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Abstract: Tacrolimus presents high intra and inter-individual variability in its blood trough concen-
tration (Cmin). Knowledge of the factors that are involved in tacrolimus Cmin variability is thus
clinically important to prevent or limit it. Inflammation can affect the pharmacokinetic properties
of drugs. We evaluated the contribution of acute inflammation in the pharmacokinetic variability
of tacrolimus blood Cmin in a large cohort of liver transplant patients. Demographic, biological,
and clinical data from 248 liver transplant patients treated with tacrolimus from January 2010 to
December 2016 were retrospectively collected from medical records. In total, 1573 Cmin/dose and
concomitant C-reactive protein (CRP) measurements were analysed. In multivariate analysis, the
log Cmin/dose of tacrolimus was significantly and positively associated with the hematocrit, ALAT,
and CRP concentrations. CRP concentrations were higher (p = 0.003) for patients with tacrolimus
overexposure (i.e., tacrolimus Cmin > 15 µg/L) (median CRP (10th–90th percentiles): 27 mg/L
(3–149 mg/L), n = 91) than they were for patients with a tacrolimus Cmin ≤ 15 µg/L (13 mg/mL
(3–95 mg/L), n = 1482)). CRP in the fourth quartile (49 to 334 mg/L) was associated with a 2.6-fold
increased risk of tacrolimus Cmin overexposure. Our study provides evidence that inflammation
contributes to tacrolimus Cmin variability and suggests that inflammation should be considered for
the correct interpretation of tacrolimus blood concentration.
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1. Introduction

Tacrolimus is the most widely used immunosuppressant drug that is used to prevent
organ graft rejection after transplantation, but it has a narrow therapeutic window. Thus,
therapeutic drug monitoring (TDM) for subsequent dose adjustment is recommended [1].

Tacrolimus presents high inter- and intra-individual variability of its blood trough
concentration (Cmin) [2,3]. Moreover, high within-variability of tacrolimus Cmin is a
surrogated biomarker of allograft rejection [4–9]. For adult liver transplant recipients, long-
term tacrolimus blood Cmin variability has been shown to be associated with long-term
patient survival [10]. Thus, the identification of the factors that are involved in tacrolimus
Cmin variability is clinically important to prevent or limit tacrolimus Cmin variability.

Individual demographic characteristics, such as age, gender, ethnicity, or poor compliance
are known to influence tacrolimus Cmin [11], as are genetic polymorphisms of CYP3A4/5 [12],
co-medication with a 3A4/5 inducer or inhibitor [13], or liver dysfunction [14] due to the
extensive cytochrome P450 3A4/5-dependent pathway of tacrolimus metabolism [15].
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Moreover, recent studies have suggested that acute episodes of inflammation that are
related to clinical infectious events [16] or endoscopic retrograde cholangiopancreatogra-
phy [17] may also contribute to tacrolimus pharmacokinetic variability in liver transplant
recipients. Indeed, inflammation can down-regulate certain drug-metabolizing enzymes
and transporters [18] or can change the binding of drugs to plasma proteins [19]. The un-
bound fraction of tacrolimus in the plasma, hematocrit, and serum albumin concentration
have also been described as covariates of tacrolimus Cmin [20,21]. However, the influence
of inflammation biomarkers on the variability of tacrolimus Cmin has only been evaluated
in 10% of tacrolimus pharmacokinetic studies [22].

The first aim of this study was to evaluate the contribution of inflammation in the
pharmacokinetic variability of the tacrolimus Cmin in the blood in a large cohort of liver
transplant patients. A tacrolimus Cmin > 15 µg/L should be avoided [1] to prevent
toxicity. Thus, our second objective was to determine whether tacrolimus overexposure
(Cmin > 15 µg/L) is associated with an enhanced inflammatory status.

2. Materials and Methods
2.1. Study Design

We performed a retrospective monocentric cohort study that was approved by the
Grenoble University Hospital review board (registration RnIPH 2020, protocol TACINF;
CNIL number: 2205066 v 0). The study was conducted according to the guidelines of
the Declaration of Helsinki and was approved by the Institutional Review Board on
26 May 2021 by the CECIC Rhône-Alpes-Auvergne, Clermont-Ferrand (IRB number 5891).
Patient consent was waived due to the retrospective design of the study.

In total, 316 patients who had received a liver graft between January 2010 and
December 2016 and who had received tacrolimus for the prevention of transplant rejec-
tion were eligible (see flow chart). All of the patients also received corticosteroids and
mycophenolate mofetil for the prevention of graft rejection.

The inclusion criteria were adult liver transplant patients between 2010 and 2016 and
who had been newly hospitalized at the Grenoble University Hospital at least 15 days
after their first post-transplant hospitalization or in out-patient follow up, treated with oral
tacrolimus formulations (immediate release, Prograf (Astellas) or delayed relase, Adva-
graf (Astellas) or Envarsus (Chiesi)), and for whom the tacrolimus Cmin was measured
concomitantly with their CRP level (±24 h).

The exclusion criteria were patients in their first hospitalization for their liver trans-
plant, as tacrolimus Cmin is highly variable in the early post-transplantation period, which
is partially due to ressucitation and the gradual recovery of liver function [7].

Demographic, clinical, biological (CRP, alanine aminotrasferase (ALAT), aspartate
aminotransferase (ASAT), hematocrit, bilirubin, tacrolimus Cmin), and pharmaceutical
data (tacrolimus daily dose, route of administration) were retrospectively collected from
electronic medical records.

