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The objective of this study was to assess the effect of the very low dosage of diltiazem on tacrolimus
exposure during the first week post-kidney transplantation, among cytochrome P450 (CYP) 3A5
expressers who did not receive diltiazem (EXplb), CYP3AS5 expressers who received the very low

dose diltiazem (EXdtz), CYP3A5 nonexpressers who did not receive diltiazem (NEplb), and CYP3A5
nonexpressers who received the very low dose diltiazem (NEdtz). Forty kidney recipients who receive
tacrolimus-based immunosuppressive regimen were randomly assigned, with stratification on the
CYP3A5 genotypes, to receive either diltiazem 30 mg every 12 h or a matched placebo. The observed
median dose-adjusted area under the 12-h curve of tacrolimus concentration (AUC/D) at day 7 post-
transplantation was lowest in the EXplb group followed by EXdtz, NEplb, and NEdtz at 34.9, 43.6,
49.4, and 71.1 ng*h/mL per mg, respectively. A Kruskal-Wallis test showed a significant difference

in the mean ranks of AUC/D among groups. Significant differences between EXplb and NEplb,

and between EXplb and NEdtz were demonstrated, whereas no sufficient evidence of significant
differences was detected between the other pairs. In conclusion, coadministration of diltiazem 30 mg
twice daily may be advantageous for increasing tacrolimus exposure early after kidney transplantation
among CYP3AS5 expressers.

Tacrolimus, a potent calcineurin inhibitor (CNI), is an immunosuppressive agent widely used for the preven-
tion of acute allograft rejection in kidney transplant recipients (KTRs)'. The role of tacrolimus as an essential
component of immunosuppressive protocols has been proven®*. Most commonly used in combination with
antimetabolite mycophenolate and glucocorticoids, tacrolimus has become the backbone of the primary main-
tenance immunosuppressive regimen used after kidney transplantation (KT)°.

Optimally balanced immunosuppressive therapy is vital for preventing acute rejection, deterioration of kid-
ney graft function, and other unwanted outcomes. Under-immunosuppression increases the risk of cellular and
antibody-mediated rejections, and kidney allograft loss, whereas overexposure to immunosuppressant increases
the risks of dose-related adverse effects, infections, and other unwanted events®. Tacrolimus clinical use is com-
plicated by its narrow therapeutic index, time-varying pharmacokinetics, and wide variation between individuals
in systemic drug exposure achieved by a given dose®>”.

Tacrolimus is a substrate of cytochrome P450 (CYP) 3A microsomal oxidase enzyme system and P-glyco-
protein (P-gp). CYP3A5, which is polymorphic expressed, is identified as the principal enzyme responsible for
tacrolimus metabolism®1°. A single nucleotide polymorphism in the gene encoding for the CYP3A5 enzyme
(rs776746), which results in either the absence or a pronounced reduction in CYP3A5 expression, significantly
influences tacrolimus exposure*®. To achieve the same target range of tacrolimus blood concentrations, CYP3A5
expressers (CYP3A5*1/*1 and *1/*3) require a higher tacrolimus dosage than nonexpressers (CYP3A5*3/*3)%10,

The risk of immunological complications is generally highest during the early period after KT. Adequate
immunosuppression is crucial during this critical period since lower tacrolimus exposure at approximately one
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week post-KT has been associated with subsequently higher rates of acute rejection''"'*, Even though therapeutic
drug monitoring of tacrolimus is recognized to be an essential component of immunosuppressive therapy in
KTRs and routinely implemented in clinical practice for the personalization of tacrolimus dosage to maintain its
efficacy and minimize the consequences of overexposure of the drug, therapeutic drug monitoring is of limited
value during the early days after KT given that a steady state of tacrolimus pharmacokinetics has not yet been
reached. With the same starting tacrolimus dose and therapeutic drug monitoring scheme, the proportion of
KTRs achieving tacrolimus concentrations during the first week was significantly lower in CYP3A5 expressers
in comparison with nonexpressers and episodes of acute rejection occurred earlier in expressers'>.

The antihypertensive diltiazem, a non-dihydropyridine calcium-channel blocker (CCB), inhibits activities of
CYP3A metabolism and P-gp efflux pump'®". Diltiazem co-administration has been suggested as one of the pos-
sible strategies to allow therapeutic tacrolimus levels to be achieved at a lower tacrolimus dosage'®. Significantly
higher dose-adjusted trough concentrations of tacrolimus (C0/D) on day 7 after KT were reported in CYP3A5
expressers who received co-administered diltiazem in a dosage of 30 mg three times daily compared to those
who did not receive diltiazem'.

Whether or not co-administration of diltiazem in a very low dosage of 30 mg twice daily affects tacrolimus
pharmacokinetics during the very early period post-KT amongst CYP3A5 expressers and nonexpressers is
questionable. This study was conducted to evaluate the influence of the very low dose diltiazem and CYP3A5
genetic polymorphisms on tacrolimus exposure in adult Thai KTRs in the first week after transplantation by
comparing dose-adjusted area under the 12-h curve of tacrolimus concentration (AUC/D) at day 7 post-KT and
the proportions of patients with a markedly subtherapeutic or supratherapeutic tacrolimus trough concentration
(C0) at day 3 post-KT, among CYP3A5 expressers who did not receive diltiazem (EXplb), CYP3A5 expressers
who received a very low dose diltiazem (EXdtz), CYP3A5 nonexpressers who did not receive diltiazem (NEplb),
and CYP3AS5 nonexpressers who received a very low dose diltiazem (NEdtz).

