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Abstract: Objective: The objective of this study was to improve understanding of the key pathological and immu-
nohistochemical features of radiation induced liver disease and of associated liver regeneration and fibrosis, us-
ing a rat based model of radiation-induced liver injury. Methods: Female Sprague-Dawley rats were divided into
two groups (n=40 per group). The control (non-irradiated) group was randomly divided into four sub-groups from
which blood and liver tissue samples were obtained after 1, 2, 3 and 4 months respectively (n=10 per group). The
experimental group were subjected to a single dose of 25 Gy radiation to the right liver lobe and then divided into
four similar sub-groups (n=10 per group) from which blood and liver tissue samples were obtained 1, 2, 3 and 4
months post-irradiation. Tissue samples were stained with HE and Masson’s stains to examine the pathology. Im-
munohistochemical and ELISA assays were used to detect and analyze the serum levels of ALT and AST enzymes
and cytokines HGF, EGF and TGF-B in the liver tissues. Results: Serum levels of HGF, EGF and TGF-a, all of which are
markers of tissue regeneration, were significantly higher in liver tissues of experimental group rats compared with
those in the comparable control groups (P < 0.05). Expression levels of TGF[3 were also significantly higher in a range
of liver cell types in the experimental compared with the control groups, especially 3 to 4 months post-irradiation.
There were obvious pathological signs of liver fibrosis 3 and 4 months after radiation treatment in the experimental
groups, which were lacking in the control groups, indicating continued damage to liver tissue had occurred several
months after radiation treatment. Conclusions: A single dose of radiation treatment can result in significant liver
tissue injury and the formation of liver fibrosis that continues for 3 to 4 months post-treatment, which may become
irreversible. However, it also enhanced the production of certain cytokines involved in the proliferation and regen-
eration of liver cells to repair and promote proliferation of hepatic portal area.
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Introduction

The recent development of 3D conformational
and intensity-modulated radiation therapies
has fuelled an increase in the use of radiother-
apy to treat primary liver carcinoma [1]. In order
to improve the local control rate in liver can-
cers, the radiation dose of these therapies is
gradually increased, resulting in radiation-
induced liver injury (RILI), which is one of the
most common complications of the treatment.
Radiation-induced liver disease (RILD) is ca-
used by radiation-induced injury to the liver tis-
sue, resulting in a series of physiological and
pathological changes occurring in hepatic cells
in response to a certain dose of radiation. The
clinical onset is occult, but once established,
the disease will progress and is difficult to

reverse [2]. Therefore, early prevention is
the key to reducing radiation-induced liver
damage.

In this study, a radiation liver injury model was
established by application of a single radiation
dose of 25 Gy to the right hand liver lobe of
Sprague Dawley (SD) rats, to mimic external
radiation exposure. The liver tissues of SD
female rats of a blank (non-irradiated) control
group, and of irradiated rats 1, 2, 3, and 4
months post-radiation were extracted and
stained with haematoxylin and eosin (HE) and
with Masson’s trichome stain, for microscopic
analysis. In addition, immunohistochemistry
analyses were carried out, including detection
and measurement of TGF-B, HGF, EGF, and TGF-
o. Changes in serum levels of alanine transami-
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nase (ALT) and aspartate transaminase (AST)
were also measured, as indicators of rat liver
function. The aim was thus to characterize the
microstructural and immuohistochemical fea-
tures of chronic radiation-induced liver injury, in
SD rats as a model animal, in order to provide a
basis for the study of liver regeneration and
hepatic fibrosis caused by radiation-induced
liver injury.

Materials and methods
Experimental animals

Eighty specific-pathogen-free (SPF) grade 6
weeks old female SD rats (body weight, 180-
220 g), were provided by Guangdong Medical
Laboratory Animal Center (Guangdong, China).
Eighty rats were randomly assigned to the
experimental and control groups, each of which
was (randomly) sub-divided into four groups
(per CG, n=10; per EG, n=10), representing 1,
2, 3 or 4 months after irradiation with a single
dose of 25 Gy to the right liver lobe, or after no
irradiation, respectively. The number of rats in
each experimental sub-group varied between a
minimum of 8 and a maximum of 10.

