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Abstract
The objectives of this study were to characterize and compare the metabolic profile of cyclosporine A (CsA) catalyzed by CYP3A4,

CYP3A5 and human kidney and liver microsomes, and to evaluate the impact of the CYP3A5 polymorphism on product formation from

parent drug and its primary metabolites. Three primary CsA metabolites (AM1, AM9 and AM4N) were produced by heterologously

expressed CYP3A4. In contrast, only AM9 was formed by CYP3A5. Substrate inhibition was observed for the formation of AM1 and

AM9 by CYP3A4, and for the formation of AM9 by CYP3A5. Microsomes isolated from human kidney produced only AM9 and the rate

of product formation (2 and 20 mM CsA) was positively associated with the detection of CYP3A5 protein and presence of the CYP3A5*1

allele in 4 of the 20 kidneys tested. A kinetic experiment with the most active CYP3A5*1-positive renal microsomal preparation yielded an

apparent Km (15.5 mM) similar to that of CYP3A5 (11.3 mM). Ketoconazole (200 nM) inhibited renal AM9 formation by 22–55% over a

CsA concentration range of 2–45 mM. Using liver microsomes paired with similar CYP3A4 content and different CYP3A5 genotypes, the

formation of AM9 was two-fold higher in CYP3A5*1/*3 livers, compared to CYP3A5*3/*3 livers. AM19 and AM1c9, two of the major

secondary metabolites of CsA, were produced by CsA, AM1 and AM1c when incubated with CYP3A4, CYP3A5, kidney microsomes

from CYP3A5*1/*3 donors and all liver microsomes. Also, the formation of AM19 and AM1c9 was higher from incubations with liver and

kidney microsomes with a CYP3A5*1/*3 genotype, compared to those with a CYP3A5*3/*3 genotype. Together, the data demonstrate that

CYP3A5 may contribute to the formation of primary and secondary metabolites of CsA, particularly in kidneys carrying the wild-type

CYP3A5*1 allele.

# 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Renal dysfunction caused by the use of calcineurin

inhibitor (e.g., cyclosporine and tacrolimus)—based

immunosuppression therapy is a common long-term com-

plication of organ transplantation [1]. For example, in a

recent retrospective study of patients who had undergone

liver transplantation, we found that approximately one-
Abbreviations: CsA, Cyclosporine A; Ctrough, trough blood concentra-

tion; C2 hour, two-hour blood concentration; AUC, area under the curve
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third of those who received cyclosporine A (CsA) as part of

their postoperative immunosuppression therapy had mark-

edly elevated serum creatinine (SCr >1.6 mg/dl) 3 years

post-transplantation [2]. In another study by Fisher et al.

[3], the authors reported that 80% of liver transplant

patients receiving CsA and surviving 5 years or more

had elevated SCr (>1.4 mg/dl). Moreover, the cumulative

incidence of end-stage renal disease (ESRD) requiring

hemodialysis or kidney transplantation is about 3–10%

in long-term survival patients and increases with survival

time [3–6]. The use of CsA as part of immunosuppression

therapy is believed to be a major cause of chronic renal

dysfunction and renal failure. CsA alters the proper
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function of cultured renal tubular epithelial and mesangial

cells [7–9]. In addition, it is associated with damage to

renal tubular epithelium, mesangium and afferent glomer-

ular arterioles in vivo [10], and the accumulation of

collagen and other matrix proteins produced by tubular

cells in the renal interstitium [11]. These findings

suggest that accumulation of CsA or its metabolites within

renal cells may be a critical determinant of renal dysfunc-

tion.

Close therapeutic monitoring of unchanged CsA con-

centration in blood (Ctrough, C2 hour or AUC monitoring)

has been adopted to reduce the incidence of graft rejection

and CsA toxicity. However, CsA blood concentration and

dose were found not to be strongly associated with the

occurrence of renal dysfunction [3,12,13]. Thus, it has

been suggested that inter-individual differences in the

systemic profile of cyclosporine metabolites and renal

disposition of CsA and its metabolites contribute to the

divergent adverse drug response to a therapeutic systemic

CsA exposure level [14].

CsA undergoes extensive biotransformation to more

than 30 metabolites [15]. Among these, the primary meta-

bolites AM1, AM9 and AM4N, and some secondary and

tertiary metabolites, AM1c, AM19 and AM1c9, are abun-

dant in the blood, urine and bile [16–18]. These major CsA

metabolites are the product of cytochrome P4503A

(CYP3A) catalytic activity [19,20]. CsA and its metabo-

lites are also substrates for P-glycoprotein (P-gp), a major

xenobiotic efflux pump in humans [21–23]. Both CYP3A

and P-gp are found in the liver, intestine and kidney.

Hepatic CYP3A and intestinal P-gp contribute to the

low systemic bioavailability (20–30%) of CsA after oral

administration [24]. CYP3A and P-gp in the liver are also

responsible for the systemic clearance of CsA from blood

[25]. Hepatic P-gp may also play a major role in the biliary

excretion of CsA metabolites [26]. Thus, inter-individual

variability in the systemic blood concentration of CsA and

its metabolites might be explained by differences in the

expression and function of CYP3A and P-gp in the liver

and intestine.

The primary metabolites of CsA are reportedly much

less toxic to cultured renal cells than parent drug [7,27,28].

Consequently, the metabolism of CsA to its primary meta-

bolites may represent a detoxification pathway. Indeed,

some investigators report a positive association between

low hepatic CYP3A content or activity and increased

incidence of CsA renal toxicity after liver transplantation

[29,30]. In contrast, Christians et al. [31] found an inverse

correlation between the steady-state blood concentration of

AM1c9, a secondary CsA metabolite, and renal function in

liver transplant patients during the early post-operative

period. Yet another group [32] found elevated urine

AM19 levels in patients with histologically confirmed

CsA nephrotoxicity late after renal transplantation. How-

ever, elevated CsA metabolites in patients with impaired

renal function could be the result, rather than the cause, of
CsA nephrotoxicity. Or, alternatively, individual variability

in the formation and accumulation of CsA metabolites in

blood could contribute directly to differences in renal

toxicity risk. In this regard, formation of AM1c9 and

AM19 may represent a toxification pathway. Thus, eluci-

dation of the metabolic profile of CsA for individual

patients may be key to understanding individual risk of

nephrotoxicity.

