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ABSTRACT 

Previous investigations of solid organ transplant patients treated with tacrolimus showed 

that individuals carrying a CYP3A5*1 allele have lower dose adjusted trough blood 

concentrations compared to homozygous CYP3A5*3 individuals.  The objective of this 

investigation was to quantify the contribution of CYP3A5 to the hepatic and renal 

metabolic clearance of tacrolimus.  Four primary tacrolimus metabolites 13-DMT (major), 

15-DMT, 31-DMT and 12-HT were generated by human liver microsomes and 

heterologously-expressed CYP3A4 and CYP3A5.  The unbound tacrolimus concentration 

was low (4-15%) under all incubation conditions.  For CYP3A4 and CYP3A5, Vmax was 

8.0 and 17.0 nmol/min/nmol enzyme and Km,u was 0.21 and 0.21 µM, respectively.  The 

intrinsic clearance of CYP3A5 was twice that of CYP3A4.  The formation rates of 13-

DMT, 31-DMT and 12-HT were ≥ 1.7-fold higher, on average, in human liver 

microsomes with a CYP3A5*1/*3 genotype compared to those with a homozygous 

CYP3A5*3/*3 genotype.  Tacrolimus disappearance clearances were 15.9 ± 9.8 

mL/min/mg protein and 6.1 ± 3.6 mL/min/mg protein for the two genotypes, respectively.  

In vitro to in vivo scaling using both liver microsomes and recombinant enzymes yielded 

higher predicted in vivo tacrolimus clearances for patients with a CYP3A5*1/*3 genotype 

compared to those with a CYP3A5*3/*3 genotype.  In addition, formation of 13-DMT 

was 13.5-fold higher in human kidney microsomes with a CYP3A5*1/*3 genotype 

compared to those with a CYP3A5*3/*3 genotype.  These data suggest that CYP3A5 

contributes significantly to the metabolic clearance of tacrolimus in the liver and kidney. 
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Tacrolimus (FK-506), an inhibitor of calcineurin (CNI), has been used widely to 

prevent organ rejection since its approval in the USA in 1994 (Scott et al., 2003).   

However, the drug has a narrow therapeutic index and monitoring of trough blood 

concentrations is performed routinely for transplant patients receiving chronic therapy 

(Jusko et al., 1995b).  Despite this effort to individualize tacrolimus therapy, a large 

percentage of patients suffer from adverse effects, especially nephrotoxicity (Ojo et al., 

2003).  The exact mechanism of tacrolimus-related renal toxicity is not clear but studies 

in vivo (Ader and Rostaing, 1998; Finn, 1999) and with cultured renal epithelial cells 

(Hortelano et al., 2000) indicate that the severity of injury depends in part on the 

concentration of drug to which the kidney cells are exposed.  Thus, individual differences 

in systemic and intra-renal metabolism and accumulation of tacrolimus in vivo may 

influence the risk and severity of nephrotoxicity. 

Cytochrome P450 3A (CYP3A) is the subfamily of P450 isoforms responsible for 

the metabolism of tacrolimus (Sattler et al., 1992; Bader et al., 2000).  Four primary 

metabolites and four secondary metabolites have been identified in liver microsomal 

incubations (Iwasaki et al., 1993; Iwasaki et al., 1995).   The primary metabolites, which 

account for most of the metabolic clearance of tacrolimus, are 13-O-desmethyl tacrolimus 

(13-DMT or M-I), 15-O-desmethyl tacrolimus (15-DMT or M-III), 31-O-desmethyl 

tacrolimus (31-DMT or M-II), and 12-hydroxy tacrolimus (12-HT or M-VI) (Fig 1).  

Two major isoforms of CYP3A are expressed in adult human tissues: CYP3A4 and 

CYP3A5. CYP3A4 is found in the liver and small intestine of apparently all individuals, 

whereas CYP3A5 is polymorphically expressed in the liver, small intestine, kidney and 

other organs of individuals who carry the CYP3A5*1 allele (Lamba et al., 2002).  
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Inheritance of two copies of a variant allele (CYP3A5*3, *6 or *7) accounts for a 

markedly reduced level of CYP3A5 protein expression and function in about 85% Whites, 

65% of Chinese and 55% of African-Americans (Lamba et al., 2002).  Moreover, 

inheritance of the CYP3A5*1 allele is strongly correlated with enhanced CYP3A5-

dependent metabolism in the liver in vitro (Kuehl et al., 2001; Lin et al., 2002; Huang et 

al., 2004). 

Several recent studies of heart, lung, and kidney transplantation patients document 

a significant association between the CYP3A5 polymorphism and tacrolimus dose-

adjusted trough blood levels (Hesselink et al., 2003; Thervet et al., 2003; Zheng et al., 

2003; Haufroid et al., 2004).  Interestingly, this trend is not as obvious in cyclosporine-

treated patients (Hesselink et al., 2003; Haufroid et al., 2004; Kreutz et al., 2004) even 

though cyclosporine is also a CYP3A5 substrate (Aoyama et al., 1989; Dai et al., 2004).  

This could be due to differences in the relative contribution of each enzyme toward 

cyclosporine and tacrolimus metabolism.  CYP3A4 catalyzes the formation of all 3 major 

primary cyclosporine metabolites (AM1, AM9 and AM4N), whereas only AM9 is 

produced to any significant degree by CYP3A5.  In addition, cyclosporine intrinsic 

clearance (Clint) calculated from total metabolite formation is about 2.3-fold higher for 

CYP3A4 than that for CYP3A5 (Dai et al., 2004). 

For tacrolimus, Bader et al. (2000) showed that CYP3A5 generates both 

desmethyl and hydroxyl metabolites and that CYP3A4 generated the desmethyl but not 

hydroxyl metabolite.  Thus, it is possible that CYP3A5 contributes more significantly to 

the systemic clearance of tacrolimus than CYP3A4 in patients carrying the CYP3A5*1 

allele.  With respect to the renal disposition of tacrolimus, patients with a CYP3A5 *1/*3 
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genotype may exhibit higher rates of renal tacrolimus metabolism than those lacking the 

*1 allele, which would result in differences in intra-renal accumulation of tacrolimus, 

independent of systemic blood concentration. 

Based on this background, we hypothesized that CYP3A5 contributes more 

significantly to the metabolic clearance of tacrolimus than CYP3A4 and that inheritance 

of CYP3A5 *1 allele in patients treated with tacrolimus has a protective role in the 

development of drug-related nephrotoxicity.  The purpose of this study was: 1) to 

determine the unbound Michaelis constant (Km) and intrinsic clearance (CLint) for 

tacrolimus metabolism by CYP3A4 and CYP3A5, and 2) to assess the relative 

contribution of CYP3A5 to total tacrolimus metabolism by human liver and kidney 

tissues. 
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MATERIALS AND METHODS 

Materials  

Tacrolimus was kindly provided by Fujisawa USA Inc. (now Astellas Pharma US, 

Inc.; Deerfield, IL).  Ascomycin and NADPH were obtained from Sigma Chemical 

Company (St. Louis, MO).  Methanol, acetonitrile and ethyl acetate were purchased from 

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

human CYP3A4+P450 reductase (rCYP3A4), CYP3A5+P450 reductase (rCYP3A5), 

CYP3A4+P450 reductase+cytochrome b5 (rCYP3A4+b5), CYP3A5+P450 

reductase+cytochrome b5 (rCYP3A5+b5), and CYP3A7+P450 reductase+cytochrome b5 

(rCYP3A7+b5) SUPERSOMES™ were purchased from BD Gentest (Woburn, MA).  

Human cytochrome b5 was purchased from PanVera (Carlsbad, CA). 

