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Abstract 

Tacrolimus (Tac) is a common immunosuppressant that used in organ transplantation. However, its therapeutic index 
is narrow, and it is prone to adverse side effects, along with an increased risk of toxicity, namely, cardio-, nephro-, 
hepato-, and neurotoxicity. Prior metabolomic investigations involving Tac-driven toxicity primarily focused on 
changes in individual organs. However, extensive research on multiple matrices is uncommon. Hence, in this research, 
the authors systemically evaluated Tac-mediated toxicity in major organs, namely, serum, brain, heart, liver, lung, 
kidney, and intestines, using gas chromatography−mass spectrometry (GC-MS). The authors also employed multivari-
ate analyses, including orthogonal projections to the latent structure (OPLS) and t-test, to screen 8 serum metabolites, 
namely, D-proline, glycerol, D-fructose, D-glucitol, sulfurous acid, 1-monopalmitin (MG (16:0/0:0/0:0)), glycerol mon-
ostearate (MG (0:0/18:0/0:0)), and cholesterol. Metabolic changes within the brain involved alterations in the levels of 
butanamide, tartronic acid, aminomalonic acid, scyllo-inositol, dihydromorphine, myo-inositol, and 11-octadecenoic 
acid. Within the heart, the acetone and D-fructose metabolites were altered. In the liver, D-glucitol, L-sorbose, palmitic 
acid, myo-inositol, and uridine were altered. In the lung, L-lactic acid, L-5-oxoproline, L-threonine, phosphoric acid, 
phosphorylethanolamine, D-allose, and cholesterol were altered. Lastly, in the kidney, L-valine and D-glucose were 
altered. Our findings will provide a systematic evaluation of the metabolic alterations in target organs within a Tac-
driven toxicity mouse model.
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Introduction
Tacrolimus (Tac), a calcineurin inhibitor, is a highly effi-
cacious immunosuppressive medication given during 
kidney, heart, lung, intestinal and bone marrow trans-
plantation [1]. However, its efficient window is quite 
narrow, and it is challenging to sustain target Tac con-
centration in the blood. In clinical settings, even with 
Tac concentrations within therapeutic range, some 

patients experience rejection or toxicity. Hence, anorexia 
and organ toxicity are common occurrences. The major 
adverse reactions from Tac include nephrotoxicity, neu-
rotoxicity, diabetogenesis, gastrointestinal disturbances, 
and hypertension [2, 3]. These adverse effects are usually 
dose-dependent. Unfortunately, despite multiple investi-
gations on Tac and numerous hypotheses on its mescha-
nisms, including Tac’s metabolite-related toxicity [3], 
accelerated apoptosis [4, 5], and augmented inflamma-
tion [6], the true mechanism behind Tac-mediated toxic-
ity remains undetermined.

Metabolomics is a robust analytical strategy that iden-
tifies global complexity and important alterations in 
metabolites [7]. This technique provides overall meta-
bolic profiling parameters in biological systems, and it is 
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optimal for metabolic investigations. Our prior metabo-
lomic investigations, using gas chromatography−mass 
spectrometry (GC-MS), identified numerous metabo-
lites, which revealed alterations in metabolism under 
pathophysiological conditions [8]. Hence, it is essential 
to examine Tac-mediated toxicity. In prior investiga-
tions, Tac toxicity was examined by analyzing metabolic 
changes in target tissues like the serum, urine, heart, 
lung, and kidney [9–12]. Nevertheless, a systematic eval-
uation of Tac-driven toxicity in several biological systems 
is urgently needed. This is crucial for the determination 
of pathogenesis and Tac-mediated toxicity axis. Herein, 
our aim was to elucidate the metabolic outcomes of 
Tac-mediated toxicity on the mouse serum, brain, heart, 
liver, lung, kidney, and intestines. To achieve this, the 
authors performed a GC − MS, as well as uni- and multi-
variate analyses, to identify metabolic indicators in major 
murine tissues.

Materials and methods
Animal model
Our animal protocols strictly followed the Guide for Care 
and Use of Laboratory Animals (Chinese Council) and 
ARRIVE guidelines, and they received ethical approval 
from the Jining first people’s hospital (protocol number: 
JNRM2021DW105). Male KM (Kunming) mice, 6 weeks 
old, from the Jining medical college were conditioned to 
the animal facility environment for one week. When they 
reached 8 weeks of age, mice were arbitrarily separated 
into two groups: Tac and control (n = 9 per group). The 
Tac mice were then intraperitoneally administered with 
Tac (5 mg/kg, 0.1 mL/10 g of body weight) once a day 
for 14 days. The control mice received the same amount 
of normal saline instead. Our Tac dosage was selected, 
based on our prior research [13, 14]. Mice weight was 
recorded every day.

Reagents
Tac was purchased from MedChemExpress (Shang-
hai, China). Heptadecanoic acid (purity: ≥98%; lot: 
SLBX4162), an internal standard (IS), and N,O-bis- (tri-
methylsilyl) trifluoroacetamide with 1% trimethylchlo-
rosilane (BSTFA + 1% TMCS; v/v; lot: BCBZ4865) were 
acquired from Sigma-Aldrich (Saint Louis, MO, USA). 
o-Methyl hydroxylamine hydrochloride (purity: 98.0%; 
lot: LG10T16) was obtained from J&K Scientific Ltd. 
(Beijing, China). Pyridine (lot: C10551455) was pur-
chased from Shanghai Macklin Biochemical (Shanghai, 
China). Chromatographic-grade methanol was acquired 
from Thermo Fisher Scientific (Waltham, MA, USA), and 
water from Hangzhou Wahaha Company (Hangzhou, 
China).

Tissue sampling
Following treatments, animals were euthanized by cer-
vical dislocation and blood and organs were extracted 
immediately. Total blood was collected from the eyes 
and underwent centrifugation at 5000 rmp for 6 min to 
retrieve the serum. The brain, heart, liver, lung, kidney, 
and intestines were harvested, PBS-rinsed, and instantly 
frozen in liquid nitrogen, then stored in − 80 °C until fur-
ther analysis.

