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ORIGINAL ARTICLE

Lipoic acid suppresses portal endotoxemia-induced
steatohepatitis and pancreatic inflammation in rats
Yu-Feng Tian, Chih-Tsueng He, Yu-Ting Chen, Po-Shiuan Hsieh
(FPLPS + LA). Rats were treated with LPS using intraportal
infusion while LA was administered orally. Metabolite
levels, superoxide levels, inflammatory markers, malondialdehyde content, glutathione content and toll-like
receptor 4 (TLR4 ) gene expression were all measured
using standard biochemical techniques. Pancreatic
insulin secretion was evaluated by a hyperglycemic
clamp technique. Histology of liver and pancreas tissues were evaluated using hematoxylin and eosin
staining and immunohistochemistry.
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RESULTS: Fructose-induced elevation in plasma C-reactive protein, amylase, superoxide, white blood cell
count as well as in hepatic and pancreatic contents of
malondialdehyde, tumor necrosis factor alpha and interleukin-6 were increased in animals treated with LPS
and reversed with LA administration. The augmented
hepatic gene expression of TLR4 in fructose-fed rats
was further increased in those with intraportal LPS
infusion, which was partially reversed by LA administration. Pathological examination showed inflammatory changes and leukocyte infiltration in hepatic and
pancreatic islets of animals treated with LPS but were
rarely observed in those with LA treatment. In addition to affects on the liver, impaired pancreatic insulin
secretion seen in fructose-fed rats was deteriorated in
with LPS treatment and partially reversed with LA administration.

Abstract

CONCLUSION: These data suggest LA could significantly suppress mild portal-endotoxemia but not fructoseinduced liver and pancreatic abnormalities in a rodent
model for metabolic syndrome.

AIM: To examine the effect of α-lipoic acid (LA) on mild
portal endotoxemia-induced steatohepatitis and associated pancreatic abnormalities in fructose-fed rats.

© 2013 Baishideng. All rights reserved.

METHODS: Rats were randomly assigned into two
groups with a regular or 60% fructose-enriched diet
for 8 wk. After fructose feeding for 4 wk, rats were
further divided into four subgroups: with intraportal
saline (FPV), with intraportal saline plus administration
of LA (FPV + LA), with lipopolysaccharide (LPS) infusion
(FPLPS), and with LPS infusion plus administration of LA
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Core tip: α-lipoic acid (LA), a potent antioxidant and
also an inducer of endogenous antioxidants has been
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pancreatic functions[5,12]. α-lipoic acid (LA) is a potent antioxidant and an inducer of endogenous antioxidants[13,14].
It also has a protective effect on hepatic and pancreatic
injury[15-18]. In this study, we sought to test the potential
therapeutic effect of LA on mild portal endotoxemia and
fructose-induced inflammatory changes of fatty liver and
impaired pancreatic insulin secretion in rats.

reported to protect the liver and pancreas from injury.
Our observations suggest that LA could significantly
suppress inflammatory change of steatosis induced by
low-dose intraportal lipopolysaccharide infusion and
associated deterioration of insulin secretion in this
metabolic syndrome rodent model. In addition, our
data suggest that hepatic toll-like receptor 4 signaling
might not only play a significant role in chronic fructosefeeding-induced hepatic steatosis but also in its
subacute inflammatory change induced by mild portal
endotoxemia and associated extrahepatic disorders.

