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The PI3K-AKT-mTOR signaling
pathway mediates epithelial
mesenchymal transition and
cytoskeletal architecture changes
induce to renal fibrosis after
Bisphenol S exposure

Zhaoxia Zhang?, Liming Jin>3#, Tao Mi%3*, Jinkui Wang?3*, Zhaoying Wang?3*,
Junyi Luo%3*, Chunnian Ren%3*, Xin WuZ%3*, Jiayan Liu%3*, Peng Guo®3*5, LiWang'™’ &
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Bisphenol S (BPS) is considered a good substitute for bisphenol A (BPA) in industrial applications, and
data suggest that the kidney is an important injury site after BPS exposure. However, the phenotype of
kidney injury induced by BPS exposure and the mechanism of its damage remain unknown. Therefore,
this study aims to investigate the phenotype and specific mechanism of kidney injury induced by BPS
exposure. SD rats are treated with three different doses of BPS (50 mg/kg body weight(b.w.), 100 mg/
kg b.w., and 150 mg/ kg b.w.), and HK-2 cells are treated with 100 uM BPS, 200 uM and 400 pM BPS
to mimic the in vitro and in vivo environment of BPS exposure-induced kidney injury. Meanwhile, the
potential mechanism of BPS exposure-induced kidney injury was screened by RNA sequencing and
further verified by in vitro experiments. BPS exposure induces cytoskeletal architecture damage and
EMT transformation in HK-2 cells, promoting renal fibrosis. In addition, it was found that activation

of the PI3K-AKT-mTOR signaling pathway plays a key role in cytoskeletal architecture damage and
EMT transformation in HK-2, and after inhibition of PI3K-AKT-mTOR signaling by Wortmannin, the
cytoskeletal architecture disorders, and EMT are partially reversed. In conclusion, we found that the
activation of the PI3K-AKT-mTOR signaling pathway can mediate disturbed cytoskeletal architecture
and EMT to induce renal fibrosis after BPS exposure.

Keywords Bisphenol S, Cytoskeleton, EMT, Fibrosis

At present, environmental pollution has seriously threatened human health. Damage from environmental
pollutants, including PM2.5/microplastics/ DEHP/BPA, is a current research hotspot. As a common ingredient
in polycarbonate plastics and epoxy resin, bisphenol A (BPA) is one of the most productive chemical production
products in the world'. Itis widely used in a variety of packaging materials toys and containers and other consumer
goods?>. BPA exposure has been demonstrated to cause damage to multiple systems including reproduction,
endocrine, and circulation®-®. Because of the huge health risks associated with BPA, many regulators have
banned its use. Bisphenol S (BPS; 2,2-2 [4-hydroxyphenol] sulfone) is considered a good alternative to BPA
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in industrial applications and has gradually replaced BPA in canned and other prepackaged foods’. The ECHA
conducted a market survey and found that BPS production had doubled (from 200 tons to 397 tons) between
2016 and 2017 alone®. The researchers found that BPS had almost 100 times higher solubility in water than BPA,
making it easy to detect BPS in aqueous environments’. Moreover, BPS is more difficult to degrade than BPA
and significantly accumulates in humans and biota'®. The daily dietary intake of BPS in US adults is reported to
be 1.31 ng/kg’. Because of the similar structure of BPS to BPA and its unrestricted production or application, it
is now considered an environmental pollutant'!, and its safety is also widely controversial.

Chronic kidney disease (CKD) affects approximately 10% of both the European and US populations®!2.
Organ fibrosis significantly contributes to global mortality, with estimates suggesting it causes a 50% increase in
deaths in developing countries'. Renal fibrosis is linked to a decline in kidney function and represents the final
common pathway for all types of chronic kidney injury'*. Various factors can lead to renal fibrosis, including
certain drugs. For instance, aristolochic acid can result in progressive renal interstitial fibrosis!?, while calcium
oxalate can trigger epithelial-to-mesenchymal transition (EMT) in tubular epithelial cells's. Additionally,
obstructive factors, such as unilateral ureteral obstruction (UUO), can mimic chronic obstructive kidney disease
and also lead to renal fibrosis!”%.

