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Obstructive jaundice, produced by ligating the commeon bile duct, induced a transient DNA replica-
tion followed by cell proliferation in rat liver. At 48 h after the operation, DNA polymerase @ activity
started to increase and reached its maximum level (more than twice the control) at day 4. At day 7,
the enzyme level had decreased to the control level. Pulse-labeling experiment using radioactive
thymidine showed that the rate of DNA synthesis increased approximately 2.5-fold in the same pattern
as that of DNA polymerase @. The mitotic index in hepatocytes also increased 10-fold at day 4 and
then decreased. The proliferation of liver cells induced by obstructive jaundice mimics the regenera-
tion of partially hepatectomized liver, althongh the response was slightly delayed and the proliferation

was transient.
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Recently, technical progress in hepatic surgery has
enabled us to treat hepatic malignancy with obstructive
jaundice, e.g., carcinoma of the hepatic hilus or the gall-
bladder. Several groups have reported that the existence
of preoperative obstructive jaundice tended to cause
postoperative complications'* and recommended the use
of percutaneous transhepatic biliary drainage (PTBD) to
reduce the serum bilirubin level to a normal level before
hepatic resection.” However, hepatectomy has occasion-
ally been carried out without preoperative biliary drain-
age by other groups.*” In connection with this, it was
also reported that PTBD did not reduce the operative
risk in hepatectomy.*” On the other hand, many studies
have been performed using experimental animals to eval-
uate the effect of obstructive jaundice on liver regenera-
tion.'*!*) However, it is still a matter of debate whether
or not obstructive jaundice itself inhibits liver cell pro-
liferation. To solve this problem, we have started a
systemic study to evaluate the regenerating capacity of
rat liver with obstructive jaundice. The liver regeneration
induced by partial hepatectomy is associated with the
induction of a number of enzymes involved in DNA
replication. Since DNA polymerase a plays a central role
in eukaryotic DNA replication, the activity of this
enzyme can be used as a marker for proliferation capac-
ity. First, we measured the DNA polymerase a activity in
rat liver with obstructive jaundice induced by ligation of
the common bile duct. Contrary to our expectation,
DNA polymerase ¢ activity significantly increased after
ligation of the common bile duct and the elevated level
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was maintained for several days. Here, our study was
focused on this unusual phenomenon, and we found that
the obstruction of the bile duct induced DNA replication
and mitosis of hepatocytes without partial hepatectomy,
in agreement with previous reports by Ferguson et al,'®
and Andrus er al.'"” The significance of this phenomenon
in surgical treatment of the liver is discussed.

MATERIALS AND METHODS

Animals  Adult male rats (200-250 g) of the Donryu
strain were purchased from Chubu Shiryo Co. (Nagoya).
Food was withheld 12 h before the operation. The rats
were divided into two groups. The laparotomy was
performed through a midline incision under ether anes-
thesia. In the operation group, the common bile ducts
were ligated and divided to prevent recanalization. Sham
operation was carried out with the other group, ie.,
laparotomy and manipulation of the liver and the
common bile duct except ligation. The day of the opera-
tion was defined as day 0. In both groups, three or five
rats were killed between 10 and 12 a.m. at days 1, 2, 3, 4,
5 and 7 after the operation, respectively, and the livers
were removed, immediately weighed and stored at
—80°C.

Enzyme extraction One g of the liver was homogenized
with a Dounce homogenizer and sonicated for 30 s in 9
volumes of 50 mAM Tris-HC1 (pH 7.5) containing 10%
glycerol, 1 mM dithiothreitol (DTT) (Nakarai Chemical
Co., Kyoto), 1 mM phenylmethylsulfonyl fluoride
(PMSF) (Sigma Chemical Co., St. Louis, MO), leupep-
tin (1 ¢g/ml, Peptide Institute Inc., Osaka), 0.5% Triton



X-100, 0.1 mM EDTA, and 0.5 M KCl. A half volume
of each sample was used for measuring DNA content
and protein concentration. The remainder of each sample
was clarified by centrifugation at 18,000g for 30 min at
4°C. The supernatant was carefully collected and used
for the assay of DNA polymerase activity. In measuring
DNA polymerase ¢ activity, the supernatant was diluted
5-fold with a solution containing 1 mg/ml bovine serum
albumin (BSA), 25 mM Tris-HCl (pH 7.5), 1 mM
DTT, and 10% glycerol. In determining DNA polymerase
B activity, the supernatant was diluted 100-fold with the
same solution used for DNA polymerase a.

