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Chronic ethanol consumption up-regulates protein-
tyrosine phosphatase-1B (PTP1B) expression in rat
skeletal muscle
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Aim: To investigate the potential effects of chronic ethanol intake on protein-tyrosine phosphatase-1B (PTP1B) and the insulin receptor
signaling pathway in rat skeletal muscle.

Methods: Rats received ethanol treatment at a daily dose of O (control), 0.5 (group L), 2.5 (group M) or 5 g-kg‘1 (group H) via gastric
gavage for 22 weeks. In vivo insulin sensitivity was measured using a hyperinsulinemic-euglycemic clamp. Expression of PTP1B in
skeletal muscles was examined at both the mRNA (real-time PCR) and protein (Western blot) levels. PTP1B activity was assayed with a
p-nitrophenol phosphate (PNPP) hydrolysis method. Changes of insulin signaling in skeletal muscle were analyzed with Western blot-
ting.

Results: The activity and expression of PTP1B were dose-dependently elevated 1.6 and 2.0 fold in the skeletal muscle by ethanol,
resepctively, at the doses of 2.5 and 5 gkg™d™. Total IRP and IRS-1, as well as their phosphorylated forms, were decreased by ethanol
at the two higher doses. Moreover, chronic ethanol consumption resulted in a significant inhibition of the association between IRS-1
and the p85 subunit of phosphatidylinositol 3-kinase, inhibition of Akt phosphorylation and reduced levels of mitogen-activated protein
kinase phosphorylation.

Conclusion: Chronic ethanol intake at 2.5 and 5 g-kgl-d’1 sufficient doses can down-regulate the expression of IRB, P-IRB, and IRS-1, as

well as the phosphorylated forms of IRS-1 and Akt, in rat skeletal muscle, possibly through increased PTP1B activity.
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Introduction
Alcohol consumption is associated with insulin resistance™ .

Long-term exposure to excessive alcohol may lead to glucose

intolerance’™ %,

Insulin produces a diverse array of metabolic
actions by binding to a heterotetrameric receptor protein con-
sisting of two a and two B subunits®. Phosphorylated insulin
receptor (IR) binds to and activates IR substrate (IRS), which
in turn leads to translocation of glucose transporters to the
cell surface via a complicated cascade of signaling events that
include phosphatidylinositol 3-kinase (PI3K) and Akt/protein
kinase B (PKB)!* 7.,

The insulin signaling pathway is tightly regulated by the
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balance of phosphorylation and dephosphorylation at sev-
eral key molecules. Not surprisingly, protein-tyrosine phos-
phatases (PTPases) play a critical role in the regulation of car-
bohydrate metabolism® . PTP1B is a member of the PTPase
family!* ™. PTP1B can inhibit the insulin-signaling pathway
by dephosphorylating IR and IRS. PTP1B has been reported
to be elevated in diabetes and in insulin-resistant states'”.
Transgenic overexpression of PTP1B decreased glucose uptake
in muscle™. Ablation of PTP1B, in contrast, improves glucose
uptake!!. Mice lacking PTP1B are hyper-responsive to insulin
and resistant to diet-induced obesity".

Previous studies have demonstrated that ethanol may
impair mitochondrial function and inhibit insulin-stimulated
survival of cultured neuronal cells™. Monte et all'”, for
example, found that increased PTP1B contributes to impaired
insulin sensitivity in brain tissue. Skeletal muscle is the larg-
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est organ that utilizes glucose in an insulin-dependent man-
ner and therefore represents a key site for the pathogenesis of
diabetes, regardless of the specific events that trigger glucose
intolerance. The present study was designed to examine
whether insulin intolerance induced by chronic ethanol expo-
sure is correlated with PTP1B expression/activity in skeletal
muscle in a rat model of chronic ethanol exposure. Molecular
targets of PTP1B (eg, IR and IRS-1) and downstream molecules
of the insulin signaling pathway (eg, PI3K and Akt) were also
examined.

