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The present experimental study was carried out to determine how lipid metabolism was involved in the
clinically important liver regeneration after hepatectomy for obstructive jaundice followed by biliary drainage.
Experimental obstructive jaundice was prepared in rats, 1 week after which biliary drainage was performed.
After 1 additional week, an approximate 70%-partial hepatectomy was performed in some rats. Similarly, the
control rats received a 70%-partial hepatectomy. A profile of the time-sequential changes in lipid metabolism and
liver regeneration in the residual liver was investigated and compared between both animal groups that under-
went hepatectomy. Liver regeneration after hepatectomy in obstructive jaundice after biliary drainage was de-
layed compared with that of a resected normal liver. In the injured liver, however, lipid metabolism greatly con-
tributed to rapid synthesis of cholesterol necessary for liver regeneration. The synthesized cholesterol was not
utilized for the formation of cell membrane in the liver, which suggests potential damage in these processes.
Future studies would warrant clarification of why the cholesterol synthesized in the liver was not used for cell

membrane synthesis.
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Introduction

Hepatobiliary disease with obstructive jaundice is
often complicated by liver dysfunction and other or-
ganic disorders. The general concept for treatment
for obstructive jaundice is that the obstructive
jaundice is treated first followed by a radical he-
patectomy after recovery of the liver function”™?,
not merely by a one-step surgical operation. Never-
theless, in actual clinical practice, we often experi-
ence liver failure developing after hepatectomy per-
formed after appropriate biliary drainage. As the
cause, it has been reported that it took many days
to recover mitochondrial function”, microsomal
function”, and glucose tolerance® in the status with
obstructive jaundice after biliary drainage. Delayed

liver regeneration has also been suggested”?.

In general, the synthesis of cholesterol and phos-
pholipids required for the formation of cellular
membranes are stimulated in liver regeneration®".
However, there are few reports that studied lipid
metabolism in liver regeneration after hepatectomy
followed by biliary drainage. The authors paid at-
tention to this lipid metabolism as a cause that
would delay liver regeneration in obstructive jaun-
dice after biliary drainage.

In this study, we prepared partial hepatectomy
models in rats with obstructive jaundice after bili-
ary drainage, and the relation of lipid metabolism
and liver regeneration in the residual liver was ex-
perimentally investigated.
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Materials and Methods

1. Animals

Male Wistar rats aged 10 weeks (250 to 300 g,
Charles River Japan Inc) were used in the experi-
ment. All animal experiments were conducted in ac-
cordance with guideline of Animal Experiment
Ethical Review Committee of Tokyo Women’s
Medical University.

2. Experimental models

1) Preparation of obstructive jaundice and the
procedure for biliary drainage

The rat’s abdomen was opened under anesthesia
with intraperitoneal Nembutal (40 mg/kg). Com-
mon bile duct was removed, and a 3 Fr polyethyl-
ene catheter (Imamura Co Ltd, Tokyo) connected
to a SP8 polyethylene catheter (NATSUME Co Ltd,
Tokyo) was inserted and fixed by ligation. The com-
mon bile duct at the duodenal side was ligated. A
3-Fr polyethylene catheter (Imamura Co Ltd) was
inserted and fixed to the duodenum. The distal end
of both tubes was led outside the abdominal cavity
as a blind ending tube to produce obstructive jaun-
dice (Fig. 1A).

In the biliary drainage procedure, 2 blind ending
tubes were connected to each other using a connec-
tor tube after 1 week of jaundice, and the bile juice
was drained into the duodenum for biliary drainage
(Fig. 1B).

2) Assessment of biliary drainage

A preliminary experiment was performed to as-
sess if the biliary drainage was effective: experi-
mental obstructive jaundice was prepared in rats,
and biliary drainage was performed 1 week later
(n=20). Rats were sacrificed immediately before
and 1, 3, 5 and 7 days after biliary drainage (n=4,
each) . Untreated rats were used as a control (n=4).
Blood was collected from the inferior vena cava, and
serum total bilirubin (T-bil) was measured.

