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Abstract

Aim of the study: Interleukin-6 (IL-6) can play a role in hepatic regeneration through many mechanisms, one of 
which is the induction of synthesis of matrix metalloproteinases (MMPs). The aim of the study is to focus on the 
significance and role of MMPs in the regenerative process to reveal the correlation between IL-6 and MMPs in 
rats following partial hepatectomy. 

Material and methods: Following hemi-hepatectomy, eighty male rats were divided into a control group and 
a group treated with IL-6 35 µg/100 gm body weight according to a lethality study. The blood samples were 
drawn from all animal groups for MMP-9 serum level assessment. For the quantitative determination of MMP-9 
an enzyme-linked immunosorbent assay (ELISA) was used (Cytoimmune Science Inc., MD) through the quantita-
tive sandwich immunosorbent assay technique. A monoclonal antibody for MMP-9 was pre-coated onto micro-
plate standards. After washing away the unbound substances, an enzyme-linked polyclonal antibody specific for 
cytokine was added to the wells and color developed in proportion to the amount of total cytokine (pro and/or 
active) bound in the initial step. The color development was stopped and the intensity of the color was measured.

Results: The liver regeneration rate (%) was significantly higher in the group of rats treated with IL-6 (median 
value was 49.55% vs. 33.20%), p < 0.001. The MMPs’ serum level was significantly higher in the group of rats 
with resection and treatment (median value was 8.01).

Conclusions: These results give evidence for the vital role of MMPs in the process of hepatic regeneration, the 
level of which, in turn, has a close relationship with the level of IL-6. MMPs have diverse effects in promoting 
angiogenesis, remodeling of extracellular matrix and endothelial cell proliferation.
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Introduction

The most important hepatic reaction is its response 
to regeneration following injury [1, 2] and it is appar-
ent from previous experiments that soluble extrahe-
patic factors offer a stimulus for the regenerative pro-
cess [3]. Within the first two hours after hepatectomy, 
the levels of interleukin-6 (IL-6) and tumor necrosis 
factor α (TNF-α) increased in the liver vein, associated 

with activation of Kupffer cells by gut-derived factors 
such as lipopolysaccharide [4] resulting in TNF-α-de-
pendent secretion of IL-6 [5]. In addition, it has been 
found that IL-6 knockout in mice resulted in an im-
paired hepatic regenerative process [6]. Furthermore, 
the number of progenitor cells included in the regener-
ative process is reduced when IL-6 signaling is delayed 
or stopped [7]. These experimental data pointed to an 
important role of IL-6 in liver regeneration. 
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A  family of zinc-dependent endopeptidases is 
known as matrix metalloproteinases (MMPs), which 
act in harmony with their inhibitors, called tissue in-
hibitors of metalloproteinases (TIMPs) to organize the 
degree and rate of extracellular matrix degradation  
[8, 9]. This action is evident in many events including 
embryologic development, growth and metastasis of 
tumors, tissue regeneration, and ovulation [10-12]. 
Remodeling of the extracellular matrix (ECM) by 
MMPs is decisive for angiogenesis from pre-existing 
vessels [13, 14]. 

Matrix metalloproteinases are synthesized and 
secreted as inactive proenzymes that are activated by 
a variety of proteinases such as plasmin [15, 16]. For 
instance, pro-MMP-2 is activated by membrane type 1 
– MMP and plasmin [17, 18]. In addition, pro-MMP-9 
is activated by MMP-3 and plasmin [19, 20]. Because 
matrix turnover is known to be tightly regulated, ac-
tivation of pro-MMPs to active MMPs is firmly con-
trolled by complex formation with tissue inhibitors of 
MMPs (TIMPs). Several studies have shown that sev-
eral MMP members are expressed in stellate cells or 
hepatocytes [21, 22]. In addition, dysregulated expres-
sion of MMPs has been revealed in both hepatoma and 
fibrotic liver disease [23, 24].

The aim of the present study is to focus on the sig-
nificance and role of MMPs in the regenerative pro-
cess. In addition, the aim is to reveal the correlation 
between IL-6 and MMPs in rats following partial hepa-
tectomy.

