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Splenectomy affects the balance between hepatic 
growth factor and transforming growth factor-β and 
its effect on liver regeneration is dependent on the 
amount of liver resection in rats 

Joohyun Kim, Chang-Ju Kim1, Il-Gyu Ko1, Sun Hyung Joo, Hyung Joon Ahn

Departments of Surgery and 1Physiology, Kyung Hee University School of Medicine, Seoul, Korea

Purpose: Small-for-size syndrome (SFSS) is a major problem in liver surgery, and splenectomy has been used to prevent SFSS. 
However, it is unknown whether splenectomy has the same effect on liver regeneration in both standard and marginal 
hepatectomy. The aim of this study is to see a difference in effect of splenectomy on liver regeneration according to the 
amount of liver resection. Methods: Thirty male Sprague-Dawley rats (220 to 260 g) were divided into the following five 
groups: control (n = 6), 70% hepatectomy (n = 6), 70% hepatectomy with splenectomy (n = 6), 90% hepatectomy (n = 6), and 
90% hepatectomy with splenectomy (n = 6). The animals were euthanized 24 hours after surgery and liver specimens were 
obtained. To assess liver regeneration, we performed immunohistochemistry of liver tissue using 5-bromo-2-deoxyuridine 
(BrdU) labeling and Western blot analysis of hepatic growth factor (HGF) and transforming growth factor-β (TGF-β) in the 
liver tissue. Results: The splenectomized subgroup had a higher BrdU-positive cell count in the 90% hepatectomy group, but 
not in the 70% hepatectomy group (P ＜ 0.001). Splenectomy significantly decreased TGF-β expression (P = 0.005) and in-
creased the HGF to TGF-β ratio (P = 0.002) in the 90% hepatectomy group, but not in the 70% hepatectomy group. 
Conclusion: The positive effect of splenectomy on liver regeneration was greater in the group with the larger liver resection. 
This phenomenon may be related to the relative balance between HGF and TGF-β in the liver.
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INTRODUCTION

Insufficient recovery of liver function after extended 
hepatectomy or partial liver transplantation, namely 
small-for-size syndrome (SFSS), is a major problem in liver 
surgery [1,2]. Because there is no effective treatment for 

the syndrome, prevention is critical. However, manipu-
lation to enhance liver regeneration in the early post-
operative period might serve as an attractive option when 
there is no way to minimize liver injury [3-6]. Among the 
approaches used to enhance liver regeneration, splenec-
tomy has been used in both experimental and clinical set-
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tings, but the mechanism by which it enhances re-
generation is still unclear [7-11].

It is not known whether splenectomy has an effect in 
both standard and marginal hepatectomy models. We hy-
pothesized that the response after splenectomy is depend-
ent on the extent of liver injury; splenectomy may have a 
beneficial effect only when there is significant liver injury. 
If the effect of splenectomy differs according to the 
amount of liver removed during hepatectomy, the clinical 
strategy for preemptive splenectomy in SFSS should be 
modified accordingly. The aim of this study is to see differ-
ence of the effect of splenectomy on liver regeneration ac-
cording to the amount of liver resection, namely, in stand-
ard (70%) hepatectomy and marginal (90%) hepatectomy 
in rat models.

METHODS

Animals
Ten-week-old male Sprague-Dawley rats (body weight, 

220 to 260 g; Orient Co., Seongnam, Korea) were housed in 
standard animal laboratories under controlled temper-
ature (23 ± 2oC) with a 12-hour light-dark cycle and ad libi-
tum access to tap water and standard laboratory chow un-
til 12 hours before the experiment when the animals were 
fasted. The experimental procedures were performed in 
accordance with the animal care guidelines of the National 
Institutes of Health and the Korean Academy of Medical 
Sciences. The experiments were approved by the Institu-
tional Animal Care and Use Committee of Kyung Hee 
University.

Experimental set-up and groups
Thirty rats were divided into three groups: the control 

group, the 70% hepatectomy group, and the 90% hep-
atectomy group. The hepatectomy groups were divided 
into two subgroups according to the performance of sple-
nectomy, yielding a total of five groups:  control (n = 6), 
70% hepatectomy (n = 6), 70% hepatectomy with splenec-
tomy (n = 6), 90% hepatectomy (n = 6), and 90% hep-
atectomy with splenectomy (n = 6). 

