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Abstract: Background: Although tacrolimus has been widely used in patients undergoing lung
transplantation, few studies have reported the pharmacokinetics of tacrolimus in Chinese patients
after lung transplantation. Thus, we aimed to investigate the pharmacokinetics and influential
factors in this patient cohort in the early stage after lung transplantation. Methods: We enrolled
14 adult lung transplant recipients who were treated with tacrolimus and then intensively collected
blood samples within a 12-h dosing interval. The pharmacokinetic parameters of tacrolimus were
calculated using non-compartmental analysis, and the influence of pathophysiological characteristics
and CYP3A5*3 and CYP3A4*1G genotypes on the pharmacokinetics of tacrolimus was assessed.
Using linear regression analysis, we investigated the correlation between tacrolimus concentration
at different sampling points and measured the area under the time-concentration curve (AUC0–12h).
Results: Geometric mean of apparent clearance (CL/F) was 18.13 ± 1.65 L/h in non-CYP3A5*3/*3
carriers, five times higher than that in CYP3A5*3/*3 carriers (p < 0.001). Furthermore, the tacrolimus
concentration 4 h after administration had the strongest correlation with AUC0–12h (R2 = 0.979).
Conclusion: The pharmacokinetics of tacrolimus varied largely between patients during the early
stage post-transplantation, which could be partially explained by CYP3A5*3 genetic polymorphisms.

Keywords: tacrolimus; lung transplantation; Chinese population; pharmacokinetics; CYP3A4/5 enzyme

1. Introduction

Lung transplantation, followed by postoperative immunosuppressive therapy, is a
viable treatment for multiple end-stage pulmonary diseases. Since the 1990s, immunosup-
pressive therapy has switched from a cyclosporine-based to a tacrolimus-based regimen
due to its improved graft survival and reduced rejection rate [1–3]. Tacrolimus is a cal-
cineurin inhibitor that prevents interleukin-2 synthesis and subsequently suppresses the
T-cell immune response. Currently, it is often combined with mycophenolate mofetil and
corticosteroids to prevent further post-transplant rejection [3].

The bioavailability of tacrolimus is generally poor, averaging approximately 25%,
and is highly variable, ranging from 5% to 93%, due to pre-systematic metabolism by
CYP3A4/5 isoenzymes and P-glycoprotein efflux in the intestine [4–6]. Tacrolimus is
mainly distributed in the red blood cells (85–95%), and approximately 60% is bound to
plasma proteins [7,8]. It is extensively metabolized by CYP3A4/5 enzymes in the liver, and
over 95% of its metabolites are excreted in bile. Renal clearance accounts for only 1% of its
total clearance [5].

Furthermore, tacrolimus is characterized by a narrow therapeutic index [9,10]; the dose
needed to reach a similar exposure can differ by over 10-fold between patients [11]. The
large inter-individual variability in tacrolimus pharmacokinetics can be attributed to several
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factors, such as demographic variables (sex, age, ethnicity), post-transplant time, hepatic
impairment, gastrointestinal disturbances, haematocrit and albumin levels, and drug–drug
interactions (enzyme inducers or inhibitors) [5,12]. Moreover, CYP3A4/5 genetic polymor-
phisms are important predictors of the variability in response to tacrolimus [13–18]. Studies
have shown that CYP3A5*1 carriers require approximately two-fold higher tacrolimus
doses to achieve a similar blood concentration as CYP3A5*3/*3 carriers [13,15,19,20].

Current studies have focused on the pharmacokinetic of tacrolimus in patients who
underwent kidney and liver transplantation but not lung transplantation. Moreover, com-
pared to other transplant groups, patients who undergo lung transplantation tend to require
more frequent adjustments of tacrolimus doses due to the relatively high exposure targets
required to prevent rejection and increased co-administered medication that may interfere
with the pharmacokinetics of tacrolimus, such as enzyme inhibitor azole-antifungals. In ad-
dition, patients who undergo lung transplantation often have co-existing cystic fibrosis and
subsequent pancreatic insufficiency, which can lead to poor absorption of tacrolimus [21,22].
Therefore, pharmacokinetic data from other transplant cohorts might not apply to patients
undergoing lung transplantation.

Cystic fibrosis is the major underlying disease in Caucasian patients who undergo
lung transplantation; however, it has a very low incidence rate in the Chinese population.
Furthermore, male and elderly patients account for most of the Chinese lung transplant
population and are associated with more complications and risk factors that may affect
tacrolimus pharmacokinetics [23–27]. Thus, directly referring to the pharmacokinetic
data from studies conducted on Caucasian patients becomes problematic in the Chinese
transplant population. Currently, few studies have focused on tacrolimus pharmacokinetics,
and little is known about its characteristics in Chinese patients undergoing lung transplants.
This prompted the need to investigate the pharmacokinetics of tacrolimus and identify
possible influential factors. In addition, previous studies have mainly focused on the
stable stages of lung transplantation; however, pharmacokinetic variability may be more
pronounced during the early stages post-transplantation when the clinical status and
co-administration of medication often change rapidly [28].

Therefore, this study aimed to explore the pharmacokinetic characteristics of tacrolimus
and its influencing factors in the early postoperative period in a Chinese population of
patients who underwent lung transplantation.

2. Material and Methods
2.1. Study Design and Population

Adult Chinese patients who underwent lung transplantation between June 2021 and
May 2022 at Shanghai Chest Hospital, Shanghai Jiao Tong University School of Medicine
were enrolled in this prospective pharmacokinetic study. The inclusion criteria were as
follows: patients who (a) underwent lung transplantation within two weeks, (b) were older
than 18 years, and (c) were taking tacrolimus as the primary immunosuppressive agent.
Patients were excluded from the analysis if they: (a) had intolerable adverse reactions to
tacrolimus, (b) received multiple organ transplants, (c) were pregnant or breast-feeding,
or (d) had a history of malignant tumours, mental illness, hepatic abnormality, severe
gastrointestinal diseases, systemic infection, or any serious condition that might affect
tacrolimus pharmacokinetics.

This study was approved by the Ethics Committee of the Shanghai Chest Hospital,
and written informed consent was obtained from all patients before enrolment. This study
was registered in the Chinese Clinical Trial Registry under the identifier ChiCTR2000036727.
All procedures were conducted in accordance with the Helsinki Declaration of 2013.

After lung transplantation, all patients received a triple immunosuppression regimen
of tacrolimus (Prograf®; Astellas Ireland Co., Ltd., Killorglin, Ireland), mycophenolate
mofetil (MMF; CellCept®; Shanghai Roche Pharmaceutical Co., Ltd., Shanghai, China), and
corticosteroids that included intravenous methylprednisolone (Solu-Medrol®, Pfizer Manu-
facturing Belgium NV, Puurs, Belgium) or oral prednisone (Tianjin Jinjin Pharmaceutical
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Co., Ltd., Tianjin, China). In addition, all patients received induction therapy (Basiliximab,
Simulect®; Novartis Pharma Schweiz AG, Basel, Switzerland) on the first and fourth days
after the surgery.

