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Contribution of CYP3A5 to the in Vitro Hepatic
Clearance of Tacrolimus

LANDRY K. KAMDEM,! FRANK STREIT,”> ULRICH M. ZANGER,® JURGEN BROCKMOLLER,'
MicHAEL OELLERICH,?> VICTOR W. ARMSTRONG,? and LEszZEk WojNowsk1*

Background: Tacrolimus is metabolized predominantly
to 13-O-demethyltacrolimus in the liver and intestine by
cytochrome P450 3A (CYP3A). Patients with high con-
centrations of CYP3A5, a CYP3A isoenzyme polymor-
phically produced in these organs, require higher doses
of tacrolimus, but the exact mechanism of this associa-
tion is unknown.

Methods: cDNA-expressed CYP3A enzymes and a bank
of human liver microsomes with known CYP3A4 and
CYP3AS5 content were used to investigate the contribu-
tion of CYP3A5 to the metabolism of tacrolimus to
13-O-demethyltacrolimus as quantified by liquid chro-
matography—tandem mass spectrometry.

Results: Demethylation of tacrolimus to 13-O-demeth-
yltacrolimus was the predominant clearance reaction.
Calculated K,, and V,,, values for CYP3A4, CYP3AS5,
and CYP3A7 cDNA-expressed microsomes were 1.5
pmol/L and 0.72 pmol- (pmol P450)~'-min~', 1.4
pmol/L and 1.1 pmol- (pmol P450)~"-min~", and 6
pmol/L and 0.084 pmol - (pmol P450) " - min~", respec-
tively. Recombinant CYP3A5 metabolized tacrolimus
with a catalytic efficiency (V,,,/K,) that was 64%
higher than that of CYP3A4. The contribution of
CYP3AS5 to 13-O-demethylation of tacrolimus in human
liver microsomes varied from 1.5% to 40% (median,
18.8%). There was an inverse association between the
contribution of CYP3A5 to 13-O-demethylation and the
amount of 3A4 protein (r = 0.90; P <0.0001). Mean
13-O-demethylation clearances in CYP3A5 high and low
expressers, estimated by the parallel-tube liver model,
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were 8.6 and 3.57 mL-min~"- (kg of body weight)™?,
respectively (P = 0.0088).

Conclusions: CYP3AS5 affects metabolism of tacrolimus,
thus explaining the association between CYP3A5 geno-
type and tacrolimus dosage. The importance of CYP3A5
status for tacrolimus clearance is also dependent on the
concomitant CYP3A4 activity.

© 2005 American Association for Clinical Chemistry

Tacrolimus (FK506), a potent immunosuppressive macro-
lide lactone (1) isolated from the fermentation broth of
Streptomyces tsukubaensis, is a relatively specific inhibitor
of T-lymphocyte proliferation that exerts its immunosup-
pressive activity mainly through binding to immunophi-
lins (FK-binding proteins). Because of these immunosup-
pressive properties, tacrolimus is widely used in the
prophylaxis of organ rejection after allogeneic solid-organ
transplantation. Tacrolimus is subject to substantial intes-
tinal and hepatic first-pass effects, and its bioavailability is
individually variable. Thus, tacrolimus elimination, ex-
pressed as total body clearance, varies interindividually
from 0.041 to 0.36 L-h™'- (kg of body weight)™" (2).
Because of this variability in conjunction with its narrow
therapeutic index, monitoring of whole-blood concentra-
tions of tacrolimus is essential to achieve optimal efficacy
while minimizing the risk of toxicity (3). Tacrolimus
undergoes O-demethylation, hydroxylation, and/or oxi-
dative metabolic reactions in the liver and intestine, and it
is eliminated mostly with the bile (4-9). Demethylation to
13-O-demethyltacrolimus by cytochrome P450 3A
(CYP3A)’ is quantitatively the most important metabolic
route (6,7,10,11).

CYP3A concentrations and activity display interindi-
vidual variability, which may in part explain some of the
variation in the bioavailability of tacrolimus. Historically,

5 Nonstandard abbreviations: CYP3A, cytochrome P450 3A; HLM, human
liver microsome; LC-MS/MS, liquid chromatography—tandem mass spectrom-
etry; and CL,, and CL,,, predicted pharmacokinetic clearances obtained by
use of the well-stirred and the parallel-tube model, respectively.
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tacrolimus has been considered to be a substrate for the
most extensively investigated CYP3A isoenzyme, CYP3A4.
However, several independent clinical studies recently
demonstrated significant associations between blood con-
centrations of tacrolimus and/or maintenance dose in
transplant patients and the CYP3A5 concentration. Unlike
CYP3A4, CYP3AS is expressed polymorphically, with
expression controlled by only a few genetic variants
(12, 13). In Caucasians, the expression of CYP3A5 appears
to be controlled exclusively by only 1 genetic variant
(CYP3A5*1). CYP3A5 “high expressers” account for ~10%
of Caucasian, 33% of Japanese, and 55%—70% of African or
African-American populations. Several clinical studies
have demonstrated that carriers of CYP3A5*1 alleles
(CYP3ADS high expressers) require higher doses of tacroli-
mus to achieve target blood concentrations than do ho-
mozygous carriers of the CYP3A5*3 allele (CYP3AS5 “low
expressers”) (14-21).

