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In the present study, the potential antioxidant and anti-inflammatory effects of Acanthopanax divaricatus
vat. albeofructus (AE) and acanthoside-D (AD) isolated from AE against hepatic ischemia–reperfusion (I/R)
injury were investigated in a rat model. Male Sprague–Dawley rats (200–220 g) were randomized into
seven groups: normal controls; sham-operated controls; I/R injury model; I/R injury model with AE pre-
treatment at 150, 300, and 600 mg/kg body weight; and I/R injury model with AD pretreatment at
600 lg/kg body weight (equivalent to high dose of AE). The AE and AD pretreatments were administered
orally for 2 weeks prior to I/R injury surgery. All rats recovered for 1 week with AE and AD treatment after
surgery. Compared to the normal control groups, the I/R injury model group without supplemental treat-
ment showed a significantly lower level of serum superoxide dismutase (SOD) and significantly higher
levels of tumor necrosis factor-alpha (TNF-a, interleukin (IL)-6, serum aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and alkaline phosphatase (ALP), as well as lactate dehydrogenase
(LDH) activity. The I/R-induced decrease in SOD and increases in TNF-a and IL-6 were resolved, at least
partially, by AE and AD treatments, as evidenced by significantly higher antioxidant activities and signif-
icantly lower inflammatory cytokine levels in the treatment groups as compared to the I/R injury model
group. The AE and AD treatment groups also showed significantly higher levels of serum IL-10 than I/R
injury model group. Histological examination revealed that the AE and AD treated groups had less exten-
sive liver necrosis than I/R injury model group. Concomitantly, AE lowered the I/R-induced increases in
AST, ALT, ALP levels and LDH activity. In conclusion, AE and AD are capable of alleviating I/R-induced
hepatic injury by inhibiting inflammatory cell infiltration, thereby mitigating the release of inflammatory
cytokines and balancing the oxidant–antioxidant status mediated by p38 MAPK and JNK/SAPK signaling.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Hepatic ischemia is caused by an interruption of the blood sup-
ply to an organ or tissue, during which the restricted supply of oxy-
gen and delivery of substrates required for normal metabolism can
result in functional and structural injuries. In the liver, ischemia/
reperfusion (I/R)-induced injury can provoke activation of the
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Kupffer cells, which is accompanied by enhanced formation of
reactive oxygen species (ROS). Accumulated ROS may initiate oxi-
dative stress, causing cellular injury directly by attacking various
molecules and indirectly by activating the p38 mitogen-activated
protein kinase (MAPK) and c-Jun NH2-terminal kinase/stress-acti-
vated protein kinase (JNK/SAPK) signaling pathways.

Oxidative stress pathways can stimulate the expression and
secretion of several key mediators of inflammation, including tu-
mor necrosis factor-alpha (TNF-a) and the interleukins (ILs) IL-1b
and IL-6. The oxidative stress mechanism is composed of several
oxygen free radicals, such as superoxide and hydroxyl radicals, as
well as hydrogen peroxide (H2O2), all of which may cause struc-
tural alterations to the cellular and intracellular organelle mem-
branes that contribute to the overall cytotoxic outcome. This
mechanism, however, is balanced by the antioxidant enzymes,
including superoxide dismutase (SOD), catalase (CAT), and gluta-
thione peroxidase (GSH-Px), which exert their protective effects
by removing superfluous oxygen-derived free radicals [1,2]. How-
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ever, not all cases of severe oxidative stress are detrimental to the
system. This mechanism is a necessary function by which apopto-
sis and necrosis are triggered in undesirable or potentially harmful
cells, such as cancerous or infected cells, and which, in turn, trigger
beneficial inflammatory immune responses [3]. Acanthopanax spe-
cies have a long history of use as medicinal plants. Empirical re-
search over the past several decades has provided evidence of
their therapeutic efficacies in treating several chronic disease con-
ditions, such as diabetes mellitus [4], gastric ulcer [5], ischemic
heart disease [6], cancer [7], and hepatitis [8]. One of the most
commonly used and easily cultivated Acanthopanax species, espe-
cially in Korea, is Acanthopanax. divaricatus vat. albeofructus (AE).
This particular medicinal plant has been shown in clinical studies
to exert safe and effective anti-inflammatory, anti-rheumatoid
arthritis, and anti-diabetic functions [9–11]. Furthermore the prin-
cipal component of AE, acanthoside-D (AD), has been characterized
as possessing anti-inflammatory, anti-fatigue and anti-carcino-
genic effects [12,13].

