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Background: Tacrolimus is a key drug in kidney transplantation with a narrow therapeutic
index. However, whether tacrolimus exposure variability affects clinical outcomes and
adverse reactions remains unknown.

Objective: Our study investigated the factors that influence tacrolimus exposure in kidney
transplantation recipients and the relationship between tacrolimus concentration and clinical
outcomes and adverse reactions.

Settings and Methods: We examined the effect of tacrolimus concentration on clinical
outcomes and adverse reactions in 201 kidney transplantation recipients, and identified
clinical and pharmacogenetic factors that explain tacrolimus exposure.

Results: The CYP3AS genotype was clearly associated with dose-adjusted trough blood
tacrolimus concentrations (Co/D), whereas no significant difference was observed in patients
with the CYP3A4*1B, CYP3A4*22, ABCBI, ABCC2, POR*28 or PXR alleles. Clinical
factors such as red blood cell count, hemoglobin, and albumin were the most useful influence
factors affecting tacrolimus Cy/D. Besides, Wuzhi capsule increased tacrolimus Cy/D in
kidney transplantation recipients. Furthermore, higher tacrolimus concentrations were asso-
ciated with higher diarrhea and post-transplant diabetes mellitus (PTDM) risk but not with
acute rejection and chronic allograft kidney dysfunction.

Conclusion: Clinical factors, medication, and CYP-enzyme polymorphisms accounted for
tacrolimus concentration variability in kidney transplantation recipients. Furthermore, higher
tacrolimus concentrations were associated with higher diarrhea and PTDM risk.
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Introduction

Kidney transplant recipients require life-long immunosuppression therapy to
prevent allograft rejection.! Tacrolimus, an effective and potent calcineurin
inhibitor, is a cornerstone of immunosuppression therapy after kidney transplan-
tation. The essential therapeutic effects of tacrolimus, however, are shadowed by
its various side effects, narrow therapeutic index and highly variable pharmaco-
kinetic (PK) properties.> Therefore, therapeutic drug monitoring (TDM) is
recommended for patients receiving tacrolimus. However, due to individual first-
pass effects, the target tacrolimus concentration may lag behind relatively. In
addition, the target concentration does not guarantee the therapeutic effect or

avoid adverse reactions.
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Several factors can affect the PK properties of tacrolimus,
such as diet, drug combinations, genotypes, and clinical
factors. In recent years, genetic factors have been considered
to play an important role in the interindividual and interethnic
variability of tacrolimus.® Tacrolimus is mainly metabolized
by cytochrome P450 3AS5 (CYP3AS5) and CYP3A4
enzymes.*> Therefore, allelic variation of CYP3A5 and
CYP3A4 genes can explain most of the tacrolimus PK varia-
bility. Previous studies have well established the influence of
CYP3AS5 genotype on tacrolimus PK.®’ However, recent
studies have shown the limited effectiveness of CYP3AS5-
guided dose adjustment in achieving target concentrations in
kidney transplantation recipients, suggesting that additional
factors may participate in tacrolimus PK variability. Even
though tacrolimus pharmacogenetic/pharmacogenomic stu-
dies have only reached a consensus on CYP3A5*3 as
a genetic factor affecting tacrolimus PK,*'® CYP3A5*3 is
believed to account for 40%—50% of variations in tacrolimus
dosage requirements,'' and the correct dosage remains unde-
termined for a large proportion of patients. Recent studies
have revealed that several other CYP3A4, ABCBI, POR,
ABCC2, and PXR gene variants that impact tacrolimus
metabolism also affect tacrolimus PKs in different transplant
populations.'*!3 However, controversies remain about their
roles in predicting dose-adjusted trough blood tacrolimus
concentrations (Co/D).

The effect of tacrolimus concentration on clinical out-
comes and adverse reactions is still a matter of discussion.
On the one hand, no correlation was found between tacro-
limus trough concentration and biopsy proven acute rejec-
tion (BPAR)
cohort.'* On the other hand, a study showed that pharma-

in the combined renal transplantation

cogenomics and other factors affected the association
between tacrolimus trough concentration and clinical
outcomes.'> A meta-analysis showed that CYP3A5 non-
expressers have a significantly increased risk for acute
rejection,'® but a prospective randomized trial failed to
demonstrate that CYP3AS5-guided dose adjustment was
beneficial for acute rejection, nephrotoxicity, or
survival.'” In addition, a study has also reported that
CYP3AS5-guided tacrolimus dosing adjustment did not
increase the number of patients reaching therapeutic
and failed to

Therefore, understanding the predictors of tacrolimus PK

range improve clinical outcome.'®
variability may provide effective and precise dosing stra-
tegies for kidney transplantation recipients. Moreover, it is
essential to determine whether tacrolimus levels affect

clinical outcomes and adverse reactions. Thus, our study

investigated the factors influencing tacrolimus PK varia-
bility in kidney transplantation recipients and the effect of
tacrolimus exposure on clinical outcomes and adverse
reactions.