Sample preparation
One hundred μL serum was combined with 350 μL meth-
anol (with 100 μg/mL IS), and centrifuged (14,000 rpm, 
4 °C, 10 min). The resulting supernatant was placed in 
2 mL tubes, prior to drying at 37 °C using nitrogen gas. 
Next, the extracts were combined with 80 μL of o-methyl 
hydroxylamine hydrochloride (15 mg/mL in pyridine), 
prior to incubation at 70 °C for 90 min. Then, 100 μL of 
BSTFA + 1% TMCS was introduced to each sample, and 
incubated at 70 °C for 60 min. The mixture next under-
went vortex, centrifugation at 14,000 rpm for 2 min at 
4 °C, and filtering (0.22 μm) prior to GC − MS analysis.

Fifty mg of tissue (brain, heart, liver, lung, kidney, and 
intestines) underwent homogenization with 1 mL meth-
anol and 50 μL 1 mg/mL IS, prior to transfer to a 2 mL 
tube, followed by centrifugation at 14,000 rpm, 4 °C for 
10 min. The remaining procedure was the same as for 
serum samples.

Serum and GC‑MS analysis
Blood samples were collected and measure the serum 
concentration of FBG (fasting blood glucose), Crea (cre-
atinine), Urea and ALT (alanine aminotransferase) by 
automatic biochemical analyzer.

Sample (serum, brain, heart, liver, lung, kidney and 
intestines) quality control (QC) represented a combina-
tion of samples from Tac and control mice. The retention 
time (RT) stability was assessed via the RT of IS. GC-MS 
analysis was performed on a 7890B GC system, attached 
to a 7000C MS. Sample separation was done using a HP-
5MS fused-silica capillary column. Individual 1 μL aliquot 
of our prepared solution was run in split mode (50:1), 
with a helium flow rate of 1 mL/min. The GC tempera-
ture program was initiated at 60 °C for 4 min, then raised 
by 8 °C/min to 300 °C, and it was maintained at 300 °C for 
5 min. The injection, transfer line, and ion source tem-
peratures were 280 °C, 250 °C, and 230 °C, respectively. 
Electron impact ionization (− 70 eV) was employed with 
an acquisition rate of 20 spectra/s in the MS setting. The 
MS results were documented across the mass range of 
50–800 m/z, using electrospray ionization.
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Multivariate statistical analyses
All quantitative data are expressed as the means ± SD. 
Statistical analysis was conducted via two-tailed Stu-
dent’s t-test (SPSS 19.0, Chicago, USA); using a p-value 
threshold of < 0.05. GC data preprocessing was done via 
MassHunter Unknowns Analysis and Quantitative Anal-
ysis (Agilent Technologies). SIMCA-P v14.0 (Umetrics, 
Umea, Sweden) was employed for data analysis. Orthog-
onal projection to latent structures discriminant analysis 
(OPLS-DA) was performed to delineate between Tac and 
control groups, with a variable importance in projection 
(VIP) value > 1.0 and a p-value < 0.05 as the significance 
threshold. The model validity was confirmed via permu-
tation evaluations (200 permutations). MetaboAnalyst 
v5.0 (http://​www.​metab​oanal​yst.​ca) and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG; http://​www.​kegg.​jp) 
were employed for functional analyses, and a raw p-value 
< 0.05 and impact > 0 were set as the significance threshold, 
as previously described [15].

Results
Biochemical alterations between the two groups
In this study, as shown in Table 1. The mean body weight 
at the beginning of the study was 27.87 ± 2.25 g. At time 
of sacrifice, the control mice had a mean body weight 
of 34.97 ± 5.63 g, and Tac mice 34.78 ± 2.96 g. There was 
no significant difference in weight between the control 
group and the groups treated with Tac (P > 0.05). The 
FBG, Crea, and urea were significantly higher in the 
group treated with Tac, compared to the control group 
(P ≤ 0.01). Furthermore, the ALT of the Tac group was 
increased more obviously compared with the control 
group (P ≤ 0.05).

GC‑MS total ion chromatograms (TICs) of serum and major 
tissue samples
Differences in TICs among different samples (serum, brain, 
heart, liver, lung, kidney and intestines) could be observed 
in Fig. 1. Typical QC serum and major tissue sample TICs 
from Tac and control mice revealed strong signals and 
satisfactory RT reproducibility.

Multivariate analysis of metabolomic data
The OPLS-DA parameters showed effective modeling 
that distinctively separated the Tac from the control 

mice(Table 2), parameter values close to 1.0 denoted 
a stable model with satisfactory predictive ability. 
Permutation tests were used to further confirm our 
OPLS-DA models. The Q2-point blue regression 
line intersected with the vertical axis (on the left) at, 
or below zero (Fig.  2), indicating the validity of the 
original model. The OPLS-DA models showed an 
apparent difference between the Tac group and control 
group.

Moreover, OPLS-DA with VIP > 1.0 and p-value of 
t-tests (p < 0.05), relative to controls, showed metabo-
lite variations within the Tac mice. In addition, FC 
(fold change) > 1 indicated that the metabolites had 
an upward trend, while FC < 1 indicated a downward 
trend. Table 3 summarizes in detail the data on altered 
metabolites in major murine tissues, in response 
to Tac exposure. There were 8 serum metabolites, 
namely, D-proline, glycerol, D-fructose, D-glucitol, 
sulfurous acid, 1-monopalmitin (MG (16:0/0:0/0:0)), 
glycerol monostearate (MG (0:0/18:0/0:0)), and cho-
lesterol. The altered brain metabolites were as follows: 
butanamide, tartronic acid, aminomalonic acid, scyllo-
inositol, dihydromorphine, myo-inositol, and 11-octa-
decenoic acid. The altered heart metabolites were: 
acetone and D-fructose. Tac-mediated alterations in 
the liver included D-glucitol, L-sorbose, palmitic acid, 
myo-inositol, and uridine. The lung altered metabolites 
were L-lactic acid, L-5-oxoproline, L-threonine, phos-
phoric acid, phosphorylethanolamine, D-allose, and 
cholesterol. The altered metabolites in the kidney were: 
L-valine and D-glucose.

The authors also assessed the altered metabolites data 
via heatmaps (MetaboAnalyst v5.0). A majority of the 
metabolites were distinctively grouped into two dis-
crete clusters, with minimal overlap (Fig. 3).

Analysis of metabolic pathways
To further assess the metabolic pathways following 
Tac exposure, the authors evaluated the metabolites 
using MetaboAnalyst v5.0 and KEGG database. Meta-
bolic pathways with Raw P < 0.5 and Impact > 0 were 
considered as potential disturbed pathways. The 
authors observed a singular sulfur metabolism in the 
serum.