Tacrolimus TDM was performed at a pharmacokinetic steady state by means of the
liquid chromatography tandem mass spectrometry method (LC-MS) on blood samples that
had been collected just before subsequent tacrolimus administration.

The inflammatory status was assessed by the CRP concentration.

2.2. Analytical Methods
2.2.1. Tacrolimus Quantification by LC-MS

Sample preparation consisted of precipitating 100 µL of whole blood with 200 µL of
methanol/0.2M ZnSO4 (80/20, v/v) containing the internal standard (IS) 13C-D2-tacrolimus.
Samples were vortexed immediately for 30 s. The mixture was centrifuged for 10 min at
25,000× g. An amount of 200 µL of supernatant was transferred to integrated microinsert
polypropylene HPLC vials. The LC system consisted of two Shimadzu series Prominence
LC 20AD quaternary pumps that had been equipped with a Prominence SIL 20AC 70-vials
autosampler (operated at 4 ◦C) and a Shimadzu column oven Prominence CTO-20AC.
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Online sample clean-up was performed on a purification column (Oasis HLB, 25 µm,
2.1 mm × 20 mm, Waters, MA, USA). Chromatographic separation was performed on a
phenyl-hexyl analytical column (Phenomenex Luna, 5 µm, phenyl-hexyl, 2 mm × 50 mm,
Aschaffenburg, Germany). The operating procedure for the HPLC-integrated online sample
clean-up consisted of two steps: First, 50 µL of the deproteinized sample were injected
into the system and were transferred onto the Oasis HLB column. Here, the analytes were
adsorbed, whereas potentially interfering matrix compounds were washed directly into
the waste by means of a mobile phase consisting of water/methanol 90/10 at a flow rate of
2 mL/min. Following this first step, a six-port valve was switched at 1 min. The extract was
then eluted in back-flush mode and was transferred to the analytical column (maintained at
60 ◦C) with methanol/ammonium acetate 15 mM 97/3 (v/v) and 0.1% formic acid mobile
phase at a flow rate of 0.600 mL/min. After this chromatographic step, the valve was
switched back to its original configuration for 1.5 to 2.2 min.

MS/MS analyses were performed on an API 3200 QTRAP mass spectrometer (Sciex,
Toronto, ON, Canada) equipped with ESI probe on a Turbo V® ion source. The mass
spectrometer was operated in positive mode under the following conditions: ESI electro-
spray voltage: 5500 V; nebulization gasflowrate: 50 psi; turbo heater gasflowrate: 60 psi;
turbo heater temperature: 300 ◦C. The analyses were performed during multiple reaction
monitoring (MRM). Two ion transitions were monitored: (M + NH4)+ m/z 821.3/768.3 for
tacrolimus and (M + NH4)+ m/z 824.3/771.3 13C-D2-tacrolimus. Each monitored transition
dwell time was set to 50 ms in order to obtain at least 15 points per peak. Analyst 1.6.3
software (AB Sciex Pte. Ltd., Singapore) was used for data acquisition and processing.
Tacrolimus was purchased from Sigma Aldrich Chemicals (St. Quentin Fallavier, France)
and 13C-D2-tacrolimus was purchased from Alsachim (Strasbourg, France). LC-MS-grade
methanol (MeOH) was purchased from Sigma Aldrich, and HPLC-grade ammonium
acetate and formic acid were provided by Prolabo (Paris, France). Ultrapure water (resis-
tivity ≥ 18.0 MΩ/cm) was obtained using a Milli-Q Plus (Millipore, Molsheim, France).
Polypropylene 2-milliliter (mL) centrifuge tubes, 2-mL tubes with 200-microliter (µL) re-
strictor screw cap vials, and pipette tips were purchased from Eppendorf (Le Pecq, France),
Interchim (Montluçon, France), and Gilson (Middletown, WI, USA), respectively.

The lower limit of quantification of the tacrolimus was 1 µg/L with a between-day
coefficient of variation (CV) of 9.64%, and the uper limit of quantification was 30 µg/L
(CV = 3.14%). The between-day CV for the low (2.42 µg/L), medium (7.08 µg/L and
14.10 µg/L), and high levels (32.93 µg/L) of the tacrolimus quality controls that were
monitored daily were 7.79%, 5.13%, 5.43%, and 6.85%, respectively.

2.2.2. Hematocrit, CRP, ALAT, ASAT, Bilirubin and Tota Protein Quantification

Hematocrit determination was performed on a XE 5000 (Sysmex, Kobe, Japan) by
means of impedencemetry. CRP concentration was measured by nephelometry, ASAT,
ALAT, and bilirubin, and the total protein concentrations were measured by means of
colorimetric methods on a Vista 1500 (Siemens Haelthineers, Erlangen, Germany).

