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Abstract
AIM: To investigate the protective effects and possible 
mechanisms of Veratrum nigrum L.var. ussuriense Nakai 
alkaloids  (VnA) on hepatic ischemia/reperfusion (I/R) 
injury in rats.

METHODS: Forty male Wistar rats were randomly 
divided into four experimental groups (n  = 10 in each): 
(A) Control group (the sham operation group); (B) I/R 
group (pretreated with normal saline); (C) Small-dose 
(10 mg/kg) VnA pretreatment group; (D) Large-dose 
(20 mg/kg) VnA pretreatment group. Hepatic ischemia/
reperfusion (Hepatic I/R) was induced by occlusion of the 
portal vein and the hepatic artery for 90 min, followed 
by reperfusion for 240 min. The pretreatment groups 
were administered with VnA intraperitoneally, 30 min 
before surgery, while the control group and I/R group 
were given equal volumes of normal saline. Superoxide 
dismutase (SOD) activity, myeloperoxidase (MPO) activity 
and nitric oxide (NO) content in the liver tissue at the 
end of reperfusion were determined and liver function 
was measured. The expression of intercellular adhesion 
molecule-1 (ICAM-1) and E-selectin (ES) were detected 
by immunohistochemical examinations and Western blot 
analyses.

RESULTS: The results showed that hepatic I/R elicited 
a significant increase in the plasma levels of alanine 
aminotransferase (ALT: 74.53 ± 2.58 IU/L vs  1512.54 
± 200.76 IU/L, P  < 0.01) and lactic dehydrogenase 
(LDH: 473.48 ± 52.17 IU/L vs  5821.53 ± 163.69 IU/L, 
P  < 0.01), as well as the levels of MPO (1.97 ± 0.11 

U/g vs  2.57 ± 0.13 U/g, P  < 0.01) and NO (69.37 ± 
1.52 mmol/g protein vs  78.39 ± 2.28 mmol/g protein, P  
< 0.01) in the liver tissue, all of which were reduced by 
pretreatment with VnA, respectively (ALT: 1512.54 ± 
200.76 IU/L vs 977.93 ± 89.62 IU/L, 909.81 ± 132.76 
IU/L, P  < 0.01, P  < 0.01; LDH: 5821.53 ± 163.69 IU/L 
vs  3015.44 ± 253.01 IU/L, 2448.75 ± 169.4 IU/L, P  < 
0.01, P  < 0.01; MPO: 2.57 ± 0.13 U/g vs  2.13 ± 0.13 U/g, 
2.07 ± 0.05 U/g, P  < 0.01, P  < 0.01; NO: 78.39 ± 2.28 
mmol/g protein vs  71.11 ± 1.73 mmol/g protein, 68.58 ± 
1.95 mmol/g protein, P  < 0.05, P  < 0.01). The activity of 
SOD (361.75 ± 16.22 U/mg protein vs  263.19 ± 12.10 
U/mg protein, P  < 0.01) in the liver tissue was decreased 
after I/R, which was enhanced by VnA pretreatment 
(263.19 ± 12.10 U/mg protein vs  299.40 ± 10.80 U/mg 
protein, 302.09 ± 14.80 U/mg protein, P  < 0.05, P  < 
0.05). Simultaneously, the histological evidence of liver 
hemorrhage, polymorphonuclear neutrophil infiltration 
and the overexpression of ICAM-1 and E-selectin in the 
liver tissue were observed, all of which were attenuated 
in the VnA pretreated groups.

CONCLUSION: The results demonstrate that VnA 
pretreatment exerts significant protection against hepatic 
I/R injury in rats. The protective effects are possibly 
associated with enhancement of antioxidant capacity, 
reduction of inflammatory responses and suppressed 
expression of ICAM-1 and E-selectin.
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INTRODUCTION
Re-establishment of  blood flow to the ischemic tissue is 
the therapeutic goal in the treatment of  arterial occlusion. 
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However, surgically restoring the blood flow often leads 
to continued or accelerated local tissue injury and systemic 
toxicity[1]. Hepatic ischemia/reperfusion (Hepatic I/R) 
injury is an important non-immunologic problem and a 
limitating factor in liver transplantation and it may result 
in liver dysfunction, liver failure, and even death[2]. Hepatic 
I/R injury is one of  the major complications of  hepatic 
resection, hemorrhagic shock with fluid resuscitation, 
and liver transplantation, particularly with grafts from 
marginal donors[3]. The mechanisms underlying ischemia/
reperfusion induced organ damage are likely multifactorial 
and interdependent. Previous studies have identified 
many mediators involved in the pathogenesis of  hepatic 
I/R injury. Among them, reactive oxygen species (ROS)[4] 

