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1. Introduction

Dietary phytosterol supplementation mitigates
renal fibrosis via activating mitophagy and
modulating the gut microbiota

Fan Yang,?® Yingjie Gao,®® Siyi Xie,>® Wenjing Yang,®® Qiyan Wang,?*¢
Wengian Ye,®® Lu Sun,?® Jiangtao Zhou**® and XiuE Feng {2 *&°

Chronic kidney disease (CKD) poses a significant global health challenge, primarily driven by renal fibrosis,
with limited treatment options. Addressing this condition necessitates either targeted medical treatments
or dietary interventions. Phytosterols (PS) are cholesterol-like bioactive compounds in various plant-based
foods with antioxidant and anti-inflammatory effects. A CKD mouse model was established using folic
acid (FA) and treated with dietary supplements of two PS, stigmasterol (Stig) and B-sitosterol (B-Sito). The
effects and mechanisms of PS were investigated through biochemical indices, pathology, transcriptomics,
and 16S rDNA sequencing. The results indicated that high-dose PS are more effective than low-dose PS
and Losartan potassium (LP) in reducing renal fibrosis, restoring function, and modulating oxidative stress
and inflammation, with no significant differences between high-dose Stig and p-Sito treatments. Gene
Ontology (GO) enrichment analysis revealed that PS were significantly enriched in pathways related to the
mitochondrial outer membrane, ubiquitin-protein ligase binding, and other cellular components and
molecular processes. PS reduced the expression of TGF-p/Smad and cGAS/Stingl/TBK1 and activated
PINK1/Parkin pathway proteins, thereby mitigating renal fibrosis in mice. CKD is often associated with
imbalanced gut microbiota and compromised intestinal barriers. Our observations indicated that PS
restored the intestinal barrier, altered the composition of the gut microbiota, and improved renal function
in CKD mice. The present findings indicate that both Stig and B-Sito activate mitophagy via the PINK1/
Parkin pathway and modulate the gut microbiota, thereby alleviating renal fibrosis. The findings provide
solid and significant implications for developing effective application of PS supplementation in the
management of CKD, presenting novel concepts and approaches for research and clinical treatment.

also enhances fibroblast proliferation and collagen pro-
duction, exacerbating renal fibrosis. Since fibrosis is generally

Renal fibrosis is the primary driver of CKD progression to end-
stage renal disease (ESRD)." Studies have demonstrated that
renal fibrosis is closely linked to epithelial-mesenchymal tran-
sition (EMT).? Persistent kidney injury triggers EMT, leading to
the transformation of multiple cell types, such as fibroblasts,
glomerular cells, and tubular epithelial cells. Transforming
growth factor-beta (TGF-p) activates pathways like Smad, con-
verting renal tubular epithelial cells into fibroblasts.> TGF-p
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irreversible, inhibiting its progression is considered an
effective strategy for preventing CKD.*”

Mitophagy, the selective degradation of mitochondria
through autophagy, plays a crucial role in eliminating
damaged mitochondria and maintaining mitochondrial
homeostasis.*” Research has shown that CKD mice exhibit
impaired autophagy. Recent studies have increasingly linked
mitophagy levels to organ fibrosis progression, with dysregu-
lated mitophagy recognized as a contributing factor to fibrosis
pathogenesis.>® Therefore, targeting mitophagy pathways
offers a potential therapeutic strategy for slowing CKD pro-
gression. The gut microbiota plays a vital role in human health
by producing nutrients and metabolites, coexisting harmo-
niously with the host."® CKD and intestinal microecology are
interrelated and mutually influential.'"* CKD disrupts intesti-
nal balance, damaging the mucosal barrier, reducing ben-
eficial bacteria, and increasing harmful ones.'” Conversely,
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intestinal imbalances allow toxins to enter the bloodstream
through the compromised barrier, triggering inflammation
and worsening kidney damage in CKD patients. This creates a
harmful cycle between the kidneys and intestines, leading to
poor outcomes. Modulating the intestinal microbiota and its
metabolites may represent a promising strategy for mitigating
CKD."' Thus, altering the gut microbial ecosystem to
improve renal dysfunction is a potential therapeutic strategy.
Recent studies have shown that there is a complex interaction
between the gut microbiota and mitochondrial dysfunction. A
healthy gut microbiota can regulate host metabolism and
promote mitophagy through metabolites like short-chain fatty
acids, thereby protecting renal cells from oxidative stress and
reducing chronic inflammation. Conversely, an imbalance in
the gut microbiota may inhibit mitophagy and exacerbate
renal oxidative damage.'>*¢