Assays of DNA polymerases The reaction mixture for
DNA polymerase & (50 1) contained 80 mM potassium
phosphate (pH 7.2), 8 mM 2-mercaptoethanol (2-ME),
200 pg/ml activated calf thymus DNA, 80 pM each of
dATP, dGTP, and dCTP, 40 u M [*'H]dTTP (1,000 cpm/
pmol), 8 mM MgCl,, 200 zg/ml BSA and enzyme. The
reaction mixture for DNA polymerase 5 (50 yl) con-
tained 0.1 M Tris-HC! (pH 8.8), 5 ug of (dA)/(dT) 2.5
(base ratio of A/T=5), 80 uM dTTP, 40 u M [*H]dTTP
{1,000 cpm/pmol), 0.1 M NaCl, 4 mM MalNet, 0.5 mM
MnCl, and 0.2 mg/ml BSA. Incubation was carried out
at 37°C for 30 min. The reaction was terminated by the
addition of 0.5 ml of cold 10% trichloroacetic acid
(TCA) containing 0.2% sodium pyrophosphate and
acid-insoluble radioactivity was measured as described
previously.'®

Others Protein concentration was measured by the
method of Lowry et al.'” using BSA as a standard and
DNA content was determined by fluorescence assay,
using Hoechst 33258.*” Total DNA or total protein per
liver was calculated from the total wet weight of the
isolated livers. Glutamic pyruvic transaminase (GPT)
and alkaline phosphatase (ALP) were measured as
described.”"

Measurement of DNA synthesis in vive Rats were
operated or sham-operated as described above. In both
groups, at days 2, 4 and 7 after operation, [*H]thymidine
(specific activity, 2 Ci/mmol) was given intraperitoneally
at a dose of 0.4-0.6 uCi/g body weight. Animals were
killed 1 h after injection. The liver was removed and the
blood in the liver was washed out immediately with
physiological saline through the hepatic veins. One g of
the liver was homogenized with a Dounce homogenizer
in 9 volumes of the same buffer used for enzyme extrac-
tion and then sonicated for about 30 s. Sodium dodecyl
sulfate (1%) and proteinase K (mg/ml) were added to
each sample and incubation was carried out at 37°C for
1 h. Acid-insoluble radioactivity was measured in the
same way as described for DNA polymerase assay using
0.5 ml of the sample.

Mitotic index A part of the median lobe of each liver
used for DNA polymerase assay was fixed in formalin
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and stained with hematoxylin-eosin. With each slide,
30-50 visual fields (5,000-10,000 hepatocytes) were
examined under the microscope at 400X magnifications
and the hepatocytes with mitotic figures were counted.

RESULTS

Bilirubin and enzymes in blood As shown in Fig. 1(A),
the level of the serum total bilirubin began to increase at
day 1 after surgery and attained the level of about 5 mg/
dl at day 2. This high level continued until 7 days after
surgery. On the other hand, the levels of GPT and ALP
rapidly increased at 1 day after surgery and then gradu-
ally decreased (Fig. 1(B)).
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Fig. 1. Changes of bilirubin concentration and enzyme ac-
tivities in rat serum after ligation and division of the common
bile duct. Blood was withdrawn from the inferior vena cava
under ether anesthesia and serum was obtained by centrifu-
gation (3,000 rpm, 20 min). Total bilirubin concentration
{A) and activities of GPT and ALP (B) were measured as
described in “Materials and Methods” at the times indicated.
®, GPT; ©, ALP,
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Fig. 2. DNA and protein contents. Contents of DNA. (A) and
protein {B) in the whole livers were measured with rats after
biliary obstruction (#®) and sham-operated rats ( O), accord-
ing to the methods described in “Materials and Methods.”