MATERIALS AND METHODS
Animals
Male Sprague-Dawley rats aged five to six weeks were
purchased from the National Laboratory Animal Breeding and Research Center (Taipei, Taiwan). The rats were
housed in an animal center certified by Association of Assessment and Accreditation of Laboratory Animal Care.
All animals were handled according to the guidelines and
manual of the institutional animal care and use committee of this institute. Rats weighing 250-300 g were randomly assigned into six groups: (1) two control groups:
on regular chow diets for 4 wk and then separated into
those combined with or without intraportal vehicle (saline)
infusion (CPV vs C) for another 4 wk; (2) four experimental
groups: on high-fructose enriched diet (60% of the calories from fructose, TD89247, Teklad Primer Labs, Madison, WI) for 4 wk and thereafter (FPV), those combined
with intraportal vehicle or low-dose LPS infusion (FPLPS),
cotreated with vehicle or LA (α-LA in saline, pH 7.8, Sigma Co. Germany, 60 mg/kg per day, oral gavage)for additional 4 wk (FPV + LA and FPLPS + LA respectively)[19]. In the
time-course study, blood samples were taken by tail bleeding method after overnight fasting. At the end of week 8,
one set of rats from the above grouping (n = 6 per group)
was used for an in vivo hyperglycemic clamp study. The
second set (n = 6 per group) was euthanized by overdose
pentobarbital injection (100 mg/kg, intraperitoneal) immediately after overnight fasting and blood sampling by
cardiac puncture was carried out for the measurement
of plasma C-reactive protein (CRP), superoxide, white
blood cell (WBC) count and endotoxin levels. Tissue
samples were dissected for further analysis. The liver and
pancreas dissected from the third set of rats (n = 6 per
group) were fixed by perfusion with 4% paraformadehyde. The tissues were embedded in paraffin for further
staining. Notably, the metabolic and hemodynamic parameters and histopathological examination of group
CPV were similar to those without intraportal vehicle infusion (data not shown). The group CPV was used as the
only control group on regular chow diet in the following
result section.
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is currently
the most common liver disease in the world[1]. NAFLD
is mainly associated with obesity, diabetes, hyperlipidemia
and insulin resistance, which are the main characters
of metabolic syndrome[1,2]. The development of liver
inflammation in NAFLD, defined as non-alcoholic steatohepatitis (NASH), isone of the crucial steps in causing liver-related morbidity and mortality[3]. Moreover, a
pathological link between portal endotoxemia and NASH
and also alcoholic liver disease has been speculated in
several animal and human studies[4-8]. For instance, genetically obese fatty/fatty rats and ob/ob mice showed
increased sensitivity to endotoxin hepatotoxicity, quickly
developing steatohepatitis after exposure to low doses of
lipopolysaccharide (LPS)[5]. These studies implicate that
portal endotoxemia might significantly contribute to the
pathogenesis of chronic hepatic inflammation, especially
in NAFLD.
The release of liver-derived acute-phase proteins and
inflammatory cytokines under chronic liver injury significantly contributes to the extrahepatic effect of inflamed
liver and the pathogenesis of metabolic syndrome[9,10].
We have shown that mild portal endotoxemia induced
by low-dose intraportal LPS infusion could significantly
cause chronic hepatic and pancreatic inflammation, and
impair pancreatic insulin secretion in rats[11]. Furthermore,
low-dose intraportal LPS infusion could also accelerate
the process of NAFLD to NASH in fructose-fed rats,
an animal model of metabolic syndrome with NAFLD[4].
However, the possible underlying mechanisms behind the
detrimental effects of mild portal endotoxemia on liver
and pancreas remain unclear.
Chronic stress such as portal endotoxemia has been
documented to activate hepatic Kupffer cells and cause
the release of reactive oxygen species, potentially inducing inflammatory changes in the liver and impairing
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Intraportal infusion
A laparotomy was performed under anesthesia (sodium
pentobarbital 25 mg/kg, intraperitoneal injection) in rats
with intraportal infusion. A catheter (PE-5 tubing, 0.008
inch inner diameter × 0.020 inch outer diameter, SCI micro medical grade polyethylene; Scientific Commodities
Inc., Lake Havasu City, AZ, United States) was inserted
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into the distal end of a colic vein and the tip of the catheter was placed about 3 mm distal to the point at which
the catheterized vein enters portal vein. After insertion,
the catheters were filled with LPS-saline solution or saline
alone and were connected to osmotic mini-pumps (model
2004, Alzet corporation, Cupertino, CA, United States)
filled with LPS, 0.42 ng/kg per minute or saline as shown
in our previous study[20]. Three days before the surgery, a
safe dosage of LA was orally administered once per day
for 4 wk[21,22].

