Research article

Abrogation of growth hormone secretion
rescues fatty liver in mice with hepatocytespecific deletion of JAK2
Brandon C. Sos,1 Charles Harris,2,3,4 Sarah M. Nordstrom,1 Jennifer L. Tran,1
Mercedesz Balázs,5 Patrick Caplazi,6 Maria Febbraio,7 Milana A.B. Applegate,7
Kay-Uwe Wagner,8 and Ethan J. Weiss1,2
4The

1Cardiovascular Research Institute, 2The Liver Center, and 3Division of Endocrinology, UCSF, San Francisco, California, USA.
Gladstone Institute of Cardiovascular Diseases, San Francisco, California, USA. 5Department of Immunology, and 6Department of Pathology, Genentech,
South San Francisco, California, USA. 7Cell Biology Department, Lerner Research Institute, Cleveland Clinic, Cleveland, Ohio, USA.
8Eppley Institute for Research in Cancer and Allied Diseases, University of Nebraska Medical Center, Omaha, Nebraska, USA.

Non-alcoholic fatty liver disease is associated with multiple comorbid conditions, including diabetes, obesity,
infection, and malnutrition. Mice with hepatocyte-specific disruption of growth hormone (GH) signaling
develop fatty liver (FL), although the precise mechanism underlying this finding remains unknown. Because
GH signals through JAK2, we developed mice bearing hepatocyte-specific deletion of JAK2 (referred to herein
as JAK2L mice). These mice were lean, but displayed markedly elevated levels of GH, liver triglycerides (TGs),
and plasma FFAs. Because GH is known to promote lipolysis, we crossed GH-deficient little mice to JAK2L
mice, and this rescued the FL phenotype. Expression of the fatty acid transporter CD36 was dramatically
increased in livers of JAK2L mice, as was expression of Pparg. Since GH signaling represses PPARγ expression
and Cd36 is a known transcriptional target of PPARγ, we treated JAK2L mice with the PPARγ-specific antagonist GW9662. This resulted in reduced expression of liver Cd36 and decreased liver TG content. These results
provide a mechanism for the FL observed in mice with liver-specific disruption in GH signaling and suggest
that the development of FL depends on both GH-dependent increases in plasma FFA and increased hepatic
uptake of FFA, likely mediated by increased expression of CD36.
Introduction
Non-alcoholic fatty liver disease (NAFLD) is increasingly common, with a worldwide prevalence of up to 25% (1). Known risk
factors include conditions such as obesity and type 2 diabetes mellitus, starvation, malnutrition, drugs, inborn errors of
metabolism, or infection (1). The pathogenesis is not well understood. Disorders of fatty acid oxidation, increases in fat synthesis,
decreased triglyceride (TG) secretion, or abnormalities of leptin
metabolism can predispose (2–7).
Recent evidence points to cytokine signaling and inflammation as important in the development of NAFLD in part through
NF-κB (8). TNF-α is increased in FLD in mice and is implicated
in human disease (9–11). Mice deficient in IL-6 are predisposed
to alcohol-induced FLD (12, 13). Mice with hepatocyte-specific
deletion of the well-known transducer of cytokine signaling
STAT5 were shown to develop fatty liver (FL) (14). Additionally,
mice with FL show significant upregulation of SOCS proteins,
and conversely, overexpression of SOCS1 and SOCS3 results in
insulin resistance and FL (15, 16).
Growth hormone (GH) is a pleiotropic hormone synthesized and
secreted by the anterior pituitary gland (17, 18). GH signals through
a type I cytokine receptor, the GH receptor (GHR) (19). Activated
GHR recruits JAK2, which recruits and activates STAT factor family members (20–22). There are now at least 7 STAT family memAuthorship note: Brandon C. Sos and Charles Harris contributed equally to
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bers, including the highly homologous STAT5A and -B. Activated
STAT5 translocates to the nucleus, where it effects transcription
of target genes including insulin growth factor 1 (IGF1) (23). Mice
deficient in GHR are GH insensitive, with decreased IGF-1 and a
rise in circulating GH closely mimicking the human Laron syndrome (24). Mice with an N-terminal truncation of STAT5A and -B
are also GH insensitive and have increased serum GH (25). Hepatocyte-specific deletion of STAT5A and -B causes a similar profile
(26). This is not surprising, since plasma IGF-1 is derived predominantly from the liver and since liver-specific deletion of IGF-1 also
causes a significant increase in serum GH concentration due to the
loss of feedback inhibition (27, 28). Liver-specific IGF-1–deficient
(LID) mice are insulin resistant but do not have FL (29).
Recently, mice with liver-specific deletion of GHR were shown to
develop FL (30). This points strongly to the loss of GH signaling as
mediating some or all of the FL phenotype in mice with liver-specific deletion of STAT5. However, there is contradictory evidence
as to the role of GH in FL (31, 32). FL has not been described in
any of the mouse models of GH excess or deficiency (24, 33–37).
Interestingly, neither global disruption of GHR nor the N-terminal truncation of STAT5A and -B leads to FL (24, 25).
JAK2 is known to transduce intracellular signaling downstream
of numerous cytokine and other receptors in the liver, including
GH and IL-6 (38, 39). Mice with global deletion of JAK2 die at midgestation from defective erythropoiesis (40–42). A conditional
JAK2 allele has been generated, but there are no published reports
of mice with liver-specific deletion of JAK2 (42).
Here, we report the first description to our knowledge of mice
with hepatocyte-specific deletion of JAK2 (JAK2L mice). Adult
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Figure 1
Effect of hepatocyte-specific deletion of
JAK2 (JAK2L) on the GH signaling pathway and on body weight. (A) Relative
expression of Jak2 and related genes in
male (M) and female (F) JAK2L and control
(Con) adult mice. Values are expressed as
mean ± SEM and normalized to male control levels (n = 5 for each group). (B) Serum
concentrations of IGF-1 in male and female
JAK2L and control mice (n = 5 for each
group). (C) Serum concentrations of GH in
male and female JAK2L and control mice
(n = 5 for each group). (D) Weight in grams
of a cohort of male and female JAK2L and
control mice over time in days (n = 8–10 for
each time point). All values are expressed
as mean ± SEM; **P < 0.01, ***P < 0.001.

