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Abstract
Purpose The aim of this study was to investigate the effect of
itraconazole (ITCZ), a potent inhibitor of CYP3A4 and P-
glycoprotein, on the blood concentration 12 h after tacrolimus
administration (C12h) in relation to CYP3A5 6986A>G and
ABCB1 3435C>T genotype status in patients with connective
tissue disease (CTD).
Methods Eighty-one CTD patients taking tacrolimus
(Prograf®) once daily at night (2100 hours) were enrolled in
this study. Whole blood samples were collected 12 h after
tacrolimus administration at steady state.
Results The dose-adjusted tacrolimus C12h with or without
ITCZ co-administration was significantly higher in patients
with CYP3A5*3/*3 than in those with the CYP3A5*1 allele
[CYP3A5 *1/*1 vs. *1/*3 vs. *3/*3 = 1.67 vs. 2.70 vs.

4.83 ng/mL/mg (P = 0.003) and 0.68 vs. 0.97 vs. 2.20 ng/
mL/mg (P < 0.001), respectively], but differences were not
observed for ABCB1 genotypes. However, there was no dif-
ference in the increase rate of the dose-adjusted C12h of tacro-
limus between CYP3A5 or ABCB1 genotypes (P = 0.378 and
0.259). On the other hand, reduction of the estimated glomer-
ular filtration rate exhibited a correlation with the C12h of
tacrolimus after ITCZ co-administration (r = −0.482,
P = 0.009).
Conclusions InCYP3A5*3/*3 patients, because the metabolic
pathway for tacrolimus occurs only through CYP3A4, the
combination with ITCZ seems to lead to a higher risk of acute
renal dysfunction. Therefore, we suggest that the target blood
tacrolimus concentration be set as low as possible through
dose-adjustment for patients with the CYP3A5*3/*3 allele.
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Introduction

Tacrolimus is used for patients with connective tissue disease
(CTD), which includes rheumatoid arthritis and systemic lu-
pus erythematosus, to control disease activity [1–4]. In Japan,
an oral twice-daily formulation of tacrolimus (Prograf®,
Astellas, Tokyo, Japan) was approved for use in CTD patients.
Although organ transplant recipients take tacrolimus (Prograf
®) twice daily [5], CDT patients take a single daily dose of
Prograf® after the evening meal [2–6]. Since the blood con-
centration 12 h after tacrolimus administration (C12h) can be
measured during outpatient visits at the hospital the following
morning, C12h monitoring is particularly convenient.
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The antifungal agent itraconazole (ITCZ) is used as a
therapeutic or preventive drug for superficial mycosis,
including candidiasis and trichophytia [7–9], and is of-
ten administered to CTD patients. Since ITCZ potently
inhibits the activity of P450 (CYP) 3A and P-glycopro-
tein, which is encoded by the ATP-binding cassette sub-
family B member 1 (ABCB1) [10–13], the blood con-
centration of tacrolimus, which is metabolized by
CYP3A and transported by ABCB1, increases following
ITCZ administration [14–16]. Therefore, clinicians
should pay particular attention to tacrolimus-induced
side effects when co-administered with ITCZ. In addi-
tion to inhibiting CYP3A, ITCZ is also metabolized
stereoselectively by CYP3A4 [17, 18]. The metabolites
of ITCZ, hydroxy-ITCZ, keto-ITCZ, and N-desalkyl-
ITCZ, contribute to CYP3A4 inhibition [13]. The per-
sistent inhibition of CYP3A4 after ITCZ dosing is relat-
ed to the effects of inhibitory metabolites with long
half-life [13].

The largely inter-individual variability in the pharma-
cokinetics of tacrolimus can be explained by a single
nucleotide polymorphism (SNP) in intron 3 of CYP3A5
6986A>G. An association between the CYP3A5 geno-
type and tacrolimus pharmacokinetics is well established
[19–21], i.e., the blood concentrations of tacrolimus are
higher for patients with CYP3A5*3/*3 than for those
with the CYP3A5*1 allele [19–21]. On the other hand,
the functional significance of ABCB1 3435C>T expres-
sion and function remains unclear [19, 22]. Therefore,
the drug interaction between tacrolimus and ITCZ might
differ in magnitude among CYP3A5 and ABCB1 geno-
types [13]. To the best of our knowledge, however, no
study has evaluated the magnitude of drug-drug interac-
tions and safety based on the C12h of tacrolimus and
CYP3A5 or ABCB1 polymorphisms in CTD patients
co-administered ITCZ.