Preparation of Human Liver and Kidney Microsomes 

The collection and use of human tissue for research was approved by the 

University of Washington Human Subjects Review Board.  Liver tissue from White 

donors was obtained from the University of Washington, School of Pharmacy Human 

Tissue Bank (Seattle, WA).  Kidney tissue was obtained from the National Disease 

Research Interchange (Philadelphia, PA).  Of the 60 available livers, ten from a subset of 

CYP3A5*1/*3 donors were selected randomly for microsome preparation.  Liver tissue 

from another ten donors with a CYP3A5*3/*3 genotype were selected and microsomes 

prepared in order to obtain ten paired CYP3A5*1/*3 and CYP3A5*3/*3 preparations with 

the same CYP3A4 immunocontent for each pair. Of the 21 kidneys available, all four 

with a CYP3A5*1/*3 genotype (two from White donors, one from a Hispanic donor and 

one from a donor with unknown ethnicity) were selected for microsomal preparation.  
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Microsomes were prepared from another four kidneys (all from White donors) selected 

randomly from the CYP3A5*3/*3 donor pool. The procedures employed for microsome 

isolation have been published previously (Paine et al., 1997; Lin et al., 2002; Givens et al., 

2003; Dai et al., 2004).  Protein concentrations were determined using bovine serum 

albumin as the reference standard.   

Isolation and Mass Spectrometric Analysis of Tacrolimus Metabolites 

Isolation of Metabolites Tacrolimus metabolites were generated and isolated 

as described previously (Iwasaki et al., 1993), with some modifications.  Tacrolimus (100 

µM) was incubated with pooled human liver microsomes (3 mg/mL) supplemented with 

1 mM NADPH for 45 min in a volume of 30 mL.  The reaction mixture was extracted 

twice with 30 mL ethyl acetate and the organic layer was collected and evaporated to 

dryness under a stream of nitrogen at 30 oC.  The residue was reconstituted in 90 µL 

acetonitrile and injected onto a semi-preparative column (Ultremex 5 C18, 250×10 mm, 

Phenomenex, Torrance, CA) heated to 50 oC. The mobile phases were (A) H2O and (B) 

acetonitrile.  The gradient was 37% B at 0 min, 62% B at 30 min and 100% B at 30.5 min, 

and the flow rate was 4.5 mL/min.  Fractions were collected manually at a one-minute 

interval.  The volume of each fraction was reduced to about one-third under a stream of 

nitrogen to remove acetonitrile and transferred to a lyophilizer to remove water and 

residual organic solvent.   Fractions 1-4 (Fig 2A) contained the major NADPH-dependent 

primary tacrolimus metabolites identified by pilot small-scale (1-mL) incubations with 

and without the addition of NADPH.  Each fraction was reconstituted in 60% acetonitrile 

(80 µL) and re-separated with an analytical C18 column heated to 50 oC.   The mobile 

phases were (A) 0.4% acetic acid/H2O and (B) acetonitrile.  Different isocratic conditions 
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were used for fraction 1 and 2 (50% B), and fraction 3 and 4 (55% B).   The flow rate 

was 1 mL/min. Peaks were collected and the solvent removed as described above. 

Identification  of Metabolites   The isolated metabolites were identified 

based on their LC/MS-MS mass fragmentation patterns.  Liquid chromatography was 

performed on a Shimadzu LC-10AD solvent delivery system equipped with a Shimadzu 

SIL-10ADVP auto-injector (Shimadzu Scientific Instruments, Inc., Columbia, MD), a 

Develosil ODS-HG-5, 150 × 2.0 mm, 5 µm analytical column (Nomura Chemical Co., 

Ltd, Seto, Japan) and a SecurityGuard column (Phenomenex, Torrance, CA), with both 

columns heated to 50 ºC.  Two mobile phases (A: 0.05% TFA and 0.25 µM sodium 

acetate in H2O; B: acetonitrile) and a stepwise linear gradient procedure (45% B at 0 min; 

65% B at 16.5 min; 100% B between 16.6 to 19.0 min) was used to separate the 

tacrolimus metabolites.  Mass spectrometry was performed on a Micromass Quattro II 

tandem quadrupole mass spectrometer (Micromass Ltd., Manchester, U.K.).  The positive 

electrospray (ESP+) mode was employed.  HPLC eluate was introduced into a stainless 

steel capillary sprayer held at 3.5 kV through 50 µm silica tubing with a desolvation 

temperature of 400 °C.  Each fragment was analyzed under scan and SIR modes.  When 

the SIR mode was employed, m/z values were selected based on results from the scan.  

The fragmentation patterns of the sodium adducts of tacrolimus and metabolites were 

obtained using the daughter ion function.  The cone voltage was 50 eV and the collision 

energy was adjusted to get optimal fragmentation patterns (40-50 eV). 

Once identified, concentrations of the metabolite stock solutions (prepared from 

dried purified metabolites as described above) were assigned by UV absorbance using a 

standard curve of tacrolimus, assuming a common extinction coefficient at 214 nm.  This 
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approach has been used for both tacrolimus (Lampen et al., 1995) and cyclosporine 

(Wallemacq et al., 1989; Brooks et al., 1993) when no authentic metabolite standards 

were available and gravimetric measurement was impossible due to the small amount of 

metabolites isolated.  An analytical column (Microsorb-MV C18 250×4.6 mm, Varian, 

Walnut Creek, CA) was used for separation and was heated to 50 ºC.  The mobiles phases 

were (A) 0.05% phosphoric acid/H2O and (B) acetonitrile.  A stepwise linear gradient 

was employed: 37% B at 0 min, 65% B at 35 min and maintained for 5 min, 100% B at 

40.5 min and maintained for 5 min.  The flow rate was 1 mL/min.  Peaks other than the 

purified tacrolimus metabolites were not observed under UV detection.  

The purity of the metabolites was assessed by inspection of the LC/MS total ion 

current for the injected standard and comparison of the observed and published 

fragmentation patterns using LC/MS-MS.   

LC/MS Quantification of Metabolites The same LC/MS conditions 

described above for metabolite identification were applied for their quantification after 

incubation of tacrolimus with the different enzyme systems, with slight modification.  

Solvent A was 0.05% TFA and 0.25 µM potassium acetate (instead of sodium acetate) in 

H2O.  For MS detection, the cone voltage was held at 50 eV.  Sodium and potassium 

adducts were detected for desmethyl tacrolimus (m/z 812.5 and 828.5) and ascomycin 

(m/z 814.5 and 830.5, internal standard).  Sodium adducts were readily detectable 

without the addition of sodium to the mobile phase.  For hydroxy tacrolimus, only the 

potassium adduct (m/z 858.4) of the first isomeric peak shown in Fig 2E was used for 

quantification due to ion overlap from the potassium adducts of the isomeric peaks of the 

parent compound (retention times 7.7, 9.7 and 12.7 min, and m/z ratio 842.4) that 
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interfered with the detection of the sodium adducts of hydroxyl tacrolimus (m/z ratio 

842.4, see Fig 2E).  In addition, dihydroxy contaminants from the parent compound 

(retention time 9.8 min, m/z ratio 858.4) masked the potassium adduct of the second 

hydroxyl tacrolimus peak (retention time 10.5 min, m/z ratio 858.4, see Fig 2E).  Data 

acquisition and analysis were carried out using MassLynx-NT 3.4 (Micromass Ltd., 

Manchester, U.K.). 

Tacrolimus metabolites generated after incubation with the different enzyme 

systems (described below) were identified by comparing their retention times with those 

of the purified metabolite standards.  Calibration curves for metabolites were generated 

by plotting the peak area ratio of metabolite and ascomycin against metabolite 

concentrations.  Each point on the calibration curve was determined in duplicate.  The 

lowest and highest concentration used in the study ranged from 0.16 to 160 µg/L for 13-

DMT, 0.08 to 40 µg/L for 15-DMT, 0.16 to 40 µg/L for 12-HT and 1 to 40 µg/L for 31-

DMT.  The detection limit was 0.01 µg/L for 13-DMT, 15-DMT and 12-HT and 0.5 µg/L 

for 31-DMT.  Intra-day and inter-day variability was less than 15%. 

LC/MS-MS Quantification of Tacrolimus   Tacrolimus was quantified 

using the same LC/MS method described for its metabolites, with slight modifications.  

The column was heated to 50 ºC.  Solvent A was 40 mM ammonium acetate (pH 5.1) and 

0.05% TFA in H2O, and solvent B was acetonitrile.  The flow rate was 0.25 mL/min.   