released by active Kupffer cells, and proinflammatory 
cytokines[5-7] are central to this process. Expression of  
the adhesion molecules is up-regulated by cytokines 
and mediates the recruitment of  neutrophils to the liver 
resulting in hepatic injury[8-9]. In addition, selectins are also 
up-regulated during this process[10]. 

It has been shown that short episodes of  liver ischemia 
confer protection against longer ischemic insults and 
subsequent I/R injury. This phenomenon is called ischemic 
or mechanical preconditioning [11-12]. Pharmacological 
preconditioning can be an effective alternative to ischemic 
preconditioning. With pharmacological preconditioning, 
liver protection is achieved by the administration of  
substances before or at the early phase of  the I/R process.    

Veratrum nigrum L.var. ussuriense Nakai alkaloids (VnA) 
is the total alkaloid extracted from the root of  Veratrum 
nigrum L. var. ussuriense Nakai of  Mount Qian in Liaoning 
Province, China. VnA contains at least eleven alkaloids 
featuring an ester-type isosteroidal structure identified 
by modern analytical techniques such as HPLC-MS, 
NMR, etc. The principal components of  VnA include 
verussurien, verabenzoamine, verazine, germidine, jervine, 
germerine, 15-O-(methylbuty-royl)-germine, verussurinine, 
neogermbudine, zygadenine and echinuline[13-15]. Some 
researchers have demonstrated that VnA has powerful 
inhibitory effects against both arterial and venous 
thrombosis, and it could produce beneficial effects on 
brain I/R injury[16-18]. In this study, we investigated whether 
VnA had a protective effect against liver injury induced 
by hepatic I/R and explored its putative protective 
mechanism.

MATERIALS AND METHODS
Reagents
The VnA hydrochloride injection (100 mg/L) was prepared 
by the Department of  Pharmaceutical Engineering, Dalian 
University of  Science and Technology. It was diluted to the 
required concentrations with sterile saline solution prior to use.

Animals
Male Wistar rats (Experimental Animal Center of  Dalian 
Medical University, Dalian, China) weighing 220 ± 20 g 
were used in this study. All rats were fed with standard 
laboratory chow and water, and housed in accordance with 
institutional animal care guidelines.

Experimental design
Male Wistar rats were fasted overnight but had free access 
to tap water. The rats were assigned randomly into four 
experimental groups (n = 10 in each): (A) Control group 
(the sham operation group); (B) I/R group (pretreated 
with normal saline); (C) Small-dose (10 mg/kg) VnA 
pretreatment group; (D) Large-dose (20 mg/kg) VnA 
pretreatment group. The model of  hepatic I/R injury was 
established by the clamping and unclamping of  the vessels 
supplying the left lateral and median hepatic lobes, which 
account for 70% of  the rat liver mass, according to the 
published method[12]. We reproduced a lobar rather than a 
total hepatic I/R injury model to induce a severe hepatic 
ischemic insult without mesenteric venous congestion 
to avoid the development of  intestinal congestion 
and leakage of  bacteria or bacterial products into the 
circulation[6,19]. Briefly, 30 min before operation, the rats 
received intraperitoneally VnA (10 mg/kg, 20 mg/kg) 
or equal volumes of  normal saline solution. A midline 
laparotomy was performed and a microvascular clip was 
placed to interrupt the arterial and portal venous blood 
flow to the left and middle lobes of  the liver. Reflow was 
initiated after 90 min of  hepatic ischemia by removing 
the clamp. The doses of  VnA administration were 
determined according to previous studies, combined with 
our preliminary experiments[17-18]. All rats were killed at 
240 min of  reperfusion, and blood and liver samples were 
obtained for the following analyses. 

