
Research Article
Tacrolimus Concentration Is Effectively Predicted Using
Combined Clinical and Genetic Factors in the Perioperative
Period of Kidney Transplantation and Associated with
Acute Rejection

Fang Cheng ,1,2 Qiang Li,1,2 Zheng Cui,1,2 Zhendi Wang,3 Fang Zeng ,1,2

and Yu Zhang 1,2

1Department of Pharmacy, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology,
Wuhan 430022, China
2Hubei Province Clinical Research Center for Precision Medicine for Critical Illness, Wuhan 430022, China
3Department of Urology, Union Hospital, Tongji Medical College, Huazhong University of Science and Technology,
Wuhan 430022, China

Correspondence should be addressed to Fang Zeng; fancyzeng@126.com and Yu Zhang; zhangwkp@163.com

Received 31 March 2022; Revised 22 July 2022; Accepted 20 August 2022; Published 9 September 2022

Academic Editor: Alvaro González

Copyright © 2022 Fang Cheng et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Background. Tacrolimus has unpredictable pharmacokinetic (PK) characteristics, which are partially attributed to CYP3A5
polymorphism. The potential effects of clinical factors in the postoperative period of transplantation on tacrolimus PK and
those of early tacrolimus PK variability on clinical outcomes are yet to be clarified. Methods. We examined the genetic and
clinical factors affecting early tacrolimus PK variability in 256 kidney transplant recipients. The relationships among tacrolimus
exposure, graft function delay (DGF), and acute rejection (AR) were further explored. Findings. The CYP3A5 genotype were
strongly associated with tacrolimus concentration/dose ratio (C0/D). Additionally, ABCB1 (rs1045642 and rs2032582) and
ABCC2 (rs3740066) were found to have potential independent effects on early tacrolimus C0/D in multivariate analysis. Red
blood counts and albumin level were the most significant clinical factors associated with tacrolimus C0/D. Wuzhi capsule also
exerted an effect on tacrolimus PK. A model combined with pharmacogenetic and clinical factors explained 43.4% tacrolimus
PK variability compared with 16.3% on the basis of CYP3A5 genotype only. Notably, increasing tacrolimus concentrations in
the early postoperative stage were associated with AR, but not DGF. Conclusions. Combined analysis of genotype and specific
clinical factors is important for the formulation of precise tacrolimus dose regimens in the early stage after kidney transplantation.

1. Introduction

Tacrolimus is an important component of immunosuppres-
sion therapy after solid organ transplantation [1]. However,
treatment with tacrolimus is associated with a number of
significant disadvantages, such as narrow therapeutic index,
various side-effects, and significant individual differences [2,
3]. Therefore, therapeutic drug monitoring (TDM) is widely

used to adjust the tacrolimus dose for reducing the risk of
toxicity and acute rejection in individual transplant patients.
However, the target tacrolimus concentration may lag
behind owing to the differential first-pass effects among
individuals, leading to reduce treatment effect or increase
adverse reactions.

Genetic polymorphisms play a critical role in tacrolimus
pharmacokinetic (PK) variability [4]. Tacrolimus is mainly
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metabolized by cytochrome P4503A5 (CYP3A5) enzymes in
the liver [5]. CYP3A5 genetic polymorphism is thus a main
contributory factor to tacrolimus PK variability. The effect of
CYP3A5 genotype on tacrolimus metabolism is well estab-
lished in previous studies [6, 7]. The study conducted by
Chen and Prasad [8] showed that CYP3A5 expressers with
at least one CYP3A5∗1 allele require 50% higher tacrolimus
doses compared to CYP3A5 nonexpressers with homozy-
gous CYP3A5∗3, CYP3A5∗7, or CYP3A5∗6 alleles in differ-
ent populations. Furthermore, CYP3A5 polymorphisms are
proposed to explain 40–50% of tacrolimus PK variability
[9]. Several guidelines to date have recommended a CYP3A5
gene-guided tacrolimus dosing regimen in kidney transplanta-
tion patients [10, 11]. However, Shuker and coworkers dem-
onstrated limited effectiveness of CYP3A5-guided dose
adjustment in reaching the target concentration range in kid-
ney transplant recipients [12], suggesting that additional fac-
tors play an important role in tacrolimus PK variability.
Recently, correlations of ABCB1, CYP3A4, ABCC2, POR,
and PXR gene variants with tacrolimus PK have been reported
in different transplant populations [13–15]. Previous pharma-
cogenetic and clinical studies on predictors of tacrolimus
metabolism have focused on a wide range of times, from
months to years after kidney transplantation [16, 17]. The
clinical reality is that patient’ condition, clinical status, and
medications often change rapidly during the perioperative
period of kidney transplantation, resulting in pronounced
tacrolimus PK variability. Furthermore, patients may be par-
ticularly vulnerable to adverse effects during this time.

