
CYP3A5 Gene Variation Influences both Systemic and Intrarenal
Tacrolimus Disposition

Songmao Zheng1, Yasar Tasnif2, Mary F. Hebert2, Connie L. Davis3, Yoshihisa Shitara1,
Justina C. Calamia1, Yvonne S. Lin1, Danny D. Shen1,2, and Kenneth E. Thummel1

1Department of Pharmaceutics, University of Washington, Seattle, WA, USA

2Department of Pharmacy, University of Washington, Seattle, WA, USA

3Department of Medicine, University of Washington, Seattle, WA, USA

Abstract

We evaluated the hypothesis that CYP3A5 expression can affect intrarenal tacrolimus

accumulation. An oral dose of tacrolimus was administered to 24 healthy volunteers who were

selected based on their CYP3A5 genotype. Compared to CYP3A5 nonexpressors, expressors had a

1.6-fold higher oral tacrolimus clearance and 2.0- to 2.7-fold higher metabolite/parent AUC ratios

for 31-DMT, 12-HT and 13-DMT. In addition, the apparent urinary tacrolimus clearance was 36%

lower in CYP3A5 expressors, compared to nonexpressors. To explore the mechanism behind this

observation, we developed a semi-physiological model of renal tacrolimus disposition and

predicted that tacrolimus exposure in the renal epithelium of CYP3A5 expressors is 53% of that

for CYP3A5 nonexpressors, when normalized to blood AUC. These data suggest that at steady

state, intrarenal accumulation of tacrolimus, and its primary metabolites, will depend on the

CYP3A5 genotype of the liver and kidneys. This may contribute to inter-patient differences in the

risk of tacrolimus-induced nephrotoxicity.

Introduction

The use of tacrolimus, a calcineurin inhibitor, to prevent solid organ transplant rejection is

routinely guided by therapeutic blood level monitoring (TDM) (1). Despite close monitoring

and individualization of dosing, TDM has not prevented some transplant recipients from

developing chronic calcineurin inhibitor nephrotoxicity (CNIT) (2, 3).

The pathogenesis of CNIT is complex and largely unpredictable (4). However, there is

evidence that the drug concentration in kidney tissue is more predictive of CNIT than

systemic blood concentration (4–6). In addition, some studies suggest that a higher systemic

exposure to tacrolimus metabolites or intrarenal production of potentially toxic metabolites

may play a contributory role in the development of CNIT (4, 7–9). There is also evidence to

suggest that inherited variation in an individual’s genome contributes to the risk of

nephrotoxicity (5, 8). This includes variation in CYP3A genes that influence the
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bioavailability and metabolic clearance of tacrolimus (10). CYP3A4 is expressed in the liver

and small intestine of nearly all individuals, but with substantial inter-individual variability

that is largely unexplained to date by genetic factors (11–15). In contrast, polymorphic

expression of CYP3A5 in the liver, small intestine, kidney and other organs is determined

primarily by single-nucleotide variations that distinguish the “active” CYP3A5*1 allele

(inferred CYP3A5 expressor phenotype) from the “inactive” CYP3A5*3, *6 or *7 alleles

(inferred CYP3A5 nonexpressor phenotype). Individuals carrying two loss-of-function

CYP3A5 alleles have a markedly reduced level of CYP3A5 tissue expression and catalytic

activity (11–15). There are data suggesting a significant impact of the CYP3A5

polymorphism on the metabolism of tacrolimus. Metabolism of tacrolimus is more efficient

with recombinant CYP3A5 than recombinant CYP3A4. In addition, a higher metabolic

clearance of tacrolimus has been observed in liver tissue obtained from CYP3A5-expressing

organ donors than from nonexpressors (16, 17). In contrast, in the kidneys, only CYP3A5

(and not CYP3A4) is found at levels thought sufficient to affect intra-tissue drug clearance

(14, 18). Microsomes from CYP3A5*1/*3 genotyped kidney tissues exhibited at least an 8-

fold higher CYP3A5 content and 18-fold higher midazolam or tacrolimus hydroxylation

activity than microsomes from CYP3A5*3/*3 genotyped tissues (15, 16); an observation

consistent with CYP3A5 being the predominant CYP3A isoform expressed in renal tissue

(4, 14).

