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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Bryan Delaney This study investigates the mechanism by which butyric acid can protect against calcium oxalate (CaOx)
nephrolithiasis. To do so, a rat model was used with 0.75% ethylene glycol administration to induce CaOx crystal
formation. Histological and von Kossa staining revealed calcium deposits and renal injury, while dihydroethi-
dium fluorescence staining was used to detect reactive oxygen species (ROS) levels. Flow cytometry and TUNEL
assays were used to assess apoptosis, respectively. Treatment with sodium butyrate (NaB) was found to partially
reverse the oxidative stress, inflammation, and apoptosis associated with CaOx crystallization in the kidney. In
addition, in HK-2 cells, NaB reversed the decreased cell viability, increased ROS levels and apoptosis damage
caused by oxalate exposure. Network pharmacology was employed to predict the target genes of butyric acid,
CYP2C9. Subsequently, NaB was found to significantly reduce CYP2C9 levels in vivo and in vitro, and inhibition of
CYP2C9 by Sulfaphenazole (a specific CYP2C9 inhibitor), was able to reduce ROS levels, inflammation injury,
and apoptosis in oxalate-induced HK-2 cells. Collectively, these findings suggest that butyric acid may inhibit
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oxidative stress and reduce inflammation injury in CaOx nephrolithiasis by suppressing CYP2C9.

1. Introduction

Nephrolithiasis is one of the most frequent pathologies of the urinary
system which has imposed a significant economic burden and reduces
the quality of life (Crivelli et al., 2021). Physicochemical studies have
verified that most kidney stones are calcium oxalate (CaOx) stones
(Knoll et al., 2011). CaOx nephrolithiasis is a prevalent and recurrent
problem, thought to be the consequence of genetic, metabolic, envi-
ronmental, and lifestyle elements (Fakhoury et al., 2019; Zisman et al.,
2020). Current hypotheses propose that supersaturation and deposition
of CaOx crystal in renal tissues contribute to kidney tubular cell
apoptosis and injury, thus facilitating ongoing kidney stone formation
(Witting et al., 2021). Other than specific pharmacological and surgery
interventions, recommendations for lifestyle and nutritional changes
can be pursued for preventive or therapeutic measures for CaOx stones
(Rysz et al., 2021; Tiirk et al., 2016).

Short-chain fatty acids (SCFAs) were produced by anaerobic bacteria
ferment dietary fiber in the intestinal tract, playing key roles not only in
the local intestinal barrier but also at the systemic level (Schulthess
et al.,, 2019). Recent research has revealed that the gut microbiota of
renal stone patients contains a lower abundance of SCFA-producing
bacteria (Liu et al., 2020). Butyric acid is one of the most abundant
SCFAs and executes anti-inflammatory or immune-suppressive opera-
tions (Stoeva et al., 2021). Studies have revealed dysbiosis of butyric
acid metabolism has been linked to several medical conditions like
diabetes, cancer and kidney disease (Bayazid et al., 2022; Luzardo-O-
campo et al., 2020). However, few studies have explored the effect and
the underlying target of butyric acid on CaOx nephrolithiasis to date.

Reactive oxygen species (ROS) are the primary agents responsible for
oxidative damage, damaging the tubular cells and providing adhesive
sites for CaOx crystals, thus promoting nephrolithiasis formation
(Awuah Boadi et al., 2021; Khan, 2013; Shin et al., 2022). Cytochrome
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P450s (CYPs), as monooxygenases, are essential for body metabolism
and are capable of catalyzing the oxidation of a wide range of substrates
(Zanger and Schwab, 2013). CYPs are primarily responsible for drug
metabolism (Fukami et al., 2022). To date, no studies reported that CYPs
are involved in calcium oxalate metabolism. Calcium oxalate meta-
bolism primarily occurs through endogenous enzymes like
alanine-glyoxylate aminotransferase (AGT), rather than CYPs directly
(Danpure and Rumsby, 2004). However, it has been observed that CYPs
can lead to the overproduction of ROS, thus initiating oxidative stress
damage, which could be a trigger of CaOx crystals (Zhang et al., 2021).
Inhibiting CYPs activation can offer protection to cells from ROS
induced-damage (Zheng et al., 2019).

Our research aims to investigate the influence of butyric acid on the
development of CaOx crystals, and to gain a basic understanding of the
mechanism behind it. We found that butyric acid could inhibit oxidative
stress and inflammation injury in the CaOx nephrolithiasis model both in
vitro and in vivo. Then, we used network pharmacology for predictive
work and selected CYP2C9 as the target gene of butyric acid impacting
on CaOx nephrolithiasis. Finally, cell experiments were carried out to
confirm the role of CYP2C9 in the oxalate-induced HK-2 cell injury
model.

2. Materials and methods
2.1. CaOx stone model and treatment

Sprague-Dawley rats (5-6 weeks old, male) were acclimatized for 5
days prior to experiments. Fudan Laboratory Animal Ethics Board
approved this study. Firstly, 18 rats were divided into 3 equal groups:
the control group, the model group and the NaB group. Rats in the
control group were allowed to drink sterile tap water freely while rats in
the model group were administered 0.75% ethylene glycol (EG) in
drinking water for 4 weeks. The NaB group received drinking water with
0.75% EG and 150 mM sodium butyrate (Liu et al., 2021). After 4 weeks,
we collected blood plasma and renal tissues. Serum biomarkers of renal
function were analyzed with an automatic biochemical analyzer (Serv-
icebio, Wuhan, China) for the test.