Histopathological assessment
Liver samples were fixed in 10% formalin and embedded 
in paraffin. Five-micrometer sections of  liver tissue were 
stained with hematoxylin and eosin according to standard 
procedures. Light microscopy was used to assess the 
degree of  liver damage.

Measurement of plasma alanine aminotransferase (ALT) 
and lactic dehydrogenase (LDH) level
The abdominal aorta was punctured and 5 mL of  blood 
was taken and put into heparinized tubes. The blood 
sample was centrifuged at 3000 r/min for 15 min at a 
room temperature to separate plasma for analyses. The 
plasma concentrations of  ALT (a specific marker for 
hepatic parenchymal injury), and LDH were measured with 
an OLYMPUS AU5400 automatic analyzer. Both values 
were expressed as U/L.

Liver superoxide dismutase (SOD), myeloperoxidase 
(MPO) and nitric oxide (NO) assay  
Liver samples were homogenized on ice in 5 volumes of  
normal saline and centrifuged at 3000 r/min for 15 min. 
Liver SOD, MPO and NO levels were measured using 
an assay kit (Nanjing Jiancheng Bioengineering Institute, 
Nanjing, China) following the manufacturer’s instructions. 
The levels of  SOD, MPO and NO were expressed as U/
mgprot, U/g and mmol/gprot, respectively.

Immunohistochemical analyses
Formalin-fixed, paraffin-embedded liver specimens were 
stained by streptavidin/peroxidase immunohistochemistry 



technique for intercellular adhesion molecule-1 (ICAM-1) 
and E-selectin (ES) detection. Five-micrometer sections 
were treated with 0.3% H2O2 in methanol to block 
endogenous peroxide activity and then incubated with 
the polyclonal rabbit anti-rat ICAM-1 and E-selectin 
antibody (Wuhan Boster Biological Technology Co., Ltd, 
Wuhan, China, both 1:500 dilution). Biotinylated anti-
rabbit immunoglobulin was added as a secondary antibody. 
The horseradish peroxidase labeled streptomycin-avidin 
complex was then used to detect the second antibody. 
Finally, slides were stained with 3,3’-diaminobenzidine, 
which was used as a chromagen, and the sections were 
counterstained with hematoxylin before being examined 
under a light microscope. The brown or dark brown 
stained cells were considered as positive. The results were 
evaluated semi-quantitatively according to the percentage 
of  positive cells in 5 high power fields at 400 multiple signal 
magnification: 0, less than 5%; 1, from 6% to 25%; 2, from 
26% to 50%; 3, from 51% to 75%; 4, more than 75%[20].

ICAM-1 and E-selectin Western blot analysis 
Frozen liver tissue was homogenized with PBS (pH = 
7.2) and centrifuged at 4℃, 10 000 g for 10 min. After 
precipitation the insoluble fraction was discarded, and the 
protein concentration in the supernatant was determined 
by a spectrophotometer. Aliquots (20 mg) of  protein from 
each sample were loaded into each lane of  10% SDS-
PAGE gel electrophoresis and then electroblotted onto 
nitrocellulose membranes (Millipore, Bedford, MA). The 
membranes were then probed with the rabbit antibody 
against rat ICAM-1(intercellular adhesion molecule-1) or 
E-selectin (Boster Biological Technology Co., Ltd, Wuhan, 
China, both 1:1000 dilution) and biotin-conjugated anti-
rabbit IgG (Fuzhou Maixin Biological Technology Co., 

Ltd, Fuzhou, China) according to the manufacturer’s 
recommendations. The signals were visualized by a DAB 
assay kit (Fuzhou Maixin Biological Technology Co., Ltd, 
Fuzhou, China) and analyzed with a gel imaging system 
(Kodak system EDAS120, Japan).

Statistical analyses
All data were presented as mean ± SD. Statistical analyses 
were performed using one-way analysis of  variance 
(ANOVA) with the SPSS 11.5 stat ist ical software 
package. The differences between means were analyzed 
using Student-Newman-Keuls (SNK) test for multiple 
comparisons. P values less than 0.05 were considered 
statistically significant. 

