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Abstract: Fast tacrolimus metabolism is linked to inferior outcomes such as rejection and lower renal
function after kidney transplantation. Renal calcineurin-inhibitor toxicity is a common adverse effect
of tacrolimus therapy. The present contribution hypothesized that tacrolimus-induced nephrotoxicity
is related to a low concentration/dose (C/D) ratio. We analyzed renal tubular epithelial cell cultures
and 55 consecutive kidney transplant biopsy samples with tacrolimus-induced toxicity, the C/D
ratio, C0, C2, and C4 Tac levels, pulse wave velocity analyses, and sublingual endothelial glycocalyx
dimensions in the selected kidney transplant patients. A low C/D ratio (C/D ratio < 1.05 ng/mL×1/mg)
was linked with higher C2 tacrolimus blood concentrations (19.2 ± 8.7 µg/L vs. 12.2 ± 5.2 µg/L
respectively; p = 0.001) and higher degrees of nephrotoxicity despite comparable trough levels
(6.3 ± 2.4 µg/L vs. 6.6 ± 2.2 µg/L respectively; p = 0.669). However, the tacrolimus metabolism rate did
not affect the pulse wave velocity or glycocalyx in patients. In renal tubular epithelial cells exposed
to tacrolimus according to a fast metabolism pharmacokinetic profile it led to reduced viability and
increased Fn14 expression. We conclude from our data that the C/D ratio may be an appropriate tool
for identifying patients at risk of developing calcineurin-inhibitor toxicity.

Keywords: calcineurin inhibitor nephrotoxcity; tacrolimus; C/D ratio; tacrolimus metabolism;
kidney transplantation

1. Introduction

Although the calcineurin inhibitor (CNI) tacrolimus (Tac) is effective in preventing graft rejection
after transplantation, its therapeutic window is narrow. Furthermore, Tac exhibits a high intra- and
inter-individual variability in pharmacokinetics (PK) and pharmacodynamics [1]. Tac-related adverse
effects are common even in patients with Tac trough levels within the intended therapeutic range,
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despite meticulous therapeutic drug monitoring. CNI-induced nephrotoxicity (CNIT) especially
remains a severe issue during CNI treatment [2]. While acute CNIT comprises isometric tubular
vacuolization, acute arteriolopathy, and thrombotic microangiopathy, the features of chronic CNIT
include interstitial fibrosis and tubular atrophy, arteriolar hyalinosis, tubular microcalcifications, and
global glomerulosclerosis [2]. Unfortunately, there are no specific molecular markers of CNIT, but
it was recently experimentally shown that, e.g., the TWEAK/Fn14 pathway, is critically involved in
the pathogenesis of CNIT [3]. Although it is known that overexposure to Tac causes CNIT trough
level-dependently, even patients presenting with Tac trough levels within the therapeutic range
(5–15 µg/L) are vulnerable to developing both acute or chronic CNIT [4–9]. This indicates the possibility
of additional causative factors.

Using the concentration/dose (C/D) ratio, a strong association between a fast Tac metabolism
rate/fast oral Tac clearance (C/D ratio < 1.05 µg/L×1/mg) and reduced renal function within the
first month following renal transplantation (RTx) can be demonstrated [9]. Other studies found
comparable outcomes; even after liver transplantation [7,10–14]. However, this effect cannot be
observed, if considerably higher C/D-ratio cut-offs are chosen [15]. The Tac metabolism effect on renal
function was detectable even five years after RTx and was also associated with increased mortality in
patients with a low C/D ratio [16].

What are the reasons for these findings? Apart from an increased susceptibility of fast metabolizers
to BK virus infections, these patients more frequently required indication biopsies that revealed higher
rates of rejections and acute CNIT [9,16,17]. Therefore, we hypothesized that the C/D ratio as a simple
estimate of the Tac metabolism correlates with the severity of CNIT.

2. Experimental Section

2.1. Patients and Histology

At first, the study was conducted to answer the question if there is an association between
histological findings of acute CNIT and the corresponding Tac C/D ratio at the time of biopsy.
We hypothesized that a C/D ratio <1.05 ng/mL×1/mg is associated with acute CNIT. To prove the
hypothesis, we performed a histological reevaluation of all for-cause RTx-biopsy samples that showed
acute CNIT in our center between 2007 and 2016. Only samples with definite histological signs of acute
CNIT (isometric vacuolization of tubular epithelial cells) were included in the study. Biopsy samples
with isometric vacuolization that could be attributed to other causes were excluded from the evaluation.

Two pathologists, independently and blinded, categorized the graft biopsies in the following
groups: <10%, 10–25%, 25–50%, and ≥50% of tubules showing isometric vacuolization of the cytoplasm
(Figure 1A–D). In case of different assessment of the pathologists, mean values were taken. Due to
limited sample numbers, for final analysis two categories were considered: samples with <25% and
with ≥25% affected tubular cells (n = 35 and n = 20, respectively).

The C/D ratio was calculated by the Tac blood trough concentrations and the corresponding Tac
doses on the day of the renal biopsy. C/D ratio values < 1.05 ng/mL×1/mg defined patients as fast
Tac metabolizers (patients with fast oral clearance), values ≥ 1.05 ng/mL×1/mg characterized slow
metabolizers (patients with slow oral clearance) as published before [8,13]. Only 12 h Tac trough levels
were used for this analysis.

