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Endothelial NO/cGMP/VASP Signaling Attenuates
Kupffer Cell Activation and Hepatic Insulin Resistance

Induced by High-Fat Feeding

Sanshiro Tateya,'”? Norma O. Rizzo,"? Priya Handa,"”* Andrew M. Cheng,'"
Vicki Morgan-Stevenson,’?> Guenter Daum,®> Alexander W. Clowes,? Gregory J. Morton, '
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OBJECTIVE—Proinflammatory activation of Kupffer cells is
implicated in the effect of high-fat feeding to cause liver insulin
resistance. We sought to determine whether reduced endothelial
nitric oxide (NO) signaling contributes to the effect of high-fat
feeding to increase hepatic inflammatory signaling and if so,
whether this effect 1) involves activation of Kupffer cells and 2)
is ameliorated by increased NO signaling.

RESEARCH DESIGN AND METHODS—Effect of NO/cGMP
signaling on hepatic inflammation and on isolated Kupffer cells
was examined in C57BL/6 mice, eNos ™~ mice, and Vasp™’~ mice
fed a low-fat or high-fat diet.

RESULTS—We show that high-fat feeding induces proinflamma-
tory activation of Kupffer cells in wild-type mice coincident with
reduced liver endothelial nitric oxide synthase activity and NO
content while, conversely, enhancement of signaling downstream
of endogenous NO by phosphodiesterase-5 inhibition protects
against high fat-induced inflammation in Kupffer cells. Further-
more, proinflammatory activation of Kupffer cells is evident in
eNos™~ mice even on a low-fat diet. Targeted deletion of vasodilator-
stimulated phosphoprotein (VASP), a key downstream target of
endothelially derived NO, similarly predisposes to hepatic and
Kupffer cell inflammation and abrogates the protective effect of
NO signaling in both macrophages and hepatocytes studied in a
cell culture model.

CONCLUSIONS—These results collectively imply a physiologi-
cal role for endothelial NO to limit obesity-associated inflamma-
tion and insulin resistance in hepatocytes and support a model in
which Kupffer cell activation during high-fat feeding is dependent
on reduced NO signaling. Our findings also identify the NO/VASP
pathway as a novel potential target for the treatment of obesity-
associated liver insulin resistance. Diabetes 60:2792-2801, 2011

nflammatory activation of Kupffer cells, the resident
macrophages of the liver, is implicated in the path-
ogenesis of obesity-induced insulin resistance and
fatty liver disease (1-3). One potential mechanism
whereby nutrient excess can induce hepatic insulin re-
sistance involves a “two-hit” process in which proinflam-
matory activation of Kupffer cells occurs initially and
then, in the “second hit,” release of cytokines from these
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cells in turn causes hepatocellular inflammation that down-
regulates insulin signal transduction. Although consumption
of a high-fat diet clearly induces proinflammatory activation
of Kupffer cells in mice (4), the question of whether reduced
endothelial nitric oxide (NO) signaling contributes to this
effect has previously not been investigated.

Among early responses observed in association with
obesity-induced insulin resistance is a reduction in vascular
content of NO, an effect that predisposes to increased en-
dothelial inflammation, thrombosis, and vasoconstriction
(5,6). Because reduced vascular NO levels precede the on-
set of increased liver nuclear factor-kB (NF-«xB) signaling
and impaired insulin-mediated phosphorylation of Akt in a
mouse model of diet-induced obesity (DIO) (7), we sought
in the current work to determine whether reduced endo-
thelial NO signaling contributes to the effect of high-fat
feeding to induce inflammatory activation of Kupffer cells
and associated hepatic insulin resistance.

The liver is a highly vascularized tissue receiving 20% of
cardiac output, and hepatic sinusoidal endothelial cells
make up 50% of nonparenchymal cells of the liver (8,9).
Sinusoidal endothelial cells regulate vascular resistance in
the liver through flow-mediated NO production (10) and are
also able to scavenge and eliminate soluble waste macro-
molecules from portal venous blood. In conjunction with
sinusoidal endothelial cells, Kupffer cells situated on the
luminal side of the endothelium contribute to this scav-
enging function as well as to host immunity and immune
tolerance (8,11). Although endothelial NO exerts anti-
inflammatory effects in endothelial cells and vascular
smooth muscle cells (12), whether it regulates Kupffer cell
activation has yet to be tested directly.