Methods

This prospective, randomized, double-blind, placebo-controlled study was carried out in four parallel groups
of KTRs. Eligible KTRs were randomly assigned to receive either oral, immediate-release diltiazem (Ditizem®;
Siam Pharmaceutical, Bangkok, Thailand) 30 mg every 12 h or physically identical matched placebo, which was
started on the day of KT (day 0), in a 1:1 ratio according to a sequence of computer-generated random schedule
in permuted blocks of 4 with stratification on the CYP3A5 genotypes (CYP3A5 expressers and nonexpressers)
by nQuery program version 4.0 (Statistical Solutions Ltd), Cork, Ireland. The randomization schedule was con-
cealed in sequentially numbered, sealed, opaque envelopes, and kept in a locked cabinet in the central pharmacy
of Siriraj Hospital. Envelopes were opened sequentially only after enrollment of each participant. The diltiazem
and placebo containers, which were issued with a medication number and assigned to consecutive patients in a
sequential order, were tamper-proof, equal in weight, and similar in appearance. A pharmacist not involved in
the care of the study patients did the randomization, distributed the study agents, and held the trial codes, which
were disclosed after the study. Physicians, nurses, other care providers, and the study patients were unaware of
the group allocations.

All adult KTRs (> 18 years old) who received their living related KT at Siriraj Hospital, a university hospital
in Thailand, between March 2017 and December 2020 and had been prescribed tacrolimus as their primary
immunosuppressive regimen post-KT were eligible to participate. Exclusion criteria included multiple organ
transplantation, ABO blood group incompatible KT, cirrhosis, aspartate aminotransferase > 100 U/L, alanine
aminotransferase > 120 U/L, hepatitis C viral infection, active gastrointestinal disorder, sign of infections, and
blood pressure <110/70 mmHg. Patients who received treatment with anti-thymocyte immunoglobulin, any
investigational drugs, or medications (except for methylprednisolone, prednisolone, and omeprazole) that could
significantly interfere tacrolimus pharmacokinetics were also excluded.

Demographic and relevant clinical data were obtained from medical records and the electronic laboratory
reported program (Eclair program). All transferred data were verified and validated.

DNA extraction and genotyping. After recruitment, venous blood samples were collected into tubes
containing EDTA. Genomic DNA was extracted from the peripheral blood leukocytes using a Puregene Blood
Kit (Qiagen®). The concentration of extracted DNA was measured using a Nanodrop2000 spectrophotometer
(Thermo Scientific, Waltham, MA) and diluted to 20 ng/uL for genotyping analysis. Genotyping of CYP3A5
(6986A>G, rs776746, assay ID:C_26201809_30) was assessed using 2 pL of genomic DNA samples (20 ng/
pL), TagMan® Genotyping assay (20x) 1 uL, TagMan® Universal PCR master mix (2x) 10 uL, distilled water
7 uL (total 20 pL). TagMan Drug Metabolism Genotyping Assay reactions were run with the following thermal
cycling profile: 95 °C for 10 min, followed by 50 cycles at 95 °C for 15 s and 60 °C for 90 s. Cycling and allelic
discrimination analysis was performed using the QuantStudioTM 3 Real-Time (Applied Biosystems®).

KTRs who are either heterozygous or homozygous carriers of the CYP3A5*I allele were classified as
CYP3AS5 expressers and those who are homozygous carriers of the CYP3A5%3 allele were classified as CYP3A5
nonexpressers.

Immunosuppressive drug regimen and other medication use. All participants received oral,
immediate-release tacrolimus (Prograf®; Astellas, Kerry, Ireland). According to Siriraj Hospital protocol, the
initial dose (0.05 mg/kg every 12 h) of tacrolimus was started 2 days before KT (day—2) and subsequently
adjusted after KT based on efficacy and toxicity and to maintain morning trough concentrations of 7 to 10 ng/
mL in standard risk patients and 10 to 12 ng/mL in high-risk patients during the first week after transplantation.
Participants also received either mycophenolate mofetil (Cellcept®; F Hoffmann-La Roche Ltd, Basel, Switzer-
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land or Immucept®; Intas Pharmaceuticals Ltd., Gujarat, India) or mycophenolate sodium (Myfortic®; Novartis
Pharma Stein, Switzerland for Novartis AG, Basel, Switzerland) at the dosage equivalent to 2 g/day of mycophe-
nolate mofetil. A tapered corticosteroid regimen was administered consisting of an intravenous bolus of 500 mg
of methylprednisolone (Solu-medrol®; Novartis Pharma Stein, Switzerland for Novartis AG, Basel, Switzerland)
on day 0, 250 mg on day 1, 125 mg on day 2 followed by 40 mg/day of prednisolone on day 4 after KT. The sub-
sequent prednisolone doses were gradually tapered thereafter. Induction therapy with basiliximab (Simulect®;
Novartis Pharma AG, Basel, Switzerland) was allowed.

Either 30 mg diltiazem or matched placebo capsule was given every 12 h at the same time as tacrolimus
dose. All patients received a fixed dose of omeprazole 40 mg/day. Other antihypertensive drugs, except for those
significantly affected with tacrolimus pharmacokinetics, were allowed at the discretion of physician according
to standard of care.

Tacrolimus concentration analysis. On day 7 post-KT, after the tacrolimus dosage was stable for at least
48 h, venous blood samples (5 mL) were collected at pre-dose and 1, 2, 4, 6, 8 and 12 h after the morning dose
of tacrolimus. Samples were collected in EDTA tubes and stored at 4 degrees Celsius until analysis. Whole blood
tacrolimus concentrations were determined within the same day of blood collection by using a chemilumines-
cent microparticle immunoassay method with ARCHITECT system® i2000 (Abbott, Abbott Diagnostic, USA).
The method was linear in the concentration range up to 30 ng/mL, the limits of quantification were 0.8 ng/mL,
and the coeflicient of variation of within run precision and between run precision were less than 10%. Mean
recovery was 100+ 10% according to the manufacturer’s information®.