2.2. Histologic analysis

Renal tissues were preserved in 10% formaldehyde, embedded in
paraffin and cut into 5-pm slices for hematoxylin & eosin (HE), Von
Kossa (VK), Alizarin Red (AR), and Masson staining. AR staining pH 6.8
can stain CaOx crystal and AR pH 4.3 stains CaP crystals (Proia and
Brinn, 1985). Immunohistochemistry (IHC) was conducted to detect
renal protein expression. Terminal deoxynucleotidyl
transferase-mediated uridine triphosphate nick end-labeling (TUNEL)
staining was performed to label the 3'-end of fragmented DNA in the
apoptotic renal tissues, following the manufacturer’s instructions
(Beyotime, Shanghai, China).

2.3. Clinical samples

Ethical approval of this study was granted by the Huashan Institu-
tional Review Board of Fudan University (HIRB). Three kidney tissue
specimens were collected from patients with CaOx nephrolithiasis, and
three paracancerous kidney tissue samples were obtained from patients
who underwent radical nephrectomy of renal tumors as a control group.
All subjects involved in the study provided informed consent.

2.4. Cell culture and treatment

The Human kidney 2 (HK-2) cell line was obtained from the Chinese
Academy of Sciences (Shanghai, China), cultured at 37 °C in 5% CO»
with DMEM/F12K culture medium (Gibco Technologies, Grand Island,
USA) containing 10% fetal bovine serum (FBS) and 1% penicillin/
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streptomycin. Different levels of oxalate (0, 0.25, 0.5, 0.75, and 1 mM),
sodium butyrate (NaB, 0, 0.05, 0.1, 0.5, and 1 mM) and Sulfaphenazole
(SPZ, a specific CYP2C9 inhibitor, 10 pM) were treated into HK-2 for 24
h.

2.5. Cell counting Kit-8 (CCK-8) and lactate dehydrogenase (LDH) assay

The initial HK-2 cells were seeded equally (2 x 103) into 96-well
plates after cell counting with trypan blue. After treatment with
different levels of oxalic acid and butyrate, 10 pl of CCK-8 solution
(Servicebio, Wuhan, China) was added at the designated time and the
cell proliferation was then evaluated after 24h, 48h, 72h, and 96h at
450 nm absorbance with a Multiskan GO (Thermo Fisher Scientific,
Finland). Cellular LDH activities were determined with the LDH Assay
Kit (Beyotime, Shanghai, China) following the manufacturer’s in-
structions. Following centrifugation of the HK-2 cells, the released level
of LDH in the supernatants was measured at 490 nm absorbance.

2.6. 4-6-Diamidino-2-phenylindole (DAPI) staining assay

HK-2 cells were grown in 24-well glass slides and were exposed to
different concentrations of oxalate and NaB. The cells in the wells were
washed with phosphate-buffered saline (PBS), and then stained with
DAPI (Absin, Shanghai, China) for 5 min and washed with PBS for 5 min
twice, avoiding direct contact with light. Fluorescence images were
detected by an inverted fluorescence microscope (TECAN, Switzerland).

2.7. Measurement of ROS levels

The 2,7-dichlorodihydrofuorescein diacetate (DCFH-DA) and Dihy-
droethidium (DHE) staining with microfluorimetry detection were used
to determine ROS production. The Reactive Oxygen Species Assay Kit
(DCFH-DA staining, Cat.No.50101ES01, YEASEN, Shanghai, China) and
Dihydroethidium (DHE staining, Cat.No.50102ES02, YEASEN,
Shanghai, China) were applied in this study. For DCFH-DA staining,
treated cells were incubated in a serum-free media containing 10 pM
DCFH-DA at 37 °C for 30 min. Then, the cells were collected and washed
twice with serum-free media to remove the extracellular DCFH-DA. For
DHE fluorescence staining, kidney tissue oxidant species and HK-2 cells
were measured, respectively. Firstly, the kidney tissue was cleansed
with PBS before frozen sections (5 pm). Afterwards, the sections were
incubated with a 10 pM DHE solution at 37 °C for 30 min. Finally,
fluorescence was observed after sealed with anti-fluorescence quencher.
As for the in vitro study, the treated cells were exposed to 10 pM DHE for
60 min at 37 °C. Next, an inverted fluorescence microscope was used to
observe ROS production (TECAN, Switzerland). Malondialdehyde
(MDA), glutathione peroxidase (GSH-Px), and superoxide dismutase
(SOD) activities in HK-2 cells were quantified by MDA, GSH-Px, and SOD
kits (JianCheng, Nanjing, China), respectively.

2.8. Quantitative Real-time PCR (qRT-PCR) assays

Total RNA was extracted using the RNA simple Total Kit following
the protocol (Vazyme, Nanjing, China) and then reverse-transcribed into
cDNA. Notably, in triplicate, QRT-PCR was performed with three inde-
pendent experiments in the SYBR Green PCR system (Vazyme, Nanjing,
China). The primer sequences used in this article are listed in Table S1.