NO is produced by three distinct NO synthase (NOS)
isoforms: endothelial (eNOS), inducible (iNOS), and neu-
ronal. eNOS is expressed primarily in endothelial cells, and
NO production by this enzyme is regulated via multiple
mechanisms (calcium, phosphorylation, cellular localiza-
tion), whereas iNOS is expressed predominantly in im-
mune cells and is induced by NF-kB-dependent pathways,
and it produces much higher concentrations of NO than
does eNOS. At these higher levels, iNOS-generated NO
exerts cytoxic effects that trigger cellular inflammation
and are important in pathogen killing, whereas at far lower
levels (from eNOS), NO activates soluble guanylate cyclase,
which activates cGMP-dependent protein kinase (PKG) by
increasing cytoplasmic cGMP levels. Among downstream
targets of PKG is vasodilator-stimulated phosphoprotein
(VASP), a protein implicated in the control of cytoskeletal
dynamics and cell migration (13). Although PKG-mediated
VASP activation is believed to increase endothelial cell
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permeability and may underlie growth inhibitory effects of NO
on smooth muscle cells (14), its role in the anti-inflammatory
action of NO/cGMP/PKG signaling remains unexplored.

RESEARCH DESIGN AND METHODS

Adult male C57BL/6 wild-type mice and eNos '~ mice were purchased from
The Jackson Laboratory, and Vasp ~/~ mice on a C57BL/6 background were
obtained from Dr. Guenter Daum (University of Washington, Seattle, WA) (14).
Age-matched groups were maintained in a temperature-controlled facility with
a 12-h light-dark cycle and were fed an equicaloric diet that was either low
(10% saturated fat) or high (60% saturated fat) in fat content (cat. nos. D12492
and D12450B; Research Diet). Whole-body insulin signaling was assessed fol-
lowing intraperitoneal insulin injection (0.06 units/g body wt) after an overnight
fast. Fifteen minutes later, mice were killed with an overdose of CO,, followed
by cervical dislocation. Littermate mice were used as controls for Vasp ~~ mice.
All procedures were approved by the University of Washington Institutional
Animal Care and Use Committee.

Quantitative RT-PCR analyses. RNA was extracted using RNAase kit
(Quiagen). For gene expression analysis, real-time RT-PCR reactions were
conducted as previously described (7) using TagMan Gene Expression Anal-
ysis (Applied Biosystems).

Western blotting and immunoprecipitation. Cell lysis and tissue extract
was performed as described previously (15). All Western blots and immuno-
precipitation used equal amounts of total protein for each condition from in-
dividual experiments and were performed as previously described (16).
Quantification of Western blots was performed using ImageJ Processing and
Analysis (National Institutes of Health).

Materials. Antiserine 473 Akt, anti-Akt, antiphosphorylated eNOS (Ser 1177),
antiphosphorylated inhibitor of kB (IkB)-a, anti-PKG, anti-VASP, anti-insulin
receptor substrate (IRS)-1 rabbit polyclonal antibody, and phospho-tyrosine mono-
clonal antibody were obtained from Cell Signaling. Anti-IRS-2 rabbit polyclonal
antibody was obtained from Millipore. Anti-eNOS mouse polyclonal antibody was
obtained from BD Bioscience. Anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) rabbit polyclonal antibody was obtained from Santa Cruz Biotechnology.
Total Akt and phospho-Akt (Ser 473) ELISA kits were obtained from Biosource.
(Z)-1{N-2-aminoethyl)-N-2-ammonioethyl)amino] diazen-1-IM1,2-diolate (DETA-NO)
and 8-bromoguanosine-3',5" (8Br)-cGMP were purchased from Enzo Life Sci-
ences. DETA-NO was used within 24 h after the reconstitution.

NO measurement and hepatic triglyceride measurement. Tissue NO
content was measured by using electron spin resonance spectroscopy tech-
nique as previously described (7,17). Hepatic triglyceride content was mea-
sured in liver lysates as previously described (18).

Kupffer cell isolation and cell culture. Kupffer cell isolation and primary
hepatocyte cell culture were performed as described previously (3) with minor
modifications. After hepatic perfusion through the portal vein with liver digest
medium (GIBCO) containing 0.05 mg/mL collagenase type 4 (Worthington),
the liver was minced and transferred into a 50-mL conical tube through a 70-pm
cell strainer. After centrifugation (5 min at 50g), primary hepatocytes (the
cell pellet) were collected. Supernatants after the first centrifugation of 50g
were spun for 10 min at 1000g, the resultant pellets were resuspended with rat
anti-F4/80 antibody (AbD Serotec), and magnetic beads were conjugated with
sheep anti-rat IgG (Invitrogen) at 4°C for 30 min. RAW264.7 cells were pur-
chased from American Type Culture Collection and cultured in Dulbecco’s
modified Eagle’s medium (cat. no. 10-013-CV; Cellgro) with 10% FBS. AML12
cells were purchased from American Type Culture Collection and cultured in
Dulbecco’s modified Eagle’s medium/F-12 50/50 (cat. no. 10-090-CV; Cellgro)
with 0.005 mg/mL insulin, 0.005 mg/mL transferrin, 5 ng/mL selenium, 40 ng/mL
dexamethasone, and 10% FBS. Peritoneal macrophages were isolated and
cultured as previously described (19).