JAK2L mice had a near absence of circulating IGF-1; they were
smaller and had a dramatic increase in serum GH levels. The livers were profoundly steatotic, with a 20-fold increase in liver TG.
There was no increase in fatty acid synthesis, nor was there a defect
in TG secretion from the liver. JAK2L mice also had a significant
reduction in body fat and had increased levels of serum FFAs.
GH is known to stimulate lipolysis, and mice with disrupted GH
signaling have increased adiposity (43, 44). Therefore, to determine whether dysregulated GH secretion might account for the
FL phenotype via increased lipolysis and concomitant increase in
serum FFA, we crossed JAK2L mice with GH-deficient little mice
and found that loss of circulating GH completely rescued the FL
phenotype. Furthermore, expression of fatty acid translocase (FAT,
or CD36) was significantly increased. Since GH is known to inhibit
PPARγ and since CD36 is a known transcriptional target of PPARγ
(45, 46), we treated JAK2L mice with the PPARγ-specific antagonist

GW9662 and found that the FL phenotype was largely reduced.
Overall, this work explains the paradox of FL in mice with hepatocyte-specific, but not global, disruption of GH signaling. Further,
the work has important implications regarding the hepatic lipid
flux and mechanisms of FLD.
Results
Hepatocyte-specific deletion of JAK2 results in GH resistance in the liver.
Mice with hepatocyte-specific deletion of both Jak2 alleles (JAK2L
mice) were viable and had no obvious gross abnormalities as compared with littermate controls at birth. We isolated total RNA
from the livers of individual 8-week-old mice and synthesized
cDNA. From this, we measured gene expression using specific
TaqMan primer probe sets individually generated and validated
for each gene. Expression of Jak2 in the liver was reduced by 74%
in male JAK2L mice versus controls (P < 0.001; Figure 1A). This

The Journal of Clinical Investigation    http://www.jci.org    Volume 121    Number 4    April 2011

1413

research article

Figure 2
Hepatic steatosis develops in adult JAK2L mice. (A) Normal appearance of the liver of an 8-week-old control mouse. (B) Representative gross
appearance of steatotic liver of an 8-week-old JAK2L mouse. (C) Liver weight normalized to body weight is expressed as percent body weight in
control and JAK2L mice (n = 5 for each group). (D–G) Images of mouse liver taken using a Nikon Optiphot microscope at ×20 magnification with
a Zeiss Axiocam HRc camera. (D) H&E-stained section of control liver. (E) Oil red O–stained section of control liver. (F) H&E-stained section of
JAK2L liver. (G) Oil red O–stained section of JAK2L liver. (H) TLC analysis of individual liver extracts of control (lanes 2–6), JAK2L (lanes 8–12),
and a 1:10 dilution of JAK2L (lanes 14–18) samples. Premixed sterol esters (SE), TGs, and cholesterol (C) standards are all labeled on the left
and were run in the first and last lanes. (I) Quantity of TG in liver extracts from control and JAK2L mice (n = 5 for each group). (J) Quantity of
cholesterol (total and sterol esters) in liver extracts from control and JAK2L mice (n = 5 for each group). Male mice were used exclusively in the
experiments in this figure. All values are expressed as mean ± SEM. ***P < 0.001.

is in agreement with previous reports detailing the recombination
efficiency of the Alb-Cre transgene and consistent with the fact
that hepatocytes make up roughly 80% of liver mass (47). Indeed,
expression of Igf1 was reduced by more than 95%, and expression
of Igfals was reduced by 88% in male JAK2L versus control mice
(P < 0.001; Figure 1A). Expression of Igf1r, Igfbp3, Gh, Ghr, Ghrh, and
Ghrhr was not different in JAK2L versus control mice. As expected,
mean serum IGF-1 levels were reduced by 95.6% and 93% in male
and female JAK2L versus control mice (P < 0.001; Figure 1B), while
mean serum GH concentrations were increased 227% and 1,040%
in male and female JAK2L versus control mice (male JAK2L vs. control, P < 0.001, and female JAK2L vs. control, P < 0.001; Figure 1C).
There were no differences in body weight at birth; however, JAK2L
mice had a modest reduction in weight starting at age 45 days. This
was more pronounced in male mice (26.2 vs. 31.1 g, P < 0.01, Figure
1414

1D). The difference in body weight remained between 8% and 15%
through 65 days. However, when the animals were weighed at 20
weeks of age, the difference in weight was much greater, with male
JAK2L mice being 33% smaller (29.6 vs. 43.9 g, P < 0.001, Figure
1D). JAK2L male mice were also 10% shorter when measured from
the base of the tail to the tip of the nose (9.8 vs. 10.9 cm, P < 0.001).
Taken together, these data strongly suggest that there is a nearcomplete deletion of Jak2 from hepatocytes of JAK2L mice, resulting in near total reduction in expression of Igf1 and of Igfals, with
similar near-complete abrogation of serum IGF-1 and a concomitant increase in serum GH levels. There was a modest reduction in
body weight and a smaller, but significant reduction in length.
JAK2L mice develop profound hepatic steatosis. The livers of JAK2L
mice (Figure 2B) were grossly enlarged and yellow even as early as
age 4 weeks, and by 8 weeks, the difference between JAK2L and con-
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Figure 3
Decreased adiposity in 20-week-old JAK2L mice. (A) Appearance of
mesenteric and omental fat in control mice. (B) Decreased adiposity in JAK2L mice. The enlarged, pale, yellow liver is also visible.
(C) Percent body fat as determined by DXA scanning in control and
JAK2L mice (n = 5 for each group). (D) Epididymal fat pad weight of
control and JAK2L mice (n = 5 for each group). Male mice were used
exclusively in the experiments in this figure. Values are expressed as
mean ± SEM. *P < 0.05, ***P < 0.001.

trol livers (Figure 2A) was dramatic. Livers were excised en bloc and
weighed, and samples were either fixed in 4% paraformaldehyde
(for H&E) or snap frozen, embedded in OCT (for oil red O staining), and sectioned. As a percentage of total body weight, the livers of JAK2L and control mice were 10.9% and 5.5%, respectively
(P < 0.001; Figure 2C). Histologic analysis revealed that in JAK2L
mice, hepatocytes were diffusely enlarged by clear, sharply bordered
cytoplasmic vacuoles (Figure 2F) when compared with control
sections (Figure 2D). When sections were stained with oil red O,
there was minimal lipid content in the control livers (Figure 2E),
while cytoplasmic vacuoles in JAK2L livers stained pink with lipids
and neutral TG (Figure 2G). The livers of these younger JAK2L
animals had a predominance of macrovesicular steatosis as shown
in Figure 2, F and G. While there was no appreciable inflammation
in the 8-week-old animals, a cohort of 20-week-old animals had
diffuse moderate to severe micro- and macrovesicular hepatocellular steatosis and accompanying mild lobular inflammation and
fibroplasia, all of which are seen in non-alcoholic steatohepatitis
(NASH; Supplemental Figure 1; supplemental material available
online with this article; doi:10.1172/JCI42894DS1).
To determine which lipid fraction(s) were increased in the
mutant livers, we next homogenized livers and ran the individual
extracts on a TLC plate. As shown in Figure 2H, there was a dramatic increase in the density of the band corresponding to TGs in
JAK2L versus control mice. We diluted the JAK2L samples 1:10,
and there was still a significant increase in the TG band. There
was also a modest increase in the content of sterol esters in the
JAK2L livers, but there were no other notable differences. Next, we
measured TG and cholesterol content of the liver extracts using
a colorimetric assay. Here, TG content was increased 20-fold in

