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ORIGINAL ARTICLE ‘

Influence of liver transplantation
and cyclosporin on bile secretion -
an experimental study in the rat

Abstract Bile secretion is reduced
after liver transplantation. It has
been suggested that this is due either
to the effect of cyclosporin or to the
damage to the liver graft during
preservation and reperfusion. The
aim of this study was to explore the
influence of cyclosporin as well as of
liver transplantation on bile secre-
tion. Bile flow was studied in an ex-
perimental model in the rat. In syn-
geneic liver-transplanted animals,
the bile flow was increased com-
pared to the bile flow in the control
group (1.29 £ 0.09 ml/h vs

0.66 £ 0.03 ml/h; P < 0.01), mainly
due to an increased bile acid-inde-
pendent flow (0.76 ml/h vs 0.50 ml/h;
P <0.01). The findings in the liver-
transplanted rats contrasted with
those in a group of nontransplanted
animals treated with cyclosporin.
Cyclosporin treatment resulted in a
reduced bile acid-independent frac-
tion (0.37 ml/h vs 0.50 ml/h,

P < 0.05) of the bile flow, although
no biochemical signs of hepatotoxi-
city were present. This reduction in

the bile acid-independent fraction
could, however, not be demonstrat-
ed when cyclosporin was given to a
group of liver-transplanted rats, al-
though a reduced total bile flow was
recorded in the 1st hour measure-
ments. In contrast to previous stud-
ies, we found that the cyclosporin
vehicle (Cremophor EL), when ad-
ministered chronically, induced a
higher bile flow than that in the
control rats. This effect was not seen
in the transplanted rats. Our find-
ings in this experimental rat model
indicate that cyclosporin will influ-
ence and reduce bile secretion and
bile acid secretion even if no other
signs of liver dysfunction are pre-
sent. On the other hand, the preser-
vation and reperfusion in this model
resulted in an increased bile flow,
while bile acid secretion remained
constant.
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Introduction

Bile secretion is an important parameter to follow after
liver transplantation. A reduction in the bile flow can
be an early sign of graft dysfunction. In 1971, Javitt and
coworkers first reported on bile secretion after liver
transplantation [19]. The active transport of bile acids
into the bile canaliculi is the driving force behind bile se-

cretion [28]. Bile thus formed is considered to be the
bile acid-dependent flow (BADF). An excellent corre-
lation exists between bile flow and the bile salt secre-
tion rate in all mammals tested, and the different frac-
tions of bile flow can, thus, be schematically shown, as
in Fig.1. The estimated bile production at a zero bile
acid secretion rate is then considered to be the bile
acid-independent flow (BAIF) [35]. The driving force
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Fig.1 Diagrammatic presentation of the relationship between bile
flow and the bile salt secretion rate

behind the formation of the BAIF is probably the active
secretion of other osmotically active anions, such as
HCO3 ions.

Bile flow is initially depressed after transplantation,
but the bile volumes and the bile acid concentration
soon increase and reach stable levels after 2-3 weeks
[3, 8, 17, 27]. Studies of bile secretion after liver trans-
plantation have shown that the bile acid-independent
fraction of the bile flow is reduced, although liver en-
zymes are normal [14]. It has been suggested that this is
an effect of cyclosporin or a result of preservation and
reperfusion damage to the liver graft, or a combination
of both [14, 36].

Cyclosporin is metabolized and excreted by the liver
[36]. This immunosuppressive drug has a narrow thera-
peutic range and has a major side effect in the form of
hepatotoxicity. Cholestasis has been reported after
transplantation of different organs [5], and although
this effect of cyclosporin has been less prominent in lat-
ter years, an effect on bile secretion after liver transplan-
tation is probable, even if no other evident signs of he-
patotoxicity can be seen. The vehicle for cyclosporin
(Cremophor EL) has been shown to have an acute cho-
lestatic effect in the rat, although the cholestatic effect
of cyclosporin remained when the vehicle was removed
[24]. The effect of chronic administration of the vehicle
has previously not been tested.

The aim of the present study was to further explore
the influence of cyclosporin and of orthotopic liver
transplantation on the bile formation process using an
experimental model in the rat.