Therefore, the aim of this study was to investigate the effect
of CYP3A5 and ABCB1 polymorphisms on the interaction
between tacrolimus and ITCZ in CTD patients.

Methods

Patients and protocols

A single-institute, retrospective study was conducted to eval-
uate the drug-drug interaction between orally administered
ITCZ and tacrolimus (Prograf®, Astellas, Tokyo, Japan) in
patients being treated for CTD (as shown in Table 1) at
Akita University Hospital. ITCZ (50–200 mg/day) was ad-
ministered to CTD patients to prevent fungal infection, such
as superficial mycosis. CTD patients were administered
Prograf® once daily at night, 2100hours, and they were not

allowed to consume drugs or food affecting CYP3A and
ABCB1 activity, with the exception of ITCZ. Patients with a
serum creatinine >2.0 mg/dL or creatinine clearance <30 mL/
min (n = 2) and patients who did not have their tacrolimus
blood concentration monitored (n = 5) were excluded from
this study. The study was conducted according to the

Table 1 Clinical characteristics of 81 patients with connective tissue
disease

Sex

Males 13 (16.0 %)

Females 68 (84.0 %)

CYP3A5 genotypes

*1/*1 4 (4.9 %)

*1/*3 33 (40.8 %)

*3/*3 44 (54.3 %)

ABCB1 (3435C>T) genotypes

C/C 26 (32.1 %)

C/T 39 (48.1 %)

T/T 16 (19.8 %)

Age (year) 46.4 ± 17.6 (16–77)

Body weight (kg) 55.2 ± 11.3 (35.9–96.0)

Body surface area (m2) 1.55 ± 0.17 (1.16–2.00)

Laboratory values at tacrolimus initiation

Aspartate transaminase (IU/L) 21.2 ± 10.8 (6.0–71.0)

Alanine transaminase (IU/L) 23.1 ± 20.5 (7.0–118.0)

Hemoglobin (g/dL) 12.6 ± 1.5 (9.6–15.6)

Serum albumin (g/dL) 3.8 ± 0.5 (2.6–4.9)

Serum creatinine (mg/dL) 0.6 ± 0.2 (0.3–1.5)

Potassium (mEq/L) 4.0 ± 0.4 (3.1–5.2)

Estimated glomerular filtration
rate (mL/min)

112.0 ± 39.5 (36.6–218.6)

Diagnosis

Systemic lupus erythematosus 51 (63.0 %)

Rheumatoid arthritis 20 (24.7 %)

Vasculitis 3 (3.7 %)

Behcet’s disease 3 (3.7 %)

Mixed connective tissue disease 2 (2.5 %)

Dermatomyositis 1 (1.2 %)

Chronic inflammatory demyelinating
polyneuropathy

1 (1.2 %)

Patients with itraconazole 35 (43.2 %)

Daily dose of itraconazole (mg/day)

50 mg 5 (14.3 %)

100 mg 23 (65.7 %)

200 mg 7 (20.0 %)

Data presented as mean ± standard deviation (range) or number (%)

Body surface area (BSA) (m2 ) = body weight (kg)0.425 * body height
(cm)0.725 * 0.007184

eGFR = 194 * serum creatinine (mg/dL)−1.094 * Age−0.287 * BSA (m2 )/
1.73 (* 0.739 for female)

eGFR estimated glomerular filtration rate
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Declaration of Helsinki principles. The study protocol was
approved by the Ethics Committee of Akita University
Hospital, and all patients gave written informed consent.

