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Abstract: The aim of this study is to investigate whether partial liver irradiation promotes hepatic regeneration in 
rat. Left-half liver of rat was irradiated to 10 Gy, and the Right-half to 0, 5, 10 and 15 Gy, respectively. Then, serum 
alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase (ALP) levels were eval-
uated on 0 day, 15-day, 30-day, 45-day and 60-day after liver irradiation. Next, the serum HGF, NF-κB and TGF-β1 
levels were also analyzed on 60-day after liver irradiation. Lastly, the cyclinD1 protein expression was appraised by 
western blots on 60-day after liver irradiation. ALT, AST and ALP levels were reduced compared with that of con-
trols. The serum HGF, NF-κB and TGF-β1 levels, and the cyclinD1 protein expression in liver irradiation group were 
increased compared with that of controls group. However, hepatic regeneration of higher dose-irradiated cirrhotic 
liver was triggered a more enhanced regeneration, compared with that of higher doses group. In summary, these 
results suggest that different doses of partial liver irradiation promotes hepatic regeneration in rat. 
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Introduction

Radiation-induced liver injury is one of the most 
deadly complications in the radiation therapy of 
primary liver cancer, and there is no effective 
treatment now [1]. The majority of radiation-
induced liver injury patients die of liver failure in 
the short term, but the most effective preven-
tion of radiation hepatitis the method is to limit 
the average dose of total hepatic irradiation, 
and determine radiation treatment planning of 
primary liver cancer combined with V20, V30, 
V40 and V50, but the provisions of the current 
domestic and international data show that 
these data are not entirely consistent, so how 
to prevent radiation-induced liver damage 
becomes a hotspot and key issue of liver radia-
tion therapy research [2, 3]. Unlike any other 
normal organ of the body, the liver of an adult is 
almost inactive, of which the liver cell division 
index is less than 1/1000. However, the liver 
has a powerful regenerative potential; when 
the liver is damaged, it can be proliferated and 
regenerated, and hepatic injury factor may be 

cut off by surgery or chemicals of liver toxicity 
[4]. Currently, there has been very in-depth 
study in the liver regeneration after partial hep-
atectomy. Liver regeneration does not refer to 
the regeneration of the part that is cut off, but 
the one of the remnant liver to replace the loss 
of liver volume and liver function [5].

The study of liver regeneration after partial hep-
atectomy has been very thorough, but there are 
few studies on the liver regeneration after the 
liver injuries induced by different doses of irra-
diation [6]. Whether radiation therapy as a 
physical injury to the liver can stimulate the 
regeneration of exposed liver, and the number 
of doses received by liver cells to lose the ability 
to regenerate are not certain [7]. Due to the 
lack of research, it cannot be judged which has 
greater influence liver regeneration, small vol-
ume of normal liver patient receiving high dose 
or large volume of normal liver patient receiving 
small dose [8, 9]. Therefore, the study of liver 
regeneration capacity of the liver after different 
doses of irradiation has important clinical sig-
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nificance for the clinical program decision of 
liver cancer radiotherapy. Therefore, this work 
set out first to explore whether different doses 
of partial liver irradiation promotes hepatic 
regeneration in rat.

Materials and methods

Animals

Pathogen free male Wistar rats obtained from 
the Laboratory Animal Division of the First 
Affiliated Hospital of Jinan University, weighing 
250 ± 25 g, were maintained at a constant 
temperature in a 12/12-hour light/dark cycle. 
This research was approved in accordance with 
Jinan University Guidelines and Regulations on 
the Use and Care of Lab Animals. All rats were 
given free access to diets and water ad 
libitum.

Liver irradiation

Rats were anesthetized with intraperitoneal 
injection (i.p.) of 35 mg/kg pentobarbital and 
left-half liver were irradiated in prone position 
with 6 MV-X ray at a dose rate of 10 Gy/min. 
Liver irradiation field was marked using superi-
or margin on diaphragm dome, inferior margin 
at costal arch on each side, and the lateral mar-
gin covering both abdominal edges, while the 
rest of rat was protected by lead shield. 
Vertebral was marked for separating line. The 
dose rate of liver irradiation was calculated 
through liver middle plane upon the measure-
ments by ion chamber in a phantom.