Establishment of a radiation-induced liver
injury model

Firstly, a radiation field was defined and set, for
each individual animal. SD rats were adminis-
tered with a 3% nembutal solution (100 mg/
kg), prior to administration of an intraperitoneal
local anesthesia. They were then fixed in the
supine position before carrying out type-B
ultrasonic location of the right lobe of the liver.
The medial boundary was defined as the right
margin of the spine, the upper boundary was
the upper diaphragm, and the distance between
the upper and lower boundary was 3 cm. The
external boundary was open and the field size
was about 3 cm by 3 cm. The boundaries of the
radiation field were drawn on the body surface.

The radiation method employed a SIEMENS lin-
ear accelerator (6MV) to carry out irradiation to
the right hand liver lobe. The solid state detec-
tor was 100 cm, the irradiation depth was 2
cm, and the irradiation dose rate was 200 cGy/
min. The total dose of a single fraction irradia-
tion was 25 Gy. All rats were given free access
to diets and water adlibitum. This research was
approved in accordance with Jinan University
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Guidelines and Regulations on the Use and
Care of Lab Animals.

Serum analysis and tissue microscopy

The experimental procedures that follow were
each conducted on sera/tissue samples (as
appropriate) from rats irradiated for 1, 2, 3, or 4
months, and for control rats at the same time
points.

Serum immunological markers (ALT, AST, EGF,
HGF, TGF-a) were measured by using an aorta
abdominalis cannula to collect a 5 ml blood
sample from each rat. Samples were centri-
fuged at 3000 rpm to extract sera which was
then subjected to chemical analysis using a
HITACHI biochemical analyzer and determined
using standard kits (RapidBio Lab, CA, USA) to
detect and measure levels of ALT and AST, and
ELISA Kkits (Tongwei Co, China) to detect the
concentrations of HGF, EGF and TGF-a.

After anesthesia, the right liver lobe was
excised from the irradiated region, and fixed in
10% neutral formalin, before Paraffin embed-
ding. Embedded samples were then sectioned
(4 um thickness) and stained with HE stain and
Masson’s trichome stain, to observe the patho-
logical changes of the liver tissue under an ordi-
nary optical microscope. The extent of liver
fibrosis observed by microscopy was graded as
follows: O, no fibrosis; 1, mild fibrosis (fibrous
deposition located only in the central leaflet); 2,
moderate fibrosis (fibrous deposition extending
to the outside of the central leaflet but not
reaching the leaflet margin); 3, severe liver
fibrosis (fibrous deposition extending to the
edge of the leaflet); 4, early cirrhosis [3].

The expression of TGF-B in liver tissue samples
was estimated through immunohistochemistry
method which was stained by TGF-B mouse
anti-human monoclonal antibody. The intensity
of staining of the tissue slices represents the
relative proportion of TGF-B positive cells
(among the total cells), and was judged by two
pathologists using a double blind method for
the observation of sections, and a semi-quanti-
tative method to interpret the results. Scores
were assigned to A: the percentage of TGF-B
cells, and B: the intensity of positive staining.
Scores for each of these categories were
defined as follows. A: > 75% positive cells, 4
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low: 2 points. Multiplying A and B together, a
combined score was assigned as follows: O
points, negative (-); 1-4 points, weakly positive
(+); 5-8 points, positive (++); 9-12 points,
strongly positive (+++). The third pathologist
will redefine that when the judgments of the
two pathology experts differed.

Statistical methods

Data were analyzed using SPSS13.0 software.
Results are presented as means * standard
deviations (s.d.). Differences between groups
were identified by the student t-test, or by
ANOVA, as appropriate. A value of P < 0.05 was
defined as statistically significant.
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Figure 1. Levels of ALT, AST, EGF, HGF adn TGF-«
in sera of rats in experimental (irradiated) and
control (non-irradiated) rat groups.

