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Introduction: Focal segmental glomerulosclerosis (FSGS) is a serious disease that
culminates in kidney failure. Today, FSGS is diagnosed histologically as a
progressive scarring of the glomeruli due to gradual loss or damage of the
podocyte layer, making it one of the main targets of FSGS therapeutic
approaches. However, given that podocytes are terminally differentiated, post
mitotic epithelial cells with limited proliferative capacity, they are considered one
of the most vulnerable components of the glomeruli.

Aim and Methods: We herein investigated the effect of trehalose, a naturally
occurring sugar with low toxicity and high stability, on kidney function using a
murine model of adriamycin-induced nephropathy.

Results: Based on our data, trehalose administration improved proteinuria in
mice with FSGS compared to those without FSGS induction (24 h urine protein
of 0.3040.06 versus 0.55+0.08, p-value<0.05, and urine protein to
creatinine ratio of 0.7840.25 versus 1.56+0.17, p-value<0.05, respectively
this is accompanied by reduced fibrosis and podocyte damage. Significant
reduction in collagen deposition in glomeruli observed in mice treated with
trehalose, P-value<0.01 and significant reduction in glomerular basement
membrane thickness, P-value<0.001. Moreover, trehalose intake is associated
with higher mature podocyte markers at gene and protein expression levels,
Nphsl, Nphs2 and Synpo. These favorable effects seem to be mediated mainly via
increased WT-1/EZH2 signaling, which is a key pathway in maintaining normal
podocyte function and growth. These effects were also observed in the
downstream signaling pathway with lower expression of Mmp-7 and Catenin
bl gene expression (p-value<0.05 and <0.01, respectively).
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Conclusion: Our findings suggest that trehalose could be a promising therapeutic
agent for FSGS, nevertheless, more studies are necessary to confirm our findings
and evaluate trehalose efficacy in clinical settings.

KEYWORDS

focal segmental
nephrotic syndrome

Introduction

Focal segmental glomerulosclerosis (FSGS) is a chronic kidney
disease characterized by progressive scarring of the glomeruli
(Jacobs-Cacha et al., 2021). In the absence of less invasive
diagnostic markers of the disease, diagnosis of FSGS is based on
histopathological examination of a kidney biopsy (Agrawal et al.,
2021; Musiala et al, 2022). Although FSGS currently has a low
incidence rate of 1.4-21 per million, its diagnosis has been
(Shabaka et al, 2020). More
importantly, more than half of FSGS patients gradually progress

increasing in recent years
to end-stage kidney disease within 5-10 years (Zhu et al., 2022), with
a recurrence rate in approximately 40% of post-kidney transplant
surgery patients (Musiala et al.,, 2022; Savin et al.,, 1996). Taken
together, FSGS presents one of the biggest medical challenges in
kidney disease cases.

The etiology of FSGS remains elusive, with most publications
categorizing it into either idiopathic, caused by specific miRNAs and
other not yet fully identified circulating permeability factors, or
secondary, due to other diseases such as obesity, type 2 diabetes,
acquired immune deficiency, viral infections, and drugs, along with
genetic factors (Musiala et al.,, 2022; Savin et al., 1996). Clinical
manifestations of the disease are heterogenous, but one staple
feature is the varying degrees of proteinuria due to glomerular
filtration barrier dysfunction; this is mostly due to damage or
loss of podocytes, a hallmark of FSGS (Zhu et al., 2022; Wen
et al, 2018). This dysfunction largely results from structural and
functional damages to podocytes, whose injury or detachment is
considered a hallmark of FSGS pathology. Recent molecular
nephrology investigations suggest that alterations in podocyte
gene expression, oxidative stress, and dysregulated signaling
pathways such as TGF-f, NF-kB, and Notch may also contribute
to disease progression and variation in clinical presentation and
disease phenotypes (Yuan et al., 2022; Latt et al., 2022).

Podocytes are highly specialized, terminally differentiated, post-
mitotic epithelial cells that play a central role in maintaining the
integrity of the glomerular filtration barrier (Dai et al., 2009; Yi et al.,
2017). They possess a complex cytoskeletal architecture and a
network of foot processes, with slit diaphragm structures that
maintain selective filtration and mechanical stability. Due to their
limited proliferative capacity and inability to replenish their
numbers, they are one of the most vulnerable components of the
glomeruli. Therefore, understanding podocyte injury and repair
mechanisms is crucial for kidney disease treatment and
prevention. In addition, podocyte depletion directly correlates
with glomerulosclerosis and progressive renal function decline
(Dai et al., 2009; Yi et al., 2017).