Experiment design

All control groups (Con, n = 6) were irradiated 0 
Gy/min. All liver irradiation rats were randomly 
allocated into five groups: only right-half liver 
was irradiated to single doses of 0, 5, 10 and 
15 Gy/min, respectively. Each liver irradiation 
group contained 30 rats.

Sample collection

After animals sacrificed, blood samples and 
liver tissues were collected immediately. Two 
pieces of liver tissues, 0.5 cm × 0.5 cm × 0.5 
cm each, were collected from both left-and 
right-half livers. These samples were saved at 
-80°C for further study.

Evaluate hepatic injury, HGF, NF-κB and 
TGF-β1

The serum alanine aminotransferase (ALT), 
aspartate aminotransferase (AST) and alkaline 
phosphatase (ALP) levels were evaluated by 
HITACHI biochemical analyzer and determined 
using standard kits (RapidBio Lab, CA, USA). 
The serum hepatic growth factor (HGF), NF-κB 
and transforming growth factor beta-1 (TGF-β1) 
levels were evaluated by ELISA kits (RapidBio 
Lab, CA, USA).

Western blots of cyclinD1

Right-half livers were homogenized and nuclear 
proteins were extracted with BCA assay accord-
ing to the manufacturer's instructions (Roche, 
Basel, Switzerland). Equal amount of protein 
were electrophoresed with 12% SDS-
polyacrylamide gels and transferred into PVDF 
by electromembrane transfer at 4°C  for 2 
hours. The membranes were blocked with TBS-
0.05% Tween 20 (TBST) containing 5% non-fat 
milk to block nonspecific binding sites for 2 h at 
room temperature. Then, the membranes were 
incubated with anti-cyclinD1 (Pierce Biote- 
chnology, Rockford, IL, USA), and anti-β-actin 
(1:1000, Cell Signaling Technology, Boston, 
MA) overnight at 4°C. The membranes were 
washed with TBST solution thrice and incubat-
ed with anti-mouse IgG (1:1000, Beijing 
Applygen Technologies, Inc., Beijing, China) 
conjugated for 2 h at room temperature. All 
membranes were visualized by using chemilu-
minescence substrate system (Verity Software 
House Inc., Topsham, ME).

Statistical analysis

The data were performed with SPSS 17.0 soft-
ware. Data were expressed as mean ± stan-
dard deviation (SD) and analyzed by using 
Student two-tailed t test. P value of < 0.05 was 
considered significant.

Results

Different doses of partial liver irradiation in-
duced liver-injury ALT, AST and ALP levels

To investigate the possible effects of partial 
liver irradiation (0, 5, 10 and 15 Gy/min) on ALT, 
AST and ALP levels, the serum ALT, AST and ALP 
levels of rats were analyzed using standard 
kits. For rats with right-half liver irradiation, par-
tial liver irradiation significantly induced liver-
injury the serum ALT, AST and ALP levels, com-
pared with control group (Figure 1).
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HGF level, the serum 
HGF level of rats was 
analyzed using ELISA 
kits. For rats with 
right-half liver irradia-
tion, liver-injury the 
serum HGF level was 
effectively increased 
by partial liver irradia-
tion (0 Gy/min), com-
pared with control gro- 
up (Figure 2). However, 
partial liver irradiation 
(5, 10 and 15 Gy/min) 
effectively enhanced 
liver-injury the serum 
HGF level, compared 
with partial liver irra-
diation (0 Gy/min) 
group (Figure 2). 

Different doses of 
partial liver irradiation 
induced liver-injury 
NF-κB level

To appraise that the 
possible effects of 
partial liver irradiation 
(0, 5, 10 and 15 Gy/
min) on NF-κB level, 
the serum NF-κB level 
of rats was analyzed 
using ELISA kits. For 
rats with right-half 

liver irradiation, liver-injury the serum NF-κB 
level was effectively increased by partial liver 
irradiation (0 Gy/min), compared with control 
group (Figure 3). However, partial liver irradia-
tion (5, 10 and 15 Gy/min) effectively enhanced 

Figure 1. Different doses of partial liver irradiation 
induced liver-injury ALT, AST and ALP levels.