United States).

Hyperglycemic clamp
In one set of rats, vascular catheters were placed in the
left femoral artery and right femoral vein under anesthesia and their proximal ends were placed in subcutaneous
pockets under scapular area at the end of week 8. The
hyperglycemic clamp experiment was performed after
recovery for 3 to 4 d, as described elsewhere[23,24]. The
insulin secretions of the first and second phases were
indicated by the incremental plasma insulin values during
time 0-10 and 10-240 min in the glucose clamp period,
respectively.

Tissue glutathione content
The total glutathione in the liver was measured by using commercial glutathione assay kit (Cayman Chemical
Co., Ann Arbor, MI, United States). In brief, the liver
was homogenized in RIPA buffer (0.5 mol/L Tris-HCl,
pH 7.4, 1.5 mol/L NaCl, 2.5% deoxycholic acid, 10%
NP-40, 10 mmol/L EDTA) by using a Polytron homogenizer to obtain tissue lysates and centrifuged at 10000 g
for 10 min. Subsequently, the supernatant was collected
and added HPO3 (v/v = 1/1) to deproteinize. The glutathione (GSH) content of deproteinized supernatant of
liver (50 L) was measured by the reductive rate of 5,5’-dithio-bis-2-nitrobenzoic acid to 5-thio-2-nitrobenzoic acid
according to the instructions with absorption at 405 nm.
The GSH level was expressed as mmol/g protein.

Tissue malondialdehyde content
Lipid oxidation of the liver and pancreas was detected by
a commercial malondialdehyde (MDA) assay kit (Cayman
Chemical Co., Ann Arbor, MI, United States). In brief,
MDA, the breakdown product of oxidative degradation
of lipids, reacted with thiobarbituric acid (TBAR) to form
MDA-TBAR, and its levels were expressed as nmol/g
protein.

Plasma metabolic parameters
The WBC count was determined by using a Bright-Linehemocytometer (Hausser Scientific, Horsham, PA, United
States). Whole blood glucose levels were measured by the
glucose oxidase method. Plasma and tissue triglyceride
levels were determined by using appropriate enzymatic
colorimetric method (Randox Laboratories, Antrium,
United Kingdom). Plasma insulin levels were determined
by commercial rat enzyme-linked immuno sorbent assay
(ELISA) kits (Mercodia AB, Uppsala, Sweden). Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT), albumin and amylase levels were measured by
Randox reagent kits (Randox Laboratories Antrim, United
Kingdom). CRP levels were measured by a commercial rat
ELISA kit (Alpha Diagnostic, San Antonio, TX, United
States). Arterial plasma endotoxin level was assayed by
using the limulus amoebocyte lysate test (Kinetic-QLC;
Whittaker Bioproducts, Walkersville, MD, United States).

Toll-like receptor 4 gene expression in the liver and
pancreas
RNA was extracted from the liver and pancreas of experimental rats using Trizol (Ambion, Austin, TX, United
States) at the end of the study. TaqMan gene expression
assay kits for toll-like receptor 4 (TLR4) (Rn00569848_m1)
and the TATA box binding protein (Rn01455648_m1)
were used in conjunction with a universal master mix in a
7500 real-time polymerase chain reaction system (Applied
Biosystems, Foster City, CA, United States). Gene expression was normalized to the TATA box binding protein
expression level measured in each sample and expressed
as fold increases or decreases from control values for each
gene of interest.

Plasma superoxide levels
A lucigenin-dependent chemiluminescence assay (Sigma
Chemical Co. St. Louis, MO, United States) was used to
quantify plasma superoxide levels with the MLA-GOLDS
chemiluminescence analyzing system (Tohoku Electronic
Industrial Co., Sendai, Japan) as described previously[4].
The total amount of chemiluminescence was calculated by
integrating the area under the curve and subtracting it from
the background level during the 10 min counting period.

