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Background: Integrins regulate insulin signaling, but how they affect hepatic metabolism in vivo is unknown.

Results: Integrin a1-null mice on a high fat diet display severe hepatic insulin resistance and decreased hepatic fat accumulation.
Conclusion: Integrin a11 protects against hepatic insulin resistance while promoting fatty liver upon nutrient overload.
Significance: Integrin 11 regulates hepatic insulin action and lipid accumulation.

Hepatic insulin resistance is associated with increased colla-
gen. Integrin a11 is a collagen-binding receptor expressed on
hepatocytes. Here, we show that expression of the a1 subunit is
increased in hepatocytes isolated from high fat (HF)-fed mice.
To determine whether the integrin a1 subunit protects against
impairments in hepatic glucose metabolism, we analyzed glu-
cose tolerance and insulin sensitivity in HF-fed integrin a1-null
(itgal1~'7) and wild-type (itgal*’") littermates. Using the insu-
lin clamp, we found that insulin-stimulated hepatic glucose pro-
duction was suppressed by ~50% in HF-fed itgal*’* mice. In
contrast, it was not suppressed in HF-fed itga I ~/~ mice, indicat-
ing severe hepatic insulin resistance. This was associated with
decreased hepatic insulin signaling in HF-fed itgal ™'~ mice.
Interestingly, hepatic triglyceride and diglyceride contents were
normalized to chow-fed levels in HF-fed itgal~'~ mice. This
indicates that hepatic steatosis is dissociated from insulin resis-
tance in HF-fed itgal~'~ mice. The decrease in hepatic lipid
accumulation in HF-fed itgal™’~ mice was associated with
altered free fatty acid metabolism. These studies establish a role
for integrin signaling in facilitating hepatic insulin action while
promoting lipid accumulation in mice challenged with a HF
diet.

The prevalence of type 2 diabetes has increased dramatically
in parallel with excess caloric intake and sedentary lifestyles.
Insulin resistance precedes the development of type 2 diabetes
(1, 2). As one of the major insulin-responsive organs, the liver
contributes to the pathogenesis of insulin resistance (3, 4).
Hepatic insulin resistance is strongly correlated with hepatic
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lipid accumulation. In rats, 3 days of high fat (HF)? feeding leads
to a 3-fold increase in hepatic triglyceride (TG) accumulation
and decreased suppression of hepatic glucose production dur-
ing an insulin clamp (5). In addition, hepatic lipid accumulation
is associated with liver damage and increases in extracellular
matrix collagen proteins (3, 4, 6, 7). Liver biopsies from humans
with and without type 2 diabetes demonstrate that livers from
diabetic patients exhibit severe steatosis associated with
increased collagen IV protein expression (8).

Extracellular matrix production and degradation are con-
trolled by integrins, transmembrane receptors for extracellular
matrix proteins that consist of an « and a 8 subunit (9). Upon
ligand binding, integrins transduce signals across the plasma
membrane to facilitate outside-in cell signaling (10). Several
studies have suggested a role for integrins in the promotion of
insulin action (9, 11-14). Integrin 531 binding to its ligand
fibronectin enhances insulin-stimulated tyrosine phosphoryla-
tion of both the insulin receptor and IRS1 (13). Integrin 81
activation through its engagement with an anti-integrin S1
antibody or fibronectin leads to IRS1, PI3K, and subsequent
Akt activation in isolated rat adipocytes (11). The integrin sig-
naling molecule focal adhesion kinase (FAK) has been shown to
directly bind to IRS1 and lead to IRS1 tyrosine phosphorylation
in intact cells (14). Finally, the loss of the integrin 81 subunit in
striated muscle leads to insulin resistance and decreased mus-
cle glucose uptake (12).

Integrin a1B1 is a major collagen receptor expressed on var-
ious cell types, including hepatocytes (15). The expression of
integrin a1B1 is up-regulated in the course of hepatic injury
and extracellular matrix remodeling (16). We showed previ-
ously that global deletion of the integrin al subunit leads to
severe impairments in insulin-induced suppression of glucose
production in HF-fed mice (17). However, the mechanism for
this effect and the broader role of integrin a1 in the pathogen-
esis of HF diet-induced hepatic insulin resistance and lipid
accumulation are unknown.

2 The abbreviations used are: HF, high fat; TG, triglyceride; FAK, focal adhesion
kinase; DAG, diglyceride (diacylglycerol); FFA, free fatty acid; GTT, glucose
tolerance test; gPCR, quantitative PCR.
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In this study, we show that integrin a1 protein expression is
up-regulated with HF feeding in hepatocytes. Thus, we assessed
glucose tolerance and insulin sensitivity in HF-fed integrin
al-null (itgal ’~) and wild-type (itgal™'™) littermates to
determine whether this response belies a protective effect
against hepatic metabolic impairments in C57BL/6] mice. We
show that deletion of integrin a1 results in severe hepatic insu-
lin resistance as evidenced by complete alleviation of the insu-
lin-mediated suppression of hepatic glucose production and
decreased hepatic insulin signaling. The severe hepatic insulin
resistance in HF-fed itgal '~ mice was present despite an
~50% decrease in hepatic TG and diglyceride (diacylglycerol
(DAG)) accumulation. The reduction in hepatic lipids was
associated with a combination of decreased free fatty acid (FFA)
availability upon insulin stimulation, decreased gene expres-
sion of the fatty acid transporter Cd36, and increased mito-
chondrial fatty acid utilization. This indicates that the decrease
in hepatic lipid accumulation in HF-fed itgal '~ mice may be
attributed to altered fatty acid metabolism.

