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Abstract: Tacrolimus-modified release formulations allow for once-daily dosing, and adherence is
better compared to the twice-daily immediate release formulation. When patients are switched from
one formulation to another, variable changes in drug concentrations are observed. Current data
suggest that the changes in drug exposure are larger in patients who express the CYP3A5 enzyme
(CYP3AS5 *1/*3 or *1/1) compared to nonexpressers (CYP3A5*3/*3). Possibly, these differences are due to
the fact that in the upper region of the small intestine CYP3A activity is higher, and that this expression
of CYP3A decreases towards the more distal parts of the gut. Modified release formulations
may therefore be subject to a less presystemic metabolism. However, the full implications of
pharmacogenetic variants affecting the expression and function of drug transporters in the gut wall
and of enzymes involved in phase I and phase II metabolism on the different formulations are
incompletely understood, and additional studies are required. Conclusions: In all patients in whom
the formulation of tacrolimus is changed, drug levels need to be checked to avoid clinically relevant
under- or overexposure. In patients with the CYP3A5 expresser genotype, this recommendation is
even more important, as changes in drug exposure can be expected.

Keywords: tacrolimus; pharmacokinetics; CYP3A; immediate release; modified release; switching;
transplantation; therapeutic drug monitoring; pharmacogenetics

1. Introduction

Tacrolimus is one of the most frequently used immunosuppressive drugs in the prevention of
rejection after a solid organ transplantation. For a review on the clinical development of tacrolimus
and the potential advantages of the subsequently developed alternative formulations, we refer to
the review paper of Tremblay and Alloway [1]. Tacrolimus is metabolized by demethylation and
hydroxylation by the CYP3A4 and CYP3AS5 enzymes, in both the gut wall and in the liver. It has been
convincingly shown that CYP3A5 expressers (about 15% of Caucasians, but close to half of Asian
and African Americans) require higher tacrolimus doses to reach target concentrations compared
to patients who depend on CYP3A4 only for their metabolism [2]. The Clinical Pharmacogenetics
Implementation Consortium (CPIC) and Dutch Pharmacogenetics Working group have provided
dosing recommendations for tacrolimus based on the CYP3A5 genotype [3,4]. Furthermore, besides
covariates such as age, gender and body weight, the CYP3A5 genotype has been included in dosing
algorithms to select the best tacrolimus starting dose for each individual patient following kidney
transplantation [5].

The literature that forms the basis for these dose recommendations is largely based on
pharmacogenetic studies that have been performed in patients treated with the immediate release
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tacrolimus formulation. This formulation needs to be taken twice daily and is known under the
trade name Prograf® (referred to, in this manuscript, as tacrolimus immediate release). However,
in more recent years, in order to improve adherence, modified release formulations of tacrolimus
have been registered, allowing for dosing once a day [6,7]. The first on the market was a prolonged
release formulation marketed under the trade name Advagraf® (in the United States, Astagraf
XL®), a capsule containing intermediate-sustained-release granules consisting of a mix of tacrolimus
with ethylcellulose, hypromellose and lactose. Several years later, this was followed by a second
modified release formulation using the so-called “solid solution” (or MeltDose) delivery technology
(Envarsus®) [8,9]. The objective of this review is to discuss the effect of the CYP3A5 genotype on
changes in exposure to tacrolimus when patients are switched from one formulation to another (once
daily vs. twice daily). Before discussing the studies that investigated the impact of pharmacogenetic
variability on the pharmacokinetics of the different tacrolimus formulations, we explain why differences
might be expected between immediate release and modified release formulations.