Results
Serology

The levels of the enzymes ALT and AST in the
experimental (irradiated) group after 2, 3, or 4
months of irradiation were significantly higher
than those in the comparative blank control
groups (P < 0.05), indicating that the experi-
mental group continued to exhibit impaired
liver function even 2, 3, or 4 months after irra-
diation, compared with the control group. In
addition, the serum levels of HGF in the experi-
mental group 1, 2, 3, and 4 months after irra-
diation were significantly higher than those of
the blank control group (P < 0.05). EGF, HGF,
and TGF-a, are important immunological fac-
tors involved in liver regeneration, and in the
post-irradiation experimental groups, EGF and
HGF serum levels were increased compared
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Figure 2. HE stained right liver lobe tissue samples of control (non-irradiated) rats. A: 1 m control group; B: 2 m

control group; C: 3 m control group; D: 4 m control group.

Figure 3. HE stained right liver lobe tissue samples of rats given a single 25 Gy dose of radiation to the right liver
lobe. A: 1 m post-irradiation group; B: 2 m post-irradiation group; C: 3 m post-irradiation group; D: 4 m post-irradi-

ation group.

with the control group, indicating that the livers
of the experimental animals were in a state of
regenerative proliferation. Details of this are
shown in Figure 1.

Pathological evaluation of HE stained tissue
samples

In the control group, light microscopy of stained
liver tissue sections revealed a normal liver
microstructure to the right liver lobe. The inter-
lobular arteries and veins and the ductus bil-
iferi interlobularis in the hepatic portal area
were all as evidenced by clearly visible, the
hepatic blood sinus space appeared normal,
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and no inflammatory reactions were visible
near the central veins (see Figure 2). In the ex-
perimental groups, pathology associated with
acute radiation injury was visible in the right
liver lobe, with different pathological manifes-
tations and features becoming visible with
increasing duration post-radiation treatment.
One month post-irradiation, liver cell inflamma-
tion was observed surrounding the central
veins, and the hepatic sinusoidal liver cells
were swollen and showed signs of necrosis (see
Figure 3A). Two-months after irradiation, there
was evidence of mild bile duct hyperplasia cou-
pled with a small amount of liver cell necrosis,
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Figure 4. Masson stained right liver lobes of control group mice. A: 1 m control group; B: 2 m control group; C: 3 m

control group; D: 4 m control group.

Figure 5. Masson stained right liver lobes of rats given a single 25 Gy dose of radiation to the right liver lobe. A: 1
m post-irradiation group; B: 2 m post-irradiation group; C: 3 m post-irradiation group; D: 4 m post-irradiation group.

some infiltration of lymphocytes in to the portal
area and swelling of the cells peripheral to the
central vein (see Figure 3B). The stained tis-
sues of the 3-month-post-irradiation experi-
mental group exhibited hepatic sinus dilation,
swelling of hepatic cells and an absence of vis-
ible reticular fibers (see Figure 3C). Four months
post-irradiation there was evidence of spotty
necrosis of hepatic cells, hepatic sinus dilation
and an absence of visible reticular fibers. In
addition, hyperplasia of the interlobular veins,
interlobular arteries, and of the bile duct epi-
thelium was visible in this group (Figure 3D).
Overall, HE staining of tissues from the experi-
mental group showed that with increasing dura-
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tion post-irradiation there was a decrease in
liver inflammation but an increase in hyperpla-
sia of the interlobular veins, arteries and bile
duct epithelium and a breakdown of reticular
fibers.

Pathological evaluation of tissue samples
stained with Masson’s trichome stain

With HE staining, the collagen fibers and liver
cells are bound to the eosin stain, making it dif-
ficult to identify the fine hepatic sinusoidal
reticular fibers and to identify any fibrosis in the
leaflet. Therefore, tissue samples were addi-
tionally stained with Masson’s stain in order to

Int J Clin Exp Pathol 2017;10(2):2426-2435
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Table 1. Comparison of the degree of fibrosis
of the liver tissue of rats from the control and
irradiated groups

Pathological results of the liver

Group Cases fibrosis rats

0 1 2 3 4 P
Cilm 10 10 0 O 0 O
C2m 9 9 0 O 0 O
C3m 9 9 0 O O O
C4m 10 10 0 O O O
1m 9 9 0 O O O 1.000
2m 9 8 1 0 0 O 0.317
3m 8 5 3 0 0 0 0.050*

4m 8 1 6 2 0 O 0.000*
*The mean difference is significant at the 0.05 level.