2.9. Flow cytometry apoptosis assay

Flow cytometry analysis was performed to determine if apoptosis
was responsible for the reduced viability of HK-2 cells with an Annexin
V-Fluorescein Isothiocyanate (FITC) Apoptosis Detection kit (YEASEN,
Shanghai, China), according to the manufacturer’s protocol. In brief,
following 24h treatment, HK-2 cells were digested with trypsin and were
then washed twice with PBS. After resuspended in 500 pl binding buffer,
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Fig. 1. Butyric acid reduced CaOx crystal deposition
UA and kidney injury in rats. (A) Serum BUN, creatinine,
UA, Ca?", kidney weight, and body weight of rats in
the control, model, and NaB group (mean + SD, n =
6, *P < 0.05, **P < 0.01, ***P < 0.001). (B) Patho-
logical sections including HE, VK, and AR staining
showed the degree of kidney injury and CaOx crystal
deposition (magnification x 20; scale bar, 200 pm;
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followed by the addition of Annexin V-FITC (AV) and propidium iodide
(PI) and subsequent mixing, HK-2 cells have incubated the reaction for
30 min at room temperature, protect from light. Finally, the cells were
assessed by flow cytometry (Becton Dickinson, USA). The apoptotic cell
rate was equal to the sum of the late apoptotic rate (upper right
quadrant-advanced stage apoptosis cell percentage) and the early
apoptotic rate (lower right quadrant-prophase apoptosis cell
percentage).

2.10. Target genes prediction of butyric acid

The molecular structures of butyric acid and NaB were obtained from
Pub-Chem (https://pubchem.ncbi.nlm.nih.gov/). Then, the SDF files of
the 3D structure of butyric acid and NaB were uploaded to Pharm-
Mapper drug target screening database (http://lilab.ecust.edu.cn/pha
rmmapper/), to determine the predictive human protein targets
related to the butyric acid and NaB. Finally, with UniProt database
(https://www.uniprot.org/), the predicted protein lists were converted

into the corresponding gene symbols. Thus, a total of 118 target genes of
butyric acid were selected.

2.11. Protein-protein interaction (PPI) network and functional
enrichment analysis

PPI network of the target genes was analyzed with STRING (https://
www.string-db.org/) and an interaction score >0.7 was set as the
threshold value. Then, Cytoscape 3.9.0 was used to analyze and visu-
alize the hub genes, which were defined as genes that were highly
interconnected with nodes in a module. In this experiment, the top 20
genes ranked with degrees were considered hub genes. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
were applied to explore possible biological processes (BPs) and molec-
ular functions (MFs) and cellular components (CCs) of the target genes.
The above analysis was performed by clusterProfiler,” and “enrichplot”
R packages. The first 5 enrichment results with P < 0.05 were visualized
as a bubble diagram.
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2.12. Differential genes analyses in GEO

The mRNA expression profile dataset of GSE73680 was downloaded
from GEO (http://www.ncbi.nlm.nih.gov/geo/). GSE73680 is in
GPL17077 platform (Agilent-039494 SurePrint G3 Human GE v2 8 x
60K Microarray 039381). This study contained 6 normal papillary tissue
from control patients without any kidney stones as the control group
(Con), and 26 Randall’s Plaque tissues from calcium stone former as the
experimental group (CaOx). With “limma” R package, genes with P
value < 0.05 and absolute fold-change value > 1 were considered as
differentially expressed genes (DEGs). The gene volcano map was
generated with “ggplot2” R package, and the top 10 genes with the most
significant up and downregulation were selected to draw the heat map
with “heatmap” R package.
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Fig. 2. Butyric acid ameliorated CaOx-induced
apoptosis and inflammation injury in rats. (A) The
TUNEL assay was performed to detect apoptotic cells
(magnifcation x 40; scale bar, 400 pm; arrows denote
apoptotic cells). (B) IHC analyses of CD44, MCP-1,
and OPN proteins expression in renal tissues (mag-
nifcation x 10; scale bar, 100 pm). (C) gRT-PCR an-
alyses of CD44, MCP-1, and OPN mRNA expression in
renal tissues. Data are presented as the mean values
for each group (mean + SD, n = 6, ***P < 0.001 vs.
Model).

Control Model NaB

2.13. Potential targets of butyric acid against CaOx kidney stones

CaOx nephrolithiasis targets were sourced from GeneCards (https://
www.genecards.org/). The keywords “calcium oxalate stones” and
“calcium oxalate nephrolithiasis” were searched in GeneCards to acquire
CaOx nephrolithiasis targets; then, a total of 370 CaOx nephrolithiasis
target genes were selected. The Venn diagram displayed the common
gene shared in PharmMapper, GEO, and GeneCards; thus, CYP2C9, the
potential target gene of butyric acid against CaOx kidney stones, was
selected. The network pharmacology analysis was performed by Bio-
profifile (Shanghai, China).

2.14. Molecular docking
The high-resolution 3D chemical structure of CYP2C9 protein with

the species configured with “Homosapiens” was downloaded from the
Protein Data Bank (PDB, https://www.rcsb.org/) as a PDB file. The PDB
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Fig. 3. Butyric acid reduced CaOx-induced oxidative stress in rats. (A) DHE staining was used to assess the cytoplasmic ROS generation in renal tissues (magnifi-
cation x 40; scale bar, 400 pm). (B) SOD and MDA activities were detected in the control, model, and NaB group (mean + SD, n = 6, *P < 0.05, **P < 0.01). (C)
Masson staining revealed different degrees of fibrosis in different groups (magnification x 20; scale bar, 200 pm).

file of the treated receptor and ligand was imported into AutoDockTools
(version 1.5.6) for routine processing and saved as the format file of
PDBQT. Molecular docking was performed after butyric acid was chosen
as the ligand. AutoDock Vina (version 1.1.2)71 was used in this project
to conduct molecular docking for all calculations. Structure visualiza-
tion was performed using PyMOL (http://www.pymol.org).