JAK2L livers versus control (233.8 vs. 11.2 mg/g, P < 0.0001, Figure
2I). Cholesterol content was increased 5-fold (13.52 vs. 2.48 mg/g,
P = 0.0005, Figure 2J).
JAK2L mice have increased plasma FFAs and decreased body fat. We next
carefully determined the basic metabolic parameters of JAK2L mice.
As detailed in Supplemental Table 1, there were no significant differences in routine analytes, with the exception of a mild increase in
aspartate and alanine transaminases (AST and ALT). There were no
differences in fasting plasma lipids, and notably, there was no difference in plasma TG levels. However, plasma FFAs were increased
in JAK2L versus control mice (1.28 ± 0.11 vs. 0.79 ± 0.07 mmol/l,
P < 0.01). There was also an increase in serum leptin concentration
in JAK2L mice (19.87 vs. 8.30 ng/ml, P < 0.01), but there were no
differences in plasma insulin.
To determine how loss of JAK2 in the liver would affect glucose
and insulin homeostasis, we next performed insulin and glucose
tolerance tests in JAK2L and control mice and found that there
were no significant differences between JAK2L and control mice
in either assay (Supplemental Figure 2, A and B).
Careful examination of the 20-week-old cohort of mice revealed
that JAK2L mice were leaner than their littermate controls. Grossly,
there was a clearly visible and significant reduction in mesenteric/
omental adiposity in JAK2L (Figure 3A) versus control mice (Figure 3B). Next, we performed dual energy X-ray absorptiometry
(DXA) on this older cohort and found that there was a significant
reduction in percent body fat in JAK2L versus control mice (29.39%
vs. 34.73%, P < 0.05, Figure 3C). Since this method captures fat
in adipose tissue as well as liver and thus underestimates loss of
body fat, we examined mass of epididymal fat pads and found a
40% reduction in JAK2L versus control male mice (0.40 vs. 0.69 g,
P < 0.0001, Figure 3D).
Abrogation of GH secretion rescues the fatty liver phenotype in JAK2L
mice. The above data demonstrated that the loss of JAK2 in the
liver led to near total reduction of plasma IGF-1 and a concomitant increase in serum GH. JAK2 mice were significantly leaner
and had increased levels of plasma FFA. FL was not reported in
previously published mouse models of GH deficiency or excess
or in mice with abrogation of GH signaling globally (24, 25,
33–37). However, FL was found in mice with liver-specific deletion of STAT5AB and GHR (14, 30). Furthermore, GH has been
described to promote lipolysis and increase plasma levels of FFA
(44, 48). Therefore, we reasoned that the FL phenotype in JAK2L
mice might result from dysregulated GH secretion leading to the
observed increase in FFA and decrease in body fat rather than
directly from the loss of JAK2 in the liver.
To determine the influence of increased GH secretion on FL in
JAK2L mice, we crossed JAK2L mice to little mice (36, 37, 49). Little
mice are unable to respond to GH-releasing hormone (GHRH)
due to a point mutation in the GHRH receptor and are therefore
unable to secrete GH from the anterior pituitary gland. Animals
homozygous for this mutation (litm/m) have a dramatic reduction in
circulating GH, while heterozygous mice (litm/+) are indistinguishable from wild-type (36). Offspring from this cross were viable
and born at expected ratios. Since our work with little and JAK2L
mice showed no differences between heterozygous-deficient and
wild-type mice, we used both single and double heterozygous animals interchangeably and refer to them as control. The cross was
designed to generate and compare animals of 4 genotypes, including: control/control (Con-Con), litm/m/control (Lit-Con), control/
JAK2L (Con-JAK2L), litm/m/JAK2L (Lit-JAK2L).
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Figure 4
Abrogation of GH secretion by a genetic cross to GH-deficient little mice rescues the fatty liver phenotype in JAK2L mice. (A) Postnatal weights
of male offspring from each of 4 groups from the JAK2L-little intercross (n = 8–10 for each time point). (B) Serum concentrations of IGF-1 in the
indicated groups (n = 5 for each group). All comparisons are to Con-Con. (C) Serum concentrations of GH in indicated groups (n = 5 for each
group). All comparisons are to Con-JAK2L. (D) Plasma FFA in the indicated groups (n = 5 for each group). All comparisons are to Con-JAK2L.
(E) Liver weight normalized to body weight is expressed as percent body weight for the indicated groups (n = 5 for each group). All comparisons
are to Con-JAK2L. (F) Quantity of TG in liver extracts from the indicated groups (n = 5 for each group). All comparisons are to Con-JAK2L. Male
mice were used exclusively in the experiments in this figure. All values are expressed as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001.

We weighed male animals from each of the 4 groups at regular
intervals starting at 17 days of age, and as expected Lit-Con animals were smaller than littermate Con-Con animals at each time
point starting at 20 days (Figure 4A). As seen with JAK2L animals,
Con-JAK2L animals were also smaller than Con-Con animals at
each time point starting at 30 days. Lit-JAK2L animals were the
smallest of the 4 groups and were significantly smaller than each
of the other groups at 36 and 43 days. At 43 days, they were 25%
smaller than Lit-Con littermates (10.53 vs. 14.19 g, P < 0.01, Figure 4A). As expected, Lit-Con mice had low serum IGF-1 and low
GH levels, while Con-JAK2L animals had low IGF-1 and elevated
serum GH levels; Lit-JAK2L animals had both low IGF-1 and low
serum GH levels (Figure 4, B and C). Plasma FFA levels were 1.05,
1.02, 1.59, and 1.06 mmol/l in Con-Con, Lit-Con, Con-JAK2L, and
Lit-JAK2L mice, respectively (P < 0.05 for all comparisons vs. ConJAK2L, Figure 4D). Strikingly, the FL phenotype was completely
rescued in Lit-JAK2L animals. The size of the livers was no differ1416

