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What is Known and Objective. Voriconazole (VRC) increases the blood concentration of Tacrolimus (TAC). However, the
patterns of changes in TAC trough concentration (TAC C0) and dose-adjustment regimens after VRC discontinuation have not
been reported. We aimed to explore the changing pattern of TAC CO after VRC discontinuation and provide strategies for TAC
dose adjustment and blood concentration monitoring in renal transplant recipients. Methods. The clinical data of 46 renal
transplant patients pre- and during VRC medication and VRC discontinuation were retrospectively recorded, including doses and
concentrations , of TAC and VRC; biochemical indicators such as liver and kidney function; and CYP3A5, CYP3A4, and
CYP2C19 gene types. Results and Discussion. After discontinuing VRC for 2-4 days, 81% of the patients returned to their initial
TAC dose, although TAC C, and TAC dose-adjusted trough concentration (C/D) were 2.43-fold and 3.35-fold higher, re-
spectively, than pre-VRC administration. After 5-7 days, TAC C, and C/D gradually recovered. TAC C/D was significantly higher
after VRC discontinuation when the VRC trough concentration (VRC C0) was greater than 2.43 mg/L; CYP3A5, CYP3A4, and
CYP2C19 genotypes and the administration of erythromycin did not affect the change in TAC C/D. What is New and Conclusion.
TAC C/D remains elevated 2-4 days after discontinuing VRC compared to pre-VRC administration, with gradual recovery
observed 5-7 days after VRC discontinuation. To avoid excessive blood TAC CO0, the initial TAC dose should not be immediately
reinstated upon VRC discontinuation for 2-4 days. VRC Cj are a critical factor influencing the change in TAC C/D ratio after
VRC discontinuation.

1. Introduction

Kidney transplantation is the preferred treatment for end-
stage renal disease owing to its positive impact on quality of
life. According to the Global Observatory on Donation and
Transplantation, more than 100,000 kidney transplants are
performed annually worldwide [1]. Clinical guidelines
recommend Tacrolimus (TAC or FK506) as a first-line
immunosuppressant for renal transplantation. It effec-
tively reduces organ rejection, leading to improved graft
survival and patient quality of life [2]. However, TAC has
a narrow therapeutic window, with underexposure in-
creasing the risk of acute rejection and overexposure

leading to serious adverse effects such as nephrotoxicity,
neurotoxicity, and hyperglycemia. Therefore, the guide-
lines recommend routine monitoring of tacrolimus trough
concentrations (TAC Cy). In triple therapy regimens with
TAC, mycophenolate mofetil, and glucocorticoid, main-
taining TAC C, at 8-15ng/ml is recommended for
0-3 months postsurgery [3]. Intrapatient variability re-
flects fluctuations in trough levels over a specific time
interval [4]. Intrapatient variability of TAC CO increases
the risk of poor prognosis after transplantation [5, 6].
Thus, maintaining TAC C, in the therapeutic window and
minimizing the fluctuation of TAC Cy in clinical treatment
is crucial.
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Intra- and interindividual variations in pharmacoki-
netics (PK) complicate the clinical application of TAC. This
is attributed to the combination of multiple factors, such as
demographic factors and drug-drug interactions [7]. Fur-
thermore, there is a considerable genetic basis for in-
terindividual variability in TAC PK, with TAC being
a substrate for CYP3A4/5. CYP 3A5 nonexpressors (CYP
3A5 *3/*3) have 1.5-2-fold higher TAC dose-adjusted
trough concentrations (C/D) and lower TAC dose re-
quirements compared to CYP 3A5 expressors (CYP3A5 *1/
*1 or CYP 3A5 *1/*3) [8]. CYP3A4*1G (rs2242480,
20239G > A) has a relatively high frequency in the Chinese
population and is significantly associated with TAC C/D in
liver and kidney transplant recipients [9].