3) Hepatectomy

Experimental obstructive jaundice was prepared
in rats, and biliary drainage was performed 1 week
later (n =30, the injured group). An approximate
70%-partial hepatectomy was performed at 1 week
after biliary drainage (n=24) according to the pro-
cedures described by Higgins and Anderson'. In
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Fig.1 Experimental rat model
Jaundice was prepared by canulating each blind-ending
tube for 1 week, followed by biliary drainage for 1 week.
A: Preparation of obstructive jaundice, B: Biliary drain-
age.

the normal control rats (n =30, the normal group),
24 rats similarly received a 70% -partial hepatec-
tomy.

3. Biochemical analysis

Rats of both groups were sacrificed before he-
patectomy and 1, 3, 5, and 7 days after hepatectomy
(n=6, each). Blood was collected from the inferior
vena cava. The residual liver was isolated, weighed,
and a part of resected liver tissue was frozen and
stored. The remaining liver tissue was fixed in for-
malin, and paraffin embedded specimens were pre-
pared. These blood and residual liver specimens
were collected between 10: 00 am. and 11: 30 a.m. in
consideration of the circadian rhythm', and the fol-
lowing parameters were measured.

Serum was separated from venous blood, and
( ALT ),
aminotransferase (AST) and T-bil were measured

alanine aminotransferase aspartate
as a parameter of liver function. Total cholesterol
(T-chol) and low-density lipoprotein (LDL) of blood
lipid were measured as a marker related to lipid
metabolism. Using the frozen liver specimens, LDL

receptor (LR) m-RNA expression level ( x 10'/copy/
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ml) that expresses capacity of cholesterol uptake™
and 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-
CoA) reductase activity (pmol/mg/min at 37°C) that
reflects capacity of cholesterol synthesis® were
measured. LR m-RNA expression level was meas-
ured by PCR assay according to the procedures de-
scribed by Lee™ and Reinholz et al'®. The Tag Man
primer probe specific to the LR was designed. Total
RNA was extracted from the frozen liver speci-
mens (total RNA RNeasy kits, QTAGEN KX, To-
kyo). This primer was hybridized to perform PCR,
and the LR m-RNA expression level was measured
using SDS7700 (Applied Biosystems Japan Ltd, To-
kyo). HMG-CoA reductase activity was measured
using the modification method (twofold scaled up) of

" The micro-

the procedure of Kuroda and Endo
somes of the frozen liver specimens were extracted,
and were incubated with reaction mixture contain-
ing [“C]HMG-CoA. [“C] mevalonolactone was sepa-
rated from [“C] HMG-CoA in accordance with the
procedures by Nagata et al'®, and HMG-CoA reduc-
tase activity was assayed using a liquid scintilation
counter LS 6000 SC type (Beckman Coulter Inc,
California).

Liver regeneration capacity was estimated from
the ratio (%) that divided the isolated residual liver
weight by the estimated residual liver weight at he-
patectomy and the mitotic index. The mitotic index
was estimated as follows. The paraffin embedded
specimen was sliced, stained with hematoxylin and
eosin, and examined microscopically under a visual
field of 400 X amplification. The numbers of hepatic
cells and mitotic cells in the M-phase in the 10 visual
field were counted, and a ratio of the number of mi-
totic cells to 1,000 hepatic cells was calculated™.

4, Statistical analysis

The results were presented as mean = SD.
Repeated-measures ANOVA (ANOVA) and the
Mann-Whitney U test (MWU test) were used for
statistical analysis. A difference of p<0.05 was con-
sidered statistically significant.

Results

1. Assessment of biliary drainage in the ex-
perimental model

Serum T-bil was 0.1 = 0.05 mg/dl prior to the
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Fig. 2 A profile of changes in serum T-bil induced by
obstructive jaundice after biliary drainage

preparation of obstructive jaundice (normal rat,
control) and 9.8+ 2.1 mg/dl immediately before bili-
ary drainage. Serum T-bil steadily lowered after
biliary drainage, at 1 week after biliary drainage, it
was 0.3 +0.2 mg/dl, returned to the normal range,
and the jaundice was eliminated (Fig. 2) . Therefore,
the biliary drainage in this experimental model was
considered successful, and the injured group under-
went a 70%-partial hepatectomy after 1 week of
post-biliary drainage, the jaundice was completely
eliminated.