Outcome measures. The primary outcome measure was AUC/D at day 7 post-KT. Secondary outcomes
were the proportions of patients with a markedly subtherapeutic (<5 ng/mL) or supratherapeutic (>15 ng/mL)
tacrolimus CO and measured systolic and diastolic blood pressures on days 3 and 7 post-KT.

The area under the 12-h curve of tacrolimus concentration (AUC) was calculated by linear logarithmic trap-
ezoidal method. For calculation of AUC/D and CO0/D, values of AUC and CO were dose-adjusted by dividing
the observed values by the dose recorded on the day of blood collection. Early-morning blood pressures were
measured on the same day of blood collection for pharmacokinetic analysis by a ward nurse as part of a routine
examination, during rest in a seated position with a calibrated and well-maintained automatic sphygmomanom-
eter. Delayed graft function (DGF) was defined as failure of the kidney graft to function immediately, with the
need for dialysis in the first 7 days post-KT. Episode of biopsy-proven acute rejection (BPAR) during 3 months
post-KT was diagnosed based on histologic findings in indication kidney graft biopsy according to Banft 2015
criteria.

Statistical analysis. The distribution of continuous data was evaluated by Shapiro-Wilk test, and subse-
quently, parametric tests or nonparametric tests were applied as appropriate. Normally distributed continuous
data are presented as mean * standard deviation (SD) and non-normally distributed continuous data as medians
with interquartile ranges (IQR), unless stated otherwise. Counts and percentages are expressed for categorical
data.

Genotype frequencies of the polymorphisms were tested for the deviations from Hardy—Weinberg equilib-
rium using appropriate chi-square testing. The analysis of variance (ANOVA) or Kruskal-Wallis test was used to
compare continuous data. For the comparison of AUC/D among the four study groups, eta squared, a measure
of effect size for ANOVA was calculated if appropriate; otherwise, epsilon squared, a measure of effect size for
Kruskal-Wallis, was computed based on the H statistic, which was adjusted for ties. For ANOVA, the Bonfer-
roni correction was carried out for multiple pairwise testing when variances are homogenous and the Dunnett’s
T3 test was applied when variances are not homogenous. For Kruskal-Wallis test, the Bonferroni procedure
was performed for multiple pairwise comparison. Fisher’s exact test was used to compare proportions among
groups. Bivariate correlations between continuous variables were assessed by either Pearson’s correlation test or
Spearman’s rank correlation test.

Power calculation was performed. A required total sample size of at least 40 was estimated by G*Power
3.1.9.2 software, Heinrich-Heine-Universitat, Diisseldorf, Germany (with an effect size of 0.50, a power of 0.9,
an estimated dropout rate of 50%, and a significant level of 0.05).

All statistical tests were conducted against a two-sided alternative hypothesis employing a significant level of
0.05. All analyses were performed using IBM SPSS statistics 28 (IBM, Bangkok, Thailand).

Ethics. This study was conducted in compliance with the provisions of the Declaration of Helsinki, Decla-
ration of Istanbul, and Good Clinical Practice Guidelines, approved by the Siriraj Institutional Review Board,
Faculty of Medicine, Siriraj Hospital, Mahidol University (approval number Si 721/2016), and registered in the
Thai Clinical Trials Registry (TCTR20170206005) with the full date of first registration on 06/02/2017. All the
patients provided written informed consent before enrollment.

Results
In this study, 63 living related KTRs were assessed for eligibility. Thirteen received anti-thymocyte globulin for
induction therapy, five received any medication that could significantly interfere tacrolimus pharmacokinetics,
and five declined to participate. The study population thus comprised a total of 40 KTRs (Fig. 1).

The observed allele frequencies of CYP3A5*1 and CYP3A5*3 were 36.2% and 63.8%, respectively. The gen-
otype frequencies were in accordance with the Hardy-Weinberg equilibrium (chi-square=0.259, p=0.611).
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63 Adult living-related kidney transplant recipients
underwent assessment

23 Were excluded:
13 Received thymoglobulin induction therapy
5 Received medications that can interfere tacrolimus pharmacokinetics
5 Declined to participate

T

40 Underwent randomization with stratification on the CYP3A5 genotypes

L 2

-

23 CYP3AS expressers 17 CYP3AS5 non-expressers
12 Were assigned not 11 Were assigned 8 Were assigned not 9 Were assigned to
to receive Diltiazem to receive Diltiazem to receive Diltiazem receive Diltiazem

Figure 1. Flow diagram of patient enrollment.

The CYP3A5*1/*1, *1/*3, or *3/*3 genotypes were detected in 6 (15.0%), 17 (42.5%), and 17 (42.5%) patients,
respectively. Twenty-three (57.5%) were identified as CYP3A5 expressers, and 17 (42.5%) were nonexpressers.

Demographic and clinical characteristics on day 7 post-KT were well balanced among four randomly assigned
groups as summarized in Table 1. Of 40 KTRs, the overall mean + SD of tacrolimus dosage on day 7 post-KT was
6.7 +2.8 mg/day. On day 7, the mean + SD of tacrolimus AUC was 153.6 +33.2 ng*h/mL (range 96.9-232.8 ng*h/
mL), with the corresponding CO of 8.4+ 2.1 ng/mL (range 5.0-13.2 ng/mL). The median (IQR) of AUC/D and
CO0/D were 44.9 (37.1, 65.3) ng*h/mL per mg and 2.5 (1.8, 3.7) ng/mL per mg, respectively. A moderate positive
correlation between AUC and C0 was observed (Pearson correlation coefficient, r=0.617; p <0.001).