Pharmacokinetic studies in heart, lung, liver and kidney transplant patients have shown a

significant difference in dose-normalized blood tacrolimus level between the CYP3A5

expressors versus nonexpressors; the CYP3A5 expressors typically required a larger

tacrolimus dose to achieve the same, therapeutic trough blood concentration (19–22). Thus,

inheritance of the CYP3A5*1 allele could affect systemic and intrarenal concentrations of

tacrolimus and its metabolites during drug therapy (7, 16), and in turn the risk of CNIT.

To test this hypothesis, we examined the apparent urinary tacrolimus clearance in CYP3A5

expressors compared to CYP3A5 nonexpressors. The relationship between blood

concentration and urinary excretion rate (i.e., apparent urinary clearance) should depend

upon whether or not CYP3A5-dependent intrarenal tacrolimus metabolism is present;

specifically, apparent urinary clearance of tacrolimus should be lower in CYP3A5

expressors compared to nonexpressors, reflecting intrarenal loss due to metabolism. In

addition, we evaluated whether a CYP3A5-dependent difference in systemic tacrolimus

clearance was associated with a difference in the accumulation of the known primary

tacrolimus metabolites in blood that may also contribute to the risk of nephrotoxicity.

Results

Demographic characteristics of healthy volunteers

Twenty-four healthy subjects, comprised of 12 CYP3A5 expressors (CYP3A5*1-allele

carriers) and 12 nonexpressors (subjects who carry two copies of a loss-of-function CYP3A5

allele: CYP3A5*3, CYP3A5*6 or CYP3A5*7), were enrolled. There were no significant

differences between the two CYP3A5 phenotype groups with respect to distribution of

gender, body weight, serum creatinine, creatinine clearance, and estimated GFR (eGFR)

(Supplemental Table 1 online). However, the mean age of CYP3A5 expressors was older

Zheng et al. Page 2

Clin Pharmacol Ther. Author manuscript; available in PMC 2014 May 29.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



than that of nonexpressors (30.8 ± 9.9 vs. 23.5 ± 3.5 yrs, P = 0.03). The frequency of

ABCB1 3435C>T, 1236C>T, 2677G>T/A SNPs and the 1236T-2677T-3435T (T-T-T)

variant haplotype did not differ significantly between the CYP3A5 phenotype groups.

Systemic disposition of tacrolimus and its primary metabolites

The pharmacokinetics of tacrolimus and its metabolites differed between CYP3A5

expressors and nonexpressors. Blood or plasma tacrolimus concentrations were, on average,

lower in CYP3A5 expressors compared to nonexpressors, as reflected in a 1.6-fold higher

mean oral tacrolimus clearance (CL/F; which is dependent on both intestinal and hepatic

CYP3A activity) for CYP3A5 expressors (Table 1). The peak blood concentration (Cmax)

and time to peak concentration (tmax) of tacrolimus were not significantly different;

however, the blood concentration at 96 hours after drug administration (Clast) was 1.9-fold

higher in CYP3A5 nonexpressors compared to expressors (P = 0.0003). The mean blood

concentration–time profiles of tacrolimus and its four primary metabolites after oral

tacrolimus administration in CYP3A5 expressors and CYP3A5 nonexpressors are shown in

Figures 1A and 1B, respectively. The concentration of all metabolites was less than that of

parent drug across all time points. As seen in Figure 1C, the mean AUCmetabolite/AUCparent

ratio for 31-DMT, 12-HT and 13-DMT, an indirect measure of the respective metabolite

formation clearances, was 2.5-, 2.7- and 2.0-fold higher in CYP3A5 expressors than the

ratios for CYP3A5 nonexpressors (p < 0.001 for all). In contrast, the mean ratio for 15-DMT

did not differ between the two CYP3A5 phenotype groups.

Renal excretion of tacrolimus and its primary metabolites

The total amount of tacrolimus excreted in urine as unchanged drug over 96 hours after oral

administration was 271.6 ± 147.4 (ng) and 642.6 ± 349.6 (ng) for CYP3A5 expressors and

nonexpressors, respectively (P = 0.003); i.e., 58% lower in CYP3A5 expressors compared to

nonexpressors. The mean apparent urinary tacrolimus clearance was 36%, based on blood

AUC, or 49% based on plasma AUC, lower in CYP3A5 expressors compared to CYP3A5

nonexpressors (Table 1). Similarly, the apparent urinary tacrolimus clearance (based on

blood AUC) normalized by eGFR was 42% lower in CYP3A5 expressors compared to

CYP3A5 nonexpressors. The between-group difference in urinary tacrolimus clearance was

evident over the successive urine collection time intervals (Figure 2).

