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AIMS

Tacrolimus (TAC) is one of the most successful immunosuppressive drugs in
transplantation. Its pharmacokinetics (PK) and pharmacogenetics (PG) have been
extensively studied, with many studies showing the influence of CYP3A5 on TAC
metabolism and bioavailability. However, data concerning the functional significance
of ABCBT polymorphisms are uncertain due to inconsistent results. We evaluated the
association between ABCB1 diplotypes, CYP3A5 polymorphisms and TAC disposition
in a cohort of Brazilian transplant recipients.

METHODS

Individuals were genotyped for the CYP3A5*3 allele and ABCBT polymorphisms
(2677G>A/T, 1236C>T, 3435C/T) using a TagMan® PCR technique. Diplotypes were
analyzed for correlation with the TAC dose-normalized ratio (Co : dose).

RESULTS

We genotyped 108 Brazilian kidney recipients for CYP3A5 (11% CYP3A5*1/*1; 31%
CYP3A5*1/*3 and 58% CYP3A5*3/*3) and ABCB1 haplotypes (42% CGC/CGC; 41%
GCG/TTT and 17% TTT/TTT). Homozygous subjects for the CYP3A5*3 allele or carriers
of the ABCBT TTT/TTT diplotype showed a higher Co : dose ratio compared with wild
type subjects [median (interquartile range) 130.2 (97.5-175.4) vs. 71.3 (45.6-109.0),

P <0.0001 and 151.8 (112.1-205.6) vs. 109.6 (58.1-132.9), P = 0.01, respectively].
When stratified for the CYP3A5*3 group, ABCB1 TTT/TTT individuals showed a higher
Co : dose ratio compared with non-TTT/TTT individuals [167.8 (130.4-218.0) vs. 119.4
(100.2-166.3), P = 0.04]. Multivariate linear regression analysis showed that the effects
of CYP3A5 polymorphisms and ABCBT diplotypes remained significant after correction
for confounding factors.

CONCLUSIONS

CYP3A5 is the major enzyme responsible for the marked interindividual variability in
TAC PK, but it cannot be considered alone when predicting dose adjustment because
ABCBI1 diplotypes also affect TAC disposition, showing independent and additive
effects on the TAC dose-normalized concentration.
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Introduction

The administration of the calcineurin inhibitor tacroli-
mus (TAC) is an important cornerstone of immunosup-
pressive therapy after kidney transplantation. Currently,
TAC is one of the most successful immunosuppressive
drugs in transplantation, but its clinical use is hampered
by a narrow therapeutic window and large intra-
and interindividual variability in pharmacokinetics (PK),
which can result in either under-immunosuppression,
leading to increased risk of allograft rejection, or over-
immunosuppression and increased incidence of adverse
effects, such as nephrotoxicity and neurotoxicity [1].
Consequently, therapeutic drug monitoring is currently
regarded as a vital part of clinical practice in kidney
transplantation.

TAC is metabolized by the cytochrome P450 (CYP)
enzymes 3A4 and 3A5. The intrinsic clearance of TAC by
CYP3A5 is approximately two-fold higher than that by
CYP3A4, limiting the influence of this enzyme in TAC PK [2].
Tacrolimus is also a substrate of P-glycoprotein (PGP1), the
product of the ATP-binding cassette transporter (ABCBT)
gene, which acts as an efflux transporter that limits a
drug'’s oral absorption [3-5]. The different degrees of intes-
tinal and hepatic expression of CYP3A5, CYP3A4 and PGP1
regulate the absorption and hepatic clearance of TAC,
leading to variable drug concentration within the systemic
circulation and low oral bioavailability, both of which can
influence drug efficacy or toxicity [5-7].

One of the causes that may lead to the differences in
the functions of these proteins is the presence of genetic
polymorphisms (SNPs) that may have functional effects on
gene expression or protein structure. Several studies have
shown an association between SNPs in genes encoding
enzymes or transporters and differences in dosing, toxicity
and drug interactions [8, 9.