After confirmation of our first hypothesis, we secondly designed a prospective part of the study
to address the question, if CNIT could be related to Tac peak levels. We hypothesized, that patients
with a fast oral Tac clearance develop higher Tac peak levels than patients with a slow oral Tac
clearance. Therefore, C0 and C2 Tac levels were determined in an additional cohort of 56 RTx patients.
Additionally, we assessed C4 levels and the area under the curve (AUC) in 25 of these 56 individuals.
For C0, 12 h trough levels were assessed. C2 was assessed 2 h and C4 4 h after intake of the morning
dose, respectively. Whole blood was analyzed for Tac (automated tacrolimus (TACR) assay; Dimension
Clinical Chemistry System; Siemens Healthcare Diagnostic GmbH; Eschborn; Germany). In addition,
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a cell culture model using supra-therapeutic Tac concentrations was used to mimic the different Tac
profiles of patients with fast and slow oral Tac clearance (see below).

Figure 1. Examples of Hematoxylin and Eosin (HE)-stained sections of kidney transplant biopsies with
different overall scores of isometric vacuolization (arrows) as a marker of calcineurin inhibitor-induced
nephrotoxicity. (A): < 25% of the tubular epithelial cells, (B): magnification of A, (C) ≥ 25% of the
tubular epithelial cells, and (D): magnification of C (bars: 100 µm).

All patients received an induction therapy with basiliximab or anti T-lymphocyte antibody and
an immunosuppressive regimen containing immediate release tacrolimus (Prograf©), mycophenolate
(CellCept©/Myfortic©), and prednisolone (Soludecortin H© /Decortin H©).

Patients’ demographics were taken from the clinical hospital database and are presented in Table 1,
and Tables S1 and S2.

Table 1. Patient characteristic: Histological analysis.

CNI Nephrotoxicity x < 25% (n = 35) x ≥ 25% (n = 20) p-Value

Age (years, mean ± SD) 57.8 ± 12.4 50.2 ± 20.2 0.014 a

Male sex, n (%) 24 (68.6) 12 (60) 0.566 b

BMI (kg/m2, mean ± SD) 25.5 ± 5.2 25.6 ± 5.3 0.981 a

Prednisolone dose (mg, mean ± SD) 10.0 ± 6.3 14.9 ± 17.5 0.239 a

Living donor transplantation, n (%) 26 (74.3) 14 (70) 0.761 b

ESP, n (%) 9 (25.7) 1 (5) 0.075 b

Combined RTx + liver Tx, n (%) 3 (8.6) 1 (5) 1 b

Previous Tx, n (%) 3 (8.6) 0 0.293 b

ABOi, n (%) 4 (11.4) 2 (10) 1 b

CIT (hours, mean ± SD) 9.2 ± 5.0 8.5 ± 5.0 0.669 a

WIT (min, mean ± SD) 32.5 ± 8.1 32.5 ± 5.4 0.418 a

DGF 11 (31.4) 2 (10) 0.107 b

Donor data
Male donor sex, n (%) 13 (47,1) 14 (70) 0.026 b

Donor age (years, mean ± SD) 61.1 ± 15.7 52.2±14.7 0.073 a

Time from RTx to biopsy (days) 63 (3–2877) 223 (10–5057) 0.059 c

Patients with a CNI nephrotoxicity < 25% were observed to be older and received more female allografts; CNI,
calcineurin inhibitor; BMI, body mass index; ESP, European senior program; RTx, renal transplantation, Tx,
transplantation; ABOi, ABO incompatible transplantation; CIT, cold ischemia time, WIT, warm ischemia time, DGF,
delayed graft function; a Student’s t-test; b Fisher’s exact test; c Mann–Whitney U test.
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The study was performed in accordance with the Declaration of Helsinki and approved by the
local ethics committee (Ethik Kommission der Ärztekammer Westfalen-Lippe und der Medizinischen
Fakultät der Westfälischen Wilhelms-Universität, 2017-407-f-S). Prior to analysis, all patient data were
anonymized. Written informed consent with regard to recording their clinical data was given by
all participants at the time of transplantation or inclusion into the study. Recipients aged <18 years,
pregnant women, or patients with uncontrolled infection, tumor, or hypertension were excluded from
the study.

2.2. Assessment of Pulse Wave Velocity and Glycocalyx

Besides tubular changes tacrolimus toxicity comprises vascular effects (vasoconstriction,
arteriolopathy) as well. After having linked tubular changes with the Tac oral clearance in patients
and a cell culture model, respectively, we conducted a second prospective study to assess potential
Tac metabolism-related vascular changes. Therefore, we measured pulse wave velocity (PVW) and
the glycocalyx as surrogate parameters of endothelial dysfunction/arterial stiffness in 120 stable
RTx outpatients (30 patients with a C/D ratio < 1.05 ng/mL×1/mg and 90 patients with a C/D
ratio ≥ 1.05 ng/mL×1/mg). Arterial stiffness was assessed as pulse wave velocity (PWV) using
cuff-based oscillometry (Mobil-O-Graph, IEM, Stolberg, Germany) [18,19]. Subjects rested for 10 min
at 23 ◦C before the baseline hemodynamic measurements were performed. Initially, brachial systolic
blood pressure (mmHg) was measured. Two sequential measurements separated by a 5-min interval
were obtained. The mean PWV was used for the analysis only if the PWV difference between the
assessments was <0.5 m/sec. Otherwise, a third measure was conducted and the median of all values
was calculated as published before [20]. An experienced single operator performed the measurements.