better visualize the degree of liver fibrosis. The
results revealed that, in the control group, a
small amount of fiber deposition could be seen
in the portal blood vessels, and no obvious
staining was visible to other liver tissue struc-
tures (see Figure 4). In the experimental (irradi-
ated) group, one month after irradiation swell-
ing of the hepatic cells was evident, and a small
amount of fibrous proliferation was seen in the
central vein (Figure 5A). Two months after irra-
diation, increased fiber hyperplasia was seen in
the central veins (see Figure 5B). Three months
after irradiation, the central vein and portal
tracts displayed collagen fiber hyperplasia, to a
greater degree than in the 1 month or 2 months
post-irradiation groups, and there was no obvi-
ous Masson positive staining in the surround-
ing hepatic cells (Figure 5C). Four months after
irradiation a significant degree of collagen fiber
hyperplasia could be seen in the central veins
and arteriovenous regions of the portal area,
and a small amount of collagen and fiber hyper-
plasia was visible in liver cells and in the hepat-
ic sinus (see Figure 5D). The numbers of rats in
the experimental groups 3 and 4 months after
irradiation that exhibited fibrosis of the liver tis-
sue were increased compared with those in the
comparable control groups (P < 0.05), indicat-
ing that hepatic fibrosis appeared relatively
slowly, 3 to 4 months after radiation treatment
(Table 1).

Immunohistochemistry

In the control groups, no obvious staining of
TGF-B positive cells was evident among rats at
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any of the time points (1, 2, 3, or 4 months).
Only a small amount of brownish yellow parti-
cles were seen in the hepatic cells of the cen-
tral vein of rats in these groups (see Figure 6).
One or 2 months after irradiation, TGF-B posi-
tive cells were found predominantly in the pe-
ripheral hepatic cells of the central vein (see
Figure 7A and 7B), but the number of visibly
positive cells was relatively low. By 3 or 4
months after irradiation, TGF-B positive cells
were evident in a range of liver cell types, in-
cluding portal fibroblasts, vascular endothelial
cells, central vein peripheral cells, partial liver
cells and the fibrous septum, showing yellow
granulation, especially in the 4-month-post-
irradiation group (Figure 7C and 7D). TGF-B
expression in the portal area of rats in this
experimental group was most obvious, identi-
fied by the dark color and wide range (see
Figure 7D). With increasing duration beyond 1
month post-irradiation, the number of TGF-
cells in liver tissue samples from the experi-
mental group significantly increased, compared
with those in the comparable control groups
(see Table 2) (P < 0.05). This indicated TGF-
was an important factor in the process of liver
regeneration, as the increase in its expression
levels is indicative of the formation of new liver
fiber.

Discussion

Liver cancer is one of the most prevalent forms
of cancer threatening the health of Chinese
people. In 2011, there were approximately
356,000 cases [4] of hepatocellular carcino-
ma in China, equating to an incidence rate of
26.39/100,000, and ranking fourth among all
types of malignant tumors occurring in China.
In recent years, there has been a significant
decline in the incidence of and mortality rates
associated with liver cancer, but a large num-
ber of new cases still occur each year due to
population growth and, in particular, growth in
the ageing population [5]. In recent years, new
radiotherapy technologies have been devel-
oped, including stereotactic radiotherapy (SB-
RT) or proton therapy, and this has resulted in a
significant increase in the use of radiotherapy
as a treatment for liver carcinoma [1]. However,
in line with this increase in radiotherapy treat-
ment, there has also been an increase in RILD.
It is therefore very important to understand the
process of liver regeneration and hepatic fibro-
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l

Figure 6. TGF-B stained positive cells in liver tissue of the control groups. A: 1 m control group; B: 2 m control group;

C: 3 m control group; D: 4 m control group.

l

Figure 7. TGF-B stained positive cells in liver tissues of the experimental groups. A: 1 m post-irradiation group; B: 2
m post-irradiation group; C: 3 m post-irradiation group; D: 4 m post-irradiation group.

