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Abstract
AIM: To investigate the molecular events involved in 
liver regeneration following subtotal hepatectomy (SH) 
as previous studies have largely focused on partial 
hepatectomy (PH).
METHODS: Male Wistar rats were subjected to 70% 
PH or 90% SH, respectively, and sacrificed at different 
times after surgery. Untreated and sham-operated 
animals served as controls. Serum and liver samples were 
obtained to investigate liver function, apoptosis (TUNEL 
assay) and transcription factors (NF-κB, Stat3; ELISA) or 
cytokines (HGF, TNF-a, IL-6, TGF-a, TGF-b; quantitative 
RT‑PCR) involved in liver regeneration.
RESULTS: Serum levels of ALT and AST in animals with 
70% PH differed significantly from sham-operated and 
control animals. We found that the peak concentration  
12 h after surgery returned to control levels 7 d after 
surgery. LDH was increased only at 12 h after 70% PH 

compared to sham. Bilirubin showed no differences 
between the sham and 70% resection. After PH, early 
NF-κB activation was detected 12 h after surgery (313.21 
± 17.22 ng/mL), while there was no activation after SH 
(125.22 ± 44.36 ng/mL) compared to controls (111.43 ± 
32.68 ng/mL) at this time point. In SH, however, NF-κB  
activation was delayed until 24 h (475.56 ± 144.29 
ng/mL). Stat3 activation was similar in both groups. 
These findings correlated with suppressed and delayed 
induction of regenerative genes after SH (i.e. TNF-a 24 
h postoperatively: 2375 ± 1220 in 70% and 88 ± 31 in 
90%; IL-6 12 h postoperatively: 2547 ± 441 in 70% and 
173 ± 82 in 90%). TUNEL staining revealed elevated 
apoptosis rates in SH (0.44% at 24 h; 0.63% at 7 d) 
compared to PH (0.27% at 24 h; 0.15% at 7 d).
CONCLUSION: The molecular events involved in liver 
regeneration are significantly influenced by the extent 
of resection as SH leads to suppression and delay of 
liver regeneration compared to PH, which is associated 
with delayed activation of NF-κB and suppression of 
proregenerative cytokines.

© 2008 The WJG Press. All rights reserved.
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INTRODUCTION
Major hepatectomy is primarily used to treat malignant 
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liver disease and in living donor liver transplantation 
(LDLT). After resection the remaining liver can 
regenerate to a fully functional organ[1-3]. Tissue damage 
due to the surgical process further decreases the amount 
of  healthy remnant liver tissue leading to an additional 
reduction in functional liver capacity in the postoperative 
period[4,5]. This situation can lead to liver insufficiency 
and, ultimately, to liver failure and death[6-8]. Therefore, 
patients have to fulfil certain criteria, such as the absence 
of  end-stage liver disease, in order to be eligible for 
extended hepatectomy[1].

The same is true for donors in LDLT. While 
LDLT is a life saving procedure for the recipient, it is 
a potentially lethal operation for the donor. Therefore, 
very stringent criteria have to be fulfilled prior to 
hepatectomy to ensure donor safety[9-11]. For the 
donor, fast liver regeneration is imperative to reduce 
the probability of  liver insufficiency[12,13]. Thus, an 
improvement in regenerative capacity would enhance 
donor safety and increase the possibility of  including 
individuals who are not eligible for donation due to 
insufficient liver size[8,14].

As already stated the major concern in major 
hepatectomy or in the LDLT setting, is efficient 
regeneration of  the remnant or transplanted partial liver, 
respectively. It has been demonstrated that graft size 
is of  high importance in regenerative processes in the 
recipient[12]. Liver function parameters and regeneration 
are significantly better in patients undergoing a small 
resection than in patients undergoing a liver resection 
of  more than 60%[15]. This effect exceeds a linear 
size correlation, which led to the conclusion that 
graft or remnant liver size influences regeneration. 
The underlying molecular mechanisms, however, are 
not well understood[16-19]. In particular, the role of  
proregenerative cytokines (e.g. IL-6 and TNF-a) and 
the role of  transcription factors such as NF-kB are 
ambiguous[5,20-22].

