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Introduction

Summary

We retrospectively examined the association of polymorphisms in the CYP3A,
CYP2j2, CYP2C8, and ABCBI genes with pharmacokinetic (PKs) and pharma-
codynamic (PDs) parameters of tacrolimus in 103 renal transplant recipients
for a period of 1 year. CYP3A5 expressers had lower predose concentrations
(Co)/dose and higher dose requirements than nonexpressers throughout the
study. Among CYP3A5*1 carriers, those also carrying the CYP3A4*IB allele
showed the lowest Cp/dose, as compared with CYP3A4*1/CYP3A5*3 carriers
(54.28 £ 26.45, 59.12 + 24.00, 62.43 + 41.12, and 57.01 + 17.34 vs. 112.37 £
76.60, 123.21 £ 59.57, 163.34 £ 76.23, and 183.07 + 107.82 at 1 week, 1
month, 5 months, and 1 year after transplantation). In addition, CYP3A4*1B/
CYP3A5*1 carriers showed significantly lower dose-corrected exposure than
CYP3A4*1/CYP3A5*] carriers 1 year after transplantation (57.01 + 17.34 vs.
100.09 £ 24.78; P = 0.016). Only the ABCBI TGC (3435-2677-1236) haplotype
showed a consistent association with PDs (nephrotoxicity; OR = 4.73; CI: 1.3—
16.7; P = 0.02). Our findings indicate that the CYP3A4*1B-CYP3A5*1 haplo-
type may have a more profound impact in tacrolimus PKs than the CYP3A5%1
allele. This study does not support a critical role of the CYP450 or ABCBI sin-
gle nucleotide polymorphisms in the occurrence of toxicity or acute rejection
in renal transplant recipients treated with tacrolimus.

(expressing CYP3A5 protein) show lower tacrolimus con-
centration to dose ratios and higher dose requirements

The clinical use of tacrolimus is hampered by a narrow
therapeutic window and its large interindividual variabil-
ity in its pharmacokinetics (PKs) [1]. In the last years, a
number of studies have shown that pharmacogenetics
could be helpful in tailoring immunosuppressant therapy
to the needs of transplant recipients [2,3]. CYP3A4 and
CYP3AS5 are the major enzymes responsible for tacrolimus
biotransformation [4] and hence have received much
attention regarding the presence of functional polymor-
phisms that could affect their activity. Amongst the most
frequently studied polymorphisms, CYP3A5*3 is the most
common CYP3A5 allele in Caucasians and produces a
nonfunctional protein [5]. It has been shown that trans-
plant recipients with at least one CYP3A5*I allele
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than nonexpressers (carriers of the CYP3A5*3/*3 geno-
type) [6-8]. More controversy exists, however, regarding
the clinical significance of the major polymorphism in the
CYP3A4 gene (CYP3A4*1B) [9-11].

Tacrolimus is also a substrate for P-glycoprotein (P-gp,
ABCBI1, MDR1) [12], an efflux transporter that limits the
oral absorption of its substrates among other functions.
Despite large research efforts, reported results on the
influence of the major ABCBI polymorphisms (C1236T,
G2177T/A and C1236T) on tacrolimus PKs and pharma-
codynamics (PDs) are still inconclusive [13,14].

In addition, there are other CYP enzymes that could
affect the outcome of renal transplantation. CYP2C8 and
CYP2]2 are polymorphically expressed in the kidney and
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are involved in the synthesis of epoxyeicosatrienoic acids
(EETs) [15-18], which play a protective role by vasodila-
tor mechanisms against processes that could lead to acute
rejection or toxicity.

In the present work, our goal was to identify relevant
single nucleotide polymorphisms (SNPs) and haplotypes
in the aforementioned enzymes and transporters in a
population of renal transplant recipients treated with ta-
crolimus. These genetic variants were retrospectively asso-
ciated with PK parameters collected during 1 year after
the transplant, as well as with kidney function and the
occurrence of tacrolimus-related adverse effects and acute
rejection.

Patients and methods

Study population

The study included 103 consecutive adult renal transplant
recipients who received a single kidney at the Infanta Cri-
stina Hospital (Badajoz, Spain) between June 2000 and
February 2003 and were administered a tacrolimus-based
immunosuppressive therapy. The Infanta Cristina Hospi-
tal is a 890-bed hospital situated in a rural area of Spain
where people of mostly Caucasian ethnicity live. The
transplant program started in 1990 and as a result, most
patients presented here were nonimmunized and received
a first kidney allograft (Table 1). All patients reported
herein received a kidney from a deceased donor, as no
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transplants from living donors are performed in our insti-
tution.

