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Abstract To evaluate the effect of portal hypertension and diminished portal
venous blood flow to the liver on hepatic regeneration, male rats were subjected to partial portal vein ligation and subsequently to a two-thirds partial
hepatectomy. The levels ofornithine decarboxylase activity at 6 h after partial
hepatectomy were greater (p < 0.001) in the rats with prior partial portal vein
ligation than in those without portal hypertension. The rats with prior partial
portal vein ligation also had greater (p < 0.005) levels of thymidine kinase
activity at 48 h after partial hepatectomy than did those without portaL hypertension. Hepatic sex hormone receptor activity was not affected by prior partial portal vein ligation either before or after partial hepatectomy. The reductions in both estrogen and androgen receptor activity observed in the hepatic
cytosol after partial hepatectomy were similar to those observed in conlrol
animals. These data indicate that animals with portal hypertension having a
diminished hepatic portal blood flow have a normal capacity to regenerate
hepatic mass following a hepatic resection.

Keywords: hepatic regeneration, portal hypertension, cirrhosis. liver growth,
protal blood flow.

The origin and nature of the factors that control hepatic regeneration remain
unresolved. Portal blood has been shown to be hepatotrophic as compared to
peripheral blood.! However controversy continues to surround the relative importance of the qualitativ; changes (hormonal factors) and the quantitative
changes (blood flow parameters) in portal blood that occur after parti~ hepate~
tomy as they relate to the hepatic regeneration that occurs after a partIal hepatiC
Reprint requests should be sent to David H. Van Thiel, M.D.• lOOOJ Scaife Hall. University of Pittsburgh School of Medicine. Pittsburgh. PA 15261.
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resection. 1-8 The pancreatic hormones, insulin and glucagon, have been shown to
modulate, at least in part, the regenerative response that occurs after partial
hepatectomy.I-5 These data, however, do not negate an important role for hepatic
blood flow, particularly portal venous blood flow, in the regulation of hepatic
regeneration following partial hepatectomy.6-8
The role of hepatic blood flow in modulating liver regeneration was first suggested by the observation that hepatic atrophy occurs after an Eck fistula (endto-side portal caval shunt). 6This hepatic atrophy was thought to be the result of a
reduced hepatic blood flow, particularly the portal venous component of total
hepatic blood flow. However, it has been shown subsequently that animals with
an end-to-side portacaval shunt (Eck fistula) retain their capacity to regenerate
liver tissue, albeit at a reduced rate, in response to partial hepatectomy.6-8 Thus,
a reduction in portal venous inflow alone cannot explain the reduction in hepatic
mass that occurs following prolonged portal caval anastomosis (surgically induced) or shunting (spontaneous), both of which deprive the liver of its portal
venous blood inflow.
Intrinsic liver disease such as cirrhosis is frequently associated with portal
systemic shunting and a reduced hepatic, particularly portal venous, blood flow.
This reduction in portal venous flow to the liver and its shunting around the liver
are thought to be responsible, at least in part, for some of the pathophysiological
changes that are present in individuals with chronic liver disease. 9 Cirrhosis is
also associated with an increased incidence of hepatoma; furthermore, a successful outcome after a hepatic resection is unlikely in cirrhotics because of the
reduced regenerative response present in cirrhosis which may in part be due to
portal venous shunting. To investigate the effect of diminished portal blood flow,
as opposed to a total absence of portal blood flow, on the hepatic regeneration
that occurs after partial hepatectomy the following studies were performed.

Materials and Methods
Animals and Chemicals

~.

Four-week-old male inbred Wistar rats were purchased from Harlan SpragueDawley (Indianapolis, IN). Pyridoxal phosphate, unlabeled ornithine, 'Dis base,
adenosine triphosphate, diethylstilbestrol, sodium molybdate, nicotinamide
adenine dinucleotide, calf thymus DNA, and bovine serum albumin were obtained from Sigma Chemical Company (St. Louis, MO). New England Nuclear
(Boston, MA) provided the [14C]ornithine (57.6 mCilmmol), [3H]estradiol (99 CiJ
mmol), [3H]R1881 (87 Cilmmol), and unlabeled RI88!. Absolute ethanol and
DEAB-cellulose paper were purchased from U.S. Industrial Chemicals Company
(1\lscola, IL) and BioRad (Richmond, CAl, respectively. Tritiated thymidine (5
Cilmmol) and ACS scintillation fluid were obtained from Amersham (Arlington
Heights, IL). Fisher Chemical Company (Pittsburgh, PAl was the source for all
other chemicals.