Material and methods

An 80 adult male Sprague-Dawley rats weighing 
about 200-230 g were obtained from the animal resi-
dence for scientific studies, King Abdulaziz University 
(Jeddah, Kingdom of Saudi Arabia). The animals were 
housed in a pathogen-free environment in the animal 
residence of the Faculty of Medicine, Albaha Universi-
ty, Kingdom of Saudi Arabia, in a 12-h light-dark cycle 
with meals and water obtainable ad libitum. 70% par-
tial hepatectomy was performed on 40 rats. All animal 
experiments were performed according to the Guide 
for the Care and Use of Laboratory Animals published 
by the National Institutes of Health, USA. All surgical 
procedures were performed under inhalation anaes-
thesia.

Interleukin-6 lethality study on rats

The male rats were randomly assigned to 7 groups 
of 5 rats each. They were treated with diverse doses in 
the range 20-80 µg/100 g of IL-6 and the number of 

surviving rats was recorded daily. The starting dose was 
of 80 µg/100 g (for the first group), which decreased by  
10 µg/100 g for each group until reaching 20 µg/100 g 
for the last group. The dose that caused deaths among all 
groups was recorded and the finding revealed that a dose 
of more than 35 µg/100 g can cause deaths among the 
rats and the number of deaths was directly proportional 
to the dose level, i.e. the higher the dose, the higher the 
death rate. The surviving rats were recorded This proce-
dure was continued for 30 days. The rats were subjected 
to the experiments following the ethical standards.

Experimental design

Eighty male rats were classified into two equal 
groups (n = 40 rats) to undergo 70% partial hepatec-
tomy. Group 1 was the non-treated group and group 2 
was the treated group: 40 rats treated with 35 µg/100 gm 
body weight according to lethality study (dose and 
time dependent) [25]. The treated group was treated 
intravenously daily for three days, starting on the day 
of surgery (day zero) and sacrification was done on the 
fourth day. Towards the end of the treatment period, 
the liver was removed, weighed. and bisected longitu-
dinally for further histopathological and immunohis-
tochemistry studies.

Liver weight and regeneration rate

The preoperative total liver weight was calculated 
from the resected liver weight. Postoperative total liver 
weight was measured at sacrifice [26]. The change in liv-
er weight was evaluated as the hepatic regeneration rate 
(RR). RR is defined as (liver weight per 100 g of body 
weight at sacrifice/preoperative projected liver weight 
per 100  g of body weight) × 100: RR = (LWm/100 g 
body weight [BW]) sac/(LWp/100 g BW) pre × 100. 
LWm is the measured liver weight at sacrifice; LWp is 
the preoperative projected liver weight.

Determination of serum levels of matrix 
metalloproteinase (MMP-9) 

Blood samples were drawn from all animal groups 
for MMP-9 serum level assessment. The samples were 
transported to plastic tubes free of anticoagulant and 
were left to clot. Later, the samples were centrifuged 
to obtain serum, which was stored at −70°C. For the 
quantitative determination of MMP-9, competitive 
enzyme-linked immunosorbent assay (ELISA) (Cyto-
immune Science Inc., MD) was used. For each sample, 
100 μl of serum sample was added to the designated 
wells. This assay employs the quantitative sandwich 
immunosorbent assay technique. A  monoclonal an-
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tibody specific for MMP-9 was pre-coated onto a mi-
croplate. Standards and samples were pipetted into 
the wells and cytokine bound by the immobilized 
antibody. After washing away the unbound substanc-
es, an enzyme-linked polyclonal antibody specific for 
cytokine was added to the wells. Following a wash to 
remove any unbound antibody, an enzyme reagent 
and a substrate solution were added to the wells and 
color developed in proportion to the amount of total 
cytokine (pro and/or active) bound in the initial step. 
The color development was stopped and the intensity 
of the color was measured [27].

The Mann-Whitney U-test was used to estimate the 
regenerative rate between the treated and non-treated 
group. The P-value is considered significant at ≤ 0.05.

Results

The liver regeneration rate (%) was significant-
ly higher in the group of rats treated with IL-6 com-
pared to those not treated (median values was 49.55% 
vs. 33.20%), p < 0.001 (Table 1). The metalloprotein-
ase serum level (MMP-9) was significantly higher in 
the group of rats with resection and treatment com-
pared to those with 70% liver resection (median values 
were 8.01 and 6.17, respectively), p < 0.001 (Table 2).  
The histological and proliferative signs of hepatic re-
generation were found more marked in the treated 
than in the non-treated group.