Materials and Methods

Patient Selection

This investigation was a retrospective single-center study, it
included 201 kidney transplantation recipients in Union
Hospital, Tongji Medical College, Huazhong University of
Science and Technology from June 2015 to December 2019.
The enrolment criteria were as follows: (a) received tacroli-
mus, mycophenolate mofetil, and corticosteroids for graft
rejection prevention after kidney transplantation, (b) 18—70
years old, (c) complete clinical data. The exclusion criteria
were age under 18 years, combined other organs’ transplan-
tation, exposure to cyclosporine or intravenous tacrolimus,
co-administration of azole antifungal agents, or missing data.
The study was approved by the institutional ethics board of
Tongji Medical College, Huazhong University of Science
and Technology (Wuhan, China) (Number: [2018] S331).
This investigation did not interfere with patient diagnosis or
the treatment process. Oral informed consent was provided
by all patients and approved by the ethics committee, and this
study conformed to the ethical standards of the Declaration
of Helsinki. In our study, we recruited 201 patients who
received kidney transplant from donations after cardiac
death (DCD). DCD kidneys were regionally distributed
within the organ sharing network system of China, which is
similar to the United Network for Organ Sharing. The pro-
cess of DCD in China has been described previously.'® All
DCDs
Organization of Union Hospital, Tongji Medical College,

were performed by the Organ Procurement
Huazhong University of Science and Technology, and were
conducted in accordance with the Declaration of Istanbul.
Information obtained through the electronic medical record
system included, demographic data, symptoms, underlying
comorbidities, laboratory tests, and clinical medication dur-
ing peri-operation. Adverse reactions and clinical outcomes
were obtained through patient follow-up.

Drug Administration

All recipients received a calcineurin inhibitor-based triple
immunosuppressive regimen (tacrolimus, mycophenolate
mofetil, and corticosteroids). Tacrolimus was administered
orally under fasting conditions, and the starting dosage
was 3.0-5.0 mg twice daily on Day 2 after transplantation.
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started at 0.5-1.0
g twice daily on the transplantation day.

Mycophenolate mofetil treatment

Therapeutic Drug Monitoring

Tacrolimus was administered on the 2nd day after kidney
transplantation, and the blood concentration of tacrolimus
was detected on the 5th day after the operation.

Drug concentrations were measured twice weekly or
more frequently if justified (suspicion of rejection or
adverse event). Tacrolimus concentrations were measured
in whole blood using the Roche cobas®e411 electrochemi-
luminescence analyzer with a range of 0.5-40 ng/mL. The
target trough concentration (C,) range of tacrolimus in the
first month was 8-10 ng/mL in our hospital. Tacrolimus
concentrations were available at 1, 3, 9, and 12-month
post-transplant. The effect of clinical and genetic variables
on tacrolimus PKs was quantified by examining the
changes in tacrolimus Cy/D, a measure used in numerous
previous studies.

Genotypes

Genotyping of polymorphic genes is not routine in the current
clinical practice. After therapeutic drug monitoring, we cen-
trifuged the blood samples, removed the supernatant, and
precipitated for DNA extraction using the QlAamp DNA
Mini Kit (Qiagen, 51306). Genotyping was performed on
peripheral blood samples using a Capital Biotechnology
Precision Medicine Research Array (CBT-PMRA) Kit
(Thermo Fisher Scientific, Waltham, MA, USA) with
Applied Biosystems Axiom 2.0 platform. The microarray
contained more than 787,400 single nucleotide polymorph-
isms (SNPs), which included 50,000 novel markers covering
East and South Asian populations based on the human genome
version 19 (GRCH 37). Microarray experiments were per-
formed following the official standard operating procedures.
The whole experiment was divided into five stages and lasted
for 4.5 days. In the first phase, DNA amplification lasted 24
h. DNA fragmentation and precipitation were performed on
the following day. DNA pellets were then oven-dried and
dissolved in a resuspension buffer. DNA concentrations and
fragment sizes were tested to assess whether they could be
used in subsequent hybridization experiments. Furthermore,
DNA hybridization, ligation, staining, washing and array scan-
ning were all performed on the GeneTitan™ MC Instrument.
Finally, genotyping was performed using the AxiomTM ana-
lysis suite v4.0.1. To explain residual PK variability, we
selected SNPs that have been reported to significantly affect
tacrolimus metabolism,"* including (CYP3A5*3 (1s776746),

CYP3A4*1B (1s2740574), CYP3A4*22 (1335599367),
ABCBI1 (rs1128503, 152032582 and rs1045642), ABCC2
(rs717620, 152273697 and 1s3740066), and POR*28
(rs1057868) and PXR (rs6785049).