Semi-physiological model of renal tacrolimus disposition

A semi-physiological model of renal tacrolimus disposition was developed in an effort to

evaluate how the presence or absence of intrarenal CYP3A5-mediated tacrolimus

metabolism might impact epithelial exposure to tacrolimus. A three-compartment model

(Figure 3) representing the blood pool, tubular lumen, and tubular epithelium and featuring

glomerular filtration, epithelial transport, and metabolism within the epithelium is capable of

explaining the relationship between the time course of blood concentration and urinary

excretion, as illustrated by the goodness of fit between the observed amount of tacrolimus

excreted in the successive urine collection periods and model prediction based on

simultaneous fitting of the model to the mean data for the CYP3A5 expressor and

nonexpressor groups (Figure 4). The model was fit to individual tacrolimus urine excretion
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data according to a staged strategy as described in the Methods. Using the parameter

estimates from individual model fitting (Table 2), a profile of the amount of tacrolimus in

the epithelial compartment over time was simulated (Figure 5A). The simulated tacrolimus

exposure in the renal epithelial compartment of CYP3A5 expressors, when normalized to

the blood AUC (0–96 h), was on average 53% of that for CYP3A5 nonexpressors (Figure

5B). Large between-subjects variability in the maximum amount (29-fold) and normalized

area under the amount-time curve (9-fold) in the epithelial compartment was observed,

particularly when data from the two phenotype groups were combined.

There were no statistical differences in the model parameter estimates (Table 2) except for

Kp,kidney, the apparent tissue-to-blood partitioning coefficient of tacrolimus. Kp,kidney in

CYP3A5 expressors was estimated to be about one-half of that in CYP3A5 nonexpressors.

The unbound fraction of tacrolimus in whole blood (fub), derived from in vitro

measurements of unbound fraction in plasma (fup, 2.1 ± 0.8%) and whole blood-to-plasma

distribution ratio (23), was 0.078 ± 0.026% (24), which is significantly higher than the in

vivo  of 0.012 ± 0.011% estimated from modeling. It should be noted that the

exchangeable fraction in vivo, which reflects the interplay of drug binding and dynamic

events at the glomerulus, does not necessarily equal the in vitro equilibrium unbound

fraction (i.e., ).

The other noteworthy observation with the model parameter estimates in Table 2 is the

comparison between the extraction ratio of tacrolimus from the efferent arteriolar flow (ER)

and the estimated exchangeable fraction ( ). The fact that ER was much greater than 

(by ~400-fold) suggests an exceptionally efficient uptake of tacrolimus at the basolateral

aspect of the renal tubular epithelium that goes well beyond the exchangeable fraction

operating at the glomerulus.

Discussion

The risk of nephrotoxicity remains a major challenge to the long-term survival of organ

transplant patients receiving chronic calcineurin inhibitor therapy despite the fact that

tacrolimus dosage is titrated to achieve an accepted therapeutic range of trough blood

concentrations. Currently, there is no effective way to identify those that will develop

chronic nephrotoxicity from those that will not (7). Plausible susceptibility factors have been

proposed, including individual differences in renal metabolism of the drug. In the present

study, we evaluated how CYP3A5 genetic variation and the corresponding enzyme

phenotype affect systemic and intrarenal tacrolimus metabolism and exposure of kidney

tubular epithelium to tacrolimus. A single dose study was conducted in healthy volunteers in

order to avoid the confounding effects of changing renal function or drug-drug interactions

from concomitant therapies in organ transplant patients (5).

Our results confirm that the mean oral tacrolimus clearance is higher in CYP3A5 expressors

than in CYP3A5 nonexpressors, which explains the larger tacrolimus dose that CYP3A5

expressors require in order to maintain the same trough blood concentration as

nonexpressors (19–22). The data also indicate that the CYP3A5*1 genotype, and inferred
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high renal expression phenotype, is associated with a greater extent of renal tacrolimus

metabolism and a lower apparent urinary tacrolimus clearance compared to those subjects

lacking the active reference allele. Such a relationship between renal metabolism and

apparent urinary clearance of unchanged drug was first reported by Sirianni et al., who

showed, in the isolated perfused rat kidney, that the urinary clearance of enalapril increased

following inhibition of enalapril hydrolysis to enalaprilate by paraoxon (24). In our study,

the mean apparent urinary tacrolimus clearance (based on blood AUC) was 36% lower in

