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Abstract. The aim of the present study was to explore the 
influence of melatonin (MT) on rats with liver ischemia 
reperfusion injury (IRI) and its mechanism. A total of 66 male 
Sprague-Dawley rats were randomly divided into 3 groups: 
i) Normal control group, ii) ischemia reperfusion group 
(IR group) and iii) melatonin treatment group (MT group). 
Rats in the MT group were administered an intraperitoneal 
injection of MT (10 mg/kg, 1 ml) at 70 and 35 min before 
ischemia, early reperfusion, and 1 and 2 h after reperfusion, 
respectively. Blood was removed at the normal time-point 
(prior to any processes), 35 min before ischemia, 2, 4, 8 and 
24 h after reperfusion. Subsequently the rats were sacrificed. 
The pathological changes of liver tissues, interleukin-1 
receptor antagonist (IL-1Ra) gene and IL-1 expression levels 
were detected. There were no evident differences between 
the immediate reperfusion and 2 h IR group and MT group. 
The liver structure injury of the 4, 8 and 24 h MT groups 
were improved to various differences compared to the corre-
sponding IR group; liver IL-1β of the MT group at 35 min after 
ischemia, and 2, 4, 8 and 24 h after reperfusion was evidently 
lower than that of the IR group (P<0.05); IL-1Ra mRNA 
expression in the 2 h MT group was higher compared to the 
2 h IR group by 4.85-fold; and IL-1Ra mRNA expression in 
the 4 h MT group was higher compared to the 4 h IR group by 
9.34-fold. Differences between two groups at other time-points 
were <2-fold. In conclusion, MT can upregulate IL-1Ra gene 
expression by reducing generation of IL-1 thus reducing IRI.

Introduction

Hepatic portal occlusion (HPO) is one of the commonly used 
methods to control intraoperative bleeding; however, serious 

ischemia reperfusion injury (IRI) often occurs when the flow 
regains. Present study on brain, heart, kidney, retina and 
other tissues shows that a large number of free radicals are 
produced during IRI when endogenous radical scavengers are 
not in abundance, causing cell damage. Therefore, increasing 
attention in liver surgery has focused on identifying effective 
drugs to alleviate liver function damage in IRI and improve 
the postoperative survival rate.

Melatonin (MT) is a type of neural endocrine hormone 
secreted by the pineal gland, with antioxidant, anti-toxic, 
anti-stress and anti-inflammatory effects (1,2). Studies found 
that MT has a protective role in IRI of brain, heart, kidney 
and retina; however, its protective role in hepatic IRI and its 
mechanism remain to be elucidated. The present study aimed 
to investigate whether MT can effectively reduce the HPO and 
the subsequent hepatic IRI and its action mechanism.

Materials and methods

Experimental animals and grouping. A total of 66 healthy male 
Sprague-Dawley rats were purchased from the Experimental 
Animal Department, Shanghai Jiaotong University (Shanghai 
Second Medical University, Shanghai, China). The rats 
(3-6 months; body weight, 220±30 g) were divided into 
3 groups: i) The normal control group (group N), ii) the isch-
emia reperfusion group (IR group) and iii) melatonin treatment 
group (MT group). Groups IR and MT were subdivided into 
5 groups (n=6/each group): 35 min of ischemia, and 2, 4, 8 and 
24 h reperfusion.

Main instruments and reagents
Main instruments. The main instruments used included 
animal surgical equipments, electronic balance, centrifuge 
(3K15; Sigma-Aldrich, St. Louis, MO, USA), RM2165 paraffin 
slicing machine, microscope (IX71; Leica Microsystems, Ltd., 
Milton Keynes, UK), polymerase chain reaction (PCR) and 
reverse transcription-quantitative PCR (RT-qPCR; ABI 7500 
RealTime system; Applied Biosystems Life Technologies, 
Waltham, MA, USA).

Main reagents. MT (Sigma-Aldrich), the hematoxylin 
and eosin (H&E) staining kit (Shanghai Beyotime Biological 
Technology Co., Ltd., Shanghai, China), interleukin-1β (IL-1β) 
double antibody sandwich ABC-propidium iodide 
enzyme-linked immunosorbent assay (ELISA) (Shanghai 
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Usen Biological Technology Co., Ltd., Shanghai, China) and 
RT reaction kit (Fermentas Co.; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) were used in the present study.