DNA and protein amounts Total DNA and protein in
whole livers increased gradually with growth. A sig-
nificant increase was observed in the DNA content in
obstructed livers compared with those in the sham-
operated livers (Fig. 2(A)), amounting to about 1.5-fold
at day 7.

Activity of DNA polymerase & The level of DNA
polymerase a activity was measured as a marker for cell
proliferation. As shown in Fig. 3(A), DNA polymerase
activity in livers started to increase at day 2 after the
operation and attained its maximal level at day 4,
decreasing thereafter. At day 4 after the operation, the
activity of DNA polymerase ¢ was increased approxi-
mately 2-fold compared with that in the sham-operated
group. However, at day 7 after surgery, no significant
difference was observed compared with sham-operated
livers (Fig. 3(A)).
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Fig. 3. Changes in the activities of DNA polymerases after

obstruction of the common bile duct. DNA polymerase ¢ (A)
and 8 (B) activities were measured by the methods described in
“Materials and Methods.” Each point represents the mean = SD
for 3 or 5 animals. % P<0.01, Student’s ttest. O, sham-operated
liver; ®, obstructed liver.

Activity of DNA polymerase 8 DNA polymerase 3
activity increased rapidly at 1 day after operation and
then decreased. This change was similar to those of the
serum GPT and ALP (Fig. 3(B)).

Incorporation of [*H]thymidine into DNA In order to
know whether DNA replication is really enhanced by
biliary obstruction or not, a pulse-labeling experiment
was carried out. As shown in Fig. 4, the rate of incorpo-
ration of [*H]thymidine into cellular DNA in the ob-
structed liver increased significantly compared with that
in sham-operated liver, at days 2 and 4 after surgery,
However, at day 7 after operation, there was no sig-
nificant difference in [*H]thymidine incorporation be-
tween the two groups (Fig. 4). At day 4 after surgery, the
rate of DNA. synthesis was 2.5 times higher in the ob-
structed liver than that in the control group. This large



I~

(cpm x103/mg DNA)

Thymidine incorporation into DNA

0 1 2 3 4 5 6 7
Days after operation

Fig. 4. Increase in incorporation of [*H]thymidine into rat
liver DNA after obstruction of the common bile duct. [*H]-

Thymidine was given intraperitoneally at a dose of 0.4-0.6

#Ci/g body weight at the times indicated and labeled for 1 h.
DNA synthesis was measured as described in “Materials and
Methods.” Each point indicates the mean+8D for 3 or §
animals. * P<{0.01, Student’s ¢ test. O, sham-operated liver;
®, obstructed liver.

amount of incorporation may be due to S phase cells
rather than repair DNA synthesis. This was confirmed by
the following experiment.

Mitotic activity of hepatocytes A part of each liver was
fixed and stained to observe mitosis of hepatocytes. As
shown in Fig. 5(A), the mitotic index (MI) of liver
specimens from obstructed liver increased remarkably
after surgery; it was 10 times higher than that of the
sham-operated control at day 4 after surgery. As shown
in Fig. 5(B), hepatocytic mitosis was clearly found in
each lobule examined.

DISCUSSION

In the present study, we showed that experimental
biliary obstruction of rat liver induced transient pro-
liferation of hepatic cells, which was detected as in-
creased DNA polymerase a activity, as well as an in-
crease in the rate of incorporation of radioactive
thymidine into DNA, an increase in total DNA per
organ and finally, an increase in mitotic index. Since
the cells in the mitotic phase were largely hepatic
parenchymal cells rather than interstitial cells, the induc-
tion of cell growth might mimic the liver regeneration
induced by partial hepatectomy. We have observed that
DNA polymerase a, after two-thirds partial hepatectomy
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Fig. 5. Increase in the mitotic activity of hepatocytes after
obstruction of the common bile duct. Removed livers were fixed
and stained as described in “Materials and Methods.” (A)
Numbers of mitoses were expressed per 10° cells. * P< (.01,
Student’s ¢ test. O, sham-operated liver; ®, obstructed liver.
(B} Photomicrograph of the lobules at day 4 after ligation and
division of the common bile duct. Arrows indicate hepatocytes
in the mitotic phase. 400X magnification.