At present, the potential of CYP3A5 genotyping in
tacrolimus therapies is unclear (22). Target tacrolimus
concentrations in plasma can be ultimately achieved in all
patients, irrespective of genotype, by means of drug
monitoring-based dose adjustments. More important may
be the reported impact of the polymorphism during the
early period after transplantation. CYP3A5 high express-
ers had lower mean tacrolimus concentrations during the
first week after renal transplantation, and rejection oc-
curred earlier in these patients (23). On the basis of these
results, it has been proposed that a CYP3A5 genotype-
based adjusted initial dosing regimen for tacrolimus,
subsequently guided by concentration measurements, has
the potential to improve transplant survival.

On the other hand, it has been noted that a significant
portion of interindividual variability for tacrolimus can-
not be explained by the CYP3A5 polymorphisms. This
could reflect the effect of other tacrolimus-metabolizing
enzymes (e.g., CYP3A4), transporters (P-glycoprotein), or
of CYP3A5 induction (24). Better understanding of the
role of CYP3A5 in tacrolimus disposition has been ham-
pered by the paucity of in vitro data on tacrolimus
metabolism by CYP3A5. Indeed, although tacrolimus
metabolism to 13-O-demethyltacrolimus by CYP3A5 has
been demonstrated (25), a detailed investigation on the
kinetics of this reaction is lacking. Particularly informative
would be a direct comparison with CYP3A4. We therefore
set out to assess the relative contributions of CYP3A5 and
CYP3A4 to the formation of the main tacrolimus metab-
olite (13-O-demethyltacrolimus), using cDNA-expressed
enzymes and a bank of human liver microsomes derived
from low and high CYP3A5 expressers.

Materials and Methods
CHEMICALS AND REAGENTS
Tacrolimus was a kind gift of Fujisawa (Osaka, Japan).
The tacrolimus metabolites 13,15-O-didemethyltacroli-
mus and 13,31-O-didemethyltacrolimus were kind gifts of
Dade Behring (Schwallbach, Germany). 13-O-Demethyl-
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tacrolimus, 15-O-demethyltacrolimus, and 31-O-demeth-
yltacrolimus were kindly provided by Professor Uwe
Christians (University of Colorado Health Sciences Cen-
ter, Denver, CO). NADPH was purchased from Roche.
The bank of 15 phenotyped (63-testosterone hydroxylase
activity) liver samples [BD Gentest single donor human
liver microsomes (HLMs); cat. nos. HG03, HG64, and
HG74 (CYP3AS low expressers), and HH31, HH54, HH47,
HH91, HGY5, HH108, HH86, HH3, HH1, HH89, HH48,
and HH9 (CYP3AS5 high expressers)] and baculovirus-
derived microsomes producing CYP1A2/OR (cat. no.
P203; lot 21), CYP2A6/OR (cat. no. P204; lot 14),
CYP2B6/OR (cat. no. P210; lot 9), CYP2C8/OR/b5 (cat.
no. P252; lot 10), CYP2C9*1/OR (cat. no. P218; lot 15),
CYP3A4/OR (cat. no. P207; lot 18), CYP3A7/OR/b5 (cat.
no. P235; lot 7), and CYP3A5/0R (cat. no. P235; lot 17)
were obtained from Natutec. Purified cytochrome b5 (cat.
no. P2252; lot 24548B) was purchased from Panvera (now
owned by Invitrogen Corporation).

TACROLIMUS METABOLISM BY HLM- AND
BACULOVIRUS-EXPRESSED CYTOCHROME P450

Stock solutions of tacrolimus were prepared in methanol.
Samples were evaporated under N,, dissolved in 100
mmol/L potassium phosphate buffer (pH 7.4), and sup-
plemented with either HLM- or baculovirus-expressed
cytochrome P450. The final incubation volume was
100 pL. The reaction mixture with CYP3A4/OR or
CYP3A5/0R was additionally supplemented with puri-
fied cytochrome b5 (P450:b5 ratio, 1:1) according to a
previously described method (26) before the start of the
reaction with NADPH. The reaction was initiated through
addition of NADPH, was allowed to proceed for 10 min,
and then was stopped by addition of a freshly prepared
stop solution composed of 0.3 mol/L ZnSO,—methanol
(3:7 by volume) containing internal standard (25 ug/L
ascomycin). After reaction termination, the incubation
mixtures were centrifuged at 10 000g for 5 min. Superna-
tants were transferred to new tubes, and 100 uL. was used
for the liquid chromatography—tandem mass spectrome-
try (LC-MS/MS) analysis. The formation of 13-O-demeth-
yltacrolimus was linear with time between 5 and 20 min
and with protein over the range from 5 to 50 pg for HLMs
and from 1 to 8 pmol for baculovirus-expressed CYP3A.
The end concentrations of tacrolimus ranged from 0 to
12.5 pmol/L. The substrate consumption was <15% over
the incubation time (10 min).

