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Abstract--The effects of lipids on the uptake and metabolism of cyclosporine (CyA) were investigated 
in isolated rat hepatocytes. In the absence of lipids, CyA was rapidly taken up (reaching apparent steady 
state within 5 rain) and highly associated with the cells (more than 80%). The CyA uptake was 
concentration independent over the concentration range studied (0.6 to ll.2/,g/mL). Metabolism, 
however, was relatively slow and saturable. Except for cholesterol (at concentrations up to 15.5 mM), 
all lipids tested [oleic acid; low density lipoproteins (LDL); and high density lipoproteins (HI)L)] 
reduced CyA cell uptake as well as its metabolism in a concentration-dependent manner. The effects 
of LDL were much more pronounced when compared to those of HDL and oleic acid. At an LDL 
concentration of 1 tJM, drug uptake, indicated by the cell-associated concentration at steady state, was 
about 49% of the control value, while CyA metabolism was inhibited completely. Drug uptake of about 
82 and 91% and CyA disappearance of 75 and 68% of the relevant control values were observed with 
HDL and oleic acid at concentrations of 10/~M and 0.7 mM, respectively. Apparently, lipids decreased 
CyA metabolism by reducing the concentration of CyA available for transport into the cells. These 
findings further support the suggestion of an important role for plasma lipids in the disposition of CyA. 

Cyclosporine (CyA1:), a cyclic undecapeptide, is 
used widely as a powerful immunosuppressant in 
organ transplantations. It has been shown to be 
metabolized extensively (more than 90%) in the 
liver of humans and animals [1-3]. Due to its 
lipophilicity, it binds mostly to plasma lipoproteins 
(up to 80% of the bound drug) and the binding 
primarily occurs with low density lipoproteins (LDL) 
and high density lipoproteins (HDL) [4-6]. Thus, 
changes in lipoprotein patterns have been thought 
to play an important role in CyA distribution and 
clearance. 

Only a few studies have focused on the effects of 
lipids on CyA disposition with, unfortunately, 
inconclusive or contradictory results. In dogs, 
concomitant infusion of a fat emulsion resulted in a 
nonsignificant (28%) increase in area under the 
plasma concentration-time curve (AUC), using a 
nonspecific radioimmunoassay (RIA) [7]. Sig- 
nificantly smaller serum volume of distribution and 
clearance were found in Zucker hyperlipidemic rats 
as compared to Zucker lean or Sprague-Dawley rat 
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models, also using a nonspecific RIA method [8]. 
Using specific HPLC assays, a negative relationship 
between plasma CyA clearance and lipoprotein 
concentrations was reported in uremic patients [9], 
whereas high fat meals have been found to increase 
the volume of distribution and clearance of CyA 
obtained from both plasma and blood measurements 
after intravenous administration of CyA to healthy 
volunteers [10, 11]. If increased lipoprotein levels 
result from high fat meals, the findings described 
above appear to contradict the expected effects of 
increased plasma protein binding on the distribution 
and elimination of a low extraction ratio drug such 
as CyA. As an explanation for these apparently 
anomalous results, Gupta et al. [11] suggested that 
a complex of CyA-lipoproteins, especially LDL, 
may enhance uptake into cells, possibly via LDL 
receptors, leading to increased intracellular drug- 
protein complex concentrations which are then 
cleaved by lipases making greater amounts of CyA 
available for P450-mediated metabolism. Little direct 
information, however, is available on the effect of 
plasma lipids on drug transport into and metabolism 
within intact cells. 

In this paper, CyA uptake and metabolism were 
investigated in the presence of plasma lipids: 
cholesterol, oleic acid, LDL and HDL. We chose 
isolated rat hepatocytes as a model system which 
allowed simultaneous examination of drug uptake 
and metabolism processes in the presence of various 
additives, without the complexities commonly 
encountered in vivo. Rats have been used extensively 
in previous disposition studies of both CyA and 
lipoproteins, with a number of findings shown to be 
similar between rats and humans [2, 12-14]. 
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METHODS 

Chemicals. Collagenase type IV, bovine serum 
albumin (BSA), essentially fatty-acid free BSA, 
ethyleneglycol-bis- (~aminoethyl ether)-tetraacetic 
acid (EGTA), N-2-hydroxypiperazine-N'-2-eth- 
anesulfonic acid (HEPES), dimethyl sulfoxide 
(DMSO), oleic acid, cholesterol, and both LDL and 
HDL derived from human plasma were obtained 
from Sigma (St. Louis, MO). CyA, its metabolites: 
AM9, AM1, AMlc and AM4N, previously known 
as M-I, M-17, M-18 and M-21, respectively [15], 
and dihydrocyclosporin C (CyC) were a gift from 
Sandoz Ltd. (Basel, Switzerland). Other chemicals 
and solvents were from Fisher Scientific (Santa 
Clara, CA) and were either analytical or HPLC 
grade. 