Tacrolimus PK variability within the early posttransplant
period is associated with poor outcomes after kidney trans-
plantation [18]. Delayed graft function (DGF), a manifestation
of acute graft injury, may be improved by slow tacrolimus
metabolism [19, 20]. Acute rejection (AR) is an immune-
mediated allograft injury potentially caused by low tacrolimus
concentrations [21]. Both DGF and AR are closely related to
death, graft dysfunction, and poorer outcomes [22, 23]. Eluci-
dation of the predictors of early tacrolimus PK variability may
therefore be key to informing effective precision dosing strat-
egies. Furthermore, to determine clinical utility and justify
the expense and effort of pharmacogenetic dosing, the effects
of early tacrolimus concentrations on DGF and AR rates need
to be established. To clarify this issue, the factors influencing
early tacrolimus PK variability and relationships among early
tacrolimus concentrations, DGF, and AR after kidney trans-
plant were explored in this study.

2. Materials and Methods

2.1. Patients Selection. This study included 256 kidney trans-
plantation patients from January 2015 to December 2019 in
Union hospital, Tongji Medical College, Huazhong University
of Science and Technology. The enrollment criteria were as
follows: patients receiving conventional tacrolimus-based
immunosuppressive regimen (tacrolimus, mycophenolate
mofetil, and corticosteroids) and age over 18 years. The exclu-
sion criteria were as follows: patients’ age less than 18 years,
combined other organ transplantation, receiving cyclosporine
or intravenous tacrolimus, treatment with drugs affecting

tacrolimus metabolism (such as diltiazem, ketoconazole, ber-
berine, and voriconazole), or lack of relevant data. Our study
was approved by the Institutional Ethics Board of Tongji Med-
ical College, Huazhong University of Science and Technology
(Wuhan, China) ([2018] S331). This was a retrospective anal-
ysis and did not interfere with patient diagnosis or the treat-
ment process. The patients in our study received kidney
transplant from donations after cardiac death (DCD). DCD
procedures were performed by the Organ Procurement
Organization of Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology, in accor-
dance with the Declaration of Istanbul. Data on demo-
graphic, laboratory tests, basic diseases, and medication in
the perioperation period were obtained through the elec-
tronic medical record system in our hospital.

2.2. Immunosuppressive Regimens. All patients were admin-
istered a tacrolimus-based triple immunosuppressive regi-
men. Tacrolimus was taken orally on the second day
after transplantation, with an initial dose of 3.0-5.0mg,
twice a day. Mycophenolate mofetil was administered
twice a day (0.5-1.0 g) on the day of transplantation. All
patients were administered with methylprednisolone
(500mg daily) intravenously three days after kidney trans-
plantation and 60mg daily oral methylprednisolone from
day 4, which was gradually reduced to a maintenance dose
(20mg daily). In cases of acute rejection, rabbit anti-
human thymocyte immunoglobulin or anti-human T cell
rabbit immunoglobulin was administered for 3-7 days, or
methylprednisolone pulse therapy was performed.

2.3. Therapeutic Drug Monitoring. Tacrolimus was adminis-
tered on day 2 posttransplantation, and the tacrolimus con-
centration was measured on day 5. The tacrolimus
concentrations were measured three times weekly during the
perioperative period. In cases where rejection or adverse reac-
tions were suspected, the measurement frequency was higher.
A Roche Cobas ® E411 electrochemiluminescence analyzer
was used to measure tacrolimus concentration in whole blood.
In our hospital, the target concentration range is 8-12ng/mL
during the perioperative period. Tacrolimus PK variability
was quantified based on the tacrolimus concentration/dose
ratio (C0/D) [24], in keeping with numerous previous studies.

2.4. Genotypes. Peripheral blood samples were used for
genotyping with the Capital Biotechnology Precision Medi-
cine Research Array (CBT-PMRA) kit (Thermo Fisher Sci-
entific, Waltham, MA, USA) on the Applied Biosystems
Axiom 2.0 platform. The SNPs reported to potentially affect
tacrolimus PK were selected, including CYP3A4∗22
(rs35599367), CYP3A5∗3 (rs776746), CYP3A4∗1B
(rs2740574), ABCC2 (rs2273697, rs3740066 and rs717620),
ABCB1(rs2032582, rs1045642, and rs1128503), PXR
(rs6785049), and POR∗28 (rs1057868).