2.15. Statistical analysis

R software (version 4.0.1), SPSS (version 26.0) and GraphPad Prism
(version 8.0) were utilized to perform the statistical analysis. The
rational statistical test was employed to compare two independent test
series (Student’s t-test) or more test series (ANOVA test). A two-sided P
< 0.05 indicated statistically significant.

3. Results

3.1. Butyric acid reduced formation of renal CaOx crystals and kidney
injury in CaOx model rats

To investigate the effects of butyric acid on EG-induced kidney injury
and CaOx crystal deposition, rat renal function and histopathological
changes were detected. The results show that serum levels of creatinine,
BUN, UA and Ca®" in the CaOx model group were significantly higher
than in the control group. Compared with the model group, NaB group
serum levels of creatinine decreased by 32.2% (from 57.58 + 13.22 to
39.03 + 5.43 pmol/L), BUN decreased by 54.7% (from 45.33 + 15.78 to
20.52 + 1.96 mg/dl), UA decreased by 32.6% (from 113.4 + 23.36 to
76.43 + 23.58 pmol/L) and Ca?" decreased by 2.37% (from 1.346 +
0.029 to 1.314 + 0.009 mmol/L), respectively, (Fig. 1A). In addition,
the kidney weight notably increased while the body weight of rats in the
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Fig. 4. Butyric acid suppressed oxalate-induced cytotoxicity, oxidative stress, and apoptosis in HK-2 cells. (A-B) Cell viability (A) and LDH release (B) after treatment
with oxalate and/or NaB (mean =+ SD, n = 3, ***P < 0.001). (C) DHE and ROS staining were used to assess the effect of NaB on cytoplasmic ROS generation in HK-2
cells (magnification x 40; scale bar, 400 pm). (D) Apoptotic rate of HK-2 cells was determined by flow cytometry (mean + SD, n = 3, ***P < 0.001).

model group decreased significantly (Fig. 1A). HE, VK, and AR staining
revealed the presence of CaOx crystals rather than calcium phosphate
(CaP) crystals in the lumen of the renal tubules with tubular dilation in
model rats; however, the administration of NaB was found to reduce the
CaOx-induced kidney injury, which was characterized by the renal
crystals and the abnormality of renal histologic structure such as tubular
dilatation and loss of brush border (Fig. 1B). These findings demon-
strated that butyric acid treatment significantly reduced EG-induced
kidney injury and CaOx crystals.

3.2. Butyric acid ameliorated inflammation injury and oxidant species
overexpression in CaOx model rats

TUNEL assay in conjunction with DAPI staining showed that the

characteristic nuclear changes significantly occurred in the CaOx model
group, including DNA cleavage, nuclear fragmentation (formation of
apoptotic bodies), and nuclear shrinkage. The ameliorative effect of NaB
on CaOx-mediated apoptosis damage was evaluated through TUNEL
assay in rats’ kidneys (Fig. 2A). IHC and qRT-PCR analysis showed that
inflammatory injury markers OPN, MCP-1 and CD44 expression in-
tensities were upregulated in the tubules in the CaOx model group
compared with those in the control group while butyrate administration
significantly inhibited MCP-1, CD44 and OPN protein expression in the
NaB group (Fig. 2B-C).

The intensity of DHE fluorescence, ROS-sensitive fluorescent dye,
increased in the CaOx model group, but NaB relieved the ROS level
(Fig. 3A). To evaluate the role of NaB in oxidant stress further, SOD and
MDA were measured to assess the level of lipid peroxidation in rat
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Fig. 5. Structure of butyric acid and target genes network analysis. (A) Two-dimensional and three-dimensional molecular structure of butyric acid and sodium
butyrate. (B) Construction of the PPI network and hub genes were identified via PharmMapper database. (C) GO and KEGG enrichment pathways among hub genes.

kidneys. As illustrated in Fig. 3B, the SOD levels were significantly
higher in the control and the NaB treatment group compared to the
model group, whereas the MDA level demonstrated the opposite effect in
the respective groups. Masson staining of renal samples showed that the
control group had no renal interstitial fibrosis, while renal interstitial
fibrosis was highlighted in the CaOx model group, which was improved
after the NaB treatment (Fig. 3C).

3.3. Butyric acid suppressed oxalate-induced cell damage, oxidative
stress, and apoptosis in HK-2 cells

With the CCK-8 assay, our data demonstrated that oxalic acid
significantly decreased HK-2 cells’ proliferation ability, which was
concentration-dependent as well as time-dependent (Figs. S1A-B).
Similarly, the oxalate treatment significantly increased LDH release in
HK-2 cells in a time- and concentration-dependent manner
(Figs. S1C-D). DAPI staining displayed condensed nuclei and apoptotic
bodies in the oxalate group (Fig. S1E).