Hematoxylin and eosin stain
The third set of rats (n = 5-6 per group) was grouping as
the hyperglycemic clamp experiment. The perfused liver
and pancreas were then fixed in 5% zinc-formalin solution and embedded in paraffin. These tissue slices were
then prepared for staining with hematoxylin and eosin
(HE) (liver, pancreas) to evaluate pathological changes.
Immune cell immunohistochemistry and scoring
Tissue samples were fixed in formalin, and cut into 4 μm
sections. Immunohistochemistry was performed on an
automated stainer (Autostainer; Dako, Glostrup, Denmark). Then, sections were incubated with anti-CD68 antibody (ED1 mouse anti-rat CD68, Serotec, 1:100, MorphoSys UK Ltd., Oxford, United Kingdom), followed by
incubation with goat anti-mouse secondary antibody and

Tissue tumor necrosis factor alpha and interleukin-6
contents
Tissues were prepared as described previously[25]. The
supernatant was subjected to tumor necrosis factor alpha
(TNF-α) and interleukin-6 (IL-6) assays using commercial rat ELISA kits (R and D Systems, Minneapolis, MN,
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Table 1 Metabolic and hemodynamic parameters during pump infusion period in rats
Pump infusion (wk)

CPV

FPV

FPV + LA

FPLPS

FPLPS + LA

4
8
4
8
4
8
4
8
4
8
4
8
4
8
8
8
8
8
8

349 ± 19
451 ± 7
5.9 ± 0.3
5.9 ± 0.2
0.5 ± 0.1
0.6 ± 0.1
58 ± 4
52 ± 4
65 ± 5
58 ± 4
53 ± 2
56 ± 2
40 ± 1
41 ± 1
397 ± 10
1278 ± 138
1337 ± 68
14168 ± 586
< 0.02

383 ± 8
474 ± 8
5.9 ± 0.1
6.4 ± 0.2
0.7 ± 0.1
2.5 ± 0.6a
180 ± 14a
324 ± 38a
76 ± 1
72 ± 2
57 ± 1
49 ± 1
35 ± 1
35 ± 0
504 ± 10a
1750 ± 23a
3169 ± 24a
20290 ± 390a
< 0.02

351 ± 29
445 ± 29
6.62 ± 1.2
7.8 ± 0.7
0.7 ± 0.1
2.2 ± 0.3a
185 ± 13a
286 ± 22a
82 ± 6
73 ± 6
56 ± 0
44 ± 6
37 ± 1
34 ± 1
555 ± 39
1753 ± 58
3860 ± 52
22622 ± 630
< 0.02

358 ± 6
436 ± 11
6.08 ± 0.1
6.76 ± 0.2
0.6 ± 0.1
1.9 ± 0.5a
185 ± 24a
308 ± 24a
70 ± 2
68 ± 2
52 ± 1
46 ± 1
35 ± 0
35 ± 0
583 ± 13c
2149 ± 31c
6069 ± 60c
24357 ± 1008c
< 0.02

371 ± 6
423 ± 7
6.1 ± 0.1
6.43 ± 0.1
0.6 ± 0.1
2.4 ± 0.4a
163 ± 16a
249 ± 44a
77 ± 2
70 ± 2
51 ± 2
51 ± 1
36 ± 0
35 ± 0
529 ± 22e
1744 ± 16e
3234 ± 33e
21442 ± 767e
< 0.02

Body weight (g)
Glucose (mmol/L)
Insulin (ng/mL)
TG (mg/dL)
AST (U/L)
ALT (U/L)
Albumin (mmol/L)
CRP (μg/mL)
Amylase (U/L)
Superoxide (count/min)
WBC count (/mm3)
Plasma endotoxin (EU/mL)

Rats were on regular (C) or high-fructose enriched diet (F) for 4 wk and then further divided into those with intraportal infusion of
saline or lipopolysaccharides (LPS), combined with vehicle or α lipoic acid (LA) for additional 4 wk (CPV, FPV, FPV + LA, FPLPS, FPLPS + LA).
Values are expressed as mean ± SE, n = 6 per group. aP < 0.05 vs CPV; cP < 0.05 vs FPV; eP < 0.05 vs FPLPS for each corresponding time
point. TG: Triglycerides; AST: Aspartate aminotransferase; ALT: Alanine aminotransferase; CRP: C-reactive protein; WBC: White
blood cell.

lowed by Bonferroni test. A probability of P < 0.05 was
taken to indicate a significant difference between means.
Values are expressed as mean ± SE.