Clinical Outcomes and Adverse

Reactions

Clinical outcomes include acute rejection (AR) and
chronic kidney allograft dysfunction (CKAD) in our
study. We defined AR as an acute deterioration of graft
function associated with specific pathologic changes in
graft biopsies occurring during the first year after trans-
plantation. CKAD was defined according to the guidelines
of The Chinese Society of Organ Transplantation of the
Chinese Medical Association (CSOT). Our study included
the following individual adverse reactions: post-transplant
diabetes mellitus (PTDM), secondary infections, liver dys-
function, and diarrhea.

Statistical Analysis

Categorical variables were described as frequency rates
and percentages. When the data were normally distributed,
means for continuous variables were described using mean
+ standard deviation. Otherwise, data were presented as
the median and interquartile range values. Genotype dis-
tribution was evaluated with Hardy—Weinberg equilibrium
analysis. Spearman correlation was applied for univariate
analysis. Then, the association between genetic and clin-
ical variables of interest and tacrolimus concentration was
modeled with multivariate regression analyses. To investi-
gate the relationship between clinical outcomes and
adverse reactions and tacrolimus concentration, when the
data were normally distributed, means for continuous vari-
ables were compared using independent group ¢-tests.
Otherwise, the Mann—Whitney test was performed. All
statistical analyses were performed using SPSS version
20.0 (IBM Corp., Armonk, NY, USA). P-values <0.05
indicated statistically significant differences.

Results

Patient Characteristics

Of the 201 patients included in this study, 148 (73.3%) were
males. Demographic data and clinical information of the
recipients and donors are shown in Table 1. The median age
of the recipients was 42 years old (interquartile range (IQR)
34-50). Hypertension (N=182 [90.1%]) and anemia (N=87
[43.1%]) were the most common pre-existing conditions.
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Table | Demographic and Clinical Characteristics of Kidney
Transplant Recipients and Donors

Recipients

Gender (male) 148 (73.3)
Age, years, median (IQR) 42 (34-50)
BMI, mean+SD 21.25+2.38
Comorbidity, n (%)

Hypertension 182 (90.1)
Anemia 87 (43.1)
Hepatitis B 11 (54)
Diabetes 11 (54)
Arthrolithiasis 5(2.5)
Coronary heart disease, n (%) 4 (2.0)
Others 5(2.5)
Laboratory findings, mean+SD

White blood cell count, % 10°/L 6.13+1.78
Red blood cell count, % 10°/L 481+1.97
Hemoglobin, g/L 100.89+22.55
Hematocrit, % 32.64+8.70
Platelet count, X 10°/L 179.03+34.29
Neutrophil count, x10%/L 4.19+1.58
Total bilirubin, umol/L 8.80+3.40
ALT, U/L 30.28+8.61
AST, U/L 19.81+4.43
ALP, U/L 85.77£15.40
TP g/L 71.71£10.74
ALB, g/L 43.20+6.56
BUN, mmol/L 19.567.12
Cre, pmol/L 945.84+105.74
Uric acid, pmol/L 373.62+51.4
Donors

Gender (male) 145 (71.8)
Age 48 (37-58)
BMI 24.48+6.40
Immunosuppression regimens

Induction agent, n (%)

Basiliximab 24 (11.9)
Antithymocyte globulin 178 (88.1)
Antiproliferative agent, n (%)

Mycophenolate 194 (96.0)
Azathioprine 8 (4.0)
Corticosteroid dose, mg, median (IQR) 32 (26-38)

Abbreviations: IQR, interquartile range; SD, standard deviation; BMI, body mass
index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline
phosphatase; TP, total protein; ALB, albumin; BUN, blood urea nitrogen; Cre,
creatinine.

The mean preoperative hemoglobin concentration of the
recipients was 100.89+22.55 g/, and that of creatinine

was 945.84+105.74 pmol/L. Most patients received

induction therapy with antithymocyte globulin (N=178
[88.1%]), and mycophenolate as an antiproliferative agent
(N=194 [96.0%]). And 79 (39.3%) patients took Wuzhi
capsules (WZC) to increase tacrolimus concentration.