CYP3A5 expressors compared to CYP3A5 nonexpressors, which is highly indicative of

intrarenal CYP3A5-dependent tacrolimus metabolism. Tacrolimus is a substrate of P-

glycoprotein (P-gp), encoded by the polymorphic ABCB1 gene and multiple studies, though

with conflicting results, have related ABCB1 SNPs to tacrolimus nephrotoxicity (25),

suggesting P-gp may affect the renal secretion of tacrolimus. Our analysis of ABCB1

genotype/ haplotype showed that they did not constitute a significant covariate in

determining the urinary clearance of tacrolimus, although the study was not powered to test

for such a contribution. It follows then that there should be a corresponding difference in the

exposure to tacrolimus in the metabolically competent cell types within the kidneys, viz., the

tubular epithelia, resulting from the difference in renal CYP3A5 expression. Results from

our simulations using a semi-physiological model of renal tacrolimus disposition support

this hypothesis. Importantly, the estimated value for the steady-state tissue-to-blood

partitioning ratio, Kp,kidney in CYP3A5 expressors was nearly 50% that calculated for

CYP3A5 nonexpressors, which is a model prediction that can be evaluated by measuring

tacrolimus concentrations in kidney biopsy and blood samples in genotyped patients

receiving the immuosuppressant following kidney transplantation.

One predicted consequence of increased CYP3A5-dependent intrarenal tacrolimus

metabolism is a reduced risk of tacrolimus-induced nephrotoxicity following solid organ

transplantation, if renal tacrolimus concentration is a major driver of toxicity. To date, only a

few studies in kidney recipients have considered donor CYP3A5 genotype. Our prediction is

supported by results from some of these studies (6, 26), but not by all (27, 28). Such

discordant pharmacogenetic findings may reflect the additional complication that tacrolimus

metabolites could exert independent effects on renal function. Notably, the significantly

increased circulating concentrations of metabolites in CYP3A5 expressors (recipient’s

genotype in renal transplantation, for example) may counteract the protective role of

CYP3A5 expression in the kidney (donor’s genotype in renal transplantation). In addition,

any effects of tacrolimus metabolites on renal function will depend on the efficiency by

which they are cleared, as well as the efficiency of their formation systemically and

intrarenally. It has been suggested previously that systemic production of primary and

related downstream metabolites of tacrolimus might contribute to CNI nephrotoxicity (4, 7–

9). A recent study showed that CYP3A5 expressing renal transplant patients with high early

tacrolimus dose requirements, had a higher risk of developing CNIT compared with

nonexpressors (8). CYP3A5 expressors are also, reportedly, at greater risk of developing de

novo arteriolar hyalinization, a histologic sign of CNIT based on a study of 304 de novo

renal graft recipients (7).
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The blood metabolite AUCs and AUCmetabolite/AUCparent ratios we observed after a single

tacrolimus dose allow us to predict abundance of the CYP3A5-catalyzed metabolites in the

blood circulation at steady-state. Based on that analysis, there should be greater absolute

accumulations of three of the four primary tacrolimus metabolites (13-DMT, 31-DMT, and

12-HT) in CYP3A5 expressors at steady-state when the tacrolimus dose is titrated to achieve

the same therapeutic tacrolimus concentration, a prediction consistent with in vitro results

showing that the average formation rates of these metabolites were at least 1.7-fold higher in

human liver microsomes with a CYP3A5*1/*3 genotype compared to microsomes with a

homozygous CYP3A5*3/*3 genotype (16). Interestingly, we found that the 15-DMT/parent

AUC ratio and renal excretion of 15-DMT in the two genotyped groups were similar, which

is also consistent with in vitro metabolic data (16).

Although the nephrotoxic potential of tacrolimus metabolites has not been studied (5), the

metabolites of cyclosporine, another calcineurin inhibitor, has been examined. In a study by

Sigal et al. (29) with 61 cyclosporine analogs, it was shown that the ability to induce

nephrotoxicity in vivo correlates with the immunosuppression activity of these agents.

Another study by Kung et al. (30) showed an association between the degree of calcineurin

inhibition in tissue homogenate (greatest in kidney) and susceptibility of that organ to

cyclosporine toxicity. With regard to metabolites, in mouse mixed lymphocyte reaction

studies, Iwasaki et al. (31) found that 31-DMT had the same immunosuppressive activity as

tacrolimus, whereas the IC50 values for other metabolites were at least 10-fold higher. Thus,

a higher systemic steady-state level of 31-DMT in CYP3A5 expressors compared to

nonexpressors is likely to influence renal exposure to this active metabolite with its entry to

the renal tubular cells via either uptake from the efferent arteriole or reabsorption from the

tubular lumen following glomerular filtration, and possibly contribute to the nephrotoxicity

risk. However, one caveat to this interpretation is the observation that the metabolic

clearance of 31-DMT by CYP3A5 was comparable to that of tacrolimus (Supplemental

Figure 1) and thus effective elimination of the potential toxic metabolite in CYP3A5

expressors may have a protective effect on renal function.

