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THIS SUBJECT
• CYP3A enzymes are the main catalysts of
the metabolism of calcineurin inhibitors
(CNIs).

• CYP3A5*3, CYP3A4*1B and CYP3A4*22 alleles
explain one third of inter-individual
differences in pharmacokinetics and dose-

• Hepatic CYP3A activities can be estimated
by combining CYP3A5 genotyping and
CYP3A4 expression analysis of leukocytes.

WHAT THIS STUDY ADDS
• CYP3A4 expression rates of donors
combined with CYP3A5 genotypes
influenced CNI blood concentrations in
recipients.

• The recipients with grafts from low or high

of the initial CNI doses.
• The donors’ CYP3A-status can identify the
risk of CNI over or underexposure.
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WHAT IS ALREADY KNOWN ABOUT
 AIMS
Inter-individual variability in dose requirements of calcineurin inhibitors (CNI)
has been linked to genetic polymorphisms of CYP3A enzymes. CYP3A5*3,
CYP3A4*1B and CYP3A4*22 alleles of liver grafts may explain about one third of
the inter-individual differences in pharmacokinetics of ciclosporin and
tacrolimus in recipients. However, non-genetic factors, influencing CYP3A
expression, can contribute to the variability of CYP3A function due to
phenoconversion. The present study evaluated the association between
CYP3A4 expression combined with CYP3A5 genotype of donor livers and
recipients’ CNI therapy after transplantation.
requirement of ciclosporin and tacrolimus.

METHODS
The contribution of donors’ CYP3A5 genotype and CYP3A4 expression to the
blood concentrations and dose requirements of CNIs was evaluated in 131 liver
transplant recipients.
RESULTS
The recipients with grafts from normal CYP3A4 expresser donors carrying
CYP3A5*3/*3 required CNI maintenance doses more or less similar to the
bodyweight-controlled starting doses (9.1 mg kg�1 of ciclosporin and
0.1 mg kg�1 of tacrolimus). The patients transplanted with grafts from low
CYP3A4 expressers required substantial reduction (by about 50%, 4.2 mg kg�1

of ciclosporin, 0.047 mg kg�1 of tacrolimus, P< 0.001), while the recipients with
grafts from high expressers or with grafts carrying at least one copy of the
functional CYP3A5*1 allele required an increase (by about 50% [12.8–
13.8 mg kg�1] for ciclosporin and 100% [0.21 mg kg�1] for tacrolimus, P< 0.001)
of the initial CNI dose for achieving target blood concentrations.
CYP3A4 expressers or with grafts carrying

CYP3A5*1 required substantial modification
 CONCLUSIONS
Donor livers’ CYP3A-status, taking both CYP3A5 allelic variations and CYP3A4
expression into account, can better identify the risk of CNI over- or
underexposure, and may contribute to the avoidance of misdosing-induced
graft injury in the early post-operative period.
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Introduction

The mainstay of immunosuppressive regimens for liver
transplant recipients is calcineurin inhibitor (CNI) therapy
with ciclosporin or tacrolimus [1, 2]. Despite their effec-
tiveness in prophylaxis of organ rejection, these drugs
display a narrow therapeutic index and high inter- and
intra-individual variability in their pharmacokinetics
requiring monitoring of blood concentrations for optimal
safety and therapeutic efficacy. Underdosing increases
the risk of immunological rejection of the transplanted
organ, whereas overdosing leads to increasing risk of
infections and hepato or nephrotoxicity [3, 4]. The con-
ventional clinical strategy for CNI treatment is based on
dosage adjusted to blood concentration rather than to
bodyweight. However, it does not facilitate much in
achieving target blood concentrations during the critical
early post-operative days.