We selected 1 mM oxalic acid to treat HK-2 cells since significant cell
injury was observed at this concentration. Then we first used different
concentrations (0, 0.05, 0.1, 0.5, and 1 mM) of NaB to stimulate HK-2
cells (Fig. S1F). CCK-8 and LDH assays showed the cytoprotective effect
of butyrate against renal injury caused by oxalic acid (Fig. 4A-B). Sub-
sequently, we detected the generation of ROS using the ROS-sensitive
fluorescent dye, DCFH-DA and DHE. The intensity of DCFH -DA and
DHE fluorescence increased in the oxalate group, but was relieved after
NaB treatment (Fig. 4C). The flow cytometry assays demonstrated that

oxalate noticeably augmented the apoptosis of HK-2 cells; on the other
hand, NaB inhibited the oxalate-induced apoptosis (Fig. 4D). These data
suggested the cytoprotective potential of butyric acid against oxalate-
induced injury in human renal epithelial cells.

3.4. Structure of butyric acid and target genes network analysis

The 2D and 3D structures of butyric acid and butyrate downloaded
were obtained from PubChem (Fig. 5A). Then, the 3D structures were
sent into PharmMapper database to get the human protein targets of
butyric acid. Utilizing Uniprot database, we transformed the protein
name into the relevant gene symbol. Finally, a total of 118 target genes
of butyric acid were selected for further analysis. Next, the gene list was
sent into STRING database to perform a PPI network (Fig. S2). The
Cytoscape gave a detailed network diagram within the top 20 hub target
genes ranked as degrees, including CYP2C9, CASP3, MAPK14, ALB,
HRAS, ABL, RARA, RARG, RXRB, PRKACA, NOS3, SRC, MMP9, KDR,
HSP90AA1, HPGDS, GSTA3, GSTA1, GSR, and GSTM2 (Fig. 5B). All
these hub genes showed a certain correlation with other genes in the
network, revealing that these genes may exert a cooperated function.

3.5. GO and KEGG enrichment analysis

GO and KEGG analyses uncovered the involved pathways and bio-
logical functions of the hub genes of butyric acid (Fig. 5C). According to
the gene function classification of BP, the hub genes were mainly related
to response to steroid hormone, response to oxidative stress, response to
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Fig. 6. CYP2C9 was the target gene of butyric acid on
CaOx stones across multiple databases analysis. (A)
Volcano plot of differentially expressed genes be-

KIR2DS2 tween CaOx stone patients and control in GEO. (B)

ﬂ:::::" group Heat map of the top 20 differentially expressed genes

PROL1 Con, between CaOx stone patients and control in GEO. (C)
| xL0c_oo7zr8 | CaOX

The top 10 CaOx stone-related genes were screened
out from GeneCards database. (D) Venn diagram was
acquired by taking the intersection of the targets of
butyric acid in PharmMapper, the DEGs of neph-
rolithiasis in GEO, and the CaOx stones associated
genes in GeneCards to find the key target gene
(CYP2C9) of butyric acid on CaOx kidney stones. (E)
Schematic diagram of butyric acid docking with
CYP2CO.
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PHS g
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Gene Symbol Description

Relevance score

CASR Calcium Sensing Receptor

SLC26A1 Solute Carrier Family 26 Member 1

AGXT Alanine--Glyoxylate And Serine--Pyruvate Aminotransferase
CLCNS Chloride Voltage-Gated Channel 5

GRHPR Glyoxylate And Hydroxypyruvate Reductase

SLC34A1 Solute Carrier Family 34 Member 1

VDR Vitamin D Receptor

HOGA1 4-Hydroxy-2-Oxoglutarate Aldolase 1

SPP1 Secreted Phosphoprotein 1

ORAI1 ORALI Calcium Release-Activated Calcium Modulator 1

96.26260376
90.72318268
82.03861237
75.74562836
70.93536377
70.25131226
47.19543457
46.44676208
44.77108383
41.52308655

reactive oxygen species, cellular response to steroid hormone stimulus,
and response to acid chemical. Notably, butyric acid hub genes were
gathered in metabolism-related processes like drug metabolism-
cytochrome P450, platinum drug resistance, and glutathione meta-
bolism. Remarkably, as mentioned above, these hub genes were
involved in oxidative stress, and response to reactive oxygen species
biological process, which were the vitally significant pathways of kidney
stones formation mechanism, indicating that butyric acid might play a
role in nephrolithiasis.

3.6. Target prediction of butyric acid on CaOx stones

Butyric acid acts as a natural inhibitor of histone deacetylase
(HDAGCs), and meanwhile, it is reported that HDAC inhibitors may have
therapeutic potential for the treatment of kidney stones (Wang et al.,
2015). Similarly, depleted HDAC3 attenuates hyperuricemia-induced
renal interstitial fibrosis (Hu et al., 2022). Hence, we explored the
expression of HDACs in our animal models and cell models by RT-qPCR.
The results showed that the expressions of HDACs were significantly
elevated in the CaOx rat models and the oxalate-induced cell models
(Fig. S3), but were alleviated by NaB treatment. Therefore, the effect of
butyric acid on calcium oxalate-induced events could possibly be due to
the inhibition of HDACs, but further research is still needed.