In summary, our findings demonstrate that CYP3A5 genotype has a significant impact on the

metabolism and clearance of tacrolimus in the human kidney, as well as in previously

studied and metabolically competent organs, the liver and small intestine. The extent of

intrarenal metabolism in CYP3A5 expressing organ transplant patients is such that we

predict a much lower accumulation of tacrolimus in the tubular epithelium compared to that

in CYP3A5 nonexpressing patients. This difference may contribute to interindividual

differences in tacrolimus-induced nephrotoxicity, although greater intrarenal exposure to

primary and secondary tacrolimus metabolites in CYP3A5 expressors compared to

nonexpressors may also have to be considered. Further prospective studies investigating the

impact of CYP3A5 genotype on tacrolimus nephrotoxicity studies would help to clarify this

issue by identifying the CYP3A5 genotype(s) of the recipients and their donor kidneys, as

well as metabolite concentrations of tacrolimus in blood and renal tissue. A full elucidation

of the pharmacogenomics of tacrolimus nephrotoxicity may lead to improved management

of tacrolimus pharmacotherapy.
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Methods

Clinical Protocol

The human subjects protocol was approved by the University of Washington Institutional

Review Board. Written informed consent was obtained from all study participants. A single

oral dose of tacrolimus (5 mg) was administered to 24 healthy participants selected based on

their CYP3A5 genotype. None of the subjects had a significant medical history or abnormal

clinical lab test results, and none had taken a known inhibitor, inducer, or activator of

CYP3A4/5 (other than oral contraceptives) for at least 1 month preceding the start of and

during the pharmacokinetic investigation, and all abstained from grapefruit and grapefruit

juice and alcoholic beverages beginning at one week prior to the start until the end of the

study. Sequential blood samples (5 ml) were collected in EDTA glass tubes just before and

at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, 14, 16, 22, 24, 48, 72 and 96 h after oral drug

administration beginning at 8 am. Plasma was harvested from an aliquot of the blood

samples after incubation at 37°C for 30 min and centrifugation at 37°C. Urine was collected

in silanized glass containers over the following post-dose intervals: 0–2 h, 2–4 h, 4–6 h, 6–

12 h, 12–24 h, 24–48 h, 48–72h, and 72–96 h. All samples were stored at −80°C until

analysis.

Genotyping

Buccal cell DNA was isolated using a DNeasy Blood & Tissue Kit or the Qiagen Gentra

Puregene protocol (Qiagen, USA). Single-nucleotide polymorphisms (SNPs) in the CYP3A5

gene (*3, *6 and *7 alleles) were determined from a buccal swab tissue sample, using either

previously published methods by Lin et al. (12) or a validated Taqman® allelic

discrimination assay from Applied Biosystems (Foster City, CA) (32). The ABCB1 C3435T

and C1236T SNPs were genotyped using TaqMan® assays (32). The ABCB1 G2677T/A

multivariate SNP was determined by PCR amplification and DNA sequencing using

published oligonucleotides (33).

Analytical Methods

Tacrolimus and metabolite concentrations in blood, plasma and urine samples were

quantified by improving upon a previously reported LC-MS/MS procedure (34). A full

description of the modified assay, along with the procedure for isolation and purification of

the tacrolimus metabolites for use as analytical standards, is provided in a recent manuscript

submission from our laboratory (Zheng et al., Therapeutic Drug Monitoring).

Pharmacokinetic Analysis

Noncompartmental pharmacokinetic analysis was performed using WinNonlin software

version 5.2 (Pharsight, Mountain View, CA). Pharmacokinetic parameters determined for

tacrolimus included the maximum concentration in blood (Cmax), the time to reach

maximum concentration (Tmax), terminal half-life (t1/2), AUC (0–96 h), AUC (0-infinity),

and oral clearance (CL/F normalized to individual body weight in kg). In addition, CLurinary

was calculated as the amount of drug or metabolite excreted in urine divided by AUCblood

over the collection interval.
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Compartmental Model for Renal Metabolism

A semi-physiological model was developed to evaluate the effect of CYP3A5 polymorphism

on intrarenal metabolism and tubulo-epithelial exposure to tacrolimus. Blood tacrolimus

concentration-time data were entered as a forcing function (FF) for the blood compartment

(35), which obviated the need to model the systemic disposition kinetics of tacrolimus.