Solvent B was kept at 40% for 2 min, followed by a linear increase to 95% B over 0.1 

min that was held for 4.4 min before a return to initial conditions.  Tacrolimus and 

ascomycin eluted at 4.9 min and 5.0 min respectively.  Eluate was introduced into a 

stainless steel capillary sprayer held at 3.5 kV through 50 µm silica tubing with a 
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desolvation temperature of 400 °C.  The cone voltage was 30 eV and the collision energy 

was 20 eV.  Ammonium adducts of tacrolimus and ascomycin were detected with 

multiple reaction monitoring (MRM) under ESP+ mode.  The ion transition was m/z 

821.5>768.5 for tacrolimus and m/z 809.5>756.5 for ascomycin. 

Calibration curves for tacrolimus were generated by plotting the peak area ratio of 

tacrolimus and ascomycin against tacrolimus concentrations.  Each point on the 

calibration curve was determined in duplicate.  The concentration range was 25 to 40,000 

µg/L for heterologously-expressed enzymes and 25 to 400 µg/L for liver microsomal 

incubations.  The detection and quantitation limit of tacrolimus were 0.1 and 0.5 µg/L.   

Intra-day and inter-day variability for the quantification of tacrolimus metabolites was 

less than 10%. 

Non-specific Binding of Tacrolimus In Vitro 

 The unbound concentration of tacrolimus under the same conditions employed for 

each of the substrate disappearance and metabolite formation experiments was measured 

by ultrafiltration.  For each experimental condition employed (enzyme and substrate 

concentration), the binding parameters were determined in duplicate and the average 

value is reported.  Each reaction mixture (1 mL) was prepared in 15-mL centrifuge tubes 

and mixed thoroughly.  A portion of the solution (50 µL) was removed to measure the 

initial concentration in the solution ( sS][ ).  The remaining mixture was then transferred 

to the retainer chamber of a Centrifree ultrafiltration kit (MilliPore Co., Bedford, MA).   

At the protein concentration employed in the experiment, adsorption to the retainer 

chamber surface and the membrane were negligible.  Fifty microliter of BSA solution (10 

mg/mL) was put in the acceptor chamber to minimize adsorptive loss to the surface.   
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Each reaction mixture was centrifuged twice at 500g for 1 and 1.5 min at 37 ºC.  The first 

ultrafiltrate (~100 µL) was discarded.  The second ultrafiltrate (60-100 µL) was collected 

for measurement of the unbound drug concentration ( uS][ ). 

Tacrolimus bound extensively to the incubation tubes as well as microsomes.  As 

a consequence, the non-specific binding of tacrolimus was described as follow: 

n
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where nS][  is the nominal initial concentration of the reaction mixture; sS][  is the total 

drug concentration in the aqueous mixture after addition to an incubation tube 

(concentration for the total amount of drug minus the amount of drug bound to the tube); 

uS][  is the unbound drug concentration in the aqueous mixture; fs is the fraction of total 

amount of drug added to the tube that remained in the aqueous environment; fu is the 

fraction of unbound drug in the aqueous mixture (relative to sS][ ); fu.app is the apparent 

unbound drug concentration in the mixture that was used to correct the concentration-

dependent metabolite formation or substrate disappearance data. 

For heterologously-expressed enzyme incubations, the fraction fs increased with 

increasing tacrolimus concentration, ranging from 10-50% over a tacrolimus 

concentration range of 0.02-10 µM.  In contrast, fu was relatively constant with increasing 

tacrolimus concentration, ranging from 20-30% over the same tacrolimus concentration 

range.  As a result, fu,app increased with increasing tacrolimus concentration.  The ranges 
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were 5-14% for rCYP3A4+b5, 3-17% for rCYP3A5+b5, 5-16% for rCYP3A4, 5-15% for 

rCYP3A5.  Under conditions used for liver microsomal incubations (0.2 µM tacrolimus 

and 0.05 mg/mL microsomes), fs,  fu and fu,app was 72%, 26% and 19% for CYP3A5*3/*3 

microsomes, and 56%, 38% and 21% for CYP3A5*1/*3 microsomes, respectively.  

Values for fu,app were applied to data from subsequent kinetic experiments for estimation 

of the unbound Michaelis constant (Km,u) and intrinsic clearance (CLint,u). 

Tacrolimus Metabolite Formation Kinetics 

Kinetic Protocol Incubations of each liver/kidney microsome or recombinant 

enzyme preparation with each specified concentration of tacrolimus were performed in 

duplicate in solutions containing 0.1 M potassium phosphate, pH 7.4, and 1 mM EDTA 

in a shaking water bath maintained at 37 ºC.  Tacrolimus was dissolved in methanol; the 

final methanol concentration was less than 1%.  All reactions were initiated by adding 

NADPH (final concentration 1mM) or buffer (as negative control) after 5 min 

preincubation and were terminated by adding an equal volume of cold acetonitrile.  

Conditions that conferred linear metabolite formation with respect to time under different 

substrate and human liver/kidney microsomal protein concentrations were determined 

(not shown) and applied to all kinetic experiments described in this study. 

For incubations with heterologously-expressed enzymes, tacrolimus (0.02-10 µM) 

was incubated with 10 pmol/mL rCYP3A4 and rCYP3A5 supplemented with cytochrome 

b5 (CYP3A:b5 = 1:3) for 2 min (0.02-1 µM) and 1 min (2-10 µM), or 5 pmol/mL 

rCYP3A4+b5 and rCYP3A5+b5 for 1 min.  The final reaction volume was 0.5 mL.  The 

average reaction velocity from replicate incubations was computed for each substrate 

concentration employed. For each recombinant enzyme preparation, full tacrolimus 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on February 24, 2006 as DOI: 10.1124/dmd.105.008680

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #8680 
 

16 

concentration – metabolite formation rate profile experiments were conducted twice on 

different days.  For experiments with human liver microsomes, tacrolimus (0.2 µM) was 

incubated for 3 min with 0.025 mg protein from 10 CYP3A5*3/*3 donors that were 

paired one to one with another set of 10 microsomal samples from CYP3A5*1/*3 donors, 

controlling for CYP3A4 immunocontent, as described previously (Dai et al., 2004).  The 

final volume was 0.5 mL.  For experiments with human kidney microsomes, 0.2 µM 

tacrolimus was incubated for 50 min with 0.2 mg protein from donors with CYP3A5*1/*3 

(n=4) and CYP3A5*3/*3 (n=4) genotypes, in a final volume of 0.5 mL.  Average 

metabolite formation velocities from replicate incubations of each microsomal 

preparation with tacrolimus were computed.  Mean (± SD) metabolite formation 

velocities for the different liver or kidney genotype groups were then computed from the 

respective (average) individual values. 

Tacrolimus metabolites were extracted by adding 50 µL BSA (10 mg/ml), 50 µL 

ascomycin (50 µg/L) and 5 mL 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 nitrogen stream at 40 ºC.  The residue was then 

reconstituted in 100 µL acetonitrile/H2O (7:3, v/v) and stored at 4 ºC pending analysis.   

Twenty microliters from each sample was injected onto the LC/MS for assay. 

Kinetic Analysis of Metabolite Formation  For each of the replicate 

CYP3A4 and CYP3A5 experiments, a simple hyperbolic model (Eq.4) and a two-

substrate model (Eq.5) proposed by Korzekwa et al. (1998) were fit to the metabolite 

formation data: 

 
uum

u

SK

SV
V

][
][

,

max

+
=         (Eq.4) 
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 where uS][ is the unbound substrate concentration (= nappu Sf ][, × ), as described 

above.  Average parameter values and computer-generated error estimates were 

calculated from the replicate experiments. 