of normal liver, showed about 7-fold increase compared
with the control level at 24 h after operation (data not
shown). At the same time, it was observed that DNA
polymerase 5 activity was also increased 2- to 2.5-fold at
5 h after operation and the high level was maintained for
at least 24 h (data not shown). Thus, the pattern of
induction of DNA polymerase ¢ after partial hepatec-
tomy slightly differed from that after biliary obstruction
in both the time of response and the extent of induction.
The induction of mitosis started at day 2 and reached
maximum at day 4 after biliary obstruction. At these
time points, hepatic cells of operated rats did not show
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any morphological change, At present, the mechanism of
induction of cell growth by the ligation of the common
bile duct is unknown. However, it is tempting to specu-
late that, although there is no obvious morphological
change, the hepatic cells could be damaged biochemically
and physiologically by stagnated bile™ and the damaged
cells could generate a growth signal®® to the intact cells.
Alternatively, bilirubin or bile acids themselves might act
as growth stimuli for hepatic cells. We are now testing
the latter possibility by introducing bilirubin or bile acids
into normal liver via the portal vein. Since the discovery
of liver regeneration in partially hepatectomized rats by
Higgins and Anderson in 1931,'” many studies have been
performed concerning cell growth, cell cycle and DNA
replication using this system.'” Several investigators ex-
amined the effects of obstructive jaundice on the regener-
ation capacity of partially hepatectomized liver.'> 51"
Their conclusions were apparently contradictory. Mann
and co-workers'® found that obstructive jaundice in-
hibited liver regeneration and this conclusion was
supported by Higgins and Anderson™ and Cameron.'
On the contrary, Ferguson et al'® reported that liver
regeneration was better in bile duct-ligated rats than that
of normal liver, and this was supported by Weinbren.'¥
In 1961, Andrus et al.'” found that obstructive jaundice
itself induced liver cells to proliferate at days 1 and 2
after biliary obstruction. Since than, this interesting
finding has not been studied further. The present data
clearly indicate that biliary obstruction in rats induced
profiferation of liver cells, but at day 7, the rate of
proliferation decreased. It is conceivable that, in the
course of prolonged obstructive jaundice for more than
7 days, liver cells become refractory to proliferation
stimuli, due to biochemical and physical disturbances
caused by stagnated bile. It may be important to know
whether or not liver cells lose their regeneration capacity
after prolonged obstructive jaundice and, if so, whether
they can recover their capacity to regenerate after biliary
drainage. Here we used DNA polymerase « activity as a
marker for cell proliferation. It was shown in this study
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that the induction pattern of DNA polymerase ¢ cor-
responded well with DNA synthesis measured in terms of
the incorporation of [*H]thymidine (Fig. 4), in agree-
ment with our previous results with cultured human
fibroblasts.”” The assay of DNA polymerase @ may be a
simple and convenient way to assess cell growth in liver
regeneration, It should be noted, however, that the assay
conditions for DNA polymerase @ employed here might
also detect DNA polymerase 3,”® which shows character-
istics similar to those of the a-enzyme but is a distinct
enzyme involved in chromosomal DNA replication as
well. At present it is not certain how much of the total
incorporation is due to DNA polymerase §. Therefore we
tentatively designated the incorporation as DNA poly-
merase ¢ activity. DNA polymerase 5 activity rapidly
increased at day 1 and then gradually decreased. This
change was similar to those of serum GPT and ALP,
indicators for submicroscopic damage of liver cells and
bile duct cells. The elevation of DNA polymerase S might
reflect the early repair processes induced by cell damage
caused by ligation of the common bile duct, although the
physiological role of DNA polymerase 5 has not been
fully established yet.

In conclusion, the liver cells respond well to obstruc-
tive jaundice as a proliferation stimulus and proliferate
transiently. This process may modulate the regeneration
of liver after partial hepatectomy under pathological con-
ditions causing obstructive jaundice. It is suggested that
the duration of jaundice may be critical.
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