Figure 2. Different doses of partial liver irradiation induced liver-injury HGF level. 
##P<0.01 versus the control group, **P<0.01 versus 0 Gy/min partial liver irradia-
tion group; Con, control group; 0 Gy/min, 0 Gy/min partial liver irradiation group; 5 
Gy/min, 5 Gy/min partial liver irradiation group; 10 Gy/min, 10 Gy/min partial liver 
irradiation group; 15 Gy/min, 15 Gy/min partial liver irradiation group.

Figure 3. Different doses of partial liver irradiation induced liver-injury NF-κB level. 
##P<0.01 versus the control group, **P<0.01 versus 0 Gy/min partial liver irradia-
tion group; Con, control group; 0 Gy/min, 0 Gy/min partial liver irradiation group; 5 
Gy/min, 5 Gy/min partial liver irradiation group; 10 Gy/min, 10 Gy/min partial liver 
irradiation group; 15 Gy/min, 15 Gy/min partial liver irradiation group.

Different doses of partial liver irradiation in-
duced liver-injury HGF level

To assess that the possible effects of partial 
liver irradiation (0, 5, 10 and 15 Gy/min) on 
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single organ, liver, but 
also including system-
atic stress reactions of 
the body caused by 
hepatectomy [10]. The- 
refore, future research 
should focus on the 
overall situation, not 
restricted in one or- 
gan, liver. In-depth stu- 
dy on liver regenera-
tion after hepatectomy 
is helpful for the liver 
function recovery of 
patients with acute or 
chronic liver failure 

and the reduction of overall health care costs 
and mortality of patients with liver failure [11]. 
At present, China ranks first in the world in 
patients with hepatitis B, with more than 100 
million hepatitis B virus carriers. Every year, the 
number of the patients with liver resection for a 
variety of liver diseases is also increasing, so 
the liver regeneration study has great signifi-
cance for the health of people in our country 
[12, 13]. In this study, different doses of liver 
irradiation could reduce the serum ALT, AST 
and ALP levels, and aggrandized liver-injury the 
serum HGF level. But, we found that partial liver 
irradiation (10 and 15 Gy/min) slightly elevated 
the serum AST level of rats. This result should 
be attention, and hinted that high doses of par-
tial liver irradiation increased the serum AST 
level. Liver has strong regeneration ability; liver 
regeneration is a special, proliferative reaction 
of multiple effector cells the expression of a 
variety of regulatory factors, and the complex 
cell proliferation process that involves synchro-
nous or sequential activation and interaction of 
multiple pathways [14]. Resting hepatocytes 
must enter into GI phase from the G0 phase in 
order to obtain proliferativity, thus into the liver 
regeneration start-up phase [15]. Cytokines 
(TNF-α, IL-6) and transcription factors (NF-κB) 
are the most important signal regulatory mole-
cules for the start phase of liver regeneration, 
which form an important signal transduction 
pathway for the start-up phase of liver regener-
ation: TNF-α → TNFR-I → NF-Κb → IL-6 → 
STAT-3 [16]. In our study, different doses of liver 
irradiation effectively increased liver-injury the 
serum NF-κB level. Our results explained that 
different doses of liver irradiation could aug-
ment the serum NF-κB level and promote 
hepatic regeneration in rat through NF-κB sig-
nal path. Transforming growth factors-β (TGF-β) 

Figure 4. Different doses of partial liver irradiation induced liver-injury TGF-β1 level. 
##P<0.01 versus the control group, **P<0.01 versus 0 Gy/min partial liver irradia-
tion group; Con, control group; 0 Gy/min, 0 Gy/min partial liver irradiation group; 5 
Gy/min, 5 Gy/min partial liver irradiation group; 10 Gy/min, 10 Gy/min partial liver 
irradiation group; 15 Gy/min, 15 Gy/min partial liver irradiation group.

liver-injury the serum NF-κB level, compared 
with partial liver irradiation (0 Gy/min) group 
(Figure 3).