2.5. Clinical Outcomes. In our study, DGF was defined as
hemodialysis within seven days posttransplant and AR as
an acute deterioration of kidney function associated with
specific pathologic changes in graft biopsies, occurring in
the first year after kidney transplant.
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2.6. Statistical Analysis. All statistical analyses were per-
formed with SPSS V.24.0 software. When continuous vari-
ables were normally distributed, data were expressed as the
mean ± standard deviation. Otherwise, continuous variables
were described as median and interquartile range (IQR).
Categorical variables were presented in frequency and
percentage. The effects of pharmacogenetic and clinical var-
iables on tacrolimus C0/D were modeled via linear mixed
effect regression. In order to avoid the loss of independent
influencing variables (no significant difference in the univar-
iate analysis due to the influence of other confounding
factors), we selected variables with p value < 0.4 in the uni-
variate analysis and clinically significant variables for step-
wise regression to obtain the final multivariate model. We
established two models: (1) including CYP3A4 genotype
only and (2) incorporating both clinical variables and
genotype factors. The associations between tacrolimus con-
centration and DGF and AR were evaluated with the χ2

test. p value < 0.05 was considered significantly different.

3. Results

3.1. Patient Characteristics. Among the 256 patients, 178
(69.5%) were male. Demographic and clinical data are
shown in Table 1. The median age of patients was 41 years
(IQR: 34−50 years), and age range was 19-65 years. Hyper-
tension (N = 187 [73.0%]) and anemia (N = 117 [45.7%])
were the most common basic diseases in kidney transplant
recipients. Overall, 224 (87.5%) patients received induction
therapy with antithymocyte globulin, and 32 (12.5%)
received basiliximab therapy. An immunosuppressive regi-
men with mycophenolate mofetil as an antiproliferative
agent was administered to 239 (93.4%) of the patients. All
recipients underwent transplantation for the first time, using
DCD as the source of kidneys.

3.2. Pharmacogenetic Analysis. We examined the effects of
CYP3A4∗1B (rs2740574), CYP3A5∗3 (rs776746), CYP3A4∗
22 (rs35599367), ABCC2 (rs2273697, rs3740066 and
rs717620), ABCB1 (rs2032582, rs1045642, and rs1128503),
PXR (rs6785049), and POR∗28 (rs1057868) polymorphisms
on early tacrolimus C0/D after kidney transplantation. Notably,
CYP3A4∗1B mutations were absent, and only two among the
256 patients contained the CYP3A4∗22mutation. Accordingly,
these two genotypes were excluded from follow-up analysis.

The individual trends of early tacrolimus concentrations
in all patients after transplantation are shown in Figure 1,
which greatly deviated from the target concentration range
of 8-12ng/mL. The target range was reached in 64 (25.0%)
patients during the 3-week postoperative period. We assigned
the 256 patients into two groups: CYP3A5 expressers (AA
+AG, ∗1/∗1+∗1/∗3) and nonexpressers (GG, ∗3/∗3). The
tacrolimus concentrations and C0/D in the CYP3A5 nonex-
presser group were significantly higher than those in the
CYP3A5 expresser group, indicating a strong association
between CYP3A5 genotype and tacrolimus metabolism
(Figure 2). However, no significant differences were evident
among ABCB1, ABCC2, PXR, or POR∗28 alleles and tacroli-
mus PK in the univariate analysis (Figure S1).

3.3. Prognostic Factors of Early Tacrolimus C0/D after
Transplantation. The results of univariate analysis are shown
in Table S1, and the multivariable mixed effects model is
presented in Table 2. A strong correlation between
tacrolimus C0/D and CYP3A5 genotypes was further
validated in the multivariable mixed effects model. After

Table 1: Demographic characteristics of kidney transplant
recipients and donors.

Recipients

Gender (male) 178 (69.5)

Age (years), median (IQR) 41 (34-50)

BMI, median (IQR) 22.59 (20.21-24.82)

Postoperative day (IQR) 16 (10-32)

Comorbidity, n (%)

Hypertension 187 (73.0)

Anemia 117 (45.7)

Hepatitis B 14 (5.5)

Diabetes 12 (4.7)

Anterolisthesis 6 (2.3)

Coronary heart disease 4 (1.6)

Others
Laboratory findingsa, median (IQR)

4 (1.6)

White blood cell count (×109/L) 6.92 (5.2-9.03)

Red blood cell count (×109/L) 3.02 (2.59-3.53)

Hemoglobin (g/L) 91.0 (79.0-105.0)

Hematocrit (%) 27.2 (23.5-32.0)

Platelet count (×109/L) 179.0 (142.0-230.0)

Neutrophil count (×109/L) 5.34 (3.87-7.24)

Total bilirubin (μmol/L) 8.4 (6.5-11.17)

