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Abstract

Ž .FK506 Tacrolimus is an effective immunosuppressant currently used worldwide in organ transplantation. Based on our recent
Ž .findings that insulin-like growth factor-I IGF-I is important for the stimulation of choleresis in vivo, in this study we investigated the

effect of FK506 on bile flow and the plasma and hepatic levels of IGF-I in rats. Intravenous treatment of rats with FK506 resulted in a
significant increase in bile flow, whereas cyclosporin A induced a significant decrease. A significant increase in plasma levels of IGF-I
was observed in rats 30 min after a single intravenous administration of FK506. Oral treatment of rats with FK506 for 1 week also
resulted in an increase in both plasma and hepatic levels of IGF-I. Overall, this study showed that FK506 treatment increased bile flow
and also induced an increase in the plasma and hepatic levels of IGF-I in rats, suggesting that a stimulation of hepatic IGF-I production by
FK506 may contribute to its choleretic profile. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .FK506 Tacrolimus is an immunosuppressant isolated
Ž .from a Streptomyces Kino et al., 1987a,b . Although

FK506 is structurally different from cyclosporin A, FK506,
like cyclosporin A, inhibits mixed-lymphocyte reactions,
the formation of interleukin-2 by T-lymphocytes and the
formation of other mediators such as interleukin-3 and

Žinterferon-g Kino et al., 1987c; Goto et al., 1991; Sigal et
. 2qal., 1991 . Recently, calcineurin, a Ca - and calmodulin-

dependent protein phosphatase, has been identified as the
target molecule for both FK506 and cyclosporin A. Inhibi-
tion of calcineurin leads to an alteration in the phosphory-
lation state of essential signaling molecules during T lym-

Žphocyte activation Friedman and Weissman, 1991; Liu et
al., 1991; O’Keefe et al., 1992; Clipstone and Crabtree,

.1992 . The in vitro immunosuppressive activity of FK506
is approximately 100 times more potent than that of cy-
closporin A. In animals, FK506 prevents graft rejection
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and prolongs graft survival in liver, kidney and heart
Žtransplants Ochiai et al., 1987a,b; Isai et al., 1990; Jiang
.et al., 1991 .

FK506 was first used clinically in 1989 as a rescue
Žimmunosuppressant for liver transplantation Todo et al.,

.1990 and was approved in 1994 for the prophylaxis of
rejection after primary liver transplantation in the United

ŽStates and in Europe European FK506 Multicentre Liver
Study Group, 1994; The US Multicenter FK506 Liver

.Study Group, 1994 . Currently, FK506, as well as cy-
closporin A, is used worldwide as an effective immuno-
suppressant for organ rejection in patients with allogeneic

Žliver, kidney or lung transplants Griffith et al., 1994;
.McDiarmid et al., 1995; Pirsch et al., 1997 . The discovery

of these immunosuppressants has lowered the incidence of
rejection episodes, which are the most important cause of
graft failure and morbidity in transplant recipients, and has
improved the success rate of organ transplantation
ŽEuropean FK506 Multicentre Liver Study Group, 1994;
The US Multicenter FK506 Liver Study Group, 1994;
Griffith et al., 1994; McDiarmid et al., 1995; Pirsch et al.,

.1997; Wiesner, 1998 .
Recent clinical findings in liver transplant patients have

indicated that FK506, but not cyclosporin A, induces an

0014-2999r01r$ - see front matter q 2001 Elsevier Science B.V. All rights reserved.
Ž .PII: S0014-2999 01 00961-X



( )I. Kawamura et al.rEuropean Journal of Pharmacology 419 2001 99–105100

increase in bile flow and bile acid output, suggesting a
different choleretic profile for FK506 and cyclosporin A
Ž .Ericzon et al., 1997 . Numerous studies have shown that
cyclosporin A treatment induces cholestasis in humans
ŽKlintmalm et al., 1981; Laupacis et al., 1981; Theilmann

. Žet al., 1991 and rats Stone et al., 1987; Roman et al.,
.1990; Chan and Shaffer, 1997 . However, it has not been

completely elucidated whether FK506 induces cholestasis
or not, since contradictory results have been reported with
respect to the effect of FK506 on bile flow or bile acid

Žsecretion McCashland et al., 1994; Sanchez-Campos et
.al., 1998; Mizuta et al., 1999 . When we infused insulin-