The primary mechanism of maintaining podocyte homeostasis
and promoting their survival is autophagy, which has been shown
consistently to be directly linked with kidney health and normal
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sclerosis, podocyte, fibrosis, renal disease,

glomerular function (Hartleben et al., 2014; Tang et al., 2019). Under
normal conditions, podocyte injury promotes autophagy that
inactivates misfolded proteins and organelles while supplying
nutrients for survival. Meanwhile, in pathological states,
inhibition of autophagy induces apoptosis and aggravates
glomerular disease (Yi et al., 2017; Hartleben et al, 2014). It is
reported that 20% of podocyte damage is sufficient to induce
glomerulosclerosis in mice (Hartleben et al, 2014). As such,
autophagy may be considered a protective response to shield
podocytes from injury and minimize damage.

The management of FSGS remains a major clinical challenge
due to its heterogeneous etiology and variable response to therapy.
Current treatment strategies are largely empirical and primarily
aimed at reducing proteinuria, preserving renal function, and
delaying progression to end-stage kidney disease. Conventional
therapy includes tight control of blood pressure to reduce
intraglomerular pressure and proteinuria and the wuse of
immunosuppressive therapy (Trachtman, 2020; Caster et al,
2022). Despite these options, a significant proportion of patients
fail to achieve sustained remission, highlighting the need for more
targeted and pathogenetic treatments. Emerging therapies under
clinical investigation include novel immunomodulators, antifibrotic
agents, and drugs targeting specific molecular pathways implicated
in podocyte injury and permeability factor activity.

In this regard, trehalose, a natural disaccharide of glucose, has
demonstrated broad cytoprotective effects in preclinical and clinical
research. Animal studies have shown that trehalose enhances
autophagy, promotes clearance of misfolded proteins, and
reduces oxidative and endoplasmic reticulum (ER) stress
(Galbiati et al., 2023; Hosseinpour-Moghaddam et al., 2018)
through modulation of pathways such as NRF2, TGF-f, and
mTOR, leading to neuroprotection and improved cellular
homeostasis in models of neurodegenerative and metabolic
diseases (Xu et al, 2023; Zschiedrich et al., 2017; Ruby et al.,
2023). It also stabilizes cellular membranes and mitigates
inflammation in models of heat stress and oxidative injury
(Galbiati et al., 2023; Hosseinpour-Moghaddam et al, 2018).
Trehalose has been used in clinical trials to improve tear film
stability and symptoms in patients with dry eye disease (Hom
et al,, 2025), and reduce inflammation markers without affecting
glycemic control in patients with type 2 diabetes (van Can et al.,
2012). In neurodegenerative disorders, intravenous trehalose
administration has been shown to be safe and to slow disease
progression (Trial and Group, 2025). Collectively, these findings
highlight trehalose as a promising therapeutic candidate that
modulates autophagy, reduces oxidative stress, and protects
against cellular injury; however, larger controlled clinical trials
are still needed to confirm its disease-modifying potential.

More specifically, it has been reported that trehalose can protect
podocytes from Adriamycin-induced injury, a well-established
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experimental model of focal segmental glomerulosclerosis (Kang
et al., 2014). In vitro studies demonstrated that trehalose treatment
significantly reduced podocyte apoptosis and preserved cytoskeletal
integrity by stabilizing F-actin organization (Kang et al., 2014).
These protective effects are attributed to the promotion of
autophagic activity, the attenuation of oxidative stress, and the
suppression of proapoptotic signaling pathways, such as caspase-
3 and MAPK (Darabi et al.,, 2018). Nevertheless, to the best of our
knowledge, no previous studies have comprehensively investigated
the therapeutic potential of trehalose in vivo within the context of
FSGS. The in vitro cellular models fail to fully replicate the complex
cellular
mechanisms present in the intact kidney organ. Therefore, in
investigation s whether the
cytoprotective effects observed in vitro translate into meaningful

interactions, hemodynamic forces, and immune

vivo crucial to determine
structural and functional improvements at the whole-organism
level. Therefore, in the present study, we aim to bridge this
critical knowledge gap by evaluating the renoprotective role of
trehalose as a potential therapeutic agent using an Adriamycin-

induced FSGS animal model.