I

Surgical Procedures

The rats were randomly allocated to have either a partial portal vein ligation or a
sham operation. The technique of partial portal vein ligation in the rat utilized in
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these experiments has been described previously and was performed by exposing
the portal vein via a midline abdominal incision. 10 A 20-gauge needle was held
alongside the length of the portal vein and two 3-0 silk ligatures were tied around
the needle and the portal vein. The needle was then carefully slipped out of the
ligatures allowing the portal vein to 9pen to a diameter equal to that of a 20-gauge
needle and the abdomen was closed. The sham operation consisted of a similar
operation with mobilization of but not ligation of the porta] vein.
Typically eight weeks later, animals having undergone partial portal vein ligation have a doubling of their portal venous pressure that can be measured directly
and develop major portal systemic shunts that can be demonstrated angiographically. 10
Eight weeks after partial portal vein ligation on the sham operation, both
groups of animals were subjected to a standard two-thirds partial. hepatectomy.ll
All surgical procedures were performed under light ether anesthesia between
09:00 and 11 :00 h to minimize the influence of any diurnal rhythms on the subsequent hepatic regenerative response.
At various times up to 72 h after partial hepatectomy, the animals were anesthetized with ether, weighed, and sacrificed. The remnant livers were removed,
weighed, and homogenized in four volumes of ice-cold buffer consisting of
0.25 M sucrose, 1.5 mM EDTA, 10 mM mercaptoethanol, and 10 roM'Dis-HCl
(pH 7.4) using a Brinkman Polytron homogenizer. The homogenate was centrifuged at t03,OOOg for 1 h at 4 °C and the supernatant used for all cytosolic assays.
Ornithine Decarboxylase Activity
The release of 14COZ from [14C]ornithine was used to determine the level of ornithine decarboxylase activity within the liver. 12 A O.4-mL aliquot of cytosol was
preincubated for 5 min at 37 cC with a mixture containing 0.2 mM pyridoxal
phosphate, 5 m.M dithiothreitol, and 1.5 mM L-omithine in 10 mM 'fris-HCl (pH
8.0). The reaction was started by the addition of 0.5 ""Ci CI-L-[P4C]ornithine to
the mixture and used 250 iJ.L ethanolamine/ethylene glycol (211), placed in a
center well, as a carbon dioxide trap. After sealing the assay flask, the mixture
was allowed to incubate for 1 h at 37 cC. Thereafter 0.1 mL saturated tricbloroacetic acid solution was added to the assay flask to terminate the reaction. The
reaction mixture was maintained at 37°C for an additional 1 h. The ethanolamine/ethylene glycol was removed from the center well and placed into a glass
scintillation vial containing 10 mL ACS scintillation fluid. The radioactivity in the
ethanolamine/ethylene glycol mixture was measured in a Packard 'fti-Carb 460
CD liquid scintillation system.
Thymidine Kinase Activity

Thymidine kinase activity was determined by measuring the in vitro conve~sjon
of thymidine to thymidine phosphate.I 3 A O.l-mL aliquot of cyt~s?l was mcubated for 10 min at 37 cC with 850 J.LL of incubation buffer conslstmg of 5 mM
adenosine triphosphate and 3.6 mM MgCl2 in 50 mM 1hs-HCl.(pH 8.~), and
50 IJ.L, 1 ,...M, [3H]thymidine. The reaction was terminated by Imme':'lDg ~he
assay tubes in boiling water for 2 min. The tubes were allowed to cool m an Ice
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bath and the denatured protein removed by centrifugation at !500g for 5 min at
4°C. Thereafter 0.1 mL of supernatant was spotted onto a 3 .8~cm square of
DEAE-cellulose paper and the paper washed twice with 1 mM ammonium formate for 5 min followed by distilled water for 3 min. The paper squares were
placed into glass scintillation vials and a 0.1 M HCl/0,2 M KCI mixture was added
to elute the radioactivity into solution. After 15 min. 10 mL ACS scintillation
fluid was added to each vial and the radioactivity in solution was counted in a
Packard Tri-Carb 460 CD Liquid Scintillation System (Downers Grove, IL).