EXPERIMENTAL PROCEDURES

Mouse Models—All animal protocols were approved by the
Vanderbilt University Institutional Animal Care and Use Com-
mittee and conducted in Association for Assessment and
Accreditation of Laboratory Animal Care-accredited facilities.
Mice were housed in a temperature- and humidity-controlled
environment with a 12/12-h light/dark cycle. Littermate wild-
type (itgal™’'") and integrin a1-null (itgal '~) male mice on a
C57BL/6] background (18) were fed a standard chow diet (5.5%
fat by weight; Purina Laboratory Rodent Diet 5001) or HF diet
(60% kcal from fat; Bio-Serv F3282) for 16 weeks. Studies were
performed between 19 and 24 weeks of age. Body composition
was assessed using a mql0 nuclear magnetic resonance ana-
lyzer (Bruker Optics).

Hepatocyte Isolation—Mice were anesthetized, and their liv-
ers were perfused via the portal vein with prewarmed liver per-
fusion medium (Invitrogen) for 10—15 min at a rate of 4-5
ml/min. The livers were then perfused with liver digest medium
containing collagenase (Invitrogen) for 15-20 min at a rate of
4 -5 ml/min. After digestion, the livers were removed from the
mice and placed in a dish containing liver digest medium, and
the hepatic capsule was torn and shaken to free the dissociated
cells. The cell suspension was filtered through a sterile 150-
mesh nylon screen into a 50-ml sterile Falcon tube and centri-
fuged at 4 °C to collect the cells. The cell pellet was resuspended
and washed three times in Hanks’s balanced salt solution prior
to a final resuspension in lysis buffer. Proteins were extracted,
and the cellular protein content was measured using the Brad-
ford protein assay (Bio-Rad).

Glucose Tolerance Tests (GTTs)—Indwelling carotid artery
and gastric catheters were surgically implanted for sampling and
glucose administration, respectively. The gastric catheter
allows mice to absorb glucose via physiological mechanisms
and avoids a stress response from intraperitoneal injection or
gavage. Mice were fasted for 5 h, and baseline arterial glucose
and insulin measurements were obtained through the arterial
catheter to prevent handling the mice. Glucose was adminis-
tered through the gastric catheter at a dose of 2 g/kg of body
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weight. Arterial glucose was measured at 5, 10, 15, 20, 30, 45, 60,
90, and 120 min after glucose administration. Arterial insulin
levels were assessed during the GTT at 10, 30, 60, and 120 min.
Plasma insulin was determined by radioimmunoassay.

Hyperinsulinemic-Euglycemic Clamp (Insulin Clamp)—
Indwelling carotid artery and jugular vein catheters were surgi-
cally implanted for sampling and infusion 5— 6 days before the
insulin clamp (19). Mice were fasted for 5 h before the start of
the study. [3->H]Glucose was primed (2.4 uCi) and continu-
ously infused for a 90-min equilibration period (0.04 wCi/min).
Baseline measurements were determined in blood samples col-
lected at —15 and —5 min for analysis of glucose, [3-*H]glucose,
FFAs, and insulin. At ¢ = 0, insulin (4 milliunits/kg/min) was
infused at a fixed rate, and glucose (50% dextrose mixed with
[3-®H]glucose) was infused at a variable rate to maintain euglyce-
mia. The mixing of D50 with [3-*H]glucose prevents deviations in
specific activity during the insulin clamp (20). Blood glucose levels
were clamped at 150-160 mg/dl. Heparinized saline-washed
erythrocytes were infused to prevent a fall in hematocrit. Blood
was taken at 80 —120 min for the determination of [3-*H]glucose.

Processing of Insulin Clamp Plasma Samples—The radioac-
tivity of [3->H]glucose was determined by liquid scintillation
counting (19). Glucose appearance and disappearance rates
were calculated using non-steady-state equations (21). Arterial
insulin was determined by ELISA (ALPCO). FFAs were
assessed using an enzymatic assay (NEFA C kit, Wako Chemi-
cals). Basal steady-state FFA levels were calculated as an aver-
age of samples taken at t = —15 and —5 min. The levels during
the insulin clamp were calculated as an average between the
samples taken at £ = 80 and 120 min.

Hepatic TG and DAG Content—Liver TGs were quantified
using the Triglycerides-GPO reagent set (Pointe Scientific,
Inc.) according to the manufacturer’s protocol. Neutral lipids
were stained with Oil Red O. Liver DAGs were extracted using
the method of Folch et al. (22). Phospholipids, DAGs, TGs, and
cholesteryl esters were scraped from the plates and methylated
using BF;/methanol as described by Morrison and Smith (23).
The methylated fatty acids were extracted and analyzed by gas
chromatography. Gas chromatography analyses were carried
out on an Agilent 7890A gas chromatograph equipped with
flame ionization detectors and a capillary column (SP2380, 0.25
mm X 30 m, 0.25-um film; Supelco Inc., Bellefonte, PA).
Helium was used as a carrier gas. The oven temperature was pro-
grammed from 160 to 230 °C at 4 °C/min. Inclusion of lipid stan-
dards with odd-chain fatty acids permitted quantitation of the
amount of lipid in the sample. Dipentadecanoylphosphatidylcho-
line (C15:0), diheptadecanoin (C17:0), trieicosenoin (C20:1), and
cholesteryl eicosenoate (C20:1) were used as standards.

