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Ahatraet~yclosporin A (CsA) treatment has been reported to cause rises in serum bile acids both in 
humans and rats. It has also been shown to suppress bile flow in situ in rats and inhibit the transport of 
bile salts by rat hepatocytes. The purpose of this study was to examine the influence of CsA on uptake 
of radiolabelled cholate (CA), glycocholate (GC) and taurocholate (TC) by isolated human hepatocytes. 
CsA did not significantly change V,,,,, for CA uptake (0.23 f. 0.01 vs 0.25 f 0.02 nmol/mg protein/min 
for control and CsA (lOpM), respectively], but significantly increased K,,, (37 f 2 vs 86 2 8 PM). 
Similarly, V_ for TC uptake was not affected (0.51 f 0.02 vs 0.67 ? 0.05 nmol/mg protein/min) while 
K,,, was significantly increased (46 + 3 vs 109 2 11 PM for control and CsA (10 PM), respectively]. On 
the other hand, neither V,, nor K,,, for GC uptake was affected by CsA. The data indicate a competitive 
pattern of inhibition induced by CsA on CA and TC uptake. Furthermore, CsA was found to cause a 
dose-related inhibition of accumulation of both cholate and taurocholate, but not GC accumulation. 
None of the concentrations of CsA showed a significant effect on the integrity of the human hepatocytes 
as assessed by ALT (alanine aminotransferase), AST (aspartate aminotransferase) and LDH (lactate 
dehydrogenase) release. The findings, in human hepatocytes, are generally consistent with the obser- 
vations reported from rodent studies. They strongly support the contention that serum bile acid increases 
in CsA-treated patients are due to interference with the hepatocellular transport and accumulation of 
particular bile acids. 

Cyclosporin A (CsAI) is a lipophilic, cyclic 
endecapeptide which has revolutionized the field of 
organ transplantation [la] and is now being 
considered in the treatment of some autoimmune 
diseases [S, 61. Its use, however, is associated with 
a number of side effects such as nephrotoxicity, 
neurotoxicity, hypertension and gingival hyperplasia 
[l]. CsA associated hepatic dysfunction has been 
reported in 86% of bone marrow transplantation [7] 
and in up to 20% of renal allograft transplant 
recipients [8,9] and observed in heart transplant 
patients [lO-121. In all these cases, concurrent 
bacterial and viral infections, haemolysis, graft 
versus host disease, drug interactions and heart 
failure have been excluded. Patients treated with 
CsA for reasons other than organ transplantation 
also showed signs of hepatic dysfunction [ 13,141 and 
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similar observations have been reported from animal 
studies [ 15-171. The major changes that characterized 
these hepatic effects were rises in total serum bile 
acids (TSBA) and serum bilirubin [15-191 with minor 
or unchanged activities of serum transaminases [8, 
10, 13, 15, 16, 181. Such changes were reported to 
be dose dependent and reversible when the dosage 
of CsA was discontinued or decreased (9,191. 
Furthermore, histological lesions were usually absent 
1201. 

The mechanism of CsA-associated hepatic dys- 
function in humans is still not fully understood 
although animal studies have related the changes to 
decrease in bile flow [21] and interference with the 
uptake of bile acids, using both in vivo [lS] and in 
vitro treatment [22-241. This inhibitory effect of 
CsA on hepatic uptake is not limited to bile salts as 
it is also observed with other cholephilic substances 
[24-27). However, these studies used animals, 
particularly rats, to investigate this mechanism and 
there are no available data from humans. Using 
human hepatocytes to investigate this mechanism 
seems to be mandatory as this could provide 
confirmatory evidence for the animal studies and the 
actual mechanism responsible for these changes in 
CsA-treated patients. The need for human studies 
in this respect emerges from the fact that there are 
species differences in the percentage of primary and 
secondary bile acids and their conjugates [28,29] 
and metabolism of drugs [30], other chemicals and 
cholephilic compounds [31-341. Therefore, it was 
decided to study the effects of CsA on bile acid 
uptake by isolated human hepatocytes. 
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814 S. A. AZER and N. H. STACEY 