Owing to long-term immunosuppressive treatment,
renal transplant recipients are at an increased risk for in-
vasive aspergillosis [10]. In a case-control study using
United States Renal Data System Data, invasive aspergillosis
was associated with a 5.02 times greater risk of 1-year
mortality and a 3.37 times greater risk of 1-year allograft
failure [11]. Voriconazole (VRC) is the first-line treatment
for invasive aspergillosis [12]. It is an inhibitor of CYP3A4
and therefore inevitably leads to drug-drug interactions with
TAC in patients [13]. According to FDA drug labeling, when
VRC is used concomitantly with TAC, the TAC dose should
be reduced to 1/3 or lower, and blood concentration
monitoring should be performed more frequently. However,
the recovery of metabolic enzyme activity may take longer.
Itraconazole, which acts on TAC metabolism similarly to
VRC, continued to have effects on metabolic enzymes for
more than 10 days after discontinuation [14]. A similar effect
of VRC on metabolic inhibition was observed. Vanhove et al.
showed that after 90 days of combined treatment with TAC
and VRC, TAC doses were increased immediately upon
VRC discontinuation; however, it took one week after VRC
discontinuation for TAC CO to return to precombination
levels [15]. This suggests the possibility of TAC CO0 exceeding
the upper limit of the therapeutic window and fluctuations
in TAC CO after VRC discontinuation, of which our un-
derstanding is still lacking.

Herein, we aimed to investigate TAC dose adjustment,
fluctuations in TAC CO0 after VRC discontinuation, and the
factors influencing these changes in renal transplant pa-
tients. Our study provides a basis for TAC dose adjustments
and blood concentration monitoring after VRC
discontinuation.

2. Methods

2.1. Study Design and Population. This study was conducted
using data from the Department of Kidney Transplantation
of the First Affiliated Hospital of Anhui Medical University
and was approved by the Ethics Committee of our hospital
(approval number: Quick-PJ-2023-8-43). None of the
kidney donors were executed prisoners.

The clinical and laboratory data were collected between
September 2019 and June 2021. The inclusion criteria were as
follows: (1) after the first kidney transplantation; (2) treat-
ment with a triple immunosuppression therapy regimen of
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TAC, mycophenolate mofetil/macrolide sodium enteric
tablets, and glucocorticoids; (3) concomitant administration
of TAC and VRC for at least 5 days; and (4) availability of at
least two TAC concentrations within 1 week of voriconazole
discontinuation. The exclusion criteria were as follows: (1)
concomitant with other drugs that could significantly in-
fluence the PK of tacrolimus (such as fluconazole, pos-
aconazole, diltiazem, and Wuzhi preparations) except
erythromycin after VRC discontinuation. (2) Those with
abnormal liver function test results. Demographic and
clinical data were collected using the Laboratory In-
formation System and Hospital Information System. We
retrospectively collected clinical data on 200 renal transplant
patients treated with a combination of TAC and VRC. Most
patients were excluded due to a lack of TAC concentrations
within one week of voriconazole discontinuation, and only
46 patients were ultimately included.

2.2. Administration of Immunosuppressants and VRC.
Oral TAC (Astellas Ireland Co., Ltd., Kerry, Ireland) was
administered approximately 2days after transplantation
surgery at a dose of 2.5mg every 12h to achieve an target
range (8-15 ng/mL) in the early postoperative months (0-3).
Patients with suspected or confirmed fungal infections
initially received intravenous administration of VRC (Jin-
cheng Hess Pharmaceutical Co., Shanxi, China), followed by
a switch to oral VRC (Yangtze River Pharmaceutical Group
Co., Ltd., Jiangsu, China) at a dose of 200 mg every 12h.
After the concomitant administration of VRC, the TAC dose
was reduced and adjusted according to the TAC C0. The data
were divided into four groups according to the chronological
order of VRC administration: before VRC coadministration
(pre-VRC), concomitant with VRC (Co-VRC), 2-4days
after VRC discontinuation (Post-VRC 2-4d), and 5-7 days
after VRC discontinuation (Post-VRC 5-7 d). Missing drug
dose values were not imputed for TAC C/D statistical
analysis.

2.3. Tacrolimus and Voriconazole Plasma Concentration
Measurement. TAC C, and VRC trough concentration
(VRC Cy) of were determined using a Viva-E EMIT® blood
concentration analyzer (Siemens, Germany) and a 2D liquid
chromatograph (Demeter, China), respectively. Samples
were collected on day 3 after TAC dose adjustment and on
day 5 after VRC administration, allowing both blood con-
centrations to reach homeostasis. To account for TAC C0
exceeding the upper limit of detection (30ng/mL), we
substituted a value of 30 ng/mL for those instances in the
analysis.