ALT (U/L) 26.0 (17.0-37.0)

AST (U/L) 16.0 (13.0-20.0)

ALP (U/L) 62.0 (47.0-82.0)

TP (g/L) 62.1 (57.02-69)

ALB (g/L) 39.0 (34.9-43.5)

BUN (mmol/L) 10.84 (7.62-16.97)

Cre (μmol/L) 835.3 (700.75-916.78)

Uric acid (μmol/L) 325.1 (253.45-411.6)

Immunosuppression regimens

Induction agent, n (%)

Basiliximab 32 (12.5)

Antithymocyte globulin 224 (87.5)

Antiproliferative agent, n (%)

Mycophenolate 239 (93.4)

Azathioprine 17 (6.6)

Donors

Gender (male) 175 (68.4)

Age (years), median (IQR) 49 (37-59)

BMI, median (IQR) 24.2 (21.5-29.6)
aThe first day after kidney transplantation. BMI: body mass index; ALT:
alanine aminotransferase; AST: aspartate aminotransferase; ALP: alkaline
phosphatase; TP: total protein; ALB: albumin; BUN: blood urea nitrogen;
Cre: creatinine.
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Figure 1: Individual trends of tacrolimus concentration.
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Figure 2: Effect of the CYP3A5 genotype on tacrolimus PK variability.
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eliminating the effect of other confounding factors by
multivariate analysis, ABCB1 (rs1045642, and rs2032582)
and ABCC2 (rs3740066) were found to have potential
independent effects on early tacrolimus C0/D. Compared
with ABCB1 (rs1045642) TT genotype carriers, tacrolimus
C0/D in patients with CC and CT genotypes was decreased
by 15.03% and 14.59%, respectively. Patients with ABCB1
(rs2032582) AA genotype carriers increased tacrolimus C0/D
by 16.52% compared with GG genotype carriers. In addition,
tacrolimus C0/D increased by 14.42% in patients with
ABCC2 (rs3740066) TT genotype carriers compared with
CC carriers. Several clinical variables additionally showed
significant associations with tacrolimus C0/D, including red
blood counts (RBC), albumin (ALB), and Wuzhi capsule
(WZC). RBC, ALB, and WZC were associated with 22.17%,
2.19%, and 27.2% increase in tacrolimus C0/D, respectively.
A model incorporating combined genetic and clinical factors
accounted for 43.4% (R2 = 0:434) of tacrolimus PK
variability compared with 16.3% (R2 = 0:163) for CYP3A5
genotype status only.

3.4. Clinical Outcomes. DGF occurred in 29 (11.3%) of 256
patients during the first week after transplantation. The prob-
ability of DGF at different concentration ranges is shown in
Figure 3(a). DGF occurred in 10.8%, 6.8%, and 15.8% of
patients in the <8ng/mL, 8-12ng/mL, and >12ng/mL groups,
respectively, but the association was nonsignificant. AR was
identified in 42 (16.4%) of 256 patients during the first postop-
erative year. The probability of AR at different concentration
range is shown in Figure 3(b). We additionally evaluated the
effects of immunosuppressive drugs on AR (Table S2). AR
occurred in 23.3%, 8.5%, and 11.7% of patients in the <8ng/
mL, 8-12ng/mL, and >12ng/mL groups, respectively.
Importantly, a clear association was observed between early
tacrolimus concentration and AR in our analysis, but not
between induction therapy and AR.

4. Discussion

The standard method of tacrolimus dosing after kidney
transplantation is mainly “one size fits all,” which is subse-
quently optimized and individualized based on therapeutic
drug monitoring. However, tacrolimus shows unpredictable
pharmacokinetic in early postoperative kidney transplanta-
tion patients, and the “one size fits all” regimen often fails
to guarantee clinical efficacy and safety. Identification of
the potential factors affecting tacrolimus PK may therefore
aid in optimizing individualized regimens for kidney trans-
plant patients. In this study, the CYP3A5 genotype showed
a significant association with tacrolimus C0/D. Specific
clinical variables (RBC, ALB, and WZC) could also explain
residual tacrolimus PK variability. Moreover, the tacrolimus
concentration was not clearly associated with DGF but had
significant correlation with AR. Our collective results seem
to be relevant to a better individualization of tacrolimus
regimen that ideally should combine TDM with clinical
and pharmacogenetic information in the early postoperative
kidney transplant.

Table 2: Multivariable mixed effects model for tacrolimus
concentration/dose ratio (C0/D).