Materials and methods

Reagents and antibodies

Horseradish peroxidase (HRP)-labeled anti-rabbit and anti-
mouse immunoglobulin G (IgG) antibodies were purchased
from Upstate Biotechnology (Lake Placid, NY, USA). Total
and phosphorylated (P) IRf, IRS-1, Akt, and mitogen-activated
protein kinase (MAPK) as well as PTP1B antibodies were pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
All other reagents were purchased from Sigma (St Louis, MO).

Animal care and feeding

Sixty adult male Wistar rats (180-200 g, provided by the Ani-
mal Research Center of Shandong University) were housed
individually at 25 °C and 50% humidity under a 12:12 h light/
dark cycle. The rats had unlimited access to standard rat chow
and tap water.

Chronic ethanol feeding model

Rats were acclimated for one week prior to receiving daily
ethanol (C, control, 0 g'kg™-d™; H, 5 gkg™d™; M, 2.5 g'kg™d™;
L, 0.5 g'kg'-d" via gastric gavage; n=15 in each group) for 22
weeks. Distilled water or edible (50% v/v; Ji-nan Baotu Spring
Distillery, Shandong, China) was delivered once daily at
8:00-9:00 AM. Food and water consumption as well as body
weight were monitored weekly. At the end of the 22-week
treatment period, food was withdrawn 12 h, and blood sam-
ples were taken for biochemical analysis. Insulin sensitivity
was determined using a hyperinsulinemic-euglycemic clamp.
At the completion of the clamp, rats were euthanized with
sodium pentobarbital (100 mg/kg ip; Abbott Laboratories).
The gastrocnemius muscle was quickly removed, washed in
cold phosphate-buffered saline (PBS, pH 7.4) and stored in
liquid nitrogen for subsequent in vitro analysis. Experimental
procedures were approved by the Shandong University Insti-
tutional Animal Care and Use Committee.

Hyperinsulinemic-euglycemic clamp
Insulin sensitivity was determined using a hyperinsulinemic-

euglycemic clamp!™®l.

Rats were anesthetized with pento-
barbital sodium administered intraperitoneally after fast-
ing for 8 h. Insulin (Nordisk, Denmark) was infused at 8
milliunitskg min™ for 2 h via the left jugular and left femoral
vein. Blood glucose level was measured every 5 min via a
catheter in the left jugular vein. Twenty percent glucose solu-

tion was infused via the right femoral vein. The blood glucose

concentration was maintained at 5.2+0.2 mmol/L by adjusting
the rate of glucose infusion. The glucose infusion rate in the
second hour of the experiment was considered to reflect insu-
lin sensitivity.

Biochemical analysis

Plasma ethanol concentrations were measured using a com-
mercial kit (Sigma, St Louis, MO). Blood glucose levels were
determined by a glucose oxidase method after 12-h fasting.
Serum insulin levels were measured by radioimmunoassay
(Northern Bioengineering Institute, China). Serum concentra-
tions of aspartate aminotransferase, alanine aminotransferase,
triglyceride and cholesterol were measured using an auto-
mated biochemistry analyzer (Hitachi, Japan).

Real-time PCR

Total RNA was extracted from the gastrocnemius muscle
using the standard Trizol RNA isolation method. Reverse
transcription of 2 pg of RNA was carried out using a TaKaRa
RT-PCR kit. The qualities of RNA and cDNA were checked
using a DU640 nucleic acid analyzer (Beckman, USA). The
specific primer sequences used in the real-time PCR are:
PTP1B forward: CGAGGGTGCAAAGTTCATCAT, reverse:
GGTCTTCATGGGAAAGCTCCTT; GAPDH forward: TGGT-
GGACCTCATGGCCTAC, reverse: CAGCAACTGAGGGC-
CTCTCT. One hundred nanograms (ng) of cONA was used as
the template in a 25 puL reaction volume and was amplified by
real-time PCR assay using a QuantiTect SYBR Green kit (Qia-
gen, USA) and the ABI 7500 Prism real-time PCR instrument
and software (Prism 7500; ABI, USA). GAPDH was used as
the internal control. The relative quantification of gene expres-
sion was analyzed by the 24" die 20!
were expressed as the level of change with respect to control

metho , and the results

values.