In this study, we investigated the potential protective effects of
both AE and its purified active compound AD in hepatic I/R injury.
Specifically, we examined the abilities of each to regulate antioxi-
dant enzyme activities and inflammatory cytokine expression
through p38 MAPK and JNK/SAPK signaling, using a rat model of
I/R injury induced by microvascular clamping.

2. Materials and methods

2.1. Plant materials

A. divaricatus vat. Albeofructus (AE) and acanthoside-D (AD)
were provided by Susin Ogapi Co., Cheonan, Korea (Fig. 1). AE
was identified by Prof. H. Kim, College of Oriental Medicine, Kyung
Hee University. Briefly, the roots and stems (1:4) of AE were dried
in hot air, cut, and extracted with water (1:7) under 105 �C for 6 h.
The insoluble portion was removed by filtration. The filtrate was
vacuum-concentrated, lyophilized, and powdered. AD, syringaresi-
nol di-O-b-D-glucoside, was standardized by Korea Health Supple-
ment Institute, Seongnam, Korea (Cat No. ASB-00005065). AD
represented 1 mg/g of AE, and its purity was >95%.

2.2. I/R liver injury rat model

Four-week-old male Sprague–Dawley rats (Orient Bio Inc.,
Gyeonggi-Do, Korea) were acclimatized to the laboratory setting
Fig. 1. Structure of acanthoside-D (AD).
(22.0 ± 2.0 �C, 12 h light/dark cycles, 50 ± 15% humidity, ad libitum
standard pellet diet [Purina Inc., Gyeonggi-Do, Korea] and water)
for 1 week. For experimentation, the rats (200–220 g) were ran-
domized into seven groups, with matching for body weights
(bw): CON group, normal controls; SHAM group, sham-operated;
I/R group, I/R injury model; AE pretreatment + I/R injury groups,
including AE150 (150 mg/kg bw), AE300 (300 mg/kg bw), and
AE600 (600 mg/kg bw); and AD pretreatment + I/R injury group
(600 lg/kg bw, equivalent to the high dose of AE). Prior to the I/R
injury surgery, the rats of the treatment groups received AE or
AD (oral, once daily) for 2 weeks. The I/R injury surgery consisted
of applying a microvascular clamp to the hepatic portal veins feed-
ing the left and median lobes for 60 min, while the rat was warmed
by a 37 �C heating pad [14]. After 1 week of recovery, with oral
administration of AD and AE, the animals were fasted overnight,
anesthetized, and exsanguinated by cardiac puncture. The blood
sample was centrifuged (3000�g, 4 �C, 30 min) to separate serum
and plasma. Centrifuged blood was stored at �80 �C. The liver, kid-
ney, spleen, and pancreas were removed, weighed, snap-frozen in
liquid nitrogen, and stored at �80 �C. This study was preapproved
by the Institutional Animal Care and Use Committee of Ewha Wo-
mans University (No. 2011-02-057).

2.3. Biochemical assays

Serum aspartate aminotransferase (AST) and alanine amino-
transferase (ALT) activities were measured by Reitman–Frankel
colorimetric assay kits (Asan Pharmaceutical, Seoul, Korea). Serum
total bilirubin (T-BIL) was quantified by a Jendrassik–Grof enzy-
matic assay kit (BioAssay Systems, Hayward, CA, USA). Serum alka-
line phosphatase (ALP) activity was measured by a colorimetric
assay kit (BioVision Inc., Milpitas, CA, USA). Serum lactate dehydro-
genase (LDH) activity was determined by enzyme-linked immuno-
sorbent assay (ELISA) detection of pyruvic acid conversion to lactic
acid.

2.4. Serum and hepatic antioxidant activities

Commercial kits were used to quantify serum total antioxidant
status (TAS; Randox Laboratories Ltd., Antrim, UK), serum superox-
ide dismutase (SOD) activity (Cayman Chemical Co., Ann Arbor,
USA), and serum catalase (CAT) activity (Cayman Chemical Co.).
Hepatic GSH-Px activity was determined by ELISA detection of oxi-
dized glutathione produced upon reduction of H2O2 [15].

2.5. Cytokine production

Commercial ELISA kits were used to measure serum IL-6 (R&D
Systems, Minneapolis, MN, USA), and hepatic TNF-a, IL-6, and IL-
10 (DuoSet ELISA development kit; R&D Systems).

