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Abstract

AIM: During liver regeneration cellular proliferation and
apoptosis result in tissue remodeling to restore normal
hepatic mass and structure. Main regulators of the apoptotic
machinery are the Bcl-2 family proteins but their roles are
not well defined throughout the liver regeneration. We aimed
to analyze the expression levels of bcl-2 gene family members
during resection induced liver regeneration.

METHODS: We performed semi-quantitative RT-PCR to
examine the expression level of bak, bax, bcl-2 and bcl-x_ in
the 70% hepatectomized rat livers during the whole
regeneration process and compared to that of the sham
and normal groups.

RESULTS: The expression of bak and bax were decreased
whereas bcl-2 and bcl-x, were increased in hepatectomized
animals compared to normal liver at most time points. We
also reported for the first time that sham group of animals
had statistically significant higher expression of bak and bax
compared to hepatectomized animals. In addition, the area
under the curve (AUC) values of these genes were more in
sham groups than the hepatectomized groups.

CONCLUSION: We conclude that the expressional changes
of bak, bax, bcl-2 and bcl-x, genes were altered not only
due to regeneration, but also due to the effects of surgical
operations.
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INTRODUCTION

Liver regeneration is a complex physiological response that
takes place after the loss of hepatocytes caused by toxic or

viral injury or secondary to liver resection®?. During
regeneration, series of reactions take place to maintain the
homeostasis and virtually all of the surviving hepatocytes
undergo mitosig®!. Experimentally partial hepatectomy (PH)
has been a useful model to study the cellular mechanisms of
hepatic regeneration.

Post-hepatectomy-induced proliferative response led to full
restoration of the hepatic massin ratsin 14 days*®. Several
converging lines of evidence from recent works have
established that growth factors and cytokines including
hepatocyte growth factor (HGF), tumor necrosis factor-a
(TNF-a), interleukin-6 (I1L-6), epidermal growth factor (EGF),
transforming growth factor-a (TGF-a), fibroblast growth
factor (FGF), vascular endothelial growth factor (VEGF),
transforming growth factor-b1 (TGF-b1) and hormones such
as insulin, glucagon, sex hormones, thyroid hormone,
norepinephrine, nitric oxide and vasopressin are important
components of liver regeneration®%. Multiple signaling
pathways are then activated by these componentg©4,

During liver regeneration, apoptosis occurs as a response
to eliminate the defective cellsthat appear dueto rapid cellular
divisions after PH, resulting in fine-tuning of the liver size
and tissue remodeling®>14, Therefore, control of apoptosis
playsacrucia rolein liver regeneration. Among the regulators
of apoptosis, the Bcl-2 family of proteins determinesthe life-
or-death of acell by controlling the releases of mitochondrial
apoptogenic factors, cytochrome C and apoptosis inducing
factors (AIF), which activate the downstream executional
phases, including the activation of the caspases®>¥. Bcl-2
family of genes consists of both pro- and anti-apoptotic genes
and by forming dimers, they exert their function™. Since Bcl-
2 family of proteinsisthe most important and critical regulators
of apoptosisi®®, they should be tightly regulated during
regeneration in a time-dependent manner. Existing data
suggests the involvement of these proteins in regeneration
process during the initial stages of this process*#!, These
studies investigated the expression of these genes during the
first four days after hepatectomy, however the expression
pattern of the Bcl-2 family members were not examined
throughout the regeneration process. Therefore, the purpose
of the present study was to quantitate the expression levels of
some members of bcl-2 family of genes (bcl-2, bcl-x., bax,
bak) by using semi-quantitative RT-PCR within a time
spectrum that extended to 14 days after hepatectomy, which
was needed for the completion of the regeneration process.
We also compared the expression levels of these genes with
the levels of the corresponding sham group of animals. For
this purpose, we used the “ area under the curve” method as
used in pharmacodynamic studies and other liver injury and
stress models.

MATERIALS AND METHODS

Animals
Nine weeks old and 200-250 grams male Sprague-Dawley rats
were used. They were housed under controlled environmental
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conditions (22 °C) with a 12-hour light and 12 hour dark cycle
in the animal holding facility of Bilkent University, Turkey.
All the animals received care according to the criteria outlined
in the “ Guide for Care and Use of Laboratory Animals’
prepared by the National Academy of Science and this study
protocol complied with Bilkent University’ s guidelines on
humane care and use of laboratory animals.

