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Abstract
A number of mechanisms participate in the hepatic injury that occurs during and following liver
transplantation. A normal allograft regenerative response is probably essential for a successful
transplant outcome. In this study, the effect of cyclosporine, a potent immunosuppressant used
routinely after liver transplantation, on the regenerative response of the liver after partial
hepatectomy was investigated. Male Wistar rats were pretreated for one week with either
cyclosporine or the olive oil vehicle and were subjected to either a two-thirds partial hepatectomy
or a sham operation. Animals were sacrificed at various times postoperatively and the remnant
livers were weighed to determine the liver weight to body weight ratio, two biochemical measures
of a regenerative response (cytosolic ornithine decarboxylase activity and thymidine kinase
activity), and the hepatic content of estrogen and androgen receptors, as the content of these
receptors has been shown to modulate, at least in part, the subsequent hepatic regenerative
response. The preoperative hepatic cytosol content of ornithine decarboxylase, thymidine kinase,
and estrogen receptor was significantly greater (P < 0.05) in rats pretreated with cyclosporine than
in those treated with the vehicle alone. A significant increase in ornithine decarboxylase and
thymidine kinase activities occurred after partial hepatectomy in both the cyclosporine-pretreated
and vehicle-pretreated animals. The absolute levels for each parameter were also greater in the
cyclosporine-treated animals than in the vehicle-treated controls at 24 hr after partial hepatectomy
(P < 0.05). The pattern of change in the hepatic cytosolic content of estrogen and androgen
receptors in both groups of animals was comparable with those described previously for
regenerating liver. These data suggest that cyclosporine may predispose the liver to respond to
either a regenerative signal or perceived need and thereby fortuitously enhance liver graft
performance after successful surgical implantation.
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The capacity of the liver to regenerate in response to an injury has been well documented
(1,2). In recent years, transplantation of the liver has become an established treatment for
individuals with end-stage liver disease (3,4). During transplantation, the liver graft is
subjected to a variety of potential hepatic injuries including ischemic injury associated with
organ harvesting and the obligate storage prior to revascularization, reperfusion injury
following revascularization, immunological attack mounted by the immune system of the
recipient, and, not infrequently, by postoperative bacterial, fungal, and viral infection.

© 1989 Plenum Publishing Corporation
Address for reprint requests: Dr. David H. Van Thiel, 1000J Scaife Hall, DeSoto & Terrace Street, Pittsburgh, Pennsylvania 15261.

NIH Public Access
Author Manuscript
Dig Dis Sci. Author manuscript; available in PMC 2011 January 20.

Published in final edited form as:
Dig Dis Sci. 1990 March ; 35(3): 392–398.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Furthermore, several of the drugs used following transplantation, particularly cyclosporine,
are known to be hepatotoxic (5,6).

It is conceivable that the hepatic toxicity of cyclosporine might either enhance or impair
hepatic regeneration following liver transplantation and thereby affect transplant results. To
investigate this important clinical question, the following studies were performed.

MATERIALS AND METHODS
Animals and Chemicals

Adult male inbred Wistar rats weighing 250–300 g were purchased from Harlan Sprague
Dawley (Indianapolis, Indiana). New England Nuclear (Boston, Massachusetts) was the
source for the [14C]ornithine (57.6 mCi/mmol), [3H]estradiol (99 Ci/mmol), [3H]R1881 (87
Ci/mmol), and unlabeled R1881. Tritiated thymidine (5 Ci/mmol) and ACS scintillation
fluid were obtained from Amersham (Arlington Heights, Illinois). Absolute ethanol and
DEAE-cellulose paper were purchased from U.S. Industrial Chemicals Company (Tuscola,
Illinois) and BioRad (Richmond, California), respectively. Sigma Chemical Company (St.
Louis, Missouri) was the source for the unlabeled ornithine, pyridoxal phosphate, Tris base,
adenosine triphosphate, diethylstilbestrol, sodium molybdate, nicotinamide adenine
dinucleotide, calf thymus DNA, and bovine serum albumin. All other chemicals were
obtained from Fisher Chemical Company (Pittsburgh, Pennsylvania).

Surgical Procedures
The rats were assigned randomly to three groups and treated as follows: the rats in group I
received cyclosporine in olive oil 25 mg/kg orally for seven days and on the eighth day,
immediately after an intravenous bolus injection of cyclosporine in saline (5 mg/kg), were
subjected to a standard two-thirds partial hepatectomy (7); The rats in group II were given
the olive oil vehicle orally for seven days and on the eighth day, immediately after an
intravenous injection of saline, were subjected to a standard two-thirds partial hepatectomy.
The rats in group III received cyclosporine in the same treatment schedule as group I but
were subjected to a sham operation on the eighth day rather than a two-thirds hepatectomy.