Furthermore, we prospectively assessed the dynamic lateral red blood cell movement into the
glycocalyx that is expressed as the perfused boundary region (PBR) (in µm) in a subset of 28 (14 fast
metabolizer) stable and matched RTx patients using bedside real-time intravital microscopy [21].
The sublingual microvasculature was visualized and examined with the use of GlycoCheckTM
Software, coupled to a sidestream dark field (SDF) camera (CapiScope HVCS, KK Technology, Honiton,
UK) by an experienced single operator, as thoroughly described before [21]. Briefly, the SDF camera uses
stroboscopic diodes (540 nm) to detect the hemoglobin of the red blood cells (RBC). The GlycoCheck
software allows automatic video recording when predefined image quality criteria (motion, intensity,
focus) are met. The software automatically identifies all available micro-vessels with a diameter
between 5 to 25 µm and marks vascular segments every 10 µm along the assessed microvasculature.
Before further analysis of the videos, it performs an automatic quality check (Figure 2C). Invalid
vascular segments are marked with yellow and automatically discarded, while all valid vascular
segments (green lines) are subjected to further analysis. The software measures the PBR (in µm);
an inverse parameter of glycocalyx dimensions. Specifically, the dynamic lateral RBC movement
towards the endothelial wall is assessed in an average of about 3000 different vascular segments with a
diameter from 5 to 25 µm (Figure 2B,C). An impaired endothelial glycocalyx allows RBCs to penetrate
more deeply towards the endothelium, which translates into higher PBR values.
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Figure 2. (A): Boxplots of PBR values of patients with a high C/D ratio (white) and low C/D ratio
(grey) based on the different microvascular diameter ranges. No difference was detected between the
groups. (B): Representative image of the sublingual mucosa acquired with the SDF camera in a kidney
transplant patient. (C): Exemplary picture of a video recording showing the automatic identification of
all available micro-vessels with a diameter between 5 to 25 µm. Vascular segments are marked every
10 µm along the assessed microvasculature (red lines) by the GlycoCheck software (green lines: valid
segments for further analysis, yellow lines: discarded by quality check).

2.3. Cell Culture

Tubular epithelial cells (NRK-52E; ATCC) were cultivated in Dulbecco’s modified Eagle medium
(DMEM) (Invitrogen, Darmstadt, Germany) supplemented with 10% fetal calf serum (FCS) (Biochrom,
Berlin, Germany), 1% antibiotics (Pen/Strep) and L-Glutamine (PAA; Cölbe, Germany), and were
cultured at 37 ◦C and 5% CO2. NRK-52E cells were grown in 12-well or 96-well plates until 80%
confluence followed by treatment with tacrolimus (Prograf®i.v., Astellas, Munich, Germany) diluted
in 0.9% sodium chloride) or medium only as a control over 12 h. Tac working solutions were freshly
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prepared by appropriate dilution of stock solution in the culture medium. Due to the inherent robustness
of rat cells, titration series were conducted to determine the optimal tacrolimus concentrations that
induce an appropriate reduction in cell viability. Culture medium was changed every hour using the
indicated Tac concentrations between 6 and 20 µg/mL that were based on our titration studies and
previous studies by Lamoureux et al. (Figure S1) [22]. After the incubation period of 12 h, the culture
medium was removed and cells were washed three times with PBS and then prepared for quantitative
Western blot analysis or MTT assay as described below. All samples were tested in triplicate wells.
Data are representative of three different experiments.

2.4. Lysate Preparation and Western Blot Analysis

As fibroblast growth factor-inducible 14 (Fn14) is involved in the pathogenesis of CNIT we
analyzed its expression in Tac-treated NRK cells using primary antibodies against α-actinin 4 and Fn14,
respectively [3].

Preparation and quantitative Western blot analysis of cell lysates have been described
previously [23]. Briefly, for quantitative Western blotting, cells were grown on dishes and then
scraped into 1x LaemmLi (4% SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.002% bromophenol blue,
0.0625 M Tris-HCl; pH 6.8). Samples were shaken at 1000 rpm for 2 h and then subjected to ultrasound
bath treatment for 15 min. After being boiled for 5 min, equal volumes of cell lysates were separated
onto 10% SDS-PAGE gels (Bio-Rad). Proteins were transferred to a PVDF membrane (Millipore) and
incubated for 1 h at room temperature in blocking buffer (5% skim milk powder dissolved in TBS
containing 0.05% Tween-20). A primary antibody against Fn14 (Cell Signaling, Danvers, MA, USA)
was used in a 1:1000 dilution in TBS–Tween-20 and incubated at 4 ◦C overnight. After being washed
three times with TBS–Tween-20, the membrane was incubated with horseradish peroxidase–coupled
secondary antibodies (Jackson Immunoresearch, via Dianova, Hamburg, Germany) diluted 1:5000 in
blocking buffer for 45 min at room temperature. After three washes, the Western blot was developed
using a chemiluminescence detection reagent (Roche). For normalization of band density following
chemiluminescence detection the samples were equalized using α-actinin (Enzo, Loerrach, Germany)
as the loading control. All samples were tested in triplicate wells and three different experiments.

2.5. MTT Test

Cell viability was assessed by a colorimetric assay, which is based on the conversion of dissolved
yellow 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) to insoluble purple
formazan by cleavage of the tetrazolium ring by mitochondrial dehydrogenases of living cells
as previously described [24,25]. Therefore, this MTT assay offers precise quantification of cell viability
in mammalian cell cultures. Briefly, after Tac treatment for 12 h, the medium was carefully removed
and replaced by 200 µL of fresh complete cell culture medium. 10 µL of MTT solution containing
5 mg/mL of the dye were added to each well, and the cells were again incubated for 3 h. The medium
was then removed and 100 µL of lysis buffer containing 10% (w/v) sodium dodecyl sulfate and 40%
(v/v) dimethylformamide was added to each well. The plates were shaken for 10 min to destroy the cell
structure and dissolve the blue formazan dye. Finally, the absorbance was measured at 590 nm using
an automated microtiter plate reader (Infinite M200; Tecan, Männedorf, Switzerland). The percentage
of viable cells in the untreated controls was compared to that for the respective Tac treatments.