2.4. Genotyping of CYP3A4/5 and CYP2C19. Genomic DNA
was extracted from the blood using the QTAGENE genomic
DNA extraction kit (Cat#69504, QIAGEN, Dusseldorf,
Germany) and stored at —20°C. An improved multiplex-
ligase detection reaction was used for genotyping. The fol-
lowing single nucleotide polymorphisms were detected:
CYP3A4*1G (rs2242480,20239G > A), CYP3A5*3
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(rs776746, 6986A > G), CYP2C19*2 (rs4244285, 681G > A),
and CYP2C1973 (rs4986893, 636G > A). The metabolic types
were specified according to genotype. CYP3A5 metabolites
are divided into CYP3A5 expressors (*1/*1 or *1/*3) and
CYP3A5 nonexpressors (*3/*3). CYP3A4 metabolic types
are divided into fast (*1G/*1G or *1/*1G) and slow meta-
bolism (*1/*1). CYP2C19 metabolic types are divided into
extensive (CYP2C19*1/*1), intermediate (IMs, *1/*2, *1/
*3), and slow metabolic (PMs, *2/*2, *2/*3, or *3/*3) types.

2.5. Statistical Analysis. The Kolmogorov-Smirnov test was
used to test the normality of numerical variables. According
to their normality, numerical statistical variables were
presented as mean + standard deviation (SD) or median and
interquartile range (IQR). The paired ¢-test, Wilcoxon paired
signed-rank test, Mann-Whitney U test, and Kruskal-Wallis
H test were chosen according to each applicable condition.
The test level a =0.05 and bilateral P < 0.05 were considered
statistically significant. All analyses were performed using
the IBM SPSS Statistics version 26 (IBM, New York, NY,
USA). Figures were generated using GraphPad Prism
software (version 8.0; San Diego, CA, USA).

3. Results

3.1. Patient Characteristics. 'This study included 46 kidney
transplant patients. The demographic and genotypic dis-
tributions of the study population are shown in Table 1. The
frequencies of the CYP3A5*3, CYP3A4*1G, CYP2C19*2,
and CYP2C19*3 alleles were distributed in concordance
with the Hardy—-Weinberg equilibrium. As shown in Table 2,
no significant differences were found between the Co-VRC
and Post-VRC groups with respect to liver function, kidney
function, routine blood tests, or CRP levels (P >0.05).

3.2. Effect of VRC Discontinuation on TAC Daily Dose (D), Cy,
C/D. The initial daily dose of TAC was 5mg in all pa-
tients. TAC C, was maintained within the target range
(8-15ng/ml) in 32.6% (15/46) of patients; 6.5% (3/46) of
patients exceeded 15ng/ml. The mean TAC CO was
7.15ng/ml. Following concomitant administration of
VRC, the daily dose of TAC was reduced to 0-2 mg in
73.9% (34/46) of patients, to 2-4 mg in 19.6% (9/46) of
patients, and remained at 4-5mg in only three patients.
TAC Cy was maintained within the target range in 26.1%
(12/46) of patients; 67.4% (31/46) of patients exceeded
15ng/ml (two cases exceeded the upper limit of de-
tection). The mean CO of TAC was 17.72 ng/ml, which
was 2.40-fold higher than that in the pre-VRC treatment
group (P <0.01). This is consistent with previous findings
[16]. After discontinuation of VRC for 2-4 days, the TAC
dosage returned to 4-5mg/d in 81.1% of patients (30/37;
nine patients had missing dose data). However, a higher
percentage of patients (73.0%, 27/37) had TAC
Co>15ng/ml; 10 patients exceeded the upper limit of
detection. The mean C0 of TAC was 18.80 ng/ml, which
was 2.73-fold higher than that in the pre-VRC treatment
group (P <0.01). Owing to excessive blood concentration,

TaBLe 1: Characteristics and genotype distribution of renal
transplant recipients.