MATERIALS AND METHODS 

Chemicals and reagents. The following compounds 
were obtained from the indicated sources. Cholic 
acid (CA) (carboxyf-‘4C], sodium salt (53.9mCi/ 
mmol) and glycocholic acid (GC) [carboxyi-‘%I, 
sodium salt (SO mCi/mmol) from Amersham 
Australia Pt Ltd (Sydney) Australia. Taurocholic 
acid (TC) Y [ H(G)] (2.1 Ci/mmol) from Du Pont, 
NEN Research products (NSW, Australia). Ampho- 
tericin B, solubilized; collagenase type IV (38OU/ 
mg solid); ethylene glycol-bis ~~aminoethylether) 
N, N, N’, N’-tetra acetic acid (EGTA); gentamicin 
sulphate (696pg base per mg solid); streptokinase 
(132,000 U/mg protein) and trypsin inhibitor (Type 
II-L: lima bean-10,000 BAEE U/mg protein) from 
the Sigma Chemical Co. (St Louis, MO, U.S.A.). 
HEPES [4-(2-hydroxye~yl)-1-pi~r~ineethane- 
sulphonic acid] from Calbiochem (La Jolla, CA, 
U.S.A.). UW (University of Wisconsin) solution 
from DuPont Critical Care (Wankegan, IL, U.S.A.). 
Percoll from Pharmacia LKB (Uppsala, Sweden). 
CsA was a gift from Sandoz Australia Pty Ltd 
(Sydney, Australia). Al1 other chemicals used were 
of analytical grade and were obtained from 
commercial sources. 

Isolation of hepatocyctes. This work has been 
carried out in cooperation with the Australian 
National Liver Transplantation Unit, Royal Prince 
Alfred Hospital. The studies were approved by both 
Central Sydney Health Service Ethics Review 
Committee, Royal Prince Alfred Hospital and the 
Human Ethics Committee, the University of Sydney. 
Postmortem human liver tissues were obtained from 
10 liver donors aged w years. All pieces (50- 
200 g/piece) were supplied from a cut-down (usually 
from the right hepatic lobe) during liver transplant 
operations. Cut-down operations were performed in 
cases where the recipient’s abdominal cavity is 
relatively small compared to the donor liver. The 
pieces were kept in UW solution (containing mmol/ 
L: 100 K-lactobionate, 25 KH2P04, 5 MgS04, 30 
raffinose, 5 adenosine, 3 glutathione, 1 allopurinol, 
50 g hydroxyl starch) for 14 hr until used. Neither 
insulin nor dexamethasone was added to UW 
solution since the addition of insulin showed 
deleterious effects on liver graft survival in rats ]35] 
and the presence of dexamethasone can affect bile 
acid synthesis [36]. Hepatocytes were isolated by a 
two-step perfusion technique modified from that 
described for the isolation of rodent hepatocytes [37] 
with some modifications [38]. Briefly, the liver was 
perfused for 15 min with 3 L Ca2+/Mg2+-free buffer, 
pH 7.4, containing per L: 101.8mmol NaCl, 
5.6 mmol D-glucose anhydrous, 6.6 mmol KCl, 
0.44 mm01 KHzPOI, 0.34 mm01 Na2HP04, 
49.9 mmol HEPES, 0.5 mmol EGTA, 15.4 mmol 
NaHCOs, 100 mg gentamicin sulphate, 0.1 mg 
amphotericin B and 30,000 U streptokinase. It was 
then perfused with 500 mL HEPES buffer, pH 7.4, 
containing per L: 101.8mmol NaCl, 5.6mmol D- 
glucose anhydrous, 6.6 mmol KCl, 5.03 mmol CaC12- 
2H20, 49.9 mmol HEPES, 15.4 mmol NaHC03, 
100 mg gentamicin sulphate, 0.1 mg amphotericin B, 
15,000 U streptokinase, 100 mg trypsin inhibitor and 
200,000 U of Type IV collagenase in a recirculation 

system. Non-viable cells were separated from viable 
cells by centrifugation in 10mL of percoll solution 
(1 vol. of the 10 times concentrated Hank’s buffer 
with 9~01. of the stock percoll). Viability of 
hepatocytes was assessed by Trypan blue (0.4%) 
exclusion immediately after isolation and was always 
in the range of 8488%. The yield of viable 
hepatocytes was variable ranging from 2 x lo6 to 
2 X lO’cells/g liver. Hepatocytes were then adjusted 
in Hanks-HEPES to a concentration of 1.4 x lo6 
cells/ml. 

