. Statistical
significance was defined as P < 0.05.

Study approval. All experiments using mice in this study were approved by the Toronto General Research
Institute Animal Care Committee (AUP 2862).
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