2.3. Statistical Analysis

The analysis of the determinants of tacrolimus Cmin variability was performed on the
tacrolimus Cmin that had been adjusted for the dose (C/D) to account for the influence
of the dose adjustments performed during longitudinal TDM. The relationship between
C/D (dependent variable) with other variables (age, sex, hematocrit, ALAT, bilirubin,
CRP, and post-transplant delay) was tested using linear mixed-effect models and used
patients and post-transplant delay as random factors to account for the multiplicity of
tacrolimus Cmin and the CRP concentration obtained for the same patient at different times
post-transplantation. Multivariate linear mixed-effect analysis was conducted using all
factors and covariates (ALAT, bilirubin, CRP as continuous variable or categorical variable)
for which a p-value lower than 0.15 was found in the univariate analyses. The relationship
between tacrolimus overexposure (Cmin > 15 µg /L) and other variables was tested follow-
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ing the same principle. Univariate and multivariate linear mixed-effect regression analyses
for the identification of the determinants of tacrolimus trough concentrations > 15 µg/L
(n = 91) during longitudinal therapeutic drug monitoring were performed. A general-
ized logistic mixed model using the patients and post-transplant delay as random factors
was also used to assess the impact of ALAT, bilirubin, hematocrit, post-transplant de-
lay (expressed as month quartiles), and CRP (expressed as quartiles) on any tacrolimus
overexposure. Post-transplant delays and the CRP quartile interaction on tacrolimus over-
exposure was also tested. ASAT was not included in statistical models, given its collinearity
with ALAT.

The Shapiro–Wilks test was used to assess the normality of the distribution of con-
tinuous variables, and Levene’s test was used to assess the homogeneity of the variances.
Data were log-transformed to satisfy the application conditions of the linear models when
they were not normally distributed. All of the statistical tests were performed at the
threshold alpha of 0.05. The statistical analyses were performed using Jamovi® (version 1.6,
Syndey, Australia).

3. Results
3.1. Population Characteristics

Our study population consisted of 248 adult liver transplant patients, for whom
1573 Cmin/dose and concomitant CRP concentrations were available. Approximately
6953 tacrolimus Cmin were excluded because of the absence of a concomitant CRP dosage,
and then again 292 tacrolimus Cmin were excluded due to lack of data on the tacrolimus
doses that were administered (see flow chart Figure 1).
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Figure 1. Flow chart of the study population.

The demographic, pharmacological, and biological characteristics of the study popu-
lation are presented in Table 1. The median age was 64 years old, and 82% of the subjects
were men.

The median post-transplantation period during which the tacrolimus concentrations
were measured was 14.2 months. The first quartile (Q1) of the delay post-transplantation
was one month, which is in agreement with our inclusion criteria.

The median daily dose of tacrolimus was 3 mg and ranged from 3.5 to 14 mg, with a
CV of 68%. The median Cmin of tacrolimus was 6.9 mg/L and ranged from 1 to 49.3 µg/L,
with a coefficient of variation (CV) of 63.5%.
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Table 1. Characteristics of patients and tacrolimus therapeutic drug monitoring.

Demographics (n = 248 Patients)

Gender (male) % (n) 82 (202)
Age (years) 64 (51–72)
Duration of hospital stay (Days) 8 (0–76)
Number of recurrent hospitalizations 5 (2–17)
Post-transplant delays (months) 14.2 (1.60–45.2)
Tacrolimus pharmacological data (n = 1573)

Concentration (µg/L) 6.9 (3.4–12.7)
Concentration/Dose 2.16 (0.92–6.47)
Dose (mg/Day) 3 (1–7)
Number of tacrolimus Cmin
measurements/patient 4 (2–16)

Laboratory parameters

CRP (mg/l) n = 1573 14 (3–100)
ASAT(UI/L) n = 1341 25 (10–97)
ALAT (UI/L) n = 1342 34 (16–149)
Total bilirubin (mg/L) n = 1445 11 (5–41)
Hematocrit (%) n = 1404 0.32 (0.25–0.42)
White blood cell count (G/L) n = 1404 5.4 (2.6–10.3)
Total protein (g/L) n = 1522 66 (51–77)

Data are presented as medians (10th–90th percentiles) or percentages (numbers).

Eighty-five percent of the measured tacrolimus Cmin were associated with liver
enzyme concentrations within the normal range (n = 1150), corresponding to normal
liver function.

The median level of CRP in the study population was 14 mg/L, corresponding to a
low level of inflammation. CRP concentrations also showed high variability in our cohort
with a CV of 134%.

3.2. Determinants of Tacrolimus Cmin Variability

As the tacrolimus Cmin correlated with the tacrolimus dose (r = 0.285, p < 0.001),
the analysis of the determinants of tacrolimus exposure variability was performed on the
Cmin/Dose (C/D) to account for the influence of dose adjustments. The tacrolimus C/D
ranged from 0.17 to 70, with a CV of 116%.

Univariate analysis showed the tacrolimus C/D to be significantly positively asso-
ciated with the hematocrit, ALAT, CRP, and total bilirubin concentrations (Table 2). As
the level of inflammation was low and very variable, we decided to consider CRP as a
categorical variable by analyzing the quartiles: Q1 (range) mg/L: 4 (<3–4), Q2: 9 (5–14),
Q3: 25 (15–46), and Q4: 88 (49–334). The hematocrit, ALAT, and CRP concentrations in the
fourth quartile remained independent determinants of the tacrolimus C/D in multivariate
analysis (Table 2). Post-transplantation delay was expressed as continuous variables or
categorical variables (quartiles: Q1: (range) months): 1.90 (1.18–2.13), Q2: 4.57 (3.80–5.50),
Q3: 11.62 (8.20–12.57), and Q4: 37.03 (22.54–56.87)) had no effect on log C/D.