Uptake experi~n~. Bile acid uptake studies for 
CA, GC and TC were performed in separate 25-mL 
Erlenmeyer flasks (Schott, Duran, Germany) at 37”. 
For each bile acid used, aliquots (1.98 mL) of the 
freshly isolated hepatocyte suspensions in Hanks- 
HEPES buffer (1.4 x 106cells/mL) were pre- 
incubated with shaking at 80 oscillations/min. 
Uptake for each bile acid was initiated (at zero time) 
by the addition of 10,uL of CsA in dimethyl 
sulphoxide (DMSO) or DMSO alone (as a control) 
followed by the addition of 10 PL of the radiolabelled 
bile acid substrate at 30 sec. The final concentration 
ranged from 10 to lOO@l and the radioactivity in 
each flask was about 50nCi/mL for CA and GC 
experiments and 80 nCi/mL for TC. Sampling using 
the 400-PL polyethylene tube/silicone oil technique 
[39] was carried out at appropriate times. The 
polyethylene tubes (Stockwell Scientific, Walnut, 
CA, U.S.A.) were cut at the middle of the oil layer 
the next morning and the radioactivity in the pellet 
and supematant was determined by a liquid 
~intillation counter (Packard Instruments Inc., 
Downers Grove, IL, U.S.A.). Protein concentration 
was measured [40] using bovine serum albumin as a 
standard. Determination of radiolabel and protein 
concentration of hepatocyte suspension allowed 
calculation of the uptake on a per milligram protein 
basis. 

Cell viabi~i~. In addition to the Trypan blue 
exclusion test, cell membrane integrity was assessed 
by the measurement of alanine aminotransferase 
(ALT), aspartate aminotransferase (AST) and 
lactate dehydrogenase (LDH). These assays were 
carried out on cell suspension supernatants using a 
Cent~~~hern (model 400 distributed by Roche) and 
appropriate kits (Behring Diagnostic Inc., NJ, 
U.S.A.). 

Data analysis and statistical procedures. Each data 
point represents the mean value obtained from at 
least three experiments. Statistical analysis was by 
analysis of variance and Duncan’s test with a pre- 
set probability level of P ~0.05. For uptake 
experiments, initial rates of bile acid uptake were 
determined at all concentrations from 10 to 100 PM. 
The apparent kinetic parameters from the initial 
rates of uptake of each bile acid were calculated 
using Michaelis-Menten kinetics. 

RESULTS 

Cell viability 

After an hour of incubation, Trypan blue exclusion 
did not show significant changes in hepatocyte 
viability compared to those tested immediately after 
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Table 1. In vitro effects of CsA at various concentrations 
on the release of cellular enzymes 

Experimental ALT AST LDH 
groups (U/L) (D/L) (D/L) 

DMSO 67.0 + 6.8 91.1 2 8.1 187.9 f 20.3 
DMSO + CsA 

1pM 71.8 + 11.5 87.0 2 13.0 201.3 5 24.6 
10 PM 77.5 -t 9.7 89.6 t 9.8 235.5 2 32.8 

1OOpM 76.3 * 7.2 95.4 -t 14.9 199.3 2 46.5 

The values are expressed as means f SEM of duplicate 
determinations each from four experiments. No significant 
difference was found in the protein concentrations of 
various experimental groups. 

0.0 2.0 4.0 6.0 

“,5.X moo 

Fig. 1. Eadie-Hofstee plots of cholate uptake by human 
hepatocytes in the presence of varying concentrations of 
CsA or vehicle (DMSO). Initial uptake values (V,) were 
determined over a 20-8Osec period of incubation. Each 
value represents the mean + SEM from three experiments. 
* Significantly different from respective control values, 
** significantly different from respective values of control 

and CsA 1 PM (P < 0.05). 

preparation. Table 1 summarizes the effect of the 
various concentrations of CsA on viability of isolated 
hepatocytes. The data show that in vitro exposure 
of CsA did not cause any increase in leakage of 
ALT, AST and LDH compared to control. 

Effects of CsA on bile acid uptake 

Substrate uptake (CA, GC and TC) was linear 
with time (20-80 set) at all the concentrations 
studied. The slope of the regression line was used 
to obtain the initial rate of uptake (V,,) which varied 
considerably among the different bile acids studied 
(Figs l-3). The effects of various concentrations of 
CsA on the initial rates of uptake of CA, GC and 
TC and their apparent kinetic parameters can be 
obtained from Figs l-3 and Tables 2 and 3. K,,, for 
CA and TC increased significantly with no changes 
in V,,, suggesting a competitive inhibition induced 
by CsA on these substrates. On the other hand, CsA 
did not show any inhibitory effect on the uptake of 
GC as both K,,, and V,,,,, for the various CsA 
concentrations did not show significant changes 
compared to control. CsA also caused a dose-related 
inhibition of both CA and TC accumulation (Fig. 4, 
A and C) but did not affect GC accumulation at any 
of the concentrations used (Fig. 4B). 
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Fig. 2. Eadie-Hofstee plots of glycocholate uptakes by 
human hepatocytes in the presence of varying concentra- 
tions of CsA or vehicle (DMSO). Initial uptake values (V,) 
were determined over a 2&-80sec period of incubation. 
Each value represents the mean + SEM from three 
experiments. No values are statistically different from their 