Cellpreparation. Male Sprague-Dawley rats (250- 
300g) from Bantin and Kingman (San Leandro, 
CA) with free access to standard rat chow and water 
were used. Liver perfusion was performed as 
described by Seglen [16] with slight modification. In 
brief, the liver was perfused in situ with HEPES 
buffers via the hepatic portal vein, with the superior 
vena cava serving as an outlet for the perfusate. The 
basic composition of the HEPES buffers was 0.83% 
NaCI, 0.05% KC1 and 0.24% HEPES, adjusted to 
pH 7.45. Each liver was perfused with buffer A, the 
HEPES buffer containing 0.019% EGTA, for 8- 
10min, followed by buffer B, the HEPES buffer 
with 0.1% collagenase, 0.075% CaCI2 and 1.5% 
BSA for a further 5--8 min. Thereafter, the liver was 
excised and dispersed in buffer C (0.8% NaC1, 
0.035% KCI, 0.016% MgSO4.7H20, 0.018% 
CaC12.2H20 and 0.24% HEPES, pH 7.5, sup- 
plemented with 0.18% glucose). This cell suspension 
was then filtered through cotton gauze, washed twice 
with buffer C by slow centrifugation (50g), and 
redispersed in the incubation medium, buffer C 
containing 1% fatty-acid free BSA. The inclusion of 
albumin in the incubation medium was found to help 
maintain cell viability during the incubation period. 
The cell yield as counted in a Burker Chamber, was 
400--600 x 106 cells/liver. Cell viability, as assessed 
by Trypan Blue exclusion and LDH release tests 
[17], was greater than 90%. The cell supension was 
stored on ice before incubation, which always 
occurred within 1 hr of preparation. 

Incubations. The cell suspension was diluted to 
a final concentration of 5 x 106 cells/mL and 
preincubated at 37 ° in a shaking water bath for 15- 
20 min. CyA (1 mg/mL in DMSO) was added to the 
cell suspension (about 10mL) to obtain a final 
concentration of 0.6 to 11.2 #g/mL. For the studies 
of lipid effects, two different concentrations of each 
lipid were used while CyA concentration was fixed 
at 1.2#g/mL (1 #M). These lipid concentrations 
were: cholesterol, 0.77 and 15.5 mM; oleic acid, 0.7 
and 3.5 mM; LDL, 0.1 and 1 #M; and HDL, 1 and 
10 #M. Oleic acid was always preincubated with the 
cell suspension before the addition of CyA. Other 
iipids were either added directly to the cell suspension 
during the preincubation period or were preincubated 
with CyA before they were added to the cell 
suspension. Cholesterol was suspended in the 
incubation medium and sonicated for about 1 hr 

before use. In all experiments, DMSO was adjusted 
to a final concentration of 1.5% (v/v). Cell viability 
was decreased to about 80-85% at the end of 
incubation (4 hr) and was not affected by the addition 
of DMSO, cholesterol, HDL, LDL, and oleic acid 
at the low concentration (0.7 mM). In the presence 
of oleic acid at 3.5 mM, viability decreased more 
rapidly, reaching about 50% after 4hr. This 
deterioration was probably due to the acidity of oleic 
acid. 

For uptake studies, samples (0.3 mL) were taken 
at 10, 40, and 80 sec, and 2, 3, 5 and 10 min after 
the addition of CyA and each sample was centrifuged 
immediately at 4000 g for 5 sec. The supernatants 
were separated as soon as possible and 1 mL of 
a precipitating reagent (20% acetonitrile, 30% 
methanol and 5% zinc sulfate in water) was added 
to the remaining cell pellets. No attempt was made 
to correct for adhering water since a preliminary 
study showed that cell-associated CyA concentrations 
were only about 10% higher than those obtained 
from the cell pellets washed with ice-cold saline. 
The samples were vortexed and stored frozen until 
analyses, always within 1 week. 