Hepatic TG Secretion and Measurement of Plasma TGs—
Mice with indwelling carotid artery and jugular vein catheters
were fasted for 8 h. Baseline arterial plasma TGs were deter-
mined in samples collected at -30 and 0 min. After the 0-min
sample, VLDL-TG clearance was blocked by an intravenous
injection of tyloxapol (500 mg/kg; Sigma). Blood samples were
collected at 45-min intervals (0, 45, 90, 135, and 180 min post-
injection). Plasma T'Gs were assessed using Triglycerides-GPO
reagent (Raichem Reagents).
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Mitochondrial Oxygen Consumption and Enzymatic Activity—
Mice were fasted for 5 h prior to cervical dislocation. Fresh liver
samples were mechanically permeabilized, and oxygen consump-
tion was measured in air-saturated MiR05 medium (pH 7.4, 30 °C)
with a Clark-type oxygen electrode (Oroboros Instruments
GmbH, Innsbruck, Austria) (24). State 2 respiration was measured
in the presence of either 10 mm glutamate and 2 mm malate or 2
mM malate and 50 um palmitoylcarnitine prior to the addition of
ADDP. State 3 respiration was measured upon the addition of 0.5
mM ADP. Cytochrome ¢ (10 um) was added at the end of each
measurement to ensure that the outer mitochondrial membrane
was intact. The following criteria were applied for the inclusion of
each respiration measurement: a respiratory control ratio at or
above 4 and <10% response to cytochrome ¢ addition. The respi-
ratory control ratio was calculated as state 3/state 2. Citrate syn-
thase activity was measured in liver homogenates according to the
method of Hepple et al. (25). Respiration measurements were nor-
malized to citrate synthase activity.

Immunoprecipitation and Immunoblotting—Frozen liver tis-
sue was homogenized in buffer containing 25 mm Tris-HCI (pH
7.4), 10 mm EDTA, 10% glycerol, 1% Triton X-100, 50 mm
sodium pyrophosphate, 100 mm sodium fluoride, 1 mm PMSF,
and Halt protease and phosphatase inhibitor mixture (Thermo
Scientific). For immunoprecipitation of the insulin receptor, 1
mg of protein was incubated with antibodies against the insulin
receptor (Cell Signaling). Samples were incubated overnight
with Protein A/G PLUS-agarose immunoprecipitation reagent
(Santa Cruz Biotechnology). The immunoprecipitates were
collected and applied to SDS-polyacrylamide gels and trans-
ferred to PVDF membranes. Immunoblots were incubated with
primary antibodies against the insulin receptor Cell Signaling)
and phosphotyrosine (Santa Cruz Biotechnology). For tradi-
tional immunoblots, the following primary antibodies were
used: phospho-Akt (Ser*”? and Thr*°%; Cell Signaling), total Akt
(Cell Signaling), phospho-IRS1 (Tyr®'?; Invitrogen), total IRS1
(Cell Signaling), phospho-ERK1/2 (Thr?°*/Tyr***; Cell Signal-
ing), total ERK 1/2 (Cell Signaling), phospho-JNK1/2 (Thr'#3/
Tyr'®; Cell Signaling), phospho-FAK (Tyr**?; Abcam), total
FAK (Santa Cruz Biotechnology), phospho-Foxol (Ser*®?
Upstate), total Foxol (Santa Cruz Biotechnology), integrin a1
(Chemicon), and B-actin (Cell Signaling). Imaging and densi-
tometry were performed using the Image] program and the
Odyssey imaging system (LI-COR Biosciences).

Immunohistochemistry—Collagen I was assessed by immu-
nohistochemistry in paraffin-embedded tissue sections. Sec-
tions (5 wm) were incubated with anti-collagen I antibody for
60 min prior to staining with hematoxylin. EnVision+ System-
HRP/DAB (DakoCytomation) was used to produce staining.
Images were obtained using a QImaging Micropublisher cam-
era mounted on an Olympus upright microscope.

Real-time PCR—RNA was extracted using an RNeasy mini
kit (Qiagen). RNA was reverse-transcribed using an iScript
c¢DNA synthesis kit (Bio-Rad). Quantitative PCR (qPCR) was
performed using TagMan Universal PCR Master Mix and com-
mercially available TagMan assays (Applied Biosystems) on a
CFX real-time PCR instrument (Bio-Rad) for all genes except
for Dgatl and Dgat2. Data were normalized to the 18S ribo-
somal protein. The gene expression of Dgatl and Dgat2 was
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FIGURE 1. Integrin a1 protein expression is increased in hepatocytes iso-
lated from HF-fed mice. Shown are the results of Western blot analysis for
integrin a1 protein expression in isolated hepatocytes from chow- and HF-
fed mice (n = 5/group). Integrin a1 protein expression was normalized to
B-actin. Data are presented as means = S.E. (n = 4-5).*, p < 0.05, chow-fed
versus HF-fed. A.U., arbitrary units.

TABLE 1
Characteristics of wild-type (itga1*’*) and integrin a1-null (itga1~'")
mice on both chow and HF diets

Body composition and fasting glucose and insulin levels were determined in basal
5-h fasted mice (1 = 6—8/group). Data are represented as means * S.E.

Chow HF
itgal™'*  itgal™'~  itgal™'* itgal ™'~
Weight (g) 26.1 =05 27.0+0.5 484 *0.9° 489 +13°
Fat mass (%) 104+ 05 11.5+2.0 41.6 =0.7 39.0+ 1.8°
Fasting glucose (mg/dl) 118 +3  111*7 147 =12* 1515

Fasting insulin (ng/ml) 0.80 = 0.2 0.82 £ 0.1 2.12 *+0.21* 3.44 * 0.72¢
1+/+

“p < 0.05, chow-fed itgal ™" mice versus HF-fed itga mice.
 p < 0.05, chow-fed itgal ™'~ mice versus HE-fed itgal ™'~ mice.
¢ p < 0.05, HF-fed itgal ™" mice versus. HF-fed itgal /" mice.

measured using SYBR Green as described previously (26). Data
were analyzed using the 2~ **C, method (27).

Statistical Analysis—Data are presented as means *+ S.E. Sta-
tistical analyses were performed using Student’s ¢ test or two-
way analysis of variance, followed by Tukey’s post hoc tests as
appropriate. The significance level was p = 0.05.

RESULTS

Integrin ol Protein Expression Is Increased in Hepatocytes
Isolated from HF-fed C57BL/6] Mice—Up-regulation of the
integrin al subunit has been described in several states of
chronic liver disease associated with inflammation and fibrosis
(16). To determine the effect of HF feeding on hepatocyte integ-
rin a1 expression, hepatocytes were isolated from both chow-
and HF-fed C57BL/6] wild-type mice. Integrin al protein
expression was increased by ~2-fold in isolated hepatocytes
from HF-fed mice (Fig. 1).