All surgical procedures were performed between 9:00 and 11:00 AM, using light ether
anesthesia to eliminate the effects of any diurnal rhythms on the results (8).

At various times up to 72 hr after partial hepatectomy and sham operation, animals were
anesthetized with ether and weighed. Blood was drawn from the abdominal aorta and the
remnant liver was 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 mM Tris
HCl (pH 7.4) using a Brinkman Polytron homogenizer. Hepatic cytosol was prepared by
centrifugation at 103,000g for 1 hr at 4° C. All cytosolic enzyme assays were performed
immediately after preparation of the cytosol.

Ornithine Decarboxylase Activity
The amount of 14CO2 released from labeled ornithine incubated with rat liver cytosol was
used to determine the ornithine decarboxylase activity (9). In brief, 0.4 ml cytosol was
preincubated for 5 min at 37° C with a mixture containing 0.2 mM pyridoxal phosphate, 5
mM dithiothreitol, 1.5 mM l-ornithine in 10 mM Tris HCl (pH 8.0). Thereafter 0.5 μCi,
[1-14C]-dl-ornithine was added to the mixture and 250 μl of ethanolamine–ethylene glycol
(2:1) was placed in a center well to act as a CO2 trap. The mixture was allowed to incubate
for 1 hr at 37° C, and then the reaction was terminated by the addition of 0.1 ml saturated
trichloracetic acid solution. After maintaining the reaction mixture at 37° C for an additional
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hour, the CO2 trapping solution was removed and placed into a glass scintillation vial
containing 10 ml ACS scintillation fluid. A Packard Tri-Carb 460 CD liquid scintillation
system (Downers Grove, Illinois) was used to measure the radioactivity present in the vial.

Thymidine Kinase Activity
The in vitro conversion of thymidine to thymidine phosphate by rat liver cytosol was used to
determine the level of thymidine kinase activity (10): The reaction mixture was made up by
0.1 ml cytosol, 850 μl of incubation buffer consisting of 5 mM adenosine triphosphate and
3.6 mM MgCl2 in 50 mM Tris HCl (pH 8.0), and 50 μl 1μM [3H]thymidine. The reaction
was allowed to proceed for 10 min at 37° C and terminated by immersion in boiling water
for 2 min. Denatured protein was removed by centrifugation at 1500g for 5 min at 4° C. A
0.l-ml aliquot of the supernatant was spotted on a square of DEAE-cellulose paper. The
paper squares were washed in 1 mM ammonium formate for 5 min, followed by distilled
water for 3 min and placed in glass scintillation vials. A 0.1 M HCl–0.2 M KCl mixture was
added to elute the radioactivity into solution. Fifteen minutes later, 10 ml ACS scintillation
fluid was added to each vial and the radioactivity present in the vial was counted in a
Packard Tri-Carb 460 CD liquid scintillation system (Downers Grove, Illinois).

Estrogen and Androgen Receptor Content of Hepatic Cytosol
Cytosolic estrogen receptor content was determined by measuring the specific binding of a
saturating concentration of [3H]estradiol (11). The estrogen receptors in hepatic cytosol
were stabilized by diluting the hepatic cytosol 1:1 with buffer consisting of 4 mM sodium
molybdate, 1.5 mM EDTA, and 10 mM Tris HCl (pH 7.4). Total binding of the
[3H]estradiol was measured by adding 24 μl 30 mM [3H]estradiol and 25 μl ethanol to 200
μl of the diluted cytosol. Parallel assays in which the ethanol was replaced with 25 μl 3μM
unlabeled DES dissolved in ethanol were used to determine the nonspecific binding. After
an incubation period of 2 hr at 4° C, the reaction was terminated by the addition of 0.4 ml
1% dextrancoated charcoal to remove unbound estradiol. The mixture was centrifuged at
1500g for 5 min at 4° C, and the supernatant carefully transferred to a scintillation vial
containing 8 ml ACS scintillation fluid. Again, the radio-activity was counted in a Packard
Tri-Carb 460 CD liquid scintillation system (Downers Grove, Illinois).

The cytosolic androgen receptor assay was similar to the one described above with minor
exceptions (12). Tritiated R1881, a synthetic androgen, was used as the labeled steroid to
determine the total binding and unlabeled R1881 was used to determine nonspecific binding.
Binding of R1881 to glucocorticoid receptors was blocked by adding 5 μM triamcinolone
acetonide overnight at 4° C. The reaction was terminated by the addition of 0.4 ml 1%
dextran-coated charcoal. The mixture was centrifuged at 1500g for 5 min at 4° C. Thereafter
the supernatant was placed in a scintillation vial with 8 ml ACS scintillation fluid and the
radioactivity was counted as described above.