Experimental groups, partial hepatectomy and sham groups
Three randomly selected three animals were used for each
time point. After injecting Ketamine (Ketalar, Park Davis)
subcutaneously at a dose of 30 mg/kg, liver resections
consisting of 70% of the liver mass were performed in PH
group'?. Sham group of animals underwent the same per
operative anesthesia with the PH group. All the surgical
operations were done the same as PH, but the liver lobeswere
not resected. All the operations were performed between 8:00
AM and 12:00 PM to minimize diurnal effects. After the
completion of the procedure, the animals were placed under a
lamp to prevent the hypotermy and then put into cages (one
animal per cage) with continuous supply of food and water.
The animalsin the PH and corresponding sham groups were
sacrificed at 0.5, 2, 8, 18, 36 hours, 3 days, 7 daysand 14 days
after the operation. The group of animalsin which no surgery
was performed, as used as hormal liver group and mentioned
time“0” in quantitated graphs. After sacrifying the animal
by cervical didocation, the remnant liver lobes were excised
and washed in DMEM medium, then immediately frozen in
liquid nitrogen.

Total RNA isolation and reverse transcription

The RNAs were isolated from all the liver samples using
Tripure solution (Roche- Boehringer, Mannheim) according
to the manufacturer’ s protocol. The integrity of the isolated
RNA samples was determined by denaturing- (formaldehyde-)
agarose gel electrophoresis. The cDNA samples were
synthesized from the total RNA samples with the RevertAid
First Strand cDNA Synthesis Kit (MBI Fermentas) by using
the manufacturer’ s protocol.

Primer design and semi-quantitative PCR

We designed primers for bcl-2, bel-x, and bax by using the
cDNA sequences of rat homologues of these genes (GenBank
accession numbers of rat homologues of bcl-2isNM_ 016993,
bcl-x_ is U34963, and bax is S76511). In the case of bak, the
cDNA sequences of mouse (Y 13231) and human (U23765)
were aligned by Blast (NCBI), and primers were chosen from
thelongest conserved regions by selecting the mouse sequences
in the regions of mismatches. As a housekeeping gene, we
used cyclophilin, and primers were designed by using the rat
cDNA sequence (GenBank accession number: M19533). The
primer pairs used for each gene were as follows: cyclophilin:
GGGAAGGTGAAAGAAGGCAT and GAGAGCAGAG
ATTACAGGGT,; bcl-2: CCTGGCATCTTCTCCTTC and
TGCTGACCTCACTTGTGG; bcl-x.: TCAATGGCAACC
CTTCCTGG and ATCCGACTCACCAATACCTG,; bax:
ACGCATCCACCAAGAAGC and GAAGTCCAGAGTC
CAGCC; bak: CCGGAATTCCAGGACACAGAGGA and
CCAAGCTTGCCCAACAGAACCAC.

In all the reactions, the negative control group was done by
using ddH,0 instead of cDNA.. For each gene, we determined
the cycle number of PCR reactionsin which the PCR reaction
was not saturated. Based on this, we used the following PCR
conditions: Theinitial denaturation step wasat 95 °C, followed
by 18 (cyclophilin), 33 (bcl-2), 37 (bcl-x.), 28 (bax), 29 (bak)
cycles of denaturation for 30 seconds at 95 “C, annealing for
30 seconds at either 55 “C (cyclophilin, bcl-2, bak) or 52 ‘C

(bcl-x.), or 60 °C (bax), and extension for 30 secondsat 72 °C.
A fina extension at 72 "C for 10 minuteswas applied to all the
reactions and the PCR products were electrophoresed on a
1.2% agarose gel. Each PCR reaction was replicated three
times. The quantitated valuesfor the expression of bcl-2 family
members were normalized with the quantitated values for the
cyclophilin for each sample respectively by comparing with
the expression level of cyclophilin in normal liver. The
normalized values were then analyzed using Multi-Analyst
software and the graphs were drawn.

Calculation of AUC

Area under the curve (AUC) calculations was performed as
shown by Tygstrup et al’®!. Results of the expression levels of
the bcl-2 family genes by RT-PCR are given as mean = SEM.
As a measure of the change in expression level during the
experimental period, the area of the expression level/time curve
(AUC: cDNA level x time) was calculated as the sum of the
area of the intervals between the samplings for PH and sham
groups. Since the time intervals were different, in order to
standardize the calculations, we used hour as the unit of X-
axisi.e. between 7 days and 14 days, we multiplied with 168
(24x7) to calculate the area under the curve. To determine
the hourly changes at the AUC, we divided the AUC values
by the hour difference between each two-time points; i.e.
between 2 and 8 hour groups, AUC value was calculated and
divided by 6.