Western blotting

Aliquots (80 pg protein) of gastrocnemius muscle homoge-
nates were subjected to 7.5% SDS-PAGE and then transferred
electrophoretically onto nitrocellulose membranes (Millipore,
Billerica, MA). The membrane was blocked with 5% nonfat
milk in 10 mmol/L Tris containing 150 mmol/L NaCl and
0.02% Tween-20 for 1 h at room temperature. The nitrocel-
lulose blots were incubated overnight at 4 °C with a primary
antibody (Santa Cruz Biotechnology; Santa Cruz, CA). Incu-
bation with secondary antibody, horseradish peroxidase
(HRP)-labeled anti-rabbit or anti-mouse IgG antibody (Upstate
Biotechnology; Lake Placid, NY) lasted for 1 h. Target pro-
teins were quantified using an enhanced chemiluminescence
detection system (Amersham), followed by autoradiography
with preflashed Kodak XAR films (Manaus, Amazonas-Brazil)
using an Alphaimager 2200 system. All experiments included
[-actin as an internal control.

PTP1B activity assay
PTP1B activity was assayed by a p-nitrophenol phosphate
(PNPP) hydrolysis method. Briefly, gastrocnemius muscles

Acta Pharmacologica Sinica



www.nature.com/aps
Gao Letal

@

1578

were removed and homogenized in a buffer containing
(mmol/L): Tris 20 (pH 7.6), EDTA 5, PMSF 2, EGTA 1 and
NacCl 130, with aprotinin 0.1 mg/mL and 1% Triton X-100.
The lysates were centrifuged at 15000%g for 25 min at 4 °C.
PTP1B was immunoprecipitated with anti-PTP1B antibody
(Upstate Biotechnology). The immunoprecipitates were incu-
bated in a phosphatase reaction buffer (20 mmol/L HEPES,
pH 7.4, 150 mmol/L NaCl, 5 mmol/L dithiothreitol, 1 mmol/L
PNPP) for 20 min at 37 °C. The reactions were stopped with
0.2 mol/L NaOH. The absorbance was measured at 410 nm.
The assay was run in triplicate.

Statistical analysis

All experiments were repeated at least five times. Values are
reported as means * standard deviations (SD). Data were ana-
lyzed by using SPSS 13.0 software (SPSS, Chicago, IL, USA).
Statistical significance was assessed by ANOVA and unpaired
Student’s t-tests. Differences were considered statistically sig-
nificant when P<0.05.

Results

Characterization of chronically ethanol-fed rats

Chronic ethanol treatment decreased body weight and
increased serum alanine and aspartate aminotransferase lev-
els, as well as cholesterol and triglyceride levels (Table 1).

Hyperinsulinemic-euglycemic clamps

To investigate whether rats receiving ethanol were insulin
resistant, we measured the peripheral insulin sensitivity with
a hyperinsulinemic-euglycemic clamp. In this technique,
plasma glucose is maintained at a steady state within the eug-
lycemic range while plasma insulin levels are elevated to a
desired plateau. The higher the glucose infusion rate needed
to maintain euglycemia, the greater the insulin sensitivity.
The hyperinsulinemic-euglycemic clamp experiments revealed
impaired insulin sensitivity (Table 1). The rates of glucose
infusion needed to maintain glucose levels at 5.2+0.2 mmol/L
were 11.51+1.32 mg-kg”’'min™ in the vehicle control rats and
were decreased by 36% (P<0.05 vs control) and 51% (P<0.01
vs control) in rats receiving 2.5 and 5 g'kg™-d™" ethanol, respec-
tively. However, the lower ethanol dose of 0.5 g-kg™-d" did
not affect glucose infusion rate significantly.