Table 1  Weight and Serum FBG, Crea, Urea, ALT levels of control and Tac mice

Values are presented as the means±SD (n = 9 animals/group). FBG, Fasting blood glucose. Crea, Creatinine. ALT, Alanine asminotransferase. ∗p < 0.05 and ∗∗p < 0.01 
compared to Tac and Control group

Group Weight(g) FBG (mmol/L) Crea (mg/dl) Urea (mg/dl) ALT(U/L)

Control 34.97 ± 5.63 5.09 ± 0.72 1.08 ± 0.11 26.88 ± 3.95 32.08 ± 3.39

Tac 34.78 ± 2.96 7.83 ± 0.69** 1.56 ± 0.13** 77.65 ± 5.29** 48.44 ± 5.02*

http://www.metaboanalyst.ca
http://www.kegg.jp
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Discussion
Our study showed significant changes in FBG, Crea, 
urea and ALT in Tac group (Table 1), suggesting that the 
Tac displayed a drug toxicity in the major target organs. 
Herein, the authors examined the metabolic profile of 
major organs (serum, brain, heart, liver, lung, kidney, 
and intestines) after Tac exposure. The authors observed 
alterations in 8, 7, 2, 5, 7, and 2 metabolites in the serum, 

brain, heart, liver, lung and kidney, respectively, between 
the Tac and control mice. Further examination of the sig-
nificance of these metabolites in biological processes can 
supply additional intel into the Tac toxicity pathophysi-
ology. Based on our analysis, these altered metabolites 
were the primary mediators of lipid, amino acid, and 
carbohydrate metabolites. Moreover, even though Tac 
is not known to produce serious adverse effects on the 
lipid profile, our data revealed that the lipid metabolism 
was strongly dysregulated in Tac mice. In fact, choles-
terol, glycerol, MG (16:0/0:0/0:0), MG (0:0/18:0/0:0) were 
markedly altered. Interestingly, unlike our results, a prior 
study revealed that cholesterol and triglyceride were 
strongly diminished by Tac exposure [16]. Hence, addi-
tional investigations are warranted to elucidate the true 
effect of Tac exposure on the lipid profile. In addition, 
the authors demonstrated that the MG (16:0/0:0/0:0) and 
MG (0:0/18:0/0:0) were elevated, which was likely due to 
enhanced lipolysis, in response to glucose metabolic dis-
orders. Our data corroborates with the reported dyslipi-
demic effects of toxic dosages of Tac exposure.

Fig. 1  Representative GC − MS total ion chromatograms (TICs) of the serum (A), brain tissue (B), heart tissue (C), liver tissue (D), lung tissue (E), 
kidney tissue (F), and intestine tissue (G) samples from a mixture of the control and Tac-treated mice

Table 2  The OPLS-DA parameters in the target main tissues

The scores of the model parameters, R2X, R2Y, Q2 were close to 1.0

Tissue R2X(cum) R2Y(cum) Q2(cum)

serum 0.384 0.93 0.587

brain 0.319 0.923 0.246

heart 0.554 1 0.728

liver 0.517 1 0.528

lung 0.307 0.992 0.6

kidney 0.369 0.997 0.632

intestines 0.25 0.952 0.439
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Fig. 2  OPLS-DA scores and 200 permutation tests chart for tissue models: serum (A), brain tissue (B), heart tissue (C), liver tissue (D), lung tissue (E), 
kidney tissue (F), and intestine tissue (G)
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Gastrointestinal disturbances
Patients with diarrheal illness may demonstrate vari-
ability and potential toxicity following Tac exposure 
[17]. However, in our study, the authors observed no 
significant metabolite alterations within the intestine. 
Tac metabolism is regulated by the CYP3A enzyme 
system, and occurs mostly in the small intestine, liver, 
and kidney [18]. The upper small intestine is the pri-
mary site for CYP3A4-based first-pass metabolism in 
humans, which may explain the metabolic alternation 
in the intestine. However, additional studies are war-
ranted to validate our results.

Post transplanted diabetes mellitus (PTDM)
Post transplanted diabetes is among the most severe Tac-
mediated adverse effects [19]. It is brought on by β-cell 
apoptosis, diminished insulin gene expression, and direct 
toxicity to the islets of Langerhans [20]. Tac-mediated 
islet toxicity is most frequent during solid organ trans-
plantation, and it has a prevalence of newly developed 
diabetes following transplant of up to 30% within the 
first year [21–23]. Our study uncovered several carbohy-
drate metabolite alterations in multiple tissues, namely, 
D-fructose, D-glucitol in the serum, D-Fructose in the 
heart, D-glucitol in the liver, and D-glucose in the kid-
ney. These alterations indicate carbohydrate metabo-
lism dysfunction following Tac-induced toxicity. Hence, 
this study confirmed that Tac exposure increases risk of 
developing PTDM.

Cardiotoxicity‑related metabolic alterations
Although cardiotoxicity is relatively rare with Tac expo-
sure, there are reports of arrhythmia and cardiomyopa-
thy following Tac exposure [24, 25]. Although arteritis 
of cardiac arteries, hypertension, renal vasoconstriction 
[26] and reduced nitric oxide formation [27] are potential 
mechanisms of Tac-mediated toxicity, the true underly-
ing mechanism remains undetermined. In this study, 
no specific metabolite alterations were observed in the 
heart tissue, although a marked increase in acetone may 
be suggestive of Tac-induced toxicity. The heart requires 
massive energy, and a constant supply of glucose, lipids, 
and amino acids to generate ATP to sustain a healthy 
heart beat [15]. Markedly elevated concentrations of 
ketone bodies like acetone points to the impairment of 
the TCA cycle, and a switch from glucose oxidation to β 
oxidation of fatty acids indicates dysregulation within the 
energy metabolism [28].

Hepatic lesion‑based metabolic alterations
Liver is essential for glycogen storage, protein synthesis, 
and detoxification [29]. Emerging evidences suggest that 
Tac exposure elicits liver damage, and the hepatocytes 
form a ground-glass appearance, which is an early indi-
cator of Tac toxicity [30]. In terms of the biochemical 
indexes, ALT, alkaline phosphatase, and total bilirubin 
are established markers of hepatic lesion. Tac is reported 
to accelerate cholestasis by suppressing biliary excretion 
of glutathione [31].

