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Bioinformatics analysis of biomarkers of aristolochic
acid-induced early nephrotoxicity in embryonic stem cells
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Abstract. The present study aimed to identify key genes as
potential biomarkers for early nephrotoxicity induced by
aristolochic acid (AA) in embryonic stem cells (ESCs). An
MTT assay was performed to determine the cytotoxicity of
AA in ESCs. Differentially expressed genes (DEGs) were
identified using the DNA-Chip Analyzer following microarray
analysis. Gene Ontology analysis was performed to determine
functional terms enriched by the DEGs in the categories
biological process, cellular component and molecular function.
Furthermore, the DEGs were subjected to Kyoto Encyclopedia
of Genes and Genomes analysis to determine pathways they
were accumulated in. Furthermore, a protein-protein interac-
tion network was constructed using Cytoscape 3.2 software.
Tumor protein 53 apoptosis effector (Perp), cation transport
regulator-like 1 (Chacl), adrenoceptor $2 and Wnt6 were
selected for confirmation by reverse transcription-quantitative
(RT-q) PCR analysis. A total of 72 DEGs (49 upregulated and
23 downregulated) were identified. The DEGs were enriched
in functional terms and pathways associated with nephrotox-
icity and participated in 92 pathways. A total of two hub genes,
fructose-1,6-bisphosphatase (Fbp)l and Fbp2, were filtered
out from the interaction network. Perp and phorbol-12-my-
ristate-13-acetate-induced protein 1 were demonstrated to have
vital roles in the p53 signaling pathway which was indicated in
the interaction network. The results of the RT-qPCR analysis
were consistent with the microarray data. Taken together,
the present study suggested that hub genes involved in the
p53 pathway, including Fbpl, Fbp2 and Perp, may serve as
potential biomarkers for early nephrotoxicity induced by AA.
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Introduction

Aristolochic acid (AA) is a major component of several Chinese
herbs that exhibits a wide range of pharmacological effects,
including anti-infective, anticancer and immunostimulatory
effects, and may be used for termination of pregnancy (1,2).
Clinical reports and experimental studies have demonstrated
that AA causes renal toxicity (3), acute renal failure (ARF) (4)
and interstitial fibrosis (5). AA nephropathy (AAN) has become
a worldwide problem (6). Recently, the use of AA-containing
drugs was pronounced forbidden in the US, Canada, several
countries in Europe and even certain countries in Asia.

Pathological analysis demonstrated that the infiltration of
monocytes/macrophages and T lymphocytes was present in
the necrotic area of proximal renal tubules in a rat model of
AAN (7). However, the molecular mechanisms underlying the
nephrotoxicity of AA have remained to be fully elucidated.
Previous studies have reported that human renal toxicity
attributes to the mutagenicity and DNA adducts derived by
AA in the kidney and other tissue types (8). This suggests
that AA-induced genetic alterations may have an important
role in renal toxicity induced by AA. In addition, changes in
mRNA expression are considered one of the earliest events
prior to the occurrence of clinical symptoms. Microarray
technology makes it possible to study genome-wide expression
profiles and determine the potential molecular mechanisms
of Chinese medicine with complex components. Previous
studies have aimed to determine more accurate and earlier
toxicity biomarkers for clinical and preclinical safety assess-
ment using genomics analysis (9,10). Thus, there remains an
urgent requirement to perform genomics analysis to identify
accurate biomarkers of AA-induced renal toxicity, which may
contribute to the clinical drug safety of AA.

Terminal differentiation cells, such as renal tubular
epithelial cells, are commonly used for nephrotoxic tests
in vitro. These cells are primary cells or established cell lines;
however, they cannot function as specialized organs or the
whole body during long-term cultivation. Embryonic stem cells
(ESCs) are pluripotent cells isolated from early embryos (11),
which have highly undifferentiated potential and are capable
of differentiating into all kinds of body tissues and organs,
including liver, kidney, heart and nerves (12). It has been
reported that ESCs are sensitive to drug stimulation and may
thus serve as important tools for in vitro assessment of drug
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toxicity (13). The application of ESCs in toxicology studies
will help to overcome the disadvantages of time consumption
and low sensitivity of in vivo studies and also overcome the
disadvantages of using terminal cells that cannot accurately
represent the target organ.

The present study aimed to identify accurate biomarkers
of AA-induced renal toxicity on ESCs. Genomics analysis
was performed to screen for genes with changes in expres-
sion levels in ESCs following treatment with AA in order to
determine the potential biological processes through which
AA induces renal toxicity.

