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Although it is widely accepted that ectopic lipid accumu-
lation in the liver is associated with hepatic insulin resist-
ance, the underlying molecular mechanisms have not
been well characterized.

Here we employed time resolved quantitative proteomic
profiling of mice fed a high fat diet to determine which
pathways were affected during the transition of the liver to
an insulin-resistant state. We identified several metabolic
pathways underlying altered protein expression. In order
to test the functional impact of a critical subset of these
alterations, we focused on the epoxyeicosatrienoic acid
(EET) eicosanoid pathway, whose deregulation coincided
with the onset of hepatic insulin resistance. These results
suggested that EETs may be positive modulators of he-
patic insulin signaling. Analyzing EET activity in primary
hepatocytes, we found that EETs enhance insulin signal-
ing on the level of Akt. In contrast, EETs did not influence
insulin receptor or insulin receptor substrate-1 phosphor-
ylation. This effect was mediated through the eico-
sanoids, as overexpression of the deregulated enzymes
in absence of arachidonic acid had no impact on insulin
signaling. The stimulation of insulin signaling by EETs

and depression of the pathway in insulin resistant liver
suggest a likely role in hepatic insulin resistance. Our
findings support therapeutic potential for inhibiting EET
degradation. Molecular & Cellular Proteomics 14:
10.1074/mcp.M115.049064, 2764–2774, 2015.

Hepatosteatosis has a strong association with hepatic in-
sulin resistance, which plays a major role in the early stages of
type 2 diabetes. Although the contribution of the liver to total
energy consumption is not as high as other tissues, the liver is
the main organ responsible for endogenous glucose produc-
tion through gluconeogenesis and glycogenolysis (1). The
liver’s pivotal role in type 2 diabetes is underscored by a
strong correlation between fasting hyperglycemia and endog-
enous glucose production in patients (2). Studies on the early
stages of hepatosteatosis and hepatic insulin resistance are
complicated by the fact that patients are often unaware of
their impaired insulin sensitivity. Therefore, the transition of
the liver to an insulin resistant state is not as well studied as
other aspects of the disease.

To study early stage hepatic insulin resistance in an unbi-
ased fashion, we analyzed the transition of the liver to an
insulin-resistant state in a mouse model fed a high fat diet
(HFD)1, rich in safflower oil, on the proteome level. Phenotypic
characterization in combination with proteomic profiling re-
sulted in the identification of alterations in protein patterns,
which were correlated with hepatic insulin resistance in a
time-resolved manner. Protein expression was monitored us-
ing state of the art LC-MS/MS based proteomics, employing
non-targeted discovery as well as targeted strategies.

The comparison of expression profiles from HFD-fed mice
with standard diet-fed controls directed us to a group of
eicosanoid lipid mediators - epoxyeicosatrienoic acids (EET).
Our proteomic approach uncovered a down-regulation of the

From the ‡Research Unit Protein Science, Helmholtz Zentrum
München, German Research Center for Environmental Health
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EET pathway at the protein level through HFD feeding in
insulin resistant mouse liver. In order to link expression pat-
terns to signaling alterations and connect alterations on the
level of signaling pathways to insulin sensitivity we proceeded
to investigate the influence of these eicosanoids on insulin
signaling in primary hepatocytes. Up to now, EETs have been
extensively studied in the biology of blood vessels (3) and
have been found to have profound influence on intracellular
signaling (4–6) and ion channel activity (7) in endothelial as
well as smooth muscle cell. Their vasodilating (7), anti-inflam-
matory (8) and proliferation inducing effects on endothelial
cells (5, 6) have made inhibition of the EET degrading enzyme
Ephx2 an attractive pharmacological strategy for the treat-
ment of hypertension, with clinical trials already in progress
(9).

Recent studies using genetic mouse models have shown
that knockdown or overexpression of EET pathway enzymes
affect insulin secretion (10) and glucose homeostasis (11, 12)
and point to as yet poorly understood effects of EETs on
insulin sensitivity (10, 11). Moreover, EETs have been impli-
cated in activating insulin signaling directly by increasing in-
sulin receptor (IR) phosphorylation (11). In line with this model,
medium supplementation, but not acute stimulation of the
human hepatoma cell line HepG2 with high doses (30 �M) of
EETs, has been shown to increase insulin mediated activation
of Akt, the central protein kinase in insulin signaling (13).

We show here that acute application of 4 �M of exogenous
EETs but not overexpression of the EET pathway enzymes in
absence of arachidonic acid had a strong positive effect on
insulin mediated phosphorylation of Akt in primary mouse
hepatocytes. The activation was not associated with changes
in IR or insulin receptor substrate-1 (IRS-1) tyrosine phosphor-
ylation through EETs. These results indicate that EET influ-
ence insulin signaling downstream of IRS-1 and upstream of
Akt rather than at the level of the IR.