Ž .like growth factor-I IGF-I into rats with ligated bile
ducts, we found that a large amount of bile accumulated in
the ligated portion of the bile duct. As this observation led
to the hypothesis that IGF-I might stimulate choleresis and
induce an accumulation of bile in the bile duct, we investi-
gated the relationship between IGF-I and bile flow or bile
acid secretion in rats. As a result, exogenous treatment
with IGF-I resulted in an increase in bile flow and bile
acid secretion, demonstrating an important role for IGF-I

Ž .in stimulating choleresis Kawamura et al., 2000 . There-
fore, in the present study we investigated the effects of
FK506 on bile flow and the plasma and hepatic levels of
IGF-I in rats, in order to clarify the relationship between
IGF-I production by FK506 and its choleretic action.

2. Materials and methods

2.1. Drugs

FK506 was synthesized in Fujisawa Pharmaceutical.,
FK506 oral formulation was suspended in water. FK506
soluble form for intravenous perfusion was diluted in
saline. Cyclosporin A soluble form for intravenous perfu-

Ž .sion was purchased from Sandoz Bazel, Switzerland and
was diluted in saline. In the case of intravenous injection,
saline was used as a vehicle for both drugs. In the case of
oral treatment, the placebo was the vehicle for FK506. The
drugs were given intravenously or orally to rats at a
volume of 5 mlrkg of body weight.

2.2. Animals

Male Sprague–Dawley rats were purchased from Char-
Ž .les River Japan Kanagawa, Japan . Male hypophysec-

tomized Sprague–Dawley rats were from Japan SLC
Ž .Shizuoka, Japan . Hypophysectomy was performed at 4
weeks of age and was verified by the absence of weight
gain in rats. The rats were kept under conditions of
constant temperature and humidity, and fed on a standard
diet and water ad libitum. All the animal experiments in
this study were approved by our institutional animal care
committee.

2.3. Effect on bile flow in rats after single treatment with
FK506 or cyclosporin A

ŽUnder anesthesia with urethane 1.2 gr5 mlrkg of
. Žbody weight, i.p. , the abdomen of each rat 6 or 7 weeks

.old was opened via midline incision, and the common bile
Žduct was exposed. A PE-10 polyethylene tube Clay

.Adams, Parsippany, NJ, USA was then inserted into the
Ž .bile duct. After collection of bile for 30 min baseline ,

Ž . ŽFK506 1 and 10 mgrkg or cyclosporin A 10 and 100
.mgrkg was intravenously administered, and bile collec-

tion was continued at 30-min intervals for an additional 3
h. During experiments, the rats were kept on heating plates
set at 378C. After the experiments, the rats were killed by
cardiac puncture under urethane anesthesia. Bile flow was
measured gravimetrically and expressed as the value per
body weight of rats.

2.4. Effect on plasma IGF-I leÕels in rats after single
treatment with FK506

FK506 at a dose of 10 mgrkg was intravenously ad-
ministered to 6-week-old normal rats anesthetized with

Ž .urethane 1.2 gr5 mlrkg of body weight, i.p. , and blood
samples were obtained from the subclavian vein. Plasma
was then separated by centrifugation and all samples were
stored at y808C until analyzed. The plasma levels of
IGF-I were measured using a rat IGF-I radioimmunoassay
Ž . ŽRIA kit Diagnostic Systems Laboratories, Webster, TX,

.USA . Plasma samples were extracted with acidic ethanol
solution, followed by centrifugation to remove IGF-I bind-
ing proteins before the RIA was performed.

2.5. Effect on plasma and hepatic IGF-I leÕels, and blood
biochemistry in rats after 1-week oral treatment with
FK506

FK506 at doses of 1 and 10 mgrkg was given orally to
6-week-old normal rats once daily for 1 week. Thirty
minutes after the last treatment, the rats were anesthetized

Žwith sodium pentobarbital 50 mgr5 mlrkg of body
.weight, i.p. , and a blood sample was taken from the

abdominal aorta and the liver was removed for determina-
tion of the IGF-I content.

Plasma was then separated by centrifugation and its
IGF-I level was measured using a rat IGF-I RIA kit after
acidic ethanol extraction. The plasma levels of aspartate
aminotransferase, alanine aminotransferase, alkaline phos-
phatase, total bile acids and bilirubin were measured using

ŽChemical Analyzer Model TBA-80FR Toshiba, Tokyo,
.Japan .