RESULTS
Pathological alterations of liver tissue
The histological structure of  cells was normal in the 
control group. After 90 min of  hepatic ischemia followed 
by 240 min of  reperfusion, the occluded liver tissue 
appeared as dark color with an obtuse fringe. Compared 
with the control group, the liver tissue from the I/R 
group was markedly damaged characterized by edema, 
hemorrhage, partial exfoliation of  vascular endothelium and 
infiltration with inflammatory cells under the microscope. 
Pretreatment of  rats with 10 or 20 mg/kg VnA resulted in 
a significant amelioration of  hepatic injury (Figure 1).

Levels of plasma liver enzymes 
Liver function was tested by measuring plasma levels of  
ALT and LDH. Hepatic I/R led to a marked elevation of  
plasma ALT and LDH activity (ALT: 74.53 ± 2.58 IU/L 
vs 1512.54 ± 200.76 IU/L, P < 0.01; LDH: 473.48 ± 52.17 

A B

C D

Figure 1  Changes of histology 
in the liver tissue 90 min after 
i s c h e m i a  a n d  2 4 0  m i n  a f t e r 
reperfusion in rats (× 400). Five 
mm sections of liver tissue were 
stained with hematoxylin and eosin 
according to standard procedures. 
For all groups, n = 10. A: Control 
group: Normal appearance of 
hepatocytes and sinusoids; B: 
I/R group: Histological edema, 
hemorrhage, partial exfoliation 
of blood vessel endothelium and 
infiltration with inflammatory cells; 
C: I/R + VnA (10 mg/kg) group: 
A s ign i f i can t  ame l io ra t ion  o f 
histological edema, hemorrhage, 
and exfoliation of blood vessel 
endothelium; D: I/R + VnA (20 mg/
kg) group: Slight inflammatory cell 
infiltration with most hepatocytes in 
normal appearance.
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IU/L vs 5821.53 ± 163.69 IU/L, P < 0.01, Figure 2). The 
increase in plasma ALT activity elicited by hepatic I/R 
was significantly attenuated by administration of  VnA at 
doses of  10 and 20 mg/kg by about 35.35% and 39.85%, 
respectively (1512.54 ± 200.76 IU/L vs 977.93 ± 89.62 
IU/L, 909.81 ± 132.76 IU/L, P < 0.01, P < 0.01); and the 
activity of  LDH was reduced by administration of  VnA at 
doses of  10 and 20 mg/kg by about 48.20% and 57.94%, 
respectively (5821.53 ± 163.69 IU/L vs 3015.44 ± 253.01 
IU/L, 2448.75 ± 169.4 IU/L, P < 0.01, P < 0.01). This 
result demonstrated the dose-dependent protective effects 
of  VnA on liver injury.

SOD activity in liver tissue
Compared with the control group, the level of  liver SOD 
in the I/R group reduced significantly (361.75 ± 16.22 
U/mg protein vs 263.19 ± 12.10 U/mg protein, P < 
0.01). After administration of  VnA at doses of  10 and 20 
mg/kg, respectively, the liver SOD activity was elevated 
significantly (263.19 ± 12.10 U/mg protein vs 299.40 ± 
10.80 U/mg protein, 302.09 ± 14.80 U/mg protein, P < 
0.05, P < 0.05, Figure 3).

MPO activity in liver tissue
Hepatic neutrophil recruitment was determined by liver 
MPO content. Hepatic I/R caused a marked increase in 
liver MPO content compared with the control group (1.97 
± 0.11 U/g vs 2.57 ± 0.13 U/g, P < 0.01). Administration 
of  VnA at doses of  10 and 20 mg/kg resulted in a marked 
reduction of  MPO in a dose-dependent manner (2.57 
± 0.13 U/g vs 2.13 ± 0.13 U/g, 2.07 ± 0.05 U/g, P < 
0.01, P < 0.01), suggesting that VnA prevents leukocyte 
recruitment to the liver tissue (Figure 4).