EXPERIMENTAL PROCEDURES

Mice—C3HeB/FeJ mice were maintained on low fat chow diet
(LFD) (13% fat-derived calories, 4 kcal/g, Diet#1310, Altromin, Ger-
many). At 14 weeks of age, male mice were matched for body mass
and litter and single-housed. Four groups of mice were then given free
access to a HFD (58% fat-derived calories, 6 kcal/g, Ssniff, Germany)
for 2, 7, 14, or 21 days. The majority of fatty acids in the HFD were
linoleic acid (C18:2, �-6). Initial body mass-, age-, and litter-matched
control groups were continued on chow diet. At the end of the study,
random-fed mice were killed with isoflurane. The liver was freeze-
clamped and stored at �80 °C. All animals received humane care
according to criteria outlined in the NAS ‘Guide for the Care and Use
of Laboratory Animals’. All animal experiments were approved by the
Upper-Bavarian district government (Regierung von Oberbayern
Gz.55.2-1-54-2532-4-11).

Liver Membrane Protein Extraction and Tryptic Digestion—Mem-
brane proteins were enriched as described previously (14) with the
following modifications: Liver samples were homogenized in high-salt
buffer (2 M NaCl, 1 mM EDTA, 10 mM HEPES pH 7.4) using a Precellys
24 Homogenizer (Peqlab, Erlangen, Germany) pre-chilled to 0 °C.
Homogenates were cleared by centrifugation at 10.000g for 30 min at

4 °C. Membrane vesicles were harvested at 100.000g at 4 °C for 30
min. The next steps were carried out as described in (14). Resulting
protein pellets were resuspended in 50 mM Tris pH 8.5 0.5% (w/v)
Rapigest (Waters, Eschborn, Germany). Proteins were reduced and
alkylated using 7 mM dithiothreitol at 60 °C for 10 min followed by 22
mM iodoacetamide for 30 min at room temperature. Proteins were
digested with 5 �g trypsin for 18h at 37 °C. Afterward Rapigest was
hydrolyzed by lowering the pH below 2 on ice for 30 min.

LC-MS/MS Based Proteomics and Label-Free Quantification—
Quantitative non-targeted proteomics data were generated with an
LC-MS system composed of an Ultimate 3000 nano HPLC (Dionex,
Idstein, Germany) coupled to an Orbitrap XL mass spectrometer
(Thermo Fisher, Bremen, Germany), equipped with a nano-ESI
source. ESI was maintained with a spray voltage between 1.25–1.4 kV
without sheath or auxiliary gas flow and transfer capillaries heated to
200 °C.

Peptides were loaded onto a nano trap column (0.3 � 5 mm,
PepMap100 C18, 5 �m, 100 Å; LC Packings) in 0.1% (v/v) TFA at a
flow rate of 30 �l/min for 5 min and separated on a PepMap column
(0.075 � 150 mm, 3 �m, 100A° pore size (Dionex)) with a nonlinear
170 min gradient using 2% (v/v) acetonitrile, 0.1% formic acid (v/v) in
water (A) and 0.1% (v/v) formic acid in 98% (v/v) acetonitrile (B) at a
flow rate of 300 nl/min with the gradient settings: 0–140 min: 5–31%
B. 140–145 min: 31–99% B. 145–150 min: 99% B and equilibrate for
10 min at starting conditions.

Survey full scan MS spectra (from m/z 300 to 1500) were acquired
in the Orbitrap with resolution r � 60,000 at m/z 400. Continuous
internal calibration with polysiloxane (m/z � 445.12002) as lock mass
was used. The method allowed sequential isolation of up to ten
precursors depending on signal intensity, for fragmentation in the
linear ion trap using CID with an AGC target value of 10.000, normal-
ized collision energy set to 35% and an activation time of 30 ms.
Minimum signal intensity required was 200 and isolation width was 2
amu. Precursor masses were selected in a data-dependent manner.
High resolution MS scans in the orbitrap and MS/MS scans in the
linear ion trap were performed in parallel. Target peptides already
selected for MS/MS were dynamically excluded for 30 s.

Label-free quantification was performed using Progenesis QI for
proteomics 2.0 (Non-Linear Dynamics, Newcastle, UK). Runs were
aligned semi-automatically and peak picking performed with default
settings. MS/MS spectra were searched against the Ensembl Mouse
database (Release 72, 06/2013, 51765 sequences) using Mascot
2.5.0 (Matrix Science, London, UK) with the parameters: Precursor
mass tolerance: 7 ppm, fragment tolerance: 0.7 Da, enzyme: trypsin,
missed cleavages: 1, instrument: ESI-TRAP, fixed modifications: car-
bamidomethylation (C), variable modifications: acetylation (K), oxida-
tion (M) and deamidation (N, Q). Search results were further pro-
cessed using Percolator (15). Posterior error probability was adjusted
to �1% by using a Percolator cutoff of 20, yielding peptide FDR
values of �1% as confirmed by decoy database searches. Peptides
were excluded from quantification if they were not unique or con-
tained methionine and two unique peptides were required for each
protein. Protein FDR was estimated by decoy database search and
found to be lower than 0.5% for all datasets. Proteins were grouped
in Progenesis QI 2.0 by identifying lead proteins and subsuming
proteins identified only by a subset of a lead protein’s peptides in the
respective protein group. The resulting protein groups and peptides
are provided in Supplement Table I and Supplement Table II, respec-
tively. Quantification was based on XICs of unique peptides without
intensity thresholds. The normalization implemented in Progenesis QI
2.0 was applied to all peptide abundances. Peptide MS abundances
were combined into protein MS intensities using Progenesis QI 2.0
default settings. Mean, S.D. and average fold changes for each pro-
tein, based on the proteins MS intensities, are provided in Supple-
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ment Table I. p values based on one-way ANOVA were calculated by
Progenesis QI 2.0 and corrected for multiple testing using the Ben-
jamini Hochberg method.