Pharmacogenetic Analysis
We investigated whether the CYP3A5*3 (1s776746),
CYP3A4*22 (rs35599367), CYP3A4*1B (rs2740574),
ABCBI (rs1128503, rs2032582 and rs1045642), ABCC2
(rs717620, r1s2273697 and  rs3740066), POR28
(rs2868177), and PXR (rs6785049) polymorphisms
affected the tacrolimus Cy/D in the first month after kidney
transplantation. The results of the Hardy-Weinberg equili-
brium analysis were shown in Table S1, and all genes met
the conditions of Hardy-Weinberg equilibrium (P > 0.05).
The individual trend of tacrolimus trough concentration
after one-year post-transplantation (Figure 1) showed a wide
deviation from the target range of 8—12 ng/mL. We divided
the 201 recipients into two groups: CYP3AS expressers (AA
+ AG, *1/*¥1+*1/*3) and non-expressers (GG, *3/*3).
Patients who were CYP3AS5 non-expressers had higher
tacrolimus trough concentration and Co/D than CYP3A5
expressers, which indicated CYP3A5 genotype strongly
associated with tacrolimus Cy/D (Figure 2). However, no
significant difference was observed in patients with the
ABCBI, ABCC2, POR*28 or PXR alleles (Table 2).

Prognostic Factors of Tacrolimus Cy/D in
the First Month After Kidney

Transplantation

The Pearson correlation analysis showed that recipients’
body mass index (BMI), anemia, red blood cell count
(RBC), hemoglobin (HGB), albumin (ALB), blood urea
nitrogen (BUN), CYP3A5*3 (1s776746), ABCC2
(rs717620), ABCC2 (rs37400660), and WZC might be
closely related to tacrolimus Co/D (Table S2). Therefore,
these 10 factors were included in the multivariate regres-
sion analyses, which showed that RBC, HGB, ALB,
CYP3A5*3 (rs776746), and WZC were the most useful
influence factors affecting tacrolimus Cy/D (Figure 3).

Clinical Outcomes and Adverse

Reactions

Next, we investigated the relationship between adverse
reaction occurrence and tacrolimus concentration at differ-
ent periods (Table 3). Diarrhea occurred in 28 of 201
patients (13.9%), mostly during the first month. The 28
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Figure | Tacrolimus concentration distribution in patients at different time
interval.

patients with diarrhea had significantly higher tacrolimus
concentration than patients without diarrhea. The receiver
operating characteristic (ROC) curve of tacrolimus con-
centration at 1 month after transplantation was statistically

significant (area under the curve (AUC)=0.779, P<0.001).
Tacrolimus concentration at 1 month after transplantation
<12.2 ng/mL, which was the best cutoff value for diarrhea.
The sensitivity was 67.9%, and the specificity was 90.9%
(Figure 4). At 9-month post-transplantation, tacrolimus
concentrations in patients with PTDM were significantly
higher than that in patients without PTDM. The ROC
curve of tacrolimus concentration at 9-month after trans-
(AUC=0.903,
P<0.001). Tacrolimus concentration at 9-month after trans-

plantation was statistically significant
plantation <9.1 ng/mL, which was the best cutoff value for
PTDM. The sensitivity was 72.7%, and the specificity was

94.2% (Figure 5).

Discussion

Kidney transplantation recipients usually receive
a standard weight-based dose, which is then adjusted
based on TDM to maintain tacrolimus blood concentra-
tions within the therapeutic range. However, the correla-
concentration and clinical

tion between tacrolimus

outcome is still a matter of discussion. This study revealed
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Table 2 Pharmacogenetic Analysis of ABCBI, ABCC2, POR28 and PXR Polymorphism