2.6. Statistical Analysis

Statistical analysis were performed using IBM SPSS®Statistics 25 for Windows (IBM Corporation,
Somers, NY, USA) or GraphPad Prism version 4.0 (GraphPad Sofware, La Jolla, CA, USA). Normally
distributed continuous variables are shown as mean ± standard deviation (SD) or as mean ±
SEM and non-normally distributed continuous variables as median and first and third quartiles
(interquartile range, IQR). Absolute and relative frequencies have been given for categorical variables.
Pairs of independent groups were compared using the Student’s t-test for normally distributed data,
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Mann–Whitney U test for non-normal data, and Fisher’s exact test for categorical variables. To compare
paired data, we used the Wilcoxon test for continuous variables and the McNemar test for categorical
variables. Comparison among groups in Western blot experiments was performed by one-way ANOVA
along with post-hoc Tukey test. p-values < 0.05 were considered as statistically noticeable.

3. Results

3.1. Histology

The histological re-analysis of 55 consecutive kidney transplant biopsy samples from patients
(low C/D ratio, n = 27) with evidence of CNIT indicated by the presence of the characteristic isometric
vacuolization of the tubular epithelial cells in < 10% (n = 20), 10–24% (n = 15), 25–49% (n = 12) and eight
biopsies ≥ 50% of affected tubular cells. For further comparison, samples were regrouped according to
< 25% (n = 35) or ≥ 25% (n = 20) tubular isometric vacuolization (Figure 3, Table 1).

Figure 3. Histological analysis of calcineurin inhibitor-induced nephrotoxicity (CNIT) in kidney
transplant biopsies, assessing the degree percentage of tubular cells with isometric vacuolization of the
cytoplasm. The C/D ratio indicated a strong negative association with the severity of CNIT.
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Although the trough levels at the time of biopsy were similar for both groups (Table 2), the degree
of CNIT indicated a strong negative association to the C/D ratio values (Figure 3). Trough levels in 56
additional patients were comparable between patients with a low and high C/D ratio (6.3 ± 2.4 µg/L vs.
6.6 ± 2.2 µg/L respectively; p = 0.669). However, patients with a low C/D ratio displayed significantly
higher C2 levels (19.2 ± 8.7 µg/L vs. 12.2 ± 5.2 µg/L, respectively; p = 0.001, Figure 4A). In a subgroup of
25 patients, C0 levels (6.3 ± 3.2 µg/L vs. 6.2 ± 2.3 µg/L, respectively; p = 0.620) and C4 (11.3 ± 5.8 µg/L
vs. 9.0 ± 2.7 µg/L, respectively; p = 0.466) were comparable between groups. However, C2 levels of
patients with a low C/D ratio were increased (20.2 ± 10.3 µg/L vs. 9.8 ± 4.2 µg/L, respectively; p = 0.004,
Figure 4B).

Table 2. Tac trough level and dose of two calcineurin inhibitor toxicity groups.

x < 25% (n = 35) x ≥ 25% (n = 20) p-Value

Tac trough level (ng/mL ± SD) 6.0 (3.1–15.1) 5.8 (2.4–12.5) 0.431
Tac dose (mg, mean ± SD) 5.0 (1.0–18.0) 8.0 (3.0–16.0) 0.009

C/D ratio, ng/mL×1/mg,
median (min-max) 1.27 (0.28–5.03) 0.78 (0.33–1.20) < 0.001

Tac, tacrolimus; Mann–Whitney U test.

Figure 4. Presented are C0, C2 (n = 56) (A), and C4 (n = 25) (B) Tac levels in stable kidney transplanted
patients. While the trough level (C0) and the C4 level were comparable between patients with a high
(dark grey bars) and low (light grey bars) C/D ratio, C2 levels were significantly increased in patients
with a low C/D ratio.
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3.2. Pulse Wave Velocity Analysis

PWV correlated with age and systolic blood pressure (SBP) but not with the C/D ratio (Table S1,
Figure 5).

Figure 5. Pulse wave analysis of kidney transplanted patients. No correlation was observed between
the C/D ratio and pulse wave velocity (A,B). The scatter plot in (C) indicates a strong quadratic relation
of age and pulse wave velocity. Systolic blood pressure showed a moderately strong correlation to
pulse wave velocity (D). R: Pearson correlation coefficient.

3.3. Glycocalyx Analysis

The PBR, an inverse parameter of endothelial glycocalyx dimensions in sublingual vessels, was
comparable between the patients with a low and a high C/D ratio (Figure 2).

3.4. Cell Culture

Titration series revealed a tacrolimus concentration between 6 µg/mL and 20 µg/mL to induce an
appropriate reduction of NRK cell viability in MTT assays. Tac exposure decreased the viability of
NRK cells (Figure 6A) the most in cells that were treated with Tac corresponding to the PK profiles of
fast metabolizers (6 µg/mL to 19 µg/mL) (77.3%) compared to cells that were exposed to continuous
Tac treatment (8.5 µg/mL) or to Tac corresponding to the PK profiles of slow metabolizers (6 µg/mL to
12 µg/mL, respectively (81.3% vs. 84.7%, Figure 6A). Accordingly, these cells showed the highest Fn14
expression (Figure 6B).
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Figure 6. The viability of tubular epithelial cells (NRK-52E; ATCC) assessed by 3-[4,5-dimethylthiazol-
2-yl]-2,5-diphenyltetrazolium bromide (MTT) test (A). Cells treated for 12 h with Tac according to the
pharmakokinetic profile of fast metabolizers (Fast) showed the most reduced viability (*** p < 0.001 vs.
Control, # p < 0.05 vs. Tac slow, §§§ p < 0.001 vs. Tac fast. Western blot analysis of Fn14 expression
in NRK cells (B), showed higher Fn14 expression levels in NRK cells when compared to the other
groups (* p < 0.05 vs. Control, *** p < 0.001 vs. Control, # p < 0.05 vs. Tac slow. §§ p < 0.01 vs. Tac fast).
An exemplary Western blot is presented below.