LC-SRM and Absolute Quantification—Absolute amounts of EET
epoxygenases and Ephx2 normalized to ��-actin were determined
by LC-SRM. Recombinant His-tagged [13C6

15N4]-L-arginine and
[13C6

15N2]-L-lysine labeled proteins were expressed in E. coli using
pDEST-17 subcloned EET enzymes and purified as described for the
QconCAT in (16). Recombinant proteins were digested in solution as
described above and quantified by LC-SRM using the light AQUA
peptide STSLYK; a sequence tag, which was present in the His-tag
linker region of all recombinant proteins. Heavy standard peptides
were stored at �80 °C and used to set up SRM assays for all four
proteins according to established criteria (17). Standard peptides for
��-actin were derived from the QconCAT described in (16). All pro-
teotypic peptides and SRM parameters for the assays are provided in
Supplement Table III. Crude protein extracts from liver were gener-
ated and digested as described in (16) and heavy labeled standard
peptides were added. LC-SRM/MS analysis was performed on a
Tempo nano MDLC system coupled online to a Q-Trap 4000 (AB
Sciex) mass spectrometer by a nano spray III ion source. Peptides
were loaded onto a nano trap column (0.3 � 5 mm, PepMap100 C18,
5 �m, 100 Å; LC Packings) in 0.1% TFA at a flow rate of 20 �l/min for
5 min and separated on a C18 analytical column (0.075 � 150 mm,
PepMap100 C18, 3 �m, 100 Å, LC Packings) using a 60 min gradient
of 2% acetonitrile, 0.1% formic acid in water (A) and 0.1% formic acid
in 98% acetonitrile (B) at a flow rate of 250 nl/min. The gradient
settings were: 5–35 min: 5–45% B, 35–40 min: 45–90% B, 40–42
min: 90% B, 42–49 min: 90–5% B, re-equilibration for 10 min. Elec-
trospray ionization was maintained with curtain gas set to 14 psi, a
spray voltage of 2.6 kV, ion source gas set to 30 psi and an interface
heater temperature of 170 °C. Peptide measurements were con-
ducted with Q1 and Q3 set to unit resolution using scheduled SRM
with a retention time window of 3 min and a target scan time of 5s.
Absolute protein amounts were determined using MultiQuant 1.2 (AB
Sciex). Significant differences were determined using Student’s t test.

Insulin Stimulation of Primary Hepatocytes and Cell Lines—Primary
hepatocytes were isolated by collagenase/EGTA perfusion as pub-
lished elsewhere (18) from male C3HeB/FeJ mice. Following prepa-
ration, hepatocytes were resuspended in Williams E Medium (Gibco,
Paisley, UK, Catalogue Number 32551), 10% (v/v) FCS, 100 nM dexa-
methasone. The hepatocyte cell lines Hepa 1–6 and BNL CL.2 were
obtained from ATCC (Manassas, VA) and cultured in DMEM (Gibco,
Catalogue Number 41966), 10% (v/v) FCS.

For stimulation experiments, cells were seeded onto collagen I
coated six-well plates and cultured in serum-free starvation medium
(Williams E medium and DMEM for primary hepatocytes and hepato-
cyte cell lines, respectively). Subsequently, cells were pre-treated
with EETs (4 �M of 5(6)-EET, 8(9)-EET, 11(12)-EET and 14(15)-EET
(Cayman Chemicals, Ann Arbor, MI) or vehicle (DMSO) in starvation
medium for 1h at 37 °C 5% CO2. Next, cells were stimulated with
starvation medium containing the indicated concentrations of human
insulin (Sigma-Aldrich, Steinheim, Germany) with or without EETs at
the same concentration as above. Stimulation media for this second
step were supplemented with Phosphatase Inhibitor Mixture 2 and 3,
(Sigma-Aldrich) at 1:200. DMSO was added to wells without EETs to
yield the same final concentration in all wells of the experiment. Cells
were incubated for 20, 40 or 60 min at 37 °C 5% CO2 and scraped
into 50 �l RIPA buffer.

Western Blot—Ten �g total protein were separated by SDS-PAGE
and wet-blotted onto polyvinylidene fluoride membranes. Membranes
were blocked in TBS-T 5% (w/v) skim milk for 1h at room temperature
and incubated with primary antibodies diluted in TBS-T 5% (w/v) BSA
overnight at 4 °C. The following primary antibodies were used: Cell

Signaling Technology (Leiden, The Netherlands): Akt, IRS-1 and
phospho-Akt (S473); Santa Cruz Biotechnologies (Santa Cruz, CA):
Ephx2; Millipore (Billerica, MA): phospho-IR (Y1179/80), GAPDH and
phospho-IRS-1 (Y608); Sigma-Aldrich: �-Actin and Flag-M2. Mem-
branes were washed thrice in TBS-T incubated with horseradish
peroxidase couple secondary antibodies (Jackson ImmunoResearch,
Westgrove, PA) diluted 1:7500 in TBS-T 5% (w/v) BSA for 1h at room
temperature. After washing the membranes four times in TBS-T, they
were immersed in enhanced chemoluminescent solution. Chemolu-
minescence was recorded with a digital developer. Bands were quan-
tified using Image Studio Lite 4.0 (LI-COR, Lincoln, NE).