1.1. Intestinal Distribution of CYP3A Enzymes and Effects on Bioavailability

The bioavailability of tacrolimus is influenced by the presence of CYP3A enzymes in both the
intestinal wall and in the liver [10]. For systemic clearance, the activity of intestinal CYP3A is negligible
and largely depends on CYP3A activity in the liver. However, as part of the first pass effect, a substantial
proportion of the drug is metabolized in the intestinal wall after oral administration. The activity of
CYP3A is not equal along the entire length of the gut wall. In the upper region of the small intestine,
CYP3A activity is higher, and it decreases towards the more distal part of the small intestine and the
colon [11]. In a study using mucosa isolated from duodenal, jejunal and ileal sections of 20 human
donor intestines, it was shown that the CYP3A content and catalytic activity was almost two-fold
higher in the duodenum than in the ileum (31 vs. 17 pmol/mg of protein) [12]. For both CYP3A4 and
CYP3ADS, a higher expression has been reported in the proximal parts of the small bowel (jejunum) than
in the more distal parts (ileum) [13]. Therefore, the modified release formulations may release most of
the tacrolimus into parts of the gut with a lower abundance of CYP3A, potentially bypassing part of
the CYP3A-mediated first pass metabolism. As a result, bioavailability may be higher. For Envarsus®,
a higher bioavailability has indeed been demonstrated. Rostaing et al. [14] showed, in patients, that two
years after kidney transplantation the mean total daily dose for Envarsus® was 24% lower than for
the tacrolimus immediate release (p < 0.001), while the trough concentrations were similar (means
of 5.5 and 5.8 ug/L, respectively). For the Advagraf® formulation, a higher bioavailability has not
been demonstrated, but Advagraf® is also not bioequivalent to tacrolimus immediate release [15].
In fact, patients may require a small daily dosage increase if converted from tacrolimus immediate
release to Advagraf®, while a daily dosage reduction appears necessary for conversion from tacrolimus
immediate release to Envarsus®. In a specifically designed head-to-head two-sequence, three-period
crossover pharmacokinetic study in stable renal transplant patients, all three innovator tacrolimus
formulations of tacrolimus were compared [16]. Conversion from tacrolimus immediate release to
Envarsus® required a 30% reduction in the total daily dose, from tacrolimus immediate release to
Advagraf® an 8% increase in the total daily dose and from Advagraf® to Envarsus® a 36% decrease
in the total daily tacrolimus dose. These percentages are averages for the population, and in some
patients the required change in dose to maintain a stable blood level may be substantially lower or
higher. Animportant implication is that the formulations are not interchangeable and that uncontrolled
switching between these formulations can potentially lead to clinically relevant changes in tacrolimus
exposure and serious patient harm [17]. In case of a switch from one formulation to another, intensified
therapeutic drug monitoring is warranted [18].

1.2. Tacrolimus Trough Concentration Versus AUC, and the Influence of Genotype

In daily practice in the vast majority of patients on tacrolimus treatment, the dose is adjusted based
on the monitoring of trough (predose) concentrations. Troughs are used because they are convenient
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for both the patient and the health care provider, and it is assumed that the correlation between the
trough and area-under-the-concentration-versus-time-curve (AUC) is good. However, the correlation
between the AUC and trough is variable, and sequentially monitoring trough concentrations may not
always give a good indication of overall drug exposure. Although in general most experts would agree
that therapeutic drug monitoring based on the AUC may lead to an improved outcome, there is no
evidence for this assumption, as prospective randomized clinical trials comparing trough versus AUC
monitoring have not been performed [19].

However, a lack of evidence does not mean that the assumption is false. By limiting monitoring
to troughs only, high peak concentrations will go unnoticed. Especially for patients with a high
dose, the peak concentrations may reach higher values, and the higher peaks may be related to
tacrolimus-induced toxicity [20]. Patients with a CYP3A5 expresser genotype are treated on average
with higher doses. In these patients in particular, modified release formulations may avoid higher
peaks [21]. For Envarsus®, it has been shown that, on average, the difference between trough and
peak concentrations (referred to as peak-trough fluctuations) is smaller than for the immediate release
formulation [22]. Whether this really results in a better clinical outcome remains unclear. Comparative
studies have not convincingly shown a reduced incidence of side effects, perhaps with the exception of
a reduced incidence of tremor in patients switched to the Envarsus® formulation [23].

2. CYP3A5 Genotype and Changes in Exposure between Immediate Release and
Modified Release

Most studies comparing the pharmacokinetics of the different tacrolimus formulations are studies
in which stable patients on maintenance treatment with the immediate release formulation of tacrolimus
were switched to one of the modified release formulations (Table 1). Sometimes, the primary goal
of the study was to investigate the pharmacokinetics, and often in these studies the investigators
collected sufficient samples to calculate or estimate the AUC. In studies where the primary outcome
was a clinical parameter (changes in renal function, incidence of rejection, incidence of side effects), the
pharmacokinetic data were often limited to trough concentrations only.