2. Profile of liver function after hepatectomy

1) Serum AST and ALT

Serum AST and ALT in both the injured and
normal groups were the highest on day 1, and re-
covered to their normal ranges on day 7 with no
statistical difference between these 2 groups (Figs.
3and 4).

2) Serum T-bil

Serum T-bil on day 1 in the injured group was
1.6+0.7 mg/dl and increased significantly (p =0.004,
MWU test) with jaundice. Serum T-bil in the in-
jured group was higher throughout the experimen-
tal period compared with the normal group (p=
0.003, ANOVA), and this jaundice showed a tend-
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ency to persist. No jaundice was observed in the

normal group (Fig.5). served in the injured and normal groups through-
3. Profile of lipid metabolism after hepatec- out the experimental period, and with no significant
tomy difference between these 2 groups (Fig. 6).
1) Serum T-chol 2) Serum LDL
No marked changes in serum T-chol were ob- Serum LDL at hepatectomy in the injured group
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Fig. 8 Changes in yield of hepatic LR m-RNA expres-
sion level after hepatectomy in the injured group and
the normal group

was 2500 +41.1 mg/dl, and was significantly higher
compared with the normal group (p=0.004, MWU
test). Serum LDL in the normal group showed a
tendency to increase on day 1 and day 3, thereafter
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Fig. 9 Changes in hepatic HMG-CoA reductase activ-
ity after hepatectomy in the injured group and the
normal group
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Fig. 10 Changes in the ratio of liver regeneration after
hepatectomy in the injured group and the normal
group

decreasing. Serum LDL in the injured group was
significantly higher compared with the normal
group throughout the experimental period (p =
0.004, ANOVA) (Fig. 7).

3) LR m-RNA expression level of liver tissue

LR m-RNA expression level of liver tissue ele-
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Fig. 11 Changes in the mitotic index after hepatec-
tomy in the injured group and the normal group

vated from day 1, and on day 3 reached the maxi-
mum level of 506.10 + 142.7 X 10°/ copy /ml, which
was significantly different from the normal group
(p=10.004, MWU test). The normal group did not
show any marked changes. The LR m-RNA expres-
sion level of liver tissue in the injured group was
significantly higher compared with the normal
group throughout the experimental period (p<
0.0001, ANOVA) (Fig. 8).

4) HMG-CoA reductase activity of liver tissue

HMG-CoA reductase activity of liver tissue in
both groups reached the maximum level on day 1,
and thereafter lowered. HMG-CoA reductase activ-
ity of liver tissue in the injured group was higher
compared with the normal group throughout the
experimental period, and showed a significant dif-
ference on day 7 (p=0.01, MWU test) (Fig. 9).

4. Profile of liver regeneration capacity after
hepatectomy

1) Ratio of liver regeneration

Ratio of liver regeneration gradually increased in
both injured and normal groups. Ratio of liver re-
generation in the injured group maintained a lower
level compared with the normal group throughout
the experimental period, and showed a significant
difference on day 7 (p=0.004, MWU test) (Fig. 10).

2) Mitotic index

Mitotic index in both the groups reached the
maximum level on day 3, and thereafter decreased.
Mitotic index in the injured group maintained a
lower level compared with’ the normal group
throughout the experimental period, and showed a
significant difference on day 3 shoWing the maxi-
mum level (p=0.03, MWU test) (Fig. 11).

Discussion

One of the factors involved in liver regeneration
is lipid metabolism, particularly cholesterol in the
liver, needed for the synthesis and maintenance of

919 The authors paid attention to

cell membranes
this lipid metabolism as a cause to delay liver regen-
eration in obstructive jaundice after biliary drain-
age. In lipid metabolism, it has been reported that
7o-hydroxylase, a synthase of bile acid, and HMG-
CoA reductase activity, a rate-limiting enzyme of
the de novo synthesis of cholesterol, were stimulated
in obstructive jaundice®, and both the LR m-RNA
expression level and HMG-CoA reductase activity
were stimulated in the regeneration of normal

920 The authors had previously investigated

liver
the changes in lipid metabolism induced by obstruc-
tive jaundice after biliary drainage” . Based on
these findings, we examined, in the experimental
model, how lipid metabolism was involved in the
clinically important liver regeneration in obstruc-
tive jaundice after biliary drainage.