Cloning and Transfection of EET Enzymes—Total RNA from
C3HeB/FeJ mouse liver was extracted as described in (19) and con-
verted into cDNA using the RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific, Waltham, MD) according to the manufacturer’s
instructions. EET enzymes were cloned into the expression vectors
pcDNA3/DEST, pDEST17 (N-terminal His tag) (Invitrogen, Carlsbad,
CA) and pDEST-N-SF-TAP (20) using the Gateway cloning system
according the manufacturer’s instructions.

Hepa 1–6 were transfected with 3 �g plasmid DNA using Lipofek-
tamine 2000 (Invitrogen), according to the manufacturer’s instruc-
tions. Transfected Hepa 1–6 cells were subjected to insulin stimula-
tion as described above.

Eicosanoid Analysis of Hepa 1–6 Cell Lysates—Hepa 1–6 cells
were scraped into reducing lysis buffer (50 mM Tris, 10% (v/v) meth-
anol, 1 mM TCEP, 0.1% SDS, pH 8). Lipids were prepared by meth-
anol-chloroform precipitation, dried completely by vacuum centrifu-
gation and reconstituted in 50 �l 65% acetonitrile. Eicosanoids were
separated on a Prominence HPLC (Shimadzu, Kyoto, Japan)
equipped with a C18 analytical column (2.1 � 250 mm, Hypersil C18,
5 �m, 130 Å; Thermo Scientific) using a binary multistep gradient with
eluents A (H2O, 0.1% (v/v) formic acid) and B (acetonitrile, 0.1% (v/v)
formic acid). Eicosanoids were detected by a Q-Trap 4000 mass
spectrometer (AB Sciex) operated in negative ion SRM mode.

Pathway Enrichment Analysis—Cohorts of mice (n � 6–8) were
compared by non-targeted label-free proteomics for each time point.
Enriched KEGG and Reactome pathways were determined based on
regulated proteins using the online tool DAVID (21). p values calcu-
lated by DAVID were corrected for multiple testing (Benjamini Hoch-
berg, FDR� 5%).

RESULTS

HFD Induced Hepatic Insulin Resistance is Associated with
Proteome Changes—We studied the impact of safflower oil
HFD feeding on protein expression patterns by label-free
quantitative proteomic profiling in a recently published model
of hepatosteatosis and hepatic insulin resistance (22). HFD
feeding induced hepatosteatosis after 2 days. While HFD-fed
animals remained normoglycemic, they developed modest
hyperinsulinemia compared with LFD-fed littermates. Insulin
action on the whole body and organ level for this model has
previously been determined using the euglycemic-hyperinsu-
linemic clamp technique. HFD markedly impaired whole body
insulin sensitivity after 14 and 21 days compared with LFD
controls (22). Concurrent with whole body insulin resistance,
mice developed hepatic insulin resistance after 14 and 21
days (22).

Due to limited analytical depth, current proteomic tech-
niques cannot cover the whole proteome of a mammalian
organ. Focusing on membrane bound components at the cost
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of overall proteome coverage, we therefore employed a mem-
brane enrichment strategy without fractionation (14). We com-
bined this approach with MS intensity based label-free quan-
tification using Progenesis QI yielding an average coefficient
of variation (CV) of 13% for the whole workflow including
sample preparation (Supplement Table IV).

For each time point, individual mice (n � 6–8) were com-
pared, yielding variable numbers of identified proteins (d2:
561, d7:555, d14:663, d21: 632). We identified 165 and 126
regulated proteins at d14 and d21, respectively, at 5% false
discovery rate (FDR) (Fig. 1a). In order to identify regulated
proteins at earlier time points it was necessary to adjust the
FDR cutoff. For this reason 3 and 80 regulated proteins at
10% FDR were identified for and d2 and d7, respectively (Fig.
1b). We expected progressive down-regulation of hepatic
insulin resistance associated proteins over the duration of the
feeding experiment. Contrary to this expectation, the majority
of regulated protein was found to be differentially expressed
at one time point only. We proceeded to search for common
patterns for the proteins found regulated at d14 and d21.

In order to identify underlying biochemical pathways we
used pathway enrichment analysis against a customized liver
proteome background set (constructed from (23) and proteins
identified in this study) to distinguish diet- from liver-specific
pathways. Identified enriched pathways for each time point
are listed in Table I.

We found a set of metabolic pathways enriched at both d14
and d21. The general increase of enrichment factors from d14
to d21 implies that more components of the individual path-
ways were found regulated as hepatic insulin resistance
progressed.

HFD Induced Hepatic Insulin Resistance is Associated with
Deregulation of the EET Pathway—Upon closer examination,
most pathways proved unlikely candidates for an association
with hepatic insulin resistance, since they were either only
transiently altered or reflected known metabolic adaptations
occurring in response to high fat challenges.

Three candidate pathways, however, appeared potentially
related to insulin resistance: the EET pathway, oxidative phos-
phorylation and retinol metabolism. Closer examination of
regulated proteins on a pathway map of “Arachidonic acid
metabolism” and “Linoleic acid metabolism” revealed that the
EET pathway was the biological process affected by HFD
feeding (Fig. S1). We chose the EET pathway over the other
two candidates, because it is amenable to pharmacological
manipulation and has already been implicated in signal trans-
duction processes and glucose homeostasis.