Estrogen and Androgen Receptor Assays

The specific binding of a saturating concentration oflabeled estradiol was used to
determine the cytosolic estrogen receptor activity. 1.. The hepatic cytosol was diluted 1:1 with a buffer consisting of 40 mM sodium molybdate, 1.5 mM EDTA,
and 10 mM 'Iris-HCI (pH 7.4) to stabilize the estrogen receptor. To determine the
total binding of the [3H]estradiol, 200 I-'-L of the diluted cytosol was mixed with
25 f)L, 30 mM, [3H]estradiol and 25 I-'-L ethanol. To determine the nonspecific
binding, parallel assays were petformed in which the ethanol was replaced with
25 f,LL, 3 I-'-M, unlabeled DES dissolved in ethanol. The mixture was allowed to
incubate for 2 h at 4°C. The reaction was terminated by adding 0.4 mL I % dextran-coated charcoal to the mixture to remove unbound steroid and the mixture
was centrifuged at 1500g for 5 min at 4°e. The supernatant was carefully removed and placed in a scintillation vial with 8 mL ACS scintillation fluid. The
radioactivity was measured in a Packard Tri~Carb 460 CD Liquid Scintillation
System (Downers Grove, 1L).
The assay for cytosolic androgen receptor activity was similar to that described above for the estrogen receptor with minor variations. IS Total binding of
the androgen receptor was measured by adding tritiated RI88!, a synthetic androgen, and ethanol to the cytosol. Nonspecific binding was determined by
adding unlabeled RI88I to the mixture in place of the ethanol. To block the
binding of the RIBSI to glucocorticoid receptors 5 IJ.M triamcinolone acetonide
was added to each tube utilized for measurement of the androgen receptor. After
an overnight incubation at 4 °e, the reaction was terminated by adding 1% dextran-coated charcoal. The mixture was centrifuged at 1500g for 5 min at 4 °C and
the supernatant carefully transferred to a scintillation fluid. The radioactivity was
measured in a Packard 'IH-Carb 460 CD Liquid Scintillation System (Downers
Grove, IL).
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Miscellaneous Methods

Cytosolic protein concentration was determined using the method of Lowry with
bovine serum albumin being used as the standard. 16
All data are presented as mean values :!: SEM. Statistical analysis of the data
was petformed using a Student's t test. A p value of 0.05 or less was considered
to represent a significant difference.
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Results
Animals with partial portal vein ligation had a portal venous pressure of 18 ±
11.6 em saline at the time of sacrifice, while those undergoing a sham ligation had
a portal venous pressure of9.0 ± 1.2 cm saline.
The effect of partial portal vein ligation on the rate of bepatic growth after
partial hepatectomy is shown in Figure 1. The liver weightlbody weight ratios
(LW/BW) at 6 h in both groups were approximately one·third of the baseline
values, confirming that a two-thirds partial hepatectomy had indeed been per·
formed. An approximately twofold increase in the LW/BW ratio occurred between 6 and 72 h after partial hepatectomy in both groups of animals.
The baseline levels of ornithine decarboxylase activity in the livers prior to
partial hepatectomy are shown in Figure 2 and were similar in the two groups of
animals. A to-fold or greater increase in hepatic ornithine decarboxylase activity
was observed at 6 h in the animals subjected to a partial hepatectomy following a
previous sham partial portal vein ligation procedure (p < 0.001). The hepatic ornithine decarboxylase activity at 6 h in the animals with a prior partial portal vein
ligation followed by partial hepatectomy was significantly greater than that
present in the animals with sham portal vein ligation (p < 0.001). At subsequent
time points 24, 48, and 72 h after partial hepatectomy, the levels of ornithine
decarboxylase activity in both groups of animals were increased significantly (p
< 0.005) above baseline values but there were no differences between the two
groups (Fig. 2).
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Figure 2. Levels of ornithine decarboxylase activity (cpm/mg protein) in the liver after
partial hepatectomy in rats previously subjected to partial portal vein ligation and sham
operation. Mean ± SEM (n == 4-6 animals per group) (***p < 0.001).