The EMT is a dynamic process in which epithelial cells transform into mesenchymal cells. EMT and its
intermediate states are considered key contributors to organ fibrosis. The cytoskeletal architecture, made up
of microtubules, microfilaments, and intermediate filaments, is a dynamic and adaptive network that governs
cell movement and morphology, while also facilitating communication between the cell and its extracellular
environment. The polymers that form the cytoskeleton, along with their regulatory proteins, constantly undergo
reorganization in response to various stimuli that promote biological processes and functions. During sustained
EMT, there is a reorganization of epithelial cytokines, resulting in loss of cell polarization, disruption of cell-to-
cell junctions, degradation of the basement membrane, and reorganization of the extracellular matrix (ECM).
These changes make the cells more aggressive!®. The EMT process is regulated by several signaling pathways,
with the PI3K-AKT-mTOR pathway playing a particularly important role. Activation of the mTOR complex
1 (mTORCI) and complex 2 (mTORC2) regulates cytoskeletal rearrangement. Conversely, inhibiting PI3K
can prevent the kidneys from undergoing EMT, highlighting the critical role of the PI3K-AKT pathway in this
process?®?!. During EMT, mTORCI is involved in increasing cell size, protein synthesis, motility, and invasion,
while mTORC?2 is essential for the transition from epithelial to mesenchymal cells.

Previous studies have demonstrated the toxic effects of BPA on the kidneys. Long-term administration of
BPA in healthy mice can lead to renal injury, characterized by inflammatory infiltrates and tubular fibrosis?2.
Additionally, BPA promotes mitochondrial damage and cell death in renal tubular cells, which exacerbates renal
injury®. As a substitute for BPA, the safety of BPS exposure on renal health also warrants attention. Previous
research indicates that BPS can cause renal histopathological disturbances in Wistar rats, altering serum and
urine biomarkers related to renal injury**. Furthermore, BPS found in dialysis materials increases the burden
on kidney patients®, highlighting that renal injury due to BPS is a clinical concern. Despite this, few studies
have focused on the specific phenotype and mechanisms of renal injury caused by BPS exposure. Therefore, in
this study, we aimed to simulate BPS exposure-induced renal injury through in vitro and in vivo experiments.
We also conducted RNA sequencing to identify potential damage mechanisms, providing a theoretical basis for
understanding BPS exposure-induced renal injury and raising social awareness about the safety of BPS.

Methods and materials

Chemicals

The BPS used in the animal experiments (CAS No. 1478-61-1, > 98% purity) was prepared using the same
method as outlined in previous literature®. For the cell experiments, BPS (CAS No. 80-09-1) was obtained from
Sigma Chemical Reagents, USA. It was diluted using dimethyl sulfoxide (DMSO) and the culture medium,
ensuring that the final concentration of DMSO remained below 0.1%.

Animal models and interventions

A total of 24 adult male Sprague-Dawley (SD) rats were obtained from the Experimental Animal Center at
Chonggqing Medical University in Chongging, China. The animals were maintained under specific pathogen-
free (SPF) conditions, with access to adequate food and distilled water. Previous studies suggest that the
saturation of the metabolic and clearance pathways of BPS in rats may begin at a dosage of 110 mg/kg b.w. or
lower?’. Therefore, our study included four groups: a control group (receiving equal amounts of ethanol and corn
oil), and treatment groups receiving 50 mg/kg b.w., 100 mg/kg b.w., and 150 mg/kg b.w. of BPS. The rats were
administered the treatment daily for 35 consecutive days. On day 36, the rats were euthanized by CO, inhalation,
and their kidneys were subsequently removed. Venous blood was also collected for biochemical analysis. The
left kidney was placed in liquid nitrogen for future experiments, while the right kidney was preserved in 4%
paraformaldehyde for immunohistochemistry and immunofluorescence studies. The Laboratory Animal
Welfare Ethics Review Committee of the Children’s Hospital of Chongqing Medical University approved this
animal experiment (license no. CHCMU-AICUC20220323004).

Biochemical assays and Masson trichrome staining

Immediately following the rat sacrifice, whole blood was collected to assess blood urea nitrogen (BUN) and
serum creatinine (SCr) levels. The method used was similar to that in our previous work?. Kidney tissue was
routinely fixed and dehydrated to prepare paraffin sections. These sections were then stained using a Masson’s
trichrome staining kit and examined under a microscope.
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Immunohistochemistry

Kidney tissue sections were routinely dewaxed and underwent antigen retrieval. They were then blocked with
0.5% BSA for 1 h before being incubated with the primary antibody overnight. Afterward, the sections were
washed three times with PBS, followed by incubation with the corresponding secondary antibody. The samples
were then stained with DAB and hematoxylin, and finally dehydrated. Specific steps are detailed in the previous
study?2. Antibody information can be found in Supplementary Table 1.