Partial hepatectomy and splenectomy
All procedures were performed with the rats under an-

esthesia induced by isoflurane inhalation (isoflurane con-
centration, 1.5 to 3%; oxygen flow 0.5 L/min). A transverse 
incision was made in all animals. For the 70% hep-
atectomy, the interlobular ligament was dissected, and the 
left lateral and median lobes were resected according to 
the methods described by Higgins and Anderson [12]. For 
the 90% hepatectomy, additional resections of the right su-
perior and right inferior lobes were performed according 
to procedures reported by Gaub and Iversen [13]. Splenec-
tomy was performed using 5-0 silk ligatures for the vas-
cular pedicles. 

Postoperative management
All animals received subcutaneous injections of the fol-

lowing: 5 mL of 10% glucose, 0.1 mL analgesics (Ketorolac, 
Whanin Pharm Co., Seoul, Korea) and 0.1 mL antibiotics 
(Rosephin, Roche Korea Co., Seoul, Korea). Animals had 
ad libitum access to 20% glucose solution for drinking and 
standard laboratory chow. One hour before sacrifice, 
5-bromo-2-deoxyuridine (BrdU; Sigma-Aldrich Co., St. 
Louis, MO, USA) was injected intraperitoneally (50 
mg/kg). 

Weight measurement
Body weight was measured before the first operation. 

The remnant liver was removed and weighed immedi-
ately after sacrifice. The liver weight index was defined as 
the remnant liver weight divided by body weight and was 
expressed as a percentage.

Blood and liver tissue sampling
Twenty-four hours after the surgery, the rats were deep-

ly anesthetized using Zoletil 50 (10 mg/kg, i.p.; Virbac Co., 
Fort Worth, TX, USA) and blood samples were drawn 
from the aorta and liver tissue was obtained. Animals 
were euthanized by exsanguination. 

Blood count and serum biochemistry
MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-

lium bromide blood samples were used for blood counts. 
We also measured the following serum parameters to 
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evaluate liver function: aspartate aminotransferase (AST), 
alanine aminotransferase (ALT), total bilirubin, direct bi-
lirubin, lactate dehydrogenase, and ammonia. The serum 
was stored at -20oC until measurement.

Liver tissue preparation
Normal saline was perfused through the portal vein and 

the regenerated liver tissue was removed. The livers were 
fixed in 4% paraformaldehyde, dehydrated in graded 
ethanol, treated in xylene, and infiltrated and embedded 
in paraffin. Coronal sections (5-μm-thick) were cut using a 
paraffin microtome (Thermo Fisher Scientific Inc., 
Waltham, MA, USA), mounted on coated slides, and then 
dried at 37oC overnight on a hot plate. An average of six 
sections were prepared for each liver. 

Immunohistochemistry (BrdU)
5-bromo-2'-deoxyuridine (BrdU)-specific immunohis-

tochemistry was performed to detect newly generated 
hepatocytes in the liver. Slides of paraffin-embedded liver 
sections were deparaffinized in xylene and rehydrated in 
graded alcohol solutions followed by a 5 minutes wash 
under running water. Tissues were denatured by boiling 
for 10 minutes in 10 mM citric acid (pH 6.0) and then in-
cubating at room temperature for 10 minutes. The sections 
were first permeabilized by incubating in 0.5% Triton 
X-100 in phosphate buffered saline (PBS) for 20 minutes, 
then pretreated in 50% formamide-2x standard saline cit-
rate at 65oC for 2 hours, denatured in 2 N HCl at 37oC for 
30 minutes, and rinsed twice in 100 mM sodium borate 
(pH 8.5). Afterwards, the sections were incubated over-
night at 4oC with BrdU-specific mouse monoclonal anti-
body (1:600; Roche Korea Co.). The sections were then 
washed three times with PBS and incubated with bio-
tinylated mouse secondary antibody (1:200; Vector Labo-
ratories Inc., Burlingame, CA, USA) for 1 hour and with an 
avidin-peroxidase complex (1:100; Vector Laboratories 
Inc.) for another hour. For visualization, the sections were 
incubated in 50 mM Tris-HCl (pH 7.6) containing 0.03% 
DAB and 0.03% hydrogen peroxide for 5 minutes. The 
slides were air-dried overnight at room temperature, and 
coverslips were mounted using Permount. Liver regene-
ration index was defined as the number of BrdU-positive 

hepatocytes in 1 mm2.

Western blot analysis (HGF and TGF-β)
Collected liver tissues were immediately frozen at -70oC. 