Initial dosage of tacrolimus was 0.1 mg/kg twice a
day for all patients and was subsequently adjusted accord-
ing to blood concentrations. Tacrolimus target levels were
7-15 ng/ml between June 2000 and September 2001, and
were then adjusted to 10-15 ng/ml (months 0-3)
and 5-10 ng/ml (months 4-12) between October 2001
and February 2003.

Tacrolimus was given in combination with mycophen-
olate mofetil (2 g/day) and a tapering schedule of steroids
(500 mg IV methylprednisolone at the time of surgery,
125 mg IV the following day, and then 20 mg of oral
prednisone daily, which was progressively tapered to
5 mg daily at 2 months after transplantation). Thirty-one
patients (30.1%) received antibodies against the interleu-
kin 2 receptor. Induction therapy with antithymocyte
globulin was not implemented. Subjects with a chronic
use of substances known to interfere with tacrolimus
absorption, distribution, metabolism, and excretion (e.g.
macrolides, rifampin, phenytoin, carbamezipine, etc.)
were excluded from the study.

All participants were of Caucasian origin and gave oral
and written consent for their participation. The study was
approved by the Ethics Committee of the Infanta Cristina
University Hospital and was conducted in accordance
with the Declaration of Helsinki and its subsequent revi-
sions.

Table 1. PK parameters and clinical characteristics of renal transplant recipients (n = 103) at the four time points considered in the study.

1 Week 1 Month 5 Months 1 Year
Co (ng/ml)* 12.1 £ 5.3 11.8+39 9.8 +36 83+33
Dose (mg/kg) 0.13 £ 0.06 0.12 £ 0.05 0.08 + 0.05 0.06 + 0.04
Weight (kg) 69.0 £ 14.2 68.9 + 13.8 72.0 £ 13.9 72.6 £15.0
Co/dose (ng/ml per mg/day per kg body weight) 107.2 £ 74.9 117.5 £ 59.8 155.6 + 77.8 172.4 £ 107.3
Serum creatinine (mg/dl) 24+1.8 1.7+1.0 1.5+0.7 1.4+06
Creatinine clearance (ml/min) 57.1 + 28.0 61.5 + 28.8 712 +£325 80.9 + 38.3
% Recipients below target concentration ranget 35.4 32.4 3.0 7.1
% Recipients within target concentration ranget 44.4 49.0 57.4 72.4
% Recipients above target concentration ranget 20.2 18.6 39.6 20.4
Duration of dialysis before transplantation (years) 3.7 £3.1
Number of transplants (first/second) 97/6
Cold ischemia (hours) 16.8 + 5.4
Mismatch HLA-A 1.2+0.7
Mismatch HLA-B 1.3+06
Mismatch HLA-DR 0.6 +0.6
PRA activity max 9.7+ 179
PRA activity max. >50% 6 (5.8)
DGF 26 (25.2)

Data are shown as number (percentage) or mean + standard deviation.
*Co, predose concentrations.

tTarget concentrations range was 10-15 ng/ml during the first month and 5-10 ng/ml for the third month onwards.
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Data collection

Tacrolimus predose concentrations (Cy; ng/ml), daily
doses (mg/kg), and dose-normalized predose concentra-
tions (Cy/dose; ng/ml per mg/day per kg body weight)
were retrieved from medical records at 1 week, 1 month,
5 months, and 1 year after transplantation. Tacrolimus
blood concentrations were routinely measured using an
immunoassay performed using a Cobas Mira Plus ana-
lyzer (Roche Diagnostics, Basel, Switzerland).

Renal function was assessed by estimating the glomeru-
lar filtration rate (GFR) from serum creatinine, using the
4-variable modification of diet in renal disease formula
[19], GFR = 186(Cr™""** x age™®?*%) x (1.212 if black) x
(0.742 if female). Delayed graft function (DGF) was
defined according to standard criteria, creatinine clear-
ance <10 ml/min during the first 3 days post-transplanta-
tion and/or the need for dialysis treatment during the
first postoperative week [20].