For tacrolimus metabolite formation in incubations using heterologously-

expressed CYP3A enzymes, the unbound intrinsic clearances ( ACYP
uCL 3

int, ) were calculated 

as: 

uim

iACYP
iu K

V
CL

),(

)max(3
)(int, =  (i=1 or 2 for (Eq.5))     (Eq.6) 

For tacrolimus metabolite formation by human liver microsomes, the unbound 

intrinsic clearance ( HLM
uCLint, ) was estimated from the rate of total metabolite formation 

(Vtotal) vs. the unbound concentration following addition of 0.2 µM (total nominal 

concentration) tacrolimus.  Mean (± SD) intrinsic clearances were computed from the 

individual values within each genotype group. 

u

totalHLM
u S

V
CL

][int, =         (Eq.7)  

Liver Microsomal Tacrolimus Disappearance Kinetics 

Kinetic Protocol Conditions that conferred log-linear tacrolimus 

disappearance with respect to time under different substrate and liver microsomal protein 

concentrations were determined.  Substrate was depleted 30-80% under these conditions 
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after the addition of NADPH.  Results from a pilot experiment showed no tacrolimus 

disappearance without addition of NADPH to the microsomal incubation mixtures. 

Liver microsomes from CYP3A5*3/*3 and CYP3A5*1/*3 donors with matching 

CYP3A4 immunocontent, as described above, were used.  Tacrolimus (0.2 µM, initial 

nominal concentration) was added to 0.05 mg/mL microsomal protein; the total 

incubation volume was 1.6 mL.  After pre-incubation at 37°C for 5 min and addition of 

NADPH (1 mM final concentration), two hundred microliter of reaction mixture was 

removed at 0, 3, 6, 10 min and mixed with 200 µl cold acetonitrile. 

Reaction products were extracted by adding 20 µL BSA (5 mg/mL), 100 µL 

ascomycin (50 µg/L) and 3 mL ethyl acetate.  The resulting residue was reconstituted in 

200 µL acetonitrile/H2O (9:1, v/v) and stored at -20 ºC.  Twenty microliters from each 

sample was subjected to LC/MS-MS analysis. 

Kinetic Analysis of Substrate Disappearance For tacrolimus disappearance 

experiments using liver microsomes, the apparent substrate disappearance rate constant 

(Ke, time-1) was calculated from the slope of the logarithm of remaining tacrolimus 

concentration vs. incubation time plot following addition of 0.2 µM tacrolimus and 

NADPH (Obach and Reed-Hagen, 2002).  The apparent disappearance clearance 

( HLM
DisappCL ) was calculated from Equation 8:  

protein]  l[microsoma
eHLM

Disapp

K
CL =       (Eq.8)  

The unbound disappearance clearance ( HLM
uDisappCL , ) was calculated by correcting for 

the tacrolimus free fraction in the liver microsomal incubation.  
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HLM
appu

HLM
DisappHLM

uDisapp f

CL
CL

,
, =         (Eq.9) 

Unbound disappearance clearances are reported as the mean (± SD) of values 

from individual livers in each genotype group. 

In Vitro to In Vivo Scaling of Tacrolimus Metabolic Clearance 

The HLM
uCLint,  and HLM

uDisappCL , for each liver microsome preparation was scaled up to 

estimate the in vivo plasma clearance of tacrolimus ( Plasma
HCL ) using both well-stirred and 

parallel-tube models.  An equation for scaling the intrinsic formation or disappearance 

clearance was as follows (Naritomi et al., 2001): 

(g/kg) ht)liver weig((mg/g) liver) gramper  yield microsomes(int,int, ××= in vitro
u

in vivo
u CLCL  (Eq.10) 

Where in vitro
uCLint,  was either HLM

uCLint,  or HLM
uDisappCL , .  The yield of liver microsomes per 

gram of liver, the liver weight, the liver blood flow and Plasna
uf were fixed to literature 

values of 48.8 mg/g, 25.7 g/kg, 20.7 ml/min (Naritomi et al., 2001) and 1% (Nagase et al., 

1994; Iwasaki et al., 1996), respectively.  Predicted hepatic clearances are reported as 

mean (± SD) of values from individual livers in each genotyped group. 

Kinetic parameters estimated from metabolite formation experiments using 

heterologously-expressed enzymes were used to predict an predicted unbound intrinsic 

liver microsomal clearance ( HLMACYP
uCL →3

int, ), based on the CYP3A4 and CYP3A5 content 

of the liver microsome preparations used in the study.  The predicted unbound formation 

clearance of liver microsomes for each metabolite (CLint,u,met
CYP 3A →HLM ) was calculated using 

Eq.4 and 5, where 
u

metHLMACYP
metu S

V
CL

][
3
,int, =→ .  Vmax values were converted from 
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(nmol/min/nmol enzyme) to (nmol/min/mg microsomal protein) by use of the CYP3A4 

and CYP3A5 immunocontents (pmol enzyme/mg microsomal protein) for the 

corresponding microsomes.  HLMACYP
uCL →3

int,  was the sum of each individual metabolite 

formation clearance.  15-DMT and 31-DMT formation clearances were not included in 

the calculation since the kinetic parameters could not be estimated for these metabolites.  

HLMACYP
uCL →3

int, = HLMACYP
DMTuCL →

−
3
13,int, + HLMACYP

HTuCL →
−

3
12,int,    (Eq.11) 

Predicted unbound intrinsic formation clearances are reported as mean (± SD) of values 

from individual livers in each genotyped group. 

Spectrophotometric Analysis of Tacrolimus Binding to CYP3A4 and CYP3A5 

 UV-VIS difference spectra of tacrolimus binding to CYP3A4 and CYP3A5 were 

obtained using an Aminco DW2 double-beam spectrometer (OLIS, Inc., Bogart, GA).   

Sample and reference cuvettes each contained a 1-mL incubation mixture consisting of 

0.1 M phosphate buffer (pH 7.4), 1 mM EDTA and 200 pmol/mL rCYP3A4 or rCYP3A5.   

Tacrolimus concentrations were titrated by adding 1 µL tacrolimus solution (dissolved in 

methanol) to the sample cuvette to the desired concentration and an equal volume of 

methanol to the reference cuvette.  The difference spectrum was then obtained by 

scanning from 350 to 500 nm at 37 ºC.  The concentration range was 0-19.2 µM for 

rCYP3A4 and 0-19 µM for rCYP3A5.  The final methanol concentration for the highest 

dilution was less than 1.5%.  The binding spectrum type was determined by the position 

of wavelengths with the maximum (λmax) and minimum (λmin) absorbance.  The 

absorbance difference (∆A) was determined from the maximum and the minimum 

absorbance.  A dissociation constant (Ks) was estimated by fitting the Michaelis-Menten 

equation (Eq.4) to the concentration-dependent absorbance difference data. 
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Data Analysis 

Kinetic data were analysis 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), distribution of residuals, coefficient of variation (CV), and 

visual inspection of the Eadie-Hofstee plots. 

Statistical analysis was performed by NCSS 2001 (NCSS, Kaysville, Utah).   

Wilcoxon signed-rank test was used for the comparison of metabolite formation and 

substrate disappearance clearance of paired liver microsomes and kidney microsomes 

with CYP3A5*3/*3 and *1/*3 genotypes.  Normality of the data was confirmed before 

statistical analysis.  P values less than 0.05 were considered significant. 
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RESULTS 

Isolation and Identification of Tacrolimus Metabolites 

Four metabolites of tacrolimus were purified from liver microsomal incubations 

(Fig 2).  The identity of each product was assigned based on observed mass spectral 

fragmentation patterns (Table 1), in comparison to that of previously published 

tacrolimus and metabolite spectra (Iwasaki et al., 1993; Lhoest et al., 2001).  

Representative metabolite spectra and formation of diagnostic ions is depicted in Figure 3.  