Tacrolimus treatment was initiated at a dose of 0.5 mg every 12 h (6 am and 6 pm)
after surgery. The dose was then adjusted by therapeutic drug monitoring to achieve
a target whole blood trough concentration between 8 and 12 ng/mL within 3 months
after transplantation. Tacrolimus was administered via nasogastric tube immediately
after surgery and switched to oral administration after the patients had the endotracheal
tube removed.

The initial mycophenolate mofetil oral dose was 1000 mg twice daily and was given
along with tacrolimus. The dose was modified based on the clinical response. An in-
travenous dose of 500 mg (for patients that underwent single lung transplantation) or
750 mg (for patients that underwent bilateral lung transplantation) methylprednisolone
was administered during the operation, and then 160 mg was administered every day for
the first three days after surgery. The dose was then progressively reduced to 40 mg on the
fifth day after surgery, followed by 30 mg of oral prednisone once daily, which was then
gradually tapered to a maintenance dose of 5 mg once daily within two weeks. In addition,
each patient was orally administered 100 mg voriconazole (Pfizer Italia S.R.L., Latina, Italy)
1 h after taking tacrolimus for invasive aspergillus prophylaxis for three months.

During hospitalisation, patients received a controlled diet served at 7:00 and 17:00
every day to ensure tacrolimus administration in fasting condition or 1–2 h after meals.
Patient demographics and clinical data were collected from electronic medical records
and included the age, weight, height, body mass index, sex, postoperative time (POT),
tacrolimus dosage, concomitant medication, haemoglobin, haematocrit, albumin, total
protein, total bilirubin, aspartate aminotransferase, alanine aminotransferase, alkaline phos-
phatase, γ-glutamyl transpeptidase, blood urea nitrogen, and serum creatinine. Glomerular
filtration rate was estimated using the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation [29].

Serial blood samples (5 mL) were collected in tubes containing ethylenediaminete-
traacetic acid (EDTA) before the morning tacrolimus dose (0 h) and at 0.5, 1, 2, 4, 6, 8, 10,
and 12 h post-dose at any day within two weeks post-transplantation for each patient.
Blood was collected from an indwelling catheter placed in the patient’s forearm vein and
stored at −20 ◦C until analysis.

Tacrolimus whole blood concentrations were determined using a validated liquid
chromatography with tandem mass spectrometry (LC-MS/MS) [30]. A ZORBAX SB-C18
column (100 × 2.1 mm, 3.5 µm, Agilent Technologies, Palo Alto, California, USA) was
used for chromatographic separation using acetonitrile (solvent A) with 0.1% formic acid
aqueous solution and 5 mmol/L ammonium formate (solvent B) as the mobile phase. The
flow rate was 0.35 mL/min with an injection volume of 5 µL. The column temperature
was set to 40 ◦C. The lower limit of quantification was 0.5 ng/mL, with a calibration range
of 0.5–100 ng/mL. The accuracy and precision of the assay were within 85–115% and
<15.0%, respectively.

Genomic DNA was extracted from whole blood samples using an Ezup Column
Blood Genomic DNA Purification Kit (Sangon Biotechnology Co., Ltd., Shanghai, China),
according to the manufacturer’s protocol. Single nucleotide polymorphisms, including
CYP3A5*3 (rs776746) and CYP3A4*1G (rs2242480), were genotyped by independent ex-
ternal contractors (Sangon Biotechnology Co., Ltd., Shanghai, China) using a DNA direct
sequencing analyser (Applied Biosystems 3730XL, Foster City, CA, USA). The primer and
probe sequences used for genotyping are summarised in Table S1.

Hardy–Weinberg equilibrium was tested using the chi-squared test or Fisher’s exact
test, and pairwise D’ and r2 values were calculated to estimate linkage disequilibrium (LD)
between loci within a gene [31].
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2.2. Pharmacokinetic Analysis

Non-compartmental analysis was performed using the software package Phoenix Win-
Nonlin (version 8.3, Certara L.P., Princeton, New Jersey, USA) to calculate pharmacokinetic
parameters. The dosing interval area under the time-concentration curve (AUC0–12h) was
estimated using the linear-up log-down trapezoidal method. Apparent clearance (CL/F)
was calculated by dividing the tacrolimus dose (mg) by the AUC0–12h. The maximal (Cmax)
and minimal concentration during the dosing interval (Cmin), as well as the time when
Cmax was achieved (Tmax), were obtained directly from the concentration–time profiles.
The AUC0–12, Cmax, and Cmin of dose normalised to 1 mg were then calculated, and all
pharmacokinetic parameters were log-transformed before statistical analysis.

The association between blood concentration at each sampling time point and AUC0–12h
was also evaluated using linear regression. Abbreviated sampling equations were devel-
oped to assess the ability of single concentration–time points to predict the tacrolimus
AUC0–12h. Predictive performance was evaluated using the coefficients of determination
(R2), mean prediction error (MPE), and mean absolute prediction error (MAE), which were
described by Sheiner and Beal [32] as follows:

MPE =
1
n

n

∑
i=1

(
AUCpred − AUCobs

)
(1)

MAE =
1
n

n

∑
i=1

∣∣∣AUCpred − AUCobs

∣∣∣ (2)

where n is the number of patients, and AUCpred and AUCobs refer to the predicted and
observed values of AUC0–12h in each patient, respectively.

Next, the |MPE| percentages within 15% (F15), 20% (F20), and 25% (F25) were cal-
culated. The model was considered clinically acceptable if it yielded an MPE ≤ ±15%,
MAE ≤ 30%, F15 > 40%, F20 > 45%, and F25 > 50% [33].

All continuous variables were summarised using descriptive statistics. Categorical
variables were reported as counts and percentages. The correlation between continuous clin-
ical variables and pharmacokinetic parameters was evaluated using Spearman’s correlation
test. Differences in pharmacokinetic parameters or demographic characteristics between
individuals with different genotypes were compared using analysis of variance (ANOVA).
Comparisons with p-values less than 0.05 were considered statistically significant. All statis-
tical analyses were performed using R software (version 3.6.2, https://cran.r-project.org/,
accessed on 1 July 2022).

3. Results
3.1. Study Population

Fourteen patients were enrolled in our study. A total of 125 blood samples were
collected at an average of 3.5 days (range 2–8 days) after transplantation and were sub-
sequently analysed. The demographic and clinical characteristics of the lung transplant
recipients are summarised in Table 1. Most of the study population was male (85.7%), and
10 patients (71%) were older than 65 years. Chronic obstructive pulmonary disease was the
main reason for lung transplantation (78.6%), and no patient had cystic fibrosis.

Five (35.71%) and eight (57.14%) patients exhibited CYP3A5*3/*3 and *1/*3 geno-
types, respectively. The CYP3A4*1/*1 and *1/*1G genotypes were observed in nine
(64.29%) and four (28.57%) patients, respectively. One CYP3A5*1/*1 homozygous and
one CYP3A4*1G/*1G homozygous patient were identified. The CYP3A5 genotype was
sub-classified as non-CYP3A5*3/*3 and CYP3A5*3/*3 carriers, and the CYP3A4 genotype
was sub-classified as non-CYP3A4*1/*1 and CYP3A4*1/*1 carriers. Genotype distribution
followed the Weinberg equilibrium (p > 0.05), and a strong LD was observed between
CYP3A5*3 (rs776746) and CYP3A4*1G (rs2242480).

https://cran.r-project.org/
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Table 1. Patient characteristics.