Miscellaneous Methods
The cytosolic protein concentration was determined using the method of Lowry et al (13),
with bovine serum albumin as the standard. Serum measures of liver injury were determined
using a Random Access Chemistry Analyzer (Technicon RA 500).

All results are presented as mean values ± SEM. Statistical analysis of the data was
performed using the Student’s t test. A P value of < 0.05 was considered to represent a
significant difference.
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RESULTS
The liver injury parameters (Figure 1) assessed in the animals studied were similar
regardless of their preoperative therapy. A significant increase in serum AST levels occurred
with the hepatic injury associated with partial hepatectomy in both operated groups. A small,
but nonetheless significant, increase in serum AST levels also occurred after the sham
operation. Interestingly, the hepatic injury experienced, as determined by AST levels after
partial hepatectomy, was less in the rats pretreated with cyclosporine than it was in the
vehicle-treated controls.

The rate of hepatic growth after partial hepatectomy in cyclosporine- and vehicle-treated
animals and after a sham operation is shown in Figure 2. The liver weight to body weight
(LW/BW) ratio remained unchanged after the sham operation despite cyclosporine
treatment. There was a steady increase in the LW/BW ratio in the animals receiving a two-
thirds hepatectomy between 6 and 72 hr after the surgical procedure. At 72 hr after partial
hepatectomy, the LW/BW ratios in the cyclosporine-treated rats were similar to those of the
unoperated controls, whereas the LW/BW ratios in the vehicle-treated animals were still
reduced significantly (P < 0.05) as compared to the unoperated control animals. Thus the
LW/BW ratios at 72 hr after partial hepatectomy in cyclosporine-treated rats were greater
than those of the vehicle-treated animals.

As shown in Figure 3, treatment with cyclosporine resulted in a significantly higher
preoperative level of ornithine decarboxylase activity in the liver (P < 0.01) compared to
that present in the vehicle treated animals. Moreover, at 6 hr following a two-thirds
hepatectomy, hepatic levels of ornithine decarboxylase activity were elevated significantly
in all three groups compared to their respective preoperative levels (P < 0.01). Importantly,
the activity level was greatest in the rats treated with cyclosporine that were subjected to a
partial hepatectomy. The hepatic ornithine decarboxylase activity returned to basal
preoperative levels at 24 hr in the rats subjected to a sham hepatectomy but remained
elevated (P < 0.05) in both groups experiencing a two-thirds partial hepatectomy; again, the
ODC activity was greater in the rats treated with cyclosporine than in the animals receiving
the vehicle, although both groups experienced an identical two-thirds partial hepatectomy.

The levels of thymidine kinase activity within the hepatic cytosol of the groups of animals
across time are shown in Figure 4. Preoperative levels of hepatic thymidine kinase activity
were significantly greater in the rats pretreated with cyclosporine (P < 0.01) than in vehicle-
treated controls. Hepatic thymidine kinase activity was lower in the sham-operated animals
at 24 hr (P < 0.05) than it was in the same animals preoperatively. A significant increase in
thymidine kinase activity occurred at 24 hr in both groups of animals receiving a two-thirds
partial hepatectomy, with the levels being greater (P < 0.05) in the rats pretreated with
cyclosporine than in the vehicle-treated controls. An increase in hepatic thymidine kinase
activity was seen at 48 and 72 hr after the sham operation with the levels at 72 hr being
significantly greater than the preoperative levels in the vehicle-treated animals (both P <
0.05). In both groups of animals subjected to a two-thirds partial hepatectomy, hepatic
thymidine kinase activity remained elevated at 48 and 72 hr with levels being greater (P <
0.05) in the rats pretreated with cyclosporine (group I).