Although CYP3A4 and CYP3A5 are the dominant

CYP3A isoforms found in adult human tissues, only

CYP3A5 is expressed to any significant degree in renal

tubular epithelial cells [33–35]. CYP3A5 is a polymorphic

enzyme. A splicing variant, CYP3A5*3, has been identified

as the major cause of variable expression of CYP3A5 in the

liver and intestine [36–38]. In the kidney, this mutation also

results in polymorphic CYP3A5 expression and midazo-

lam hydroxylation activity [35]. Kidney microsomes

from CYP3A5*1/*3 individuals exhibited an eight-fold

higher mean microsomal CYP3A5 content and 18-fold

higher midazolam hydroxylation activity than those of

CYP3A5*3/*3 individuals. With respect to CsA metabo-

lism, Aoyama et al. [20] found that the two CYP3A

isoforms exhibit different product regioselectivity. Three

major metabolites (AM1, AM9 and AM4N) are formed by

CYP3A4. In contrast, only AM9 is formed by CYP3A5.

Based on this information, we hypothesized that the

CYP3A5 genetic polymorphism may influence the meta-

bolism of CsA and production of its primary and secondary

metabolites in the liver and renal tubular epithelial cells,

resulting in different systemic and intra-renal drug/meta-

bolite exposures and differential risk of nephrotoxicity.

The purpose of the present study was to confirm the in vitro

metabolic profile of CsA and its metabolites using hetero-

logously expressed CYP3A4 and CYP3A5 and to deter-

mine the effect of CYP3A5 genotypes on the metabolic fate

of CsA following incubation with kidney and liver micro-

somes.
2. Materials and methods

2.1. Materials

Cyclosporine A, testosterone, and NADPH were

obtained from Sigma Chemical Company (St. Louis,

MO). Ketoconazole was acquired from Research Diagnos-

tics, Inc. (Flanders, NJ). Cyclosporine metabolites, AM1,

AM1c, AM9 and AM4N, were kindly provided by Dr. Paul

B. Watkins, University of North Carolina-Chapel Hill. 6b-

Hydroxytestosterone and 11a-progesterone were obtained

from Steraloids (Newport, RI). Methanol, acetonitrile

and ethyl acetate were purchased from Fisher Scientific

(Santa Clara, CA). Heterologous baculovirus-insect cell

expressed human CYP3A4 SUPERSOMESTM (Catalog

No. 456207/P207), human CYP3A4 + b5 SUPERSO-

MESTM (Catalog No. 456202/P202) and human CYP3A5
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SUPERSOMESTM (Catalog No. 456235/P235) were pur-

chased from BD Gentest (Woburn, MA). Cytochrome b5

was purchased from PanVera (Carlsbad, CA).

2.2. Tissue samples

The collection and use of human tissue for research was

approved by the University of Washington Human Subjects

Review Board. Samples of 60 human livers from Cauca-

sian donors were obtained from the University of Washing-

ton School of Pharmacy Human Tissue Bank (Seattle,

WA). Human liver microsomes were prepared according

to previously published protocols [39].

Twenty adult human kidneys were obtained from the

National Disease Research Interchange (Philadelphia,

PA). Upon delivery to our lab, the kidneys were cut into

�5 g pieces and stored at �80 8C. Human kidney micro-

somes were prepared using a previously published method

[39], with some modifications. Briefly, a complete protease

inhibitor cocktail tablet (1 tablet/50 ml, Roche Applied

Science, Indianapolis, IN) was dissolved in homogenizing

buffer (10 mM potassium phosphate, 0.25 M sucrose and

1 mM EDTA, pH 7.4) immediately before use. Cold homo-

genization buffer was then added to �15 g of frozen kidney

tissue. When slightly thawed, the tissue was cut into smaller

pieces with scissors and was blended for 15 s (10 s on low

and 5 s on high speed). More homogenization buffer was

added for a final dilution of approximately four-fold (w/v).

The mixture was transferred to a glass Thomas tube and

homogenized using a motor-driven Telflon-tipped pestle (8–

10 strokes) while on ice. The homogenate was filtered

through sterile gauze, transferred to 30-ml tubes and cen-

trifuged at 11,000� g for 30 min. The resulting supernatant

was transferred to clean tubes for high-speed centrifugation

at 110,000 � g for 70 min. The resulting pellet was resus-

pended in wash buffer (10 mM potassium phosphate,

0.15 mM potassium chloride and 1 mM EDTA, pH 7.4),

transferred to a Thomas tube for resuspension of the micro-

somes (8–10 strokes) and centrifuged again at 110,000 � g

for 70 min. The washed pellet was resuspended in 10 ml

storage buffer (0.25 M sucrose and 1 mM EDTA, pH 7.4),

and aliquots of the final microsomal suspension (�0.3 ml)

were stored at �80 8C. Protein concentrations were deter-

mined by the method of Lowry [40], using bovine serum

albumin as the reference standard.

2.3. Western blot analysis

CYP3A4 (purified from human liver) and CYP3A5

(purified from a heterologous baculovirus-insect cell

expression system) were used as reference standards (spe-

cific contents were 12.2 and 11.7 nmol P450/mg protein).

Total protein concentration for the CYP3A standards was

determined by the method of Lowry, using bovine serum

albumin as a reference protein. Total P450 content was

determined from the CO binding spectra [41].
Immunoquantitation of CYP3A4 and CYP3A5 was

performed as described by Paine et al. [39], with minor

modifications. Briefly, kidney microsomal protein (3 mg

for kidneys expressing one CYP3A5*1 allele and 20 mg for

CYP3A5*3/*3 kidneys) was resolved by electrophoresis on

9% acrylamide gels. To control for matrix effects, kidney

microsomes with nearly undetectable CYP3A4 or

CYP3A5 levels were added to CYP3A4 or CYP3A5

standard curves. The amount of protein added to CYP3A4

or CYP3A5 standard curves was equivalent to that of the

kidney samples being analyzed. Following electrophoresis,

the gels were cut using molecular weight standards as

markers, and the resulting strips were placed on sheets of

nitrocellulose for simultaneous electrophoretic transfer.