3.3. Role of Inflammation in Tacrolimus Overexposure

We compared the CRP concentrations in patients with and without tacrolimus over-
exposure to further determine the influence of inflammation on cases of observed over-
exposure to tacrolimus (determined by tacrolimus Cmin > 15 µg/L). The CRP concen-
trations were higher (p = 0.003) for patients with tacrolimus overexposure (median CRP
(10th–90th percentiles): 27 mg/L (3–149 mg/L), n = 91) than it was for patients with a
tacrolimus Cmin ≤ 15 µg/L (13 mg/mL (3–95 mg/L), n = 1482)) (see Figure 2). Uni-
variate analysis showed that tacrolimus overexposure was significantly associated with
hematocrit, ASAT, total bilirubin, CRP, and the post-transplantation delay. In multivariate
linear mixed-effect regression analysis, CRP in the fourth quartile, post-transplant delay
(expressed either as continuous variables or quartiles) and ALAT concentrations remained
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independent determinants of tacrolimus Cmin overexposure (Table 3). However, the in-
teraction between CRP quartiles and post-transplant delay had no significant effect on
tacrolimus overexposure (p = 0.075). Similar results were obtained with the generalized
logistic mixed model that showed a significant effect of the log ALAT (X2 = 23.46, p < 0.001),
CRP quartiles (X2 = 7.61, p = 0.05), and log post-transplant delay (X2 = 6.25, p = 0.012) on
tacrolimus overexposure. Table 4 shows the odd ratios of these covariables on tacrolimus
overexposure. Again, ALAT and, to a lesser extent, CRP is the fourth quartile that were
identified as significant determinants of tacrolimus overexposure.

Table 2. Univariate and multivariate linear mixed-effect regression analyses for the identification
of the determinants of log tacrolimus trough concentrations adjusted for dose (n = 1573) during
longitudinal therapeutic drug monitoring.

Variable Univariate Analysis Multivariate Analysis

Estimate ± SE p Value Estimate ± SE p Value

Age 2. 55 ± 1.59 × 10−3 0.110 / /
Gender / /

women −0.05 ± 0.33 0.874 / /
men 0.011 ± 0.33 0.966 / /

Hematocrit 0.30 ± 0.16 0.049 0.51 ± 0.18 0.004
Log (ALAT) 0.10 ± 0.02 <0.001 0.10 ± 0.02 <0.001
Log (total bilirubin) 0.04 ± 0.02 0.060 0.01 ± 0.03 0.594
Log (post-transplant
delay) 0.01 ± 0.02 0.382 / /

Log (CRP) 0.05 ± 0.01 <0.001 / /
1st–2nd quartile 4.32 ± 21.80 × 10−3 0.843 0.03 ± 0.02 0.159
3rd–1st quartile 3.00 ± 0.02 0.895 0.02 ± 0.03 0.510
4th–1st quartile 0.07 ± 0.02 0.003 0.10 ± 0.03 <0.001

CRP quartile median (range) mg/L: Q1 = 4 (<3–4), Q2 = 9 (5–14), Q3 = 25 (15–46), and Q4 = 88 (49–334).
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Table 3. Univariate and multivariate linear mixed-effect regression analyses for the identification of the determinants of
tacrolimus overexposure (tacrolimus trough concentrations > 15 µg/L (n = 91)) during longitudinal therapeutic drug monitoring.

Variable Univariate Analysis Multivariate Analysis

Estimate ± SE p Value Estimate ± SE p Value

Hematocrit 0.23 ± 0.10 0.023 −0.08 ± 0.12 0.518
Log (ALAT) −0.11 ± 0.01 <0.001 0.10 ± 0.02 <0.001
Age 8.90 ± 7.03 × 10−3 0.207 / /
Gender

women −0.05 ± 0.23 0.841 / /
men −0.06 ± 0.23 0.800 / /

Log (total bilirubin) −0.09 ± 0.01 <0.001 0.04 ± 0.02 0.078
Log (CRP) −0.03 ± 0.01 0.001 / /

1st–2nd quartile 0.01 ± 0.01 0.526 −2.70 ± 17.51 × 10−3 0.878
3rd–1st quartile 0.2 ± 1.69 × 10−3 0.991 −0.12 ± 0.02 × 10−3 0.995
4th–1st quartile −0.05 ± 0.02 0.005 −0.06 ± 0.02 0.005

Log (post-transplant delays) 0.04 ± 0.02 0.002 0.019
1st–2nd quartile −0.02 ± 0.02 0.140 −0.05 ± 0.01 0.029
3rd–1st quartile −0.06 ± 0.02 <0.001 −0.06 ± 0.02 0.003
4th–1st quartile −0.04 ± 0.02 0.013 −0.05 ± 0.02 0.025

Table 4. Generalized logistic mixed model for the identification of determinants of tacrolimus overexposure.

Variable Odd Ratio IC 95% p Value

Log (ALAT) 4.10 2.32–7.27 <0.001
log (total bilirubin) 1.61 0.85–3.08 0.146
Hematocrit 0.23 0.13–40.25 0.577
CRP

1st–2nd quartile 1.09 0.46–2.55 0.846
3rd–1st quartile 1.22 0.50–2.98 0.656
4th–1st quartile 2.64 1.13–6.17 0.024

Log (Post-transplant delay) 0.72 0.56–0.93 0.012

Modifications made to the dose following an episode of tacrolimus overexposure were
only available for sixty-one samples (64% of the total overexposures). The tacrolimus dose
had been changed in 67% of these overexposures (41/61).