In a population pharmacokinetic analysis, Benkali et al. [14] studied the influence of several
patient characteristics on the pharmacokinetics of modified release tacrolimus (Advagraf®). In a group
of 41 patients, they found that the CYP3A5 genotype was the only covariate retained in the final model,
with a two-fold higher apparent clearance of tacrolimus in expressers (with the CYP3A5*1/*1 and
CYP3A5*1/*3 genotypes) than in nonexpressers (with the CYP3A5%3/*3 genotype). These data confirmed
what was already known from the impact of the CYP3A5 genotype on immediate release tacrolimus.

A German group reported that following a switch from the twice-daily immediate release
formulation (Prograf®) to the once-daily modified release tacrolimus (Advagraf®), patients had, on
average, a significantly lower tacrolimus trough concentration and dose-normalized trough concentration
(14%, p = 0.0004 and 23%, p = 0.001, respectively) [24]. Although the number of patients in this largely
Caucasian population of renal transplant recipients was small (41), they did find a significant influence
of CYP3A5 expression on the change in tacrolimus exposure. The tacrolimus concentration remained
almost constant in CYP3A5 expressers, whereas the trough concentration and dose-normalized trough
concentration decreased significantly in nonexpressers (16%, p = 0.001 and 25%, p = 0.006).

In a French, prospective, single-center, open-label study on stable kidney transplant patients,
17 CYP3AS expressers and 15 nonexpressers were switched from immediate release tacrolimus to
modified release tacrolimus (Advagraf®) [25]. Not surprisingly, the investigators found that for both
formulations the mean tacrolimus daily dose was significantly higher and the dose-adjusted AUC24
was significantly lower in the CYP3A5 expresser group. More remarkable was their observation
that, following the switch to modified release tacrolimus, there was a significant decrease in the
mean tacrolimus trough concentrations in the CYP3A5 expressers, while they remained stable in the
nonexpressers. The effect of the genotype remained unexplained, and the authors suggested to even
more carefully monitor CYP3A5 expressers after a switch.
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In a study from Canada, following a switch from immediate release tacrolimus to modified
release tacrolimus (Advagraf®) in stable kidney transplant patients, dose increases of more than
30%, necessary to maintain tacrolimus exposure, were most frequent in patients originating from
East Asia [26]. Although the genotype was not assessed, this is suggestive of a pharmacogenetic
effect (as about half of Asian patients have the CYP3Ab5 expresser). In a study in Japan, Niioka and
Satoh et al. [27] confirmed that, in CYP3A5 expressers, there is a stronger decrease in the dose-adjusted
tacrolimus AUC after switching to a once-daily formulation [27,28].

With the exception of the German study, the published data suggest that, in patients expressing
CYP3AS5, the change in tacrolimus exposure after switching from Prograf® to Advagraf® is larger than
in those not expressing CYP3A5. Although it is tempting to conclude that this is due to the differential
expression of CYP enzymes along the gut wall, it is fair to say that many pieces of the puzzle are still
missing. The studies included in our review are all limited by a small sample size, and the duration of
the follow-up after the switch is short. Furthermore, liver function (other than the genotype) was not
formally assessed in the patients included in these studies.

In 2018, Trofe—Clark et al. [29] published a randomized prospective crossover study in African
American kidney transplant patients on stable maintenance therapy with Prograf® (or a twice-daily
generic formulation). The study is also known as the ASERTAA-study [A Study of Extended Release
Tacrolimus in African Americans]. Patients were randomly assigned to continue Prograf® on days 1 to
7 and then switch to Envarsus® on day 8 or receive Envarsus® on days 1 to 7 and then switch back
to Prograf® on day 8. The once-daily Envarsus® tablets were dosed 15% lower than the total daily
Prograf® dose. Full 24 h AUCs were collected on days 7, 14 and 21. A total of 46 patients completed
the entire pharmacokinetics study of three 24-h assessments, and of these 35 (76%) were CYP3A5
expressers. The study showed that, during treatment with Prograf®, the higher tacrolimus dose in
CYP3AS5 expressers resulted in a high Cmax, whereas during treatment with Envarsus® the shape of
the pharmacokinetic profile was not affected by the CYP3A5 genotype.