The tissues were homogenized with lysis buffer contain-
ing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 10 % glycerol, 
1% Triton X-100, 1.5 mM MgCl2ㆍ6H2O, 1 mM ethylene 
glycol tetraacetic acid, 1 mM phenylmethylsulfonyl fluo-
ride, 1 mM Na2VO4, and 100 mM NaF, and then centri-
fuged at 14,000 rpm for 30 minutes. The protein content 
was measured using a Bio-Rad colorimetric protein assay 
kit (Bio-Rad Laboratories Inc., Hercules, CA, USA) and 50 
μg of protein was separated on sodium dodecyl sul-
fate-polyacrylamide gels and transferred onto a nitro-
cellulose membrane. Rabbit GAPDH antibody (1:5,000; 
AbFrontier, Seoul, Korea), rabbit HGF antibody (1:1,000; 
Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), and 
mouse transforming growth factor β1 (TGF-β1) antibody 
(1:1,000; Serotec Ltd., Oxford, UK) were used as primary 
antibodies. Horseradish peroxidase-conjugated anti- 
mouse antibody (1:2,000; Vector Laboratorie Inc.) was 
used as the secondary antibody for TGF-β1 while anti-rab-
bit antibody (1:3,000; Vector Laboratories Inc.) was used 
for GAPDH and HGF. All experiments were performed in 
normal lab conditions and at room temperature except for 
the membrane transfer. Membrane transfer was per-
formed at 4oC with a cold pack and pre-chilled buffer. 
Bands were detected using the enhanced chemilumine-
scence detection kit (Santa Cruz Biotechnology Inc.). To 
compare protein expression, the detected bands were 
quantitated densitometrically using Molecular Analyst 
version 1.4.1 (Bio-Rad Laboratories Inc.).

Statistics
Data are presented as the mean ± standard error of the 

mean. Kruskal-Wallis analysis of variance by ranks and 
the Mann-Whitney test with Bonferroni correction were 
performed. Data were considered significant when P ＜ 

0.05. All statistical analyses were performed using SPSS 
ver. 13 (SPSS Inc., Chicago, IL, USA). 
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Control 70% hepatectomy 70% + spl 90% hepatectomy 90% + spl

ALB (g/dL)  3.4 (3.2-3.7)a) 2.9 (2.4-3.1)b) 2.7 (2.6-3.1)b) 2.7 (2.6-3.0)b) 2.7 (2.5-2.9)b)

D. Bil (mg/dL)    0.01 (0.01-0.02)a)   0.08 (0.07-0.14)b) 0.09 (0.04-0.18)b)  0.32 (0.09-0.81)c) 0.30 (0.10-1.08)c)

T. Bil (mg/dL)    0.02 (0.01-0.02)a)   0.10 (0.08-0.18)b) 0.11 (0.03-0.26)b)  0.42 (0.11-1.13)c) 0.37 (0.12-1.49)c)

AST (IU/L) 102 (88-118)a)    667 (399-1102)b) 808 (689-875)b)   913 (553-2444)c) 1,167 (891-2,215)c)

ALT (IU/L) 53 (39-69)a)  389 (192-737)b) 488 (279-570)b) 535 (298-998)c)    648 (433-1,671)c)

Ammonia (umol/L)   60 (49-213)b)  78 (47-167)b) 71 (51-167)b) 151 (86-412)c) 115 (96-358)c)

LDH (IU/L)   1,026 (249-1,848)b)     726 (290-1,170)b) 1,031 (290-3,096)b)   1,871 (360-4,434)b)  1,386 (402-4,225)b)

Platelet (/μL)      881 (732-1,157)b)   661 (70-1,024)b)   813 (547-1,030)b)   680 (384-991)b)     738 (584-1,104)b)

Values are presented as median (range). 
spl, splenetomy; ALB, albumin; D. Bil, direct bilirubin; T. Bil, total bilirubin; AST, aspartate aminotransferase; ALT, alanine 
aminotransferase; LDH, lactate dehydrogenase.
a-c)The same marks indicate non-significant difference among groups.

Table 1. Serum biochemical parameters and platelet counts

Fig. 1. (A) Liver weight index (the percent of remnant liver weight measured 24 hours after the first surgery divided by body weight) was 
significantly different according to the amount of liver resection (P ＜ 0.001). (B) The differences between subgroups according to the 
splenectomy were not significant. 70 (90)% ± S, 70 (90)% hepatectomy with and without splenectomy; 70 (90)%, 70 (90)% hepatectomy without 
splenectomy; 70 (90)% + S, 70 (90)% hepatectomy with splenectomy. NS, non-significant.