Materials and methods

Experimental groups and induction of focal
segmental glomerulosclerosis

The study protocol and all experiments were approved by the
Ethics Committee for animal use in research at Sultan Qaboos
University #SQU/EC-AUR/2021-2022/4.

Forty healthy male BALB/c mice aged 10-12 weeks weighing
between 16 and 29 g were randomly allocated to respective
experimental groups, with a total of 10 mice per group. Male
rodents were used to eliminate hormonal variability and increase
reproducibility as estrous cycles in female rodents may alter renal
function and affect glomerular injury modulation (Santmyire et al.,
20105 Joles et al., 1998). Mice were housed in polypropylene cages
with stainless steel covers. Prior experiment, mice were allowed to
acclimate to the environment. During the experiment, mice were
maintained in a temperature-controlled room (22 C + 1 C) under
standard housing conditions, with a natural 12h light/dark cycle and
free access to a standard rodent diet and water.

The experimental design is described in Figure 1A. To induce FSGS,
mice (n = 20) were injected once intravenously with 9.6 mg/kg of
Adriamycin (known also as doxorubicin, catalog # ab120629, Abcam,
Cambridge, UK) diluted in saline. The selected dose is based on the
previous documented use of Adriamycin for FSGS induction (Wyburn
et al,, 2013; Lee and Harris, 2011). The FSGS-induced group is hereby
designated with the “+”

(n = 20) received saline injection and is designated with the “~” sign.

sign. The control group with no FSGS induction

Following injection, mice were administered 2% of either trehalose
(Tre) or sucrose (Suc) (catalog # S0389, Sigma-Aldrich, St. Louis, MO,
USA) in drinking water for 7 weeks, ad libitum. Prior to sacrifice, mice
were individually placed in metabolic cages with free access to diet and
drinking solution; fresh stool and urine samples were collected every
24 h. Three hours prior to sacrifice, all mice were injected
(BrdU, catalog #
ab142567, Abcam, Cambridge, UK) to monitor in vivo glomerular

intraperitoneally with bromodeoxyuridine
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cell proliferation. Mice were anesthetized using isoflurane (catalog
#50019100, Zoetis Inc, Parsippany, NJ, USA), and blood was
collected via cardiac puncture. Mice were then scarified by cervical
dislocation, and kidneys were harvested and cut into cortical pieces for
histochemical analysis and protein and RNA isolation.

Proteinuria and kidney function assessment

Urine was collected weekly to monitor changes in total protein
levels in urine using the Bio-Rad protein assay reagent (catalog # #500-
0001, Bio-Rad Laboratories, Hercules, CA, USA). Creatinine was
measured in urine and serum using a colorimeter (for urine
catalogue # 80350, Crystal Chem, Elk Grove Village, IL, USA, and
for serum catalog #KGE005; R&D Systems, Minneapolis, MN, USA).
Urine albumin was measured using a mouse-specific ELISA Kit (catalog
# 809630, Crystal Chem, Elk Grove Village, IL, USA). The percentage
change in urine protein between week 7 and prior to FSGS induction
was calculated. Albuminuria was adjusted to the total 24-h urine
volume. Creatinine clearance (mL/min) was calculated using the
following equation: urine creatinine (mg/dL)/serum creatinine (mg/
dL) x urine volume (mL)/collection time (minute). The urine protein-
to-creatinine ratio (UPCR) was calculated by dividing urine protein
(mg/dL) by the urine creatinine level (mg/dL).

Histological analysis of glomeruli
and podocytes

Dissected kidneys were fixed in 4% formaldehyde overnight at
4 °C and then processed for paraffin embedding. Approximately
3-5 pum-thin sections were stained with hematoxylin and eosin and
with Masson’s trichrome for collagen staining. The images of
glomeruli were taken under the same light exposure and
magnification and then quantified for collagen deposition using
Fiji software (https://fiji.sc) (Schindelin et al., 2012; Zadjali et al.,
2012). Bromodeoxyuridine (Brdu)-positive cells were identified
using anti-Brdu (Clone MoBU-1, Thermo Fisher Scientific,
Waltham, MA, USA) at a dilution of 1:50 and then detected
using a DAB Ultra-view Universal DAB Detection Kit (catalog #
760-500, Ventana Medical Systems/Roche, Tucson, AZ, USA) and
counter-stained with hematoxylin-11 (catalog # 790-2208, Ventana
Medical Systems/Roche, Tucson, AZ, USA). The percentage of
DAB-stained cells within a glomerulus was determined using the
Fiji tool and adjusted to total stained nuclei.