The liver extraction procedure for IGF-I measurement
was performed according to previously described methods
Ž .Thissen et al., 1991 . Briefly, pooled liver tissue was
powdered in a mortar and pestle under liquid nitrogen. One

Ž .milliliter of ice-cold acetic acid 1 molrl was added to
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100 mg of powdered sample and the mixture was vortexed
vigorously and allowed to stand on ice for 2 h. After
centrifugation at 20,000=g for 30 min at 48C, the super-
natant was transferred to a polypropylene tube and the
pellet was re-extracted. Both supernatants were combined
and evaporated off in a Centrifugal Concentrator CC-181
Ž .Tomy, Tokyo, Japan and, after being stored at y208C,
were reconstituted in assay buffer 24 h before RIA. The
hemoglobin concentration of liver tissue was measured in
order to estimate the volume of blood contaminating the
tissue powder. The amount of IGF-I in the extract that
could have been derived from blood contamination was
subtracted from the total extractable IGF-I.

2.6. Effect on bile flow in hypophysectomized rats after
single treatment with FK506

After cannulation of the bile duct of hypophysec-
Ž .tomized rat 7 weeks old under anesthesia with urethane,

FK506 at a dose of 10 mgrkg was intravenously adminis-
tered, and bile flow was then monitored for 3 h.

Ž . Ž .Fig. 1. Effects of FK506 A and cyclosporin A B on bile flow in
normal rats after single administration. After cannulation of the bile duct

Ž . Ž . Ž .under anesthesia, rats were treated with saline ` , 1 v , 10 B

Ž . Ž . Ž . Ž .mgrkg of FK506 A or saline ` , 10 v , 100 B mgrkg of
Ž .cyclosporin A B intravenously and bile flow was measured gravimetri-

cally. Each point represents the mean"S.E.M. for seven rats. )P-0.05,
)) Ž .P-0.01, compared with the saline-treated rats Dunnett’s test .

Fig. 2. Effect of FK506 on plasma level of IGF-I after intravenous
administration. Rats were treated with 10 mgrkg of FK506 and blood
was periodically taken from the subclavian vein. Plasma IGF-I level was
measured using a rat IGF-I RIA kit. Each point represents the mean"

) ŽS.E.M. for nine rats. P-0.05, compared with pre-dosing Student’s
.t-test .

2.7. Statistical analysis

All values are expressed as the means"S.E.M. Analy-
sis of variance was performed and the Student’s t-test or
Dunnett’s test was used to determine the significance of
differences. A P value of 0.05 or less was considered
significant.

3. Results

3.1. Effects of FK506 and cyclosporin A on bile flow in
normal rats after single intraÕenous administration

Ž . ŽFK506 1 and 10 mgrkg or cyclosporin A 10 and 100
.mgrkg was intravenously administered to anesthetized

normal rats after cannulation of the bile duct, and bile flow
was monitored. As shown in Fig. 1, a gradual and slight
decrease in bile flow was observed in the saline-treated
rats with increasing time, until 3 h after saline administra-
tion. This decrease in bile flow was considered to be due
to damage as a result of anesthesia or interception of the

Ženterohepatic circulation of bile acids Kawamura et al.,

Table 1
Effect of FK506 on body and liver weights of normal rats after a 1-week
oral treatment
The method is described in the legend of Fig. 3. Values are shown as the
means"S.E.M. for eight rats.

Ž . Ž .Treatment Body weight g Liver weight g
Ž .mgrkg Before After

treatment treatment

Placebo 185"3 236"5 11.0"0.4
FK506: 1 185"2 236"4 11.4"0.3

aFK506: 10 184"2 207"5 9.9"0.6

a Ž .P-0.01 vs. placebo-treated rats Dunnett’s test .
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Ž . Ž .Fig. 3. Effect of FK506 on plasma A and hepatic B levels of IGF-I in
rats. Placebo or FK506 was given orally once daily for 1 week to rats.
Thirty minutes after the last treatment, a blood sample was taken from the
abdominal aorta and then the liver was removed. Plasma and hepatic
levels of IGF-I were measured using a rat IGF-I RIA kit. Rats were used
in groups of eight. Each column represents the mean"S.E.M. )P-0.05,

Ž .compared with the placebo-treated rats Dunnett’s test .