LC-MS/MS ANALYSIS

An on-line extraction method with a column-switching
technique combined with analytical LC and electrospray
MS/MS was used to quantify 13-O-demethyltacrolimus.
The supernatants obtained from microsomal incubations
were injected with a series 200 autoinjector (Perkin-
Elmer). The extraction cartridge used was a security
guard C,g cartridge (4.0 X 3.0 mm; Phenomenex), and the
analytical column was a Nucleosil C;3 reversed-phase
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column [250 X 2.1 mm (i.d.); 5 um; MZ-Analysentechnik]
maintained at 65 °C with a DuPont column oven. The
sample was introduced on the extraction column at a flow
rate of 1500 wL/min with deionized water (solvent A) for
0.5 min. After the diverter valve was switched, analytes
were eluted at a flow rate of 500 puL/min onto the
analytical column with the following stepwise elution
protocol: 0.5 to 3 min, 65% solvent B (0.01 g/L formic acid
and 2 mmol/L ammonium acetate in methanol); 3 to 4
min, 75% B; 4 to 6 min, 80% B; 6 to 9.5 min, 100% B. The
extraction column was then reequilibrated with solvent A
for 0.5 min at 1500 pL/min before the next injection. An
API 2000 triple-stage quadrupole instrument was used for
quantification in the positive-ion mode. Multiple reaction
monitoring with argon as collision gas and the following
mass transitions (ammonium adducts) was used for quan-
tification: 13-O-demethyltacrolimus, m/z 807.5—754.5; as-
comyecin, m/z 809.5—756.5. Peak areas for 13-O-demethyl-
tacrolimus were linear from 0.5 to 5 ug/L. The limit of
quantification for 13-O-demethyltacrolimus was 0.25
png/L. The limit of detection was 0.1 ug/L. The between-
run imprecision (n = 20) was 7.0% at 3 pg/L and 2.7% at
5 ug/L 13-O-demethyltacrolimus.

CALCULATION OF RELATIVE CONTRIBUTIONS

The relative contribution of each CYP3A isoform (i) to the
overall rate of tacrolimus 13-O-demethylation (f;) was
predicted as a function of substrate concentration (s) by
use of the relative hepatic abundance (A;) of each recom-
binant CYP3A, as determined by quantitative Western
blotting using isoenzyme-specific antibodies, and the re-
action velocity, Vi(s), based on the recombinant enzyme
kinetic parameters (K, and V., ) determined for each
enzyme (27):

AVi(s)
fi (%) = —— X% 100

> AVi(s)

i=1

PREDICTION OF PHARMACOKINETIC CLEARANCE

The kinetic parameters of baculovirus-expressed isoforms
were used to estimate the in vitro intrinsic clearance of
tacrolimus to 13-O-demethyltacrolimus. The intrinsic
clearance was calculated as the V,,,./K,, ratio (28). The
net in vitro human liver microsomal intrinsic clearance
was calculated for each CYP isoform, weighted by the
respective baculovirus relative activity factor estimates, as
defined previously (29). This was then scaled up to in
vivo intrinsic clearance by use of previously published
values of scaling factors: 50 mg microsomal protein/g of
liver, and 20 g liver /kg of body weight (30). The resulting
estimated intrinsic clearance of tacrolimus via 13-O-
demethylation (CL;,") was used in conjunction with
estimates of human hepatic blood flow (Q; 20 mL
min ' - kg~ ') and the free fraction of tacrolimus in human
plasma (f,; 0.01) (31) to predict intravenous clearance via
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13-O-demethylation. This was done according to the
well-stirred (CL,,) and parallel-tube (CL,;) models
(32, 33) and the respective, following equations (34, 35):

_ Q 'fu . CLi/nt

Lo = Q77 CLl,

—CLint * fu
CLpZ = Q ° <1 — e Q )

DATA ANALYSIS

The enzyme kinetic parameters (K, and V,,) were
determined by nonlinear least-squares regression (Sig-
maPlot 8.0; SPSS). The significance of differences in pre-
dicted clearance values between different groups was
assessed by the Mann-Whitney U-test. The association
between 2 variables was assessed by the Spearman rank
test in the case of nonparametric data or by the Pearson
correlation coefficient (SPSS 12.0) in the case of gaussian-
distributed data.

Results
TACROLIMUS METABOLISM BY BACULOVIRUS-
EXPRESSED CYTOCHROME P450
We determined the enzyme kinetic parameters for 13-O-
demethylation of tacrolimus catalyzed by baculovirus-
expressed CYP3A4, CYP3A5, and CYP3A7. The tacroli-
mus concentration range varied from 0 to 12.5 umol/L.
The K, and V. values calculated from Michaelis—
Menten plots were 1.5 umol/L and 0.72 pmol - (pmol
P450) " - min~"' for CYP3A4 (Fig. 1A) and 1.4 umol/L and
1.1 pmol - (pmol P450) ' -min~' for CYP3A5 (Fig. 1B).
CYP3A7 also exhibited some catalytic activity (data not
shown), but its velocity was 10- to 20-fold lower [0.084
pmol - (pmol P450) ! - min '], whereas the K,, value was
4.3- to 8.3-fold higher (6 umol/L) than those of CYP3A4
and CYP3AS5. The corresponding V,,../K,, ratios were
0.48, 0.79, and 0.014 pL-(pmol P450) '+min~' for
CYP3A4, CYP3A5, and CYP3A?7, respectively. Other me-
tabolites, such as 15-O-demethyltacrolimus, 31-O-demeth-
yltacrolimus, 13,15-O-didemethyltacrolimus, and 13,31-
O-didemethyltacrolimus were also produced by CYP3A4
and CYP3AS5, but not by CYP3A7. Their amounts were 10-
to 20-fold lower than those of 13-O-demethyltacrolimus.
Several other P450 isoenzymes were also tested and
showed extremely low [<0.005 pmol- (pmol P450) '-
min~' for CYP2A6, CYP2B6, CYP2C8, and CYP2C9] or
no detectable 13-O-tacrolimus demethylation activity
(CYP1A2; data not shown). An example of LC-MS/MS
extracted ion peak chromatograms for 13-O-demethylta-
crolimus, 15-O-demethyltacrolimus, 31-O-demethylta-
crolimus, 13,31-O-didemethyltacrolimus, and 13,15-O-
didemethyltacrolimus are shown in Fig. 1 of the Data Sup-
plement that accompanies the online version of this article
at http:/ /www.clinchem.org/content/vol51/issue8/.
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Fig. 1. Kinetic plots of 13-O-demethylation of tacrolimus by cDNA-
expressed CYP3A4 (A) and CYP3A5 (B).

