European Review for Medical and Pharmacological Sciences 2023; 27: 818-825

Nirmatrelvir increases blood tacrolimus
concentration in COVID-19 patients
as determined by UHPLC-MS/MS method
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Abstract. — OBJECTIVE: Transplant recipi-
ents have a higher risk of SARS-CoV-2 infection
owing to the use of immunosuppressive drugs
like tacrolimus (FK506). FK506 and nirmatrelvir
(NMV) (an anti-SARS-CoV-2 drug) are metabo-
lized by cytochrome P450 3A4 and may have po-
tential drug-drug interactions. It is important to
determine the effect of NMV on FK506 concen-
trations.

PATIENTS AND METHODS: Following pro-
tein precipitation from blood, FK506 and its in-
ternal standard (FK506-'3C,2d4) were detected by
ultra-high performance liquid chromatography/
tandem mass spectrometry (UHPLC-MS/MS).
Total 22 blood samples (valley concentrations)
from two coronavirus disease 2019 (COVID-19)
patients were collected and analyzed for FK506
concentrations.

RESULTS: Blood levels of FK506 (0.5-100 ng/
mL) showed good linearity. The UHPLC-MS/MS
method was validated with intra- and inter-batch
accuracies of 104.55-107.85%, and 99.52-108.01%,
respectively, and precisions of < 15%. Mean blood
FK506 concentration was 12.01 ng/mL (range,
3.15-33.1 ng/mL). Five-day co-administration with
NMV increased the FK506 concentrations from
3.15 ng/mL to 33.1 ng/mL, returning to 3.36 ng/mL
after a 9-day-washout.

CONCLUSIONS: We developed a simple
quantification method for therapeutic drug mon-
itoring of FK506 in patients with COVID-19 us-
ing UHPLC-MS/MS with protein precipitation.
We found that NMV increased FK506 blood con-
centration 10-fold. Therefore, it is necessary
to re-consider co-administration of FK506 with
NMV.
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Introduction

Since December 2019, the coronavirus disease
2019 (COVID-19) pandemic caused by the novel
severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has posed an extraordinary threat
to public health worldwide. In the second quar-
ter of 2022, there was a COVID-19 outbreak in
Shanghai, China, causing 610,000 people to get
infected with nearly 600 deaths. The main risk
factors for death were old age and pre-existing
comorbidities, including lung transplantation'?,
kidney transplantations*®, cancer®’ and cardio-
vascular disease®.

Given their immunosuppression, transplant
recipients are expected to be at higher risk of
SARS-CoV-2 infection, and have higher mortal-
ity from COVID-19*3°, According to a previous
report', kidney transplant recipients who acquire
COVID-19 had a 23% risk of mortality, and 50%
of them developed acute kidney injury. For lung
transplant recipients with COVID-19, the mortal-
ity rate was 14.3% within a follow-up of 50 days>.

Tacrolimus (FK506), a first-line immunosup-
pressive agent, has been widely used in patients
with kidney, heart, lung, intestinal, and bone mar-
row transplants'®. However, FK506 has a narrow
therapeutic index, high toxicity, and significant
individual differences in pharmacokinetics (PK)
and pharmacodynamics (PD)"-"*. Furthermore,
in COVID-19 patients, the liver function and im-
mune response may alter due to the infection',
which may change the PK characteristics of
FK506, resulting in a higher risk of graft rejection
and/or toxicity of FK506. However, data on PK of
FK506 in patients with COVID-19 and transplant
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comorbidities are limited. Therefore, therapeutic
drug monitoring (TDM), a recommended method
to guide therapy for several immunosuppressive
drugs'>'¢, is necessary in patients with COVID-19
and transplant comorbidities.

Herein, we developed an ultra-high perfor-
mance liquid chromatography/tandem mass spec-
trometry (UHPLC-MS/MS) method for quan-
tifying the blood concentration of FK506 and
performing TDM of FK506 in transplant patients
with COVID-19, which can assist clinicians in
achieving individualized FK506 treatment.