ent from that of control (3.38% vs. 4.47% body weight, Lit-JAK2L
vs. Con-Con, P = NS); however, the Lit-JAK2L livers were significantly smaller than Con-JAK2L livers (3.38% vs. 7.83% body weight,
Lit-JAK2L vs. Con-JAK2L, P < 0.001, Figure 4E). Lit-JAK2L livers
also appeared normal histologically, and the levels of liver TG were
also completely normal in the compound mutant Lit-JAK2L animals (6.69 vs. 10.53 mg/g, Lit-JAK2L vs. Con-Con, P = NS, Figure
4F) and were significantly reduced as compared with Con-JAK2L
livers (6.69 vs. 71.57 mg/g, P < 0.001, Figure 4F). The results of this
cross demonstrated that both the excess FFA and the FL phenotype observed in JAK2L mice were normalized in mice unable to
augment GH secretion. This suggested that the FL phenotype did
not result entirely as a direct consequence of alterations in JAK2 or
GH signaling in hepatocytes.
Fatty liver in JAK2L mice may result from increased uptake of non-esterified FFAs through induction of the fatty acid transporter CD36. Interpretation of published data suggested that while excessively high levels
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Figure 5
De novo lipogenesis is unchanged in
4-week-old JAK2L mice. Total palmitate
(A) and glycerol (D) content of JAK2L
and control livers as determined by direct
measurement expressed as μmol/g
tissue. Fractional new synthesis of palmitate (B) and glycerol (E) in JAK2L and
control livers was assessed after injection of 2H2O and determination of 2H
labeling by mass spectrometry. Absolute
amount of new palmitate (C) and glycerol (F) synthesized during the 4-hour
labeling period expressed as μmol/g
tissue. All values are expressed as
mean ± SEM (n = 6–9 for both groups).
*P = 0.048, **P = 0.0246, ***P = 0.0024.

of serum GH lead to decreases in body adiposity and increases in
plasma FFA levels (33, 43, 48, 50), increased GH alone is not sufficient to cause FL (33). It is therefore unlikely that FL in the JAK2L
mice resulted from the increase in GH-mediated lipolysis alone,
and a model could be postulated whereby FL depends on both the
lipolytic effects of excess GH and a second effect mediated directly
by the loss of JAK2 in hepatocytes.
The TG content of hepatocytes is determined by the relative balance
of input (de novo synthesis and non-esterified FFA [NEFA] uptake)
and output (oxidation and export) mechanisms. To determine the
rates of de novo lipogenesis in liver, in vivo, we first directly measured
the liver content of TG, cholesterol, palmitate, oleate, stearate, and
linoleate. Next, we injected 2H2O into 4-week-old mice and measured
2H labeling of each by mass spectrometry. Consistent with results
of the colorimetric assay (Supplemental Figure 3), and consistent
with prior reports detailing the age-dependent activity of the Alb-Cre
(47), at 4 weeks of age there was a significant increase in palmitate
(Figure 5A) and glycerol (Figure 5D) content in the livers of JAK2L
mice. There was no difference in cholesterol, but the total amount
of palmitate, linoleate, and oleate was significantly increased, while
the amount of stearate was decreased in JAK2L livers (Supplemental
Figure 4). The percentage of new palmitate or glycerol synthesized
was determined by adjusting for 2H-labeled water content. The percentage of new palmitate synthesized was decreased in JAK2L versus control livers (Figure 5B), while there was no difference in the
percentage of new glycerol synthesized (Figure 5E). By multiplying
the percentage of newly synthesized by the total content, we were
able to derive the absolute amount synthesized in the 4-hour labeling
period for each component and found that there were no differences
between JAK2L and control livers in the content of newly synthesized
palmitate (Figure 5C). However, there was a trend toward an increase
in glycerol synthesis (Figure 5F). To measure TG secretion, in vivo,
we injected WR-1339 and determined that there was no defect in TG
secretion in JAK2L mice (Supplemental Figure 5).

Next, we performed microarray analysis of gene expression using
the Affymetrix GeneChip Mouse Gene 1.0 ST Array. We compared
control and JAK2L livers separately in males and females using
3 individual livers for each group. We determined that there was
not a significant increase in expression of genes regulating synthesis or TG export or a decrease in genes regulating oxidation
of fatty acids in male or female JAK2L livers. In fact, there was an
increase in expression of many genes implicated in fatty acid oxidation (Supplemental Table 2). There was an increase in expression of Scd2 in female JAK2L versus control mice, and in Scd4 in
male JAK2L versus control mice (Supplemental Table 2). Uptake
of NEFA into hepatocytes is thought to be regulated by at least
two classes of transporters, the slc27a fatty acid transport protein
family and FAT (or Cd36) (51). Strikingly, expression of Cd36 was
increased more than 16-fold in male JAK2L versus control livers
(Figure 6A), while expression of each of the slc27a gene products
was unchanged, except for Slc27a2 (FATP2), which was increased
1.2-fold in JAK2L versus control liver (Figure 6B). We also measured
the CD36 protein content in both liver and heart by Western blot
analysis. As shown in Figure 6C, there was a significant increase in
CD36 content in the livers of JAK2L versus control animals. Heart
tissue from CD36-knockout and control animals was used as a
reference to identify the CD36 band. There was no appreciable
difference in CD36 content in heart tissue (Supplemental Figure
6A). When we quantified the results, there was a 4-fold increase in
Cd36 content in the livers of JAK2L animals (Figure 6D, P = 0.015),
while there was no difference in the content of CD36 in heart
(Supplemental Figure 6B, P = NS). These data are consistent with
previously published data showing that GH signaling negatively
regulates expression of Cd36 (52). However, while CD36 is not
normally expressed at high levels in the liver, its expression might
be increased in the presence of excess plasma FFA (53). Therefore,
to specifically determine the effect of the loss of GH signaling in
hepatocytes on expression of Cd36, we next measured Cd36 expres-
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Figure 6
Expression of FAT (Cd36) is significantly increased in livers of JAK2L mice and augments uptake of plasma FFA, leading to FL. Normalized
expression of Cd36 (A) and Slc27a genes (B) in livers of male and female JAK2L and control adult mice. Values are derived from Affymetrix
Mouse Gene 1.0 ST arrays and are normalized to male control levels (n = 5 for each group). (C) CD36 and actin Western blots. Individual liver
samples (n = 3) were incubated with antibodies against CD36 (upper blot) and actin (lower blot). The first lane is molecular weight standards
(upper blot, 62 kDa; lower blot, 49 and 38 kDa). Lanes 2 and 3 (labeled CD36) are heart tissue from wild-type and CD36-knockout mice. Lanes
4–6 and 7–9 are liver samples from control and JAK2L mice, respectively. The arrowhead points to the CD36 band. (D) Quantified density
(intensity × mm2 [int × mm2]) of the CD36 bands from the liver blot in C. (E) Normalized expression of Pparg and Cd36 from livers from each
of 4 groups from the JAK2L-little intercross (n = 3–4 for each group). Values are derived from real-time quantitative PCR experiments and are
normalized to male control levels. Specific comparisons are indicated. (F) Normalized expression of Cd36 from livers of male control and JAK2L
mice after a 2-week treatment with the PPARγ-specific antagonist GW9662 (G) (4 mg/g) or vehicle (V) (n = 5 for each group). (G) Quantity of TG
in liver extracts from the mice in F. All values are expressed as mean ± SEM. †P = 0.015, **P < 0.01, ***P < 0.001.