CYP3A5*3 is one of the most important SNPs for
TAC disposition. Homozygous carriers of the CYP3A5*3
variant allele have higher TAC concentrations due to
lower expression of CYP3A5 [8, 10]. Individuals carrying
the CYP3A5*1 allele, known as ‘CYP expressers’, exhibit
25-40% increased TAC clearance and two-three-fold
lower dose-corrected trough TAC concentrations, sug-
gesting the value of CYP3A5 genetic information in initial
drug dosing [11].

The functional consequences of the most common and
extensively studied ABCB1 polymorphisms (3435C>T,
1236C>T and 2677G>T/A) on TAC disposition are not com-
pletely understood and are still controversial [8, 9]. The
majority of the studies have failed to find an association
between ABCB1 SNPs and TAC PK. Those that found an
association suggested that the observed effect could, in
fact, be related to CYP3A5 polymorphism [9, 12-14]. The
ABCBT1 3435T variant allele occurs more frequently in con-
junction with the CYP3A5*3 allele and also with the ABCB1
1236C>T and 2677G>T/A SNPs [15-17].
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Individual SNPs may cause changes in gene expression
or in protein function, either of which can have a physi-
ological effect on the organism. However, SNPs are not
inherited individually but in linkage disequilibrium, in
which certain alleles of several contiguous polymorphisms
are found together. The combined influence of SNPs may
have stronger physiological effects than any single SNP
alone [8, 9]. Indeed, the ABCB1 1236T/2677T/3435T (TTT)
variant haplotype significantly minimizes PGP1 activity
(0-28% activity) compared with ABCB1 wild-type activity in
transepithelial cells and is relatively frequent in several
populations: approximately 32% of Caucasians, 5% of
African-Americans, 27% of Asian-Americans and 35% of
Mexican-Americans [17, 18].

Similar to studies on ABCBT genotype, most clinical
studies have not detected any association between ABCB1
haplotypes and TAC PK [13, 19, 20], but others have indi-
cated that the presence of three or more variant ABCB1
alleles is associated with lower dose-adjusted blood con-
centrations of TAC [14, 16, 21, 22]. However, to the best of
our knowledge, few studies have analyzed the effects of
ABCB1 diplotypes (i.e. pairs of haplotypes) on TAC disposi-
tion and their interaction with the CYP3A5*3 genotype
[21, 23].

In this context, the aim of this study was to investigate
the impact of ABCB1 diplotypes and CYP3A5 polymor-
phism on TAC dose-normalized concentration (Co : dose).

Methods

Subjects
This retrospective study was conducted on kidney trans-
plant recipients at the Clinical Hospital of the Faculty of
Medicine of Ribeirdo Preto, Brazil. For the purpose of this
study, 108 kidney recipients of any age and gender were
included. Eligible patients were those with single kidney
transplantation and administration of a TAC-based immu-
nosuppressive regimen for at least 12 months [The study
involves a period from 3 up to 12 months after transplant
(follow-up period 9 months, 95% ClI 8.9, 9.0)]. Patients
receiving chronic therapy with drugs that could poten-
tially interfere with the transport and metabolism of
immunosuppressive drugs (e.g. macrolides, rifampicin,
phenytoin, carbamazepine), those who underwent com-
bined organ transplantations, those who had any known
drug or alcohol addiction and those who started TAC
immunosuppressive therapy more than 2 months after
transplantation were excluded. The study was approved
by the Institutional Review Board at the Clinical Hospital of
the Faculty of Medicine of Ribeirdo Preto (no. 13464/2010),
and each included patient provided informed consent.
The initial TAC (Prograf®, Janssen-Cilag, Brasil) dosage
was 0.05-0.2 mg kg™ day ™’ for all patients, and it was sub-
sequently adjusted according to blood concentration or
any toxicity sign. Target concentrations were 8-10 ng ml™
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during the first 3 months post-transplantation and were
then adjusted to 3-7 ngml™" until the end of the first
year. Tacrolimus was given twice a day in combination
with sodium mycophenolate (720-1440 mg day™') or
mofetil (1-2 g day™') and a tapering schedule of steroids
(1000 mg i.v. methylprednisolone before the surgery and
0.5mgkg™ orally, which was progressively tapered to
5 mg once a day at 6 months after transplantation).

