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ABSTRACT. C:yclosporin G is a new immunosuppressor structurally similar to cyclosporin A. Although this 
drug is pharmacologically as active as cyclosporin A, it is less toxic, in particular at the kidney level. The aim 

of this work was to identify the enzyme system(s) involved in the oxidative metabolism of cyclosporin G in man: 
(1) in a bank of human liver microsomes (n = 22), cyclosporin G oxidase activity correlated significantly with 
cyclosporin A oxidase activity (P < 0.0001) and with the level of CYP3A4 (I’ < 0.002), determined by 
immunoblot; (2) specific inhibitors of CYP3A4, troleandomycin, and ketoconazole, inhibited cyclosporin G 
oxidase activity by more than 80%; (3) antiCYP3A4 antibodies specifically inhibited this activity by nearly 90%; 
(4) cyclosporin A was a competitive inhibitor of cyclosporin G oxidase and vice versa; (5). Among a battery of 
cDNA-expressed CYPs, only CYP3A4 was able to generate detectable amounts of metabolites of cyclosporin G 
and cyclosporin A with a turnover number close to that calculated from experiments with liver microsomes; (6) 
in human hepatocytes in culture, pretreatment of cells with rifampicin and phenobarbital, 2 inducers of 
CYP3A4, produs:ed a great increase in cyclosporin G oxidase activity, while P-naphthoflavone, an inducer of 
CYPlAs, did not. We conclude that CYP3A4 is the major enzyme involved in the oxidative metabolism of 
cyclosporin G in human liver. BDCHEM PHARMACOL 51;5:591-598, 1996. 
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Cyclosporin G (CSG or Sandoz compound OG 37-325) is an 
analog of cyclosporin A (CS.4) in which the a-aminobutyric 

acid residue has been replaced by a norvaline residue in posi- 
tion 2 [l, 21. This molecule h,as been reported to be as efficient 
as CSA in the prevention of acute allograft rejection with, 
however, reduced renal toxic side effects [3-51. The oxidized 

metabolites of CSG were found to have very low pharmaco- 
logical effects [5]. The pharmacokinetic parameters of CSA 

and CSG were comparable in patients with renal failure [6], in 
spite of marked differences i:n blood distribution [7]. 

The major metabolic pathway of CSG, however, has not yet 
been determined at the molecular level. Yet, it is important to 
clarify this point because it would allow the prediction and a 
posteriori the explanation of perturbations of pharmacokinetic 
parameters or of pharmacological effects resulting from co- 
medications or physiopathological stimuli [&lo]. The aim of 

this work was, accordingly, to identify the enzyme system(s) 
involved in the oxidative metabolism of CSG in humans. 
Using a bank of human liver microsomes characterized for the 
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levels of several forms of cytochrome P450 (CUP) and related 
monoxygenase activities, CYP-specific inhibitors, antiCYP 
specific antibodies, cDNA-expressed CYPs and primary cul- 

tures of human hepatocytes, we demonstrate in this report that 
CYP3A4 is the main enzyme involved in the hepatic and 
possibly intestinal oxidative metabolism of CSG. A prelimi- 
nary report has been published elsewhere [ll]. 

MATERIALS AND METHODS 
Drugs and Chemicals 

CSG, [mebmt-P-3H]CSG ( p ‘f s ccl LC radioactivity 6.7 mCi/mg, 
synthesized by Sandoz Ltd. Basel, Switzerland), metabolite 
GM1 of CSG (n-hydroxy-CSG, the analogue of metabolite 17 
of CSA), cyclosporin A (CsA), and [mebmt-P-3H]CsA (spe- 
cific radioactivity 11 Ci/mmol, from Amersham, Amersham 
England), were generously supplied by Sandoz Ltd (East Han- 

over, NJ, Reuil Malmaison, France and Basel, Switzerland). 
In both CSG and CSA, the tritium label was incorporated at 
the 1-p position of amino acid 1 (N-methyl-y-butenyl-y-meth- 
yl-threonine). Chemical and radiochemical purity was greater 
than 99% as assessed by high performance liquid chromatog- 
raphy (HPLC). CYP inhibitors and specific substrates in- 
cluded: propranolol from ICI Pharma (Pontoise, France), 
coumarine from Fluka (Buchs, Switzerland), sulfaphenazole 
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from Ciba-Geigy (Rueil-Malmaison, France), tolbutamide, 

quinidine, diethyldithiocarbamate, and lauric acid from Sigma 

(Saint Louis, MO), ketoconazole from Janssen (Boulogne, 

France), and triacetyloleandomycin from Pfizer (Paris, 

France). 

Human Liver Samples 

The use of human liver samples for scientific research was 

authorized by the French National Ethics Committee (date of 

last review and approval, November 1992). Clinical charac- 

teristics of some donors and patients have been given in pre- 

vious papers: HLl, HL2, HL4, HLS, HL13 [8], FTl, FT4 [IO], 

FH3, FH5, FH7, FT5, FT6, FT22, FT25, FT31 [12], 18190 and 

61289 [13], FT12, FT21 and FH6 [14]. Clinical characteristics 

of other donors are as follows: patient FT26 was a 55-year-old 

woman who had undergone resection of hepatic segments 5 

and 6 for an adenoma; patient FT54 was a 70-year-old woman 

who had undergone left lobectomy for an adenoma; patient 

FT60 was a 71-year-old man who had undergone resection of 

hepatic segments 1, 2, 3, and 4 for a metastasis of a colon 

cancer; subject FH68 was a 36-year-old male organ donor with 

amyloid neuropathy; patient FT69 was a 52-year-old man who 

had undergone left lobectomy for a metastasis of a gastric 

tumor. 

Preparation and Primary Cultures of Human Hepatocytes 

After washing the tissue with Eurocollins (2.05 g/L KH,PO+ 

7.4 g/L K,HPO,, 1.12 g/L KCl, 0.84 g/L NaHCO,, 35 g/L 

glucose, pH 7.3), hepatocytes were prepared and cultured as 

described in previous papers [lo, 12-151. 