Adaptations to the Genetic Deletion of Integrin ol in Both
Chow- and HF-fed Mice—To determine the role of integrin a1
in livers from HF-fed mice, itgal"'* and itgal '~ mice were
fed a HF diet for 16 weeks. HF feeding increased body weight,
percent fat mass, and fasting blood glucose levels (Table 1).
Body weight did not differ between genotypes on the respective
diets. Fat mass was decreased in HF-fed itgal '~ mice com-
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pared with HF-fed itga1"'" mice. HF feeding increased fasting
glucose and insulin levels in wild-type mice. Fasting glucose
levels were not different between the genotypes on the respec-
tive diets. Fasting insulin levels were not different between the
genotypes on a chow diet; however, they were elevated in HF-
fed itgal '~ mice compared with HF-fed itgal"’* mice, indi-
cating insulin resistance.

HF feeding leads to excessive accumulation of collagen in the
liver (7, 28). Integrin a131 down-regulates collagen synthesis;
however, its contribution to hepatic collagen gene expression in
the HF-fed state has not been investigated (29). Therefore, we
measured collagen gene expression in itgal*’" and itgal '~
mice on both chow- and HF-fed diets (Table 2). The gene
expression of collagens a1(I), @2(I), and «1(I1I) was increased in
chow-fed itgal '~ mice compared with chow-fed itgal™’™"
mice. The gene expression of collagens a1(I) and «2(I) was
increased by HF feeding in itgal™'" mice. There was no differ-
ence in collagen gene expression between chow- and HF-fed
itgal '~ mice. Next, we investigated whether the changes in
collagen I gene expression resulted in differences in protein
expression by Western blot analysis and immunohistochemis-
try (Fig. 2). Consistent with the collagen I gene expression
results, we found that collagen I protein expression was also
increased in itgal '~ mice compared with itgal™’* mice
regardless of diet by Western blot analysis (Fig. 24). Collagen I
immunohistochemistry in the liver was used to determine the
localization of the collagen deposition (Fig. 2B). Collagen I

TABLE 2
Collagen gene expression: interaction of gene and diet

Total RNA was extracted from the livers of 5-h fasted mice and reverse-transcribed
into cDNA. qPCR was used to determine gene expression of several collagen chains
(n = 5-7/group). Data are represented as means * S.E.

Chow High fat
Collagen itgal™'™* itgal ™"~ itgal™'* itgal ™"~
al(l) 1.1*£0.2 3.0 = 0.6" 1.5 *£0.1¢ 4.2 +12°
a2(1) 1L1+03  96+30° 26+06° 136=*5.1°
l (1) 1202  40*06° 1.1+03 45+ 16"
al(IV) 1.0 0.1 2.3 + 04" 1.8 0.5 34*1.0

“p < 0.05 compared with chow-fed itgal ™" mice.
p < 0.05 compared with HF fed itgal™* mice.

A Collagen l/B-actin
Chow High fat
itgat**  itgat’- itgat** itgat-

Coll 4 g = -
Bactin W E W e s e m s s nms =

3 s p=0.1
L2
2
<
|
: N
itgat** itgat” itgat** itgat”
Chow HF

e
[ High fat

staining was most prevalent around the vessels and within the
sinusoidal spaces under all conditions. Thus, deletion of integ-
rin al leads to increased hepatic collagen gene and protein
expression independent of diet.

Integrin ol-null Mice on a HF Diet Exhibit Severe Hepatic
Insulin Resistance—Fasting insulin levels were increased in HF-
fed itgal '~ mice compared with HF-fed itgal™’" mice, indi-
cating impaired glucose metabolism. Therefore, we examined
glucose tolerance in both chow- and HF-fed itgal*’* and
itgal '~ mice using gastric catheters to deliver glucose directly
into the stomach. The results from the GT Ts indicate that there
was no difference in glucose tolerance or insulin response to a
glucose challenge (insulin excursion) between the genotypes on
the respective diets (Fig. 3, A-D). Considering that whole-body
glucose tolerance can appear normal despite impaired insulin
action (30), we next assessed insulin action in HF-fed itgal™’™"
and itgal '~ mice using a hyperinsulinemic-euglycemic (insu-
lin) clamp. During the insulin clamp, blood glucose levels were
maintained between 150 and 160 mg/dl (Fig. 3E). The steady-
state glucose infusion rate was lower in HF-fed itgal '~ mice
(Fig. 3F). There was no difference in fasting endogenous glucose
production (Fig. 3G). Endogenous glucose production during
the insulin clamp was suppressed by ~50% in HF-fed itgal™'*
mice. In contrast, endogenous glucose production was not sup-
pressed in HF-fed itgal '~ mice (Fig. 3G), indicating complete
resistance to insulin suppression of endogenous glucose pro-
duction. There was no difference in basal or insulin-clamped
whole-body glucose disappearance rates (Fig. 3H). Plasma insu-
lin during the insulin clamp was not different between the
groups (9.65 *= 1.22 versus 9.35 *= 1.20 ng/ml). The severe
hepatic insulin resistance in HF-fed itgal '~ mice is indepen-
dent of its effects on the transcriptional regulation of collagen,
as there was no difference in collagen gene expression between
the chow- and HF-fed itgal '~ mice (Table 2).