Ethanol up-regulates the expression of PTP1B

To investigate whether PTP1B expression changes during the
decreased glucose uptake in rat skeletal muscle after chronic
ethanol feeding, we measured PTP1B mRNA and protein
levels using real-time PCR (Figure 1A) and Western blotting
(Figure 1B). Our findings indicate that ethanol increased
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Figure 1. Effects of ethanol on PTP1B in rat skeletal muscle. (A) PTP1B
mRNA levels were determined using RT-PCR. (B) PTP1B protein levels
were determined by Western blot analysis. (C) PTP1B activities were
assayed using PTP1B assay kit. Compared to the control group, the
PTP1B levels in groups M and H increased significantly (°P<0.05, °P<0.01
vs group C). n=15. Values are given as means+SD. C, control; H, 5
gkg™d™ ethanol treatment; M, 2.5 gkg™d™ ethanol treatment; and L, 0.5
gkg®d* ethanol treatment.

Table 1. Characterization of ethanol-fed rats and hyperinsulinemic-euglycemic clamp data. n=7. Values are given as means+SD. "P<0.05, °P<0.01 vs
group C. BW, body weight; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TG, triglyceride; Tch, total cholesterol; GIR, glucose infusion

rate.
Group BW Insulin ALT AST TG Tch Ethanol GIR
8) (IU/L) (nkat/L) (nkat/L) (mmol/L) (mmol/L) (mg/L) (mgkgmin™)
C 285+14.1 46.7+12.7 675.3176.7 3254+211.4 0.52 +0.1 1.1+0.2 0 11.51+1.32
L 277+10.5 48.5+10.2 899.7+97.6° 3876+173.1° 0.73+0.1° 1.3+0.1° 111+22.8 12.39+1.66
M 262+17.3° 51.2+10.6 1417.84126.7° 3973+223.9° 0.76+0.1° 1.6+0.3° 626+11.1 7.31+1.39°
H 248+12.8° 54.6+9.8 1720.7+138.5° 4477+312.6° 0.88+0.3" 2.0+0.2° 958+22.9 5.65+1.83°

C, control; H, 5 gkgd™ ethanol treatment; M, 2.5 gkg'd™ ethanol treatment; and L, 0.5 gkg™d™ ethanol treatment.
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PTP1B protein and mRNA levels in skeletal muscles in a dose-
dependent manner (P<0.05 and <0.01 for rats receiving 2.5
and 5 g'kg'-d" ethanol, respectively, vs vehicle controls). The
lower ethanol dose of 0.5 g'kg'-d™ did not affect the expres-
sion of PTP1B significantly.

PTP1B activity in muscles of control and ethanol-fed rats

In this study, PTP1B activities were assessed using a PTP1B
assay kit (Figure 1C). Our results indicated that PTP1B activi-
ties were significantly elevated in both rats receiving 5 (2-fold,
P<0.01) and 2.5 g-kg™-d™ (1.6-fold, P<0.05) ethanol, compared
to PTP1B activities in the vehicle control rats. However, the
lower dose of 0.5 g'kg™-d" did not change PTP1B activity in
the skeletal muscles significantly.

Ethanol down-regulates IR and IRS-1 protein expression

We examined a potential dose-response effect of ethanol
on IRP and IRS-1 content by Western blotting. Our results
showed that IRp and IRS-1 protein levels were significantly
decreased (Figure 2, 3) in rats receiving ethanol at 2.5 and 5
g'kg™-d" but not 0.5 g'kg'-d". The phosphorylated forms of
IRP and IRS-1 (P-IRP and P-IRS-1) were also decreased by
chronic ethanol in a similar manner. Furthermore, ethanol
exposure caused a dose-dependent decline in the P-IRB/IR{
protein ratios (P<0.01, 0.05 and 0.05 for the dose of 5, 2.5, and
0.5 g'kg™-d”, respectively) and a decline in the P-IRS-1/1RS-1
protein ratios with 5 (P<0.01) and 2.5 g'kg™-d™ doses (P<0.05,
Figure 2, 3).
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Figure 2. Expression of IRB and P-IRB protein levels in rat skeletal
muscle. Levels of IRB and P-IRB protein were determined by Western
blot analysis. Compared to the control group, the IRB and P-IR(B proteins
decreased significantly in groups M and H, while P-IRB proteins decreased
significantly in all ethanol-treated groups (°P<0.05, °P<0.01 vs group C).
n=15. Values are given as means+SD.
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Figure 3. Expression of IRS-1and P-IRS-1 protein levels in rat skeletal
muscle. Protein levels for IRS-1 and P-IRS-1 were determined by Western
blot analysis. Compared to the control group, levels in groups M and H
decreased significantly (°P<0.05, °P<0.01 vs group C). n=15. Values are
given as means+SD.

