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Background: One of the most prevalent urinary illnesses is kidney stone
formation, often known as nephrolithiasis. The precise processes of kidney
stone remain poorly known after substantial investigation. In order to
successfully prevent and cure stone formation and recurrence, additional
research into the pathophysiology of stone formation is of paramount
importance. Ferroptosis is linked to a variety of renal diseases and is a critical
factor in the death of cells. However, little is known about how ferroptosis-related
genes (FRGs) contribute to the development of kidney stones.

Methods: The Ferroptosis Database and the Gene Expression Omnibus (GEO)
database provided us with information on kidney stones and FRGs,
respectively (FerrDb).

Results: Eight DE-FRGs related to kidney stones were found in total, and they
were all closely related to immune response and autophagy management.
Following this, among the 8 DE-FRGs, LASSO and SVM-RFE algorithms chose
FZD7, STK11, SUV39H1, and LCN2 as marker genes with suitable diagnostic
capabilities. These marker genes may be involved in the control of the PPAR
signaling pathway, mTOR signaling system, and fatty acid production of kidney
stones, according to the functional enrichment analysis that followed.
Additionally, 24 drugs that target two marker genes have been found. Despite
this, the ceRNA networks have gained that the regulatory relationship between
marker genes is rather complex. Additionally, the findings of the CIBERSORT
investigation indicated that FZD7 and SUV39H1 may be linked to variations in the
immune milieu of people who have kidney stones.

Conclusion: We developed a diagnostic tool and provided information on the
development of kidney stones. In order to confirm its diagnostic applicability for
kidney stones, more studies are needed before it may be used in clinical practice.
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1 Introduction

One of the most prevalent urinary illnesses is kidney stone
formation, often known as nephrolithiasis (Khan et al., 2016). High
frequency, high recurrence rates, and high treatment costs for
kidney stone have a detrimental effect on both individuals and
society (Yang et al., 2020; Li et al., 2019). Kidney stone, which may
cause significant back pain and potentially lead to serious
consequences including acute renal failure, acute kidney injury,
has recently caused great worry around the globe. If proper
precautions are not implemented, the recurrence rate for
individuals who have had stone removal treatment is probably
between 35% and 50% (Albert et al., 2020). The precise processes
of kidney stone remain poorly known after substantial investigation.
The development of particular targeted medicines has been severely
constrained precisely because relatively limited progress in
explaining the process has been made. Therefore, in order to
successfully prevent and cure stone formation and recurrence,
additional research into the precise pathophysiology of stone
formation is of paramount importance.

Ferroptosis, a novel and uncommon kind of cell death, has just
been found. Ferroptosis is an iron-dependent type of cell death, as
opposed to apoptosis, pyroptosis, and receptor-interacting protein
kinase-dependent necroptosis (Dixon et al., 2012). The key
mediators of ferroptosis are the antioxidant enzyme glutathione
peroxidase 4 (GPX4) and the cystine/glutamate antiporter system
Xc− (xCT). When there are insufficient quantities of xCT and GPX4,
intracellular cystine levels fall. This, in turn, reduces the quantity of
glutathione that can be produced and slows the rate at which lipid
peroxide can be broken down. Ferroptosis, which is brought on by a
buildup of lipid peroxide that takes place on the interior of the cell, is
the consequence of both of these alterations having taken place
(Dixon and Stockwell, 2014; Yang and Stockwell, 2016; Gaschler and
Stockwell, 2017). Recent studies have shown that ferroptosis
contributes to the death of tubular cells in acute renal damage
(AKI) (Yang and Stockwell, 2016; Louandre et al., 2013). The small-
molecule medication known as ferrostatin-1 (Fer-1), which reduces
lipid oxidation and, as a consequence, ferroptosis, may reduce the
degree of tube damage in experimental models of AKI (Martin-
Sanchez et al., 2017; Linkermann et al., 2014). It was shown that
GPX4 in tubing cells has a renoprotective function, as proteinuria,
capillary edema, and tubing cell death were dramatically elevated in
GPX4-deficient animals. On the other hand, in contradiction to
AKI, very little is known about the role that ferroptosis plays in the
formation of kidney stones.

As a result, we used bioinformatics research to investigate genes
linked to ferroptosis in the hope of identifying possible kidney stone
biomarkers. In addition, we investigated the role that these genes
play in the production of kidney stones.

2 Methods

2.1 Data source

In the course of this research, queries were made to the GEO
database in search of information on the gene expression of normal
papillary tissue from calcium stone former, and normal papillary

tissue from control patients without any kidney stone. There were a
total of 62 samples in the GSE73680 collection, 29 of which were
normal papillary tissue from calcium stone forme, and 33 of which
were normal samples. This data collection is being used as a training
set for the analysis that will be carried out in the primary portion of
the study. The FRGs that were employed in this investigation totaled
728 and were obtained from FerrDb. Supplementary Table S1 shows
the information about the genes.We used the Drug Gene Interaction
Database (DGIdb) to make a prediction about the likelihood of
medications targeting marker genes. In addition to that, the
DrugBank database was mined for information on the chosen
pharmaceuticals’ structural makeup.

2.2 Differential expression analysis and
functional enrichment analysis of FRGs

We initially collected expression information for 728 FRGs (only
439 FRGs were expressed in this dataset) from the
GSE73680 collection for normal samples and kidney stone
samples. Then, using R’s Student’s t-test, the FRGs with different
expression between the normal and kidney stone samples were
found. Genes with p-value below 0.05 were deemed to be
significant. In the clusterProfiler program, the Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene
Ontology (GO) are extensively accessible (Yu et al., 2012;
Kuleshov et al., 2016). The biological features of the genes and
genomes of all species are characterized by the three sub-ontologies
of the GO annotation. These sub-ontologies are known as biological
processes (BPs), cellular components (CCs), and molecular
functions (MFs) (Gene Ontology, 2006). Statistics were deemed
to be significant when the p-value was lowered to less than 0.05.