The nitrocellulose sheets were incubated with a specific

anti-CYP3A5 IgG antibody (Gentest, Woburn, MA) or an

anti-CYP3A4 antibody [42]. Although the anti-CYP3A4

antibody cross-reacts with CYP3A5, the SDS–PAGE con-

ditions used in this experiment resulted in physical separa-

tion of CYP3A4 and CYP3A5 bands, and thus should give

a reliable quantification of CYP3A4 content. CYP3A5

content was determined using the specific anti-CYP3A5

antibody. An Integrated Optical Density (IOD) for each

BCIP-NBT developed protein band was generated using a

Bio-Rad ChemiDoc and Quantity One program (Hercules,

CA). CYP3A protein levels in the tissue preparations were

estimated by comparison of the unknown band IOD to the

appropriate standard curve.

2.4. Kidney microsomal testosterone 6b-hydroxylation

Testosterone, an excellent substrate (6b-hydroxyla-

tion) for both CYP3A4 and CYP3A5 [43], was used to

characterize the CYP3A activity of kidney microsomal

preparations. Kidney microsomes (0.4 mg/ml in KPi, pH

7.4) were incubated with 200 mM testosterone and 1 mM

NADPH in 1 ml incubation volume for 15 min. The

reactions were terminated by addition of 5 ml ethyl

acetate. After adding 50 ng internal standard (11a-pro-

gesterone) and brief mixing, the organic layer was

removed and evaporated under a gentle nitrogen stream.

Testosterone, 6b-hydroxytestosterone and 11a-proges-

terone concentrations were measured by HPLC, as mod-

ified from the method of Fisher et al. [44]. Briefly, the solid

extract was reconstituted in 100 ml of methanol/H2O (1:1,

v/v) and 20 ml was injected onto an Agilent 1100/1050

Series HPLC (Agilent Technologies, Wilmington, DE)

equipped with a Develosil ODS-UG-5 column (4.6 mm �
100 mm, 5 mm) obtained from Phenomenex (Torrance,

CA). Testosterone and 6b-hydroxytestosterone were

detected at 240 nm and peak areas were converted to

concentrations by comparison with peaks from the stan-

dard samples over a concentration range of 31–1000 ng/

ml. The retention time for 6b-hydroxytestosterone, 11a-

progesterone and testosterone were 3.4, 8.3 and 10.2 min,

respectively.
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2.5. Cyclosporine A kinetic protocols

All incubations were performed in duplicate in solutions

containing 0.1 M potassium phosphate, pH 7.4, and 1 mM

EDTA. The final incubation volume was 0.5 ml. The

incubation temperature was 37 8C. Cyclosporine A and

ketoconazole were dissolved in methanol and added into

the incubation solutions to the desired concentrations. The

final methanol concentration was less than 4%. Conditions

that conferred linear product formation with respect to time

and protein were determined.

CYP3A4, CYP3A4 + b5 and CYP3A5 SUPERSO-

MESTM were employed for the estimation of kinetic

parameters of CsA metabolite formation. CYP3A4 and

CYP3A5 were supplemented with cytochrome b5 (final

molar concentration ratio in the incubation solution: cyto-

chrome P450:cytochrome b5 = 1:3). CsA (final concentra-

tion 0–256 mM) was added to the incubation tubes together

with CYP3A4 (20 pmol/ml), CYP3A4 + b5 (10 pmol/ml)

or CYP3A5 (20 pmol/ml). The mixture was preincubated

at 37 8C for 5 min before addition of NADPH (final

concentration 1 mM) or buffer (as negative control) to

initiate the reaction. Reactions were terminated after

10 min (for CYP3A4 + b5) or 15 min (for CYP3A4 and

CYP3A5) by the addition of 0.5 ml cold acetonitrile.

CsA concentrations of 2 and 20 mM were used for

comparison and screening of the metabolic activity of

CYP3A5*1 positive and negative human kidney microsomes

(4 with CYP3A5*1/*3 genotypes and 4 with CYP3A5*3/*3

genotypes). The genotype of the kidneys from which

microsomes were isolated had been determined previously

[35]. The substrate concentrations were approximately 0.1

and 2 times the Km determined from experiments with

heterologously expressed CYP3A5. For kinetic parameter

estimation, the kidney microsomal preparation with the

highest CYP3A5 activity (HK-114B) was incubated with

CsA over a concentration range of 2–45 mM.

Co-incubation of kidney microsomes with CsA and

ketoconazole was conducted to confirm the involvement

of CYP3A5 in the formation of CsA metabolites. For the

inhibition experiment, ketoconazole (200 nM) was added

to the incubations together with CsA (2–45 mM) and

kidney microsomes (HK-114B). At that concentration,

ketoconazole was projected to potently and selectively

inhibit CYP3A4/5 (Ki = 109 nM, [45]), with little effect

on other known renal microsomal P450 (e.g., CYP2C)

enzymes. The final protein concentration in the kidney

incubation mixture was 0.4 mg/ml. NADPH (final concen-

tration, 1 mM) was added after a 5-min preincubation

period and the incubation lasted 40 min.

For the comparison of CsA metabolism in CYP3A5*1

positive and negative human livers, microsomes from

livers with CYP3A5*1/*3 genotype were paired with those

with a CYP3A5*3/*3 genotype that had similar CYP3A4

immunocontent. A total of 20 different microsomal pre-

parations (10 pairs) were studied and the CYP3A5 geno-
type for these livers had been determined previously [38].

CsA concentrations of 2 and 20 mM were used and the

protein concentration was 0.2 mg/ml. NADPH (final con-

centration, 1 mM) was added after a 5 min preincubation

period and the incubation time was 10 min (2 mM CsA) or

20 min (20 mM CsA).

To evaluate the generation of secondary metabolites of

CsA, parent drug, AM1 and AM1c (20 mM) were all

incubated with each of the following enzyme preparations:

CYP3A4 (500 pmol/ml supplemented with 1500 pmol/ml

cytochrome b5), CYP3A5 (500 pmol/ml supplemented

with 1500 pmol/ml cytochrome b5), liver microsomes

(0.2 mg/ml) and kidney microsomes (0.4 mg/ml). The

reactions were initiated by addition of NADPH (final

concentration, 2.5 mM for heterologously expressed

enzymes and 1 mM for liver and kidney microsomes) or

buffer after a 5-min preincubation period and were termi-

nated after 2 h.

CsA metabolites generated from each of the experiments

described above were extracted with 5 ml of ethyl acetate.