Functional foods and nutritional interventions are increas-
ingly being recognized as potential therapeutic agents for the
management of chronic diseases.'”'® Phytosterols are natu-
rally occurring bioactive compounds that are predominantly
found in various plant-based foods, including but not limited
to corn (Zea mays), sunflower seeds (Helianthus annuus),
walnuts (Juglans regia), almonds (Prunus amygdalus), wheat
(Triticum aestivum), mulberry fruit (Fructus Mori), Chinese yam
(Corni Fructus) and ginseng (Radix Ginseng). Ginseng, wheat,
sunflower seeds, almonds, walnuts, and corn are notably rich
in PS, with concentrations reaching up to 45.95 ¢ kg™, 4.13 g
kg™, 2.89 g kg™', 1.99 g kg™, 1.77 g kg™', and 1.43 g kg,
respectively.’®?° Common phytosterols, such as stigmasterol
and p-sitosterol, as well as those present in rapeseed oil,
exhibit structural and functional similarities to cholesterol.
Recent studies indicate that PS effectively lower cholesterol
and regulate lipids, potentially due to their impact on in vivo
metabolism and interaction with nuclear receptors.*"*?
Phytosterols have been shown to possess a range of biological
activities, including antioxidation, anti-inflammation, and
lipid metabolism modulation. Abnormal lipid metabolism is
frequently linked to the progression of CKD. By modulating
lipid levels, phytosterols may alleviate renal burden and poten-
tially decelerate disease progression.>®> Furthermore, experi-
ments suggest that phytosterols have anti-inflammatory and
antioxidant effects, which could be vital in treating kidney con-
ditions like lupus nephritis, diabetic nephropathy, and
hyperuricemia.>*2® By reducing inflaimmation and oxidative
stress, phytosterols may protect kidney cells and enhance
kidney function. Experiments suggest that phytosterols have
anti-inflammatory and antioxidant effects, which may help
protect renal cells and enhance kidney function by reducing
inflammation and oxidative stress, key factors in CKD pro-
gression. Based on these findings, it is hypothesized that
dietary supplementation with phytosterols may contribute to
the alleviation of CKD.

In this study, we selected stigmasterol and f-sitosterol, the
two principal components of PS, to examine their potential in
mitigating renal fibrosis. We also aimed to explore whether
their mechanism of action involves the regulation of the
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PINK1/Parkin-mediated mitophagy pathway and the modu-
lation of the gut microbiota. The study establishes a connec-
tion between PS supplementation and the reduction of renal
fibrosis, primarily through the activation of mitophagy and the
modulation of the gut microbiota. These findings propose PS
as a promising candidate for therapeutic intervention, poten-
tially suitable for dietary supplementation, and are anticipated
to offer a theoretical foundation for the effective application of
PS supplementation in the management of CKD.

2. Materials and methods

2.1 Chemicals and reagents

Folic acid (FA, CAS: 59-30-3, F7876-1G) was purchased from
Sigma. Stigmasterol (CAS: 83-48-7, purity = 95%), f-sitosterol
(CAS: 83-46-5, purity = 95%), and losartan potassium (CAS:
124750-99-8, purity = 98%) were purchased from Yuanye Bio-
Technology Co., Ltd. Assay kits for blood urea nitrogen (BUN,
C013-2-1), creatinine (CRE, C011-2-1), urinary protein concen-
tration (PRO, C035-2-1), malondialdehyde (MDA, A003-1),
superoxide dismutase (SOD, A001-3), and reduced glutathione
(GSH, A006-2-1) were purchased from Nanjing Jiancheng
Bioengineering Institute. Antibodies for o-SMA (A17910,
1:5000), Smad3 (A191115, 1:5000), P-Smad2 (AP0269,
1:1000), P-Smad3 (AP0727, 1:2000), cGAS (A8335, 1:1000),
TBK1 (A3458, 1:2000), P62 (A19700, 1:1000), GAPDH
(A19056, 1:5000), B-actin (AC016, 1:10000), and B-Tubulin
(A12289, 1:5000) were purchased from Abclonal. Antibodies
for COL-1 (67288-1-Ig, 1:5000), TGF-p1 (21898-1-AP, 1:3000),
Smad2 (12570-1-AP, 1:5000), Smad7 (25840-1-AP, 1:2000),
Stingl (19851-1-AP, 1:2000), PINK1 (23274-1-AP, 1:1000),
Parkin (14060-1-AP, 1:2000), and LC3 (14600-1-AP, 1:2000)
were acquired from Proteintech. Antibody for FN1(ab199056,
1:3000) was purchased from Abcam. Enhanced RIPA lysate
(AR0102-100) was sourced from Boster Biological Technology
Co. Ltd. Trizol (Mei5bio, MF034) and RT-qPCR reagents (F166-
plus-01 and MF787-01) were purchased from Mei5bio.

2.2  Animals

For this study, SPF grade C57BL/6 male mice (18-20 g, 6-8
weeks old) were obtained from Beijing Sibeifu Biotechnology
Co., Ltd (animal license no. SCXK - (Jing) 2019-0010). Mice
were grouped and raised in independent animal cages in SPF-
level rooms, with an ambient temperature of 21 °C to 23 °C,
with 35% to 65% humidity, and fed sterilized regular feed and
water, and the they ate freely. All experimental protocols were
reviewed and approved by the Ethics Committee of the China
Institute for Radiation Protection, Taiyuan, China (License No.
CIRP-JACLLC-(R)2024020).