2.3 Finding the best gene biomarkers for
diagnosing kidney stone

In order to lessen the amount of space used by the data, the least
absolute shrinkage and selection operator (LASSO) method was
implemented using the glmnet software package (Yang et al., 2019;
Friedman et al., 2010). In order to assist feature selection and the
discovery of gene biomarkers associated with kidney stones, DE-
FRGs were maintained between kidney stone patient samples and
normal samples. In the meanwhile, a contrast was drawn between
the error rates generated by the 5-fold cross-validation of the
support vector machine-recursive feature elimination (SVM-RFE)
model and the error rates generated by the support vector machine-
recursive feature elimination (SVM-RFE) model (Qiu et al., 2017).
In addition, the overlapping biomarkers generated by the two
distinct approaches were used to identify the most effective gene
biomarkers linked with kidney stones. Utilizing the receiver
operating characteristic (ROC) curve, the diagnostic performance
of the top gene biomarkers was evaluated. This was followed by the
computation of the area under the curve (AUC) in addition to the
precision, sensitivity as well as specificity. In addition, the glm R
package was used to create a logistic regression model on the basis of
seven marker genes, which can forecast the different types of sample
in GSE73680 dataset. This model was developed to anticipate the
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outcomes of the preceding stage. Utilizing ROC curves, more study
was conducted to determine the diagnosis accuracy in the logistic
regression model.

2.4 Enrichment analysis using gene set
enrichment analysis (GSEA) and gene set
variation analysis (GSVA)

In order to carry out this study, the GSEA R package was used
(V.4.1.0). In order to investigate the related pathways of the seven
marker genes more deeply, the connection between the marker
genes and every other gene included in the GSE73680 dataset was
analyzed. The results of sorting all of the genes from highest to
lowest correlation were then used in the study, and the gene set that
was produced was taken into account. The KEGG signaling pathway
set was utilized as a preset in the interim so that the enrichment of
the gene set could be established. KEGG stands for the Kyoto
Encyclopedia of Genes and Genomes. The GSVA R package was
used in the carrying out of this inquiry (V.1.38.0). Examination of
the variance in gene sets (GSVA) (Hanzelmann et al., 2013). In this
investigation, an individual GSVA analysis was performed on each
marker gene, with the KEGG pathway set serving as a background
gene set. In parallel, we used the limma tool to investigate the
disparity in GSVA score that existed between the high-expression
and low-expression groups of the marker gene. |t| was more than
two under the screening circumstances, and the p-value was less
than 0.05. If t was more than zero, we assumed that the route was
active in the group that had a high expression, and if t was less than
zero, we assumed that the pathway was active in the group that had a
low expression.

2.5 Immune infiltration analysis of marker
genes and construction of the
ceRNA network

The CIBERSORT technique analyzes the patterns of gene
expression seen in complex tissues in order to estimate the cell
composition of these tissues (Newman et al., 2015). Using the
CIBESORT tool, we analyzed the data from the
GSE73680 dataset to determine the percentage of each of
22 distinct kinds of invasive immune cell types present in each
tissue. The total number of immune cell type fractions that were
evaluated for each sample was 1, which equaled the sum of all of the
evaluations (Zhang et al., 2019). The four marker genes were used as
the input for a prediction of mRNA-miRNA interaction pairs that
were produced using the starBase database. During this interim
period, the RNA sequences of four marker genes were found in the
National Center for Biotechnology Information, and the human
microRNA sequences could be downloaded from the miRbase
database. Both of these sequences were collected from the
National Center for Biotechnology Information (NCBI).
Following the Miranda algorithm’s prediction on the possible
pairing of mRNA and miRNA nucleic acid, the threshold for
what constitutes a successful binding score was increased to 170.
(The number 140 served as the starting point.) Following that, in
order to get the mRNA-miRNA-lncRNA ceRNA network, we

searched starBase for predicted miRNA and screened
miRNA-lncRNA.

2.6 Build the oxalate-induced model and
cell culture

We obtained human proximal tubular epithelial cells (HK-2) for
our study from Shanghai, China’s Cell Bank of the Chinese Akidney
stoneemy of Sciences. At 37°C and 5% carbon dioxide, HK-2 cells
were grown in Dulbecco’s Modified Eagle Medium (DMEM/F12,
Gibco, China) with 10% foetal bovine serum (FBS, Biological
Industries, Israel) and 1% penicillin/streptomycin (C0222,
Beyotime Biotech Inc, Shanghai, China). The culture medium
was changed every day, and the cells were passed, when the cell
density reached 70%–80% confluence. We created a model of
oxalate-induced cell injury using 2 mM oxalate (75,688, Sigma,
Germany) for 12 h, much as in our prior study.

2.7 Reverse transcription polymerase chain
reaction in real time (qRT-PCR)

TRIzol reagent (15596026, ThermoFisher, United States) was
used to extract the total RNA from the treated cells in accordance
with the manufacturer’s instructions. The Hifair® III first Strand
cDNA Synthesis Kit (gDNA digester plus) and 2 L of RNAwere used
to create the cDNA (11139ES60, Yeasen Biotechnology Co., Ltd.,
Shanghai, China). Then, using a LightCycler480 (Roche Diagnostics,
United States), quantitative real-time PCR was carried out using
Hieff UNICON® Universal Blue qPCR SYBR Green Master Mix
(11184ES08, Yeasen Biotechnology Co., Ltd., Shanghai, China).
GAPDH was utilized as an internal standard control, and the
relative expression fold changes were calculated using 2−ΔΔCT

methods. Three copies of each qRT-PCR experiment were
performed. In order to conduct real-time PCR, the following
primer sequences were used: GAPDH forward: 5′-GGAGTCCAC
TGGCGTCTTCA-3’; reverse: 5′-GTCATGAGTCCTTCCACG
ATACC-3′.

FZD7 forward: 5′- CTACCGCGCCCTACCTG-3’; reverse: 5′-
AAAGTACATCAGGCCGTTGG-3′.

SUV39H1 forward: 5′- GAGTCGCCTGAAATGACAGA-3’;
reverse: 5′- GCACACTGGGAAACGCT-3′.

STK11 forward: 5′- CTGGACTCGGACGCT-3’; reverse: 5′-
AATATTCCTGTTCGCGGATCT-3′.

LCN2 forward: 5′- TCACCCTCTACGGGAGAACC-3’; reverse:
5′- GGTCGATTGGGACAGGGAAG-3′.

2.8 Animal experiment

Our animal experiment protocols were approved by the
Laboratory Animal Welfare and Ethics Committee of Renmin
Hospital of Wuhan University. A total of 10 five-week-old male
Sprague–Dawley (SD) rats (130–180 g) were used in the
experiments. The rats were randomly divided into two groups
(n = 5 in each group), as follows: the control group was fed
normal drinking water and feed; the stone model group was fed
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drinking water containing 0.75% EG and normal feed. After 4 weeks
of treatment, the rats were euthanized with sodium pentobarbital
(30 mg/kg) and carbon dioxide induction. Airflow was regulated
with a carbon dioxide concentration between 30% and 70% V/min
for about 1 minute, followed by a minimum of 1 minute of air
circulation post-clinical death to prevent reversal. And kidney
tissues were removed and collected for further analysis.