The observed median AUC/D at day 7 was lowest in the EXplb group followed by EXdtz, NEplb, and NEdtz
at 34.9, 43.6, 49.4, and 71.1 ng*h/mL per mg, respectively as presented in Table 2. The frequency distributions of
AUC/D in each study group were displayed in Fig. 2. A Kruskal-Wallis H test showed a significant difference in
the mean ranks of AUC/D among the four groups (H=19.704, df=3, p <0.001), with a large effect size (epsilon
squared =0.505). To identify significant differences between specific groups, pairwise comparisons with the
Bonferroni correction for multiple testing were carried out. The mean rank for EXplb is significantly lower than
both the mean rank for NEplb (adjusted p=0.026) and significantly lower than the mean rank for NEdtz (adjusted
P <0.001), whereas the differences between the other pairs were not statistically significant as shown in Table 3.

On day 3 post-KT, four KTRs in the EXplb group and one in the EXdtz group had tacrolimus C0 <5 ng/mL,
while none of the NEplb and NEdtz groups had tacrolimus C0 <5 ng/mL. However, no statistically significant
differences of the proportions of KTRs with tacrolimus CO of <5 ng/mL or > 15 ng/mL on days 3 and 7 post-KT
were found among the four groups as presented in Table 4. Comparable systolic and diastolic blood pressures
were observed among the study groups on days 1, 3, and 7 as reported in Table 5. None of the KTRs had hypo-
tensive episode, DGEF, suspected rejection, or BPAR during the first week post-KT.

During 3 months after transplantation, two (5%) patients had BPAR. One patient in EXdtz group had an
antibody-mediated rejection and one in NEplb had an acute cellular rejection. No borderline changes were
detected. Two (5%) patients had post-transplant diabetes mellitus. Of these patients, one was in EXplb and the
other was in EXdtz. No study patients reported tremor.

Discussion

This randomized controlled trial was conducted to determine whether or not there is an effect of the very low
dose diltiazem on AUC/D of tacrolimus on day 7 post-KT among 40 living related KTRs, of which approximately
58% were CYP3A5 expressers and 42% were CYP3A5 nonexpressers. All participants received tacrolimus in
combination with mycophenolate and corticosteroids. Amongst the four randomly assigned groups, a significant
effect of the very low dose diltiazem on AUC/D was demonstrated, with a large effect size. When compared
among groups with the same genotype, no significant differences between those who received and did not receive
the very low dose diltiazem were found both when compared among CYP3A5 expressers groups and among
nonexpressers groups. However, it appears that CYP3A5 expressers that did not receive diltiazem coadminis-
tration had a significantly lower mean rank of AUC/D than those in both groups of CYP3A5 nonexpressers,
whereas the differences between CYP3A5 expressers who received diltiazem and neither of the groups of CYP3A5
nonexpressers were observed, indicating that the very low dose diltiazem affects tacrolimus exposure in CYP3A5
expressers and may reduce tacrolimus dosage requirement in CYP3A5 expressers to achieve the same exposure
of the drug in nonexpressers during the first week after kidney transplantation.
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CYP3A5 expressers CYP3A5 non-expressers
Characteristics Placebo (n=12) | Diltiazem (n=11) | Placebo (n=8) | Diltiazem (n=9)
Female, n (%) 3(25.0) 6 (54.5) 4 (50.0) 2(22.2)
Age, years 48 (44, 56) 34 (30, 58) 42 (35, 58) 38 (33,57)
Body weight, kg 60.8+13.8 51.7+10.4 59.3+13.4 55.7+11.0
Height, m 1.64 (1.60, 1.70) 1.60 (1.55, 1.70) 1.58 (1.55, 1.70) | 1.64 (1.56, 1.67)
Cause of ESRD, n (%)
Diabetes Mellitus 3(25.0) 0(0) 2(25.0) 2(22.2)
Hypertension 1(8.3) 1(9.1) 0(0) 0(0)
Chronic glomerulonephritis 0(0) 3(27.3) 0(0) 1(11.1)
IgA nephropathy 2(16.7) 1(9.1) 1(12.5) 0(0)
Other 1(8.3) 1(9.1) 3(37.5) 1(11.1)
Unknown 5 (41.7) 5 (45.5) 2(25.0) 5 (55.6)
Donor age, years 35 (24, 44) 33 (30, 48) 38 (23,41) 38(32,41)
Female donor, n (%) 8 (66.7) 7 (63.6) 3(37.5) 5(55.6)
RRT before KT, n (%)
Preemptive 5(41.7) 2(18.2) 0(0) 2(22.2)
Hemodialysis 5(41.7) 8(72.7) 6 (75.0) 7(77.8)
Peritoneal dialysis 2(16.7) 1(9.1) 2 (25.0) 0(0)
Dialysis vintage, months 3(0,17) 15(1,22) 14 (10, 32) 15 (1, 46)
Number of HLA mismatch 3.0 (0.5, 4.5) 3.0 (2.0, 5.0) 2.5(2.0,3.0) 3.0 (2.5,4.5)
Presence of pre-transplant HLA antibodies®, n (%)
DSA 0(0) 0(0) 0(0) 0(0)
Non-DSA 5(41.7) 2(18.2) 3(37.5) 2(222)
Serum creatinine, mg/dL 1.19 (1.04, 1.67) 1.10 (0.97, 1.53) 1.02 (0.78,1.30) | 1.13 (0.96, 1.60)
Hemoglobin, g/dL 11.0£2.0 11.3+2.2 10.5+1.7 10.8+1.4
Albumin, g/dL 3.6(2.9,3.8) 3.7 (3.4,3.9) 33(3.2,3.4) 3.7 (3.5,3.9)
Aspartate transaminase®, U/L 17 (12, 33) 15 (10, 22) 17 (14,21) 17 (10, 23)
Alanine transaminase®, U/L 17+8 15+4 13+7 19+8
Total bilirubin®, mg/dL 0.43+0.12 0.39+0.16 0.43+0.13 0.48+0.20
Direct bilirubin®, mg/dL 0.15(0.13,0.19) | 0.13(0.11, 0.20) 0.15(0.13,0.17) | 0.19 (0.10, 0.30)

Table 1. Patient characteristics on day 7 after kidney transplantation. Values are expressed as count (%),
mean * SD, or median (interquartile range) for comparison reasons. ESRD end stage renal disease, DSA
donor-specific antibody, HLA human leukocyte antigen, KT kidney transplantation, RRT renal replacement
therapy. *Detection by single-antigen bead analysis, with mean fluorescence intensity of greater than or equal
to 1500 (LABScreen Luminex kits, One Lambda, Canoga Park, CA, USA). bData on day -2 before kidney
transplantation.