CNIT was diagnosed by experienced nephrologists
based on (i) impairment of renal function defined by ele-
vated serum creatinine values (25% increase from basal
figures) coinciding with high tacrolimus plasma levels
with subsequent decrease following dose reduction and/or
(ii) exclusion of renal impairment as a result of acute
rejection either proved by biopsy and/or judged by clini-
cal evaluation when patients presented with a rise
>0.30 mg/dl in serum creatinine not coincidental with su-
pratherapeutic tacrolimus predose concentrations, fever
without signs of infection, graft swelling, or tenderness,
oliguria, increased resistive index on Doppler ultrasonog-
raphy or clinical response to steroid treatment consistent
with rejection. Acute allograft rejection was established by
histological findings in renal biopsies according to the
1997 Banff classification and/or by clinical evaluation (see
above). Diagnosis was confirmed by biopsy in all corti-
coid-resistant patients.

Symptoms defining neurotoxicity included tremor,
headache, insomnia, hyperesthesia, itching, and seizures.
As part of the protocol followed in our center, patients
were specifically questioned about the presence of these
neurologic symptoms.

Genotyping analyses

Blood samples were drawn from each subject and imme-
diately stored at —80 °C until genotype analysis. Genomic
DNA was isolated from peripheral blood leukocytes in
each subject’s whole-blood sample using a QIAamp DNA
Blood Kit method (Qiagen Inc., Chatsworth, CA, USA).
Polymerase chain reaction and restriction fragment
length polymorphism analysis were used for the determi-
nation of the CYP3A4¥1B, CYP3A5*3, CYP2C8*3, and

© 2012 The Authors
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CYP2]2*7 variants following previously described proto-
cols [21-24]. The analysis of index samples was dupli-
cated and confirmed by direct sequencing. The three
major ABCBI polymorphisms, namely C1236T, G2677T/
A, and C3435T were detected by direct sequencing
(ABI3700 Genetic Analyzer; Applied Biosystems, Wei-
terstadt, Germany) using primers and PCR conditions
previously described [25].

Statistical analyses

The distribution of the outcome variables was tested by
the Kolgomorov—Smirnov test for normality. The statisti-
cal significance of the differences of quantitative variables
(dose-adjusted predose concentrations, dose requirements,
creatinine values, etc.) among individuals with different
genotypes was calculated by using the anova-Bonferroni
or Kruskall-Wallis tests, as appropriate. When only two
different genotypes were considered, T-student or Mann—
Whitney tests were applied. Fisher’s exact test or Pear-
son’s X* was used for the univariate analysis of the associ-
ations between categorical data (incidence of acute
rejection or adverse effects) in the different genotype
groups.

The statistical power of the sample size was evaluated
with a genetic model analyzing the frequency for carriers
of the variant alleles with arbitrarily established effect size
at 2.5 (oo =0.05). With the available sample size, the
power for unilateral associations with efficacy and safety
parameters was 0.831. Power calculations were made
using the program G*Power version 3.1.3.

The effect of haplotypes on quantitative variables was
calculated through linear regression modeling assuming
an additive mode of inheritance using SNPstats [26] and
Hapstat software version 3.0. For binary traits, the logistic
regression model was employed, and the regression
parameters pertained to the log odds ratios. Differences
were considered significant when P values were under
0.05.

Statistical analysis was performed using the Statistical
Package for the Social Sciences (SPSS) version 15.0 for
Windows (SPSS Inc., Chicago, IL, USA).

Results

A total of 103 renal transplant recipients (41 women)
with a mean age of 48.7 + 16.9 years at the time of trans-
plantation were included in the study. Underlying diseases
for renal failure were classified as followed: glomerulone-
phritis (33.0%), chronic interstitial nephritis (11.7%),
polycystic kidney disease (9.7%), diabetic nephropathy
(7.8%), and uncertain (28.2%). Other causes (9.7%)
included Alport’s syndrome, hemolytic uremic syndrome,
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nephroangiosclerosis, nephronophtisis, and ischemic
nephropathy. Additional clinical characteristics of the patients
at the four time points considered in the study are shown
in Table 1.

Table 2 shows the frequency of the seven studied poly-
morphisms (CYP3A4%1B, CYP3A5%3, CYP2C8*3,
CYP2j2%7, and ABCBI C3435T, G2677T/A, and C1236T).
Genotype frequencies did not show statistically significant
differences from those expected by the Hardy-Weinberg
principle. One CYP3A5*1/%1 subject was identified and
included in the CYP3A5*1/*3 group for statistical pur-
poses, as it is assumed that only one CYP3A5*1 allele is
enough to express the protein. There was a moderately
high degree of linkage disequilibrium between the
CYP3A4*IB and CYP3A5*1 SNPs (D’ = 0.99, r* = 0.44)
that resulted in all the subjects carrying the CYP3A4*1B
variant also having the CYP3A5*] allele. Linkage disequi-
librium was also observed between the ABCBI G2677T
and C3435T SNPs (D’ =0.90, r* = 0.57), the ABCBI
G2677T, and C1236T SNPs (D’ = 0.90, r* = 0.67) and
between the ABCBI (C3435T and C1236T SNPs (D’ =
0.71, r* = 0.43). No further significant linkage was found
between other combinations of SNPs (> < 0.1).