,I

The changes in thymidine kinase activity seen after partial hepatectomy in the
two groups of animals studied are shown in Figure 3. Levels of thymidine kinase
activity in the liver at the time of partial hepatectomy were similar in the two
groups of animals studied. A significant 6- to 10-fold increase in thymidine kinase
activity (p < 0.01) was observed at 24, 48, and 72 h after partial hepatectomy in
both groupS, with the levels being significantly greater (p < 0.005) in the rats
subjected to partial portal vein ligation at the 48-h time point.
Significantly lower levels of cytosolic estrogen receptor activity were observed in the livers at 6 and 24 h after partial hepatectomy in both groups of
animals studied (p < 0.001) with the receptor activity returning to baseline levels
by 48 h (Fig. 4). The estrogen receptor activity in the hepatic cytosol before and
after partial hepatectomy in the rats with previous partial portal vein ligation was
similar to that in the control animals at each of the time points studied.
The amount of androgen receptor activity in the hepatic cytosol prior to partial hepatectomy was similar in the two groups of animals. Reduced levels of
androgen receptor activity were observed in the liver of both groups after partial
hepatectomy, with the activity being undetectable in some specimens. As was the
case with the estrogen receptor activity in the hepatic cytosol, there were no
differences in androgen receptor activity between the animals having undergone a
prior partial portal vein ligation and the sham-operated control animals after partial hepatectomy.
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Figure 3. Levels of thymidine kinase activity (dpmfmg protein) in the liver after partial
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Discussion
The results of this study reveal that partial portal vein ligation and the resultant

, in the
kinase
le two
kinase
lmy in
Ie rats

re obof
levels

JPS

re and

,n was
opareIs of
lartial
is the

re no
ooea
rpar-

portal venous shunting do not affect adversely, but actually potentiate, the hepatic regenerative response measured biochemically after partial hepatectomy in
rats. Moreover, this study confirms earlier studies that report a lower level of
estrogen receptor activity in the hepatic cytosol after partial portal vein ligation. 11
The changes in androgen receptor activity produced by partial portal vein ligation
have not been reported previously. The changes in estrogen and androgen receptor activity in hepatic cytosol observed after partial hepatectomy were qualitatively similar to those previously described in normal animalS.1S
Ornithine decarboxylase, the initial enzyme in polyamine synthesis, is induced prior to organ growth and proliferation and is considered to be essential for
re~eneration.18.19 Thymidine kinase, the enzyme that phosphorylates thymidine
p~or t? its incorporation into deoxyribonucleic acid, is also induced in proliferating tlssue20,21 and has been used widely as a biochemical index of regeneralio~. ~l Both ornithine decarboxylase activity at 6 h and hepati~ thymid~e kinase
ac~vlty at 48 h after partial hepatectomy were greater in the ammals haVIng had a
pnor partial portal vein ligation procedure than in those without ~his pr?cedure.
The results presented therefore are consistent with biochemIcal eVIdence of
~n increased hepatic regenerative response after partial hepatectomy in rats subJected to partial portal vein ligation which was not expressed as a.n ~~hanced
phenotypic regenerative response. It is possible that the minor hepatiC IIlJUr~ eXperienced as a result of a diminished portal venoUS blood flow in the rats with a
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Figure 4. Levels of estrogen receptor activity in the hepatic cytosol (fmollmg protein) after
partial hepatectomy in rats previously subjected to partial portal vein ligation and sham
operation. Mean ± SEM (n = 4-6 animals per group).