Variable Median (Min-Max)
/N(%) Mean ± SD

Number of patients 14 (100%)
Number of samples 125 (100%)
Postoperative time (day) 3.50 [2.00, 8.00] 4.14 (1.79)
Tacrolimus dosage(mg) 1 [0.5, 3] 1.32 (0.72)
Sex

Male (%) 12 (85.7%)
Female (%) 2 (14.3%)

Age (years) 67.0 [48.0, 73.0] 65.1 ± 7.67
Weight (kg) 64.5 [46.8, 80.0] 63.0 ± 10.4
Height (cm) 168 [148, 179] 167 ± 8.95
Body Mass Index (kg/m2) 22.5 [16.2, 25.6] 22.5 ± 2.80
Haemoglobin (g/L) 101 [86.0, 122] 102 ±10.8
Haematocrit (%) 30.1 [25.6, 37.0] 30.9 ± 3.22
Albumin (g/L) 44.5 [36.0, 53.0] 44.3 ± 4.86
Total protein (g/L) 62.5 [52.0, 76.0] 62.9 ± 7.28
Total bilirubin (µmol/L) 35.8 [14.8, 116] 39.0 ± 25.2
Aspartate aminotransferase (U/L) 27.5 [19.0, 76.0] 34.2 ± 17.0
Alanine aminotransferase (U/L) 22.5 [8.00, 74.0] 29.2 ± 20.8
Alkaline phosphatase (U/L) 47.5 [39.0, 76.0] 52.4 ± 12.1
γ-glutamyl transpeptidase (U/L) 42.0 [12.0, 135] 48.7 ± 35.4
Blood urea nitrogen (mmol/L) 13.3 [7.50, 26.8] 13.8 ± 5.02
Serum creatinine (µmol/L) 69.5 [44.0, 113] 73.3 ± 23.9
Glomerular filtration rate (mL/min) 97.2 [55.2, 121] 91.4 ± 21.3
Pulmonary diagnosis, n (%)

Chronic obstructive pulmonary disease 11 (78.6%)
Pulmonary interstitial fibrosis 3 (21.4%)

Transplant type, n (%)
Unilateral 7 (50%)
Bilateral 7 (50%)

Genotype (recipients)
CYP3A5*3 (rs776746)

*3/*3 5 (35.71%)
*1/*3 8 (57.14%)
*1/*1 1 (7.14%)

CYP3A4*1G (rs2242480)
*1/*1 9 (64.29%)
*1/*1G 4 (28.57%)
*1G/*1G 1 (7.14%)

All patients received 100 mg voriconazole twice daily for prophylaxis against fungal
infection. In addition, two patients were treated for hypertension with amlodipine and
nicardipine, and another two patients were treated with amiodarone during the study. No
patients experienced graft rejection or severe liver or kidney impairment throughout the
study period.

3.2. Pharmacokinetic Analysis

The time-course profile of tacrolimus concentration over 12 h is presented in Figure 1,
while the pharmacokinetic parameters of all 14 patients are shown in Table 2.

Table 2. Pharmacokinetic parameters of tacrolimus stratified by CYP3A5 genotype.

Parameter All (CV%)
n = 14

CYP3A5*3/*3 (CV%)
n = 5

Non-CYP3A5*3/*3(CV%)
n = 9

Cmax(ng/mL) 14.55 ± 1.87 (69.08) 24.05 ± 1.22 (20.35) 11.01 ± 1.83 (66.73) *
Cmax/D(ng/mL) 12.70 ± 2.29 (99.66) 31.74 ± 1.63 (51.92) 7.63 ± 1.54 (45.14) ***
Cmin(ng/mL) 5.58 ± 2.34 (103.17) 12.88 ± 1.38 (32.89) 3.50 ± 1.95 (74.84) **
Cmin/D(ng/mL) 4.87 ± 2.94 (148.55) 17.00 ± 1.48 (40.90) 2.43 ± 1.72 (58.52) ***
Tmax(h) 2.00 (0.50–6.00) 2.00 (0.50–6.00) 2.00 (1.00–4.00)
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Table 2. Cont.

Parameter All (CV%)
n = 14

CYP3A5*3/*3 (CV%)
n = 5

Non-CYP3A5*3/*3(CV%)
n = 9

CL/F(L/h) 9.95 ± 2.60 (121.94) 3.37 ± 1.54 (45.63) 18.13 ± 1.65 (53.32) ***
AUC0–12h (ng·h/mL) 115.23 ± 2.03 (80.50) 224.55 ± 1.22 (20.18) 79.55 ± 1.82 (65.74) **
AUC0–12h/D (ng·h/mL) 100.54 ± 2.60 (121.94) 296.30 ± 1.54 (45.63) 55.15 ± 1.65 (53.32) ***

Values are expressed as the geometric mean ± geometric standard deviation or median (minimum-maximum).
CV%: geometric coefficient of variation; Cmax: maximum concentration; Cmax/D: Cmax of dose normalised
to 1 mg; Cmin: minimum concentration; Cmin/D: Cmin of dose normalised to 1 mg; Tmax: time at which Cmax
occurred; CL/F: apparent clearance; AUC0–12h: AUC within 12-h dosing interval; AUC0–12h/D: AUC0–12h of
dose normalised to 1 mg. * p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001 (ANOVA) Non-CYP3A5*3/*3 carriers versus
CYP3A5*3/*3 carriers.
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Figure 1. Dose-normalised concentration–time profiles of tacrolimus in 14 adult lung transplant
patients.

The apparent clearance (CL/F), dose-normalised AUC0–12h, Cmax, and Cmin of tacrolimus
varied markedly between patients and had a geometric coefficient of variation (CV%)
ranging between 69% and 149%. Further, the CYP3A5*3 genotype influenced tacrolimus
pharmacokinetics, wherein the dose-normalised tacrolimus concentration in CYP3A5*3/*3
carriers was significantly higher than that in non-CYP3A5*3/*3 carriers (Figure 2). More-
over, non-CYP3A5*3/*3 carriers showed approximately five-fold higher tacrolimus CL/F
values than CYP3A5*3/*3 carriers (Table 2). The CV% of CL/F decreased by over 60% in
both groups after stratification by CYP3A5 genotype. Additionally, the dose-normalised
Cmax was almost four-fold higher in CYP3A5*3/*3 carriers than in non-CYP3A5*3/*3 carri-
ers (p < 0.001). However, there was no significant difference in pharmacokinetic parameters
of tacrolimus between CYP3A4 expressers and non-expressers, except for the Cmin and
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dose-normalised Cmin (p < 0.05) (Table S2). No significant association was found between
other clinical variables and tacrolimus pharmacokinetics.
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The relationship between tacrolimus concentration at each time point and the mea-
sured AUC0–12h is shown in Table 3. The tacrolimus concentration 4 h after administration
(C4h) had the strongest correlation with AUC0–12h (R2 = 0.979); it also had a good predictive
performance for AUC0–12h (MPE = −2%, MAE = 7%, F15 = 79%, F20 = 93%, and F25 = 100%).
Furthermore, the concentration at all sampling points in the elimination phase correlated
well with the measured AUC0–12h (R2 > 0.89). However, the trough concentration (C0h) cor-
related poorly with AUC0–12h (R2 = 0.777), but the concentration at 12 h after administration
(C12h) strongly correlated with AUC0–12h (R2 = 0.954).