Statistical analysis. In all experiments, densitometry measurements were
normalized to controls incubated with vehicle and fold increase above the
control condition was calculated. Analysis of the results was performed using
the GraphPad statistical package. Data are expressed as means = SEM, and
values of P < (.05 were considered statistically significant. A two-tailed ¢ test
was used to compare mean values in two-group comparisons. To compare
responses between sildenafil and vehicle-treated mice that also received either
vehicle or insulin, data were analyzed by two-way ANOVA, and the Bonferroni
post hoc comparison test was used to compare mean values between groups.

RESULTS

Effect of high-fat feeding on liver NO production,
hepatic inflammation, and Kupffer cell activation.
Based on published evidence that during high-fat feeding
in mice, reduced NO content in thoracic aorta precedes
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the onset of both hepatic inflammation (increased NF-xB
signaling) and hepatic insulin resistance (reduced insulin-
stimulated activation of IRS-1/ phosphatidylinositol 3-kinase/
Akt) (7), we first asked whether liver NO content declines
prior to the onset of increased NF-«kB signaling and Kupffer
cell activation in this setting.

We found that compared with low fat—fed control mice,
liver NO content and phosphorylation of eNOS were re-
duced after 4 weeks of high-fat feeding (Fig. 1A and B).
Markers of liver NF-kB activation—hepatic IkB-a phos-
phorylation (Fig. 1C), interleukin (IL)-6 (Fig. 1D) and tumor
necrosis factor (TNF)-« mRNA expression, TNF-a (Fig. 1E),
and intracellular adhesion molecule (ICAM) (Fig. 1F)—
were also increased by high-fat feeding, but this did not
occur until 8 weeks on the high-fat diet. During high-fat
feeding, liver NO content falls prior to the onset of high fat—
induced NF-«kB signaling.

Because Kupffer cells play an important role in the de-
velopment of hepatic insulin resistance during high-fat
feeding (2,20), we next sought to investigate the time course
of Kupffer cell activation during high-fat feeding in normal
mice using a validated Kupffer cell isolation method (3).
Compared with those in low fat—fed controls, levels of TNF-,
IL-6, and CD11lc mRNA were significantly increased in
Kupffer cells after 4 weeks of high-fat feeding, and this effect
persisted throughout the 8-week study period (Fig. 1G), al-
though induction of iNOS mRNA in these cells was not
detected until the 8-week time point. Impairment of insulin-
mediated p-IRS-1 and p-Akt in liver lysates was evident at
8 weeks of high-fat feeding (Fig. 1H) after the onset of re-
duction of liver NO content and activation of Kupffer cells.

These data collectively suggest that high-fat feeding

reduces liver NO signaling/content and triggers Kupffer
cell inflammatory activation prior to the onset of general-
ized liver inflammation and biochemical insulin resistance
at the level of IRS-1/Akt signaling.
Hepatic inflammation and insulin resistance in eNos
mice. To test whether genetic absence of vascular eNOS
reproduces the effect of high-fat feeding to induce liver
inflammation and insulin resistance, we studied adult male
eNos™’~ mice and wild-type control mice fed either a low-
fat or high-fat diet for a relatively short period (4 weeks).
As expected, liver IkB-a phosphorylation and IL-6 mRNA
expression in liver tissues of wild-type mice were not in-
creased after only 4 weeks on either diet, whereas both
markers of NF-kB activation were significantly increased
in the liver of eNos '~ mice, regardless of the fat content
of their diet (Fig. 2A and B). Similarly, inflammatory acti-
vation was observed in Kupffer cells in the eNos™~ mice,
and mRNA expression encoding TNF-a, iNOS, IL-6, and
CDl1l1c were each increased significantly (Fig. 2C).