NO content in liver tissue
The level of  NO in the liver tissue was significantly higher 
in the I/R group compared with the control group (69.37 
± 1.52 mmol/g protein vs 78.39 ± 2.28 mmol/g protein, P 
< 0.01). Pretreatment with VnA at both 10 and 20 mg/kg, 
however, caused an obvious reduction in a dose-dependent 
manner when compared with the I/R group (78.39 ± 2.28 
mmol/g protein vs 71.11 ± 1.73 mmol/g protein, 68.58 ± 
1.95 mmol/g protein, P < 0.05, P < 0.01, Figure 5).

Immunohistochemical analysis for liver ICAM-1 and 
E-selectin 
The expression of  ICAM-1 and E-selectin in the control 
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group showed as light brown immunostaining. However, 
their expression was highly up-regulated after 90 min 
of  ischemia and 240 min of  reperfusion (P < 0.01). 
Compared with the I/R group, the increase of  ICAM-1 
and E-selectin expression was significantly suppressed by 
VnA in a dose-dependent manner (P < 0.05, P < 0.01; P < 
0.05, P < 0.05 respectively) (Figure 6, Figure 7 and Figure 8).

Western blot analysis for liver ICAM-1 and E-selectin
Western blot showed weak positive ICAM-1 and E-selectin 
signals in the control group. In contrast, a marked increase 
in ICAM-1 and E-selectin protein expression in the liver 
tissue was found in the I/R group. Compared with the I/R 
group, the signals were weakened obviously in the VnA 
pretreated group (Figure 9). 

DISCUSSION
Liver I/R injury occurs in a number of  clinical settings 
including liver surgery, transplantation, and hemorrhagic 
shock. A major disadvantage of  this event is an acute 
inf lammatory response that may cause significant 
organ damage or dysfunction. Experimental evidence 
demonstrates that kupffer cells play an important part 
in mediating hepatic I/R[21-22]. Kuppfer cell activation 
leads to structural changes, formation of  vascular ROS 
and production of  proinflammatory cytokines, which 
in turn induce the expression of  adhesion molecules in 
vascular endothelial cells and stimulate the production and 
release of  neutrophil-attracting chemokines. Neutrophil 
recruitment in the liver tissue causes direct hepatocellular 
damage through exhaustion of  hepatic microcirculation 
by blocking the capillary perfusion and releasing ROS and 
proteases[23-24].

VnA is a well known herbal plant widely distributed 
in the nor theast region of  China and has various 
pharmacological effects including antithrombotic and 
antihypertensive properties[15,17]. Some researchers have 
also demonstrated that VnA exerted beneficial effects on 
brain I/R injury by inhibiting oxidation and leukocyte 
priming and expression of  inflammatory mediators[18]. In 
the present study, we demonstrated that VnA pretreatment 
at doses of  10 and 20 mg/kg could attenuate hepatic I/R 

injury, indicated by improved alteration in liver tissue 
pathology and liver function, by an enhanced antioxidant 
capacity with augmentation of  free radical scavengers and 
reduced polymorphonuclear neutrophil (PMN) infiltration, 
as well as by suppressed overexpression of  adhesion 
molecules and selectins.

Reperfusion of  the ischemic liver in rats resulted 
in hepatic damage with histological evidence of  liver 
hemorrhage, edema, accumulation of  adherent leukocytes 
in sinusoids and terminal hepatic vein (THV), as well as 
partial exfoliation of  blood vessel endothelia. Furthermore, 
hepatic I/R caused the release of  liver enzymes into the 
blood stream, thereby eliciting a significant increase in 
plasma levels of  ALT and LDH. VnA pretreatment abated 
liver pathologic injury and reduced plasma ALT and LDH 
activity, thus liver function was ameliorated. 

SOD catalyses the dismutation of  the superoxide 
anion (O2·) into H2O2, which can be transformed into 
H2O and O2 by catalase (CAT). In this study, we found 
that I/R impaired SOD activity, as indicated by the 
markedly lowered activity compared with the control 
group. But in the VnA pretreated group, the decrease of  
SOD activity was significantly counteracted. In addition, 
the hepatic I/R increased the levels of  nitric oxide (NO), 
an important ROS product. This result is consistent with 
a previous report[25]. NO may combine with superoxide 
radicals to form peroxynitrite, a substance extremely toxic 
to cells[26]. VnA pretreatment significantly decreased liver 
NO content, resulting in a significant reduction in liver 
damage when compared with the control group. These 
data indicated that VnA might confer protection on the 
liver during I/R injury in part by improving activity of  the 
endogenous antioxidant enzyme, which scavenges ROS 
and reduces their effects.