Herein, the authors demonstrated marked elevation of 
L-sorbose, palmitic acid, myo-inositol, and uridine in the 
hepatic tissue. Among these metabolites, palmitic acid 
concentration was previously reported to be elevated 
during hepatotoxicity in drug toxicity-based investiga-
tions [32, 33]. This increase indicates a rise in de novo 

Table 3  List of changed metabolites in the serum, brain, heart, 
liver, lung and kidney

HMDB, Human Metabolome Database. VIP, variable influence on projection. Fold 
change, the VCM group/the control group

Tissue Metabolites HMDB VIP FC

serum D-Proline HMDB0003411 1.21 1.87

Glycerol HMDB0000131 1.23 1.84

D-Fructose HMDB0000660 1.32 1.91

D-Glucitol HMDB0000247 1.49 2.37

Sulfurous acid HMDB0034829 1.35 2.33

1-Monopalmitin, MG(16:0/0:0/0:0) HMDB0011564 1.47 2.37

Glycerol monostearate, 
MG(0:0/18:0/0:0)

HMDB0011535 1.18 1.74

Cholesterol HMDB0000067 1.24 2.07

brain Butanamide HMDB0033870 1.47 0.33

Tartronic acid HMDB0035227 1.52 0.44

Aminomalonic acid HMDB0001147 1.46 2.01

Scyllo-Inositol HMDB0006088 1.46 0.47

Dihydromorphine HMDB0060548 1.68 0.31

myo-Inositol HMDB0000211 1.54 1.48

11-Octadecenoic acid HMDB0003231 1.05 1.19

heart Acetone HMDB0001659 2.59 5.09

D-Fructose HMDB0000660 2.42 6.65

liver D-Glucitol HMDB0000247 1.87 2.49

L-Sorbose HMDB0001266 1.67 2.10

Palmitic Acid HMDB0000220 1.06 1.34

myo-Inositol HMDB0000211 1.46 1.72

Uridine HMDB0000296 1.41 1.67

lung L-Lactic acid HMDB0000190 1.26 1.52

L-5-Oxoproline HMDB0000267 1.60 1.70

L-Threonine HMDB0000167 1.30 1.48

Phosphoric acid HMDB0002142 1.63 1.93

Phosphorylethanolamine HMDB0000224 1.42 1.73

D-Allose HMDB0001151 1.72 1.93

Cholesterol HMDB0000067 1.59 1.59

kidney L-Valine HMDB0000883 1.01 1.35

D-Glucose HMDB0000122 2.09 5.04
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synthesis of fatty acids via an alternate axis involving 
ß-oxidation [34, 35]. Moreover, being a FFA, palmitic 
acid elicits an elevated hepatic cytotoxic outcome [36]. 
Uridine minimizes cytotoxicity and improves neuro-
physiological activities [37, 38]. However, recently, clini-
cal data suggested a direct association between plasma 
uridine levels and insulin resistance in humans [39, 40]. 
Prior investigations reported that short uridine exposure 
accelerated hepatic insulin resistance in C57BL/6 J mice 
[41]. Combined with PTDM of Tac, uridine dysregulates 
glucose metabolism in the liver.

Lung toxicity‑related metabolic changes
Currently, there are limited reports on Tac-mediated 
pulmonary toxicity. Akhtar reported that Tac causes 
structural distortion of the lungs in rats, characterized 
by alveolar cells necrosis, bronchiolar wall thickening, 
and interstitial round cell infiltration, which confirms the 
toxic potential of Tac in lungs [42]. Additionally, a prior 
investigation revealed that the oxidative stress param-
eters and proinflammatory markers were significantly 
increased in rats with Tac-treatment, compared to con-
trols [43].

In this study, the authors presented the metabolite 
alterations following Tac toxicity in lung tissues. Our 

study assessed the metabolic alterations of Tac-induced 
lung toxicity, and showed marked elevations in the levels 
of L-lactic acid, L-5-oxoproline, L-threonine, and phos-
phorylethanolamine in the Tac mice, relative to controls. 
Lactic acid, produced via aerobic glycolysis, is a potential 
early indicator of a reversible state in critically ill patients 
[44]. L-5-oxoproline is an endogenously formed metabo-
lite that elicits adverse effects at chronically elevated dos-
ages. When present at high levels, L-5-oxoproline and 
lactic acid serve as metabotoxins, which may present as a 
toxicity index for Tac. Threonine is an immunostimulant 
which positively regulates thymus gland development, as 
well as cell immune defense activity. However, the role of 
threonine in Tac-induced lung toxicity remains unclear.

Neurotoxicity‑related metabolic alterations
Tac-related neurotoxicity, mediated by elevated blood 
concentrations of Tac, produces headache, tremor, delir-
ium, and peripheral neuropathy [45]. In a large prospec-
tive study, significant neurological undesirable events 
were correlated with high plasma levels in > 50% patients 
[46]. Metabolic investigations involving the whole brain 
of Tac-exposed mice are relatively rare. Hence, more 
research is warranted in this area to supplement what is 

Fig. 3  Heatmap of differentially expressed metabolites in Tac and control groups: serum (A); brain (B); heart (C); liver (D); lung (E); kidney (F). 
Red and blue represent upregulation and downregulation, respectively; the shade is proportional to the degree of change. Rows and columns 
correspond to samples and metabolites, respectively
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known about Tac-mediated toxicity and its related mech-
anisms in major organs.

Herein, Tac-exposed mice showed alterations in ami-
nomalonic acid, scyllo-inositol, dihydromorphine, myo-
inositol, and 11-octadecenoic acid. Aminomalonic acid 
strongly inhibits L-asparagine synthase activity, and is 
up-regulated in the urine of anxiety and major depressive 
disorders-diagnosed individuals [47]. Multiple metabo-
lomic investigations also revealed that altered serum ami-
nomalonic acid concentration was closely correlated with 
neuropsychiatric disorders, ketamine overdose, and aor-
tic aneurysm [48], thus forming a link between aminom-
alonic acid and various diseases and toxicities. This study 
revealed that aminomalonic acid can serve as a potential 
indicator of Tac-mediated neurotoxicity. Scyllo-inositol 
improves brain cognitive function, reverses memory 
deficits, and minimizes amyloid-beta (Aβ) plaque within 
brains of mice [49]. Thus, the low levels of scyllo-inositol 
in our study may be another indicator of Tac-mediated 
neurotoxicity.