Table 2. Comparison of the levels of expression
of TGF-B in liver tissues of experimental and
control group rats (Wilcoxon rank sum test for
comparison of two independent samples)

Positive cases

Group Cases

- + ++ P
Cim 10 8 2 0 0
C2m 9 9 0 0 0
C3m 9 8 1 0 0
C4 m 10 8 2 0 0
1m 9 8 1 0 0 0.606
2m 9 3 6 0 0] 0.040%
3m 8 0 8 0] 0 0.000*
4m 8 0 8 0 0 0.001*

*The mean difference is significant at the 0.05 level.
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sis in radioactive liver injury, in order to de-
sign effective intervention technologies and
treatments.

The activity levels of ALT and AST enzymes are
the criteria most widely used to assess liver
injury. In the present study both ALT and AST
were significantly increased in the liver tissues
of rats 2, 3, and 4 months after application of a
single dose of radiation to the right liver lobe,
compared with control rats. HE and Masson
staining of liver tissues revealed that, 3 months
after irradiation treatment, there were obvious
signs of liver fibrosis which was evident in the
experimental group but not the control group.
Four months after irradiation treatment, a large
number of collagen fibers were visible in the

Int J Clin Exp Pathol 2017;10(2):2426-2435



Pathological and immunohistochemical features of RILD

hepatic veins of the right liver lobe of the exper-
imental group rats, and the overall degree of
fibrosis was increased compared to that of the
3-month-post-irradition. With increasing dura-
tion post-irradiation, irreversible fibrosis occu-
rred in the right liver lobe.

Epidermal growth factor (EGF) is one of the key
hepatocyte cell proliferation factors, which can
control liver cells from the GO phase of the cell
cycle, through the G1 phase checkpoint, to the
S phase. EGF also promotes DNA synthesis [6].
Skarpen et al. found that, after partial hepatec-
tomy, EGF plasma levels increased 2 to 3 fold
[7], and that EGF played the role of promoting
mitosis in the early stages of liver regeneration.
Other researchers have reported EGF upregula-
tion to be a major feature of cirrhosis of the
liver [8]. In addition to its role in DNA synthesis
and cell proliferation in liver cells, EGF has also
been shown to have the ability to promote the
proliferation of hepatic stellate cells (HSC) [9].
At the present time, it is believed that HSC acti-
vation is an important process in hepatic fibro-
sis. HSC has the ability to synthesize a large
amount of extracellular matrix (ECM) which uti-
lizes collagen as the main source component,
promoting the formation of liver fibrosis [10]. In
the present study, serum EGF was significantly
higher 1, 2, 3, or 4 months post-irradiation in
the irradiated group compared with the control
group, which may be related to its release from
hepatocytes following injury and/or due to the
upregulation of compensatory EGF synthesis
after irradiation. EGF is overexpressed in the
fibrotic liver [8], and is member of a signature
predictive of progressive cirrhosis, hepatocel-
lular carcinoma, and death in patients with cir-
rhosis [11]. Moreover, the present study was
shown that the pharmacological inhibition of
the EGF receptor to attenuate liver fibrosis [12],
and the direct effect of EGF stimulation on the
expression of activation markers in human pri-
mary HSCs [13]. This increase in serum EGF
levels may mean simultaneous hepatocyte
regeneration and hepatic fibrosis, which may
explain the observed hepatic fibrosis in the irra-
diated group 3, or 4 months post-irradiation.

Hepatocyte growth factor (HGF) is the most
powerful stimulating factor for DNA synthesis in
mature liver cells and the promoting factor of
liver regeneration. Most liver related theories
put forward HGF as a regenerative factor with
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the functions of cell protection and inhibition of
fibrosis, that can effectively inhibit the deposi-
tion of extracellular matrix and the occurrence
of fibrosis in vivo [14]. Meanwhile, it is also
known that HGF has a strong role in promoting
mitosis of cells, and it is thought that it could
promote the synthesis of DNA in cells and guide
the regeneration of liver cells [15]. Research
has shown that impaired liver cells might
increase HGF synthesis, and that HGF could be
used as an index of liver damage and liver
regeneration [16]. In the present study, the
experimental groups exhibited higher serum
HGF levels than the comparable control grou-
ps 1, 2, 3 and 4 months post-irradiation. The
observed increase in the level of HGF that
occurred one month after irradiation might be
related to the mass release of HGF following
damage to the liver matrix. Thereafter, the fur-
ther increase in HGF serum levels might be
related to an increase in HGF synthesis follow-
ing liver damage. The increased levels of HGF in
the serum could promote proliferation of liver
cells, fibroblasts and epithelial cells and the for-
mation of vascular and liver complex arrange-
ments and structures, so as to accelerate liver
regeneration [17].