Characteristics Value
Gender (n, male/female) 32/14
Age (years) 39.22+11.94
Body weight (kg) 56.64 +10.53

Genotype, n (%)

CYP3A5%1/*1 or *1/*3 15 (35.7%)

CYP3A5*3/*3 27 (64.3%)
CYP3A4*1/*1 26 (61.9%)
CYP3A4*1/*1G or *1G/*1G 16 (38.1%)
CYP2C19*1/*1 22 (52.4%)

CYP2C19%1/*2 or *1/*3
CYP2C19%2/*2 or *2/*3

Note. Age and weight represented as mean + SD.

14 (33.3%)
6 (14.3%)

the dose of TAC returned to the initial dose in only 60%
(18/30; 16 patients had missing dose data) of the patients
after discontinuation of VRC for 5-7 days. The remaining
40% of patients returned to half of the initial dose or even
lower, while maintaining TAC C, within the target range
(Figures 1(a) and 1(b)). Subsequently, we compared TAC
Cy before and after VRC concomitant treatment in two
and four groups using paired analysis, and the results
were consistent with those shown in Figure 1(b); How-
ever, the amount of data was lower when four groups
were compared (n=21) (Figures 1(c) and S1A).

We further compared trends in TAC C/D before and
after concomitant VRC treatment. Concomitant VRC
treatment significantly elevated TAC C/D by nearly 18-fold
compared to pre-VRC treatment. After discontinuation of
VRC for 2-4d, TAC C/D values decreased but remained
more than three times higher than with concomitant VRC
treatment (P <0.01). After discontinuation of VRC for
5-7d, TAC C/D gradually returned to normal levels
(Figure 2(a)). Similar conclusions were obtained from the
paired tests between two and four groups (Figures 2(b) and
S1B). Although the sample size was small (n =21) due to the
exclusion of patients with missing values when the four
groups were paired for comparison, the same trends in TAC
oand C/D were obtained. Our data indicate that even after
2-4 days of VRC discontinuation, VRC continues to have
a strong inhibitory effect on TAC metabolism. Thus, im-
mediate resumption of TAC dosing following VRC dis-
continuation may result in TAC C, exceeding the upper
limit of the therapeutic window and increased C,
fluctuations.

3.3. Effect of Coadministration of Erythromycin after VRC
Discontinuation on Daily Dose, Cyp, and C/D of TAC.
Erythromycin weakly inhibits CYP3A4 expression [17]. For
some patients with low TAC concentrations, co-
administration of erythromycin is a common therapeutic
strategy to increase TAC C, [18]. In our study data, some
patients received a combination therapy with erythromycin
immediately after VRC discontinuation. To further clarify
whether the inhibition of TAC metabolism after VRC dis-
continuation was related to the coadministration of
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TaBLE 2: Baseline laboratory test results before and after VRC discontinuation.

Parameter Co-VRC Post-VRC tZ p

ALB(g/L)* 36.23+5.12 37.88 +£6.39 -1.310 0.197
TBIL(umol/L)° 9.70 (7.95, 13.40) 10.00 (8.10, 13.13) -0.920 0.358
ALT (U/L)b 20.00 (16.00, 32.25) 24.50 (17.00, 49.25) —-1.559 0.119
AST (U/L)® 18.00 (14.00, 28.00) 20.50 (15.75, 44.25) —-0.961 0.337
CRE (umol/L)° 210 (130.05, 383.65) 180.75 (107.40, 329.35) ~1.797 0.072
CCR (mL/min)b 32.50 (14.75, 57.25) 41.00 (19.00, 72.50) -1.338 0.181
u-hsCRP (mg/L)" 4.09 (1.93, 10.38) 4.19 (1.67, 28.77) —0.845 0.398
HB (g/L)al 88.65+13.82 87.69 +15.14 0.371 0.713
HCV (%)* 26.92+4.17 26.87 +4.60 —0.053 0.958

