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Abstract

Background: Diabetic kidney disease (DKD) remains a leading cause of chronic kidney disease worldwide despite current standard
therapies. c-Kit" renal progenitor cells have been implicated in kidney repair and regeneration. We investigated whether mesenchymal
stem cells (MSCs) and the sodium-glucose cotransporter-2 inhibitor empagliflozin are associated with differential modulation of intrarenal
¢-Kit" cell expression in a preclinical model of DKD using BTBR*”°® mice. Methods: These BTBR®”*® mice were allocated into three
groups: untreated DKD, MSC-treated DKD, and empagliflozin-treated DKD, and were compared with BTBR wild-type (WT) controls.
BTBR**® mice received empagliflozin formulated inchow ad libitum at 25 mg/kg (Jardiance®, Boehringer Ingelheim, Ingelheim am
Rhein, RP, Germany) starting at 4-5 weeks of age. MSCs (1 x 10° cells per dose) were administered intraperitoneally at 8 and 10 weeks
of age. Animals were evaluated at 10, 14-15, and 18-20 weeks. Renal c-Kif gene expression was quantified by quantitative real-time
PCR (qPCR), and protein expression was assessed by immunohistochemistry in the cortex, medulla, and glomeruli. Statistical analyses
included mixed-effects models and two-way analysis of variance (ANOVA). Results: c-Kit expression was significantly influenced by
time and treatment in both cortex and medulla. In the renal cortex, MSC therapy was associated with a transient increase in c-Kit gene
expression at 14—15 weeks, followed by a reduction at 18-20 weeks. Empagliflozin predominantly modulated cortical c-Kit expression
at later time points. Immunohistochemistry demonstrated higher cortical c-Kit protein expression in MSC-treated animals compared with
untreated DKD mice. In the medulla, MSC-treated mice exhibited increased c-Kit expression at 14—15 weeks, which declined at 18-20
weeks. Empagliflozin had a modest effect on c-Kit expression and was associated with infrequent glomerular immunoreactivity at 14—15
weeks. Conclusions: MSC therapy and empagliflozin are associated with distinct temporal patterns of c-Kit expression in DKD. MSC
treatment showed early modulation of c-Kit expression, whereas empagliflozin exhibited more delayed effects. These findings suggest
that c-Kit" cells are dynamically regulated during DKD progression. Given the absence of functional and mechanistic analyses, these
results should be considered hypothesis-generating and warrant further investigation.
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1. Introduction co-transporter-2 (SGLT2) inhibitors, mineralocorticoid re-
ceptor antagonists, and glucagon-like peptide-1 receptor
agonists [4]. Although these therapies significantly slow

disease progression, a considerable residual risk of kidney

The global prevalence of diabetes mellitus (DM) is
projected to increase by approximately 45% between 2024

and 2050, affecting more than 800 million people world-
wide [1]. Diabetic kidney disease (DKD), the leading cause
of chronic kidney disease (CKD), affects nearly one in three
individuals with DM [2]. Moreover, 30—40% of patients
with DKD will ultimately require dialysis or kidney trans-
plantation. Importantly, a substantial proportion of indi-
viduals with DKD will die from cardio- or cerebrovascular
events before initiating kidney replacement therapy [3].

In addition to lifestyle modifications, current DKD
management relies on four major pharmacological pillars:
blockade of the renin-angiotensin system, sodium-glucose

function decline remains.

In this context, identifying additional therapeutic
strategies capable of further attenuating DKD progression
remains a critical unmet need. One promising approach is
cell-based therapy using mesenchymal stem cells (MSCs)
[5]. MSCs are multipotent cells found in various tis-
sues, including bone marrow, adipose tissue, and umbil-
ical cord blood, and are characterized by specific surface
markers, plastic adherence, and a fibroblast-like morphol-
ogy [6]. Their biological effects are primarily mediated
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through paracrine mechanisms, largely driven by the re-
lease of extracellular vesicles [7]. In preclinical DKD and
type 2 DM (T2DM) models, MSC therapy modulates mul-
tiple dysregulated signaling pathways, reducing inflamma-
tion, oxidative stress, apoptosis, fibrosis, and cellular senes-
cence, while promoting angiogenesis and cellular prolifera-
tion, thereby improving both functional and structural renal
and pancreatic outcomes [8,9,10]. In humans with DKD,
MSC therapy has been shown to be safe and to contribute
to preservation of kidney function [11,12].

Concurrently, increasing attention has been directed
toward the investigation of putative resident kidney
stem/progenitor cell populations as potential therapeutic
targets [13,14]. In the context of kidney development and
repair, c-Kit identifies a distinct population of progeni-
tor cells. c-Kit" cells delineate a previously unrecognized
progenitor compartment extending from the aorta-gonad-
mesonephros region to the developing mouse kidney and
are molecularly distinct from the Foxd1-expressing stromal
lineage [15]. These cells are highly expressed in the ureteric
bud, where they interact with their ligand, stem cell factor
(SCF), which is expressed in the metanephric mesenchyme
[16].

Although c-Kit signaling does not appear to be es-
sential for in vivo cell survival, ex vivo studies suggest
that these cells become dependent on SCF signaling un-
der defined conditions, likely reflecting the loss of redun-
dant survival pathways present in vivo. Exogenous SCF has
been shown to expand intrarenal c-Kit" cells, increase an-
gioblast abundance, and accelerate nephron development,
whereas c-Kit antagonism promotes apoptosis of interstitial
c-Kit" cells, reduces Flk-1" angioblasts, impairs ureteric
bud branching, and ultimately decreases nephron number
[15]. Additionally, the Kit/SCF pathway plays a role in
postnatal growth of epithelial, endothelial, and endocrine
cells [17]. Collectively, these findings indicate that c-Kit
signaling modulates progenitor cell dynamics and nephro-
genesis in a context-dependent manner, with potential im-
plications for renal development and regenerative strate-
gies.