Data collection

TAC trough concentrations (Co, ng ml™) were routinely
obtained at steady-state from TAC whole blood concen-
trations measured immediately before the morning doses
of TAC using an Abbott ARCHITECT TAC immunoassay
(Abbott Diagnostics, IL, USA). Daily doses (mg kg™') were
retrieved from medical records from the third month up
to 1 year post-transplantation. Dose-normalized TAC con-
centrations (Co : dose, ng ml™" per mg day™' per kg body
weight) were calculated by dividing the drug trough con-
centration (Co, ng ml™) by the daily dose adjusted for
body weight (mg day™" kg™'). Once the patients had more
than one measurement in the study period, the median
value was considered to represent Co : dose (median 5.0,
range 4.0-8.0, number of blood samples collected/
patient).

Genotype determination
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 using
a salting-out procedure [24]. Subjects were genotyped for
the CYP3A5 SNP (rs776746) and the three major ABCB1
SNPs, 1236C>T (rs1128503), 2677 G > T/A (rs2032582) and
3435C>T (rs1045642). Genotypes were determined using
a pre-designed TagMan® Allele Discrimination assay
(Applied Biosystems, Foster City, CA, USA): C_26201809_
30 (CYP3A5 6986A>G), C_7586657_20 (ABCBI1, 3435C>T),
C_7586662_10 (ABCB1, 1236C>T), C_11711720D_40
(ABCB1, 2677G>A), and C_11711720C_30 (2677G>T).
TagMan® polymerase chain reaction (PCR) amplifica-
tion was performed in a total volume of 10 ul as follows:
30 ng of template DNA, 1x TagMan® master mix and 1x
drug metabolism assay. Fluorescence from PCR amplifica-
tion was detected using a Roche LightCycler®480 and
analyzed with the associated software version 1.5 (Roche
Diagnostics GmbH, Mannheim, Germany). The PCR assay
was carried out following the manufacturer’s instructions.

Statistical analysis

The Power and Sample Calculation program (PS version
2.1.30, Vanderbilt University, USA) was used to estimate
the number of individuals for this study. Santoro etal.
reported a Co:dose value for the ABCBT wild-type
diplotype (CGC/CGC) of 1.92 + 0.94 ng mI”' mg™". Consid-
ering an increase of 50% in Co:dose, a TTT variant
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haplotype frequency of 26%, a power of 0.80 and a type 1
error rate of 0.05, we calculated a sample size of 90 trans-
plant recipients [23].

Clinical characteristics and pharmacokinetic data are
expressed as median and interquartile range. Genotype
groups were compared using non-parametric tests. The
distribution of genotypes for each polymorphism was
assessed for deviation from Hardy-Weinberg equilibrium,
and differences in genotype frequency and in allele fre-
quency between the groups were assessed using the
¥’ test.

Linear regression analysis and non-linear fitting rou-
tines were performed to assess univariate relationships
between variables (software JMP 5.0.1a; SAS Institute).
In addition, a bivariate analysis was used to assess the
potential confounding influence of each covariate on the
association between TAC concentration, CYP3A5 polymor-
phism, and ABCB1 polymorphism. The final multivariate
linear regression model considered TAC blood concentra-
tion as the dependent variable, whereas gender, age,
corticoid dosage, haematocrit and CYP3A5 polymorphisms
and ABCB1 diplotypes were used as independent variables.
A value of P<0.05 was considered statistically significant.
Other statistical analyses were performed using GraphPad
Prism version 5.1 for Windows (GraphPad Software,
San Diego, CA, USA, [http://www.graphpad.com]). PHASE
software version 2.1 was used to estimate the haplotype
frequencies in each group.

Results

A total of 108 renal transplant recipients (48 women) with
a median age of 52 (41-58) years at the time of transplan-
tation were recruited between March and November 2011
and were included in this study. Demographic and clinical
characteristics are listed in Table 1.