respective control (P < 0.05). 

Cl.15 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 

V./S. x Iwo 

Fig. 3. EadieHofstee plots of taurocholate uptake by 
humanhepatocytesinthepresenceofvaryingconcentrations 
of CsA or vehicle (DMSO). Initial uptake values (V,) were 
determined over a 204Osec period of incubation. Each 
value represents the mean -t SEM from four experiments. 
* Significantly different from respective control values, 
** significantly different from respective values of control 

and CsA 10 PM (P < 0.05). 

DISCUSSION 

The mechanism by which CsA induces a rise in 
serum bile acids on CsA treatment has been 
investigated in isolated perfused rat liver [21], in 
vivo treated rats and freshly isolated [15,22,24] and 
cultured rat hepatocytes [23] and rat plasma 
membrane vesicles [41,42]. In the present study 
exposure of human hepatocytes to various CsA 
concentrations did not affect the integrity of 
hepatocytes as evidenced by a lack of ALT, AST 
and LDH leakage compared to control (Table 1). 
These findings are consistent with the reported 
observations from rat hepatocytes [23] and in vivo 
treated rats [15,16]. CsA in vivo treatment has even 
been associated with lowered serum transaminases 
and alkaline phosphatase activity [43]. 

The use of human hepatocytes in toxicological 
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Table 2. Apparent kinetic parameters for cholate and glycocholate uptake by human 
hepatocytes in the presence of various concentrations of CsA 

CsA concn 
(PM) 

0 

Cholate* 

K# V,,X 

36.9 + 2.0 0.23 f 0.01 
36.5 f 1.8 0.22 -e 0.01 
85.7 ? 8.2t 0.25 * 0.02 

Glycocholate* 

L Vlil,X 

101.1 f 6.8 1.92 2 0.21 
116.5 2 16.5 2.06 2 0.34 
95.7 ” 4.0 1.972 0.11 

* Values for K,,, (PM) and V,,,,, (nmol/mg protein/mm) were estimated from the Eadie- 
Hofstee plot. Each value represents the mean ? SEM of three different cell preparations. 

t Statistically different from respective control (P < 0.05). 

Table 3. Apparent kinetic parameters for taurocholate 
uptake by human hepatocytes in the presence of various 

concentrations of CsA 

CsA concn KR* 
(PM) (FM) 

VW, 
(nmol/mg protein/min) 

0 45.7 * 3.1 0.51 + 0.02 
1 50.7 ?I 0.6 0.53 -t 0.02 

10 109.3 2 10.7t 0.67 f 0.05 
100 194.2 * 40.4t 0.65 + 0.10 

* Values for K,,, and V,,,, were estimated from 
the Eadie-Hofstee plot. Each value represents the 
mean + SEM of four different cell preparations. 

t Significantly different from control (P < 0.05). 

studies has provided a useful tool for investigating 
the hepatotoxic effects of drugs and chemicals 
particularly in situations where species differences 
need to be explored [33,34]. However, obtaining a 
sufficient number of human liver pieces for perfusion 
and the yield of viable cells are the major reported 
disadvantages [38]. Our data show that the viability 
of isolated hepatocytes after the percoll step was in 
the range of 8688% which is reasonable for uptake 
studies compared to recently reported studies 
[44,45]. However, the major problem which we 
faced during this work was the relatively low numbers 
of liver cut-down operations (10 liver pieces in 18 
months). 

Our data show the ability of CsA to interfere with 
human hepatocellular uptake of two bile acids, CA 
and TC. The inhibition was rapid and competitive 
in nature as evidenced by the increase in K,,, 
indicating a decrease in receptor affinity for substrate. 
If,,,,, for both bile acids, however, was not affected 
(Tables 2 and 3). CsA also caused a dose-related 
inhibition of the accumulation of these two bile acids 
(Fig. 4 A and C). These results are consistent with 
the observations reported from freshly isolated rat 
hepatocytes [22,24] and cultured rat hepatocytes 
[23], although some authors reported a non- 
competitive inhibitory effect of CsA on CA uptake 
in rats [24]. This could be related to differences in 
the experimental design (composition of buffers, for 

example, could possibly affect the nature of bile acid 
uptake). 