Consistent with previous evidence from a glucose clamp
study that eNOS-deficient mice have hepatic insulin re-
sistance (21), we next found that insulin stimulation of
hepatic IRS-1 and IRS-2 tyrosine phosphorylation (data not
shown) and Akt 473 phosphorylation were attenuated
in eNos /"~ mice compared with wild-type control mice fed
a low-fat diet (Fig. 2D), whereas deficiency of eNOS was
associated with increased liver triglyceride content (Fig.
2F). These data suggest that loss of eNOS-derived NO is
sufficient to reproduce the effect of prolonged high-fat
feeding to cause liver inflammation and insulin resistance.
Effect of sildenafil in liver inflammation and
activation of Kupffer cells during high-fat feeding.
Because increased NO/cGMP levels are associated with
reduced NF-kB signaling, we next sought to determine
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FIG. 1. The effect of high-fat (HF) feeding on liver NO, hepatic inflammation, and Kupffer cell activation. Wild-type (WT) mice were fed either
a low-fat (LF) or HF diet for 2, 4, or 8 weeks. A: Hepatic NO content during HF and LF feeding as measured by electron spin resonance spec-
troscopy (n = 9). B: Liver eNOS phosphorylation of Ser 1177 as measured by Western blot (n = 9). C: Liver phospho-IkB-a as measured by Western
blot, normalized to total GAPDH levels (n = 9). D: Liver IL-6. E: TNF-a mRNA (n = 9). F: ICAM mRNA levels (n = 9). G: Relative mRNA levels from
isolated Kupffer cells as measured by RT-PCR after 2, 4, and 8 weeks of LF or HF diet (n = 5 mice). H: In parallel experiments in WT mice, hepatic
insulin signaling was assessed following intraperitoneal injection of insulin or saline vehicle (n = 5 per group). Liver protein lysates were analyzed
for IRS-1 tyrosine phosphorylation (p-IRS-1), IRS-1, pAkt, and Akt levels by enzyme-linked immunosorbent assay. *P < 0.05.

whether increased NO/cGMP signaling would restore he-
patic insulin signaling in an in vivo model. Adult male
C57BL/6 mice were fed either a low-fat or a high-fat diet
for 8 weeks to cause obesity, liver inflammation, and in-
sulin resistance (15). During the final 2 weeks of the high-
fat feeding protocol, mice on each diet received daily oral
administration of either vehicle or the phosphodiesterase-5
(PDE-b5) inhibitor sildenafil at a dose (30 mg/kg per day)
that did not affect weight gain on either diet compared
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with the vehicle control group (15). In response to 8 weeks
of high-fat feeding, liver IkB-a phosphorylation and IL-6
mRNA content in vehicle-treated mice were increased
compared with those in low fat-fed mice, whereas in
sildenafil-treated mice these inflammatory responses to
high-fat feeding were not observed (Fig. 3A and B). In ad-
dition, a similar anti-inflammatory effect was seen in an
analysis of Kupffer cells, in which expression of mRNA
encoding TNF-a, iNOS, and CD11lc was each reduced
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FIG. 2. Hepatic inflammation and insulin resistance in eNos ~~ mice. eNos ™~ mice and littermate control mice were fed a low-fat (LF) or a high-fat
(HF) diet for 4 weeks from age 8 weeks. A and B: Liver lysates were analyzed for IkB-« phosphorylation by Western blot and IL-6 mRNA expression
by RT-PCR (n = 7). *P < 0.05. C: Inflammatory markers from isolated Kupffer cells by RT-PCR (n = 5). *P < 0.05. D: Hepatic insulin (Ins) signaling
at the level of Akt phosphorylation (n = 5). *P < 0.05. E: Hepatic triglyceride (TG) content (n = 7). *P < 0.05. Veh, vehicle; WT, wild type.

IB, immunoblot; kD, kilodalton.

compared with Kupffer cells isolated from vehicle-treated
controls (Fig. 3C).

Finally, sildenafil was associated with attenuation of the
deleterious effects of high-fat feeding on insulin-mediated
IRS-1 and IRS-2 tyrosine phosphorylation (data not shown)
as well as on Ser 473 phosphorylation of Akt (Fig. 3D) and
on hepatic triglyceride content (Fig. 3F). In wild-type mice,
therefore, hepatic inflammation and insulin resistance
induced by high-fat feeding can be fully blocked by

diabetes.diabetesjournals.org

pharmacological inhibition of PDE-5, which increases in-
tracellular signaling via cGMP.