Consistent with previous reports, two major metabolite peaks (peaks 1 and 2 in Fig 2A) 

were identified as mono-demethylation isomers.  Re-injection of each peak under MS-

SIR detection revealed the same two peaks identical to what were shown in Fig 2B with a 

peak area ratio of 3:1, indicating a spontaneous inter-conversion between them.  Both 

isomeric peaks showed an identical fragmentation pattern (Table 1 and Fig 3) with a 

parent ion (m/z 812.4) and characteristic ions of m/z 701.5 (loss of peppercolate, -

C6H9NO), 602.2 (loss of cyclohexane, -C13H22O2) and 491.4 (combined loss of 

peppercolate and cyclohexane), and their associated secondary fragments (The m/z 701.5 

fragment appeared to be a minor ion on the chromatogram, indicating further loss of 

other functional groups).  These fragments were essentially identical to the ion fragments 

of tacrolimus, taking into account the loss of 14 (CH2) from those ions of the 

corresponding parent compound.  The metabolite pair also showed two prominent and 

diagnostic ion fragments of m/z 555.5 (C12H19NO5) and m/z 345.2 (C12H19NO5-C13H22O2) 

that could result from a puran to furan re-arrangement unique to 13-DMT (Iwasaki et al., 

1993). Based on these results, the major metabolite was identified as 13-

demethyltacrolimus.  
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Two additional minor mono-demethylation metabolites were isolated from human 

liver microsomes (Fig 2C and 2D).  The peak shown in Fig 2C exhibited a parent ion and 

fragmentation pattern similar to that of 13-DMT (Table 1), but lacked prominent 

fragments derived from puran to furan rearrangement, suggesting no metabolism on the  

puran ring.   Moreover, the most prominent fragment corresponding to loss of the 

cyclohexane ring (m/z 602.3) suggested no change in that part of the molecule.  Based on 

this information and a comparison of its mass spectrum with published spectra for 

tacrolimus metabolites, it was tentatively identified as 15-desmethyltacrolimus (15-DMT).   

The desmethyl metabolite shown in Fig 2D exhibited ion fragments 

corresponding to the loss of the cyclohexane (m/z 616.2) and combined loss of the 

cyclohexane and peppercolate (m/z 505.5) functional groups, and their associated 

secondary fragments), that retained the same mass as those of the parent compound 

(Table 1).  In addition, inspection of fragments associated with the loss of the 

peppercolate functional group (m/z 701.4 and its associated fragments) revealed a loss of 

14 (CH2) compared with corresponding fragments of the parent compound, as seen for 

the other demethylated metabolites.  Together, these data strongly suggested 

demethylation on the cyclohexane ring.  Based on this information and a comparison of 

its mass spectrum with published spectra for tacrolimus metabolites, it was identified as 

31-desmethyltacrolimus (31-DMT).  

Two hydroxyl metabolites were isolated.  Both exhibited an m/z of 842.6 under 

MS-SIR conditions, corresponding to sodium adducts of the parent ion.  Similar to the 

isomers of 13-DMT, both metabolites gave rise to the same MS-SIR spectra (Fig 2E) and 

spontaneous inter-conversion between them.  However, the inter-conversion rate was 
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much slower compared with that of the two 13-DMT isomers.  Both gave an identical 

fragmentation pattern with MS-MRM detection (Table 1, the fragmentation pattern for 

the second peak in Fig 2E was not shown).  Fragments corresponding to the loss of the 

peppercolate (m/z 730.9) and cyclohexane (m/z 632.3) groups, and the combined loss of 

both groups (m/z/ 521.2) displayed a gain of 16 (O) compared with the corresponding 

fragments of tacrolimus (Table 1), indicating hydroxylation at a different part of the 

molecule.  Based on this evidence and a comparison of its mass spectrum with published 

spectra for tacrolimus metabolites, the two peaks were identified as isomers of 12-

hydroxytacrolimus (12-HT). 

Microsomal Tacrolimus Metabolite Profiles 

 Incubation of human liver microsomes with 0.2 µM tacrolimus yielded the 

expected four primary metabolites, 13-DMT, 15-DMT, 31-DMT and 12-HT, with 13-

DMT generated in the greatest abundance (Fig 4A).  Secondary metabolites were not 

detected under the relatively short incubation times employed.  The formation of 13-

DMT, 31-DMT and 12-HT were 1.7-, 4.2- and 1.8-fold higher for CYP3A5*1/*3 

microsomes compared with *3/*3 microsomes (p = 0.007, 0.0002 and 0.002, 

respectively).  In contrast, the formation of 15-DMT was similar between the two 

genotype groups.  Total formation of the four primary tacrolimus metabolites was 1.8-

fold higher for CYP3A5*1/*3 than for *3/*3 microsomes (p = 0.006).  HLM
uCLint,  was 1.4 ± 

0.3 and 0.9 ± 0.5 mL/min/mg protein for CYP3A5*1/*3 and *3/*3 microsomes, 

respectively. 

 Incubation of tacrolimus (0.2 µM) with human kidney microsomes from a 

CYP3A5*1/*3 donor yielded predominantly 13-DMT, however 31-DMT and 12-HT were 
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also detected.  The formation of 15-DMT was negligible.  In contrast, only 13-DMT was 

detected following incubation with microsomes from a CYP3A5*3/*3 donor.  As shown 

in Fig 3B, the formation of 13-DMT was 13.5-fold higher for CYP3A5*1/*3 microsomes, 

compared with *3/*3 microsomes (p = 0.03). 

Spectrophotometric Analysis of Tacrolimus Binding to CYP3A4 and CYP3A5 

 Tacrolimus exhibited a concentration-dependent type-I binding spectrum (λmax = 

390 nm and λmin = 420 nm) for both rCYP3A4 and rCYP3A5.  Both enzymes showed 

similar affinity to tacrolimus   The apparent Ks was 0.72 ± 0.18 µM for CYP3A4 and 

0.90 ± 0.06 µM for CYP3A5 (Fig 5A and B).  These values were uncorrected for non-

specific protein binding, which could not easily be determined. 

Tacrolimus Metabolite Formation Kinetics 

 The same four primary tacrolimus metabolites produced by liver microsomes 

were also detected in incubations with heterologously-expressed CYP3A enzymes.   

Again 13-DMT was the dominant metabolite at all substrate concentrations and it was 

evaluated further to determine kinetic constants for the reaction.  A simple hyperbolic 

equation provided the best fit to 13-DMT formation from tacrolimus incubations with 

CYP3A enzymes that were co-expressed with cytochrome b5 (Fig 6A and B).  The 

estimated Vmax values were 8.0 and 17.0 nmol/min/nmol P450, and Km,u were 0.21 and 

0.21 µM for rCYP3A4+b5 and rCYP3A5+b5, respectively.  Accordingly, uCLint,  for 

rCYP3A5+b5 was more than twice that of rCYP3A4+b5 (Table 2). 

CYP3A enzymes supplemented with cytochrome b5 displayed complex kinetic 

behavior for the formation of 13-DMT (Fig 6C and D).  A two-substrate model yielded 

the best fit.  For rCYP3A4, Vmax1 and Vmax2 were 0.1 and 7.8 nmol/min/nmol P450 and 
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Km1,u and Km2,u were 0.002 and 0.9 µM. For rCYP3A5, Vmax1 and Vmax2 were 0.2 and 10.8 

nmol/min/nmol P450, and Km1,u and Km2,u were 0.003 µM and 0.6 µM, respectively.  The 

calculated uCLint,  values for rCYP3A5 were again higher than the corresponding values 

for rCYP3A4 (Table 2).  For each of the different enzyme expression systems evaluated 

(CYP3A4/5+b5 and CYP3A4/5), the same monophasic or biphasic kinetic behavior was 

seen during pilot experiments that were conducted to establish a concentration range and 

in each replicate experimental dataset. 

12-HT was reported previously to be a specific product of CYP3A5 and not 

produced by CYP3A4 (Bader et al., 2000).  We did not observe such exclusivity.   

However, the unbound intrinsic 12-HT formation clearance for rCYP3A5+b5 was 

approximately twice that of rCYP3A4+b5 (Table 2).  Moreover, the tacrolimus 

concentration-dependent formation of 12-HT by the different CYP3A4 and CYP3A5 

preparations closely resembled the profiles that were obtained for 13-DMT formation.  In 

all cases, the 12-HT reaction exhibited similar Km,u but much lower Vmax parameter values, 

compared to 13-DMT (Table 2).  

The formation of 13-DMT by rCYP3A7+b5 was 50-fold lower than that of 

rCYP3A5 at a substrate concentration of 0.2 µM.  The formation of other metabolites 

were negligible (data not shown).  