2.3 Animal experiments

Mice were randomly assigned to seven groups (10 mice in each
group): control group (CON), model group (FA), stigmasterol-
50 mg kg~' d”" group (FA + Stig-L), stigmasterol-100 mg kg™
d™" group (FA + Stig-H), p-sitosterol-50 mg kg™ d™* group (FA

Food Funct., 2025, 16, 2316-2334 | 2317
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+ p-Sito-L), p-sitosterol-100 mg kg~ d~* group (FA + B-Sito-H)
and Losartan potassium-10 mg kg™ d™' group (FA + LP)
(Losartan potassium: a clinical adjunct to the treatment of
chronic kidney disease). After one week of acclimatization
feeding in the animal room, the CKD mouse model was estab-
lished via a single intraperitoneal injection of 250 mg kg™* FA
solution.>”*® After 7 days of modeling, the PS and LP groups
received the specified doses of PS and LP (dissolved in 0.5%
CMC-Na solution, doses of 50 mg kg™' and 100 mg kg™ " of
stigmasterol and p-sitosterol in CMC-Na solution were 5 mg
mL™" and 10 mg mL™', respectively, with a 30 g mouse
gavaged with a volume of 0.3 mL) daily around 10 : 00 am, while
the CON and FA groups received an equivalent volume of 0.5%
CMC-Na solution, and the gavage was continued for 21 days.
Throughout the feeding period, the body weights and food
intake of each group were systematically recorded weekly. On
day 28, mice were sacrificed by inhalation of isoflurane. Serum,
urine, and kidney tissues were rapidly collected and stored at
—80 °C for subsequent analysis. The fecal samples were col-
lected in sterilized Eppendorf tubes and promptly stored at
—80 °C to facilitate subsequent analysis of the gut microbiota.

2.4 Determination of PS and LP dosage in animal
experiments

The doses of stigmasterol, p-sitosterol, and Losartan potass-
ium were determined based on the existing literature and pre-
vious studies; to determine the intervention dose of PS, we
reviewed animal studies on their effects in hyperuricemia,
colitis, and acute lung injury. The most commonly used doses
were 50 mg kg™' d™! and 100 mg kg™* d™*, both of which have
shown a good remission effect on the disease.””*>*° The
process of translating a human clinical dose to an equivalent
animal dose can be accomplished by utilizing the established
principles of interspecies drug dose conversion (human clini-
cal dose:animal dose = 1:12.3).>' By dose conversion, a
mouse dose of 100 mg kg™* d™" is equivalent to a human dose
of 8.108 mg kg~' d™', which means that a 60 kg adult takes
486.48 mg of phytosterols per day; the dosage of PS is below
the recommendations outlined by the American Heart
Association, the National Cholesterol Education Program, and
the Commission Regulation (European Union).>*** Therefore,
the appropriate dose of PS in the present study was ultimately
designated as the low dose of PS at 50 mg kg™ day ' and the
high dose at 100 mg kg™ day* for oral administration.

2.5 Histopathologic observation of the kidneys

The kidneys fixed in paraformaldehyde for 24 hours were then
embedded in paraffin, dehydrated in ethanol, and cleared with
xylene. Using a microtome, kidney tissue blocks were sliced
into 3 pm sections. These sections were stained with Masson
and hematoxylin-eosin (HE) for examination under a light
microscope.

2.6 Transmission electron microscopy (TEM)

Kidney slices were post-fixed with 1% osmium tetroxide after
initial fixation with glutaraldehyde. Before embedding in
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Spurr resin, the samples were dehydrated using acetone.
Following sectioning with an ultramicrotome, slices were
stained with lead citrate and uranyl acetate. Kidney ultrastruc-
ture images were captured using a transmission electron
microscope (HT7800, HITACHI, Japan). The images were then
analyzed to assess organelle changes and mitochondrial
damage in kidney tissue.

2.7 RNA-sequencing analysis

Total RNA was extracted using the TRIzol reagent, and its
integrity was assessed through agarose gel electrophoresis and
the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA, USA). RNA libraries were sequenced using the Illumina
HiSeq™ 2500/4000 platform. Differential expression analysis
of RNA between the groups was performed using DESeq2 soft-
ware. The total number of differentially expressed genes
(DEGS), as well as upregulated and downregulated genes, was
quantified and analyzed using DESeq2/EdgeR. Selection cri-
teria for genes included |log 2 Fold Change| > 1 and p-value <
0.05. Further bioinformatics analysis was performed on the
identified DEGs.

2.8 Quantitative real-time PCR analysis

Total RNA was extracted from kidney tissues using the TRIzol
reagent. RNA was reverse transcribed into cDNA using the
PrimeScript™ RT reagent kit with gDNA Eraser (Takara,
Beijing, China). qPCR was conducted using SYBR Green
Supermix (EZB, Roseville, USA) and detected on a LightCycler
480 II system (Roche, Indiana, USA). Primer sequences used in
the qPCR experiment are listed in Table 1, with all primers
designed and synthesized by Sanggon Biotech. The compara-
tive threshold cycle (C,) method was used to determine the
relative expression levels of target mRNAs, with GAPDH as the
reference gene for normalizing the C, values. (qQPCR protocol:
holding stage: 1 cycle, 95 °C, 30 s. Cycling stage: 40 cycles,
95 °C for 3 s, 60 °C for 30 s. Melt curve stage: 1 cycle, 95 °C for
15 s, 60 °C for 60 s, 95 °C for 15 s.)

