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Insulin resistance is associated with nonalcoholic fatty liver disease
(NAFLD) and is a major factor in the pathogenesis of type 2
diabetes. The development of hepatic insulin resistance has been
ascribed to multiple causes, including inflammation, endoplasmic
reticulum (ER) stress, and accumulation of hepatocellular lipids in
animal models of NAFLD. However, it is unknown whether these
same cellular mechanisms link insulin resistance to hepatic stea-
tosis in humans. To examine the cellular mechanisms that link he-
patic steatosis to insulin resistance, we comprehensively assessed
each of these pathways by using flash-frozen liver biopsies ob-
tained from 37 obese, nondiabetic individuals and correlating key
hepatic and plasma markers of inflammation, ER stress, and lipids
with the homeostatic model assessment of insulin resistance
index. We found that hepatic diacylglycerol (DAG) content in
cytoplasmic lipid droplets was the best predictor of insulin re-
sistance (R = 0.80, P < 0.001), and it was responsible for 64% of the
variability in insulin sensitivity. Hepatic DAG content was also
strongly correlated with activation of hepatic PKCe (R = 0.67, P <
0.001), which impairs insulin signaling. In contrast, there was no
significant association between insulin resistance and other puta-
tive lipid metabolites or plasma or hepatic markers of inflamma-
tion. ER stress markers were only partly correlated with insulin
resistance. In conclusion, these data show that hepatic DAG con-
tent in lipid droplets is the best predictor of insulin resistance in
humans, and they support the hypothesis that NAFLD-associated
hepatic insulin resistance is caused by an increase in hepatic DAG
content, which results in activation of PKCe.

epatic insulin resistance is associated with nonalcoholic fatty

liver disease (NAFLD) and is a major factor in the patho-
genesis of type 2 diabetes (T2D) and the metabolic syndrome (1-
3). Although there is general consensus that insulin resistance
is caused by defects in intracellular insulin signaling, multiple
causes have been proposed to explain how these insulin signaling
defects arise in NAFLD. Inflammation, activation of endoplas-
mic reticulum (ER) stress pathways, and accumulation of he-
patocellular lipids have all been suggested to cause insulin
resistance in animal models of NAFLD (Fig. S1) (4-7). First,
intracellular diacylglycerols (DAGs) can inhibit insulin signaling
by activation of novel PKC isoforms (6, 8, 9), which in turn, block
insulin receptor kinase phosphorylation of insulin receptor sub-
strates 1 and 2. Intracellular ceramides are thought to prevent
Akt2 activation (10-12) (Fig. S1). Second, adipocytokines (e.g.,
TNF-a, IL-1p, and IL-6) interfere with insulin signaling through
activation of the JNK or inhibitor of IkB kinase-p pathways (13—
15). Finally, the unfolded protein response, or ER stress path-
ways are also implicated in the pathogenesis of insulin resistance.
This response is initiated with the disassociation of immunoglob-
ulin heavy-chain binding protein (BiP) from key mediators of a
coordinated ER stress pathway, dsRNA-activated kinase-like ER
kinase (PERK), activating transcription factor (ATF) 6, and ino-
sitol requiring ER to nucleus signal kinase (IRE) la. The latter
has been reported to impair insulin signaling by activation of JINK
(14, 16). Although animal studies have supported each of these
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hypotheses, few studies have examined these potential mechanisms
in a comprehensive fashion in humans. Therefore, whether these
same mechanisms translate to humans with NAFLD is unknown.

To determine whether any of these putative mechanisms for
insulin resistance translate to humans, we assessed these po-
tential pathways in liver tissue obtained from nondiabetic obese
individuals undergoing bariatric surgery. Under these conditions,
fresh liver biopsies could safely be obtained in sufficient quan-
tities to determine the potential hepatic cellular and molecular
changes that relate to insulin resistance in humans.

Results

Participant Characteristics. We studied 37 obese, nondiabetic (he-
moglobin A;¢ < 6.5%) subjects (Table 1). As an aggregate, these
subjects were insulin-resistant, which was assessed by the ho-
meostatic model assessment of insulin resistance index (HOMA-
IR; 4.6 + 2.2 mg/dL x pU/mL; normal < 2.0 mg/dL x pU/mL)
(17). However, the individuals within this cohort had a large range
of values (1.4-9.3 mg/dL x pU/mL), showing that some remain
insulin-sensitive despite being morbidly obese. The analyses that
we performed sought to understand what factors best predicted
the variation of the insulin resistance in these individuals.