Genetic polymorphisms of transport proteins and
drug-metabolizing enzymes are supposed to contribute
to individual differences in CNI dose-requirement [5–7].
Because of the importance of efflux transporters in ab-
sorption, distribution and elimination of drugs, they have
been extensively investigated in relation to CNI pharma-
cokinetics. ABCB1 plays a role in in vitro expulsion of CNIs
[8]. However, the available clinical data for the associa-
tion between ABCB1 polymorphisms and CNI pharmaco-
kinetics are controversial, and do not confirm the
influence of ABCB1 variants on CNI bioavailability [9, 10].
Ciclosporin and tacrolimus undergo extensive metabolism
by CYP3A enzymes. CYP3A4 activity displays more than
100-fold inter-individual variability [11], which is partly at-
tributed to genetic factors. The CYP3A4*1B allele seems to
result in increased transcription of CYP3A4. However, the
clinical significance of CYP3A4*1B to CYP3A4 function is
rather contradictory [5, 7, 12]. CYP3A4*22 is associated with
low hepatic CYP3A4 mRNA expression and decreased
CYP3A4 activity [13]. However, the association between
CYP3A4*22 and pharmacokinetic behaviour of CYP3A-sub-
strates is suggested to be evaluated in combination with
the CYP3A5 genotype [14]. The CYP3A5*3 allele results in a
splicing defect and non-functional, truncated CYP3A5 pro-
tein. Those individuals who have the functional CYP3A5 en-
zyme (CYP3A5*1/*1 and CYP3A5*1/*3 genotypes) are
presumed to metabolize some CYP3A substrates more rap-
idly than CYP3A5 non-expressers. The allele frequencies of
CYP3A4*22 and CYP3A5*3 (in Caucasian populations 5–7%
and 90%, respectively) explain some inter-individual
differences in CNI pharmacokinetics [14].

CYP3A4 is primarily responsible for the metabolism of
ciclosporin, whereas CYP3A5 is the main catalyst of tacro-
limus metabolism [15, 16]. Although CYP3A genotypes of
donor liver according to CYP3A4*22 and CYP3A5*3 help
with identification of the risk of CNI over and underexpo-
sure, the optimization of CNI therapy in recipients is
precarious and time consuming with several dose
1430 / 80:6 / Br J Clin Pharmacol
modifications. The genetically determined variance in
CYP3A activities is modulated by internal factors
(hormonal status, diseases, age) or environmental factors
(medication, nutrition) resulting in transient poor (or
extensive) metabolism. The CYP genotype determines
the potential for the expression of functional or non-
functional CYP enzymes, whereas non-genetic factors
give rise to altered phenotypes. Thus, the CYP3A4*1/*1
genotype, predicted to be translated to CYP3A4 enzyme
with normal function, may be switched into poor (or
extensive) metabolism due to phenoconversion [17].
Recipients’ CNI-metabolizing capacity can be estimated
by the evaluation of the CYP3A status of donor livers.
We have previously described a complex diagnostic
system (CYPtest™) that determines drug-metabolizing
capacity by combining CYP3A5 genotype and current
CYP3A4 expression in leukocytes [11]. CYP3A4 mRNA
levels in leukocytes of those subjects who do not carry
CYP3A5*1 were proven to reflect hepatic CYP3A4 activi-
ties. Thus, CYP3A5 genotyping for CYP3A5*3 identifies
the genetically determined CYP3A5 expresser grafts,
and CYP3A4 expression in donors’ leukocytes can esti-
mate reduced or increased CYP3A4 activity of liver grafts.
Recipients transplanted with liver grafts carrying CYP3A5*1
are able to metabolize tacrolimus more rapidly than others
with CYP3A5 non-expresser grafts [18]. The liver grafts with
the CYP3A4*22 allele are predicted to display decreased
CYP3A4mRNA levels which lead to permanent low CYP3A4
activity [14], whereas non-genetic factors modifying the ex-
pression of a functional CYP3A4 gene in donor liver result in
transient poor (or extensive) CNI metabolism.

Information on CYP3A-status of a liver graft by esti-
mating a donor’s CYP3A4 expression combined with
CYP3A5 genotypes can have predictive power regarding
the recipient’s medication, and may refine the immuno-
suppressant therapy facilitating the appropriate dosage
for an individual recipient. The goals of the present work
were to investigate the donors’ CYP3A-status predicting
potential poor or extensive metabolism of CNIs in recipi-
ents and to analyze the potential influence of donors’
CYP3A5 genotype and CYP3A4 expression on the 12 h
post-dose CNI blood concentrations and recipients’ dose
requirements. We attempted to provide evidence that
CYP3A5 and CYP3A4 genotypes are not the only determi-
nant factors in CYP3A metabolizer status of a graft, but
the expression rate of the CYP3A4 gene can highly influ-
ence a recipient’s CYP3A metabolizing capacity and
his/her response to CNI therapy.
Methods