Table 3. The predictive performance of the single-point sampling strategy for AUC0–12h.

Sampling
Time (h)

Geometric Mean ±
Geometric SD R2 MPE (%)

Median (Range)
MAE (%)

Median (Range) >15% a >20% b >25% c

0 6.08 ± 2.24 0.777 11 (−36–119) 18 (1–119) 8 7 5
0.5 9.68 ± 2.45 0.791 0 (−31–78) 22 (3–78) 8 7 6
1 11.56 ± 2.47 0.748 −1 (−32–72) 12 (0–72) 7 5 5
2 13.86 ± 1.89 0.869 −3 (−22–43) 19 (2–43) 8 7 2
4 11.16 ± 2.01 0.979 −2 (−24–16) 7 (1–24) 3 1 0
6 9.10 ± 2.15 0.970 −1 (−24–35) 7 (2–35) 4 4 2
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Table 3. Cont.

Sampling
Time (h)

Geometric Mean ±
Geometric SD R2 MPE (%)

Median (Range)
MAE (%)

Median (Range) >15% a >20% b >25% c

8 7.74 ± 2.20 0.945 2 (−34–44) 11 (1–44) 5 5 4
10 6.98 ± 1.94 0.892 3 (−28–97) 14 (3–97) 5 4 3
12 6.76 ± 2.30 0.954 0 (−24–105) 8 (1–105) 4 3 2

R2: coefficient of determination; MPE (%): mean prediction error; MAE (%): mean absolute prediction error.
a: number of cases exceeding ±15%; b: number of cases exceeding ±20%; c: number of cases exceeding ±25%.

4. Discussion

To the best of our knowledge, this is the first study based on intensive sampling
that investigated the pharmacokinetics of tacrolimus in Chinese patients during the early
postoperative period following lung transplantation.

Similar to previously published work [18,28], this study demonstrated highly variable
tacrolimus pharmacokinetics in the early postoperative period. Our results showed over
a 10-fold difference in AUC0–12h between patients taking the same tacrolimus dose. The
fluctuation in tacrolimus pharmacokinetics is primarily attributed to the clinical instability
of patients during the early postoperative period (within 8 days). The rapid changes in a
patient’s physiological and pathological status, along with changes in the administration
regimen of concomitant drugs (such as corticosteroids), affect tacrolimus pharmacokinetics
and contribute to this instability, which highlights the importance of close monitoring of
tacrolimus blood concentrations.

In our study, the median value of Tmax was 2 h, which was consistent with previous
findings in patients soon after lung transplantation [4] and indicated rapid tacrolimus
absorption. However, the geometric mean value of CL/F for tacrolimus was 9.95 L/h,
which was larger than those in two previous pharmacokinetic studies in Chinese [34,35]
and lower than that in Caucasians [36]. A detailed comparison of pharmacokinetics
characteristics and patients’ demographics among these studies is presented in Table 4.

Table 4. Comparison of pharmacokinetics characteristics and patients’ demographics among
different studies.

First Author
(Year of
Publication)

Country
Number of
Patients
(NCF/CF)

Number of
Patients
Taking
Azole
Antifungal

Postoperative
Time
(Day)

Daily Dose
of
Tacrolimus
(mg)

Sampling
Time

Age
(Year)

Weight
(kg)

Haematocrit
(%)

Adjusted
CL/F *
(L/h)

Darley, et al.,
(2019) [36] Australia 18

(13/5) 15 21 8.0
(4.0–11.2)

pre-dose, 1,
2, 3, 4, 5, and
6 h post-dose

44 ± 16 62 ± 15 / 21.6

Cai, et al.,
(2020) [35] China 52

(52/0) 37 27
(2–162)

3
(0.125–13) pre-dose 54

(16–78)
55
(32–75)

29.3
(18–41.7) 5.15

Chen, et al.,
(2022) [34] China 52

(52/0) 52 86
(5–937)

0.75
(0.17–4) pre-dose 60

(17–70)
50
(32.0–86.4)

31.5
(17.0–48.0) 6.53

Current
study China 14

(14/0) 14 3.5
(2–8)

2
(1.0–6)

pre-dose, 0.5,
1, 2, 4, 6, 8,
10, and 12 h
post-dose

67
(48–73)

64.5
(46.8–80.0)

30.1
(25.6–37.0) 9.95

The data are presented as median (range) or mean ± SD. *: Adjust the CL to a typical patient with 64.5-kg, daily
dose of 2 mg, haematocrit of 30%, and 3.5 days post-transplantation. CL/F: apparent clearance; CF: patients with
cystic fibrosis; NCF: patients without cystic fibrosis. Darley, et al. [36]: CL/F = 14.4/(HCT/45). Chen, et al. [34]:
CL/F = 3.7 × (WT/70)0.75 × (VOZ/2.02)−0.288 × (DD/0.75)0.618 × (HCT/31.5)−0.511. Cai, et al. [35]: CL/F = 13.1
× (WT/70)0.75 × (HCT/30)−0.868 × (DD/3)0.616 × (POT/30)0.0807 × 1.3 (if CYP3A5*1 carriers) × 0.638 (if with
voriconazole comedication). WT: weight, VOZ: voriconazole trough concentrations, DD: tacrolimus daily dose,
HCT: haematocrit, POT: postoperative time.

Chen et al., reported that the typical CL/F value of tacrolimus was 6.53 L/h, much
lower than that in our study after adjusting for weight, tacrolimus daily dose, and haema-
tocrit [34]. However, in their study, the enrolled patients were a median of 86 days post-
transplant (ranging from 5 to 937 days). The CL/F of tacrolimus decreased over time after
transplantation as the corticosteroid doses were tapered and the haematocrit and albumin
levels increased, which may explain this difference [37–39]. Additionally, in the study by
Chen et al., higher doses of voriconazole were administered (400 mg/d) than those in our
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study (200 mg/d), which may have enhanced its inhibitory effect on the metabolism of
tacrolimus [34,40,41].

In another study conducted by Cai et al., typical tacrolimus CL/F values were reported
to be 5.15 L/h for CYP3A5*3/*3 carriers and 6.69 L/h for non-CYP3A5*3/*3 carriers taking
voriconazole after adjusting for weight, haematocrit, postoperative time (median 27 days),
and tacrolimus daily dose [35]. These values differed from our findings (3.37 L/h for
CYP3A5*3/*3 carriers and 18.13 L/h for non-CYP3A5*3/*3 carriers). This discrepancy
indicates that in addition to the above-mentioned adjusted factors, there may be some
unknown factors affecting the CL/F of tacrolimus. Alternatively, the large inter-individual
variability of the interaction between voriconazole and tacrolimus per se could have con-
tributed to this difference. The impact of voriconazole on the tacrolimus pharmacokinetics
was influenced by various factors, including the patient’s CYP2C19 genotype, age, degree
of liver impairment, and concomitant therapies such as glucocorticoids and proton pump
inhibitors [42–44]. These factors may have affected voriconazole pharmacokinetics, which
ultimately affected the CL/F of tacrolimus.