2.6. Western blot analysis

Liver proteins were extracted with lysis buffer (Intron Biotech,
Seoul, Korea) and quantified by the Bradford method. Total protein
(40 lg) was resolved by 10% SDS–PAGE and transferred to polyvi-
nylidene difluoride membranes (Bio-Rad, Hercules, CA, USA). After
blocking (room temperature, 120 min) with 3% bovine serum albu-
min (BSA) and 5% skim milk in Tween/Tris-buffered saline (TBS)
and triplicate washes in TBS, the membranes were probed (4 �C,
overnight) with rabbit anti-p-p38 MAPK (1:1000; Cell Signaling
Technology, Danvers, MA, USA), mouse anti-p-JNK/SAPK (1:2000;
Cell Signaling Technology), or mouse anti-b-actin (1:1000; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) in 5% BSA + TBS. The
immunoreactive antigens were detected (room temperature,
120 min) by horseradish peroxidase-labeled anti-rabbit or
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anti-mouse/rabbit IgG (1:2000; Santa Cruz Biotechnology) in 5%
BSA + TBS. The immunoreactive bands were quantified by the
ChemiDoc XRS + system with Image Lab software (Bio-Rad).

2.7. Histochemical analysis

Formalin-fixed tissue samples were dehydrated in a gradient
series (70–100%) of ethyl alcohol, dealcoholized in xylene, embed-
ded in paraffin, and sectioned (5-lm thickness). For histological
analysis, the slide-mounted embedded tissues were deparaffinized
in xylene, rehydrated in a reverse-gradient series of ethyl alcohol,
and stained with hematoxylin and eosin (H&E). Dehydrated and
dealcoholized formalin-fixed tissue sections were mounted on
slides with Canada balsam and observed by Olympus 51 micros-
copy (Olympus Optical Co., Tokyo, Japan).

2.8. Statistical analysis

Results are presented as mean ± standard error. Statistical anal-
yses were performed by the Statistical Analysis Systems software,
version 9.2 (SAS Institute, Cary, NY, USA). Intergroup differences
were analyzed by one-way analysis of variance (ANOVA) with post
hoc Duncan’s multiple range tests. The threshold for significance
was p < 0.05.

3. Results

3.1. Effects of AE on serum ALT, AST, T-BIL, ALP, and LDH levels in
hepatic I/R injury rats

Serum ALT, T-BIL, ALP, and LDH levels were significantly in-
creased in the untreated I/R group, as compared to the CON group
(Table 1). All AE and AD pretreatments significantly decreased the
I/R injury-induced increased levels of serum T-BIL and ALP. In addi-
tion, the AE and AD pretreatments led to a significant decrease on
serum AST compared to I/R. The I/R injury-induced increases in
serum ALT and LDH were also significantly reduced by AE300
and AE treatments except for AE600, respectively compared to I/R.

3.2. Effects of AE on serum and hepatic antioxidant activities in hepatic
I/R injury rats

Upon I/R injury, the serum TAS was significantly decreased (un-
treated I/R vs. SHAM; Fig. 2A). However, the low- and mid-dose AE
pretreatments significantly increased the I/R injury-induced de-
crease in serum TAS (AE150 and AE300 vs. untreated I/R). I/R injury
also caused a significant decrease in serum SOD activity (untreated
I/R vs. CON and SHAM), which was also significantly increased by
the low- and mid-dose AE pretreatments (AE150 and AE300 vs. un-
treated I/R; Fig. 2B). Compared to untreated I/R, the AE pretreat-
ments caused significant increases in both serum CAT activity
(vs. AE300 and AE600 pretreatments; Fig. 2C) and hepatic GSH-
Table 1
Protective effects of AE and AD pretreatments on liver function impaired by hepatic I/R in

Group CON SHAM I/R AE
Biomarker

ALT IU/L 13.62 ± 0.73c 13.41 ± 1.24c 19.41 ± 1.09a 1
AST IU/L 30.37 ± 1.26a,b 26.52 ± 1.14b,c 34.08 ± 1.03a 2
T-BIL mg/L 1.33 ± 0.31b 0.74 ± 0.28b 3.10 ± 0.34a

ALP U/mL 0.19 ± 0.01b 0.17 ± 0.01b 0.31 ± 0.02a

LDH U/L 161.89 ± 4.97b,c 163.05 ± 11.09bc 215.89 ± 14.57a 15

Values with Arabic superscripts are significantly different.
Px activity (all AE pretreatments; Fig. 2D). The AD pretreatments
had no affects on either the serum CAT or hepatic GSH-Px, nor
on the I/R injury-induced changes to SOD.