sion in livers from Lit-JAK2L animals using quantitative RT-PCR.
Since the Lit-JAK2L animals have normal levels of FFA, these animals provided a means to separate the effects of increased plasma
FFA from JAK2 signaling on expression of Cd36 in hepatocytes. As
shown in Figure 6E, the expression of Cd36 remained increased
in Lit-JAK2L livers as compared with control, suggesting that the
increase in Cd36 expression was at least partially due to the loss of
JAK2 signaling in hepatocytes and independent of plasma levels
of FFA. However, there was also an increase in expression of Cd36
in Con-JAK2L versus both Lit-Con and Lit-JAK2L, which suggests
that there is likely an additional minor increase in Cd36 expression
resulting from increased plasma FFA levels.
1418

Since CD36 is known to be under the control of PPARγ (45),
we measured expression of Pparg, which was likewise increased in
Lit-Con, Con-JAK2L, and Lit-JAK2L versus control mice (Figure
6E). To specifically test the effect of inhibiting CD36 expression
on the development of fatty liver in JAK2L mice, we treated a group
of 4-week-old JAK2L mice with the PPARγ antagonist GW9662.
This compound has been shown previously to decrease the expression of Cd36 in mouse liver and to decrease hepatic steatosis in
mice with liver-specific deletion of histone deacetylase 3 (HDAC3)
(54). We treated a cohort of younger animals for 2 weeks at a dose
4 mg/g body weight and found that there was a 31% reduction in
the expression of Cd36 (Figure 6F) and a 48% reduction in liver
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Figure 7
Proposed model of the mechanism of increased
TG content in JAK2L livers. Model depicting
the effect of deletion of JAK2 from hepatocytes
leading to (a) a decrease in IGF-1 and a release
of feedback inhibition in the hypothalamus, (b)
an increase in concentration of GHRH, (c) an
increase in the secretion of GH from the pituitary, leading to (d) an increase in GH signaling in adipocytes and presumed increase in
GH-mediated lipolysis and liberation of FFA
into the plasma, and finally (e) an increase in
expression of CD36 in hepatocytes (as a result
of decreased GH signaling) and therefore
augmented uptake of the increased levels of
plasma FFA and development of FL.

TG content in JAK2L animals treated with GW9662 versus those
treated with vehicle (Figure 6G).
Overall, these data suggest a model as depicted in Figure 7,
where the loss of JAK2 in hepatocytes leads to (a) a reduction in
serum IGF-1. This causes (b) a release of inhibition at the level of
the hypothalamus, which leads to (c) an increase in circulating
GH. GH signaling remains intact in adipocytes, where (d) it leads
to liberation of plasma FFA through stimulation of lipolysis. (e)
The excess FFAs are then taken up by the GH-resistant hepatocyte
through the upregulation of CD36.
Discussion
NAFLD is an underrecognized and increasingly prevalent condition that remains poorly understood. The recent publications
showing FL in association with liver-specific deletion of GHR
and STAT5 have focused attention on GH signaling and its role
in the development of NAFLD and associated conditions (14, 30,
55). Indeed, GH has long been implicated in the development of
liver steatosis, yet the precise role of GH remains confusing, with
reports that administration of GH both causes and cures FL (31,
32). Furthermore, no published mouse models of GH excess or
deficiency have described FL (24, 33–37). Finally, while liver-specific disruption of GH signaling has now been shown to cause FL,
surprisingly, FL has not been described in any mouse models with
global disruption of GHR or STAT5 or in mice with liver-specific
deletion of IGF-1 (24, 25, 29).
We set out to determine the effect of liver-specific deletion of
JAK2 in mice and were not at all surprised to observe that these
JAK2L mice developed early and severe FL. In fact, the degree of
fat accumulation in the livers of JAK2L mice was significantly