Darley et al., reported that the CL/F of tacrolimus was 21.6 L/h after adjusting for
haematocrit in Caucasian patients taking triazole antifungal agents during the early stages
of post-lung transplantation, which was higher than that observed in our study [36]. This
discrepancy cannot be explained by differences in CYP3A5 genetic polymorphisms between
Chinese and Caucasian populations, as the frequency of poor metabolizers (CYP3A5*3/*3)
among Caucasian patients was much higher than among Chinese patients (94% vs. 35.7%,
respectively); however, it may be explained by the large number of patients with cystic
fibrosis in the Caucasian cohort. CL/F in patients with cystic fibrosis was 87% higher
than that in patients without cystic fibrosis because of metabolic disorders caused by liver,
pancreatic, and intestinal impairment [1,21]. In addition, the mean age of Chinese patients
enrolled in this study was higher than that of Caucasians (67 vs. 44 years), and those
patients may have had decreased liver metabolic capacity.

We also explored factors that influence tacrolimus pharmacokinetics in patients during
the early stage after lung transplantation. Consistent with previous studies [13,35], we
found that the CYP3A5 genotype partially explained the higher inter-individual variability
in tacrolimus, with non-CYP3A5*3/*3 carriers having a CL/F more than five times higher
than CYP3A5*3/*3 carriers. The difference in CL/F between the two genotypes was much
higher than that reported in previous studies (1.2–3 times) [38,45–49], which may be caused
by co-therapy of voriconazole in all patients.

Previous studies have shown that the interaction between tacrolimus and triazole
antifungal drugs is affected by the CYP3A5 genotype [48,50,51]. CYP3A5 expressers are
relatively resistant to the inhibitory effect of voriconazole, whilst the tacrolimus CL/F
in CYP3A5 non-expressers decreased further upon co-administration of voriconazole.
Therefore, voriconazole co-administration may exacerbate the difference in tacrolimus
CL/F between CYP3A5 expressers and non-expressers; however, the impact of CYP3A5
genotype on the interaction between azole antifungal drugs and tacrolimus has not been
fully elucidated [35,52,53]. Further investigations are needed to clarify whether the effects
of voriconazole on tacrolimus depend on the CYP3A5 genotype.

The relationship between tacrolimus AUC0–12h and concentration at a single sampling
time was explored in this study. We observed a strong correlation between tacrolimus
concentration 4 h after administration (C4h) and AUC0–12h (R2 = 0.979), consistent with
previous reports [54]. C4h is the point shortly after peak concentration was achieved and
may reflect the pharmacokinetic characteristics of the composite absorption, distribution,
and metabolism of the drug. Therefore, monitoring the C4h may be a better option due to
its ability to predict AUC0–12h more accurately than C0h.

Our study has certain limitations that need to be addressed. First, our results were
for the early stage post-operation in lung transplant recipients and cannot be extrapolated
to the stable stage following lung transplantation. Second, all patients in the study were
taking voriconazole, which prevented the proper analysis of the effect of voriconazole on
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tacrolimus pharmacokinetics in patients with different CYP3A5 genotypes. Finally, the
findings of this study should be validated in a larger patient cohort due to its relatively
small sample size.

5. Conclusions

In summary, this study confirmed the significant impact of the CYP3A5 genotype on
tacrolimus pharmacokinetics, which may be enhanced by co-administering voriconazole.
Large variations in tacrolimus pharmacokinetics in the early postoperative period after
lung transplantation were also observed, highlighting the importance of close therapeutic
drug monitoring of tacrolimus in lung transplant patients.

Supplementary Materials: The following supporting information can be downloaded at:
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ters of tacrolimus stratified by CYP3A4 genotype.

Author Contributions: Conceptualization: Z.J.; Data curation: Y.-F.C., Y.P. and M.-F.Z.; Formal
analysis: Y.-F.C., Y.P. and Z.J.; Funding acquisition: Z.J.; Investigation: Y.-F.C., Y.P. and M.-F.Z.;
Methodology: Z.J.; Resources: Y.-F.C., Y.P., M.-F.Z. and Z.J.; Supervision: Z.J.; Validation: Y.-F.C.
and Y.P.; Visualization: Y.-F.C., Y.P. and Z.J.; Writing—original draft: Y.-F.C., Y.P., M.-F.Z. and Z.J.;
Writing—review and editing: Y.-F.C., Y.P., M.-F.Z. and Z.J. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by the National Natural Science Foundation of China (82073933).

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of the Shanghai Chest Hospital
(Ethics approval number: KS(Y)20277, 21 August 2020).

Informed Consent Statement: Informed consent was obtained from all subjects enrolled in the study.

Data Availability Statement: The datasets generated during and/or analysed during the current
study are available from the corresponding author on reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sikma, M.A.; van Maarseveen, E.M.; van de Graaf, E.A.; Kirkels, J.H.; Verhaar, M.C.; Donker, D.W.; Kesecioglu, J.; Meulenbelt, J.

Pharmacokinetics and Toxicity of Tacrolimus Early After Heart and Lung Transplantation. Am. J. Transplant. 2015, 15, 2301–2313.
[CrossRef] [PubMed]

2. Organ Procurement and Transplantation Network and Scientific Registry of Transplant Recipients 2010 data report. Am. J.
Transplant. 2012, 12 (Suppl. 1), 1–156. [CrossRef] [PubMed]

3. Christie, J.D.; Edwards, L.B.; Kucheryavaya, A.Y.; Benden, C.; Dipchand, A.I.; Dobbels, F.; Kirk, R.; Rahmel, A.O.; Stehlik, J.;
Hertz, M.I.; et al. The Registry of the International Society for Heart and Lung Transplantation: 29th adult lung and heart-lung
transplant report-2012. J. Heart Lung Transplant. 2012, 31, 1073–1086. [CrossRef] [PubMed]

4. Monchaud, C.; Marquet, P. Pharmacokinetic optimization of immunosuppressive therapy in thoracic transplantation: Part I. Clin.
Pharmacokinet. 2009, 48, 419–462. [CrossRef] [PubMed]

5. Staatz, C.E.; Tett, S.E. Clinical pharmacokinetics and pharmacodynamics of tacrolimus in solid organ transplantation. Clin.
Pharmacokinet. 2004, 43, 623–653. [CrossRef]

6. Knoop, C.; Haverich, A.; Fischer, S. Immunosuppressive therapy after human lung transplantation. Eur. Respir. J. 2004,
23, 159–171. [CrossRef]