Statistical tests

For each group of three animals the mean expression level
was calculated at the given time points. The means of PH and
sham groups were compared using Mann-Whitney test. Since
sham group animals seemed to have higher levelsof expression
of these genes than the hepatectomized animals, one-sided
sgnificancelevel (P value) of 0.05wasused. Thenull hypothesis
of no difference between the expression of bax, bak, bcl-2,
and bcl-x_in PH and sham groups wastested versustheresearch
hypothesis that PH group had lower level of expression than
the sham group.

RESULTS

Since the transcriptional control of bcl-2 gene family has been
known to be important, we performed semi-quantitative RT-
PCR to examine the changes in the expression levels of the
transcripts of bcl-2, bel-x., bax and bak in the livers of rats
that were subjected to either 70% PH, or sham operation at
different time points (Figures 1-4). In @l the experiments, the
expression at “time 0” was the quantitated expression of each
genein normal liversand accepted as“ 1" in order to make a
comparison with the subsequent time groups.

Expression pattern of pro-apoptotic genes

Two hours after hepatectomy, in 70% PH groups, we observed
that the transcript level of bak was decreased by twofold
compared with that in normal liver (Figure 1, “time 0”).
Although bak expression levels reached the level s observed in
normal liver at 8 hours and 7 days, bak was expressed lessin
comparison with that in the normal liver at other time points
(Figure 1, solid circles). On the other hand, in sham group of
animals, the expression of bak mRNA was higher than that in
the normal liver and hepatectomized group at every time point
(Figure 1, open circles). The expression of bak was significantly
higher in sham group than in PH group (P<0.001).

Another pro-apoptotic gene, bax mMRNA expression, like
bak, was increased at 0.5 hour after hepatectomy and then
decreased to below the level in normal liver by 2 hours (Figure
2, solid circles). During the 14-day period except the increase
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at 8 hours after hepatectomy, bax expression showed a steady
pattern and by 14 days after hepatectomy, it reached almost
the expression level of thenormal liver (Figure 2, solid circles).
The expression of bax in sham group did not show any sharp
changes and unlike bak, it remained close to the levels of
normal liver by 14 days (Figure 2, open circles). Thetest results
revealed that the expression of bax was significantly higher in
sham group than in PH group (P<0.05).
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Figure 1 A: The expression of bak in 70% hepatectomized (PH)
and sham (SH) groups shown in 1.2 % agarose gel. B: The quan-
titated expression of bak in 70% PH (— - —) or sham (—o—) groups.
Results were expressed as mean + SEM of triplicate animals
with n=3 rats per time point. The expressions were quantitated
with the expression of cyclophilin for each sample and analyzed
using the Multi-Analyst software. The expression at “time 0”
denoted the quantitated expression of bak in normal liver and
was accepted as “1”. In comparison among the mean values at
each time point, it was revealed that the means for bak in PH
group were significantly less than those in SH group (P<0.001
Mann Witney U test).
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Figure 2 A: The expression of bax in 70% hepatectomized (PH)
and sham (SH) groups shown in 1.2% agarose gel. B: The quan-
titated expression of bax in 70% PH (—-—) or sham (—o—) groups.
Results were expressed as mean + SEM of triplicate animals
with n=3 rats per time point. The expressions were quantitated
with the expression of cyclophilin for each sample and analyzed
using the Multi-Analyst software. The expression at “time 0”
denoted the quantitated expression of bax in normal liver and
was accepted as “1”. In comparison among the mean values at

each time point, it was revealed that the bax values in PH group
were less than those in SH group (one-tailed P<0.05, Mann
Witney U test).
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Figure 3 A: The expression of bcl-2 in 70% hepatectomized
(PH) and sham (SH) groups shown in 1.2 % agarose gel. B: The
quantitated expression of bcl-2 in 70% PH (—-—) or sham (—o0-)
groups. Results were expressed as mean + SEM of triplicate
animals with n=3 rats per time point. The expressions were
quantitated with the expression of cyclophilin for each sample
and analyzed using the Multi-Analyst software. The expres-
sion at “time 0” denoted the quantitated expression of bcl-2 in
normal liver and was accepted as “1”. Comparing the mean
values at each time point, we found no difference in bcl-2 val-
ues between PH and SH group.
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Figure 4 A: The expression of bcl-x, in 70% hepatectomized
(PH) and sham (SH) groups shown in 1.2 % agarose gel. B: The
quantitated expression of bcl-x, in 70% PH (—-—) or sham (—o0-)
groups. Results were expressed as mean + SEM of triplicate
animals with n=3 rats per time point. The expressions were
quantitated with the expression of cyclophilin for each sample
and analyzed using the Multi-Analyst software. The expres-
sion at “time 0” denoted the quantitated expression of bcl-x, in
normal liver and was accepted as “1”. Comparing the mean
values at each time points, no difference in bcl-x, values be-
tween PH and SH groups was found.