C,/D cc cT TT
ABCBI (rs|128503) I mo. 1.40 (1.13-1.60) 1.43 (1.22-1.75) .44 (1.16-1.73)
3 mo. 1.52 (1.27-1.86) 161 (1.21-1.93) 1.63 (1.08-1.96)
9 mo. 1.51 (1.23-1.83) .64 (1.25-1.98) 1.65 (1.21-2)
12 mo. 1.67 (1.45-1.91) 1.82 (1.47-2.18) 1.72 (1.32-2.28)
cc cT T
ABCBI (rs2032582) I mo. .42 (1.09-1.57) 1.42 (1.18-1.79) 1.45 (1.18-1.71)
3 mo. 1.52 (1.02-1.86) 1.66 (1.27-1.91) 1.52 (1.14-1.99)
9 mo. 1.51 (1.24-1.98) 1.65 (1.23-1.94) .64 (1.19-2.03)
12 mo. 1.76 (1.28-2.38) 1.78 (1.47-1.99) 1.66 (1.35-2.19)
cc cT T
ABCBI (rs1045642) I mo. 141 (1.15-1.60) 1.47 (1.22-1.82) 141 (1.15-1.75)
3 mo. 1.5 (1.13-1.9) 1.67 (1.21-1.93) 1.51 (1.16-2.04)
9 mo. 1.6 (12-191) .65 (1.29-2.03) 1.69 (1.17-2.03)
12 mo. 1.76 (1.41-2.11) 1.81 (1.46-2.18) 1.5 (1.33-223)
cc TC T
ABCC2 (rs717620) I mo. .40 (1.13-1.60) 1.43 (1.22-1.75) .14 (1.06-1.43)
3 mo. 1.67 (1.24-1.96) 1.45 (1.11-1.88) 130 (0.95-1.75)
9 mo. .66 (1.33-2.03) 156 (1.15-1.93) 1.37 (1.18-1.74)
12 mo. 1.83 (1.47-2.34) 1.73 (1.31-2.01) 1.5 (1.23-1.69)
GG AG/AA
ABCC2 (rs2273697) I mo. .42 (1.09-1.57) 115 (1.08-1.41)
3 mo. 1.61 (1.14-1.90) 1.60 (1.33-1.99)
9 mo. .64 (1.2-1.95) 1.63 (1.40-1.99)
12 mo. 1.77 (1.37-2.13) 1.77 (1.48-2.49)
cc TC T
ABCC2 (rs37400660) I mo. 141 (1.15-1.60) 1.47 (1.22-1.82) 121 (1.05-1.55)
3 mo. 1.67 (1.24-1.96) 1.61 (1.08-1.91) .38 (0.96-1.69)
9 mo. 1.65 (1.31-1.99) 1.58 (1.15-1.97) 137 (1.08-1.7)
12 mo. 1.81 (1.47-2.34) 1.76 (1.31-2.14) 1.5 (1.27-1.63)
cc TC T
POR28 (rs2868177) I mo. 122 (1.09-1.65) 1.48 (1.24-1.76) 1.43 (1.16-1.64)
3 mo. .45 (1.05-1.86) 1.67 (1.25-1.88) 151 (1.22-2.05)
9 mo. 1.42 (1.18-1.8) 1.70 (1.33-1.95) 1.63 (1.24-2.17)
12 mo. 1.54 (1.31-1.94) 1.81 (1.38-2.13) 1.77 (1.44-2.51)
GG AG AA
PXR (rs6785049) I mo. .45 (1.20-1.74) 138 (1.15-1.65) 1.51 (1.24-1.77)
3 mo. .63 (1.33-1.95) 161 (1.12-1.91) 1.56 (1.13-2.06)
9 mo. 1.6 (1.27-2.09) 1.63 (1.19-1.93) 1.74 (1.22-2.14)
12 mo. 1.77 (1.46-2.37) 170 (1.35-2.14) 1.83 (1.32-2.33)

Abbreviations: ABCBI, ATP binding cassette subfamily B member |; ABCC2, ATP binding cassette subfamily C member 2; POR, P450 oxidoreductase; PXR, pregnane

X receptor.
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Beta(95%CI) p.value
RBC ————————  0.218(0.027,0.410)  0.026
BMI = 0.013(-0.007,0.033)  0.212
Anemia —_— -0.034(-0.173,0.106)  0.632
HGB n 0.021(0.015,0.027)  <0.001
ALB ot 0.017(0.005,0.029)  0.007
BUN 0.001(-0.002,0.004)  0.586
CYP3A5*3(rs776746) L ——— -0.307(-0.421,-0.192) <0.001
ABCC2(rs37400660) -0.162(-0.461,0.137)  0.287
ABCC?2 (rs2273697) 0.085(-0.218,0.389)  0.581
WZC —_— 0.174(0.026,0.321)  0.022
-1.0 -0.5 0.0 0.5 1.0

Figure 3 Regression coefficients of multivariable linear regression.