.2000 . FK506 treatment resulted in a dose-dependent in-
crease in bile flow. A significant increase in bile flow was
observed in the 10 mgrkg FK506-treated rats, and the
increase remained throughout the experimental period, af-
ter reaching a peak value at 60 min after the injection of

Ž .FK506 Fig. 1A . In the case of cyclosporin A-treated rats,
a dose-dependent decrease in bile flow was observed

Ž .throughout the experimental period of 3 h Fig. 1B . Thus,
an opposite effect on bile flow was evident in FK506- and
cyclosporin A-treated rats after a single intravenous admin-
istration.

3.2. Effect of FK506 on plasma andror hepatic IGF-I
leÕels in normal rats after single intraÕenous or 1-week
oral consecutiÕe treatment

Recently, we found that exogenous treatment with IGF-I
resulted in a significant increase in bile flow and bile acid
secretion in rats, suggesting an important role for IGF-I in

Ž .stimulating choleresis in vivo Kawamura et al., 2000 .
Taken together, the findings of this study have led to the
hypothesis that the increase in bile flow induced by FK506
might be mediated by a stimulation of IGF-I production in
rats. Therefore, to examine the validity of this hypothesis,
we next measured the circulating levels of IGF-I in rats
after FK506 treatment. As shown in Fig. 2, an elevation of
the plasma IGF-I levels was observed 30 min after a single
intravenous administration of 10 mgrkg FK506 and after
60 min the IGF-I level declined to the level before treat-
ment.

IGF-I stimulation following 1-week treatment with
ŽFK506 was also investigated in rats. FK506 1 and 10

.mgrkg was orally given once daily for 1 week, and 30
min after the last administration, plasma and hepatic IGF-I
levels were measured. After 1 week of oral treatment, 1
mgrkg of FK506 did not have any effect on body weight
gain, but 10 mgrkg of FK506 significantly decreased body
weight. Liver weight was unchanged by FK506 treatment
Ž .Table 1 . As shown in Fig. 3, FK506-treated rats showed
significantly elevated levels of both plasma and hepatic
IGF-I. Plasma IGF-I level was increased by 14% and 11%
in 1 and 10 mgrkg FK506-treated rats, respectively. Treat-
ment with 1 and 10 mgrkg of FK506 resulted in an
increase in hepatic levels of IGF-I by 28% and 26%,
respectively. Thus, our data suggest that hepatic IGF-I
production might be stimulated by FK506 treatment.

3.3. Effect of FK506 on blood parameters in normal rats
after 1-week oral treatment

In order to examine whether FK506 induced hepatotoxi-
city, blood parameters were monitored in normal rats after
1 week of oral treatment with FK506. As shown in Table
2, FK506 had almost no effect on the plasma levels of
aspartate aminotransferase, alanine aminotransferase, alka-
line phosphatase, total bile acids and bilirubin. Blood

Table 2
Effect of FK506 on blood parameters in normal rats after a 1-week oral treatment
The method is described in the legend of Fig. 3. Values are shown as the means"S.E.M. for eight rats.

Treatment Aspartate amino- Alanine amino- Alkaline Total bile Bilirubin
Ž . Ž . Ž . Ž . Ž . Ž .mgrkg transferase IUrl transferase IUrl phosphatase IUrl acids mmolrl mgrdl

Placebo 104"8 32"2 1018"88 47"11 0.8"0.1
aFK506: 1 78"5 26"3 806"41 45"22 0.8"0.0

aFK506: 10 86"4 30"2 731"58 33"7 0.8"0.1

a Ž .P-0.05 vs. placebo-treated rats Dunnett’s test .
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Fig. 4. Effect of FK506 on bile flow in hypophysectomized rats. After
cannulation of the bile duct under anesthesia, hypophysectomized rats

Ž . Ž .were treated with saline ` or 10 mgrkg of FK506 v intravenously
and bile flow was measured. Each point represents the mean"S.E.M. for

) Žseven rats. P-0.05, compared with the saline-treated rats Student’s
.t-test .

levels of aspartate aminotransferase and alanine amino-
transferase, however, were slightly decreased after FK506
treatment. These results suggest that FK506 does not have
a hepatotoxic effect in rats after a 1-week oral treatment.