RESULTS

Liver weight indexes
The differences in liver weight indexes according to the 

amount of resected liver were significant (P ＜ 0.001). 
However, the differences between the splenectomy sub-
groups were not significant (Fig. 1). 

Blood count and serum biochemistry
The measured values for serum biochemistry are sum-

marized in Table 1. Among the three liver resection 
groups, total bilirubin, direct bilirubin, AST, and ALT 
were significantly higher in the 70% hepatectomy group 
compared to the control group. Serum albumin was sig-
nificantly lower in the 70% hepatectomy group compared 
to the control group. Meanwhile, total bilirubin, direct bi-

lirubin, AST, ALT, and ammonia were significantly higher 
in the 90% hepatectomy group compared to the 70% hep-
atectomy group. However, the differences between the 
splenectomy subgroups were not significant in any group. 
In addition, platelet counts were not significantly different 
among the groups. 

Liver regeneration measured by BrdU labeling
Liver regeneration indexes were significantly different 

according to the amount of liver resected (P ＜ 0.001) (Fig. 
2B). The difference between the splenectomy subgroups 
was significant only in the 90% hepatectomy group (P ＜ 

0.001) (Fig. 2C). Splenectomy did not significantly affect 
liver regeneration in the 70% hepatectomy group. 
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Fig. 2. Liver regeneration index measured by the number of 5-bromo-2’-deoxyuridine (BrdU)-positive hepatocytes. (A) Photomicrographs 
showed liver sections stained for BrdU (A-a, arrows) and hepatocytic nuclei. Scale bar 400 mm (A) and 50 mm (a). (B) Liver regeneration 
indexes were significantly different according to the amount of liver resection (P ＜ 0.001). (C) The differences between subgroups according 
to the splenectomy were significant only in 90% hepatectomy group (P ＜ 0.001). 70 (90)% ± S, 70 (90)% hepatectomy with and without 
splenectomy; 70 (90)%, 70 (90)% hepatectomy without splenectomy; 70 (90)% ＋ S, 70 (90)% hepatectomy with splenectomy; NS, 
non-significant.

Western blot analysis of HGF and TGF-β
The relative expression of HGF was significantly higher 

in the hepatectomized groups than in the control group (P 
＜ 0.001) (Fig. 3) and also in the 90% hepatectomy group 
compared to the 70% hepatectomy group (P ＜ 0.001). 
However, the level of HGF expression was not sig-
nificantly different between the splenectomy subgroups. 
TGF-β expression was also significantly higher in the 70% 
and 90% hepatectomized groups than in the control group 
(P ＜ 0.001). However, the difference was not significant 
between the 70% and 90% hepatectomy groups. Subgroup 
analysis showed that TGF-β expression was significantly 
lower in the splenectomy subgroup of the 90% hep-
atectomy group (P = 0.005), but not in the 70% hep-
atectomy groups. To determine the relative balance be-
tween HGF and TGF-β levels, the relative expression ratio 
of HGF to TGF-β was also determined. The HGF to TGF-β 

ratio was not significantly different between the control 
group and the 70% hepatectomy group, but it was sig-
nificantly higher in the 90% group (P = 0.004). The sub-
group analysis showed that splenectomy significantly in-
creased the HGF to TGF-β ratio in the 90% hepatectomy 
group (P = 0.002), but not in 70% hepatectomy group.