We need to improve our understanding of the full implications of pharmacogenetic variants
affecting the expression and function of drug transporters in the gut wall and of enzymes involved
in phase I and phase II metabolism on the different formulations [1]. For example, it is unclear why
a switch from the tacrolimus immediate release to the modified release formulation Advagraf® is
associated with an 8% increase in the total daily dose, whereas a switch to Envarsus® leads, on average,
to a 24% decrease in the total daily tacrolimus dose. The decrease in CYP3A activity towards the more
distal part of the small intestine and the colon may explain the higher bioavailability of Envarsus®
compared to Prograf®, but this does not explain why, for the switch to Advagraf®, a small dose
increase is typically required to maintain tacrolimus concentrations at the same level. It is important
to note that a comparison of pharmacokinetic profiles between the three formulations shows that
Advagraf® is characterized by only a slightly longer Tmax compared to Prograf®, while Envarsus®
has a significantly longer Tmax. The implication is that Envarsus® may and Advagraf® may not be
largely absorbed in the more distal parts of the small intestine. Another potential explanation is that
the higher bioavailability of Envarsus® is not related to the distribution of CYP3A enzymes along
the gut wall but is the result of the fact that MeltDose technology reduces the drug to the smallest
possible particle size, allowing for a better dissolution and absorption. A better understanding of
these processes will not only give more insights into the pharmacokinetic changes after switching from
one tacrolimus formulation to another, but additionally, for other drugs, this will provide important
information on the effects of novel formulation technologies on solubility, presystemic metabolism and
bioavailability. Furthermore, in situations with increased intestinal motility, the residence time of drugs
in the proximal parts of the small intestine may be much shorter, resulting in less metabolism in the
intestinal wall and increased bioavailability.Finally, the susceptibility to drug-drug interactions may
differ between the different tacrolimus formulations. It was already shown that CYP3A5 expressers are
relatively resistant to the effect of the azole-induced inhibition of CYP3A activity [30].
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Table 1. Effect of CYP3A5 genotype on exposure to tacrolimus when switching from one formulation to another.

Author

Dosage Form

Study Design

Patients

Main Results

Benkali et al., 2010 [31]

Advagraf®

Population pharmacokinetic
model

Renal transplant patients

CYP3A5*1/In=1
CYP3A5*13n=4
CYP3A5*3/3n =36

The apparent clearance was two-fold higher in expressers (CYP3A5*1/1 and
CYP3A5%1/3) than in nonexpressers (CYP3A5*3/3)
The CYP3A5 genotype explained 25% of the interindividual variability in
apparent clearance

Wehland et al., 2010 [23]

Switch from Prograf® to
Advagraf®

Prospective, single-center
switch study

Renal transplant patients

CYP3A5*1/In=0
CYP3A5*1/3n =13
CYP3A5*3/3n =27

After the conversion, mean tacrolimus trough levels and dose-normalized
trough level remained almost constant in CYP3A5*1/*3 patients, but decreased
significantly in CYP3A5*3/*3 patients (16%, p = 0.001 and 25%, p = 0.006)

Glowacki et al., 2011 [24]

Switch from Prograf® to
Advagraf®

Prospective, single-center,
switch study

Renal transplant patients

CYP3A5*1/In=2
CYP3A5*13n =14
CYP3A5*3/3n =15

In the nonexpressor group, mean blood trough concentration was comparable
for both formulations while it decreased significantly in the expressor group
after the switch (8.2 £ 2.2 vs. 6.3 + 2.5 ng/mL, p = 0.002)

Glick et al., 2014 [25]

Switch from Pr(;éraf@ to
Advagra

Prospective cohort study

Renal transplant patients

Caucasian n = 282
East Asian =91
South Asian =75

African Canadian n = 18
Middle Eastern n = 12

Othern=10

The percentage of patients requiring a dose increase of 30% or greater varied
from 8.0% for South Asians to 27.5% for East Asians (p = 0.03)

Niioka et al., 2012 [26]

Advagraf ®
Prograf ®

Retrospective noncontrolled
single-center study

Renal transplangatients

Advagral
CYP3A5*1/In=4
CYP3A5*13n=6
CYP3A5*3/3n =15

Prograf ®
CYP3A5*1/In=7
CYP3A5*1/3n =20
CYP3A5*3/3n =20

Dose adjusted AUC was approximately 25% lower for Advagraf® than Prograf®
in patients carrying the CYP3A5*1 allele

Satoh et al., 2014 [27]

Advagraf ®
Prograf ®

Retrospective, single-center
study

Advagraf®

CYP3A5*1/1 + CYP3A5*1/3n =9

CYP3A5*33n =15
Prograf ®

CYP3A5*1/1 + CYP3A5*1/3n =18

CYP3A5*3/3n =14

Dose adjusted AUC was approximately 25% lower for Advagraf® than Prograf®
in CYP3AS5 expressers during the study period.