Data extraction, sample collection, and analytical methods

CTD patient information including disease name, clinical
characteristics, prescription history, and laboratory values
were obtained from the medical care information system in
Akita University Hospital. The follow-up period was from
October 2007 to September 2014. Consequently, data for 81
Japanese patients were available. Whole blood samples were
collected 12 h after tacrolimus administration. The median of
multiple tacrolimus C12h values for each patient was used
(supplementary document 2, Tables 2 and 3). For patients
who had added ITCZ during tacrolimus therapy (n = 28), the
tacrolimus C12h in the first week after ITCZ combination was
excluded from this study (Figs. 1, 2 and 3). Blood concentra-
tions of tacrolimus were determined by the chemilumines-
cence magnetic microparticle immunoassay on the
Architect-i1000 ® system (Abbott Laboratories; Abbott
Park, IL) according to the manufacturer’s instructions. The
total imprecision was 7.0, 5.7, and 4.8 % at the three target

concentrations of tacrolimus (3.2, 8.5, and 15.9 ng/mL), re-
spectively [23]. The limit of detection and limit of quantitation
(LOQ) of the Architect-i1000® method were 0.25 and 0.5 ng/
mL, respectively [23].

Genotyping

DNA was extracted from a peripheral blood sample using a
QIAamp Blood Kit (Qiagen, Hilden, Germany) and was
stored at −80 °C until being analyzed. For genotyping the
CYP3A5 6986A>G (*3) allele, the polymerase chain
reaction-restriction fragment length polymorphism (PCR-
RFLP) methodwas used [24]. Genotyping procedures to iden-
tify the C and T alleles in exon 26 of the ABCB1 3435C>T
were also performed with the PCR-RFLP method [25]. The
analysis results obtained from PCR-RFLP were confirmed
using a fully automated single nucleotide polymorphism
(SNP) detection system (prototype i-densy®, Arkray Inc.,
Kyoto, Japan).

Fig. 1 Changes in the dose-adjusted C12h of tacrolimus before and after
concomitant use of itraconazole (ITCZ) in each patient. C12h blood
concentration at 12 h after tacrolimus administration. White circle,
CYP3A5 *1/*1; gray circle, *1/*3; black circle, *3/*3

Fig. 2 Comparisons of change rate of dose-adjusted C12h (C12h/D) of
tacrolimus with ITCZ administration between CYP3A5 genotype
groups. Change rate = (C12h/D after co-administration of ITCZ–C12h/D
before beginning ITCZ)/C12h/D before beginning ITCZ. Graphical
analysis was performed using an SPSS box and whiskers plot. The box
spans data between two quartiles (IQR), with the median represented as a
bold horizontal line. The ends of the whiskers (vertical lines) represent
the smallest and largest values that were not outliers. C12h blood
concentration 12 h after tacrolimus administration
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Statistical procedures

In our previous studies on the pharmacogenomics of CYP3A5
[26, 27], 10 patients were the necessary sample size of one
genotype to obtain α = 0.05 and β = 0.2 (power of 80 %). To
allow for stratification by genotype, more than 10 patients for
each CYP3A5 genotype were targeted for enrollment in this
study. On the other hand, since the functional significance of
ABCB1 3435C>T expression and function remains unclear, a
sample size calculation for those examinations was not per-
formed. The Shapiro-Wilk test was used to assess distribution.
The characteristics of CTD patients were expressed as the
mean ± standard deviation (range). The parameters of tacrolimus
and laboratory test values were expressed as medians (quartile
1–quartile 3). The Kruskal-Wallis test or Mann-Whitney U test
was used to determine the difference in continuous values bet-
ween groups. The Wilcoxon signed-rank test was used to deter-
mine the difference in continuous values within each patient.
Spearman’s rank correlation coefficient test was used to assess
correlations with the C12h of tacrolimus, and all results were
expressed as a correlation coefficient of determinant (r).
Stepwise multiple linear regression analysis was performed to
determine the effect of factors with a P value of <0.2 in univa-
riate analysis. For each patient, the CYP3A5 and ABCB1 geno-
types were replaced with dummy variables (1 and 0, 0 and 1,
and 0 and 0, respectively). The percent of variation that can be

explained by the multiple regression equation was expressed as
a coefficient of determination (R2). The estimated glomerular
filtration rate (eGFR) was calculated for each CTD patient ac-
cording to the following formula: eGFR = 194 * serum creati-
nine (mg/dL) −1.094 * age −0.287 * body surface area (m2)/1.73
(* 0.739 for female). The change rate of the eGFR and dose-
adjusted C12h (C12h/D) of tacrolimus were calculated for each
CTD patient according to the following formula: Change
rate = (value after co-administration of ITCZ − value before
beginning ITCZ)/value before beginning ITCZ. A P value less
than 0.05 was considered statistically significant. Statistical ana-
lysis was performed with the program, SPSS 20.0 for Windows
(SPSS IBM Japan Inc., Tokyo, Japan).