CYP3A4 and CYP3A5 were supplemented with b5. The ratio of 3A/0R to b5 was
1:1.

TACROLIMUS METABOLISM BY HLMs
We next investigated the tacrolimus 13-O-demethylation
activity in a bank of 15 human liver samples, including 12
high expressers and 3 low expressers for CYP3A5. The
relevant data are given in Table 1. There was an almost
19-fold variation in the V. for tacrolimus 13-O-demeth-
ylation with values ranging from 199.3 pmol-
mg ' -min~ ' to 3746.7 pmol-mg ' - min ' (median,
564.8 pmol - mg ' min~!; Table 1). Variation was
smaller for the respective K, values (median, 0.74
pmol/L; range, 0.38-1.20 umol/L).

We next compared the V. values obtained for the

1377

individual HLMs with corresponding CYP3A4 and
CYP3AS5 protein content. The correlation coefficient (r)
between the V., for tacrolimus 13-O-demethylation and
CYP3A5 protein concentration was higher than that for
Vmax and CYP3A4 protein concentration: 0.65 (P = 0.008)
vs 0.49 (P = 0.09; Fig. 2 of the online Data Supplement).
We also observed a good correlation (r = 0.64; P = 0.01;
Fig. 2 of the online Data Supplement) between V..
values for tacrolimus 13-O-demethylation and those for
testosterone 6B-hydroxylation (supplied in the package
insert for each HLM). Because the latter reaction is a
marker of CYP3A activity (36), this result further con-
firms that tacrolimus is mostly metabolized by CYP3A.
The data in Fig. 2 of the online Data Supplement were also
analyzed after omission of an outlier, liver HH31, and
correlations between V.. and either CYP3A5 protein
(r = 0.56; P = 0.03) or testosterone 6p3-hydroxylation (r =
0.57; P = 0.03) remained significant. We observed no
significant correlation between V., and CYP3A4 protein
concentration (r = 0.35; P = 0.265).

RELATIVE CONTRIBUTION OF CYP3A5 TO
13-O-DEMETHYLATION OF TACROLIMUS

We investigated the contribution of CYP3A5 to 13-O-
demethylation of tacrolimus in the liver bank, using the
relative hepatic abundance approach and assuming that
the enzyme kinetic constants that were determined for the
individual recombinant CYP3A isoenzymes were also
valid for the hepatic liver microsomes. At 5 pumol/L
tacrolimus, a concentration within the range measured in
hepatic tissue in vivo, CYP3A5 accounted for 1.5%—40%
of 13-O-demethylation of tacrolimus. We found no signif-
icant association between the contribution of CYP3A5 to
13-O-demethylation and the amount of CYP 3A5 protein
(Fig. 2A; r = 0.20; P = 0.51), but there was an inverse
association with the amount of 3A4 protein (Fig. 2B; r =
0.90; P <0.0001). Similar results were obtained at 0.5 and
50 umol/L tacrolimus (data not shown).

PREDICTION OF PHARMACOKINETIC CLEARANCE

When we used the relative activity factor approach (29)
and the parallel-tube model, the predicted tacrolimus
13-O-demethylation clearance values (CL,,) in livers from
CYP3AS5 high and low expressers were, on average, 8.60
and 3.57 mL - min' - (kg of body weight) !, respectively
(P = 0.0088, Mann-Whitney U-test; Fig. 3 of the online
Data Supplement). The predicted tacrolimus 13-O-de-
methylation clearance values (CL,,) obtained with the
well-stirred model were also calculated and were similar
to the CL,, values (Table 1).

Discussion
Previous investigations using HLMs have indicated that
CYP3A4 plays an important role in the metabolism of
tacrolimus, the major primary metabolite being 13-O-
demethyltacrolimus (6, 9, 10). It was, however, suggested
that members of the CYP3A protein family other than
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Fig. 2. Correlation between relative contribution of CYP3A5 to the
13-O-demethylation of tacrolimus and CYP3A5 protein (A) and CYP3A4
protein (B) in the liver bank samples (n = 13).