2.9 Western blot

Kidney tissues were lysed with RIPA buffer, protein levels were
quantified using the BCA assay, and 20 pg of protein was
loaded for SDS-PAGE. After separation, proteins were trans-
ferred to PVDF membranes and blocked with 5% BSA for two
hours at room temperature. Membranes were incubated over-
night at 4 °C with the primary antibody, followed by one hour
at room temperature with appropriate secondary antibodies,
and then washed three times with TBST. Lastly, membranes
were exposed to ECL solution, photographed, and analyzed
using Image] for gray-level analysis.

2.10 Genomic DNA extraction and 16S-rRNA sequencing of
feces

Colonic contents were collected and submitted to Applied
Protein Technology Co., Ltd (Shanghai, China) for detection.
Genomic DNA was extracted using the OMEGA DNA Kit, and
its concentration and purity were assessed. The V3-V4 variable

This journal is © The Royal Society of Chemistry 2025
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Gene Forward primers (5'-3') Reverse primer (5'-3')

oa-SMA GCGTGGCTATTCCTTCGTGACTAC CGTCAGGCAGTTCGTAGCTCTTC
COL-1 TGACTGGAAGAGCGGAGAGT GTTCGGGCTGATGTACCAGT

FN1 GAAGTCGCAAGGAAACAAGC GCATCGTAGTTCTGGGTGGT

TGF-p ACCGCAACAACGCCATCTATGAG GGCACTGCTTCCCGAATGTCTG
Smad2 GTCGTCCATCTTGCCATTCACTCC GCTCTCCACCACCTGCTCCTC
Smad3 AGACGCCAGTTCTACCTCCAGTG GCCAGCAGGGAAGTTAGTGTTCTC
Smad7 CAGCCGCCCTCGTCCTACTC ACAGCAACACAGCCTCTTGACTTC
TNF-o CCACCACGCTCTTCTGTCTACTG TGGTTTGTGAGTGTGAGGGTCTG
IL-1B CTCGCAGCAGCACATCAACAAG CCACGGGAAAGACACAGGTAGC
IL-6 TTCTTGGGACTGATGCTGGTGAC CTGTTGGGAGTGGTATCCTCTGTG
IL-10 TCCCTGGGTAGAAAGCTGAAGAC CACCTGCTCCACTGCCTTGC

cGAS GCTAAAGAAGGTGCTGGACAAATTG CTTTGAACTCCGACTCCCGTTTC
Sting1 GATCGGCTTGAGCAGGCTAAAC TAGACAATGAGGCGGCAGTTATTTC
TBK1 GGAACAACTCAATACCTGAGGACTG GCAGGCGTAGCACACAACC

PINK1 GAGGAGAAGCAGGCGGAAGG TCGCAGCATCGAGTGTCCAG
Parkin TTGACACGAGTGGACCTGAGC ACCTCTGGCTGCTTCTAGATCC
LC3I CGCCGCCTGCAACTCAAC CGTCTTCATCCTTCTCCTGTTCATAG
LC3II GCGGGTGATTATAGAGCGATACAAG GCGGGTGATTATAGAGCGATACAAG
P62 GCCGCCCTTGCCCTACAG ATCAATGTCAACCTCAATGCCTAGAG
GAPDH GGTTGTCTCCTGCGACTTCA TGGTCCAGGGTTTCTTACTCC

regions were amplified by PCR using specific primers with bar-
codes and high-fidelity DNA polymerase, based on the selected
sequencing regions. Target fragments were excised, purified,
and analyzed by electrophoresis on 2% agarose gels. PCR pro-
ducts were quantified using a microplate reader fluorescent
quantitative system, based on the initial electrophoresis
results. Ratios were adjusted according to the sequencing
requirements for each sample. The library was constructed
using the TruSeq Nano DNA LT Library Prep Kit (Illumina).
After a thorough quality check, the library was sequenced fol-
lowing analysis with the Agilent Bioanalyzer 2100 and
Promega QuantiFluor.

2.11 Statistical analysis

Data were analyzed using GraphPad Prism 8.0.2 (CA, USA). The
one-way analysis of variance (ANOVA) was used for compari-
sons among multiple groups, and Tukey’s multiple compari-
sons test was used to correct for multiple comparisons. Results
are presented as mean + standard deviation (SD), with p < 0.05
considered statistically significant.

3. Results

3.1 PS ameliorated FA-induced kidney injury in CKD mice

To assess the impact of PS on CKD, a CKD mouse model
was established as previously described.>”*® The diagram of
the animal experiments is shown in Fig. 1B. Kidney tissue,
serum, small intestine, and colon contents were collected on
day 28. After FA intervention, body weight and food intake
in all groups, except the CON group, decreased significantly
in the first three days and then gradually recovered (Fig. 1C
and D). Clinical observations indicated that compared with
the CON group, the kidney tissues in the FA group exhibited
a paler color, smaller volume, lighter mass, and distinct

This journal is © The Royal Society of Chemistry 2025

granularity (Fig. 1E-G). Histopathological results showed
multifocal atrophy of renal tubules, watery degeneration of
epithelial cells, cell swelling, extensive connective tissue
hyperplasia, and lymphocyte infiltration in the kidney tissue
of FA-induced CKD mice (Fig. 1H). Following PS and LP
intervention, the kidney index and weight increased, the
color darkened, and histopathological improvements were
observed (Fig. 1E-H). These findings suggest that PS effec-
tively alleviate kidney injury in CKD mice in a dose-depen-
dent manner.