Cell culture

The HK-2 cell (Cat. No. TCH-C400) was obtained from the Shanghai Cell Bank. Cell cultures were conducted
using DMEM/F12 medium supplemented with 10% FBS and penicillin-streptomycin, under culture conditions
of 37 °C with 5% CO,,.

The assay of cell viability

Cell viability was assessed using the CCK-8 assay to determine the appropriate concentrations for subsequent
experiments. HK-2 cells were seeded in 96-well plates and exposed to different concentrations of BPS:
0, 10, 50, 100, 200, 400, 800, 1600, and 3200 puM. After 24 h, a CCK-8 working solution was added, and the
incubation continued for an additional 2 h. Finally, the optical density (OD) at 450 nm was measured using a
spectrophotometer.

Cell morphology and scratch assay

The cell experiment included four groups: a control group, and groups treated with 100 uM, 200 M, and 400
uM BPS. After 24 h, photographs were taken under a microscope to observe the morphology of HK-2 cells. The
method for the scratch experiments was similar to our previous work?’.

Immunofluorescence

HK-2 cells were added to 24-well plates containing pre-prepared cell-climbing slices and subsequently treated with
BPS. Immunofluorescence detection was performed after 24 h. Kidney tissues were routinely fixed, dehydrated,
and embedded in paraffin sections in preparation for immunofluorescence detection. The immunofluorescence
method is described in our previous work?®. Antibody information can be found in Supplementary Table 1.

Western blotting

The protein extraction method and the Western blot protocol were consistent with our previous study'®. Image
acquisition and densitometry analyses were conducted using Image Lab (version 6.0.0, USA). All antibody
details can be found in Supplementary Table 1.

Cytoskeleton detection

The cytoskeletal architecture was examined using two markers: filamentous actin(F-actin) and p-tubulin. F-actin
was stained with Rhodamine-labeled phalloidin, following specific procedures as previously described?®. Image
acquisition was conducted using the A1R confocal microscopy system (Nikon, Tokyo, Japan). 3-Tubulin staining
was performed using the same protocol as cellular immunofluorescence staining.

Wortmannin (P13K inhibitor) and Sapanisertib (nTORC inhibitor) treatment

The PI3K inhibitor Wortmannin (CAS No. 19545-26-7, MCE) and the mTORC inhibitor Sapanisertib (CAS No.
1224844-38-5) were dissolved in dimethyl sulfoxide (DMSO), ensuring the final concentration of DMSO was
less than 0.1%. In the cell rescue assay, we used 10 uM Wortmannin and 1 nM Sapanisertib.

RNA sequencing (RNA-seq)

A total of six kidney samples were randomly chosen from both the control group and the group treated with
100 mg/kg b.w. of BPS. Additionally, HK-2 cells were selected from the control group and the group treated with
200 uM of BPS, with three biological replicates for each group. The RNA sequencing was performed by LC-BIO
Biotechnology Co., Ltd. (Hangzhou, China), following a procedure that has been previously described®.

Statistical analysis

Data processing was conducted using GraphPad Prism version 8.0.2, with all data presented as the mean + standard
mean (SM). One-way ANOVA was employed for comparisons among multiple groups, while Students t-test or
Dunnett’s test was used for comparisons between two groups. All experiments were repeated at least three times.
A P-value of less than 0.05 was considered to indicate a statistically significant difference.

Results

BPS exposure can induce renal injury in healthy rats

Our findings indicated that there was no significant difference in serum BUN or creatinine levels in rats treated
with BPS compared to the control group (Fig. 1A). The research conducted by Alberto Ruiz Priego et al.
demonstrated only a slight increase in renal function in mice after five weeks of treatment with 120 mg/kg b.w. of
BPA, but this increase was not statistically significant??. Additionally, the study by Sebastian Mas et al. confirmed
that the toxicity of BPS is lower than that of BPA. It is also noted that saturation of the metabolic and clearance
pathways for BPS in rats may begin at doses of 110 mg/kg b.w. or lower. Therefore, it is understandable that
exposure to BPS led to only a minor increase in BUN and SCr at the dose we selected. Furthermore, we assessed
the expression of kidney injury biomarkers, specifically KIM-1 and NGAL, using immunohistochemistry. The
results indicated an increased expression of KIM-1 and NGAL in the kidney tissues after BPS exposure (Fig. 1B).
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Fig. 1. Renal function in rats, Masson trichrome staining of kidney tissues and the expression of kidney
injury related indicators after BPS exposure. (A) Minor increase in BUN and SCr in all rats was increased
slightly after BPS treatment. ns presents no statistically significant difference compared to controls. (B)
Immunohistochemistry showed a dose-dependent increase in Kim-1 and NGAL expression after BPS
exposure. Scale bar,50 um. (C) Immunohistochemistry showed a dose-dependent increase in TNF-a, IL-
6, HO-1 and Nrf2 expression after BPS exposure. Scale bar,50 pm. (D) Masson trichrome staining results:
the collagen fibers of the kidney tissues were significantly increased after BPS exposure, and they were
concentrated around the renal tubular epithelium. Scale bar, 100 pm.
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We also measured levels of pro-inflammatory cytokines (such as IL-6 and TNF-a) and oxidative stress markers
(HO-1 and Nrf2) in the kidney tissue. The results showed that, compared to the control group, the expression
levels of IL-6, TNF-a, HO-1, and Nrf2 were significantly elevated following BPS exposure (Fig. 1C). Lastly,
Masson Trichrome staining revealed a significant increase in renal collagen fibers in the BPS-exposed group,
with these fibers primarily concentrated around the renal tubular epithelium (Fig. 1D).