Expression pattern of anti-apoptotic genes
Amongst the anti-apoptotic members of bcl-2 gene family, bel-
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2 mRNA expression did not decrease to below the level in
normal liver both in PH and sham groups. Its level was
increased 0.5 hour after hepatectomy and peaked at 8 hours
and 7 days after hepatectomy, more than 2-fold that of the
normal liver (Figure 3, solid circles). In the sham group of
animals, the expression of this gene also increased by 0.5 hour
after surgery and then followed a steady level until day 14.
The expression of bcl-2 in PH and sham group showed asimilar
pattern except at 14 day. At thistime point, bcl-2 expression
was more than two-fold in sham group compared to PH group
(Figure 3, open circles).

The expression of another anti-apoptotic gene bcl-x_ showed
morethan 3-fold increase by 8 hoursafter hepatectomy whereas
at the same time interval, the sham group had almost two-fold
increase compared to normal liver. The amount of bcl-x.
expression decreased afterwards both in PH and sham group
(Figure 4). However, in both groups, the expression level was
always above the levelsin normal liver at all time points.

AUC calculation
In order to better compare the expression levels of bak, bax,
bcl-2 and bcl-x_ during the whole regeneration process, we
calculated the AUC values for partially hepatectomized and
sham groups, i.e.; the area between the lines connecting cONA
levels of different time and zero. It isimportant to emphasize
that AUC is an arbitrary value but provides a comparison
between the total expression of these genesin PH and sham
groups. The AUC values for PH and sham groups for each
gene analyzed are shown in Table 1. AUC values of all the
genes were higher in sham group compared with those in the
PH group. Interestingly however, the difference was more
obvious for pro-apoptotic genes (bak and bax) than for anti-
apoptotic genes (bcl-2 and bcl-x,). We detected an 87% and
64% increase in expression levels of pro-apoptotic genes (bak
and bax respectively) in sham group compared to PH group,
whereas, this difference was 25% in bcl-2 and 21% in bcl-x. .
Sincethetimeintervalsranged from 0.5 hour to 7 days, we
calculated hourly changes of AUC valuesin our experiments
for each of bcl-2 family of genesin hepatectomized and sham
group of animals. We measured AUC valuefor each time group
and divided this value by the hours of that particular group
(Table 2). The values for bak and bax were found to be
significantly higher in sham group than in hepatectomized
group (P<0.05). No significant difference was found for bcl-2
and bcl-x_ values.

Table 1 AUC of cDNA expression for members of the bcl-2
family of genes

AUC (70% PH)  AUC (SH) Change
bak 324 609 87%
bax 245 402 64%
bcl-2 666 837 25%
bel-xL 494 601 21%

DISCUSSION

During liver regeneration, apoptosis allows hepatocytesto die
without provoking a potentially harmful inflammatory
response. The harmony amongst these complex biological
responsesis crucial since abnormal regeneration may result in
fulminant liver failure, cirrhosis and primary liver cancerg?!.
Since programmed cell death isamajor component of hepatic
regeneration mechanism, and the bcl-2 family members are
the main regulators of this cellular death pathway, we
concentrated on the expression level of these genes throughout
the regeneration of liver induced by partial hepatectomy. For
al of the members of this family, it has been shown that the
transcriptional activation or suppressioniscritica!? %!, Exigting
datain literature suggests the involvement of these genesin
regeneration process however, the expression of these genes
has been shown for only 4 days after hepatectomy!*23, Liver
regeneration is along lasting event but there have been no
studies regarding the expression of these genes during the later
stages of liver regeneration. Since apoptosisis a homeostatic
mechanism, the expression of the genesthat regulate apoptosis
should be important during the whole regeneration process.
Therefore, in this study, we quantitated the expression levels
of bak, bax, bcl-2 and bcl-x_ up to 14 days post-hepatectomy,
which is the time needed for the completion of regeneration
process. In addition, we also examined the expression of these
genes in corresponding sham group of animals.