2.9 Data analysis

The Student’s t-test was used to do the comparison between the
two groups. With the use of Pearson’s correlation analysis, it was
feasible to establish a relationship between 8 different DE-FRGs. The
Jvenn program was used to make the Venn diagram that you see
here. Through the use of the application Cytoscape, the ceRNA
network was shown. If p is less than 0.05, then it is significant. Using
R, we were able to finish all of the analyses.

3 Results

3.1 Identification of DE-FRGs in the
GSE73680 dataset

8 of 237 ferroptosis-related genes (FRGs) showed significant
differential expression, with 4 genes upregulated and 4 genes
downregulated in Randall’s Plaque tissue from calcium stone
formers compared to normal papillary tissue from control
patients without kidney stones (Supplementary Table S2). The
clustering heatmap displayed the samples’ DE-FRG expression
pattern (Figure 1A). Figure 1B showed the association between
these genes. DPP4 and LCN2 were positively correlated with ACSL4.
Surprisingly, there was no correlation between SUV39H1 and any
DE-FRGs.

3.2 Analyses of the DE-FRGs’ functionality

GO enrichment and KEGG pathway analysis were carried out to
clarify the biological processes and pathways connected to the DE-
FRGs. As a result, GO enrichment analysis revealed that the DE-FRGs
are significantly enriched in biological processes related to lipid droplet
formation and protease binding (Figures 2A, B). KEGG pathway
analysis revealed significant enrichment of pathways related to
adipocytokine signaling, PPAR signaling, mTOR signaling, and fatty
acid biosynthesis (Figure 2C). Due to their involvement in the control of
the adipocytokine signaling route, PPAR signaling pathway, mTOR
signaling pathway, and fatty acid production, DE-FRGs may contribute
to the etiology of kidney stones.

3.3 4 DE-FRGs were shown to be kidney
stone diagnostic genes

We wished to test the diagnostic efficacy of DE-FRGs by
examining the differences between kidney stone sufferers and
healthy individuals. Then, to identify kidney stone patients in
otherwise healthy individuals, we screened the significant DE-
FRGs using the GSE73680 dataset and two separate machine
learning algorithms, the LASSO and the SVM-RFE. The LASSO
regression analysis approach was used to identify seven kidney
stone-related characteristics, and 10-fold cross-validation was
utilized to modify the penalty value (Figures 3A, B). The SVM-
RFE method was then used to screen the eight DE-FRGs so that the
best combination of feature genes could be discovered. Ultimately, it
was determined that the optimal feature genes included four genes
(the greatest accuracy was 0.688, and the smallest RMSE was 0.312).
(Figures 3C, D). When the marker genes derived from the LASSO
model and the SVM-RFE model were intersecting, four marker
genes (LCN2, SUV39H1, STK11, and FZD7) were chosen for further
study (Figure 3E). The succeeding ROC curves showed that the

FIGURE 1
Expression levels of DE-FRGs in kidney stones. (A) Heatmap plots illustrate DE-FRG expression patterns across samples. (B) The relationship
between these genes.
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logistic regression model on the basis of four marker genes
distinguished normal specimens from kidney stone specimens
with an AUC of 0.893% (95% confidence interval: 0.804–0.963).
This model was built on the seven previously described marker
genes (Figure 3F). In addition, ROC curves were generated for each
of the four marker genes to examine how efficiently each gene can
distinguish kidney stones from non-stone-affected samples. This
was completed in order to respond to the question asked before.
Figure 3G demonstrates that the AUC for each gene was more than
0.65. According to the aforementioned results, The logistic
regression model, based on the four marker genes, achieved an
AUC of 0.893 (95% CI: 0.804–0.963), demonstrating superior
diagnostic accuracy compared to individual marker genes.

3.4 Marker genes were tightly associated to
several pathways that were relevant to
kidney stones

We performed a single-gene GSEA-KEGG pathway analysis to
further examine the possible role of marker genes to identify normal

papillary tissue from calcium stone former, and normal papillary tissue
from control patients without any kidney stone. Figures 4A–D shows
the top six pathways that are enriched for eachmarker gene. Following a
thorough investigation, we discovered that the signaling pathways for
focal adhesion, chronic myeloid leukemia, and neurotrophin were
enriched in FZD7. B cell receptor signaling pathway, chronic
myeloid leukemia, and focal adhesion were all enriched in
SUV39H1. Additionally, we discovered that STK11 was abundant in
chemokine signaling pathway, cell adhesion molecules, and antigen
processing and presentation. In addition, we discovered that LCN2 was
tightly associated with chemokine signaling pathway, graft versus host
disease, and cell adhesion molecules called CAMS. Then, using the
GSVA and each marker gene’s expression levels together, we looked at
the differentially active pathways between the groups with high and low
expression. The findings demonstrated that high levels of FZD7 in the
illness may cause kidney stones by triggering olfactory transduction,
while low levels of FZD7 triggered limonene and pinene breakdown,
and low levels of STK11 were associated with asthma. Type I diabetes
was made more active by the downregulation of LCN2. Between high
and low SUV39H1 expression, no meaningful route was activated,
nevertheless (Figures 4E–H).

FIGURE 2
Analyses of functional enrichment for DE-FRGs. (A, B) DE-FRG enrichment analysis using GO. (C) Enrichment analysis of immunological
characteristic gene sets using the KEGG database.
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FIGURE 3
Four DE-FGs have been discovered as kidney stone diagnostic genes. (A, B) Seven CAD-related characteristics were chosen using the LASSO logistic
regression technique, with penalty parameter adjustment undertaken using 10-fold cross-validation. (C, D) SVM-RFEmethod to filter the seven DE-FRGs
to discover the ideal feature gene combination. (E) The marker genes derived from LASSO and SVM-RFE models. (F) Model using logistic regression to
determine the AUC of illness samples (G). ROC curves for each of the four marker genes.
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3.5 Immune landscape research

The earlier findings suggested a tight connection between the
marker genes and the immune response. The immunological
microenvironment and kidney stones are inextricably linked,
according to a growing body of data. In order to investigate the
variations of kidney stone samples compared with normal samples
in terms of immune microenvironment, we applied the
CIBERSORT method (Figure 5A). Furthermore, Pearson

correlation analysis showed that FZD7 showed significant
positive correlations with T gamma delta cells (r = X, p < 0.05)
and eosinophils (r = X, p < 0.05), and significant negative
correlations with NK resting cells (r = X, p < 0.05) and CD4+

naive T cells (r = X, p < 0.05). SUV39H1 and M1 macrophages
showed a favorable correlation (Figure 5B). These data suggested a
potential relationship between FZD7 and SUV39H1 and
alterations in kidney stone samples in terms of the immune
microenvironmen.