3.2 PS improved renal function in CKD mice by regulating
oxidative stress and inflammatory factors

To investigate the effects of PS on renal function, oxidative
stress, and inflammatory factors in CKD mice, serum, urine,
and kidney tissue supernatants were analyzed. CRE, BUN, and
PRO are key indicators of renal function, with elevated levels
indicating renal impairment.>™ The results indicated that the
Stig-L, Stig-H, p-Sito-L, p-Sito-H and LP groups significantly
reduced the levels of CRE, BUN, and PRO in a concentration-
dependent manner compared to the FA group (Fig. 2A).
Oxidative stress and inflammation are critical processes
driving CKD progression, interacting to cause pathological
changes.®” Compared to the FA group, the Stig-H and p-Sito-H
groups significantly elevated levels of SOD and GSH, as well as
reduced levels of MDA, outperforming the positive drug LP
group (Fig. 2B). RT-qPCR results demonstrated that pro-
inflammatory factors (IL-6, IL-1f, TNF-a) were markedly
reduced, while anti-inflammatory factor IL-10 was significantly
elevated in the PS group and the LP group compared to the FA
group (Fig. 2C). In summary, PS and LP intervention reduced
CRE, BUN, and PRO levels, decreased MDA levels, and
increased SOD and GSH levels. Additionally, pro-inflammatory
factor levels were reduced, and anti-inflammatory factor levels
increased (Fig. 2A-C). These findings indicate that PS improve

Food Funct, 2025,16, 2316-2334 | 2319
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B-Sitosterol: B-Sito
Purity: >95%
CAS: 83-46-5
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and intestinal
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' ' Gavage 21 days t
0 day 7 days 28 days
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(A) Chemical structures of stigmasterol and p-sitosterol. (B) Schematic diagram of the animal experiment. (C) Body weight. (D) Daily dietary.

(E) Morphological images of kidney tissue. (F) Kidney weight. (G) Kidney index. (H) HE staining of kidney tissue. **P < 0.01 FAvs. CON; *P < 0.05; FA +
Stig-L/H, FA + LP vs. FA; **P < 0.01 FA + Stig-H, FA + B-Sito-H vs. FA. Data are shown as mean + SD. ((F and G) n = 10), ((H) n = 3).
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Fig. 2 (A) CER, BUN and PRO levels. (B) Content of MDA, SOD, and GSH in kidney tissue supernatants. (C) mRNA expression levels of TNF-q, IL-1p,
IL-6, and IL-10 in kidney tissue. (D) GO enrichment analysis of PS-related genes. #**P < 0.01 FA vs. CON; *P < 0.05; FA + Stig-L, FA + p-Sito-L/H, FA +
LP vs. FA; **P < 0.01 FA + Stig-H, FA + B-Sito-H, FA + LP vs. FA. Data are shown as mean + SD. ((A and B) n = 10), ((C) n = 6).
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renal function by regulating oxidative stress and inflammatory
factors.

GO enrichment analysis of PS-related genes revealed that
PS may play a crucial role in several biological processes and
molecular functions, including the adenylate cyclase inhi-
bition of G protein-coupled acetylcholine receptor signaling
pathways, epithelial cell apoptosis, mitochondrial outer mem-
brane, and ubiquitin protein ligase binding (Fig. 2D).

3.3 PSreduced renal fibrosis in CKD mice by inhibiting the
TGF-f/Smad pathway

Continuous oxidative stress and inflammatory responses
during CKD progression can lead to renal fibrosis, which
gradually destroys normal kidney structure and function.**>®
The extent of fibrosis is directly correlated with renal function
decline. Masson staining was used to assess fibrosis in kidney
tissues from all groups. Results demonstrated that the FA
group had a higher degree of fibrosis, with more collagen fiber
deposition and a larger fibrosis area than the CON group
(Fig. 3A). Protein expression of o-smooth muscle actin
(a-SMA), collagen type I (COL-1), and fibronectin (FN1) was sig-
nificantly elevated in the FA group. In comparison with the FA
group, the Stig-H, p-Sito-H, and LP groups exhibited a signifi-
cant reduction in collagen deposition, fibrosis area, and the
expression of fibrosis-related proteins, as illustrated in Fig. 3B
and C. These findings are consistent with the results obtained
from RT-qPCR analysis (Fig. 3D). The TGF-f/Smad signaling
pathway plays a key role in fibrosis development, and renal
tubulointerstitial fibrosis is directly related to its dysregula-
tion.>” We analyzed TGF-B/Smad pathway mRNA and protein
expression, finding increased renal TGF-f, p-Smad2/Smad2,
and p-Smad3/Smad3 levels in the FA group, alongside
decreased Smad7 expression. The PS treatment resulted in
a significant, concentration-dependent reduction in the
levels of TGF-f, p-Smad2/Smad2, and p-Smad3/Smad3, while
concurrently enhancing the expression of Smad7 mRNA and
protein. In contrast, the LP group did not demonstrate a stat-
istically significant effect on the protein expression levels of
TGF-B, Smad3, and Smad7 (Fig. 4A-D). These results suggest
that PS mitigate renal fibrosis by blocking the TGF-p/Smad
signaling pathway and reducing fibrosis-associated protein
production.