Integrins, including integrin a1fB1, can regulate the phos-
phorylation and activation state of receptor tyrosine kinases
and their downstream modulators (29, 31-34). To determine
whether genetic deletion of the integrin a1 subunit affects insulin
receptor phosphorylation, we assessed insulin receptor phosphor-

Collagen | Inmunohistochemistry

itgat**

itgat”

Chow

(magnification = 20x)

FIGURE 2. Collagen | protein expression is increased in integrin a1-null mice. A, Western blot analysis of collagen | (Col /) performed on liver homogenates
from basal 5-h fasted mice (n = 4/group). Integrated intensities were obtained using ImageJ software, and collagen | protein expression was normalized to

B-actin. A.U., arbitrary units. Data are presented as means = S.E. §, p < 0.05 compared with chow-fed itga

1*/* mice. B, representative images from immuno-

histochemical staining of collagen | in livers from basal 5-h fasted mice (n = 5-7/group).
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FIGURE 3. Integrin a131 protects against diet-induced hepaticinsulin resistance. GTTs were performed on chow- and HF-fed itga

1*/* anditgal '~ mice.

Arterial glucose (A and C) and insulin (B and D) levels were measured during the GTTs (n = 5-7/group). Arterial glucose levels (E) and glucose infusion rates (F)
were measured during the hyperinsulinemic-euglycemic (insulin) clamp (n = 5-6/group). Mice were fasted for 5 h prior to the start of the insulin clamp. Blood
glucose levels were maintained between 150 and 160 mg/dl during steady state (80-120 min). Glucose (50%) was infused to maintain euglycemia. Endoge-
nous glucose production (EndoR,; G) and whole-body disappearance rates (R,; H) were determined during the steady-state period of the insulin clamp. Data
are presented as means = S.E. *, p < 0.05 compared with the basal measurement in HF-fed itgal ™" mice; §, p < 0.05 compared with HF-fed itgal ™" mice

during the insulin clamp.

ylation in insulin-clamped livers from HF-fed itgal*’" and
itgal '~ mice. There was no difference in insulin receptor
phosphorylation (Fig. 44), suggesting that integrin a1f1 does
not affect insulin-mediated activation of its receptor. To deter-
mine whether integrin a1B1 affects insulin signaling down-
stream of the insulin receptor, we assessed several markers of
insulin signaling in insulin-stimulated livers from HF-fed
itgal™'* and itgal~'~ mice. Consistent with the hepatic glu-
cose flux measurements, phosphorylation of IRS1 at Tyr®** and
Akt at Ser*”? were decreased in HF-fed itgal '~ mice (Fig. 4B),
indicating decreased insulin action. There was no difference in
the insulin-mediated phosphorylation of Akt at Thr**%, Foxol
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at Ser*”?, or FAK at Ser®”. To determine the effect of integrin
al on hepatic gluconeogenic gene expression in the HF-fed
state, we used qPCR to determine the gene expression of G6pc
(glucose 6-phosphatase) and Pepck (phosphoenolpyruvate car-
boxylase) in livers from basal 5-h fasted and insulin-clamped
mice (Fig. 4C). Consistent with the severe hepatic insulin resis-
tance in the HF-fed itgal '~ mice, insulin failed to suppress
G6pc gene expression, and there was a striking insulin-medi-
ated increase in Pepck gene expression. In contrast, insulin-
mediated G6pc gene expression was significantly decreased in
the HF-fed itgal "’ “mice. Consistent with other reports (35,
36), we found that deletion of integrin a1 reduced activation of
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FIGURE 4. Integrin 131 facilitates hepatic insulin action in HF-fed mice. Western blot analysis was performed on liver homogenates from basal 5-h fasted
and 5-h fasted insulin-clamped mice. A, immunoprecipitation (/P) of the insulin receptor (IR) was performed on liver homogenates after the insulin clamp prior
to animmunoblot (/B) for phosphotyrosine (pY; n = 4/group). Insulin receptor phosphorylation was determined as the ratio of phosphotyrosine to total insulin
receptor. B, representative blots of liver insulin signaling after the insulin clamp (n = 4-5/group). C, mRNA was extracted from both basal 5-h fasted and 5-h
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FAK. The percent increase in FAK phosphorylation was calculated relative to wild-type mice. Integrated intensities were obtained using Odyssey and ImageJ
software. Data are presented as means * S.E. §, p < 0.05 compared with HF-fed itgal /" mice; *, p < 0.05 compared with chow-fed itgal ™" mice; A, p < 0.05
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the MAPK signaling pathway as evidenced by a slight but non-  to bind FAK (38). In addition, FAK has been shown to interact
significant decrease in ERK1/2 activation and a significant with IRS1 (14). Thus, we sought to determine whether
decrease in JNK1/2 activation (Fig. 4B). decreased insulin signaling in the HF-fed itgal /™ mice is asso-

Integrin a1 31 signals to activate several downstream targets, ciated with decreased FAK phosphorylation in both insulin-
including FAK (37), and the integrin a1 subunit has been shown  clamped and basal 5-h fasted livers. We found that there was no
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difference in insulin-stimulated FAK phosphorylation between
the HF-fed itgal "’ and itgal '~ mice (Fig. 4B). In the basal
state, there was a significant decrease in FAK phosphorylation
in HF-fed mice compared with chow-fed mice independent of
genotype (Fig. 4D). However, there was no difference in the
percent increase in phospho-FAK/FAK relative to the wild type
in either the chow- or HF-fed mice in the basal 5-h fasted state.
Thus, integrin «1B1 appears to mediate insulin signaling in a
FAK-independent manner.

Genetic Deletion of Integrin ol Improves Fatty Liver through
Changes in Fatty Acid Metabolism—HF feeding leads to
increased hepatic lipid accumulation and severe hepatic insulin
resistance associated with decreased insulin-stimulated IRS1
tyrosine phosphorylation (5). Thus, we wanted to assess
whether the severe hepatic insulin resistance in HF-fed
itgal '~ mice could be attributed to increased lipid accumula-
tion. To determine the role of integrin a1 in hepatic lipid accu-
mulation, we assessed hepatic TG and DAG accumulation in
the livers from both chow- and HF-fed itgal ™" and itgal '~
mice. HF feeding increased liver TG and DAG content by
~5-fold in itgal™’" mice compared with chow-fed itgal™’*
mice (Fig. 4, A-C). Liver TG and DAG content was decreased
by ~50% in HF-fed itgal '~ mice compared with HF-fed
itgal™’" mice (Fig. 5, A—C). This was supported by the finding
that lipid droplets were smaller in HF-fed itgal '~ mice com-
pared with HF-fed itgal™*’" mice (Fig. 54).