Albumin (ALB), total bilirubin (TBIL), glutamic aminotransferase (ALT), glutamic oxalacetic aminotransferase (AST), CRE (blood creatinine), CCR
(creatinine clearance), C-reactive protein (u-hsCRP), hemoglobin (HB), and erythrocyte specific volume (HCV). *the paired t-tes, mean + SD; the Wilcoxon
signed-rank test, median (IQR).
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FiGure 1: (a) Frequency distribution of TAC dose before and after concomitant VRC treatment. (b) Comparison of TAC C, between
different groups before and after concomitant VRC treatment, P** < 0.01 compared with the Pre-VRC treatment, P <0.01 compared with
the Co-VRC treatment, and P%% < 0.01 compared with the Post-VRC 2-4d. (c) Comparison of TAC C, between each two groups before and
after concomitant VRC treatment using paired analysis, P** <0.01.

erythromycin, we divided the 46 patients into two groups: After discontinuation of VRC for 2-4 days, regardless of
patients who were (n=24) and were not (n=22) coad- whether erythromycin was coadministered, TAC C, was
ministered with erythromycin after VRC discontinuation significantly higher than pre-VRC treatment (P <0.01).
for further subgroup analysis. Following VRC discontinuation for 5-7days, TAC C,
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FIGURE 2: (a) Comparison of TAC C/D between different groups before and after concomitant VRC treatment, P** <0.01 compared with
the Pre-VRC treatment, P** <0.01 compared with the Co-VRC treatment, and P¥ <0.05 compared with the Post-VRC 2-4d. (b)
Comparison of TAC C/D between each two groups before and after concomitant VRC treatment using paired analysis, P** < 0.01. Note: The

vertical axis is taken as log2 logarithm.

gradually returned to the pre-VRC treatment level in pa-
tients not coadministered erythromycin but was still higher
than pre-VRC treatment in patients coadministered eryth-
romycin (P < 0.05) (Figure 3(a)). We further compared TAC
C, before and after VRC concomitant treatment in two and
four groups by paired analysis, and the results were con-
sistent with those in Figure 3(a); the amount of data was
lower when four groups were compared (patients not
coadministered erythromycin, n=11; patients coadminis-
tered erythromycin, n=10) (Figures 3(b) and S2A).
Subsequently, we compared the trends in TAC C/D
before and after concomitant VRC treatment. After dis-
continuation of VRC for 2-4 days, regardless of whether
erythromycin was coadministered, TAC C/D was signifi-
cantly higher than pre-VRC treatment (P < 0.05). After VRC
discontinuation for 5-7 days, TAC C/D decreased further
and gradually returned to normal levels in patients not
coadministered erythromycin but was still higher than the
pre-VRC treatment in patients coadministered erythromy-
cin, with no statistically significant difference (Figure 4(a)).
However, after VRC discontinuation for 5-7 days, TAC C/D
was significantly higher than pre-VRC treatment in patients

coadministered with erythromycin (P <0.01) in the two-
group paired analysis (Figure 4(b)). Similar conclusions
were obtained from the paired tests between the four groups
(Figure S2B).

3.4. Effect of CYP3a4/5 Genotypes on C/D of TAC. To in-
vestigate the potential effect of the CYP3A4/5 genotype on
TAC C/D after VRC discontinuation, 42 patients were
determined to have the CYP3A4/5 genotype and divided
into different groups based on the different genotypes. We
compared trends in TAC C/D before and after VRC
treatment based on different genotypes. The results showed
similar trends in TAC C/D in patients with different ge-
notypes of CYP3A4/5. TAC C/D was significantly higher
2-4 days after VRC discontinuation than pre-VRC treat-
ment, whereas TAC C/D recovered gradually after VRC
discontinuation for 5-7 d (Figure 5(a)).

Further analysis revealed no significant differences in
TAC C/D between CYP3A5-expressers and non-expressers
before and after concomitant VRC treatment (Figure 5(a)).
However, TAC C/D was significantly lower in the
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FIGURE 3: (a) Comparison of TAC C, between different groups before and after concomitant VRC treatment, P* <0.05 or P** <0.01
compared with the Pre-VRC treatment, P <0.01 compared with the Co-VRC treatment, and P¥ < 0.05 or P*¥ <0.01 compared with the
Post-VRC 2-4d. (b) Comparison of TAC C, between each two groups before and after concomitant VRC treatment using paired analysis,

P* <0.05 or P** <0.01.

CYP3A4*1G allele than in the CYP3A4*1/*1 genotype group
before VRC coadministration (P <0.05; Figure 5(a)). This
suggested that the sustained inhibitory effect on TAC
metabolism after VRC discontinuation was independent of
the CYP3A4/5 genotype.