Hepatic DAG Content and Insulin Resistance. As in subjects with
lesser degrees of obesity, there was a positive but relatively weak
association (R = 0.39) between body mass index (BMI) and
HOMA-IR (Fig. 14) (18). Using flash-frozen liver specimens, we
comprehensively assessed whether changes in lipid species, ac-
tivation of the unfolded protein response, or systemic or tissue
inflammation could better account for insulin resistance in this
cohort. The intrahepatic concentrations of long-chain fatty acyl-
CoAs (LCCoAs) or ceramides did not relate to HOMA-IR (Fig.
1 E and F). In contrast, hepatic DAG content was found to be
strongly and positively correlated with HOMA-IR (R = 0.73, P <
0.001) (Fig. 1B). DAGs are present as constituent lipids within
either the plasma membrane or cytosolic lipid droplets (19).
Liver samples were separated into membrane and cytosolic lipid
droplet compartments, and DAG was quantified again. Surpris-
ingly, the DAG content in lipid droplets correlated with HOMA-
IR strongly (R = 0.80, P < 0.001) (Fig. 1C), and the correlation
was stronger than either membrane DAG or total DAG content
(Fig. 1 B and D). The relationship between DAG content in lipid
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Table 1. Characteristics of participants

Characteristic Number
Total number 37
Female (%) 28 (75.7)
Age (y) 42.0 (13.2)
BMI (kg/m?) 48.4 (8.8)
Fasting plasma glucose (mg/dL) 97.1 (14.0)
Fasting plasma insulin (uU/mL) 21.1 (7.8)
HbA1¢c (%) 5.6 (0.4)
HOMA-IR (mg/dL x pU/mL) 4.6 (2.2)
Alanine aminotransferase (IU/L) 27.8 (12.7)
Aspartate aminotransferase (IU/L) 243 (6.7)
LDL cholesterol (mg/dL) 103 (36.0)
HDL cholesterol (mg/dL) 43.3 (9.0)
Triglyceride (mg/dL) 149 (92.0)

Sl conversion factors: To convert HDL and LDL to mmol/L, multiply by
0.0259; to convert triglyceride to mmol/L, multiply by 0.0113. Data are
expressed as mean (SD) unless otherwise indicated. HbA;c, hemoglobin
Aic; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment
of insulin resistance index; LDL, low-density lipoprotein.

droplets or total DAG and HOMA-IR was unaffected after
adjusting for age, sex, and BMI. Membrane DAG had no signifi-
cant correlation with HOMA-IR when each sex was analyzed
separately. We also analyzed individual DAG species in relation to
HOMA-IR. As shown in Table S1, DAGs composed of C18:1-
C16:0, C18:1-C18:1, C18:1-C18:2, and C16:0-C18:2 were most
abundant and also strongly related with HOMA-IR. Interestingly,
the content of DAG composed of C20:4-C20:5 showed a strong
negative correlation with HOMA-IR. We also performed a com-
prehensive lipidomics screen to assess changes in other lipid spe-
cies using a subset of the most insulin-sensitive and -resistant
individuals (Dataset S1). However, none of the measured species
exhibited significant differences except for in the concentration of
some fatty acids found in triglyceride, which likely mirrors the
changes in DAG species (Fig. S24).

DAG in Lipid Droplet and PKCe Activation. DAGs mediate insulin
resistance through activation of PKCs, specifically the novel iso-
forms PKCS, -¢, and -0 (Fig. S1) (4, 6, 9, 20, 21). A comprehensive
analysis of PKC isoforms in human liver has not previously been
reported. Thus, we assessed activation of all PKC isoforms in
relation to insulin resistance and lipid content using a trans-
location assay in which the abundance of a PKC isoform in the
membrane compartment is compared with the cytosolic com-
partment as an index of activation (8).