The EET pathway consists of EET epoxygenases of the
CYP2C and J families as well as the EET hydrolase Ephx2,
which are responsible for the synthesis and degradation of
EETs, respectively (3) (Fig. 2c). We found a progressive down-
regulation of the EET epoxygenases beginning at d7 and
statistically significant at d14 for CYP2C50, 67 and 70. At d21
all enzymes were significantly downregulated (Fig. 2a). In
contrast, a more than 3-fold up-regulation of Ephx2, which
degrades EETs to inactive dihydroxytrienoic acids (DHET),
became statistically significant at d14 and d21 (Fig. 2b). In
addition, we found a very similar pattern of down-regulation
for CYP4A12 (Fig. 2a). This enzyme is involved in the �-hy-
droxylation of EETs which is an intermediate step in the syn-
thesis of 20-OH-DHETs (Fig. 2c). In contrast to unmodified
DHETs, 20-OH-DHETs are biologically active as potent
PPAR-� agonists (3). The down-regulation of CYP2C50,
CYP2C70 and CYP2J5 as well as the up-regulation of Ephx2
were verified by a second independent method: SRM based
absolute quantification of protein levels in crude liver protein
extracts without membrane protein enrichment (Fig. 3). While
the observed fold changes of these enzymes determined by
SRM were closer to one, the temporal pattern of statistically
significant expression changes could be confirmed for all four
proteins (Fig. 3).

Ephx2 and the CYP enzymes are expressed in peroxisomes
and ER, respectively. In order to exclude the possibility that
the observed expression changes were the result of altera-

FIG. 1. Safflower oil HFD induced hepatic insulin resistance is associated with differential protein expression. Liver samples of mice
fed HFD or LFD for the indicated 2, 7, 14, or 21d were compared by quantitative proteomics (n � 6–8) as described under “Experimental
Procedures”. Protein identification was performed using Mascot and proteins were subjected to label-free quantification in Progenesis LC-MS.
Regulated proteins were identified using t-tests followed by Benjamini Hochberg correction. Cutoff values for regulation were: a, q�0.05 for
all time points and (b) q�0.05 for d14 and d21, q�0.1 for d2 and d7. Venn diagrams show the overlap of regulated proteins at different
time-points for different false discovery rates.
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TABLE I
KEGG pathways underlying HFD induced differential protein expression. Numbers correspond to fold enrichment versus the background set.
n.s. � not significant. Gene symbols of up- and down-regulated proteins are shown in bold and regular font, respectively. Regulated proteins

for the data set with the highest enrichment factor are listed

KEGG pathway
Fold enrichment

Proteins
d7 d14 d21

Oxidative phosphorylation n.s. 5.6 7.5 Atp5f1 Atp5l Cox5a Cox6a1 Cox6b Cyc1 Ndufa10 Ndufa5
Ndufa9 Ndufb7 Ndufb9 Ndufs1 Ndufs2 Ndufs5 Ndufs7
Sdha Sdhb Sdhc Uqcrb Uqcrc1 Uqcrh

Drug metabolism n.s. 5.2 6.5 Cyp1a2 Cyp2a5 Cyp2a12 Cyp2c29 Cyp2c50 Cyp2c67
Cyp2c70 Cyp2e1 Cyp2f2 Ephx1 Fmo5 Gstp1 Maoa
Ugt2b36 Ugt1a9

Arachidonic acid metabolism n.s. 5.0 6.8 Cyp2c29 Cyp2c50 Cyp2c70 Cyp2c67 Cyp2e1 Cyp2j5
Cyp4a12 Ephx2

Linoleic acid metabolism n.s. n.s. 8.6 Cyp1a2 Cyp2c29 Cyp2c50 Cyp2c67 Cyp2c70
Cyp2e1Cyp2j5

Retinol metabolism n.s. 4.8 6.5 Cyp1a2 Cyp2a5 Cyp2a12 Cyp2c29 Cyp2c50 Cyp2c67
Cyp2c70 Cyp4a12 Ugt1a9 Ugt2b36

Primary bile acid biosynthesis n.s. 7.2 n.s. Baat Cyp27a1 Cyp7a1Hsd17b4 Scp2
Biosynthesis of unsaturated fatty acids n.s. 7.2 n.s. Acaa1a Acaa1b Acox1 Baat Hadha
PPAR signaling pathway n.s. 3.7 n.s. Acaa1a Acaa1b Acox1 Apoa1 Cyp27a1 Cyp7a1

Cyp4a12 Scp2
Steroid hormone biosynthesis n.s. n.s. 7.3 Cyp7a1 Cyp7b1 Comt1 Hsd3b5 Hsd17b2 Ugt1a9

Ugt2b36
Cardiac muscle contraction n.s. n.s. 5.3 Cox6a1 Cox6b1 Cyc1 Cox5a Uqcrb Uqcrc1 Uqcrh
Ribosome 7.7 n.s. n.s. Rpl13 Rpl32 Rpl19 Rpl12 Rps11 Rps27a Rps16 Rps2

Rps14 Rps26 Rps15a Rps3 Rps8

FIG. 2. EET pathway enzymes are deregulated through safflower oil HFD feeding at d14 and d21. Quantification of EET enzymes in
mouse liver based on non-targeted proteomics data (a, b). Time course of average fold changes of EET synthesizing CYP enzymes (a) and
Ephx2 (b). Statistical significance at 5% FDR is shown through blue shading. (c) EET synthesis and degradation pathway. Up- and
downregulated enzymes are shown in green and red, respectively.
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tions in subcellular structure, we compared the abundance of
markers for both organelles. We found no differences in the
abundance of either the ER marker calnexin or the peroxi-
some marker catalase at any time point (Table II). Moreover,
the up-regulation of Ephx2 (1.25fold by d21) and down-reg-
ulation of CYP2C70 (0.6fold by d21) and CYP2C67 (0.7fold by
d21) was also observed at the transcript level, although this
was not the case for the four other CYPs (24).