Materials and methods

Chemicals and drugs

Sodium taurocholate (grade I, 99 % pure) was obtained from Sig-
ma Chemicals (St. Louis, Mo., USA). Cyclosporin (Sandimmun}
and the vehicle (Cremophor EL), were obtained from Sandoz
(Basel, Switzerland). Belzer University of Wisconsin (UW) solu-
tion was purchased from Dupont Pharma (The Netherlands) and
buprenorphine from Reckitt & Colman, (Hull, UK).

Animals

Female Wistar-Furth rats weighing 201 £ 2.4 g (range 140-248 g)
were used. The weights were recorded on the day of the bile secre-
tion experiment. The liver-transplanted rats’ average body weight
was slightly higher (209 = 4.0 g) than that of the nontransplanted
rats (195.5+2.9 g). Animals were kept under controlled condi-
tions at a constant temperature and were maintained on a normal
day and night cycle. All rats had free access to tap water and pel-
lets ad libitum. Female Wistar-Furth rats weighing around 200 g
were used as donors.

Liver transplantation procedure

Ether was used for induction and maintenance of anesthesia in do-
nor and recipient animals. Apart from atropine (0.1 mg/100 g body
weight) for premedication and buprenorphine, given as a postop-
erative analgesic, no other drugs were used. No fluid, heparin, or
antibiotics were administered.

The technique of orthotopic liver transplantation in the rat
without rearterialization used in this study is described in detail in
a previous paper [31]. Briefly, the vascular anastomosis was per-
formed with a running suture technique. The donor liver was per-
fused in situ under low pressure through the portal vein with 5 ml
UW solution and then excised. The preserved livers were stored
in UW solution at 4°C and the preservation time did not exceed
45 min. The donor liver was positioned orthotopically in the ab-
dominal cavity. The suprahepatic caval vein and the portal vein
were anastomosed with a running suture. Blood flow was re-
stored. The anhepatic time was less than 20 min in all cases. The
infrahepatic caval vein was then anastomosed with a running su-
ture. Finally, the bile duct anastomosis was performed with a poly-
ethylene tube (PE 25) as a splint in the bile duct. All transplanta-
tions were syngeneic in this study.

This model has proved reliable and scientifically acceptable for
many types of biochemical and immunological studies of ortho-
topic liver transplantation {10, 20, 38].

Experimental design

Thirty syngeneic rat liver transplantations (LTx) were included in
this study. They were assigned to three groups:
1. The LTx group (n = 14) did not receive any drugs and the effect
of preservation and reperfusion on bile formation was studied.
2. The LTx CyA group (n = 8) was treated with cyclosporin after
the transplantation.
3. The LTx vehicle group (n = 8) was treated with the cyclosporin
vehicle (Cremophor EL) after the transplanation.

Another set of 41 nontransplanted rats were divided into four
groups:
1. The control group (n = 11) did not receive any drugs and served
as a reference group.
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Table 1 Liver enzymes and bilirubin on the day of the bile secre-
tion studies

Group S-bilirubin S-AST S-ALT
(umol/1) (ucat/l) (ucat/l)
Control 93108 3208 1.7£04
LTx 122+1.8 2.6+0.7 1.4+02
CyA 10.6 £ 0.8 1.5+0.2 0.7x0.1
LTx + CyA 18.1+2.7 57+23 2410
Vehicle 13.5+£1.6 1.0+0.3 0701
Vehicle + LTx 9.9+0.9 49+13 1.7+£0.2
HAL 164116 33+1.7 1705

2. The CyA group (n = 18) was treated with cyclosporin.

3. The vehicle group (1 = 5) was treated with the cyclosporin vehi-

cle (Cremophor EL) only.

4. The HAL group (n = 7) was the group in which the hepatic ar-

tery was ligated 3 weceks prior to the bile secretion studies.
Altogether, 71 rats were included in the bile secretion studies.

In the first experiment, bile flow and bile acid secretion were stud-

ied during continuous depletion of the bile acid pool for 5 h, after

which the same parameters were studied during intravenous bile

acid infusion for 2 h.

Cyclosporin and vehicle administration

Animals receiving cyclosporin received daily intraperitoneal injcc-
tions at a dose of 10 mg/kg body weight for 3 weeks. The vehicle
group received Cremophor EL in a corresponding dose (13 mg/kg
body weight per day) over the same period of time.