To examine the potential mechanisms whereby HF-fed
itgal~’~ mice exhibit decreased TG and DAG accumulation,
we first investigated several parameters that regulate hepatic
TG metabolism. Circulating plasma TGs were increased in HF-
fed itgal '~ mice (Fig. 6A). Thus, we tested the hypothesis that
the reduction in liver TGs was due to increased secretion from
the liver. However, this hypothesis was not supported by the
results, as no difference in TG secretion was observed between
the HF-fed itgal*'" and itgal '~ mice (Fig. 6, B and C). Next,
we examined the expression of several genes associated with
hepatic lipogenesis. Despite decreased lipid accumulation,
expression of the lipogenic genes Srebp-1c, Fas, Accl, Scdl, and
Elovl6 was increased in HF-fed itgal ~/~ mice. In contrast, the
gene expression of Dgatl and Dgat2, the genes responsible for
catalyzing the final step in TG biosynthesis, was decreased in
HF-fed itgal '~ mice (Fig. 6D).
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Circulating FFAs are typically the major substrate for the
accumulation of hepatic TGs (39). Thus, we measured several
markers of FFA metabolism in each mouse model. Basal 5-h
fasting plasma FFAs were equal between the two genotypes
(Fig. 7A). Insulin suppressed plasma FFAs to a greater extent
in HF-fed itgal '~ mice. Next, we analyzed the expression of
several genes involved in the regulation of fatty acid metab-
olism, including Cd36, Ppara, Pparg, and Cpt-1a (Fig. 7B).
Consistent with the finding that hepatic lipid accumulation
was decreased in HF-fed itgal '~ mice, we found that the
gene expression of Cd36 and Pparg was decreased in HF-fed
itgal '~ mice.

To determine the contribution of mitochondrial fatty acid-
supported respiration to TG and DAG accumulation in both
chow- and HF-fed itgal™'* and itgal '~ mice, we assessed
mitochondrial oxygen consumption in mechanically permeabi-
lized liver pieces. Mechanically permeabilized liver pieces were
used in lieu of isolated mitochondria to ensure that the cyto-
skeletal attachments were conserved and that the mitochondria
were not stressed during the functional measurements. ADP-
stimulated (state 3) respiration in the presence of palmitoylcar-
nitine and malate was increased in itgal '~ mice compared
with itgal ™" mice regardless of diet (Fig. 7D). There was no
difference in glutamate/malate-stimulated state 3 respiration
(Fig. 7C) or citrate synthase activity (data not shown) between
groups. Thus, the observed decrease in TG and DAG accumu-
lation in HF-fed itgal '~ mice is linked to increased capacity
for mitochondrial fatty acid-supported respiration.

DISCUSSION

Integrin a1B1 is a collagen-binding integrin found on the
hepatocyte (15). The results from this study show that integrin
al protein expression was increased in hepatocytes upon HF
feeding. The goal of this study was to determine whether
increased expression of the integrin a1 subunit with HF feeding
promotes hepatic insulin action and protects against metabolic
impairments in HF-fed C57BL/6] mice. We found that integrin
alpl signaling protects against diet-induced hepatic insulin
resistance, as it promoted hepatic insulin action. Insulin clamp
studies showed that hepatic glucose production was completely
resistant to suppression by an insulin stimulus in HF-fed itgal '~
mice, and this was associated with decreased insulin signaling.
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synthase activity.

Despite severe hepatic insulin resistance, HF-fed itgal '~ mice
exhibited a 50% reduction in hepatic TG and DAG accumula-
tion compared with their wild-type littermates. The reduction
in hepatic lipids was associated with a combination of
decreased FFA availability upon insulin stimulation, decreased
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gene expression of the fatty acid transporter Cd36, and
increased mitochondrial fatty acid utilization.

The hepatocyte is the most abundant cell type and is a major
site of hepatic insulin action. Thus, it was important to deter-
mine the effects of HF feeding on integrin a1 protein expres-
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sion in isolated hepatocytes. Our study shows that integrin al
protein expression is increased in hepatocytes isolated from
wild-type mice after 16 weeks of HF feeding.

To determine the role of integrin al in glucose and lipid
metabolism, itgal*’" and itgal '~ mice were fed either a chow
or HF diet for 16 weeks. The whole-body deletion of integrin a1
in HF-fed mice resulted in a small decrease in fat mass (~8%).
Glucose transported into the fat cell provides the three-carbon
backbone essential for the esterification of FFAs (40). Previous
studies from our laboratory showed that HF-fed itgal /™ mice
have decreased insulin-stimulated adipose tissue glucose
uptake (17). Thus, it is reasonable to propose that this reduction
in glucose uptake contributes to the small decrease in fat mass
in the HF-fed itgal /'~ mice.

The measurement of basal 5-h fasting blood glucose and
insulin levels revealed that fasting insulin levels were elevated in
HF-fed itgal '~ mice, indicating impaired glucose metabolism
and potentially insulin resistance. Oral glucose tolerance was
assessed in mice with an indwelling gastric catheter for glucose
delivery and an arterial catheter for blood sampling. There was
no difference in either the glycemic or insulin responses during
the oral GTT between genotypes. To determine whether the
increase in integrin al protein expression improves hepatic
insulin sensitivity in HF-fed mice, insulin clamps were used to
assess insulin action. Consistent with our previous report (17)
HF-fed itgal '~ mice exhibited a lower glucose infusion rate
compared with HF-fed itgal /" mice. Hepatic glucose produc-
tion was suppressed by ~50% in HF-fed itgal*’", whereas it
was not suppressed in itgal '~ mice. This indicates a more
severe hepatic insulin resistance in HF-fed itgal '~ mice.
There was no difference in glucose disappearance rates during
the insulin clamp. This indicates that the difference in the glu-
cose infusion rate during the insulin clamp is due to complete
loss of hepatic insulin sensitivity and not decreased insulin-
stimulated glucose disposal from tissues such as skeletal mus-
cle. The absence of skeletal muscle insulin resistance in HF-fed
itgal '~ mice supports a previous observation from our labora-
tory showing that there is no difference in skeletal muscle insulin
sensitivity between HF-fed itgal"’" and itgal '~ mice (17).