Patients and Methods

Patient Enrollment and Sample
Collection

This study was performed at Shanghai Public
Health Clinical Center, which is a certified hospi-
tal for patients with COVID-19. The project was
reviewed and approved by the Ethics Commission
of Shanghai Public Health Clinical Center (No.
2022-S070-02). All procedures were performed
in accordance with the recommendations of the
Declaration of Helsinki on biomedical research
involving human participants. Patients with
COVID-19, comorbid organ transplantation, and
those taking FK506 were enrolled in this study.
Informed consent was waived because the TDM
of FK506 was a routine clinical test. Patients were
administered 0.75, 0.5, or 0.25 mg/day of FK506.
Following medical advice, blood (2 mL) was col-
lected at trough times after continuous dosing for
at least 3 days, or follow-up time intervals after
discontinuation of dosage, and was drawn into
an EDTA-K2-anticoagulant tube. In this study,
we collected only the clinical data and analyzed
the effect of nirmatrelvir on the FK506 concen-
tration.

Measurement of FK506 Concentration

Chemicals and reagents

FK506 (98% purity) was purchased from To-
ronto Research Chemicals Inc. (Toronto, Canada);
the internal standard (IS) FK506-C,?d4 (98.8%
purity, 99.2% 3C, 98.0% 2H) was obtained from
ALSACHIM (Illkirch Graffenstaden, France).
High-performance  liquid  chromatography
(HPLC)-grade methanol and acetonitrile were
supplied by Fisher Chemical (Shanghai, China),
and formic acid (FA) was obtained from AN-
PEL Laboratory Technologies (Shanghai, China).

HPLC-grade ammonium formate was purchased
from FLUKA (Shanghai, China). Purified water
was prepared using a MilliQ system (Millipore,
Billerica, Massachusetts, USA).

Liquid Chromatography

HPLC analysis was performed using a Wa-
ters ACQUITY UPLC system (Waters company,
Massachusetts, USA). Chromatographic sepa-
ration was carried out on a CI8 column (Luna®
5 um C18 (2) 100 A, LC Column 100 x 50 mm)
(Phenomenex Company, Tianjin, China) at a flow
rate of 0.35 mL/min. The mobile phase included:
(1) 10 mmol/L. (mM) ammonium formate with
0.1% FA in water and (2) 10 mM ammonium for-
mate with 0.1% FA in methanol: acetonitrile in a
gradient elution. Column temperature was 40°C,
and sampler was at 4°C. The sample injection vol-
ume was 5 pL and the total running time was 3.5
min per sample.

Mass spectrometry

A QTRAP 5500 tandem mass spectrometer
(Applied Biosystems/AB SCIEX, Boston, USA)
equipped with Turbo lonspray source was used
for quantitative analysis in a multiple reaction
monitoring (MRM) mode. The compounds were
detected by positive electrospray ionization with
a source temperature of 550°C, capillary voltage
of 5.5 kV, sources GS1 and GS2 of 60 psi, curtain
gas of 20 psi, collision energy (CE) of 25 eV, and
declustering potential (DP) of 82 eV for FK506
and 70 eV for FK506-3C,2d4.

Stanaard solutions

The standard stock solution of FK506 was 5.0
mg/mL in 90% methanol and stored at -20°C. The
working solutions were prepared in methanol:
water (50:50 v/v) to obtain serial concentrations of
1,000, 500, 250, 100, 50, 12.5, and 5 ng/mL, and
quality control of 800, 100, 15, and 5 ng/mL. The
standard solutions were spiked with the appropri-
ate amounts of FK506 working solutions in blood
at 10 dilutions. The precipitate solutions contain-
ing the IS were prepared at a concentration of 2.5
ng/mL in methanol: acetonitrile (1:1, v/v).

Sample Treatment

Protein precipitation of blood samples was
performed as follows: blood (50 uL) was mixed
with 50 uL 0.1 M ZnSO, and 150 pL precipitate
solution, and centrifuged at 4°C, 12,000 rpm for
10 min. The supernatant (5 pL) was then injected
into the UHPLC-MS/MS system.
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Method Validation

Validation of the UHPLC-MS/MS was per-
formed according to the guidelines of the Food
and Drug Administration (FDA), that included se-
lectivity, linearity, precision and accuracy, matrix
effect, extraction recovery, and stability (at 4°C,
25°C, and 56°C).