Trofe-Clark et al. 2018 [29]

Switch from Envarsus® to
Prograf®
or
Switch from Pr()éraf® to
Envarsus

Randomized prospective
crossover study

Renal transplant patients

CYP3A5 expressers
CYP3A5*1/In =12
CYP3A5*13n =17
CYP3A5*1/6n=6

CYP3A5 nonexpressers

CYP3A5*33n=4
CYP3A5*3/6n =6
CYP3A5*6/6n =1

Cmax was 33% higher for Prograf® in CYP3A5 expressers compared with
nonexpressers (p = 0.04). With Envarsus® the difference was 11% (p=04).

Advagraf ®= once-daily modified release tacrolimus. Envarsus ® = once-daily modified release tacrolimus.

Prograf ®= twice-daily immediate release tacrolimus.
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3. Conclusions

Immediate release and modified release formulations of tacrolimus are widely available. Most
clinicians are aware of the fact that, in the case of switching from one formulation to another on a 1:1
mg basis, changes in tacrolimus exposure can be expected. Therefore, at the time of switching a dose
adjustment should already be implemented, especially if the Envarsus® formulation is involved.

What is not common knowledge is that the change in drug exposure following a switch depends on
the genotype of the patient. Most studies suggest a bigger change in tacrolimus trough concentrations
in CYP3AD expressers (CYP3A5*1 allele carriers) compared to CYP3A5 nonexpressers (CYP3A5*3/*3).
In these patients, intensified therapeutic drug monitoring involving checking drug levels within one
week after switching, is recommended.

Author Contributions: Conceptualization, T.v.G. and ].].S.; methodology, T.v.G.,].].5. and D.].M.; writing—original
draft preparation, T.v.G., O.E.; writing—review and editing, T.v.G., O.E., ].].S. and D.].M. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: In the last three years, T.v.G. has received lecture fees and study grants from Chiesi and
Astellas, in addition to consulting fees from Roche Diagnostics, Vitaeris, Astellas, Aurinia Pharma and Novartis.
In all cases, money has been transferred to hospital accounts, and none has been paid to his personal bank accounts.
T.v.G. does not have employment or stock ownership at any of these companies, and neither does he have patents
or patent applications. The other authors declare no conflict of interest.

References

1.  Tremblay, S.; Alloway, R.R. Clinical Evaluation of Modified Release and Immediate Release Tacrolimus
Formulations. AAPS J. 2017, 19, 1332-1347. [CrossRef]

2. Tang, J.; Andrews, L.M.; Van Gelder, T.; Shi, Y.; Van Schaik, R.; Wang, L.; Hesselink, D. Pharmacogenetic
aspects of the use of tacrolimus in renal transplantation: Recent developments and ethnic considerations.
Expert Opin. Drug Metab. Toxicol. 2016, 12, 555-565. [CrossRef]

3.  Birdwell, K.A.; Decker, B.; Barbarino, ].M.; Peterson, J.E; Stein, C.M.; Sadee, W.; Wang, D.; Vinks, A.A;
He, Y.; Swen, J.J.; et al. Clinical Pharmacogenetics Implementation Consortium (CPIC) Guidelines
forCYP3A5Genotype and Tacrolimus Dosing. Clin. Pharmacol. Ther. 2015, 98, 19-24. [CrossRef]

4. Swen, J.; Nijenhuis, M.; De Boer, A.; Grandia, L.; Der Zee, A.M.-V.; Mulder, H.; Rongen, G.; Van Schaik, R.;
Schalekamp, T.; Touw, D.; et al. Pharmacogenetics: From Bench to Byte—An Update of Guidelines.
Clin. Pharmacol. Ther. 2011, 89, 662—-673. [CrossRef]

5. Andrews, L.M.; Hesselink, D.A.; Van Schaik, R.H.N.; Van Gelder, T.; De Fijter, ] W.; Lloberas, N.; Elens, L.;
Moes, D.J.A.R.; De Winter, B.C.M. A population pharmacokinetic model to predict the individual starting
dose of tacrolimus in adult renal transplant recipients. Br. J. Clin. Pharmacol. 2019, 85, 601-615. [CrossRef]