FIGURE 4
GSEA of KEGG pathway analysis and GSVA analysis of high- and low-expression groups in kidney stones based on the expression levels of each
marker gene (www.kegg.jp/kegg/kegg1.html). (A, E) FZD7 (B, F) STK11 (C, G) LCN2 (D, H) SUV39H1.
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3.6 Prediction of medicines that target
marker genes

Using the DGIdb database, we also identified potential
therapeutic targets for marker genes and examined the
interaction between the two parameters when they were left at
their default settings. The outcomes that were analysed using the
Cytoscape program were displayed in (Figure 6A). Using the DGIdb

database, we identified 24 potential drug candidates targeting the
marker genes, including 23 for STK11 and one for FZD7, based on in
silico predictions. Unfortunately, we could not foresee the
medications that target SUV39H1 and LCN2.Then, using the
starBase and miranda databases, we built a ceRNA network
based on four marker genes. The network had 136 edges and
124 nodes (4 marker genes, 81 miRNAs, and
39 lncRNAs) (Figure 6B).

FIGURE 5
Immune landscape examination. (A)Utilized the CIBERSORTmethod to investigate the immunemicroenvironment variations between kidney stone
patients and normal samples. (B) Analysis of the Pearson association between marker genes and immune cell infiltration. (*p < 0.05, **p < 0.01,
***p < 0.001).

FIGURE 6
Gene-targeted drug network and marker gene ceRNA network construction. (A) Prediction of medicines that target marker genes. (B) A network of
ceRNAs based onmarker genes. (C) RNA expression of themarker gene in kidney stonemodel treatedwith normal HK2 cells and oxalic acid. (D) The silver
nitrate staining was used to detect calcium salt deposition and brown block mass indicates calcium salt deposition (magnification, ×400). (E) Expression
of the marker gene in kidney stone model in vivo by IHC (magnification, ×400).
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3.7 Expression of the marker gene in the
kidney stone model in vitro and in vivo

In the end, the expression level of marker genes in HK2 cells
from the kidney model were checked. The expression trends of the
GSE73680 dataset were found to match those of FZD7, SUV39H1,
STK11, and LCN2. Among these, the expression of SUV39H1 and
LCN2 was higher in the kidney stone model than in normal
samples (p < 0.001), but the expression of FZD7 and
STK11 was lower in the kidney stone model (p < 0.001)
(Figure 6C). Meanwhile, we constructed a mouse kidney stone
model to detect the expression level of marker genes in vivo
(Figure 6D). Consistent with in vitro results, the expression of
SUV39H1 and LCN2 was higher and the expression of FZD7 and
STK11 was lower in the kidney stone model than in normal
samples (p < 0.001) (Figure 6E).

4 Discussion

Ferroptosis, characterized by iron-dependent lipid
peroxidation, has been implicated in the pathogenesis of various
cancers and diseases affecting the reproductive, neurological,
respiratory, and circulatory systems (Wang et al., 2019;
Masaldan et al., 2019; Alvarez et al., 2017). But research on the
role of ferroptosis in problems with the urinary system has mostly
focused on renal failure and renal cancers (Tang and Xiao, 2020;
Miess et al., 2018). Few research study how kidney stones are
formed or how the symptoms of people with kidney stones
deteriorate. It is vital to note that no research has been
undertaken on the association between ferroptosis and coronary
atherosclerosis. Consequently, it is crucial to select genome - wide
chip data, analyze gene expression profiles for two different types
of disease, enrich solitary analyses, and enrich metagenomic
techniques, such as sharing common ground, analyzing
biological variations between kidney stone and regular
ferroptosis, and conducting an investigation the molecular
pathogenic mechanisms of kidney stone ferroptosis.

Utilizing several gene samples and a substantial quantity of
microarray data increases the experiment’s reliability and
decreases the error rate. This is a helpful resource for kidney
stone therapy and prevention. This page identifies and describes
several gene chips that are appropriate for this study. Eight out of
237 FRGs were substantially differently expressed in normal
papillary tissue from calcium stone former, and normal
papillary tissue from control patients without any kidney stone.
This comprises four genes that are upregulated and four genes that
are downregulated in compared to normal samples. This group
included eight FRGs designated as ACSL4, DPP4, FZD7,
SUV39H1, STK11, AR, and FABP4. Differentially expressed
ferroptosis-related genes (DE-FRGs) were significantly
associated with lipid droplet formation and protease binding
activities, according to the findings of an investigation of GO
enrichment. They may be able to do so as a result of their capacity
to influence not just the PPAR signaling pathway but also the
adipocytokine signaling pathway. Both of these separate processes
contribute to the production of kidney stones. The logistic
regression model displayed better accuracy as well as specificity

than individual marker genes when attempting to differentiate
kidney stone samples from normal ones.

FZD7 was closely connected to the signaling pathways for focal
adhesion, chronic myeloid leukemia, and neurotrophin in a variety
of distinct ways. FZD7, which serves as aWnt receptor in the body, is
required for both Wnt signaling and the development of cancer.
Researchers have investigated how the several forms of cancer affect
the expression of members of the FZD gene family. FZD7 has a
function in canonical signaling, and research has demonstrated that
colon cancer cells express this gene at a very high level (Ueno et al.,
2009). FZD7 is overexpressed in triple-negative breast cancer,
according to research by Yang et al. Inhibition of proliferation,
invasiveness, and colony formation by FZD7shRNA in MDA-MB-
231 and BT-20 cells has been reported (Yang et al., 2011). FZD7 is
expressed by the majority of acute lymphoblastic leukemia (ALL)
cells (Khan et al., 2007). FZD7 mRNA levels in stage II, stage III, and
stage IV tumors were significantly higher than in nontumor tissues
in 135 primary colorectal cancer (CRC) tissues. A lower rate of
survival was linked to higher FZD7 expression (Ueno et al., 2009).
According to Bengochea et al. (2008), FZD7 expression is increased
in human hepatocellular carcinoma. By employing quantitative real-
time PCR, Janssens et al. investigate the amount of FZDs mRNA
expression inmore than 30 different human tumor tissues. Renal cell
carcinoma (RCC) tissues have been demonstrated to have
considerably increased levels of FZD5 and FZD8 mRNA
(Janssens et al., 2004). However, FZD7 has not been studied and
reported in kidney stone.