Experiments were also carried out to determine 
the binding of CyA to nonviable cells. Cell 
suspensions were frozen and then thawed prior to 
incubation with CyA. 

For metabolism studies, samples (0.7 mL) were 
taken, in duplicate, at 0, 1, 2, 3 (in some studies), 
and 4 hr and heated in a 100 ° water bath for 2-3 min 
to terminate the reaction. Due to the rigorous early 
sampling time schedule for the uptake studies, the 
zero time metabolism sample was actually taken 2- 
3 rain after CyA was added. From a pilot study, no 
loss of CyA or formation of the metabolites was 
observed during the first 5 min. No significant loss 
of CyA and its metabolites was observed during 
heating. 

All experiments were performed using at least 
three separate hepatocyte preparations. Since 
considerable inter-liver variability was observed, a 
control experiment was carried out for each cell 
preparation and the effects of lipids were compared 
to those of the respective controls. 

HPLC analysis. CyA and its metabolite con- 
centrations were determined by modifications of our 
previously described HPLC procedure [18] so as to 
achieve higher recoveries of metabolites and better 
resolution of all species. Each sample was spiked 
with CyC, the internal standard, to a final 
concentration of 400 ng/mL and the proteins were 
precipitated by 3 mL (for the metabolism study) and 
2 mL (for the uptake study) of the precipitating 
reagent. After centrifugation, the supernatant was 
separated and loaded onto a C18 Bond Elut column 
(Analytichem International, Harbor City, CA). The 
column was washed with 1 mL of 25% acetonitrile 
in water and eluted with 1 mL of ethanol. The eluent 
was evaporated to dryness under a stream of nitrogen 
and the residue was reconstituted with 130 #L of the 
mobile phase (a 52:5:63 mixture of ace- 
tonitrile:tetrahydrofuran:diluted phosphoric acid, 
0.05%, pH 3). An aliquot, 50-100#L, was then 
injected onto a C18-ultrasphere reversed phase 
column (5 #m, 250 x 4.6 mm, Beckman, Deerfield, 
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Fig. 1. Time course of CyA uptake by isolated rat hepatocytes at different initial CyA concentrations. 
Values are means -+ SD (N = 4). 

IL) maintained at 70 ° and the column eluent was 
monitored at 214 nm. At a flow rate of I mL/min, 
the retention times of CyA, CyC, AM9, AM1, 
AMlc, and AM4N were 46, 36, 14.6, 13.6, 16, and 
24.5 min, respectively. The extraction recovery of 
CyA was 80%, which was approximately the same 
as that obtained previously [18], while the recoveries 
of AM9 and AM1 were about 4-fold and AM4N was 
about 2.5-fold higher than those found using the 
earlier method [18]. Since insufficient quantities of 
the metabolites were available for construction of 
standard curves, the metabolite concentrations were 
estimated assuming that their extinction coefficients 
and extraction recoveries were identical to those of 
CyA as proposed by previous workers [19, 20]. These 
assumptions are reasonable considering the close 
similarity of the chemical structures and the 
consistent high extraction recoveries obtained via 
the modified extraction procedure. In addition, 
Wallenmacq et al. [21] found a comparable response 
using UV and radioactive measurements for CyA 
and the four metabolites considered here. The intra- 
day and inter-day coefficients of variation of the 
CyA assay ranged between 3 and 8%. 

Statistical analysis. The results were evaluated 
by analysis of variance using Statview TM 512+ 
(BrainPower, Inc., Calabasas, CA). 

R E S U L T S  

Characteristics of CyA uptake. Figure 1 depicts 
the time courses of cell-associated CyA, expressed 
as percentages of initial concentrations over an initial 
concentration range of 0.6 to 11.2 ttg/mL. CyA was 
taken up rapidly by the hepatocytes, reaching an 
apparent steady state within 5 rain. CyA was highly 
associated with the cells with 86 --- 9% of the initial 
CyA concentration found in the cell portion after a 
5-min incubation. Since no correction for water 
entrapment was made in the present study, the cell- 
associated CyA estimates may be slightly higher 

than the actual values. Over the concentration range 
of 0.6 to 11.2/.tg/mL, CyA uptake was found to be 
concentration independent (Fig. 1), consistent with 
its passive transport property as reported in an 
earlier rat study [22]. Adsorption to nonviable 
(frozen and thawed) hepatocytes averaged 60% 
(range 58--64%) of the initial CyA concentration 
after 10 min. 