4. Discussion

This study provides evidence that inflammation contributes to tacrolimus Cmin and
C/D variability.

We chose to study tacrolimus variability after the second hospitalization of liver
transplant patients, i.e., at least 15 days after the graft, in order to allow liver function to
recover, as liver function is a well-known major determinant of tacrolimus pharmacokinetic
variability [7]. The finding that the median post-transplantation period was 14.2 months
with a first quartile of 1.90 months confirmed that the Cmin of tacrolimus was not measured
within the first month post-transplantation, which is when it is reported to be highly
variable [7]. However, the tacrolimus Cmin still remained highly variable in our cohort,
with a coefficient of variation of 63.5%. Since dose adjustments were performed during
longitudinal TDM to maintain tacrolimus Cmin within the targeted therapeutic ranges,
we choose to analyse the determinants of tacrolimus exposure variability on the C/D to
account for the influence of dose adjustments.

Our results show that the ALAT, hematocrit, and CRP concentrations in the fourth
quartile have a significant impact on tacrolimus C/D variability.

The association between ALAT and tacrolimus C/D was expected, given that tacrolimus
is highly metabolized by cytochrome P4503A4/3A5; decreased hepatic clearance could
require reducing the daily dose to maintain the tacrolimus Cmin within the target thera-
peutic window, consequently leading to an increase in the tacrolimus C/D. In addition,
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tacrolimus is taken up by and binds to erythrocytes, resulting in a proportion of its related
bound form increasing, along with an increase in hematocrit [23,24], which would explain
the positive association between hematocrit and tacrolimus Cmin. In addition, acute in-
flammation episodes are characterized by the increased synthesis of acute-phase proteins,
including alpha1-acid glycoprotein, for which tacrolimus shows high affinity and saturable
binding capability [25]. Since the total form (bound and unbound forms) of tacrolimus
was measured during TDM, the enhanced concentrations of tacrolimus that were observed
during episodes of inflammation could mostly reflect the enhanced concentration of the
bound (i.e., inactive) form of tacrolimus, as described for lopinavir, another drug with a
high binding affinity to alpha1-acid glycoprotein [19,26,27]. Unfortunately, the alpha1-acid
glycoprotein dosages were not available for most of the patients in our cohort, so we were
not able to evaluate the relationship between tacrolimus C/D and alpha1 acid glycoprotein,
meaning that this remains to be investigated in future studies.

Interestingly, in the present study, the relationship between the CRP concentrations
and tacrolimus C/D was only significant for the fourth quartile of CRP. This finding can
be explained by the normal to low inflammatory status of most of the patients in our
cohort, with the exception of those in the fourth quartile, for whom the median CRP
concentration was 88 mg/L, which corresponds to a medium to high level of inflammation.
This finding suggests that a medium to high level of inflammation is required to induce an
increase in tacrolimus C/D. This conclusion is consistent with that of a recent tacrolimus
pharmacokinetics sub-study that was performed in kidney transplant patients who had
also been treated with the anti-IL-6 therapeutic monoclonal antibody clazakinumab in
the context of antibody-mediated rejection. In this randomized, double-blind, placebo-
controlled phase 2 pilot trial, the authors reported that treatment with clazakinumab
had no effect on the C/D of tacrolimus [28]. It should be noted that the underlying
systemic inflammation was very low in this population of kidney transplant patients with
antibody-mediated rejection (median CRP: 2 mg/L). Such as low grade inflammation had
no significant effect on either the basal cytochrome P450-dependant metabolism [28] o on
the ability of tacrolimus to bind to the plasma protein.

Lastly, we found no statistically significant relationship between tacrolimus C/D and
the post-transplant delay, which was probably because we chose to exclude the tacrolimus
dosages that were administered during the first post-transplant hospitalization and during
the first 15 days post-transplant from our study.

Collectively, our results suggest that changes in the tacrolimus Cmin measured in
whole blood may partially reflect either decreased hepatic clearance, increased distribution
within erythrocytes, or increased binding to alpha1 acid glycoprotein. Overall, these results
are consistent with those of a recent study based on a Pharmacokinetic/Pharmacodynamic
approach that identified the hematocrit, plasma unbound fraction, and intrinsic clearance
as the main determinants of the tacrolimus Cmin in adult liver transplant patients [20].

Our second objective was to determine whether tacrolimus overexposure (Cmin > 15 µg/L)
was associated with an enhanced inflammatory status. Our data showed that the concen-
trations of CRP were higher for patients with a tacrolimus Cmin > 15 µg/L than they were
for those with a tacrolimus Cmin ≤ 15 µg/L, and that the concentrations of ALAT, CRP,
and post-transplant delay were independent predictors of tacrolimus overexposure.

The CRP concentration in the fourth quartile was associated with a 2.6-fold increased
risk of tacrolimus overexposure. However, as tacrolimus is a drug with a low hepatic
extraction ratio and a high binding affinity to plasma proteins, the inflammation-induced
changes in the distribution processes are theoretically independent from the unbound drug
concentration [29,30]. Thus, the dose of tacrolimus should not be systematically reduced
when acute episodes of inflammation occur, even if the tacrolimus Cmin is > 15 µg/L.
Conversely, decreased hepatic clearance that is consistent with liver failure or co-treatment
with a cytochrome P450 inhibitor may require a reduction in the daily dose of tacrolimus to
maintain the tacrolimus Cmin within the target therapeutic window. Our data show that
the ALAT increase was associated with a 4-fold increased risk of tacrolimus overexposure
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and are in agreement with the impact of the reduced clearance of tacrolimus Cmin. Lastly,
the risk of tacrolimus overexposure (Cmin > 15 µg/L) significantly decreased with the
post-transplant delay. This finding could be explained by the fact that therapeutic targets
are higher in the early post-transplant period (up to 10–15 µg/L) and are lower in later
post-transplant periods (5–10 µg/L), depending on the immunosuppressive regimen that
is prescribed [1].