While previous studies have largely focused on the 
molecular events after partial hepatectomy, the aim 
of  this work was to investigate liver regeneration after 
subtotal hepatectomy. We analyzed whether the extent 
of  liver resection has an impact on the activation of  
transcription factors and the expression of  pro- and 
anti-regenerative cytokines using a rat resection model 
and compared 70% (partial hepatectomy, PH) and 90% 
resection (subtotal hepatectomy, SH), respectively. 

MATERIALS AND METHODS
Resection
Six to eight-week-old male Wistar rats were anaesthetized 
with isoflurane. Seventy percent PH and 90% SH were 
performed under isoflurane anesthesia as described by 
Higgins et al[23] and Emond et al[24]. The rats were divided 
into 4 groups: control group (untreated), sham operation, 
70% PH and 90% SH. Serum and liver tissue samples 
were obtained during surgery and 2 h, 12 h, 24 h,  
48 h, 72 h and 7 d after resection (n = 4 at each time 
point, per group).

ALT, AST, LDH and bilirubin
Serum concentrations of  l iver related enzymes 
(ALT, AST, LDH and bilirubin) were assessed using 
commercially available enzyme activity tests [ALAT 
(GPT) FS (IFCC mod.); ASAT (GOT) FS (IFCC mod.); 
Bilirubin Auto Direct FS; LDH FS IFCC; DiaSys 
Diagnostic Systems; Holzheim, Germany].

Liver to body weight ratio
After the observation period, the remnant, regenerated 
liver was resected and weighed (A) and total body weight 
(B) was measured. The acquired data were expressed as a 
percentage of  the ratio between the remnant liver weight 
divided by the total body weight multiplied by 100. Liver 
body weight ratio (LBW-r, %) = A/B × 100.

RNA isolation from liver tissue
Samples of  liver tissue (approximately 2-5 g) were 
placed in 5 mL Trizol and homogenized with an Ultra 
Turrax (Janke & Kunkel, Staufen, Germany). One mL 
aliquots of  the homogenized samples were used for 
RNA isolation using chloroform. RNA precipitation 
was performed using 100% isopropanol. The dry RNA 
pellet was resuspended in 100 µL Rnase-free water 
and purified with Rneasy® Mini Kit (Qiagen, Hilden, 
Germany) according to the manufacturer’s instructions. 
RNA concentration in the samples was measured by OD 
260, purity was determined by OD 260/280.

Protein isolation
Samples of  liver tissue (approximately 2-5 g) were placed 
in 3 mL lysis buffer (10 mmol/L HEPES, 10 mmol/L 
NaCl, 0.1 mmol/L EDTA, 1 mmol/L DTT, 0.4% 
NP-40) and homogenized with an Ultra Turrax. One mL 
aliquots of  the homogenized tissue were centrifuged at  
4℃, 800 g for 5 min. Supernatants were centrifuged again 
at 4℃, 20 000 g for 30 min and the protein concentration 
was measured using a Bradford assay (BioRad, Munich, 
Germany). This fraction was referred to as the cytosolic 
fraction. The pellet obtained by centrifugation was 
resolved in 350 µL extraction buffer (20 mmol/L 
HEPES, 400 mmol/L NaCl, 1 mmol/L EDTA,  
1 mmol/L DTT, 0.2% NP-40) and repeatedly vortexed 
over a 30 min period. After centrifugation at 4℃,  
20 000 g for 20 min, the supernatant was collected and 
the protein concentration measured with the Bradford 
assay. This fraction was referred to as the nucleic 
fraction. Proteinase inhibitors (Complete Mini EDTA 
free, Roche) were added to the extraction and lysis 
buffers 30 min prior to use.

Quantitative real-time PCR
Changes in mRNA expression were analyzed by 
quantitative real-time RT-PCR using the iCycler system 
(Bio-Rad, Munich, Germany). RT-PCR was performed 
with the QuantiTect SYBR Green RT-PCR kit (Qiagen, 
Hilden, Germany) to determine the cytokines involved 
in liver regeneration (TNF-a, IL-6, HGF, TGF-a, and 
TGF-b; Quantitect Primer Assays, Qiagen, Hilden, 
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Germany). Each PCR was performed using a total 30 µL  
volume of  a mixture containing 2 µL of  total RNA 
(20 ng to 200 ng). Beta-actin expression was chosen 
for normalization. The quantification was performed 
using the Pfaffl method[25] by calculating copy numbers 
from the ct-value for each gene per sample. Beta-actin 
mRNA levels were calculated in the same manner and 
the relation of  target gene copies/100 000 copies of  b 
actin are given. The data are shown as the mean of  four 
separate experiments.