partial portal vein ligation accounted for the enhanced biochemical regenerative
response seen after partial hepatectomy. In contrast, animals with a total diversion of their portal venous blood, as occurs with an end-to-side portacaval shunt,
have been reported to have a diminished biochemical and phenotypic regenerative response after partial hepatectomy.7.s Thus, the results herein reported confIrm the presence ofhepatotrophic factors in portal venous blood and suggest that
their presence, even in amounts less than occurs with complete portal venous
flow to the liver, but more than occurs with a complete portal caval shunt, modulates the hepatic regenerative response seen after a partial hepatectomy.
Several hepatic functions have been shown to display a sexual dimorphism in
mammals. IS ,2.2 In male rats, hepatic regeneration is associated with a loss of certain male-specifIc hepatic characteristics.1.5·22 The hepatic changes seen after a
partial hepatectomy and during hepatic regeneration include an increased plasma
level of estradiol, an increased hepatic estrogen receptor activity, decreased
plasma levels of testosterone, as well as a reduced level of hepatic androgen receptor activity. IS Although the total hepatic estrogen receptor activity increases
after partial hepatectomy, cytosolic estrogen receptor activity actually decreases
as the receptors shift from the cytosolic compartment to the nucleus. IS It is believed by some that this transfer of the cytosolic estrogen receptor to the hepatic
nucleus initiates the regenerative response following a partial hepatectomy. The
results herein presented demonstrate arithmetically reduced basal levels of estrogen receptor activity in the hepatic cytosol before partial hepatectomy in rats
having experienced prior partial portal vein ligation. Moreover, the findings in the
present study are compatible with previous reports that have shown a significant
increase in estrogen receptor activity present in the nuclear compartment of the
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liver with nO change in the total level of estrogen receptor activity after partial
portal vein ligation,17 This net increase of estrogen receptor activity in the nucleuS in animals having had a prior partial portal vein ligation could account for
the greater biochemical regenerative response seen after partial hepatectomy in
the These
animalsdata
studied.
have important clinical implications. They Suggest that patients
with a diminished hepatic portal blood flow but having a normal anatomic liver
probably have a normal capacity to regenerate hepatic mass following a hepatic

resection. Such a situation might occur in patients with extrahepatic portal
who maintain some degree of portal venous blood delivery to
the liver via collaterals. In contrast, patients with chronic liver disease, who also
have spontaneous portal caval shunting, at least to some degree, who are known
10 have an impaired regenerative response to hepatic resection, probably have an
impaired regenerative response as a result of their intrinsic liver disease rather
tban a partial loss of the portal venous blood flow to the liver.

,elKlUS obstruction,

Acknowledgments
Supported by Research Grants from the Veterans Administration and Project
Grant AM 29961, from the NIDDK 32556, and from the NlAAA AA06601. D.
Kahn was supported by a grant from the Medical Research Council of South
protein) after
an and sham

'egenerative

total diver·
:aval shunt.
ic regenera·
.ported consuggest that
Irtal venous
lunt, modumy.
norphism in
loss of eerseen after a
ased plasma
I decreased
ndrogen rety increases
:y decreases
S.15 It is be-

the hepatic
lctomy. The
evels of eslomy in rats
Idings in the
a significant
:ment oftbe
I

Africa.

References
1. Stanl TE, Thrblanche J: Hepatotrophic substances. In Popper H, Schaffner F (eds):
Progress in Liver Diseases, Vol 6. New York, Grune & Stratton, 1979, pp 135-151.
2. Starzl TE, Porter KA, Putnam OW: Insulin, glucagon and the control of hepatic structure, function and capacity for regeneration. Metabolism 1976;25:14~9-1434. . .
l. Ka?n D, Van Hoom-Hickman R, Terblanche J, Child p: 'll'anshepatlc changes In msuhn and glucagon following partial hepatectomy in the pig. Surg Gynecoi Obstet
1984;158:475-581.
4. Kirsch
R, Frith L, Vinnik A, et at.: Insulin, glucagon and liver regeneration. S Afr Med
1980;58:854-856.
. MeS. JBucher
NLR, Weir GC: Insulin, glucagon. liver regeneration and DNA synthesIs.
tabolism 1976;25: 1423-1425.
6. Bollman JL: The animals with an Eck fistula. Physiol Rev 1961:45:607.
7. Fisher B, Lee SR, Fisher EL. saffer T: Liver regeneration following portacaval shunt.