Statistical Analysis

All the statistical analyses were carried out
with Microsoft Excel 2016 (Washington, USA).
Results were expressed as mean plus relative
standard deviation. Data were considered statis-
tically significant at p < 0.05.

Results

Validation of the UHPLC-MS/MS
Method

A molecular ion with the addition of ammoni-
um [M+NH,]" (m/z 821.7) and its product ion (m/z
768.4) were detected from FK506 using an Elec-
tron Spray lonization (ESI) source (Figure 1Al),

while 826.7/773.4 was detected from IS (FK506-
13C,2d4) (Figure 1A2). No endogenous interference
was observed for FK506 and FK506-7C,2d4 as
depicted by the double blanks (Figure 1B1). The
retention time for both FK506 and IS was 1.37 min
on the C18 column (Figure 1B2 and B3).

The limit of detection [signal to noise (S/N)
ratio of 3] and limit of quantification (S/N of 10)
were 0.125 and 0.5 ng/mL, respectively. The quan-
tification range was 0.5-100 ng/mL, with deter-
mination coefficients (r*) higher than 0.99 for all
calibration baths. The intra- and inter-batch accu-
racies were 104.55-107.85%, and 99.52-108.01%,
respectively, with a precision of < 15% (Table I).

FK506 was stable at the clinical sample treat-
ment conditions [(room temperature, approxi-
mately 25°C) for 6 h, 4°C for 24 h, and 30 min at
56°C (required to inactivate the virus)|. Further-
more, FK506 was also stable in general labora-
tory experimental conditions, comprising 24 h at
4°C in a sampler, three freeze and thaw cycles,
and frozen at -80°C for three months. Their preci-
sions were all less than 15%, and their accuracies
ranged from 85.00 to 115.00% (Table II).
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Figure 1. The UHPLC-MS/MS profiles of FK506 and FK506-*C,*d4. A1-A2, the molecular ion with the addition of ammo-
nium, and the product ion mass spectra profile of FK506, FK506-*C,2d4, respectively. B1-B3, the chromatogram profiles of
FK506 from blank blood, spiked blood at the concentration of lower limit of quantification (LLOQ) (0.5 ng/mL), and a present
clinical sample, respectively. FK506, tacrolimus; LC-MS, liquid chromatography-mass spectrometry.
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Table I. Intra- and inter-batch precisions and accuracies of FK506 in human blood.

Compounds  Concentration Intra-batch Inter-batch
(ng/mL) (n = 6) (n=18)
Measured Precision Accuracy Measured Precision Accuracy
(ng/mL) (%) (%) (ng/mL) (%) (%)
80 80.15 2.50 100.19 79.62 3.64 99.52
FK506 10 10.75 1.55 107.52 10.81 2.08 108.01
1.5 1.62 348 107.85 1.63 373 107.33
0.5 0.52 3.84 104.55 0.52 3.54 103.40
FK506, tacrolimus.
Table IlI. The stabilities of FK506 at different temperatures.
Compound (FK506) Concentration (ng/mL) 80 1.5
6hat25°C Measured (ng/mL) 88.78 1.61
Precision (%) 3.64 5.40
Accuracy (%) 111.08 107.31
24 h at 4°C Measured (ng/mL) 85.28 1.57
Precision (%) 1.76 4.44
Accuracy (%) 106.62 104.82
30 min at 56°C Measured (ng/mL) 81.46 1.55
Precision (%) 4.77 6.21
Accuracy (%) 101.83 103.46
24 h at 4°C sampler Measured (ng/mL) 77.08 1.54
Precision (%) 2.97 3.70
Accuracy (%) 96.34 102.70
Frozen and thaw Measured (ng/mL) 71.25 1.44
Precision (%) 0.98 3.87
Accuracy (%) 89.06 95.66
Three months at -80°C Measured (ng/mL) 73.41 1.34
Precision (%) 3.31 4.84
Accuracy A (%) 92.61 91.78

FK506, tacrolimus.