In addition, although no statistically significant differences in proportions of KTRs who had markedly sub-
therapeutic tacrolimus CO0 of <5 ng/mL on day 3 post-KT were found, one-third of CYP3A5 expressers who did
not receive diltiazem coadministration had day 3 CO of <5 ng/mL compared to approximately one-eleventh of
CYP3AS5 expressers who received diltiazem and none of nonexpressers had day 3 C0 of <5 ng/mL. These find-
ings support that coadministration of the very low dose diltiazem of 30 mg twice daily influences tacrolimus
exposure during the first week post-KT and may be considered as a strategy for increasing the achievement of
therapeutic tacrolimus exposure early after KT among CYP3A5 expressers when the same starting dose as for
nonexpressers is given.

A different expression of CYP3A5, the major enzyme responsible for tacrolimus metabolism, is known to
cause inter-patient variability of tacrolimus exposure in KTRs. The gene encoding CYP3A5 is polymorphically
expressed. A single nucleotide polymorphism involves an A to G transition at position 6986 within intron 3 of
the gene has a well-established influence on tacrolimus pharmacokinetics®. Heterozygous or homozygous car-
riers of the CYP3A5*1 produce high levels of full-length CYP3A5 mRNA and express high levels of functional
CYP3AS5 protein, while homozygous carriers of the CYP3A5*3 produce very low or undetectable levels of func-
tional CYP3AS5 protein?!. CYP3AS5 expressers require a significant higher tacrolimus dosage, approximately 1.5
to twofold, to reach the same target of the drug exposure!>?*-2,

The frequency of the CYP3A5*1 allele is highly dependent on ethnicity. Compared to Caucasians, the CYP3A5
expresser is more frequently present in Asians and African Americans?*-. In this current study, the CYP3A5*1
allele was identified in approximately 55% of participants. The observed CYP3A5*1 and CYP3A5*3 allele fre-
quencies were in Hardy—Weinberg equilibrium and are similar to those reported in Asian populations, but differ
from those seen in Caucasians and African Americans.
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CYP3A5 expressers CYP3A5 non-expressers

Placebo (n=12) | Diltiazem (n=11) | Placebo (n=8) Diltiazem (n=9) | P value
2 days before transplantation
Daily dose, mg/day 6.0 (6.0, 6.8) 5.0 (5.0, 6.0) 5.5 (5.0, 8.0) 6.0 (5.0, 6.5) 0.414*
Daily dose, mg/kg/day 0.10 (0.08,0.10) | 0.10 (0.09, 0.11) 0.10 (0.09,0.11) | 0.10 (0.09, 0.11) 0.820°
Day 1 post-transplantation
Daily dose, mg/day 6.0 (6.0,7.0) 5.0 (5.0,7.0) 6.0 (5.0,7.8) 6.0 (4.5, 6.0) 0.266°
Daily dose, mg/kg/day 0.10£0.02 0.11+0.02 0.10+0.03 0.09+0.02 0.396
Dose, mg/kg 0.05+0.01 0.06+0.01 0.05+0.02 0.05+0.01 0.396°
C0, ng/mL 7.0£3.2 10.9+3.7 12.6+7.2 13.1+7.4 0.055°
C0/D, ng/mL per mg 2.2(1.3,2.8) 3.3(2.6,4.5) 3.8 (2.0,5.0) 3.8(2.7,7.2)F 0.026*
C0/Daily dose, ng/mL per mg/day 1.1 (0.6, 1.4) 1.6 (1.3,2.3) 1.9(1.0,2.5) 1.9 (1.3, 3.6)° 0.026*
Day 3 post-transplantation
Daily dose, mg/day 75%1.6 54%1.7 51+£2.1 44+24° 0.005°
Daily dose, mg/kg/day 0.12£0.04 0.10+0.04 0.09+0.04 0.08+0.05 0.092°
Dose, mg/kg 0.06+0.02 0.05+0.02 0.04+0.02 0.04+0.03 0.092°
C0, ng/mL 6.2 (4.4, 8.0) 9.3 (7.0, 10.4) 9.4 (8.8, 12.4)° 11.9 (8.8, 13.4)° <0.001°
C0/D, ng/mL per mg 1.8 (1.1, 2.0) 3.7 (2.4,4.5) 3.4(2.7,5.8)° 6.4 (4.1, 8.8)° <0.001*
C0/Daily dose, ng/mL per mg/day 0.9 (0.6, 1.0) 1.8 (1.2,2.2)¢ 1.7 (1.4, 2.9)¢ 3.2(2.0,4.4)¢ <0.001*
Day 7 post-transplantation
Daily dose, mg/day 8.8(8.0,11.8) 6.0 (5.5, 8.0)° 6.2 (5.0,6.9)° 3.5(2.8,6.2) <0.001*
Daily dose, mg/kg/day 0.17+0.08 0.12+0.04 0.10+0.03 0.08+0.04¢ 0.004°
Dose, mg/kg 0.08£0.04 0.06+0.02 0.05+0.01 0.04+0.02¢ 0.004°
C0, ng/mL 9.2%1.6 7.4%2.1 8.6£2.5 8.4+1.8 0.188"
C0/D, ng/mL per mg 2.0(1.4,2.5) 1.9 (1.8,3.2) 2.8(25,34) 4.2(2.8,6.0) 0.009*
C0/Daily dose, ng/mL per mg/day 1.0 (0.7, 1.2) 1.0 (0.9, 1.6) 14(1.2,1.7) 2.1(1.4,3.0)° 0.009*
AUC, ng*h/mL 168.8+32.2 138.1£29.6 158.8 £40.7 147.8+25.5 0.144°
AUC/D, ng*h/mL per mg 34.9 (31.6,38.5) | 43.6 (37.0,50.5) 49.4 (43.0,62.9)° | 71.1(54.9,100.7)¢ | <0.001*