3.3. Effects of AE on inflammatory signaling in hepatic I/R injury rats

All AE and AD pretreatments led to increased levels of phos-
phorylated p38 MAPK expression in liver (vs. untreated I/R;
Fig. 3A); however, only the low- and mid-doses of AE led to in-
creased p-p38/p38 ratio (AE150 and AE300 vs. untreated I/R), with
the mid-dose leading to the highest increase. The I/R injury in-
duced an increase in expression of phosphorylated JNK/SAPK in li-
ver (vs. CON), which was decreased by the AE and AD
pretreatments (vs. untreated I/R; Fig. 3B). Similarly, the I/R injury
caused an increase in the p-JNK/JNK ratio (vs. CON), which the
mid-dose AE treatment decreased (AE300 vs. untreated I/R) and
the low- and high-dose AE treatments decreased less extensively
(AE150 and AE600 vs. untreated I/R).

Hepatic I/R injury induced significant increases in hepatic TNF-
a and IL-6 (untreated I/R vs. CON and SHAM). All AE and AD pre-
treatments significantly reduced the I/R injury-induced increases
in hepatic TNF-a and IL-6 (vs. untreated I/R; Fig. 3C and D). Simi-
larly, the I/R injury-induced decrease in hepatic IL-10 level (un-
treated I/R vs. CON and SHAM) was significantly increased by all
AE and AD pretreatments (vs. untreated I/R; Fig. 3E). Moreover,
the mid- and high-doses of AE increased the levels of IL-10 to nor-
mal (AE300 and AE600 vs. CON). The AE and AD pretreatments all
produced significant suppressive effects on the I/R injury-induced
increase in serum levels of IL-6 (vs. untreated I/R; Fig. 3F).

3.4. Effects of AE on hepatic morphology in hepatic I/R injury rats

Normal lobular architecture and cell structure were observed in
livers from the CON (Fig. 4A) and SHAM (Fig. 4B) groups. In con-
trast, the untreated I/R-injured livers (Fig. 4C) showed severe hepa-
tic distortion, hemorrhage, and multiple and extensive necrosis, as
well as inflammatory cell infiltration, all of which were randomly
distributed throughout the parenchyma. The histological features
of livers from rats pretreated with AE150 (Fig. 4D) and AE300
(Fig. 4E) were similar to the untreated I/R-injured livers. However,
hepatic histology of the I/R-injured livers from rats pretreated with
AE600 (Fig. 4F) and AD (Fig. 4G) revealed fewer and smaller areas
of necrosis and structural derangement around the central vein, as
compared to the untreated I/R livers.

4. Discussion

The antioxidant and anti-inflammatory effects of various
Acanthopanax species have been previously described in the litera-
ture. For example, A. senticosus aqueous extracts were shown to re-
duce oxidative stress via induction of the NF-E2-related factor
(Nrf)-2 and other related antioxidant enzymes [6]. A. radix extract
rats.

150 AE300 AE600 AD

6.92 ± 0.52a,b 15.80 ± 1.01b,c 17.49 ± 1.13a,b 16.30 ± 1.24a,b,c

9.04 ± 0.95b 26.45 ± 1.53b,c 26.81 ± 2.60b,c 23.14 ± 2.34c

1.22 ± 0.21b 1.24 ± 0.31b 0.87 ± 0.29b 0.81 ± 0.14b

0.18 ± 0.01b 0.16 ± 0.01b 0.17 ± 0.01b 0.17 ± 0.01b

5.88 ± 6.50b,c 146.89 ± 7.36c 184.54 ± 17.77ab 176.62 ± 9.16b,c
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was shown to have reactive oxygen radical-scavenging effects un-
der endotoxemic conditions [16]. Finally, A. senticosus extract was
shown to have anti-inflammatory effects under pathogenic condi-
tions associated with Porphyromonas gingivalis infection, whereby
the extract suppresses activator protein (AP)-1 and nuclear factor
(NF)-jB activity, modulates signal transducer and activator of tran-
scription (STAT) 1 and STAT3, and stimulates heme oxygenase
(HO)-1 expression through the activation of MAPK and Nrf-2 sig-
naling pathways [17]. In the present study, the potential beneficial
effects of A. divaricatus vat. albeofructus and its active component
AD were shown in regards to liver function, specifically involving
the inflammatory and antioxidant response via p38 MAPK and
JNK/SAPK signaling.