Characteristics of CyA metabolism. Unlike the 
uptake process, CyA metabolism was relatively slow 
and exhibited concentration dependence. Over the 
4-hr incubation period, about 30% of CyA 
disappeared at initial concentrations of 3.6 #g/mL 
or less, while about 16% of CyA was lost at the 
11.2 #g/mL concentration. Saturable metabolism 
was also reported in isolated rabbit hepatocytes over 
the CyA concentration range 1 to 2.5#g/mL, 
although a much faster metabolism rate was found 
[3]. With regard to metabolite formation, AM9 was 
a major component, followed by AM1 at all sampling 
times (Fig. 2), in agreement with a previous in oivo 
observation in rats [2]. The formation of all four 
metabolites appeared to exhibit nonlinearity with 
time (Fig. 2) and with concentration (Fig. 3). Because 
of very low concentrations of AM4N and difficulty 
in separating AMlc (secondary metabolite) from 
endogenous substances in some experiments, these 
two minor metabolites were not measured in 
subsequent experiments. 

Effects of lipids on CyA uptake. Figure 4 shows 
uptake patterns of CyA in the presence of cholesterol, 
oleic acid, LDL, and HDL. All lipids tested, with 
the exception of cholesterol (Fig. 4a) and oleic acid 
during the first 80 sec (Fig. 4b), appeared to inhibit 
CyA uptake in a concentration-dependent manner. 
In the presence of 15.5mM cholesterol, cell- 
associated CyA concentrations during the first 40 see 
were significantly (P < 0.02) higher (up to 1.8-fold) 
when cholesterol was preincubated with CyA as 
comlSared to the control or when cholesterol was 
first incubated with the cell suspension (Fig. 4a). 
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Nevertheless, CyA cell association at equilibrium in 
the presence of cholesterol at both concentrations 
used was not different from the control. 

In the presence of oleic acid, cell-associated CyA 
concentrations were not affected significantly during 
the first 10-80see of incubation, but decreased 
thereafter. At  an oleic concentration of 3.5 raM, 
CyA cell association gradually declined reaching a 
plateau of 67 --- 12% of the control value after 10 rain 
(Fig. 4b). In contrast, at the 0.7raM oleie acid 
concentration, the cell-associated CyA concentration 
at equilibrium was only slightly lower than that of 
the control. 

CyA uptake values in the presence of LDL (0.1 
and 1 #M) and HDL (10 #M) as depicted in Fig. 4e 
and 4d, respectively, were less than those of the 
controls at all sampling times, independent of the 
order of lipid addition (data not shown). These 
results are in agreement with the preferential binding 
of CyA to plasma lipoproteins [4--6, 23, 24]. The 
effect of LDL was much more pronounced than that 
of HDL. At  equilibrium, cell-associated CyA w a s  

found to be 84 --- 9and  49 _+ 15% of the control with 
0.1 and 1/~M LDL, respectively, and 82 -+ 10% of 
the control with 10/~M HDL. 

Effects of  lipids on CyA metabolism. The 
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Fig. 4. Uptake of CyA by isolated rat hepatocytes at the initial CyA concentration of 1.2/zg/mL in the 
presence of cholesterol (a), oleic acid (b), LDL (c), and HDL (d). Each value is the mean of at least 

three experiments. 

concentration-time profiles of CyA disappearance 
and AM9 and AM1 formation in the presence of 
lipids are shown in Figs. 5-7, respectively. The 
patterns of CyA disappearance during the 4-hr 
incubation period in the presence of lipids appeared 
to be the inverse of those for AM9 and AM1 
formation. Cholesterol, in the concentration range 
studied, did not affect CyA metabolism significantly 
although slightly less drug disappearance and 
metabolite formation were found at the end of 
incubation with cholesterol at 15.5 mM (Figs. 5a, 
6a, and 7a). In contrast, both oleic acid at 3.5 mM 
and LDL at 1/tM completely inhibited the drug 
metabolism. No significant loss of CyA was found 
(Fig. 5, b and c), and no metabolites were detected 
(Figs. 6, b and c, 7, b and c). A significant decrease 
in CyA metabolism was also observed at the lower 
concentrations of oleic acid and LDL used. HDL at 
a concentration of 10/~I,  but not at 1/dVl, markedly 
affected CyA metabolism (Figs. 5d, 6d, and 7d, and 
Table 1). The order of lipid addition did not appear 
to alter the drug metabolism pattern (data not 
shown). 