ELISA
NF-kappaB (NF-κB p65 ELISA KIT, BioSourceTM 
CA, USA), and STAT3 [STAT3 (pY705) ELISA KIT, 
BioSourceTM, CA, USA] ELISAs were conducted 
according to the manufacturer’s instructions. Negative 
and positive controls were included and a standard 
curve was determined for each assay. Sample size of  the 
nucleic protein extract was 10 µL. Normalization was 
carried out by calculating relative protein concentrations. 

TUNEL staining
Sections of  paraffin-embedded tissue were dewaxed 
by heating to 60℃ for 30 min and subsequent washing 
in xylene. The slices were rehydrated through a grade 
series of  ethanol (100%, 90%, 70%), permeabilized 
with permeabilization solution (0.1% Triton X-100, 
0.1% sodium citrate) and washed twice in PBS. Positive 
controls were incubated with DNase I for 10 min at room 
temperature prior to labeling. TUNEL reaction mixture 
was prepared according to protocol (In Situ Cell Death 
Detection Kit, Fluorescein; Roche, Germany). Labeling 
was conducted as described in the assay manual, samples 
were subsequently embedded in ProLong® Gold antifade 
reagent with DAPI (Invitrogen, CA, USA). Labeled cells 
per 10 fields of  vision were counted on a fluorescence 
microscope and absolute numbers were compared.

Statistical analysis
Data are shown as mean ± SE. Differences between 
any two groups were determined by the Wilcoxon test 
for ELISA, qrt-PCR, TUNEL-assay and bilirubin.  
P < 0.05 was considered to be statistically significant. 
For differences between any two groups regarding the 
serum parameters ALT, AST and LDH the variance 
test was used and F < 0.05 was considered statistically 
significant. 

RESULTS
Liver regeneration
The overall mean LBW-r was 4.06% ± 0.35% in control 
and sham-operated animals. After 70% resection, 
animals showed a continuous increase in LBW-r over 7 d  
starting from 0.74% ± 0.06% at the time of  surgery, and 
reaching 2.70% ± 0.15% 7 d postoperatively. The earliest 
significant increase in LBW-r occurred between 2 h  
(0.88% ± 0.15%) and 12 h (1.39% ± 0.07%) with  
P = 0.006 (Figure 1).

Serum levels of liver enzymes
AST and ALT were significantly raised in the 70% 
resected animals compared to sham-operated rats 
(Figure 2A and B). Peak levels were found for both 
enzymes at 12 h postoperatively (AST, 12 h: 1055 ± 55 
for 70% and 2204 ± 739 for 90%, F = 0.011; ALT, 12 h: 
753 ± 110 for 70% and 1706 ± 725 for 90%, F = 0.011). 
Serum levels of  both enzymes diminished over time, 
reaching control levels 7 d after surgery. LDH after 70% 
resection did not differ significantly from sham animals 
except at 7 d postoperatively (Figure 2C). LDH 7 d after 
70% resection was 2060 U/I while the level in sham-
operated animals was 890 U/I (F = 0.033). Seventy 
percent resection did not lead to a significant increase in 
bilirubin serum levels when compared to sham-operated 
animals (Figure 2D).

NF-κB activation
As described in the literature, NF-κB activation 
was observed after PH during the early phase of  
regeneration (0 h: 273.33 ± 24.45 pg, P = 0.024; 
2 h :  285 .34 ± 36 .49 pg ,  P = 0.009)  and 12 h 
postoperatively (313.21 ± 17.22 pg, P = 0.001). NF-κB  
remained activated until 7 d after surgery in this 
group. After SH, however, NF-κB activation was 
delayed unti l  24 h after the operat ion.  NF-κB  
was significantly activated in the SH group 24h after 
surgery (475.66 ± 144.29, P = 0.048) with a peak at 48 h  
(747.18 ± 146.36 pg, P = 0.02). NF-κB activation was 
comparable in both groups at day 7 (Figure 3A).