After normalization by IS, the extraction re-
coveries and matrix effects in the low (1.5 ng/
mL) and high (80 ng/mL) quality control samples
were 11.63 and 111.70% and 101.79 and 94.89%,
respectively. The relative standard deviations for
extraction recoveries and matrix effects were all
<6.06%.

Application to Therapeutic Drug
Monitoring

Twenty-two blood samples from two patients
were included in this study. As shown in Table
IIT and Supplementary Table I, the two patients
who received TDM were men, aged 64 and 52
years, respectively. Patient No. 1 had dysfunc-
tional liver condition on the first day of FK506

monitoring but was normal in the later stages
of treatment (Table III). Patient No. 2 had no
obvious changes in liver and kidney functions
during TDM (Table SI). The FK506 dosages in
the two patients were 0.25 to 0.75 mg/day. For
patient No. 1, FK506 had been administered for
114 days prior to his admission to our hospital
on April 11 and was continued with 0.75 mg/day
(QD) until May 13. Simultaneously, the patient
received NMV (150 mg) and ritonavir (RTV)
(100 mg) from April 12 to 16. FK506 detection
was initiated from May 3, with a blood concen-
tration of 13.9 ng/mL, which reduced to 12.4
ng/mL on May 14, before the 0.5 mg/day dos-
age was administered. Then FK506 concentra-
tions were maintained at 5.42 to 3.15 ng/mL un-
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Table Ill. The clinical characters of patient No. 1.

Patient No.1, Male 64 years old

Date May May May May June June June June June June June June June June June June June June June July July
3 14 20 31 6 13 17 18 19 20 21 22 23 24 25 26 27 28 30 3 7

Date May3 Mayl4 May20 May3l June6 Junel3 Junel7 Junel® Junel9 June20 June2l June22 June23 June24 June25 June26  June27  June28  June 30 July 3 July 7

RTV (mg) / / / / / 100/100  100/100 / / / / / / / / / / / / / /

NMV (mg) / / / / / 300/300 300/300 / / / / / / / / / / / / / /

FK506 (mg)  0.75/0.75  0.50/0.50 0.50/0.50 0.50/0.500.50/0.50 0.50/0.50 / / / / / / / / / 0.25/0.25 0.25/0.25 0.25/0.25 0.25/0.25 0.25/0.25 0.25/0.25

FK506 13.90 12.40 542 423 47M2 315 3310 3130 2940 283 2520 1490  12.80 6.25 5.19 3.36 3.84 3.90 4.39 4.94 377

concentration

(ng/mL)

C-reactive 11.26 NA NA NA 211 26.3 371 2.16 1.96 2.06 1.38 6.04 13.94 NA NA NA 397 NA NA NA NA

protein

(mg/L)

CD3+T cell NA NA NA NA NA 77801 83372 12235 1,182.81 1,04295 96748  NA 828.39 NA NA NA NA NA NA NA NA

number

(cell/uL)

CD44T cell NA NA NA NA NA 31989 42912 61677  596.05  484.67 45059  NA 39299 NA NA NA NA NA NA NA NA

number

(cell/uL)

Alanine 109 NA NA NA 31 NA 23 27 29 30 NA NA 20 NA NA NA 19 NA NA 31 57

aminotransferase

(UL)

Aspartate 56 NA NA NA 24 NA 23 25 24 24 NA NA 20 NA NA NA 19 NA NA 35 49

aminotransferase

(UL)

Alkaline 209 NA NA NA 99 NA 67 64 60 48 NA NA 57 NA NA NA 54 NA NA 83 142

phosphatase

(UL)

L-y-glutamyl 427 NA NA NA 149 NA 89 79 73 68 NA NA 56 NA NA NA 53 NA NA 163 425

transferase

(UL)

Lactate 265 NA NA NA 229 NA 216 222 233 235 NA NA 271 NA NA NA 256 NA NA 236 258

dehydrogeNAse

(UL)

Creatinine 70.4 NA NA NA 80.2 NA 58.1 60.3 55.8 59 NA NA 5.5 NA NA NA 93.4 NA NA 74.6 71

(umol/L)

Glucose 2093 NA NA NA 1271 NA 3.19 4.65 4.65 4.8 NA NA 422 NA NA NA 4.04 NA NA NA NA

(mmol/L)

eGFR [mL/ 103.997 NA NA NA 89475 NA 129796 124347 135989 127514  NA NA 95934 NA NA NA 75.048 NA NA 97.27 102.984

(min*1.73m?)]