4. Discussion

CNIT is a frequent complication of Tac exposure and is associated with reduced renal function
and kidney graft loss. So far, no specific treatment of CNIT is available. Therefore, approaches to
minimize its occurrence and identify the patients at risk are required.

The C/D ratio is a simple estimate of the Tac metabolism rate and is therefore useful to stratify
patients’ risk [1]. Since we identified a strong negative association between the C/D ratio and degree of
acute CNIT observed in RTx biopsies, we describe in this study for the first time that a low C/D ratio
(defined as a C/D ratio < 1.05 µg/L×1/mg) is linked to CNIT severity (Figure 3).

We previously observed that a low C/D ratio is associated with an inferior renal function after
transplantation [1]. This effect persisted in a five-year follow-up, and a low C/D ratio was identified
as an independent risk factor for a decreased graft and patient survival [16]. In an earlier study,
the indication biopsy rate, that histologically showed more frequently CNIT in patients with a low
C/D ratio, was higher than in patients with a high C/D ratio [9]. However, the sample size in this
study was low and no information was available on the severity of the CNIT lesions. To fill these



J. Clin. Med. 2019, 8, 1586 11 of 14

gaps, we performed the presented combined retro- and prospective studies to further investigate the
influence of fast Tac metabolism on CNIT occurrence and severity.

Despite higher daily Tac dosages, patients with a low C/D ratio do not usually display higher
trough concentrations, AUCs, and Tac metabolites compared to patients with a high C/D ratio
(Table 2) [5–7,9,26]. Patients’ PK profiles, including the peak level concentration, must consequently
differ—a finding that we can confirm (Figure 4) [27]. In a study on the PK Tac profiles of stable RTx
patients, Miura et al. presented in Figure 1 12 h PK profiles from their patients whose Tac concentration
sharply increases to an early, high peak after Tac intake followed by a rapid decrease of the Tac blood
level (suggestive of a low C/D ratio). In contrast, other patients exhibited a slow increase of Tac levels
to a lower peak level after Tac intake that was followed by a slower decrease of Tac concentration
to the trough level (suggestive of a high C/D ratio) [28]. In this regard, a randomized, prospective
crossover study that assessed 24 h Tac PK profiles in genotyped, kidney transplanted African Americans
provided informative insights [29]. African Americans, who are predominantly CYP3A5 expressors
and therefore fast metabolizers, required double doses of weight-normalized immediate release (IR) Tac
as compared to CYP3A5 non-expressors. Despite comparable Tac AUCs and a similar total exposure
of fast and slow metabolizers to the compound, PK profiles and the exposure to Tac at different time
points after intake differ. This is important because peak level concentrations that presumably cause
temporary Tac overexposure are linked, e.g., to neurotoxicity [30].

In our cell culture model, the viability of NRK tubular epithelial cells significantly decreased when
cells were incubated with Tac according to the PK profiles of fast metabolizers (Figure 6). These most
affected cells notably expressed the highest amount of Fn14, a receptor protein known to be involved in
the pathogenesis of CNIT [3]. It has to be considered that due to the robustness of NRK cells we applied
Tac concentrations that are supra-therapeutic compared to Tac blood concentrations that are observed
in patients and a direct translation into clinical practice and exact modelling of patients’ Tac exposure,
which is much more complex and influenced by many factors in vivo, is limited. However, by using
this rather simple in vitro system we herein provide insights into the pathophysiologic effects of the
different Tac PK profiles. Since endothelial dysfunction is essentially involved in the pathogenesis of
acute CNIT, we exemplarily analyzed the functioning of the glycocalyx and the PWV; such analysis has
been recently shown to be of additive value for the assessment of vessel function [2,31]. However, no
differences were observed between the matched patients with low and high C/D ratios. The underlying
causes for this could be the small sample size or a relatively small impact of Tac on the vessels [19].
Tac, in contrast to cyclosporine, does not reduce renal plasma flow, GFR, or blood pressure—at least
not in healthy subjects [32].

Our study has limitations. First, Tac metabolites have not been measured and the analysis of Tac
peak levels was not performed in the same group of RTx patients in whom the association of C/D ratio
and histological CNIT was investigated since this part of the study was of a retrospective nature and
could therefore only be hypothesis generating. Assessment of Tac metabolism is complex as it includes
different processes such as uptake, metabolism in the intestine, liver, blood, and kidneys as well as its
elimination. All these steps underlie many influencing factors (e.g., genetics, albumin level, hematocrit,
differences in absorption and compliance). As we did not assess Tac metabolites, the C/D ratio can only
serve as an estimate (sum of all effects that affect Tac metabolism in vivo) of the true Tac metabolism
rate. Rather, the C/D ratio constitutes a simple tool to describe the stable condition between uptake and
elimination of Tac in the blood. Nevertheless, a correlation between the C/D ratio and several CYP3A
subtypes has already been shown by others (e.g. Reference [33]). To note, in terms of clinical outcomes
it has been very recently demonstrated by Jouve et al. that e.g., genetics, were in contrast to the C/D
ratio not suitable to predict the outcome of patients [13]. Despite the aforementioned limitations,
the C/D ratio can serve as a simple estimate of the metabolism rate which is practical, cost-effective
and can assist physicians in the daily routine for risk assessment and to individualize their patients’
immunosuppressive therapy. Second, the vascular parameters PBR and PWV have not been analyzed
directly in the kidney but are usually extrapolated from measures at other body sides. Therefore, local
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effects of Tac on the renal endothelial might have been missed using our approach. Moreover, there are
further parameters that can impact on the glycocalyx and the vascular stiffness such as diabetes or
hypertension (frequently present in RTx patients and also potentially related to Tac) which have not
been investigated in our study. Third, the sample size of our single center study is limited.