Results

Clinical characteristics of the CTD patients are listed in
Table 1. The allele frequencies for CYP3A5*1 and *3 were
25.3 and 74.7 % and for ABCB1 C3435T C and T were 56.2
and 43.8 %, respectively. The most common diagnosis for all
CTD patients, at 63.0 %, was systemic lupus erythematosus.
None of the patients had serious renal or hepatic dysfunction.
Clinical findings of worsening active CTD, such as fever,
dehydration, and change of medication, were not encountered
for any of the patients. Thirty-five of the 81 CTD patients were
administered ITCZ during tacrolimus therapy, and 28 of the
35 patients administered ITCZ began receiving ITCZ during
tacrolimus therapy (supplementary document 1). The C12h

and dose of tacrolimus betweenCYP3A5 orABCB1 genotypes
are listed in supplementary document 2. Although there was
no difference in the dose of tacrolimus between CYP3A5 or
ABCB1 genotypes in each group with or without ITCZ, the
tacrolimusC12h with or without ITCZwas significantly higher
for patients with CYP3A5*3/*3 than for those with the
CYP3A5*1 allele [CYP3A5 *1/*1 vs. *1/*3 vs. *3/*3; 2.7
vs. 6.6 vs. 7.7 ng/mL (P = 0.001) and 1.7 vs. 2.2 vs. 4.9 ng/
mL (P < 0.001), respectively]. The comparison and correla-
tion with C12h/D of tacrolimus and clinical characteristics of
CTD patients with or without ITCZ are listed in Table 2. There
was no difference in the C12h/D of tacrolimus according to the
daily dose of ITCZ. The tacrolimus C12h/D with or without
ITCZ was significantly higher for patients withCYP3A5*3/*3
than for those with the CYP3A5*1 allele [CYP3A5*1/*1 vs.
*1/*3 vs. *3/*3 = 1.67 vs. 2.70 vs. 4.83 ng/mL/mg (P = 0.003)
and 0.68 vs. 0.97 vs. 2.20 ng/mL/mg (P < 0.001), respective-
ly]. In addition, there were significant correlations between the
C12h/D of tacrolimus and patient age in each group with or
without ITCZ (r = 0.360, P = 0.036 and r = 0.404, P < 0.001,
respectively). The stepwise selection multiple linear regres-
sion analysis of explanatory variables forC12h/D of tacrolimus
in CTD patients with or without ITCZ is listed in Table 3. The
CYP3A5 genotype (*3/*3) and patient age affected the C12h/D

Fig. 3 Correlation between change rate of the estimated glomerular
filtration rate (eGFR) and tacrolimus C12h after itraconazole
administration. White circle, CYP3A5 *1/*1; gray circle, *1/*3; black
circle, *3/*3; C12h blood concentration 12 h after tacrolimus
administration. Change rate = (eGFR after co-administration of
ITCZ − eGFR before beginning ITCZ)/eGFR before beginning ITCZ
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of tacrolimus in each group with or without ITCZ (P = 0.010
for *3/*3, P = 0.039 for age, R2 = 0.284 and P < 0.001 for *3/
*3, P < 0.001 for age, R2 = 0.466, respectively). Changes in
the C12h/D of tacrolimus before and after ITCZ administration
in each patient are shown in Fig. 1. The C12h/D of tacrolimus
in all patients increased with ITCZ administration (P < 0.001),
particularly for patients with CYP3A5*3/*3 allele. Compared
with before ITCZ administration, the C12h/D of tacrolimus for
patients co-administered ITCZ reached over six times at the
maximum. On the other hand, as shown in Fig. 2, there was no
significant difference in the change rate of the C12h/D of ta-
crolimus with ITCZ administration between CYP3A5 geno-
types (P = 0.378). Similarly, there was no significant differ-
ence in the change rate of the C12h/D of tacrolimus with ITCZ
administration between ABCB1 3435C>T genotypes