Patients and study design
The study protocol was approved by the Hungarian
Committee of Science and Ethics. The study was performed
under the regulation of Act CLIV of 1997 on Health and of
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the decree 23/2002 of the Minister of Health of Hungary,
and in accordance with the declaration of Helsinki. For
investigations with transplant recipients, informed consent
was obtained from the participants. Liver transplant
recipients (n = 131) transplanted at the Department of
Transplantation and Surgery, Semmelweis University
(Budapest, Hungary) were enrolled in the study. Recipients’
demographic data (Table 1) as well as CNI dosage and pre-
dose blood concentrations in the early post-operative
period after transplantation (generally up to 3–4 weeks)
were recorded. The liver grafts were retrieved from
haemodynamically stable brain-death donors with normal
liver function (n = 130) or from a living donor (n = 1). All
the donors and the recipients belonged to the Caucasian
(White) population. In the early post-operative period,
the recipients’ drug therapy was applied according to
the conventional clinical protocol, including immunosup-
pressant and anti-inflammatory agents (see below) as
well as prophylactic medications, such as antibiotics
(sulfamethoxazole-trimethoprim, ciprofloxacin, meropenem),
antiviral (ganciclovir, valganciclovir) and antifungal drugs
(amphotericin B, fluconazole), acid-reducing agents
(famotidine, pantoprazole) and, if necessary, analgesics/
anesthetics (propofol).
Table 1
Recipients’ demographic characteristics

Recipients’ demographic data

Number 131

Gender (male, female) Male: 54.2%, Female: 45.8%

Age at time of transplantation (years)

median (range) 50 (38.5–55)

Body weight (kg), median (range) 74 (61.25; 87)

Number of transplants

1st 126 (96.2%)

2nd or more 5 (3.8%)

Primary liver disease

1. Acute liver failure

Mushroom poisoning 1 (0.76%)

Other 2 (1.53%)

2. Chronic liver diseases

Autoimmune hepatitis 6 (4.58%)

Alcohol-related liver disease 22 (16.79%)

Congenital fibrosis 3 (2.29%)

Hepatitis B 7 (5.34%)

Hepatitis C 51 (38.93%)

Primary biliary cirrhosis 4 (3.05%)

Primary sclerosing cholangitis 19 (14.50%)

Tumour: hepatocellular carcinoma 3 (2.29%)

other 2 (1.53%)

Wilson’s disease 2 (1.53%)

Others 9 (6.87%)
Immunosuppressive protocol and drug
monitoring
The CNI therapy was started 6 h after liver transplanta-
tion and both ciclosporin and tacrolimus were adminis-
tered twice daily. The daily dose was defined as the
sum of the morning dose, given after the blood sampling
for trough blood concentration measurement and the
evening dose administered after 12 h. The initial CNI
dose was adjusted to the recipients’ bodyweight and
thereafter controlled by the pre-dose CNI blood concen-
trations according to the standard clinical protocol. The
patients received either a 10 mg kg�1 daily dose of
ciclosporin (n = 34) or a 0.1 mg kg�1 daily dose of tacro-
limus (n = 97). Oral ciclosporin and tacrolimus dosage
was adjusted to a target therapeutic window in the range
of 200–300 ng ml�1 and of 10–15 ng ml�1, respectively.
The immunosuppressant therapy based on one of the
CNIs was applied in combination with mycophenolate
mofetil and a steroid (methylprednisolone). Mycopheno-
late mofetil was applied at the daily dose of 2 g at the
early post-operative period, whereas the initial methyl-
prednisolone dose of 1 g was administered at the time
of the operation, and the subsequent doses were gradu-
ally tapered to a maintenance daily dose of 32 mg.