To further explore the exact target genes of butyric acid on CaOx
nephrolithiasis, we first explored the DEGs between healthy control and
CaOx stone patients in GSE73680 with GEO database. The screening
criteria for significant DEGs were P < 0.05 and |log2(FC)| > 1 between
control and CaOx stone patients. The scatter plot of the DEGs is shown in
Fig. 6A. After selection, a total of 3783 genes changed significantly, of
which 3379 (89.4%) genes were upregulated, 404 (10.6%) genes were
downregulated expression. Later, we performed the cluster analysis of
DEGs and the heatmap presented the two-dimensional hierarchical
clustering feature of the top 10 selected DEPs (Fig. 6B).

Subsequently, with GeneCards database, we manually identified 370
genes potentially related to CaOx nephrolithiasis. The top 20 predicted
genes and their relevance scores were shown in Fig. 6C. Remarkably, to
find the key target of butyric acid on CaOx kidney stones, a Venn dia-
gram was acquired by taking the intersection of the targets of butyric
acid in PharmMapper, the DEGs nephrolithiasis of in GEO, and the CaOx
stones associated genes in GeneCards. Ultimately, CYP2C9 was identi-
fied as the potential target of butyric acid impacting on CaOx neph-
rolithiasis (Fig. 6D). Moreover, we performed the molecular docking of
butyric acid and CYP2C9. Three amino acid residues, namely ASN-474,
LYS-48, and GLY-46, of CYP2C9 interacted with quercetin with a
hydrogen bonding energy of —4.2 kcal/mol, as illustrated in Fig. 6E.
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Fig. 7. CYP2C9 expression in CaOx rats, HK-2 cells

A B _ i and clinical samples. (A-B) qRT-PCR assays showed
— i I - . CYP2C9 expression in the kidney tissues of rats (A)
5 20+ I 1 i c 6+ — and HK-2 cells (B) in each group (mean + SD, n = 3,
- 5 .g **P < 0.01, ***P < 0.001). (C) IHC assays showed
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3.7. Validation of target gene (CYP2C9) in CaOx rats, HK-2 cells, and
clinical samples

Firstly, qRT-PCR results revealed that CYP2C9 mRNA expression
increased compared with the control group, but decreased notably after
NaB treatment in the CaOx rat model (Fig. 7A) and in HK-2 cells
(Fig. 7B). Secondly, IHC assays confirmed this result in the CaOx rat
model (Fig. 7C). Finally, compared with non-stone patients, CYP2C9
protein expression was elevated in CaOx stone patients via IHC analysis
(Fig. 7D). These data strongly suggested that CYP2C9 was a potential
target in CaOx nephrolithiasis.

3.8. Function of CYP2C9 in oxalate-induced HK-2 cells

Furthermore, we explored CYP2C9 function in HK-2 cell injury
model with Sulfaphenazole (SPZ), a specific inhibitor of CYP2C9. qRT-
PCR assays showed CYP2C9 expression significantly downregulated in
HK-2 cells when exposed to SPZ and NaB (Fig. 8A). After suppressing
CYP2C9 by SPZ and NaB, the oxalate-induced cell growth inhibition and
LDH release were markedly ameliorated (Fig. 8B—-C). DCFH-DA and DHE
fluorescence was measured to determine the total intracellular oxidant
species level. Treatment with SPZ significantly decreased intracellular
oxidant species and mitochondrial oxidant species generation compared
with oxalate-induced cells (Fig. 8D). To gain a better understanding of
CYP2C9’s role in oxidant stress, SOD and MDA levels were assessed. As
illustrated in Fig. 8E, the SOD and GSH-Px levels were markedly
increased in the SPZ and NaB treatment group when compared to the
oxalate group, while the MDA level revealed contrasting effects.

In addition, the inhibition of CYP2C9 by SPZ and NaB resulted in

apoptosis suppression in HK-2 cell injury model (Fig. 9A). Also, we
screened and examined the levels of apoptosis-related proteins in HK-2
injury cell model. qRT-PCR assays reflected that oxalate stimulation
significantly increased the expression of proapoptotic proteins Cleaved
Caspase-3 and Bax, while reduced antiapoptotic proteins Bcl-2 expres-
sion, which was alleviated by SPZ and NaB (Fig. 9B). In addition, the fold
change in mRNA levels of HK-2 cells due to oxalate exposure was
significantly increased in inflammation injury biomarkers, including
CD44, MCP-1, and OPN, compared to the untreated controls, but were
drastically reduced after cotreated with SPZ and NaB (Fig. 9C). Collec-
tively, CYP2C9 has a major role in promoting oxidative stress and
apoptosis damage.

4. Discussion

In this study, we explored the protective effect of butyrate on CaOx
animal and cell models. Firstly, we confirmed that butyrate dramatically
reversed 0.75% EG-induced CaOx crystal deposition in SD rats’ kidneys
by inhibiting oxidative stress and inflammation in tubular cells. It is
currently believed that the formation of kidney stones in humans is
caused by oxalate-induced damage to renal tubular epithelial cells,
which leads to the accumulation of CaOx crystals and their subsequent
adherence (Evan et al., 2015; Khan et al., 2016). Hence, the human renal
tubular epithelial cells, HK-2 cells, were established to confirm the
cytoprotective effects of butyric acid on CaOx stones in this research.
With the cell model, we found the regulatory mechanism of butyrate in
CaOx kidney-stone formation through its control of the CYP2C9/ROS
pathway, inducing oxidative stress by disrupting ROS levels and
accompanying modulation of inflammation and apoptosis.