Variable
Percentage change in

C0/D (95% CI)a

Anemia -4.01 (-10.96–3.48)

Postoperative day 0.04 (0.02–0.06)∗

RBCb 22.17 (14.98–29.82)∗∗

HGB 0.07 (-0.10–0.24)

ALB 2.19 (1.72–2.67)∗∗

WZC 27.2 (19.39–35.52)∗∗

CYP3A5 genotype (rs776746)c

Poor metabolizers Reference

Intermediate metabolizers -22.39 (-27.82 to -16.56)∗∗

Extensive metabolizers -40.89 (-47.62 to -33.29)∗∗

ABCB1 (rs1128503)

TT Reference

CT -5.21 (-12.07–2.18)

CC -11.43 (-20.11 to -1.81)

ABCB1 (rs2032582)

GG Reference

GA 8.19 (-0.52–17.66)

AA 16.52 (4.11–30.42)∗∗

ABCB1 (rs1045642)

TT Reference

CT -14.59 (-23.18 to -5.03)∗∗

CC -15.03 (-24.75 to -4.05)∗∗

ABCC2 (rs2273697)

GG Reference

GA 1.97 (-22.92–24.65)

AA 8.98 (-13.14–36.73)

ABCC2 (rs3740066)d

CC Reference

CT 5.59 (-7.32–20.29)

TT 14.42 (0.48–30.29)∗

POR28 (rs1057868)

CC Reference

CT -5.41 (-14.41–4.53)

TT -7.54 (-16.56–2.46)

PXR (rs6785049)

GG Reference

GA -6.12 (-15.82–4.68)

AA -5.90 (-15.22–4.43)

RBC: red blood cell; HGB: Hemoglobin; ALT: alanine aminotransferase; ALB:
albumin; WZC: Wuzhi capsule. aAnalysis based on log-transformed C0/D.
Model coefficients were exponentiated to provide the percentage change in
C0/D for a one-unit change in each covariate, unless otherwise specified.
Increases in C0/D signify decreased tacrolimus clearance. bSerious
collinearity between RBC and HCT was observed, and consequently only
RBC was retained. cPoor metabolizers defined as CYP3A5∗3/∗3 (GG);
intermediate metabolizers defined as CYP3A5∗1∗3 (AG); extensive
metabolizers defined as CYP3A5 ∗ 1 ∗ 1 ðAAÞ. dSerious collinearity between
ABCC2 (rs3740066) and ABCC2 (rs717620) was observed, and
consequently, only ABCC2 (rs3740066) was retained. ∗p < 0:05 ; ∗∗p < 0:01.
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Tacrolimus metabolism is mainly mediated by the
CYP3A5 enzyme, and many studies have confirmed that
CYP3A5 genotype could predict tacrolimus metabolism
[8]. In a recent kidney transplantation study, a CYP3A5-
guided dosing regimen did not increase the number of
patients having therapeutic tacrolimus exposure in the
early transplantation period and does not lead to improve
acute rejection [12]. Our results indicate that the CYP3A5
genotype is closely related to tacrolimus C0/D. Addition-
ally, ABCB1 (rs1045642 and rs2032582) and ABCC2
(rs3740066) were found to have potential independent
effects on early tacrolimus C0/D in multivariate analysis.
Previous studies suggested that the CYP3A5 genotype
accounts for 50% of tacrolimus PK variability [8, 10].
However, the current study findings indicated a relatively
low contribution, which could be attributed to our focus
on the immediate postoperative period after kidney trans-
plantation. The perioperative period, especially within 2
weeks after kidney transplantation, is the key time for
renal function recovery. During this period, there may be
various internal and surgical complications, hemodynamic
instability, and pathophysiological manifestations [25–27],
which has a strong impact on tacrolimus PK. Accordingly,
we speculate that other clinical factors may explain resid-
ual tacrolimus PK variability in the early stage after kidney
transplant.

We additionally investigated the clinical factors affecting
early tacrolimus C0/D. Tacrolimus is mainly confined to
RBCs [28] and highly bound to plasma proteins, mainly
serum ALB [29], which affect the tacrolimus concentra-
tion in circulation. Our results showed that RBC and
ALB were associated with a 22.17% and 2.19% increase
in tacrolimus C0/D, respectively. The traditional Chinese
medicine WZC is a prescription drug (registration num-
ber in China: Z20025766), widely used to increase the
tacrolimus concentration in solid organ transplantation
[30, 31]. Patients who received WZC in our study had
27.2% higher tacrolimus C0/D. Results obtained using
the multivariable mixed effects model result indicated
that the CYP3A5 genotype only accounted for 16.3%

of tacrolimus C0/D variation, while a model combining
clinical factors and genotypes explained 43.4% C0/D var-
iability, which was clinically significant increased. There-
fore, these findings supported the development of
effective tacrolimus dosing regimens for kidney trans-
plant recipients in the perioperative period with combi-
nation of genotype and specific clinical variables.