Table 2. Tacrolimus dose, concentration, and area under the 12-h concentration curve. Values are expressed
as mean + SD or median (interquartile range) for comparison reasons. AUC area under the concentration over
12-h curve, AUC/D dose-adjusted area under the concentration over 12-h curve, C0 trough concentration,
C0/D dose-adjusted trough concentration. *Kruskal-Wallis test. ® Analysis of variance. P <0.05 versus CYP3A5
expressers with placebo group (Bonferroni correction for multiple comparisons). 4P <0.05 versus CYP3A5
expressers with placebo group (Dunnett’s T3 correction for multiple comparisons).

The different expression of CYP3A5 not only differs tacrolimus concentrations in systemic circulation, but
also may influence a patient’s susceptibility to tacrolimus drug interactions. In the present study, the influence
of very low dosage diltiazem of 60 mg/day on tacrolimus AUC/D on day 7 post-KT in CYP3A5 expressers not
in CYP3A5 nonexpressers was demonstrated. In a similar way, the tacrolimus-sparing effect of a higher dosage
of 90 mg/day diltiazem coadministration was observed in CYP3A5 expressers (p=0.001), but not remarkable
in CYP3AS5 nonexpressers (p=0.201) on day 7 post-KT in a previous study by Li et al.”>.

CCB is generally considered a preferred antihypertensive agent for KTRs'®. Diltiazem is a non-dihydropyri-
dine CCB which is well-known to be an inhibitor of CYP3A enzyme activity***°. The use of a non-dihydropyr-
idine CCB to minimize CNI dose has been suggested as one of the strategies that may reduce drug costs given
that the concomitant use of a CYP inhibitor increases blood levels of tacrolimus, thereby allowing therapeutic
blood levels of tacrolimus to be achieved at a lower dose of tacrolimus'®. Notably, the tacrolimus dose reduction
achieved with diltiazem is modest compared to ketoconazole, a commonly used antifungal agent which is known
to be a potent CYP3A enzyme inhibitor and has also been suggested as another strategy that may reduce drug
costs in KTRs. However, it was mentioned that if ketoconazole coadministration was discontinued abruptly,
tacrolimus blood levels may decrease precipitously, which may increase the risk of acute graft rejection. A sud-
den drop of tacrolimus levels is less likely with non-dihydropyridine CCB usage'®.

The inhibitory effect of diltiazem on CYP3A and P-gp activities is a plausible explanation for pharmacoki-
netic interaction between diltiazem and tacrolimus. The metabolism of diltiazem involves N-demethylation,
which is catalyzed extensively by CYP3A. Diltiazem N-demethylated metabolites are competitive inhibitors of
CYP3A*"2 The findings from experimental studies and in vivo in healthy volunteers suggest that the inhibi-
tory effect of diltiazem on CYP3A activity, in both human liver and intestine, is irreversible and the mechanism
of CYP3A inhibition caused by diltiazem is primarily by the formation of P-450-iron (II) metabolite complex,
which results in a catalytically inactive CYP3A enzyme'®*>**, Tacrolimus is extensively metabolized by CYP3A
enzymes®. The inhibition of CYP3A by diltiazem, therefore, may enhance intestinal absorption and decrease
metabolism of tacrolimus with a consequent increase in drug exposure. Moreover, tacrolimus is a substrate of
P-gp, an ATP-dependent efflux drug transporter, which is constitutively expressed in normal tissues including
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Figure 2. Dose-adjusted area under the 12-h curve of tacrolimus concentration at day 7 post-kidney
transplantation.

Group Mean rank Kruskal-Wallis H | P value
EXplb (n=12) 10.2 19.704 <0.001
EXdtz (n=11) 18.8

NEplb (n=8) 254

NEdtz (n=9) 32.0

Pairwise comparison | Mean rank difference | Standard error P value®
EXplb-NEdtz -21.83 5.16 <0.001
EXplb-NEplb - 15.21 5.34 0.026
EXplb-EXdtz - 8.65 4.88 0.457
EXdtz-NEdtz -13.18 5.25 0.073
EXdtz-NEplb - 6.56 5.43 1.000
NEdtz-NEplb - 6.62 5.68 1.000

Table 3. Comparison of tacrolimus dose-adjusted area under the 12-h curve at day 7 post-kidney
transplantation among groups. EXplb CYP3A5 expressers with placebo group, EXdtz CYP3AS5 expressers
with diltiazem group, NEplb CYP3A5 nonexpressers with placebo group, NEdtz CYP3A5 nonexpressers with
diltiazem group. *Bonferroni correction for multiple comparisons.