Effect of CYP3A4 and CYP3A5 genotypes on tacrolimus
predose concentrations and dose requirements

The presence of the CYP3A5*1 allele was strongly associ-
ated with lower dose-corrected tacrolimus trough blood
levels (Cp) at all time points considered (Table 3). Fur-
thermore, carriers of the CYP3A4*1B variant allele dis-
played tacrolimus predose concentrations that were on
average 59% lower than those of subjects with the
CYP3A4*1/*1 genotype (Table 3). A gene-dose effect was
observed when the combination of both the CYP3A4*IB
and CYP3A5*3 SNPs was analyzed. Mean tacrolimus
dose-adjusted C, values throughout the study were
145.59, 86.89 and 58.21 ng/ml per mg/kg/day for the
3A4%1-3A5*3, 3A4*1-3A5*1, and 3A4*1B-3A5*1 haplo-

Table 2. Distribution of allelic and genotypic frequencies in 103 renal
transplant recipients.

Polymorphism wtwt, n (%)  wt/m, n (%) m/m, n (%) MAF
CYP3A4 *1/*1B 98 (95) 5(5) 0 (0) 0.02
CYP3A5 *1/*3 1(1) 9 (9) 93 (90) 0.05
CYP2C8 *1/*3 74 (72) 27 (26) 2(2) 0.15
CYP2J2 *1/*7 99 (96) 4 (4) 0 (0) 0.02
ABCB1 C3435T 31 (30) 50 (49) 22 (21) 0.46
ABCB1 G2677T/A 40 (39) 49 (47)* 14 (14) 0.37
ABCB1 C1236T 34 (33) 52 (50) 17 (0.17) 0.42

n, Number of subjects; MAF, minor allele frequency; m, mutant; wt,
wild type.
*One subject was carrier of one ABCB1 2677A allele.

Gervasini et al.

types, respectively (Table 3). P values for the significance
of the difference between the three haplotypes were 0.120,
0.012, 0.006, and 0.010 at 1 week, 1 month, 5 months,
and 1 year, respectively. The difference in dose-corrected
exposure between CYP3A5 expressers carrying or not car-
rying the CYP3A4*1B allele reached statistical significance
1 year after grafting (P = 0.016).

Table 4 depicts dose requirements for carriers of the
different genotypes analyzed. CYP3A5*1 carriers showed
significantly higher values at 1, 5, and 12 months after
transplantation. Dose requirements for the 3A4*1-3A5*1
and 3A4*1B-3A5*1 haplotypes were approximately 2-fold
higher than those showed by the most common 3A4%1-
3A5%3 combination. P values for the statistical significance
of the difference between the three combined genotypes
were 0.892, <0.01, <0.001, and <0.01 at 1 week, 1 month,
5 months, and 1 year, respectively.

Remarkably, none of the CYP3A5 expressers who were
also harboring the CYP3A4*1B variant reached target pre-
dose concentrations during the first month post-trans-
plantation. However, because of the two different criteria
followed to define predose concentration target range (see
Methods section), a formal statistical analysis could not
be performed and hence this particular observation
should be taken with caution.

Effect of ABCB1 genotypes/haplotypes on tacrolimus
predose concentrations and dose requirements

None of the ABCBI polymorphisms studied (C3435T,
G2677T/A or C1236T) was individually associated with
Co/dose values or dose requirements (data not shown). In
the same manner, there were no significant differences
between the major wild type (CGC, frequency = 0.48)
and mutant (TTT, frequency = 0.34) ABCBI haplotypes.

However, when the analysis was confined only to
CYP3A5 nonexpressers (CYP3A5*3/*3 carriers), a statisti-
cal trend was observed towards lower dose-corrected
exposure and higher dose requirements in those patients
carrying 4 to 6 ABCBI variants (n = 69) compared with
patients with 0 to 3 variants (n = 22) (Table 5).

Associations with clinical outcomes

Renal function measured as creatinine clearance was not
statistically significantly different between the CYP3A or
ABCBI genotypes or haplotypes studied. DGF was
observed in 26 patients (25.2%) and was found to be
moderately associated with the presence of the
CYP2C8*3/*3 genotype [OR = 2.4, CI (0.9-6.1), P = 0.05,
vs. CYP2C8*1 carriers].