Relationship between CyA uptake and metabolism. 
Table 1 summarizes the effects of lipids on: CyA 
cell association at steady state (column 3), cell 
association corrected for adsorption to nonviable 
hepatocytes (column 4), the disappearance of CyA 
(column 5) and the formation of AM9 at 4 hr (column 
~o 43-9-I 

6). The positive relationship between CyA uptake 
and metabolism in the presence of lipids (column 4 
vs column 5 or 6) was apparent (r2>0.90). 
Cholesterol in the concentration range studied and 
HDL at 1/~M affected neither drug uptake nor 
drug metabolism. HDL at 10/~M decreased the 
concentration of CyA associated with the cells to 
82% of the control and the drug metabolism to 75% 
of the control. LDL at 0.1 pM diminished the drug 
uptake, the drug disappearance and AM9 formation 
to 84, 85 and 69% of the control values, respectively. 
In the presence of oleic acid at 0.7mM, CyA 
metabolism was decreased significantly (62-68%), 
and the uptake was also lower, although statistically 
insignificant, than the control (91%). No metabolism 
was observed when the values of CyA associated 
with the cells fell below about 67% of the control, 
as in the case of 3.5 mM oleic acid and 1 ~ LDL. 

DISCUSSION 

Isolated hepatocytes have been used successfully 
in investigations of drug transport and metabolism 
for over a decade [25, 26], and proved to be a useful 
tool for the study of CyA disposition. The relatively 
fast uptake process of CyA as compared to its 
metabolism: allows each process to  be evaluated 
independently. The high cell association of CyA is 
consistent with the drug's previously reported 
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pronounced tissue binding and high affinity to 
cyclophilin, an intracellular protein [2,3]. The 
apparently slow metabolism observed, even in the 
absence of lipids, suggests that the intrinsic clearance 
of CyA is low, in agreement with the observation/n 
rive [2]. Since CyA was metabolized much faster in 
rabbits [3], there appears to be species differences 
in CyA metabolism. The saturable kinetics of CyA 
metabolism observed in this study was also consistent 
with the earlier study in rabbits [3]. Although the 
concentrations of CyA tested here were limited (four 
concentrations over an 18-fold range), it is possible 
to obtain preliminary estimates of Vma x and K m from 
initial formation rates of AM9 and AM1 and the 
disappearance of CyA. The Km values of the initial 
formation rate of AM9 and AM1, and the 
disappearance of CyA were approximately 6.5, 4.7, 
and 12.8/~g/mL and the Vm~ values were 4.2, 1.5, 
and 26 ng/min/5 x 106 cells, respectively. Assuming 
negligible binding of CyA to albumin [4-6], the CyA 
intrinsic clearance, estimated by dividing the Vm~ 
of CyA disappearance by its relevant Kin, was 2/tL/ 
rain/5 × I(Y s cells. The intrinsic formation clearances 
of AM9 and AM1 were 0.65 and 0.32/A,/min/ 
5 x 106 cells, accounting for 32.5 and 16% of the 
CyA disappearance, respectively. If the estimates of 
metabolite concentrations, assuming approximate 
equivalence to the CyA extinction coeffident are 
reasonable, then only about half of the CyA dose 

can be accounted for as identified primary 
metabolites. Similar results were found in rats [2], 
where a significant portion of unidentified polar 
metabolites (up to 36% of total radioactivity) was 
reported. Most recently, a sulfate conjugate of CyA 
was identified at high concentrations in human blood 
and bile [27]. 