Changes in EMT-related indicators in kidney tissues of BPS treated rats

Masson Trichrome staining demonstrated a significant increase in collagen fibers in the rat kidney following
treatment with BPS. We concluded that BPS exposure resulted in fibrotic injury in the kidney. To further
investigate the changes in EMT related markers in the kidney after BPS exposure, we conducted Western
blot analysis. The results showed a significant reduction in the expression levels of E-cadherin and ZO-1 in
renal tissue, while the expression of a-SMA and vimentin increased significantly after BPS exposure (Fig. 2A).
Immunofluorescence analysis revealed similar trends (Fig. 2B).

BPS treatment affected the viability of HK-2 cells

The viability of HK-2 cells was not significantly affected at a BPS concentration of 200 uM. However, when
the concentration of BPS increased to 400 uM, there was a significant reduction in the viability of HK-2 cells
(Fig. 3A). Therefore, we chose concentrations of 100 (M, 200 uM, and 400 pM for the subsequent experiments.
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Fig. 2. The EMT related indicators in kidney tissues after BPS exposure. (A) Protein expression of EMT-
related indicators in kidney tissue after BPS exposure. (B) Immunofluorescence images of the EMT-related
indicators in kidney tissue after BPS exposure. Scale bar, 100 pm. Data are expressed as mean + SD, and all the
experiments were repeated three times. *P <0.05,**p <0.01,"**p <0.001,***p <0.0001 compared with control

group.

Vimentin

Scientific Reports |

(2026) 16:576 | https://doi.org/10.1038/s41598-025-30100-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

T
. G wm e e o onw e

Concentration

=

5 Oh
s

s

5]

=

g

e

£

> S
© 24h

~ Control 400uM BPS
Fig. 3. Viability, morphology, and migration ability of HK-2 cells after BPS exposure. (A) HK-2 cell viability
after exposure to different concentrations of BPS. (B) Morphological changes of HK-2 cells after BPS
exposure. (C) Changes in the migration ability of HK-2 cells after BPS exposure. Scale bar, 100 um.**p <0.01,
% <0.0001 compared with 0 uM.

BPS exposure affected cell morphology and the migration capacity of HK-2 cells

We observed that HK-2 cells morphology changed significantly after BPS exposure, the cells changed from
a slightly round and plump epithelium-like morphology to a thin, irregular mesenchymal-like morphology
(Fig. 3B). The results of scratch experiment showed that after 3 different doses of BPS treatment, the migration
ability of HK-2 cells was significantly enhanced, and the difference was statistically significant (Fig. 3C).

Changes in EMT-related indicators in HK-2 cells by BSP treatment

To investigate whether exposure to BPS induces EMT in HK-2 cells, we assessed the changes in markers related
to epithelial and fibrosis indicators following BPS treatment. The results from western blot analysis indicated
a decrease in the expression of ZO-1 and e-cadherin, along with an increase in a-SMA and vimentin levels
after BPS exposure (Fig. 4A). Additionally, immunofluorescence results corroborated these findings, showing
consistent changes with the western blot analysis (Fig. 4B). These results suggest that EMT may have occurred
in HK-2 cells exposed to BPS.