Z. Zhou et al.

>
w

Cc

c 80 Kok
S 6
@ 70 r 1 15 Fokok Fkk
—  — — o
§ §60 :? KKk 8
az o=
& x50 2810 — 224
0, ~40 ZE TE
T 3 B8
S0 2%0s 29
@ - = X
g 88— Kopes
2 £ E
£ X
2 o @ 12 2
@ < 2 R o
N & M
&
Oxalate

KKK KKK sk *okk
e ———
30 *Kk 4 *ok ok 80
— —
5 3 __60
~ 20 5
2 E <
= I a 40
8 o z
= 20
o 0 [
v 3 o @ v @
& s < & Q) o < &
N o X S > @ &
< ¥ sV < ¥ ¥
o & o Ey

Butyric acid, as an important SCFA, was derived from the meta-
bolism of intestinal bacteria (Liu et al., 2018). Numerous studies have
underlined the advantages of butyric acid in regulating host metabolism,
inflammation, and immunity (Lanza et al., 2022; Okumura et al., 2021;
Wang et al., 2022). For example, butyrate depletion and its repletion
appear to play a central role in necrotising pancreatitis (van den Berg
et al.,, 2021). Xu et al. reported that NaB intervention could improve
intestinal barrier function and inflammation in diabetic mice via regu-
lating the intestinal microflora structure (Xu et al., 2018). In chronic
kidney disease, Li and others uncovered a novel beneficial role of
butyrate-mediated GPR-43 signaling in the restoration of renal function
(Li et al., 2022a). Notably, a recent study has shown that SCFAs
including butyric acid could reduce CaOx stones by regulating intestinal
oxalate transporter SLC26A6 in vivo (Liu et al., 2021). However, the
specific potential targets of butyric acid on CaOx stones have not been
explored in depth. Therefore, we predicted the butyric acid target genes
on CaOx nephrolithiasis with network pharmacology and validated the
function of the target gene CYP2C9. As reported, oxalate-induced
nephrolithiasis primarily occurs through renal tubular epithelial cell
damage (Liu et al., 2022; Peng et al., 2019). Consistently, our study
revealed that butyrate effectively protected renal cells from oxalate
injury, including increased cell viability and decreased LDH release.
Additionally, the effects of butyrate on oxidative stress factors were
observed to explore its intervention and possible mechanism of renal
CaOx stones formation. Elucidating the relationship and mechanism
between butyric acid and CaOx stones holds great importance for
treating and preventing this condition.

Network pharmacology analysis indicated that CYP2C9 was the
target gene of butyric acid on CaOx stones. CYPs are pivotal in drug

Food and Chemical Toxicology 178 (2023) 113925

Fig. 8. Function of CYP2C9 in oxalate-induced HK-2
cells. (A) qRT-PCR assays showed CYP2C9 expression
in HK-2 oxalate model with or without SPZ/NaB
(mean + SD, n = 3, ***P < 0.001). (B-C) Cell
viability (B) and LDH release (C) in HK-2 oxalate
model with or without SPZ/NaB (mean + SD, n = 3,
**%P < (0.001). (D) DHE and ROS staining were used
to assess the effect of SPZ and NaB on cytoplasmic
ROS generation in HK-2 oxalate model (magnifica-
tion x 40; scale bar, 400 ym). (E) SOD, MDA, and
GSH-Px activity were detected in HK-2 oxalate model
with or without SPZ/NaB (mean + SD, n = 3, **P <
0.01, * < 0.001).

detoxification and can stimulate mono-oxygenation and detoxification
reactions accompanied by a significant production of toxic ROS
(Gomez-Tabales et al., 2020). Furthermore, CYP450s are vital for
keeping the normal physiological operation of the kidney (Hao and
Breyer, 2007). Among CYPs family, CYP2C9 is involved in the metabolic
and transformational processes of a host of endogenous substances
(Sangkuhl et al., 2021). Moreover, CYP2C9 is emerging as a pivotal
regulator of oxidative stress involved in ROS production and the
CYP2C9/ROS pathway has an essential role in regulating cell apoptosis
(Zhang et al., 2018). In line with this view, we found that the CYP2C9
mRNA levels and ROS levels in the CaOx group were increased
compared to the control group. Besides, our results revealed that
CYP2(C9 expression was dramatically reduced under butyric acid treat-
ment, which manifested that CYP2C9 may be a potential target of
butyrate in renal tubular epithelial cells. SPZ is a special inhibitor of
CYP2C9 which was used to explore the function of CYP2C9 in CaOx
stones in our research. Then, we found that SPZ treatment in the oxalate
exposure group could notably enhance HK-2 cells activity, but decrease
CYP2C9 and ROS levels, and ultimately suppress inflammation and
apoptosis levels, suggesting that CYP2C9 might play an important role in
CaOx stones. Notably, network pharmacology results also indicated that
extracellular calcium-sensing receptor (CASR) could be interestingly
shown as a gene involve in stone formation. CASR, a dimeric G
protein-coupled receptor, is involved in the regulation of parathyroid
hormone release and Ca2+ homeostasis (Riccardi and Valenti, 2016). In
our previous study conducted in the Chinese Han population, poly-
morphisms of CASR-related genes (WDR72, DGKH, and CLDN14) were
associated with increased susceptibility to calcium nephrolithiasis (Li
et al., 2022b), in accordance with a prior study by Howles et al. (2019).
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Fig. 9. Inhibition of CYP2C9 resulted in apoptosis suppression in HK-2 cells. (A) Apoptotic rate of HK-2 cells was determined by flow cytometry (mean + SD, n = 3,
***P < 0.001). (B-C) Levels of Cleaved Caspase-3, Bcl-2, Bax (B), OPN, CD44, and MCP-1 (C) mRNA in HK-2 oxalate model with or without SPZ/NaB (mean =+ SD, n

= 3, *P < 0.05, **P < 0.01, ***P < 0.001).