a·i~~ra~:t~:i

Surgery 1962;52:88.
.
.
8. Weinbren K, Stirling GA, Washington SLA: The development of
sponse in liver parenchyma deprived of portal blood floW. BfI
:P
1972;53:54.
.
f th
ective
9. Van Thiel DH ' Oavaler IS • Cobb CF ' McClain CJ: ' An. evaluatton
rats upon 0the preodteSP.
uction 0 f
ro1es of porto systemic shunting and portal hypertenSion In
gonadal dysfunction in cirrhosis. Gastroenterology
men due in
t1on In 7CgOSl nt\
to. Van Thiel DR.
Gavaler'
JS Slone FL. et al.: Is femtnl:za
l
1980"
-7'/'
part to portal hypertension: A rat model. Gastroentero ogy r' .I Restoration of
II.
EM, Anderson RM:
patholOgy of
t;J31;12:186- 202 .
vol
11 ''''' of the white rat following portiol , ....'" ""no •.
the on",t of d,,,,,yd. McGow~ J~. Fausto A:. ornithine ~ecro:bO"yl~se act1VJ 19~8;170:120-127.
.
bonuclelc aCid synthesis III regeneratlng liver. ~Iochem . Th midine kinase: An lOext3. Kahn D, Stadler J. Terblanche J, Van Hoorn-HIckman R. y

1?~3;8~:15~-~59'hOliC

~iggins

Experiment~

N;t~ep.;I~:~i

Q

276

D. Kahn et al.

pensive index of liver regeneration in a large animal model. Gastroenterology
1980;79:907-911.
14. Eagon PK, Fisher SE, Imhoff AF, et al.: Estrogen-binding proteins of male rat liver:
Influences of hormonal changes. Arch Biochem Biophys 1980;201 :486-499.
15. Francavilla A, Eagon PK, DiLeo A, et al.: Sex hormone related functions in regenerating male rat liver. Gastroenterology 1986;91: 1263-1270.
16. Lowry OR, Rosebrough NI, Farr AL, Randall RJ: Protein measurement with the Folin
phenol reagent. J Bioi Chem 1951;193:265-275.
17. Eagon PK, Cobb CF, McGuire TF, et al.: Feminization of sexually dimorphic hepatic
function after partial portal vein ligation. Hepatology 1986;6:1219.
18. Brandt JT, Pierce DA, Fausts W: Ornithine decarboxylase activity and polyamine synthesis during kidney hypertrophy. Biochim Biophys Acta 1972;279:184-189.
19. Russell DR, Snyder SH: Amino acid synthesis in rapidly growing tissues: Ornithine
decarboxylase activity in regenerating rat liver, chick embryo and various tumors.
Proc Natl Acad Sci USA 1968;60:1420-1426.
20. Bollum FJ, Potter VR: Incorporation of thymidine into deoxyribonucleic acid by enzymes from rat tissues. J Bioi Chern 1958;233:478-482.
21. Kizer DE, Holman L: Purification and properties of thymidine kinase from regenerating rat liver. Biachim Biophys Acta 1974;35Q:193-200.
22. Eagon PK, Porter LE, Francavilla A, et al.: Estrogen and androgen receptors in liver:
Their role in liver disease and regeneration. Semin Liver Dis 1985;5:59-69.

',(J",stigalivt SU,gm·. \
;~tbc USA. All right' res.

Canine I
Followil
ROYM.]
RODNEJ
GEORGI
JERRY \
GEOFFF
SHI-KAl
Departmen

Harbor-V(
Torrance, I
Abstract
lowing b

rima COl
lIeofemc
cannula
jury by I
hydroge
daily tit
weeks (
demon.~

rent du,

10 (n =
the yes
hyde s(
arterio.

interna
eratior.
gratiot
cytes.
ace/us
sibilit)
the ca
of thil
peripr.
Keyw
elasti(
Address repri

UCLA Medical (
This manuscri
. of Surgical Resel