All of these data highlight the strong need to have an overview of liver function,
which is the best predictor of tacrolimus overexposure in our study, but also a need to
have an overview of the inflammatory status and the post-transplant delay of patients
treated with tacrolimus to correctly interpret any increase in their tacrolimus Cmin beyond
co-medication with a cytochrome P450/3A4 inhibitor.

We acknowledge that our study had several limitations. Its retrospective design did
not allow us to collect data on the co-medications of patients nor did it allow us to genotype
the CYP3A5 data although the drugs that inhibit cytochrome 3A4/3A5 or cytochrome
P4503A/5 genetic polymorphisms highly contributed to tacrolimus Cmin variability [15].
In addition, few data were available to describe the adjustments of the dose of tacrolimus
that was prescribed by the clinicians after an episode of tacrolimus overdosage.

However, our data reflect real-life changes in the tacrolimus Cmin observed in a
longitudinal patient follow-up, and pharmacogenetic data are rarely available for routine
TDM in liver transplant patients. The size of our cohort of patients and the statistical
methodology that was used, which took into account the within and between individual
changes of tacrolimus concentrations and the doses and CRP concentrations that occurred
during the longitudinal follow up, as well as the post-transplantation delays are strengths
of our study.

In conclusion, our study suggests that inflammation should be taken into account
for the correct comprehension and interpretation of the tacrolimus Cmin variability ob-
served during longitudinal TDM that occurs separately from liver dysfunction, poor
observance issues or blood exams performed at the wrong time, or co-medication with
drug-metabolizing enzymes (cytochrome P4503A4/3A5) and transporter (P-glycoprotein)
inducers or inhibitors.

Author Contributions: Conceptualization, A.C., X.F. and F.S.-L.; methodology, M.R., A.C. and F.S.-L.
formal analysis, A.C., M.R. and F.S.-L.; investigation, M.N.H.; writing—original draft preparation,
A.C. and F.S.-L.; writing—review and editing, A.C., F.S.-L. and E.G.-V. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board on 26 May 2021 by the
CECIC Rhône-Alpes-Auvergne, Clermont-Ferrand (IRB number 5891).

Informed Consent Statement: Patient consent was waived due to the retrospective design of
the study.

Data Availability Statement: Data available on request to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Brunet, M.; Gelder, T.V.; Åsberg, 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]

2. Venkataramanan, R.; Swaminathan, A.; Prasad, T.; Jain, A.; Zuckerman, S.; Warty, V.; McMichael, J.; Lever, J.; Burckart, G.;
Starzl, T. Clinical pharmacokinetics of tacrolimus. Clin. Pharmacokinet. 1995, 29, 404–430. [CrossRef] [PubMed]

3. Staatz, C.; Tett, S. Clinical Pharmacokinetics and Pharmacodynamics of Tacrolimus in Solid Organ Transplantation.
Clin. Pharmacokinet. 2004, 43, 623–653. [CrossRef]

4. Borra, L.C.P.; Roodnat, J.I.; Kal, J.A.; Mathot, R.A.; Weimar, W.; van Gelder, T. High within-patient variability in the clearance of tacrolimus
is a risk factor for poor long-term outcome after kidney transplantation. Nephrol. Dial. Transplant. 2010, 25, 2757–2763. [CrossRef]

http://doi.org/10.1097/FTD.0000000000000640
http://doi.org/10.2165/00003088-199529060-00003
http://www.ncbi.nlm.nih.gov/pubmed/8787947
http://doi.org/10.2165/00003088-200443100-00001
http://doi.org/10.1093/ndt/gfq096


Pharmaceutics 2021, 13, 1960 10 of 11

5. Shuker, N.; Shuker, L.; van Rosmalen, J.; Roodnat, J.I.; Borra, L.; Weimar, W.; Hesselink, D.A.; van Gelder, T. A high intrap-
atient variability in tacrolimus exposure is associated with poor long-term outcome of kidney transplantation. Transpl. Int.
2016, 29, 1158–1167. [CrossRef] [PubMed]

6. Vanhove, T.; Vermeulen, T.; Annaert, P.; Lerut, E.; Kuypers, D.R.J. High Intrapatient Variability of Tacrolimus Concentrations Predicts
Accelerated Progression of Chronic Histologic Lesions in Renal Recipients. Am. J. Transplant. 2016, 16, 2954–2963. [CrossRef]

7. Rayar, M.; Tron, C.; Jézéquel, C.; Beaurepaire, J.M.; Petitcollin, A.; Houssel-Debry, P.; Camus, C.; Verdier, M.C.; Dehlawi, A.;
Lakéhal, M.; et al. High Intrapatient Variability of Tacrolimus Exposure in the Early Period After Liver Transplantation Is
Associated With Poorer Outcomes. Transplantation 2018, 102, e108–e114. [CrossRef]