Therapeutic drug monitoring was performed routinely
(every day in the first week and every second day from
the second week), and the CNI dose was modified if the ex-
posure was out of the target range of CNI blood concentra-
tion. The 12 h post-dose trough concentrations of CNIs (C0)
were determined in whole blood taken at 08.00 h before
the patient was administered the morning dose. The blood
concentrations were measured using enzyme immunoas-
say techniques for ciclosporin (Cyclosporine Flex on Dimen-
sion RxL HM, Dade Behring Ltd, Milton Keynes, UK)
and for tacrolimus (TACR Flex Dimension, Dade Behring
Inc., Newark, DE). For ciclosporin, the assay range
was 80–500 ng ml�1, whereas for tacrolimus, it was
2–32 ng ml�1. The intra- and inter-day variability for the
quantification of CNIs was less than 10%. Pre-dose
concentrations were calculated by dividing the C0 by the
corresponding 24 h dose on a mg kg�1 bodyweight basis.
CYP3A-status of the liver grafts
The estimation of the CYP3A-status of 131 liver grafts was
assayed in donors’ peripheral blood samples obtained at
the time of explantation. Genomic DNA and leukocytes
were isolated from the peripheral blood samples accord-
ing to the methods described by Temesvári et al. [11].
CYP3A5 genotyping was carried out by hydrolysis single
nucleotide polymorphism analysis for CYP3A5*3 using
TaqMan probes (BioSearch Technologies, Novato CA).
The CYP3A5 genotypes were distinguished by post-PCR
allelic discrimination plotting the relative fluorescence
values for wild-type and mutant alleles. The allelic content
of each sample was determined by a multicomponent
Br J Clin Pharmacol / 80:6 / 1431



Table 2
CYP3A-status of the liver donors

CYP3A-status

CYP3A5 genotype (rs776746)

*1/*1 1 (0.76%)

*1/*3 24 (18.32%)

*3/*3 106 (80.92%)

CYP3A4 expression (CYP3A5 non-expressers)

High expresser 15 (14.1%)

Normal expresser 49 (46.3%)

Low expresser 42 (39.6)%

K. Monostory et al.
algorithm, yielding three allelic clusters representing the
CYP genotypic constituent, homozygous wild type
(CYP3A5*1/*1), homozygous mutant type (CYP3A5*3/*3)
and heterozygous genotype (CYP3A5*1/*3). For CYP3A4
expression, total RNA was extracted from leukocytes,
RNA (3 μg) was reverse transcribed into single-stranded
cDNA using the Maxima First Strand cDNA Synthesis
Kit (Thermo Scientific, Waltham, MA, USA), and then
real-time PCR with human cDNA was performed using
KAPA Fast Probes Mastermix (KAPA Biosystems, Cape
Town, South Africa) and UPL probe for CYP3A4 (Roche
Diagnostics GmbH, Mannheim, Germany). The quantity
of CYP3A4 mRNA relative to that of the housekeeping
gene glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was determined. Three categories of CYP3A4
expression were applied to describe low, normal and
high expressers. The cut-off values for the CYP3A4
mRNA levels in leukocytes have been previously
established on the basis of the cut-off values for the
hepatic CYP3A4 activities (nifedipine oxidation or mid-
azolam 1′- and 4-hydroxylation) [11]. Low expressers
displayed a CYP3A4 : GAPDH ratio less than 10�6, nor-
mal expressers a ratio between 10�6 and 10�4, whereas
in high expressers the ratio was higher than 10�4.

Data analysis
The recipients were sorted by the CYP3A-status of the
donors. Donors carrying at least one CYP3A5*1 allele
were considered to be CYP3A5 expressers, while do-
nors with the CYP3A5*3/*3 genotype were CYP3A5
non-expressers. The liver grafts from CYP3A5 non-
expressers were subdivided into low, normal and high
CYP3A4 expressers by the donors’ CYP3A4 mRNA
levels. The serum concentration values of CNIs were
normalized by the dose and the bodyweight of trans-
plant recipients, and expressed as (μg ml�1) × (mg
dose kg�1 bodyweight)�1. The data of normalized
CNI blood concentrations and dose requirements for
the optimal therapeutic level in the recipient groups
transplanted with liver grafts in various CYP3A-statuses
were expressed as the median. It should be noted that
median values did not differ much (generally by 1–2%
and always under 5%) from the mean values. Between
group differences were calculated by the use of
Kruskal–Wallis analysis of variance followed by Dunn’s
multiple comparisons test. A P value of <0.05 was
considered to be statistically significant.
Results

CYP3A-status of the donors
Of 131 liver grafts for CYPtest recipients, most of the
grafts (n = 106) were from CYP3A5 non-expresser donors
(CYP3A5*3/*3), and were thus expected to lack the func-
tional CYP3A5 enzyme (Table 2). Twenty-five liver grafts
1432 / 80:6 / Br J Clin Pharmacol
from donors carrying CYP3A5*1/*3 heterozygous
(n = 24) or CYP3A5*1/*1 homozygous wild (n = 1) geno-
types were considered as CYP3A5 expressers. The fre-
quency of the CYP3A5*3 allele in the liver donors
(90.1%) was similar to that in Caucasian (White) popula-
tions (88–97%) [19, 20].

