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Abstract: Tacrolimus (FK506) is an immunosuppressant that is experiencing a continuous rise in usage
worldwide. The related side effects are known to be globally dose-dependent. Despite numerous
studies on FK506, the mechanisms underlying FK506 toxicity are still not well understood. It is
therefore essential to explore the toxicity mediated by FK506. To accomplish this, we conducted
a targeted metabolomic analysis using LC−MS on the plasma samples of patients undergoing
FK506 treatment. The aim was to identify any associated altered metabolic pathway. Another anti-
calcineurin immunosuppressive therapy, ciclosporin (CSA), was also studied. Increased plasma
concentrations of pipecolic acid (PA) and sarcosine, along with a decrease in the glycine/sarcosine
ratio and a tendency of increased plasma lysine was observed in patients under FK506 compared to
control samples. Patients under CSA do not show an increase in plasma PA compared to the control
samples, which does not support a metabolic link between the calcineurin and PA. The metabolomics
changes observed in patients under FK506 highlight a possible link between FK506 and the action of
an enzyme involved in both PA and sarcosine catabolism and oxidative pathway, the Peroxisomal
sarcosine oxidase (PIPOX). Moreover, PA could be investigated as a potential biomarker of early
nephrotoxicity in the follow-up of patients under FK506.

Keywords: pipecolic acid; immunosuppressive; tacrolimus; metabolomics; oxidative stress

1. Introduction

The use of immunosuppressants (IS) is constantly increasing in the world, with exten-
sive indications: preparation and follow-up of transplants and immune system pathologies.
For example, a recent US national cohort study of insured adults showed that more than
80,000 patients (2.8%) experienced drug-induced immunosuppression during the study
period (2017–2019) [1]. There are several pharmacological classes, and among the immuno-
suppressants calcineurin modulator, Tacrolimus (FK506) are among the most used [1].

FK506 is a calcineurin inhibitor that forms a complex with FKBP12 on the calcium-
calcineurin-NFAT (CCN) pathway [2]. This inhibition of calcineurin phosphatase activity
leads to a decrease of T cell proliferation and pro-inflammatory signals. The CCN pathway
is also inhibited by another IS: ciclosporin (CSA). Ciclosporin has the same mechanism of
action as FK506 but forms a different complex with another immunophilin: cyclophilin.
FK506 has several indications and is widely used [1,2]. However, its efficacy window is
quite narrow, and maintaining target blood FK506 concentration remains difficult. Even
when FK506 concentrations are within the therapeutic range in clinical settings, some
patients experience rejection or toxicity. As a result, anorexia and organ toxicity are common.
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The most serious side effects of FK506 are nephrotoxicity, neurotoxicity, diabetogenesis,
gastrointestinal disturbances, and hypertension. These side effects are globally dose-
dependent. Unfortunately, despite numerous studies on FK506 and hypotheses on its
mechanisms, including metabolite-related toxicity, accelerated apoptosis, and increased
inflammation [3–6], the mechanisms related to its toxicity remain misunderstood. Hence, it
is essential to explore FK506 mediated toxicity.

Among potential mechanisms, metabolic alteration could impact biological functions
related to FK506 toxicity such as inflammation and energy imbalance [7,8]. Indeed, for
instance, tacrolimus alters mitochondrial function in cultured human umbilical vein en-
dothelial cells (HUVEC). Part of tacrolimus toxicity and vascular dysfunction may derive
from metabolic alterations. The literature suggests that such effects alter energy metabolism
in various tissues with high oxidative demand, and may be linked to increased oxida-
tive stress [9]. Deciphering the metabolic alteration related to FK506 could lead to new
information to determine the pathogenesis and FK506-mediated toxicity axis [10]. Xiao
and colleagues compared the urinary metabolic profile of healthy volunteers and kidney
transplant patients with tacrolimus-induced nephrotoxicity [7], and demonstrated that
dimethylarginine and symmetric serine were biomarkers of renal injury. Furthermore,
symmetric dimethylarginine showed a close correlation with serum creatinine, indicating
renal function. However, this study was conducted solely on urine and did not reveal
the changes in the patients’ blood, which is more representative of intermediate cellular
metabolism. One study conducted by Zhu and colleagues [8] analyzed a set of plasma
samples from patients with a liver transplant receiving Tacrolimus. The study revealed
that dose-adjusted tacrolimus trough concentration was associated with 31 endogenous
metabolites, including acylcarnitines, microbiota-derived uremic retention solutes, bile
acids, and steroid hormones. However, as highlighted by the authors, the findings of untar-
geted metabolomics could not be confirmed by targeted analyses using internal standards.
A recent multi-omics study on porcine proximal tubule cells exposed to tacrolimus [11]
also showed deregulation of the oxidative stress balance by modification of the pathways
involving amino acids. Changes in internal metabolites also suggest modifications in the
Krebs cycle and in intermediary metabolism. However, this study suggests an impact of
tacrolimus on the urea cycle and gluthation pathways. Unfortunately, the absolute quan-
tification of metabolites in this study does not reveal the full range of differences between
the conditions. However, this indicates that it is interesting and necessary to investigate
tacrolimus-induced metabolic changes in order to predict these consequences. Therefore,
it is important to employ a rigorous quantitative method to ensure the robustness of the
results. Herein, our aim was to elucidate the metabolic alteration of FK506 intake using the
robust metabolomic method.