Experimental procedurc

The bile secretion studics were performed 3 weeks after the start of
cyclosporin or vehicle treatment or 3 weeks after the transplanta-
tion procedure. The animals receiving cyclosporin or vehicle treat-
ment were given their last dose 24 h before the acute experiments.
The rats were sacrificed at the end of the study.

The rats were anesthetized with pentobarbitone and the jugular
vein was catheterized. A laparotomy was performed and the bile
duct was divided and catheterized with a polyethylene tube in the
proximal direction. Bile samples were collected in preweighed
vials that were changed every hour. Bile was collected continuous-
ly for 5 h, after which sodium taurocholate was infused intrave-
nously at a rate of 2 umol/min per kilogram body weight for 1h
and then 4 pmol/min per kilogram for the following hour. During
the bile acid infusion period, bile collected during the last 40 min
of every hour was used in the calculations.

Analysis

On the day of the bile sccretion studies, venous blood samples
were taken from the tail veins and analyzed for liver enzymes and
bilirubin (Reflotron, Boehringer-Mannheim, FRG). At the end of
the experiment and after the bile flow studies, blood samples were
taken from the jugular vein and serum cyclosporin levels were
measured by whole blood radioimmunoassay (Cyclo-Trac, Incstar,
Stillwater, Minn., USA). This method uses a specific monoclonal
antibody and thus only measures cyclosporin and not its metabo-
lites.

Bile acid assays

The total bile salt concentration in bile was determined with an en-
zymatic method using 3a-hydroxysteroid dehydrogenase (Sterog-
nost-3a, Nyegaard, Oslo, Norway). Sodium-chenodeoxycholate
provided by Nyegaard was used as a standard. The intra-assay co-
efficient of variation for determination of sodium-chenodeoxycho-
late was 2.8 % at a concentration of 25 mmol/l and 1.9 % at a con-
centration of 50 mmol/1 [9].

Calculations and statistics

Results are presented as means + SE. An ANOVA was used to an-
alyze the liver enzymes and bilirubin as well as bile flow and bile
salt secretion rate (BSSR). When the analyses indicated the pres-
ence of a significant difference between the groups, the Fisher test
was used to compare means. The relationships between bile flow
and BSSR were analyzed by least square linear regression analy-
sis. The calculated intercepts were considered to represent the
bile acid-independent flow (BAIF) and the slopes were termed
the bile acid-dependent flow (BADF). Multiple regression analy-
sis with dummy variables was used to compare slopes and inter-
cepts between groups.

Results

Liver biochemistry

No significant change in liver enzymes or bilirubin was
registered among the different groups at the time of
the bile secretion studies (Table 1).

Cyclosporin Concentrations

The concentrations were measured after the bile secre-
tion studies and at least 24 h since the last given dose.
The cyclosporin concentrations were 1462 + 98 ug/l in
the CyA group and 1533 £122 pg/l in the LTx-CyA
group. No difference between the two groups given cy-
closporin treatment was noted, and biologically signifi-
cant concentrations were registered in all animals.

Liver weights

After the bile secretion studies, the livers were weighed.
The liver wet weights were similar in the control group
(6.0£0.2¢g), the CyA group (6.1+0.3¢g), the HAL
group (5.8+0.4 g) and the vehicle group (6.8 0.3 g),
whereas in the three liver-transplanted groups (LTx;
LTx + vehicle; LTx + CyA) a weight increase was not-
ed (89104 g,83+0.6gand9.1+0.5g, respectively).
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Bile secretion studies during bile acid depletion

In the first experimental set-up during the acute bile se-
cretion studies, bile flow was registered during depletion
of the bile acid pool for 5 h. Using multiple regression
analysis, all groups showed a significant correlation be-
tween bile flow and BSSR.