3.4. Effect of FK506 on bile flow in hypophysectomized
rats

To determine whether the choleretic action of FK506 is
direct or mediated through the hypothalamic–pituitary

Ž .growth hormone GH axis, the effect of FK506 on bile
flow was investigated in 7-week-old hypophysectomized
rats, 3 weeks after hypophysectomy. As shown in Fig. 4,
the basal bile flow in hypophysectomized rats was 74.6"
3.0 mlr30 minr100 g of body weight, and this value was

Žabout half of that of normal rats 153.6"13.7 mlr30
.minr100 g of body weight in saline-treated rats, in Fig. 1 .

This decrease in bile flow observed in the hypophysec-
tomized rats was thought to be due to a reduction in the
IGF-I level as a result of the GH deficiency, as already

Ž .discussed in our recent report Kawamura et al., 2000 .
Treatment with 10 mgrkg of FK506 resulted in a signifi-
cant increase in bile flow in hypophysectomized rats. The
maximum increase was obtained at 60 min after FK506
injection, and bile flow gradually declined throughout the

Ž .experiment period of 3 h Fig. 4 . The percent increase in
bile flow in the 10 mgrkg FK506-treated hypophysec-
tomized rats was almost equal to that in the 10 mgrkg
FK506-treated normal rats.

4. Discussion

FK506 is currently used as an effective immunosup-
pressant to control rejection episodes in patients undergo-
ing organ transplantation. In order to determine whether

FK506 is choleretic or cholestatic, we first investigated the
effects of FK506 and cyclosporin A on bile flow in normal
rats. Single intravenous administration of cyclosporin A
resulted in a dose-dependent decrease in bile flow in

Ž .normal rats Fig. 1B . This result is consistent with numer-
ous previous reports describing the cholestatic character-

Žistics of cyclosporin A in both humans Klintmalm et al.,
.1981; Laupacis et al., 1981; Theilmann et al., 1991 and

Žanimals Stone et al., 1987; Roman et al., 1990; Chan and
.Shaffer, 1997 . In contrast, FK506 caused a significant and

dose-dependent increase in bile flow in rats. In 10 mgrkg
FK506-treated rats, bile flow started to increase at least 30
min after injection of FK506, reached a peak value at 60
min and remained at this level throughout the experimental

Ž .period of 3 h Fig. 1A . These results indicate a choleretic
profile for FK506. Previously, contradictory results have
been reported with respect to the choleretic or cholestatic

Žcharacteristics of FK506 McCashland et al., 1994;
.Sanchez-Campos et al., 1998; Mizuta et al., 1999 . We do

not have any explanation for the discrepancy between
these results. However, because in our present study an
increase in bile flow was evident in FK506-treated rats, we
believe that FK506 really has the ability to stimulate
choleresis in vivo.

Recently, we have found that exogenous treatment with
IGF-I resulted in an increase in bile flow and bile acid
secretion in rats, suggesting an important role for IGF-I in

Žthe stimulation of choleresis in vivo Kawamura et al.,
.2000 . The finding in the first experiment of this study led

us to hypothesize that FK506 might have the potential to
induce an increase in hepatic IGF-I levels, thereby leading
to an increase in bile flow, mediated by the choleretic
action of IGF-I. To investigate the validity of this hypothe-
sis, we next evaluated the effect of FK506 on the circulat-
ing or hepatic levels of IGF-I in rats following single
intravenous or 1-week oral treatment with the drug. Inter-
estingly, a significant increase in the plasma levels of
IGF-I was observed 30 min after a single intravenous
administration of FK506. One-week oral treatment with
FK506 also resulted in a significant elevation of both
plasma and hepatic IGF-I levels in rats. These results are
of particular interest in that FK506 has the ability to
stimulate an increase in IGF-I production in vivo. As IGF-I
is abundantly present in the blood and its major source is

Ž .the liver Rotwein, 1986; Murphy et al., 1987 , the find-
ings of this study suggest that hepatic IGF-I production
was enhanced by FK506 treatment. This is the first report
of a stimulation of IGF-I production in the liver by FK506.
Interestingly, it implies a possible causative relationship
between the stimulation of hepatic IGF-I production by
FK506 and the choleretic action of FK506 in rats.