In total we quantified 31 CYP enzymes in this study. Of
these, 17 were not affected by safflower oil HFD feeding. As
an example we compared the expression of CYP2C70 and
CYP3A11, a homologue of the human CYP3A4, whose ex-
pression can be induced by a large number of xenobiotics
(25). The expression of CYP3A11 was very stable across time
points, while there was a clear down-regulation for CYP2C70

at d14 and d21 (Table II). Of the 14 CYPs affected by safflower
oil HFD feeding, 13 were associated with the enriched path-
ways and six of them were part of the EET pathway (Fig. 2c).
We conclude that CYP repression was not exclusive to EET
epoxygenases. However, the affected CYPs were compo-
nents of distinct HFD sensitive biochemical pathways and the
EET pathway was most prominently affected among these
pathways.

EETs Pathway Enzymes have No Impact on Insulin Signaling
in Absence of Arachidonic Acid—As the results implicating
EETs were based on observations of altered EET pathway
enzyme expression levels, we next investigated whether these
enzymes themselves had an impact on insulin signaling.
Ephx2 in particular could influence the phosphorylation cas-
cade in cells as it has phosphatase as well as epoxide hydro-
lase activity (26).

In order to test possible effect of the EET pathway enzymes
on insulin signaling, we analyzed the effect of EET enzyme
overexpression on the insulin signaling cascade in cell culture.
As readout we assessed phosphorylation of the three key
nodes IR (three tyrosine motif), IRS-1 (Y608) and Akt (S473)
(27). We used 1.5 nM insulin, resembling high physiological
concentrations, which can occur in the portal vein (28), as well
as a supraphysiological dose of 100 nM insulin. Based on
preliminary experiments we chose 40 min and 60 min to
ensure activation of all three signaling proteins (Fig. S2).

In order to study EET independent effect we used an EET
and arachidonic acid free cell system that allowed overex-

FIG. 3. Validation of differential EET pathway enzyme expression in crude liver protein extracts by LC-SRM. For each sample, ten �g
protein from crude liver extracts were digested with trypsin overnight and heavy labeled internal standard peptides were added. Absolute
amounts of Ephx2 (a), CYP2C50a (b), CYP2C70 (c), and CYP2J5 (d) normalized to ��-actin were determined by the LC-SRM method described
under “Experimental Procedures” and Supplement Table III. Values represent mean � S.D. for seven mice at each time point in each group.

TABLE II
Repression of EET synthesizing CYPs is not a consequence of
changes in ER abundance or general CYP repression. Relative quan-
tifications for the indicated proteins were extracted from nontargeted
proteomics datasets. Average fold changes (n � 6–8) are given for

each protein and time point. Significance level: * p � 0.01

Protein
Average fold change HFD/LFD

d2 d7 d14 d21

Calnexin 1.07 0.89 0.75 0.81
Catalase 1.12 1.47 0.43 0.95
CYP3A11 0.95 0.95 1.02 0.78
CYP2C70 0.84 0.71 0.45* 0.36*
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pression of EET pathway enzymes. When cells were serum
starved overnight, we were unable to detect arachidonic acid
by LC-MS in their lysates (Fig. 4a, middle panel). For compar-
ison 25fmol pure arachidonic acid gave a clear signal in this
assay (Fig. 4a, left panel). When free arachidonic acid was
added to the medium of starved cells it could readily be
detected again in lysates (Fig. 4a, right panel). In addition, no
EETs or DHETs were detectable in lysates of starved cells,
although the limit of detection for our assay was in the nM

range. Hepa 1–6 cells could be transfected with high effi-
ciency (Fig. 4b) and the EET enzymes encoded in the expres-
sion constructs were readily detectable by immunoblot (Fig.
4c, d).

We proceeded to conduct insulin stimulation of transfected,
serum starved cells. When comparing IRS-1, IR or Akt phos-
phorylation with or without insulin at different time points, we
found no impact of any of the five EET enzymes tested in
comparison to empty vector transfected cells (Fig. 5).

We conclude that even with exhaustive measures taken, no
impact of the EET enzymes Ephx2, CYP2C29, CYP2C50a,
CYP2C70 or CYP2J5 on insulin signaling could be observed.

EETs Enhance Insulin Induced Akt Activation in Primary
Hepatocytes without Affecting IR or IRS-1 Phosphorylation—
Finally, we tested the effects of exogenous EETs on insulin

signaling in primary hepatocytes from normal diet-fed C3HeB/
FeJ mice. Primary hepatocytes were treated with 1.5 nM and
100 nM insulin with or without 4 �M of each EET isomer. As the
concentration of all EET isomers in mouse liver were deter-
mined to be �0.4–1 �M (29), these concentrations are likely
not far from the physiological range in mice. As there is
evidence for an intracellular mechanism of EET action we
included pre-treatment of cells with EETs for 1h to allow the
eicosanoids to accumulate in the cells before the start of the
insulin/EET costimulation.