Preparation of Microsomes 

Microsomes were prepared either from liver samples or from 

cultured cells by differential centrifugation and stored as de- 

scribed previously [15]. Protein concentration was determined 

by the bicinconinic acid method (Pierce Chemical Co, Rock- 

ford IL), bovine serum albumin being used as the standard. 

HPLC Analysis of CSCj and CSA and of Their Metabolites 

CSG and metabolites were separated and quantified by HPLC 

as follows. Briefly, 100 PL aliquots of l/l mixture of microsome 

supernatant, extracellular medium, or cell lysate and acetoni- 

trile were briefly centrifuged and loaded onto a Beckman (San 

Ramon CA) ultra sepharose ODS column (5 pm, 4.6 mm x 25 

cm) protected with a precolumn of the same phase, and eluted 

at 70°C with a mobile phase consisting of a mixture of water 

and acetonitrile (Merck, Darmstadt, Germany) whose compo- 

sition by volume was programmed according to the following 

linear steps: (1) acetonitrile gradient from 55 to 60% from 0 to 

15 min; (2) acetonitrile gradient from 60 to 70% from 15 to 25 

min; (3) acetonitrile gradient from 70 to 90% from 25 to 40 

min; (4) water/acetonitrile 45:55 from 40 to 45 min. Under 

these conditions, the elution times of CSG and metabolite 

GM1 (n-hydroxy-CSG) were 34.4 and 20.3 min, respectively. 

The radioactivity of the effluent from the HPLC colutnn was 

analysed in a Radioactivity Monitor LB 506~CI (Berthold, 

Wildbad, Germany) after tnixing in a l/3 ratio with Zinsser 

scintillation cocktail (Quickszint Flow 302, Maidenhead, En- 

gland). Radioactivity peaks were integrated with the aid of a 

computer and converted to molar concentrations of CSG and 

metabolites. CSG oxidase activity was expressed as the 

amount of total metabolites produced versus time. A relative 

uncertainty of +15% was estimated from independent mea- 

surements in triplicate. CSA and metabolites were separated 

and quantitated by HPLC procedure described in a previous 

paper [lo]. (S)-mephenytoin 4’-hydroxylase was determined as 

described [ 161. 

Metabolism of CSCj and CSA in 
Primary Cultures of Human Hepatocytes 

After 96 hr of culture in the absence or in the presence of the 

inducer, 50 ~.LM rifampicin, 50 FM P-naphthoflavone, or 2 

mM phenobarbital, the culture medium (Ham F12 and 

Williams’E, l/l in volume, Sigma) was renewed in the absence 

of the inducer and in the presence of 5 FM of CSG or CSA, 

and of 0.5 to 1 PCi of the corresponding radiolabeled mole, 

cule. The cells were then incubated under standard culture 

conditions for 4 hr and 250 PL aliquots of the culture medium 

were collected and analyzed by HPLC for the parent molecule 

and metabolites, as described above. The amount of CSG or 

CSA and their metabolites present in the culture medium 

were calculated from the HPLC data and the total radioactiv- 

ity recovered from the cells, including the radioactivity 

present in the cell pellet. 

Metabolism of CSCj and CSA in Human Liver Microsomes 

Five hundred micrograms of liver microsomes were resus- 

pended in 500 PL of 0.1 M potassium phosphate buffer, pH 

7.4, in the presence of 2 to 50 /.LM CSG or of 2.5 to 10 PM 

CSA and of 0.5 PCi of the corresponding radiolabelled mol- 

ecule. After 3-min incubation at 37”C, the reaction was ini- 

tiated by the addition of 1 mM NADPH (Sigma) and 

quenched 30 min later (under conditions of linear kinetics) by 

mixing with an equal volume of acetonitrile. After centrifu- 

gation, 100 /_LL of supernatant was analysed by HPLC. CSG 

and CSA oxidase activities were expressed as pmol of total 

metabolites produced per mg of protein per min. In some ex- 

periments, the effect of selective CYP inhibitors or specific 

CYP substrates was assessed. In this case, a concentration of 5 

PM of CSG, slightly lower than the K,,,, was chosen so as not 

to saturate the enzyme; in contrast, the CYP inhibitors or 

substrates were used at concentrations exceeding their respec- 

tive K, or K,,, to amplify the putative inhibitory effect. 

Correlation Analysis of Data 

Monoxygenase activities, including CSG oxidase, CSA oxi- 

dase, and (S)-mephenytoin 4’.hydroxylase, and the levels of 
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CYPlA2, CYP2D6, CYP2E1, and CYP3A4 obtained for each 
preparation of liver microsomes were compared by simple lin- 
ear regression analysis for each pair of data using the Macin- 
tosh Stat View program (Abacus Concepts, Inc., Berkeley, 
CA). 

Anti-CIT Polyclunal Antibodies 

Anti-CYP polyclonal antibodies directed against rabbit 
CYPlAl, lA2,2B4,2C3,2El, and 3A6 [16], monkey CYP2A 
[17], and human 2D6 (monocl.onal, [18]) were used in this 
work, either in immunoinhibition or immunoquantitation ex- 
periments. Previous studies have shown that the antibodies 
directed against rabbit and monkey crossreact with the human 
orthologous forms [ 16, 171. 

lmmunoinhibitiun of Microsonlal 
Monoxygenase Activities by Anti-CYP Antibodies 

Human liver microsomes (1 mg/mL) were resuspended in a 
final volume of 500 yL in 0.1 M potassium phosphate buffer 
pH 7.4. They were first incubated for 20 min at room temper- 
ature in the absence or presence of various concentrations of 
anti-CYP antibodies (0 to 10 mg/mL) to permit antigen-anti- 
body complex formation, and CSG was then added. The assay 
conditions were the same as those described above. 

lmmunoquantitation of CYPs in Liver Microsumes 

CYPlA2, CYP2D6, CYP2E1, and CYP3A4 were quantitated 
by immunoblot using specific antibodies as described [16]. Pu- 
rified antigens CYP3A4 [8] (1 pmol per lane) and cDNA- 
expressed CYPlA2, CYP2D6, and 2El (Gentest Co. Wobum, 
MA) were used on each gel as standard. Horseradish peroxi- 
dase-labelled antibodies were -from Sigma. Nitrocellulose fil- 
ters were from Biorad (Richmond, CA). 