3.5. Effect of CYP2C19 Genotypes and VRC Concentration on
C/D of TAC. The CYP2C19 genotype influences the TAC
metabolism when VRC and TAC are combined; there-
fore, we further analyzed the role of the CYP2CI19 ge-
notype on the metabolism of TAC after VRC
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FIGURE 4: (a) Comparison of TAC C/D between different groups before and after concomitant VRC treatment, P* <0.05 or P** <0.01
compared with the Pre-VRC treatment, P* <0.01 compared with the Co-VRC treatment, and P¥ < 0.05 or P¥% <0.01 compared with the
Post-VRC 2-4d. (b) Comparison of TAC C/D between each two groups before and after concomitant VRC treatment using paired analysis,
P* <0.05 or P** <0.01. Note: the vertical axis is taken as log2 logarithm.

discontinuation. Owing to the small number of CYP2C19
PMs, we placed them together with IMs for further
analysis. We compared the trends in TAC C/D before
and after VRC treatment for both CYP2C19 genotypes.
Similar trends in TAC C/D in patients with different
CYP2C19 genotypes were observed (Figure 5(b)). There

were also no significant differences in TAC C/D between
the CYP2C19 PM/IM and CYP2C19EM groups before
and after concomitant VRC treatment (Figure 5(b)).
Hence, the sustained inhibitory effect on TAC meta-
bolism after VRC discontinuation is independent of the
CYP2C19 genotype.
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Finally, we analyzed the effect of VRC C, on TAC
metabolism after VRC discontinuation. Forty-five patients
were tested for VRC C,, and the individual variability of
VRC C, was large (0.14-9.4 mg-L™") with a median of 2.43
(1.19,4.51) mg-L_l. Patients were divided into the high (VRC
Co>2.43mg-L™") and low (VRC C0<2.43 mg-L-1)concen-
tration VRC groups (' according to the median VRC C,.

The TAC C/D of the high concentration VRC group was
significantly higher than that of the low concentration VRC
group after concomitant VRC and after VRC discontinua-
tion at 2-4 days, whereas there was no significant difference
in TAC C/D between the two groups before VRC co-
administration and after VRC discontinuation at 5-7d
(Figure 5(c)).
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4. Discussion

This retrospective study of 46 kidney transplant recipients
demonstrated that patients with high TAC intrapatient
variability (coefficient of variation >30%) had a higher risk
of de novo donor-specific antibody formation (hazard
ratio, 5.35; 95% confidence interval, 2.45 to 11.68), which
was associated with poor graft outcomes [4]. The Con-
sensus on Modifiable Risk Management in Transplantation
expert panel also recommended that large fluctuations in
TAC levels and high exposure levels in the early post-
transplant period should be avoided because they increase
mortality caused by events related to excessive immuno-
suppression such as infections, cardiovascular events, and
malignancies [19]. Maintaining TAC C, within the ap-
propriate range remains complex owing to genetic poly-
morphisms in CYP3A4/5 and a wide range of drug
interactions. VRC is a strong CYP3A inhibitor, and when
combined with TAC, the dose of TAC must be reduced to
1/3 or even lower to maintain TAC C, in the appropriate
range. However, the recovery of metabolic enzyme activity
often takes longer than the onset of metabolic enzyme
inhibition.

A study on the effect of fluoxetine on dextromethorphan
metabolism showed that it took 2-3 weeks for CYP2D6
activity to return to baseline levels after the discontinuation
of fluoxetine [20]. A similar phenomenon was also observed
in CYP3A. Lilja et al. used Simvastatin as a probe of CYP3A
metabolic capacity and clarified that CYP3A activity was
gradually restored only 3-7 days after grapefruit juice ad-
ministration [21]. Data from Vanhove et al. also suggested
that TAC metabolism requires a longer time to return to pre-
VRC levels after VRC discontinuation [15]. However, there
is still a lack of knowledge about the changing pattern of
TAC C, and dose adjustment protocols after VRC dis-
continuation. Therefore, our findings can help clinicians to
be more precise in the TAC treatment, not only to reduce the
rejection reactions caused by dramatic fluctuations in TAC
CO0 but also to reduce the toxic reactions of immunosup-
pression. This is beneficial for prolonging survival after
kidney transplantation.