the gastrointestinal epithelium, the canalicular membrane of the liver, and the proximal and distal tubule of the
kidney®. P-gp transports a variety of substrates across cellular membranes and functionally interact with CYP3A
in intracellular drug metabolism. In the small intestine, drugs that are CYP3A and P-gp substrates are repeatedly
absorbed into enterocytes and pumped out of cells by P-gp, which keeps intracellular drug concentrations within
the linear range of the metabolizing capacity of the CYP3A enzymes*. Repeated presentation of the substrates
to CYP3A enzymes within the intestinal cell decreases the rate of absorption and increases the opportunity of
CYP3A-dependent metabolism®. Besides its effects as an inhibitor of CYP3A, diltiazem is also a known P-gp
inhibitor. The inhibitory effect of diltiazem on intestinal P-gp activity may enhance tacrolimus absorption by
blocking efflux transport, decrease metabolism of the drug, thereby, further increasing tacrolimus exposure®.
This is the first prospective randomized clinical study that demonstrates the impact of very low dosage of
60 mg/day diltiazem reducing the impact of the CYP3A5 genetic polymorphisms on tacrolimus exposure during
the first week post-KT. Notably, the dose-response relationship of the pharmacokinetic interaction between tac-
rolimus and diltiazem has been reported in two stable KTRs in a previous study in which the tacrolimus-sparing
effect of diltiazem has been observed to be dose-dependent over a diltiazem dosage range of 20-180 mg per day™’.

Scientific Reports |

(2022) 12:14247 |

https://doi.org/10.1038/s41598-022-18552-7 nature portfolio



www.nature.com/scientificreports/

. CYP3A5 expressers CYP3A5 non-expressers
Tacrolimus trough
concentration Total (n=40) | Placebo (n=12) | Diltiazem (n=11) | Placebo (n=8) | Diltiazem (n=9) | P value®
Day 1 post-transplantation
Lower than 5 ng/mL, n (%) 6 (15.0) 4(33.3) 0(0) 1(12.5) 1(11.1) 0.152
]n“o(f)/v:)' than the target range, | 1, (3 o 7(58.3) 1(9.1) 2(25.0) 2(222) 0.078
Higher than 15 ng/mL, n (%) | 7 (17.5) 0(0) 1(9.1) 3(37.5) 3(33.3) 0.053
Day 3 post-transplantation
Lower than 5 ng/mL, n (%) 5(12.5) 4(33.3) 1(9.1) 0(0) 0(0) 0.078
Il;o(xézsr than the target range, | | (25.0) 8 (66.7) 2(18.2)° 0 (0) 0 (0) <0.001
Higher than 15 ng/mL, n (%) | 1(2.5) 0(0) 0(0) 1(12.5) 0(0) 0.200
Day 5 post-transplantation
Lower than 5 ng/mL, n (%) 4(10.0) 1(8.3) 1(9.1) 2(25.0) 0(0) 0.491
ﬁ‘zz/voe)r than the target range, | ¢ (45 ) 7(58.3) 7 (63.6) 2(25.0) 2(222) 0.158
Higher than 15 ng/mL, n (%) | 0 (0) 0(0) 0(0) 0(0) 0(0) -
Day 7 post-transplantation
Lower than 5 ng/mL, n (%) 0(0) 0(0) 0(0) 0(0) 0(0) -
i(’(‘(f/f)r than the target range, | 1, (3.4 1(8.3) 6(54.5) 2(25.0) 3(33.3) 0.115
Higher than 15 ng/mL, n (%) | 0 (0) 0(0) 0(0) 0(0) 0(0) -

Table 4. Proportions of kidney transplant recipients with a markedly subtherapeutic or supratherapeutic
tacrolimus trough concentration during the first week after kidney transplantation. *Fisher’s exact test. ®P < 0.05
versus CYP3A5 expressers with placebo group (Bonferroni correction for multiple comparisons).

CYP3A5 expressers CYP3A5 non-expressers
Placebo (n=12) | Diltiazem (n=11) | Placebo (n=8) Diltiazem (n=9) | P value

2 days before transplantation

Systolic blood pressure (mmHg) 154.5+36.1 149.3+29.8 144.9+16.7 144.0+14.6 0.808*
Diastolic blood pressure (mmHg) 84.7+18.5 90.6+17.2 84.8+10.1 80.4+12.8 0.550?
Pulse rate (bpm) 77.0 (68.0, 89.0) | 79.0 (68.0, 82.0) 85.0 (72.0,99.0) | 70.0 (65.0,87.0) | 0.363°
Number of antihypertensive drugs® | 2.5+1.4 24+16 25+23 3.1+15 0.813*
Day 1 post-transplantation

Systolic blood pressure (mmHg) 150.9+23.1 152.7+15.9 155.6+11.3 151.2+10.3 0.932*
Diastolic blood pressure (mmHg) 85.2+18.5 89.2+13.3 90.8+8.4 87.4+14.8 0.853%
Pulse rate (bpm) 83.0 (74.5,99.5) | 82.0 (74.0, 86.0) 98.0 (70.5,103.5) | 82.0 (73.0, 86.0) 0.716"
Number of antihypertensive drugs® 0(0,0.8) 0(0, 1.0) 0(0,0) 0(0, 1.0) 0.646°
Day 3 post-transplantation

Systolic blood pressure (mmHg) 148.5+23.3 1442+14.7 156.2+14.2 146.7+17.1 0.546*
Diastolic blood pressure (mmHg) 89.6+18.2 86.8+13.5 94.8+8.1 84.3+14.0 0.491*
Pulse rate (bpm) 81.0+17.8 86.6+15.4 88.2+13.8 824172 0.657*
Number of antihypertensive drugs® 0 (0, 2.0) 1.0 (0, 1.0) 1.0 (0, 1.8) 1.0 (0, 1.5) 0.936°
Day 7 post-transplantation

Systolic blood pressure (mmHg) 133.4+21.6 131.4+23.2 127.6+14.2 138.2+10.8 0.704*
Diastolic blood pressure (mmHg) 78.4+9.5 77.8+13.3 75.0+11.7 81.0+7.3 0.721°
Pulse rate (bpm) 82.3+18.4 80.2+11.2 81.0+£19.5 81.8+8.6 0.988°
Number of antihypertensive drugs® 1.0 (0, 2.0) 1.0 (0, 2.0) 0.5 (0, 1.0) 1.0 (0, 2.0) 0.728°

Table 5. Blood pressures, pulse rate, and number of antihypertensive medication use. Values are expressed as
mean + SD or median (interquartile range) for comparison reasons. * Analysis of variance. "Kruskal-Wallis test.