In human kidneys, c-Kit" cells have been identified in
both the cortex and medulla of deceased donors with acute
tubular injury [18]. In healthy individuals, c-Kit" cells have
been observed in proximal and distal tubules [19,20]. In re-
nal cancer, c-Kit expression shows strong cytoplasmic im-
munoreactivity in papillary renal cell carcinomas and mem-
branous staining in chromophobe renal cell carcinomas, the
latter originating from the intercalated cells of the collect-
ing duct [20]. However, other studies have failed to detect
c-Kit* cells in renal tissue [21], highlighting ongoing un-
certainty regarding their distribution and functional role.

Our group has previously characterized a kidney-
derived stem/progenitor cell population expressing the c-
Kit receptor (CD117), demonstrating clonogenicity, mul-
tipotency, self-renewal capacity, and regenerative potential

in models of ischemia-reperfusion injury in models of acute
ischemia-reperfusion injury [22] and nephrotic syndrome
[23].

The aim of the present study was to evaluate whether
bone marrow-derived MSCs and empagliflozin, a SGLT2
inhibitor, modulate intrarenal c-Kit" cell expression in
a preclinical model of T2DM, obesity, and DKD using
BTBR*”* (Black and Tan, Brachyury) mice, compared
with untreated diabetic and lean control mice. We hypoth-
esized that MSC therapy would be associated with early
modulation of the intrarenal c-Kit" progenitor compart-
ment, whereas empagliflozin would influence this popula-
tion indirectly through metabolic and hemodynamic mech-
anisms.

2. Material and Methods
2.1 BTBR®Y® Afice

To evaluate the effects of the proposed therapeu-
tic strategies, BTBR?”?® mice (BTBR.Cg-Lepob/WiscJ;
#004824, The Jackson Laboratory, Bar Harbor, ME, USA)
were used. The animals were randomly assigned to the in-
tervention or control groups. No animals were excluded
from the study after randomization, and all allocated an-
imals were included in the final analyses. This strain
is widely regarded as one of the most robust experimen-
tal models of progressive DKD. Due to leptin deficiency,
BTBR®”° mice develop severe hyperphagia, resulting in
obesity and early-onset diabetes [24]. The sustained hy-
perglycemic state, combined with marked insulin resis-
tance, leads to progressive structural and functional renal
alterations that closely recapitulate human DKD, as de-
scribed by The Jackson Laboratory (https://www.jax.org/
strain/004824).

Briefly, BTBR?”°? mice exhibit a rapid and progres-
sive metabolic phenotype that closely recapitulates key fea-
tures of human type 2 diabetes. Additional details regard-
ing the phenotype are available on The Jackson Laboratory
website (https://www.jax.org/jax-mice-and-services/strain
-data-sheet-pages/phenotype-information-004824). As
early as 4-6 weeks of age, these animals develop obe-
sity driven by hyperphagia, followed by persistent hyper-
glycemia and impaired glucose tolerance between 6 and
8 weeks of age [24,25,26,27]. This is accompanied by
marked insulin resistance and dyslipidemia, including ele-
vated triglyceride and cholesterol levels. Between 8 and 12
weeks, the metabolic syndrome becomes fully established,
with systemic inflammation and oxidative stress contribut-
ing to disease progression. This early and robust metabolic
derangement makes the BTBR?”?” strain particularly suit-
able for studying interventions targeting the initial phases
of diabetic complications.

From approximately 12—16 weeks onward, these mice
develop progressive diabetic kidney disease, characterized
by glomerular hypertrophy, mesangial matrix expansion,
and the onset of albuminuria. By 16-20 weeks, the renal
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phenotype advances to severe nephropathy, including dif-
fuse glomerulosclerosis, arteriolar hyalinosis, and tubuloin-
terstitial injury, closely resembling advanced human DKD
[24,25,28]. Importantly, the rapid and predictable temporal
progression of renal injury in this model provides a valu-
able framework for investigating stage-specific therapeutic
effects. This feature is particularly relevant for evaluating
interventions with distinct temporal dynamics, such as early
regenerative approaches versus later metabolic and hemo-
dynamic modulation.

All experimental procedures were approved by the in-
stitutional Animal Care and Use Committee and were con-
ducted in accordance with ethical guidelines. The study was
registered under the Ethics Committee on the Use of Ani-
mals of Hospital Israelita Albert Einstein, Sdo Paulo, SP,
Brazil (protocol number 4900-21), in accordance with AR-
RIVE guidelines.

The biological material used for the present quantita-
tive real-time PCR (qPCR) and immunohistochemical anal-
yses was obtained from previously published experimental
studies conducted by our group. Specifically, kidney sam-
ples from BTBR?”*” and wild-type BTBR mice treated with
empagliflozin and MSCs, as well as their respective control
groups, were derived from the cohorts previously described
in references [29,30,31]. The original studies reported the
metabolic, functional, and histopathological outcomes of
these interventions, whereas the current investigation was
specifically designed to evaluate renal c-Kit expression at
the gene and protein levels using archived biological speci-
mens from these previously characterized experimental co-
horts.