GSEA results showed that STK11 was abundant in
chemokine signaling pathway, cell adhesion molecules, and
antigen processing and presentation. Notably, conditional
STK11/LKB1 knockout mice have been shown to develop
atypical hyperplasia and prostatic intraepithelial neoplasia
(Pearson et al., 2008). STK11 germ line mutations in humans
are the cause of Peutz-Jeghers syndrome, a genetic disorder that
raises the risk of hamartomas and cancer at various locations
such as breast, gastrointestinal and gynecological cancers (Resta
et al., 2013). Additionally, sporadic malignancies such
endometrial carcinoma, pancreatic, cervical, and non-small-
cell lung cancer have been linked to STK11 mutations
(Launonen, 2005; Matsumoto et al., 2007; Hezel et al., 2008;
Wingo et al., 2009; Contreras et al., 2008; Co et al., 2014). The
tumor suppressor serine-threonine kinase STK11 controls a
number of biological processes, including cell division,
proliferation, cell cycle arrest, differentiation, and cell polarity.
These results imply that STK11 may be a key player in human
kidney stone development.

Also, results also showed that Type I diabetes was made more
active by the downregulation of LCN2. LCN2 was discovered as a
tiny protein associated to gelatinase in neutrophils and it was
identified as a defensive molecule innately, which has the ability to
retain and deplete siderophores that contains iron (Kjeldsen et al.,
1993). Recent investigations indicated that the expression level of
LCN2 was extensive in critical organs like kidney, heart and brain,
and that it might be powerfully activated by inflammatory
stimulants (Cowland and Borregaard, 1997; Lu et al., 2009;
Ding et al., 2010; Viau et al., 2010). An elevated LCN2 level in
the kidney could indicate the severity of renal injury and it is
considered to be a well-established marker for chronic renal
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disorders (Bolignano et al., 2010; Bonomini et al., 2010). In
addition to the role as a marker for renal disease, LCN2 is a
contributory factor as well. It was found that the chronic renal
injury was milder in mice lacking the LCN2 gene (Viau et al.,
2010). Lipopolysaccharide-LPS, a bacterial endotoxin, is a
powerful inducer of LCN2 (Cowland et al., 2003; Sunil et al.,
2007; Moreno-Navarrete et al., 2010). Higher endotoxin levels are
associated with both acute and chronic diseases. Multiple organ
dysfunctions, including severe renal failure and septic shock, are
caused by acute endotoxemia (Smolens and Stein, 1981). On the
other hand, chronic endotoxemia linked with obesity, age, and
other adverse variables may result in chronic illnesses and
persistent inflammatory problems (Moreno-Navarrete et al.,
2010; Mehta et al., 2010; Cani et al., 2008). The specific
mechanism behind the continuous expression of the LCN2 gene
is unclear yet, but LCN2 levels are elevated in both the acute and
chronic stages of kidney injury and may be a significant role in the
development of chronic kidney disease (Viau et al., 2010).
Numerous transcription factors, including AP-1 and C/EBP, are
essential for the production of LCN2, as shown by studies using IL-
17, IL-1, and other inflammatory stimulants. LPS induces the
production of pro-inflammatory mediators via a transient
activation of AP-1 (Su et al., 2009). In a separate study (Litvak
et al., 2009), it was shown that C/EBP is responsible for the
sustained activation of the TLR4 pathway.

The immunological milieu and the production of kidney stones
are closely connected, according to a growing body of studies. Using
the CIBERSORT method, we compared the immunological
microenvironments of individuals with kidney stones to those
with normal renal function. Strong positive connections were
observed between the FZD7 gene and eosinophils and T gamma
delta cells, but negative associations were seen with NK resting cells
and CD4+ naive T cells. Strong positive association existed between
SUV39H1 and M1 macrophages. Using Cytoscape, we were able to
predict the effectiveness of 24 different medications that target
marker genes, including 23 for STK11 and one for FZD7.
Regrettably, we were unable to foresee the emergence of
medications that target SUV39H1 and LCN2. We built a ceRNA
network by searching the starBase and miRanda databases for data
on four marker genes.

In this study, we focused on genes related to ferroptosis and
identified possible kidney stone biomarkers using bioinformatics
research. We developed a diagnostic tool with a better degree of
accuracy as well as specificity and provided information on the
prediction of medicines that target marker genes. Furtherly, more
studies are needed to get a greater understanding of the mechanisms
that lead to the formation of kidney stones and the therapies for
their removal.

Data availability statement

Publicly available datasets were analyzed in this study. This data
can be found here: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE73680.

Ethics statement

Ethical approval was not required for the studies on humans in
accordance with the local legislation and institutional requirements
because only commercially available established cell lines were used.
The animal study was approved by Ethics Committee of Renmin
Hospital of Wuhan University. The study was conducted in
accordance with the local legislation and institutional requirements.

Author contributions

ZH: Methodology, Writing–original draft. CS: Software,
Writing–original draft. ZW: Validation, Writing–review and
editing. CD: Formal Analysis, Investigation, Writing–review and
editing. QJ: Resources, Writing–review and editing. XY:
Conceptualization, Supervision, Writing–original draft. GS:
Conceptualization, Project administration, Writing–review
and editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Generative AI was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2025.1542840/
full#supplementary-material

Frontiers in Genetics frontiersin.org10

He et al. 10.3389/fgene.2025.1542840

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE73680
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE73680
https://www.frontiersin.org/articles/10.3389/fgene.2025.1542840/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2025.1542840/full#supplementary-material
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1542840


References

Albert, A., Paul, E., Rajakumar, S., and Saso, L. (2020). Oxidative stress and
endoplasmic stress in calcium oxalate stone disease: the chicken or the egg? Free
Radic. Res. 54 (4), 244–253. doi:10.1080/10715762.2020.1751835

Alvarez, S. W., Sviderskiy, V. O., Terzi, E. M., Papagiannakopoulos, T., Moreira, A. L.,
Adams, S., et al. (2017). NFS1 undergoes positive selection in lung tumours and protects
cells from ferroptosis. Nature 551 (7682), 639–643. doi:10.1038/nature24637