To achieve this, we performed a quantitative LC−MS targeted metabolomic analysis
using the internal standard on plasma of patients with FK506 treatment, to identify the
altered metabolic pathway that could be responsible for the potentially adverse effects.
Secondly, patients on ciclosporin treatment were also studied, as ciclosporin is also a
calcineurin inhibitor but binds to a different complex than FK506. This second part of the
study of patients under ciclosporin will allow us to better understand the links between
the metabolic pathways and mechanisms of action of immunosuppressive molecules.

2. Materials and Methods
2.1. Description of the Patients

Patients with IS treatment (FK506 or CSA) and who were treated in the Lille University
Hospital were retrospectively included in the study. The patients selected had no metabolic
pathology (peroxisomal disease, antiquitin deficiency) or organ failure (kidney or hepatic),
which could lead to alteration of the plasma amino acids. The IS group was compared with
a control group comprising patients with the same inclusion criteria as the IS group, but
who had not received any IS treatment. In line with the regulations set out by the French
National Data Protection Commission and international recommendations [12], written
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informed consent was not required for this non-interventional retrospective study. There is
only a retrospective data extraction in this manuscript, with no patient intervention, as the
authors relied on the hospital database to extract the necessary biological data for the study.
All patients had biological examinations, notably measurements of blood levels of IS and
amino acids, as part of their routine care. Therefore, no additional tubes were collected for
this study.

2.2. Plasma Amino Acid Measurements

Blood samples were collected in ethylenediamine tetra-acetate–coated tubes. Targeted
metabolomics was performed to quantify plasma amino acids using the aTRAQ™ Kit
(Sciex, Framingham, MA, USA), as described previously [13]. Briefly, plasma amino acids
were amine-modified using the aTRAQ™ labeling reagent, which provides a specific mass
tag for tandem mass spectrometry (MS). The tag is identified by MS/MS fragmentation of
samples and standards while in multiple reaction monitoring mode. An internal standard
(IS) set of aTRAQ™ labeled amino acids was used for detection and quantification by high
performance liquid chromatography (Shimadzu UFLC-XR, C18 column, Kyoto, Japan) asso-
ciated with MS/MS (Sciex 3200 Qtrap, Framingham, MA, USA) [13,14]. Quantification was
performed by dividing the peak area for each analyte by the peak area of the corresponding
IS and multiplying by the IS concentration.

2.3. Pipecolic Acid Measurements

Pipecolic acid was measured by HPLC/MS/MS. Briefly, a 6-point calibration range of
PA (0–100 nmol/mL) was performed in serum albumin to avoid a possible matrix effect. A
total of 40 µL of sample was mixed with 300 µL of a solution containing 1.4 mL 0.5 mM
deuterated AP (D9) in 100 mL methanol to precipitate the proteins. The mixture was
centrifuged twice for 10 min at 10,000× g. One hundred µL of the supernatant obtained
was evaporated to dryness under nitrogen at 37 ◦C. Butylation was performed by adding
250 µL of butanol/HCL 3N.

2.4. Immunosuppressant Measurements

Immunosuppressants were quantified using a microparticle chemiluminescence im-
munoassay technique [15]. Briefly, a pre-analytical step was performed: 200 µL of whole
blood on EDTA was mixed with 200 µL of a precipitation solution containing zinc sulfate
in methanol and ethylene glycol. The mixture was centrifuged for 5 min at 13,000× g.
The supernatant was then transferred to a pre-treatment tube before being placed in the
ArchitectTM automated system. A chemiluminescent reaction was then observed and
expressed in relative light units (RLU), with an indirect relationship between the quantity
of IS and the RLU detected. The reference ranges were 5 to 15 ng/mL for blood FK506 and
100 to 300 ng/mL for blood CSA.