2.2 Experimental Design and Groups

Wild-type BTBR mice (BTBR WT), healthy and
disease-free, were used as a reference lean control
group. An additional control group consisted of untreated
BTBR®”?" mice (obese and T2DM), representing the natu-
ral progression of DKD. A total of four experimental groups
were established, each comprising six male mice (n = 6 per
group, biological replicates) (Fig. 1):

1. Wild-type BTBR mice without treatment (WT; lean
control);

2. BTBR?”" mice without treatment (obese, T2DM,
and DKD control);

3. BTBR"*® mice treated with mesenchymal stem
cells (MSCs);

4. BTBR°”°® mice treated with a SGLT?2 inhibitor
(empagliflozin).

The sample size was limited by the intrinsic biological
constraints of the BTBR?”?* model, including reproductive
difficulty, increased fragility, and higher mortality during
longitudinal follow-up.
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2.3 Treatment With SGLT?2 Inhibitor and MSCs

Empagliflozin was administered via diet. At 4-5
weeks of age (weaning), animals assigned to the SGLT2
inhibitor group were housed in cages with ad libitum ac-
cess to chow (RHOSTER, Aragoiaba da Serra, SP, Brazil)
supplemented with empagliflozin at a concentration of 25
mg/kg and free access to drinking water, as previously de-
scribed by our group [29]. Untreated groups received stan-
dard chow (NUVILAB CR-1 Irradiated) and water ad libi-
tum.

MSCs were obtained from male 6-8-week-old
mT/mG mice (#007576; JAX Laboratories, Bar Harbor,
ME, USA). These cells were extracted from femoral/tibial
bone marrow (BM) flush, followed by purification in
culture through passages in DMEM/F12 1:1 Ham (In-
vitrogen, Carlsbad, CA, USA) supplemented with 20%
FBS (#F063—Cultilab, Campinas, SP, Brazil) and 1%
PS (#15140122—Gibco, Thermo Fisher Scientific, San
Diego, CA USA). We characterized MSCs at passages 5—6
and injected these cells at passages 7—10. Incubation con-
ditions: 37°C, 5% CO,, and humidified atmosphere. Cells
were expanded, purified, and characterized according to
established criteria, including fibroblast-like morphology,
immunophenotyping by flow cytometry, and tri-lineage
differentiation potential (osteogenic, chondrogenic, and
adipogenic) [30]. Consistent with published data, MSCs
expressed CD29, CD44, CD90, CD105, and Stem cell
antigen-1 (Sca-1), while lacking expression of CD31
(endothelial marker) and the hematopoietic markers CD45
and CD34. Cell viability was considered acceptable when
exceeding 80%, as determined by Trypan Blue exclusion.
Mycoplasma testing was performed routinely every six
months in accordance with Good Laboratory Practice
(GLP) requirements in our laboratory. Furthermore, the
specific mesenchymal stem cell samples used in this study
were tested for mycoplasma contamination, and all results
were negative.

BTBR”?" mice assigned to MSC treatment received
intraperitoneal injections of 1 x 10° cells at 8 and 10 weeks
of age, targeting an early therapeutic window prior to the
expected peak of proteinuria, which typically occurs be-
tween 12 and 14 weeks of age in this model [24].

Importantly, empagliflozin was administered early
(from 4-5 weeks of age), targeting metabolic and hemo-
dynamic pathways, whereas MSCs were administered at 8
and 10 weeks, targeting a regenerative window prior to peak
renal injury. This design allowed us to investigate whether
these therapies exert distinct temporal effects on c-Kit" cell
dynamics, which represents the central hypothesis of our
study.

Animals were euthanized by an overdose of 2.5-5%
isoflurane (Cristalia, Itapira, SP, Brazil), followed by cer-
vical dislocation.
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injections were administered at the 8th and 10th weeks of age, and euthanasia was performed at 14—15 and 18-20 weeks.

2.4 Quantitative Real-Time PCR (qPCR)

To further quantify renal c-Kit gene expression, quan-
titative real-time PCR was performed. Renal tissue sam-
ples were preserved in RNAlater solution and stored at
—80 °C until processing. Total RNA was extracted us-
ing the RNeasy Mini Kit (QIAGEN, Hilden, NRW, Ger-
many), and RNA concentration and purity were assessed
using a NanoDrop spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). RNA samples were standard-
ized to 10 ng/uL and reverse-transcribed into complemen-
tary DNA (cDNA) using the High-Capacity cDNA Reverse
Transcription Kit.

gPCR reactions were conducted using TagMan™ Gene
Expression Master Mix on a QuantStudio™ 6 Flex Real-
Time PCR System (Applied Biosystems, Waltham, MO,
USA). Beta-glucuronidase (GUSB; MmO01197698 ml)
was used as the endogenous reference gene, and c-Kit (Kit;
MmO00445212 ml) as the target gene. Relative gene ex-

pression was calculated using the comparative threshold cy-
cle method (AACT), with results expressed as fold change
relative to the wild-type control group.

2.5 Immunohistochemistry

At 10, 14, and 20 weeks of age, animals from each
experimental group were euthanized, and kidney tissues
were harvested. Samples were fixed in formalin, embed-
ded in paraffin, and sectioned at a thickness of 3.5 pm. Im-
munohistochemical staining was performed using the EnVi-
sion FLEX High pH system (Agilent Technologies, Santa
Clara, CA, USA). Following deparaffinization, rehydra-
tion, and antigen retrieval, endogenous peroxidase activ-
ity was blocked. Sections were incubated overnight at 4
°C with a rabbit polyclonal anti-c-Kit antibody (Abcam,
ab5506, Cambridge, MA, USA) at a dilution of 1:200.
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After incubation with the appropriate secondary anti-
body, immunoreactivity was visualized using diaminoben-
zidine (DAB) as the chromogen, resulting in brown stain-
ing in c-Kit" areas. Both qualitative and quantitative anal-
yses were performed under light microscopy (magnifica-
tion 20x) using CellSens software (version 1.16, Olympus,
Shinjuku, Tokyo, Japan). To calculate the c-Kit" fraction
area, we analyzed six distinct images per animal. For the
assessment of ¢-Kit" glomeruli, at least 30 glomeruli were
counted per animal.