As presented in Figure 5, the preoperative basal hepatic estrogen receptor content was
greater in the two groups of rats pretreated with cyclosporine (P < 0.01) as compared to the
vehicle-treated animals. A significant reduction in hepatic cytosolic estrogen receptor
content occurred at 6 hr in all three groups of animals with the reduction being in the range
of 20–50%. Thereafter, a steady decline in hepatic cytosolic estrogen receptor content
occurred in the sham-operated cyclosporine-treated animals with the levels at 72 hr being

KAHN et al. Page 4

Dig Dis Sci. Author manuscript; available in PMC 2011 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



approximately half the preoperative levels in the same group. The hepatic estrogen receptor
content of the cytosol in this group, however, was significantly greater (P < 0.05) than that
present in the vehicle-treated animals receiving a two-thirds partial hepatectomy. In contrast,
the cytosolic content of estrogen receptor after partial hepatectomy in the cyclosporine-
treated rats decreased to approximately one quarter of the preoperative levels at 24 hr, then
rapidly increased and returned almost to the preoperative levels by 72 hr. A similar initial
reduction in the cytosolic estrogen receptor content at 6 hr after partial hepatectomy was
seen in the vehicle-treated rats. Moreover the cytosolic estrogen receptor content increased
rapidly thereafter and was back to preoperative levels by 72 hr after the partial hepatectomy.

The preoperative hepatic cytosolic androgen receptor content in the animals studied is
shown in Figure 6. Basal androgen receptor content was not affected by pretreatment with
either cyclosporine or the olive oil vehicle. A decline in the androgen receptor content was
observed 6 hr postoperatively in all three groups of animals studied. Thereafter, however,
the androgen receptor content remained low after the sham operation and only returned to
basal preoperative levels at 72 hr, whereas the levels in the groups undergoing a two-thirds
partial hepatectomy returned to preoperative levels between 24 and 48 hr. The androgen
receptor content was greatest at 24 and 48 hr in the rats treated with cyclosporine and
experiencing a partial hepatectomy (Figure 6).

DISCUSSION
In this study the effect of cyclosporine on the hepatic regenerative response that occurs after
partial hepatectomy was investigated. Rats were treated with either cyclosporine or the olive
oil vehicle for one week and then subjected to either a two-thirds partial hepatectomy or a
sham operation. The endpoints utilized were LW/BW ratio and the cytosolic ornithine
decarboxylase, thymidine kinase, and estrogen and androgen receptor content.

Ornithine decarboxylase activity was assessed because it is known to be the rate-limiting
enzyme in polyamine synthesis, and an increase in polyamine synthesis is a prerequisite for
cell proliferation (8,14,15). Moreover, polyamine synthesis is thought to be critical for the
initiation of hepatic regeneration following a wide variety of hepatic injuries (10).
Thymidine kinase activity was assessed because it is required for the phosphorylation of
thymidine before it is incorporated into DNA. Thus it is essential for DNA synthesis, and an
increase in its activity has been shown to occur before the initiation of hepatic regeneration
in all currently available models of hepatic regeneration (10,16-18). Both the thymidine
kinase and ornithine decarboxylase activities were significantly greater prior to partial
hepatectomy in the livers of the rats pretreated with cyclosporine. This suggests that these
animals were primed for a regenerative response. An additional significant increase in both
ornithine decarboxylase and thymidine kinase activity occurred following partial
hepatectomy in the cyclosporine-treated rats and also occurred in the vehicle-treated control
rats subjected to the same operative procedure. In contrast to what was seen in the
cyclosporine-treated animals, thymidine kinase activity in liver cytosol obtained from
vehicle-treated control animals was reduced prior to partial hepatectomy, but at 6 hr and at
24 hr after partial hepatectomy increased significantly. After partial hepatectomy, the
increase in thymidine kinase activity in hepatic cytosol occurred faster and to a greater
extent in the animals pretreated with cyclosporine.

The liver weight to body weight ratio at 72 hr after partial hepatectomy, the ultimate
measure of hepatic regeneration, was greater in the rats pretreated with cyclosporine than in
those receiving the vehicle (Figure 2). Thus, using several different indices of hepatic
regeneration, a greater regenerative response was seen after a two-thirds partial hepatectomy
in rats pretreated with cyclosporine than in vehicle-treated controls.
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Interestingly, a significant increase in hepatic ornithine decarboxylase activity was noted at
6 hr in the cyclosporine-treated rats after the sham operation. Similarly, the hepatic
thymidine kinase activity in rats pretreated with cyclosporine and subjected a sham
operation was increased significantly above preoperative levels in the same animals. These
data suggest that cyclosporine treatment primes the liver for a regenerative response, but, in
the absence of an injury, no regeneration occurs. Thus, the liver weight to body weight ratios
remained unchanged after the sham operation despite cyclosporine pretreatment.