LTx vs control
The regression line calculated for the liver-transplanted

animals had a higher intercept and thus an increased
BAIF when compared with the control animals. No sig-
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Fig.2a-c¢ The relationship, as estimated by linear regression
analysis, between bile flow and bile salt secretion rate (BSSR).
The data include four to five measurements from each animal:-
al4 liver-transplanted rats (@®; Y=076+018X; r=0.44,
P <0.001) and 11 control rats (O; Y =0.50 + 0.007X; r=0.61,
P <(.001). The intercepts (P < 0.01) but not the slopes differed be-
tween the two groups; b 18 cyclosporin-treated rats (@®;
Y =037+0011X; r=046, FP<0.01) and 11 control rats (O;
Y =0.50 + 0.007X; r=0.61, P<0.001). The intercepts (P < 0.05)
but not the slopes differed between the two groups; ¢ 14 liver-
transplanted rats (LTx, O; Y = 0.78 + 0.018X; » = 0.44, P <0.001)
and 8 liver-transplanted rats treated with cyclosporin (@;
Y =0.76 + 0.011X; r = 0.33, P < 0.05). No differences in the slopes
or intercepts were found

nificant change of the slope of the regression line and,
thus, of the BADF occurred when the two groups were
compared (Fig.2 A). When the initial bile secretion was
studied during the first measurement hour, the liver-
transplanted animals had an increased bile flow com-
pared with the controls, but no change in the BSSR was
seen. When HAL rats were used as controls, an in-
creased bile secretion was still noted in the liver-trans-
planted rats (Table 2 A).
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Table 2 Bile flow and bile secretion rate during the 1st hour of
registration

A Liver-transplanted animals (LTx) compared with animals with
ligated hepatic artery (HAL) and controls

Bile flow BSSR

(ml/h) (umol/h)
Control 0.66 + 0.03 229+ 38
HAL 0.96 = 0.06” 189+14
LTx 1.29 +0.09" 21.7+£2.1

* P < 0.05 compared with control; ™ P < 0.05 compared with HAL

B Nontransplanted cyclosporin-treated animals (CyA) compared
with controls

bile flow BSSR

(ml/h) (umol/h)
Control 0.66 £ 0.03 229+34
CyA 0.51+0.03" 157147

* P <0.05 compared with control

C Liver-transplanted cyclosporin-treated animals compared with
liver-transplanted animals without cyclosporin

Bile flow BSSR

(ml/h) (umol/h)
LTx 1.29 +0.09 21.7+£2.1
LTx + CyA 1.01 £0.08" 203+19

* P <0.05 compared with LTX

D Vehicle-treated animals compared with controls

Bile flow BSSR

(ml/h) (wmol/h)
Control 0.66 +0.03 229134
Vehicle 1.10+£0.04° 20.6+1.6
LTx 1.29 £0.09" 216121
Vehicle + LTx 0.95 +0.13%" 20.8+3.1

* P < 0.05 compared with control; ™ P < 0.05 compared with LTX

CyA vs control

The cyclosporin-treated animals, on the other hand, had
a reduced BAIF when compared with the control ani-
mals (Fig.2B). A reduction in bile flow in the CyA
group was also noted during the 1st hour of registra-
tion. In the cyclosporin-treated animals, a reduction in
the BSSR was also seen (Table 2B).

LTx + CyAvs LTx

No significant effect of cyclosporin on bile flow or BSSR
could be detected in the liver-transplanted rats when the
regression lines between bile flow and BSSR were com-
pared (Fig.2C). However, in conformity with the non-
transplanted cyclosporin-treated rats, we found a re-
duced bile flow during the first hours of measurement
(Table 2C).

bile flow mi / h

1.00 1

0.75 ° o,

0.25 1
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0 20 40 60 80
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Fig.3 The relationship, as estimated by linear regression analysis,
between bile flow and bile salt secretion rate (BSSR) when bile
flow was stimulated by intravenous bile acid infusion in 18 cyclos-
porin-treated rats (@®; Y = 0.34 + 0.003X; r = 0.31, P<0.05) and
in 11 control rats (O; Y = 0.53 + 0.002X; » =0.39, P <0.05). The
data include three measurements from cach animal. The inter-
cepts (P < 0.05) but not the slopes differed between the two groups

Vehicle vs control

The vehicle-treated animals had a significantly in-
creased bile flow compared with the control animals.
This effect was not registered in the liver-transplanted
rats treated with the vehicle; on the contrary, they re-
sponded with a reduction in the bile flow (Table 2D).

Bile secretion studies during bile acid infusion

When taurocholic acid was infused, the control animals
responded as expected and the bile flow correlated well
(P<0.01) to the BSSR. The cyclosporin-treated ani-
mals had a lower intercept and, thus, a reduced BAIF,
also in this set-up (Fig.3).