Materials and methods

Animals. A total of 50 Kunming mice (age, 6 weeks; body
weight, 2012 g), half of them were male and half female, were
obtained from Charles River Laboratory Animal Co., Ltd. The
animals were fed with normal feed and water ad libitum and kept
at 25+2°C with a humidity of 60%. Animals were acclimated
for one week and then female and male mice were housed in
pairs within one cage (14). On day 12.5 after pregnancy was
determined in the female mice through observing the pres-
ence of vaginal suppositories, animals were anesthetized by
intraperitoneal injection of 10% chloral hydrate (300 mg/kg)
and then sacrificed by neck dislocation. The experimental
protocol conformed to the National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals.

Cell culture. Mouse embryonic fibroblasts (MEFs) were
obtained from the embryos of Kunming mice (15) at
12.5 days of gestation and maintained in high-glucose
DMEM (4.5 g glucose/l; Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 10% FBS, 50 U/ml penicillin and
50 mg/ml streptomycin and 1% non-essential amino acids
(Gibco; Thermo Fisher Scientific, Inc.). MEFs were treated
with 10 mg/l mitomycine for 2.5 h to attain feeder cells.
The murine (m)ESCs (CRL-11632™) were obtained from
Shanghai Institutes for Biological Sciences, Chinese Academy
of Sciences and maintained in DMEM (4.5 g glucose/l; Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 15% FBS,
2 mM glutamine (Sigma Aldrich; Merck KGaA), 50 U/ml
penicillin, 50 mg/ml streptomycin (Sigma Aldrich; Merck
KGaA), 1% non-essential amino acids (Gibco; Thermo Fisher
Scientific, Inc.), 0. mm B-mercaptoethanol (Sigma Aldrich;
Merck KGaA) and leukemia inhibitory factor (1,000 U/ml,;
Gibco; Thermo Fisher Scientific, Inc.) on MEF feeders to
undifferentiate them at 37°C in an atmosphere containing 5%
CO,. The present study was approved by the Animal Ethics
Committee of Tianjin University of Traditional Chinese
Medicine (Tianjin, China).

MTT assay. An MTT assay was performed to determine the
cytotoxicity of AA. ESCs were seeded into 96-well plates at
a density of 1.5x10%ml (0.1 ml) per well. Different concentra-
tions of AA (50.0,25.0,12.5,10.0,6.25,5.0,3.13 and 2.5 pg/ml,;
Tianjin Yifang Science & Technology Co., Ltd.) were added to
each well, followed by incubation at 37°C in an atmosphere
with 5% CO, for 48 h. The supernatant was discarded and
20 pl of MTT (0.5 mg/ml; Sigma-Aldrich Merck KGaA) was
added to each well, followed by incubation for 4 h at 37°C in an

atmosphere with 5% CO,. The supernatant was discarded, the
purple formazan crystals that had formed were dissolved using
DMSO (150 pl) and cytotoxicity was subsequently measured
at a wavelength of 570 nm. The concentration that reduced the
number of viable cells by 10% (IC,;) of AA was calculated
using SPSS software (version 11.5; SPSS, Inc.) and then AA
was used at this concentration in the following experiments.
There were 3 independent replicates and 6 multiple wells per
experiment.

Drug concentrations and treatment regime for microarray.
ESCs were seeded into 6-well plates at a density of
1.5x10%ml (2 ml) per well and incubated at 37°C in an atmo-
sphere with 5% CO,. Vitamin C (Vc) was used as a non-toxic
control (16). Cells were subsequently treated with AA (IC,,)
or Vc (7.92 ug/ml) and cultured for 48 h; these conditions
were selected from the MTT assay and other preliminary
experiments (data not shown).

Microarray assay. RNA was extracted from cells following
exposure to AA or Vc for 48 h. In brief, following drug
treatment, cells were collected and extracted using TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) at -80°C.
Total RNA was purified using the RNeasy® Mini kit (Qiagen
China Co., Ltd.), with the additional DNase treatment
(RNase-Free DNase Set; Qiagen China Co., Ltd.), according
to the manufacturer's protocols. Total RNA was quantified
using the NanoDrop 1000 spectrophotometer (NanoDrop
Technologies; Thermo Fisher Scientific, Inc.), by determining
the optical density at 260 nm (OD,,)/OD,g, ratio. Total RNA
was subsequently purified using the Qiagen RNeasy total RNA
cleanup kit (Qiagen China Co., Ltd.) and the concentration was
measured using a NanoDrop 1000.