20

Hepatic triglycerides (mg/g)

a
a

16

a

a

RESULTS

12

Metabolic and hemodynamic parameters
We first measured the effect of fructose feeding and LPS
treatment on rats with and without LPS infusion. After
high-fructose feeding for 4 wk, fasting plasma insulin
levels in fructose-fed groups were significantly increased
as compared with controls, but not different among
fructose-fed groups. Plasma CRP, amylase, superoxide
and white blood cells were also significantly increased in
fructose-fed rats and further increased after intraportal
LPS infusion for 4 wk. The above LPS-induced responses
were suppressed in those co-treated with LA to levels
similar to those in fructose-fed untreated controls. On the
other hand, there were no significant differences in fasting
plasma glucose, AST, ALT, albumin and endotoxin concentrations among experimental groups (Table 1).

8

4

0

CPV

FPV

FPV + LA

FPLPS

FPLPS + LA

Figure 1 Effects of a-lipoic acid on hepatic triglyceride contents. Hepatic
triglyceride levels were measured from the blood of each group of fructosefed rats and the control group. Values are expressed as mean ± SE, n = 6 per
group, aP < 0.05 vs CPV. C: Regular diet; F: High-fructose enriched diet; LA:
Lipoic acid; LPS: Lipopolysaccharides.

visualized with HRP substrate (REAL EnVision Detection System; Dako).
A total of 100 ± 25 islets per experimental group were
blindly scored for CD68-positive cells around the periphery and/or within islets from five or six different animals
by two investigators. Islet area was measured as the area
of islet capsule in pancreatic section with HE stain and
computed using AxioVision LE 4.8.2.0 software.

Triglyceride contents, oxidative parameters and
inflammatory parameters in hepatic tissue
To measure the liver response to our conditions, we
measured triglyceride levels, oxidative parameters, and
inflammatory parameters. Fructose feeding resulted in elevated triglyceride levels in all groups when compared to
the control groups. Administration of LA had no effect
on these levels (Figure 1). As shown in Figure 2A, MDA
levels in the liver were significantly increased in fructosefed rats as compared with controls and further elevated
in animals treated with LPS. However, the increase of

Statistical analysis
Statistical analysis was performed according to the repeated measurements of one-way analysis of variance fol-
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C
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TLR4 gene expression (fold)

0
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CPV
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FPV + LA

FPLPS

a
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a
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0.2
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D
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e
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0
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a,c

0.0

E
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a

TNF-a (pg/mg protein)

MDA (nmol/g protein)
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FPV

FPV + LA
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CPV
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FPV + LA
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Figure 2 Effect of a-lipoic acid on portal endotoxemia-induced changes in hepatic oxidative and inflammatory markers. The following parameters were measured from liver of each group of fructose-fed rats and the control group: (A) Malondialdehyde (MDA) content; (B) Glutathione (GSH) content; (C) Toll-like receptor 4
(TLR4) gene expression; (D) Tumor necrosis factor alpha (TNF-a) protein; and (E) Interleukin-6 (IL-6) protein. Values are expressed as mean ± SE, n = 6 per group.
a
P < 0.05 vs CPV; cP < 0.05 vs FPV; eP < 0.05 vs FPLPS. C: Regular diet; F: High-fructose enriched diet; LA: Lipoic acid; LPS: Lipopolysaccharides.