The 2 livers with no CYP3A4 protein data available were excluded from the
analysis. The relative contribution was calculated based on the hepatic abun-
dance approach as described in the Materials and Methods. The tacrolimus
concentration was 5 umol/L.

CYP3A4 might be involved in the 13-O-demethylation of
tacrolimus (6 ). More recently, Bader et al. (25) established
that tacrolimus is indeed metabolized by CYP3AS5, but no
detailed kinetic data were presented.

Using cDNA-expressed P450 enzymes, we could show
that tacrolimus is indeed metabolized predominantly by
members of the CYP3A subfamily to 13-O-demethylta-
crolimus. The metabolites 13,15-O-demethyltacrolimus
and 13,31-O-demethyltacrolimus were also detected, but
their concentrations were 10- to 20-fold lower than the
corresponding concentrations of 13-O-demethyltacroli-
mus. Recombinant CYP3A5 metabolized tacrolimus with
an affinity comparable to that of CYP3A4 but with a
catalytic efficiency (V,../K,) that was 64% higher than
that of CYP3A4. This further supports the growing rec-
ognition that the specific activities of CYP3A4 and
CYP3AS5 are comparable for certain substrates, including
ethylmorphine, lidocaine, testosterone, and alfentanil
(36-39). In contrast, the metabolism of tacrolimus by
CYP3A7 was characterized by a much lower substrate
affinity and reaction velocity and a catalytic efficiency that
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was only 29% of that observed with CYP3A4. Contrary to
initial observations, CYP3A7 is produced polymorphi-
cally in livers and small intestines of ~15% of adult
Caucasians (13,40). The low affinity and capacity of
CYP3A7 toward tacrolimus suggest that this P450 will,
however, play no role in tacrolimus metabolism in vivo.

The K., values observed for recombinant CYP3A4 (1.5
pmol/L) and CYP3A5 (1.4 pumol/L) were similar to the
K., values obtained for the transformation of tacrolimus to
13-O-demethyltacrolimus in a bank of 15 HLMs (median,
0.74 pmol/L; range, 0.38-1.20 umol/L). Using the kinetic
constants derived from the recombinant enzyme experi-
ments and the concentrations of CYP3A4 and CYP3A5
protein in the respective microsomes, we were able to
estimate the contribution of CYP3AS5 to the transforma-
tion of tacrolimus in each microsomal preparation. The
contribution of CYP3A5 to the 13-O-demethylation of
tacrolimus in HLMs varied from 1.5% to 40% and was
particularly strong in livers with low CYP3A4, whereas it
was lower in those with high CYP3A4 and in the 3
CYP3AS5 low expressers. These findings support the ob-
servations that CYP3A5 is an important source of interin-
dividual variability for CYP3A when CYP3A5 content
represents a significant fraction of the total hepatic
CYP3A pool (36, 38, 41). Conversely, the share of CYP3A5
in tacrolimus metabolism undergoes “dilution” in indi-
viduals with high concentrations of CYP3A4. In other
words, the relative contribution of CYP3A5 strongly de-
pends on the concomitant amount of CYP3A4. The pre-
dominant role of CYP3A isoforms in the 13-O-demethyl-
ation of tacrolimus is in agreement with the good
correlation observed between tacrolimus 13-O-demethyl-
ation activity and 6B-hydroxylation of testosterone in the
liver samples investigated. The latter is widely used as a
marker of CYP3A activity (36, 42).

In our hands, the mean predicted tacrolimus pharmaco-
kinetic clearances in CYP3A5 low expressers (3.57
mL-min '-kg™') and CYP3A5 high expressers (8.60
mL-min ' -kg ') were in general in the same range as in
vivo (0.68—6 mL-min~'-kg™") (2). Clearance values >6
mL-min~'-kg™' observed in some liver samples may
have been caused by high CYP3A concentrations.

Taken together, our results explain, at least in part, the
recently reported positive association between CYP3A5
genotype and tacrolimus dosage (14-21). Furthermore,
our data offer an explanation for the substantial variabil-
ity in tacrolimus dosage independent of CYP3A5 geno-
type, i.e., that observed within the groups of high and low
CYP3A5 expressers (14). It is likely that part of this
variability is brought about by genotype-independent
differences in CYP3A5 concentrations. Indeed, CYP3A5
concentrations varied 2-fold (range, 6.9-14 pmol/mg)
among the 12 high-expresser livers. We speculate that an
even bigger variability in tacrolimus maintenance dose is
caused by differences in CYP3A4 concentrations. For
comparison, the expression of this CYP3A isoenzyme
varied 11-fold (27-300 pmol/mg) within the same set of
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12 samples. Further variability may be attributable to
differential inhibition or induction by exogenous sub-
stances (24, 43, 44) and by the expression of CYP3A5 and
CYP3A4 in the small intestine (45). This is particularly
important for corticosteroids because these compounds
are often used concomitantly with tacrolimus after organ
transplantation and they are substrates, inducers, and
inhibitors of CYP3A (2).