To analyze podocyte integrity, tissue samples were fixed in 2.5%
glutaraldehyde for 2 h and then processed for electron microscopy using
a JEOL JEM-1230 transmission electron microscope. The Fiji tool was
used to measure the glomerular basement membrane (GBM) thickness
and foot process width (FPW) (van den Berg et al., 2004).

Western blot analysis and quantitative real-
time PCR

Protein extractions from kidney tissues and SDS-PAGE
analysis were performed as previously described (Al-Araimi
et al,, 2021). Kidney tissues were homogenized in RIPA lysis
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FIGURE 1

B +FSGS

Effect of trehalose administration on markers of subnephrotic proteinuria. (A) Experimental design of Adriamycin-induced FSGS. A total of 40 mice
were used and divided into four experimental groups (10 mice per group). FSGS was induced (+) via intravenous injection of Adriamycin and controlled
using normal saline (-). Post-Adriamycin injection, 2% trehalose (Tre) and sucrose (Suc) were administered in drinking water ad libitum for 7 weeks.
(B) Mouse body weight at the experimental end point. (C-F) Markers of kidney function and subnephrotic proteinuria measured at the time of

sacrifice. Tukey's post hoc p-values: *<0.05.

buffer containing protease and phosphatase inhibitors. Protein
concentrations were determined using the Bio-Rad Protein Assay
Reagent (Bio-Rad, Hercules, CA, USA). Equal amounts of protein
(20-40 pg) were separated using SDS-PAGE and transferred onto
PVDF membranes (Millipore, MA, USA).
Membranes were blocked with 5% non-fat dry milk or BSA in
Tris-buffered saline containing 0.1% Tween-20 (TBST) for 1 h at
room temperature. Membranes were incubated overnight at 4 °C

Burlington,

manufacturer-recommended
dilutions. After washing with TBST, the membranes were

with  primary antibodies at
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incubated with HRP-conjugated secondary antibodies for 1 h
at room temperature (Santa Cruz Biotechnology, Dallas, TX,
USA). Protein bands were visualized using the Pierce™ ECL
Western Blotting Substrate (Thermo Fisher Scientific, Waltham,
MA, USA) and imaged. Band intensities were quantified using
Fiji software and normalized to loading controls (B-actin). The
following primary antibodies were used: rabbit anti-nephrin
(catalog #ab136894, Abcam, Cambridge, UK), mouse anti-
Nidgon (catalog #sc-33706, Santa Cruz Biotechnology, Dallas,
TX, USA), rabbit anti-Synaptopodin (catalog #ab259976, Abcam,
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TABLE 1 List of primer sequences used for quantitative PCR.

10.3389/fphar.2025.1706617

Gene Forward primer Reverse primer

Atg5 TGTGCTTCGAGATGTGTGGTT GTCAAATAGCTGACTCTTGGCAA
Becnl ATGGAGGGGTCTAAGGCGTC TCCTCTCCTGAGTTAGCCTCT
Atgl2 TCCCCGGAACGAGGAACTC TTCGCTCCACAGCCCATTTC
Ulk1 ACCATTGTCTACCAGTGT AGTGTCTTGTTCTTCTCATAA
Sqstm1 AGGATGGGGACTTGGTTGC TCACAGATCACATTGGGGTGC
b-Actin GATGTATGAAGGCTTTGGTC TGTGCACTTTTATTGGTCTC
Fnl GATGTCCGAACAGCTATTTACCA CCTTGCGACTTCAGCCACT
Nphs1 GTGCCCTGAAGGACCCTACT CCTGTGGATCCCTTTGACAT
Nphs2 CTTGGCACATCGATCCCTCA CGCACTTTGGCCTGTCTTTG
Synpo CTTTGGGGAAGAGGCCGATTG GTTTTCGGTGAAGCTTGTGC
witl GAGAGCCAGCCTACCATCC GGGTCCTCGTGTTTGAAGGAA
Nos2 CATCAACCAGTATTATGGCTC TTTCCTTTGTTACAGCTTCC
1-18 GGATGATGATGATAACCTGC CATGGAGAATATCACTTGTTGG
Tgfp1 CACCGGAGAGCCCTGGATA TGTACAGCTGCCGCACACA
Collal TTCACCTACAGCACGCTTGTG GATGACTGTCTTGCCCCAAGTT

Cambridge, UK), rabbit anti-APG5L/ATGS5 (catalog #ab228668,
Abcam, Cambridge, UK), rabbit anti-Beclinl (catalog #ab62557,
Abcam, Cambridge, UK), mouse anti-WT-1 (catalog #ab89901,
Abcam, Cambridge, UK), rabbit P-ULK1 (catalog #12753, Cell
Signaling Technology, Danvers, MA, USA), ULK (catalog #8054,
Cell Signaling Technology, Danvers, MA, USA), p62/SQSTM1
(catalog #ab56416, Abcam, Cambridge, UK), and beta-actin
(catalog #ab8227, Abcam, Cambridge, UK).