Effects of ethanol on PI3K

The association between IRS-1 and the p85 subunit of PI3K
in skeletal muscle was also decreased (P<0.05 and P<0.01 for
2.5 and 5 g'kg™d”, respectively) by chronic ethanol treatment
(Figure 4), which was consistent with changes in phosphoryla-
tion of IRS-1. In contrast, p85 protein levels were similar in
control and ethanol-treated groups (Figure 4).

Effects of ethanol on Akt

We found that phosphorylation of Akt was inhibited by
chronic ethanol exposure, as shown in Figure 5. This regu-
lation was significant in rats receiving ethanol at 5 (P<0.01)
and 2.5 g-kg™-d™ (P<0.05), but not significantly different at 0.5
g'kg™’-d™ (P>0.05). However, there were no differences in total
Akt protein levels among the groups (Figure 5).

Effects of ethanol on MAPK

We next examined the protein expression of MAPK by west-
ern blotting. Chronic ethanol consumption resulted in signifi-
cantly reduced levels of P-MAPK (P<0.05 and P<0.01 for 2.5
and 5 g'kg™-d”, respectively). The lower dose of 0.5 g'kg™'-d™
did not affect the expression of P-MAPK (Figure 6). In con-
trast, the levels of MAPK proteins were similar in control and
ethanol-treated groups (Figure 6).

Discussion

The Lieber-Decarli ethanol diet (where the ratio of calories
supplied by ethanol is assigned as a fixed value) is more
widely used in animal studies. However, this method also has
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Figure 4. Expression of PI3K protein levels in rat skeletal muscle.
Levels of p85 subunit of PI3K and p85-associated IRS-1 protein were
determined by Western blot analysis. Compared to the control group, the
p85-associated IRS-1 proteins in groups M and H decreased significantly
(°P<0.05, °P<0.01 vs group C). In contrast, p85 protein levels were
similar in control and ethanol-treated groups. n=15. Values are given as
means+SD.
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Figure 5. Expression of Akt and P-Akt protein levels in rat skeletal muscle
determined by Western blot analysis. Compared to the control group,
the P-Akt proteins in groups M and H decreased significantly (°P<0.05,
°P<0.01 vs group C). There were no differences in Akt protein levels
among the groups. n=15. Values are given as means+SD.
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Figure 6. Expression of MAPK and P-MAPK protein levels in rat skeletal
muscle were determined by Western blot analysis. Compared to the
control group, the P-MAPK proteins in groups M and H decreased
significantly (°P<0.05, °P<0.01 vs group C). There were no differences
in MAPK protein levels among the groups. n=15. Values are given as
means+SD.

a shortcoming that cannot be ignored —if the quantity of food
consumed daily by the animals varies, there is variability in
the daily quantity of ethanol consumed. In the present study,
we were most concerned with standardizing the quantity of
ethanol fed daily and, therefore, administered a 50% ethanol
solution to each animal according to its body weight. Previ-

*land from another group®

ous studies from our laboratory'
revealed compromised insulin-stimulated glucose uptake
upon chronic ethanol exposure. Using hyperinsulinemic-
euglycemic clamps, the current study confirmed decreased
insulin sensitivity in rats receiving chronic ethanol at relatively
high doses of 2.5 to 5 g-kg’ld’l, but not at the lower dose of 0.5
g'kg'-d". Consistent with the reported increase in PTB1B
in diabetic patients, we found a significantly up-regulated
expression of PTP1B in rats chronically exposed to high doses
of ethanol, suggesting that increased PTP1B expression/activ-
ity plays an important role in the development of glucose
intolerance induced by ethanol. The most compelling evi-
dence supporting a role for PTP1B in the literature is increased
insulin sensitivity and resistance to diet-induced obesity in
PTP1B knockout mice!.
highly phosphorylated and present in large amounts in the
cell membrane of skeletal muscle and liver!™.