6. Alloway, RR,; Steinberg, S.; Khalil, K.; Gourishankar, S.; Miller, J.; Norman, D.; Hariharan, S.; Pirsch, J.;
Matas, A.; Zaltzman, J.; et al. Conversion of Stable Kidney Transplant Recipients From a Twice Daily
Prograf-Based Regimen to a Once Daily Modified Release Tacrolimus-Based Regimen. Transplant. Proc. 2005,
37,867-870. [CrossRef]

7.  Kuypers, D.R,; Peeters, P.C.; Sennesael, ].J.; Kianda, M.N.; Vrijens, B.; Kristanto, P; Dobbels, E;
Vanrenterghem, Y.; Kanaan, N.; ADMIRAD Study Team. Improved Adherence to Tacrolimus Once-Daily
Formulation in Renal Recipients: A Randomized Controlled Trial Using Electronic Monitoring. Transplantation
2013, 95, 333-340. [CrossRef]

8. Budde, K.; Bunnapradist, S.; Grinyo, J.M.; Ciechanowski, K.; Denny, J.E.; Silva, H.T.; Rostaing, L.;
Envarsus Study Group. Novel Once-Daily Extended-Release Tacrolimus (LCPT) Versus Twice-Daily
Tacrolimus inDe NovoKidney Transplants: One-Year Results of Phase III, Double-Blind, Randomized Trial.
Arab. Archaeol. Epigr. 2014, 14, 2796-2806. [CrossRef]

9. Brunet, M.; Van Gelder, T.; Asberg, A.; Haufroid, V.; Hesselink, D.A.; Langman, L.; Lemaitre, F.; Marquet, P;
Seger, C.; Shipkova, M.; et al. Therapeutic Drug Monitoring of Tacrolimus-Personalized Therapy:
Second Consensus Report. Ther. Drug Monit. 2019, 41, 261-307. [CrossRef]


http://dx.doi.org/10.1208/s12248-017-0119-z
http://dx.doi.org/10.1517/17425255.2016.1170808
http://dx.doi.org/10.1002/cpt.113
http://dx.doi.org/10.1038/clpt.2011.34
http://dx.doi.org/10.1111/bcp.13838
http://dx.doi.org/10.1016/j.transproceed.2004.12.222
http://dx.doi.org/10.1097/TP.0b013e3182725532
http://dx.doi.org/10.1111/ajt.12955
http://dx.doi.org/10.1097/FTD.0000000000000640

Genes 2020, 11, 1205 70f8

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Kuypers, D.R. What do we know about tacrolimus pharmacogenetics in transplant recipients?
Pharmacogenomics 2018, 19, 593-597. [CrossRef]

Berggren, S.; Gall, C.; Wollnitz, N.; Ekelund, M.; Karlbom, U.; Hoogstraate, J.; Schrenk, D.; Lennernés, H.
Gene and Protein Expression of P-Glycoprotein, MRP1, MRP2, and CYP3A4 in the Small and Large Human
Intestine. Mol. Pharm. 2007, 4, 252-257. [CrossRef]

Paine, MLF,; Khalighi, M.; Fisher, ].M.; Shen, D.D.; Kunze, K.L.; Marsh, C.L.; Perkins, J.D.; Thummel, K.E.
Characterization of interintestinal and intraintestinal variations in human CYP3A-dependent metabolism.
J. Pharmacol. Exp. Ther. 1997, 283, 1552-1562.

Fritz, A.; Busch, D.; Lapczuk, J.; Ostrowski, M.; Drozdzik, M.; Oswald, S. Expression of clinically relevant
drug-metabolizing enzymes along the human intestine and their correlation to drug transporters and nuclear
receptors: An intra-subject analysis. Basic Clin. Pharmacol. Toxicol. 2018, 124, 245-255. [CrossRef]

Rostaing, L.; Bunnapradist, S.; Griny6, ].M.; Ciechanowski, K.; Denny, ] .E.; Silva, H.T., Jr.; Budde, K.; Envarsus
Study Group. Novel Once-Daily Extended-Release Tacrolimus Versus Twice-Daily Tacrolimus in De Novo
Kidney Transplant Recipients: Two-Year Results of Phase 3, Double-Blind, Randomized Trial. Am. J.
Kidney Dis. 2016, 67, 648-659. [CrossRef]