+The patient was lung transplanted on 29" December 2021, then given FK506 every day. The patient entered Shanghai Public Health Clinical Center on 11™ April 2022. The detection values higher than upper limit
were highlighted by red color, and the detection values lower than lower limit were highlighted by blue. RTV, ritonavir, NMV, nirmatrelvir; FK506, tacrolimus. 0.75/0.75 represents 0.75 mg every time, and once
every day. /, no drug. NA represents no data.
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der the dosage of 0.5 mg/day. However, FK506
concentration increased to 33.1 ng/mL after its
co-administration with NMV for 4 days. Subse-
quently, FK506 was withdrawn with immediate
effect, and its concentrations were decreased
slowly from 31.3, 29.4, 28.3 to 25.2 ng/mL with-
in the following four days and were further de-
creased from 14.9 to 5.19 ng/mL in another four
days. Next, FK506 was administered at a dosage
of 0.25 mg/day, and the concentration was main-
tained at 3.36 to 4.94 ng/mL. As shown in Figure
2, FK506 concentrations were increased with its
co-administration with NMV. No correlation be-
tween FK506 concentrations and clinical char-
acteristics of patients was found (Table I1I).

Discussion

Organ transplant patients have a high risk of
getting infected with COVID-19 owing to the
use of immunosuppressive drugs, and are expect-
ed to have higher mortality from COVID-19*>.
FK506, a first-line immunosuppressive drug, has
been widely used in organ transplant patients'®'°.
Subclinical tacrolimus dosage may lead to im-
mune activation, followed by organ lesions, and
its overexposure may result in drug toxicity as-
sociated with adverse events. TDM has long been

used to monitor tacrolimus'. To decrease the tox-
icity and improve the therapeutic effect of FK506,
we performed TDM in two COVID-19 patients.
Comparing the clinical test indicators, no signifi-
cant toxicity was observed for the co-administra-
tion of FK506 and other antiviral drugs.

Tacrolimus is primarily metabolized by Cyto-
chrome p450 3A4 (CYP3A4)%. NMV is a CYP3A4
substrate'®. Since RTV, an anti-HIV drug is used as
a pharmacokinetic booster of NMV, NMV/RTV has
a high potential to cause clinically important drug-
drug interactions with FK506. In this study, we found
that NMV can significantly increase the blood con-
centration of FK506 with a 10-fold rise after a four-
day administration, and this effect could persist up
to 9 days. This may be due to the inhibition of CY-
P3A4 by RTV®. Similarly, anti-HIV drugs (lopinavir
and RTV have been shown to significantly increase
FK506 blood concentration in transplantation pa-
tients?'?2, Therefore, it is necessary to monitor the
concomitant use of FK506 and NMV and decrease
the drug dose of FK506 or stop its administration till
the FK506 levels return to normal.

Limitations

This study has some limitations: 1) only two
patients were involved, 2) only one sample from
patient No. 2 was detected, and 3) we did not com-
pletely monitor the two cycles of concomitant use
of FK506 and NMYV in the patients.
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Conclusions

In this study, we developed a UHPLC-MS
method to quantify blood FK506 concentrations
and found that FK506 could be quantified after
virus inactivation at 56°C for 30 min. TDM of
FK506 in COVID-19 patients was performed,
and significant drug-drug interactions were de-
tected between FK506 and NMV. Therefore, it is
necessary to decrease the dosage of FK506 when
co-administered with NMV/RTV.

Conflict of Interest

The authors have no relevant affiliations or financial in-
volvement with any organization or entity with a financial
interest in or financial conflict with the subject matter or
materials discussed in the manuscript. This includes em-
ployment, consultancies, honoraria, stock ownership or op-
tions, expert testimony, grants or patents received or pend-
ing, or royalties.