Transcriptomic analysis of the kidney tissues and HK-2 cells after BPS exposure

To clarify the cause and mechanism of EMT in rat kidneys following exposure to BPS, we conducted RNA
sequencing to identify differentially expressed genes (DEGs) in kidneys from control rats compared to those
exposed to BPS. We identified a total of 795 DEGs, with 585 genes being upregulated and 210 genes downregulated
(Fig. 5A). The volcano plots illustrate the distribution of these DEGs (Fig. 5B). The Gene Ontology (GO)
enrichment analysis revealed that the DEGs were significantly enriched in categories related to actin filaments,
cell junctions, and the regulation of PI3K activity (Fig. 5C). Additionally, the Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis showed significant enrichment in the PI3K-AKT pathway (Fig. 5D). These findings
suggest that the PI3K-AKT-mTOR signaling pathway may play a role in regulating renal EMT and the changes
in cytoskeletal architecture induced by BPS exposure.

To clarify the causes and mechanisms of EMT changes in HK-2 cells following exposure to BPS, we conducted
RNA sequencing to identify DEGs between control and BPS-exposed HK-2 cells. We identified a total of 1726
DEGs, which included 1,521 upregulated genes and 205 downregulated genes (Fig. 5E). The distribution of
these DEGs is illustrated in the volcano plot (Fig. 5F). GO analysis revealed that the DEGs were primarily
enriched in terms related to microtubules in the cytoskeleton and cellular components, as well as microtubule
movement and microtubule binding in molecular functions. Additionally, we found enrichment in biological
processes associated with microtubules and cytoskeleton regulation (Fig. 5G). KEGG analysis revealed a strong
enrichment for the PI3K-AKT and MAPK signaling pathways (Fig. 5H), the specific method is based on previous
studies®!2. The PI3K-AKT pathway is known to regulate mTORC1 and mTORC2, and the mTORC signaling
pathway is a key pathway in regulating the cytoskeleton. Based on our RNA sequencing results from kidney
tissues exposed to BPS, we hypothesize that BPS exposure may influence the cytoskeleton through the PI3K-
AKT-mTOR pathway, thereby inducing EMT in HK-2 cells and contributing to renal fibrosis.
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Fig. 4. Immunofluorescence images and protein expression of the EMT-related indicators of HK-2 cells after
BPS exposure. (A) Protein expression of EMT-related indicators in HK-2 cells after BPS exposure. (B) Down-
regulated expression of E-cadherin and ZO-1 in HK-2 cells after BPS exposure, and up-regulated expression of
a-SMA and Vimentin in HK-2 cells after BPS exposure. Scale bar, 50 pm. Data are showed as mean + SD, and
all experiments were repeated three times. **p <0.01, ***p <0.001, ***p <0.0001 compared with control group.

BPS exposure activated of the PI3K-AKT-mTOR pathway and disrupted cytoskeletal
architecture in HK-2 cells

The PI3K-AKT-mTOR pathway in kidney tissues and HK-2 cells were activated after BPS exposure (Fig. 6A,B).
F-actin and B-tubulin in HK-2 cells were severely disrupted and that the cytoskeletal architecture was significantly
disturbed (Fig. 6C). As we expected, the BPS activated the PI3K- AKT- mTOR pathway and disrupted the
cytoskeletal architecture in HK-2 cells.

The PI3K-AKT-mTOR signaling pathway regulates cytoskeletal architecture change and EMT
in HK-2cells

To further validate the role of the PI3K-AKT-mTOR signaling pathway, we added PI3K inhibitor and mTORC
inhibitor into the BPS treatment HK-2cells. We found that PI3K inhibitor significantly inhibited the activation
of the level of p-PI3K, p-AKT, p-mTOR, Rictor and p-PKC (Fig. 7A), mTORC inhibitor can inhibit the levels of
key proteins in the downstream pathway of mMTORC, p-mTOR, Rictor and p-PKC (Fig. 8A). When the addition
of PI3K inhibitor and mTORC inhibitor reduced F-actin and P -tubulin disruption as compared to the BPS
treatment group, the changes in the cytoskeletal architecture were reversed (Figs. 7B and 8B). Meanwhile,
the results of western blotting and immunofluorescence found that the PI3K inhibitorand mTORC inhibitor
partially reversed the changes in the EMT-related indicators induced by BPS treatment (Figs. 7C,D and 8C). The
above results suggest that the cytoskeletal architecture change and EMT induced by BPS exposure are indeed
regulated by the PI3K-AKT-mTOR signaling pathway.
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Fig. 5. RNA sequencing of kidney tissues and HK-2 cells in the control and BPS exposed groups. (A) Heatmap
of DEGs of kidney tissues. (B) Volcano plots of DEGs of kidney tissues. (C) GO enrichment analysis of DEGs
of kidney tissues. (D) KEGG enrichment analysis of DEGs of kidney tissues. (E) Heatmap of DEGs of HK-2
cells. (F) Volcano plots of DEGs of HK-2 cells. (G) GO enrichment analysis of DEGs of HK-2 cells. (H) KEGG
enrichment analysis of DEGs of HK-2 cells. The KEGG enrichment analysis was taken from the relevant
website: www.kegg.jp/kegg/keggl.html.