For the categorization of the liver grafts regarding
CYP3A4 expression, we applied the estimation reported
by Temesvári et al. [11]. They measured selective CYP3A4
activities in the liver tissues of healthy organ donors
(n = 164) and statistically distinguished three categories
for the hepatic CYP3A4 activities (low, medium/normal
and high) by calculating the quartiles of the CYP3A4 activity
distributions. The cut-off values between the CYP3A4 activ-
ity categories were set to the first and the third quartiles of
the donors. The cut-off values for the CYP3A4 mRNA levels
measured in the leukocytes of the organ donors were de-
scribed by the cut-off values for the hepatic CYP3A4 activity
categories. In our present study, we distinguished low, nor-
mal and high CYP3A4 expresser donors using the cut-off
values of 10�6 and 10�4 for CYP3A4 mRNA levels in
leukocytes determined by Temesvári et al. [11]. CYP3A4 ex-
pression assays revealed that almost half of the CYP3A5
non-expresser donors (46.3%) expressed CYP3A4 at normal
(medium) level, substantial portion (39.6%) was low
CYP3A4 expressers, whereas 14.1% of the donors displayed
high CYP3A4 expression (Table 2). On the basis of the do-
nors’ CYP3A-status (CYP3A5 genotypes and CYP3A4 expres-
sion in leukocytes), the grafts were grouped into two main
categories, CYP3A5 expressers and non-expressers, and the
CYP3A5 non-expressers were subdivided into three sub-
groups, low, normal (medium) and high CYP3A4
expressers.

Donors’ CYP3A status and recipients’ CNI
exposure
Since both CNIs are characterized by a narrow therapeu-
tic window, achieving the therapeutic trough concentra-
tions particularly in the initial period after transplantation
is of high critical importance. The present study evalu-
ated the association between the donors’ CYP3A-status
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and the recipients’ CNI therapy after transplantation
which can contribute to the improvement of personal-
ized medication of liver transplant patients. Recipients
generally receive either ciclosporin or tacrolimus to pre-
vent rejection. However, tacrolimus appears to possess
more potent immunosuppressant properties compared
with ciclosporin and has been the preferred medication
in liver transplantation in many centres recently. In the
Budapest centre, only 34 of 131 liver transplant recipi-
ents were treated with ciclosporin after transplantation.

The statistical analysis displayed significant association
between the donors’ CYP3A-status and the stable blood
concentrations of ciclosporin normalized by the dose and
the recipient’s bodyweight. The normalized blood concen-
trations of ciclosporin were comparable in the patients
transplanted with the liver grafts carrying the CYP3A5*1 al-
lele and with high CYP3A4 expresser grafts from the donors
with the CYP3A5*3/*3 genotype (10.8 ± 1.70 and
12.9 ± 1.95 ngml�1 per mg kg�1 bodyweight, respectively)
(Figure 1A). The ciclosporin blood concentrations were sig-
nificantly higher in the recipients transplanted with grafts
from CYP3A5 non-expresser donors displaying low or nor-
mal CYP3A4 mRNA levels. The recipients transplanted with
liver grafts from low CYP3A4 expresser donors displayed
more than 5-fold higher ciclosporin blood concentrations
(66.2 ± 7.43 ng ml�1 per mg kg�1 body weight), whereas
the pre-dose concentrations in the patients with liver grafts
from normal CYP3A4 expressers were about 3-fold higher
(35.0 ± 4.94 ng ml�1 per mg kg�1 body weight) than in re-
cipients with high CYP3A4 expresser organs or with
CYP3A5*1 carrier grafts (Figure 1A).