The microarray experiment was performed using the
GeneChip® 3IVT Express kit (Affymetrix; Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol. For
the microarray data analysis, 6 samples in total (including
3 control and 3 AA-treated samples) were included. For each
sample, 100 ng of purified RNA was reverse transcribed
using T7-(dT) 24 primers containing a T7 RNA polymerase
promoter to generate first-strand complementary (c)DNA,
which was subsequently converted into a double-stranded
cDNA template. The DNA template was used to transcribe
cRNA and incorporate a biotin-conjugated nucleotide. A total
of 10 ug of cRNA from each sample was hybridized with the
mouse MG 430 2.0 GeneChips (Affymetrix; Thermo Fisher
Scientific, Inc.) for 16 h at 45°C, with constant rotation at
3.5 x g. Following hybridization, the microarray was washed
and stained in an automated fluidics station (Affymetrix
GeneChip Hybridization Wash and Stain kit; Affymetrix;
Thermo Fisher Scientific, Inc.). Quality controls were
assessed, which were demonstrated to be within acceptable
limits for all arrays. Signals were quantified by detection of
bound phycoerythrin using an Affymetrix GeneChip Scanner
3000 (Affymetrix; Thermo Fisher Scientific, Inc.) to generate
CEL data. The CEL data were then subjected to analysis using
DNA-Chip (dChip) software (version 2010; http://www.dchip.
net/) (17) and array hybridization signal levels were normal-
ized using the invariant set normalization method, which is
part of the dChip software.



EXPERIMENTAL AND THERAPEUTIC MEDICINE 21: 508, 2021 3

Microarray data analysis. Microarray data were assessed
and normalized to exclude background signals and analyzed
using the dChip (version 2010; http:/www.dchip.net/) (17)
with a model-based computation. All arrays were normal-
ized to a common baseline array and the expression levels
of each gene in all samples were computed using the perfect
match-mismatch differences for all probes in a probe set.
A combined analysis was performed to identify the genes
that exhibited different expression patterns between the
experimental group and control group. For the extracted genes,
hierarchical clustering was performed to visualize the changes
in gene expression between the Vc- and A A-treated groups.
Enrichment analysis of the differentially expressed genes was
performed manually using relevant bioinformatics databases
including Gene Ontology (GO; http://www.geneontology.org),
GenBank (National Center for Biotechnology Information;
http://www.ncbi.nlm.nih.gov/), LocusLink (http:/www.ncbi.
nlm.nih.gov/LocusLink), PubMed and Kyoto Encyclopedia
of Genes and Genomes (KEGG; http:/www.genome.ad.jp).
The protein-protein interaction network was constructed
using Cytoscape 3.2 software (Www.genomeweb.com), which
incorporates the hub genes and GO/KEGG terms. Enrichment
of GO/KEGG terms by differentially expressed genes (DEGs)
was assessed using the SciPy module in Python by computing
a unilateral Fisher exact P<0.05.

Reverse transcription-quantitative (RT-q) PCR. Microarray
data for a selection of genes were confirmed via RT-qPCR
analysis. Total RNA (0.8 pg) was extracted as aforementioned
and reverse-transcribed into complementary DNA using
the PrimeScript RT reagent kit (Takara Bio, Inc.) according
to the manufacturer's protocol at 37°C for 15 min and 85°C
for 5 sec. gPCR was subsequently performed using SYBR®
Green PCR Master Mix (Applied Biosystems; Thermo Fisher
Scientific, Inc.) following the manufacturer's protocol. The
following thermocycling conditions were used: 1 cycle at
50°C for 2 min and 95°C for 10 min, followed by 40 cycles at
95°C for 10 sec and 60°C for 30 sec; a final elongation cycle
at 95°C for 15 sec, 72°C for 30 sec and 95°C for 15 sec, using
the ABI7300 Real-Time PCR System (Applied Biosystems;
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol. Relative expression levels were quantified
using the 2-24% method (18) and normalized to the internal
reference gene 3-actin. PCR amplifications were performed in
triplicate. RNA quality was confirmed by denaturing agarose
gel electrophoresis, which produced two sharp and distinct
bands at 18S and 28S and OD,,,/OD,, ratios were at a range
of 1.9-2.1. The primer sequences were listed in Table SI.