Despite these limitations, we demonstrated that a low C/D ratio is associated with significantly
higher Tac C2 levels and more severe CNIT. We also showed that systemic markers of endothelial
(dys-)function were not associated with the C/D ratio and NRK tubular epithelial cells in vitro were
most affected when exposed to Tac according to a fast metabolism PK profile. The C/D ratio may,
therefore, be an appropriate tool for identifying patients at risk of developing CNIT.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0383/8/10/1586/s1.
Figure S1: PK profiles used for NRK cell incubation, Table S1: Patient characteristics: Pulse wave analysis, Table S2:
Patient demographics: Glycocalyx assessment.

Author Contributions: Conceptualization, G.T. and S.R.; methodology, A.R., M.D., V.V.M., B.H., G.T., K.S.-N.
and S.R.; formal analysis, A.R., J.B., U.J., K.S.-N., G.T. and J.S.; data curation, A.R., M.D., U.J., K.S.-N. and J.S.;
writing—original draft preparation, S.R., K.S.-N. and G.T.; writing—review and editing, A.R., V.V.M., B.H., H.P.
and B.S.; supervision, H.P., B.S. and S.R.; project administration, H.P., B.S. and S.R.; funding acquisition, K.S.-N.
and S.R.

Funding: This research was funded by a grant from the Interdisciplinary Centre for Clinical Research (IZKF),
University of Münster to KSN and the German Research Foundation (SFB656C7). The APC was funded by the
Open Access Fund of the University of Münster.

Acknowledgments: The authors would like to express their gratitude to Birgit Jaxy, Ute Neugebauer, and Rita
Schröter for their excellent technical assistance.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Schütte-Nütgen, K.; Thölking, G.; Suwelack, B.; Reuter, S. Tacrolimus-Pharmacokinetic Considerations for
Clinicians. Curr. Drug Metab. 2018, 19, 342–350. [CrossRef] [PubMed]

2. Naesens, M.; Kuypers, D.R.; Sarwal, M. Calcineurin inhibitor nephrotoxicity. Clin. J. Am. Soc. Nephrol. 2009,
4, 481–508. [CrossRef] [PubMed]

3. Claus, M.; Herro, R.; Wolf, D.; Buscher, K.; Rudloff, S.; Huynh-Do, U.; Burkly, L.; Croft, M.; Sidler, D.
The TWEAK/Fn14 pathway is required for calcineurin inhibitor toxicity of the kidneys. Am. J. Transplant.
2018, 18, 1636–1645. [CrossRef]

4. Egeland, E.J.; Reisaeter, A.V.; Robertsen, I.; Midtvedt, K.; Strom, 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. 2019, 32, 257–269. [CrossRef]
[PubMed]

5. Gwinner, W.; Hinzmann, K.; Erdbruegger, U.; Scheffner, I.; Broecker, V.; Vaske, B.; Kreipe, H.; Haller, H.;
Schwarz, A.; Mengel, M. Acute tubular injury in protocol biopsies of renal grafts: Prevalence, associated
factors and effect on long-term function. Am. J. Transplant. 2008, 8, 1684–1693. [CrossRef] [PubMed]

6. Kershner, R.P.; Fitzsimmons, W.E. Relationship of FK506 whole blood concentrations and efficacy and toxicity
after liver and kidney transplantation. Transplantation 1996, 62, 920–926. [CrossRef] [PubMed]

7. Kuypers, D.R.; Naesens, M.; De Jonge, H.; Lerut, E.; Verbeke, K.; Vanrenterghem, Y. Tacrolimus dose
requirements and CYP3A5 genotype and the development of calcineurin inhibitor-associated nephrotoxicity
in renal allograft recipients. Ther. Drug Monit. 2010, 32, 394–404. [CrossRef] [PubMed]

8. Shimizu, T.; Tanabe, K.; Tokumoto, T.; Ishikawa, N.; Shinmura, H.; Oshima, T.; Toma, H.; Yamaguchi, Y.
Clinical and histological analysis of acute tacrolimus (TAC) nephrotoxicity in renal allografts. Clin. Transplant.
1999, 13 (Suppl. 1), 48–53.

9. Thölking, G.; Fortmann, C.; Koch, R.; Gerth, H.U.; Pabst, D.; Pavenstädt, H.; Kabar, I.; Hüsing, A.; Wolters, H.;
Reuter, S.; et al. The tacrolimus metabolism rate influences renal function after kidney transplantation.
PLoS ONE 2014, 9, e111128. [CrossRef]

http://www.mdpi.com/2077-0383/8/10/1586/s1
http://dx.doi.org/10.2174/1389200219666180101104159
http://www.ncbi.nlm.nih.gov/pubmed/29298646
http://dx.doi.org/10.2215/CJN.04800908
http://www.ncbi.nlm.nih.gov/pubmed/19218475
http://dx.doi.org/10.1111/ajt.14632
http://dx.doi.org/10.1111/tri.13356
http://www.ncbi.nlm.nih.gov/pubmed/30252957
http://dx.doi.org/10.1111/j.1600-6143.2008.02293.x
http://www.ncbi.nlm.nih.gov/pubmed/18557733
http://dx.doi.org/10.1097/00007890-199610150-00009
http://www.ncbi.nlm.nih.gov/pubmed/8878385
http://dx.doi.org/10.1097/FTD.0b013e3181e06818
http://www.ncbi.nlm.nih.gov/pubmed/20526235
http://dx.doi.org/10.1371/journal.pone.0111128