Experimental method
Modeling and processing. Pringle's method was used to totally 
block the first porta hepatis with a non-image small artery clip, 
thus causing complete occlusion of the portal vein, hepatic 
artery and common bile duct. The clip was unblocked 35 min 
after occlusion and the hepatic blood flow regained. Rats of the 
MT group were administered an intraperitoneal injection of 
MT (10 mg/kg, 1 ml) at 70 and 35 min before ischemia, early 
reperfusion, and 1 and 2 h after reperfusion, respectively (3,4).

For each animal group, 1 ml of blood was taken from 
the portal vein of the rat at the normal time-point (prior to 
any processes), 35 min before ischemia, 2, 4, 8 and 24 h after 
reperfusion (6 rats at each time-point). Subsequently, the blood 
was set in sterile pyrogen-free EP tubes for 20 min and centri-
fuged at 4,000 x g for 10 min. Serum was separated and stored 
at -30˚C until required for analysis. In total, 1 g of liver tissue 
was washed by physiological saline (0˚C) and stored in a liquid 
nitrogen tank for measurement. A total of 1 g of the liver tissue 
was fixed with 10% formaldehyde solution for analysis.

Pathology inspection of the liver tissue. Liver tissue was 
fixed with 10% formaldehyde. Following conventional paraffin 
section and H&E staining, the pathological changes of the 
liver were observed under microscopy.

Serum IL-1β expression by ELISA. The anti-mouse IL-1β 
single antibody (cat. no. ab2105; Abcam, Cambridge, UK) was 
used to cover the ELISA plate. IL-1β of the standard and sample 
was combined with the single antibody. The biotinylated anti-
mouse IL-1β antibody was added to form an immune complex, 
which was connected to the plate. Horseradish peroxidase-
labeled streptavidin was combined with biotin. The enzyme 
substrate OPD was added and a yellow color was produced. 
The reaction was terminated when liquid sulfuric acid was 
added and the color became dark. The optical density (OD) 
value was measured at 492 nm and as the IL-1β concentration 
was positively correlated with the OD value, the IL-1β concen-
tration in the specimen could be obtained by a standard curve.

Interleukin-1 receptor antagonist (IL-1Ra) gene expres-
sion by RT-qPCR. Total RNA was extracted and RNA was 
reverse transcribed into cDNA according to the manufac-
turer's protocol of the reverse transcription kit (Applied 
Biosystems Life Technologies). Real-time PCR primers 
were designed and synthesized by Takara Co. (Otsu, Japan) 
according to IL-1Ra (NM_022194) and rat 18S gene 
sequences. Amplification was carried out in accordance with 
the manufacturer's protocol. The sequences were as follows: 
Rat-18S-s, 5'-CGGCTACCACATCCAAGGAA-3'; rat-18S-a, 
5'-GCTGGAATTACCGCGGCT-3'. The amplification condi-
tions were: 95˚C for 2 min, 95˚C for 15 sec, 60˚C for 20 sec, 
72˚C  for 20  sec,  for a  total of 37 cycles. The LightCycler 
(Roche Diagnostics Co., Indianapolis, IN, USA) was used for 
the amplification reaction and Cq value. The formula ΔCq=Cq 

(IL-1Ra)-Cq (18S) was used and relative expression of the 
IL-1Ra mRNA was 2-ΔΔCt.

Statistical analysis. SPSS 10.0 (SPSS, Inc., Chicago, IL, 
USA) was used for the statistical analysis. Quantitative 

data are presented as mean ± standard deviation. Analysis 
of variance was used to compare between groups. The 
Student-Newman-Keuls test was used for pairwise comparison 
between groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Pathological changes of liver tissue. Pathological sections of 
liver tissue specimens from every time-point after reperfusion 
were observed for morphology (Fig. 1). The results showed 
similar pathological changes between the IR group, 2 h IR 
group and MT group. Evident piecemeal necrosis and serious 
fusion necrosis were observed 4 h after reperfusion in the 
specimens of the IR group, while only piecemeal necrosis 
was observed in the MT group. Only piecemeal necrosis was 
observed in the MT group 8 h after reperfusion. No fusion 
necrosis was observed in each specimen. With the extension 
of reperfusion time, degeneration and necrosis degree of liver 
cells in the IR group and damage scope of hepatic cords were 
gradually expanded. A peak was reached at 24 h after reperfu-
sion. Piecemeal necrosis and fusion necrosis were observed 
in each sample of the IR group; however, this change was not 
evident in the MT group. Piecemeal necrosis was observed in 
each sample of the MT group; however, fusion necrosis was 
not observed.