If the expression level in the AA group divided by that in
a control was >1, the gene was considered to be upregulated.
Furthermore, the upward trend of the results of the chip means
that the gene is upregulated. Therefore, the results of genes
were all upregulated, indicating that the results of the qPCR
and chip (upward trend) were consistent. The expression level
of gene was <1 (not <0), which is consistent with the chip result
(downward trend).

Statistical analysis. SPSS 11.5 software (SPSS, Inc.) was
used to determine the inhibitory concentration of AA and
‘Probit analysis’ in SPSS software was used to determine
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Figure 1. Effect of different aristolochic acid concentrations on ESC
proliferation. “P<0.05 vs. control group. ESC, embryonic stem cell; K,
control group; D, DMSO group.

the IC,, value. Statistical analysis was performed by filtering
out the genes with absent calls and genes with significantly
different expression levels were identified using the following
formula: E/B >2 or B/E >2, where E is the expression value
in the experimental group and B is the expression value in
the control group. One-way analysis of variance with Tukey's
post-hoc test was performed for comparisons among groups
in Fig. 1. P<0.05 was considered to indicate a statistically
significant difference.

Results

Cytotoxicity of AA on mESCs. The cytotoxicity of AA in ESCs
was assessed via the MTT assay. The results demonstrated that
the viability of ESCs decreased in a concentration-dependent
manner following treatment with AA for 48 h. Fig. 1 presents
the effect of different concentrations of AA on the proliferation
of ESCs. The IC,, was selected for the microarray experiments
and for validation of microarray data via RT-qPCR analysis.
The results demonstrated that ESCs were more susceptible
to AA compared with non-stem cells (such as renal tubular
epithelial cells) and the IC,, (5.20 ug/ml) was selected for the
subsequent experiments.

Changes in the gene expression profile of ESCs following
treatment with AA. Compared with the expression levels in the
control group, 72 DEGs were dysregulated (49 upregulated and
23 downregulated genes) by >2 fold (Table SII), 23 DEGs were
dysregulated (15 upregulated and 8 downregulated genes) by
>3 fold and five DEGs were dysregulated (4 upregulated and
1 downregulated gene) by >4 fold in the AA group (Fig. 2A).
Among these genes, the expression of calcium binding and
coiled-coil domain 2 was upregulated by 6-fold compared
with that in the control group and serine incorporator 3 was
upregulated by 4.68-fold. Tumor protein 53 apoptosis effector
(Perp) was upregulated by 4.38-fold, while suprabasin was
upregulated by 4-fold, and cation transport regulator-like 1
(E. coli) (Chacl) was downregulated by 4.17-fold.

Clustering analysis. Clustering analysis was performed
to classify different data groups into clusters according to
distance measurement (the length of the line segment). The
results demonstrated that the trend of gene expression within
the drug-treated group was consistent and that the gene expres-
sion within the control group also presented a consistent trend,
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Figure 2. Fold changes of DEGs and clustering analysis. (A) Number of DEGs with different magnitudes of fold change. (B) Clustering analysis was used to
classify different DEGs into clusters, which are displayed in a heatmap. K1-K3 referred to the different samples of the three experiments in the control group,
which were arranged according to the photographic correlation. DEG, differentially expressed gene; AA, aristolochic acid.

which may be divided into the AA group or the control group
(Fig. 2B). The results indicated that differential gene expres-
sion grouping of microarray data was in agreement with the
experimental groups.

Bioinformatics analysis. The functional terms in the GO cate-
gory biological process enriched by the DEGs are presented in
Table SIII. DEGs that were changed by >2 fold in the AA vs.
control group were selected for analysis. The downregulated
DEGs were indicated to have roles in ‘metabolic process’, ‘gluco-
neogenesis’, ‘cytolysis’, ‘defense response to Gram-negative
bacterium’, ‘positive regulation of cell-substrate adhesion’,
‘defense response to gram-positive bacterium’, ‘forebrain
development’, ‘steroid metabolic process’, ‘cholesterol meta-
bolic process’, ‘neuron migration’ and ‘negative regulation of
mesenchymal cell proliferation’ as the top 10 biological process
terms. The upregulated DEGs were enriched in the following:
‘Positive regulation of intracellular signal transduction’, ‘nega-
tive regulation of cysteine-type endopeptidase activity involved
in apoptotic process’, ‘positive regulation of heart rate’, ‘posi-
tive regulation of focal adhesion assembly’, ‘gluconeogenesis’,
‘positive regulation of smooth muscle contraction’, ‘positive
regulation of sodium ion transport’, ‘intrinsic apoptotic
signaling pathway by p53 class mediator’, ‘transmembrane
transport’ and ‘lung development’. Furthermore, GO terms in
the categories cellular component and molecular function were
determined to further estimate gene functions (Table SIV). The
results demonstrated that in the category cellular component,
the most enriched terms were ‘extracellular region’, ‘rough
endoplasmic reticulum lumen’, ‘extracellular exosome’, ‘golgi
cis cisterna’, ‘mitochondrion’, ‘microvillus’, ‘trans-golgi
network transport vesicle’, ‘extracellular space’, ‘costamere’
and ‘cell surface’. The molecular function terms included ‘cata-
Iytic activity’, ‘lysozyme activity’, ‘AMP binding’, ‘aldehyde
dehydrogenase activity’, ‘G0:0016620’, ‘structural constituent
of eye lens’, ‘calcium ion binding’, ‘growth factor binding’,
‘ATPase activity’, ‘coupled to transmembrane movement of
substances’ and ‘heparin binding’.