that the CYP3AS polymorphism was closely associated
with tacrolimus Cy/D. We also suggested that clinical
variables such as RBC, hemoglobin, albumin, and WZC
could explain tacrolimus PK variability. Furthermore, we
found that higher tacrolimus concentrations were signifi-
cantly associated with diarrhea and PTDM risk at different

periods. These findings will provide guidance for precision
tacrolimus dosing in kidney transplantation recipients.
CYP3AS is the predominant tacrolimus metabolic path-
way, and previous studies have indicated that the CYP3AS5
genotype was the most significant source of tacrolimus PK
variability.* In our study, patients categorized as CYP3AS

Table 3 The Relationship Between Adverse Reactions Occurrence and Tacrolimus Concentration at Different Periods

Tacrolimus Concentration (ng/mL), Median (IQR)
I mo. 3 mo. 9 mo. 12 mo.
AR Non-AR 9.9 (8.0-11.6) 7.5 (6.3-8.8) 6.8 (5.6-8.0) 6.6 (5.8-7.9)
AR 8.9 (7.3-11.3) 7.3 (5.6-8.0) 6.3 (5.3-8.3) 7.6 (6.4-8.3)
CKAD Non-CKAD 9.9 (7.9-11.5) 7.5 (6.3-8.5) 6.8 (5.7-7.9) 6.6 (5.9-7.9)
CKAD 10.0 (8.2-12.0) 7.5 (6.2-10.1) 6.8 (5.4-8.1) 6.2 (5.3-84)
PTDM Non-PTDM 9.9 (7.9-11.6) 7.5 (6.3-8.5) 6.6 (5.6-7.8)** 6.6 (5.8-8.0)
PTDM 9.4 (8.2-11.0) 7.0 (5.4-9.7) 10.3 (7.5-12.1) 7.0 (5.9-8.5)
Diarrhea Non-diarrhea 9.7 (7.7-11.0)** 7.5 (6.3-8.8) 6.9 (5.8-8.1) 6.5 (5.7-7.9)
Diarrhea 13.2 (9.0-16.6) 7.1 (6.1-8.4) 6.2 (5.1-7.4) 7.4 (6.2-8.3)
Infections Non-infection 9.8 (7.9-11.4) 7.5 (6.3-8.7) 6.8 (5.7-7.8) 6.6 (5.8-7.8)
Infection 9.9 (8.3-12.0) 7.3 (6.4-8.8) 6.9 (5.1-8.2) 7.6 (5.4-8.5)
Liver dysfunction Non-liver dysfunction 9.9 (8.0-11.6) 7.5 (6.3-8.7) 6.8 (5.6-7.7) 6.6 (5.8-7.9)
Liver dysfunction 9.2 (7.0-11.4) 6.9 (5.6-8.2) 7.3 (5.6-7.7) 7.8 (5.2-9.1)

Note: *p<0.05.

Abbreviations: IQR, interquartile range; AR, acute rejection; CKAD, chronic kidney allograft dysfunction; PTDM, post-transplant diabetes mellitus, mo, month.
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Figure 4 The relationship between diarrhea occurrence and tacrolimus concentra-
tion. (A) Tacrolimus concentration over time in the non-diarrhea and diarrhea
group. (B) Receiver operating characteristic (ROC) curve. *p<0.01.
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Figure 5 The relationship between post-transplant diabetes mellitus (PTDM) occur-
rence and tacrolimus concentration. (A) Tacrolimus concentration over time in the non-
PTDM and PTDM group. (B) Receiver operating characteristic (ROC) curve. *p<0.01.

non-expresser (poor metabolizers) had higher Cy/D com-
pared with CYP3AS5 expresser (intermediate and extensive
metabolizers), which indicated that the CYP3AS genotype

strongly associated with tacrolimus Cy/D. Compared with
CYP3AS5 polymorphisms, the associations between the
tacrolimus PK and polymorphisms in CYP3A4, ABCBI,
ABCC2, POR, and PXR genes are inconsistent. A previous
study suggested that CYP3A4*22 was significantly related to
increased tacrolimus concentrations in 1560 European-
American kidney transplant recipients.”! However, the
CYP3A4*22 and CYP3A4*1B SNPs have frequencies of
less than 1% Asian populations. Thus, in our study, no
mutation was observed in the CYP3A4*1B allele, and only
one patient carried the minor allele of CYP3A4*22.
Therefore, the effect of CYP3A4*22 and CYP3A4*1B
were not evaluated.