Table 2 Comparison and correlation with the dose-adjusted C12h of tacrolimus and clinical characteristics in patients with or without itraconazole

Without itraconazole (n = 74) With itraconazole (n = 35)

Median (quartile 1–quartile 3) P value Median (quartile 1–quartile 3) P value

Sex 0.127 0.803
Males 0.97 (0.63–2.25) 4.13 (2.37–4.70)

Females 1.40 (0.99–2.35) 3.37 (2.33–5.02)

CYP3A5 genotypes <0.001 0.003
*1/*1 0.68 (0.57–0.88) 1.67 (1.30–2.51)

*1/*3 0.97 (0.70–1.23) 2.70 (2.05–3.48)

*3/*3 2.20 (1.30–3.07) 4.83 (3.77–6.05)

ABCB1 (3435C>T) genotypes 0.109 0.392
C/C 2.17 (1.03–3.07) 4.57 (3.35–5.10)

C/T 1.33 (0.73–2.05) 3.45 (2.60–5.20)

T/T 1.14 (0.85–1.86) 2.55 (2.07–3.49)

Daily dose of itraconazole – 0.936
50 mg – 3.60 (2.10–4.13)

100 mg – 3.36 (2.60–4.83)

200 mg – 2.13 (1.37–6.50)

Correlation coefficient (r) P value Correlation coefficient (r) P value

Age 0.404 <0.001 0.360 0.036

Body weight −0.097 0.406 0.024 0.895

Body surface area 0.228 0.074 0.354 0.064

Laboratory values at tacrolimus initiation

Aspartate transaminase 0.096 0.411 0.116 0.512

Alanine transaminase −0.065 0.577 −0.009 0.958

Hemoglobin −0.167 0.153 −0.103 0.561

Serum albumin 0.031 0.793 −0.286 0.118

Serum creatinine 0.000 0.998 0.207 0.240

Potassium 0.256 0.026 0.071 0.689

Estimated glomerular filtration rate (eGFR) −0.265 0.037 −0.278 0.161

The values are expressed as median (quartile 1–quartile 3) (ng/mL/mg) or correlation coefficient

C12h/D dose-adjusted blood concentration at 12 h after tacrolimus administration in stable state

Table 3 Stepwise selection multiple linear regression analysis of
explanatory variable for the dose-adjusted C12h of tacrolimus in patients
with or without itraconazole

Explanatory variable Slope SE SRC P value R2

Without itraconazole 0.466
Age 0.023 0.006 0.367 <0.001

CYP3A5*3/*3 (=1) 1.156 0.193 0.530 <0.001

Intercept = −0.017 0.279

With itraconazole 0.284
Age 0.050 0.023 0.327 0.039

CYP3A5*3/*3 (=1) 2.063 0.750 0.418 0.010

Intercept = 2.695 1.746

C12h/D dose-adjusted blood concentration at 12 h after tacrolimus admin-
istration in stable state, SRC standardized regression coefficient
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(P = 0.259). A correlation between the change rate of the
eGFR and C12h after ITCZ administration is shown in
Fig. 3. As the tacrolimus C12h with ITCZ increased, the
change rate of eGFR decreased (r = −0.482, P = 0.009). On
the other hand, there were no significant differences in the
change rate of eGFR between CYP3A5 or ABCB1 3435C>T
genotypes (P = 0.116 or 0.255).