2.5. Statistical Analysis

Values are expressed as mean ± standard deviation (SD), mean ± standard error
of the mean (SEM), or median ± inter-quartile range (IQR), as indicated in the figure
legends. Statistical differences in clinical and biological parameters were assessed using
the Mann–Whitney U or Student t test for continuous variables or χ2 test for categorical
values. The Spearman rank test was used to determine the correlation between the variables
and ordinal groups. Values of p < 0.05 were considered statistically significant. Principal
component analysis was achieved with the R package FactoMineR. Random forest analyses
were used to obtain a variable importance plot for discrimination of treatment status for
each plasma amino acids species [16].
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3. Results
3.1. Patients Characteristics

The selection of patients according to the previously established criteria (n = 35)
enabled the constitution of 3 groups. The control group comprised 7 patients (5 women
and 2 men) with an average age of 36 ± 12 years. The group of patients undergoing
FK506 treatment comprised 19 patients (7 women and 12 men) with an average age of
58 ± 20 years, and a plasma FK506 concentration of 18.65 ± 8.48 ng/mL. The group of
patients undergoing CSA treatment comprised 9 patients (3 women and 6 men) with an
average age of 45 ± 14 years, and a plasma CSA concentration of 681 ± 695 ng/mL (Table 1).
There was a significant difference in patient age between the groups, hence, in order to limit
this bias, we will consider age in statistical analyses as a potentially confounding variable.

Table 1. Clinical and biological characteristics of selected patients. FK506: Tacrolimus, IS: immuno-
suppressants, PA: Pipecolic Acid, BM: Bone Marrow.

Patients Control FK506 CSA

n 7 19 9
Sex (Women/Men) 5/2 7/12 3/6

Age (years)
Blood IS (ng/mL)

36 ± 12 58 ± 20 45+/14
0 18.65 ± 8.48 681 ± 695

Type of graft
(kidney/liver/heart/BM) 0/0/0/0 10/2/7/0 0/0/3/6

Plasma PA (nmol/mL) 1.38 ± 0.46 5.29 ± 5.09 1.97 ± 0.86
Plasma sarcosine (nmol/mL) 0.60 ± 0.17 4.5 ± 2.1 2.61 ± 2.58

Plasma lysine (nmol/mL)
Plasma glycine (nmol/mL)

167 ± 28 201 ± 50 184 ± 28
261 ± 45 234 ± 53 261 ± 75

3.2. Targeted Metabolomics Showed Specific Metabolic Signature of Patient under FK506

Plasma amino acid were quantified in the two groups of patients (Control vs. FK506).
We performed a principal component analysis for amino acids showing a normal distribu-
tion of their values (Figure 1A,B). The two first major axes selected from the PCA (Dim1
and Dim2) explained up to 20.6% of the variations between the groups ranks and suc-
ceeded to visually separate the two groups, along a “South-South-East North-North-West”
axis (Figure 1B). The loading plot (Figure 1B) showed the variation in each amino acid
with respect to the spatial separation of the groups in the Dim1–Dim2 plane. We found
that pipecolic acid, sarcosine, and aspartate, showed strong distinction along the group
separation axis (Figure 1B). We then sought to identify the plasma AA that most efficiently
discriminated the groups. Interestingly, the top 3 plasma AA identified by random forest
analysis were aspartate, sarcosine, and serine) (Figure 1C). We next perform an enrichment
metabolite analysis on the most separating amino acids determined by unbiased analysis
and showed that Glycine, Serine, and Threonine pathway are the most representative to
discriminate our groups (Figure 1D).