The results of the KEGG analysis demonstrated that these
genes participated in 92 different pathways. The pathways

involved and changes in the number of gene accumulated in
the KEGG pathways after treatment with AA are presented
in Table SV. Pathway analysis demonstrated that ‘salivary
secretion’, ‘fructose and mannose metabolism’, ‘biosynthesis
of antibiotics glycolysis/gluconeogenesis’, the ‘insulin
signaling pathway’, the ‘AMP-activated protein kinase
(AMPK) signaling pathway’ and the ‘p53 signaling pathway’
were involved in early A A-induced toxicity.

Protein-protein interaction network analysis demonstrated
that fructose-1, 6-bisphosphatase (Fbp)l and Fbp2 were two
important hub genes (Fig. 3). In addition, Ada, Tapl and Abcblb
were indicated to participate in primary immunodeficiency,
while Perp and Pmaipl have vital roles in the p53 signaling
pathway.

Validation of microarraydatavia RT-gPCR analysis. RT-qPCR
analysis was performed to validate the microarray data. A
total of four genes from the aforementioned experiments were
selected [Perp, Chacl, adrenoceptor 2 (Adrb2) and Wnt6].
The results demonstrated consistency between the microarray
data and the RT-qPCR data (Fig. 4), indicating good reliability
and reproducibility of the microarray data in the present study.

Discussion

Akebia quinata is a traditional Chinese medicinal plant that
is commonly used for treating different types of diseases.
Recently, one of its components, AA, has raised concerns.
In the 1990s, several patients who consumed medicines
containing AA exhibited different degrees of anemia, mild
tubular proteinuria, extensive hypocellular interstitial fibrosis,
tubular atrophy and even ARF. These AA-induced disorders
were named AAN. The effects of AA-induced toxicity have
been studied in several different animal models (19). Although
conventional animal tests are able to demonstrate the toxic
effects of drugs on the whole animal, most of the indexes are
descriptive, lack high sensitivity and specificity, and seldom
indicate the molecular mechanisms associated with toxicity.
Although it is well-known that AA causes renal damage (20),
the molecular mechanisms of A A-induced toxicity still remain
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elusive. Thus, the renal toxicity of AA requires further inves-
tigation to prevent renal damage and appropriately use this
Chinese herbal medicine.

Clinical studies have indicated that AA-induced genotox-
icity is a primary cause of renal tubule epithelial cell apoptosis
and damage. As a tumor suppressor gene, p53 is able to regu-
late various cellular functions, including the cell cycle, DNA
repair and apoptosis. Perp is a proapoptotic target of p53. It
has been reported that p53-dependent overexpression of Perp
in proximal tubular epithelium induces ischemia/reperfusion
injury (21). Another study suggested that Perp may induce
mitochondrial permeability to exacerbate injury in vitro (22).
Lord et al (23) demonstrated that in AAN, adducts with
DNA formed by AA lead to excessive tubular epithelial cell

apoptosis via the p53-mediated signaling pathway. In the
present study, Perp was significantly upregulated. In addition,
the target genes of p53, DNA-damage-inducible transcript
4-like and transformed mouse 3T3 cell double minute, were
both elevated, indicating that DNA damage and apoptosis
were induced by AA and the toxic effects may be caused by
activation of the p53 signaling pathway.