Because MPO is an enzyme restricted mainly to 
PMNs, the increase in MPO activity reflects neutrophil 
tissue infiltration. The significant increase in MPO 
activity in the liver tissue after hepatic I/R in the present 
study is consistent with another study[27]. However, VnA 
significantly blunted the increase of  liver MPO activity 
compared with the I/R group. That is to say, VnA reduced 
infiltration of  leukocytes into the inflammatory sites.

ICAM-1 is a member of  the immunoglobul in 
superfamily that mediates firm adhesion and emigration of  
activated leukocytes in postcapillary venules, which process 
may be one of  the important steps in the development of  
tissue injury and organ dysfunction[28]. Previous studies 
have shown an upregulation of  ICAM-1 expression 
following endothelial cell activation with cytokines or 
LPS, accompanied by an increased binding of  neutrophils 
and lymphocytes to endothelial cells. An anti-ICAM-1 
monoclonal antibody inhibited neutrophil infiltration 
into pericentral sinusoids and improved and restored 
liver integrity in I/R injury[29]. In this study we detected 
overexpression of  ICAM-1 after hepatic I/R, which was 
significantly decreased in the VnA pretreated groups. This 
indicated that VnA could suppress leukocyte adhesion to 
endothelia.

Murine E-selectin is a 110 kDa, type-1 transmembrane 
glycoprotein expressed only in endothelial cells after 
cytokine activation[30]. E-selectin participates in leukocyte 
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rolling and firm adhesion in vitro[31] and in vivo[32]. It is 
down-regulated by re-internalization and by shedding from 
the endothelial surface into the plasma[33]. Previous studies 
revealed that blockade of  E-selectin protected from severe 

acute renal failure induced by ischemia-reperfusion[34]. In 
our study, E-selectin was also found to be overexpressed 
after hepatic I/R, however, this was attenuated in the VnA 
pretreated groups as compared with the I/R group. 

A B

DC 

Figure 6  Immunohistochemical staining of adhesion molecule-1 
(ICAM-1) expression in the liver tissue after 90 min of ischemia and 
reperfusion for 240 min in rats (× 400). Formalin-fixed, paraffin-
embedded liver specimens were stained by streptavidin/peroxidase 
immunohistochemistry technique. For all groups, n = 10. A: Control 
group; B: I/R group; C: I/R + VnA (10 μg/kg) group; D: I/R + VnA (20 
mg/kg) group.
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Figure 7  Immunohistochemical staining of E-selectin in liver tissue 
after ischemia for 90 min and reperfusion for 240 min in rats (× 400). 
Formalin-fixed, paraffin-embedded liver specimens were stained by 
the streptavidin/peroxidase immunohistochemistry technique. For 
all groups, n = 10. A: Control group; B: I/R group; C: I/R + VnA (10 
mg/kg) group; D: I/R + VnA (20 mg/kg) group.
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The above results sug gested that ICAM-1 and 
E-selectin dependent neutrophil recruitment into the liver 
tissue was responsible partially for hepatic I/R. The dose-
dependent protective effects of  VnA were likely related 
to the suppression of  ICAM-1 and E-selectin expression. 
This suppression reduced the neutrophil recruitment 
associated with the hepatic I/R, and effectively protected 
the liver against ischemia/reperfusion.

In conclusion, VnA has protective effects against liver 
injury induced by hepatic I/R. The protective effects are 
probably associated with enhancement of  antioxidant 
capacities, reduction of  inflammatory responses and 
suppressed expression of  ICAM-1 and E-selectin. 
These findings may be useful for clinical management to 
reduce I/R related hepatic damage. However, the precise 
mechanisms of  VnA protecting against hepatic I/R still 
need to be clarified in further studies. 
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