Different doses of partial liver irradiation in-
duced liver-injury TGF-β1 level

To appraise that the possible effects of partial 
liver irradiation (0, 5, 10 and 15 Gy/min) on 
TGF-β1 level, the serum TGF-β1 level of rats 
was analyzed using ELISA kits. For rats with 
right-half liver irradiation, liver-injury the serum 
TGF-β1 level was effectively increased by par-
tial liver irradiation (0 Gy/min), compared with 
control group (Figure 4). However, partial liver 
irradiation (5, 10 and 15 Gy/min) effectively 
enhanced liver-injury the serum TGF-β1 level, 
compared with partial liver irradiation (0 Gy/
min) group (Figure 4).

Different doses of partial liver irradiation in-
duced liver-injury cyclinD1 protein expression 
level

To evaluate that the possible effects of partial 
liver irradiation (0, 5, 10 and 15 Gy/min) on 
TGF-β1 level, the cyclinD1 protein expression 
level of rats was analyzed using western blots. 
For rats with right-half liver irradiation, liver-inju-
ry the cyclinD1 protein expression level was 
effectively increased by partial liver irradiation 
(0 Gy/min), compared with control group (Figure 
5A, 5B). However, partial liver irradiation (5, 10 
and 15 Gy/min) effectively enhanced liver-inju-
ry the cyclinD1 protein expression level, com-
pared with partial liver irradiation (0 Gy/min) 
group (Figure 5A, 5B).

Discussion

Liver regeneration after liver resection is a very 
complex process, not only the regeneration of a 
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is a class of cytokines with a variety of chemical 
and physical functions, playing an important 
role in the development of liver fibrosis, which 
may regulate the cell proliferation and differen-
tiation, promote cell synthesis and secretion of 
extracellular matrix, reduce the degradation of 
extracellular matrix, and play an important role 
in angiogenesis, physiological and pathological 
embryonic development, tissue repair, immune 
regulation, tumorigenesis and other processes 
in the organism, and its high expression can 
promote the pathological effect of tissue fibro-
sis, parallel with the degree of liver fibrosis in 
pathology [17-19]. Studies have shown that 
TGF-β1 is related to the termination process of 
liver regeneration. We found that different 
doses of liver irradiation induced the serum 
TGF-β1 level in rats. 10-14 d can fully recover 
missing liver tissue after 70% partial hepatec-
tomy of rat liver. In the process, a variety of 
cells are proliferated rapidly and orderly, most 
of the remaining liver cells reach a peak in DNA 
synthesis after 24 hours, and a small number 
of liver cells have secondary DNA synthesis 
[20]. CyclinD1 is a rate-limiting factor control-
ling the G1 phase progression, considered as 
the symbol that the cells enter into the G1 
phase of the cell cycle [21]. CyclinD1 protein 
expression in hepatocyte nucleus reaches the 
peak 24 hours after partial resection in rat liver 
[22]. The study of liver regeneration in rat 
shows the dynamic change of cyclinD1 is close-
ly related to liver regeneration. This research 
shows that different doses of liver irradiation 
enhanced the cyclinD1 protein expression level 
in rats.

In summary, different doses of partial liver irra-
diation (5, 10 and 15 Gy/min) promotes hepatic 
regeneration through activating NF-κB, TGF-β1 

and cyclinD1 in rat. This work supports further 
investigation to expound the detailed mecha-
nism of partial liver irradiation on hepatic 
regeneration in rat.

Acknowledgements

The study was supported by Guangdong Province 
Science and technology plan fund (NO. 
2012B031800156).