The solutions were shaken vigorously for 15 min and

followed by centrifugation at 1330 � g for 10 min. The

organic solvent was removed and evaporated to dryness

under a stream of nitrogen at 40 8C. The remaining residue

was then reconstituted in 0.1 ml methanol and stored at

�20 8C. Twenty microliters from each sample was injected

onto the LC/MS–MS for analysis.

2.6. LC/MS–MS assay for primary cyclosporine A

metabolites

The quantification of cyclosporine A metabolites was

accomplished using a liquid chromatography/tandem mass

spectrometric (LC/MS–MS) assay adapted from the pro-

cedure of Simpson et al. [46]. Liquid chromatography was

performed on a Shimadzu LC-10AD solvent delivery

system equipped with a Shimadzu SIL-10ADVP auto-

injector (Schimadzu Scientific Instruments, Inc., Colum-

bia, MD) fitted with a Luna Phenyl-hexyl, 150 mm �
4.6 mm, 3 mm column and a SecurityGuard column (Phe-

nomenex, Torrance, CA). The columns were heated to

70 8C. Analysis was carried out under gradient conditions.

Two mobile phases were used for chromatographic separa-

tion: solvent A consisted of 2 mM ammonium acetate:

methanol (95:5, v/v) and solvent B consisted of 2 mM

ammonium acetate:acetonitrile:methanol (5:15:80, v/v/v).

The flow rate was 0.3 ml/min. CsA metabolites were eluted

under a linear gradient increased from 70 to 100% over

10.4 min, held at 100% until 17.5 min, returned to the

initial conditions in 0.5 min, and then maintained for

2 min. AM1, AM1c, AM9 and AM4N were identified

by comparing their retention times with those of the

authentic standards. The shift in retention times within

one batch was less than 2%.

Mass spectrometry was performed on a Micromass

Quattro II tandem quadrupole mass spectrometer (Micro-
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mass Ltd., Manchester, UK). High-performance liquid

chromatography eluate was introduced into a stainless

steel capillary sprayer held at 3.5 kV through 50 mm silica

tubing with a desolvation temperature of 300 8C. The

positive electrospray (ES+) mode was employed. The cone

voltage was 45 eV and the collision energy was 60 eV. The

precursor ions (MH+) of CsA and AM4N were detected at

m/z 1202.7 and 1188.7, respectively. Multiple reaction

monitoring (MRM) was used for AM1, AM1c and

AM9. The ion transitions were 1218.7 > 224.2 (for

AM1 and AM1c) and 1218.7 > 212.1 (for AM9). Data

acquisition and analysis were carried out using MassLynx-

NT1 3.4 (Micromass Ltd.).

The calibration curves for AM1, AM1c, AM4N and

AM9 were generated by plotting the peak area of these

metabolites against their concentrations (1–200 ng/ml).

Each point on the calibration curve was generated in

duplicate and six points were used for each standard curve.

The detection limit for CsA metabolites was 100 pg/ml.

Intra- and inter-day variability for the quantitation of CsA

metabolites was less than 10 and 15%, respectively.

2.7. Mass spectrometric identification of

AM19 and AM1c9

The same HPLC and mass spectrometry conditions

described above were used to separate secondary metabo-

lites of CsA. Precursor ions (MH+) of di-hydroxylated

metabolites were detected at m/z 1234.8 in the single

ion reaction (SIR) mode. Samples from incubations with

heterologously expressed enzymes were also used to scan

for the product ions of MH+ 1234.8 in continuum mode

with a cone voltage of 45 eV and a collision energy of

35 eV. AM19 and AM1c9 peaks from the chromatograph

were identified by comparing their fragmentation patterns

with those of authentic CsA, AM1, AM1c and AM9

standards.

2.8. Data analysis

Simple hyperbolic (Eq. (1)), sigmoidal and substrate

inhibition (Eq. (2)) models were fit to the kinetic data sets

using WinNonLin, Version 3.2 (Pharsight Co., Mountain

View, CA), with proper weighting schemes. Goodness of fit

was evaluated by the F-test (for nested models), normal

distribution of residuals, coefficient of variation (CV) and

the visual inspection of the Michaelis-Menten plots.

V ¼ Vmax½S�
ðKm þ ½S�Þ (1)
V ¼ Vmax½S�
ðKm þ ½S� þ ½S�2=KsÞ

(2)

Statistical analysis was performed by NCSS 2001

(NCSS, Kaysville, UT). The Wilcoxon rank-sum test
was used for the comparison of AM9 formation and

testosterone 6b-hydroxylation by CYP3A5*3/*3 and *1/

*3 kidney microsomes. A 2-sided unpaired t-test was used

for the comparison of CsA metabolite formation by

CYP3A5*1-positive and -negative livers. Normality of

the data was confirmed before statistical analysis. P values

less than 0.05 were considered statistically significant.
3. Results

3.1. Cyclosporine A metabolic profiles and kinetics from

heterologously expressed CYP3A4 and CYP3A5

When cyclosporine A (0–256 mM) was incubated with

CYP3A4 and CYP3A4 + b5, three major metabolites

(AM1, AM9 and AM4N) were detected (Fig. 1). The

formation of AM1 and AM9 was NADPH-dependent.

The formation of AM4N was also NADPH-dependent.

However, at higher CsA concentrations, there was a

non-enzyme generated appearance of a signal in the

AM4N channel (m/z 1188.7). AM1c was not detected

under these incubation conditions.

The metabolism of CsA by CYP3A4 showed substrate

inhibition kinetics for the formation of AM1 and AM9

(Fig. 2a). A substrate inhibition model provided the best fit

of the data. Kinetic parameter estimates (Table 1) indicated

a relatively high affinity (Km �2 mM) for binding that led

to product formation and low affinity binding (Ks �400–

500 mM) that reduced the reaction rate. We also tested

whether co-expression of cytochrome b5 with CYP3A4

and P450 reductase would alter the reaction kinetics. As

seen in Table 1, the formation of AM1 and AM9 by

CYP3A4 + b5 also exhibited substrate inhibition kinetics,

although the estimated Vmax for both reactions was 2–2.5

times greater than that observed when exogenous cyto-

chrome b5 was added to the CYP3A4 preparation. In

contrast, both Km and Ks for the different CYP3A4 pre-

parations were similar.

Incubation of CsA (0–256 mM) with CYP3A5 yielded

only one primary metabolite—AM9. Other metabolites

were not detected under these experimental conditions.