Total RNA was isolated using TRIzol reagent (catalog
#15596026, Life Technologies, Carlsbad, CA, USA) from
30-50 mg of kidney tissue. Additionally, cDNA synthesis and
gene expression analysis were performed as previously described
(Al-Araimi et al., 2021). In brief, quantitative real-time PCR was
performed using SYBR Green Master Mix (Thermo Fisher Scientific,
Waltham, MA, USA). Relative gene expression levels were calculated
using the relative standard method. The highest standard was made
from the ¢cDNA pool, and then, dilutions were made in 1/4 to
generate a linear line. Relative quantity for each gene expression was
made from the linear equation. Primers were purchased from
Metabion ® using salt-out purification, and the sequences are
listed in Table 1. Original uncropped Western blot images are
included in Supplementary Figure 1.

Statistical analysis

The significant differences in quantitative data between control
and experimental groups were calculated using GraphPad Prism
software v.10 (GraphPad Software, San Diego, CA, USA). Results are
expressed as mean + standard deviation (SD). The Kruskal-Wallis
test was performed to compare groups, followed by Tukey’s multiple
comparison post hoc test to determine statistical differences between
them. Group comparison was made between Tre- versus Suc-treated
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mice within the FSGS- (no disease) or FSGS+ (disease) groups. To
compare the effect of Adriamycin within the saline control, we
compared between two groups within Tre- or Suc-treated mice.

Results

Trehalose ameliorates the markers of
subnephrotic proteinuria in a murine
FSGS model

We analyzed mice treated with trehalose for 7 weeks after induction
of FSGS compared with those treated with sucrose and their respective
controls. At the time of sacrifice, mice body weights were not
significantly different between the four experimental groups: Suc-,
Suc+, Tre—, and Tre+, as shown in Figure 1B. The (-) sign
indicates the non-FSGS group and the (+) sign indicates the FSGS
Adriamycin-induced group.

At week 7, the degree of renal dysfunction and markers of
subnephrotic  proteinuria monitored by creatinine clearance,
proteinuria changes, albuminuria, and UPCR are shown in Figures
1C-F. In the control group (non-FSGS-induced), trehalose treatment
(Tre-) showed no effect on kidney parameters compared to the sucrose
control group Suc—, whereas FSGS-induced mice showed significantly
lower creatinine clearance (p-value <0.05) than the normal control
groups, as shown in Figure 1C. However, no difference was observed in
creatinine clearance between the Tre+ and Suc+ groups. We then
assessed subnephrotic proteinuria markers and found increased urine
protein changes, albuminuria, and UPCR in FSGS-induced mice that
received sucrose (Suc— vs. Suc+), as shown in Figures 1D-F.
Nevertheless, mice treated with trehalose (Tre+) showed significantly
lower albuminuria and UPCR than the Suc+ group (p-value <0.05) with
levels comparable to that of the healthy control Tre— group.
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FIGURE 2

Histopathological analysis of trehalose effect on kidney fibrosis and podocyte integrity. Images are shown at 7 weeks post-administration of
trehalose (Tre) or sucrose (Suc) following Adriamycin-induced focal segmental glomerulosclerosis (+FSGS) compared to the control (-FSGS). (A)
Masson's trichrome staining of renal glomeruli, with representative images showing color deconvolutions and intensity of collagen deposition (left). At
right, collagen deposition was quantified using Fiji software. A 20-pum scale bar is shown below the images using x40 objective. Images were taken
from each mouse in the study (10 mice per group), with a total of 5 glomeruli analyzed per mouse. (B) Electron microscopy images of kidney sections
showing capillary lumen (CL) and podocytes (PD) with calculation of foot process width (FPW) at bottom. EM was performed on five mice per
group. Images were taken from 5 glomeruli of each mouse. (C,D) FPW and glomerular basement membrane (GBM) thickness in nm. In GBM analysis,
kidney sections from 4-6 mice in each group were analyzed, and measurements were taken in each mouse from 2 or more glomeruli. In each
glomerulus, an average thickness was taken from multiple segments in the capillary loop. Tukey's post hoc p-values: *<0.05 and ***<0.001.