Nephrotoxicity‑related metabolic alterations
Nephrotoxicity is the most common and clinically signifi-
cant adverse Tac reaction, and it occurs in almost half of 
the Tac-treated patients [18]. Multiple reports demon-
strated glycosuria to be an effective bioindicator of acute 
renal toxicity [50, 51]. Herein, D-Glucose was observed 
to be significantly altered, suggesting that the nephro-
toxicity was successfully induced by Tac at the selected 
concentration. Additionally, the authors also observed 
marked increases in L-valine in our Tac-treated mice. 
Alteration in L-valine was also found in other toxic kid-
ney’s injury studies [52, 53]. L-valine is a branched-chain 
amino acid that links only to carbohydrates (glycogenic) 
[54]. Valine is intricately linked to insulin resistance, and 
elevated serum valine concentrations were reported in 
both diabetic mice and humans [55, 56]. Thus, it is obvi-
ous that L-valine participates in the progression of Tac-
induced nephrotoxicity.

Herein, the authors systematically assessed Tac-toxicity 
using GC − MS-based profiling of target tissues. Toxic-
ity is the most common and significant result of elevated 
blood Tac concentrations. Owing to its narrow thera-
peutic window, close monitoring of this therapeutic drug 
is imperative for treatment individualization. Unfortu-
nately, it is still difficult to predict a particular dose that 
is optimal for a specific patient. Therefore, the effect of 
different dosages on metabolic profiles needs further 
investigation.

In conclusion, in this study, the authors reported 
an extensive metabolic profile following Tac exposure 
in mice. The authors demonstrated that the altered 

metabolism involved cellular processes like lipid, amino 
acid, and carbohydrate metabolism, which may, in turn, 
provide certain insight into the pathogenesis of Tac-
mediated toxicity. Our work will greatly benefit clinicians 
and researchers, particularly in guiding Tac dosing, and to 
further understand the toxicological mechanism of Tac.

Abbreviations
Aβ: Amyloid-beta; ALT: Alanine aminotransferase; BSTFA: N,O-bis- (trimethyl-
silyl)trifluoroacetamide; Crea: creatinine; FBG: Fasting blood glucose; FC: Fold 
change; GC-MS: Gas chromatography−mass spectrometry; IS: Internal stand-
ard; KEGG: Kyoto Encyclopedia of Genes and Genomes; KM: Kunming; MG: 
Glycerol monostearate; OPLS: Orthogonal projections to the latent structure; 
PTDM: Post transplanted Diabetes Mellitus; QC: Quality control; RT: Retention 
time; Tac: Tacrolimus; TCA cycle: Tricarboxylic acid cycle; TICs: Total ion chroma-
tograms; TMCS: Trimethylchlorosilane; VIP: Variable importance in projection..

Acknowledgements
Not applicable.

Authors’ contributions
The authors contributed equally to this paper. All authors read and approved 
the final manuscript.

Funding
This work was supported by Bethune Charitable Foundation (No: B-19-H-20200622); 
Scientific Research Foundation of Shandong Medical Association (No: YXH2020ZX053); 
Natural Science Foundation of Shandong Province (No:ZR2020MH375).

Availability of data and materials
The datasets used and analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Ethical approval from the Jining first people’s hospital (protocol number: 
JNRM2021DW105). Our study strictly followed the Guide for Care and Use of 
Laboratory Animals (Chinese Council) and ARRIVE guidelines.

Competing interests
The authors declare that there are no conflicts of interest.

Author details
1 Tengzhou Central People’s Hospital, Tengzhou 277500, China. 2 Translational 
Pharmaceutical Laboratory, Jining First People’s Hospital, Jining 272000, 
China. 3 Department of Gastroenterology, Shanting District People’s Hospital, 
Zaozhuang 277200, China. 

Received: 7 August 2022   Accepted: 14 November 2022

References
	1.	 Allegri L, Baldan F, Vallone C, Tulissi P, et al. Tacrolimus therapeutic drug 

monitoring in stable kidney transplantation and individuation of CYP3A5 
genotype. Transplant Proc. 2019;51(9):2917–20. https://​doi.​org/​10.​1016/j.​
trans​proce​ed.​2019.​04.​090.

	2.	 Shrestha BM. Two decades of tacrolimus in renal transplant: basic science 
and clinical evidences. Exp Clin Transplant. 2017;15(1):1–9. https://​doi.​
org/​10.​6002/​ect.​2016.​0157.

	3.	 Tron C, Lemaitre L, Verstuyft C, et al. Pharmacogenetics of membrane 
transporters of tacrolimus in solid organ transplantation. Clin Pharma-
cokinet. 2019;58(5):593–613. https://​doi.​org/​10.​1007/​s40262-​018-​0717-7.

https://doi.org/10.1016/j.transproceed.2019.04.090
https://doi.org/10.1016/j.transproceed.2019.04.090
https://doi.org/10.6002/ect.2016.0157
https://doi.org/10.6002/ect.2016.0157
https://doi.org/10.1007/s40262-018-0717-7


Page 9 of 10Xie et al. BMC Pharmacology and Toxicology           (2022) 23:87 	

	4.	 Lim EJ, Chin R, Nachbur U, et al. Effect of immunosuppressive 
agents on hepatocyte apoptosis post-liver transplantation. Plos one. 
2015;10(9):e0138522. https://​doi.​org/​10.​1371/​journ​al.​pone.​01385​22.

	5.	 Kim HS, Lim SW, Jin L, et al. The protective effect of Febuxostat on chronic 
tacrolimus-induced nephrotoxicity in rats. Nephron. 2017;135(1):61–71. 
https://​doi.​org/​10.​1159/​00044​9289.

	6.	 Liu Z, Yuan X, Luo Y, He Y, et al. Evaluating the effects of immunosup-
pressants on human immunity using cytokine profiles of whole blood. 
Cytokine. 2009;45(2):141–7. https://​doi.​org/​10.​1016/j.​cyto.​2008.​12.​003.

	7.	 Yang CY, Hao RJ, Du XD, et al. Response to different dietary carbohydrate 
and protein levels of pearl oysters (Pinctada fucata martensii) as revealed 
by GC–TOF/MSbased metabolomics. Sci Total Environ. 2019;650(2):2614–
23. https://​doi.​org/​10.​1016/j.​scito​tenv.​2018.​10.​023.

	8.	 Xie DD, Li FF, Pang DS, et al. Systematic metabolic profiling of mice with 
dextran Sulfate sodium-induced colitis. J Inflamm Res. 2021;14:2941–53. 
https://​doi.​org/​10.​2147/​JIR.​S3133​74.