Allele, genotype and haplotype frequencies in trans-
planted subjects are shown in Tables2 and 3. Allele
frequencies did not deviate from Hardy-Weinberg equilib-
rium. The wild-type haplotype 1236C/2677G/3435C was
the most common (49%), followed by the variant (TTT)
haplotype (30%) (Table 3). Diplotype analysis showed
30 individuals carrying the wild-type CGC/CGC, 30
heterozygous CGC/TTT or TTT/CGC and 12 TTT/TTT. We
observed that individuals carrying at least one wild-type
haplotype, CGC/CGC or CGC/TTT, were responsible for
the wild-type effect and thus were combined in a single
group called non-TTT/TTT (n = 60), whereas individuals
homozygous for the variant haplotype formed another
group called TTT/TTT (n = 12).

The presence of the CYP3A5*1 allele was strongly
associated with lower dose-normalised concentration
(Co : dose) up to 12 months post-transplant. Furthermore,
we observed that CYP3A5*1 carriers required a higher TAC
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Table 1

Clinical and demographic characteristics of renal transplant recipients up
to 12 months post-tranplantation (n = 108)

Median (interquatile

range) or

Parameters number (%)
Co (ng ml-") 6.8 (5.3-10.0)
Dose (mg kg~' day™") 0.07 (0.05-0.10)

64.8 (58.5-77.6)
109.3 (70.3-145.9)

Body weight (kg)

Co : dose (ng ml~" per mg day~' per kg body
weight)

Serum creatinine (umol I-")

Creatinine clearance* (ml min~' 1.73 m)

124.2 (95.5-143.2)
55.7 (46.8-70.5)

Gender (male/female) 60/48
Receptor’s age (years) 52 (41-58)
Donor type (living/deceased) 18/90
Number of transplant (first/second") 95/13

Induction therapy (n, %)

Basiliximab usage 65 (60.2)
ATG usage 06 (5.6)
Duration of the dialysis before Tx (months) 39 (24-70)
CMV infection (n, %) 24 (22.2)
Cold ischaemia (h) 25 (20-31)

*Creatinine clearance was estimated using MDRD equation. Data are expressed as
median and interquartile ranges, or absolute numbers and percentiles. ATG,
antithymocyte globulin; CMV, cytomegalovirus; Co, Tacrolimus trough concentra-
tion; Tx, transplant.

Table 2

Allelic frequency of 108 renal Tx recipients according to CYP3A5 and
ABCB1 genotype

Genotype Allelic
Gene SNP frequency frequency HWE*
CYP3A5 6986A>G AA =0.11 A=0.26 Yes
AG =0.31 G=0.74
GG =0.58
ABCB1 1236C>T CC=0.38 C=0.60 Yes
CT=0.47 T=0.40
TT=0.15
3435C>T CC=0.38 C=0.60 Yes
CT=0.45 T=0.40
TT=0.17
2677G>AIT GG =0.44 G =0.65 Yes
GT=0.38 T=0.33
GA=0.03 A =0.02
AT =0.02
TT=0.13
AA=0.0

*Hardy—Weinberg equilibrium (HWE): Chi-squaredb test P value <0.05.

dose [0.10 mg kg™' day™' (0.07-0.12) vs. 0.06 mg kg™' day™
(0.04-0.08), P < 0.0001] but showed reduced blood TAC
(Co) (Table 4, Figure 1A).

Diplotype analysis showed that patients carrying the
homozygous diplotype variant (TTT/TTT) had a higher TAC
dose-normalized concentration [151.8 ngml™ per mg
day™' per kg body weight (112.1-205.6) vs. 109.6 ng m|™

ABCBT1 diplotypes and TAC pharmacokinetics BJCP

Table 3

Haplotype frequency of 108 renal transplant recipients according to
ABCB1 SNPs

SNP Haplotype
Haplotype 1236C>T 2677G/T>A 3435C>T frequency
CGC @ G C 0.49
T T T T 0.30
CGT C G T 0.08
TGC T G C 0.06
TTC T T C 0.02
CAC C A C 0.02
TGT T G T 0.01
CAT C A T 0.01
(ap) C T T 0.01

per mg day' per kg body weight (58.1-132.9), P = 0.01)
compared with individuals carrying the wild-type dip-
lotype (non-TTT/TTT) (Table 4). On the other hand, no asso-
ciation was found between ABCB1 diplotype and either
TAC dose requirement or TAC blood concentration.