STAT3 activation
Because we utilized a STAT3(pY705) ELISA, only 
phosphorylated STAT3 was measured in the assay.

Activation of  STAT3 occurred during surgery in 
both the 70% (16-fold) and 90% (3-fold) resections. 
Two hours after surgery, STAT3 activation increased 
significantly in the PH (138-fold) and in the SH 
group (197-fold), decreasing thereafter and reaching 
preoperative levels 24 h after surgery. The differences 
between the two groups did not reach statistical 
significance (Figure 3B).

5

4

3

2

1

0
0 h       2 h       12 h      24 h      48 h     72 h       7 d

Time after surgery

LB
W

-r
 in

 %

Control Sham op 70% resection

Figure 1  Liver-body-weight-ratio of control animals, sham-operated and 
70% resected animals given in g per 100 g body weight. Controls had a 
LBW-r of 4.04% ± 0.15%.
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Expression of pro- and anti-regenerative cytokines
In the group with 70% PH, 6 h after resection a rise in 

TNF-a expression was detected compared to controls, 
reaching a maximum after 24 h and decreasing thereafter 
to preoperative levels. In contrast, a significant rise in 
TNF-a expression was not detected after SH (Figure 
4A). For IL-6, a biphasic expression pattern occurred 
in PH with high levels of  expression at 2 h and 12 h 
postoperatively, while after SH a significant upregulation 
was only detected at 2 h after surgery (Figure 4B). 
Postoperatively, HGF expression increased steadily 
reaching a maximum at 12 h after surgery and returning 
to preoperative levels after 24 h in both groups (Figure 
4C). A significant increase in early postoperative 
TGF-a expression was only detected after PH (12 h).  
At  l a t e r  t ime  po in t s,  TGF-a  express ion  was 
downregulated in this group while it increased up to 7 d 
after resection in SH (Figure 4D). We detected a slight 
upregulation in TGF-b expression in both resection 
groups at early time points (2 h, 6 h) with a strong peak 
at 12 h postoperatively which was detectable only in the 
PH group (8.25-fold compared to controls). Thereafter, 
TGF-b expression returned to control levels (Figure 4E).

Apoptosis
Control animals had a TUNEL index (percentage of  
TUNEL-positive cells) of  approximately 0.12%. After 
PH, the rate of  apoptosis reached a peak directly after 
surgery (0.44%), followed by a decrease to 0.27% at 24 h  

Figure 2  Serum levels of liver related enzymes, each given in U/L and  
mg/dL for bilirubin, respectively. A: ALT, base level in serum was 36.2 ± 
5.2 U/mL; B: AST in controls was 84.0 ± 31.1 U/mL in serum; C: LDH, basal 
release of LDH into serum was 2416 ± 1088 U/mL; D: Bilirubin, with a baseline 
serum level of 0.3 ± 0.3 mg/dL.
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and to 0.20% at 48 h and returned to control levels at  
7 d (0.15%). After SH, however, the apoptotic peak was 
delayed until 24 h after surgery, declining to 0.18% at  
48 h. In contrast to PH, a second apoptotic peak (0.63%) 
was detected at 7 d in this group (Figures 5 and 6).

DISCUSSION
In this study, we analyzed the molecular events in 
liver tissue after subtotal hepatectomy (expression of  
proregenerative cytokines, activation of  transcription 
factors and apoptosis) which are, in contrast to partial 
hepatectomy, not well understood. Our data indicate that 
activation of  proregenerative genes like TGF-a and IL-6 
is stronger after PH compared to SH. TNF-a which 
is also involved in liver regeneration, is induced by PH 

but not by SH. In addition, HGF expression was higher 
in PH than in SH. This was associated with stronger 
activation of  NF-κB in PH during the early phase of  
regeneration. Finally, the apoptotic peak was delayed 
until 24 h after surgery and had a biphasic course in SH. 
In PH, apoptosis had a monophasic course and peaked 
directly after surgery.