The tacrolimus dosing adjustment regimen in the early
period mainly depends on whether the concentration has a
negative impact on clinical outcomes of patients. DGF is a
significant problem for early allograft survival as it is
compounded by acute rejection and allograft nephropathy
in the early postoperative period [32]. DGF is an impor-
tant mediator in the association of tacrolimus metabolism
with posttransplant estimated glomerular filtration rate
(eGFR), especially in the early period following transplan-
tation [19]. During the transitional period of dialysis,
calcineurin inhibitors require low-dose administration,
which may increase risk of rejection [33]. The decreased
tacrolimus concentration in the early postoperative period
may increase the incidence of AR. In clinical practice, it is
necessary to maintain a high concentration of tacrolimus
after transplantation to prevent rejection. However, the
therapeutic levels of tacrolimus in the first week after
transplantation may be less important in a combined
induction therapy, such as the use of antithymocyte
1globulin and high-dose steroids at our center. In our
study, tacrolimus exposure during the early postoperative
period was not associated with DGF, but significantly cor-
related with AR.

Our research has a number of limitations that should
be taken into consideration. Firstly, this is a single-center
retrospective design, and multicenter studies are required
to validate our results, such as exclusion of the effects of
immunosuppressive regimens at different research sites.
Furthermore, the tacrolimus concentration is not mea-
sured every day in our hospital, especially at weekends,
and therefore, some changes may have been overlooked.
While the long-term tacrolimus concentration is signifi-
cantly related to AR, we mainly focused on its association
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with early tacrolimus concentration in this study, without
considering the long-term relationship. Thirdly, we mainly
focus on DGF and AR in this study and did not involve
de novo diabetes, trembling, or other toxicities, which
require further evaluation. Finally, we did not investigate
the effects of surgical and donor kidney factors, such as
donor-specific antibody (DSA), human leukocyte antigen
(HLA), and preoperative panel-reactive antibody (PRA).

Data Availability

The data and materials during the current study are avail-
able from the corresponding author Yu Zhang
(zhangwkp@163.com) on reasonable request.

Additional Points

The authors have completed the STROBE reporting
checklist.

Ethical Approval

The study was approved by the Institutional Ethics Board of
Tongji Medical College, Huazhong University of Science and
Technology (Wuhan, China) ([2018] S331).

Conflicts of Interest

The authors have no conflicts of interest to declare.

Authors’ Contributions

Fang Zeng and Yu Zhang conceived and designed the
study. Fang Cheng, Qiang Li, and Zheng Cui performed
the analysis procedures. Zhendi Wang and Fang Zeng ana-
lyzed the results. Fang Cheng and Fang Zeng assisted in
writing the manuscript. All authors reviewed, read, and
approved the final manuscript.

Acknowledgments

This work was supported by the Key R&D Program of Hubei
Province of China (No. 2020BCA060).

Supplementary Materials

Table S1: univariate analysis of tacrolimus concentration/
dose ratio (C0/D). Table S2: effects of immunosuppressive
drugs on acute rejection (AR). Figure S1: pharmacogenetic
analysis of ABCB1, ABCC2, POR28, and PXR polymor-
phism. (Supplementary Materials)

References

[1] M. R. First, “Tacrolimus based immunosuppression,” Journal of
Nephrology, vol. 17, Suppl 8, pp. S25–S31, 2004.

[2] L. Schumacher, A. D. Leino, and J. M. Park, “Tacrolimus intra-
patient variability in solid organ transplantation: a multiorgan
perspective,” Pharmacotherapy, vol. 41, no. 1, pp. 103–118,
2021.

[3] A. L. Degraeve, S. Moudio, V. Haufroid et al., “Predictors of
tacrolimus pharmacokinetic variability: current evidences
and future perspectives,” Expert Opinion on Drug Metabolism
& Toxicology, vol. 16, no. 9, pp. 769–782, 2020.

[4] C. Tron, F. Lemaitre, C. Verstuyft, A. Petitcollin, M. C. Ver-
dier, and E. Bellissant, “Pharmacogenetics of membrane trans-
porters of tacrolimus in solid organ transplantation,” Clinical
Pharmacokinetics, vol. 58, no. 5, pp. 593–613, 2019.

[5] Y. Hashimoto, H. Sasa, M. Shimomura, and K. Inui, “Effects of
intestinal and hepatic metabolism on the bioavailability of
tacrolimus in rats,” Pharmaceutical Research, vol. 15, no. 10,
pp. 1609–1613, 1998.