2.6 Statistical Analysis

Data obtained by qPCR and immunohistochemistry
were analyzed using two-way analysis of variance (two-
way ANOVA) or mixed-effects models, according to data
structure and the presence or absence of missing values.
Two-way ANOVA was restricted to complete datasets,
whereas mixed-effects models were applied when missing
data were present, preserving the robustness of the infer-
ences without compromising analytical quality. Normal-
ity was assessed using the Shapiro-Wilk test. When nor-
mal distribution was not observed, data were transformed
to meet the assumptions of parametric models.

Specifically, qPCR data from the renal medulla
showed a non-normal distribution and therefore underwent
logarithmic transformation using the Box-Cox formula with
A = —0.5. This transformation was applied to normalize
data distribution and enable the use of statistical tests with
greater power. After transformation, data were analyzed
using a mixed-effects model, considering time, treatment,
and their interaction as fixed effects. Intragroup multiple
comparisons over time were performed using Tukey’s test,
while intergroup comparisons at each time point were con-
ducted using Dunnett’s test. For gPCR analyses in the renal
cortex, a mixed-effects model with the same factors was ap-
plied, and multiple comparisons followed the same testing
strategy.

For immunohistochemical analysis of the renal cortex,
a two-factor repeated-measures ANOVA (time and treat-
ment) was used, preceded by normality assessment with
the Shapiro-Wilk test. Tukey’s test was applied for both
intra- and intergroup multiple comparisons. Immunohisto-
chemical data from the renal medulla were analyzed using
a mixed-effects model with time and treatment as factors,
following confirmation of normality by the Shapiro-Wilk
test. Tukey’s (intragroup) and Dunnett’s (intergroup) tests
were employed for multiple comparisons.

Similarly, data related to glomerular quantification
were analyzed using a mixed-effects model with time
and treatment as factors, with normality assessed by the
Shapiro-Wilk test. Intra- and intergroup multiple compar-
isons were performed using Tukey’s test.

We performed two analyses: (i) comparisons at the
10-week point among MSC-treated, empagliflozin-treated,
and untreated BTBR?”*and lean mice; and (ii) longitudi-
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nal comparisons between 14—15 and 18-20 weeks to eval-
uate the effects of MSC and empagliflozin exposure in
BTBR*”*’mice relative to untreated diabetic and lean con-
trols.

All statistical analyses were conducted using Graph-
Pad Prism software, version 8 (GraphPad Software,La
Jolla, CA, USA), adopting a significance level of 5% (p <
0.05) for all comparisons.

3. Results

3.1 qPCR Analysis Results
3.1.1 Quantitative Analysis of the Renal Cortex

The mixed-effects analysis revealed a statistically sig-
nificant effect of time on the expression of c-Kit—positive
cells (p <0.0001), indicating a temporal modulation of this
cell population in the kidney. Likewise, significant dif-
ferences were observed among the treatment groups (p <
0.0001), as well as a significant interaction between time
and treatment (p = 0.0394).

Intragroup analyses performed using Tukey’s test with
BTBR WT as the reference group demonstrated relevant
temporal changes in specific groups (Fig. 2A). The un-
treated BTBR?”*” group showed a significant reduction in
expression between 10 and 20 weeks (p = 0.0184), with a
similar trend observed between 14—15 and 18-20 weeks (p
=0.0735). In contrast, the MSC-treated BTBR®”® group
exhibited a significant increase from week 10 to week 14
(p = 0.0233), followed by a significant decrease between
weeks 14—15 and 18-20 (p = 0.0388), indicating a dynamic
behavior of this cellular population. In the empagliflozin-
treated BTBR?”°" group, although the difference between
weeks 10 and 18-20 did not reach statistical significance (p
= 0.0782), the narrow confidence interval and the p-value
close to 0.05 suggest a possible downward trend over time,
further supported by the significant reduction observed be-
tween weeks 14—15 and 18-20 (p = 0.0296).

For intergroup comparisons, a statistically significant
difference was observed at week 10 between BTBR WT
and BTBR?”°" mice (p = 0.0409). At weeks 14-15, sig-
nificant differences were found between BTBR WT and
empagliflozin-treated BTBR??°? mice (p = 0.025), as well
as between BTBR WT and MSC-treated BTBR?”*” mice
(» =0.0025). At weeks 18-20, a significant difference was
observed between BTBR WT and MSC-treated BTBR?”??
mice (p = 0.0305).

When excluding the 10-week time point and com-
paring all groups between 14-15 and 18-20 weeks us-
ing mixed-effects analysis, significant effects of time (p <
0.0001), treatment (p = 0.0003), and interaction between
time and treatment (p = 0.0085) were observed (Fig. 2B).
Tukey post hoc analyses indicated that all BTBR*?*” groups
exhibited higher c-Kit expression compared with WT mice
at 14-15 weeks (p = 0.0078 for untreated BTBR*”?*; p <
0.0001 for MSC- and empagliflozin-treated groups), but not
at 18-20 weeks. Intragroup analyses demonstrated a sig-


https://www.imrpress.com

* * * *
400 AR
# # ## # #
[ ]
8+
g . X
= E 64 : ° ) g
f., S : =&
S 4 T 5 *5
T [ ] [} ) o o
S 2 [} —_—
E (o]
2+ ° olle] e =
B Ry T R R R XX O - ° o b o) o
[ ]
AT 1] [ 1] ﬂ
T T T T LI T " . g 1 T T 1
10 14 20 10 14 20 10 14 20 10 14 20
Time (weeks) Time (weeks)
® BTBRWT © BTBR°°® e BTBR°®°® MSC e BTBR°"° Empa