Role of VASP in liver inflammation and activation of
Kupffer cells in vivo. In tissues such as vascular smooth
muscle cells and platelets, NO/cGMP signaling activates
PKG, which in turn phosphorylates VASP on Ser 239. To
determine whether high-fat feeding is associated with
changes in PKG or phospho-VASP (Ser 239), we performed
Western blot analysis on liver lysates from wild-type mice
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FIG. 3. Effect of daily sildenafil during high-fat (HF) feeding on liver NF-kB and hepatic insulin signaling. Six-week-old male C57BL/6 mice were
maintained on either a low-fat (LF; 10% saturated fat) or HF (60% saturated fat) diet for 8 weeks, and for the last 2 weeks of the diet, study
mice received 30 mg/kg per day oral sildenafil (n = 8) or vehicle (n = 8). A: IxkB-a phosphorylation in liver lysates. B: IL-6 mRNA levels.
C: Inflammatory markers from isolated Kupffer cells by quantitative RT-PCR (n = 5). *P < 0.05. D: Hepatic insulin (Ins) signaling at the level
of Akt phosphorylation (n = 5). *P < 0.05. E: Hepatic triglyceride (TG) content (n = 5). *P < 0.05. ctl, control; veh, vehicle. IB, immunoblot;
kD, kilodalton.

fed either a low-fat or high-fat diet for 8 weeks. As expected, were not significantly altered (Fig. 4A4). This finding sug-
we found that high-fat feeding is associated with reduced gests that in mouse liver, the effect of high-fat feeding to
liver phospho-VASP levels, whereas total PKG protein levels reduce endothelial NO signaling decreases the basal level of
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VASP activation—an effect that in turn could contribute to
the proinflammatory response to reduced endothelial NO
signaling.

For further investigation of this hypothesis, studies were
performed on Vasp * mice and their littermate controls,
which were fed a low-fat diet for 4 weeks: a diet and time
period known not to induce hepatic mﬂammatlon or im-
pair insulin signaling (7). Wild- -type and Vasp™’~ mice did
not exhibit significant differences in body weight or body
composition in response to 4 weeks of low-fat feeding (Fig.
4B and C). Nevertheless, hepatic IkB-a phosphorylatlon
and IL-6 gene expression were increased in Vasp ™’
compared with wild-type mice (Fig. 4D and E). In Kupffer
cells, TNF-a, IL-6, iNos, and CD11c mRNA were also sig-
mﬁcantly hlgher in Vasp ~ than in control mice (Fig. 4F).
Furthermore, insulin-stimulated phosphorylation of IRS-1
and IRS-2 (Fig. 4G) and Akt (Fig. 4H) were each attenu-
ated in the liver of Vasp ™~ mice compared with littermate
controls after 4 weeks of low-fat feeding, whereas deficiency
of Vasp is associated with increased liver triglyceride

content (Fig. 4I). These results collectively suggest that the
absence of VASP induces inflammation in both hepatocytes
and Kupffer cells—responses that implicate endogenous
VASP signaling as a mediator of the effect of NO to atten-
uate both hepatic inflammation and insulin resistance.
Effect of NO/cGMP/VASP signaling on macrophage
activation in vitro. To more directly investigate whether
VASP is a determinant of macrophage activation pheno-
type, we next asked whether signaling via this protein
plays a tonic role to limit inflammatory responses of
macrophages in a cell culture system. First, we over-
expressed VASP in RAW cells by retroviral gene transfer
(Fig. 5A) and observed that VASP overexpression is as-
sociated with an attenuation of lipopolysaccharide (LPS)-
dependent induction of TNF-«, IL-6, and iNOS mRNA (Fig.
5B) compared with control RAW cells transduced with
empty vector. Thus, increased VASP signaling appears to
attenuate inflammatory signaling in macrophages.