Liver Microsomal Tacrolimus Disappearance Kinetics 

A substrate disappearance approach following incubation with 0.2 µM tacrolimus 

(initial nominal concentration) was used to estimate HLM
uDisappCL ,  for paired human liver 

microsomes.  This should account for all known and unknown hepatic microsomal 

enzyme activity.  Tacrolimus free fraction in the incubations was about 20% (see 
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Materials and Methods).  The average HLM
uDisappCL ,  of microsomes with a CYP3A5*1/*3 

genotype was 15.9 ± 9.8 mL/min/mg protein, compared with 6.1 ± 3.6 mL/min/mg 

protein for CYP3A5*3/*3 microsomes; this difference was significant (p = 0.001). 

In Vitro to In Vivo Scaling of Tacrolimus Metabolic Clearance 

 Hepatic plasma clearances calculated from unbound liver microsomal intrinsic 

clearances, using both substrate disappearance and metabolite formation kinetic 

approaches, are presented in Table 3.  All estimates were very close to the plasma 

clearance of tacrolimus (1.69 L/hr/kg) reported in the literature (Jusko et al., 1995a).   

Moreover, livers with a CYP3A5*1/*3 genotype, on average, had a higher predicted 

Plasma
HCL  compared with those with a CYP3A5*3/*3 genotype.  

Unbound intrinsic formation clearances calculated from tacrolimus incubations 

with each recombinant enzyme were also used to predict the hepatic clearance, taking 

into consideration the specific CYP3A4 and CYP3A5 content of the selected sets of 

genotyped livers described above.  The predicted hepatic clearance values using 

heterologously expressed CYP3A+b5 and based on the formation of 13-DMT and 12-HT 

by CYP3A4 and CYP3A5 were 0.65 ± 0.11 (well-stirred) and 0.83 ± 0.15 (parallel-tube) 

L/hr/kg for CYP3A5*3/*3 liver microsomes, and 0.99 ± 0.10 (well-stirred) and 1.20 ± 

0.06 (parallel-tube) L/hr/kg for CYP3A5*1/*3 liver microsomes.  Similarly, the predicted 

hepatic clearance values calculated from heterologously expressed enzymes 

supplemented with b5 were 0.33 ± 0.09 (well-stirred) and 0.38 ± 0.12 (parallel-tube) 

L/hr/kg for CYP3A5*3/*3 liver microsomes, and 0.68 ± 0.15 (well-stirred) and 0.86 ± 

0.20 (parallel-tube) L/hr/kg for CYP3A5*1/*3 liver microsomes.  Again, livers with a 
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CYP3A5*1/*3 genotype showed a higher predicted Plasma
HCL  compared with those with a 

CYP3A5*3/*3 genotype.  
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DISCUSSION 

The elimination of tacrolimus from the human body is mediated almost 

exclusively by P450-dependent metabolism, with less than 3% of a dose excreted 

unchanged in urine (Moller et al., 1999).  Previous investigators have shown that the 

primary routes of tacrolimus metabolism (Fig 1) are catalyzed by CYP3A4 and CYP3A5 

(Sattler et al., 1992; Shiraga et al., 1994; Lampen et al., 1995; Bader et al., 2000).  In this 

study, we showed that CYP3A5 is a more efficient catalyst of tacrolimus than is CYP3A4.   

In addition, based on the observed difference in the mean unbound tacrolimus intrinsic 

disappearance clearance ( HLM
uDisappCL , ) for microsomes from CYP3A5*3/*3 and 

CYP3A5*1/*3 donors with matched CYP3A4 contents, CYP3A5 will contribute, on 

average, approximately 60% of the total tacrolimus metabolism by the liver of a 

CYP3A5*1 carrier.   

 We did not evaluate the extent of tacrolimus metabolism by all of the livers in 

our tissue bank.  However, previous analysis of those same livers indicated that CYP3A5 

accounted for 46 to 85% of the total CYP3A4 and CYP3A5 content for subjects carrying 

at least one CYP3A5*1 allele (Lin et al., 2002).  This observation is consistent with the 

respective intrinsic tacrolimus clearance for CYP3A4 and CYP3A5 (data from this study) 

and inter-patient differences in the tacrolimus trough concentration/dose ratios seen in 

vivo for CYP3A5*1 carrying genotype groups (Hesselink et al., 2003; Thervet et al., 2003; 

Zheng et al., 2003; Haufroid et al., 2004).  Although in the study of Lin et al., we 

observed a close concordance between CYP3A4 and CYP3A5 content in CYP3A5*1 

carriers, it is possible that some individuals in the transplant population carrying a 
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CYP3A5*1 allele will nonetheless exhibit limited contribution from CYP3A5 to the total 

tacrolimus metabolic clearance because of a much higher amount of CYP3A4 expression.    

As shown in Table 3, the predicted hepatic plasma clearances of tacrolimus 

( Plasma
HCL  ) calculated using liver microsomes and the substrate disappearance approach 

were close to the literature reported value of 1.69 L/hr/kg (Jusko et al., 1995a).  However, 

it is important to note that although tacrolimus exhibits a high plasma clearance, 

reflecting the high efficiency of CYP3A catalysis, the whole blood clearance is low due 

to the extensive binding of tacrolimus to the blood and other tissue (Jusko et al., 1995a).   

The Plasma
HCL  predicted using a substrate disappearance approach yielded a higher Plasma

HCL  

compared with that using metabolite formation.  Lower predicted values were obtained 

from the metabolite formation approach.  However, this could be due to inaccuracy in 

determining the concentration of tacrolimus metabolite standards (see Materials and 

Methods) as well as an incomplete accounting of all tacrolimus metabolites produced by 

liver microsomes.  Nonetheless, the dominant contributions from CYP3A4 and CYP3A5 

to the hepatic clearance of tacrolimus were evident from a comparison of Plasma
HCL  

predicted using kinetic data from heterologously-expressed enzymes and liver 

microsomes, where formation of 13-DMT and 12-HT could explain more than half of the 

total hepatic tacrolimus clearance and accurately predicted the difference between livers 

with different CYP3A5 genotypes. 

Our experimental findings are fully consistent with differences in the tacrolimus 

trough concentration/dose ratio reported for kidney, lung and heart transplant patients 

with different CYP3A5 genotypes (Hesselink et al., 2003; Thervet et al., 2003; Zheng et 

al., 2003; Haufroid et al., 2004).  Patients carrying the CYP3A5*1 allele exhibit a higher 
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apparent oral tacrolimus clearance (lower dose-adjusted trough concentration) than those 

with a CYP3A5*3/*3 genotype.  The relative importance of CYP3A5 to the metabolic 

clearance of tacrolimus has been recently reported.  Kamdem et al. (2005) showed that 

CYP3A5 exhibited a higher Vmax and a similar Km for 13-DMT formation compared with 

CYP3A4.  In addition, using liver microsomes, CYP3A5 high expressers exhibited a 

higher predicted 13-DMT clearance compared with CYP3A5 low expressers.  However, 

their tacrolimus intrinsic clearance estimated using heterologously-expressed CYP3A 

enzymes was much lower (50-70 times) than the unbound intrinsic clearance reported in 

our study.  Although unclear, this discrepancy may be explained by the extensive non-

specific binding of tacrolimus to incubation vessels and incubation protein that we 

observed and that can greatly complicate kinetic measurements if uncontrolled.  

Quantitation of the unbound concentration of tacrolimus ([S]u) in the various 

incubation systems was critical for accurate prediction of the intrinsic tacrolimus 

clearance.  However, it is also worth noting the relative contribution of non-specific 

binding to the experimental apparatus (1-fs) and to the microsomal protein (1-fu).  In this 

case, fs varied 5-fold and fu was relatively constant over the tacrolimus concentration 

range.  Accordingly, the major factor contributing to the non-linearity of tacrolimus 

unbound drug concentration was non-specific binding of tacrolimus to the experimental 

apparatus rather than binding to the microsomal protein.  The concentration of the 

microsomal protein used in our experiments was relatively low and the extent of non-

specific binding to the apparatus was very high.  With higher microsomal protein, the 

extent of non-specific binding to the apparatus could be lower, but this presumably would 

be offset by greater microsomal binding. 
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Our experiments with heterologously-expressed CYP3A enzymes and liver 

microsomes showed that 13-DMT was the dominant metabolite produced by CYP3A4 

and CYP3A5, consistent with previous observations (Iwasaki et al., 1993).  However, the 

two isoforms exhibited some regioselective differences.  Both enzymes generated 13-

DMT and 12-HT, although their formations were higher for CYP3A5 than CYP3A4.   