To investigate the effects of plasma lipids on CyA 
disposition, LDL and HDL were chosen for study, 
since they represent major plasma lipoproteins that 
bind to CyA [4--6]. Oleic acid is one of the fatty 
acids commonly found in dietary fats [28]. It probably 
also represents very low density lipoproteins (VLDL) 
to some extent, as VLDL synthesis has been reported 
to be stimulated by incubating oleic acid (0.25 to 
I raM) with rat hepatocytes [29, 30]. Cholesterol is 
present in plasma in the form of lipoproteins (about 
60% in LDL and 30% in HDL) [31]. The higher 
concentrations of lipids used in the present study, 
1 ~ LDL, 10/~M HDL and 0.7 mM oleic acid, are 
comparable to the levels normally found in human 
plasma [28, 31, 32]. Lower concentrations of LDL 
and HDL were also tested since they probably reflect 
the concentrations in the extracellular fluid of most 
organs [33]. The low and high concentrations of 
cholesterol utilized represent the range of the free 
and total cholesterol in human plasma [32]. As 
shown in Table 1, all lipids tested, with the exception 
of cholesterol, decreased the drug uptake and 



Cyclosporine uptake and metabolism 2003 

- -O-  ~ o -  a b 
" - U -  ~ l s s n u  

l S _ ~  .Ct4a.ES~ROt.. t S S mU Lmtncutmeed wlh CyA) m ~ lS ~ 

t ~ * ¢ t m ' s m ~ n " u  n ° ] . ~ l l - -  . otsJC ~n). , .s  n~ 

1 lO 

i 
i o 

0 60 120 180 240 0 60 120 180 240 

TIME (MINI TIME (MIN) 

c d 

(~ I S l - - 0 - -  c(~n~o. 
I - - l - -  . ta t .1 ,  . / 0  

0 60 120 180 240 

ls-i - - O - -  cobol 
g 1 ---m-- , . o t . l o p u  _ t ~  

t° I 

| 

0 60 120 180 240 

TIME (MINI TIME (MINI 

Fig. 6. Time course of AM9 formation at the initial CyA concentration of 1.2 #g/mL in the presence 
of cholesterol (a), oleic acid (b), LDL (c), and HDL (d). Each value is the mean of at least three 

experiments. 

metabolism. LDL possessed the strongest effects as 
compared to other lipids at comparable molar 
concentrations. Since the effects of cholesterol on 
drug uptake (Fig. 4a, Table 1) and metabolism (Figs. 
5a, 6a, and 7a, Table 1) were negligible, the strong 
binding of CyA to LDL probably results from 
lipoprotein structure which is not found with the 
major LDL component, cholesterol. Although 
VLDL was not directly tested in this study, the 
considerable drug uptake in the presence of 0.7 mM 
oleic acid may imply an insignificant effect of VLDL 
on the drug uptake. 

Ideally, the measurements of the effects of lipids 
on CyA cell uptake and metabolism should have 
been made as a function of unbound CyA 
concentrations. Measurement of free CyA con- 
centrations, however, is known to be difficult with 
results generally believed to be nonreprodudble and 
unreliable with the commonly used methods such as 
equilibrium dialysis and ultrafiltration [34]. It is, 
nevertheless, apparent from this study that the 
decrease in drug metabolism by lipids tested is most 
likely due to the reduction in the free drug 
concentration available for the uptake as suggested 
by the similarity in the effects of lipids on the CyA 
uptake and metabolism (Table 1). In the case of 
oleic add, the parallel decrease in uptake and 
metabolism also is explained by the loss of cell 

viability [35]. The values of CyA associated with the 
cells (column 3, Table 1) of about 49 and 67% of 
the controls found in the presence of LDL and oleic 
acid at high concentrations, respectively, when no 
metabolism occurred (Figs. 4, b and c, 5, b and c, 
6, b and c, and Table 1) are probably explained as 
due to CyA adsorption to the cell membranes (60% 
of initial CyA concentration was associated with 
nonviable cells after a 10-rain incubation). The lower 
CyA adsorption to the cells obtained in the presence 
of 1 #M LDL is consistent with the suggestion of 
preferentially binding of CyA to LDL. 