Out of the 103 kidney transplant recipients included
in the study, 19 (18.4%) developed CNIT during the

© 2012 The Authors
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Table 3. Effect of CYP3A4 and CYP3A5 genotypes on tacrolimus predose concentrations at the four different time points considered.

Predose concentrations (ng/ml per mg/day per kg body weight)

Genotype 1 Week 1 Month 5 Months 12 Months

All 103 107.18 + 74.93 117.48 + 59.82 155.62 + 77.76 172.40 + 107.35
CYP3A4*1/*1 98 110.03 + 75.70 120.48 + 59.61 160.47 + 76.25 178.61 + 106.64
CYP3A4*1/*1B 5 54.28 + 26.45 59.12 + 24.00t* 62.43 + 41.121** 57.01 + 17.34t**
CYP3A5*3/*3 93 112.37 + 76.60 123.21 £ 59.57 163.34 + 76.23 183.07 + 107.82
CYP3A5 expressers 10 61.53 + 34.99%** 64.74 £ 29.17+** 85.38 + 54.74%** 78.54 + 30.37F***
3A4*1/3A5*3 93 112.37 + 76.60 123.21 £ 59.57 163.34 + 76.23 183.07 + 107.82
3A4*1/3A5*1 5 68.77 + 43.86 70.36 + 35.498* 108.32 + 61.11 100.09 + 24.788*
3A4*1B/3A5*1 5 54.28 + 26.458* 59.12 + 24.008* 62.43 + 41.128** 57.01 + 17.348***

Values shown are mean + standard deviation. Because of the existing linkage disequilibrium, values for CYP3AS5 nonexpressers are the same as
those shown by carriers of the CYP3A4*1/CYP3A5*3 haplotype. In the same manner, all the patients who carried the CYP3A4*1B variant were
also carriers of the CYP3A*1B-CYP3A5*1 haplotype and hence displayed values are identical.

*P < 0.05; **P < 0.01; ***P < 0.001.

1P value vs. CYP3A4*1/*1 carriers.

$P value vs. CYP3A5*3/*3 carriers.

§P value vs. CYP3A4*1/CYP3A5*3 carriers.

Table 4. Effect of CYP3A4 and CYP3A5 genotypes on tacrolimus dose requirements at the four different time points considered.

Dose requirements (mg/kg)

Genotype n 1 Week 1 Month 5 Months 12 Months

All 103 0.13 £ 0.06 0.12 £ 0.05 0.08 + 0.05 0.06 = 0.04
CYP3A4*1/*1 98 0.13 £ 0.06 0.12 £ 0.05 0.08 + 0.04 0.06 + 0.04
CYP3A4*1/*1B 5 0.14 £ 0.03 0.15 £ 0.03 0.14 £ 0.05t** 0.12 £ 0.04t***
CYP3A5*3/*3 93 0.13 £ 0.06 0.11 £ 0.05 0.07 £ 0.04 0.06 = 0.04
CYP3A5 expressers 10 0.14 = 0.05 0.16 + 0.04%** 0.13 + 0.05%f 0.12 = 0.05%***
3A4*1/3A5*3 93 0.13 £ 0.06 0.11 £ 0.05 0.07 £ 0.04 0.06 = 0.04
3A4*1/3A5*1 5 0.14 + 0.06 0.17 = 0.048** 0.12 + 0.068** 0.11 = 0.058*
3A4*1B/3A5*1 5 0.14 £ 0.03 0.15+ 0.03 0.14 + 0.058*** 0.12 £ 0.048**

Values shown are mean + standard deviation. Because of the existing linkage disequilibrium, values for CYP3A5 nonexpressers are the same as
those shown by carriers of the CYP3A4*1/CYP3A5*3 haplotype. In the same manner, all the patients who carried the CYP3A4*1B variant were
also carriers of the CYP3A*1B-CYP3A5* 1 haplotype and hence displayed values are identical.

*P < 0.05; **P < 0.01, ***P < 0.001, [P < 0.0001.

TP value vs. CYP3A4*1/*1 carriers.

$P value vs. CYP3A5*3/*3 carriers.

§P value vs. CYP3A4*1/CYP3A5*3 carriers.

Table 5. Effect of the number of ABCB1 variant alleles on dose-adjusted predose concentrations and dose requirements in CYP3A5 nonexpress-
ers (n = 93). Mean + standard deviation values are shown.