Trehalose reduces kidney fibrosis and treatment (p-value <0.05), Figure 2A. In contrast, kidney sections

podocyte injury in an Adriamycin-induced from the Tre-treated group showed no increase in collagen

FSGS model deposition and were significantly lower than those in the Suc+
group (p-value<0.05), Figure 2A.

Histological assessment of collagen deposition showed marked We then assessed podocyte injury using transmission electron

glomerulosclerosis in sucrose-treated mice after Adriamycin  microscopy (Figure 2B). Adriamycin-induced damage to podocytes in
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the Suc+ control group was evidenced by a significant increase in
GBM thickness and pronounced foot effacement, reflected by higher
FPW, Figures 2C,D. In contrast, trehalose treatment protected against
Adriamycin-induced podocyte injury, showing significantly lower
GBM thickness and reduced FPW (p-value<0.05).

Trehalose-protective effects are mediated
via enhanced podocyte survival

To functionally explain the protective effects of trehalose on
albuminuria and histological features of FSGS, we measured the
gene expression patterns of different pathways, along with
glomerular cellular proliferation. Interestingly, quantitative real-
time PCR showed that histological fibrotic changes in the study
model were not associated with altered gene expression of pro-
fibrotic markers: Procollagen I (Collal), Tgf-f1, and Fnl (Figures
3A-C). Furthermore, there were no changes in pro-inflammatory
nitric oxide synthase
Figures 3D,E.

We then examined in vivo cellular proliferation within the

(Nos2) and II-18 gene expressions,

glomeruli using 3-h Brdu injection prior to sacrifice; however, no
significant differences were observed in cellular proliferations within
glomeruli of Tre+ and Suc+ groups, Figure 3F. However,
significantly higher levels of podocyte markers nephrin 1 (NphsI)
and 2 (Nphs2), along with synaptopodin (Synpo), were detected in
Tre+ mice compared to Suc+ littermates in both disease and control
groups, Figures 3G-I, with the expressions of these markers being
Tre+
p-value <0.001. This shows increased podocyte integrity through
a mechanism independent of inflammation, fibrosis, or proliferation

significantly  higher in the FSGS-induced  group,

pathways, instead promoting podocyte survival.

Increased podocyte survival after trehalose
administration is mediated via the WT-1
pathway rather than autophagy

As mentioned in the introduction, earlier in vitro experiments
demonstrated that the protective effect of trehalose on podocyte is
mediated by the induction of autophagy (Kang et al., 2014). Thus, we
herein examined autophagy markers across all experimental groups
using Western blotting. Interestingly, there is a significant increase
in gene expression patterns of autophagy markers Ulkl, SqstmI, and
Atg5 (only trehalose-treated group) in mice with FSGS compared to
their healthy counterparts, Figures 3]-L. However, no significant
changes were observed between Tre+ and Suc+ groups, except for
Sgstml in the non-FSGS control group. Additionally, analysis of
renal protein levels also shows no significant differences in ATG5,
SQSTMI, and Beclin-1 protein levels in the four experimental
groups, Figure 4. These autophagic markers were lower in the
Tre+ group than in the Suc+ group but did not reach statistically
significant levels.

We then investigated other mechanisms that regulate podocyte
health and integrity, namely, nidogen-1 and Wilms tumor
(WT-1). Our findings indicate that

basement

suppression protein 1
although
significantly lower in FSGS groups, its protein levels were higher

nidogen-1, a membrane marker, is
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in Tre+ mice, Figure 4. On the other hand, WT-1, an essential
marker for the development and homeostasis of podocytes that is
frequently measured in kidney biopsies (Guo et al., 2002; Su et al.,
2010), increased in renal tissues of Tre+ mice, Figure 3M. This effect
was observed in Tre+ mice with and without FSGS, suggesting that it
may occur at the transcriptional level. It is worth noting that these
results were confirmed at the protein level in Tre+ mice, as shown
in Figure 4.