Stimulation of bile secretion by bile acid infusion re-
sulted in a lower response of BSSR in the cyclosporin-
treated group compared to the control group. In the
LTx group, the response was low, and in these groups
no significant regression lines could be drawn. A reduc-
tion in bile flow was, however, only seen in the CyA
group when compared with the control group
(0.38 £ 0.03 ml/h vs 0.63 = 0.03 ml/h).
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Discussion

In this experimental study we have shown that cyclo-
sporin-treated rats have a reduced bile flow, mainly
caused by a reduction in the BAIF, but also a reduction
in the BSSR. Cyclosporin-treated rats also responded
with a lower BSSR and bile flow compared with con-
trols when bile acids were infused. Liver transplanta-
tion, on the other hand, resulted in an increased volume
of bile, due to an increased BAIF, but no change in the
BSSR. However, when bile acids were given intrave-
nously, the liver-transplanted animals did not respond
with the same high BSSR rate as did the control animals.

The model of bile secretion studies in the rat is well
validated [2]. The dose of cyclosporin used in the pre-
sent study has been tested by Stone and coworkers
[29]. The transplantation model has previously been
tested in other kinds of studies but thus far not in bile se-
cretion studies [20, 21, 31, 38].

In a number of experimental studies, mainly in ro-
dents, cyclosporin has been shown to reduce bile flow
and the bile acid secretion rate [23, 26, 29, 34]. This ob-
servation is further supported by our present data. In or-
der to be able to separate the BAIF from the BADF,
bile secretion has to be observed during a dynamic
change. This is accomplished either by depletion of the
bile acids by drainage, thus reducing bile secretion with
time, or by enhancing bile secretion by infusion of bile
acids intravenously. In the regression lines thus calculat-
ed, the slope will give an estimate of the BADF and the
intercept an estimate of the BAIF [2, 35]. Using the de-
pletion model, one will get a steeper slope than in the in-
fusion model [35], and it is important to have that in
mind when comparing data obtained with the two dif-
ferent set-ups.

Two studies of the effect of chronic administration of
cyclosporin have been performed previously. Stone and
coworkers found a reduction in the BAIF in rats treat-
ed with cyclosporin in a similar manner as in the pre-
sent study, using the infusion model [29]. On the other
hand, Thai and coworkers, also using a bile acid infu-
sion model, did not see this reduction. When bile acids
were infused in our study, we saw not only a reduction
in the BAIF but also a lower BSSR in the cyclosporin-
treated animals. The reduction in the BAIF was also
registered when the bile acid depletion was used in the
present study.

In studies with acute infusions of cyclosporin, a re-
duction in BSSR and bile flow has been demonstrated
in the perfused rat liver [26] as well as in rats in vivo [6,
25]. Moseley and coworkers, using basolateral and cana-
licular rat liver plasma membrane vesicles, were recent-
ly able to show that cyclosporin induced a competitive
inhibition of taurocholate transport [23]. Roman and
coworkers have even shown that the acute cholestatic
effect of the vehicle does not influence the acute effect

of cyclosporin, since bile flow was reduced even when
the vehicle was removed [24]. When the vehicle Cre-
mophor EL was chronically administered in our study,
we even found a significantly elevated bile flow and,
thus, a choleretic effect of this vehicle. This was, howev-
er, not seen in the liver-transplanted rats where, in fact,
a reduction in bile secretion of the same magnitude as
in the cyclosporin-treated animals occurred. The find-
ing implies that one must be cautions when using this
agent in studies of bile formation, either as a control or
together with cyclosporin. Cyclosporin-treated rats
seem to respond with a reduction in bile secretion,
mainly the BAIF, whereas another species tested, dogs,
seems to differ in this respect [4, 30].