Fig. 2. c-Kit gene expression in the renal cortex of BTBR mice across experimental groups and time points. (A) Relative c-Kit
expression (fold change) in BTBR wild-type (WT), untreated BTBR®”*?, mesenchymal stem cell (MSC)-treated BTBR®””, and em-
pagliflozin (Empa)-treated BTBR*”°” mice at 10, 14—15, and 18-20 weeks of age. *p < 0.05 indicates significant intragroup differences;
#p < 0.05, ##p < 0.01 indicate significant differences compared with the BTBR WT group at the indicated time points. (B) Relative c-Kit
expression (fold change) in BTBR wild-type (WT), untreated BTBR”*”, MSC-treated BTBR*”*?, and empagliflozin-treated BTBR”*
mice at 14-15 and 18-20 weeks of age. At 14—15 weeks, c-Kit expression was significantly increased in BTBR*”*” mice compared

with BTBR WT, and this increase was further modulated by MSC and Empa treatments. At 18-20 weeks, c-Kit expression was reduced

compared with 14—15 weeks across groups. p values are indicated as follows: **p < 0.01; ****p < 0.0001. Data are presented as mean

+ SEM (Standard Error of the Mean) with individual data points shown. The dotted line represents baseline expression (fold change =

1). n=5-6 animals per group.

nificant decrease in c-Kit expression from 14—15 to 18-20
weeks in untreated BTBR?”? mice (p = 0.0065), MSC-
treated BTBR?”? mice (p = 0.0028), and empagliflozin-
treated BTBR”°? mice (p < 0.0001).

Overall, these findings indicate distinct temporal pat-
terns of c-Kit" cell expression among the experimental
groups, with the most pronounced differences emerging at
the late stage of disease progression, particularly at 18-20
weeks.

3.1.2 Quantitative Analysis of the Renal Medulla

Renal medullary data initially did not follow a normal
distribution, requiring Box-Cox transformation (A = —0.5)
to achieve normality. After transformation, a mixed-effects
model was applied, considering time and treatment as fixed
factors. The analysis demonstrated a significant effect of
time (p = 0.0002), treatment (p = 0.0002), and the interac-
tion between time and treatment (p = 0.001). Subsequent
multiple comparisons were performed to further character-
ize intra- and intergroup differences over time (Fig. 3A).

In the intragroup analyses, no statistically significant
differences were observed across time points. However, a
trend toward reduced expression between weeks 14—15 and
18-20 was noted in the MSC-treated BTBR?”*? group (p

=0.0975), as well as a trend toward increased expression
between weeks 10 and 14-15 in the empagliflozin-treated
BTBR?"°? group (p = 0.0648).

In the intergroup comparisons at 14—15 weeks, both
the MSC-treated BTBR*”?" group (p = 0.0412) and the
empagliflozin-treated BTBR®”°? group (p = 0.011) exhib-
ited significantly higher values compared with BTBR WT.
At 18-20 weeks, no statistically significant differences
were detected among the groups.

When excluding the 10-week time point and com-
paring all groups between 14—15 and 18-20 weeks us-
ing mixed-effects analysis, significant effects of time (p
= 0.0003), treatment (p = 0.0005), time x treatment in-
teraction (p = 0.0009) were observed (Fig. 3B). Tukey
post hoc analyses showed that the MSC-treated BTBR?”*”
group exhibited significantly higher c-Kit expression at
14-15 weeks compared with untreated BTBR?”* mice
(p = 0.0009), empagliflozin-treated BTBR**** mice (p =
0.0007), and BTBR WT mice (p < 0.0001). This effect
was not observed at 18-20 weeks. From 14-15 to 18-20
weeks, c-Kit expression was significantly downregulated in
the MSC-treated BTBR*”*” group (p < 0.0001), whereas
expression remained low in the other groups.
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Fig. 3. c-Kit gene expression in the renal medulla of BTBR mice across experimental groups and time points. (A) Relative c-Kit ex-
pression (fold change) was evaluated in BTBR wild-type (WT), untreated BTBR*”**, mesenchymal stem cell (MSC)-treated BTBR®??,
and empagliflozin (Empa)-treated BTBR**® mice at 10, 14-15, and 18-20 weeks of age. A marked increase in c-Kit expression was
observed at 14—15 weeks in the MSC-treated group, followed by a reduction at 1820 weeks. Empagliflozin treatment also showed
increased expression at 14—15 weeks compared with earlier time points. #p < 0.05 indicates intergroup significant differences com-
pared with the BTBR WT at the indicated time points. (B) Relative ¢-Kit expression (fold change) was measured in BTBR wild-type
(WT), untreated BTBR®**®, MSC-treated BTBR®”*, and Empa-treated BTBR°**® mice at 14-15 and 18-20 weeks of age. At 1415
weeks, c-Kit expression was significantly increased in MSC-treated BTBR®”°® mice compared with BTBR WT, untreated BTBR*??,
and Empa-treated BTBR°*® mice. At 18-20 weeks, c-Kit expression was markedly reduced across groups compared with 14—15 weeks.
Significance is indicated as ***p < 0.001 and ****p < 0.0001. Data are presented as mean + SEM with individual data points displayed.

The dotted line indicates baseline expression (fold change = 1). n = 5-6 animals per group.

Similar findings have also been reported when Intergroup comparisons revealed no significant differ-
cortical and medullary data were analyzed collectively ences at 10 or 14—15 weeks. However, at 18-20 weeks,
(Supplementary Fig. 1A,B). both the untreated BTBR®”? group and the empagliflozin-

treated BTBR?”*? group exhibited significantly higher c-
3.2 Immunohistochemistry (IHC) Results Kit expression compared with BTBR WT (p=0.0315 and p
3.2.1 Quantitative Analysis of Renal Cortical Tubules by =0.0006, respectively). The MSC-treated BTBR?”*” group
IHC did not differ significantly from the healthy control at this

Quantitative immunohistochemical analysis of the re-  time point. No other significant intergroup differences were
nal cortex was performed using a two-factor repeated- identified.
measures ANOVA (time and treatment). The model re- When excluding the 10-week time point and compar-

vealed a significant effect only for the treatment factor (p ing all groups between 14—15 and 18-20 weeks using two-
< 0.0001), while no significant effects were observed for way ANOVA, a significant main effect for treatment was
time (p = 0.9118) or for the interaction between time and  ghgerved (p < 0.0001) (Fig. 4B). At 14-15 weeks, MSC-
treatment (p = 0.4085). treated BTBR®”°? mice exhibited higher c-Kit expression