The formation of AM9 by CYP3A5 again displayed sub-

strate inhibition kinetics (Fig. 2b) and model fitting (Eq.

(2)) yielded a higher Ks (seven-fold) and Vmax (nine-fold)

than the comparable b5-supplemented CYP3A4 prepara-

tion (Table 1).

3.2. Western blot analysis of kidney microsomes

Of the 20 human kidneys selected for analysis, four

exhibited a CYP3A5*1/*3 genotype [35]. The other 16

kidneys all had a CYP3A5*3/*3 genotype. A representative

Western blot of kidney microsomes probed with a selective

CYP3A5 antibody is shown in Fig. 3. Only one band

was detected and it co-migrated with authentic CYP3A5
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Fig. 1. Structure of cyclosporine A (C62H111N11O12) and its major metabolites.
standard. The average CYP3A5 content was eight-fold

higher in *1/*3 kidneys than that of *3/*3 kidneys. No

CYP3A4 was detected in any of the kidney microsomal

preparations (data not shown). Microsomal preparations

from four CYP3A5*1/*3 and four CYP3A5*3/*3 kidneys

were used for further experimentation.

3.3. Renal microsomal testosterone 6b-hydroxylation

activity

Testosterone 6b-hydroxylation activity for the different

renal microsomal preparations was measured to confirm

that the CYP3A5 detected by Western blot analysis was

catalytically competent. Although there was significant

inter-individual variability, formation of 6b-hydroxytes-

tosterone was on average seven-fold higher for CYP3A5*1/

*3 microsomes (P = 0.03), compared to microsomes from

CYP3A5*3/*3 kidneys (Fig. 4a).
3.4. Cyclosporine A metabolic profiles and kinetics

from human kidney microsomes

When CsA was incubated with kidney microsomes,

AM9 was the only metabolite detected. The rates of

AM9 formation were 30- and 17-fold higher for

CYP3A5*1/*3 microsomes than CYP3A5*3/*3 micro-

somes at CsA concentrations of 2 mM (P = 0.04) and

20 mM (P = 0.03), respectively (Fig. 4b and c).

CsA (2–45 mM) was incubated with one of the

CYP3A5*1/*3 microsomal preparations (HK-114B) which

had the highest activity for AM9 formation. The simple

hyperbolic model provided the best fit to the data (Fig. 5),

yielding a Km that was similar to that obtained from

heterologously expressed CYP3A5 (Table 1). There was

no evidence of substrate inhibition (unlike CYP3A5), but a

more robust substrate concentration range that might have

revealed the phenomenon could not be explored because of
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Fig. 2. Model fits for the formation of AM1 (circle) and AM9 (triangle) by

CYP3A4 (a) or CYP3A5 (b) supplemented (1:3 molar ratio) with cyto-

chrome b5.
enzyme limitations. Co-incubation with the CYP3A selec-

tive inhibitor ketoconazole (200 nM) caused a 22–55%

reduction of AM9 formation over a CsA concentration

range of 2–45 mM.
Table 1

Kinetic parameters for CsA metabolite formation by heterologous baculovirus-inse

kidney microsomes

CsA metabolites Vmax (pmol/min/nmol) Km

CYP3A4

AM1 141 
 51 2.2

AM9 288 
 57 1.6

AM1 + AM9

CYP3A4 + b5

AM1 304 
 66 1.3

AM9 757 
 188 1.2

AM1 + AM9

CYP3A5

AM9 1330 
 411 11.3

HK-114B

AM9 71.2 15.5

CYP3A4 and CYP3A5 were supplemented (1:3 molar ratio) with cytochrome b5. E

experiments.
3.5. Cyclosporine A metabolic profiles of microsomes

from human livers with CYP3A5*1/*3 and *3/*3

genotypes

Incubation of CsA with liver microsomes yielded three

major metabolites AM1, AM9 and AM4N. The rate of

AM1 formation was slightly higher (41–54%, not signifi-

cant), on average, for CYP3A5*1/*3 liver microsomes

compared to *3/*3 liver microsomes at the two different

CsA concentrations tested (Table 2). However, the rate of

AM9 formation was, on average, greater than two-fold

higher for liver microsomes with a CYP3A5*1/*3 genotype

than those with a *3/*3 genotype at 2 mM CsA (P = 0.013)

and 20 mM CsA (P = 0.001), respectively (Table 2). AM4N

was only detected in incubations with 20 mM CsA. The

mean rate of AM4N formation from CYP3A5*1/*3 micro-

somes was approximately twice that of CYP3A5*3/*3

livers, but the difference was not significant.

3.6. Formation and mass spectrometric analysis of AM19

and AM1c9 in kidney and liver microsomes with

CYP3A5*1/*3 and *3/*3 genotypes

To generate the secondary metabolites of CsA, parent

drug, AM1 and AM1c were incubated with CYP3A4 and

CYP3A5. Two peaks with retention times of 11.8 (P11.8)

and 12.3 (P12.3) min were identified on SIR chromato-

grams for m/z 1234.8 (mass consistent with dihydroxyla-

tion of CsA) (data not shown). AM19 and AM1c9 eluted

earlier than the mono-hydroxylated metabolites AM1,

AM9 and AM1c (retention time: 13.6, 13.8 and

14.1 min, respectively), which was consistent with the fact

that di-hydroxylated metabolites are more hydrophilic.

Due to a lack of authentic standards, P11.8 and P12.3

from CYP3A4 and CYP3A5 incubations were then sub-

jected to MS–MS analysis by scanning in a continuous

mode for the product ions of m/z 1234.8 and comparing the

fragmentation pattern with those of CsA and its primary
ct cell expressed CYP3A4, CYP3A4 + b5 and CYP3A5, and CYP3A5*1/*3

CIint (ml/min/nmol) Ks (mM)


 0.2 66 
 30 500 
 177


 0.8 214 
 110 401 
 214

281 
 138


 0.4 237 
 18 455 
 206


 0.4 684 
 233 380 
 124

921 
 248


 2.6 122 
 46 166 
 33

4.6

ach parameter estimate (mean 
 S.D.) was determined from three different
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Fig. 3. Western blot of human kidney microsomes probed with anti-CYP3A5 IgG. The analysis was performed as described in Section 2. Lanes 1, 2, and 6–9

contained 50 mg microsomal protein from kidneys with a CYP3A5*1/*3 (lanes 1, 7, 8, 9) or CYP3A5*3/*3 (lanes 2, 6) genotype. Lanes 3–5 contained 0.5, 0.25,

and 0.125 pmol CYP3A5 standard, respectively.