DISCUSSION

It is thought that 99.95 to 99.99% of hepatocytes are in a 
state of growth arrest in a normal liver [14]. When there is 
a liver injury, it immediately induces liver regeneration, 
and the degree of liver regeneration is directly correlated 
with the amount of liver resected [15-17]. A variety of mol-
ecules are known to be involved in the control of the liver 
regeneration process. HGF is a well-known liver growth 
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Fig. 3. Western blot analysis of hepatic growth factor (HGF) and transforming growth factor-β (TGF-β). (A) The intensities of α-chain of HGF 
and TGF-β were calculated by using densitometry. (B) Relative protein expressions of HGF were significantly higher in hepatectomized 
groups than the control group, and it was higher in 90% hepatectomy group than in 70% hepatectomy group. (C) However, those were not 
significant between subgroups according to the splenectomy. (D) The expressions of TGF-β were also significantly higher in hepatectomized 
groups. However, the difference was not significant between 70% and 90% hepatectomy groups. (E) Subgroup analysis showed that TGF-β
expressions were significantly lower in the splenectomy group, in 90% hepatectomy groups but not in 70% hepatectomy groups. (F) To show
the relative balance between HGF and TGF-β, the relative ratio of HGF to TGF-β was also analyzed. Difference of the ratio was not significant
between the control group and the 70% hepatectony group but it was significantly higher in the 90% group. (G) The subgroup analysis showed 
that splenectomy significantly increased HGF to TGF-β ratio only in the 90% hepatectomy group. Among subgroups without splenectomy 
(bars marked with asterisks), there were no significant differences. Values are presented as mean ± standard error of the mean. 70 (90)% ± S, 
70 (90)% hepatectomy with and without splenectomy; 70 (90)%, 70 (90)% hepatectomy without splenectomy; 70 (90)% + S, 70 (90)% 
hepatectomy with splenectomy; NS, non-significant.
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factor, and TGF-β is a known suppressor of liver regenera-
tion. There is a theory that the state of liver regeneration is 
maintained by the balance of tonic antagonism between 
HGF and TGF-β [18,19]. Moreover, it has been reported 
that the blockade of TGF-β leads to the initiation of hep-
atocyte DNA synthesis in normal, unoperated rats [18]. 
Interestingly, the spleen is reportedly an important source 
of TGF-β during liver regeneration [20]. Splenectomy is 
known to protect the liver against ischemia/reperfusion 
injury and SFSS [8,21,22]. Splenectomy also has a positive 
effect on liver regeneration after hepatectomy and the 
mechanism has been explained by TGF-β reduction [20], 
reduction of portal venous blood flow [23], increased 
HO-1 and decreased TNFα [7] or sufficient oxygen supply 
[11]. However, previous researchers used one of the fixed 
type of hepatectomy among 70%, 85% or 90% models, and 
it is unknown whether the effect of splenectomy is the 
same, regardless of the extent of liver injury. 

The results of this experiment showed that the effect of 
splenectomy on liver regeneration differs according to the 
extent of liver resection. The liver regeneration index 
measured by the number of BrdU-positive hepatocytes 
was significantly increased by splenectomy in the 90% 
hepatectomy group, but not in the 70% hepatectomy 
group. To rule out the possibility that liver regeneration 
was enhanced by increased injury caused by the splenec-
tomy, we also assessed the extent of hepatocellular dam-
age by analysis of aminotransferase levels after surgery. 
The results showed that the enzyme levels were not differ-
ent according to splenectomy status, even though they 
were significantly different according to the amount of liv-
er removed during hepatectomy (Table 1).

To elucidate the effect of splenectomy on liver re-
generation, we studied HGF and TGF-β, two molecules 
with opposite actions. As mentioned before, the liver re-
generation index was increased in the liver resection 
groups. The liver resection groups were further divided 
into subgroups based on whether or not they would un-
dergo splenectomy. The relative ratio of HGF expression 
to TGF-β expression (HGF to TGF-β ratio) was not sig-
nificantly different among the subgroups without sple-
nectomy, indicating that the ratio was not affected by the 
hepatectomy itself (Fig. 3G, bars marked with an asterisk). 

In the 70% hepatectomy group, splenectomy did not sig-
nificantly change the HGF to TGF-β ratio or the liver re-
generation index. However, in the 90% hepatectomy 
group, splenectomy significantly increased the HGF to 
TGF-β ratio as well as the liver regeneration index. When 
hepatectomy was performed without splenectomy, both 
HGF and TGF-β increased, and the HGF to TGF-β ratio re-
mained the same. However, when splenectomy was per-
formed in conjunction with 90% hepatectomy, TGF-β ex-
pression dropped significantly while the increase in HGF 
expression was not significant. This drop in TGF-β ex-
pression explains the increase in the HGF to TGF-β ratio 
after splenectomy in 90% hepatectomy. These results dem-
onstrate that the effect of splenectomy differs according to 
the amount of liver resected.

The dynamic response of liver regeneration after sple-
nectomy has never been suggested before, and we at-
tempted to determine the mechanism underlying this 
phenomenon. This phenomenon might be explained by 
the balance of tonic antagonism between HGF and TGF-β. 
Our results suggest a dynamic relationship between the 
amount of liver injury and the effect of splenectomy on liv-
er regeneration. If splenectomy can be used as a preventive 
measure for SFSS, we may expect a greater response in pa-
tients undergoing a more extensive liver resection. Further 
research is needed to clarify the mechanism underlying 
the effects of splenectomy on SFSS.
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