I/R injury can be generally characterized as an inflammatory re-
sponse. The process begins with transcriptional activation of proin-
flammatory factors that trigger the expression, activity, and
secretion of various downstream immunomodulatory factors, such
as proinflammatory cytokines, endothelial adhesion molecules,
and ROS. Hepatic I/R injury in rats resulted in increased serum lev-
els of ALT, T-BIL, LDH, ALP, and inflammatory cytokines, but de-
creased antioxidant activities. AE pretreatment protected against
I/R injury-induced liver function impairment by mitigating the ef-
fects on ALT, T-BIL, LDH and ALP. Although serum ALT is the most
frequently used biomarker of hepatotoxicity, it lacks consistent
correlation with the histomorphologic data. Thus, additional bio-
markers with greater and more consistent specificity for liver func-
tion are needed to augment the serum ALT activity marker [18].
Although AST, T-BIL, and ALP are promising candidates for this
application, LDH is especially attractive because it has been widely
used to evaluate the presence of damage and toxicity of tissue and
cells [19].

Epidemiologic studies have identified relationships between
oxidative stress and the occurrence of cardiovascular diseases,
such as ischemic heart disease [20]. The antioxidant system, which
balances the production and destruction of ROS [6], such as super-
oxide radical ðO�2 Þ H2O2 and hydroxyl radical (�OH), is normally
subject to detoxification by other nonenzymatic and enzymatic
components, such as SOD, of the antioxidant system to eliminate
the ROS and suppress their effects [21]. SOD which converts O�2
into H2O2 is itself detoxified by CAT and GSH-Px [22]. In the pres-
ent study, the antioxidant properties of AE and AD in I/R-injured li-
ver were found to involve SOD and GSH-Px activities. However,
GSH-Px is also known to eliminate other organic peroxides, includ-
ing lipid peroxides. Therefore, AE and AD may be effective for
improving the overall antioxidant capacities of an animal, espe-
cially AE, which demonstrated potent enhancement of antioxidant
metabolism.

Under conditions of severe oxidative stress, cells undergo apop-
totic and necrotic death. The related inflammatory response begins
with transcriptional activation of proinflammatory factors, and
stimulates downstream mediators, such as TNF-a and IL-6, that
facilitate recruitment of leukocytes to the postischemic organ or
tissue [23,24]. TNF-a is characterized as the central proinflamma-
tory mediator promoting hepatic damage in response to I/R injury
[25]. IL-6 upregulation has also been demonstrated in the I/R liver
and is expected to aggravate injury [26]. In the present study, AE
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and AD pretreatments significantly reduced the I/R injury-stimu-
lated hepatic TNF-a and IL-6. Furthermore, high-dose AE reduced
the extent of I/R injury-induced necrosis and structural derange-
ment around the central vein.

I/R injury-induced oxidative stress damage have been attrib-
uted to the activation of MAPK pathways, including JNK/SAPK
and p38 MAPK-mediated pathways. Moreover, activation of JNK/
SAPK and p38 MAPK is essential to cytokine- and stress-induced
apoptosis [27]. Upon TNF-a binding to its cognate receptor, TNF-
R, JNK/SAPK and NF-jB are activated [28]. Interaction of p38 MAPK
with the JNK-c-Jun pathway in hepatocytes facilitates inhibition of
cellular proliferation [29], but overexpression or hyperactivation of
c-Jun can lead to uncontrolled proliferation or apoptosis. p38
MAPK also plays dual roles in the antioxidant pathways and anti-
inflammatory responses [30], helping to mitigate I/R injury-in-
duced damage and acting as a catalyst for liver damage [31]. The
protective and detrimental effects may be mediated by the phos-
phorylation status of p38 MAPK. In a porcine I/R model, p-p38
MAPK was stimulated by atrial natriuretic peptide treatment,
which was also associated with less-extensive tissue damage
[32]. In the present study, AE exerted protective effects against li-
ver damage by blocking the I/R injury-induced upregulation of p-
JNK/SAPK and downregulation of p38 MAPK.

In conclusion, AE and AD reduced I/R-induced hepatic injury by
reducing necrotic areas and/or inflammatory cell infiltration and
modulating inflammatory cytokine expression and/or release. Col-
lectively, AE and AD were shown to mitigate oxidative stress and
inflammation related to p38 MAPK and JNK/SAPK signaling. AE
was found to balance the antioxidant status, through the enzy-
matic antioxidant system, better than AD.
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