Furthermore, studies involving the relationship between
tacrolimus PKs and ABCBI1 have yielded conflicting
results. Some have reported an association between tacro-
limus PK and ABCB1,?>** while most found no relation-
ship between ABCBI and tacrolimus Cy/D.***> ABCC2
may also be related to tacrolimus metabolism. A study has
reported that the ABCC2 ¢.3972C>T polymorphism
affected tacrolimus Cy/D in kidney transplant recipients.
However, other studies have reached negative results about
the associations between tacrolimus PKs and ABCC2
polymorphisms.>® According to our current findings,
ABCBI and ABCC2 had no effect on tacrolimus Cy/D in
Chinese kidney transplant recipients.

The POR gene encodes the CYP oxidoreductase, and
plays a key role in CYP-mediated drug oxidation. Previous
studies have suggested that the POR*28 variant allele
decreased tacrolimus exposure in CYP3AS5 expressers.'®
Conversely, some studies have shown that POR*28 did not
affect the tacrolimus PKs.?” This is consistent with the fact
that we did not observe any effect of POR*28 on tacroli-
mus Cy/D. PXR, encoded by NR112, regulates the expres-
sion of CYP3A and ABCBI. Studies on the relationship
between PXR and tacrolimus PKs yielded conflicting
results.?*2° However, there were no significant differences
observed between POR*28 or PXR alleles and tacrolimus
Co/D in our study.

Since more than 90% of tacrolimus in circulation is
confined to RBCs, RBC count is expected to affect blood
tacrolimus concentration.’® Previous studies also reported
that tacrolimus was highly bound to plasma proteins,
mainly to serum albumin.’' Therefore, hemoglobin and
albumin influence the free fraction but not the unbound
concentration of tacrolimus in blood. Previous studies
reported an association between hemoglobin and albumin
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and tacrolimus PKs.*>?* A decrease in hemoglobin and
albumin levels increases the free fraction of tacrolimus in
blood, increasing whole blood clearance, and ultimately
resulting in a decrease in tacrolimus blood levels.>* These
changes are important for the correct interpretation of
TDM results. Consistent with prior studies in kidney and
other transplant populations, we observed that low RBC,
hemoglobin, and albumin levels would result in a low
tacrolimus Cy/D.

Tacrolimus is a substrate of P-gp and is mainly meta-
bolized by CYP3A in the liver and small intestine.
Therefore, investigating the potential drug interaction
effects is necessary before considering combination ther-
apy. Previous study demonstrated that pharmacokinetic
interaction occurs between steroids and tacrolimus in
renal transplant patients.>> Although all transplant patients
in our study received the same standard therapeutic regi-
men (tacrolimus, mycophenolate mofetil, and corticoster-
oids), there were dose differences in corticosteroids.
Therefore, an effect on tacrolimus PKs cannot be ruled
out. Azole antifungal agents, such as fluconazole, itraco-
nazole, and posaconazole, could inhibit the activity of
CYP3A enzymes and thus reduce tacrolimus clearance,
increasing tacrolimus concentrations.*® However, kidney
transplant patients of our hospital rarely used azoles; there-
fore, we excluded patients using azole antifungal drugs. In
China, a traditional Chinese medicine named Wuzhi cap-
sules (WZC) (registration number in China: Z20025766) is
often prescribed to increase tacrolimus concentration in
clinical practice.*” In vivo and in vitro PK studies demon-
strated that WZC inhibited P-gp-mediated efflux and
CYP3A-mediated metabolism of tacrolimus, and increased
tacrolimus oral bioavailability.***° Our results also sug-
gested that WZC significantly increased tacrolimus Cy/D.
In addition, we did not consider the impact of calcium
channel blockers (amlodipine and nifedipine, used for
treating hypertension), and this should be clarified in
future large-scale studies.

Tacrolimus therapy is associated with risks of nephro-
toxicity, neurotoxicity, hypertension, dyslipidemia, diar-
rhea, and PTDM.*'* The clinical efficacy of any dose of
tacrolimus administered for kidney transplantation reci-
pients depends on whether exposure variability nega-
tively impacts outcomes and adverse reactions.
However, the correlation between tacrolimus concentra-
tion and clinical outcome is still in discussion. Low
tacrolimus exposure may increase the risk of acute rejec-
tion in the first year after kidney transplantation.** In

addition, tacrolimus trough concentrations above 9.3 ng/
mL were significantly associated with higher BPAR risk
in the first three months after transplantation.*> However,
other studies found no significant difference in acute
rejection between tacrolimus trough concentrations in
the first year or the first two weeks after transplantation,
respectively.*®*” Our study revealed no association
between differential tacrolimus exposure and AR and
CKAD after one-year post-transplantation, but the num-
ber of patients was small and the follow-up was short.
However, we found that tacrolimus concentrations at
different periods were significantly associated with diar-
rhea and PTDM.