PKCe was one of the major PKC isoforms expressed in human
liver along with PKCaq, -, -C, -1, and -, whereas PKChn, -0, and -y
were not detected. PKCe activation was also strongly correlated
with hepatic DAG content in lipid droplets (Fig. 24). By com-
parison, there was no association between activation of PKCa,
-p, -8, or -1 and hepatic DAG content (Table S2). Although
PKCe was found to exist primarily in membrane fraction and
have relatively very low expression in cytosol, PKCe was also
strongly detected in the lipid droplet fraction in cytosol, whereas
other isoforms were not (Fig. 2C). This suggests that PKCe is
bound to DAG in lipid droplet in cytosol, thus activating and
translocating to the membrane. Finally, we also observed that
activation of PKCC positively correlated with the DAG content
in lipid droplet (P = 0.02) (Table S2), but the degree of acti-
vation was lower compared with PKCe. Consistent with this
difference in activation, we also found a strong correlation be-
tween PKCe activation and HOMA-IR (R = 0.55, P < 0.001) but
no correlation between PKCC activation and HOMA-IR.
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Fig. 1. DAG content in lipid droplets was the strongest predictor of insulin
resistance. DAG, diacylglycerol; HOMA-IR, homeostatic model assessment of
insulin resistance index; LCCoA, long-chain fatty acyl-CoA. Red dots and blue
triangles show females and males, respectively. n = 35, 35, 28, 28, 28, and 32
for A, B, C, D, E, and F, respectively.

Unfolded Protein Response and Insulin Resistance. The ER is the
major site in the cell for protein folding and trafficking. The ac-
cumulation of unfolded proteins within the ER initiates the
unfolded protein response with the disassociation of BiP from
three key proteins, PERK, ATF6, and IREla (Fig. S1). These
proteins subsequently activate downstream unfolded protein
response pathways to coordinate adaptive responses that de-
crease the presence of unfolded proteins and expand the ER.
Phosphorylation of the eukaryotic translation initiation factor
(eIF2a), a reaction that is catalyzed by PERK, increased with
worsening insulin resistance (Fig. 34). eIF2a phosphorylation, in
turn, should activate a set of downstream targets, such as ATF4,
ATF3, and CCAAT/enhancer binding protein homologous pro-
tein (CHOP) mRNA, but with the exception of CHOP protein
expression (Fig. 3B), there was no relationship between the ex-
pression of these other ER stress factors and HOMA-IR (Table
S3). The ATF6 pathway is activated through ATF6 cleavage at the
Golgi apparatus and positively regulates CHOP expression (Fig.
S1). Surprisingly, in contrast to CHOP protein expression, we
found that ATF6 cleavage tended to be decreased in relation to
HOMA-IR (Table S3). Activation of the IREla pathway leads to
X-box binding protein-1 (XBP1) splicing and JNK phosphoryla-
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Fig. 2. PKCe activation was strongly correlated with DAG content in lipid
droplets. m/c, membrane/cytosol. Representative bands are labeled with
colors and shown with corresponding colors on the graph (A). Circles and
triangles show females and males, respectively (A). n = 30 for both A and B.
Lipid droplet fraction was confirmed with Western blotting (C) and EM (D).

tion and activation. However, we found that neither the expres-
sion of spliced XBP1 mRNA nor JNK phosphorylation, which is
most often implicated in the pathogenesis of insulin resistance in
rodent models (15), had any relation to HOMA-IR (Table S3).

Markers of Inflammation and Insulin Resistance. Numerous studies
have implicated inflammation as a major causal factor in promoting
insulin resistance through activation of JNK, which is a common
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Fig. 3. Correlation between ER stress markers and HOMA-IR. The relative
expression level was expressed by setting the lowest expression level as one
(A and B). Representative bands are labeled with colors and shown with
corresponding colors on the graph (A and B). n = 30 and 25 for A and B,
respectively.
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node in both ER stress and the inflammatory pathways (15, 22, 23).
However, as noted, we did not observe any relationship between
JNK activation with insulin resistance in these subjects. We also
sought to determine whether other inflammatory pathways might
be associated with insulin resistance in this cohort. TNFa, IL-16,
and IL-6 have been suggested to be the key cytokines responsible
for causing insulin resistance associated with obesity and NAFLD
(7, 13, 15, 22, 23). There were no significant correlations between
hepatic expression of C-reactive protein (CRP), cytokine mRNA,
plasma high-sensitive C-reactive protein (hsCRP), or plasma cy-
tokine concentrations and HOMA-IR (Table S4). Plasma adipo-
nectin concentrations showed a tendency to be inversely related to
HOMA-IR (Fig. S3).