However, with respect to the other two primary metabolites, CYP3A5 formed 

predominantly 31-DMT whereas CYP3A4 formed predominantly 15-DMT.  Also, 

compared with CYP3A5*3/*3 liver microsomes, CYP3A5*1/*3 liver microsomes 

exhibited much higher 31-DMT formation, moderately higher 13-DMT and 12-HT 

formation but similar 15-DMT formation.  For all of these comparisons, we acknowledge 

that uncertainties about the absolute concentrations of our metabolite standards could 

change the rank order of metabolite production by any given enzyme preparation.  

However, relative comparison of rates of metabolite formation by different enzyme 

preparations (e.g., CYP3A4 vs. CYP3A5) should be unaffected. 

The detection of 12-HT following incubations with CYP3A4 and CYP3A5 differs 

from previously published results.  Using heterologously-expressed enzyme, Bader et al. 

(2000) found that desmethyl tacrolimus could be formed by both enzymes.  In contrast, 

12-HT was formed only by CYP3A5.  The reason for this discrepancy is unknown.   

However, given the low rate of formation of 12-HT, it is not expected to contribute 

significantly to the systemic clearance of tacrolimus.  Indeed, Mancinelli et al. (2001) 

found that in a study of healthy subjects, 13-DMT was the major metabolites after oral 

administration, followed by 15-DMT and 31-DMT.  No 12-HT was detected in these 

subjects.  
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The presence of cytochrome b5 had a profound effect on the kinetics of tacrolimus 

metabolism, as has been observed previously for many CYP3A substrates.  Interestingly, 

the nature of the effect depended on the method of its incorporation into the reaction 

mixture; i.e., de novo synthesis of b5 with CYP3A in the transfected insect cell or 

supplementation to the CYP3A preparation.  Presumably a difference in the way de novo 

and supplemented b5 interacted with P450 enzymes and reductase contributed to the 

differences in tacrolimus metabolism kinetics.  One obvious and commonly reported 

effect of b5 was a difference in the concentration-dependent rate of metabolite formation.   

Rates of 13-DMT formation were higher with rCYP3A4/5+b5 compared with 

rCYP3A4/5 at all substrate concentrations tested.  Surprisingly, there was a difference in 

the kinetic behavior of metabolite formation for the two systems containing b5.  Complex 

kinetics was clearly discernable from the Eadie-Hofstee plots when b5 supplementation 

was employed, but much less so (and not significant) when b5 was co-expressed with 

CYP3A enzymes.  It remains to be determined which expression system is more relevant 

for in vitro to in vivo predictions.  However regardless of the enzyme system used, 

CYP3A5 was a superior catalyst of tacrolimus metabolism than CYP3A4. 

There appears to be a marked difference in penetrance of the CYP3A5 

polymorphism with respect to the metabolic clearance of tacrolimus and cyclosporine.  A 

strong dependence of oral tacrolimus clearance on the CYP3A5 genotype is accurately 

predicted by a two-fold higher intrinsic clearance of CYP3A5, compared to CYP3A4.  In 

contrast, compared to CYP3A4, the metabolism of cyclosporine by CYP3A5 is more 

restricted (only one of three primary metabolites observed) and less efficient (intrinsic 

clearance ~43% of CYP3A4) (Dai et al, 2004).  This relative deficiency is reflected in the 
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more modest (Haufroid et al., 2004) or non-significant (Hesselink et al., 2003; Kreutz et 

al., 2004) difference in the cyclosporine trough concentration/dose ratios seen in kidney, 

heart and liver transplant patients with different CYP3A5 genotypes.   Nonetheless, 

formation of the AM9 and AM19 metabolites by CYP3A5 may have important 

toxicological significance, as suggested previously (Christians et al., 1991; Kempkes-

Koch et al., 2001).  

The CYP3A5 genotype was also a strong predictor of the metabolism of 

tacrolimus to 13-DMT in the human kidney, as expected from previous work in our lab 

showing much higher levels of CYP3A5 proteins in kidneys from donors carrying a 

CYP3A5*1 allele compared to CYP3A5*3 homozygotes (Givens et al., 2003).  Other 

P450 isoforms might contribute to the renal elimination of tacrolimus.  However, those 

that have been screened (e.g., CYP1A2, CYP2A6, CYP2B6, CYP2C8 and CYP2C9) had 

either no detectable or extremely low activity for 13-DMT formation (Kamdem et al., 

2005).  Although the absolute rate of tacrolimus metabolism in kidney microsomes was 

only a fraction of that seen with liver microsomes, and hence it is unlikely to contribute 

meaningfully to the systemic clearance of the drug, it may be of sufficient magnitude to 

influence the intra-renal accumulation of tacrolimus and its metabolites.  In this respect, it 

should be noted that the renal microsomes used for experimentation were derived from a 

mixture of cell types, some of which do not express CYP3A5 based on 

immunohistochemical data (Murray et al., 1999).  Also, kidneys provided for research 

purposes are generally unacceptable for transplantation, and presumably of reduced 

quality due to tissue pathology and prolonged cold ischemia storage.  Further work will 
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be necessary to better define role of CYP3A5 in the disposition of tacrolimus in the 

kidney. 

 In summary, CYP3A5 was a more efficient enzyme for tacrolimus 

biotransformation than CYP3A4.  The two enzymes exhibited similar binding affinities 

for tacrolimus and a similar unbound Km but higher Vmax and unbound intrinsic clearance 

compared with CYP3A4.  Liver and kidney microsomes from donors with a 

CYP3A5*1/*3 genotype had a higher tacrolimus clearance compared with CYP3A5*3/*3 

microsomes.  Moreover, the predicted plasma clearance of tacrolimus was higher in 

individuals with a CYP3A5*1/*3 genotype than those with a CYP3A5*3/*3 genotype.   

These data explain the observed effect of CYP3A5 genotype on systemic tacrolimus 

disposition and support the contention that prospective genetic testing of a graft recipient 

might guide the initial tacrolimus dose selection in non-liver transplant patients.   In 

addition, CYP3A5 genotyping might also be of some clinical values in understanding and 

predicting intra-renal accumulation of tacrolimus and the risk of drug-induced 

nephrotoxicity.
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LEGENDS FOR FIGURES 
 

Fig 1. Metabolic pathway of tacrolimus.  The sites of metabolism were numbered in 

tacrolimus structure and were indicated by an arrow in the corresponding metabolite 

structures.  Note: 13-DMT and 12-HT undergo rearrangement of the hexane ring.  

 

Fig 2.  (A) HPLC chromatogram of extracts from tacrolimus incubation with pooled 

human liver microsomes (3 mg/ml) supplemented with 1 mM NADPH at 37 oC for 45 

min.  Peak 1 and 2 were isomeric peaks of 13-DMT.  Peak 3 contained 15-DMT and 12-

HT.  Peak 4 contained 12-HT and 31-DMT.  Peak 5 and 6 were isomeric peaks of 

tacrolimus.  Chromatogram A was used only to monitor metabolite preparation for stock 

solutions and not for quantification.  (B-E) LC/MS chromatogram of the sodium adducts 

of tacrolimus metabolites 13-DMT (B), 15-DMT (C), 31-DMT (D) and 12-HT (E).  