Bengochea, A., de Souza, M. M., Lefrançois, L., Le Roux, E., Galy, O., Chemin, I.,
et al. (2008). Common dysregulation of Wnt/Frizzled receptor elements in human
hepatocellular carcinoma. Br. J. Cancer 99 (1), 143–150. doi:10.1038/sj.bjc.
6604422

Bolignano, D., Coppolino, G., Lacquaniti, A., and Buemi, M. (2010). From kidney to
cardiovascular diseases: NGAL as a biomarker beyond the confines of nephrology. Eur.
J. Clin. Invest 40 (3), 273–276. doi:10.1111/j.1365-2362.2010.02258.x

Bonomini, F., Foglio, E., Rodella, L. F., and Rezzani, R. (2010). Clinical biomarkers in
kidney diseases. Front. Biosci. Sch. Ed. 2 (2), 591–615. doi:10.2741/s88

Cani, P. D., Bibiloni, R., Knauf, C., Waget, A., Neyrinck, A. M., Delzenne, N. M., et al.
(2008). Changes in gut microbiota control metabolic endotoxemia-induced
inflammation in high-fat diet-induced obesity and diabetes in mice. Diabetes 57 (6),
1470–1481. doi:10.2337/db07-1403

Co, N. N., Iglesias, D., Celestino, J., Kwan, S. Y., Mok, S. C., Schmandt, R., et al. (2014).
Loss of LKB1 in high-grade endometrial carcinoma: LKB1 is a novel transcriptional
target of p53. Cancer 120 (22), 3457–3468. doi:10.1002/cncr.28854

Contreras, C. M., Gurumurthy, S., Haynie, J. M., Shirley, L. J., Akbay, E. A., Wingo, S.
N., et al. (2008). Loss of Lkb1 provokes highly invasive endometrial adenocarcinomas.
Cancer Res. 68 (3), 759–766. doi:10.1158/0008-5472.CAN-07-5014

Cowland, J. B., and Borregaard, N. (1997). Molecular characterization and pattern of
tissue expression of the gene for neutrophil gelatinase-associated lipocalin from
humans. Genomics 45 (1), 17–23. doi:10.1006/geno.1997.4896

Cowland, J. B., Sørensen, O. E., Sehested, M., and Borregaard, N. (2003). Neutrophil
gelatinase-associated lipocalin is up-regulated in human epithelial cells by IL-1 beta, but
not by TNF-alpha. J. Immunol. 171 (12), 6630–6639. doi:10.4049/jimmunol.171.12.
6630

Ding, L., Hanawa, H., Ota, Y., Hasegawa, G., Hao, K., Asami, F., et al. (2010).
Lipocalin-2/neutrophil gelatinase-B associated lipocalin is strongly induced in hearts of
rats with autoimmune myocarditis and in human myocarditis. Circ. J. 74 (3), 523–530.
doi:10.1253/circj.cj-09-0485

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C.
E., et al. (2012). Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell
149 (5), 1060–1072. doi:10.1016/j.cell.2012.03.042

Dixon, S. J., and Stockwell, B. R. (2014). The role of iron and reactive oxygen species in
cell death. Nat. Chem. Biol. 10 (1), 9–17. doi:10.1038/nchembio.1416

Friedman, J., Hastie, T., and Tibshirani, R. (2010). Regularization paths for
generalized linear models via coordinate descent. J. Stat. Softw. 33 (1), 1–22. doi:10.
18637/jss.v033.i01

Gaschler, M. M., and Stockwell, B. R. (2017). Lipid peroxidation in cell death.
Biochem. Biophys. Res. Commun. 482 (3), 419–425. doi:10.1016/j.bbrc.2016.10.086

Gene Ontology, C. (2006). The gene Ontology (GO) project in 2006. Nucleic Acids
Res. 34 (Database issue), D322–D326. doi:10.1093/nar/gkj021

Hanzelmann, S., Castelo, R., and Guinney, J. (2013). GSVA: gene set variation analysis
for microarray and RNA-seq data. BMC Bioinforma. 14, 7. doi:10.1186/1471-2105-14-7

Hezel, A. F., Gurumurthy, S., Granot, Z., Swisa, A., Chu, G. C., Bailey, G., et al. (2008).
Pancreatic LKB1 deletion leads to acinar polarity defects and cystic neoplasms.Mol. Cell
Biol. 28 (7), 2414–2425. doi:10.1128/MCB.01621-07

Janssens, N., Andries, L., Janicot, M., Perera, T., and Bakker, A. (2004). Alteration of
frizzled expression in renal cell carcinoma. Tumour Biol. 25 (4), 161–171. doi:10.1159/
000081098

Khan, N. I., Bradstock, K. F., and Bendall, L. J. (2007). Activation of Wnt/beta-
catenin pathway mediates growth and survival in B-cell progenitor acute
lymphoblastic leukaemia. Br. J. Haematol. 138 (3), 338–348. doi:10.1111/j.1365-
2141.2007.06667.x

Khan, S. R., Pearle, M. S., Robertson, W. G., Gambaro, G., Canales, B. K., Doizi, S.,
et al. (2016). Kidney stones. Nat. Rev. Dis. Prim. 2, 16008. doi:10.1038/nrdp.2016.8

Kjeldsen, L., Johnsen, A. H., Sengeløv, H., and Borregaard, N. (1993). Isolation and
primary structure of NGAL, a novel protein associated with human neutrophil
gelatinase. J. Biol. Chem. 268 (14), 10425–10432. doi:10.1016/s0021-9258(18)82217-7

Kuleshov, M. V., Jones, M. R., Rouillard, A. D., Fernandez, N. F., Duan, Q., Wang, Z.,
et al. (2016). Enrichr: a comprehensive gene set enrichment analysis web server
2016 update. Nucleic Acids Res. 44 (W1), W90–W97. doi:10.1093/nar/gkw377

Launonen, V. (2005). Mutations in the human LKB1/STK11 gene. Hum. Mutat. 26
(4), 291–297. doi:10.1002/humu.20222

Li, Y., Zhang, J., Liu, H., Yuan, J., Yin, Y., Wang, T., et al. (2019). Curcumin
ameliorates glyoxylate-induced calcium oxalate deposition and renal injuries in
mice. Phytomedicine 61, 152861. doi:10.1016/j.phymed.2019.152861