According to clinical practice, 250 ng ml�1 of pre-
dose ciclosporin blood concentration is considered to
be optimal in liver transplant recipients in the early
post-operative period. The ciclosporin dose requirement
for the target blood concentration of 250 ng ml�1 was
comparable between CYP3A5 expresser and high
CYP3A4 expresser groups (13.8 ± 1.77 and
Figure 1
Influence of the donors’ CYP3A status (CYP3A5 genotypes and CYP3A4 expressio
liver transplant patients. (A) 12 h post-dose trough concentrations of ciclosporin
bodyweight) of recipients in the course of CYP3A status of the liver donors are presen
significant; *: statistically significant (P < 0.001)
12.8 ± 1.10 mg kg�1 body weight, respectively)
(Figure 1B). The recipients transplanted with liver grafts
from low or normal CYP3A4 expresser donors required a
significantly lower dose of ciclosporin for the optimal blood
concentration. The dose requirement was 30–35% lower for
the patients transplanted with grafts from normal CYP3A4
expresser donors (9.1 ± 1.24 mg kg�1 body weight), and
about 70% lower for the recipients transplanted with liver
grafts fromlowCYP3A4expresserdonors (4.2±0.64mgkg�1

body weight) than for the patients in the high CYP3A4 ex-
presser or CYP3A5 expresser groups (Figure 1B). Multiple
comparison analysis showed that both the CYP3A5 geno-
types and CYP3A4 expression influenced the pre-dose
blood concentrations or the dose requirements of
ciclosporin for the optimal blood concentration in the recip-
ients. However, the functional CYP3A5 expression in the
liver grafts seemed to display similar effects on ciclosporin
exposure and dose requirement in recipients to the high
CYP3A4 expression. Consistently, the blood concentration
and dose requirement of ciclosporin in the recipients
transplanted with CYP3A5 non-expresser liver grafts were
found to be influenced by CYP3A4 expression.

For tacrolimus, the blood concentration range of
7.5–15 ng ml�1 was targeted, whereas 11 ng ml�1 of
pre-dose tacrolimus blood concentration was consid-
ered to be optimal in liver transplant recipients in
the early post-operative period. The majority (n = 97)
of the 131 recipients were treated with tacrolimus af-
ter liver transplantation. A similar trend in trough con-
centrations and dose requirements was observed in
tacrolimus treated recipients to ciclosporin treated pa-
tients. No significant differences in pre-dose concentra-
tions and dose-requirement of tacrolimus were found
between the recipients transplanted with CYP3A5 ex-
presser grafts and those with grafts from high CYP3A4
expressers carrying the CYP3A5*3/*3 genotype
(32.0 ± 10.91 and 52.3 ± 7.00 ng ml�1 per mg kg�1

body weight, respectively; Figure 2A) (0.204 ± 0.028
n) on the blood concentrations and dose requirements of ciclosporin in
(ng ml–1 per mg kg–1 bodyweight) and (B) dose requirements (mg kg–1

ted. Low, Normal, High: the levels of CYP3A4 expression; NS: not statistically

Br J Clin Pharmacol / 80:6 / 1433



Figure 2
Influence of the donors’ CYP3A status (CYP3A5 genotypes and CYP3A4 expression) on the blood concentrations and dose requirements of tacrolimus in
liver transplant patients. (A) 12 h post-dose trough concentrations of tacrolimus (ng ml–1 per mg kg–1 bodyweight) and (B) dose requirements (mg kg–1

bodyweight) of recipients in the course of CYP3A status of the liver donors are presented. Low, Normal, High: the levels of CYP3A4 expression; NS:
not statistically significant; *: statistically significant (P < 0.001)

K. Monostory et al.
and 0.213 ± 0.037 mg kg�1 body weight, respectively;
Figure 2B). Normal CYP3A4 expression resulted in
some increase in pre-dose concentrations of tacrolimus
(91.05 ± 6.65 ng ml�1 per mg kg�1 body weight) in
recipients, while the liver grafts from donors
expressing CYP3A4 at low levels drastically increased
the trough blood concentrations of tacrolimus
(235.4 ± 25.92 ng ml�1 per mg kg�1 body weight)
(Figure 2A). Consequently, the dose requirements of
tacrolimus were about 50% lower in the normal
CYP3A4 expresser group (0.109 ± 0.009 mg kg�1 body
weight), and about 80% lower in recipients
transplanted with liver grafts from low CYP3A4 ex-
presser donors (0.047 ± 0.011 mg kg�1 body weight)
than in those with grafts from donors expressing high
CYP3A4 mRNA levels or in those with grafts carrying
the CYP3A5*1 allele (Figure 2B). Taken together, the
CYP3A-status of the liver donors was demonstrated
to be in close association with tacrolimus exposure in
recipients similar to ciclosporin exposure. Furthermore,
the presence of the CYP3A5*1 allele had the same ef-
fect on trough concentrations and dose requirements
of tacrolimus as high CYP3A4 expression.
Discussion