Mycophenolate mofetil (MMF) is often considered to
be the cause of unexplained diarrhea in kidney transplan-
tation recipients. However, recent studies suggest that
systemic exposures to MMF and its metabolites are not
associated with diarrhea in liver transplant recipients.*®
Diarrhea is also a frequent side effect of tacrolimus, but
the relationship between tacrolimus and diarrhea has not
attracted much attention. In clinical trials, diarrhea was
reported in 22-72% of recipients taking tacrolimus.*’
Previous studies suggested that the increased diarrhea
associated with the combination of tacrolimus and MMF
as compared with cyclosporine A and MMF may therefore
not simply be caused by increased exposure to MMF.*° In
addition, diarrhea further increases tacrolimus exposure,
fueling a vicious cycle.”! Our results showed that diarrhea
was correlated with tacrolimus concentration in the first
month after transplantation, which was also consistent
with the previous study.

A tacrolimus concentration of 12.2 ng/mL was the best
cutoff value for diarrhea. At present, the mechanism of
tacrolimus-induced diarrhea is not clear. Tacrolimus can
affect intestinal transport and barrier function, thus affect-
ing glucose absorption.> However, diarrhea can damage
intestinal epithelial cells, reducing the activity of CYP3A4
and CYP3AS metabolic enzymes in the local intestine, and
decreasing the expression of P-gp or its activity, thereby
affecting the metabolism and absorption of tacrolimus, and
leading to an increase of tacrolimus concentration.’’
Confirming whether higher tacrolimus concentrations
cause diarrhea or diarrhea increases tacrolimus concentra-
tions requires further studies.

Recent studies have shown that the incidence of PTDM
16%-61%,
depending on medical centers. PTDM is associated with

after transplantation is approximately

poorer graft function and all-cause mortality as well as an
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increased risk of infections and cardiovascular events.>
Higher tacrolimus levels were consistently considered as
an important risk factor for PTDM. We also found that
high tacrolimus levels in 9 months post-transplantation
were related to an increased risk of PTDM. The tacrolimus
concentration at 9 months after transplantation of 9.1 ng/
mL was the best cutoff value for PTDM.

Conclusion and Relevance

Clinical factors, medication, and CYP-enzyme polymorph-
isms accounted for tacrolimus concentration variability in
kidney transplantation recipients. Furthermore, high tacroli-
mus concentrations were associated with diarrhea and PTDM
risk. However, our study has some limitations. First, it is
a retrospective analysis study. This is a single-center study
with relatively limited sample size. Multicenter and larger
long-term studies would better account for the validity of our
results. Secondly, we only studied SNPs that may affect
tacrolimus  metabolism as  previously  reported.
Genomewide studies may identify additional predictive
SNPs. Moreover, although all our transplant patients
received the same standard therapeutic regimen, food and
additional medications may impact tacrolimus PKs and have
consequences on outcome variables. For example, all the
patients received different doses of a combination of corti-
costeroids, known to induce cytochrome P450 expression,
which may have affected tacrolimus PK may have been
affected. In addition, we did not routinely detect the myco-
phenolate mofetil concentration. Thus, we cannot rule out the
effect of mycophenolate mofetil on diarrhea, which requires

further research.

Abbreviation

PK, pharmacokinetic; TDM, therapeutic drug monitoring;
CYP, cytochrome P450; AR, acute rejection; BPAR, lower
biopsy-proven acute rejection; CKAD, chronic kidney allo-
graft dysfunction; ABCB1, ATP-binding cassette subfamily
B member 1; POR, P450 oxidoreductase; ABCC2, ATP-
binding cassette subfamily C member 2; PXR, pregnane
X receptor; NR112, nuclear receptor subfamily 1 group
I member 2; BPAR, biopsy-proven acute rejection; Cy/D,
dose-adjusted trough blood tacrolimus concentrations;
DCD, donations after cardiac death, PTDM, post-transplant
diabetes mellitus; AUC, Area Under Curve; ROC, receiver-
operating characteristic curve; WZC, Wuzhi capsules; RBC,
red blood counts; BMI, body mass index; ALT, alanine
aminotransferase; AST, aspartate aminotransferase; ALP,
alkaline phosphatase; TP, total protein; ALB, albumin;

BUN, blood urea nitrogen; Cre, creatinine; SNP, single
nucleotide polymorphism; P-gp, P-glycoprotein;, MMEF,
Mycophenolate mofetil; IQR, interquartile range.
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