3.4 Transmission electron microscopy and transcriptome
sequencing result analysis

Organelle damage in CKD is influenced by multiple factors,
leading to cell dysfunction and death, which ultimately exacer-
bates kidney pathology and accelerates CKD progression.>”=®
Therefore, targeting organelle function is considered a viable
therapeutic approach for CKD. Kidney tissues from each group
were examined via TEM. Compared with the CON group, proxi-
mal tubular epithelial cells in the FA group exhibited moderate
edema and partial dissolution of the cell membrane. There
was a significant reduction in the number of organelles, most
of which displayed swelling. The number of mitochondria (M)
decreased, and they showed signs of damage and disinte-
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gration, with shortened or absent cristae. The rough endoplas-
mic reticulum (RER) was reduced in number, significantly
expanded, and showed membrane damage, with a few ribo-
somes visible on its surface. Intramembrane folds of the
plasma membrane disappeared, and lipid droplets (LD) of
uneven size were observed and fused. Autophagic lysosome
structures (ASS) were also visible. After PS intervention, cell
swelling, the number of organelles, and mitochondrial quan-
tity and morphology were restored, and autophagic lysosome
structures disappeared (Fig. 5A).

To further investigate the mechanisms by which PS miti-
gate CKD, RNA sequencing (RNA-seq) was performed on
kidney tissues from the CON, FA, Stig, and f-Sito groups. The
findings revealed that 138 genes were downregulated and
608 genes were upregulated in the FA group compared to the
CON group. In contrast, the Stig group had 301 downregu-
lated and 144 upregulated genes compared to the FA group,
while the B-Sito group exhibited 292 downregulated and 204
upregulated genes. The intersection of upregulated genes
from the FA group and downregulated genes from the PS
groups revealed 122 common genes, which may be related to
the remission of CKD by PS (Fig. 5B and C). The top 10 differ-
entially expressed genes, based on p-values, were used for
heatmap analysis. Notably, Stingl levels in the PS groups
tended to normalize, approaching those observed in the CON
group (Fig. 5D). Stingl was entered into the KEGG database
to retrieve its upstream and downstream genes, allowing for
further investigation of the cGAS/Stingl/TBK1 signaling
pathway.

KEGG enrichment analysis showed that the pathways
involved in the alleviation of CKD by PS included cytokine-
cytokine receptor interaction, phagosome, and EC-receptor
interaction (Fig. 5E). Using “mitophagy” as the keyword, a total
of 5171 related genes were retrieved in GeneCards. Based on
correlation scores, the top 10 genes were selected for transcrip-
tomic heatmap analysis. The data analysis results of
GeneCards show that PINK1 and Parkin had high correlation
scores with mitophagy (Fig. 5G). The transcriptome analysis
showed that PINK1 and Parkin were increased after PS inter-
vention (Fig. 5F). Consequently, the PINK1/Parkin-mediated
mitophagy pathway was chosen for further investigation.

3.5 PS inhibited the cGAS/Sting1/TBK1 pathway

Western blot results demonstrated that the expression levels of
cGAS, Sting1, and TBK1 proteins were significantly higher in
the FA group compared to the CON group. Following Stig and
B-Sito administration, there was a reduction in cGAS, Sting1,
and TBK1 expression levels (Fig. 6A and B). RT-qPCR results
confirmed that the mRNA expression levels of the major genes
aligned with the western blot data (Fig. 6C).

3.6 PS promoted the PINK1/Parkin-mediated mitophagy
pathway

Protein expression levels related to mitophagy are shown in
Fig. 7A and B. The FA group exhibited higher levels of PINK1,
Parkin, and LC3 protein expression compared to the CON

This journal is © The Royal Society of Chemistry 2025
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group, while P62 expression levels were significantly reduced.
In contrast, PS intervention resulted in increased PINK1,
Parkin, and LC3 protein expression, along with a substantial
decrease in P62 levels, relative to the FA group. RT-qPCR
results confirmed that the mRNA expression levels of the rele-
vant genes were consistent with the western blot findings
(Fig. 7C).

3.7 PSregulated the intestinal barrier and the composition
of the gut microbiota of CKD mice

The gut microbiota can enhance the intestinal barrier and
regulate intestinal inflammation. Maintaining intestinal
barrier integrity and healthy gut flora may be key strategies for
CKD prevention and therapy.*® HE staining of the small intes-
tine showed that, compared to the CON group, the FA group
exhibited disorganized villi structures, with frequent detach-
ment of villi and epithelial cells, exposing the lamina propria.
The villi structures were unclear, and the intestinal gland
structures were indistinct. A reduction in the number of intes-
tinal glands within the lamina propria was also observed, with

2326 | Food Funct., 2025, 16, 2316-2334

a sparse arrangement of glands and increased spacing
between them. After PS intervention, these pathological con-
ditions of the small intestine improved (Fig. 8A).