hepatic MDA contents in fructose-fed rats following intraportal LPS infusion was significantly reversed in those with
LA administration. Liver GSH levels were significantly
decreased following LPS infusion, but were significantly reversed in those treated with LA (Figure 2B). Additionally,
the enhanced hepatic TLR4 gene expression by chronic
high-fructose feeding was further increased in those with
intraportal LPS infusion. LA administration suppressed
the augmentation of TLR4 gene expression induced only
by mild portal endotoxemia and not by high-fructose
feeding (Figure 2C). The significant increase of TNF-α
and IL-6 protein levels in the liver of LPS-infused rats
was reflective of the hepatic inflammatory response.
These levels were significantly suppressed with LA treat-
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ment (Figure 2D and E). LPS infusion had no effect on
triglyceride levels, but did have an effect on MDA, GSH,
TLR4, TNF-α and IL-6. LA administration significantly
reversed these effects.
Histopathological changes in the liver
Following analysis of the liver response to our treatments, we sought to examine the liver for histopathological changes. Not surprisingly, steatosis was noted in fructose-fed groups but was not different between groups.
On the other hand, the infiltration of monocytes in liver
was markedly exhibited in LPS-treated animals (Figure
3D), a phenotype not seen in any other treatment group
(Figure 3A-C), and alleviated by the administration of LA
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A

F

CV

CV

100 μm

B

100 μm

G

CV

Figure 3 Histopathological examination of liver in
rats with regular or highfructose feeding. Lipid accumulation in: (A) CPV rats; (B)
FPV rats; (C)FPV + LA; (D) FPLPS;
and (E) FPLPS + LA rats. CD-68
positive cell infiltration in: (F)
CPV rats; (G) FPV rats; (H) FPV
+ LA; (I) FPLPS; and (J) FPLPS + LA
rats. Slides were stained with
hematoxylin and eosin (A-E)
and immunostained with an
anti-CD68 antibody (F-J).
Arrows indicate CD68 positive cells. C: Regular diet; F:
High-fructose enriched diet;
LA: Lipoic acid; LPS: Lipopolysaccharides; CV: Central
vein.
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1.0
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a
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FPLPS + LA
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FPLPS + LA

a,c
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A

e
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20
0

CPV
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Figure 4 Effect of a-lipoic acid on portal endotoxemia-induced changes in the pancreas. The pancreata from experimental animals were harvested and tested
for: (A) Malondialdehyde (MDA) content; (B) Tumor necrosis factor alpha (TNF-a) protein level; and (C) Interleukin-6 (IL-6) protein level. Values are expressed as mean
± SE, n = 6 per group. aP < 0.05 vs CPV; cP < 0.05 vs FPV; eP < 0.05 vs FPLPS. C: Regular diet; F: High-fructose enriched diet; LA: Lipoic acid; LPS: Lipopolysaccharides.

(Figure 3E). Accordingly, immunohistochemical staining
showed that the observed CD68-positive cell infiltration
was observed in areas around the central vein in LPS infused animals (Figure 3I), but significantly attenuated in
those with LA administration (Figure 3J). Therefore, LPS
treatment resulted in marked histopathological changes
in the liver of fructose-fed animals, a phenotype that was
reversed by the administration of LA.

treatments in the pancreas. Following LPS treatment,
pancreatic islets exhibited damage that was attenuated
with LA administration (Figure 5, top panels). Consistently, the frequency and CD68-positive cell infiltration in
fructose-fed animals was only slightly increased as compared to controls. However, they were markedly increased
in following LPS infusion and attenuated with LA administration (Figure 5, bottom panels). Quantitation of this
data shows the frequency of CD68-positive islets and
numbers of CD68-positive cells/islet in fructose-fed rats
were further elevated following LPS infusion and partially
suppressed in those with LA administration.

Content of MDA and inflammatory markers in the
pancreas
To measure the pancreas response to our conditions, we
tested for MDA, TNF-α and IL-6 levels. Fructose feeding increased all three parameters, while fructose feeding
with infusion of LPS significantly increased each (Figure
4A-C). Administration of LA resulted in each parameter
returning back to original fructose-fed levels. TLR4 gene
expression was not detected in pancreas in experimental
groups. Therefore, immunological markers including
TNF-α and IL-6, but not TLR4, are increased upon fructose feeding and LPS infusion, a phenotype that can be
reversed with administration of LA.