Taken together, the data presented are consistent with an increased hepatic regenerative
response after partial hepatectomy in rats treated with cyclosporine. Cyclosporine is well
known to have hepatotoxic potential (5,6), and this untoward action of the drug may account
for the enhanced regenerative response seen after partial hepatectomy in cyclosporine-
treated animals. The regenerative priming seen in cyclosporine-treated and sham-operated
animals probably reflects the low-level hepatic injury associated with cyclosporine treatment
per se. Since the preoperative liver injury measures assessed in the rats studied that were
pretreated with cyclosporine were similar to those of vehicle-treated animals, the hepatic
injury produced by cyclosporine treatment alone was probably inadequate to initiate an overt
regenerative response, despite adequate regenerative priming. In this regard, it should be
noted that the hepatic injury induced by cyclosporine, at the doses used in these experiments
and clinically, may be subclinical and therefore not sufficient to be detected by routine liver
injury parameters and inadequate to initiate a “primed” regenerative response.

Previous studies have shown that hepatic regeneration in male rats is associated with a loss
of certain male-specific hepatic characteristics (12). Moreover, serum estradiol and total
hepatic estrogen receptor levels increase while serum testosterone and hepatic androgen
receptor levels decrease following a partial hepatectomy (19). During regeneration, the total
hepatic estrogen receptor level increases, whereas the cytosolic estrogen receptor content
actually decreases as the receptors shift from the cytosol to the nucleus. This movement of
the estrogen receptor to the nucleus is thought to play a critical role in the initiation of the
hepatic regenerative response (19). The cytosolic estrogen receptor content in rats treated
with cyclosporine was greater than that of the vehicle-treated controls. Nonetheless, the
pattern of the estrogen receptor changes seen after partial hepatectomy in both groups
(cyclosporine-treated and vehicle-treated animals undergoing partial hepatectomy) was
compatible with those described previously in untreated animals (19). The shift of one
estrogen receptor from the hepatic cytosol to the nucleus in the cyclosporine-treated animals
might account, at least in part, for the greater regenerative response seen after partial
hepatectomy as evidenced by the increased levels of ornithine decarboxylase and thymidine
kinase activity present in the cytosol of the cyclosporine-treated animals.

The preoperative levels of androgen receptor content in the livers of the cyclosporine- and
vehicle-treated rats were similar. Moreover, the cytosolic content of the androgen receptor
measured after partial hepatectomy and sham operation were compatible with those
described previously (19). This observation suggests that the hepatic control of estrogen
receptor, but not the androgen receptor, is important for the regenerative process.

Various mechanisms for hepatic injury occur with liver transplantation and include
ischemia, rejection, infection, and drug toxicity. In the majority of patients, the sum of these
hepatic injuries is minor. However, it can be severe in some cases. The capacity of the liver
to regenerate after such injuries may be crucial for a successful transplant outcome. With
this in mind, it is important to know how cyclosporine, a potent immunosuppressive agent
used routinely following liver transplantation, might affect the regenerative response of the
liver. The present studies address this important issue and suggest that cyclosporine,
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probably acting as an intrinsic hepatotoxin, primes the regenerative response and thereby
enhances posttransplantation hepatic regenerative capacity.

Because of the critical shortage of suitable pediatric liver donors, some transplant centers
have resorted to using partially hepatectomized adult liver grafts in children (20). A normal
or enhanced regenerative response following transplantation of a reduced-size adult liver
graft placed into a child is particularly critical for a successful outcome in such cases. The
present observations appear applicable to these cases (21).
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Fig 1.
Serum AST levels after sham operation (group III) and after partial hepatectomy in
cyclosporine- (group I) and vehicle- (group II) treated rats. Mean ± SEM (N = 4–8 animals
per group).
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Fig 2.
The changes in liver weight to body weight ratio after sham operation (group III) and after
partial hepatectomy in cyclosporine- (group I) and vehicle- (group II) treated rats. Mean ±
SEM (N = 4–8 animals per group).
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Fig 3.
Ornithine decarboxylase (cpm/mg protein) after sham operation (group III) and after partial
hepatectomy in cyclosporine- (group I) and vehicle- (group II) treated rats. Mean ± SEM (N
= 4–8 animals per group).
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Fig 4.
Thymidine kinase activity (dpm/mg protein) after sham operation (group III) and after
partial hepatectomy in cyclosporine- (group I) and vehicle- (group II) treated rats. Mean ±
SEM (N = 4–8 animals per group).
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Fig 5.
Hepatic cytosolic estrogen receptor content (fmols/mg protein) in rats subjected to sham
operation (group III) and partial hepatectomy after pretreatment with cyclosporine (group I)
and vehicle (group II). Mean ± SEM (N = 4–8 animals per group).
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Fig 6.
Hepatic cytosolic androgen receptor content (fmols/mg protein) after sham operation (group
III) and after partial hepatectomy in cyclosporine- (group I) and vehicle- (group II) treatment
rats. Mean ± SEM (N = 4–8 animals per group).
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