When we restricted our analysis to CYP3A5 non-
expressers (CYP3A5*3/*3) we found a higher Co : dose ratio
in those patients carrying the ABCBT variant diplotype (*3-
TTT/TTT, n = 10) compared with *3-non-TTT/TTT (n = 34)
[167.8 ng ml™" per mg day™' per kg body weight (130.4-
218.0) vs. 119.4 ng ml™" per mg day™' per kg body weight
(100.2-166.3), P = 0.04] (Table 4, Figure 1Q).

Multivariate analysis showed that the effects of CYP3A5
polymorphisms and ABCBT diplotypes remained signifi-
cant even after adjusting the model for gender, age,
haematocrit and corticoid dose (Table 5) and the effect
was independent for each gene.

Discussion

Intestinal CYP3A and PGP1 are co-expressed and may act
synergistically as a barrier to oral TAC absorption. There-
fore, polymorphisms in these genes may play an important
role in TAC bioavailability. SNPs in the CYP3A5 gene
explain part of the between patient variability in the PK of
TAC. However, the effects of ABCBT gene polymorphisms
are still unclear, as several contradictory results have been
published [8]. Nonetheless, few studies have addressed
the effect of the ABCBT diplotype on TAC disposition and
its interaction with the CYP3A5 genotype, and they have
reported inconsistent results. Studies that performed
haplotype analysis did not include all three ABCBT SNPs in
the same analysis, and others analyzed haplotypes rather
than diplotypes [25-29].

The frequencies of SNPs and haplotypes in the CYP3A5
and ABCBT genes, respectively, vary largely, so it is not
uncommon to find some peculiarities in different popula-
tions. The Brazilian population is one of the most hetero-
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Table 4

PK parameters of renal Tx recipients according to their CYP3A5 and ABCB1 genotypes up to 12 months post-transplant

PK parameters CYP3A5 *1 (n = 45)

Co (ng ml-") 6.0 (4.7-8.2)

Dose (mg kg™ day™") 0.10 (0.07-0.12)

Co : dose’ 71.3 (45.6-109.0)

Non-TTT/TTT (n = 60)

Co (ng ml") 6.7 (5.2-8.2)

Dose (mg kg~' day™") 0.07 (0.05-0.1)

Co : dose’ 109.6 (58.1-132.9)
(*3-non-TTT/TTT) (n = 34)

Co (ng ml™") 7.20 (6.1-10.8)

Dose (mg kg~' day™") 0.06 (0.04-0.07)

Co : dose’ 119.4 (100.2-166.3)

CYP3A5*3 (n = 63) P value
7.3 (6.2-10.8) 0.01*
0.06 (0.04-0.08) <0.0001*
130.2 (97.5-175.4) <0.0001*
TTT/TTT (n = 12) P value
8.21 (6.3-11.2) 0.08
0.05 (0.04-0.08) 0.16
151.8 (112.1-205.6) 0.01*
(*3 TTT/TTT) (n = 10) P value
9.7 (6.3-11.3) 0.37
0.05 (0.04-0.06) 0.29
167.8 (130.4-218.0) 0.04*

*Statistically significant. Tng ml~" per mg day~" per kg body weight. Co, tacrolimus trough concentration; PK, pharmacokinetics; Tx, transplant.

geneous in the world, being a mixture of different ethnic
groups, especially Europeans, Africans and Amerindians,
which contributes to the formation of a multi-ethnic and
highly admixed population [30, 31]. As in other studies, we
found the CYP3A5 to be an unusual gene in that the fre-
quency of the variant allele (G) was higher (74%) than the
wild-type (A) frequency. For the ABCBT gene, the alleles
were evenly distributed between the groups, with the
wild-type allele having a slight higher frequency in Euro-
pean Caucasians and Black Africans. These results are con-
sistent with frequencies recently reported in Brazilian and
other populations and support the fact that the Brazilian
population is special in terms of the distribution of genetic
polymorphisms [23, 32-35].