In addition to CYP3A, tacrolimus is a substrate for the
P-glycoprotein encoded by the MDRI gene, and the
trough concentration of tacrolimus is indeed affected by
the intestinal production of MDR-1 during the first week
after transplantation. Subsequently, it is mostly hepatic
metabolism that contributes to tacrolimus clearance (46).
A polymorphism in the MDR1 gene has been associated
with tacrolimus clearance (15,18), although these find-
ings have not been confirmed by other investigators
(14, 16, 45). Interestingly, MDR1 and CYP3A5 (as well as
CYP3A4) share transcriptional activators such as preg-
nane X receptor (24,47). This latter mechanism may
explain the intriguing findings by Goto et al. (46), who
described an association between an MDRI polymor-
phism and CYP3A4 concentrations.

Tacrolimus emerges as another clinically relevant sub-
strate of CYP3AD. Previously, Katz et al. (48) found that in
vivo drug disposition of ABT-773, a ketolide antibiotic
that is a substrate for both CYP3A and P-glycoprotein,
depends on the CYP3A5, but not the MDR1 genotype.
CYP3A5 expressers had higher metabolism of lovastatin,
simvastatin, and atorvastatin (49), whereas no association
was found between the polymorphism and efficacy of
statins that are not metabolized by CYP3A5 (fluvastatin
and pravastatin).

What are the implications of our findings for the
currently discussed (22) prospect of CYP3A5 genotyping
in patients treated with tacrolimus? Certainly, CYP3A5
genotyping will not eliminate the need to monitor blood
tacrolimus concentrations because CYP3A4 also contrib-
utes to its metabolism, and production of both CYP3A4
and CYP3AS5 (24) undergoes strong modulation by non-
genetic (environmental) factors. However, a CYP3A5 ge-
notype-based adjusted initial dosing regimen for tacroli-
mus may allow more rapid and efficient attainment of
therapeutic blood concentrations in the early postopera-
tive period. Indeed, CYP3A5 high expressers had lower
mean tacrolimus concentrations during the first week
after transplantation, and rejection occurred earlier in
these patients (23 ). Prospective studies are now needed to
validate this hypothesis.

We are grateful to Prof. Uwe Christians for providing 3 of
the tacrolimus metabolites used in this study. This work
was supported by DFG Grant WO505/2-1.

10.

11.

12.

13.

14.

15.

16.

Kamdem et al.: CYP3A5 and Tacrolimus Metabolism

References

. Goto T, Kino T, Hatanaka H, Nishiyama M, Okuhara M, Kohsaka M,

et al. Discovery of FK-506, a novel immunosuppressant isolated
from Streptomyces tsukubaensis. Transplant Proc 1987;19:4-8.

. Christians U, Jacobsen W, Benet LZ, Lampen A. Mechanisms of

clinically relevant drug interactions associated with tacrolimus.
Clin Pharmacokinet 2002;41:813-51.

. Oellerich M, Armstrong VW, Schutz E, Shaw LM. Therapeutic drug

monitoring of cyclosporine and tacrolimus. Update on Lake Louise
Consensus Conference on cyclosporin and tacrolimus. Clin Bio-
chem 1998;31:309-16.

. Christians U, Kruse C, Kownatzki R, Schiebel HM, Schwinzer R,

Sattler M, et al. Measurement of FK 506 by HPLC and isolation
and characterization of its metabolites. Transplant Proc 1991;23:
940-1.

. Lhoest G, Wallemacq P, Verbeeck R. Isolation and mass spectro-

metric identification of five metabolites of FK-506, a novel macro-
lide immunosuppressive agent, from human plasma. Pharm Acta
Helv 1991;66:302-6.

. Sattler M, Guengerich FP, Yun CH, Christians U, Sewing KF.

Cytochrome P-450 3A enzymes are responsible for biotransforma-
tion of FK506 and rapamycin in man and rat. Drug Metab Dispos
1992;20:753-61.

. Vincent SH, Karanam BV, Painter SK, Chiu SH. In vitro metabolism

of FK-506 in rat, rabbit, and human liver microsomes: identifica-
tion of a major metabolite and of cytochrome P450 3A as the
major enzymes responsible for its metabolism. Arch Biochem
Biophys 1992;294:454-60.

. Lhoest GJ, Maton N, Latinne D, Laurent A, Verbeeck RK. 15-

Desmethyl FK-506 and 15,31-desmethyl FK-506 from human liver
microsomes: isolation, identification (by fast atom bombardment
mass spectrometry and NMR), and evaluation of in vitro immuno-
suppressive activity. Clin Chem 1994;40:740-4.

. Shiraga T, Matsuda H, Nagase K, lwasaki K, Noda K, Yamazaki H,

et al. Metabolism of FK506, a potent immunosuppressive agent,
by cytochrome P450 3A enzymes in rat, dog and human liver
microsomes. Biochem Pharmacol 1994;47:727-35.

Karanam BV, Vincent SH, Newton DJ, Wang RW, Chiu SH. FK 506
metabolism in human liver microsomes: investigation of the
involvement of cytochrome P450 isozymes other than CYP3A4.
Drug Metab Dispos 1994;22:811-4.

Lampen A, Christians U, Guengerich FP, Watkins PB, Kolars JC,
Bader A, et al. Metabolism of the immunosuppressant tacrolimus
in the small intestine: cytochrome P450, drug interactions, and
interindividual variability. Drug Metab Dispos 1995;23:1315-24.
Hustert E, Haberl M, Burk O, Wolbold R, He YQ, Klein K, et al. The
genetic determinants of the CYP3A5 polymorphism. Pharmacoge-
netics 2001;11:773-9.