 

Fig 3.  Representative mass spectra and diagnostic fragmentation ions for tacrolimus 

metabolites.  (A) Fragmentation pattern of 13-DMT.  The major fragments were 602.2, 

555.5, 401.2, and 345.2.  (B) Fragmentation pattern of putative 15-DMT, with major 

fragments of 701.0, 621.3, 602.3, 491.2, 473.3, and 401.3.  (C) Fragmentation pattern of 

31-DMT, with major fragments of 616.2,  505.5, 443.3 and 415.0.  (D) Fragmentation 

pattern of 12-HT, with major fragments of 730.9, 632.3, 521.2, 503.1, 475.1, 459.0, and 

403.3.  Spectra were collected under the electrospray positive ion mode (ESP+), as 

described in the Methods section.  See Table 1 for details.   
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Fig 4. Tacrolimus (0.2 µM) metabolite formation profiles from human liver (A) and 

kidney (B) microsomes.  For each liver and kidney microsomal sample, an average 

metabolite formation rate was computed from duplicate incubations.  Each bar represents 

the mean (and SD) value obtained from different liver (n = 10) or kidney (n = 4) samples 

with the indicated CYP3A5*3/*3 and a CYP3A5*1/*3 genotype.  * p<0.05 compared with 

CYP3A5*3/*3. 

 

Fig 5. Binding spectra of tacrolimus with rCYP3A4 (A) and rCYP3A5 (B).  The inset 

shows the fitting of absorbance data to Eq.4.  

 

Fig 6.  Representative plots showing the concentration-dependent 13-DMT formation for 

(A) rCYP3A4+b5; and (B) rCYP3A5+b5; (C) rCYP3A4 and (D) rCYP3A5.  Each data 

point in a graph represents the average rate from duplicate incubations.  Solid lines 

represent simulated curves generated from the respective model and associated kinetic 

parameters.  
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Table 1. Fragmentation patterns (m/z ratios) of tacrolimus primary metabolites from Figure 3 and comparison with that of 

tacrolimus.  

* For 31-DMT, this fragment is C12H20O2 (-196). Numbers in bold are the base peaks. Numbers in parenthesis are the relative 

abundance of the corresponding fragment compared with the base peak (%). ND = not detected.  

Fragment Tacrolimus 
Met–Fig 2B  
13-DMT(1) 

Met–Fig 2B 
13-DMT(2) 

Met–Fig 2C 
15-DMT 

Met–Fig 2D 
31-DMT 

Met–Fig 2E 
12-HT 

M+Na+ 826.3 (13.9) 812.4 (4.0) 812.6 (10.8) 812.6 (42.0) 812.5 (100) 842.6 (93.6) 

M+Na+-H2O 808.3 (7.9) 794.6 (0.1) 794.4 (0.9) 794.2 (10.9) 794.3 (12.7) 824.4 (8.1) 

M+Na+-C6H9NO 715.4 (0.9) 701.5 (0.2) 701.2 (0.5) 701.0 (10.4) 701.4 (9.7) 730.9 (6.1) 

M+Na+-C6H9NO-H2O 697.3 (6.4) 683.7 (2.6) 683.3 (6.7) 683.6 (12.3) 683.4 (9.2) 713.5 (15.8) 

M+Na+-C6H9NO-2H2O 679.3 (9.3) 665.6 (1.4) 665.5 (6.3) 665.5 (16.1) 665.1 (8.0) 695.5 (4.2) 

M+Na+-C6H9NO-CO2 671.3 (3.0) 657.1 (2.9) 657.1 (4.9) 657.5 (13.0) 657.5 (6.5) 687.2 (13.8) 

M+Na+-C6H9NO-CO2-H2O 653.4 (15.1) 639.4 (4.7) 639.7 (1.7) 639.5 (14.9) 639.3 (18.9) 669.4 (12.7) 

M+Na+-C6H9NO-CO2-2H2O 635.4 (19.4) 621.5 (2.9) 621.4 (2.5) 621.3 (41.9) 621.3 (10.9) 651.5 (1.0) 

M+Na+-C6H9NO-CO2-H2O-C2H4 625.5 (41.8) 611.5 (10.4) 611.5 (14.0) 611.4 (26.9) 611.3 (25.3) 641.4 (0.2) 

M+Na+-C13H22O2* 616.2 (58.2) 602.2 (12.6) 602.4 (18.2) 602.3 (100) 616.2 (61.4) 632.3 (83.4) 

M+Na+-C12H19NO5 569.3 (5.1) 555.5 (45.6) 555.2 (64.7) 555.4 (5.0) ND ND 

M+Na+-C6H9NO-C13H22O2* 505.3 (26.2) 491.2 (4.9) 491.2 (8.5) 491.2 (64.2) 505.5 (15.8) 521.2 (53.9) 

M+Na+-C6H9NO-C13H22O2*-H2O 487.1 (75.7) 473.2 (14.9) 473.1 (40.9) 473.3 (88.5) 487.4 (12.6) 503.1 (48.9) 

M+Na+-C6H9NO-C13H22O2*-H2O-C2H4 459.3 (18.2) 445.2 (7.2) 445.2 (22.6) 445.3 (19.2) 459.4 (9.8) 475.1 (100) 

M+Na+-C6H9NO-C13H22O2*-H2O-CO2 443.2 (79.9) 429.3 (6.8) 429.4 (7.6) 429.3 (48.7) 443.3 (15.5) 459.0 (8.5) 

M+Na+-C6H9NO-C13H22O2*-H2O-C2H4-CO2 415.1 (100) 401.2 (37.8) 401.2 (20.8) 401.3 (49.6) 415.0 (24.5) 431.0 (3.5) 

M+Na+-C6H9NO-C13H22O2*-H2O-C2H4-CO2-CO 387.2 (35.1) 373.3 (9.9) 373.3 (13.5) 373.3 (18.6) 387.3 (16.4) 403.3 (37.6) 

M+Na+-C12H19NO5-C13H22O2* 359.3 (5.5) 345.2 (100) 345.2 (100) 344.9 (10.6) ND ND 
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Table 2. Kinetic parameters estimated from 13-DMT and 12-HT formation rates.   
 
 

 

 

 

 

 

 

 

 

 

 

 

Each reported parameter and computer-generated error estimate (numbers in parenthesis, expressed as %CV) represents the average of 

values obtained from two separate experiments. 

 

 

 

 

 Vmax1 Km1,u CLint1.u  Vmax2 Km2,u CLint2,u 

 nmol/min/nmol µM ml/min/nmol  nmol/min/nmol µM ml/min/nmol 

                         13-DMT 

rCYP3A4+b5 8.0 (5.6) 0.21 (12.7) 38  — — — 

rCYP3A5+b5 17.0 (2.4) 0.21 (6.4) 82  — — — 

rCYP3A4 0.1 (53.8) 0.002 (86.8) 58  7.8 (9.6) 0.9 (24.8) 10 

rCYP3A5 0.2 (88.0) 0.003 (148.4) 97  10.8 (25.9) 0.6 (46.5) 23 

                          12-HT 

rCYP3A4+b5 0.6 (12.7) 0.29 (24.9) 2  — — — 

rCYP3A5+b5 1.4 (9.2) 0.35 (19.2) 4  — — — 

rCYP3A4 0.02 (269.0) 0.011 (295.5) 1.6  0.3 (40.1) 1.2 (85.5) 0.4 

rCYP3A5 0.01 (79.4) 0.005 (100.3) 3.0  0.8 (41.7) 1.1 (65.1) 0.8 
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Table 3. In vitro to in vivo scale-up of tacrolimus clearance using liver microsomes 

incubation with both substrate disappearance and metabolite formation approaches.  

  Well-stirred model Parallel-tube model 

  (L/hr/kg) (L/hr/kg) 

CYP3A5*3/*3 0.93 ± 0.11 1.16 ± 0.09 HLM
uDisappCL , →

Plasma
HCL  

(Substrate disappearance) CYP3A5*1/*3 1.10 ± 0.06 1.24 ± 0.01 

CYP3A5*3/*3 0.40 ± 0.14 0.48 ± 0.19 HLM
uCLint, →

Plasma
HCL  

(Sum of metabolite formation) CYP3A5*1/*3 0.56 ± 0.08 0.70 ± 0.11 

 
Clearance estimates are reported as the mean (± SD) of values from individual livers in 

each genotype group. 
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