In the experimental model of a rat whose bile
duct was ligated, it was reported that blood flow in
the hepatic tissue lowered from after 1 week. More-
over, there was a marked decrease of hepatic blood
flow even after biliary drainage when the jaundice
continued for 2 weeks or longer, and energy me-
tabolism did not improve®. In the present experi-
ment, the period of jaundice was selected for 1
week that might improve hepatic tissue blood flow
and hepatic energy metabolism, and a 70%-partial
hepatectomy was performed after confirming that
serum T-bil was normalized after 1 week post-
biliary drainage.

In a profile of the changes in liver function after
hepatectomy, serum AST and ALT did not show
statistical differences between the injured and nor-
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mal groups, while serum T-bil in the injured group
increased significantly, and jaundice persisted
longer compared with the normal group. These re-
sults suggested that recovery of the capacity of bili-
ary bilirubin excretion delayed in the liver with ob-
structive jaundice even if the liver function was
normalized after biliary drainage.

In lipid metabolism, in regard to serum T-chol,
there was no statistical difference between the
groups. However, LDL in the injured group was al-
ready higher prior to hepatectomy compared with
the normal group, and it remained constant at a
higher level even after AST and ALT were normal-
ized. This LDL binds with LR as described below
and is taken into hepatic cells where cholesterol is
synthesized. In the injured group, a metabolic disor-
der associated with cholesterol was apparent even
after liver function was normalized.

Cholesterol metabolism involves a variety of fac-
tors including food intake, fecal excretion, the
amount of biosynthesized cholesterol in the liver,
excretion from the liver and bile, or into the blood,
and peripheral utilization®?.

In the present study, we focused on lipid metabo-
lism in liver regeneration in obstructive jaundice af-
ter biliary drainage, particularly hepatic cholesterol
synthesis, and measured the LR m-RNA expression
level and HMG-CoA reductase activity in the liver
tissue. In the injured group, the LR m-RNA expres-
sion level and HMG-CoA reductase activity reached
their maximum levels after 3 days and 1 day of
post-hepatectomy, respectively, and maintained at
higher levels throughout the experimental period
compared with the normal group. On the other
hand, LR m-RNA expression level in the normal
group did not show marked changes, however,
HMG-CoA reductase activity showed the maximum
level 1 day after the hepatectomy. Considering LDL
was at a high level in the injured group, uptake and
synthesis of cholesterol in the liver appears to have
been stimulated from the early stage of the post-
hepatectomy.

In general, a feedback mechanism exists between
the LR expression and HMG-CoA reductase activ-
ity, and cholesterol synthesis in the liver is con-
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trolled by both of them'. The levels in the injured
group were higher compared with those in the nor-
mal group, which suggest a high demand of choles-
terol in the liver.

In regeneration of normal liver, content of choles-
terol in liver tissue increased"”, and both the LR m-
RNA expression level and HMG-CoA reductase ac-
tivity were stimulated”® . Most of these increased
cholesterol were utilized for the formation of regen-
erating hepatic cell membranes®. Hepatic cell pro-
liferation has been reported starting within 12
hours of a partial hepatectomy in rats®? . Consider-
ing these findings, liver regeneration might be
closely related to the demand of cholesterol. In par-
ticular, cholesterol synthesis in liver regeneration in
the injured group was not damaged compared with
the normal group, and if anything, it was much
more stimulated in the injured group, so that the
status of liver regeneration was better compared
with the normal group.

However, ratios of liver regeneration and mitotic
index were at lower levels in the injured group, and
the liver regeneration corresponding to cholesterol
synthesis was not observed. That is, recovery of
liver regeneration capacity was insufficient in the ‘
injured group even if serum AST, ALT and pa-
rameters of liver function were normalized after
biliary drainage.