Discussion

There is an ongoing debate regarding the toxicity of BPS as a substitute for BPA. Recent studies have indicated that
BPS can damage multiple systems in the body, including the reproductive system, liver, brain, and cardiovascular
system™. Specifically, BPS has been found to harm the testis, leading to altered endocrine function in the male
reproductive system. A population-based epidemiological study has shown that long-term prenatal exposure to
BPS and BPA negatively affects neurodevelopment in children, particularly in boys*. Additionally, prolonged
exposure to BPA-like compounds can induce anxiety and depressive behaviors, increase gut permeability, and
enhance microbial diversity®. Research has demonstrated that subchronic exposure to BPS can lead to liver
damage in mice due to oxidative stress*. At environmentally relevant concentrations, BPS has shown significant
and irreversible effects on the basic communication functions of neurons in the mature vertebrate brain®’.
Furthermore, BPS exposure has been linked to the acceleration of atherosclerosis, developmental malformations,
and abnormal behavior’8~%°, Due to its estrogenic effects, BPS may also increase the risk of breast cancer, even at
doses lower than what the U.S. Food and Drug Administration (FDA) deems safe for consumptiont*!. However,
there are limited studies addressing the impact of BPS on renal injury. Research by Feng et al. showed that when
treating adrenocortical cancer cell lines with BPA and BPS, BPS was less toxic than BPA*2. Similarly, a study
by Sebastian Mas et al. found that BPS exhibited lower toxicity to HK-2 cells compared to BPA*3. Although
evidence suggests that BPS exposure can lead to significant nephrotoxicity, the extent of kidney damage caused
by BPS and its underlying mechanisms remain poorly understood***. This study aims to investigate the specific
phenotype and potential mechanisms involved in kidney injury resulting from BPS exposure through both in
vivo and in vitro experiments.

According to reports, the average American adult consumes approximately 1.31 ng/kg of BPS per day.
Additionally, data from animal and human exposure between 2007 and 2013 indicate that BPA doses below 50
mg/kg b.w. /day can affect female reproduction and may also have negative implications for male reproductive
health*®. Currently, there is no definitive data on the dose of BPA in humans that would lead to significant
kidney damage. A previous study indicated that the metabolic saturation concentration of BPS in rats is 110
mg/kg b.w?’. Therefore, we selected doses of 50 mg/kg b.w., 100 mg/kg b.w., and 150 mg/kg b.w. of BPS, which
align with previous intervention concentrations of BPA associated with kidney injury?’. NGAL and KIM-1
are recognized markers of kidney injury. A clinical study demonstrated that urinary BPA concentrations were
positively correlated with increased levels of NGAL and KIM-1. Furthermore, research by Priego et al. found
that five weeks of BPA exposure resulted in heightened expression of NGAL and KIM-1 in kidney tissue*’. Our
study also confirmed that five weeks of BPS exposure increased the NGAL and KIM-1 indices, indicating that
BPS exposure leads to renal tubular injury. Additionally, we observed fiber deposition in the tubular epithelium
as a result of BPS exposure.