greater than that observed in the liver-specific deletion of either
GHR or STAT5, and the degree of steatosis was among the most
severe of all genetic models of NAFLD in the published literature.
The 20-week-old cohort of animals showed moderate to severe
hepatocellular lipidosis, with mild accompanying foci of lobular
inflammation and perisinusoidal fibrosis. These lesions resembled morphologically those seen in NASH, though without all of
the features required or consistent with the diagnosis of NASH
in humans. This shows that simple hepatic steatosis observed in
younger mice progresses to lesions resembling mild NASH.
There were some differences between the JAK2L mice and the
prior reports of the liver-specific deletions of GHR (GHRLD) and
STAT5. Most notably, GHRLD mice were insulin resistant and
glucose intolerant, while the JAK2L mice had normal glucose and
insulin homeostasis (30). This difference was unexpected and
remains unexplained. One could speculate that these and other
differences in phenotype relate to the fact that loss of JAK2 in
hepatocytes is more complicated than simply disrupting GH signaling, with known effects on many other signaling pathways such
as leptin and IL-6 (38, 56). One other notable difference was that
expression of Igfbp3 was not significantly lower in JAK2L mice,
while it was modestly reduced in the hepatocyte-specific deletion
of STAT5 and was dramatically reduced in the GHRLD mice. However, despite the differences, the fundamental issues were the same.
Namely, there was a significant reduction in expression of Igf1 in
the liver, a concomitant near-total reduction in serum IGF-1, and
a dramatic increase in serum GH. We observed other consequences
of GH excess, including a degree of lipodystrophy with a decrease
in total body fat and a rise in levels of plasma FFA. The effects on
lipolysis were very similar to those described in humans with acro-
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megaly or in transgenic mice with overexpression of GH (33, 50,
57). Further, increased visceral adiposity was reported in mice with
global disruption of STAT5, and a recent publication described
increased body fat in mice with global disruption of GHR (44, 58).
We reasoned that the development of FL in the liver-specific deletion of STAT5, GHR, and JAK2 were all at least somewhat related
to dysregulated GH secretion and concomitant effects of increased
GH on lipolysis. To test the effect of excessive GH secretion on
development of FL, we crossed the JAK2L mice with the GH-deficient little mice, and indeed, we found that development of FL was
completely rescued in mice unable to augment GH secretion in the
absence of serum IGF-1.
This striking observation demonstrated that the development
of FL in all 3 models of liver-specific disruption of GH signaling
was due, in part, to the loss of IGF-1–mediated feedback inhibition of GH secretion and the associated effects of dysregulated GH
secretion on lipolysis. While excess GH secretion was necessary for
development of FL in the JAK2L mice, it was also clearly not sufficient. Indeed, there are now 5 distinct classes of mouse models
with excess plasma GH or GH action: (a) mice with direct overexpression of Gh (33, 59); (b) mice with global disruption in GH signaling (23, 24); (c) mice with disruption in a negative regulator of
GH signaling (34, 35); (d) mice with liver-specific disruption of GH
signaling (26, 30); and (e) mice with liver-specific deletion of Igf1
(28). Of these, all except mice in class b would be expected to have
increased GH signaling in non-liver tissues, with an increase in
lipolysis and at least some increase in levels of plasma FFA. However, of these, only the mice in class d have been shown to develop
FL. This suggests that in addition to the increase in lipolysis and in
levels of plasma FFA, a second hit is necessary to cause FL. Furthermore, this supports a model in which FL only develops when there
is both an increase in the levels of FFA and a disruption in GH signaling in the liver. That is, while mice in class b have a decrease in
GH signaling in the liver, they do not have an increase in lipolysis
and therefore have normal or reduced levels of FFA. And indeed,
as described above, these mice have increased adiposity, but no FL.
On the contrary, mice in classes a, c, and e have increased levels of
serum GH and intact GH signaling, with concomitant effects on
lipolysis. They therefore have increased levels of plasma FFA, but
have normal or increased GH signaling in the liver.
The evidence we have accumulated suggests that inhibition of
GH signaling in the liver permits increased uptake of plasma FFA.
This is apparent only when the levels of plasma FFA are increased.
The data on de novo lipogenesis and TG secretion support this
model, as while there is a general increase in the content of the FAs
and glycerol in JAK2L livers, there is no increase in FA synthesis.
In fact, there is a small decrease in the rate of palmitate synthesis.
Furthermore, the ratio of oleate to stearate is extremely high, a
fact that suggests an increase in stearoyl-CoA desaturase (SCD)
activity (60). Consistent with this, we observed significant increases in mouse SCD gene expression. Increases in SCD activity have
indeed been reported in human and animals with FL (61). Thus,
while there is an increase in liver FA content, there is no increase in
the rate of de novo synthesis, and this points strongly toward an
increase in the uptake of plasma FA.
Fatty acid transport is thought to occur mainly through the family of slc27a fatty acid transport proteins as well as the scavenger
receptor CD36 (62, 63). The 16-fold increase in expression of Cd36
in male JAK2L versus control liver was the sixth highest increase
in the entire 25,000-gene Affymetrix array. Expression of CD36 is
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reported to be very low in normal mouse liver, and in our control
samples, the expression at both the RNA and protein levels was
indeed low. Prior reports have shown that increased expression
of Cd36 can augment uptake of FA (64). Therefore, we propose a
model whereby the increased levels of CD36 in JAK2L livers augments uptake of plasma FFA as depicted in Figure 7. While the
increase in Cd36 expression was partially attenuated in Lit-JAK2L
mice, there was still a 10-fold increase in these animals (versus
control), with normal levels of plasma FFA, suggesting that GH
signaling itself represses expression of Cd36. In addition, the level
of Cd36 expression was very similar to that in Lit-Con mice.
Interestingly, the expression of Pparg was increased dramatically
in JAK2L liver and was increased to a similar degree in Lit-Con,
Con-JAK2L, and Lit-JAK2L liver. CD36 is a well-known transcriptional target of PPARγ (65, 66). Previous work has implicated GH
signaling (through STAT5b) in the transcriptional repression of