Glucose tolerance is determined by several factors in addi-
tion to insulin resistance. These include glucose effectiveness
(i.e. the ability of glucose to suppress endogenous glucose pro-
duction and stimulate glucose uptake (41)) and insulin secre-
tion and clearance. Because insulin concentrations were equal
between genotypes during the oral GTT, it is probable that
impaired insulin action is offset by differences in glucose effec-
tiveness. This study highlights the value of considering both
glucose tolerance and insulin action as distinct readouts when
determining the metabolic phenotype of novel mouse models.

The complete lack of suppression of hepatic glucose produc-
tion during the insulin clamp in HF-fed itgal '~ mice was asso-
ciated with decreased insulin-stimulated IRS1 and Akt activa-
tion, followed by no insulin-mediated suppression of G6pc gene
expression and increased insulin-mediated Pepck gene expres-
sion. This occurred in the absence of differences in insulin-
mediated Foxo1 phosphorylation at Ser**® in whole liver homo-
genate. There was also no difference in insulin receptor
phosphorylation. This suggests that there may be some aspect
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of integrin o131 signaling that promotes hepatic insulin action
downstream of the insulin receptor in HF-fed mice (11). To
further investigate how the deletion of integrin o1 in HF-fed
mice results in decreased IRS1 and Akt activation, we assessed
activation of several signaling molecules in the MAPK signaling
pathway, including ERK1/2 and JNK1/2. Previous studies imply
a role for JNK activation in the development of hepatic insulin
resistance by decreasing insulin-induced tyrosine phosphory-
lation of IRS1 (42). In contrast, we found that activation of this
pathway was down-regulated in HF-fed itgal '~ mice com-
pared with HF-fed itgal™*’" mice, indicating that the absence of
integrin @l dampens MAPK signaling despite hepatic insulin
resistance, and JNK activation is not responsible for the
observed decrease in IRS1 Tyr phosphorylation in HF-fed
itgal '~ mice.

There is considerable cross-talk between the insulin and
integrin signaling cascades (9, 11-13). A potential mediator of
this cross-talk is the integrin-specific signaling molecule FAK.
FAK has been implicated in the regulation of hepatic insulin
signaling (14, 37, 43). Decreased FAK signaling is associated
with decreased hepatic IRS1 and Akt phosphorylation (37).
Furthermore, fa/fa rats treated with a TNF-a-neutralizing
agent exhibited increased hepatic FAK phosphorylation associ-
ated with decreased hepatic glucose output (43). In contrast to
these studies, our findings show that down-regulation of FAK
phosphorylation is not essential for the severe insulin resistance
in insulin-clamped HF-fed itgal /™ mice compared with their
wild-type littermates. There was a tendency for increased FAK
activation in the basal 5-h fasted itgal ~/~ mice; however, this
trend was equivalent regardless of diet. It is notable, however,
that we did see a striking decrease in FAK phosphorylation in
livers from 5-h fasted HF-fed mice compared with chow-fed
mice regardless of genotype. This suggests that HF feeding
facilitates an integrin al@Bl-independent inhibition of FAK
activation. Although the hepatic insulin resistance seen in the
HF-fed itgal '~ mice cannot be attributed to decreased FAK
phosphorylation, this may be an independent mechanism
whereby HF feeding decreases hepatic insulin action in wild-
type mice.

To further elucidate the mechanisms of the severe hepatic
insulin resistance in the HF-fed itgal '~ mice, we measured
hepatic lipid accumulation in our mouse models. Hepatic TG
accumulation (or its lipogenic metabolites) can decrease
hepatic insulin action (5, 44). Surprisingly, we found that HE-
fed itgal '~ mice exhibited a 50% reduction in hepatic TG and
DAG accumulation compared with their wild-type littermates.
These data are important for several reasons. First, they suggest
that integrin a181 promotes TG and DAG accumulation in the
liver. Second, hepatic steatosis is dissociated from insulin
resistance in HF-fed itgal '~ mice. This makes it a unique
model of hepatic insulin resistance. It also supports other stud-
ies (45— 48) that show that insulin resistance can be dissociated
from lipid accumulation and can exist in the absence of
increased TG and DAG.

To identify a potential mechanism whereby HF-fed itgal '~
mice exhibit decreased TG and DAG accumulation, we exam-
ined indices of TG synthesis and breakdown in both the HF-fed
itgal*'" and itgal '~ mice. These include lipogenesis, VLDL
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FIGURE 8. Model whereby integrin o131 protects against severe hepatic insulin resistance while promoting TG accumulation. Integrin a1 protein
expression increases when wild-type mice are fed a HF diet. This leads to increased integrin «181 cell signaling upon collagen binding. Upon insulin stimula-
tion, the combination of both insulin and integrin @181 signaling leads to the phosphorylation and subsequent activation of IRST and Akt. This results in the
partial suppression of hepatic glucose output. Circulating FFAs are taken up by the liver and utilized primarily for the synthesis of DAG and TG, while some may
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absence of integrin signaling leads to decreased IRS1 and Akt activation. This results in no suppression of hepatic glucose output. Circulating FFAs are lower,
and the available FFAs are utilized primarily by the mitochondria for mitochondrial respiration. This results in decreased DAG and TG levels.

secretion, circulating FFAs, and mitochondrial fatty acid respi-
ration (39, 44, 45). The results from this study show that the
expression of the lipogenic genes Srebp-1c, Fas, Accl, Scdl, and
Elovl6 was increased. This indicates that the decrease in hepatic
lipid accumulation is independent of decreased expression of
these key lipogenic genes. We propose this is the result of a
feedback mechanism that exists to up-regulate lipogenic path-
ways when hepatic lipid stores are low. This supports the notion
that the liver promotes the incorporation of lipid metabolites
into neutral lipid droplets to protect against the deleterious
effects of a HF diet.