Glucose-stimulated insulin secretion
Hyperglycemic clamp is the gold-standard method to
evaluate glucose-stimulated insulin secretion in vivo[26].
Plasma glucose levels were not different during the basal
period and maintained similar hyperglycemia during the
clamp periods among experimental groups (Figure 6A).
Increases in plasma insulin levels from baseline in fructose-fed animals were significantly lower than those in
controls and further decreased in those infused with LPS
under similar hyperglycemic conditions (Figure 6B). The
diminished glucose-stimulated insulin secretion shown in
fructose-fed controls was not significantly changed with

Histopathologic changes in the pancreatic islets
We then examined the histopathological response to our

WJG|www.wjgnet.com
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Figure 5 Histopathologicalexamination of pancreatic islets. A: Tissue samples from each subset of animals were analyzed by hematoxylin and eosin (HE)
staining (a-CPV, b-FPV, c-FPV + LA, d-FPLPS, e-FPLPS + LA) and immunostaining with an antibody against CD68 (f-CPV, g-FPV, h-FPV + LA, i-FPLPS, j-FPLPS + LA); This data was then
quantitated as (B) percentage of islets infiltrated and (C) number of CD68+ cells per islet. Arrows indicated CD68-positive cells. I: Islet. A total of 100 ± 25 islets per
experimental group were blindly scored for CD68-positive cells around the periphery and/or within islets from 5 to 6 different animals. Islet area was measured by the
area of islet capsule in pancreatic section with HE stain and computed using AxioVision LE 4.8.2.0 software. Values are expressed as mean ± SE, n = 6 per group.
Line bar: 50 μm. aP < 0.05 vs CPV; cP < 0.05 vs FPV; eP < 0.05 vs FPLPS. C: Regular diet; F: High-fructose enriched diet; LA: Lipoic acid; LPS: Lipopolysaccharides.

tion[4]. This study explored the potential therapeutic role
of the potent antioxidant α-LA in liver disease and associated pancreatic abnormalities. Using the animal model
for metabolic steathohepatitis, fructose-fed rats, we found
administration of LA reversed mild portal endotoxemiainduced inflammation. Further, portal endotoxemia also
decreased glucose-stimulated insulin secretion, a phenotype that was reversed following LA treatment.
LA has been reported to scavenge free radicals, chelate metals and restore intracellular GSH, all factors associated with increasing age[13]. In addition, it is used as
a therapeutic agent in several liver-related diseases such
alcohol-induced liver damage[27] and fatty liver disease[16]
through multiple mechanisms. Our observations further
establish LA as a therapeutic for liver disease. Specifically,
our animal model shows LA improves endotoxin-induced
hepatic disorders in addition to its established role as a
treatment for chronic high-fructose feeding. These antioxidant and anti-inflammatory characteristics may be in
the ability of LA to restore tissue GSH-dependent antioxidant defenses during portal endotoxin attack.

LA administration. However, intraportal LPS infusion
significantly impaired the glucose-stimulated insulin secretion shown in fructose-fed controls, which was significantly reversed in those with LA treatment (Figure 6B). In
addition, the first-phase insulin secretion (0-10 min post
glucose treatment) and the second-phase insulin secretion
(10-240 min post glucose treatment) were significantly
lower in fructose-fed animals when compared with controls. This was further exacerbated following intraportal
LPS infusion, a phenotype that was partially reversed
when treated with LA (Figure 6C).

DISCUSSION
Nonalcoholic steatohepatitis is not only highly correlated
with the development of metabolic syndrome and type
2 diabetes mellitus, but is also a crucial factor in progression to cirrhosis and hepatocellular carcinoma[3]. In addition, mild portal endotoxemia has been speculated as a
crucial risk factor to induce hepatic inflammation in the
state of steatosis and impaired pancreatic β cell func-
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Figure 6 Effect of a-lipoic acid on plasma glucose and insulin levels. A hyperglycemic clamp technique was used to evaluate glucose-stimulated insulin secretion. A: Plasma glucose levels during the clamp period; B: Change in insulin levels during clamp period; C: The insulin level averages during the first phase (0-10 min)
and the second phase (10-240 min) of the clamp period. Values are expressed as mean ± SE, n = 6 per group. aP < 0.05 vs CPV; cP < 0.05 vs FPV; eP < 0.05 vs FPLPS. C:
Regular diet; F: High-fructose enriched diet; LA: Lipoic acid; LPS: Lipopolysaccharides.