The blood concentrations of tacrolimus and ciclosporin
in recipients are strongly influenced by the CNI metabo-
lizing capacity of the liver grafts and are also critical to
avoid the therapeutic failure or toxicity of CNIs. Consider-
ing the primary role of CYP3A enzymes in the metabo-
lism of ciclosporin and tacrolimus, several authors have
attempted to display association between CYP3A geno-
types and pharmacokinetics of orally administered CNIs
[6, 7, 9]. CYP3A5*3 and CYP3A4*22 have been demon-
strated to influence tacrolimus dose requirements of
transplant patients, whereas there has been much
1434 / 80:6 / Br J Clin Pharmacol
controversy about the association with ciclosporin
pharmacokinetics [5]. Most of the subjects in White
(Caucasian) populations are homozygous for the non-
functional CYP3A5*3, and only 7–10% of the population
are CYP3A5 expressers, carrying CYP3A5*1/*3 or
CYP3A5*1/*1 genotypes [19, 20]. Tacrolimus has been re-
ported to be extensively metabolized in recipients
transplanted with liver grafts from CYP3A5 expresser do-
nors [18, 21]. The CYP3A4*22 decrease-of-function allele
has been linked to a decrease in CYP3A4 expression
(mRNA and enzyme protein) and to reduced metabolism
of both tacrolimus and ciclosporin [14, 22]. Nonetheless,
screening of CYP3A5*3 and CYP3A4*22 can explain less
than 20% of altered CNI dose requirements of transplant
recipients [23, 24], likely due to the relatively low preva-
lence of CYP3A5*1 and CYP3A4*22 alleles in European
White populations. According to our hypothesis, the
CYP3A-status of the liver donors, taking both CYP3A5
allelic variations and CYP3A4 expression into account,
may better identify the risk of CNI over or underexposure,
and may optimize CNI therapy particularly in the early
post-operative period after transplantation.

Our present work is the first attempt to provide evi-
dence for that inter-individual variability in CNI metabo-
lism can be estimated by combining CYP3A5
genotyping and CYP3A4 expression analysis of the liver
donors. The recipients transplanted with grafts from nor-
mal CYP3A4 expresser donors carrying CYP3A5*3/*3 re-
quired a maintenance dose more or less similar to the
starting dose which was calculated from the bodyweight
(9.1 mg kg�1 of ciclosporin and 0.1 mg kg�1 of tacroli-
mus). However, the CNI dosing for the recipients with
grafts from low or high CYP3A4 expresser donors as well
as with grafts carrying at least one copy of the functional
CYP3A5*1 allele had to be modified. More than 60% of
the recipients required an increase or decrease of the ini-
tial CNI dose for achieving the desired target blood con-
centrations. For liver transplant recipients, the primary
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importance of the donors’ CYP3A5 genotype in tacroli-
mus clearance has been reported previously, and phar-
macogenetic analysis of CYP3A5 in donors has been
proposed for the evaluation of the appropriate initial
dosage [18, 21]. Our results confirmed that the expres-
sion of functional CYP3A5 in the liver grafts substantially
increased the oral clearance of both ciclosporin and ta-
crolimus. Thus, higher doses (50% higher for ciclosporin
and 100% higher for tacrolimus) are needed to maintain
the target trough concentrations in the recipients with
grafts carrying the CYP3A5*1 allele than the bodyweight
controlled clinical practice would have proposed. These
findings are consistent with the majority of previous re-
ports on liver transplants that CYP3A5 genotype has a
significant effect on the pharmacokinetics of tacrolimus
and a lesser influence on that of ciclosporin [5–7, 10,
15]. However, CYP3A5 genotyping of the donors and tai-
loring of recipient CNI therapy could prevent only about
30% of misdosing events (25 of 82 misdosed recipients).
It should be mentioned that several authors have indi-
cated the potential influence of recipients’ CYP3A5 geno-
type on tacrolimus blood concentrations and dose
requirements in liver transplant patients [25–28]. Both
the recipient’s intestinal genotype and the donor liver
genotype are suggested to contribute to the overall ta-
crolimus disposition. Nevertheless, other authors have
reported that the donor CYP3A5 genotype has a more
dominant effect on tacrolimus pharmacokinetics than
the recipient genotype or have found no association be-
tween recipient CYP3A5 genotype and tacrolimus clear-
ance [18, 21, 29–32]. The low frequency of the
CYP3A5*1 allele in the Caucasian population can render
it more difficult to show a statistically significant influ-
ence of recipient genotype on tacrolimus blood concen-
trations and dose requirements of liver transplant
patients [18, 21, 29, 31, 32]. Furthermore, the higher rela-
tive graft size in children than in adults may decrease the
contribution of intestinal CYP3A5 to tacrolimus clearance
[30]. One of the limitations of our present study is that
the confounding effect of the recipient’s CYP3A5 geno-
type was not examined.