Trehalose WT-1-enhancing effect is
associated with the altered downstream
signaling pathway

To further elucidate the mechanism behind the increase in WT-
1 signaling, we explored downstream targets of WT-1 at gene and
protein expression levels. It has been reported previously that MMP-
7 is downregulated in WT-1 knockout mice (Li et al, 2015).
Correspondingly, we found reduced expression of Mmp-7 in
Tre+ mice, which was significantly lower in FSGS mice,
Figure 3N. Additionally, previous studies show crosstalk between
WT-1 and B-catenin as a protective element of podocyte against
diabetic nephropathy via the repression of EZH2/B-catenin
(Wagstaff et al., 2023; Corbin et al., 2009; Wan et al.,, 2017). We
herein found that the renal expression of the Catenin Bl gene
(Ctnnbl) is significantly downregulated in Tre+ mice, with lower
levels expressed in the FSGS-induced group, Figure 30. This is
further confirmed by the protein expression levels of EZH2, which
are lower in mice treated with trehalose.

Discussion

This investigation generally aims to elucidate the role of
trehalose as a potential therapeutic agent against FSGS. It has
previously reported that
tubulointerstitial injury by altering the glomerular barrier. More

been Adriamycin  can  inflect
specifically, Adriamycin causes direct damage to glomerular
endothelial cells, its basement membrane, and podocytes by
decreasing their charge density and size selectivity (Lee and
Harris, 2011; Jeansson et al., 2009). Thus, Adriamycin was used
to induce FSGS in BALB/c mice to investigate the effect of trehalose
on the kidney function in vivo. Our results indicated that trehalose
administration improves proteinuria in mice with FSGS while
reducing fibrosis and podocyte damage. This effect is mediated
by increased WT-1 signaling, a key pathway to maintain normal
podocyte function and growth. Additionally, our findings
demonstrate that trehalose can preserve GBM integrity, thereby
preventing the significant protein loss observed in the FSGS
control group.

One of the major hallmarks of FSGS is the obstruction of
glomerular capillaries and pathological fibrosis defined by
exaggerated deposition of the extracellular matrix (ECM). In fact,
fibrosis is considered a secondary outcome of any severe or
progressive glomerular injury or rare disease affecting the
podocytes (podocytopathies) (Duffield, 2014). In our model, we
observed significant glomerular fibrosis with FSGS-induced mice,
which was ameliorated by trehalose treatment. The observation,
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FIGURE 3

Effect of trehalose administration on markers of fibrosis, proinflammation, and podocytes in an FSGS animal model. FSGS was induced by a single
dose of Adriamycin (+) compared to saline (-). Data are shown at the time of sacrifice, 7 weeks post-treatment with trehalose (Tre), versus sucrose (Suc) as

the control. (A—C) Expression of kidney fibrosis markers. (D,E) Expression
stained nuclei to total nuclei in renal glomeruli. (G—1) Gene expression lev:
markers. (M—0) Expression of Wilms tumor-1 (WT-1) signaling. Gene expres:

of pro-inflammatory genes. (F) Percentage of bromodeoxyuridine (Brdu)-
els of mature podocyte markers. (J—L) Gene expression of autophagy
sions were normalized to the expression of B-actin. The sample size for each

group was 10. RU, relative unit. Tukey's post hoc p-values: *<0.05, **<0.01, and ***<0.001

however, was not associated with changes in gene expression
patterns of fibrosis and inflaimmatory markers at the time of
sacrifice. The effect of trehalose may not be involved in the
alteration of fibrotic or inflammatory pathways but may improve
podocyte health and integrity, resulting in lower fibrosis as shown
by histology.

Based on previous in vitro investigations, the most significant
role of trehalose in FSGS is enhancing the autophagic response,
which is essential for podocyte health and function. The association

Frontiers in Pharmacology

between trehalose and enhanced autophagy has also been
demonstrated in other terminally differentiated cells, such as
neurons—an effect confirmed by the upregulation of the
autophagy =~ markers LC3  and  Beclin-1  via  the
AMPK-ULK1 pathway (Li et al, 2021). Additionally, trehalose
appears to suppress inflammatory cytokines by activating the
autophagic flux, including the transcription factor EB (TFEB),
and by upregulating Beclin-1 and Atg5/7, thereby forming
autophagosomes in corneal epithelial cells (Liu et al, 2020).
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Western blot analysis of trehalose effects in an animal model of FSGS. FSGS was induced by a single dose of Adriamycin (+) compared to saline (-).
Data are shown at the time of sacrifice, 7 weeks post-treatment with trehalose (Tre), versus sucrose (Suc) as the control. Western blotting results for ATG5,
Beclin-1, SQSTM1, Nidogen-1, EZH-1, and WT-1, along with B-actin as a housekeeping control, are shown. A total of seven samples of each group was
loaded in one membrane. Bar diagrams indicate quantified densitometry of protein bands normalized to the levels of B-actin. Tukey's post hoc

p-values: *<0.05.