It may be of interest to compare the reported 
kinetic parameters for TC uptake by in vitro treated 
rat hepatocytes [22] with our present results using 
human liver cells. In rats, K,,, values for TC uptake 
were 32 + 9 and 131 2 7 FM for control (DMSO) 
and CsA (10 FM) in DMSO, respectively, while V,,,,, 
values were 2.9 + 0.4 and 3.7 ? 0.4 nmol/mg 
protein/min. The data from the present work for 
the same bile acid (Table 3) show K, values of 
46 f 3and 109 f 11 PM forcontrolandCsA(10 FM), 
respectively, and V,, values of 0.51 + 0.02 and 
0.67 * 0.05 nmol/mg protein/min. It is clear that the 
K,,, values for TC uptake in both species are quite 
similar. V,,, values, however, were relatively low 
for human hepatocytes. This may be related to the 
species differences in the percentage of conjugated 
bile acids 1291. 

GC uptake was not inhibited by the presence of 
CsA and its accumulation was not affected by the 
various concentrations of CsA. These results suggest 
a substrate-specificity for the effects of CsA. A 
specific effect for CsA on the uptake of other 
substrates by rat hepatocytes has been reported 
[22,46] and CsA has been shown to have selective 
hepatocellular membrane effects [47]. For example, 
it has been reported that the hepatocellular uptake 
of acaminoisobutyric acid [22] and galactose [46] 
were not inhibited by the presence of CsA. The 
uptake of the former substrate is known to be linked 
to energy-dependent systems while the latter is 
associated with carrier-mediated transport [48]. 
Thus, while CsA interferes with the hepatocellular 
uptake of carrier-mediated substrates such as CA 
and TC [15,22-241, CsA did not show any effect on 
the hepatocellular uptake of other substrates 
transported by similar processes. These observations 
are not inconsistent with the lack of inhibitory effect 
of CsA on GC as demonstrated in this study and 
suggest that CsA has a substrate-specific rather than 
a general effect on hepatocellular transport. 
Interestingly, however, these data suggest differences 
in transport mechanisms among bile acids that are 
deserving of further investigation. Substances like 
CsA would seem likely to be valuable experimental 
tools in further unravelling the nature of specific 
transport of bile acids. 



Cyclosporin A, bile acid uptake by human hepatocytes 817 

0.0 1 & I I , t 

0 s 10 1s 20 25 so 

B 

I 

0.0 1 1 I I t , 

0 5 10 1s 20 2s 30 

I T 

1.0 - 

OS - o-o 

l -* - w 
A-A cd lO#M 
A-A CaA loo#M 

0.0 L I I I I L 

0 S 10 1s 20 2s 30 

m @W 

Fig. 4. Substrate accumulation by isolated human hepatocytes treated in &fro with LL?MSO and varying 
~n~ntrat~ons of CsA. Values represent the mean -C SEM (N = 3). (A) Cholate concentration (25 pM), 
All data points for the higher concentrations of CsA (10 and 1OO~M) are significantly different to 
control at 2. 10,ZO and 30 min (P ( 0.05), (B) Glycocholate concentration (25 ,uM)_ No data points for 
the various concentrations of CsA are significantly different to controt at 2-30 min (P < 0.05). (C) 
Taurocholate concentration (25 J.&Q, All data points for the higher CsA concentrations (10 and 100 PM) 
are significantly different to control at IO-30 min and at 5 min for the highest concentration (P < 0.05). 

In conclusion, in vitro treatment of isolated human centrations of CsA (l-100 PM). The findings, in 
hepatocytes with CsA inhibited the initial uptake human hepatocytes, are generally consistent with 
velocity of CA and TC but not GC, The inhibition the observations reported from rodent studies. They 
was rapid and competitive in nature. CsA also strongly support the contention that serum bile acid 
induced a dose-related inhibjtion of both CA and increases in GA-treated patients are due to 
TC accumulation. On the uther hand, GC interference with the he~at~e~~u~ar transport and 
accumulation was not affected by various con- accumulation of particular bile acids. 
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