ABCBT variants n 1 Week P 1 Month P 5 Months P 12 Months P

Dose-corrected predose concentrations (ng/ml per mg/day per kg body weight)

0-3 70 110.04 + 55.28 0.64 127.82 + 62.05 0.13 168.51 + 75.84 0.25 191.13 £ 114.44 0.21
4-6 23 118.87 £ 122.19 105.59 + 47.80 146.74 + 78.55 156.40 + 82.18

Dose requirements (mg/kg)

0-3 70 0.12 £ 0.06 0.06 0.11 £ 0.05 0.01 0.07 £ 0.04 0.09 0.05 + 0.04 0.14
4-6 23 0.15 £ 0.06 0.14 + 0.05 0.09 + 0.04 0.07 £ 0.04

period of study. Diagnosis was confirmed by biopsy in
six patients. No protocol biopsies were performed in
individuals with stable graft function. Sixteen patients

(15.5%) underwent acute rejection according to diag-
nostic criteria described in the Methods section (diag-
nosis was confirmed by biopsy in three of those

© 2012 The Authors
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subjects). Fourteen (13.6%) individuals showed neuro-
toxicity.

No CYP3A4/CYP3A5 SNPs or haplotypes showed a sig-
nificant effect on tacrolimus-induced toxicity (Table 6).
In contrast, both the ABCBI 2677GG and 1236CC wild
type genotypes increased the risk for neurotoxic events
[OR (CI) = 3.12 (1.0-10.7), P = 0.04 and OR (CI) = 3.19
(1.1-10.4), P = 0.04; respectively] in analyses carried out
considering a dominant model of inheritance (2677GG
vs. GT+TT carriers or 1236CC vs. CT + TT carriers,
respectively). No further associations were found for the
rest of the ABCBI SNPs (data not shown).

Four major ABCBI haplotypes (3435-2677-1236),
namely CGC, TTT, TGC, and CGT, were identified in the
population of study and their associations with the occur-
rence of adverse effects are depicted in Table 6. Four
other rare haplotypes, namely TGT, TTC, CTT, and CTC,
were also identified with frequencies equal to or lower
than 0.01, and hence their associations with toxicity were
not tested. Most notably, and in comparison with the
wildtype CGC haplotype, the TGC haplotype significantly
increased the risk for CNIT [OR (CI) = 4.73 (1.3-16.7),
P =0.02]. In addition, the mutant TTT haplotype was
observed to moderately reduce the risk for neurotoxicity
[OR (CI) = 0.34 (0.1-1.0), P = 0.05] (Table 6). The ana-
lyzed SNPs in the EETs-synthesizing genes CYP2C8*3 and
CYP2]2*7 were not associated with tacrolimus toxicity.

Finally, no associations were found between SNPs
affecting tacrolimus blood levels or dose requirements
and the occurrence of acute rejection. In the same man-
ner, we did not observe any significant association
between acute rejection and polymorphisms in the
ABCBI, CYP2C8, or CYP2]2 genes (Table 6).

Gervasini et al.

Discussion

Our findings confirm in our population previous data
indicating that renal transplant recipients who are carriers
of the CYP3A5%1 allele display lower dose-corrected expo-
sure and higher dose requirements of tacrolimus. Overall,
mean Cpy/dose in CYP3A5 expressers was 50.5% lower
than that of nonexpressers, which is also consistent with
previous studies reporting an approximate halving of the
tacrolimus Cy/dose [11,27,28]. Less and more controver-
sial data are available on the effect of the CYP3A4*1B
SNP [10,29]. We observed that the CYP3A4*IB variant
was associated with lower Cy/dose levels and higher dose
requirements. However, linkage disequilibrium between
CYP3A4 and CYP3A5 SNPs resulted in all CYP3A4*IB
carriers also harboring the CYP3A5*1 allele, and therefore
the possibility exists that the observed clinical impact
could be a consequence of the CYP3A5*] allele [11]. Still,
our results suggest otherwise. PK data were different
depending on the CYP3A4/CYP3A5  haplotype.
CYP3A4*1/CYP3A5*3 carriers showed the highest predose
concentrations followed by 3A4*1/3A5*1 patients and
then by 3A4*1B/3A5%1 carriers, which would indicate a
significant role of the CYP3A4*I1B. Furthermore, we
observed that differences between the two groups of
CYP3A5 expressers (carrying or not carrying the
CYP3A4*1B variant) increased significantly over time. In
this regard, Kuypers et al. [30] found a similar trend for
the same three CYP3A4-CYP3A5 haplotypes in 95 renal
transplant recipients for an extended period of 5 years.
However, in the study by Kuypers ef al., Cy/dose values
were not corrected by weight and statistical differences
between the two groups of CYP3A5 expressers were not

Table 6. Effect of CYP450 polymorphisms and ABCBT haplotypes (3435-2677-1236) on the clinical outcome of renal transplantation. Percent-
ages of patients or estimated haplotype frequencies in the different groups are shown.