Assays with cDNA-Expressed: Human Cyps 

Microsomes from a human lymphoblastoid cell line expressing 
human CYPlAl, lA2, 2A6, 2B6, 2D6, 2E1, and 3A4 
(Gentest Corp., Wobum, MA)’ were used in this work to anal- 
yse the biotransformation of CSG. Microsomes (2 mg/mL) 
were resuspended and assayed as described above for liver mi- 
crosomes, except that the time of incubation was 3 hr. 

RESULTS 

Biotransformation of C!X_$ in Human Liorer Microsomes 

When CSG was incubated with human liver microsomes in 
the presence of NADPH, HPLC analysis of the supematant 
revealed the presence of GM1 (n-hydroxy-CSG) as the major 
metabolite (elution time: 20.3 min) and of several other minor 
metabolites eluting between 7 and 20 min and between 25 and 
35 min. These were not characterised further in the present 
work. Throughout this paper, the rate of CSG oxidation is 
expressed as the amount of total metabolites produced versus 
time. The range of CSG concentration varied from 2 to 50 PM 
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and the data were analysed by Lineweaver-Burk plots. These 
concentrations largely exceeded the serum level of CSG in 
patients (0.2 PM). H owever, the drug is expected to con- 
centrate in hepatocytes, so that the local concentration “seen” 
by the enzyme in vieto should be greater than 0.2 PM. In pre- 
liminary experiments, the rate of CSG oxidation was measured 
in 3 different preparations from our bank of human liver mi- 
crosomes. These were linear with the 3 preparations used. K,,, 

and V,,, values for samples 61289, FT21, and FT3 1 were: 8.6, 
7.8, and 5.8 PM, and 225, 200, and 125 pmol/mg/min, respec- 
tively. Interestingly, K,,, and V,,, values for the oxidation of 
CSA, determined under similar experimental conditions with 
samples 61289 and m21, were similar to the data for CSG: 5 
+ 2 PM and 200 + 25 pmol/mg/min (mean + SD), respectively. 
Then, 22 different preparations of human liver microsomes 
were used to evaluate the interindividual variability of the 
biotransformation of CSG (50 PM). All microsome prepara- 
tions generated measurable amounts of metabolites (Fig. 1). 
The results revealed a fairly wide interindividual variability, 
the production of metabolites varying by a factor of I7 be- 
tween preparations FT26 and 61289. Among the liver mi- 
crosome preparations used in this study, 2 (FT6 and FH5) were 
shown to be deficient in CYP2D6 by Western blot, and 2 
others (FT4 and FT22) were inactive for (S)-mephenytoin 
4’.hydroxylation. These forms of CYP are known to be ex- 
pressed polymorphically in man [19, 201. These preparations, 
however, did not exhibit “anormal” CSG oxidase activity with 
respect to the others, suggesting that CYP2D6 and CYP2C19 
are not involved to a significant extent in the biotransforma- 
tion of CSG in human liver. In addition, further Western blot 
analysis of these preparations revealed that subjects Fl-6, FH5, 
Fr4, and FT22 had “normal” levels of other CYPs, including 
notably CYP3A4 and lA2. 

FIG. 1. Interindividual variability of the metabolism of cyclo- 
sporin G in human liver microsomes. Human liver microsomes 
(1 mg/mL) were incubated at 37°C in a 0.1 M potassium phos- 
phate buffer, pH 7.4, with 50 pM CSG in the presence of 0.5 
pCi of the radiolabelled compound. Thirty minutes after the 
reaction had been initiated with 1 mM NADPH, CSG and me- 
tabolites were analysed by HPLC. Liver microsome samples 
FlY6 and FH5 were deficient in CYP2D6, as revealed by im- 
munoblot. Samples J!T4 and FT22 were inactive in (S)-mephe- 
nytoin 4’.hydroxylase activity. 
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CorrekAnu 

The preparations of microsomes used in this work were char- 
acterised for the level of several CYPs, including CYPlA2, 
2D6, 2E1, and 3A4 (determined by immunoblot) and for sev- 

eral monoxygenase activities, including CSA oxidase 

(CYP3A4) and (S)-mephenytoin 4’-hydroxylase (CYP2C19). 
The rate of biotransformation of CSG was compared with 

these data by simple linear regression plots. The results are 
reported in Table 1, where the correlation coefficient as well 
as the P value are quoted for each pair of data. The rate of 

CSG biotransformation correlated significantly (I’ < 0.002) 
with the level of CYP3A4 and with CSA oxidase activity. In 
contrast, no correlation was observed with the other data, 

including the levels of CYPlA2, 2D6, 2E1, and (S)-mephe- 
nytoin 4’-hydroxylase activity. 

Inhibition of CSG Oxidaw Activity 
by Specific CYP Inhibitors and Substrates 

Several compounds have been characterised as selective in- 

hibitors of CYP forms. These include, notably, sulfaphenazole 
(CYP2C9) [21], quinidine (CYP2D6) [22], diethyldithiocar- 
bamate (CYPZEI, 2A6) [23], triacetyloleandomycin, and ke- 

toconazole (CYP3A4) [13,24]. Propranolol has been described 
as a CYPlA2 inhibitor, although it might also inhibit other 

CYPs including CYP2D6 [25]. In addition, other molecules are 

known to be specifically oxidised by some CYP forms. These 
molecules are, thus, expected to behave as competitive inhib- 
itors with respect to a compound metabolized by the same 

CYP. Coumarin (CYP2A6) [14], tolbutamide (CYP2C9) [26], 
(S)-mephenytoin (CYPZC19) [20], and lauric acid (CYP4A), 
[27] were used in this respect. The inhibitory effect of these 
compounds on the biotransformation of CSG is reported in 

Fig. 2 for preparation FT21 (similar results were obtained with 
samples 61289 and FT31, not shown). Clearly, ketoconazole 
(note that maximum inhibition was obtained with 1 PM of 
this compound), triacetyloleandomycin, and CSA were inhib- 
itors. The other compounds, in contrast, did not significantly 
affect CSG oxidase activity. In parallel experiments, CSG was 

found to be a competitive inhibitor of CSA oxidase with a K, 
of 7.4 PM, and CSA was found to be a competitive inhibitor 

of CSG oxidase with a K, of 4.4 yM (not shown). 