Examination results of IL-1β. IL-1β values at each ischemic 
time-point of the IR and MT groups were higher than that of 
group N (P<0.05). IL-1β values at 35 min of hepatic ischemia, 
2, 4, 8 and 24 h reperfusion of the MT group were significantly 
lower than that of the IR group (P<0.05). The results are shown 
in Table I.

Expression results of the IL-1Ra gene. The expression of 
NM_022194 (IL-1Ra) is shown in Fig. 2 and 18S is shown 
in Fig. 3.

Relative expression of IL-1Ra. Relative quantitative results 
showed that IL-1Ra mRNA expression in the 2 h MT group 
was higher compared to the 2 h IR group by 4.85-fold and 
IL-1Ra mRNA expression in the 4 h MT group was higher 
compared to the 4 h IR group by 9.34-fold. Differences 
between the two groups at other time-points were <2-fold. The 
IL-1Ra gene expression level was similar between the MT and 
IR groups at 24 h after reperfusion (Table II).

Discussion

Liver resection is a main treatment for a variety of liver 
diseases. The liver has a rich blood supply, so HPO is often 
adopted during surgery to reduce wound bleeding. However 
this method reduces the intraoperative bleeding while causing 
hepatic IRI.

During IR, hepatic neutrophil infiltration, release of 
inflammatory mediators and oxygen free radical formation are 
the important factors leading to liver damage. Among them, 
IL-1 is an important initiator for inflammation, which has an 
important role in IRI of multiple systems (5-7). Therefore, with 
IL-1 as an important entry point, the present study examined 
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IL-1 expression prior and subsequent to reperfusion and MT 
intervention. The results showed that IL-1β, the main active 
forms of IL-1, was evidently increased in IR rats. IL-1β was 
clearly higher at 35 min of ischemia and 2, 4, 8 and 24 h after 
reperfusion compared to IL-1β prior to HPO, and the most 
significant increase of IL-1β was at 8 h after reperfusion. 
Possible mechanisms causing the increase of IL-1β in liver IR 
included: Neutrophils, mononuclear macrophages, lympho-
cytes and endothelial cells, which secrete more IL-1 (8); liver 
cells can also express and synthesize IL-1 under ischemia and 
hypoxia stimulation (9,10); other inflammatory factors, such as 
IL-6 and intercellular adhesion molecule-1, can also stimulate 
mononuclear macrophages and neutrophils to produce IL-1; 
and IL-1 itself can stimulate the synthesis and release of IL-1 
for feedback (11,12).

In the present study, it was found that IL-1β following IR 
was significantly higher compared to normal rats, as IL-1 
is one of the initiators of inflammation. Blocking IL-1 can 
reduce the liver IRI (13,14). Previous experiments on heart 
and kidneys have confirmed that IL-1 could be reduced and an 
inflammatory response could be initiated by directly adminis-
trating IL-1 receptor blockers or increasing the IL-1 receptor 
inhibition gene via gene transfection (15,16). In addition, it can 
reduce IL-1β-induced apoptosis (17). Therefore, if the exces-
sive release of IL-1 can be inhibited following hepatic IR, IRI 

could be reduced. In the present study, rats treated by MT had 
significantly lower IL-1β at each time-point of reperfusion 
35 min after HPO compared to the rats not treated by MT 
(P<0.05). MT can block a series of IL-1β-mediated inflam-
matory reactions by reducing IL-1β in rat hepatic reperfusion, 
so as to reduce liver structure and function injury due to IR. 
Previous studies have shown that the nitric oxide (NO) gene 
was closely associated with the production of IL-1 in liver 
IR (18,19), and MT was confirmed to effectively downregulate 
nuclear factor-κB expression and inhibit the activity of induc-
ible NO synthase in rat liver IR (20,21), so as to moderately 
adjust NO generation. The latter was closely associated with 
the release of IL-1β (22). Therefore, MT may reduce the release 
of IL-1β by adjusting NO.