In intragroup analyses, no statistically significant tem- compared with untreated BTBR?”?? mice (p = 0.0136) and
poral differences were detected across all experimental BTBR WT mice (p = 0.0041). This difference was sus-
groups (Fig. 4A). Inthe BTBR WT group, a non-significant  ained at 18-20 weeks (p = 0.0409 and p = 0.0008, respec-
trend toward reduced c-Kit—positive cell expression be-  fyely). In contrast, empagliflozin-treated BTBR??® mice
tween 10 and 18-20 weeks was observed (p =0.0665). Sim- showed no significant differences in c-Kit expression com-

ilarly, the untreated BTBR”” MSC-treated, BTBR”*,  pared with untreated, MSC-treated or WT controls at either
and empagliflozin-treated BTBR*”*” groups did not show  time point,

relevant changes over time. Representative immunohistochemical images of c-Kit

expression in the renal cortex are shown in Fig. 4C. c-
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Fig. 4. Quantitative and representative immunohistochemical analysis of c-Kit expression in the renal cortex of BTBR mice. (A)
Quantification of c-Kit" fractional area (%) in the renal cortex of BTBR wild-type (WT), untreated BTBR***® mesenchymal stem cell
(MSC)-treated BTBR”? and empagliflozin (Empa)-treated BTBR*”°* mice at 10, 14—15, and 18-20 weeks of age. (B) Quantitative
comparisons at 14—15 and 18-20 weeks highlighting intergroup differences. (C) Representative immunohistochemistry (IHC) images
of renal cortical sections from each experimental group at 10, 14-15, and 18-20 weeks. Brown staining indicates c-Kit" cells. Scale
bars represent 20 pm. Data are presented as mean + SEM with individual data points shown. Statistical analysis was performed using
two-way analysis of variance (ANOVA) followed by appropriate post hoc testing. Significance is indicated as *p < 0.05, **p <0.01, and

***p <0.001. n = 6 animals per group.

Kit immunoreactivity was predominantly localized to distal
tubules and a subset of collecting ducts, with no detectable
expression in proximal tubules.

3.2.2 Quantitative Analysis of Renal Medullary Tubules
by IHC

Quantitative immunohistochemical analysis of the re-
nal medulla was performed using a mixed-effects model in-
cluding time and treatment as factors. A significant effect
was observed for treatment (p = 0.0061), whereas no sig-
nificant effects were detected for time (p = 0.2934) or for
the time and treatment interaction (p = 0.2683).

In intragroup comparisons, no statistically significant
differences were observed across time points in any of
the experimental groups (Fig. 5A). This included BTBR
WT, untreated BTBR????, MSC-treated BTBR”*’_ and
empagliflozin-treated BTBR*”*” groups.

Intergroup comparisons using Dunnett’s test revealed
a statistically significant difference only at week 20 be-
tween BTBR WT and the untreated BTBR?”*? group, with
higher c-Kit expression observed in diseased untreated an-
imals (p = 0.0419). At the same time point, no signif-

icant differences were found between treated BTBR?”%?
groups and controls. Although not statistically significant,
higher c-Kit expression was observed in all diseased groups
compared with BTBR WT at 14-15 weeks, with p values
of 0.1102, 0.0834, and 0.0905 for untreated, MSC-treated
BTBR*”?", and empagliflozin-treated BTBR*?*" groups,
respectively.

When excluding the 10-week time point and com-
paring all groups between 14—15 and 18-20 weeks using
mixed-effects analysis, a significant main effect of treat-
ment was observed (p = 0.0085) (Fig. 5B). However, post
hoc analyses did not reveal any significant differences be-
tween groups.

Representative immunohistochemical images of c-Kit
expression in the renal medulla are shown in Fig. 5C.

Similar findings have also been reported when
cortical and medullary data were analyzed collectively
(Supplementary Fig. 2A,B).

3.2.3 Quantitative Analysis of Glomeruli by THC

Immunohistochemical analysis allowed the identifica-
tion of c-Kit" cells within glomerular structures. Accord-
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Fig. 5. Immunohistochemical quantification and representative images of c-Kit expression in the renal medulla of BTBR mice.
(A) Quantification of c-Kit" fractional area (%) in the renal medulla of BTBR wild-type (WT), untreated BTBR*”?, mesenchymal stem
cell (MSC)-treated BTBR?”*?_ and empagliflozin (Empa)-treated BTBR?**” mice at 10, 14—15, and 18-20 weeks of age. (B) Quantitative
comparison at 14—15 and 18-20 weeks. (C) Representative IHC images of renal medulla sections from each experimental group at 10,

14-15, and 18-20 weeks. Brown staining indicates c-Kit" cells within the medullary tubular compartment. Scale bars represent 20 um.

Data are presented as mean £ SEM with individual data points shown. Statistical analysis was performed using mixed-effects model

followed by appropriate post hoc testing. *p < 0.05 indicates statistically significant differences between the indicated groups. n = 4-6

animals per group.

ingly, the proportion of positive glomeruli relative to the
total number of analyzed glomeruli was quantified and ex-
pressed as a percentage.

Statistical analysis using a mixed-effects model
showed no significant effects of time (p = 0.5318), treat-
ment (p = 0.1838), or time and treatment interaction (p
= 0.8121) (Fig. 6A). In intragroup analyses, no statisti-
cally significant temporal differences were detected in any
of the experimental groups, with the proportion of positive
glomeruli remaining stable over time.