Fig. 4. Effect of CYP3A5 genotype on renal microsomal catalytic activity. Microsomes from tissues with a CYP3A5*1/*3 (filled bar) and CYP3A5*3/*3 (empty

bar) genotype were incubated with testosterone (200 mM) (a) or CsA (2 or 20 mM) (b and c), as described in Section 2. Mean rates of 6b-hydroxytestosterone

and AM9 formation for the different genotype groups were compared by application of a Wilcoxon rank-sum test. A significant difference (P < 0.05) is denoted

with an asterisk.

Fig. 5. Michaelis-Menten plot of AM9 formation by kidney microsome

HK-114B. A simple hyperbolic model (Eq. (1)) was fit to the data; Km =

15.5 mM, Vmax = 71.2 pmol/min/nmol CYP3A5.
metabolites (Table 3). The fragmentation patterns of P11.8

and P12.3 further revealed their identity. An increment of

16 mass unit was seen in the product ions containing amino

acid 1MeBmt (212.1 ! 228.1) and 9MeLeu (524.4 !
540.4, 637.5 ! 653.5 and 934.7 ! 950.7) but not in those

containing other amino acids (425.3 and 567.4). Interest-

ingly, the m/z 678.5 fragment was only seen for AM1c and

AM1c9 but not for other metabolites. This ion could arise

from a fragment including MeBmt (with cyclization).

However, product ions of this fragment revealed that it

could also be generated from different parts of the mole-

cule (data not shown). Fragments m/z 1089.8 and 1105.7

(corresponding to the loss of the side chain of 1MeBmt),

which have been used previously to identify CsA meta-

bolites, were not very obvious. This could be due to

instrument differences as well as fragmentation conditions.

Also, as pointed out by Havlicek et al. [47], these frag-

ments could arise from the loss of other parts of the
Table 2

Formation rates of CsA primary metabolites by CYP3A5*3/*3 and *1/*3 liver microsomes incubation with 2 mM and 20 mM CsA

CsA metabolites

(pmol/min/mg protein)

2 mM CsA 20 mM CsA

CYP3A5*3/*3 CYP3A5*1/*3 CYP3A5*3/*3 CYP3A5*1/*3

AM1 5.6 
 3.4 (2.26–11.92) 8.6 
 3.6 (3.0–14.1) 10.8 
 6.3 (2.7–24.7) 15.1 
 8.0 (4.6–29.3)

AM9 22.7 
 15.1 (8.8–51.4) 50.5 
 28.2* (13.7–104) 34.0 
 18.9 (8.0–68.5) 103 
 52** (43–193)

AM4N ND ND 2.4 
 2.3 (0–5.8) 4.7 
 4.3 (0–14.5)

Each value represents mean 
 S.D. with lowest and highest values in the parenthesis. ND = not determined.
* P = 0.01 compared with CYP3A5*3/*3 microsomes.
** P = 0.001 compared with CYP3A5*3/*3 microsomes
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Table 3

Fragmentation patterns of P11.8 and P12.3 and comparison with those of CsA, AM1, AM1c and AM9

Fragment structure Mass calculated [M + H] Mass measured [M + H]

CsA AM1 AM1c AM9 P11.8 P12.3

1MeBmt + C=O 212.1 212.1 (4.84) � � 212.2 (35.36) 212.5 (0.05) 212.3 (0.02)
1MeBmt + C=O + [O] 228.1 � 228.2 (6.72) 228.2 (17.48) � 228.2 (11.12) 228.3 (29.61)

Undetermined 224.1 224.2 (6.20) 224.3 (21.35) 224.3 (12.56) 224.1 (0.11) 224.3 (0.21) 224.3 (0.11)
6Val-7Ala-8

D-Ala-9MeLeu 397.3 397.2 (2.92) 397.4 (10.59) 397.4 (6.86) 397.2 (0.03) 397.3 (0.22) 397.3 (0.13)
6Val-7Ala-8

D-Ala-9MeLeu + [O] 413.3 � � 413.3 (0.10) 413.4 (1.71) 413.5 (1.63) 413.3 (0.85)
3Sar-4MeLeu-5Val-6MeLeu 425.3 425.3 (5.78) 425.4 (14.13) 425.4 (11.23) 425.4 (7.97) 425.5 (4.65) 425.4 (4.36)
3Sar-4MeLeu-5Val-6MeLeu + [O] 441.3 � � � � 441.6 (0.35) 441.5 (0.48)
6Val-7Ala-8

D-Ala-9MeLeu-10MeLeu 524.4 524.4 (1.52) 524.5 (8.46) 524.6 (3.59) 524.6 (0.02) � 524.4 (0.01)
6Val-7Ala-8

D-Ala-9MeLeu-10MeLeu + [O] 540.4 � 540.4 (0.02) 540.5 (0.03) 540.4 (1.17) 540.5 (0.83) 540.6 (0.64)
3Sar-4MeLeu-5Val-6MeLeu-7Ala-8

D-Ala 567.4 567.4 (0.96) 567.5 (1.47) 567.6 (1.38) 567.4 (0.33) 567.5 (0.48) 567.5 (0.32)
3Sar-4MeLeu-5Val-6MeLeu-7Ala-8

D-Ala + [O] 583.4 � 583.3 (0.01) 583.4 (0.05) 583.5 (0.01) 583.3 (0.01) 583.2 (0.07)
6Val-7Ala-8

D-Ala-9MeLeu-10MeLeu-11MeVal 637.5 637.6 (2.65) 637.6 (11.25) 637.6 (4.49) 637.5 (0.02) 637.7 (0.01) 637.7 (0.06)
6Val-7Ala-8

D-Ala-9MeLeu-10MeLeu-11MeVal + [O] 653.5 � 653.7 (0.05) 653.7 (0.01) 653.6 (0.61) 653.6 (2.83) 653.6 (1.00)

Undetermined 678.5 � 678.5 (0.18) 678.5 (2.37) 678.6 (0.16) 678.4 (0.12) 678.5 (0.69)
3Sar-4MeLeu-5Val-6MeLeu-7Ala-8