Fbp, a key gluconeogenic enzyme, was demonstrated to
be directly suppressed by 5-aminoimidazole-4-carboxamide
ribonucleoside, which is a compound for AMPK
activation (24). Shi et al (25) demonstrated that Fbpl regulates
cell proliferation and glycolysis through a hypoxia-inducible
factor la-dependent hypoxic response in breast cancer
cells. In clinical practice, pediatric patients with idiopathic
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Figure 4. Validation of the microarray data by reverse transcription-qPCR
of selected differentially expressed genes indicated good consistency with
microarray data. The relative expression level refers to the level of gene in
the AA group divided by that in a control. g-PCR, quantitative PCR; Perp,
tumor protein 53 apoptosis effector; Adrb2, adrenoceptor $2; Chacl, cation
transport regulator-like 1.

nephrotic syndrome (INS) have significantly higher Fbpl
activity and protein concentrations in urine compared with
healthy children, suggesting that Fbpl activity in urine may be
considered an indicator of damage to renal proximal tubules
in pediatric patients with INS (26,27). In the present study,
elevated Fbpl and Fbp2 levels were observed and pathway
analysis demonstrated that Fbpl and Fbp2 participated in
certain metabolic pathways, including fructose and mannose
metabolism, glycolysis/gluconeogenesis, biosynthesis of
antibiotics and the AMPK signaling pathway.

To confirm the results of the microarray analysis, RT-qPCR
was performed on four DEGs and the results obtained with the
two methods regarding the changes in gene expression were
compared. Gene chip is an effective tool for drug toxicity
studies, and in the present study, it was used to assess the
molecular mechanisms of the nephrotoxicity of AA on ESCs
in vitro. The results of the present study require further analysis
and validation at the genomic and proteomic levels. With the
application of novel gene chip technology, the toxicity of drugs
may be assessed in a more comprehensive and objective way.
The present study also provides valuable information when
screening for nephrotoxicity-associated genes to establish
and improve the database of nephrotoxicity gene expression
profiles of traditional Chinese medicines.

Genomics technology may be used to observe the damage
caused by drugs in the early stage of disease or prior to changes
of clinical biochemical indexes and histopathology (28). In the
present study, a genomics analysis was used to evaluate the
toxicology of ESCs. The GO functional enrichment analysis in
the category of biological process of drug effects on ESCs was
investigated after AA treatment at the concentration of IC,,.
The changes of gene expression in ESCs were investigated
and nephrotoxicity markers were identified based on ESC
genomics. These results may be used to evaluate the toxicity
of traditional Chinese medicine drugs and provide a rapid,
sensitive and reliable toxicity marker for the evaluation of
nephrotoxicity of traditional Chinese medicines in the future.
In the present study, AA was used at its IC,, concentration,
which is more in line with the normal condition than the
ICs, General toxicology experiments use ICs, or higher
concentration, which is not conducive to the detection of toxic

markers. As embryonic stem cells are particularly sensitive,
the present study used the IC,, to detect toxicity changes in the
early stage after AA administration (29). Thus, the IC,, is more
conducive to the evaluation of early toxicity changes, and the
IC,, was selected in the present study.

Wnt6 is considered a key gene in the development of
renal tubules (30). In the present study, ESCs were used
and it was attempted to investigate whether AA may have
nephrotoxicity. Therefore, Wnt6 is important in AA-induced
early nephrotoxicity. For Chacl, it was reported that human
Chacl protein degrades glutathione and mRNA induction is
regulated by the transcription factors activating transcription
factor (ATF) 4 and ATF3 and a bipartite ATF/cCAMP response
element regulatory element (31), indicating that Chacl is an
important gene in the ATF4-ATF3 axis. In addition, ATF3
was able to attenuate cyclosporin A-induced nephrotoxicity by
downregulating C/EBP homologous protein in HK-2 cells (32).
Therefore, Chacl may also be important in nephrotoxicity.

The limitation of the present study is that assessment
was only performed via bioinformatics analysis. Thus, in
prospective studies, it will be endeavored to perform biological
experiments in vivo. In addition, although A A-induced DNA
damage and apoptosis were determined in the present study,
it remains elusive whether the toxic effect of AA on mESCs is
exerted through the generation of AA-DNA adducts and acti-
vating the p53 pathway, which requires further investigation.
Furthermore, validation experiments could not be performed.
Thus, validation experiments for Fbpl and Fbp2 in early AA
toxicity are also required to be performed in future experiments.

In conclusion, the results of the present study demonstrated
that Fbpl and -2 are two important hub genes, and Perp and
Pmaipl have vital roles in the p53 signaling pathway as part of
the mechanisms of the nephrotoxicity of AA. Taken together,
the results of the present study provide potential biomarkers
for the early toxicity of AA.
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