Linkermann, A., Skouta, R., Himmerkus, N., Mulay, S. R., Dewitz, C., De Zen, F., et al.
(2014). Synchronized renal tubular cell death involves ferroptosis. Proc. Natl. Acad. Sci.
U. S. A. 111 (47), 16836–16841. doi:10.1073/pnas.1415518111

Litvak, V., Ramsey, S. A., Rust, A. G., Zak, D. E., Kennedy, K. A., Lampano, A. E., et al.
(2009). Function of C/EBPdelta in a regulatory circuit that discriminates between
transient and persistent TLR4-induced signals. Nat. Immunol. 10 (4), 437–443. doi:10.
1038/ni.1721

Louandre, C., Ezzoukhry, Z., Godin, C., Barbare, J. C., Mazière, J. C., Chauffert, B.,
et al. (2013). Iron-dependent cell death of hepatocellular carcinoma cells exposed to
sorafenib. Int. J. Cancer 133 (7), 1732–1742. doi:10.1002/ijc.28159

Lu, Y. C., Kim, I., Lye, E., Shen, F., Suzuki, N., Suzuki, S., et al. (2009). Differential role
for c-Rel and C/EBPbeta/delta in TLR-mediated induction of proinflammatory
cytokines. J. Immunol. 182 (11), 7212–7221. doi:10.4049/jimmunol.0802971

Martin-Sanchez, D., Ruiz-Andres, O., Poveda, J., Carrasco, S., Cannata-Ortiz, P.,
Sanchez-Niño, M. D., et al. (2017). Ferroptosis, but not necroptosis, is important in
nephrotoxic folic acid-induced AKI. J. Am. Soc. Nephrol. 28 (1), 218–229. doi:10.1681/
ASN.2015121376

Masaldan, S., Belaidi, A. A., Ayton, S., and Bush, A. I. (2019). Cellular senescence and
iron dyshomeostasis in alzheimer’s disease. Pharm. (Basel) 12 (2), 93. doi:10.3390/
ph12020093

Matsumoto, S., Iwakawa, R., Takahashi, K., Kohno, T., Nakanishi, Y., Matsuno, Y.,
et al. (2007). Prevalence and specificity of LKB1 genetic alterations in lung cancers.
Oncogene 26 (40), 5911–5918. doi:10.1038/sj.onc.1210418

Mehta, N. N., McGillicuddy, F. C., Anderson, P. D., Hinkle, C. C., Shah, R., Pruscino,
L., et al. (2010). Experimental endotoxemia induces adipose inflammation and insulin
resistance in humans. Diabetes 59 (1), 172–181. doi:10.2337/db09-0367

Miess, H., Dankworth, B., Gouw, A. M., Rosenfeldt, M., Schmitz, W., Jiang, M., et al.
(2018). The glutathione redox system is essential to prevent ferroptosis caused by
impaired lipid metabolism in clear cell renal cell carcinoma. Oncogene 37 (40),
5435–5450. doi:10.1038/s41388-018-0315-z

Moreno-Navarrete, J. M., Manco, M., Ibáñez, J., García-Fuentes, E., Ortega, F.,
Gorostiaga, E., et al. (2010). Metabolic endotoxemia and saturated fat contribute to
circulating NGAL concentrations in subjects with insulin resistance. Int. J. Obes. (Lond)
34 (2), 240–249. doi:10.1038/ijo.2009.242

Newman, A. M., Liu, C. L., Green, M. R., Gentles, A. J., Feng, W., Xu, Y., et al. (2015).
Robust enumeration of cell subsets from tissue expression profiles. Nat. Methods 12 (5),
453–457. doi:10.1038/nmeth.3337

Pearson, H. B., McCarthy, A., Collins, C. M. P., Ashworth, A., and Clarke, A. R.
(2008). Lkb1 deficiency causes prostate neoplasia in the mouse. Cancer Res. 68 (7),
2223–2232. doi:10.1158/0008-5472.CAN-07-5169

Qiu, J., Peng, B., Tang, Y., Qian, Y., Guo, P., Li, M., et al. (2017). CpG
methylation signature predicts recurrence in early-stage hepatocellular
carcinoma: results from a multicenter study. J. Clin. Oncol. 35 (7), 734–742.
doi:10.1200/JCO.2016.68.2153

Resta, N., Pierannunzio, D., Lenato, G. M., Stella, A., Capocaccia, R., Bagnulo, R., et al.
(2013). Cancer risk associated with STK11/LKB1 germline mutations in Peutz-Jeghers
syndrome patients: results of an Italian multicenter study. Dig. Liver Dis. 45 (7),
606–611. doi:10.1016/j.dld.2012.12.018

Smolens, P., and Stein, J. H. (1981). Pathophysiology of acute renal failure. Am.
J. Med. 70 (3), 479–482. doi:10.1016/0002-9343(81)90568-4

Su, J., Zhang, T., Tyson, J., and Li, L. (2009). The interleukin-1 receptor-associated
kinase M selectively inhibits the alternative, instead of the classical NFkappaB pathway.
J. Innate Immun. 1 (2), 164–174. doi:10.1159/000158541

Sunil, V. R., Patel, K. J., Nilsen-Hamilton, M., Heck, D. E., Laskin, J. D., and Laskin, D.
L. (2007). Acute endotoxemia is associated with upregulation of lipocalin 24p3/Lcn2 in
lung and liver. Exp. Mol. Pathol. 83 (2), 177–187. doi:10.1016/j.yexmp.2007.03.004

Tang, S., and Xiao, X. (2020). Ferroptosis and kidney diseases. Int. Urol. Nephrol. 52
(3), 497–503. doi:10.1007/s11255-019-02335-7

Ueno, K., Hazama, S., Mitomori, S., Nishioka, M., Suehiro, Y., Hirata, H., et al. (2009).
Down-regulation of frizzled-7 expression decreases survival, invasion and metastatic
capabilities of colon cancer cells. Br. J. Cancer 101 (8), 1374–1381. doi:10.1038/sj.bjc.
6605307

Viau, A., El Karoui, K., Laouari, D., Burtin, M., Nguyen, C., Mori, K., et al. (2010).
Lipocalin 2 is essential for chronic kidney disease progression in mice and humans.
J. Clin. Invest 120 (11), 4065–4076. doi:10.1172/JCI42004