Discussion

In this study, we assessed the key putative mechanisms responsible
for hepatic insulin resistance in humans. Notably, although all of the
subjects were morbidly obese, these individuals exhibited a wide
range in insulin sensitivity. We comprehensively analyzed plasma
and liver tissue from these subjects and examined the three major
mechanisms that are currently thought to be responsible for insulin
resistance. We found that hepatic DAG content, specifically, DAG
content within cytosolic lipid droplets, best accounted for insulin
resistance in these individuals (R = 0.80, P < 0.001) and was re-
sponsible for 64% of the variability in insulin sensitivity. Further-
more, the DAG content in lipid droplets was strongly associated
with PKCe activation in liver. In contrast, there was no significant
association between plasma or hepatic markers of inflammation,
putative ER stress markers such as JNK, and hepatic ceramide
content and insulin resistance. Taken together, these results sup-
port a key role of hepatocellular DAG and PKCe activation in the
pathogenesis of insulin resistance in humans and are consistent with
studies that have shown a key role for this pathway in causing he-
patic insulin resistance in rodent models of NAFLD (6, 9, 24-26).

In executing this study, fresh liver samples were obtained and
immediately flash-frozen in liquid nitrogen, thereby avoiding the
warm ischemia that may artificially increase intracellular lipid
species in liver. In addition to hepatic DAG content, liver tri-
glyceride was also highly correlated with HOMA-IR (R = 0.67)
(Fig. S2B), consistent with previous studies (27). However, tri-
glyceride is considered an inert storage form of lipid, and pre-
vious studies in transgenic and gene KO mice have found that
intracellular DAGs are the likely mediator of lipid-induced in-
sulin resistance (21, 28). Other lipid species such as ceramides
and LCCoAs have also been implicated in causing insulin re-
sistance in liver and skeletal muscle (29-31). However, we did
not detect any correlation between hepatic ceramide or LCCoA
content and insulin resistance, arguing against a major role for
these lipid metabolites in the pathogenesis of hepatic insulin
resistance in humans, consistent with previous animal studies
(26, 32). Given our findings showing important differences in the
subcellular fractions of DAGs in liver and its relationship with
insulin resistance, it will be of interest to apply these same sub-
cellular fractionation methods to ceramides.

We hypothesized that DAG content in discrete cellular com-
partments may contribute differently to the development of in-
sulin resistance. Liver samples were partitioned into membrane
and cytosolic compartments; the latter contained the lipid drop-
lets, which was confirmed by immunodetection of perilipin and
direct visualization by EM. Surprisingly, the lipid droplet DAG
content (R = 0.80) and the total DAG content (R = 0.73) were
very strong predictors of insulin resistance in contrast to a rela-
tively weak relationship between membrane DAG content and
insulin resistance (R = 0.38). Taken together, these data suggest
that DAG in cytosolic lipid droplets may be the active pool of
DAGs responsible for causing insulin resistance in humans.

DAG:s are thought to impair insulin signaling through activa-
tion of novel PKCs (4). We examined the expression and activity
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of all known PKC isoforms. As in rodents (9), PKCe was one of
the major PKC isoforms present in human liver, and PKCe ac-
tivation strongly correlated with both lipid droplet DAG content
and insulin resistance. Activation of PKCC was also significantly
correlated with hepatic DAG content, but the relationship was
weaker than PKCe. Considine et al. (33) previously showed an
increase in the membrane abundance of PKCe in patients with
T2D; however, in contrast to our study, they did not find an
increase in PKCe membrane content in the small number (rn = 5)
of obese, nondiabetic subjects they studied and they did not re-
late PKCe activity to increases in hepatic DAG content or insulin
resistance (33). Thus, this study shows that the DAG-PKCe axis
is closely related to insulin resistance in humans.