Nephrotoxicity Neurotoxicity Acute rejection

Genotype/haplotype No Yes OR (Cl) No Yes OR (Cl) No Yes OR (Cl)
3A4*1-3A5*3 89.3 94.7 Ref. 88.8 100 Ref. 89.7 93.8 Ref.
3A4*1-3A5*%1 6.0 0.0 NC 5.6 0.0 NC 5.7 0.0 NC
3A4*1B-3A5*1 4.8 15.3 1.04 (0.1-9.9) 5.6 0.0 NC 4.6 6.3 1.3(0.1-12.4)
ABCB1

CGC 48.2 447 Ref. 45.5 60.7 Ref. 48.0 43.5 Ref.

TTT 32.9 36.8 1.13(0.5-2.6) 36.2 17.9 0.34 (0.1-1.0)* 33.1 37.2 1.41 (0.6-3.4)

TGC 6.2 18.4 4.73 (1.3-16.7)** 7.6 14.3 2.00 (0.5-8.2) 9.2 6.6 1.1 (0.2-6.0)

CGT 5.8 0.0 NC 4.3 7.1 1.27 (0.2-7.8) 5.9 0.0 NC
CYP2C8*1/*1 70.2 78.9 Ref. 71.9 71.4 Ref. 73.6 62.5 Ref.
CYP2C8*1/*3 + *3/*3 29.8 211 0.63 (0.2-2.1) 28.1 28.6 1.02 (0.3-3.6) 26.4 37.5 1.58 (0.5-4.8)
CYP2)2*1/*1 96.4 94.7 Ref. 95.5 100.0 Ref. 95.4 100 Ref.
CYP2J2*1/*7 3.6 53 1.5 (0.1-15.2) 4.5 0.0 NC 4.6 0 (0) NC

*P =0.05; **P = 0.02.
Ref., reference; NC, noncalculable; OR, Odds ratio with 95% confidence intervals (Cl).
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tested, which makes comparisons with our results diffi-
cult. One of the putative explanations for the differences
observed between the different CYP3A4-CYP3A5 haplo-
types could be the tapering of glucocorticoids. These
drugs are known CYP3A4 inducers [31], and hence lower
doses would lead to a decrease induction and subsequent
higher drug exposure. This would be particularly notice-
able in carriers of the wild type allele, as it has been
shown that the CYP3A4*1B variant is less responsive to
drug inducibility [32].

In accordance with the majority of studies (reviewed by
Staatz et al. [13]), we found no evidence of a significant
role of ABCBI SNPs or haplotypes on tacrolimus PKs. It
is possible that those studies reporting a PK impact of
ABCBI SNPs may in fact be observing the effect of
CYP3A variants. Most studies have observed that the
impact of ABCBI SNPs is lost after eliminating the con-
founder CYP3A5 genotype [33-35], which is consistent
with our results. A reason for the observed trend in the
present study toward higher dose requirements in carriers
of 4-6 variants after controlling for the CYP3A5 genotype
may be the different distribution of some ABCBI SNPs
between CYP3A5 expressers and nonexpressers in our
population (e.g. 3435 TT subjects accounted for 23.7%
among nonexpressers while being absent in the CYP3A5
expresser group).

The results of this study do not support a critical role
of CYP3A or ABCBI SNPs in the development of toxicity
induced by tacrolimus. Despite the strong association of
CYP3A5*] with tacrolimus PKs, there is no consensus
regarding its role in CNIT [36]. In agreement with our
results, most studies have failed to find an association
between this SNP and renal dysfunction [2,9,37-43].
Conversely, Kuypers et al. found that CNIT was related
to the presence of the CYP3A5%1 allele in renal recipients
[30,44]. However, the authors observed that the propor-
tion of CYP3A5*3 carriers who also had higher dose
requirements were as well more prone to develop CNIT,
which probably diminishes the significance of the
reported association with the CYP3A5*] allele [44].