Kuehl P, Zhang J, Lin Y, Lamba J, Assem M, Schuetz J, et al.
Sequence diversity in CYP3A promoters and characterization of
the genetic basis of polymorphic CYP3A5 expression. Nat Genet
2001;27:383-91.

Haufroid V, Mourad M, Van Kerchkove V, Wawrzyniak J, De Meyer
M, Eddour DC, et al. The effect of CYP3A5 and MDR1 (ABCB1)
polymorphisms on cyclosporine and tacrolimus dose require-
ments and trough blood levels in stable renal transplant patients.
Pharmacogenetics 2004;14:147-54.

MacPhee IA, Fredericks S, Tai T, Syrris P, Carter ND, Johnston A,
et al. Tacrolimus pharmacogenetics: polymorphisms associated
with expression of cytochrome p4503A5 and P-glycoprotein cor-
relate with dose requirement. Transplantation 2002;74:1486-9.
Hesselink DA, van Schaik RH, van der Heiden IP, van Dam T, van
der Werf M, Weimar W, et al. Genetic polymorphisms of the
CYP3A4, CYP3A5, and MDR-1 genes and pharmacokinetics of the

220z 1snBny g1 uo Jasn sansnr Jo Juswpedaq S’ Ad 8266295/7/E L/8/1.G/9101E/WSYIUIID/W0D dNO"oIWspeoe)/:sdjpy WoJj PaPEojUMOQ



17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

Clinical Chemistry 51, No. 8, 2005

calcineurin inhibitors cyclosporine and tacrolimus. Clin Pharmacol
Ther 2003;74:245-54.

Thervet E, Anglicheau D, King B, Schlageter MH, Cassinat B,
Beaune P, et al. Impact of cytochrome p450 3A5 genetic polymor-
phism on tacrolimus doses and concentration-to-dose ratio in
renal transplant recipients. Transplantation 2003;76:1233-5.
Zheng H, Webber S, Zeevi A, Schuetz E, Zhang J, Bowman P, et al.
Tacrolimus dosing in pediatric heart transplant patients is related
to CYP3A5 and MDR1 gene polymorphisms. Am J Transplant
2003;3:477-83.

Zheng H, Zeevi A, Schuetz E, Lamba J, McCurry K, Griffith BP, et
al. Tacrolimus dosing in adult lung transplant patients is related to
cytochrome P4503A5 gene polymorphism. J Clin Pharmacol
2004;44:135-40.

Thervet E, Legendre C, Beaune P, Anglicheau D. Cytochrome P450
3A polymorphisms and immunosuppressive drugs. Pharmacog-
enomics 2005;6:37-47.

Macphee IA, Fredericks S, Mohamed M, Moreton M, Carter ND,
Johnston A, et al. Tacrolimus pharmacogenetics: the CYP3A5*1
allele predicts low dose-normalized tacrolimus blood concentra-
tions in whites and South Asians. Transplantation 2005;79:499—
502.

Thummel KE. A genetic test for immunosuppressant dose selec-
tion? Pharmacogenetics 2004;14:145-6.

MacPhee |A, Fredericks S, Tai T, Syrris P, Carter ND, Johnston A,
et al. The influence of pharmacogenetics on the time to achieve
target tacrolimus concentrations after kidney transplantation.
Am J Transplant 2004;4:914-9.

Burk O, Koch |, Raucy J, Hustert E, Eichelbaum M, Brockmoller J,
et al. The induction of cytochrome P450 3A5 (CYP3AD5) in the
human liver and intestine is mediated by the xenobiotic sensors
pregnane X receptor (PXR) and constitutively activated receptor
(CAR). J Biol Chem 2004;279:38379-85.

Bader A, Hansen T, Kirchner G, Allmeling C, Haverich A, Borlak JT.
Primary porcine enterocyte and hepatocyte cultures to study drug
oxidation reactions. Br J Pharmacol 2000;129:331-42.

Evert B, Eichelbaum M, Haubruck H, Zanger UM. Functional
properties of CYP2D6 1 (wild-type) and CYP2D6 7 (His324Pro)
expressed by recombinant baculovirus in insect cells. Naunyn
Schmiedebergs Arch Pharmacol 1997;355:309-18.
Venkatakrishnan K, von Moltke LL, Court MH, Harmatz JS, Crespi
CL, Greenblatt DJ. Comparison between cytochrome P450 (CYP)
content and relative activity approaches to scaling from cDNA-
expressed CYPs to human liver microsomes: ratios of accessory
proteins as sources of discrepancies between the approaches.
Drug Metab Dispos 2000;28:1493-504.

Houston JB. Utility of in vitro drug metabolism data in predicting in
vivo metabolic clearance. Biochem Pharmacol 1994;47:1469—
79.

Venkatakrishnan K, von Moltke LL, Greenblatt DJ. Application of
the relative activity factor approach in scaling from heterologously
expressed cytochromes p450 to human liver microsomes: studies
on amitriptyline as a model substrate. J Pharmacol Exp Ther
2001;297:326-37.