Immunoinhibition of CSCj 
Otiduse Activity by Anti-CYB Antibodies 

In an attempt to obtain further confirmation of the implica- 
tion of CYP3A4 in the biotransformation of CSG, immunoin- 

TABLE 1. Correlations (r and P vahtes) between the rate of 
metabolism of CSG and the levels of CYPs and other monoxe 
ygenase activities in human liver microsomes (n = 22) 

CYPS Activities 

3A4 lA2 2D6 2El CSA MP 

E 
0.644 0.032 0.038 0.324 0.828 0.229 
0.0016 0.890 0.894 0.258 <0.0001 0.33 1 

CSA, cyclosporm A oxidase activity; MP. (Sbmephenytoin 4’.hydroxylase. 

FIG. 2. Inhibition of microsomal metabolism of cyclosporin G 
by CYP-specific inhibitors and substrates. Human liver rnie 
crosomes ( 1 mg/mL, sample IT2 1) were incubated at 3 7°C in a 
0.1 M potassium phosphate buffer, pH 7.4, with 5 (*M CSG in 
the presence of 0.5 pCi of the radiolabelled compound, and in 
the absence (none) or in the presence of (l-500 pM) CYP* 
specific inhibitors or substrates. Thirty minutes after the reac- 
tion had been initiated with 1 mM NADPH, CSG and metab- 
elites were analysed by HPLC and the CSG oxidase activity is 
presented. Inhibitors and substrates were as follows: PRO, pro- 
pranolol at 10 and 50 pM; COU, coumarin at 2 and 10 pM; 
SUL, sulfaphenazole at 10 and 50 FM; TOL, tolbutamide at 50 
and 100 FM; MEP, (S)-mephenytoin at 20 and 100 pM; QUI, 
quinidiie at 2 and 20 pM; DDC, diethyldithiocarbamate at 20 
and 100 FM; KT, ketoconazole at 1 and 5 pM; TAO, troleand 
domycin at 20 FM; CSA, cyclosporin A at 10 and 50 p-M; and 
LAU, lauric acid at 100 and 500 pM. Similar results were ob- 
tained with 61289 and FT31. 

hibition experiments were carried out on preparation FT21. 
Anti-CYP3A4 and anti-CYPlAl were used at 2 concentra- 
tions, 5 and 10 mg/mL. The specificity of these antibodies and 
their inhibitory effect on reactions specifically catalysed by the 
forms of CYP against which they are directed were tested in 

previous investigations [16, 171. The results presented in Fig. 3 
clearly confirm the previous observations (similar results were 
obtained with samples 61289 and FI31, not shown). Anti- 
CYP3A antibodies strongly inhibited the biotransformation of 

CSG and those directed against CYPlAl had no significant 
effect. It must be pointed out here that, under the same ex- 
perimental conditions, CSA oxidase activity was inhibited by 
more than 50% by these antiCYP3A antibodies. 

Biotransformation of CSCj 
by cDNA-Expressed Hunuzn GYPS 

The ability of several cDNA-expressed human CYPs to 
biotransform CSG was next investigated. For this purpose, 
microsomes (2 mg/mL) from a human lymphoblastoid cell line 
(Genetest Corp.) were incubated for 3 hr in the presence of 5 
FM CSG or CSA. CYPlAl, lA2, 2A6, 2B6, 2D6, and 2El 
were inactive. Only CYP3A4 generated detectable amounts of 
metabolites with both CSG and CSA, with turnover numbers 
of 0.1 and 0.3 min-‘, respectively. Because the concentration 
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FIG. 3. Immunoinhibition of microsomal metabolism of cyclo- 
sporin G by specific antiCYP antibodies. Human liver rnie 
crosomes (1 mg/mL, sample FT21) were incubated for 20 min 
at room temperature in a 0.1 h4 potassium phosphate buffer, 
pH 7.4, in the absence (none) or in the presence of (S-10 
mg/mL) specific anti-CYI? antibodies. Five micromolar CSG, in 
the presence of 0.5 pCi of the radiolabeled compound, were 
then added to the suspension that was incubated at 37°C. 
Thirty minutes after the reactiorn had been initiated with 1 mM 
NADPH, CSG and metabolites, were analysed by HPLC and 
the CSG oxidase activity is presented as follows: 3A, anti* 
CYP3A6 antibodies at 5 and IL0 mg/mL; lA1, antiCYPlA1 
antibodies at 5 and 10 mg/mL.. Simiiar results were obtained 
with 61289 and FT31. 

of CYP3A4 is, on average, of the order of 200 pmol/mg in 
human liver microsomes [28], the turnover number for CSG 
oxidase, calculated from the specific activity of preparation 
FT21 with 5 pM CSG (see Fig. 2), is 0.35 min-r, in reasonable 
agreement with the above data. 