Our data regarding the expression of bak, bax and bcl-x.
during early stages of regeneration (within the first four
days) were consistent with previous studies**?d, However
contradictory data have been published about the expression
of bcl-2 in normal liver prior to hepatectomy. It has been
reported that by using Northern blot Tzung et al’® did not
find any bcl-2 expression, whereas Kren et al?! did. Similar
to our results Masson et al® aso found abasal expression of
bcl-2 by using RT-PCR. Since the source of bcl-2 is non-
parenchymal cells, a more sensitive method such as RT-PCR
is abetter choice of analyzing its expression.

According to our results, the expression levels of bax and
bak in PH group were lower than those in the normal liver
except 0.5 and 8 hours after 70% hepatectomy. On the other
hand, the anti-apoptotic genes, bcl-2 and bcl-x,_ had higher
expression levels than those in the normal liver at most of the
time points. Amongst them, the expression of bcl-x.in
hepatectomized animalswas higher than that of normal liver
at all the time points. We observed an overall decrease in the
pro-apoptotic genes (bax and bak) and an increase in the anti-
apoptotic genes (bcl-2 and bcl-x,) expression compared to that
innormal liver. Recently, Locker et al hasalso shown increased
antiapoptotic regulators and down-regulated proapoptotic
regulators by using microarray technology during liver
regeneration in mouse®. Thus, theincreasein theratio of anti-
Vs. pro-apoptotic gene expression wasin favor of survival of
the liver tissue throughout the regeneration process.

In our study, we also compared the total expression of these

Table 2 Hourly changes of AUC values for the members of the bcl-2 family of genes

bak PH? bak SH? bax PH? bax SH? bcl-2 PH bcl-2 SH bcl-xL PH bcl-xL SH
0.5-2h 0.94 1.25 1.12 2.36 1.81 1.56 2.53 2.13
2-8h 0.91 1.37 0.8 1.12 1.76 1.88 2.86 2.82
8-18 h 1.01 15 1.15 1.19 1.86 2 2.73 2.36
18-24 h 0.75 1.53 0.8 1.19 1.33 1.73 1.78 1.99
24-36 h 0.7 1.52 0.75 1.03 1 1.28 1.53 1.82
36-168 h 0.97 1.58 0.45 1.29 1.65 1.53 141 1.87
168-33 6h 0.98 2.1 0.9 1.2 2.35 3.42 1.37 1.64

2P<0.05 vs the expression of bak and bax was significantly higher in sham group than that in the hepatectomized group.
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genes between sham and partially hepatectomized groups by
calculating AUC as used by Tygstrup et al®. In their study
AUC calculation was used to show and compare the mRNA
profiles of a set of liver function related and repair related
genesin different liver injury and stressmodels. By comparing
AUC values, they have shown that the expressions of severa
genes related to liver function were reduced®!. By calculating
AUC values, we found an interesting phenomenon that had
not been reported in previous studies. The AUC values of all
the bcl-2 family of geneswere higher in sham group than that
of PH group, suggesting the overall expression levels of
apoptotic regulator genesin sham group were increased more
than those in the hepatectomized group. Since the sham group
of animals had undergone the same period of anesthesia and
were sacrificed at the same time, the effect of circadian rhythms
on the expression of these genes could be ruled out. In addition,
when we measured the hourly changes of the expression of
these genes, we found an increase in @l the genes that we
studied in the sham group compared to PH group except for
thefirst 18 hoursin bcl-x.. Theincrease in the case of bak and
bax were statistically significant. This indicated that the
expressions of bak and bax were up regulated in sham group
compared to those in hepatectomized group. Therefore, many
of the previous findings of expressional changesin transcript
levels of bcl-2, bel-x, bax and bak might be due to not only
regeneration, but also the effects of surgical operations.

The reduction in the expression of proapoptotic bak and
bax in PH group compared to sham group may be related to
the enhanced effects of some growth factors on liver
proliferation to prevent apoptosis and to ensure the survival of
thetissue. It has a so been reported that the mgjority of therats
that had undergone PH, later developed tumorsin their remnant
liver®Y, Therefore it is tempting to speculate that decreased
expression of proapoptotic genes might be responsible for this
outcome. However, the causefor thereduction in the expression
of anti-apoptotic bcl-2 family of genesin PH group compared
to sham group has been unclear. In the case of bcl-2, sinceitis
expressed exclusively by non-parenchymal cellsand especially
cholangiocytes, removal of alarge portion of the liver might
be the explanation for this reduction. Thus, it could be
speculated that upon removal of alarge portion of the tissue,
the liver conferred priority to the expression of vitally most
important genes.
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