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Yiming Wang, De- 
partment of Oncology, The First Affiliated Hospital, 
Jinan University, No. 613, Huangpu West Rd, 
Guangzhou 510630, China. Tel: 86-020-38688888; 
Fax: 86-020-38688888; E-mail: Yimingwangna@ 
163.com

References

[1] Zhang J, Zhou S, Zhou Y, Feng F, Wang Q, Zhu 
X, Ai H, Huang X and Zhang X. Hepatocyte 
growth factor gene-modified adipose-derived 
mesenchymal stem cells ameliorate radiation 
induced liver damage in a rat model. PLoS One 
2014; 9: e114670.

[2] Jung J, Yoon SM, Kim SY, Cho B, Park JH, Kim 
SS, Song SY, Lee SW, Ahn SD, Choi EK and Kim 
JH. Radiation-induced liver disease after ste-
reotactic body radiotherapy for small hepato-
cellular carcinoma: clinical and dose-volumet-
ric parameters. Radiat Oncol 2013; 8: 249.

[3] Okamoto D, Nishie A, Asayama Y, Tajima T, 
Ishigami K, Kakihara D, Nakayama T, Ohga S, 
Yoshitake T, Shioyama Y and Honda H. 
Gadolinium ethoxybenzyl diethylenetriamine 
pentaacetic acid-enhanced MR finding of radi-
ation-induced hepatic injury: relationship to 

Figure 5. Different doses of partial liver irradiation induced liver-injury CyclinD1 protein expression level. Different 
doses of partial liver irradiation induced liver-injury CyclinD1 protein expression level using Western blot analysis, 
statistical analysis of CyclinD1 protein expression in rat. ##P<0.01 versus the control group, **P<0.01 versus 0 Gy/
min partial liver irradiation group; Con, control group; 0 Gy/min, 0 Gy/min partial liver irradiation group; 5 Gy/min, 
5 Gy/min partial liver irradiation group; 10 Gy/min, 10 Gy/min partial liver irradiation group; 15 Gy/min, 15 Gy/min 
partial liver irradiation group.

mailto:Yimingwangna@163.com
mailto:Yimingwangna@163.com


Partial liver irradiation and hepatic regeneration

6559 Int J Clin Exp Pathol 2015;8(6):6554-6559

absorbed dose and time course after irradia-
tion. Magn Reson Imaging 2014; 32: 660-664.

[4] Pradeep K, Ko KC, Choi MH, Kang JA, Chung YJ 
and Park SH. Protective effect of hesperidin, a 
citrus flavanoglycone, against gamma-radia-
tion-induced tissue damage in Sprague-Dawley 
rats. J Med Food 2012; 15: 419-427.

[5] Meydan D, Gursel B, Bilgici B, Can B and Ozbek 
N. Protective effect of lycopene against radia-
tion-induced hepatic toxicity in rats. J Int Med 
Res 2011; 39: 1239-1252.

[6] Gong P, Wang Y, Zhang J and Wang Z. 
Differential hepatic stem cell proliferation and 
differentiation after partial hepatectomy in 
rats. Mol Med Rep 2013; 8: 1005-1010.

[7] Yamaguchi M and Katsumata T. Enhancement 
of protein kinase activity in the cytosol of re-
generating rat liver: regulatory role of endoge-
nous regucalcin. Int J Mol Med 1999; 3: 505-
510.

[8] Rastogi L, Feroz S, Pandey BN, Jagtap A and 
Mishra KP. Protection against radiation-in-
duced oxidative damage by an ethanolic ex-
tract of Nigella sativa L. Int J Radiat Biol 2010; 
86: 719-731.

[9] Wang JY, Chiu JH, Tsai TH, Tsou AP, Hu CP, Chi 
CW, Yeh SF, Lui WY, Wu CW and Chou CK. Gene 
expression profiling predicts liver responses to 
a herbal remedy after partial hepatectomy in 
mice. Int J Mol Med 2005; 16: 221-231.

[10] Batra V and Kislay B. Mitigation of gamma-ra-
diation induced abasic sites in genomic DNA 
by dietary nicotinamide supplementation: met-
abolic up-regulation of NAD (+) biosynthesis. 
Mutat Res 2013; 749: 28-38.