Gonzélez-Vilchez, F.; Delgado, ]J.F,; Palomo, J.; Mirabet, S.; Diaz-Molina, B.; Almenar, L.; Arizén, ].M.;
Rangel-Sousa, D.; Pérez-Villa, E; Garrido, I.P; et al. Conversion From Immediate-Release Tacrolimus to
Prolonged-Release Tacrolimus in Stable Heart Transplant Patients: A Retrospective Study. Transplant. Proc.
2019, 51, 1994-2001. [CrossRef]

Tremblay, S.; Nigro, V.; Weinberg, J.; Woodle, E.S.; Alloway, RR. A Steady-State Head-to-Head
Pharmacokinetic Comparison of All FK-506 (Tacrolimus) Formulations (ASTCOFF): An Open-Label,
Prospective, Randomized, Two-Arm, Three-Period Crossover Study. Am. J. Transplant. 2016, 17, 432-442.
[CrossRef]

Barraclough, K.A ; Isbel, N.M.; Campbell, S.; Barraclough, K.A.; Johnson, D.W.,; Staatz, C.E. Once-Versus
Twice-Daily Tacrolimus: Are the Formulations Truly Equivalent? Drugs 2011, 71, 1561-1577. [CrossRef]

De Jonge, H.; Kuypers, D.R.; Verbeke, K.; Vanrenterghem, Y. Reduced C0 Concentrations and Increased Dose
Requirements in Renal Allograft Recipients Converted to the Novel Once-Daily Tacrolimus Formulation.
Transplantation 2010, 90, 523-529. [CrossRef]

Staatz, C.E.; Tett, S.E. Clinical Pharmacokinetics of Once-Daily Tacrolimus in Solid-Organ Transplant Patients.
Clin. Pharmacokinet. 2015, 54, 993-1025. [CrossRef]

Egeland, E.J.; Reisaeter, A.V.; Robertsen, I.; Midtvedt, K.; Strem, E.H.; Holdaas, H.; Hartmann, A.; Asberg, A.
High tacrolimus clearance—A risk factor for development of interstitial fibrosis and tubular atrophy in the
transplanted kidney: A retrospective single-center cohort study. Transpl. Int. 2018, 32, 257-269. [CrossRef]
Kuypers, D.R. Tacrolimus Formulations and African American Kidney Transplant Recipients: When Do
Details Matter? Am. |. Kidney Dis. 2018, 71, 302-305. [CrossRef]

Gaber, A.O.; Alloway, R.R.; Bodziak, K.; Kaplan, B.; Bunnapradist, S. Conversion From Twice-Daily Tacrolimus
Capsules to Once-Daily Extended-Release Tacrolimus (LCPT): A phase 2 trial of stable renal transplant
recipients. Transplantation 2013, 96, 191-197. [CrossRef]

Langone, A.; Steinberg, S.M.; Gedaly, R.; Chan, L.K.; Shah, T.; Sethi, K.D.; Nigro, V.; Morgan, ].C.; STRATO
Investigators. Switching STudy of Kidney TRansplant PAtients with Tremor to LCP-TacrO (STRATO):
An open-label, multicenter, prospective phase 3b study. Clin. Transplant. 2015, 29, 796-805. [CrossRef]
Wehland, M.; Bauer, S.; Brakemeier, S.; Burgwinkel, P.; Glander, P,; Kreutz, R.; Lorkowski, C.; Slowinski, T.;
Neumayer, H.; Budde, K. Differential impact of the CYP3A5*1 and CYP3A5*3 alleles on pre-dose
concentrations of two tacrolimus formulations. Pharm. Genom. 2010, 21, 179-184. [CrossRef]

Glowacki, F; Lionet, A.; Hammelin, J.-P; Labalette, M.; Provot, F; Hazzan, M.; Broly, E; Noél, C;
Cauffiez, C. Influence of Cytochrome P450 3A5 (CYP3A5) Genetic Polymorphism on the Pharmacokinetics
of the Prolonged-Release, Once-Daily Formulation of Tacrolimus in Stable Renal Transplant Recipients.
Clin. Pharmacokinet. 2011, 50, 451-459. [CrossRef]