D-Ala-9MeLeu-10MeLeu-11MeVal 934.7 934.7 (1.51) 934.9 (2.42) 934.8 (1.71) 934.8 (0.33) � 934.5 (0.02)
3Sar-4MeLeu-5Val-6MeLeu-7Ala-8

D-Ala-9MeLeu-10MeLeu-11MeVal + [O] 950.7 � 950.8 (0.14) � 950.8 (0.39) 950.7 (0.61) 950.7 (0.50)

[M + H] � C7H13O2 (from 1MeBmt) for CsA [M + H]

� C7H13O3 (from 1MeBmt) for AM1, AM1c

1089.8 � 1089.9 (0.20) 1089.8 (0.26) 1090.0 (0.40) 1089.9 (0.60) 1089.8 (1.05)

[M + H] � C7H13O2 (from 1MeBmt) for AM9 1105.7 � 1105.9 (2.90) 1105.9 (3.17) 1105.9 (1.26) 1105.9 (0.08) 1105.5 (0.02)

Numbers in parentheses are relative abundance of the fragment.
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Fig. 6. Chromatograms of SIR of m/z 1234.8 for incubation of CsA, AM1 and AM1c (20 mM each) with human kidney microsomes HK-118 (CYP3A5*3/*3)

and HK-114B (CYP3A5*1/*3) for 2 h. Peaks at 11.8 and 12.3 min represent AM19 and AM1c9, respectively. Peaks at 16.0, 13.7 and 14.1 min represent ion

overlap from excess CsA, AM1 and AM1c, respectively.
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molecules. Based on the aggregate of chromatographic

and mass spectrometric results, the detected peaks

(P11.8 and P12.3) were identified as AM19 and AM1c9,

respectively.

Kidney and liver microsomes from CYP3A5*1/*3 (HK-

114B and HL-144) and CYP3A5*3/*3 tissues (HK-118 and

HL-124) were each incubated with CsA, AM1 and AM1c.

For the liver, both CYP3A5 genotypes yielded AM19

product from CsA and AM1 incubation, and AM1c9 from

AM1c incubation. In contrast, only microsomes from

CYP3A5*1 kidneys generated a detectable amount of

metabolites; AM19 from incubation with AM1 and

AM1c9 from incubation with AM1c (Fig. 6). There were

no secondary metabolites when kidney microsomes were

incubated with CsA. Peaks detected at 16.0, 13.6 and

14.1 min were from the excess amount of CsA, AM1

and AM1c, respectively.
4. Discussion

Using heterologously expressed human CYP enzymes,

we were able to confirm the CsA metabolic profiles for

CYP3A4 and CYP3A5. CsA was biotransformed by

CYP3A4 to the major primary metabolites, AM1, AM9

and AM4N. In contrast, only AM9 was formed by

CYP3A5. This was consistent with the findings of Aoyama

et al. [20] and illustrates that CYP3A4 and CYP3A5 often

exhibit different product regioselectivity toward a common

substrate. CYP3A4 oxidizes CsA at multiple positions

(1MeBmt, 4MeLeu, 9MeLeu, etc.) while CYP3A5 prefer-

entially attacks at amino acid 9 (9MeLeu) (Fig. 1). There

are other examples of CYP3A5 substrates for which there

is a marked difference in the product regioselectivity,

compared to CYP3A4, including mifepristone [48], mid-

azolam [49], tacrolimus [50] and aflatoxin B1 [43]. Inter-

estingly, AM1c, one of the major metabolites found in

vivo, was not detected under the incubation conditions

used in this study. This was a clear example where in vitro

experiments do not recapitulate the in vivo metabolic

profile in every aspect.

Three different heterologously expressed human

CYP3A preparations were used to estimate the kinetic

parameters (Vmax and Km) for the formation of AM1 and

AM9. Among them, CYP3A4 and CYP3A5 were co-

expressed with NADPH-dependent cytochrome P450

reductase and supplemented with cytochrome b5 (CYP/

b5 molar ratio = 1:3). The formation of AM1 and AM9 by

CYP3A4 and AM9 by CYP3A5 all conformed to substrate

inhibition kinetics, a phenomenon commonly encountered

in CYP3A catalyzed reactions [51]. However, CYP3A5

showed a 5- to 10-fold higher Km for the formation of AM9

but also a higher Vmax. The net effects were a comparable

or slightly lower intrinsic clearance for the formation of

AM9 by CYP3A5 than CYP3A4, indicating a potential

role for CYP3A5 in the metabolic clearance of CsA. This
interpretation could be biased somewhat by the unequal

level of P450 reductase activity in the CYP3A4 and

CYP3A5 preparations. It could also be skewed by the

unnatural mechanism of introducing cytochrome b5 into

the catalytic system, as evidenced by the two- to three-fold

higher kcat for CYP3A4 when it was co-expressed with b5.

However, results from hepatic microsomal incubations

suggest that any methodological artifacts of CYP3A com-

parison were minor and argue in favor of a significant role

for CYP3A5 in the production of AM9 and CsA elimina-

tion.

It was noted that the rates of formation of AM1 and

AM4N, metabolites not seen in CYP3A5 incubations, were

50–90% higher for CYP3A5*1/*3 than for CYP3A5*3/*3

liver microsomes. Although the differences were not sta-

tistically significant, they suggested the possibility that

although the two groups of liver microsomes had matched

immunodetectable CYP3A4 contents they were not

equally matched with respect to specific CYP3A4 activity

(possibly due to different percentages of apo- and holoen-

zyme). We recently found that itraconazole hydroxylation

is readily catalyzed by CYP3A4, but not at all by CYP3A5

[52]. Adjustment of the hepatic microsomal AM1 and

AM4N activities for the corresponding maximal rate of

itraconazole hydroxylation of each microsomal prepara-

tion greatly diminished the absolute and relative differ-

ences in AM1 and AM4N formation. In contrast, the

adjusted AM9 formation rate remained significantly higher

for CYP3A5*1/*3, compared with CYP3A5*3/*3 micro-

somes (data not shown).

Because the AM9 pathway is only one of three primary

elimination routes, the total metabolic clearance in vivo

should be only modestly affected by the CYP3A5 genotype.

This prediction is consistent with in vivo observations. In a

recent publication [53], Haufroid et al. reported signifi-

cantly higher (1.6-fold) dose-adjusted trough CsA concen-

trations in kidney transplant patients with a CYP3A5*3/*3

genotype, compared to CYP3A5*1/*3 heterozygotes. In

contrast, Hesselink et al. [54] found that CsA trough blood

level following an oral dose was poorly associated with the

CYP3A5 polymorphism in kidney transplant patients.