TG synthesis is regulated by the step-limiting enzyme DGAT
(diglyceride acyltransferase). Contrary to the increase in genes
involved in lipogenesis, we found that the gene expression of
two predominant isoforms of DGAT (Dgatl and Dgat2) was
decreased. This finding may explain, at least in part, why
hepatic DAG and TG accumulation is decreased in HF-fed
itgal~’~ mice. This conclusion is supported by previously pub-
lished work by Chen et al. (49). In this study, the global deletion
of DGATTI resulted in a decrease in hepatic DAG levels. To
determine whether a critical substrate for the DGAT reaction is
altered, we measured hepatic glycerol 3-phosphate levels. Our
results indicate that glycerol 3-phosphate levels are increased in
livers of HF-fed itgal '~ mice (35.6 * 4.7 and 48.4 *= 1.8
nmol/mg of liver), suggesting that the observed decrease in
lipid accumulation is independent of hepatic glycerol 3-phos-
phate levels.

The majority of liver TGs are derived from circulating FFAs
(39, 50). Here, we have shown that HF-fed itgal '~ mice have
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decreased circulating FFAs compared with HF-fed itgal™*’"

mice during an insulin clamp. This indicates that insulin sup-
presses circulating FFAs to a greater extent in HF-fed itgal '~
mice, suggesting that insulin-mediated lipolysis (i.e. hydrolysis
of triacylglycerol in adipocytes) is blunted, and this may
account for the decreased lipid accumulation.

CD36 is key for FFA transport into the hepatocyte, and CD36
expression is correlated with liver fat content (51, 52). Our
results show that liver Cd36 gene expression was in fact
decreased in itgal '~ mice, consistent with the reduction in
lipid accumulation. Additionally, CD36 is a known transcrip-
tional target of PPARG (53). In further support of the decrease
in Cd36 gene expression, our studies show that the gene expres-
sion of Pparg was also decreased.

FFAs are esterified into TGs or oxidized by the mitochondria
in the hepatocyte (54). When the supply of FFAs exceeds the
amount the mitochondria can oxidize, hepatic fat accumula-
tion occurs. To determine the contribution of the mitochondria
to fatty acid utilization in the chow- and HF-fed itgal™'" and
itgal~'~ mice, palmitoylcarnitine/malate-stimulated state 3
respiration was measured in mechanically permeabilized liver
pieces. The results show that palmitoylcarnitine-stimulated
state 3 respiration was higher in itgal '~ mice regardless of
diet. This suggests that hepatic mitochondria in itgal /™ mice
have a greater capacity to utilize fatty acid substrates. Hepatic
mitochondrial oxygen flux was not different in chow- and HE-
fed mice. This result is supported by a study by Satapati et al.
(55), who also showed no difference in hepatic mitochondrial
palmitoylcarnitine/malate-supported state 3 respiration at 16
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weeks of HF feeding in mice. The differences in mitochondrial
respiration (i.e. fatty acid utilization by the mitochondria)
occurred in the absence of differences in the expression of
genes involved in the regulation of fatty acid oxidation (i.e.
Ppara and Cpt-1a). Overall, the results show that the decrease
in hepatic lipid accumulation in the HF-fed itgal '~ mice is
due to regulation at multiple sites. Hepatic FFA availability and
uptake of FFAs are decreased, whereas FFA utilization by the
mitochondria is increased.

Here, we introduce for the first time that integrin a1 is up-
regulated in hepatocytes as an important adaptive response to
overnutrition and that this may protect against more severe
insulin resistance. This novel concept is illustrated in Fig. 8. In
HF-fed wild-type mice, the combination of both insulin and
integrin o131 signaling leads to IRS1 and Akt phosphorylation,
resulting in the partial suppression of hepatic glucose output. In
contrast, when integrin a1 is absent, insulin-mediated IRS1 and
Akt activation is decreased. This results in the complete
absence of insulin-induced suppression of hepatic glucose pro-
duction. Interestingly, not only is the profound insulin resis-
tance observed in HF-fed itgal '~ mice independent of
increased hepatic TG and DAG concentrations, it occurs in the
presence of a striking decrease in these lipids. This is attributed
to alterations in FFA metabolism. In HF-fed wild-type mice,
circulating FFAs are taken up by the liver and utilized for the
synthesis of DAG and TG. In HF-fed itgal '~ mice, circulating
FFAs are lower, and those that are available within the hepato-
cyte are utilized to a greater extent by the mitochondria for
mitochondrial respiration.

The mouse model utilized in these studies was a whole-body
deletion of the integrin «1 subunit. The liver is a heterogeneous
tissue composed of many different cell types, including, but not
limited to, hepatocytes, sinusoidal lining cells, endothelial cells,
stellate cells, and Kupffer cells. The hepatocyte is the most
abundant cell type, making up ~80% of the cells in the liver, and
is a major site of hepatic insulin action and lipid metabolism
(56). Thus, it seems highly likely that the observed metabolic
phenotype is a result of changes within the hepatocyte. In sum-
mary, this study has shown for the first time the novel role of
integrin al1B1 in the regulation of hepatic glucose and lipid
metabolism under conditions of overnutrition in vivo. Further-
more, the interaction of integrin and insulin signaling is critical
in determining the scope and severity of insulin resistance.
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