Acknowledgments
We thank the patients for their participation, and Editage
(www.editage.com) for English language editing.

Funding
This study was supported by Shanghai clinical research
center for infectious disease (HIV/AIDS) (20MC1920100).

Ethics Approval

The ethical approval was obtained from the Ethics Commit-
tee of Shanghai Public Health Clinical Center (No. 2021-
S070-02). All human research procedures followed were in
accordance with the standards set forth in the Declaration of
Helsinki Principles of 1975, as revised in 2013.

Informed Consent
Informed consent was waived because the TDM of FK506
was a routine clinical test.

References

1) Alfishawy M, Elbendary A, Mohamed M, Nassar
M. COVID-19 Mortality in Transplant Recipients.
Int J Organ Transplant Med 2020; 11: 145-162.

2) Pereira MR, Mohan S, Cohen DJ, Husain SA,
Dube GK, Ratner LE, Arcasoy S, Aversa MM,
Benvenuto LJ, Dadhania DM, Kapur S, Dove LM,
Brown RS, Jr., Rosenblatt RE, Samstein B, Uriel
N, Farr MA, Satlin M, Small CB, Walsh TJ, Kodi-
yanplakkal RP, Miko BA, Aaron JG, Tsapepas DS,
Emond JC, Verna EC. COVID-19 in solid organ

824

transplant recipients: Initial report from the US
epicenter. Am J Transplant 2020; 20: 1800-1808.

3) Myers CN, Scott JH, Criner GJ, Cordova FC, Mam-
ary AJ, Marchetti N, Shenoy KV, Galli JA, Mulhall
PD, Brown JC, Shigemura N, Sehgal S, Temple
University C-RG. COVID-19 in lung transplant re-
cipients. Transpl Infect Dis 2020; 22: e13364.

4) Mohan S, King KL, Husain SA, Schold JD.
COVID-19-Associated Mortality among Kidney
Transplant Recipients and Candidates in the United
States. Clin J Am Soc Nephrol 2021; 16: 1695-1703.

5) Kremer D, Pieters TT, Verhaar MC, Berger SP,
Bakker SJL, van Zuilen AD, Joles JA, Vernoo-
ij RWM, van Balkom BWM. A systematic review
and meta-analysis of COVID-19 in kidney trans-
plant recipients: Lessons to be learned. Am J
Transplant 2021; 21: 3936-3945.

6) Lei H, Yang Y, Zhou W, Zhang M, Shen Y, Tao D,
Wang L, Lei Q, Wang Y, Wu Y. Higher mortality in
lung cancer patients with COVID-19? A systemat-
ic review and meta-analysis. Lung Cancer 2021;
157: 60-65.

7) Nadkarni AR, Vijayakumaran SC, Gupta S, Diva-
tia JV. Mortality in Cancer Patients With COVID-19
Who Are Admitted to an ICU or Who Have Severe
COVID-19: A Systematic Review and Meta-Analy-
sis. JCO Glob Oncol 2021; 7: 1286-1305.

8) Dhakal BP, Sweitzer NK, Indik JH, Acharya D,
William P. SARS-CoV-2 Infection and Cardiovas-
cular Disease: COVID-19 Heart. Heart Lung Circ
2020; 29: 973-987.

9) Colmenero J, Rodriguez-Peralvarez M, Salce-
do M, Arias-Milla A, Munoz-Serrano A, Graus
J, Nuno J, Gastaca M, Bustamante-Schneider
J, Cachero A, Llado L, Caballero A, Fernan-
dez-Yunquera A, Loinaz C, Fernandez |, Fon-
devila C, Navasa M, Inarrairaegui M, Castells
L, Pascual S, Ramirez P, Vinaixa C, Gonza-
lez-Dieguez ML, Gonzalez-Grande R, Hierro L,
Nogueras F, Otero A, Alamo JM, Blanco-Fer-
nandez G, Fabrega E, Garcia-Pajares F, Mon-
tero JL, Tome S, De la Rosa G, Pons JA. Epide-
miological pattern, incidence, and outcomes of
COVID-19 in liver transplant patients. J Hepatol
2021; 74: 148-155.