In intergroup comparisons, a single statistically sig-
nificant difference was identified at 14 weeks, where the
empagliflozin-treated BTBR?”*" group exhibited a higher
proportion of c¢-Kit" glomeruli compared with the BTBR
WT group (p = 0.0362). No other significant differences
were observed at any of the evaluated time points.

When excluding the 10-week time point and compar-
ing all groups between 14—15 and 18-20 weeks, no signif-
icant differences were observed among groups (Fig. 6B).

Representative immunohistochemical images of c-Kit
expression in the glomeruli are shown in Fig. 6C.
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4. Discussion

In this study, we evaluated the temporal modulation of
c-Kit expression in the BTBR?”” murine model of DKD,
T2DM, and obesity following treatment with MSCs or em-
pagliflozin, compared with untreated diabetic and obese
mice as well as lean controls. Our findings demonstrate
that c-Kit expression is dynamically regulated over time
and is differentially influenced by therapeutic intervention.
Specifically, MSC treatment was associated with an early
and transient increase in c-Kit gene expression, whereas
empagliflozin exerted a more modest and delayed modu-
latory effect. At the protein level, treatment, particularly
MSC therapy, was associated with sustained differences in
cortical c-Kit expression.

The localization of ¢-Kit"™ cells predominantly in dis-
tal tubular segments and collecting ducts is consistent with
previous reports suggesting that these cells may represent a
distinct renal epithelial or progenitor-like population. Their
absence in proximal tubules further supports the concept of
compartment-specific distribution within the kidney. The
detection of ¢-Kit" cells within glomeruli, particularly in
empagliflozin-treated animals at 14—15 weeks, was an un-
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Fig. 6. Quantitative and representative immunohistochemical analysis of glomerular c-Kit" cells in BTBR mice. (A) Quantification
of c-Kit" cells in the glomerular tuft (G+/GT region, %) in BTBR wild-type (WT), untreated BTBR”*”| mesenchymal stem cell (MSC)-
treated BTBR*”°?, and empagliflozin (Empa)-treated BTBR**® mice at 10, 14—15, and 18-20 weeks of age. (B) Quantitative comparison
at 14-15 and 18-20 weeks. (C) Representative immunohistochemistry (IHC) images of glomeruli from each experimental group at 10,
14-15, and 18-20 weeks. Brown staining indicates c-Kit" cells within the glomerular compartment. Scale bars represent 10 um. Data

are presented as mean + SEM with individual data points shown. Statistical analysis was performed using mixed-effects model followed

by appropriate post hoc testing. *p < 0.05 indicates statistically significant differences between the indicated groups. n = 4—6 animals

per group.

expected finding and warrants further investigation, as this
compartment has not been consistently associated with c-
Kit expression in prior studies.

The biological role of c-Kit" cells in the adult kid-
ney remains incompletely understood [32]. Although there
is ongoing debate regarding the identity and abundance
of renal cell populations, particularly given the presence
of multiple progenitor pools and differentiation pathways
[33], single-cell transcriptomic analyses have identified c-
Kit expression in intercalated cells of the collecting duct
in mammalian kidneys [34]. In addition, healthy kidneys
harbor resident immune cells, including lymphocytes and
macrophages [35]. During disease progression, c-Kit ex-
pression has also been observed in mast cells [36] and may
contribute to fibrotic processes in chronic kidney disease
[37]. In this context, targeting the c-Kit/SCF pathway has
been shown to reduce the expression of inflammatory and
fibrotic markers in preclinical models of interstitial fibrosis
and chronic kidney disease [38].

Conversely, experimental evidence suggests that c-Kit
signaling may contribute to renal repair processes, although
its role appears to be highly dependent on both the biolog-
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ical context and the specific cell-type. Our group previ-
ously demonstrated that ¢c-Kit" cells isolated from neona-
tal rat kidneys, when delivered intra-aortically to adult rats
subjected to ischemia-reperfusion injury, resulted in im-
proved renal function, increased tubular cell proliferation,
reduced kidney injury scores, and multicompartmental en-
graftment [22]. Consistently, in ischemia-reperfusion mod-
els, c-Kit/SCF signaling has been shown to promote epithe-
lial cell survival through autocrine mechanisms [39].

In a puromycin-induced nephrotic syndrome model,
the administration of ¢-Kit" cells was associated with mod-
ulation of autophagy and attenuation of podocyte foot pro-
cess effacement [23]. Moreover, when combined with
MSCs therapy, c-Kit" cells improved renal function and
blood pressure, while reducing ventricular stiffness in
a swine model of CKD induced by 5/6 embolization-
mediated nephrectomy and heart failure [40]. In feline
models, the administration of kidney-derived c-Kit" cells
has also been demonstrated to be safe in CKD settings [41].

Taken together, these findings support the potential
translational relevance of ¢-Kit" cells and suggest that their
identification and characterization in the human kidney may
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represent a promising avenue for the development of cell-
based therapeutic strategies [18].

In our study, we observed modulation of c-Kit™ cells in
a DKD model, a condition with high global prevalence as a
leading cause of CKD. DKD is a progressive disorder char-
acterized by glomerulosclerosis, arteriolar hyalinosis, and
tubulointerstitial fibrosis [42]. However, in its early stages,
such as those observed in the BTBR”** model, DKD is
marked by increased glomerular volume and tubular epithe-
lial hypertrophy. Our previous studies have demonstrated
increased expression of E-cadherin and podocyte markers
in BTBR®”?" mice [29,31], as well as elevated expression
of SGLT2 in proximal tubules [31]. These findings may
partially explain the detection of c-Kit" cells in BTBR?”?"
mice, particularly in the renal medulla, compared with lean
controls.