Activation of the unfolded protein response, or ER stress path-
way, has also been implicated to cause hepatic insulin resistance
(16, 34). This pathway is initiated with the disassociation of BiP
from key mediators of a coordinated ER stress pathway, PERK,
IRE, and ATF6. These arms each activate downstream effectors
that have been reported to also impair insulin signaling. There was
no significant relationship between HOMA-IR and markers of the
IRE-1a ER stress pathway (spliced XBP1 mRNA and JNKI, -2,
and -3 phosphorylation) (Table S3), which are thought to be the
key mediators for insulin resistance in response to ER stress (14,
16). We observed a partial activation of constituent pathways rel-
ative to insulin resistance. Specifically, hepatic eIF2a phosphory-
lation and CHOP protein (both part of the PERK arm) were both
positively correlated with HOMA-IR (Fig. 3 4 and B). Growth
arrest and DNA damage-inducible protein (GADD) 34 dephos-
phorylates elF2a and terminates the signal through this arm. Thus,
it is possible that a reduced expression of GADD34 may have
contributed to the increase in elF2a phosphorylation per se.
However, there was no significant relationship between either
elF2a phosphorylation or HOMA-IR and GADD34 mRNA ex-
pression (Fig. S4 A and B). Thus, the findings that elF2a and
CHOP relate to insulin resistance in relative isolation from other
aspects of the unfolded protein response and the absence of a re-
lationship between JNKI1 activation and HOMA-IR argue against
a causal role of ER stress in insulin resistance.

Finally, alterations in plasma adipocytokines and tissue in-
flammation have also been implicated to cause insulin resistance
(15, 22, 23, 35). We found no relationship between the plasma
concentration or hepatic expression of TNFa, IL-1p, IL-6, or
CRP and HOMA-IR, suggesting that these factors do not have
a major role in causing insulin resistance in these individuals.
Plasma adiponectin concentration showed a tendency to be in-
versely related to HOMA-IR, specifically in females (Fig. S3).

Although this study strongly supports a key role of hepatocel-
lular DAG and PKCe activation in the pathogenesis of insulin re-
sistance in humans, there are some limitations that need to be
discussed. First, this is a correlative study, and we cannot rule out
the possibility that hepatic DAG content in lipid droplets and
PKCe activation are both secondary to insulin resistance. However,
the causal role of DAG-induced PKCe activation in mediating
hepatic insulin resistance is supported by multiple animal studies
(4, 6, 29, 36). Notably, decreasing PKCe expression in liver, using
a specific antisense oligonucleotide, protected rats from hepatic
insulin resistance, despite the development of NAFLD (25). Sec-
ond, HOMA-IR was used as an index of hepatic insulin resistance.
Studies by our group (37, 38) and others (39, 40) have established
a strong relationship between hepatic triglyceride content and
hepatic insulin resistance assessed by the hyperinsulinemic—eugly-
cemic clamp method, and in this study, we found a strong re-
lationship (R = 0.90, P < 0.001) between hepatic triglyceride and
DAG content in our subjects (Fig. S24), which strongly suggests
the direct relationship between hepatic DAG content and hepatic
insulin resistance. Third, our study was limited to mostly non-
diabetic Caucasian individuals with extreme obesity. Thus, future
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studies will need to extend these findings to leaner individuals of
different ethnicities.

In conclusion, these data support the hypothesis that hepatic in-
sulin resistance in humans with NAFLD is caused by an increase in
hepatic DAG content in cytosolic lipid droplets, resulting in acti-
vation of PKCe. Given that NAFLD is ubiquitously associated with
the metabolic syndrome and T2D, these data suggest that therapies
designed to reduce hepatic DAG content will be efficacious in
treating hepatic insulin resistance associated with NAFLD and T2D.

Materials and Methods

Study Population. All patients who were enrolled in the Bariatric Surgery
Program of the Geisinger Center for Nutrition and Weight Management be-
tween October 2004 and October 2010 were offered the opportunity to par-
ticipate in the study (41). Over 90% of patients consented to participate.
Patients underwent a preoperative assessment and preparation program of
monthly visits, during which time a comprehensive set of clinical and laboratory
measures were obtained. Although patients lost an average of ~9% body
weight over the year before surgery, they remained relatively weight stable
during the preoperative period between blood sampling and liver biopsy, with
an average percent change in body weight of 0.41%. The protocol was ap-
proved by the Institutional Review Boards of the Geisinger Clinic and Yale
University, and all participants provided written informed consent. For these
studies, we primarily studied patients without a history of type 2 diabetes.