Furthermore, these data show LA administration significantly suppressed the augmented TLR4 gene expression induced by mild portal endotoxemia but not chronic
fructose feeding. Hepatic TLR4 is activated by gutderived LPS and attributed to the pathogenesis of liver
inflammation[28]. In addition, TLR4 signaling is involved
in the development of fructose-induced steatosis in
mice[29] and also required for liver steatosis, inflammation
and a fibrogenic response after chronic alcohol treatment
in TLR4 transgenic mice[30]. In addition to LPS, other
potential agents including saturated fatty acids (i.e., palmitate) and alarmins (i.e., HMGB1) have also been shown
to stimulate the inflammatory response in a TLR4-dependent manner[31,32]. Hepatic TLR4 signaling occurs not
only in Kupffer cells but also in hepatic non-immune cell
populations including hepatocytes, biliary epithelial cells,
endothelial cells and hepatic stellate cells[33]. In brief, these
observations implicate TLR4-mediated inflammatory signaling in hepatic cell populations are crucially involved in
the development of NAFLD, affected individually by diet
components and portal endotoxemia.
Our observations showed that LA not only significantly improved the inflammatory changes in fructose-
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induced NASH but also diminished the detrimental
inflammatory response of the pancreas. Consistent with
our results, LA has a protective effect on cholecystokininoctapeptide induced acute pancreatitis in rats[15]. LA was
reported to have a dose-related cytoprotective effect on
hydrogen peroxide-induced oxidative stress on pancreatic beta cells. On the other hand, LA could also directly
suppress insulin secretion in pancreatic beta cells at high
concentrations by inducing AMP-activated protein kinase
activation[34]. Taken together, data from these studies
combined with our observations implicate a beneficial effect of LA on impaired pancreatic insulin secretion. This
effect might be attributed to its anti-oxidative and anti-inflammatory actions on mild portal endotoxemia-induced
liver inflammation and subsequent pancreatic damage,
but not its direct effect on pancreatic beta cell secretion.
Nevertheless, the selected dose of intraportal LPS infusion was based on evaluating its effects on the mortality
rate and systemic endotoxin levels during 4-wk infusion
period in our previous study[11]. Consistently, this lowdose LPS infusion caused subacute hepatic inflammation
that could be almost completely be cleared by Kupffer
cells once it passed through the liver, so that the arterial
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plasma endotoxin levels were not different among experimental groups.
The present study showed that administration of LA
could protect liver from LPS-induced oxidative stress and
inflammation while reversing the subsequent impairment
of the pancreas in rats with fructose-associated fatty liver
disease. However, LA had no effect on oxidative stress
induced by high-fructose feeding. Clinical implications of
this observation suggest both the suppression of portal
endotoxemia-induced oxidative stress and dietary interventions are crucial for improving symptoms of NASH.
Although both oxidative stress induced by low-dose
intraportal LPS infusion and high-fructose feeding have
been demonstrated to contribute to the development of
steatohepititis in fructose-fed rats, the possible involvement of TLR4 signaling in individual hepatic cell populations remain elusive in the present study.
In conclusion, the present study demonstrates that
LA can significantly reduce intraportal LPS-induced liver
inflammation and associated deterioration of insulin
secretion function in this metabolic syndrome rodent
model. In addition, it is also implicated that hepatic TLR4
signaling might not only play a significant role in chronicfructose-feeding induced hepatic steatosis but also in its
subacute inflammatory change induced by mild portal
endotoxemia and associated extrahepatic disorders in this
model.
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