Onishi et al provided preliminary evidence suggesting that
2] a key step in the signaling

Insulin receptors in these mice are

ethanol exposure impairs PI3K
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cascade that mediates insulin action. Results from the current
study demonstrated reduced P-IRS-1, p85-IRS-1 association,
P-Akt and P-MAPK in skeletal muscle from rats chronically
exposed to high doses of ethanol, indicating that the detrimen-
tal effects of ethanol on insulin sensitivity are mediated by the
PI3K and MAPK pathways. Impaired signaling through IRS-2
is another candidate for mediating the IRS-dependent effects
as phosphorylation of IRS-2 could activate PI3 kinase in the
skeletal muscle™. Potential involvement of IRS-2 in ethanol-
induced glucose intolerance is currently under investigation in
our laboratory.

Our results are consistent with studies showing that exces-
sive consumption of alcohol can lead to glucose intolerance .
These results are contrary to previous in vitro studies showing
that regular, moderate alcohol drinkers were more insulin-

sensitive than abstainers®!

. In this study, we found that low
ethanol intake cannot increase insulin sensitivity. We believe
that the reason may be attributed to the different alcohol inter-
vention time, different testing methods and tissue specificity.
Thus, some compensatory mechanism(s) may exist to regulate
the efficiency of signaling effectors. Further investigation is
necessary to explore these possibilities.

For decades it has been argued whether alcohol exerts its
toxic effects directly on skeletal muscle or indirectly through
its metabolites, and the regulatory role of PTP1B activity in
this process is not clear. In the past decade, several studies
have documented the fact that cardiomyocyte loss is a criti-
cal factor in the development and progression of ventricular
dysfunction and failure, and apoptosis of myocardial cells has
been associated with the progression of cardiomyopathy!™.
Moreover, animal experiments indicated that chronic prena-
tal ethanol exposure increases neuronal cell apoptosis in the
hippocampus of a term fetus, which appears to occur via an
intrinsic, mitochondrial-directed mechanism initiated by leak-
age of pro-apoptotic cytochrome ¢ from mitochondria into the
cytoplasm®!

have been shown to accelerate apoptotic cell death in various
1271

. Interestingly, both acetaldehyde and ethanol
cells”. Therefore, apoptosis may be one of the possible mech-
anisms through which ethanol down-regulates gene expres-
sion. A previous study of PTP1B expression in different tis-
sues suggested that small molecules in the body, such as NO
or H,0,, may regulate PTP1B activity™!. Sreejayan et al dem-
onstrated that NO could enhance PTP1B activity in smooth
muscles and down-regulate insulin signal transduction™,
Mahadev et al showed that H,O, could inhibit PTP1B activity
in hepatoma and fat cells™, suggesting that redox status could
affect PTP1B activity. Whether the observed action of ethanol
on insulin sensitivity is attributed to its reducing properties
remains to be investigated.

The results of our experiments linked chronic consumption
of ethanol to aberrantly increased expression and enzymatic
activity of PTP1B, which has a pivotal role in regulating PI3K-
activated insulin signaling, and this effect is accompanied
by down-regulation of P-IRf, P-IRS-1, P-Akt, and P-MAPK
protein expression. Our results suggest a role for PTP1B spe-
cifically in mediating the IRS-1/PI3K/ Akt pathway of insulin

resistance induced by excessive ethanol consumption in rat
skeletal muscle. However, the mechanism by which ethanol
feeding increases PTP1B expression is unclear and needs fur-
ther investigation. It remains to be seen if modulating PTP1B
levels via gene transfer can ameliorate the symptoms of insu-
lin resistance in animal models of this disease. If so, this may
prove to be a potential therapeutic avenue for human patients.
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