	9.	 Diémé B, Halimi JM, Emond P, et al. Assessing the metabolic effects of 
calcineurin inhibitors in renal transplant recipients by urine metabolic 
profiling. Transplantation. 2014;98(2):195–201. https://​doi.​org/​10.​1097/​TP.​
00000​00000​000039.

	10.	 Tacrolimus trough monitoring guided by mass spectrometry without 
accounting for assay differences is associated with acute kidney injury in 
lung transplant recipients. Am J Health Syst Pharm. 2019;76(24):2019–27. 
https://​doi.​org/​10.​1093/​ajhp/​zxz243.

	11.	 Sikma MA, Maarseveen EM, Graaf EA, et al. Pharmacokinetics and toxicity 
of tacrolimus early after heart and lung transplantation. Am J Transplant. 
2015;15(9):2301–13. https://​doi.​org/​10.​1111/​ajt.​13309.

	12.	 Zhang F, Wang QH, Xia TY, et al. Diagnostic value of plasma trypto-
phan and symmetric dimethylarginine levels for acute kidney injury 
among tacrolimus-treated kidney transplant patients by targeted 
metabolomics analysis. Sci Rep. 2018;8(1):14688. https://​doi.​org/​10.​1038/​
s41598-​018-​32958-2.

	13.	 Jiao WJ, Zhang ZJ, Xu Y, et al. Butyric acid normalizes hyperglycemia 
caused by the tacrolimus-induced gut microbiota. Am J Transplant. 
2020;20(9):2413–24. https://​doi.​org/​10.​1111/​ajt.​15880.

	14.	 Lim SW, Shin YJ, Luo K, et al. Effect of klotho on autophagy clearance in 
tacrolimus-induced renal injury. FASEB J. 2019;33(2):2694–706. https://​doi.​
org/​10.​1096/​fj.​20180​0751R.

	15.	 Geng CM, Cui CM, Wang CS, et al. Systematic evaluations of doxoru-
bicin-induced toxicity in rats based on metabolomics. ACS Omega. 
2020;6(1):358–66. https://​doi.​org/​10.​1021/​acsom​ega.​0c046​77.

	16.	 Satterthwaite R, Aswad S, Sunga V, et al. Incidence of new-onset 
hypercholesterolemia in renal transplant patients treated with FK506 or 
cyclosporine. Transplantation. 1998;65(3):446–9. https://​doi.​org/​10.​1097/​
00007​890-​19980​2150-​00030.

	17.	 Mittal N, Thompson JF, Kato T, Tzakis AG. Tacrolimus and diarrhea: patho-
genesis of altered metabolism. Pediatr Transplant. 2001;5(2):75–9. https://​
doi.​org/​10.​1034/j.​1399-​3046.​2001.​00500​2075.x.

	18.	 Staatz CE, Tett SE. Clinical pharmacokinetics and pharmacodynam-
ics of tacrolimus in solid organ transplantation. Clin Pharmacokinet. 
2004;43(10):623–53. https://​doi.​org/​10.​2165/​00003​088-​20044​3100-​00001.

	19.	 Yousif E, Abdelwahab A. Post-transplant diabetes mellitus in kidney 
transplant recipients in Sudan: a comparison between tacrolimus and 
cyclosporine-based immunosuppression. Cureus. 2022;14(2):e22285. 
https://​doi.​org/​10.​7759/​cureus.​22285.

	20.	 Rangel EB. Tacrolimus in pancreas transplant:a focus on toxicity, diabe-
togenic effect and drug--drug interactions. Expert Opin Drug Metab Toxicol. 
2014;10(11):1585–605. https://​doi.​org/​10.​1517/​17425​255.​2014.​964205.

	21.	 Davidson J, Wilkinson A, Dantal J, et al. New-onset diabetes after trans-
plantation: 2003 international consensus guidelines. Proceedings of an 
international expert panel meeting. Barcelona, Spain, 19 February 2003. 
Transplantation. 2003;75(10):SS3–24. https://​doi.​org/​10.​1097/​01.​TP.​00000​
69952.​49242.​3E.

	22.	 Maes BD, Kuypers D, Messiaen T, et al. Posttransplantation diabetes mel-
litus in FK-506-treated renal transplant recipients: analysis of incidence 
and risk factors. Transplantation. 2001;72(10):1655–61. https://​doi.​org/​10.​
1097/​00007​890-​20011​1270-​00014.

	23.	 Kasiske BL, Snyder JJ, Gilbertson D, Matas AJ. Diabetes mellitus after kid-
ney transplantation in the United States. Am J Transplant. 2003;3(2):178–
85. https://​doi.​org/​10.​1034/j.​1600-​6143.​2003.​00010.x.

	24.	 Hodak SP, Moubarak JB, Rodriguez I, et al. QT prolongation and near fatal 
cardiac arrhythmia after intravenous tacrolimus administration: a case 
report. Transplant. 1998;66:535–7. https://​doi.​org/​10.​1097/​00007​890-​
19980​8270-​00021.

	25.	 Atkison P, Joubert G, Barron A, et al. Hypertrophic cardiomyopathy 
associated with tacrolimus in pediatric transplant patients. Lancet. 
1995;345(8954):894–6. https://​doi.​org/​10.​1016/​s0140-​6736(95)​90011-x.

	26.	 Agirbasli M, Papila-Topal N, Ogutmen B, et al. The blockade of the renin-
angiotensin system reverses tacrolimus related cardiovascular toxicity 
at the histopatho logical level. J Renin-Angiotensin-Aldosterone Syst. 
2007;8(2):54–8. https://​doi.​org/​10.​3317/​jraas.​2007.​009.

	27.	 Ferjani H, Timoumi R, Amara I, et al. Beneficial effects of mycophenolate 
mofetil on cardiotoxicity induced by tacrolimus in wistar rats. Exp Biol 
Med (Maywood). 2017;242(4):448–55. https://​doi.​org/​10.​1177/​15353​
70215​616709.

	28.	 Pariyani R, Ismail IS, Azam A, et al. Urinary metabolic profiling of cisplatin 
nephrotoxicity and nephroprotective effects of Orthosiphon stamineus 
leaves elucidated by 1 H NMR spectroscopy. J Pharm Biomed Anal. 
2017;135:20–30. https://​doi.​org/​10.​1016/j.​jpba.​2016.​12.​010.