One aim of this study was to separate the effect of cy-
closporin from that of preservation and reperfusion
damage to a grafted liver. Surprisingly, we have, in this
experimental set-up, found that syngeneic rat liver
grafts have an increased bile flow. This is the first time
this phenomenon is reported and we can only speculate
as to the mechanisms behind these observations. Sper-
ber, in 1959, postulated that osmotic forces following
the active secretion of substances like bile acids generat-
ed water flow into the bile canaliculi, and numerous
studies have since confirmed this assumption [28]. Bile
formation is thus initiated at the level of the hepatocy-
tes and is modified by absorption or secretion more dis-
tally along the biliary tree. The canalicular water influx
and distal absorption is probably quite high [10, 12, 18],
and it is possible that minor damage to the biliary epi-
thelium could cause a reduced water absorption and,
thus, a higher bile flow rate. Our data do not rule out
an enhanced canalicular influx of water, but that is a
more improbable explanation since the water flux is os-
motically dependent on the active secretion of bile ac-
ids and the bile acid secretion rate was not changed in
the liver-transplanted rats.

Liver transplantation causes denervation of the liver,
and it has been demonstrated that liver transplantation
is an effective technique to suppress adrenergic respon-
ses in the liver [7]. The role of sympathetic and parasym-
pathetic innervation in bile secretion has received little
attention. It has been suggested that adrenergic stimula-
tion reduces bile flow and, thus, denervation could influ-
ence the volume of bile [13, 33]. In fact, it has been sug-
gested that adrenergic stimuli enhance water absorp-
tion from the gallbladder and the bile ducts [13].

The transplanted livers increased in weight, and this
could be due to an increased density of portal tracts
[31] or maybe to a bile duct proliferation [37]. Some au-
thors have claimed that these findings can be attributed
to an insufficient arterial supply [37]. We have, in a pre-
vious study, found a slight portal fibrosis with an en-
hanced density of the portal tracts in the liver-trans-
planted rats compared to controls, but in that study we
did not find any morphological difference if an arterial
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anastomosis had been performed or not [31]. This has
also been confirmed by Kamada and coworkers in a re-
cent publication [22]. In a recent study it was shown
that, in this model, an arterial revascularization occurs
very rapidly, and after 3 weeks the arterial blood supply
is even higher than in control rats with intact arterial
supply [32].

In this study, we have not expressed our data in rela-
tion to liver weight, since this morphological change oc-
curs in the transplanted livers and the changes in bile se-
cretion seemed more relevant to the transplanted organ.
When interpreting our data, these findings should, how-
ever, be kept in mind since, in some respects, they mimic
the morphological changes seen in bile duct-ligated ani-
mals, where an enhanced bile formation was also regis-
tered [1]. Liver cirrhosis and/or bile duct obstruction
have been associated with an increased choleresis in hu-
mans, although the explanation for this phenomenon is
thus far speculative [11, 16]. In the present series, the
bile duct anastomosis was intact in all rats included in
our study, and they showed no change in their liver en-
zymes that would indicate bile duct obstruction. Histol-
ogy in the transplanted rats showed bile duct prolifera-
tion but no signs of cirrhosis or bile duct obstruction.
The hepatocytes were normal in appearance.

In this experimental model, the liver transplantation
procedure-induced preservation and/or reperfusion in-
jury did not result in an impaired bile flow, although
one may speculate that the higher bile volume in the
transplanted animals could be explained by a reduction
in the water absorption in a damaged biliary system.
The present study also shows that cyclosporin is a po-

tent cholestatic drug that will influence the bile forma-
tion process even if no other signs of liver dysfunction
are present. An important observation was that bile
acid infusion did not enhance bile flow and BSSR as ex-
pected in the cyclosporin-treated rats.

Our results indicate that cyclosporin may be respon-
sible for the reduction in bile flow seen after liver trans-
plantation in humans, although we could only show a
significant cholestatic effect in the nontransplanted ani-
mals since the reduction seen in the transplanted rats
might have been caused by the vehicle. The increased
bile flow in the transplanted rats seemed to dominate
over the cholestatic effect of cyclosporin in this rat mod-
el. Since this is a syngeneic transplantation model, the
effect on bile flow of the constant immunological chal-
lenge to the allogeneic liver graft has not been tested.
Bile acid feeding can reduce the cholestatic effect of cy-
closporin in rats [6] and has also been tried in humans
[15]. Caution is, however, warranted when transposing
current, as well as previous, rat model data to the ef-
fects on bile secretion seen in liver-transplanted pa-
tients. The effects of liver transplantation, immunosup-
pression, and bile acid treatment on bile secretion in hu-
mans have to be investigated further.
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