Herein, we retrospectively analyzed the changes in TAC
CO0 in kidney transplant recipients approximately 1 week
after VRC discontinuation. Only 46 patients were included,
as per the inclusion and exclusion criteria and the lack of
complete TAC C, monitoring data in most patients. After
concomitant VRC, the TAC dose was reduced to 93.5% in
patients, but TAC C, remained significantly elevated, which
is consistent with previous studies [16]. After discontinua-
tion of VRC for 2-4d, 81.1% of patients had their TAC
returned to the initial dose, but the TAC C, was 2.40-fold
higher than the pre-VRC treatment; 73.0% of patients
exceeded the upper limit of the therapeutic window. After
VRC discontinuation for 5-7d, TAC C, gradually returned
to the pre-VRC treatment level, but TAC C/D was still
higher than the pre-VRC treatment. There were still 40% of
patients whose TAC dose returned to only half of the initial
dose or even lower, but the TAC C, remained in the
therapeutic window.

Some of the patients in this study had a low initial TAC
of Cy. To prevent a sudden drop in TAC C, after VRC
discontinuation, the patients received a combination of
erythromycin and TAC. As a large number of patients re-
ceived erythromycin in combination, they were not excluded
from this study. Erythromycin, a hepatic drug enzyme in-
hibitor, inhibits TAC metabolism in the liver and small
intestine by binding to the CYP3A4 enzyme to form an
inactive complex, thereby increasing the blood concentra-
tion of TAC [22]. Our group has previously recommended
a dose adjustment of TAC in combination with erythro-
mycin to 3/4 of the original dose based on population
pharmacokinetics. The results of the subgroup analysis
suggested that whether erythromycin was coadministered,
TAC C/D was significantly higher 2-4d after VRC dis-
continuation than pre-VRC treatment, whereas TAC C/D
recovered gradually after discontinuation of VRC for 5-7 d.

The degree of CYP3A inhibition by erythromycin de-
pends on the duration of administration and a plateau in
CYP3A inhibition is achieved only after 4 days or longer of
erythromycin treatment [23]. Meanwhile, Vanhove et al.
concluded that the proportional inhibition effect of adding
azoles may be diminished if CYP3A4 expression/activity is
already low (resulting in high Tac C/D) or inhibited by drugs
such as diltiazem [15]. Therefore, theoretically, the in-
hibition of CYP3A by erythromycin is not yet maximal
2-4 days after VRC discontinuation and peaks at 5-7 days as
the duration of erythromycin treatment is extended.
However, the values of TAC C/D 2-4days after VRC dis-
continuation remained significantly higher than those at
5-7 days. This phenomenon, contrary to the theory, suggests
that the inhibition of CYP3A by VRC persists for 2—4 days
after VRC discontinuation. After VRC discontinuation for
5-7d, the persistent inhibition of VRC gradually dis-
appeared, whereas the inhibition of erythromycin reached
its maximum level. This also explains why TAC Cy and C/D
gradually returned to pre-VRC administration levels in
patients not coadministered erythromycin but remained
higher than pre-VRC administration in patients coad-
ministered erythromycin. Therefore, our data suggest that
the metabolic enzyme activity takes 5-7 days to recover after
VRC discontinuation and that the TAC dose should not be
immediately restored to the initial dose to prevent toxic
reactions due to high TAC CO0.

A semiphysiological population pharmacokinetic model
showed that CYP3A inhibition persisted even when VRC C0
had approached zero, and CYP3A activity was predicted to
recover completely to baseline levels only 4 days after the last
dose of VRC [24]. Another population pharmacokinetic
model based on semiphysiology in adult liver transplant
recipients yielded a similar conclusion [25]. These results are
consistent with the observed phenomena.