Moreover, Qu et al. (2019) demonstrated the antioxidative capacity
of trehalose using a rat model. This important role is associated with
the upregulation of nuclear factor erythroid 2 (Nrf2) via the
inhibition of its nuclear translocation and decreasing the
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expressions of p62/SQSTM1 and LC-311, thereby restoring
autophagy (Qu et al,, 2019). These findings were confirmed by
Tang et al. (2019), who also attributed the reduction in Bcl2, a
known apoptosis biomarker, to the effect of trehalose. However, to
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the best of our knowledge, this is the first investigation on the role of
trehalose in preserving podocyte integrity in vivo. Our data indicate
that although there was a significant increase in gene expression
patterns of autophagy markers UlkI, Sgstm1, and Atg5 in mice with
FSGS compared to their healthy control, no significant changes were
observed between Tre+ and the matched control Suc+. This suggests
that the podocyte-protective effects of trehalose under disease
conditions could be mediated via factors or pathway other
than autophagy.

Our data demonstrate higher markers of mature podocyte at
gene and protein expression levels with trehalose treatment. Given
that podocyte injury or loss is a common feature in end-stage
kidney disease, particularly FSGS, any damage or loss of podocytes
presents an irreversible loss of kidney function, leading to
proteinuria and glomerulosclerosis (Zhou et al., 2019). From a
molecular standpoint, and to assess the effect of trehalose on
podocytes, the expression patterns of nephrin (Nphsl) and
podocin (Nphs2) were analyzed. It is important to note that
Nphsl and Nphs2 are essential for maintaining a size-selective
barrier that forms the intercellular junction in podocytes.
Downregulation of these two proteins is known to be associated
with severe proteinuria and sclerotic changes (Otaki et al., 2008;
Gebeshuber et al., 2013). Our data reveal that both markers, along
with synaptopodin, a marker of mature podocytes, are upregulated
in trehalose-treated mice, which was significantly higher in the
FSGS group than in the control. There are several pathways
implicated in such transformation, such as Wnt/B-catenin and
WT-1 pathways. In this regard, upregulated Wnt/p-catenin
with injury
dedifferentiation, leading to GMB disruption and proteinuria
induction (Li et al, 2021). In a mouse model of Adriamycin-

signaling is  associated podocyte and

induced nephropathy, activation of Wnt/B-catenin signaling
precedes the onset of proteinuria (Dai et al., 2009; Zhou et al.,
2019). Similarly, in healthy mice, p-catenin activation through
genetic or pharmacological means is sufficient to compromise
podocyte integrity and result in proteinuria (Dai et al, 2009;
Zhou et al,, 2019). On the other hand, the role of WT-1/EZH2/
[-catenin was earlier confirmed with regard to podocyte integrity in
a diabetic nephropathy model (Wan et al., 2017). More specifically,
WT-1, a transcription factor that maintains podocyte homeostasis,
reduces the expression of EZH2 at the promotor level and inhibits
podocyte damage. Thus, loss of WT-1 downregulates proteins such
as podocalyxin and nephrin, leading to the collapse of podocyte
architecture (Li et al., 2021). This is significant as EZH2 has been
shown to upregulate 3-catenin in an osteoarthritis model, causing
increased collagen deposition (Chen et al., 2016). However, in the
kidney, EZH?2 is thought to increase oxidative stress that eventually
leads to podocyte death (Wan et al,, 2017).

Studying the effect of trehalose on reducing FSGS in mice has its
The short
environment of mice do not reflect the complexity of human

limitation. lifespan and controlled laboratory
exposures, comorbidities, and disease progression. Nevertheless,
these beneficial effects of trehalose require further exploration in
other disease models of podocyte pathology such as diabetic
nephropathy before being tested in clinical settings.

Taken together, our findings and previous in vitro experiments
showed that trehalose is a safe food ingredient that can exert

protective effects on podocytes and improve proteinuria in an in
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vivo model of FSGS. Moreover, our study demonstrates that this
effect of trehalose is mediated by an upregulation of WT-1 signaling
and the concomitant reduction in [-catenin pathways, thus
providing mechanistic insights into the protective effect of
trehalose on podocyte health and function.
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