In conclusion, liver regeneration after hepatec-
tomy in obstructive jaundice after biliary drainage
was delayed compared with that of a resected nor-
mal liver. In the injured liver, however, lipid me-
tabolism greatly contributed to the rapid synthesis
of cholesterol necessary for the formation of hepatic
cell membranes in liver regeneration. However, the
synthesized cholesterol was not utilized for the syn-
thesis of hepatic cell membranes, consequently liver
regeneration was delayed in the injured liver,
which suggests potential damage in these proc-
esses. Future studies would warrant the clarifica-
tion of why the cholesterol synthesized in the liver
was not used for cell membrane synthesis, as well
as the molecular mechanism of lipid metabolism
and liver regeneration, particularly the relation to
the hepatocyte growth factor.

—121—



32

1

2)

3)

4)

5)

7)

8)

9

10)

11)

12)

13)

14)

References

Koyama K, Takagi Y, Ito K et al: Experimental
and clinical studies on the effect of biliary drainage
in obstructive jaundice. Am ] Surg 142: 293-299,
1981

Nagino M, Hayakawa N, Nimura Y et al: Percuta-
neous transhepatic biliary drainage in patients with
malignant biliary obstruction of the hepatic conflu-
ence. Hepatogastroenterology 39: 296-300, 1992
Takada T: Is preoperative biliary drainage neces-
sary according to evidence-based medicine? J He-
patobiliary Pancreat Surg 8: 58-64, 2001

Nagino M, Tanaka M, Nishikimi M et al: Stimu-
lated rat liver mitochondrial biogenesis after partial
hepatectomy. Cancer Res 49: 4913-4918, 1989
Nishiura S, Koga A, Yanagisawa J et al: Effect of
bile duct obstruction and decompression on hepatic
microsomal mixed function oxidase system in rats.
Exp Mol Pathol 49: 62-74, 19838

Nagino M, Nimura Y, Yamamoto H et al: Insulin
metabolism after relief of obstructive jaundice: In-
travenous glucose tolerance test with portal blood
sampling. Surgery 119: 445-451, 1996

Zetterstrom R, Ernster L: Bilirubin, an uncoupler
of oxidative phosphorylation in isolated mitochon-
doria. Nature 178; 1335-1337, 1956

Kamiyama Y, Takeda H, Ohshita M et al: Hepatic
metabolic changes following energy deprivation by
ammonia in patients and rabbits with jaundice.
Surg Gynecol Obstet 145: 33-40, 1977

Field FJ, Mathur SN, Labrecque DR et al: Choles-
terol metabolism in regenerating liver of the rat.
Am ] Physiol 249: 679-684, 1985

Takeuchi N, Katayama Y, Matsumiya K et al:
Feed-back control of cholesterol synthesis in par-
tially hepatectomized rats. Biochim Biophys Acta
450: 57-68, 1976

Higgins GM, Anderson RM: Experimental pathol-
ogy of liver. Arch Pathol 12: 186-202, 1931
Balasubramaniam S, Szanto A, Roach PD: Circa-
dian rhythm in hepatic low-density-lipoprotein
(LDL) -receptor expression and plasma LD levels.
Biochem J 298 (Pt 1): 39-43, 1994

Brown MS, Goldstein JL: How LDL receptors in-
fluence cholesterol and atherosclerosis. Sci Am 241:
52-60, 1984

Trentalance A, Leoni S, Mangiantini MT et al:
Regulation of 3-hydroxy-3-methylglutaryl-coenzyme

—122—

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

A reductase and cholesterol synthesis and esterifi-
cation during the first cell cycle of liver regenera-
tion. Biochim Biophys Acta 794: 142-151, 1984

Lee LY, Mohler WA, Schafer BL et al: Nucleotide
sequence of the rat low density lipoprotein recep-
tor cDNA. Nucleic Acids Res 17: 1259-1260, 1989
Reinholz MM, Iturria SJ, Ingle JN et al: Differen-
tial gene expression of TGF-beta family members
and osteopontin in breast tumor tissue: analysis by
real-time quantitative PCR. Breast Cancer Res
Treat 74: 255-269, 2002

Kuroda M, Endo A: Inhibition of in vitro choles-
terol synthesis by fatty acids. Biochim Biophys
Acta 486: 70-81, 1977