[6] S. Anutrakulchai, C. Pongskul, K. Kritmetapak,
C. Limwattananon, and S. Vannaprasaht, “Therapeutic con-
centration achievement and allograft survival comparing usage
of conventional tacrolimus doses and CYP3A5 genotype-
guided doses in renal transplantation patients,” British Journal
of Clinical Pharmacology, vol. 85, no. 9, pp. 1964–1973, 2019.

[7] N. Komine, S. Satoh, M. Saito et al., “Influence of _CYP3A5_
genetic differences in tacrolimus on quantitative interstitial
fibrosis and long-term graft function in kidney transplant
recipients,” International Immunopharmacology, vol. 58,
pp. 57–63, 2018.

[8] L. Chen and G. V. R. Prasad, “CYP3A5 polymorphisms in
renal transplant recipients: influence on tacrolimus treat-
ment,” Pharmgenomics Pers Med., vol. 11, pp. 23–33, 2018.

[9] L. K. Kamdem, F. Streit, U. M. Zanger et al., “Contribution of
CYP3A5 to the in vitro hepatic clearance of tacrolimus,” Clin-
ical chemistry, vol. 51, no. 8, pp. 1374–1381, 2005.

[10] K. A. Birdwell, B. Decker, J. M. Barbarino et al., “Clinical phar-
macogenetics implementation consortium (CPIC) guidelines
for CYP3A5 genotype and tacrolimus dosing,” Clinical Phar-
macology and Therapeutics, vol. 98, no. 1, pp. 19–24, 2015.

[11] J. B. Woillard, M. Mourad, M. Neely et al., “Tacrolimus
updated guidelines through popPK modeling: how to benefit
more from CYP3A pre-emptive genotyping prior to kidney
transplantation,” Frontiers in Pharmacology, vol. 8, p. 358,
2017.

[12] N. Shuker, R. Bouamar, R. H. van Schaik et al., “A random-
ized controlled trial comparing the efficacy of Cyp3a5
genotype-based with body-weight-based tacrolimus dosing
after living donor kidney transplantation,” American Journal
of Transplantation, vol. 16, no. 7, pp. 2085–2096, 2016.

[13] J. Ling, L. L. Dong, X. P. Yang et al., “Effects of CYP3A5,
ABCB1 and POR∗28 polymorphisms on pharmacokinetics
of tacrolimus in the early period after renal transplanta-
tion,” Xenobiotica, vol. 50, no. 12, pp. 1501–1509, 2020.

[14] J. T. Tang, L. M. Andrews, T. van Gelder et al., “Pharmacoge-
netic aspects of the use of tacrolimus in renal transplantation:
recent developments and ethnic considerations,” Expert Opin-
ion on Drug Metabolism & Toxicology, vol. 12, no. 5, pp. 555–
565, 2016.

[15] N. Ben-Fredj, I. Hannachi, Z. Chadli et al., “Dosing algorithm
for tacrolimus in Tunisian kidney transplant patients: effect of
CYP 3A4∗1B and CYP3A4∗22 polymorphisms,” Toxicology
and Applied Pharmacology, vol. 407, p. 115245, 2020.

[16] F. E. Bartlett, C. E. Carthon, J. C. Hagopian, T. A. Horwedel,
S. E. January, and A. Malone, “Tacrolimus concentration-to-
dose ratios in kidney transplant recipients and relationship
to clinical outcomes,” Pharmacotherapy, vol. 39, no. 8,
pp. 827–836, 2019.

7Journal of Immunology Research

https://downloads.hindawi.com/journals/jir/2022/3129389.f1.docx


[17] T. van Gelder, S. Meziyerh, J. J. Swen, A. P. J. de Vries, and
D. Moes, “The clinical impact of the C0/D ratio and the
CYP3A5 genotype on outcome in tacrolimus treated kidney
transplant recipients,” Frontiers in Pharmacology, vol. 11,
p. 1142, 2020.

[18] H. Yang, Y. Sun, X. Yu et al., “Clinical impact of the adaptation
of initial tacrolimus dosing to the CYP3A5 genotype after kid-
ney transplantation: systematic review and meta-analysis of
randomized controlled trials,” Clinical Pharmacokinetics,
vol. 60, no. 7, pp. 877–885, 2021.

[19] H. Ro, J. C. Jeong, J. M. Kong et al., “The tacrolimus metabo-
lism affect post-transplant outcome mediating acute rejection
and delayed graft function: analysis from Korean Organ
Transplantation Registry data,” Transplant International,
vol. 34, no. 1, pp. 163–174, 2021.

[20] D. Bahl, Z. Haddad, A. Datoo, and Y. A. Qazi, “Delayed graft
function in kidney transplantation,” Current Opinion in Organ
Transplantation, vol. 24, no. 1, pp. 82–86, 2019.