VRC inhibition of TAC metabolism was positively
correlated with VRC CO using in vitro human liver mi-
crosomal assays [26, 27]. Therefore, we hypothesized that the
recovery of CYP3A activity after VRC discontinuation de-
pends on the metabolic activity of CYP3A and VRC
clearance metabolism, which are regulated by the CYP3A4/5
and CYP2C19 gene polymorphisms, respectively. Therefore,
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we further explored the effects of CYP3A4/5 and CYP2C19
polymorphisms on TAC C, and C/D after VRC discon-
tinuation. This may be owing to the small sample size in our
study; only one patient had the CYP3A5*1/*1 genotype, and
the rest of the patients carried CYP3A5*3, resulting in the
CYP3A4-dominant metabolism of TAC. However, there was
no significant difference in TAC C/D in patients with dif-
ferent genotypes of CYP3A4/5 after coadministration of
VRC or VRC discontinuation. This may be attributed to the
strong CYP3A inhibitory effect of VRC, which masks the
potential effects of CYP3A4/5 gene polymorphisms on TAC
metabolism [28].

CYP2C19 is the primary enzyme involved in VRC
metabolism. A pharmacokinetic study in healthy volunteers
suggested that the CYP2C19 genotype may serve as an in-
fluential factor in the interaction between TAC and VRC
[29]. Another real-world study with a larger sample showed
that the values of TAC C/D were significantly higher in the
CYP2C19*2/*2 and 2/*3 groups than in the other genotype
groups [30]. In contrast, our study showed no significant
difference in TAC C/D after coadministration of VRC or
VRC discontinuation in patients with different CYP2C19
genotypes. This may be owing to the small sample size of the
current study. However, a more probable reason is the
difference between CYP2C19 genotypes and phenotypes. To
verify this hypothesis, we explored the relationship between
VRC C0 and TAC C/D after coadministration of VRC or
VRC discontinuation. The patients were divided into high-
and low-concentration VRC groups based on the median
VRC C, (2.43 mg/L). We found that the TAC C/D values in
the high concentration group were significantly higher than
those in the low concentration VRC group during VRC
coadministration and 2-4 days after VRC discontinuation,
whereas there was no significant difference in TAC C/D
between the two groups before VRC coadministration and
5-7 days after VRC discontinuation. This may be because of
the stronger inhibitory effect of higher VRC Cy on CYP3A,
as well as its longer clearance time in vivo. This suggests
a difference between the CYP2C19 genotype and phenotype.
VRC C, may serve as a biomarker for assessing the metabolic
pattern of TAC after VRC discontinuation.

The present study had some limitations. As a retro-
spective study, we included only 46 patients, some of
whom still had missing data such as dose, TAC C,, and
metabolic enzyme genotype. This affected the credibility
of the study. In addition, the small sample size in this
study precludes the performance of a statistically sound
multivariate analysis, and future studies with a larger
sample size are required. The authors observed adverse
effects caused by high TAC CO0 after VRC discontinuation
in clinical practice, such as (elevated creatinine levels,
hand tremors, and elevated blood glucose, etc.). However,
owing to the large number of missing medical records, the
data was insufficient to assess the adverse reactions caused
by fluctuations in TAC CO after VRC discontinuation.
Therefore, larger cohort studies are needed to further
explore TAC dose adjustment options after VRC dis-
continuation. In addition, VRCN-oxide, a metabolite of

Journal of Clinical Pharmacy and Therapeutics

VRC, is an important indicator of VRC metabolism.
However, we only monitored VRCN-oxide concentra-
tions in a small number of patients and therefore did not
analyze them in this study.

5. Conclusions

Herein, we explore changes in TAC metabolism after
VRC discontinuation and their impact factors. We found
that the inhibitory effect on TAC metabolism persisted
after VRC discontinuation and gradually recovered
5-7 days after discontinuation. Restoring the TAC dose
to the initial dose immediately after VRC discontinua-
tion resulted in the TAC C, exceeding the upper limit of
the therapeutic window, leading to concentration fluc-
tuations. In some patients, an appropriate TAC C, can be
obtained by restoring the TAC dose to half the initial
dose 5-7d after VRC discontinuation. Genetic poly-
morphisms in CYP3A4/5 and CYP2C19 and the com-
bination with erythromycin after VRC discontinuation
did not affect the persistence of VRC inhibition. Instead,
VRC trough concentration may be a biomarker for
predicting changes in TAC metabolism after VRC
discontinuation.
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