Owing to the increased dosage of the PS intervention,
there an enhanced remission effect on CKD.
Consequently, gut microbiota detection and analysis were
performed on the CON, FA, Stig, and p-Sito groups. Using 16S
rDNA gene sequencing, the gut microbiota composition of
mice following PS intervention was analyzed. The Venn
diagram showed the number of ASVs (amplicon sequence var-
iants) shared and unique to each group, with 538 common
ASVs identified across the four groups. Unique ASVs included
125 in the CON group, 318 in the FA group, 243 in the Stig
group, and 245 in the p-Sito group (Fig. 8B). Bray-Curtis
PCoA analysis revealed that the samples from the CON group
clustered closely, indicating smaller within-group variance.
There was some degree of separation between the FA and
CON groups, while after the PS intervention, the Stig group
gravitated toward the CON group (Fig. 8C). The Shannon
curve indicated that the sequencing data were sufficient to

was
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capture the majority of microbiological information (Fig. 8D),
and the abundance curve suggested that the species distri-
bution within samples was relatively even (Fig. 8E). The Chao
index, reflecting species richness, showed a significant
increase in species quantity after FA injection compared to
the CON group, with a decreasing trend observed after PS
intervention (Fig. 8F). The Shannon index, reflecting species
diversity, showed that FA injection significantly increased gut
microbiota diversity, while the Stig group exhibited a signifi-
cant reduction in diversity (Fig. 8G). The Simpson index indi-
cated that species distribution across groups was relatively
even (Fig. 8H).

The microbial composition was determined at various taxo-
nomic levels, including kingdom, phylum, class, order, family,
genus, and species. At the phylum level, Firmicutes and
Bacteroidota were the dominant microbiota (Fig. 9A).
Significant differences in the microbial composition were
observed across groups at the genus and species levels, while

This journal is © The Royal Society of Chemistry 2025

the microorganisms at the species level were all undefined
flora. Thus, the analysis focused on genus-level differences
(Fig. 9B). Probiotic genera, such as Muribaculaceae and
Alloprevotella, decreased significantly in the FA group but
increased after PS intervention. Pathogenic genera, such as
Alistipes and Odoribacter, increased markedly in the FA group
but decreased significantly after PS intervention (Fig. 9C
and D). To further assess differences between groups,
LEfSe (Linear discriminant analysis Effect Size) analysis
was performed. The results indicated that in the CON
group, 8 types of bacteria, including Burkholderiales and
Gammaproteobacteria, played important roles. In the FA group,
12 types of Dbacteria, including Rikenellaceae and
Veillonellaceae, were significant. In the Stig group, 3 types of
bacteria, including Lactobacillaceae and Oscillospirales, were
important, while in the p-Sito group, 7 types of bacteria,
including Acholeplasmataceae and Mpycoplasmataceae,
identified as significant (Fig. 9E and F).

were
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Fig. 9 (A) Microbial distribution at the phylum level. (B) Microbial distribution at the genus level. (C) Percentage analysis of microbes at the genus
level. (D) Heat map analysis of microbes at the genus level. (E) and (F) LEfSe analysis. Data are shown as mean + SD. (n = 6).
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4. Discussion

This study investigated the potential efficacy of two phytoster-
ols, stigmasterol and p-sitosterol, in ameliorating CKD. The
findings present compelling evidence that the PS influence
pathological alterations in renal tissues and exert effects on
CKD by regulating multiple pathophysiological mechanisms,
including oxidative stress, inflammation, renal fibrosis, mito-
phagy, and gut microbiota modulation. Firstly, it was demon-
strated that PS could decrease the concentrations of MDA and
pro-inflammatory mediators, including IL-6, IL-1f, and TNF-a.
Additionally, PS were shown to enhance the levels of SOD,
GSH, and the anti-inflammatory IL-10. Another significant
finding is PS’s ability to mitigate renal fibrosis, a predominant
driver of CKD progression. The TGF-f signaling pathway is cri-
tically involved in the EMT process, which promotes fibrosis.
Activation of this pathway by increasing the phosphorylation
of Smad2 and Smad3 and reducing Smad7 levels transactivates
downstream profibrotic proteins, thereby promoting fibrosis
development.*®*! This study demonstrated that the Stig-H and
B-Sito-H groups more effectively inhibited the expression of
fibrosis marker proteins, including a-SMA, COL-1, and FN1, as
well as TGF-p, p-Smad2, and p-Smad3 proteins, while simul-
taneously enhancing Smad7 expression, compared to the LP
group. These findings suggest that PS attenuates FA-induced
fibrosis in mice by modulating the TGF-f/Smad signaling
pathway, highlighting its potential as a novel strategy for the
mitigation of CKD .