For determination of whether VASP is required for the
anti-inflammatory effects of NO in macrophages, peritoneal
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FIG. 4. Effect of VASP deficiency on hepatic and Kupffer cell inflammation and hepatic insulin signaling. A: Hepatic PKG expression and phos-
phorylatlon of VASP Ser 239 from wild-type (WT) mice fed either a low-fat (LF) or high-fat (HF) diet for 4 weeks from age 8 weeks (n = 5). B-E:
Vasp ™~ mice and littermate control mice were fed an LF diet for 4 weeks. B: Body weight (BW) (g). C: Body composition (%). Liver lysates were
analyzed for IkB-a phosphorylatmn by Western blot (D), and IL-6 mRNA expression was measured by RT-PCR (E) (n = 8). *P < 0.05. F: Kupffer
cells were isolated from Vasp™~ mice or WT control mice on an LF diet for 4 weeks. Inﬂammatory markers as measured by RT-PCR (n = 5). *P <
0.05. G and H: In parallel experiments in Vasp ~ (n =7) and littermate control (n = 9) mlce, hepatic insulin (Ins) signaling was assessed following
intraperitoneal 1ruect10n of insulin. IRS-1 and IRS-2 tyrosine phosphorylation and Akt serine phosphorylation. *P < 0.05. I: Hepatic triglyceride
(TG) from Vasp™~ and control (n = 5). *P < 0.05. Veh, vehicle. IB, immunoblot; kD, kilodalton.
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macrophages were collected from Vasp ™/~ and wild-type
control mice and were subsequently stimulated with the
combination of LPS and +y-interferon (IFN-vy) to increase
NF-kB signaling. Even in the absence of inflammatory
stimuli, VASP deficiency is associated with increased NF-«B
activation compared with wild-type macrophages, suggest-
ing that the absence of VASP is sufficient to increase in-
flammatory signaling (Fig. 5C). When LPS stimulation was
performed in the presence of DETA-NO or 8Br-cGMP, agents
known to increase VASP signaling, NF-kB signaling (e.g.,
TNFa, IL6, and iNos gene expression) was strongly dimin-
ished in peritoneal macrophages from control littermate
mice. However, in Vasp-deficient macrophages, DETA-NO
and 8Br-cGMP no longer exhibited anti-inflammatory
effects (Fig. 5C). Thus, intact VASP signaling appears to be
necessary for the anti-inflammatory effects of NO/cGMP
signal transduction in macrophages, and furthermore, the
absence of VASP signaling is sufficient to increase NF-«B
signaling.

Effect of VASP signaling in hepatocytes in vitro. We
next investigated whether VASP signaling is a determinant
in hepatic responses to inflammatory stimuli in vitro. VASP
was overexpressed in AML12 hepatocytes using retroviral
transduction (Fig. 6A). Overexpression of VASP was as-
sociated with reduced palmitate-mediated increases in
phospho-IkB-a levels (Fig. 6B) and restoration of insulin-
mediated p-Akt signaling even in the presence of palmitate
(Fig. 6C). Thus, increased VASP signaling in hepatocytes
is sufficient to attenuate palmitate-dependent NF-«B
activation. Next, primary hepatocytes were isolated from

RAW

Vasp™’~ and littermate control mice. The absence of Vasp
was sufficient to increase phospho-IkB-a levels, even in
the absence of palmitate (Fig. 6D), and the addition of
palmitate did not further increase phospho-IkB-«a levels
in Vasp-deficient hepatocytes. These results suggest that
the absence of Vasp is sufficient in reproducing the in-
flammatory effects of palmitate. In addition, the anti-
inflammatory effects of DETA-NO or 8Br-cGMP were no
longer apparent in Vasp-deficient hepatocytes (Fig. 6D).

In parallel experiments, hepatic Vasp deficiency is as-
sociated with impaired insulin signaling at the level of p-Akt,
even in the absence of palmitate. These results are similar
to what was seen in vivo in Vaspf/ ~ mice fed a low-fat diet.
As expected, the effect of DETA-NO or 8Br-cGMP to atten-
uate palmitate-induced insulin resistance was not apparent
in Vasp-deficient hepatocytes (Fig. 6F).

These in vitro results collectively suggest that the ab-
sence of VASP induces inflammation in hepatocyte re-
sponses that implicate endogenous VASP signaling as a
mediator of the effect of NO to attenuate both hepatic
inflammation and insulin resistance.

DISCUSSION

Growing evidence suggests that inflammatory signaling
pathways mediate insulin resistance induced by nutrient
excess in both cultured hepatocytes and in hepatic tissue
in vivo (2,4,7,20). Because endothelial NO signaling has
anti-inflammatory properties and because vascular NO
levels decline early in the course of DIO (7), we hypothesized
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FIG. 5. The effect of VASP signaling on RAW cell inflammatory responses to LPS. RAW cells were transduced with VASP (VASP-OE) or control
(Con) vector. A: VASP Western blot. B: RAW cells were stimulated with LPS (5 ng/mL) and IFN-y (12 ng/mL) for 4 h and then analyzed for TNF-c,
IL-6, and iNOS mRNA expression (n = 3). *P < 0.05. C: Peritoneal macrophages from VASP~’~ and wild-type (WT) control mice were stimulated
with LPS (5 ng/mL) and IFN-y (12 ng/mL) for 4 h in the presence or absence of DETA-NO (10 pmoV/L for 4 h) or 8Br-cGMP (10 pmoV/L for 4 h).