It was recently reported that FK506 stimulated GH
Ž .secretion Murao et al., 1996 . As IGF-I production in the

Žliver is regulated by GH Rotwein, 1986; Murphy et al.,
.1987 , the induction of choleresis by FK506 was next

examined in hypophysectomized rats in order to determine
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whether the choleretic action of FK506 is mediated through
the hypothalamic–pituitary GH axis. FK506 treatment in-
creased bile flow in hypophysectomized rats as well as in
normal rats and its potency to do so was almost the same

Ž .as that in normal rats Figs. 1A and 4 . This implies that
the choleretic action of FK506 is not mediated through the
hypothalamic–pituitary GH axis but possibly via a direct
action. Like cyclosporin A, FK506 binds to its intracellular
receptor and has the ability to associate with calcineurin,
finally leading to an inhibition of phosphatase activity
ŽFriedman and Weissman, 1991; Liu et al., 1991; O’Keefe

.et al., 1992; Clipstone and Crabtree, 1992 . However, as
FK506 stimulates an increase in either IGF-I production or
bile flow, whereas cyclosporin A decreases bile flow in
rats, we speculate that the mechanism of stimulation of
IGF-I production by FK506 might be unrelated to its
phosphatase inhibition. Thus, it is interesting to note that
FK506 is, to the best of our knowledge, the first chemical
compound to stimulate an increase in hepatic IGF-I pro-
duction, although GH is known to regulate the expression

Žof IGF-I in the liver endogenously Rotwein, 1986; Mur-
.phy et al., 1987 . Unfortunately, the scope of the present

study did not allow us to elucidate the mechanism underly-
ing this effect of FK506; however, it will be important to
clarify this in the future.

Recent clinical studies showed that bile flow and bile
acid output 10 days after the start of drug treatment were
significantly higher in liver transplant patients treated with
FK506 than in those treated with cyclosporin A, although
bile flow and bile acid output were similar in the two
groups immediately after transplantation. This suggests
that FK506 caused a more rapid recovery of bile secretion

Žafter transplantation than did cyclosporin A Ericzon et al.,
.1997 . Taken together with the findings of our present

study, it is likely that hepatic IGF-I production is stimu-
lated in FK506-treated patients, and that this increase in
IGF-I may contribute to an increase in bile flow and bile
acid output. It has been reported that hepatic dysfunction,
especially cholestatic dysfunction, frequently occurs in the
transplanted liver in the early period after liver transplanta-
tion, owing to ischemic damage and thrombosis of hepatic

Žblood vessels Herrera et al., 1989; Ericzon et al., 1990;
.Lang et al., 1997 . Therefore, it is possible that the

choleretic action of FK506, mediated through the stimula-
tion of hepatic IGF-I production, might benefit patients
with liver transplants. However, because IGF-I is known to
exert a variety of actions against many types of cells, there
is a possibility that stimulation of hepatic IGF-I production
by FK506 may contribute to some of the adverse effects
associated with the clinical use of this drug. The major
adverse effects observed in transplant patients treated with
FK506 are hyperglycemia, neurotoxicity, renal toxicity and

Žhypertension European FK506 multicentre liver study
group, 1994; The US Multicenter FK506 Liver Study

.Group, 1994 . Recent evidence has shown that FK506
treatment causes a decrease in insulin production at the

transcriptional step in pancreatic b-cells, leading to hyper-
Ž .glycemia Tamura et al., 1995 . Conversely, IGF-I, like

insulin, has the ability to lower blood glucose levels and
Žalso possesses potent neuroprotective activity Dore et al.,

.1997 . Moreover, there has been no published evidence of
a relationship between IGF-I and hypertension or renal
toxicity. Thus, it is possible that the stimulation of IGF-I
production by FK506 might not be associated with its
adverse effects. Although changes in the blood levels of
IGF-I or its binding proteins, so far as we know, have
never been examined in transplant patients treated with
FK506, it is important to verify whether IGF-I induction
by FK506 really benefits transplant patients.

In conclusion, the present study demonstrates that
FK506 treatment increased bile flow and also induced an
increase in the plasma and hepatic levels of IGF-I in rats.
This suggests that a stimulation of hepatic IGF-I produc-
tion by FK506 may contribute to its choleretic profile.
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