Biotransformation of CSG in 13rinmy 
Cultures of Human Hepatocytes: Effect of CYP Inducers 

Two different preparations of human hepatocytes (from pa- 
tients FL54 and FT60) were maintained in culture for 96 hr in 
the absence or in the presence of 50 PM rifampicin or 2 mM 
phenobarbital (inducers of CY P3A4) or of 50 PM P-naphtho- 
flavone (inducer of CYPlAl and lA2) [lo, 13-161. The 
biotransformation of CSG (at 5 /.tM in the extracellular me- 
dium) was then monitored by measuring the amounts of the 
unchanged compound and of its metabolites in both the extra- 
and intracellular media after 4 hr. These experiments were 
repeated with CSA under identical conditions. Results are 
presented in Fig. 4A (for culture FT60, but similar data were 
obtained with culture FT54). (Cells treated with rifampicin or 
phenobarbital produced greater amounts (4- to 5-fold) of ox- 
idised metabolites of both CSG and CSA than untreated cells 
or cells treated with P-naphthoflavone. Analysis of the intra- 
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UT RIF BNF PB 

n CSG 
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FIG. 4. Oxidative metabolism of cyclosporins G and A in hu- 
man hepatocytes in primary culture and in microsomes. Hue 
man hepatocytes from patients FT54 and FJY60 were main- 
tained in culture for 96 hr in the absence (UT) or in the press 
ence of various inducers including 50 pM rifampicin (RIF), 50 
pM Pnaphthoflavone (BNF), or 2 mM phenobarbital (PB). 
(A) The medium was then renewed, in the absence of the 
inducer but in the presence of 5 uM CSG or of CSA and 0.5 
uCi of the radiolabelled molecule. After a 4.hr incubation ped 
riod, an aliquot of extracellular medium was collected and an- 
alyzed by HPLC. Results presented were obtained with culture 
FT54, but were similar with culture FT60. (B) Cells were 
scraped and microsomes were prepared. The metabolism of 
CSG and CSA was then assessed by HPLC as indicated in the 
legend of Fig. 1 except that, here, the concentration of cyclo- 
sporins was 5 FM. Results presented were obtained with cul- 
ture FT60, but were similar with culture FT54. 

cellular medium indicated that CSG metabolites did not ac- 
cumulate in the cells as previously shown to occur with CSA 
(not shown). In parallel experiments, cells were harvested and 
microsomes prepared. The levels of CYPlAs and CYP3A4, 
assessed by immunoblotting, were found to be strongly induced 
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in cells treated with P-naphthoflavone and with rifampicin or 
phenobarbital, respectively, as expected (not shown). CSG 
and CSA oxidase activities measured with these microsomes 
(Fig. 4B) were in excellent agreement with the data on the 
cellular metabolism presented in Fig. 4A. These data confirm 
the implication of CYP3A4 in the oxidative metabolism of 

CSG. 

3 1201 

Drug Interactions 

Because CSG appears to be metabolized primarily by CYP3A4, 

like CSA, it was to be expected that both molecules would be 
involved in the same drug interactions. We, therefore, inves- 

tigated the effects of drugs, some of which had previously been 
characterized as inducers or inhibitors of CSA oxidase [IO-141, 

on the metabolism of CSG in human hepatocytes (prepara- 
tions FH68 and FT69) and in human liver microsomes (sample 
61289). The results for the inducers are reported in Table 2. Of 
88 molecules tested in parallel on CSG and CSA, 11 com- 

pounds found to be inducers of CSA metabolism in human 
hepatocytes in culture were inducers of CSG oxidase, as well. 

The large standard variation observed on the induction of 
CSA oxidase activity with some drugs (rifampicin, phenobar- 

bital, phenytoin) is due to the great number of cultures anal- 
ysed and to the wide interindividual variability in the extent 
of CYP3A4 induction in response to these drugs. The results 
on 36 different drugs, some of which have been found to be 
inhibitors or noninhibitors of CSA oxidase, on CSG oxidase 

(and in parallel on CSA oxidase) are presented in Fig. 5 (see 
legend for the nature of the drugs and their respective K,). 
These data show that there is, indeed, an excellent correlation 
between residual CSG and CSA oxidase activities (r = 0.951 
with P < 0.0001). These data clearly confirm the conclusions 

drawn from the previous sections. 

rz0.951, p<o.o001 

0 

CSA OXIDASE (RESIDUAL ACTIVITY IN %) 

TABLE 2. Inducers of cyclosporin G and A oxidase activities in hu- 
man hepatocytes in cultures 

FIG. 5. Residual cyclosporin G and cyclosporin A oxidase ac- 
tivities after inhibition with various compounds in human liver 
microsomes. Human liver microsomes (1 mg/mL, sample 
6 1289) were incubated at 3 7°C in a 0.1 M potassium phosphate 
buffer, pH 7.4, with 1 PM CSG or CSA in the presence of 0.5 
pCi of the radiolabelled compound, and in the absence ( 100%) 
or in the presence of 100 PM tested drugs (n = 36). Thirty min 
after the reaction had been initiated with 1 mM NADPH, CSG 
or CSA and their respective metabolites were analysed by 
HPLC and the residual activity expressed as percentage of un- 
inhibited activity. Residual CSG oxidase activity was plotted 
against residual CSA oxidase activity for each tested molecule. 
Each data point represents the mean of duplicate or triplicate 
experiments. Drug tested ( Ki, in PM): 1 clotrimazole (0.1 ), 2 
ketoconazole (0.7), 3 FK506 (4), 4 bromocriptine (8), 5 ni- 
cardipine (8), 6 nifedipine ( lo), 7 terfenadine (lo), 8 ergota- 
mine (12), 9 dihydroergotamine (23), 10 verapamil (24), 11 
midazolam (40), 12 progesterone (45), 13 clemastine (58), 14 
fluconazole (60), 15 dexamethasone (61), 16 diltiazem (63), 17 
erythromycin (75), 18 glibenclamide (78), 19 virginiamycin 
(83), 20 dimethothiazin (85), 21 prednisolone (125), 22 ome- 
prazole (168), 23 ethinylestradiol (172), 24 prednisone (190), 
25 methylprednisolone (2 lo), 26 lansoprazole (268), and non- 
inhibitors (Ki > 300 PM): 27 griseofulvin, 28 secnidazole, 29 
nystatin, 30 ketotifen, 31 mequitazine, 32 ursodeoxycholic 
acid, 33 indomethacin, 34 amoxicillin, 35 cefotaxin, 36 oflox- 
acin. Data on CSA oxidase activity were taken from previous 
reports [lO-141. 