	29.	 Bundzikova J, Pirnik Z, Lackovicova L, Mravec B, Kiss A. Brain-liver interac-
tions during liver ischemia reperfusion injury: a minireview. Endocr Regul. 
2011;45(3):163–72. https://​doi.​org/​10.​4149/​endo_​2011_​03_​163.

	30.	 Sacher VY, Bejarano PA, Pham SM. Tacrolimus induced hepatotoxicity in 
a patient with bilateral lung transplant. Transpl Int. 2012;25(10):e111–2. 
https://​doi.​org/​10.​1111/j.​1432-​2277.​2012.​01546.x.

	31.	 Corbani A, Burroughs AK. Intrahepatic cholestasis after liver transplanta-
tion. Clin Liver Dis. 2008;12(1):111–29, ix. https://​doi.​org/​10.​1016/j.​cld.​
2007.​11.​001.

	32.	 Araújo AM, Bastos ML, Fernandes E, et al. GC-MS metabolomics reveals 
disturbed metabolic pathways in primary mouse hepatocytes exposed to 
subtoxic levels of 3,4-methylenedioxymethamphetamine (MDMA). Arch 
Toxicol. 2018;92(11):3307–23. https://​doi.​org/​10.​1007/​s00204-​018-​2314-9.

	33.	 García-Cañaveras JC, Peris-Díaz MD, Alcoriza-Balaguer MI, et al. A lipid-
omic cell-based assay for studying drug-induced phospholipidosis and 
steatosis. Electrophoresis. 2017;38(18):2331–40. https://​doi.​org/​10.​1002/​
elps.​20170​0079.

	34.	 Mashima T, Seimiya H, Tsuruo T. De novo fatty-acid synthesis and 
related pathways as molecular targets for cancer therapy. Br J Cancer. 
2009;100(9):1369–72. https://​doi.​org/​10.​1038/​sj.​bjc.​66050​07.

	35.	 Rui L. Energy metabolism in the liver. Compr Physiol. 2014;4(1):177–97. 
https://​doi.​org/​10.​1002/​cphy.​c1300​24.

	36.	 Gomez-Lechon MJ, Donato MT, Martinez-Romero A, et al. A human 
hepatocellular in vitro model to investigate steatosis. Chem Biol Interact. 
2007;165(2):106–16. https://​doi.​org/​10.​1016/j.​cbi.​2006.​11.​004.

	37.	 McEvilly M, Popelas C, Tremmel B. Use of uridine triacetate for the 
management of fluorouracil overdose. Am J Health Syst Pharm. 
2011;68(19):1806–9. https://​doi.​org/​10.​2146/​ajhp1​00434.

	38.	 Gallai V, Mazzotta G, Montesi S, Sarchielli P, Gatto F. Effects of uridine in 
the treatment of diabetic neuropathy: an electrophysiological study. Acta 
Neurol Scand. 1992;86(1):3–7. https://​doi.​org/​10.​1111/j.​1600-​0404.​1992.​
tb080​45.x.

	39.	 Yamamoto T, Inokuchi T, Ka T, Yamamoto A, Takahashi S, et al. Relationship 
between plasma uridine and insulin resistance in patients with non-
insulin-dependent diabetes mellitus. Nucleos Nucleot Nucl. 2010;29(4–
6):504–8. https://​doi.​org/​10.​1080/​15257​77100​37409​86.

	40.	 Dudzinska W, Lubkowska A, Jakubowska K, Suska M, Skotnicka E. Insulin 
resistance induced by maximal exercise correlates with a post-exercise 
increase in uridine concentration in the blood of healthy young men. 
Physiol Res. 2013;62(2):163–70. https://​doi.​org/​10.​33549/​physi​olres.​
932355.

	41.	 Urasaki Y, Pizzorno G, Le TT. Chronic uridine administration induces fatty 
liver and pre-diabetic conditions in mice. Plos one. 2016;11(1):e0146994. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01469​94.

	42.	 Akhtar T, Sheikh N, Shan T, Ghazanfar R. Tacrolimus induced nephrotoxic-
ity and pulmonary toxicity in Wistar rats. J Biol Regul Homeost Agents. 
2017;31(4):1061–6.

	43.	 Ibrahim S, Eltahawy NF, Abdalla AM, Khalaf HM. Protective effects of sele-
nium in tacrolimus-induced lung toxicity: potential role of Hemeoxyge-
nase-1. Can J Physiol Pharmacol. 2021;99(10):1069–78. https://​doi.​org/​10.​
1139/​cjpp-​2020-​0547.

https://doi.org/10.1371/journal.pone.0138522
https://doi.org/10.1159/000449289
https://doi.org/10.1016/j.cyto.2008.12.003
https://doi.org/10.1016/j.scitotenv.2018.10.023
https://doi.org/10.2147/JIR.S313374
https://doi.org/10.1097/TP.0000000000000039
https://doi.org/10.1097/TP.0000000000000039
https://doi.org/10.1093/ajhp/zxz243
https://doi.org/10.1111/ajt.13309
https://doi.org/10.1038/s41598-018-32958-2
https://doi.org/10.1038/s41598-018-32958-2
https://doi.org/10.1111/ajt.15880
https://doi.org/10.1096/fj.201800751R
https://doi.org/10.1096/fj.201800751R
https://doi.org/10.1021/acsomega.0c04677
https://doi.org/10.1097/00007890-199802150-00030
https://doi.org/10.1097/00007890-199802150-00030
https://doi.org/10.1034/j.1399-3046.2001.005002075.x
https://doi.org/10.1034/j.1399-3046.2001.005002075.x
https://doi.org/10.2165/00003088-200443100-00001
https://doi.org/10.7759/cureus.22285
https://doi.org/10.1517/17425255.2014.964205
https://doi.org/10.1097/01.TP.0000069952.49242.3E
https://doi.org/10.1097/01.TP.0000069952.49242.3E
https://doi.org/10.1097/00007890-200111270-00014
https://doi.org/10.1097/00007890-200111270-00014
https://doi.org/10.1034/j.1600-6143.2003.00010.x
https://doi.org/10.1097/00007890-199808270-00021
https://doi.org/10.1097/00007890-199808270-00021
https://doi.org/10.1016/s0140-6736(95)90011-x
https://doi.org/10.3317/jraas.2007.009
https://doi.org/10.1177/1535370215616709
https://doi.org/10.1177/1535370215616709
https://doi.org/10.1016/j.jpba.2016.12.010
https://doi.org/10.4149/endo_2011_03_163
https://doi.org/10.1111/j.1432-2277.2012.01546.x
https://doi.org/10.1016/j.cld.2007.11.001
https://doi.org/10.1016/j.cld.2007.11.001
https://doi.org/10.1007/s00204-018-2314-9
https://doi.org/10.1002/elps.201700079
https://doi.org/10.1002/elps.201700079
https://doi.org/10.1038/sj.bjc.6605007
https://doi.org/10.1002/cphy.c130024
https://doi.org/10.1016/j.cbi.2006.11.004
https://doi.org/10.2146/ajhp100434
https://doi.org/10.1111/j.1600-0404.1992.tb08045.x
https://doi.org/10.1111/j.1600-0404.1992.tb08045.x
https://doi.org/10.1080/15257771003740986
https://doi.org/10.33549/physiolres.932355
https://doi.org/10.33549/physiolres.932355
https://doi.org/10.1371/journal.pone.0146994
https://doi.org/10.1139/cjpp-2020-0547
https://doi.org/10.1139/cjpp-2020-0547