The ultimate common pathway and histological manifestation of CKD is renal fibrosis, and multiple etiologies
can lead to renal fibrosis. In recent years, kidney damage caused by environmental pollutants has gradually
attracted attention. For example, prolonged exposure to PM2.5 increases the prevalence of CKD*’; DEHP causes
EMT in the renal tubules, thus aggravating renal fibrosis and renal disease®. However, fibrogenesis features
include increased matrix production and decreased degradation, matrix receptor regulation promoting cell-
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Fig. 6. Changes of the PI3K-AKT-mTOR pathway and the cytoskeletal architecture in kidney tissues and
HK-2 cells after BPS exposure. (A) Protein expression of PI3K-AKT-mTOR pathway in kidney tissues after
BPS exposure, data are showed as mean + standard deviation, and all experiments were repeated three times.
p<0.05,"p<0.01, *p<0.01,**p<0.001,***p < 0.0001 compared with control group. (B) Protein expression
of PI3K-AKT-mTOR pathway in HK-2 cells after BPS exposure, data are showed as mean + standard deviation,
and all experiments were repeated three times. “'p <0.01, **p <0.01,***p <0.001,"**p <0.0001 compared with
control group. (C) Immunofluorescence image of the HK-2 cytoskeletal architecture after BPS exposure.
F-actin and p-Tubulin were extensively disrupted in HK-2 cells after BPS treatment. Scale bar, 50 um.
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matrix interactions, and EMT, etc®!»2, The renal tubular epithelial cells due to cell death and dedifferentiation,
lead to changes in characteristic EMT markers, and ultimately, and ultimately lead to the occurrence of EMT.
During EMT, epithelial cell adhesion is reduced and motility is enhanced. The loss of epithelial cell markers is
also involved in the process of EMT. For example, the expression of E-cadherin and the occlusive band (ZO-
1) decrease®®. E-cadherins bind to adjacent cells to form an epithelial barrier and establish a bridge between
the cytoskeleton of adjacent cells®®. ZO-1 is the structural basis for regulating cytoskeletal organization and
polarity>>*¢. The EMT process also includes the upregulation of a-SMA and vimentin, intermediate filaments
that reduce the transport of E-cadherin to the cell surface®” and the development of the mesenchymal phenotype
by acquiring mesenchymal markers and abilities®. a-SMA is also one of the typical mesenchymal markers™.
Our research found EMT in kidney after BPS exposure, and it is mainly focused on the tubular epithelial.

The essence of EMT is the remodeling of the cytoskeleton, and the sequencing data from in vivo and in
vitro experiments in this study are highly enriched to the cytoskeleton. The cytoskeleton is fundamental to
the maintenance of cell morphology and motility, organizing the cytoplasm and building the spindle bodies®.
F-actin are an important part of the cytoskeleton. The dynamic remodeling of these protein filaments provides
the power for cell invasion and migration, and changes in actin structure in cells are closely related to EMT®!.
The actin cytoskeleton is a continuously reconstructed, dynamic structure that is maintained by the well-
balanced, local assembly, and disassembly of actin filaments®2. Microtubule non-covalent polymers form part of
the cytoskeleton, and the microtubules are highly complex and composed mainly of heterodimeric a -tubulin
and P -tubulin, and functionalized through various evolutionarily conserved posttranslational modifications®.
Microtubules have a dynamic instability and can spontaneously polymerize and depolymerize®. It was
shown that exposure to the environmental contaminant PS-MPs can truncate actin filaments to disrupt the
cytoskeleton, leading to the disruption of the BTB integrity®. BPS also induced truncation of microtubules and
actin filaments in the testis?®. We confirmed that BPS exposure induces EMT in HK-2 cells and kidney tissues,
and that the cytoskeletal architectur is a key driver of EMT. To verify whether BPS exposure induces cytoskeletal
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Fig. 7. Changes of the PI3K-AKT-mTOR pathway, cytoskeletal architecture, and EMT-related indicators

after the administration of the PI3K inhibitor wortmannin(Wort). (A) Protein expression associated with the
PI3K-AKT-mTOR pathway after treatment with BPS and PI3K inhibitor. Data are showed as mean + SD, and
all experiments were repeated at least three times. **p <0.01, ***p <0.001 and ***p <0.0001 compared with
control group. #p <0.05 and ##p <0.01 compared to the 200 uM BPS group. (B) Immunofluorescence detection
of cytoskeletal architecture changes after BPS and PI3K inhibitor treatment. Scale bar, 50 um. (C) Expression of
EMT-related proteins after BPS and PI3K inhibitor treatment.*p <0.05 and ***p <0.001 compared with control
group. #p <0.05 and ##p <0.01 compared to the 200 uM BPS group. (D) Immunofluorescence images of EMT-
related indicators in HK-2 cells after BPS and PI3K inhibitor treatment. Scale bar, 50 um. Data are showed as
mean + SD, and all experiments were repeated three times.
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Fig. 8. Changes of the mTOR pathway, cytoskeletal architecture, and EMT-related indicators after the
administration of the mTORC inhibitor Sapanisertib(Sapa). (A) Protein expression associated with the mTOR
pathway after treatment with BPS and mTORC inhibitor. Data are showed as mean + SD, and all experiments
were repeated at least three times. **p <0.01, ***p <0.001 and ****p <0.0001 compared with control group.
#p<0.05 and ##p <0.01 compared to the 200 uM BPS group. (B) Immunofluorescence detection of cytoskeletal
architecture changes after BPS and mTORC inhibitor treatment. Scale bar, 20 um. (C) Immunofluorescence
images of EMT-related indicators in HK-2 cells after BPS and mTORC inhibitor treatment. Scale bar, 20 um.
Data are showed as mean + SD, and all experiments were repeated three times.

architectur changes in HK-2, we further examined the changes in cytoskeletal architectur F-actin and p -Tubulin
after BPS exposure by immunofluorescence, and we found that BPS exposure indeed induced changes in HK-2
cytoskeletal architectur.