Drug* 

None 

Azatadine 

Carbamazepine 

Dexamethasone 

Lansoprazole 

Omeprazole 

Oxomemazine 

Phenobarbital 

Phenytoin 

Prednisone 
Rifampicin 

Virginiamycin 

CSG oxidase 
(in % of control) 

100 

19lk 30 

353 + 90 

385 f 30 

445 _+ 90 

285 + 30 

300 + 30 

505 f 50 

404 f 30 

240 k 40 

665 + 50 

240 + 60 

CSA oxidasei 
(in % of control) 

100 

199 f 60 
- 

600 f 400 

410 k 15 

17Ok 12 

220 * 40 
390 f 250 

370 + 230 

268 f 30 

450 f 250 

185 + 15 

DISCUSSION 

Cyclosporin A (CSA) is widely used in the prevention of graft 
rejection after organ transplantation, as well as in the treat- 
ment of autoimmune disease [l, 21. The large scale use of this 
drug has given rise to several important clinical concerns, the 
most critical being its renal toxicity [3]. The urgent need for 
another immunosuppressive drug with fewer side effects has 
led to the recent discovery of CSG [2-71. It was, therefore, of 
interest to identify, at the molecular level, the enzyme sys- 
tem(s) involved in the biotransformation of this drug in man. 

* Human hepatocytes (from patients FH68 and FT69) for CSG were maintamed in 

culture for 96 hr in the absence (UT) or m the presence of various drugs at 50 PM, except 

phenobarbital (2 mM). The medium was then renewed, in the absence of the inducer but 

m the presence of 5 NM CSG or of CSA and 0.5 pC[ of the radiolabelled molecule. After 

a 4-hr mcubatmn pencd, an aliquot of extracellular medium was collected and analyzed 

by HPLC. Data presented are means f standard deviatmn (standard dewation refers to 
the variance between different cultures of human hepatocytes). 

t Data from previous reports (lC-141. 

The results reported here clearly demonstrate the major 
implication of CYP3A4 in the hepatic metabolism of CSG. 
Indeed, all experimental tests were in agreement: (1) in a bank 
of human liver microsomes, the production of the oxidised 
metabolites of CSG was significantly correlated with the level 
of CYP3A4 determined by immunoblot and with the level of 
CSA oxidase, a CYP3A4 prototypical monoxygenase activity; 
(2) CSG oxidase was extensively inhibited by antiCYP3A 
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antibodies and by the CYP3A-specific inhibitors, ketocona- 
zole and troleandomycin; (3) CSA was a competitive inhibitor 

of CSG oxidase, and CSG was a competitive inhibitor of CSA 
oxidase; (4) among several folms of cDNA-expressed CYPs 
including CYPlAl, lA2, 2A6, 2B6, 2D6, 2E1, and 3A4, only 
CYP3A4 generated CSG-oxidized metabolites with a turnover 

number close to that obtained in microsomes; (5) in human 
hepatocytes in culture, biotransformation of CSG was strongly 

accelerated by treatment of the cells with 2 specific CYP3A 
inducers, rifampicin and phenobarbital; (6) drugs previously 
characterised as inducers or inhibitors of CSA were inducers or 

inhibitors of CSG, as well. 
The human CYP3A family has at least 3 functional genes: 

CYP3A4 (CYP3A3 is now believed to be an allelic variant of 

3A4), CYP3A5, and CYP3A7, the products of which exhibit 
a high level of similarity (between 83 and 98%) in terms of 
their primary sequence. Clearly, CYP3A4 is the main form 

expressed in the adult liver and accounts for as much as 50% 
of total CYP proteins in some individuals. CYP3A7 is the 

main form expressed in the fetal liver. Shortly before birth, 

this gene is downregulated and CYP3A4 expression rises 
sharply, so that CYP3A7 is expressed at a very low level (if at 
all) in the adult liver. CYP3A5 is apparently expressed in a 

polymorphic way (in 10 to 35% of Caucasian subjects) at a 
relatively low level in both the fetus and adult liver. Its sub- 
strate specificity is close to that of CYP3A4 and Aoyama et al. 

[29] have shown that this form may contribute to CSA oxidase 
activity. It is, therefore, possible that CYP3A5 also contributes 
to the oxidation of CSG, especially in those individuals where 
CYP3A4 is expressed at a low level. 

In a recent report, Turgeon et al. [30] investigated the ap- 
parent inter- and intrapatient variability in CSG metabolism 

in viuo. These authors used the erythromycin breath test to 
evaluate the intrahepatic level of CYP3A4 in 20 renal trans- 

plant recipients. They observed an inverse correlation be- 
tween the erythromycin breath test values and the trough 
levels of CSG in the blood. In other words, patients with high 
erythromycin breath test values, reflecting a high level of 
CYP3A4, had lower trough levels of CSG, suggesting a high 
rate of elimination. They concluded that CYP3A4 was in- 
volved in the metabolism of CSG. Our results, obtained at the 
molecular level in vitro, closely confirm their conclusions 

drawn from in viva data. 

Because of the close similarity in the chemical structure of 
CSG and CSA, it is not surprising that the 2 drugs are me- 
tabolized by the same enzyme system, nor is it surprising that 
they exhibit similar kinetic parameters including K,,, and V,,,. 
Interestingly, it was observed by others that, although CSG 
and CSA exhibit marked difr’erences in their blood distribu- 
tion, their pharmacokinetic behaviours are comparable [6, 71. 
This suggests that the product-ion by CYP3A4 of oxidised me- 
tabolites of CSA or CSG is the rate-limiting step in the 
biotransformation and elimination of these drugs. The results 
presented in this report show that there is a large interindi- 
vidual variability in the CSG oxidase activity in human liver 
microsomes. We observed a maximum 17-fold variation be- 
tween patients 61289 and FT26. This has been previously 
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observed in viva by others, not only with CSA [31] but also 
with CSG [30]. Turgeon et al. [30] suggested that the inter- 