CYP3A5-mediated metabolism is assumed to occur in the epithelial compartment as

demonstrated by previous studies (18, 36). The transfer of drug between compartments and

the metabolic process is assumed to follow first-order kinetics; the six rate constants are

defined in Figure 3. Because blood concentration is used as the driver for the blood

compartment, k (2,1) and k(3,1) have the unit of flow (ml/h). All the other first-order rate

constants have the typical dimension of reciprocal time (h−1).

To introduce a physiological framework for the model and provide realistic constraint on the

parameter estimates, the rate constants for glomerular filtration k(2,1) and uptake from the

efferent arteriole k(3,1) were re-parameterized as follows.

where , and GFR = glomerular

filtration rate.

where ER = extraction ratio of tacrolimus from the efferent arteriole for either a CYP3A5

expressor (Exp) or CYP3A5 nonexpressor (NEx); and Qeffart = efferent arteriolar blood flow.

In turn, ERExp and ERNEx can be expressed as a function of the apparent tissue-to-blood

partitioning coefficient of tacrolimus (Kp,Exp or Kp,NEx), epithelial volume (Vepi), fub, GFR,

Qeffart, and the intercompartmental transfer rate constants.

Kp,kid is experimentally defined as

where  is the steady-state amount of tacrolimus in each of the renal tissue compartments,

and Vi is the corresponding compartment volume. Given that CYP3A5 expressors have a

metabolic sink in the epithelial compartment (q3), their apparent steady-state Kp,kid is

expected to be lower than that in CYP3A5 nonexpressors.
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The above model was implemented using SAAM II (The Epsilon Group, Charlottesville,

VA). The model was fitted to the amount of tacrolimus excreted in the successive urine

collection periods over the 96 hours.

Individual estimated eGFR was calculated using the Cockroft-Gault equation (37), which

incorporated the variables of sex, age, weight, serum creatinine concentration and entered

into model-fitting as fixed values.

Estimates for Qeffart and Vepi were taken from the literature, scaled to the individual body

weight, and entered into model-fitting as fixed values. About 80% of total kidney volume

(Vkidney,total) is composed of tubular epithelial cells and cells within the interstitial space

(38). We assumed that CYP3A5 is expressed in all tubular epithelial cells, and assigned Vepi

a value that equals 80% of Vkidney,total. The mean Vkidney,total was obtained from Cheong et

al. (39), 202 ± 36 ml per kidney for men (weight = 90 ± 16 kg) and 154 ± 33 ml per kidney

for women (weight = 73 ± 18 kg). Qeffart was estimated as Qaffart minus GFR (40). Further

recognition of the following relationship of Qaffart to GFR, filtration fraction (FF), and

arterial hematocrit (44, 45) yields the estimating equation for Qeffart.

The afferent arterial hematocrit is approximated by the hematocrit measured from individual

venous blood. A mean value of 23.1 ± 0.7% was used as filtration fraction in healthy adults

(41). Individual eGFR was used as the input as GFR in the above equations.

The exchangeable fraction of tacrolimus in blood available for glomerular filtration ( )

was estimated from the nonlinear regression fit. While human renal tacrolimus tissue

distribution data are not available, a Kp,kid of 12.2 was reported for male rats receiving

tacrolimus orally for four days (42). Tacrolimus is a substrate for rat CYP3A isoforms (43)

and considering their expression and activity in rat kidneys (44, 45), the rat Kp,kid was

entered as a mean for the prior distribution probability in CYP3A5 expressors, along with an

assumed standard deviation (SD) of 15% that reflect the usual magnitude of analytical

errors. The SD for the Bayesian prior was not sensitive. All inter-compartmental transfer

rate constants, viz. k(1,3), k(2,3), k(3,2) and k(0,3), were estimated from the nonlinear least-

squares regression fit. A relative weighting scheme (FSD 0.1) was used, assuming a constant

coefficient of variation of 10%.

A preliminary model fit was conducted with mean urinary excretion data for the CYP3A5

phenotype groups. The use of mean excretion data offered the benefit of assessing the

general plausibility of the three-compartment model in describing the urinary excretion data.