8. Jouve, T.; Noble, J.; Rostaing, L.; Malvezzi, P. An update on the safety of tacrolimus in kidney transplant recipients, with a focus
on tacrolimus minimization. Expert Opin. Drug Saf. 2019, 18, 285–294. [CrossRef] [PubMed]

9. Kuypers, D.R.J. Intrapatient Variability of Tacrolimus Exposure in Solid Organ Transplantation: A Novel Marker for Clinical
Outcome. Clin. Pharmacol Ther. 2020, 107, 347–358. [CrossRef]

10. Hsiao, C.Y.; Ho, M.C.; Ho, C.M.; Wu, Y.M.; Lee, P.H.; Hu, R.H. Long-Term Tacrolimus Blood Trough Level and Patient Survival in
Adult Liver Transplantation. J. Pers. Med. 2021, 11, 90. [CrossRef]

11. Wang, P.; Mao, Y.; Razo, J.; Zhou, X.; Wong, S.T.; Patel, S.; Elliott, E.; Shea, E.; Wu, A.H.; Gaber, A.O. Using genetic and clinical
factors to predict tacrolimus dose in renal transplant recipients. Pharmacogenomics 2010, 11, 1389–1402. [CrossRef] [PubMed]

12. Staatz, C.E.; Goodman, L.K.; Tett, S.E. Effect of CYP3A and ABCB1 single nucleotide polymorphisms on the pharmacokinetics
and pharmacodynamics of calcineurin inhibitors: Part I. Clin. Pharmacokinet. 2010, 49, 141–175. [CrossRef]

13. Rancic, N.; Vavic, N. Drug-drug interactions of tacrolimus. Hosp. Pharmacol.-Int. Multidiscip. J. 2015, 2, 291–296. [CrossRef]
14. Abu-Elmagd, K.; Fung, J.J.; Alessiani, M.; Jain, A.; Venkataramanan, R.; Warty, V.S.; Takaya, S.; Todo, S.; Shannon, W.D.;

Starzl, T.E. The effect of graft function on FK506 plasma levels, dosages, and renal function, with particular reference to the liver.
Transplantation 1991, 52, 71–77. [CrossRef]

15. Degraeve, A.L.; Moudio, S.; Haufroid, V.; Chaib Eddour, D.; Mourad, M.; Bindels, L.B.; Elens, L. Predictors of tacrolimus pharmacokinetic
variability: Current evidences and future perspectives. Expert Opin. Drug Metab. Toxicol. 2020, 16, 769–782. [CrossRef]

16. Bonneville, E.; Gautier-Veyret, E.; Ihl, C.; Hilleret, M.N.; Baudrant, M.; Fonrose, X.; Stanke-Labesque, F. Unexpected overdose blood
concentration of tacrolimus: Keep in mind the role of inflammation. Br. J. Clin. Pharmacol. 2020, 86, 1888–1891. [CrossRef] [PubMed]

17. Wang, R.; Wang, W.; Ma, K.; Duan, X.; Wang, F.; Huang, M.; Zhang, W. Variation in Tacrolimus Trough Concentrations in Liver
Transplant Patients Undergoing Endoscopic Retrograde Cholangiopancreatography: A Retrospective, Observational Study.
Front. Pharmacol. 2020, 19, 1252. [CrossRef] [PubMed]

18. Stanke-Labesque, F.; Gautier-Veyret, E.; Chhun, S.; Guilhaumou, R.; French Society of Pharmacology and Therapeutics. Inflamma-
tion is a major regulator of drug metabolizing enzymes and transporters: Consequences for the personalization of drug treatment.
Pharmacol. Ther. 2020, 215, 107627–107649. [CrossRef] [PubMed]

19. Stanke-Labesque, F.; Concordet, D.; Djerada, Z.; Bouchet, S.; Solas, C.; Mériglier, E.; Bonnet, F.; Mourvillier, B.; Ruiz, S.;
Martin-Blondel, G.; et al. Neglecting Plasma Protein Binding in COVID-19 Patients Leads to a Wrong Interpretation of Lopinavir
Overexposure. Clin. Pharmacol. Ther. 2021, 109, 1030–1033. [CrossRef]

20. Gérard, C.; Stocco, J.; Hulin, A.; Blanchet, B.; Verstuyft, C.; Durand, F.; Conti, F.; Duvoux, C.; Tod, M. Determination of the Most
Influential Sources of Variability in Tacrolimus Trough Blood Concentrations in Adult Liver Transplant Recipients: A Bottom-Up
Approach. AAPS J. 2014, 16, 379–391. [CrossRef]

21. Emoto, C.; Johnson, T.N.; Hahn, D.; Christians, U.; Alloway, R.R.; Vinks, A.; Fukuda, T. A Theoretical Physiologically-Based
Pharmacokinetic Approach to Ascertain Covariates Explaining the Large Interpatient Variability in Tacrolimus Disposition.
CPT Pharmacomet. Syst. Pharmacol. 2019, 8, 273–284. [CrossRef]

22. Campagne, O.; Mager, D.E.; Tornatore, K.M. Population Pharmacokinetics of Tacrolimus in Transplant Recipients: What Did We
Learn About Sources of Interindividual Variabilities? J. Clin. Pharmacol. 2019, 59, 309–325. [CrossRef]