PPARγ (46). While GH was shown to repress the transcriptional
activity of PPARγ, the effect did not appear to be mediated directly
through a physical interaction between STAT5b and PPARγ (46).
Exactly how PPARγ is repressed by GH remains unclear, but one
particularly intriguing idea is that this effect is mediated through
HDAC3. Indeed, hepatocyte-specific deletion of HDAC3 resulted
in de-repression of PPARγ and CD36 expression and in the accumulation of TG in the liver (54). Treatment with a PPARγ inhibitor
reduced expression of CD36 as well as the severity of steatosis in
mice with hepatocyte-specific deletion of HDAC3 (54). In JAK2L
mice, treatment with GW9662 for 2 weeks reduced the expression
of Cd36 in liver. These results support the hypothesis that transcriptional control of Cd36 is downstream of PPARγ. In addition,
we have shown that by decreasing Cd36 expression in liver, the liver
TG content is decreased. Overall, these data support our model
in which the loss of GH signaling in JAK2L mice likely leads to a
release of inhibition of Cd36 expression.
All of this suggests that abnormal GH signaling would predispose to development of FL in conditions where there are increased
levels of plasma FFA, such as starvation (67). Accordingly, administration of a small molecule JAK2 inhibitor would not be expected
to cause FL unless there was concomitant increase in plasma FFA
or if there was preferential drug uptake or action in the liver as one
might expect with small molecule compounds. However, formal
evaluation of the liver toxicity of these compounds remains to be
determined. Furthermore, chronic inhibition of JAK2 might also
be expected to result in increased visceral adiposity. The effect of
JAK2 on GH-mediated lipolysis in adipocytes is of great interest for
future study. Overall, these studies demonstrate what we believe to
be a novel mechanism of FL and provide important insights into
the possible effects of JAK2 inhibition in humans. At the core, the
liver-specific deletion of JAK2 causes a remarkable redistribution
of fat from peripheral stores to the liver. This may have implications for understanding the pathogenesis of NAFLD as well as the
potential safety of JAK2 inhibition, but also suggests multiple lines
of future research aimed at completely understanding the effect of
GH signaling on fat metabolism and on lipid flux in hepatocytes.
Methods
Mice. Mouse care and use for these studies were approved by the UCSF
Institutional Animal Care and Use Committee. Mice were maintained on
a 12-hour light/12-hour dark cycle and were fed PicoLab Mouse Diet 20
(*5058) ad libitum except as noted otherwise. Mice with loxP sites flanking
the first exon of Jak2 were generated and described previously (42). Hepato-
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cyte-specific JAK2-deficient mice (JAK2L) were generated by mating floxed
JAK2 mice (in a mixed [C57BL/6 × 129/Sv] background) to mice carrying
an Alb promoter–regulated Cre transgene on a 100% C57BL/6 background
purchased from The Jackson Laboratory (68). Male and female wild-type
C57BL/6 mice and little mice carrying the Ghrhrlit mutation (referred to
as litm) were also purchased from The Jackson Laboratory. The little mice
are on a 100% C57BL/6 background and were maintained as female litm/m
mated to male litm/+ intercrosses. JAK2L and little mice were intercrossed by
mating female litm/m with male JAK2L mice and subsequently intercrossing
mice heterozygous for the little mutation (litm/+) with mice carrying both a
single copy of the Alb-Cre and a single floxed JAK2 allele. Since of our work
with little and JAK2L mice showed no differences between heterozygousdeficient and wild-type mice, we used both single and double heterozygous
animals interchangeably and refer to them as “control.” The cross was
designed to generate and compare animals of 4 genotypes including:
control/control (Con-Con), litm/m/control (Lit-Con), control/JAK2L (ConJAK2L), litm/m/JAK2L (Lit-JAK2L). For all experiments, mice were compared
to sex-matched littermate controls. All mice were assayed at the indicated
age. All experiments were conducted by investigators blind to genotype and
repeated at least twice except where indicated otherwise. The background
strain of each line is indicated.
Gene expression. Real-time quantitative PCR was performed using TaqMan primer/probe sets (5ʹFAM/3ʹBHQ; Biosearch Technologies) designed
using Primer Express software (Applied Biosystems; see Supplemental
Table 3 for a complete list and primer/probe sequences). Total RNA was
isolated from mouse livers with TRIzol (Invitrogen) extraction, followed
by purification with an RNeasy Mini Column (QIAGEN). First-strand
cDNA synthesis was performed using the Superscript First-Strand Synthesis System (Invitrogen) and oligo-dT primers. Quantitative real-time
PCR reactions were performed in a 384-well format using a Platinum qPCR
mix (Invitrogen) and total reaction volumes of 10 μl on an ABI 7900HT
(Applied Biosystems). Absolute gene expression (gene copy number) was
quantified with the method of Dolganov and colleagues using the control
genes Gapdh, β-actin, and cyclophilin (69).
Microarray analysis. Total RNA from 8-week old male and female JAK2L
and littermate control livers (n =3 each) was prepared as above. RNA was
analyzed using the Agilent 2100 BioAnalyzer. All samples were prepared
using Affymetrix WT cDNA Synthesis and Amplification Kits for cDNA
synthesis, cRNA amplification, and conversion to sense strand DNA products according to the manufacturer’s instructions. Samples were then fragmented and end labeled using Affymetrix WT Target Labeling and Control
Reagents Kits according to the manufacturer’s instructions. Each sample
was then hybridized to an Affymetrix Mouse Gene 1.0 ST array by standard
procedures. The data discussed in this publication have been deposited in
NCBI’s Gene Expression Omnibus and are accessible through GEO Series
accession number GSE26188 (http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE26188).
Histology. Livers were excised en bloc and either fixed in 4% parafor
maldehyde (H&E) or snap frozen (oil red O). Fixed specimens were processed to paraffin blocks, sectioned, and stained with H&E as well as trichrome. Frozen specimens were embedded in OCT and then sectioned and
stained with oil red O to visualize neutral TGs.
Serum and plasma biochemical and metabolic analyses. Serum chemistry analyses (total protein, albumin, glucose, total bilirubin, alkaline phosphatase,
AST, ALT, blood urea nitrogen [BUN], creatinine, and gamma glutamyl
transpeptidase [GGT]) were performed at the UCD Comparative Pathology Laboratory using assays from Roche Diagnostics and performed on
the Roche Cobas Integra 400 Plus analyzer. Cholesterol and TG content of
plasma and lipoproteins were determined by automated chemical analysis (70). HDL cholesterol (HDL-C) was measured after precipitation of