The frequency of CYP3A5 non-expressers and ABCB1
TTT/TTT is higher in White Brazilians than the frequency
observed in European Caucasians, reflecting the admix-
ture of Brazilian population. MacPhee etal. reported
a lower Co:dose of TAC in Black kidney-transplanted
patients, reflecting higher frequencies of CYP3A non-
expressers in this ethnicity. Moreover, White patients car-
rying CYP3A5 non-expressers alleles showed TAC Co : dose
similar to Black patients. Thus, they concluded that the
main factor affecting TAC PK is related to White genetic
background instead of ethnicity. These data support the
clinical relevance of genotyping to CYP3A5 and PGP1
polymorphisms in populations with high frequency
of non-expressers, like Brazilians, to avoid under-
immunosuppression and risk of acute rejection of kidney
transplant [36].

The presence of only one wild-type allele (*1) is enough
to express CYP3A5 proteins, so individuals with at least
one CYP3A5*1 allele have higher expression of these
enzymes and therefore higher TAC metabolism and lower
blood TAC concentration [23, 27, 37, 38]. We found that
participants with the CYP3A5*1 allele had significantly
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lower tacrolimus dose-normalized (Co:dose) post-
transplantation compared with CYP3A5*3 homozygotes.
Moreover, CYP3A5*1 carriers required a higher dose to
reach the target concentration. Overall, the mean Co : dose
ratio in CYP3A5 non-expressers (CYP3A5*3) was nearly
two-fold higher even though their dose requirements
were approximately half of those expressing this protein.
These findings are consistent with previous studies and
indicate lower metabolic capacity in patients with the
variant allele [29, 39, 40]. Thervet etal., in a prospective
clinical trial involving 280 renal transplant recipients,
demonstrated that pretransplant TAC dose adaptation
according to CYP3A5 genotype resulted in more rapid
achievement of target Co and fewer dose modifications
[11]. These findings suggest that the CYP3A5 genotype is
an important factor in determining the dose requirement
for TAC and that genotyping patients for this polymor-
phism may be useful in early prediction of the optimal
dose.

The majority of studies reviewed by Staatz et al. found
no evidence that ABCB1 polymorphisms play a significant
role in TAC PK but suggested that the combined influence
of all three ABCB1 polymorphisms could be more effective
in predicting any influence than studying single SNPs
alone [8]. Consistent with these findings, we found no
association between TAC PK and ABCB1 polymorphisms
individually (data not shown).

Patients carrying the wild-type ABCBT haplotype (CGC)
might have more active PGP1 pumps and would, there-
fore, extrude intracellular TAC more efficiently than indi-
viduals with the variant haplotype (TTT) [8]. Anglicheau
etal. reported that TAC blood concentrations in renal
transplant recipients carrying the variant TTT haplotype
were significantly higher than those carrying the wild-type
CGC [16]. In another study involving renal recipients, Roy
etal. showed that patients wild-type for the ABCBI
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haplotype had lower Co:dose compared with patients
carrying the variant copy of this gene. However, none
of these assays considered the individual's pair of
haplotypes, which could result in even stronger differ-
ences [21]. Based on the three most clinically relevant
exonic sites for the ABCBT gene, we detected nine
haplotypes. Two of them, the wild-type 1236C/2677G/
3435C and the variant 1236T/2677T/3435T, accounted for
79% of the overall genetic variability, which is in agree-
ment with reports of other groups in the Brazilian popula-
tion [23, 32]. In our comparison of TAC PK parameters, we
found that patients carrying the variant ABCBT diplotype
(TTT/TTT) showed a higher Co:dose ratio than patients
carrying the wild-type diplotype, which could support the

hypothesis of increased absorption and reduced drug
excretion due to lower functional activity of PGP1.

In the only other study that has analyzed ABCB1
diplotypes in the Brazilian population, Santoro etal.,
similar to our study, found a 71% increase in Co:dose in
the TTT/TTT diplotype vs. non-TTT/TTT, but this difference
was not statistically significant [23]. This could partially be
because in their study, Co:dose was not normalized to
dose per day or body weight, which could have resulted in
higher sample variability. It is important to note that in our
study, TAC blood target concentration were between 3
and 7 ng ml™", and the observed trough concentration (Co)
median was 6.8 (5.3-10.0) ngml™. A 71% increase in
Co :dose, as we observed, is clinically relevant because it
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Table 5

Effects of CYP3A5 genotypes and ABCB1diplotypes on tacrolimus dose-
normalized concentration