Liver Biopsies. During the bariatric surgery, a wedge biopsy (250-300 mg) was
obtained from the right lobe of the liver (10 cm to the left of the falciform
ligament) and flash-frozen in liquid nitrogen for subsequent analysis. The
remainder was divided for routine histology. NAFLD was diagnosed with
standard histological criteria (42). Flash-frozen liver samples were then later
divided for use to measure key lipid metabolites and gene and protein ex-
pression. Because of the small and varying size of the liver sample, not every
analysis could be performed on every subject.

Hepatic Lipid Metabolites Assay. Hepatic triglyceride content was determined
by using a triglyceride assay kit (Genzyme) and a method adapted from the work
by Storlien et al. (43). The extraction, purification, and assessment of medium-,
long-, and very long-chain fatty acyl-CoAs, DAGs, and ceramides from liver by
liquid chromatography-MS/MS have been described previously (21, 44, 45). DAG
fractionation into the membrane and cytosolic lipid droplet compartments was
done as previously reported (19). Perilipin was measured by Western blotting
(Cell Signaling Technology) to confirm the lipid droplet compartment (46).
Detailed methods for experiments are provided in S/ Materials and Methods.

PKC Membrane Translocation Assay. Membrane translocation for the different
PKC isoforms (PKC-a, -B, -¢, -5, -0, -n, -A, =1, -¢, and -y) was performed as de-
scribed previously (47). Both membrane and cytosol proteins were detected
on the same film with enhanced chemiluminescense at the same exposure
time. PKC translocation was expressed as the ratio of arbitrary units of
membrane bands over cytosol bands. Membrane band density was corrected
by sodium potassium ATPase band density (Abcam), and cytosolic band
density was corrected by GAPDH band density (Cell Signaling). Detailed
methods for experiments are provided in S/ Materials and Methods.

RT-PCR and Western Blotting for ER Stress Markers. ER stress markers were
assessed by real-time PCR and Western blotting. For real-time PCR, total
RNA was extracted from ~15 mg liver using RNeasy mini kit (Qiagen). RNA
was reverse-transcribed into ¢DNA with the use of M-MulLV Reverse
Transcriptase (New England Biolabs). The abundance of transcripts was
assessed by real-time PCR on an Applied Biosystems 7500 Fast Real-Time
PCR System (Applied Biosystems) with a SYBR Green detection system
(Stratagene). The expression data for each gene of interest were nor-
malized for the efficiency of amplification with TATA box binding protein
mRNA as the invariant control, which was determined by a standard curve
included on each run (48). Primer sequences are provided in Table S5. For
the Western blotting, proteins were extracted using ~50 mg liver. Liver
proteins were compartmentalized into three fractions, namely mitochon-
dria plus nucleus, cytoplasm, and microsomes as previously reported (49, 50).
Detailed methods for experiments are provided in S/ Materials and Methods.
BiP was detected with microsome fraction, ATF6, elF2a, and JNK were
detected with cytoplasm fraction, and CHOP was detected with mitochon-
dria plus nucleus fraction. Microsome bands were corrected by calnexin,
mitochondria plus nucleus bands were corrected by voltage-dependent anion
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channels, and cytoplasm bands were corrected by f-actin or GAPDH. Cleaved
ATF6 proteins were assessed between 50-70 and 36 kDa (51, 52). BiP, elF2q,
phosphorylated elF2a (Ser51), GAPDH, JNK, phosphorylated JNK (Thr183/
Tyr185), CHOP, and voltage-dependent anion channel antibodies were pur-
chased from Cell Signaling Technology. ATF6 antibody was purchased from
IMGENEX. B-actin antibody was purchased from Sigma.

Cytokine Measurements. Plasma cytokines were measured using multiplex
ELISA (Meso-Scale Discovery) (53), and hepatic cytokine mRNA expression
was measured by RT-PCR.

Laboratory Tests. HOMA-IR was calculated as previously described (17). High
molecular weight adiponectin was measured with an ELISA kit (Millipore).
hsCRP was measured with an hsCRP kit (King Diagnostics Inc.).
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Lipidomics Analysis. Lipidomics analyses were done as previously described
(54). Data were compared using ANOVA with the Bonferroni posthoc
test.

Statistical Analysis. Linear regression analysis of the data was performed using
Graph-Pad Prism 5.0. All data are expressed as mean (SD) unless otherwise
indicated. P values less than 0.05 were considered significant.
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