apoB-containing lipoproteins with dextran sulfate and magnesium (71).
LDL cholesterol (LDL-C) was calculated by using the Friedewald equation (72). Standards were provided by the Centers for Disease Control.
Plasma leptin (Mouse Leptin ELISA Kit, Crystal Chem Inc.) and insulin
(Ultra Sensitive Mouse Insulin ELISA Kit, Crystal Chem Inc.) concentrations were determined using commercially available ELISAs according to
the manufacturer’s protocol. FFA concentration was determined using 5 μl
of plasma drawn into tubes containing EDTA according to the manufacturer’s protocol (Wako). Serum GH (Millipore) and IGF-1 (R&D Systems)
levels were determined using commercially available ELISA kits according
to the manufacturer’s protocol.
Tissue lipid content. Mouse liver was homogenized in buffer A (250 mM
sucrose, 50 mM Tris, pH 7.4), and a sample of lysate was used to determine TG content (Infinity TG Reagent) and cholesterol content (Wako
Diagnostics Total Cholesterol Reagent) according to the manufacturers’
instructions. Neutral lipid was also visualized by TLC (using solvent hexane/diethyl ether/glacial acetic acid, 80:20:1) following extraction with
chloroform/methanol (2:1).
Body composition analysis. Lean and fat mass were determined by DXA.
Live animals were anesthetized with isoflurane and scanned on a Lunar
PIXImus densitometer (GE Medical Systems). Percent lean and fat were
determined by manually dividing mass by actual weight.
Insulin and glucose tolerance tests. Blood glucose determinations were made
using the Bayer Contour Glucometer and strips. For both assays, 10 male
JAK2L and littermate control animals (8 weeks of age) were used. Animals
were fasted for 4 (insulin) or 12 (glucose) hours before injection. Baseline
glucose was measured, and then either human insulin (1 U/μl at 1 U/kg)
or glucose (200 mg/ml) was injected i.p. Blood glucose was then measured
from the tail vein at 30, 60, and 120 minutes after injection. Results were
normalized to baseline glucose values.
TG secretion. Ten male JAK2L and littermate control animals (8 weeks of
age) were fed a fat-free diet (960238, MP-Biomedicals) containing vitaminfree casein (20%), dl-methionine (0.3%), and sucrose (60.2%) for 4 hours
before the beginning of the protocol and throughout the experiment. The
animals were anesthetized with isoflurane, and blood was drawn via retroorbital puncture into tubes containing EDTA. Immediately following the
baseline blood draw, animals were injected intravenously with 500 mg/kg
Triton WR-1339 (Sigma-Aldrich) as a 15-g/dl solution in 0.9% NaCl.
Blood was then drawn as above at 30, 90, and 180 minutes after injection.
Plasma TG content was then determined as described above and was normalized to baseline levels.
De novo lipogenesis. TG content and newly synthesized TG/FA levels
were measured at the Case Mouse Metabolic Phenotyping Center (CASE
MMPC). To enrich body water with approximately 2% 2H, an i.p. injection
of labeled water (20 μl/g body weight of 9 g/l NaCl in 99% atom percent
excess 2H2O) was administered to 4-week-old mice. Mice were returned to
their cages for 4 hours and allowed ad libitum access to food and 2H2O. The
mice were killed, and blood and liver tissue samples were collected and flash
frozen in liquid nitrogen. The samples were stored at –80°C until analysis.
TG concentrations and de novo lipogenesis were determined as previously
described (73). Briefly, total TG, fatty acids, and cholesterol from tissues
were isolated using chemical hydrolysis and extraction techniques. The
2H-labeled glycerol and palmitate were analyzed after derivatization by
mass spectrometry. The 2H-labeled TG covalently linked to glycerol measures the amount of newly synthesized TG, while the 2H-labeled TG covalently attached to palmitate indicates the amount of new palmitate. In
mice given 2H2O for 4 hours, the contribution of de novo lipogenesis to
the pool of TG and palmitate was calculated using the following formula:
% newly made palmitate = (total 2H-labeled palmitate • [2H-labeled body
water × n]–1) × 100, where n is the number of exchangeable hydrogens,
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which is assumed to 22 (74, 75). The percentage of total newly made TGglycerol was calculated using the following formula: % total newly made
TG-glycerol = (2H-labeled TG-glycerol • [2H-labeled water × n]–1) × 100,
where 2H-labeled TG-glycerol is the M1 isotopomer, 2H-labeled water is
the average amount labeled in a given mouse, and n is the exchange factor (experimentally determined from the M2/M1 ratio of TG glycerol). We
calculated the total TG pool size (μmol/g tissue) in the tissues using the
following formula: total pool size of TG = (2H-labeled TG-glycerol • [2Hlabeled water × n]–1) × 100.
GW9662 treatment. The PPARγ-specific antagonist was purchased (Cayman Chemical) and prepared as described by Knutson et al. (54). Specifically, a stock solution of GW9662 was made by resuspension in DMSO at
a concentration of 20 mg/ml, and this was aliquoted into separate tubes
and frozen at –20°C. Four cohorts (n = 4 each) of animals were used for the
study, including (a) JAK2L plus GW9662, (b) JAK2L plus vehicle, (c) control
(GW9662), and (d) control (vehicle). The mice were 3–4 weeks of age and
were weighed at the beginning of the experiment and then every 3 days until
the conclusion. The mice were injected daily for 14 days. The injections were
i.p. Each day, an aliquot of stock drug was thawed and then resuspended
in DMSO/saline at a final concentration of 4 mg/g body weight in a final
volume of 100 μl. Vehicle injections contained the same relative content of
DMSO and saline. At the conclusion of the experiment, the mice were sacrificed and the organs and blood were harvested for analysis and frozen at
–80°C. The entire experiment was repeated and the results were pooled.
Western blots. Liver and control (heart) samples (Figure 6C) were homogenized in complete lysis buffer containing 4 ml of 0.5 M Tris, 3 ml of 5 M
NaCl, 800 μl of 250 mM EDTA, and 92.2 ml Milli-Q H2O. This solution
was filter sterilized, and 100 μl of Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific) was added per 10 ml, just prior to use.
A bicinchoninic acid (BCA) protein assay (Pierce) was run for all samples
to determine the final loading volume of 125 μg of liver protein and
25 μg of control (heart) protein. Proteins were separated by SDS-PAGE
(Invitrogen) and transferred to nitrocellulose membranes. The membranes
were simultaneously incubated with 1:1,000 rabbit anti-mouse CD36 antibody (Novus Biologicals) and 1:1,000 mouse anti–mouse β-actin antibody
(Sigma-Aldrich) overnight at 4°C, followed by 1:1,000 Alexa Fluor 555 goat
anti-rabbit IgG (Invitrogen) and 1:1,000 Alexa Fluor 647 goat anti-mouse
IgG (Invitrogen) for 1 hour at room temperature. Proteins were imaged
and quantified with the Versadoc Imaging System (Bio-Rad) and quantified intensity was reported (intensity*mm2).
Heart samples (Supplemental Figure 6) were homogenized in lysis buffer as previously described, but instead supplemented with one tablet of
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Med. 2002;346(16):1221–1231.
2. Choi CS, et al. Suppression of diacylglycerol acyltransferase-2 (DGAT2), but not DGAT1, with
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protease inhibitor cocktail (Complete Mini EDTA-free; Roche Applied Science), 100 μl phosphatase cocktail, and 100 μl Triton-X per 10 ml. Heart protein was loaded at 40 μg per well, separated by SDS-PAGE, and transferred
to membrane. This membrane was probed with 1:1,000 rabbit anti-mouse
CD36 antibody (Novus Biologicals) and 1:5,000 anti-rabbit secondary using
the Millipore SNAP ID system, according to the manufacturer’s instructions.
The membrane was then incubated in SuperSignal West Pico Substrate
(Pierce) for 5 minutes and developed on film with 1-minute exposure. The
membrane was then stripped using Restore PLUS Western Blot Stripping
Buffer (Thermo Scientific), and incubated with 1:5,000 actin antibody overnight at 4°C, followed by 1:5,000 anti-rabbit secondary antibody for 1 hour
at room temperature. Band density was quantified using ImageJ.
Statistics. Student’s t test (2-tailed) was used to determine significance in
cases where 2 groups were compared. For comparison of 3 or more groups,
1-way ANOVA followed by the Bonferroni post-test was employed. Analysis of 3 or more groups over time or across another variable was carried
out using 2-way ANOVA followed by the Bonferroni post-test. An α value
of 0.05 was set for all statistical tests. Data are presented as mean ± SEM,
unless otherwise indicated. All statistical analyses were performed in GraphPad Prism version 5 (GraphPad Software).
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