10) Fung JJ, Starzl TE. FK506 in solid organ trans-
plantation. Ther Drug Monit 1995; 17: 592-595.

11) Yu M, Liu M, Zhang W, Ming Y. Pharmacokinet-
ics, Pharmacodynamics and Pharmacogenetics
of Tacrolimus in Kidney Transplantation. Curr
Drug Metab 2018; 19: 513-522.

12) Staatz CE, Tett SE. Clinical pharmacokinetics
and pharmacodynamics of tacrolimus in solid or-
gan transplantation. Clin Pharmacokinet 2004;
43: 623-653.

13) Udomkarnjananun S, Francke MI, De Winter
BCM, Mulder MB, Baan CC, Metselaar HJ, den
Hoed CM, Hesselink DA. Therapeutic drug moni-
toring of immunosuppressive drugs in hepatology
and gastroenterology. Best Pract Res Clin Gas-
troenterol 2021; 54-55: 101756.



Nirmatrelvir increases blood tacrolimus concentration in COVID-19 patients

14) Lippi G, Plebani M. Laboratory abnormalities in
patients with COVID-2019 infection. Clin Chem
Lab Med 2020; 58: 1131-1134.

15) Schutte-Nutgen K, Tholking G, Suwelack B, Re-
uter S. Tacrolimus - Pharmacokinetic Consider-
ations for Clinicians. Curr Drug Metab 2018; 19:

sonalized Therapy: Second Consensus Re-
port. Ther Drug Monit 2019; 41: 261-307.

18) lwasaki K. Metabolism of tacrolimus (FK506) and
recent topics in clinical pharmacokinetics. Drug
Metab Pharmacokinet 2007; 22: 328-335.

19) Eng H, Dantonio AL, Kadar EP, Obach RS, Di L, Lin

342-350.

16) Giannelli, V, Rossi, M, Giusto, M, Lucidi, C, Lat-

tanzi, B, Ruffa, A, Ginanni Corradini, S, Mennini,
G, Melandro, F, Lai, Q, Berloco, P, Merli, M. Con-
version from twice-daily to once-daily Tacrolimus
administration in liver transplant patient: results of
long term follow-up. Eur Rev Med Pharmacol Sci
2013; 17: 2718-2720.

17) Brunet M, van Gelder T, Asberg A, Haufroid V,

Hesselink DA, Langman L, Lemaitre F, Mar-
quet P, Seger C, Shipkova M, Vinks A, Wal-
lemacq P, Wieland E, Woillard JB, Barten MJ,
Budde K, Colom H, Dieterlen MT, Elens L,
Johnson-Davis KL, Kunicki PK, MacPhee |,
Masuda S, Mathew BS, Millan O, Mizuno T,
Moes DAR, Monchaud C, Noceti O, Pawinski
T, Picard N, van Schaik R, Sommerer C, Vethe
NT, de Winter B, Christians U, Bergan S. Ther-
apeutic Drug Monitoring of Tacrolimus-Per-

J, Patel NC, Boras B, Walker GS, Novak JJ, Kimo-
to E, Singh RSP, Kalgutkar AS. Disposition of Nir-
matrelvir, an Orally Bioavailable Inhibitor of SARS-
CoV-2 3C-Like Protease, across Animals and Hu-
mans. Drug Metab Dispos 2022; 50: 576-590.

20) Zhou SF. Drugs behave as substrates, inhibitors

and inducers of human cytochrome P450 3A4.
Curr Drug Metab 2008; 9: 310-322.

21) Jain AB, Venkataramanan R, Eghtesad B, Mar-

cos A, Ragni M, Shapiro R, Rafail AB, Fung JJ.
Effect of coadministered lopinavir and ritonavir
(Kaletra) on tacrolimus blood concentration in liv-
er transplantation patients. Liver Transpl 2003; 9:
954-960.

22) Mertz D, Battegay M, Marzolini C, Mayr M. Drug-

drug interaction in a kidney transplant recipient
receiving HIV salvage therapy and tacrolimus.
Am J Kidney Dis 2009; 54: e1-e4.

825