In CYP3A5 non-expressers, the variability in CYP3A4
expression can obscure the effect of CYP3A4 genetic
polymorphisms on CYP3A substrates [7, 33]. Thus,
CYP3A4 phenotyping of the liver grafts advances the ra-
tionalization of CNI medication after liver transplanta-
tion. The CYP3A4*1B allele has been reported to be
associated with increased promoter activity in vitro and
consequently with increased transcription, whereas for
the CYP3A4*22 allele, a decrease in CYP3A4 mRNA level
has been demonstrated [12, 13]. Since CYP3A4*1B and
CYP3A4*22 alleles manifest altered CYP3A4 mRNA levels,
the CYP3A4 expression comprises not only the effects of
the non-genetic but also of these genetic factors. This
means that increased CYP3A4 mRNA levels can indicate
enhanced transcription as a consequence of CYP3A4*1B
and/or of CYP3A4 induction, whereas decreased CYP3A4
mRNA concentrations can be the result of CYP3A4 sup-
pression and/or of reduced transcription of CYP3A4*22.
The CYP3A4 mRNA levels in leukocytes have been
proven to reflect the hepatic CYP3A4 activities in CYP3A5
non-expressers [11]. Thus, the drug metabolizing capacity of
the liver grafts at 0 time point (at the time of transplantation)
was estimated by the CYP3A4 expression determined in the
donors’ leukocytes taken at the time of organ procurement.
It might be assumed that CYP3A4 activities or CNImetaboliz-
ing activities of the liver grafts can be modified in the post-
operative period. The blood concentrations of ciclosporin
and tacrolimus were monitored in recipients up to 4 weeks
after transplantation. The stable concentrations were gene-
rally achieved within 8–12 days, and the recipients rarely re-
quired dose-modifications thereafter. The CYP3A4 groups
classified by the donors’ CYP3A4 expression displayed dis-
tinct and significantly different stable blood concentrations
of CNIs throughout the monitoring period. Thus, we may
conclude that CYP3A4 activities estimated just before the
transplantation were retained at least up to 4 weeks. The
recipients transplanted with liver grafts from high CYP3A4
expresser donors carrying CYP3A5*3/*3 requiredmore or less
the same dose of ciclosporin or tacrolimus as patients
transplanted with CYP3A5 expresser livers. On the other
hand, the dose requirement of the recipients with grafts
from low CYP3A4 expresser donors was about 50% lower
than that of the patients with grafts from donors expressing
CYP3A4 at the normal level.

Although assaying the CYP3A-status of donors cannot
substitute the monitoring of CNI blood concentrations,
pre-transplantation screening of CYP3A5 genotype and
CYP3A4 expression can provide a tool for fast and better
evaluation of CNI metabolizing capacity of liver grafts.
The donor’s peripheral blood taken during liver procure-
ment is an appropriate biological sample and can be
used for assaying CYP3A-status in parallel with the graft
implantation. The knowledge of the liver donors’
CYP3A-status can guide the optimization of the initial
CNI dose for the recipients. CYP3A-status controlled
treatment of liver recipients may substantially reduce
the time for achieving the optimal CNI blood concentra-
tion. Prospective investigation of the donors’ genetic and
non-genetic variations in CYP3A can improve not only
the optimization of the initial dose of tacrolimus or
ciclosporin for transplant recipients, but may also
contribute to the avoidance of misdosing induced graft
injury in the early post-operative period. Tailored CNI
medication can eventually contribute to the improve-
ment of the recipients’ recovery.
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