3.3. Plasma Pipecolic Acid Increase in Case of FK506 Treatment

Metabolomics analysis shows that the glycine, serine, and threonine metabolism
pathway is a major contributor to the differences between the control group and pa-
tients on FK506 and in particular, Pipecolic Acid (PA). We then focused on PA concen-
trations, and found that plasma PA concentrations in FK506 patients were significantly
higher than plasma PA concentrations in the control group (5.29 ± 5.09 nmol/mL vs.
1.38 ± 0.46 nmol/mL, p-value = 0.005, unpaired test) (Figure 2A and Table 1). To ensure
that age was not a confounding factor in the increase in PA, a correlation analysis was
performed, and no correlation was shown between age and plasma PA concentration
(r = −0.04, p-value = 0.84). There is therefore a link between FK506 treatment and increased
plasma PA concentration.
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Figure 2. Plasma pipecolic acid increase in case of FK506 treatment independently of calcineurin pathway.
(A) Plasma pipecolic concentrations according to different groups (FK506 vs Control). (B) Plasma pipecolic
concentrations according to different groups (CSA vs Control). (C) Plasma pipecolic concentrations
according to different groups (FK506 vs CSA) Control (n = 7), FK506 (n = 19) and CSA (n = 9). Data
are expressed as median ± IQR. p-values are obtained using the Mann–Whitney test.
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3.4. Inhibition of the Calcineurin Pathway Does Not Increase the Concentration of Pipecolic Acid

The potential metabolic impact of FK506 on PA could be linked to calcineurin inhi-
bition. The impact on PA metabolism of another anticalcineurin IS, ciclosporin (CSA),
was therefore investigated [17]. Plasma PA concentrations were determined by the quan-
titative method and compared between control and CSA groups. Plasma PA concen-
trations in the CSA group were not significantly different from plasma PA in control
group 1 (1.97 ± 0.86 nmol/mL vs. 1.38 ± 0.46 nmol/mL, p-value = 0.18, unpaired test)
(Figure 2B and Table 1). Plasma PA concentrations in the FK506 group were signifi-
cantly higher than plasma PA concentrations in the CSA group (5.29 ± 5.09 nmol/mL vs.
1.97 ± 0.86 nmol/mL, p-value = 0.01, unpaired test) (Figure 2C and Table 1). To ensure that
the graft type was not a confounding factor in the increase in PA, an ANOVA analysis was
performed. No statistical relationship was shown between graft type and PA concentration
(F = 1.77, p-value = 0.17). The in vivo presence of CSA therefore does not increase the
plasma PA concentration, unlike FK506. Additionally, calcineurin inhibition does not
appear to be responsible for any apparent change in PA metabolism.

3.5. FK506 Appears to Alter the Metabolic Pathways Involving PIPOX

The literature reports substrate similarity for a PA catabolizing enzyme, pipecolate oxi-
dase (PIPOX), which is similar to sarcosine oxidase (SARDH) [18]. This enzyme is involved
in both the catabolism of pipecolic acid and the catabolism of sarcosine to glycine [19]. In
order to investigate the metabolic impact of FK506 on these pathways, the concentration ra-
tios of plasma AAs were studied, with particular emphasis on lysine, sarcosine, and glycine.
Plasma lysine concentrations in the FK506 group showed an increasing trend compared
to the control (201 ± 50 nmol/mL vs. 167 ± 28 nmol/mL, p-value = 0.10, unpaired test)
(Figure 3A and Table 1). This increasing trend (not significantly demonstrated here) may be
explained by the fact that lysine is metabolically more distant from PIPOX than pipecolic
acid (Figure 4), so the impact on its increase may be less important. Plasma sarcosine
concentrations in the FK506 group were significantly higher than plasma sarcosine concen-
trations in the control group (4.5 ± 2.1 nmol/mL vs. 0.60 ± 0.2 nmol/mL, p-value < 0.001,
unpaired test) (Figure 3B and Table 1). The presence of FK506 in vivo therefore increases
plasma sarcosine concentration. The plasma glycine/sarcosine ratio of FK506 group is
significantly lower than the control group (60.7 ± 25.7 vs. 467.7 ± 162, p-value < 0.001,
unpaired test) (Figure 3D and Table 1). FK506 therefore appears to have an impact on
metabolic pathways involving the PIPOX enzyme and may therefore be responsible for the
observed plasma increases in PA (Figure 4).
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Figure 4. Summary of the metabolic changes induced by Tacrolimus. The red arrows indicate
significant plasma variations, the blue arrows indicate non-significant plasma variation trends.
PIPOX: pipecolate oxidase. SARDH: sarcosine oxidase. P5CR: pyrroline-5-carboxylate reductase.
SHMT1: serine hydroxymethyltransferase. GNMT: glycine N-methyltransferase.
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4. Discussion

The aim of the study was to determine a metabolomic signature of FK506 intake in
order to better understand its overall consequences. Our results show a specific metabolic
profile, and in particular that the plasma concentration of pipecolic acid increases in patients
taking FK506. The hypothesis of a link between calcineurin and PA metabolism has also
been considered, but the lack of in vivo impact of another anticalcineurin, CSA, means that
this cannot be confirmed.