“Not include diltiazem.

In the present study, all KTRs received a bodyweight-based starting dose of tacrolimus. Although CYP3A5
expressers tended to have a markedly subtherapeutic tacrolimus trough concentration more often during the
first 3 days post-KT, nonexpressers tended to have a markedly supratherapeutic trough concentration more
often on day 1 post-KT, extensive therapeutic drug monitoring is performed and rapidly corrected any extreme
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tacrolimus concentrations and none of the study patients had their tacrolimus CO outside the range of 5-15 ng/
mL on day 7 post-KT.

A more appropriate tacrolimus starting dose would limit the time a patient is outside the target levels in the
critical early days after transplantation. Among several approaches to reduce the risk of tacrolimus underex-
posure early after transplantation, the Clinical Pharmacogenetics Implementation Consortium recommends
to individualize initial tacrolimus dosing guided in the CYP3A5 genotyped patients®. However, this strategy
has not yet been widely implemented in clinical practice. To reduce the risk of underexposure with tacrolimus
during the very early period after KT, the initiation of tacrolimus therapy 2 days prior to transplantation has
been used in the present study. Of note, more than half of KTRs in EXplb group had their tacrolimus CO lower
than the therapeutic target level on days 1 and 3 post-KT, although the statistically significant difference of the
proportions of EXplb in whom tacrolimus C0O was lower than the target level from the other three groups was
found only on day 3. This finding re-emphasizes the need for close therapeutic drug monitoring during the
high-risk early period post-KT.

With simultaneous consideration of tacrolimus blood concentration and the dose required to achieve the
level of exposure, patients with increased risk of poor short- and long-term outcomes after KT can be identified.
In a previous study, an association between a high early tacrolimus dose requirement and a significantly reduced
kidney graft function had been reported®. A higher risk of having an acute rejection episode after transplanta-
tion has also been observed in KTRs in the high estimated tacrolimus clearance group compared with the low
clearance group*’. Furthermore, the low tacrolimus concentration/daily dose ratio has been associated with long
term outcomes, including inferior graft function, death-censored graft loss risk, and higher mortality rate*!~+.
Tacrolimus pharmacokinetics is known to be influenced by various factors*. Some factors may affect tacrolimus
exposure in the early phase while others exert its influence on the drug exposure in the late phase after transplan-
tation. Whether or not the effect of diltiazem on increasing tacrolimus exposure would also improve short- and
long-term clinical outcomes remains to be explored.

Hypertension (HTN) is one of the most common comorbidities after KT. HTN is an established risk factor
for cardiovascular disease (CVD), the leading cause of death and graft loss in KTRs*~*. The pathogenesis of
post-transplant hypertension is complex and different over time periods during which hypertension develops
after KT*%. Given that an adequate blood pressure and volume status is necessary to establish good kidney
graft function, over-aggressive blood pressure lowering intervention should be avoided to minimize the risk
of hypotension, although uncertainty remains over the optimal blood pressure control, especially during the
early post-KT period. No hypotensive episode and no significant differences in blood pressures were observed
among the study groups.

The present study has limitations that should be considered. First, albeit appropriate statistical calculations,
the number of patients in the present study is quite small. Although the participants are randomly assigned,
with allocation concealment, into groups, confounding bias may possibly exist. Further well-designed larger
studies with longer follow up periods are needed to substantiate the findings. Second, all the KTRs who partici-
pated in this study received a combination of immediate release tacrolimus together with mycophenolate and
corticosteroids; whether the effect of diltiazem significantly impacts tacrolimus exposure among KTRs who
receive extended-release tacrolimus, steroid avoidance, or steroid withdrawal regimens is questionable. Third,
this study is a single-center study; however, the study patients were uniformly treated with the same strategies
for caring the patients post-KT. Finally, this study focused on tacrolimus levels during the first week post-KT;
the clinical outcomes were not evaluated. Given that extensive therapeutic drug monitoring was performed and
rapidly corrected any extreme tacrolimus concentrations and our study patients are low or standard risk KTRs,
the under- or over-exposure of tacrolimus is not long enough to cause a clinically relevant increase in the inci-
dence of concentration-related unwanted events during the study period. Consequently, the question of whether
early achievement of target tacrolimus concentrations after KT is beneficial for KTRs with a high immunologic
risk especially in ethnic populations with high prevalence of CYP3A5 expresser status remains to be answered.

Conclusion

The very low dosage of 60 mg/day diltiazem affects tacrolimus exposure in CYP3A5 expressers. As compared

with CYP3A5 nonexpressers, CYP3A5 expressers who did not receive the diltiazem coadministration had sig-

nificantly lower AUC/D of tacrolimus at day 7 post-KT while CYP3A5 expressers who received the diltiazem

coadministration did not. No significant effects on blood pressure were detected in the study patients.
Coadministration of the very low dose diltiazem could be considered as a possible strategy to increase expo-

sure of tacrolimus early after KT, especially for CYP3A5 expressers.

Data availability
The datasets generated and/or analysed during the current study are available in the NCBI ClinVar repository
(https://submit.ncbi.nlm.nih.gov/subs/variation_clinvar/accession number SCV002500936).
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