*P < 0.05. IB, immunoblot; kD, kilodalton.
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FIG. 6. The effect of VASP signaling on hepatocyte inflammatory responses to palmitate. AML12 hepatocytes were transduced with VASP (VASP-OE)
or control (Con) vector. A: VASP Western blot. B: Hepatocytes were treated with 100 pmol/L palmitate (Pal) or vehicle for 4 h, and a repre-
sentative IkB-a phosphorylation Western blot from one of three independent experiments is shown. C: Insulin (Ins)-mediated pAkt signaling
(10 nmoV/L insulin for 15 min) in transduced hepatocytes, following 4 h palmitate (100 pmol/L). Ser 473 Akt phosphorylation was assessed by
Western blot analy51s, and fold increase over control condition was calculated (rn = 3). *P < 0.05. D: Primary hepatocytes were isolated and
cultured from Vasp™~ mice or wild-type (WT) control mice. Isolated hepatocytes were treated with palmitate (100 pmol/L) for 4 h following 4-h
pretreatment with 10 pmol/LL DETA-NO or 10 pmol/L 8Br-cGMP. IkB-a phosphorylation was assessed by Western blot analysis. *P < 0.05. E:
Insulin-mediated pAkt (10 nmol/L for 15 min) following treatment with palmitate (100 pmol/L for 4 h), DETA-NO (10 pmoV/L for 4 h), or 8BrcGMP

(10 pmoV/L for 4 h). Akt Ser 473 phosphorylation assessed by Western blot (n = 3). *P < 0.05. IB, immunoblot; kD, kilodalton.

an etiological role for reduced NO/cGMP signaling in the
pathogenesis of hepatic inflammation and impaired he-
patic insulin signaling in this setting. Consistent with this
hypothesis, we found that during high-fat feeding, reduced
liver NO content precedes the onset of hepatic inflam-
mation (at the level of NF-kB) and impairment of insulin
signaling at the level of IRS-1 and phospho-Akt. High-fat
feeding—dependent hepatic inflammation and insulin re-
sistance were prevented by daily oral dosing of sildenafil,
a PDE-5 inhibitor that increases signaling downstream of
endothelial NO. Furthermore, we showed that deficiency
of VASP, a key downstream target of the NO/cGMP signaling
pathway, causes hepatic inflammation and insulin resis-
tance comparable with that induced by high-fat feeding.
Together, these results provide direct evidence in support
of the hypothesis that vascular NO/cGMP/VASP signaling
plays a physiological role to protect against hepatic in-
flammation induced during DIO. By extension, reduction
of phospho-eNOS by high-fat feeding may be an early me-
diator of these deleterious hepatic responses.

In the context of ischemia reperfusion or exposure to
liver toxins, decreased production of NO from eNOS has
been linked to liver pathology via dysregulation of blood
flow and oxygen delivery (22)—effects that may arise in
part from NF-kB—dependent inflammation. In support of
this model, both NO donor administration and eNOS
overexpression are protective against liver injury in animal
models of hepatoxicity (23,24). Similarly, inflammatory
activation of Kupffer cells is implicated in obesity-induced
liver insulin resistance based on evidence that during high-fat
feeding, these cells undergo proinflammatory activation
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while, conversely, deletion of IkB-a in myeloid cells reduces
macrophage-mediated inflammation and improves hepatic
insulin sensitivity in mice with DIO (2).

Depletion of Kupffer cells using gadolinium chloride
attenuated the development of hepatic steatosis and he-
patic insulin resistance, suggesting an important early role
for Kupffer cells in diet-induced alterations in hepatic in-
sulin resistance (1). Our current studies support and ex-
tend this model by offering evidence that endothelial NO
exerts a tonic anti-inflammatory effect on Kupffer cells in
vivo, as well as in a macrophage cell line in culture, and
that during high-fat feeding reduced NO production in liver
contributes to the proinflammatory activation of these
cells that clearly occurs in mice with DIO.

In the vessel wall, the anti-inflammatory role of NO is
well established, especially in the early development of
atherosclerosis. Endothelial NO actively regulates a key
and early immune response implicated in atherogenesis by
regulating macrophage and lymphocyte capture and vessel
wall migration via adhesion molecules (25,26). Mice defi-
cient in eNOS consequently exhibit an increase in adhesion
molecule expression resulting in increased neutrophil roll-
ing, adherence, and migration in response to inflammatory
stimuli, all of which are important early steps in the devel-
opment of atherosclerosis. Our studies extend these obser-
vations to both Kupffer cells and hepatocytes and suggest
that NO anti-inflammatory effects extend beyond the vessel
wall.

Previous investigators have demonstrated that deletion
of eNOS results in increased systemic insulin resistance
(21,27). Our data suggest a role for liver eNOS and Kupffer
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cells in the development of hepatic insulin resistance;
however, the lack of vascular eNOS in other metabolically
important tissues such as adipose, muscle, or central ner-
vous system might be responsible for the observed alter-
ations in liver inflammation, and this alternative explanation
needs to be considered.