Pipecolic Acid (PA) is an amino acids homologue of proline, found in biological fluids
(plasma, urine, and cerebrospinal fluid). It is derived from the catabolism of lysine, which
can either follow the saccharopine pathway, which is mitochondrial and dominant in the
liver, or the PA pathway, which is peroxisomal and dominant in the brain. The increase
in plasma PA concentration may be linked either to a defect in PA catabolism associated
with peroxisomal disease, to antiquitin deficiency, or to increased catabolism of lysine to
PA in hepatocellular failure (via a decrease in the hepatic saccharopine pathway). On the
other hand, the metabolism of sarcosine and glycine in the mitochondria plays a vital role
in various biochemical processes in humans. Glycine, a non-essential amino acid, can be
synthesized from sarcosine through the action of the enzyme sarcosine dehydrogenase.
Once formed, glycine can participate in several metabolic pathways within the mitochon-
dria. One of the important metabolic pathways involving glycine is its conversion to serine,
which is another essential amino acid. This conversion is catalyzed by the enzyme serine
hydroxymethyltransferase and is crucial for the synthesis of important compounds such as
nucleic acid bases and phospholipids. Serine can also be converted back to glycine through
the action of the enzyme serine dehydratase, allowing for fine regulation between these
two amino acids. Furthermore, glycine can be utilized in the Krebs cycle, also known as
the citric acid cycle or tricarboxylic acid cycle. In this cycle, glycine can be converted to
acetyl-CoA, which is then utilized in energy production in the form of ATP. This metabolic
pathway is essential for optimal mitochondrial function and cellular energy production.
Additionally, sarcosine also plays a significant role in mitochondrial metabolism. It can be
converted to acetyl-CoA through a series of enzymatic reactions, thereby contributing to
energy production within the mitochondria. Moreover, sarcosine can be metabolized to
glycine by the enzyme sarcosine dehydrogenase, providing a means of regulation between
these two amino acids.

The PA increase could potentially be the consequence of interference between one of
FK506 metabolites and PA measurement methods. Indeed, FK506 has within its structure
the structure of PA, which is also an essential component of its synthesis [18]. However, this
increase is not linked to analytical interference, as demonstrated by the fact that in vitro
addition of FK506 does not increase pipecolic acid concentrations. Moreover, the targeted
metabolome analysis does not seem to support this interferent hypothesis. Indeed, our
results show that plasma sarcosine concentrations increase significantly in patients taking
FK506. The literature shows that sarcosine and PA share a common enzyme, pipecolate
oxidase (PIPOX), also known as sarcosine oxidase [19]. An increase of plasma PA and
sarcosine concentration may therefore be linked to a direct or indirect decrease in the activity
of PIPOX by FK506, or to a modification of PIPOX gene expression by FK506. Moreover,
the literature shows that PIPOX appears to play an important role in protection against
oxidative stress [20], so a reduction in its expression could be the cause of some of the
adverse effects of FK506. Moreover, the link between Tacrolimus and oxidative stress has
also been highlighted by another study [21]. Jin and colleagues demonstrated in glioma cell
models that treatment with Tacrolimus increased the concentrations of certain markers of
oxidative stress, such as antioxidant status, hydrogen peroxide level, and malondialdehyde.
These alterations in oxidative stress could be related to an impairment of PIPOX, leading to
a deficiency against oxidative stress. Our data can therefore complement the multi omics
work recently published on porcine proximal tubular cells [11], and propose a new pathway
to explain the altered oxidative stress shown in the different models studied. The alteration
of PIPOX expression could not be studied in the article by Aouad, where only an RNA
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analysis targeting two genes was performed, so measuring PIPOX activity could constitute
an interesting new avenue of research in these preclinical models.

The use of preclinical models (murine or cellular models) may be considered in order
to study ex vivo the possible metabolic action of FK506 on PIPOX, by measuring PA and
AA of interest after the addition of FK506. On the other hand, the measurement of PIPOX
enzyme activity or determination of transcriptional expression of the gene encoding this
enzyme by transcriptomics in patients on FK506 would confirm the impact of FK506 on
this enzyme.