Wang, F., Lv, H., Zhao, B., Zhou, L., Wang, S., Luo, J., et al. (2019). Iron and leukemia:
new insights for future treatments. J. Exp. Clin. Cancer Res. 38 (1), 406. doi:10.1186/
s13046-019-1397-3

Frontiers in Genetics frontiersin.org11

He et al. 10.3389/fgene.2025.1542840

https://doi.org/10.1080/10715762.2020.1751835
https://doi.org/10.1038/nature24637
https://doi.org/10.1038/sj.bjc.6604422
https://doi.org/10.1038/sj.bjc.6604422
https://doi.org/10.1111/j.1365-2362.2010.02258.x
https://doi.org/10.2741/s88
https://doi.org/10.2337/db07-1403
https://doi.org/10.1002/cncr.28854
https://doi.org/10.1158/0008-5472.CAN-07-5014
https://doi.org/10.1006/geno.1997.4896
https://doi.org/10.4049/jimmunol.171.12.6630
https://doi.org/10.4049/jimmunol.171.12.6630
https://doi.org/10.1253/circj.cj-09-0485
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/nchembio.1416
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.18637/jss.v033.i01
https://doi.org/10.1016/j.bbrc.2016.10.086
https://doi.org/10.1093/nar/gkj021
https://doi.org/10.1186/1471-2105-14-7
https://doi.org/10.1128/MCB.01621-07
https://doi.org/10.1159/000081098
https://doi.org/10.1159/000081098
https://doi.org/10.1111/j.1365-2141.2007.06667.x
https://doi.org/10.1111/j.1365-2141.2007.06667.x
https://doi.org/10.1038/nrdp.2016.8
https://doi.org/10.1016/s0021-9258(18)82217-7
https://doi.org/10.1093/nar/gkw377
https://doi.org/10.1002/humu.20222
https://doi.org/10.1016/j.phymed.2019.152861
https://doi.org/10.1073/pnas.1415518111
https://doi.org/10.1038/ni.1721
https://doi.org/10.1038/ni.1721
https://doi.org/10.1002/ijc.28159
https://doi.org/10.4049/jimmunol.0802971
https://doi.org/10.1681/ASN.2015121376
https://doi.org/10.1681/ASN.2015121376
https://doi.org/10.3390/ph12020093
https://doi.org/10.3390/ph12020093
https://doi.org/10.1038/sj.onc.1210418
https://doi.org/10.2337/db09-0367
https://doi.org/10.1038/s41388-018-0315-z
https://doi.org/10.1038/ijo.2009.242
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1158/0008-5472.CAN-07-5169
https://doi.org/10.1200/JCO.2016.68.2153
https://doi.org/10.1016/j.dld.2012.12.018
https://doi.org/10.1016/0002-9343(81)90568-4
https://doi.org/10.1159/000158541
https://doi.org/10.1016/j.yexmp.2007.03.004
https://doi.org/10.1007/s11255-019-02335-7
https://doi.org/10.1038/sj.bjc.6605307
https://doi.org/10.1038/sj.bjc.6605307
https://doi.org/10.1172/JCI42004
https://doi.org/10.1186/s13046-019-1397-3
https://doi.org/10.1186/s13046-019-1397-3
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1542840


Wingo, S. N., Gallardo, T. D., Akbay, E. A., Liang, M. C., Contreras, C. M., Boren, T.,
et al. (2009). Somatic LKB1 mutations promote cervical cancer progression. PLoS One 4
(4), e5137. doi:10.1371/journal.pone.0005137

Yang, C., Ren, J., Li, B., Jin, C., Ma, C., Cheng, C., et al. (2019). Identification of gene
biomarkers in patients with postmenopausal osteoporosis. Mol. Med. Rep. 19 (2),
1065–1073. doi:10.3892/mmr.2018.9752

Yang, L., Wu, X., Wang, Y., Zhang, K., Wu, J., Yuan, Y. C., et al. (2011). FZD7 has a
critical role in cell proliferation in triple negative breast cancer. Oncogene 30 (43),
4437–4446. doi:10.1038/onc.2011.145

Yang, S. X., Song, C., and Xiong, Y. H. (2020). Current perspectives on urolithiasis
management in China.World J. Urol. 38 (11), 2997–2998. doi:10.1007/s00345-019-03026-9

Yang, W. S., and Stockwell, B. R. (2016). Ferroptosis: death by lipid peroxidation.
Trends Cell Biol. 26 (3), 165–176. doi:10.1016/j.tcb.2015.10.014

Yu, G., Wang, L. G., Han, Y., and He, Q. Y. (2012). clusterProfiler: an R package for
comparing biological themes among gene clusters.OMICS 16 (5), 284–287. doi:10.1089/
omi.2011.0118

Zhang, S., Zhang, E., Long, J., Hu, Z., Peng, J., Liu, L., et al. (2019). Immune infiltration
in renal cell carcinoma. Cancer Sci. 110 (5), 1564–1572. doi:10.1111/cas.13996

Frontiers in Genetics frontiersin.org12

He et al. 10.3389/fgene.2025.1542840

https://doi.org/10.1371/journal.pone.0005137
https://doi.org/10.3892/mmr.2018.9752
https://doi.org/10.1038/onc.2011.145
https://doi.org/10.1007/s00345-019-03026-9
https://doi.org/10.1016/j.tcb.2015.10.014
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1111/cas.13996
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2025.1542840

	Bioinformatics revealed biomarkers for diagnosis in kidney stones
	1 Introduction
	2 Methods
	2.1 Data source
	2.2 Differential expression analysis and functional enrichment analysis of FRGs
	2.3 Finding the best gene biomarkers for diagnosing kidney stone
	2.4 Enrichment analysis using gene set enrichment analysis (GSEA) and gene set variation analysis (GSVA)
	2.5 Immune infiltration analysis of marker genes and construction of the ceRNA network
	2.6 Build the oxalate-induced model and cell culture
	2.7 Reverse transcription polymerase chain reaction in real time (qRT-PCR)
	2.8 Animal experiment
	2.9 Data analysis

	3 Results
	3.1 Identification of DE-FRGs in the GSE73680 dataset
	3.2 Analyses of the DE-FRGs' functionality
	3.3 4 DE-FRGs were shown to be kidney stone diagnostic genes
	3.4 Marker genes were tightly associated to several pathways that were relevant to kidney stones
	3.5 Immune landscape research
	3.6 Prediction of medicines that target marker genes
	3.7 Expression of the marker gene in the kidney stone model in vitro and in vivo

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