TGF-« is an essential mitogenic polypeptide in
the process of hepatocyte proliferation and dif-
ferentiation. It can promote the differentiation,
growth and regeneration of local cells [18]. In
the present study, a large amount of TGF-a was
generated in the sera of rats 1, 2, 3 or 4 months
post-irradiation compared with the comparable
control groups, and showed a positive correla-
tion with EGF levels. The observed increase in
HGF in the sera of irradiated rats might be relat-
ed to compensatory regeneration of this cyto-
Kine after irradiation.

TGF-B is an important factor in the termination
phase of the liver regeneration process [19].
Previous studies have shown that TGF-B is
closely associated with the occurrence and
development of liver fibrosis. In the rat liver cir-
rhosis model, the expression of TGF-3 gene was
over expressed [20]. There have also been
reports of the successful use of TGF-p to induce
fibrosis in the rat urethra [21]. In the present
study, the expression of TGF-p positive cells in
the right liver lobe tissue of the experimental
group rats 3 or 4 months post-irradiation was
significantly higher compared to that in the
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comparable control groups. Combining this
with the results of the Masson staining of liver
tissue samples, a large amount of collagen
fiber hyperplasia was visible in the central veins
of the right hepatic portal area 3 and 4 months
post-irradiation. The up-regulation of TGF-B
expression that was evident 3 and 4 months
post-irradiation indicated that hepatic fibrosis
had occurred by this time. However, the fact
that the expression intensity of TGF-3 was grad-
ually and consistently increasing between 1
and 4 months post-irradiation, suggests that
the single dose of irradiation treatment contin-
ued to cause damage to liver cells, especially
Kuffer cells, long after the irradiation treat-
ment. The suggested mode of action of TGF-f3 is
through its effects on HSC, increasing their
activation, differentiation, and proliferation,
and thereby increasing the production of extra-
cellular matrix (ECM), which contains collagen
as the main component, so as to promote the
formation of liver fibrosis. Furthermore, it has
been shown that activated HSC can themselves
secrete a significant amount of TGF-, which
may therefore aggravate liver fibrosis further
via a positive feedback loop [10].

In the present study we found that, after irradi-
ation, liver function, as measured by levels of
AST and ALT, was impaired. Over time (post-
irradiation), serum EGF, HGF and TGF-a levels
increased, which might be a compensatory liver
tissue regeneration reaction following hepatic
inflammation and necrosis of liver cells. We fur-
ther observed that signs of liver fibrosis could
be seen from 3 months post-irradiation and
that primary fiber hyperplasia in the central
vein and portal area was obviously increased
even before that, at 1 or 2 months post-irradia-
tion. By four months after irradiation, spotty
necrosis was seen in the liver cells, hepatic
sinus dilation and inflammatory reactions were
decreased, but a large amount of collagen fiber
hyperplasia could be seen in central veins,
which was greater than that visible in the 3
month post-irradiation group. These findings
are consistent with our immunohistochemistry
results and suggest that liver fibrosis began to
appear 3 months after irradiation, and that by 4
months, it was more obvious, and accompa-
nied by an increase in serum levels of EGF, HGF,
TGF-«, and TGF-p.

In summary, this study has investigated the
occurrence and development of radiation
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induced liver injury over the course of 4 months
post-treatment, by detecting and observing
serum levels of EGF, HGF, TGF-a and by patho-
logical HE and Masson staining to evaluate
TGF-B expression. The results suggest that, in a
rat model, serum EGF and HGF are markers of
liver regeneration and liver injury, and that
TGF-B is a marker of liver fibrosis, and that
these markers are more sensitive than ALT, AST
in predicting the extent of radiation induced
liver injury. The findings provide a basis for fur-
ther research on the biomolecular mechanisms
of radioactive-induced liver injury and liver
regeneration.
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