One of the described side effects of FK506 is nephrotoxicity. The early markers of this
adverse effect are currently being sought [7]. The link between metabolism and nephro-
toxicity induced by tacrolimus is of significant interest in understanding the effects of this
immunosuppressive drug on the kidneys. Alterations in tacrolimus metabolism can lead
to increased drug exposure, thereby increasing the risk of renal damage. Furthermore,
some tacrolimus-related metabolites could be identified as potential markers of nephrotoxi-
city. Understanding the molecular mechanisms involved in tacrolimus metabolism and
their relationship with nephrotoxicity can help identify individual risk factors and tailor
treatment strategies to minimize adverse effects on the kidneys in patients receiving this
crucial medication after transplantation. PA could therefore be of interest as a potential
biomarker of nephrotoxicity. However, given the small size of the cohort in this study,
further prospective investigations are required.

Our study has certain limitations that we would like to highlight. Firstly, our sample
size is limited due to the difficulty in recruiting patients who have both an amino acid
profile and immunosuppressant dosage information. However, to enhance the robustness
of our results, we have employed non-parametric statistical tests. Secondly, our study is
purely observational and should be confirmed in preclinical models in order to conduct
functional studies on the activity of PIPOX in the presence of Tacrolimus.

This study established a potential link between FK506 intake and increased plasma PA.
Treatment with FK506 should therefore be considered in the biological interpretation of PA
levels, in order to avoid misleading clinicians towards other pathologies such as metabolic
or liver diseases.

5. Conclusions

Metabolomics changes observed in patients under FK506 highlight a possible link
between FK506 and the action of an enzyme involved in both PA and sarcosine catabolism
and oxidative pathway, the Peroxisomal sarcosine oxidase (PIPOX). This observational
study on patients from hospital care will need to be confirmed by functional tests on
pre-clinical models (cells or animal models) in order to be able to measure the activity of
the PIPOX enzyme in the presence of Tacrolimus. Moreover, PA could be investigated as a
potential biomarker of early nephrotoxicity in the follow-up of patients under FK506.

Author Contributions: Conceptualization, G.G. and M.J.; methodology, G.G. and M.J.; software,
G.G.; validation, M.J., J.L., J.D., M.-A.B., A.H., B.H., M.T., M.D., I.K., A.K., L.G., M.G., A.-F.D., F.Z. and
G.G.; formal analysis, G.G., J.L.; investigation, J.L., G.G. and M.J.; resources, J.L., M.-A.B., B.H., M.T.,
M.D., A.K. and L.G.; data curation, G.G.; writing—original draft preparation, G.G., M.J.; writing—
review and editing, M.J., J.L., J.D., M.-A.B., A.H., B.H., M.T., M.D., I.K., A.K., L.G., M.G. and A.-F.D.;
visualization, M.J., J.L., J.D., M.-A.B., A.H., B.H., M.T., M.D., I.K., A.K., L.G., M.G., A.-F.D., F.Z.
and G.G.; supervision, G.G.; project administration, G.G. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: All the biological parameters requested were performed as
part of routine assessment and no additional tubes were collected for this study. The study was
approved by the French Ministry in Charge of Research (No. DC-2008-642).



Antioxidants 2023, 12, 1412 10 of 11

Informed Consent Statement: In line with the regulations set out by the French National Data
Protection Commission and international recommendations, written informed consent was not
required for this non-interventional study. In this manuscript, only retrospective data extraction was
conducted without any patient intervention. The authors solely utilized the hospital database to
extract the required biological data for the study.

Data Availability Statement: Data are available contacting corresponding author.

Acknowledgments: We would like to thank Margot Ducourant for her work in cleaning the cohort data.

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

References
1. Wallace, B.I.; Kenney, B.; Malani, P.N.; Clauw, D.J.; Nallamothu, B.K.; Waljee, A.K. Prevalence of Immunosuppressive Drug Use

Among Commercially Insured US Adults, 2018–2019. JAMA Netw. Open 2021, 4, e214920. [CrossRef]
2. Ho, S.; Clipstone, N.; Timmermann, L.; Northrop, J.; Graef, I.; Fiorentino, D.; Nourse, J.; Crabtree, G.R. The Mechanism of Action

of Cyclosporin A and FK506. Clin. Immunol. Immunopathol. 1996, 80, S40–S45. [CrossRef]
3. Koenig, J.M.; Matharoo, N.; Stegner, J.J.; Schowengerdt, K.O. Tacrolimus: In Vitro Effects on Myelopoiesis, Apoptosis, and CD11b

Expression. J. Heart Lung Transplant. 2005, 24, 1332–1336. [CrossRef] [PubMed]
4. Chung, Y.W.; Chung, M.W.; Choi, S.K.; Choi, S.J.; Choi, S.J.N.; Chung, S.Y. Tacrolimus-Induced Apoptosis Is Mediated by