It has been suggested that CASR activation at the cell surface is a key
factor in the formation of calcium-containing stones, since it reduces the
abundance of aquaporin-2 in the membrane, thus limiting water con-
servation and providing protection against the formation of stones
(Renkema et al., 2011). Nevertheless, some studies have presented
conflicting evidence regarding the role of CASR in nephrolithiasis. For
instance, Ibeh et al. found that CASR existed in the proximal tubule,
mediated transcellular Ca2+ transport and mitigated the formation of
the calcium crystals (Ibeh et al., 2019). Further research is needed to
better understand the molecular mechanisms of CASR in nephrolithiasis.

ROS, a product generated in the process of oxidation, is involved in
the emergence of several ailments (Zorov et al., 2014). It is currently
accepted that ROS is a trigger and regulator of apoptosis and inflam-
mation, leading to tubular damage, as well as the attachment and
accumulation of crystals (Lu et al., 2021). Recently, Joshi et al. found
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that the tubular epitheliums exposure to CaOx crystals induces the
production of ROS with the involvement of NADPH oxidase in CaOx
stones formation (Joshi and Khan, 2019). Similarly, our findings
demonstrated that butyric acid could ameliorate inflammation injury
and oxidant species overexpression in the CaOx animal model. Consis-
tently, our results showed that oxalate exposure could induce the
overproduction of ROS in HK-2 cells. However, under butyric acid
and/or SPZ treatment, data manifested that ROS, inflammation, and
apoptosis levels were markedly decreased, revealing that butyric acid
and CYP2C9 may exert their roles primarily through signaling pathways
linking oxidative stress to apoptosis.

Attention is growing for the utilization of butyric acid, one of the
most efficient natural beneficial gut metabolites, due to the minimal
amounts of unfavorable reactions it causes (Hsu et al., 2022; Morris
et al., 2017). Butyric acid has been shown to protect against oxidative
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stress and inflammation response in human diseases (Liang et al., 2013;
Liu et al., 2017; Zhou et al., 2022). For example, Hu and others found
that butyrate and acetate could improve p-cell metabolism and mito-
chondrial respiration under oxidative stress (Hu et al., 2020). Tang et al.
exemplified that NaB protects against oxidative stress in
high-fat-diet-induced obese rats by promoting mitochondrial function
(Tang et al., 2022). However, in some studies, butyric acid has been
shown to induce the production of ROS in certain cell lines or experi-
mental models. Research has demonstrated that butyric acid at higher
concentrations might promote ROS generation in immune cells like T
cells (Kurita-Ochiai et al., 2003; Kurita-Ochiai and Ochiai, 2010) and
macrophages (Yang et al., 2019), colorectal cancer cells (Doublier et al.,
2022; Wang et al., 2023), and human gingival fibroblasts (Chang et al.,
2013). Therefore, while butyric acid generally possesses antioxidant
properties, it can also induce ROS production in certain cellular con-
texts. The exact effects of butyric acid on ROS production can vary and
may depend on the specific cell type and experimental conditions.
Whereas, few studies have been conducted about the mechanism of
butyric acid impacting the CaOx stone. Our research provides insight
into the role and mechanism of butyric acid as well as CYP2C9 in CaOx
nephrolithiasis. To the best of our knowledge, none of the previous
urolithiasis studies has reported on the role of CYP2C9 in CaOx neph-
rolithiasis. This study may provide experimental evidence that
CYP2C9/ROS may serve as the therapeutic targets in CaOx stones. In
particular, the methods of preventing and treating kidney stones have
been essentially the same for decades (Chen et al., 2015), making this
discovery particularly important. New medical prophylaxis needs to be
developed that is safe and effective, thus, research into the potential use
of butyric acid as a prophylactic measure for those suffering from kidney
stones is highly recommended.

It is important to recognize the limitations of this research: (1) The
rat model is not capable of accurately replicating the development of
CaOx nephrolithiasis, despite the fact that EG exposure through drinking
water in Wistar or SD rats is a commonly used animal model for studying
hyperoxaluria and CaOx nephrolithiasis; further studies involving
different animal models of CaOx nephrolithiasis, larger sample sizes,
and multiple centers involving patients are necessary to gain a more
comprehensive understanding; (2) butyric acid is unstable, which may
be impacted by other unidentifiable factors; (3) further drug toxicology
evaluations and clinical trials are needed to confirm preventive and
therapeutic effects of butyric acid; (4) It is better to have NaB alone
group in animal experiment, which will make the study more rigorous
and objective.

5. Conclusions

The present study indicated that butyric acid could rescue the
inflammation and oxidative stress injury via targeting CYP2C9 in the
CaOx nephrolithiasis model. Thus, butyric acid may have potential
clinical applications that could help to prevent the occurrence of CaOx
nephrolithiasis.
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