It allowed a simultaneous fit of data from both CYP3A5 phenotype groups to evaluate the

impact of a metabolic sink in the epithelial compartment on Kp,kid, about which we lack

prior information.

Modeling of the individual data sets was then conducted as a two-stage process. In the first

stage, data from the CYP3A5 nonexpressors were fitted to the three-compartment model
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with k(0,3) set to zero. The mean and SD of each of the fitted parameters served as Bayesian

priors for the second stage analysis with data from the CYP3A5 expressors; in so doing,

k(0,3) became the only parameter that was left to float. The Bayesian prior estimate for

Kp,kid values in the CYP3A5 expressors was set to 12.2 ± 2.0, and the prior for Kp,kid in

CYP3A5 nonexpressors (23.4 ± 4.0) was set to be about twice of the expressor value based

on the preceding simultaneous fit of mean data. The amount of tacrolimus in the epithelial

compartment versus time was simulated for each subject using the final parameter estimates.

Statistical Analysis

Descriptive statistics are presented as mean ± standard deviation. Statistical comparisons

were conducted using an unpaired two-sided Student’s t-test (GraphPad Prism 5, La Jolla,

CA). A P value less than 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Nonstandard abbreviations

LC-MS/MS liquid chromatography-mass spectrometry/mass spectrometry

fub unbound fraction in whole blood

fup unbound fraction in plasma

CP plasma concentration

CWB whole blood concentration

Cmax maximum blood concentration

Clast blood concentration at 96 hour after tacrolimus administration

F systemic bioavailability

CL/F oral clearance

CLurinary urinary clearance

CrCL renal creatinine clearance

GFR glomerular filtration rate

eGFR estimated glomerular filtration rate

CYP3A4 cytochrome P450 3A4
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CYP3A5 cytochrome P450 3A5

P-gp P-glycoprotein

13-DMT 13-O-desmethyl tacrolimus

15-DMT 15-O-desmethyl tacrolimus

31-DMT 31-O-desmethyl tacrolimus

12-HT 12-hydroxy tacrolimus

CNIT chronic calcineurin inhibitor nephrotoxicity
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Study Highlights

What is the current knowledge on the topic?

Accumulating studies suggested that local tacrolimus and/or its metabolites concentration

in kidney tissue may play a role in the development of chronic calcineurin inhibitor

nephrotoxicity. In vitro experiments showed that CYP3A5 contributes significantly to the

metabolic clearance of tacrolimus in the liver and kidney.

What question this study addressed?

How CYP3A5 affects intrarenal tacrolimus accumulation and its systemic metabolite

exposure in vivo.

What this study adds to our knowledge?

At steady state, intrarenal accumulation of tacrolimus, and its primary metabolites, will

depend on the CYP3A5 genotype of the liver and kidney. We predicted lower tacrolimus

exposure in the renal epithelium of CYP3A5 expressors, but greater intrarenal

accumulation of tacrolimus metabolites in CYP3A5 expressing patients with tacrolimus

dose adjustment.

How this might change clinical pharmacology and therapeutics?

The current study highlighted the need to conduct prospective studies investigating the

impact of CYP3A5 genotype on tacrolimus nephrotoxicity by identifying the CYP3A5

genotype of recipients and donors, as well as drug concentrations in blood and renal

tissue. A full elucidation of the pharmacogenomics of tacrolimus nephrotoxicity may lead

to improved management of tacrolimus pharmacotherapy.
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Figure 1.
Mean log concentration–time profiles of tacrolimus and its four primary metabolites after

oral tacrolimus administration in (A) CYP3A5 expressors (n = 12) and (B) CYP3A5

nonexpressors (n = 12). Also shown are AUCmetabolite to AUCparent ratios for the four

primary metabolites of tacrolimus (C): AUC12-HT /AUCp, AUC31-DMT/AUCp, AUC13-DMT/

AUCp and AUC15-DMT/AUCp. The solid line represents the mean ratios; *** P < 0.0001.
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Figure 2.
Serial calculations of the apparent urinary tacrolimus clearance based on blood

concentrations; * P < 0.05; ** P < 0.005.
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Figure 3.
Compartmental model scheme for renal disposition. Rate constant, compartment labels and

parameters are defined in the figure.
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Figure 4.
Model fit to the mean tacrolimus urine excretion data in CYP3A5 expressors and

nonexpressors, simultaneously, using blood concentration as a forcing function.
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Figure 5.
The simulated tacrolimus exposure in the renal epithelium. (A) Simulated tacrolimus

amount in the renal epithelium (logarithmic amount shown in the upper insert) and (B) Area

under the simulated amountrenal epithelium - time curve normalized to blood AUC(0–96h); ***

P < 0.0001.
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Table 1

Tacrolimus pharmacokinetic parameters for study participants stratified by predicted CYP3A5 phenotype.