[21] J. Sellarés, D. G. de Freitas, M. Mengel et al., “Understanding
the causes of kidney transplant failure: the dominant role of
antibody-mediated rejection and nonadherence,” American
Journal of Transplantation, vol. 12, no. 2, pp. 388–399, 2012.

[22] O. Saarinen, J. Ahonen, H. Isoniemi, K. Salmela, and J. Edgren,
“Acute rejection in kidney grafts with delayed onset of graft
function. A duplex-Doppler study,” Transplant international,
vol. 5, no. 3, pp. 159–161, 1992.

[23] B. Schröppel and C. Legendre, “Delayed kidney graft function:
from mechanism to translation,” Kidney International, vol. 86,
no. 2, pp. 251–258, 2014.

[24] A. Ganetsky, T. A. Miano, M. E. Hughes, R. H. Vonderheide,
D. L. Porter, and R. Reshef, “Lack of a significant pharmacoki-
netic interaction between maraviroc and tacrolimus in alloge-
neic HSCT recipients,” The Journal of Antimicrobial
Chemotherapy, vol. 70, no. 7, pp. 2078–2083, 2015.

[25] A. Gonzalez-Castro, M. Ortiz-Lasa, Y. Peñasco, C. González,
C. Blanco, and J. C. Rodriguez-Borregan, “Choice of fluids in
the perioperative period of kidney transplantation,” Nefrolo-
gía, vol. 37, no. 6, pp. 572–578, 2017.

[26] A. Goyal, K. B. Lo, K. Chatterjee et al., “Acute coronary syn-
dromes in the peri-operative period after kidney transplanta-
tion in United States,” Clinical Transplantation, vol. 34,
no. 12, article e14083, 2020.

[27] J. K. Kim, A. J. Lorenzo, W. A. Farhat, M. E. Chua, J. M. Ming,
and M. A. Koyle, “Assessment of perioperative surgical com-
plications in pediatric kidney transplantation: a comparison
of pre-emptive and post-dialysis recipients,” Clinical Trans-
plantation, vol. 32, no. 12, article e13421, 2018.

[28] N. Yoshikawa, T. Yokota, A. Matsuo, N. Matsumoto,
T. Iwakiri, and R. Ikeda, “Role of FK506 binding protein on
tacrolimus distribution in red blood cells,” Pharmaceutical
Research, vol. 37, no. 7, p. 143, 2020.

[29] N. W. Brown, C. E. Gonde, J. E. Adams, and J. M. Tredger,
“Low hematocrit and serum albumin concentrations underlie
the overestimation of tacrolimus concentrations by micropar-
ticle enzyme immunoassay versus liquid chromatography-
tandem mass spectrometry,” Clinical Chemistry, vol. 51,
no. 3, pp. 586–592, 2005.

[30] D. D. Wang, X. Chen, and Z. P. Li, “Wuzhi capsule and hae-
moglobin influence tacrolimus elimination in paediatric kid-
ney transplantation patients in a population
pharmacokinetics analysis: a retrospective study,” Journal of

Clinical Pharmacy and Therapeutics, vol. 44, no. 4, pp. 611–
617, 2019.

[31] L. Yan, Z. Q. Yang, Y. Y. Shi et al., “Effects of Wuzhi capsules
on blood concentration of tacrolimus in renal transplant recip-
ients,” Annals of Transplantation, vol. 24, pp. 594–604, 2019.

[32] S. N. Tapiawala, K. J. Tinckam, C. J. Cardella et al., “Delayed
graft function and the risk for death with a functioning graft,”
Journal of the American Society of Nephrology, vol. 21, no. 1,
pp. 153–161, 2010.

[33] A. Sharif and R. Borrows, “Delayed graft function after kidney
transplantation: the clinical perspective,” American Journal of
Kidney Diseases, vol. 62, no. 1, pp. 150–158, 2013.

8 Journal of Immunology Research


	Tacrolimus Concentration Is Effectively Predicted Using Combined Clinical and Genetic Factors in the Perioperative Period of Kidney Transplantation and Associated with Acute Rejection
	1. Introduction
	2. Materials and Methods
	2.1. Patients Selection
	2.2. Immunosuppressive Regimens
	2.3. Therapeutic Drug Monitoring
	2.4. Genotypes
	2.5. Clinical Outcomes
	2.6. Statistical Analysis

	3. Results
	3.1. Patient Characteristics
	3.2. Pharmacogenetic Analysis
	3.3. Prognostic Factors of Early Tacrolimus C0/D after Transplantation
	3.4. Clinical Outcomes

	4. Discussion
	Data Availability
	Additional Points
	Ethical Approval
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