patient variability in the ratio of CSG trough levels in blood 
to daily dose of the drug (6.6-fold between patients) was due, 
in part, to the contribution of the intestinal “first pass” me- 

tabolism of the drug that is being administered per OS. Indeed, 
Kolars et al. [32, 331 demonstrated that CYP3A4 is expressed 
at a high level in the enterocytes and is able to oxidize drugs 

administered orally, including CSA. However, in a recent re- 

port, Lown et al. [34] f ound no correlation between the eryth- 

romycin breath test values and the CYP3A4 levels quantitated 
directly by immunoblot in enterocytes from 20 patients, indi- 

cating that the expression of CYP3A4 in the liver (reflected by 
the erythromycin breath test values) was not correlated with 
its expression in enterocytes. Because Turgeon et al. observed 
an inverse correlation between the erythromycin breath test 
values and the trough levels of CSG in the blood [29], it can 

be reasoned that, although there is no doubt that the metab- 
olism of CSG occurs in enterocytes, the intestine only con- 

tributes to a minor extent in the overall metabolism of this 

drug in man. 

A consequence of our observations is that drug interactions 
observed with CSA will also be observed with CSG and, pre- 
sumably, to the same extent. This clearly appears from our data 
in Table 2 and in Fig. 5. It can be anticipated that cotreatment 
of patients with CSG and one or several inducers of CYP3A4 
will result in an accelerated metabolism of CSG with reduced 

blood levels. Under these conditions, higher daily doses of 
CSG will be required to maintain a sufficient immunosuppres- 
sive effect. On the other hand, coadministration of CSG with 

inhibitors and substrates of CYP3A4 will result in a reduced 
metabolism of CSG, with a concomitant increased blood level 

of the drug. Reduction of the daily dose of CSG will be re- 

quired in these cases to avoid overdosing. 

This work was supported by a grant from San& Pharmaceuticals Cor- 
poration, East Hanover, NJ. The authors wish to thank Drs. Antoinette 
Lemoine and Daniel Azoulay (Hopital Paul Brousse, Villejuif, France) for 
providing liver sampk FH68, Dr. Urs A. Meyer (Biozentrum, Busel, 
Switzerland) and Dennis R. Koop (Department of Pharmacology, Port- 
land, OR) for providing antXYPZD6 and 2E1, respectively, and Dr. 
Cohn Young for careful reading of the manuscript. 

References 
1. 
2. 

3. 

4. 

5. 

6. 

Bore1 JF, The cyclosporines. Transplant Proc 21: 810-815, 1989. 
Jeffery JR, Cyclosporine analogues. Clin Biochem 24: 15-21, 
1991. 
Hoyt EG, Hagberg RC, Billingham ME, Baldwin JC and Jamie- 
son SW, Analysis of the immunosuppressive and nephrotoxic 
effects of cyclosporine G. J Heart Transplant 7: 11 l-l 17, 1988. 
Grant D, Zhong R, Stiller C, Wallace C, Keown P, Duff J, A 
comparison of cyclosporine (cyclosporine G) in a rat renal al- 
lograft model. Transplantation 44: 9-12, 1987. 
Hagberg RC, Hoyt EG, Billingham ME, Sibley RK, Stames VA, 
Baldwin JC, Comparison of cyclosporine A and G with and 
without azathioprine regarding immunosuppressive efficacy, tox- 
icity and pharmacokinetics in Lewis rats. J Heart Transplant 7: 
359-369, 1988. 
Wenk M, Bindschedler M, Costa E, Zuber M, Vozeh S, Thiel G, 
Abisch E, Keller HP, Beveridge T, Follath F, Pharmacokinetics 



598 L. Pichard et ai. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

of cyclosporine G in patients with renal failure. Transplantation 

45: 558-561, 1988. 

Yatscoff RW, Honcharik N, Lukowski M, Thliveris J, Chac- 

kowsky I’, Faraci C, Distribution of cyclosporin G (NVa’ cyclo- 

sporine) in blood and plasma. Clin Chem 39: 213-217, 1993. 

Combalbert J, Fabre 1, Fabre G, Dalet I, Derancourt J, Cano JP, 

Maurel I’, Metabolism of cyclosporin A. IV. Purification and 

identification of the rifampicin,inducible human liver cy- 

tochrome I’450 (cyclosporin A oxidase) as a product of I’450 

IIIA gene subfamily. Drug Metab Dispos 17: 197-207, 1989. 

Kronbach T, Fischer V, Meyer UA, Cyclosporine metabolism in 

human liver: identification of a cytochrome I’450 III gene family 

as the major cyclosporine-metabolizing enzyme explains interac- 

tions of cyclosporin with other drugs. C2in Pharmacol Ther 43: 

630-635, 1988. 

Pichard L, Fabre I, Fabre G, Domergue J, Saint Aubert B, Mourad 

G, Maurel P, Cyclosporin A drug interactions. Screening for 

inducers and inhibitors of cytochrome P450 (cyclosporin A ox- 

idase) in primary cultures of human hepatocytes and in liver 

microsomes. Drug Metab Dispos 18: 595-606, 1990. 

Maurel P, Pichard L, Greuet J, Muntane J, Ourlin JC, Daujat M, 

Inhibition and repression of CYP3A4 in primary cultures of hu- 

man hepatocytes. Comparative analysis with clinical observa- 

tions. In: Proceedings of the 10th Zntemtional Symposium on Mi- 

crosomes and Drug Oxidations, Toronto, Can&, 18-2 I July 1994, 

pp. 188-190, 1994. 

Pichard L, Curi-Pedrosa R, Bonfils C, Jacqz-Aigrain E, Domergue 

J, Joyeux H, Cosme J, Guengerich FP, Maurel I’, Oxidative me- 

tabolism of lansoprazole by human liver cytochromes P450. Mel 

Phannacol47: 410-418, 1995. 

Maurice M, Pichard L, Daujat M, Fabre I, Joyeux H, Domergue 

J, Maurel P, Effects of imidazole derivatives on cytochromes P450 

from human hepatocytes in primary culture. FASEB J 6: 752- 

758, 1992. 