This is the most ideal method to reduce IRI by endogenous 
protective reaction to enhance the tolerance of the liver itself. 
IL-1 is one of the important regulatory factors for acute 
inflammation (23). IL-1Ra can inhibit the roles of IL-1α and 
IL-1β through competitive combination with type I and II 
IL-1 receptors, thus reducing inflammation (24). Recombinant 
human (Rh) IL-1Ra was the first identified natural cytokine 
antagonists. It has a certain degree of homology with IL-1α 
and IL-1β and it can competitively combine with type I and 
type II IL-1 receptors without producing IL-1-like effects. 
Animal studies showed that RhIL-1Ra can effectively block 

Figure 1. Hematoxylin and eosin (H&E) staining of the different rat groups. H&E staining results of the (A) normal rats, (B) 0 IR group, (C) 0 MT group, 
(D) 2 h IR group, (E) 2 h MT group, (F) 4 h IR group, (G) 4 h MT group, (H) 8 h IR group, (I) 8 h MT group, (J) 24 h IR group and (K) 24 h MT group. 
[(A-E) magnification, x200; (F-K) magnification, x100]. MT, melatonin treatment; IR, ischemia reperfusion.

  A   B   C   D

  E   F   G   H

  I   J   K
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the effect of IL-1,  treat certain inflammatory diseases that 
were associated with the disorder of cytokines, and return the 
excessive IL-6 and tumor necrosis factor-α level to normal 

without interfering with the internal environment balance (25). 
RhIL-1Ra has been clinically trialed on rheumatoid arthritis 
and autoimmune disease, and has achieved good curative 

Figure 2. Expression of NM_022194 (interleukin-1 receptor antagonist). (A) Quantitation data for Cycling A.FAM/Sybr. (B) Standard curve. (C) Melting curve 
data for Melt A.FAM/Sybr.

Table I. Changes of interleukin-1β activity in ischemia reperfusion injury rats. 

 Reperfusion time, h
 Normal ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Groups time-point, h 0 2 4 8 24

N 17.68±4.78 - - - - -
IR - 45.76±3.39a 50.22±7.81a 61.40±10.76a 62.77±15.05a 57.45±16.98a

MT - 28.38±4.76a,b 30.47±3.56a,b 38.14±6.92a,b 37.03±6.59a,b 40.60±11.24a

Data are nmol/%. Compared to agroup N, P<0.05; bgroups MT and IR, P<0.05. N, normal; MT, melatonin treatment; IR, ischemia reperfusion.

  A

  B

  C
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effects. No adverse effects have been identified in long-term 
application (26). Previous cardiac and renal experiments 

have confirmed that IL-1Ra expression, which is increased 
by the direct administration of IL-1 receptor blockers or gene 
transfection, can reduce the inflammatory response (15,16). 
In addition, IL-1Ra can reduce IL-1β-induced apoptosis (17). 
Therefore, if overexpression of IL-1Ra can be induced 
following liver IR, it would help to reduce IRI.

Therefore, the present study detected two groups of rat 
liver specimens, which were administered reperfusion 35 min 
after HPO and found that IL-1Ra genes, which were almost not 
detected in normal rats, were significantly increased. IL-1Ra 
expression in the 2 h MT group was higher than that of the IR 
group by 4-fold, and IL-1Ra expression in the 4 h MT group 
was higher than that of the IR group by 9-fold. Expression 
differences between the two groups at other time-points were 
all within 2-fold. Barrier et al (27) reported the upregulation 
of IL-1Ra in liver pretreated by ischemia with gene-chip 

Table II. Relative expression of IL-1Ra.

Groups IL-1Ra

MT0/IR0 0.456871016
MT2/IR2 4.858945705
MT4/IR4 9.342555162
MT8/IR8 0.620242510
MT24/IR24 0.992904616

IL-1Ra, interleukin-1 receptor antagonist; MT, melatonin treatment; 
IR, ischemia reperfusion; 0, 2, 4, 8 and 24, time (h) after reperfusion.

Figure 3. Expression of 18S. (A) Quantitation data for Cycling A.FAM/Sybr. (B) Standard curve. (C) Melting curve data for Melt A.FAM/Sybr.

  A

  B

  C
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technology. They believed that protective mechanisms of 
ischemic preconditioning on liver IRI were associated with 
overexpression of IL-1Ra. However, the mechanism of 
increased IL-1Ra following IR remains to be elucidated. In the 
present study, IL-1Ra in the group pre-treated by MT was 9-fold 
higher than that of IR following IR, and further experiments 
are required to prove whether MT can induce upregulation of 
IL-1Ra, similar to ischemic preconditioning, thus producing 
protective effects.

In conclusion, the present study suggested that MT can 
protect the liver and reduce IRI not only by reducing the 
production of IL-1, but also by blocking IL-1 receptors, namely 
raising IL-1Ra gene expression. As the serious side effects of 
MT have not been reported yet, this may be a new way for 
protecting IRI in clinical studies.
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