Carlile DJ, Hakooz N, Bayliss MK, Houston JB. Microsomal
prediction of in vivo clearance of CYP2C9 substrates in humans.
Br J Clin Pharmacol 1999;47:625-35.

lwasaki K, Miyazaki Y, Teramura Y, Kawamura A, Tozuka Z, Hata
T, et al. Binding of tacrolimus (FK506) with human plasma
proteins re-evaluation and effect of mycophenolic acid. Res Com-
mun Mol Pathol Pharmacol 1996;94:251-7.

Obach RS, Baxter JG, Liston TE, Silber BM, Jones BC, MaclIntyre F,
et al. The prediction of human pharmacokinetic parameters from
preclinical and in vitro metabolism data. J Pharmacol Exp Ther
1997;283:46-58.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

1381

Obach RS. Prediction of human clearance of twenty-nine drugs
from hepatic microsomal intrinsic clearance data: an examination
of in vitro half-life approach and nonspecific binding to micro-
somes. Drug Metab Dispos 1999;27:1350-9.

Pang KS, Rowland M. Hepatic clearance of drugs. |. Theoretical
considerations of a “well-stirred "model and a “parallel tube”
model. Influence of hepatic blood flow, plasma and blood cell
binding, and the hepatocellular enzymatic activity on hepatic drug
clearance. J Pharmacokinet Biopharm 1977;5:625-53.
Wilkinson GR, Shand DG. Commentary: a physiological approach
to hepatic drug clearance. Clin Pharmacol Ther 1975;18:377-90.
Kamdem LK, Meineke |, Koch |, Zanger UM, Brockmoller J,
Wojnowski L. Limited contribution of CYP3A5 to the hepatic
63-hydroxylation of testosterone. Naunyn Schmiedebergs Arch
Pharmacol 2004;370:71-7.

Gillam EM, Guo Z, Ueng YF, Yamazaki H, Cock I, Reilly PE, et al.
Expression of cytochrome P450 3A5 in Escherichia coli: effects of
5’ modification, purification, spectral characterization, reconstitu-
tion conditions, and catalytic activities. Arch Biochem Biophys
1995;317:374-84.

Huang W, Lin YS, McConn DJ, Calamia JC, Totah RA, Isoherranen
N, et al. Evidence of significant contribution from CYP3A5 to
hepatic drug metabolism. Drug Metab Dispos 2004;32:1434—
45.

Klees TM, Sheffels P, Dale O, Kharasch ED. Metabolism of
alfentanil by cytochrome p4503a (cyp3a) enzymes. Drug Metab
Dispos 2005;33:303-11.

Burk O, Tegude H, Koch I, Hustert E, Wolbold R, Glaeser H, et al.
Molecular mechanisms of polymorphic CYP3A7 expression in
adult human liver and intestine. J Biol Chem 2002;277:
24280-8.

Yamaori S, Yamazaki H, lwano S, Kiyotani K, Matsumura K, Honda
G, et al. CYP3A5 Contributes significantly to CYP3A-mediated drug
oxidations in liver microsomes from Japanese s. Drug Metab
Pharmacokinet 2004;19:120-9.

Yuan R, Madani S, Wei XX, Reynolds K, Huang SM. Evaluation of
cytochrome P450 probe substrates commonly used by the phar-
maceutical industry to study in vitro drug interactions. Drug Metab
Dispos 2002;30:1311-9.

Gibbs MA, Thummel KE, Shen DD, Kunze KL. Inhibition of cyto-
chrome P-450 3A (CYP3A) in human intestinal and liver micro-
somes: comparison of K; values and impact of CYP3A5 expres-
sion. Drug Metab Dispos 1999;27:180-7.

Khan KK, He YQ, Correia MA, Halpert JR. Differential oxidation of
mifepristone by cytochromes P450 3A4 and 3A5: selective inac-
tivation of P450 3A4. Drug Metab Dispos 2002;30:985-90.
Tsuchiya N, Satoh S, Tada H, Li Z, Ohyama C, Sato K, et al.
Influence of CYP3A5 and MDR1 (ABCB1) polymorphisms on the
pharmacokinetics of tacrolimus in renal transplant recipients.
Transplantation 2004;78:1182-7.

Goto M, Masuda S, Kiuchi T, Ogura Y, Oike F, Okuda M, Tanaka K,
et al. CYP3A5*1-carrying graft liver reduces the concentration/
oral dose ratio of tacrolimus in recipients of living-donor liver
transplantation. Pharmacogenetics 2004;14:471-8.

Geick A, Eichelbaum M, Burk O. Nuclear receptor response
elements mediate induction of intestinal MDR1 by rifampin. J Biol
Chem 2001;276:14581-7.

Katz DA, Grimm DR, Cassar SC, Gentile MC, Ye X, Rieser MJ, et al.
CYP3A5 genotype has a dose-dependent effect on ABT-773
plasma levels. Clin Pharmacol Ther 2004;75:516-28.

Kivisto KT, Niemi M, Schaeffeler E, Pitkala K, Tilvis R, Fromm MF,
et al. Lipid-lowering response to statins is affected by CYP3A5
polymorphism. Pharmacogenetics 2004;14:523-5.

220z 1snBny g1 uo Jasn sansnr Jo Juswpedaq S’ Ad 8266295/7/E L/8/1.G/9101E/WSYIUIID/W0D dNO"oIWspeoe)/:sdjpy WoJj PaPEojUMOQ