In rodent models of diabetes, PKG and VASP signaling
are both reduced in vascular tissues (28) resulting in actin
cytoskeleton rearrangements (29), but whether VASP sig-
naling mediates inhibitory effects of NO/PKG on NF-kB
signaling has not previously been investigated. Our finding
that deficiency of VASP reproduces the effect of high-fat
feeding in the activation of Kupffer cells while also causing
liver inflammation and insulin resistance suggests that this
protein plays a key role in mediating the anti-inflammatory
effects of vascular NO on these cells and is required for
maintenance of normal liver insulin sensitivity. The extent
of VASP expression in hepatocytes and Kupffer cells and
their relative contribution to the anti-inflammatory effects
of NO signaling in vivo await further study; however, our
finding that macrophages isolated from VASP-deficient
mice exhibit enhanced basal and stimulated inflammation
points to a direct role of this pathway to control macro-
phage activation status. VASP deficiency is associated with
impaired insulin-mediated IRS and pAkt signaling and ev-
idence for increased hepatic steatosis suggesting a novel
metabolic role for this protein. Additional studies on VASP’s
role in hepatic gluconeogenesis, lipid metabolism, and sys-
temic insulin sensitivity are currently under investigation.

The relationship between NO and cellular inflammation
is complex because at high concentrations (such as the
micromolar levels produced by iNOS), NO is cytotoxic and
exerts PKG-independent proinflammatory effects that can
lead to cell death and are functionally opposite those in-
duced by the much lower (nanomolar) concentrations of
NO generated by eNOS that engage the soluble guanylate
cyclase/cGMP/PKG pathway. Intracellular cGMP levels are
governed not only by guanylyl cyclase activity but also by
phosphodiesterase conversion of cGMP back to GMP.
Sildendafil is a PDE-5 inhibitor that attenuates intracellular
catabolism of cGMP. A link between cGMP signaling and
insulin action was identified in a recent study in which
12-week treatment with sildenafil improved energy bal-
ance and insulin sensitivity in mice fed a high-fat diet (30),
and this drug also ameliorates diabetes-induced endothe-
lial dysfunction in both a rat model and in humans (31,32).
We used a much shorter period of sildenafil treatment,
2 weeks, to avoid the effect of sildenafil on weight change
or energy balance. Combined with evidence that liver NO
content falls early in the course of DIO in mice, our finding
that 2 wk sildenafil treatment prevents high-fat diet-
induced liver inflammation offers further evidence that re-
duced NO/cGMP signaling is a trigger for the deleterious
hepatic effects of high-fat feeding. Moreover, we report
that sildenafil treatment also blocks M1 activation of Kupffer
cells induced by high-fat feeding and further studies are
warranted to determine whether this effect can explain the
prevention of liver inflammation and insulin resistance
observed in this model.

Sildenafil improves insulin sensitivity during high-fat
feeding (30), and our data demonstrate improvements in
hepatatic steatosis and Kupffer cell inflammation. The
target of sildenafil action, however, remains an important
unanswered question. In vitro studies suggest that in-
creased cGMP (using 8Br-cGMP) reduces NF-«kB signaling
in both hepatocytes and macrophage, and previous studies
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have demonstrated an inhibitory effect of increased cGMP
in endothelial cells (33). Collectively, these data would
imply that sildenafil’s anti-inflammatory effect is “global”;
yet, whether the observed metabolic effects are the result
of action on hepatocytes or Kupffer cells remains to be
determined. Furthermore, it is also possible that sildenafil’s
beneficial metabolic and anti-inflammatory effects do not
even require direct action at the liver but may involve action
on the adipose tissue or adipose tissue macrophage.

In summary, our findings suggest a key role for vascular
NO to limit the effects of high-fat feeding to induce Kupffer
cell activation, hepatic inflammation, and impairment of
hepatic insulin signaling at the level of IkB-a signaling and
phospho-Akt by insulin, respectively. Our additional find-
ings that targeted deletion of VASP predisposes Kupffer
cell inflammation, and that VASP knockout attenuates the
anti-inflammatory effects of NO, identify VASP as a critical
downstream mediator of the anti-inflammatory effects in-
duced by the NO/cGMP/PKG pathway. These results imply
a physiologic role for endothelial NO signaling to limit
obesity-associated inflammation and impairment of insulin
signaling in hepatocytes and Kupffer cells and identify the
NO/PKG/VASP pathway as a potential target for the treat-
ment of obesity-associated metabolic impairment.
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