Discussion

To the best of our knowledge, this study is the first to report
the effects of ITCZ on the tacrolimus C12h among CTD pa-
tients with respect to CYP3A5 genotype. In the present study,
no significant difference in the change rate of C12h/D of tacro-
limus with ITCZ co-administration was observed among the
CYP3A5 genotypes. In an in vitro study using recombinant
human CYP3A5/CYP3A4 microsomes, the inhibitory poten-
cy (IC50) ratio for midazolam by ITCZwas reported to be 8.8–
9.6 [28]. Namely, the inhibitory potency by ITCZ for
CYP3A4 was approximately ninefold greater than for
CYP3A5. In the present study, therefore, an inhibition of
CYP3A4 rather than CYP3A5 by ITCZ might have an effect
on the increase of the C12h/D of tacrolimus with ITCZ. On the
other hand, Chandel et al. have reported that the dose-adjusted
trough concentrations (C0h/D) of tacrolimus increased with
ketoconazole (KCZ) co-administration in all CYP3A5 geno-
types [29]. According to their results, the magnitudes of the
increase from baseline were 112 and 79 % in patients with the
CYP3A5*3/*3 and CYP3A5*1 alleles, respectively
(P < 0.001) [29]. The inhibitory effect of KCZ was signifi-
cantly higher in CYP3A5*3/*3 microsomes than in
CYP3A5*1/*1 microsomes [28]. A difference in the results
obtained from Chandel et al. and our present study could be
caused by the difference in inhibition potency for CYP3A5
between KCZ and ITCZ.

In the present study, the inter-individual variation in the
change rate of C12h/D of tacrolimus with ITCZ co-
administration was quite large. Lin et al. have reported that
the CYP3A4 content in liver microsomal proteins and jejunal
homogenate protein were 5–376 and 0.5–32.8 pmol/mg, re-
spectively [30]. This large individual difference in CYP3A4
content in liver microsomal proteins and jejunal homogenate
protein might affect the change rate of the C12h/D of tacroli-
mus with ITCZ.

The change rate of eGFR exhibited a negative correlationwith
the C12h of tacrolimus with ITCZ. In CYP3A5*3/*3 patients, the
tacrolimus C12 at baseline before ITCZ co-administration was
high, and in combination with ITCZ seemed to lead to a higher
risk of acute renal dysfunction. Correlations between blood con-
centration and toxicity of tacrolimus have been found for organ
transplant patients [31]. Until now, although the target blood
concentration of tacrolimus at C12h has not been clarified, blood

tacrolimus concentrations in CTD patients should be kept as low
as possible in patients with the CYP3A5*3/*3 allele. Since CTD
patients are mainly treated as outpatients and ITCZ therapy may
be added during tacrolimus therapy, theC12h of tacrolimus might
maintain a high value until the next consultation day, such as the
patient with a very high C12h/D in Fig. 1. Therefore, for patients
with the CYP3A5*3/*3 genotype taking tacrolimus and also tak-
ing ITCZ, clinicians should have a greater awareness of provid-
ing more prudent therapeutic drug monitoring.

There were significant correlations between the C12h/D of
tacrolimus and age in each group with or without ITCZ co-
administration. Although expression of CYP3A proteins does
not appear to change with age [32, 33], elderly patients may
exhibit altered clearance of CYP3A substrates for a variety of
reasons, including disease, altered tissue perfusion, and re-
duced first-pass metabolism in the intestine [34]. Therefore,
patient age must be an independent factor associated with the
C12h/D of tacrolimus, unrelated to CYP3A expression. On the
other hand, ABCB1 genotypes did not influence the change
rate of the eGFR and the C12h/D of tacrolimus. More recently,
Tavira et al. have reported that eGFR values at 2 weeks and 1,
3, 6, and 12 months after renal transplant surgery were lower
for recipients who received a kidney from ABCB1 3435T
carriers than from donors with 3435C/C [35]. In addition,
Naito et al. have reported that rheumatoid arthritis patients
carrying the ABCB1 3435T/T allele had a lower eGFR and
higher blood concentrations of tacrolimus [36]. Although the-
se reports were quite fascinating, the same results were not
obtained in our study with CTD patients. The impact of
ABCB1 3435C>T on eGFR might depend on the stage and
type of disease. Since the genetic basis of tacrolimus-induced
toxicity remains unclarified [19], further examination of this
supposition is necessary.

In conclusion, because themetabolic pathway of tacrolimus in
CYP3A5*3/*3 patients proceeds only through CYP3A4, the
combination with ITCZ seems to lead to a higher risk of acute
renal dysfunction. Safe and reliable immunosuppressive therapy
with tacrolimus can be performed with CTD patients together
with ITCZ based on CYP3A5 genotype.
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