Many pathways can control EMT and cytoskeletal architectur. The study by Zhang et al. found that knockdown
of WNT5A significantly inhibited BPS, induced HK-2 cell migration, and disrupted the EMT process®®. The
sequencing results in our study suggest that differential genes after BPS exposure are highly enriched in the PI3k-
AKT signaling pathway. The study of Yang et al. explored the relationship between WNT5A and PI3K-AKT
signaling pathway, constructed cells overexpressing WNT5A, and found that the phosphorylation level of PI3K
and AKT was significantly increased after overexpression of WNT5A by sequencing. In addition, the expression
level of WNT5A could be reversed by using PI3K inhibitors®”. Triptolide can reverse EMT in HK-2 cells by
reducing PI3K-AKT signaling activity®®. The PI3K-AKT pathway can be regulated by Nrf2-HO-1-mediated
ROS and regulate the high glucose-induced EMT in HK-2 cells®. This study also found that the expression
level of Nrf2 and HO-1 in renal tissue was significantly increased after BPS induction. Moreover, EMT by hdc
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5-mediated treatment in renal tubular cells of diabetic nephropathy can be affected by PI3K-AKT pathway,
while mettl14-mediated PTEN could regulate the activity of PI3K-AKT pathway’®. These results indicate that
the PI3K-AKT pathway can regulate the EMT process in renal tubular epithelial cells and regulate downstream
mTORCI1 and mTORC2 expression. The mTOR interacts with Raptor and Rictor to form the mTORCI and
mTORC?2, respectively’!. Substantial evidence suggests that abnormal activation of mTORCI may be associated
in kidney disease, and mTORCI plays an important role in high glucose-induced EMT and diabetes-induced
renal fibrosis in HK-2 cells’% mTORCI also plays a key role in the nephrotoxic effects of FB1, and fumaristin Bl
(FB1) is a global polluting mycotoxin that is closely associated with unexplained CKD”?. However, mTORC2 in
kidney disease is less studied and controversial. It has been shown that the Rictor / mTORC2 pathway regulates
TGF B 1-induced renal fibroblast activation’®. However, it has also been shown that endogenous Rictor/
mTORC?2 prevents cisplatin-induced acute kidney injury”>. mMTORC1 and mTORC2 have also been confirmed to
regulate the cytoskeletal architectur. MTORC2 can regulate osteoblast differentiation by regulating cytoskeletal
architectur reorganization’®, and phosphorylation of the actin cytoskeletal architectur can be regulated by
the Rictor /TOR complex””. mTORCI pathway activation can promote actin cytoskeletal architectur, thereby
promoting IGF-1-induced cancer cell migration and invasion’s. The above studies indicate that the PI3K-
AKT-mTOR pathway and cytoskeletal architectur rearrangements play an important role in EMT. The result of
RNA sequencing found that DEGs after BPS exposure were enriched in the PI3K-AKT signaling pathway and
cytoskeleton. The key proteins associated with PI3K-AKT-mTOR pathway were detected and the results showed
that BPS exposure activated the PI3K-AKT-mTOR pathway. In addition, we inhibited the pathway with a PI3K
inhibitor, and further observed cytoskeletal architectur changes and EMT, which found that the cytoskeletal
architectur alterations and EMT caused by BPS exposure were partially reversed by PI3K inhibitor. Our study
showed that BPS exposure mediated EMT and changes in HK-2 cytoskeletal structures through PI3K-AKT-
mTOR signaling and that PI3K inhibitor partially reversed HK-2 cytoskeletal disorders and EMT.

Conclusions

Taken together, our results suggest that BPS exposure can induce renal fibrosis injury, while EMT and HK-2
cytoskeletal architectur alteration play a key role in renal fibrosis damage induced by BPS exposure, and PI3K-
AKT-mTOR signaling pathway may regulate cytoskeletal architectur changes and EMT. To the best of our
knowledge, our study is the first to investigate the phenotype and specific mechanism of kidney injury induced
by BPS exposure in a combination of in vivo in vitro assay as well as transcriptomic analysis. This study is
essential for BPS or other environmental pollutants and subsequent clinical treatment of kidney damage.

Data availability
The datasets used or analyzed during the current study are available from the corresponding author on reason-
able request.
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