Page 10 of 10Xie et al. BMC Pharmacology and Toxicology           (2022) 23:87 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	44.	 Choi S, Collins CC, Gout W, PW, Wang YZ. Cancer-generated lactic acid: a 
regulatory, immunosuppressive metabolite? J Pathol. 2013;230(4):350–5. 
https://​doi.​org/​10.​1002/​path.​4218.

	45.	 Shuker N, Bouamar R, Van Schaik RH, et al. A randomized controlled trial 
comparing the efficacy of Cyp3a5 genotype-based with body-weight-
based tacrolimus dosing after living donor kidney transplantation. Am J 
Transplant. 2016;16(7):2085–96. https://​doi.​org/​10.​1111/​ajt.​13691.

	46.	 Eidelman BH, Abu-Elmagd K, Wilson J, et al. Neurologic complications of 
FK 506. Transplant Proc. 1991;23(6):3175–8.

	47.	 Human Metabolome Database: Showing metabocard for Aminomalonic 
acid (HMDB0001147) https://​hmdb.​ca/​metab​olites/​HMDB0​001147

	48.	 Xu MY, Wang P, Sun YJ, Yang L, Wu YJ. Identification of metabolite bio-
markers in serum of rats exposed to chlorpyrifos and cadmium. Sci Rep. 
2020;10(1):4999. https://​doi.​org/​10.​1038/​s41598-​020-​61982-4.

	49.	 Lee D, Lee WS, Lim S, et al. A guanidine-appended scyllo-inositol 
derivative AAD-66 enhances brain delivery and ameliorates Alzhei-
mer’s phenotypes. Sci Rep. 2017;7(1):14125. https://​doi.​org/​10.​1038/​
s41598-​017-​14559-7.

	50.	 Kim JS, Yang JW, Han BG, et al. Protective role of Apelin against 
cyclosporine-induced renal tubular injury in rats. Transplant Proc. 
2017;49(6):1499–509. https://​doi.​org/​10.​1016/j.​trans​proce​ed.​2017.​03.​080.

	51.	 Sun J, et al. Discovery of early urinary biomarkers in preclinical study of 
gentamicin-induced kidney injury and recovery in rats. Metabolomics. 
2012;8(6):1181–93.

	52.	 Doskocz M, Marchewka Z, Jeż M, et al. Preliminary study on J-resolved 
NMR method usability for toxic Kidney’s injury assessment. Adv Clin Exp 
Med. 2015;24(4):629–35. https://​doi.​org/​10.​17219/​acem/​33841.

	53.	 Kazubek-Zemke M, Rybka J, Marchewka Z, et al. Preliminary study on 
application of urine amino acids profiling for monitoring of renal tubular 
injury using GLC-MS. Postepy Hig Med Dosw (Online). 2014;68:1299–311. 
https://​doi.​org/​10.​5604/​17322​693.​11288​46.

	54.	 Götze S, Bock C, Eymann C, et al. Single and combined effects of the 
"deadly trio" hypoxia, hypercapnia and warming on the cellular metabo-
lism of the great scallop Pecten maximus. Comp Biochem Physiol B 
Biochem Mol Biol. 2020;243-244:110438. https://​doi.​org/​10.​1016/j.​cbpb.​
2020.​110438.

	55.	 Lee J, Vijayakumar A, White PJ, et al. BCAA supplementation in mice with 
diet-induced obesity alters the metabolome without impairing glucose 
homeostasis. Endocrinology. 2021;162(7):bqab062. https://​doi.​org/​10.​
1210/​endocr/​bqab0​62.

	56.	 Nie C, He T, Zhang W, et al. Branched chain amino acids: beyond nutrition 
metabolism. Int J Mol Sci. 2018;19(4):954. https://​doi.​org/​10.​3390/​ijms1​
90409​54.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1002/path.4218
https://doi.org/10.1111/ajt.13691
https://hmdb.ca/metabolites/HMDB0001147
https://doi.org/10.1038/s41598-020-61982-4
https://doi.org/10.1038/s41598-017-14559-7
https://doi.org/10.1038/s41598-017-14559-7
https://doi.org/10.1016/j.transproceed.2017.03.080
https://doi.org/10.17219/acem/33841
https://doi.org/10.5604/17322693.1128846
https://doi.org/10.1016/j.cbpb.2020.110438
https://doi.org/10.1016/j.cbpb.2020.110438
https://doi.org/10.1210/endocr/bqab062
https://doi.org/10.1210/endocr/bqab062
https://doi.org/10.3390/ijms19040954
https://doi.org/10.3390/ijms19040954

	The effect of tacrolimus-induced toxicity on metabolic profiling in target tissues of mice
	Abstract 
	Introduction
	Materials and methods
	Animal model
	Reagents
	Tissue sampling
	Sample preparation
	Serum and GC-MS analysis
	Multivariate statistical analyses

	Results
	Biochemical alterations between the two groups
	GC-MS total ion chromatograms (TICs) of serum and major tissue samples
	Multivariate analysis of metabolomic data
	Analysis of metabolic pathways

	Discussion
	Gastrointestinal disturbances
	Post transplanted diabetes mellitus (PTDM)
	Cardiotoxicity-related metabolic alterations
	Hepatic lesion-based metabolic alterations
	Lung toxicity-related metabolic changes
	Neurotoxicity-related metabolic alterations
	Nephrotoxicity-related metabolic alterations

	Acknowledgements
	References