Endoplasmic Reticulum–Derived Calcium-Dependent Caspases-3,-12 in Jurkat Cells. Transplant. Proc. 2018, 50, 1172–1177.
[CrossRef] [PubMed]

5. Liu, X.; Chen, H.; Tan, R.; Luo, C. Acute Pancreatitis Due to Tacrolimus in Kidney Transplant and Review of the Literature. J. Clin.
Pharm. Ther. 2021, 46, 230–235. [CrossRef]

6. Tory, R.; Sachs-Barrable, K.; Goshko, C.-B.; Hill, J.; Wasan, K. Tacrolimus-Induced Elevation in Plasma Triglyceride Concentrations
After Administration to Renal Transplant Patients Is Partially Due to a Decrease in Lipoprotein Lipase Activity and Plasma
Concentrations. Transplantation 2009, 88, 62–68. [CrossRef]

7. Xia, T.; Fu, S.; Wang, Q.; Wen, Y.; Chan, S.; Zhu, S.; Gao, S.; Tao, X.; Zhang, F.; Chen, W. Targeted Metabolomic Analysis of 33
Amino Acids and Biogenic Amines in Human Urine by Ion-Pairing HPLC-MS/MS: Biomarkers for Tacrolimus Nephrotoxicity
after Renal Transplantation. Biomed. Chromatogr. 2018, 32, e4198. [CrossRef] [PubMed]

8. Zhu, H.; Wang, M.; Xiong, X.; Du, Y.; Li, D.; Wang, Z.; Ge, W.; Zhu, Y. Plasma Metabolomic Profiling Reveals Factors Associated
with Dose-Adjusted Trough Concentration of Tacrolimus in Liver Transplant Recipients. Front. Pharmacol 2022, 13, 1045843.
[CrossRef]

9. Illsinger, S.; Göken, C.; Brockmann, M.; Thiemann, I.; Bednarczyk, J.; Schmidt, K.-H.; Lücke, T.; Hoy, L.; Janzen, N.; Das, A.M.
Effect of Tacrolimus on Energy Metabolism in Human Umbilical Endothelial Cells. Ann. Transpl. 2011, 16, 68–75. [CrossRef]
[PubMed]

10. Phapale, P.B.; Kim, S.-D.; Lee, H.W.; Lim, M.; Kale, D.D.; Kim, Y.-L.; Cho, J.-H.; Hwang, D.; Yoon, Y.-R. An Integrative Approach
for Identifying a Metabolic Phenotype Predictive of Individualized Pharmacokinetics of Tacrolimus. Clin. Pharmacol. Ther. 2010,
87, 426–436. [CrossRef]

11. Aouad, H.; Faucher, Q.; Sauvage, F.-L.; Pinault, E.; Barrot, C.-C.; Arnion, H.; Essig, M.; Marquet, P. A Multi-Omics Investigation of
Tacrolimus off-Target Effects on a Proximal Tubule Cell-Line. Pharmacol. Res. 2023, 192, 106794. [CrossRef] [PubMed]

12. Borovecki, A.; Borovecki, A.; Mlinaric, A.; Mlinaric, A.; Horvat, M.; Horvat, M.; Smolcic, V.S.; Smolcic, V.S.; Smolcic, V.S. Informed
Consent and Ethics Committee Approval in Laboratory Medicine. Biochem. Med. 2018, 28, 373–382. [CrossRef] [PubMed]

13. Grzych, G.; Vonghia, L.; Bout, M.-A.; Weyler, J.; Verrijken, A.; Dirinck, E.; Joncquel, M.; Van Gaal, L.; Paumelle, R.; Francque,
S.; et al. Plasma BCAA Changes in Patients with NAFLD Are Sex Dependent. J. Clin. Endocrinol. Metab. 2020, 105, dgaa175.
[CrossRef] [PubMed]

14. Filee, R.; Schoos, R.; Boemer, F. Evaluation of Physiological Amino Acids Profiling by Tandem Mass Spectrometry. JIMD Rep.
2013, 13, 119–128. [CrossRef] [PubMed]

15. Bazin, C.; Guinedor, A.; Barau, C.; Gozalo, C.; Grimbert, P.; Duvoux, C.; Furlan, V.; Massias, L.; Hulin, A. Evaluation of the
Architect®Tacrolimus Assay in Kidney, Liver, and Heart Transplant Recipients. J. Pharm. Biomed. Anal. 2010, 53, 997–1002.
[CrossRef]