23. Sikma, M.A.; Van Maarseveen, E.M.; Hunault, C.C.; Moreno, J.M.; Van de Graaf, E.A.; Kirkels, J.H.; Verhaar, M.C.; Grutters, J.C.;
Kesecioglu, J.; De Lange, D.W.; et al. Unbound Plasma, Total Plasma, and Whole-Blood Tacrolimus Pharmacokinetics Early After
Thoracic Organ Transplantation. Clin. Pharmacokinet. 2020, 59, 771–780. [CrossRef] [PubMed]

24. Sikma, M.A.; Hunault, C.C.; Huitema, A.D.R.; De Lange, D.W.; Van Maarseveen, E.M. Clinical Pharmacokinetics and Impact
of Hematocrit on Monitoring and Dosing of Tacrolimus Early After Heart and Lung Transplantation. Clin. Pharmacokinet.
2020, 59, 403–408. [CrossRef]

25. Möller, A.; Iwasaki, K.; Kawamura, A.; Teramura, Y.; Shiraga, T.; Hata, T.; Schäfer, A.; Undre, N.A. The disposition of 14C-
labeled tacrolimus after intravenous and oral administration in healthy human subjects. Drug Metab. Dispos. Biol. Fate Chem.
1999, 27, 633–636.

26. Boffito, M.; Back, D.J.; Flexner, C.; Sjö, P.; Blaschke, T.F.; Horby, P.W.; Cattaneo, D.; Acosta, E.P.; Anderson, P.; Owen, A. Toward
Consensus on Correct Interpretation of Protein Binding in Plasma and Other Biological Matrices for COVID-19 Therapeutic
Development. Clin. Pharmacol. Ther. 2021, 110, 64–68. [CrossRef]

27. Ofotokun, I.; Lennox, J.L.; Eaton, M.E.; Ritchie, J.C.; Easley, K.A.; Masalovich, S.E.; Long, M.C.; Acosta, E.P. Immune Activation
Mediated Change in Alpha-1-Acid Glycoprotein: Impact on Total and Free Lopinavir Plasma Exposure. J. Clin. Pharmacol.
2011, 51, 1539–1548. [CrossRef] [PubMed]

http://doi.org/10.1111/tri.12798
http://www.ncbi.nlm.nih.gov/pubmed/27188932
http://doi.org/10.1111/ajt.13803
http://doi.org/10.1097/TP.0000000000002052
http://doi.org/10.1080/14740338.2019.1599858
http://www.ncbi.nlm.nih.gov/pubmed/30909754
http://doi.org/10.1002/cpt.1618
http://doi.org/10.3390/jpm11020090
http://doi.org/10.2217/pgs.10.105
http://www.ncbi.nlm.nih.gov/pubmed/21047202
http://doi.org/10.2165/11317350-000000000-00000
http://doi.org/10.5937/hpimj1503291R
http://doi.org/10.1097/00007890-199107000-00015
http://doi.org/10.1080/17425255.2020.1803277
http://doi.org/10.1111/bcp.14292
http://www.ncbi.nlm.nih.gov/pubmed/32199027
http://doi.org/10.3389/fphar.2020.01252
http://www.ncbi.nlm.nih.gov/pubmed/32973503
http://doi.org/10.1016/j.pharmthera.2020.107627
http://www.ncbi.nlm.nih.gov/pubmed/32659304
http://doi.org/10.1002/cpt.2196
http://doi.org/10.1208/s12248-014-9577-8
http://doi.org/10.1002/psp4.12392
http://doi.org/10.1002/jcph.1325
http://doi.org/10.1007/s40262-019-00854-1
http://www.ncbi.nlm.nih.gov/pubmed/31840222
http://doi.org/10.1007/s40262-019-00846-1
http://doi.org/10.1002/cpt.2099
http://doi.org/10.1177/0091270010385118
http://www.ncbi.nlm.nih.gov/pubmed/21209245


Pharmaceutics 2021, 13, 1960 11 of 11

28. Mühlbacher, J.; Schörgenhofer, C.; Doberer, K.M.; Budde, K.; Eskandary, F.; Mayer, K.A.; Schranz, S.; Ely, S.; Reiter, B.;
Chong, E.; et al. Anti-interleukin-6 antibody clazakizumab in late antibody-mediated kidney transplant rejection: Effect on
cytochrome P450 drug metabolism. Transpl. Int. 2021, 34, 1542–1552. [CrossRef]

29. Benet, L.Z.; Hoener, B. Changes in plasma protein binding have little clinical relevance. Clin. Pharmacol. Ther. 2002, 71, 115–121.
[CrossRef] [PubMed]

30. Toutain, P.L.; Bousquet-Melou, A. Free drug fraction vs free drug concentration: A matter of frequent confusion. J. Vet. Pharmacol.
Ther. 2002, 25, 460–463. [CrossRef] [PubMed]

http://doi.org/10.1111/tri.13954
http://doi.org/10.1067/mcp.2002.121829
http://www.ncbi.nlm.nih.gov/pubmed/11907485
http://doi.org/10.1046/j.1365-2885.2002.00442.x
http://www.ncbi.nlm.nih.gov/pubmed/12485352

	Introduction 
	Materials and Methods 
	Study Design 
	Analytical Methods 
	Tacrolimus Quantification by LC-MS 
	Hematocrit, CRP, ALAT, ASAT, Bilirubin and Tota Protein Quantification 

	Statistical Analysis 

	Results 
	Population Characteristics 
	Determinants of Tacrolimus Cmin Variability 
	Role of Inflammation in Tacrolimus Overexposure 

	Discussion 
	References