Glick, L.; Shamy, F.; Nash, M.M.; Sokwala, A.; Malavade, T.; Prasad, G.V.R.; Zaltzman, J. A prospective cohort
conversion study of twice-daily to once-daily extended-release tacrolimus: Role of ethnicity. Transplant. Res.
2014, 3, 7. [CrossRef]


http://dx.doi.org/10.2217/pgs-2018-0035
http://dx.doi.org/10.1021/mp0600687
http://dx.doi.org/10.1111/bcpt.13137
http://dx.doi.org/10.1053/j.ajkd.2015.10.024
http://dx.doi.org/10.1016/j.transproceed.2019.04.028
http://dx.doi.org/10.1111/ajt.13935
http://dx.doi.org/10.2165/11593890-000000000-00000
http://dx.doi.org/10.1097/TP.0b013e3181e9feda
http://dx.doi.org/10.1007/s40262-015-0282-2
http://dx.doi.org/10.1111/tri.13356
http://dx.doi.org/10.1053/j.ajkd.2017.10.020
http://dx.doi.org/10.1097/TP.0b013e3182962cc1
http://dx.doi.org/10.1111/ctr.12581
http://dx.doi.org/10.1097/FPC.0b013e32833ea085
http://dx.doi.org/10.2165/11587050-000000000-00000
http://dx.doi.org/10.1186/2047-1440-3-7

Genes 2020, 11, 1205 80f8

27.

28.

29.

30.

31.

Niioka, T.; Satoh, S.; Kagaya, H.; Numakura, K.; Inoue, T.; Saito, M.; Narita, S.; Tsuchiya, N.; Habuchi, T.;
Miura, M. Comparison of Pharmacokinetics and Pharmacogenetics of Once- and Twice-Daily Tacrolimus in
the Early Stage After Renal Transplantation. Transplantation 2012, 94, 1013-1019. [CrossRef]

Satoh, S.; Niioka, T.; Kagaya, H.; Numakura, K.; Inoue, T.; Saito, M.; Komine, N.; Narita, S.; Tsuchiya, N.;
Habuchi, T.; et al. Pharmacokinetic and CYP3A5 pharmacogenetic differences between once- and twice-daily
tacrolimus from the first dosing day to 1 year after renal transplantation. Pharmacogenomics 2014, 15,
1495-1506. [CrossRef]

Trofe-Clark, J.; Brennan, D.C.; West-Thielke, PM.; Milone, M.C.; Lim, M.A.; Neubauer, R.; Nigro, V,;
Bloom, R.D. Results of ASERTAA, a Randomized Prospective Crossover Pharmacogenetic Study of
Immediate-Release Versus Extended-Release Tacrolimus in African American Kidney Transplant Recipients.
Am. |. Kidney Dis. 2018, 71, 315-326. [CrossRef]

Vanhove, T.; Bouwsma, H.; Hilbrands, L.; Swen, ].J.; Spriet, I.; Annaert, P.; Vanaudenaerde, B.;
Verleden, G.; Vos, R.; Kuypers, D.R. Determinants of the Magnitude of Interaction Between Tacrolimus and
Voriconazole/Posaconazole in Solid Organ Recipients. Am. J. Transplant. 2017, 17, 2372-2380. [CrossRef]
Benkali, K.; Rostaing, L.; Prémaud, A.; Woillard, J.-B.; Saint-Marcoux, E; Urien, S.; Kamar, N.; Marquet, P.;
Rousseau, A. Population Pharmacokinetics and Bayesian Estimation of Tacrolimus Exposure in Renal
Transplant Recipients on a New Once-Daily Formulation. Clin. Pharmacokinet. 2010, 49, 683-692. [CrossRef]
[PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1097/TP.0b013e31826bc400
http://dx.doi.org/10.2217/pgs.14.98
http://dx.doi.org/10.1053/j.ajkd.2017.07.018
http://dx.doi.org/10.1111/ajt.14232
http://dx.doi.org/10.2165/11535950-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20818834
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Intestinal Distribution of CYP3A Enzymes and Effects on Bioavailability 
	Tacrolimus Trough Concentration Versus AUC, and the Influence of Genotype 

	CYP3A5 Genotype and Changes in Exposure between Immediate Release and Modified Release 
	Conclusions 
	References