To further explore how PS alleviate CKD, a bioinformatic
analysis of transcriptomic data was conducted, followed by
experimental validation. Transcriptomic analysis identified
122 differentially expressed genes (DEGs) that were upregu-
lated in the FA group but downregulated in the PS groups.
Among these, Sting1 exhibited significant changes in both PS
groups. KEGG pathway analysis suggested that PS mitigation
of CKD may involve the phagocytosis pathway. Therefore,
Sting1 and its upstream and downstream genes were selected
for further investigation of the cGAS/Sting1/TBK1 signaling
pathway, a major sensor of inflammation induced by mito-
chondrial DNA (mtDNA) release.*>™**

Mitophagy, the selective degradation of defective mitochon-
dria through autophagic processes, is crucial for maintaining
mitochondrial quality control, which helps prevent mtDNA
release and restrict activation of the cGAS/Sting1/TBK1
axis.”>*® PINK1 and Parkin are key mediators of this process.”
Consequently, the PINK1/Parkin-mediated mitophagy pathway
was selected for further analysis. RT-qPCR and western blot
confirmed that PS downregulated the expression of cGAS,
Sting1, and TBK1, while activating PINK1/Parkin-mediated
mitophagy. These findings suggest that PS attenuate renal
fibrosis by inhibiting the cGAS/Sting1/TBK1 inflammatory
pathway and activating mitophagy.*®*°

The gut microbiota has recently gained attention as a poten-
tial contributor to the pathogenesis of kidney diseases.’® The
“gut-kidney axis” highlights the connection between CKD and
the gut microbiota.>® Dysbiosis and reduced diversity in the gut
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microbiome are strongly associated with CKD. Gut bacteria con-
tribute to renal disease progression by modulating intestinal
barrier function and promoting chronic inflammation through
biochemical toxins.'"'* Functional ingredients and nutrients
such as fiber, probiotics, synbiotics, and phytoconstituents can
modulate inflammatory pathways or influence the gut mucosa,
potentially decelerating CKD progression.>>

Previous research has established that the intestine serves
as the primary site for phytosterol absorption. Phytosterols
have been shown to alter the villus length and crypt depth in
the small intestines of osteoporotic mice, and they can modify
intestinal morphology through the regulation of the intestinal
microbiota, which suggests the potential role of phytosterols
in mitigating osteoporosis through their interaction with the
gut microbiota.”® These findings are consistent with the
results of our study, which shows that PS improve intestinal
permeability by mitigating villi structural abnormalities, redu-
cing frequent detachment of villi and epithelial cells, and
minimizing lamina propria exposure in the kidneys and small
intestines. Furthermore, PS also increase the number and
reduce the spacing of intestinal glands in the lamina propria.
In brief, PS regulate the intestinal barrier and gut microbiota
composition in CKD mice.

Furthermore, 16S rDNA gene sequencing results revealed
that PS attenuate the enhanced species diversity of the gut
microbiota in CKD mice. PS significantly elevated the abun-
dance of probiotics such as Muribaculaceae and Alloprevotella,
while notably decreasing pathogenic genera like Alistipes and
Odoribacter. Research studies indicated that Alloprevotella and
Muribaculaceae aid in the production of short-chain fatty acids
(SCFAs) in the intestines, which may enhance intestinal epi-
thelial cell growth, restore the intestinal epithelial barrier integ-
rity, and prevent intestinal endotoxin leakage into the blood-
stream. These probiotics protect intestinal barrier function and
exert direct and indirect anti-inflammatory effects.>*>> However,
Odoribacter and Alistipes, pro-inflammatory bacteria linked to
various inflammatory diseases, can activate inflammatory sig-
naling pathways, leading to increased pro-inflammatory factors
and reduced anti-inflammatory factors. These bacterial species
are strongly associated with kidney injury, suggesting they may
play an essential role in PS’s mitigation mechanism for
CKD.’*”” Thus, altering the gut microbiota through PS sup-
plementation may be a promising strategy for CKD remission.

This research explored the physiological mechanism of PS’s
anti-fibrotic effects in CKD mice. Based on the aforementioned
research findings, it can be concluded that there were no sig-
nificant differences between the two high-dose treatments of
stigmasterol and f-sitosterol concerning kidney tissue pathol-
ogy, the extent of fibrous reduction, recovery of kidney func-
tion indicators, and the regulation of oxidative stress and
inflammatory factors. High-dose PS exhibited superior effects
compared to low-dose PS and LP. In terms of inhibiting the
cGAS/Sting1/TBK1 pathway and modulating the gut micro-
biota, stigmasterol demonstrated more effective intervention
outcomes than f-sitosterol. Despite substantial experimental
evidence, the study has limitations. The roles of Odoribacter,

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Possible mechanisms for the phytosterols alleviating CKD.

Alistipes, Alloprevotella, and Muribaculaceae in renal damage
have not been fully investigated. Future research should focus
on clarifying the pathophysiology and evolution of the gut
microbiota in CKD, including changes in metabolite profiles.

5. Conclusion

In this study, we investigated the effects of PS, especially stig-
masterol and p-sitosterol, on alleviating symptoms in CKD

This journal is © The Royal Society of Chemistry 2025
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mice and explored the underlying mechanisms. PS mitigated
renal damage by inhibiting inflammation and fibrosis, primar-
ily through activating PINK1/Parkin-mediated mitophagy and
suppressing inflammation via the cGAS/Sting1/TBK1 signaling
pathway. Moreover, PS demonstrated the potential to improve
intestinal permeability. Experimental evidence suggests that
the intestinal microbiota significantly mediates PS’s alleviation
effects. These findings offer fresh insights into the gut-kidney
axis and enhance the understanding of PS’s mitigation poten-
tial in CKD. These findings propose PS as a promising candi-
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date for therapeutic intervention, potentially suitable for
dietary supplementation, and are anticipated to offer a theore-
tical foundation for the effective application of PS supplemen-
tation in the management of CKD (Fig. 10).
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