These data are in accordance with other experiments 
from our g roup, in which we obser ved higher 
regenerative capacities and better liver function tests 
(ALT, AST, bilirubin) after 70% PH compared to 
90% SH (Benkö et al, submitted). The time course 
of  liver regeneration differed significantly between 
70% PH and 90% SH. Animals with 70% resection 
showed a significant increase in LBW-r as early as 12 h  
after surgery. In the PH group, liver weight reached 

Figure 4  mRNA was isolated from regenerating liver tissue of rats at different time points after 70% or 90% resection, respectively. A: TNF-a  
(< 50 copies/100 000 copies b-actin); B: IL-6 (< 15 copies/100 000 copies b-actin); C: HGF (50 000 copies/100 000 copies b-actin); D: TGF-b (< 2500 copies/100 000 
copies b-actin); E: TGF-b (< 5500 copies/100 000 copies b-actin). Measurement of cytokine and growth-factor expression was performed by quantitative real-time (rt) 
PCR. Copy numbers of each gene were calculated from ct values. Data shown are the mean of four separate experiments with standard error of mean. All statistical 
significances were calculated against control animals. Baseline expression of each gene is given in parentheses.
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65% of  sham-operated controls 7 d after surgery. In 
contrast, after 90% resection, LBW-r started to increase 
24 h after surgery and reached only 30% of  the liver 
weight compared to controls at day 7. The time course 
in both groups for AST and ALT was similar although 
the release of  both enzymes into serum was significantly 
higher after 90% SH, 12, 24 and 48 h postoperatively. 
LDH levels were similar in both groups until 12 h 
after surgery where the increase was more prominent 
in the 90% SH group than in the 70% PH group. At 
all later time points, LDH decreased in animals with 
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Figure 6  Results of TUNEL staining from paraffin embedded tissue 
sections. Paraffin embedded tissue slides from regenerating rat liver were 
dewaxed, washed and stained using the TUNEL method. The slides were 
covered in anti-fade medium with DAPI and analysed with a fluorescence 
microscope. False positive results were ruled out by comparison of the images 
with DAPI counterstaining (not shown). The TUNEL index is the number of 
TUNEL-positive cells divided by the total cell number. Cells were counted in 
ten fields of vision per section. Numbers shown are mean of four separate 
experiments in each group. TUNEL index for control animals (no resection) was 
approximately 0.12%.

90% resection compared to controls and the 70% 
group. Serum bilirubin in the 70% resection group did 
not differ from the sham group. In animals with 90% 
resection we found a significant increase in bilirubin 
from 12 h to 72 h postoperatively. These findings 
show that damage to liver cells is increased after 90% 
hepatectomy compared to 70% resection.

Genes related to the initial phase of  regeneration, 
such as TNF-a and IL-6, which prime hepatocytes 
into a state in which they are susceptible to growth 
factors[16,17], were expressed at later time points in our 
model. Nonetheless, both cytokines were expressed at 
lower levels or were delayed after SH compared to PH. 
As described previously[18,26-28], growth factors relevant to 
liver regeneration (HGF and TGF-b) were upregulated 
in PH, whereas no or only a reduced induction was 
observed after SH. This suggests that the expression of  
the factors relevant to the regeneration of  liver tissue is 
influenced by the extent of  resection.

For TGF-b we detected a distinct peak at 12 h after 
PH but not after SH. Since TGF-b has antiregenerative 
properties[18], high expression levels would be expected 
to counteract regeneration in this group. On the other 
hand, regeneration is a very tightly regulated process[19], 
which implies that high expression of  TGF-b could lead 
to attenuation of  ongoing regenerative processes in the 
PH group, whereas the regenerative stimuli which induce 
TGF-b expression are lacking in the SH group. This 
concept is supported by a very tight downregulation 
of  TGF-b in the 70% hepatectomy group at later time 
points after surgery.

TUNEL indices were significantly raised directly 
after PH. Although we found a decrease in apoptosis 
over time, TUNEL indices remained elevated compared 

A B C

D E F

Figure 5  Representative images of TUNEL staining in liver tissue from the following groups. A: Positive control; B: Negative control; C: 70% resection, 24 h 
after surgery; D: 90% resection, 24 h after surgery; E: 70% resection 7 d after surgery; F: 90% resection, 7 d after surgery.
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to controls. Thus, the data indicate that apoptosis occurs 
earlier and in parallel with regeneration in animals with 
70% resection. In contrast to this, animals with 90% 
hepatectomy showed slightly higher TUNEL indices 
at earlier time points and a strong increase in apoptosis 
7 d after surgery. This could on the one hand, indicate 
that there was more tissue damage, which led to a higher 
number of  apoptotic cells during the early postoperative 
phase. On the other hand, the significant rise in TUNEL 
indices 7 d after surgery leads to the conclusion that the 
main phase of  remodelling occurs at later time points.