We found that EET treatment alone indeed induced Akt
S473 phosphorylation after both, 40 min and 60 min costimu-
lation (Fig. 6). The addition of 4 �M EETs to 1.5 nM insulin
increased Akt phosphorylation almost to the level found for
100 nM insulin at both 40 min and 60 min. Pre-treatment was
necessary to elicit this effect for 40 min but not for 60 min
costimulation (Fig. 6).

In contrast, we found no effect of EETs on insulin mediated
IR activation at any concentration or time point (Fig. 6). How-
ever, we noted a small increase in phospho IRS-1 at 1.5 nM

insulin though EETs (Fig. 6), though this effect could not be
reproduced in replicate experiments. EETs had no effect on
IRS-1 phosphorylation at 100 nM insulin (Fig. 6). No changes
in the expression of IRS-1, IR or Akt were evident (Fig. 6).

FIG. 4. The influence of EET enzyme overexpression on insulin signaling was studied in Hepa 1–6 cells in absence of free arachidonic
acid. a, Measurement of arachidonic acid (C20:4) content in Hepa 1–6 cells by LC-SRM. From left to right: 25fmol pure arachidonic acid, lipid
extract of serum starved Hepa 1–6 cells, lipid extract of starved Hepa 1–6 cells treated with 150 �M free arachidonic acid for 1h. b, Transfection
efficiency. Hepa 1–6 cell were transfected using Lipofektamine 2000 with the reporter plasmid pCMV-GFP. Phase contrast (left) and direct
fluorescence (right) pictures were taken 24 h after transfection using an epifluorescence live cell microscope. c, Hepa 1–6 cells were
transfected with empty vector or constructs encoding N-terminal strep-flag (SF) tagged CYP enzymes. Cells were lysed after 24 h and SF
constructs detected by Western blot using an anti-Flag antibody. d, Hepa 1–6 cells were transfected with empty vector or the mEphx2a
construct, harvested after 24 h and Ephx2 was detected by Western blot with an Ephx2 specific antibody.
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Quantification of Western blot data and normalization of
phosphoprotein derived signals to total protein levels con-
firmed the observation stated above (Fig. S4).

We confirmed the robust EET mediated increase in Akt
phosphorylation at 1.5 nM insulin without changes in IR or

IRS-1 phosphorylation in the hepatocyte cell lines BNL CL.2
(Fig. S5) and Hepa 1–6 (data not shown). Based on these
results we conclude that EETs are indeed positive modifiers of
insulin signaling in hepatocytes, taking effect at the level of
Akt. It is important to note that the data presented here only

FIG. 5. EET enzyme overexpression in absence of arachidonic acid does not influence insulin signaling. Hepa 1–6 were transfected
with the empty vector or the indicated constructs, serum starved and stimulated with insulin 24h after transfection. Phosphorylation of pIRS-1,
pIR and pAkt were determined under basal conditions (a), at 1.5 nM insulin after 40 min (b), and 60 min (c) as well as at 100 nM insulin after
40 min (d) and 60 min (e). Ten �g protein for each condition were separated by SDS-PAGE on 10% gels, blotted onto PVDF membranes and
target proteins were visualized by immunodetection. Untransfected Hepa 1–6 cells, mock-stimulated or stimulated with 100 nM insulin, served
as negative control (-) and positive control, (�) respectively. Total IR, IRS-1 and Akt levels were not affected by insulin stimulation of transfected
cell (supplemental Fig. S3). Apparent MWs were: phospho-IRS-1 (pIRS-1): �200kDa, phospho-IR (pIR): �100 kDa, phospho Akt (pAkt): �55
kDa, �-Actin �40 kDa. Representative example of three experiments.

FIG. 6. EETs enhance Akt activation through insulin in primary mouse hepatocytes. Primary hepatocytes were starved of serum
overnight and stimulated with insulin and/or 4 �M of each EET isomer. Asterisk (*) denoted cells pre-treated with 4 �M EETs for 1h before the
start of insulin stimulation. Irrespective of EET treatment, all wells contained DMSO at the same final concentration. Ten �g protein for each
condition were separated by SDS-PAGE on 10% gels, blotted onto PVDF membranes and target proteins were visualized by immunodetection.
Apparent MWs were: pIRS-1/IRS-1: �200kDa, pIR/IR: �100 kDa, pAkt/Akt: �55 kDa, �-Actin �40 kDa. Representative example of two
experiments. Quantification of Western blot data is provided in supplemental Fig. S3.
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support a role of EETs as modifiers of insulin signaling. Con-
clusions whether this effect is additive or synergistic and if
EETs may be classified as insulin sensitizers are too far reach-
ing based on the presented data.

DISCUSSION

In this study, we could demonstrate that EETs influence
insulin signaling and are affected by dietary conditions pro-
moting hepatosteatosis and hepatic insulin resistance. Fur-
thermore, we show that the impact of the EET pathway on
insulin signaling is conferred by the eicosanoids which implies
that the role of the EET enzymes lies in regulating the levels of
the eicosanoids through their activity. In light of the positive
influence of EETs on insulin signaling, down-regulation of the
pathway in insulin resistant liver appears to be an alteration
contributing to hepatic insulin resistance rather than a de-
fense mechanism against it.