Discussion

In the present study, the liver regeneration rate was 
significantly higher in the group of rats treated with 
IL-6 compared to those not treated (median values was 
49.55% vs. 33.20%), p < 0.001. The metalloproteinase 
serum level (MMP-9) was significantly higher in the 
group of rats with resection and treatment compared 
to those with 70% liver resection (median values were 
8.01 and 6.17, respectively), p < 0.001. 

Regarding the rate of regeneration, our results are 
compatible with those of Andersen et al. [26], who 
found that 70% partial hepatectomy in rats induced by 
IL-6 showed a rapid regenerative response with a max-
imum rate on the fourth day post-operatively. Also, it 
coincides with many studies which assessed the role of 
IL-6 in the process of liver regeneration [28-31].

It has become progressively clearer that liver regen-
eration is dependent on angiogenesis. The apoptosis 
and endothelial cell proliferation that are an adjunct 
to hepatic regeneration, for instance, can be adjusted 
during the treatment by angiogenic agents [32]. Matrix 
metalloproteinases are a vital requisite in the normal 

events of the hepatic regenerative course. This suppo-
sition was based on the reality that MMPs are dynamic 
in both angiogenesis and extracellular matrix remod-
eling. Roy et al. offered evidence for the role of MMPs 
in liver regeneration and revealed their expression in 
the urine following partial hepatectomy and that their 
outlines have a positive correlation with the regenera-
tive staging process [8], and urinary MMP expression 
showed a degree of modification upon administration 
of the angiogenesis agents [33]. Also, further evidence 
comes from administration of a broad-spectrum MMP 
inhibitor in rats following partial hepatectomy, in 
which the hepatic regenerative process was inhibited. 
This evidence indicates that MMPs are imperative for 
hepatic regeneration following partial hepatectomy.

Matrix metalloproteinases promote liver regen-
eration owing to their direct effect on remodeling of 
extracellular matrix, a procedure that is essential to he-
patic regeneration [34-36]. On the other hand, MMPs 
promote the regenerative course by an indirect mecha-
nism, during their angiogenetic effects by aiding in the 
process of endothelial migration during the degraded 
extracellular matrix stage. Additionally, MMPs induce 
the extracellular matrix to secrete pro-endothelial 
growth factors [36]. Thus, MMP inhibitors may arrest 
the process of hepatic regeneration via inhibiting the 
remodeling of the extracellular matrix or cessation 
of the capillary configuration [37]. Also, it has been 
found that inhibition of MMPs by their inhibitors will 

Table 1. Comparison of liver regeneration rate between group of rats with 
matrix metalloproteinase-9 (MMP-9) treatment and those without treatment

Regeneration 
rate (%)

Without IL treatment
n = 20

With IL treatment
n = 20

Median 33.20 49.55

IQR 30.6-33.9 47.1-51.2

Mean rank 11.5 29.50

p-value* < 0.001

IQR – inter-quartile range, *Mann-Whitney (U)-test

Table 2. Comparison of metalloproteinase serum level (MMP-9) between 
group of 70% liver resection and group of resection and treatment

MMP-9 serum Groups

70% liver resection
n = 20

Resected and treated
n = 20

Median 6.17 8.01

IQR 5.96-6.30 7.91-8.12

Mean rank 10.5 30.5

p-value* < 0.001

IQR – inter-quartile range, *Mann-Whitney U-test
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give rise to an increased level and activation of IL-6, 
which means that both MMPs and IL-6 have a  con-
comitant effect on each other and exert an effect on 
liver regeneration [38]. Kim et al. recommended that 
hepatic matrix remodeling might be a  prerequisite 
procedure for proliferation of hepatocytes in the pro-
cess of regenerating liver following injury or partial 
hepatectomy [34]. 

The rate of hepatic regeneration in the treated 
group was higher than in the non-treated group. This 
is documented by evidence from histopathological and 
immunohistochemical studies, which is in agreement 
with many studies [25, 39, 40].

Conclusions

These results in association with previous studies 
provide evidence for the vital role of MMPs in the pro-
cess of hepatic regeneration, the level of which, in turn, 
has a close relation with the level of IL-6. MMPs have 
diverse effects in promoting angiogenesis, remodeling 
of extracellular matrix and endothelial cell prolifera-
tion.
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