Nonexpressors (N=12) Expressors (N=12) Difference (%) P value

AUC0–96 (h•ng/ml) 209.2 ± 45.0 135.6 ± 60.4 −35.2% 0.003

AUC0–inf (h•ng/ml) 228.1 ± 50.0 144.8 ± 61.6 −36.5% 0.001

t1/2 (h) 31.7 ± 4.3 29.9 ± 4.8 NS

tmax (h) 1.3 ± 0.4 1.4 ± 0.6 NS

Cmax (ng/ml) 27.9 ± 7.7 20.8 ± 11.2 NS

Clast (ng/ml) 0.4 ± 0.1 0.2 ± 0.1 −46.2% 0.0003

CL/F (ml/h/kg) 355.4 ± 88.0 550.2 ± 127.7 54.8% 0.0003

CLurinary(ml/h) (based on AUCblood) 3.15 ± 1.69 2.01 ± 0.57 −36.2% 0.04

CLurinary/eGFR (%) (based on AUCblood) 0.048 ± 0.032 0.028 ± 0.012 −41.7% 0.05

CLurinary (ml/h) (based on AUCplasma) 97.71 ± 59.89 50.15 ± 13.67 −48.7% 0.01

CLurinary/eGFR (%) (based on AUCplasma) 1.48 ± 1.10 0.58 ± 0.28 −53.9% 0.02

AUC, area under the concentration–time curve; tmax, time to reach the maximum blood concentration; Cmax, maximum blood concentration;

Clast, blood concentration at 96 hour after tacrolimus administration; CL/F, oral clearance; CLurinary, tacrolimus urinary clearance for the 0 to

96-hour collection interval; eGFR, estimated glomerular filtration rate calculated using the Cockroft-Gault equation (37); NS, not significant.
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Table 2

Parameter estimates (mean ± SD) from model fitting to the individual tacrolimus urine excretion data in

CYP3A5 expressors and nonexpressors using blood concentration as a forcing function.

CYP3A5 expressors CYP3A5 nonexpressors

Parameters fixed to known physiological values GFR (ml/h) 7761 ± 1748 7124 ± 1585

Qeffart (ml/h) 48490 ± 11461 45731 ± 11158

Vepi (ml) 250 ± 76 232 ± 52

Parameters from empirical Bayesian estimation Kp,kidney 12.1 ± 0.3*** 23.4 ± 0.04

Parameters from ordinary least-squares estimation fub (%) 0.014 ± 0.015 0.011 ± 0.006

k(0,3)(h−1) 0.55 ± 0.52

k(1,3) (h−1) 0.34 ± 0.05 0.36 ± 0.39

k(2,3) (h−1) 0.0009 ± 0.0005 0.0012 ± 0.0008

k(3,2) (h−1) 0.091 ± 0.063 0.106 ± 0.057

ER (%) 5.1 ± 3.0 4.3 ± 4.7

Parameters derived from the above estimation k(2,1) (ml/h) 0.94 ± 0.76 0.77 ± 0.51

k(3,1) (ml/h) 2368 ± 1404 1800 ± 1734

GFR: values are from estimated glomerular filtration rate calculated using the Cockroft-Gault equation (37)
Qeffart : efferent arteriolar blood flow rate

Vepi : the volume of renal epithelium

Kp,kidney: apparent tissue-to-blood partitioning coefficient of tacrolimus

fub: exchangeable fraction of tacrolimus in blood during glomerular filtration

k(0,3): rate constant representing CYP3A5-mediated intra-epithelial metabolism (=0 in CYP3A5 nonexpressors and assumes a characteristic value
for CYP3A5 expressors.)
k(1,3): transfer rate constant representing back flux from the renal epithelium to efferent arteriole
k(2,3): transfer rate constant representing secretion from the renal epithelium to tubular lumen
k(3,2): transfer rate constant representing reabsorption of tacrolimus from tubular fluid back to the renal epithelium
ER: extraction ratio of tacrolimus from the efferent arteriole
k(2,1): transfer rate constant representing the glomerular filtration of tacrolimus
k(3,1): transfer rate constant representing secretion from efferent arteriole to the renal epithelium

***
P < 0.0001
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