The first evidence implicating EETs in metabolic disorders
was reported more than 25 years ago by Thomas et al., who
showed that cytoplasmic epoxide hydrolase activity was im-
pacted by experimental diabetes and re-feeding of rats (30).
Intriguingly, an unrelated study found that EET mediated re-
laxation of mesenteric arteries was completely lost in HFD-fed
insulin resistant rats (31). Recently, four different studies have
shown different beneficial effects of the EET pathway in ro-
dent models of type 2 diabetes. Glucose tolerance could be
improved through Ephx2 knockout in mice (10, 11) as well as
EET epoxygenase overexpression in rats (12). As none of
these models included organ specific manipulation of the EET
pathway and EETs were found to increase insulin secretion
(10, 11) as well as pancreatic islet size (11), there is currently
conflicting evidence concerning the influence of EETs on in-
sulin sensitivity. Luo et al. concluded that EETs do not influ-
ence insulin sensitivity since they found no difference in insu-
lin tolerance tests when comparing Ephx2�/� mice to controls
(10). In contrast, Luria et al. showed increased IR, IRS-1 and
Akt phosphorylation in livers of Ephx2�/� mice, but this find-
ing was confounded by elevated insulin levels in these mice
(11). Hence it was not possible to separate the effect of higher
levels of insulin and putative changes in liver EET concentra-
tions on hepatic insulin signaling in this particular study.

In contrast to hepatocytes, the autocrine signaling function
of EETs in endothelial cells has been studied extensively.
EETs have been shown to activate Akt (4, 5) as well as the
MAP kinase p42/44 ERK (6) and inhibit FOXO1 and FOXO3
(4). Interestingly, these signaling molecules are affected by
insulin in hepatocytes in the same way (27). On the other
hand, EETs have been shown to increase cAMP levels and
activate PKA in endothelial cells (32). In this regard EETs
would behave like antagonists of insulin signaling (e.g.
glucagon).

The mechanism behind the influence of EETs on intracellu-
lar signaling is not known. The current opinion is that they bind
to a receptor, but it is unclear whether this putative receptor is

a transmembrane protein, reacting to extracellular ligands, or
an intracellular receptor (3). Our results imply that EETs con-
verge on insulin signaling at the level of Akt but exert their
effect though a parallel pathway intersecting with the insulin
signaling pathway downstream of IRS-1. It has already been
shown that activation of Akt in HepG2 cells through EETs
could be blocked by inhibiting PI3K (13). Assuming that the
same mechanism underlies EET mediated Akt activation in
both cell types, our data supports a model in which EETs
intersect with insulin signaling downstream of IRS-1 and up-
stream of PI3K. By the same token, the data presented here
are not in accord with activation of the insulin signaling path-
way through EETs upstream of the IR (11).

Genetic evidence supports a role of EETs in insulin sensi-
tivity in humans. Japanese patients bearing the Ephx2
Arg287Glu mutation had lower insulin sensitivity as deter-
mined by euglycemic-hyperinsulinemic clamps (33). The
same mutation was also found to lower plasma triglycerides
and cholesterol levels in patients with familial hypercholester-
olemia (34).

The fact that Ephx2 inhibitors are currently under investi-
gation in clinical trials opens the possibility to investigate their
value for the treatment of insulin resistance. While Ephx2
inhibitor treatment failed to improve glucose tolerance in one
study (11), an improvement of glucose tolerance was shown
in a second study after 16 weeks treatment of rats on HFD
with a different Ephx2 inhibitor. In these rats, Ephx2 inhibition
also lowered blood pressure and reduced plasma free fatty
acids but increased plasma triglycerides (35).

It is tempting to speculate that the expression changes in
the liver upon HFD feeding are related to the influence of
polyunsaturated fatty acids on transcription. One of the most
prominent roles of these types of fatty acids is regulation of
the transcription factors PPAR-� (36). Furthermore, PPAR-�

has been found to induce and repress Ephx2 and CYP2C
isoform expression, respectively (37, 38). Our pathway enrich-
ment analysis and transcriptome analysis of the safflower oil
HFD model confirmed PPAR-� activation: 37, 107, 82 and 67
PPAR target genes were found activated at d2, d7, d14 and
d21, respectively (24).

The extensive role of EETs in blood vessels raises the
question whether hepatocytes are the cell type affected in the
safflower oil HFD model. This seems likely as histochemical
expression analysis of a human tissue microarray has shown
that hepatocytes are the main cells expressing Ephx2, CYP2C
isoform and CYP2J2 (ortholog of CYP2J5) in liver tissue (39).

CONCLUSION

The EET pathway has become a promising new player in
the pathophysiology of insulin resistance. It clearly influences
insulin secretion and very likely modifies insulin sensitivity.
Here we have shown that the EET pathway is regulated by
HFD feeding and can modulate insulin signaling in hepato-
cytes. Future studies in mouse models will help determine the
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functional impact of the EET pathway on hepatic insulin sen-
sitivity and may substantiate its value as a target for the
treatment of hepatic insulin resistance.
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