[11] Yu ZY, Bai YN, Luo LX, Wu H and Zeng Y. 
Expression of microRNA-150 targeting vascu-
lar endothelial growth factor-A is downregulat-
ed under hypoxia during liver regeneration. 
Mol Med Rep 2013; 8: 287-293.

[12] Jeong DH, Goo MJ, Hong IH, Yang HJ, Ki MR, Do 
SH, Ha JH, Lee SS, Park JK and Jeong KS. 
Inhibition of radiation-induced apoptosis via 
overexpression of SMP30 in Smad3-knockout 
mice liver. J Radiat Res 2008; 49: 653-660.

[13] Xu R, Yuan YF, Ayav A, Jiang CQ, Bresler L, Liu 
ZS and Tran N. Effect of portal vein ligation on 
tumor growth and liver regeneration in rat cir-
rhotic liver lobes. Exp Ther Med 2014; 7: 1089-
1094.

[14] Villano G, Quarta S, Ruvoletto MG, Turato C, 
Vidalino L, Biasiolo A, Tono N, Lunardi F, 
Calabrese F, Dall'olmo L, Dedja A, Fassina G, 
Gatta A and Pontisso P. Role of squamous cell 
carcinoma antigen-1 on liver cells after partial 
hepatectomy in transgenic mice. Int J Mol Med 
2010; 25: 137-143.

[15] Carmel J, Arish A, Shoshany G and Baruch Y. 
Heparanase accelerates the proliferation of 
both hepatocytes and endothelial cells early 
after partial hepatectomy. Exp Mol Pathol 
2012; 92: 202-209.

[16] Riehle KJ, Haque J, McMahan RS, Kavanagh 
TJ, Fausto N and Campbell JS. Sustained 
Glutathione Deficiency Interferes with the Liver 
Response to TNF-alpha and Liver Regeneration 
after Partial Hepatectomy in Mice. J Liver 
Disease Transplant 2013; 1. pii: 1000105.

[17] Oishi K, Hayamizu K, Aihaiti X, Itamoto T, Arihiro 
K and Asahara T. G-CSF-induced evacuation of 
sinusoidal NK cells and the facilitation of liver 
regeneration in a partial hepatectomy. 
Cytokine 2006; 34: 66-75.

[18] Romero-Gallo J, Sozmen EG, Chytil A, Russell 
WE, Whitehead R, Parks WT, Holdren MS, Her 
MF, Gautam S, Magnuson M, Moses HL and 
Grady WM. Inactivation of TGF-beta signaling 
in hepatocytes results in an increased prolifer-
ative response after partial hepatectomy. 
Oncogene 2005; 24: 3028-3041.

[19] Zhao J, Xie LD, Song CJ, Mao XX, Yu HR, Yu QX, 
Ren LQ, Shi Y, Xie YQ, Li Y, Liu SS and Yang XH. 
Urantide improves atherosclerosis by control-
ling C-reactive protein, monocyte chemotactic 
protein-1 and transforming growth factor-beta 
expression in rats. Exp Ther Med 2014; 7: 
1647-1652.

[20] Tiberio GA, Tiberio L, Benetti A, Cervi E, 
Pandolfo G, Dreano M, Garotta G, Comini L, 
Martini M, Giulini SM and Schiaffonati L. 
Interleukin-6 sustains hepatic regeneration in 
cirrhotic rat. Hepatogastroenterology 2007; 
54: 878-883.

[21] Hsu MK, Qiao L, Ho V, Zhang BH, Zhang H, 
Teoh N, Dent P and Farrell GC. Ethanol reduces 
p38 kinase activation and cyclinD1 protein ex-
pression after partial hepatectomy in rats. J 
Hepatol 2006; 44: 375-382.

[22] Li X, He X, Tian W and Wang J. Short hairpin 
RNA targeting Notch2 inhibits U87 human glio-
ma cell proliferation by inducing cell cycle ar-
rest and apoptosis in vitro and in vivo. Mol Med 
Rep 2014; 10: 2843-2850.