7. Zahir, H.; Nand, R.A.; Brown, K.F.; Tattam, B.N.; McLachlan, A.J. Validation of methods to study the distribution and protein
binding of tacrolimus in human blood. J. Pharmacol. Toxicol. Methods 2001, 46, 27–35. [CrossRef]

8. Hu, C.X.; Chen, W.H.; He, J.X.; Jiang, G.N.; Li, X.S.; Wei, D.; Wu, B.; Zhang, J.; Wang, C.; Chen, J.Y. Lung transplantation in China
between 2015 and 2018. Chin. Med. J. 2019, 132, 2783–2789. [CrossRef]

9. Venkataramanan, R.; Swaminathan, A.; Prasad, T.; Jain, A.; Zuckerman, S.; Warty, V.; McMichael, J.; Lever, J.; Burckart, G.; Starzl,
T. Clinical pharmacokinetics of tacrolimus. Clin. Pharmacokinet. 1995, 29, 404–430. [CrossRef]

10. Spencer, C.M.; Goa, K.L.; Gillis, J.C. Tacrolimus. An update of its pharmacology and clinical efficacy in the management of organ
transplantation. Drugs 1997, 54, 925–975. [CrossRef]

https://www.mdpi.com/article/10.3390/jpm13040656/s1
https://doi.org/10.1111/ajt.13309
https://www.ncbi.nlm.nih.gov/pubmed/26053114
https://doi.org/10.1111/j.1600-6143.2011.03886.x
https://www.ncbi.nlm.nih.gov/pubmed/22107249
https://doi.org/10.1016/j.healun.2012.08.004
https://www.ncbi.nlm.nih.gov/pubmed/22975097
https://doi.org/10.2165/11317230-000000000-00000
https://www.ncbi.nlm.nih.gov/pubmed/19691367
https://doi.org/10.2165/00003088-200443100-00001
https://doi.org/10.1183/09031936.03.00039203
https://doi.org/10.1016/S1056-8719(02)00158-2
https://doi.org/10.1097/CM9.0000000000000543
https://doi.org/10.2165/00003088-199529060-00003
https://doi.org/10.2165/00003495-199754060-00009


J. Pers. Med. 2023, 13, 656 11 of 12

11. Pollock-Barziv, S.M.; Finkelstein, Y.; Manlhiot, C.; Dipchand, A.I.; Hebert, D.; Ng, V.L.; Solomon, M.; McCrindle, B.W.; Grant, D.
Variability in tacrolimus blood levels increases the risk of late rejection and graft loss after solid organ transplantation in older
children. Pediatr. Transplant. 2010, 14, 968–975. [CrossRef]

12. Degraeve, A.L.; Moudio, S.; Haufroid, V.; Chaib-Eddour, D.; Mourad, M.; Bindels, L.B.; Elens, L. Predictors of tacrolimus
pharmacokinetic variability: Current evidences and future perspectives. Expert Opin. Drug Metab. Toxicol. 2020, 16, 769–782.
[CrossRef]

13. Monchaud, C.; de Winter, B.C.; Knoop, C.; Estenne, M.; Reynaud-Gaubert, M.; Pison, C.; Stern, M.; Kessler, R.; Guillemain, R.;
Marquet, P.; et al. Population pharmacokinetic modelling and design of a Bayesian estimator for therapeutic drug monitoring of
tacrolimus in lung transplantation. Clin. Pharmacokinet. 2012, 51, 175–186. [CrossRef]

14. Lloberas, N.; Elens, L.; Llaudo, I.; Padulles, A.; van-Gelder, T.; Hesselink, D.A.; Colom, H.; Andreu, F.; Torras, J.; Bestard, O.; et al.
The combination of CYP3A4*22 and CYP3A5*3 single-nucleotide polymorphisms determines tacrolimus dose requirement after
kidney transplantation. Pharmacogenet. Genom. 2017, 27, 313–322. [CrossRef]

15. Zheng, H.; Zeevi, A.; Schuetz, E.; Lamba, J.; McCurry, K.; Griffith, B.P.; Webber, S.; Ristich, J.; Dauber, J.; Iacono, A.; et al.
Tacrolimus dosing in adult lung transplant patients is related to cytochrome P4503A5 gene polymorphism. J. Clin. Pharmacol.
2004, 44, 135–140. [CrossRef]

16. Ruiz, J.; Herrero, M.J.; Boso, V.; Megias, J.E.; Hervas, D.; Poveda, J.L.; Escriva, J.; Pastor, A.; Sole, A.; Alino, S.F. Impact of
Single Nucleotide Polymorphisms (SNPs) on Immunosuppressive Therapy in Lung Transplantation. Int. J. Mol. Sci. 2015, 16,
20168–20182. [CrossRef]

17. Calabrese, D.R.; Florez, R.; Dewey, K.; Hui, C.; Torgerson, D.; Chong, T.; Faust, H.; Rajalingam, R.; Hays, S.R.; Golden, J.A.; et al.
Genotypes associated with tacrolimus pharmacokinetics impact clinical outcomes in lung transplant recipients. Clin. Transplant.
2018, 32, e13332. [CrossRef]

18. Miano, T.A.; Flesch, J.D.; Feng, R.; Forker, C.M.; Brown, M.; Oyster, M.; Kalman, L.; Rushefski, M.; Cantu, E., 3rd; Porteus, M.; et al.
Early Tacrolimus Concentrations After Lung Transplant Are Predicted by Combined Clinical and Genetic Factors and Associated
with Acute Kidney Injury. Clin. Pharmacol. Ther. 2020, 107, 462–470. [CrossRef]

19. Goto, M.; Masuda, S.; Kiuchi, T.; Ogura, Y.; Oike, F.; Okuda, M.; Tanaka, K.; Inui, K. CYP3A5*1-carrying graft liver reduces the
concentration/oral dose ratio of tacrolimus in recipients of living-donor liver transplantation. Pharmacogenetics 2004, 14, 471–478.
[CrossRef]

20. Thervet, E.; Anglicheau, D.; King, B.; Schlageter, M.H.; Cassinat, B.; Beaune, P.; Legendre, C.; Daly, A.K. Impact of cytochrome
p450 3A5 genetic polymorphism on tacrolimus doses and concentration-to-dose ratio in renal transplant recipients. Transplantation
2003, 76, 1233–1235. [CrossRef]

21. Saint-Marcoux, F.; Knoop, C.; Debord, J.; Thiry, P.; Rousseau, A.; Estenne, M.; Marquet, P. Pharmacokinetic study of tacrolimus in
cystic fibrosis and non-cystic fibrosis lung transplant patients and design of Bayesian estimators using limited sampling strategies.
Clin. Pharmacokinet. 2005, 44, 1317–1328. [CrossRef] [PubMed]

22. Rey, E.; Treluyer, J.M.; Pons, G. Drug disposition in cystic fibrosis. Clin. Pharmacokinet. 1998, 35, 313–329. [CrossRef] [PubMed]
23. Brunet, M.; van Gelder, T.; Asberg, A.; Haufroid, V.; Hesselink, D.A.; Langman, L.; Lemaitre, F.; Marquet, P.; Seger, C.;