We found that the ABCBI TGC haplotype was consis-
tently associated with CNIT. As the precise impact of
ABCBI haplotypes on P-glycoprotein function is yet to be
established, we can only speculate on the explanation for
this finding. It might indicate an accumulation of the
drug due to reduced efflux because of the presence of the
3435T variant. The donor’s genotype (influencing P-gly-
coprotein status in the allograft) would most likely be
more revealing on this matter. It needs to be pointed out
that the protocol followed in our center does not include
performing biopsies in all patients with signs of renal dys-
function and therefore potential underreporting of the
true incidence of CNIT might have occurred.

© 2012 The Authors
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To our knowledge, there are no previous genetic asso-
ciation studies on tacrolimus-induced neurotoxicity in
renal transplant recipients. Two studies in different set-
tings have found a positive association for the 2677T [45]
and 1236T [46] mutant alleles. However, the first study
only included 17 patients (six with neurotoxicity) and
none of them carried out haplotype analyses. Our study
shows opposite results in the sense that both the wild
type 2677GG and 1236CC genotypes were associated with
increased risk of neurotoxicity compared with T-allele
carriers. Notwithstanding, we acknowledge that the clini-
cal significance of these findings is probably limited, as
further analyses using a codominant model of inheritance
did not find significant associations. A statistical trend
toward lower risk of neurotoxicity in carriers of the
mutant ABCBI TTT haplotype was also observed. These
results would argue against the general conception that a
mutated P-glycoprotein in the blood-brain barrier would
cause an accumulation of drug in the brain and hence
higher risk of neurotoxicity. However, it is still not clear
how exactly these ABCBI haplotypes affect the transport-
ing capacity of the protein. Moreover, the precise mech-
anism for tacrolimus neurotoxicity remains unknown,
and studies other than case reports and including deter-
minations of tacrolimus in the cerebrospinal fluid are
warranted. Finally, there is also a potential risk that the
relatively low sample size of the study, along with the low
frequency of some polymorphisms, may have resulted in
putative spurious associations.

In agreement with our results, and despite the
observed underexposure to tacrolimus, most association
studies have failed to find a correlation between the pres-
ence of the CYP3A5%1 allele and the rate of acute rejec-
tion in renal transplant recipients [2,9,29,30,37,47,48].
The effect of ABCBI genetic variants has been less stud-
ied. A large study has reported a moderately increased
risk for acute rejection in carriers of the ABCBI TGC
(3435-2677-1236) haplotype, although their analysis
included both tacrolimus- and cyclosporine-treated
patients [47]. We and others [29,37] could not confirm
the significance of ABCBI in acute rejection. However,
the fact that an association of the very same TGC haplo-
type with CNIT was observed in this study could be an
indication of a relevant clinical role for this combination
of SNPs in the ABCBI gene.

To date, the influence of CYP2CS8*3 and CYP2j2*7
SNPs on the outcome of renal transplantation had not
been tested. We have shown that the incidence of DGF
was higher in CYP2C8*3/%3 carriers, a genotype associated
with reduced arachidonic acid biotransformation to EETs
[22]. It is tempting to speculate that lower amounts of
these protective compounds could have played a role in
the development of DGF. Consistent with these results,
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Smith et al. [49] have reported a higher risk of tacrolimus
nephrotoxicity in liver recipients who were carriers of the
CYP2C8*3 allele.

Recently, a prospective study in renal transplant recipi-
ents analyzed the effect of administering either a standard
tacrolimus dose or a dose according to the patient’s
CYP3A5 genotype. The authors concluded that the dose-
adapted group reached target concentrations earlier and
with less dose changes [2]. The results of this study sup-
port that view, but also suggest that the additional geno-
typing of the CYP3A4*1B SNP could probably make dose
adjustments more accurate. On the other hand, both our
results and the general perception in the literature indi-
cate that those PK differences hardly translate into differ-
ent clinical outcomes. There are several reasons that can
explain this. Renal recipients are usually subjected to
intensive concentration-controlled dose adaptations in the
first days after grafting, which, along with other nonge-
netic factors (e.g. steroids dosing, drugs interactions,
etc.), might overshadow the effect of genetic variants. Sec-
ond, new data have revealed other significant SNPs
besides CYP3A5%1 that may be important in a pharmaco-
genetic approach to dose adaptations of tacrolimus
[50-52]. Third, the precise effect of ABCBI SNPs and
haplotypes on the P-glycoprotein transporting capacity is
as yet not fully understood and hence results from associ-
ation studies do not have a straightforward interpretation.
Genetic analyses of donors together with gene expression
studies in the allograft will probably help elucidate the
link between genetic variations and tacrolimus PDs in the
near future.
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