Pichard L, Fabre 1, Daujat M, Domergue J, Joyeux H, Maurel P, 

Effect of corticosteroids on the expression of cytochromes P450 

and on cyclosporin A oxidase activity in primary cultures of 

human hepatocytes. Mel Pharrnacol41: 1047-1055, 1992. 

Diaz D, Fabre I, Daujat M, Saint Aubert B, Bories P, Michel H, 

Maurel P, Omeprazole is an aryl hydrocarbon-like inducer of 

human hepatic cytochrome P450. Guscroenterology 99: 737-747, 

1990. 

Curi-Pedrosa R, Daujat M, Pichard L, Ourlin JC, Clair P, Gervot 

L, Lesca P, Domergue J, Joyeux H, Fourtanier G, Maurel P, 

Omeprazole and lansoprazole are mixed inducers of CYPIA and 

CYP3A in human hepatocytes in primary culture. J Pharmacol 

Exp Ther 269: 384-392, 1994. 

Dalet-Beluche I, Boulenc X, Fabre G, Maurel P, Bonfils C, Pu- 

rification of two cytochrome P450 isozymes related to CYPZA 

and CYP3A gene families from monkey (baboon, Papio papio) 
liver microsomes. Cross-reactivity with human forms. Eur J Bio- 
them 204: 641-648, 1992. 

Zanger UM, Hauri HP, Loeper J, Homberg JC, Meyer UA, An- 

tibodies against human cytochrome P450dbl in autoimmune 

hepatitis type II. Proc Natl Acud Sci USA 85: 8256-8260, 1988. 

Gonzalez FJ, Skoda RC, Kimura S, Umeno M, Zanger UM, 

Nebert DW, Gelboin HV, Harwick JP, Meyer UA, Character- 

ization of the common genetic defect in humans deficient in 

debrisoquine metabolism. Nature 331: 442446, 1988. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

Goldstein JA, Faletto MB, Romkes-Sparks M, Sullivan T, Kita- 

reewan S, Raucy JL, Lasker JM, Ghanayem RI, Evidence that 

CYP2C19 is the major (S)-mephenytoin 4’-hydroxylase in hu- 

mans. Biochemistry 33: 1743-1752, 1994. 

Doecke CJ, Veronese ME, Pond SM, Miners JO, Birkert DJ, 

Sansom LN, McManus ME, Relationship between phenytoin 

and tolbutamide hydroxylation in human liver microsomes. Br J 

Clin Pharmacol31: 125-130, 1991. 

Otton SV, Crewe HK, Lennard MS, Tucker CT, Woods HF, Use 

of quinidine inhibition to define the role of the sparteine/de- 

brisoquine cytochrome P450 in metoprolol oxidation by human 

liver microsomes. J Pharmacol Exp Ther 247: 242-247, 1988. 

Yamazaki H, Inui Y, Yun CH, Guengerich FP, Shimada T, Cy- 

tochrome P450 2El and 2A6 enzymes as major catalysts for met- 

abolic activation of N-nitrosodialkylamines and tobacco-related 

nitrosamines in human liver microsomes. Curcinogenesis 13: 

1789-1794, 1992. 

Watkins PB, Wrighton SA, Maurel P, Schuetz EC, Mendez- 

Picon G, Parker GA, Guzelian PS, Identification of an inducible 

form of cytochrome P-450 in human liver. Proc Natl Acad Sci 
USA 82: 6310-6314, 1985. 

Gillam EMJ, Reilly PEB, Phenacetin O-deethylation by human 

liver microsomes: kinetics and propranolol inhibition. Xenobio- 

ticu 18: 95-104, 1988. 

Knodell RG, Hall SD, Wilkinson CR, Guengerich FP, Hepatic 

metabolism of tolbutamide: characterization of the form of cy- 

tochrome P450 involved in methyl hydroxylation and relation- 

ship to in vivo disposition. J Pharmacol Exp Ther 241: 1112- 

1119, 1987. 

Ortiz de Montellano PR, Chan WK, Tuck SF, Kaikaus RM, Bass 

NM, Peterson JA, Mechanism-based probe of the topology and 

function of fatty acid hydroxylases. FASEB J 6: 695-699, 1992. 

de Waziers I, Cugnenc PH, Yang CS, Leroux JP, Beaune PH, 

Cytochrome P450 isoenzymes, epoxide hydrolase and glutathi- 

one transferases in rat and human hepatic and extrahepatic tis- 

sues. J Phannacol Exp Ther 253: 387-394, 1990. 

Aoyama T, Yamano S, Waxman D et al., Cytochrome P450 

hPCN3, a novel cytochrome P450 IIIA gene product that is 

differentially expressed in adult human liver. J Biol Chem 264: 

10388-10395, 1989. 

Turgeon KD, Leichtman AB, Blake DS, Schmouder RL, Lown 

KS, Annesley TM, Watkins PB, Prediction of interpatient and 

intrapatient variation in OG 37-325 dosing requirements by the 

erythromycin breath test. A prospective study in renal transplant 

recipients. Transplantation 57: 1736-1741, 1994. 

Ptachcinski RJ, Venkataramanan R, Burkart GJ, Clinical phar- 

macokinetics of cyclosporin. Clin Pharmacokinet 11: 107-132, 

1986. 

Kolars JC, Awni WM, Merion RM, Watkins PB, First-pass me- 

tabolism of cyclosporin by the gut. Luncet 338: 1488-1490, 1991. 

Kolars JC, Schmiedlin-Ren P, Schuetz JD, Fang C, Watkins PB, 

Identification of rifampicin-inducible P450IIIA4 (CYP3A4) in 

human small bowel enterocytes. J Clin Invest 90: 1871-1878, 

1992. 

Lown KS, Kolars JC, Thummel KE, Barnett JL, Kunze KL, 

Wrighton SA, Watkins PB, Interpatient heterogeneity in expres- 

sion of CYP3A4 and CYP3A5 in small bowel. Drug Metab Dispos 

22: 947-955, 1994. 