The decrease in CyA uptake and metabolism in 
the presence of LDL found in this study is in contrast 
to the hypothesis proposed by Gupta and Benet [10] 
that a CyA-LDL complex may enhance CyA uptake 
into cells, thereby enhancing the metabolism of the 
drug. The negative finding in the present study was 
not likely to result from an inability of rat bepatocytes 
to take up human LDL, as used here, since Chao et 
a/. [33] observed comparable metabolism rates of 
human and rat LDL in rat livers. Differences, 
however, may exist between LDL receptor expression 
in isolated cells used in the present study versus an 
in uivo system in humans as in the previous study 
[10]. In that study increases in the volume of 
distribution and clearance of CyA following high fat 
meals were accompanied by decreased levels of 
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Fig. 7. Time course of AM1 formation at the initial CyA concentration of 1.2/tg/mL in the presence 
of cholesterol (a), oleic acid (b), LDL (c), and HDL (d). Each value is the mean of at least three 

experiments. 

Table 1. Summary of lipid effects on CyA uptake and metabolism at a CyA concentration of 1/~M 

Lipid Concentration 

Cell-associated Cell-associated CyA CyA 
CyA during after subtraction of disappearance AM9 formation 

5--10 min binding to nonviable in 4 hr in 4 hr 
(% of control) cells (% of control) (% of control) (% of control) 

Cholesterol (4)* 0.77 mM 104.8 -+ 6.3 101.1 -+ 14.7 108.9 -+ 9.2 100.2 -+ 19.0 
15.5 mM 106.1 -+ 8.3 108.8 -+ 16.7 93.6 -+ 16.0 91.0 -+ 17.0 

Oleic acid (4) 0.7 mM 91.3 +-- 3.5 74.3 -+ 10.4t 68.4 - 10.9t 62.3 -+ 7.1t 
3.5 mM 66.7 -+ l l .6 t  -2.3 -+ 24.0t~t 0t 0t 

LDL (3) 0.1/tM 84.3 -+ 9.2t 76.2 -+ 20.5t 85.4 -+ 6.3t 69.2 -+ 10.6t 
1 ~ 48.6 +- 14.7t -46.2 -+ 35.5t~t 0t 0t 

HDL (3) 1 ~ 96.4 -+ 5.7 91.4 --- 15.7 107.9 -+ 12.1 91.1 -+ 19.0 
10/~M 81.6 -+ 9.5t 53.0 -+ 19.5t 75.2 -+ 10.7t 75.9 - 4.5t 

Values are means -+ SD. 
* Number of hepatocyte preparations used. 
t Significantly different from the control experiment (P < 0.05). Control values are depicted in Fig. 1 for CyA at 

1.2/~g/mL. 
:~ Cell-associated CyA was less than that obtained from the binding of CyA to nonviable cell experiments, but the 

values are not significantly different from zero. 

cholesterol and increased triglycerides [10, 11]. These 
apparently opposite  findings may be  rationafized as 
follows. A decrease in total  cholesterol  level would 
probably be a reflection of  a decrease in plasma 
L D L  since the major i ty  of  plasma cholesterol is in 
L D L  [31]. As  a consequence,  more  free drug was 

available to be taken up by the liver and probably 
other  cells, resulting in greater  drug distribution and 
metabolism. Al though an increase in triglyceride 
levels was also obtained,  its effect on the drug 
disposition was probably small. Triglycerides are 
mostly found in chylomicron (more than 80%) and 
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VLDL (50-60%) fractions [31]. Both chylomicrons 
and VLDL levels in plasma in healthy subjects [31] 
are relatively low and CyA bindings to these 
lipoproteins are low as compared to H D L  and LDL 
[4--6]. This explanation is also supported by the 
negative correlation found between measured free 
fractions of CyA and serum cholesterol levels in 
healthy volunteers and renal transplant patients 
[36, 37]. No such correlation was observed with 
measured serum triglyceride levels in healthy subjects 
[36]. The results reported here are also consistent 
with the findings of Awni et al. [38] who noted lower 
CyA AUCs following oral drug dosing in a subgroup 
of renal transplant patients who exhibited lower 
LDL concentrations as compared to a subgroup with 
mean LDL concentrations about 50% higher. In this 
study significantly lower levels of cholesterol, HDL 
and triglycerides were also observed in the low LDL 
subgroup. 

In summary, the present study demonstrates that 
plasma lipids inhibit CyA uptake into liver cells and 
consequently slows its rate of metabolism. These 
findings support the suggestion of the important role 
of drug binding to plasma lipids in CyA disposition. 
Further investigations using isolated liver perfusion 
are now under way to confirm the present results. 
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