Shipkova, M.; et al. Therapeutic Drug Monitoring of Tacrolimus-Personalized Therapy: Second Consensus Report. Ther. Drug
Monit. 2019, 41, 261–307. [CrossRef] [PubMed]

24. Du, W.W.; Wang, X.X.; Zhang, D.; Chen, W.Q.; Zhang, X.L.; Li, P.M. Retrospective analysis on incidence and risk factors of early
onset acute kidney injury after lung transplantation and its association with mortality. Ren. Fail. 2021, 43, 535–542. [CrossRef]

25. Mao, W.; Chen, J.; Zheng, M.; Wu, B.; Zhu, Y. Initial experience of lung transplantation at a single center in China. Transplant. Proc.
2013, 45, 349–355. [CrossRef]

26. Wallinder, A.; Danielsson, C.; Magnusson, J.; Riise, G.C.; Dellgren, G. Outcomes and Long-term Survival After Pulmonary
Retransplantation: A Single-Center Experience. Ann. Thorac. Surg. 2019, 108, 1037–1044. [CrossRef]

27. Yamada, T.; Zhang, M.; Masuda, S. Significance of Ethnic Factors in Immunosuppressive Therapy Management After Organ
Transplantation. Ther. Drug Monit. 2020, 42, 369–380. [CrossRef]

28. Sikma, M.A.; Hunault, C.C.; Van Maarseveen, E.M.; Huitema, A.D.R.; Van de Graaf, E.A.; Kirkels, J.H.; Verhaar, M.C.; .Grutters,
J.C.; Kesecioglu, J.; De Lange, D.W. High Variability of Whole-Blood Tacrolimus Pharmacokinetics Early After Thoracic Organ
Transplantation. Eur. J. Drug Metab. Pharmacokinet. 2020, 45, 123–134. [CrossRef]

29. Levey, A.S.; Stevens, L.A.; Schmid, C.H.; Zhang, Y.L.; Castro, A.F., 3rd; Feldman, H.I.; Kusek, J.W.; Eggers, P.; Van Lente, F.;
Greene, T.; et al. A new equation to estimate glomerular filtration rate. Ann. Intern. Med. 2009, 150, 604–612. [CrossRef]

30. Wang, W.; Zhu, S.H.; Guo, W.Y.; Teng, F.; Wei, H.; Chen, W.S. Simultaneous Determination of Tacrolimus and Five Main
Compounds of Wuzhi Capsule in Liver Transplant Patients’ Whole Blood by LC-MS/MS. Chin. J. Mod. Appl. Pharm. 2016,
33, 854–859.

31. Shi, Y.Y.; He, L. SHEsis, a powerful software platform for analyses of linkage disequilibrium, haplotype construction, and genetic
association at polymorphism loci. Cell Res. 2005, 15, 97–98. [CrossRef]

32. Sheiner, L.B.; Beal, S.L. Some suggestions for measuring predictive performance. J. Pharmacokinet. Biopharm. 1981, 9, 503–512.
[CrossRef]

https://doi.org/10.1111/j.1399-3046.2010.01409.x
https://doi.org/10.1080/17425255.2020.1803277
https://doi.org/10.2165/11594760-000000000-00000
https://doi.org/10.1097/FPC.0000000000000296
https://doi.org/10.1177/0091270003262108
https://doi.org/10.3390/ijms160920168
https://doi.org/10.1111/ctr.13332
https://doi.org/10.1002/cpt.1629
https://doi.org/10.1097/01.fpc.0000114747.08559.49
https://doi.org/10.1097/01.TP.0000090753.99170.89
https://doi.org/10.2165/00003088-200544120-00010
https://www.ncbi.nlm.nih.gov/pubmed/16372829
https://doi.org/10.2165/00003088-199835040-00004
https://www.ncbi.nlm.nih.gov/pubmed/9812180
https://doi.org/10.1097/FTD.0000000000000640
https://www.ncbi.nlm.nih.gov/pubmed/31045868
https://doi.org/10.1080/0886022X.2021.1883652
https://doi.org/10.1016/j.transproceed.2012.02.045
https://doi.org/10.1016/j.athoracsur.2019.04.028
https://doi.org/10.1097/FTD.0000000000000748
https://doi.org/10.1007/s13318-019-00591-7
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.1038/sj.cr.7310101
https://doi.org/10.1007/BF01060893


J. Pers. Med. 2023, 13, 656 12 of 12

33. Xu, L.Y.; Jiao, Z.; Liu, F.Y.; Qiu, X.Y.; Ji, L.; Zhang, M. Pharmacokinetics Evaluation of Mycophenolic Acid and Its Glucuronide
Metabolite in Chinese Renal Transplant Recipients Receiving Enteric-Coated Mycophenolate Sodium and Tacrolimus. Ther. Drug
Monit. 2018, 40, 572–580. [CrossRef]

34. Chen, W.; Wang, X.; Li, B.; Qin, W.; Li, S.; Wang, X.; Chen, W.; Zhang, X.; Li, P.; Zuo, X. Effects of Voriconazole Exposure on the
Pharmacokinetics of Tacrolimus in Lung Transplantation Patients, Based on Therapeutic Drug Monitoring Data. J. Clin. Pharmacol.
2022, 62, 1310–1320. [CrossRef]

35. Cai, X.; Song, H.; Jiao, Z.; Yang, H.; Zhu, M.; Wang, C.; Wei, D.; Shi, L.; Wu, B.; Chen, J. Population pharmacokinetics and dosing
regimen optimization of tacrolimus in Chinese lung transplant recipients. Eur. J. Pharm. Sci. 2020, 152, 105448. [CrossRef]

36. Darley, D.R.; Carlos, L.; Hennig, S.; Liu, Z.; Day, R.; Glanville, A.R. Tacrolimus exposure early after lung transplantation and
exploratory associations with acute cellular rejection. Eur. J. Clin. Pharmacol. 2019, 75, 879–888. [CrossRef]

37. De Jonge, H.; Vanhove, T.; de Loor, H.; Verbeke, K.; Kuypers, D.R. Progressive decline in tacrolimus clearance after renal
transplantation is partially explained by decreasing CYP3A4 activity and increasing haematocrit. Br. J. Clin. Pharmacol. 2015,
80, 548–559. [CrossRef]

38. Passey, C.; Birnbaum, A.K.; Brundage, R.C.; Oetting, W.S.; Israni, A.K.; Jacobson, P.A. Dosing equation for tacrolimus using
genetic variants and clinical factors. Br. J. Clin. Pharmacol. 2011, 72, 948–957. [CrossRef]

39. Bergmann, T.K.; Hennig, S.; Barraclough, K.A.; Isbel, N.M.; Staatz, C.E. Population pharmacokinetics of tacrolimus in adult
kidney transplant patients: Impact of CYP3A5 genotype on starting dose. Ther. Drug Monit. 2014, 36, 62–70. [CrossRef]

40. Lazarus, H.M.; Blumer, J.L.; Yanovich, S.; Schlamm, H.; Romero, A. Safety and pharmacokinetics of oral voriconazole in patients
at risk of fungal infection: A dose escalation study. J. Clin. Pharmacol. 2002, 42, 395–402. [CrossRef]