Our data suggest that liver regenerative processes 
after 90% SH are impaired by reduced or delayed 
activation of  proregenerative factors compared to 
70% PH. Activation of  NF-κB as well as expression 
of  important cytokines and growth factors depend on 
the amount of  resected liver tissue. The underlying 
mechanisms are not yet clear, although they may be 
associated with the liver’s ability to regenerate and to 
reduce tissue to fit current requirements[16,28].

It is still unclear, which role NF-κB plays during 
the regenerative process in the setting of  extended 
hepatectomy. A continuous activation was detected 
at low levels after PH while a delayed and more 
pronounced activation could be seen after SH. While 
basal activation of  NF-κB may be sufficient and 
important for regeneration and structural reformation 
after 70% resection[29], the strong NF-κB activation 
in animals with 90% hepatectomy may also favor 
inflammatory processes in the damaged tissue, which 
counteract the restoration of  a functional liver[21,30,31].

In conclusion, our data suggest that the molecular 
events involved in liver regeneration are significantly 
influenced by the extent of  resection, as subtotal 
hepatectomy leads to delayed activation of  NF-κB and 
suppression of  proregenerative cytokines compared 
to partial hepatectomy. Therefore, strategies to 
improve the activation of  proregenerative transcription 
factors and the early production of  proregenerative 
cytokines may improve clinical outcome after extended 
hepatectomy.

 COMMENTS
Background
Liver resection is an important therapeutic measure to treat severe liver 
disease. Imperative for patient outcome is a timely regeneration of healthy 
liver tissue. Molecular events underlying liver regeneration are not completely 
understood but involve cytokines such as TNF-a and IL-6 to initiate and growth 
factors such as HGF and TGF-a to prolong regeneration.
Research frontiers
Although some hypotheses for the initiation of liver regeneration after tissue 
damage exist, it is not known which agents induce cell proliferation. Intrinsic 
LPS or contaminating bacteria have been discussed as initiating factors, 
activating TLR-systems in resident immune liver cells, known as Kupffer cells. 
One important factor in TLR-pathways is the transcription factor NF-kB, which 
regulates the expression of many genes including regenerative and anti-
apoptotic effectors as well as proinflammatory cytokines. In this respect it is 
still unclear whether NF-kB activation promotes regeneration or contributes to 
further tissue damage by aggravating postoperative inflammation.
Innovations and breakthroughs
In our experiments we found a clear difference in regenerating liver after SH 

compared to PH regarding serum parameters and LBW-r. For the known 
cytokines and growth factors involved in liver regeneration, we detected 
reduced and/or delayed expression after SH. Furthermore, the SH group 
displayed a delayed activation of NF-kB. Until this work it was not known if the 
extent of liver resection had a direct influence on the regenerative capacity at 
a molecular and cellular level. Here, we demonstrated that the regenerative 
processes in the liver depend, at least partially, on the extent of resection.
Applications 
A deeper insight into the molecular events underlying liver regeneration 
as well as into the relationship between the extent of resection and the 
regenerative processes may increase the possibility of enhancing regeneration 
pharmacologically. This would not only improve outcome for patients undergoing 
extensive hepatectomy but also make this therapeutic measure available for 
patients with severe liver tissue damage (i.e. cirrhosis), who otherwise would 
not be eligible for surgery.
Terminology
We used two models of liver resection. A 70% liver resection described as 
partial hepatectomy (PH) and a 90% liver resection model of extensive surgical 
intervention referred to as subtotal hepatectomy (SH).
Peer review
This manuscript focuses on the regulation of liver regeneration by the extent of 
resection. The authors of this study provide evidence that SH leads to delayed 
activation of NF-kB and suppression of proregenerative cytokines compared to 
PH. The manuscript is clearly written and findings are very interesting.
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