However, the authors argued that this lack of association

could be due to the poor correlation of the CsA trough

blood level with CsA AUC. An alternative explanation is

that CYP3A4 is the dominant isoform for CsA clearance in

vivo and that uncontrolled variability in this parameter can

mask the penetrance of the CYP3A5 polymorphism, parti-

cularly in studies of limited sample size.

Although these findings suggest a limited effect of the

CYP3A5 polymorphism on total oral CsA clearance in

vivo, the product regioselectivity of CYP3A5 could result

in more profoundly altered metabolite patterns in blood

and, more interestingly, in the kidney epithelial cells. Only

CYP3A5 (and not CYP3A4) was expressed in human

kidneys, a finding consistent with published works from

other research groups [33,34]. However, CYP3A5 is a
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polymorphic enzyme. Western blot analysis demonstrated

that CYP3A5 was only detected in the four CYP3A5*1/*3

kidney microsomes, and not in CYP3A5*3/*3 microsomes.

Moreover, significant AM9 formation was only detected in

incubations from a CYP3A5*1/*3 donor. Although a trace

amount of AM1 and AM4N were also detected in the

kidney microsomal incubation, it was more likely due to

non-specific formation (also seen without adding NADPH)

than CYP3A5 activity. The selectivity of renal CYP3A5

for AM9 formation that we report is in contrast with the

results of Vickers et al. [55] who found that only AM1

(M17) was formed in human kidney slices and microsomes

prepared from four organ donors. However, their rates of

AM1 formation from kidney microsomes (0.05 pmol/h/

mg) incubated with 1 mM CsA were much less than that of

AM9 formation (3.7 pmol/h/mg) from our CYP3A5*1/*3

microsomes incubated with 2 mM CsA. One plausible

explanation for this discrepancy could be that the four

organ donors from the previous study were all CYP3A5*3/

*3 and that low levels of AM1 could be formed by other

enzymes.

Kinetic data for AM9 formation from the CYP3A5*1/*3

microsomes provided additional evidence that only

CYP3A5 contributed significantly to CsA metabolism in

the human kidney (Table 1). The Km for the renal-catalyzed

reaction (15.5 mM) was similar to that obtained from

CYP3A5 (11.3 mM). However, we did note that the spe-

cific activity of renal CYP3A5 (nmol product/min/nmol

CYP3A5) was 20-fold lower than that observed for

expressed CYP3A5 (Table 1). This could be due to a loss

of CYP3A5 activity, but not protein, in these kidney

samples during the long procurement period before cryo-

preservation, since these kidneys were the organs rejected

for transplantation nation-wide. It could also reflect sub-

optimal P450 reductase and cytochrome b5 activity.

The positive association between high testosterone 6b-

hydroxylation and AM9 formation and CYP3A5*1 geno-

type also supports the conclusion of a major role for

CYP3A5 in renal AM9 formation, as does the observed

inhibition from co-incubation of renal microsomes with

CsA and ketoconazole (200 nM). Considering the Ki

value for ketoconazole and CYP3A5 (109 nM, Gibbs

et al. [45]) and the possible effect of non-specific protein

binding on the free concentration of ketoconazole [56]

in the incubation with 0.4 mg renal microsomal protein,

the incomplete 22–55% inhibition of AM9 formation with

a nominal 200 nM CsA concentration was not that sur-

prising.

AM19 and AM1c9 were formed by both CYP3A5*1/*3

and CYP3A5*3/*3 liver microsomes with a much higher

specific activity than kidney microsomes (based on a

comparison of the ion current). This was not surprising

since CYP3A4 was expressed in all of the liver micro-

somes. Without authentic standard, the rate of AM19 and

AM1c9 formation in liver microsomes with different

CYP3A5 genotypes could not be determined. However,
it is likely that CYP3A5*1/*3 liver microsomes would have

higher AM19 and AM1c9 formation rates than CYP3A5*3/

*3 liver microsomes, as was the case for AM9 formation.

In contrast to the liver, AM19 and AM1c9 were formed

from AM1 and AM1c almost exclusively by kidney micro-

somes with a CYP3A5*1/*3 genotype, and not by

CYP3A5*3/*3 microsomes (Fig. 6). In addition, only

AM9 and a small amount of AM19 was formed from

CsA by renal microsomes, since little AM1 was generated

in the absence of CYP3A4. Based on these results, one

might anticipate higher circulating blood concentrations of

AM9, AM19 and AM1c9 in patients carrying the wild-type

CYP3A5*1 allele compared to those homozygous for the

mutant allele(s), a difference mediated by intestinal and

hepatic metabolism. One might also anticipate higher

AM9, AM19 and AM1c9 levels in the kidneys of patients

with a CYP3A5*1 genotype. Circulating CsA, AM1 and

AM9 are all substrates for kidney CYP3A5 in CYP3A5*1/

*3 individuals, resulting in the formation of AM9, AM19

and AM1c9, respectively. This organ-specific biotransfor-

mation step would not be seen in CYP3A5*3/*3 indivi-

duals.

Elevated blood and urine levels of AM19 and AM1c9

have been associated with renal dysfunction in cyclospor-

ine treated patients [31,32]. This change may simply

represent a biomarker of CsA nephrotoxicity, reflecting

impaired renal elimination. However, the pharmacokinetic

change may also be mechanistically linked to renal toxic

events and renal CYP3A5 activity. Although the primary

and secondary metabolites of CsA are generally equivalent

or less toxic than CsA in cultured renal epithelial cells

[27,28], AM19 and AM1c9 (but not CsA or its primary

metabolites) have been shown to alter renal mesangial cell

function (increased endothelin release) [7]. Thus,

increased exposure of renal cells to the secondary CsA

metabolites in patients with a CPY3A5*1 genotype may

increase the risk of CsA treatment-related nephrotoxicity.

In addressing this hypothesis, it will also be important to

consider the function of renal P-glycoprotein and poly-

morphisms in the ABCB1 gene that have been associated

with the risk of renal toxicity from cyclosporine inhibitor

therapy [2]. High P-glycoprotein activity may counteract

any negative effects from renal AM19 and AM1c9 forma-

tion, if these metabolites are also substrates for active

efflux.
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