41. Purkins, L.; Wood, N.; Greenhalgh, K.; Allen, M.J.; Oliver, S.D. Voriconazole, a novel wide-spectrum triazole: Oral pharmacoki-
netics and safety. Br. J. Clin. Pharmacol. 2003, 56 (Suppl. 1), 10–16. [CrossRef]

42. Mori, T.; Kato, J.; Yamane, A.; Sakurai, M.; Kohashi, S.; Kikuchi, T.; Ono, Y.; Okamoto, S. Drug interaction between voriconazole
and tacrolimus and its association with the bioavailability of oral voriconazole in recipients of allogeneic hematopoietic stem cell
transplantation. Int. J. Hematol. 2012, 95, 564–569. [CrossRef] [PubMed]

43. Moriyama, B.; Kadri, S.; Henning, S.A.; Danner, R.L.; Walsh, T.J.; Penzak, S.R. Therapeutic Drug Monitoring and Genotypic
Screening in the Clinical Use of Voriconazole. Curr. Fungal. Infect. Rep. 2015, 9, 74–87. [CrossRef] [PubMed]

44. Groll, A.H.; Townsend, R.; Desai, A.; Azie, N.; Jones, M.; Engelhardt, M.; Schmitt-Hoffman, A.H.; Bruggemann, R.J.M. Drug-drug
interactions between triazole antifungal agents used to treat invasive aspergillosis and immunosuppressants metabolized by
cytochrome P450 3A4. Transpl. Infect. Dis. 2017, 19, e12751. [CrossRef] [PubMed]

45. Han, N.; Ha, S.; Yun, H.Y.; Kim, M.G.; Min, S.I.; Ha, J.; Lee, J.I.; Oh, J.M.; Kim, I.W. Population pharmacokinetic-pharmacogenetic
model of tacrolimus in the early period after kidney transplantation. Basic Clin. Pharmacol. Toxicol. 2014, 114, 400–406. [CrossRef]

46. Zhu, W.; Xue, L.; Peng, H.; Duan, Z.; Zheng, X.; Cao, D.; Wen, J.; Wei, X. Tacrolimus population pharmacokinetic models according
to CYP3A5/CYP3A4/POR genotypes in Chinese Han renal transplant patients. Pharmacogenomics 2018, 19, 1013–1025. [CrossRef]

47. Andrews, L.M.; Hesselink, D.A.; van Schaik, R.H.N.; van Gelder, T.; de Fijter, J.W.; Lloberas, N.; Elens, L.; Moes, D.J.A.R.; de
Winter, B.C.M. A population pharmacokinetic model to predict the individual starting dose of tacrolimus in adult renal transplant
recipients. Br. J. Clin. Pharmacol. 2019, 85, 601–615. [CrossRef]

48. Han, Y.; Zhou, H.; Cai, J.; Huang, J.; Zhang, J.; Shi, S.J.; Liu, Y.N.; Zhang, Y. Prediction of tacrolimus dosage in the early period
after heart transplantation: A population pharmacokinetic approach. Pharmacogenomics 2019, 20, 21–35. [CrossRef]

49. Renders, L.; Frisman, M.; Ufer, M.; Mosyagin, I.; Haenisch, S.; Ott, U.; Caliebe, A.; Dechant, M.; Braun, F.; Kunzendorf, U.; et al.
CYP3A5 genotype markedly influences the pharmacokinetics of tacrolimus and sirolimus in kidney transplant recipients. Clin.
Pharmacol. Ther. 2007, 81, 228–234. [CrossRef]

50. Vanhove, T.; Bouwsma, H.; Hilbrands, L.; Swen, J.J.; Spriet, I.; Annaert, P.; Vanaudenaerde, B.; Verleden, G.; Vos, R.; Kuypers, D.R.J.
Determinants of the Magnitude of Interaction Between Tacrolimus and Voriconazole/Posaconazole in Solid Organ Recipients.
Am. J. Transplant. 2017, 17, 2372–2380. [CrossRef]

51. Iwamoto, T.; Monma, F.; Fujieda, A.; Nakatani, K.; Gayle, A.A.; Nobori, T.; Katayama, N.; Okuda, M. Effect of Genetic
Polymorphism of CYP3A5 and CYP2C19 and Concomitant Use of Voriconazole on Blood Tacrolimus Concentration in Patients
Receiving Hematopoietic Stem Cell Transplantation. Ther. Drug Monit. 2015, 37, 581–588. [CrossRef]

52. Huang, X.; Zhou, Y.; Zhang, J.; Xiang, H.; Mei, H.; Liu, L.; Tong, L.; Zeng, F.; Huang, Y.; Zhou, H.; et al. The importance of
CYP2C19 genotype in tacrolimus dose optimization when concomitant with voriconazole in heart transplant recipients. Br. J.
Clin. Pharmacol. 2022, 88, 4515–4525. [CrossRef]

53. Rower, J.E.; Stockmann, C.; Linakis, M.W.; Kumar, S.S.; Liu, X.; Korgenski, E.K.; Sherwin, C.M.T.; Molina, K.M. Predicting
tacrolimus concentrations in children receiving a heart transplant using a population pharmacokinetic model. BMJ Paediatr. Open
2017, 1, e000147. [CrossRef]

54. Ragette, R.; Kamler, M.; Weinreich, G.; Teschler, H.; Jakob, H. Tacrolimus pharmacokinetics in lung transplantation: New
strategies for monitoring. J. Heart Lung Transplant. 2005, 24, 1315–1319. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1097/FTD.0000000000000533
https://doi.org/10.1002/jcph.2066
https://doi.org/10.1016/j.ejps.2020.105448
https://doi.org/10.1007/s00228-019-02658-5
https://doi.org/10.1111/bcp.12703
https://doi.org/10.1111/j.1365-2125.2011.04039.x
https://doi.org/10.1097/FTD.0b013e31829f1ab8
https://doi.org/10.1177/00912700222011445
https://doi.org/10.1046/j.1365-2125.2003.01993.x
https://doi.org/10.1007/s12185-012-1057-2
https://www.ncbi.nlm.nih.gov/pubmed/22461034
https://doi.org/10.1007/s12281-015-0219-0
https://www.ncbi.nlm.nih.gov/pubmed/26918067
https://doi.org/10.1111/tid.12751
https://www.ncbi.nlm.nih.gov/pubmed/28722255
https://doi.org/10.1111/bcpt.12176
https://doi.org/10.2217/pgs-2017-0139
https://doi.org/10.1111/bcp.13838
https://doi.org/10.2217/pgs-2018-0116
https://doi.org/10.1038/sj.clpt.6100039
https://doi.org/10.1111/ajt.14232
https://doi.org/10.1097/FTD.0000000000000182
https://doi.org/10.1111/bcp.15385
https://doi.org/10.1136/bmjpo-2017-000147
https://doi.org/10.1016/j.healun.2004.09.001

	Introduction 
	Material and Methods 
	Study Design and Population 
	Pharmacokinetic Analysis 

	Results 
	Study Population 
	Pharmacokinetic Analysis 

	Discussion 
	Conclusions 
	References