J. Clin. Med. 2019, 8, 1586 13 of 14

10. Bardou, F.N.; Guillaud, O.; Erard-Poinsot, D.; Chambon-Augoyard, C.; Thimonier, E.; Vallin, M.; Boillot, O.;
Dumortier, J. Tacrolimus exposure after liver transplantation for alcohol-related liver disease: Impact on
complications. Transpl. Immunol. 2019, 56, 101227. [CrossRef]

11. Genvigir, F.D.; Salgado, P.C.; Felipe, C.R.; Luo, E.Y.; Alves, C.; Cerda, A.; Tedesco-Silva, H., Jr.;
Medina-Pestana, J.O.; Oliveira, N.; Rodrigues, A.C.; et al. Influence of the CYP3A4/5 genetic score
and ABCB1 polymorphisms on tacrolimus exposure and renal function in Brazilian kidney transplant
patients. Pharmacogenet. Genom. 2016, 26, 462–472. [CrossRef] [PubMed]

12. Thölking, G.; Siats, L.; Fortmann, C.; Koch, R.; Hüsing, A.; Cicinnati, V.R.; Gerth, H.U.; Wolters, H.H.;
Anthoni, C.; Pavenstädt, H.; et al. Tacrolimus Concentration/Dose Ratio is Associated with Renal Function
After Liver Transplantation. Ann. Transplant. 2016, 21, 167–179. [CrossRef] [PubMed]

13. Jouve, T.; Fonrose, X.; Noble, J.; Janbon, B.; Fiard, G.; Malvezzi, P.; Stanke-Labesque, F.; Rostaing, L.
The TOMATO study (TacrOlimus MetabolizAtion in kidney TransplantatiOn): Impact of the
concentration-dose ratio on death-censored graft survival. Transplantation 2019. [CrossRef] [PubMed]

14. Nowicka, M.; Gorska, M.; Nowicka, Z.; Edyko, K.; Edyko, P.; Wislicki, S.; Zawiasa-Bryszewska, A.;
Strzelczyk, J.; Matych, J.; Kurnatowska, I. Tacrolimus: Influence of the Posttransplant Concentration/Dose
Ratio on Kidney Graft Function in a Two-Year Follow-Up. Kidney Blood Press Res. 2019, 1–14. [CrossRef]
[PubMed]

15. Bartlett, F.E.; Carthon, C.E.; Hagopian, J.C.; Horwedel, T.A.; January, S.E.; Malone, A. Tacrolimus
Concentration-to-Dose Ratios in Kidney Transplant Recipients and Relationship to Clinical Outcomes.
Pharmacotherapy 2019, 39, 827–836. [CrossRef] [PubMed]

16. Schütte-Nütgen, K.; Tholking, G.; Steinke, J.; Pavenstädt, H.; Schmidt, R.; Suwelack, B.; Reuter, S. Fast Tac
Metabolizers at Risk (-) It is Time for a C/D Ratio Calculation. J. Clin. Med. 2019, 8, 587. [CrossRef] [PubMed]

17. Thölking, G.; Schmidt, C.; Koch, R.; Schütte-Nütgen, K.; Pabst, D.; Wolters, H.; Kabar, I.; Hüsing, A.;
Pavenstädt, H.; Reuter, S.; et al. Influence of tacrolimus metabolism rate on BKV infection after kidney
transplantation. Sci. Rep. 2016, 6, 32273. [CrossRef] [PubMed]

18. Milan, A.; Zocaro, G.; Leone, D.; Tosello, F.; Buraioli, I.; Schiavone, D.; Veglio, F. Current assessment of pulse
wave velocity: Comprehensive review of validation studies. J. Hypertens. 2019, 37, 1547–1557. [CrossRef]

19. Seibert, F.; Behrendt, C.; Schmidt, S.; Van der Giet, M.; Zidek, W.; Westhoff, T.H. Differential effects of
cyclosporine and tacrolimus on arterial function. Transpl. Int. 2011, 24, 708–715. [CrossRef]

20. Van Bortel, L.M.; Laurent, S.; Boutouyrie, P.; Chowienczyk, P.; Cruickshank, J.K.; De, B.T.; Filipovsky, J.;
Huybrechts, S.; Mattace-Raso, F.U.; Protogerou, A.D.; et al. Expert consensus document on the measurement
of aortic stiffness in daily practice using carotid-femoral pulse wave velocity. J. Hypertens. 2012, 30, 445–448.
[CrossRef]

21. Rovas, A.; Lukasz, A.H.; Vink, H.; Urban, M.; Sackarnd, J.; Pavenstädt, H.; Kümpers, P. Bedside analysis of
the sublingual microvascular glycocalyx in the emergency room and intensive care unit-The GlycoNurse
study. Scand. J. Trauma Resusc. Emerg. Med. 2018, 26, 16. [CrossRef] [PubMed]

22. Lamoureux, F.; Mestre, E.; Essig, M.; Sauvage, F.L.; Marquet, P.; Gastinel, L.N. Quantitative proteomic
analysis of cyclosporine-induced toxicity in a human kidney cell line and comparison with tacrolimus.
J. Proteom. 2011, 75, 677–694. [CrossRef] [PubMed]

23. Schütte-Nütgen, K.; Edeling, M.; Mendl, G.; Krahn, M.P.; Edemir, B.; Weide, T.; Kremerskothen, J.; Michgehl, U.;
Pavenstadt, H. Getting a Notch closer to renal dysfunction: Activated Notch suppresses expression of the
adaptor protein Disabled-2 in tubular epithelial cells. FASEB J. 2019, 33, 821–832. [CrossRef] [PubMed]

24. Ciarimboli, G.; Holle, S.K.; Vollenbrocker, B.; Hagos, Y.; Reuter, S.; Burckhardt, G.; Bierer, S.; Herrmann, E.;
Pavenstädt, H.; Rossi, R.; et al. New clues for nephrotoxicity induced by ifosfamide: Preferential renal
uptake via the human organic cation transporter 2. Mol. Pharm. 2011, 8, 270–279. [CrossRef] [PubMed]

25. Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and
cytotoxicity assays. J. Immunol. Methods 1983, 65, 55–63. [CrossRef]

26. Hryniewiecka, E.; Zegarska, J.; Zochowska, D.; Samborowska, E.; Jazwiec, R.; Kosieradzki, M.; Nazarewski, S.;
Dadlez, M.; Pa, C.L. Dose-adjusted and dose/kg-adjusted concentrations of mycophenolic acid precursors
reflect metabolic ratios of their metabolites in contrast to tacrolimus and cyclosporine. Biosci. Rep. 2019,
39, BSR20182031. [CrossRef]

http://dx.doi.org/10.1016/j.trim.2019.101227
http://dx.doi.org/10.1097/FPC.0000000000000237
http://www.ncbi.nlm.nih.gov/pubmed/27434656
http://dx.doi.org/10.12659/AOT.895898
http://www.ncbi.nlm.nih.gov/pubmed/27003330
http://dx.doi.org/10.1097/TP.0000000000002920
http://www.ncbi.nlm.nih.gov/pubmed/31415035
http://dx.doi.org/10.1159/000502290
http://www.ncbi.nlm.nih.gov/pubmed/31522184
http://dx.doi.org/10.1002/phar.2300
http://www.ncbi.nlm.nih.gov/pubmed/31230376
http://dx.doi.org/10.3390/jcm8050587
http://www.ncbi.nlm.nih.gov/pubmed/31035422
http://dx.doi.org/10.1038/srep32273
http://www.ncbi.nlm.nih.gov/pubmed/27573493
http://dx.doi.org/10.1097/HJH.0000000000002081
http://dx.doi.org/10.1111/j.1432-2277.2011.01265.x
http://dx.doi.org/10.1097/HJH.0b013e32834fa8b0
http://dx.doi.org/10.1186/s13049-018-0483-4
http://www.ncbi.nlm.nih.gov/pubmed/29444696
http://dx.doi.org/10.1016/j.jprot.2011.09.005
http://www.ncbi.nlm.nih.gov/pubmed/21964257
http://dx.doi.org/10.1096/fj.201800392RR
http://www.ncbi.nlm.nih.gov/pubmed/30052485
http://dx.doi.org/10.1021/mp100329u
http://www.ncbi.nlm.nih.gov/pubmed/21077648
http://dx.doi.org/10.1016/0022-1759(83)90303-4
http://dx.doi.org/10.1042/BSR20182031


J. Clin. Med. 2019, 8, 1586 14 of 14

27. Tremblay, S.; Nigro, V.; Weinberg, J.; Woodle, E.S.; Alloway, R.R. 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. 2017, 17, 432–442.
[CrossRef]

28. Miura, M.; Satoh, S.; Niioka, T.; Kagaya, H.; Saito, M.; Hayakari, M.; Habuchi, T.; Suzuki, T. Early phase
limited sampling strategy characterizing tacrolimus and mycophenolic acid pharmacokinetics adapted to
the maintenance phase of renal transplant patients. Ther. Drug Monit. 2009, 31, 467–474. [CrossRef]

29. Trofe-Clark, J.; Brennan, D.C.; West-Thielke, P.; 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. J. Kidney Dis.
2018, 71, 315–326. [CrossRef]

30. Langone, A.; Steinberg, S.M.; Gedaly, R.; Chan, L.K.; Shah, T.; Sethi, K.D.; Nigro, V.; Morgan, J.C. 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]

31. Ikonomidis, I.; Voumvourakis, A.; Makavos, G.; Triantafyllidi, H.; Pavlidis, G.; Katogiannis, K.; Benas, D.;
Vlastos, D.; Trivilou, P.; Varoudi, M.; et al. Association of impaired endothelial glycocalyx with arterial
stiffness, coronary microcirculatory dysfunction, and abnormal myocardial deformation in untreated
hypertensives. J. Clin. Hypertens. (Greenwich.) 2018, 20, 672–679. [CrossRef] [PubMed]

32. Zaltzman, J.S. A comparison of short-term exposure of once-daily extended release tacrolimus and twice-daily
cyclosporine on renal function in healthy volunteers. Transplantation 2010, 90, 1185–1191. [CrossRef] [PubMed]

33. Goto, M.; Masuda, S.; Kiuchi, T.; Ogura, Y.; Oike, F.; Okuda, M.; Tanaka, K.; Inui, K. CYP3A5*1-carrying graft
liver reduces the concentration/oral dose ratio of tacrolimus in recipients of living-donor liver transplantation.
Pharmacogenetics 2004, 14, 471–478. [CrossRef] [PubMed]

© 2019 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/10.1111/ajt.13935
http://dx.doi.org/10.1097/FTD.0b013e3181ae44b9
http://dx.doi.org/10.1053/j.ajkd.2017.07.018
http://dx.doi.org/10.1111/ctr.12581
http://dx.doi.org/10.1111/jch.13236
http://www.ncbi.nlm.nih.gov/pubmed/29498204
http://dx.doi.org/10.1097/TP.0b013e3181fa4e77
http://www.ncbi.nlm.nih.gov/pubmed/21166111
http://dx.doi.org/10.1097/01.fpc.0000114747.08559.49
http://www.ncbi.nlm.nih.gov/pubmed/15226679
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Patients and Histology 
	Assessment of Pulse Wave Velocity and Glycocalyx 
	Cell Culture 
	Lysate Preparation and Western Blot Analysis 
	MTT Test 
	Statistical Analysis 

	Results 
	Histology 
	Pulse Wave Velocity Analysis 
	Glycocalyx Analysis 
	Cell Culture 

	Discussion 
	References