Nagata Y, Hidaka Y, Ishida F: Effect of simvasta-
tin (MK-733) on the regulation of cholesterol syn-
thesis in HepG2 cells. Biochem Pharmacol 40: 843—
850, 1990

Korenaga D, Saito A, Baba H et al: Cytopho-
tometrically determined DNA content, mitotic ac-
tivity, and lymph node metastasis in clinical gastric
cancer. Surgery 107: 262-267, 1990

Dueland S, Reichen J, Everson GT et al: Regula-
tion of cholesterol and bile acid homeostasis in bile-
obstructed rats. Biochem J 280: 373-377, 1991
Yamamoto K, Fukushima N, Ozaki I et al: LDL-
receptor mRNA expression in liver regeneration
after partial hepatectomy. Gastroenterol Jpn 25:
274, 1990

Tsuchiya A, Haga S, Watanabe O et al: Experi-
mental study on lipid and bilirubin metabolism af-
ter biliary drainage for obstructive jaundice. J Surg
Res 96: 50-55, 2001

Takada T, Yasuda H, Yamakawa Y et al: Influ-
ence of endotoxemia on hepatic energy metabolism
in rats with obstructive jaundice. Hepatogastroen-
terology 43: 914-918, 1996

Lichtenstein AH: Intestinal cholesterol metabolism.
Ann Med 22: 49-52, 1990

Yamamoto K, Fukushima N, Yanagida T et ak
Lipid and lipoprotein metabolism in the regenerat-
ing liver. KAN + TAN - SUI 21: 1067-1071, 1990
Matsumoto K, Nakamura T: Hepatocyte growth
facter: molecular structure roles in liver regenera-
tion and other biological function. Crit Rev Oncog 3:
27-54, 1992

Michalopoulos GK, DeFrances MC: Liver regen-
eration. Science 276: 60—66, 1996



33

FAEMRERREICS (T 2 UREOFEL
—RRER# D 5 A - KR E—

REZFENKS WERSEZHE 48 G5 NIMEEEE)
miE B R kTR OB-% BN mn

%%ﬁﬁﬁ%ﬁ?%ﬁ-wﬁﬁﬁuﬂbfﬁw%%ﬁﬁ%ﬁ,ﬁ%&ﬁﬁ%%%ﬁ%ﬁottfﬁw%%mﬁ
LTOMBICHAEL 2 2IEB 2B 2. CORBAO—DI2, HEMEEDFHEEIEEST 2 L H%IT0h
. —RIZ, WHARICEMEREOGRICLELZILVATFO—L, V) VREOSRATLET S, L L, ®ER
BrEDFFIRIC BT B IFEALICOVT, 29 LARERBOED &Mt L lE . 22 CRE T, &<
CERIR LRE L 7 2 AV BE MR OB IR ER B L D & 5 12Bb 2 2 EBITRE L7, Wistar B
7 v b (10 Hifh) ICPAEMEE LR L, SEMKRE 1EBIC70% R 2T -7, HBELT, FE5v b
KﬁUﬁ&fW%ﬁ%%%Mﬁt.H@%ﬁﬁi@%%%L3,&755K9yb%%%%é%,Tﬁ%%;
DRML,H%%@%Eﬁﬁwﬁﬁ%&%Lt.it%ﬁ%éﬁmb,ﬂﬁé%&ﬁﬁéuﬁ%&ﬂﬁﬁmﬁw
2IAVATH=VIRYALBES L OERELHIE L. #ERE LCOREERE T, RERBRIZL Y ANITF0
%%%u@@bféﬁﬁﬁﬁwﬁguéﬂ?é,@%%ﬁﬁﬁ%%%@ﬁw%fu,Eﬁﬁ@ﬂﬂ%Kmeﬁ
BAEBIES S, OFBEOBEZ RERFOE,OALE, 29 LZFHTIR, FEEOOIILELITL X
TUH—VEERIZEFRENTVIEY, ZOIVAFO—VAHRBESRICHARShTWAY, 4 S e
Lol MRS ZVERBAHTH L2, O &edb s LFRICBT 2 I8ERHOBESFFEA % BT

SEL—HWEEZZONL., G581, ZOMEINEVEROREHPEELE 2 TW5,

—123—