Source Estimate P value
ABCB1 diplotypes (non-TTT/TTT) -16.13 0.047*
CYP3AS5 (*1) -30.73 <0.001*
Gender (male) -4.97 0.413
Age (years) 0.91 0.111
Corticoid dose (mg kg™ day™") -149.71 0.348
Haematocrit (%) -0.21 0.894
Model

R? 0.42

RMSE 48.66

*Statistically significant. Were included in this model only carriers of *1 and *3
alleles for CYP3AS5 and non-TTT/TTT and TTT/TTT diplotypes for ABCB1 (n = 72).
R?, proportion of the variance around the mean of tacrolimus concentrations that
is explained by the present model; RMSE, root mean square error. The final
multivariate linear regression model was adjusted for gender, age, corticoid dose
and haematocrit.

directly affects trough doses and could expose patients to
TAC nephrotoxicity.

Authors who observed an association between ABCB1
genotype and/or haplotype and TAC PK suggested that
the observed effect on TAC PK might, in fact, be the effect
of CYP3A SNPs, as these have a major influence over TAC
PK. Indeed, many studies have observed that the impact
of ABCBT SNPs is lost after eliminating the confounder
CYP3A5 genotype [12-14, 27]. To assess this hypothesis,
we stratified CYP3A5 non-expressers (CYP3A5*3/*3 carri-
ers), who lack CYP3A5 activity, into two groups according
to their ABCBT diplotype and observed that in the absence
of CYP3A5, patients carrying the variant TTT/TTT diplotype
(and thus having lower PGP1 activity) had a higher dose-
normalized TAC concentration. This result shows that
ABCB1 diplotype also plays a role in TAC PK and supports
the hypothesis that the combination of multiple ABCB1
polymorphisms has a stronger effect on CNI disposition
than any single polymorphism.

We also performed a multivariate analysis considering
CYP3A5 polymorphism as a confounding variable and
observed the maintenance of the ABCBT genotype effect.
Roy et al. had already considered this effect, studying 44
renal transplant recipients and analyzing the ABCBIT
haplotype frequency in the CYP non-expressers group, but
they did not detect a statistically significant effect and
therefore did not include a diplotype analysis [21]. These
results suggest that PGP1 expression could compensate
for the lack of CYP3A5 expression and play a role in indi-
viduals expressing CYP3A5 enzymes. Thus, it is likely that
these polymorphisms in the ABCBT gene have an inde-
pendent effect on TAC bioavailability.

In addition to genetic factors, clinical variables have
been associated with TAC PK [28, 41, 42]. Corticoid drugs
and TAC share the same metabolic pathway, so they could
exhibit a drug—drug interaction in which corticoid induces
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CYP expression and consequently increasing TAC metabo-
lism [43, 44]. Several authors suggest that age affects
metabolism in different ways, such as altering hepatic
flow, CYP activity and liver size. Others showed that TAC
binds to red blood cells and suggested that individuals
showing high haematocrit could bind TAC more effi-
ciently, reducing its metabolism [45]. To address these
associations, we performed a multivariate regression
analysis considering age, gender, corticoid dose and
haematocrit as co-variables and observed that the effect of
genetic variables on TAC PK remained even after consid-
ering them. These data are consistent with data from Cho
et al. but do not support the findings in other populations,
although none of these studies performed a diplotype
analysis [28, 39, 41, 42].

In conclusion, this study demonstrates that the
CYP3A5*3 allele is highly associated with higher TAC
bioavailability in renal transplant patients, confirming pre-
vious findings and supporting the idea that CYP3A5 is the
major enzyme responsible for the marked interindividual
variability in TAC PK. In addition, this study confirms that
the combination of multiple ABCBT polymorphisms has
a stronger effect on CNI disposition. Finally, this study
shows that the effects of CYP3A5 and ABCBT on TAC
bioavailability are independent and additive. The inclusion
of CYP3A5 and ABCB1 genetic factors in an algorithm
which takes into account clinical factors that may modify
TAC PK could make it possible to calculate more precisely
the initial TAC dosage in order to prevent drug toxicity and
improve therapy towards individualized therapy.
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