16. Goldstein, B.A.; Hubbard, A.E.; Cutler, A.; Barcellos, L.F. An Application of Random Forests to a Genome-Wide Association
Dataset: Methodological Considerations & New Findings. BMC Genet. 2010, 11, 49. [CrossRef]

17. Periman, L.M.; Mah, F.S.; Karpecki, P.M. A Review of the Mechanism of Action of Cyclosporine A: The Role of Cyclosporine A in
Dry Eye Disease and Recent Formulation Developments. Clin. Ophthalmol. 2020, 14, 4187–4200. [CrossRef]

18. Gatto, G.J.; Boyne, M.T.; Kelleher, N.L.; Walsh, C.T. Biosynthesis of Pipecolic Acid by RapL, a Lysine Cyclodeaminase Encoded in
the Rapamycin Gene Cluster. J. Am. Chem. Soc. 2006, 128, 3838–3847. [CrossRef]

19. Dodt, G.; Kim, D.G.; Reimann, S.A.; Reuber, B.E.; McCabe, K.; Gould, S.J.; Mihalik, S.J. L-Pipecolic Acid Oxidase, a Human
Enzyme Essential for the Degradation of L-Pipecolic Acid, Is Most Similar to the Monomeric Sarcosine Oxidases. Biochem. J. 2000,
345, 487–494. [CrossRef]

https://doi.org/10.1001/jamanetworkopen.2021.4920
https://doi.org/10.1006/clin.1996.0140
https://doi.org/10.1016/j.healun.2004.08.007
https://www.ncbi.nlm.nih.gov/pubmed/16143253
https://doi.org/10.1016/j.transproceed.2018.01.050
https://www.ncbi.nlm.nih.gov/pubmed/29731088
https://doi.org/10.1111/jcpt.13269
https://doi.org/10.1097/TP.0b013e3181aa7d04
https://doi.org/10.1002/bmc.4198
https://www.ncbi.nlm.nih.gov/pubmed/29369388
https://doi.org/10.3389/fphar.2022.1045843
https://doi.org/10.12659/AOT.881868
https://www.ncbi.nlm.nih.gov/pubmed/21716189
https://doi.org/10.1038/clpt.2009.296
https://doi.org/10.1016/j.phrs.2023.106794
https://www.ncbi.nlm.nih.gov/pubmed/37187266
https://doi.org/10.11613/BM.2018.030201
https://www.ncbi.nlm.nih.gov/pubmed/30429665
https://doi.org/10.1210/clinem/dgaa175
https://www.ncbi.nlm.nih.gov/pubmed/32271385
https://doi.org/10.1007/8904_2013_265
https://www.ncbi.nlm.nih.gov/pubmed/24190798
https://doi.org/10.1016/j.jpba.2010.06.022
https://doi.org/10.1186/1471-2156-11-49
https://doi.org/10.2147/OPTH.S279051
https://doi.org/10.1021/ja0587603
https://doi.org/10.1042/bj3450487


Antioxidants 2023, 12, 1412 11 of 11

20. Natarajan, S.K.; Muthukrishnan, E.; Khalimonchuk, O.; Mott, J.L.; Becker, D.F. Evidence for Pipecolate Oxidase in Mediating
Protection Against Hydrogen Peroxide Stress. J. Cell. Biochem. 2017, 118, 1678–1688. [CrossRef]

21. Jin, K.B.; Hwang, E.A.; Han, S.Y.; Park, S.B.; Kim, H.C.; Ha, E.Y.; Suh, S.I.; Mun, K.C. Effects of Tacrolimus on Antioxidant Status
and Oxidative Stress in Glioma Cells. Transplant. Proc. 2008, 40, 2740–2741. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/jcb.25825
https://doi.org/10.1016/j.transproceed.2008.08.006
https://www.ncbi.nlm.nih.gov/pubmed/18929850

	Introduction 
	Materials and Methods 
	Description of the Patients 
	Plasma Amino Acid Measurements 
	Pipecolic Acid Measurements 
	Immunosuppressant Measurements 
	Statistical Analysis 

	Results 
	Patients Characteristics 
	Targeted Metabolomics Showed Specific Metabolic Signature of Patient under FK506 
	Plasma Pipecolic Acid Increase in Case of FK506 Treatment 
	Inhibition of the Calcineurin Pathway Does Not Increase the Concentration of Pipecolic Acid 
	FK506 Appears to Alter the Metabolic Pathways Involving PIPOX 

	Discussion 
	Conclusions 
	References