In BTBR*””® mice treated with MSC or em-
pagliflozin, prior work from our group also demonstrated
improvements in albuminuria and morphological parame-
ters, including attenuation of mesangial matrix expansion,
preservation of podocyte number, and reductions in oxida-
tive stress and apoptosis [29,30]. In this context, the mod-
ulation of c¢-Kit expression observed in the present study
may be associated with these broader therapeutic effects.
However, as functional or lineage-specific analyses were
not performed, these findings should be interpreted as as-
sociative rather than causal.

MSCs can be isolated from multiple sources and
administered through different routes, doses, and treat-
ment regimens in DKD, with consistent functional, struc-
tural, and molecular benefits reported in preclinical models
[8,43]. Although intravenous, intra-arterial, and intrarenal
delivery routes have been extensively explored [44], we
selected the intraperitoneal route based on prior evidence
demonstrating effective homing of MSCs to inflamed re-
nal tissue via systemic circulation [45]. While less targeted
than intra-arterial delivery route, this approach provides a
practical balance between feasibility and therapeutic rele-
vance. Notably, intraperitoneal transplantation administra-
tion has been associated with prolonged MSC survival and
renal protection primarily through paracrine mechanisms,
even in the absence of direct renal engraftment [29,30,46].

MSCs may modulate c-Kit expression through indi-
rect effects on key signaling pathways and biological pro-
cesses, as well as through potential direct interactions with
c-Kit* cells. Experimental evidence from co-culture sys-
tems, particularly in cardiac models, suggests that MSCs
can promote c-Kit+ cell proliferation, migration, and dif-
ferentiation, at least in part via modulation of the c-Kit/SCF
signaling pathway [47,48].

A critical determinant of stem cell therapy efficacy in
diabetes is glycemic control, as persistent hyperglycemia
may attenuate therapeutic benefits, as previously observed
in individuals with poorly controlled type 1 diabetes mel-
litus [49]. In line with these observations, our previous
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study using MSC monotherapy (administered at 8 and 10
weeks of age) in BTBR?”” mice demonstrated efficacy
up to 14 weeks despite ongoing hyperglycemia and weight
gain, which may explain the lack of sustained effects at 20
weeks [30]. In the present study, although hyperglycemia
persisted throughout the protocol, MSC-treated BTBR?/°?
mice exhibited increased c-Kit* cell expression, particu-
larly in the renal cortex, up to 20 weeks. These findings
suggest that early MSC exposure may exert lasting effects
on cellular dynamics, independent of metabolic control.
However, this interpretation remains speculative and re-
quires further investigation. Although MSC monotherapy
has been reported to improve glucose control in both pre-
clinical [8] and clinical studies [50], inconsistent efficacy
has also been observed in these settings [30,51].

Empagliflozin, a sodium-glucose cotransporter 2
(SGLT2) inhibitor, exerts multiple renal effects by reduc-
ing sodium and glucose reabsorption in the proximal tubule,
thereby promoting natriuresis, glycosuria, and osmotic di-
uresis [52]. It also inhibits sodium-hydrogen exchanger 3
(NHE3), further enhancing natriuresis [53]. These effects
translate into important hemodynamic changes, including
reduced intraglomerular pressure via modulation of affer-
ent and efferent arteriolar tone [54]. In addition, SGLT2 in-
hibitors attenuate inflammation, oxidative stress, and fibro-
sis, while preserving podocyte number and reducing mesan-
gial matrix expansion [28,29]. They have also been shown
to restore autophagic flux [55], and reduce apoptosis [56]
and cellular senescence [57], ultimately slowing CKD pro-
gression [58] and improving cardiovascular outcomes [59].
Therefore, empagliflozin may indirectly modulate ¢c-Kit*
cell dynamics by targeting these signaling pathways and bi-
ological processes, thereby contributing to a microenviron-
ment that may be more favorable for progenitor cell main-
tenance.

In our previous study, empagliflozin achieved time-
dependent glycemic control but did not significantly affect
weight gain [29]. Its effects on c-Kit expression were more
evident at later time points, particularly in the renal cortex.
These findings may reflect the delayed impact of metabolic
and hemodynamic modulation on renal cellular dynamics
[60]. We also observed low-frequency c¢-Kit immunore-
activity within glomeruli, particularly in empagliflozin-
treated animals at 14-15 weeks. As this finding has not
been consistently reported in the literature [19,20], it war-
rants further investigation. Podocyte regeneration remains
asubject of debate, as parietal epithelial cells appear to have
limited capacity to generate new podocytes in diseased kid-
neys [61]. Nevertheless, recent evidence indicates that tar-
geting pathways such as GSK3 [62] and the renin [63,64]
may promote podocyte formation.

SGLT2 inhibitors may further confer renoprotection
by improving renal morphology, as evidenced by cortical
enlargement detected by computed tomography in patients
with diabetes [65]. Such structural changes may, at least in
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part, contribute to the modulation of c-Kit expression ob-
served in our study.

5. Limitations

This study has several limitations that should be ac-
knowledged. First, the sample size was relatively small, re-
flecting the inherent biological constraints of the BTBR®”%?
model, including reduced breeding efficiency, increased
fragility, and higher mortality during longitudinal follow-
up. In addition, a priori sample size calculation was not
performed, which may limit statistical power and general-
izability. To mitigate these limitations, we employed statis-
tical approaches appropriate for small and partially incom-
plete datasets, including mixed-effects models, and present
individual data points to ensure transparency. Nevertheless,
the findings should be interpreted as exploratory and require
validation in larger cohorts.

Second, the study was limited to the assessment of
c-Kit expression at the gene and protein levels, without
functional characterization of ¢-Kit" cells or direct corre-
lation with histopathological and functional outcomes at
the individual-animal level. Therefore, no conclusions
can be drawn regarding the biological activity, lineage,
or direct contribution of these cells to renal repair. Al-
though previous studies from our group reported metabolic,
functional, and histopathological improvements following
empagliflozin and MSC therapy in the BTBR?”** model
[29,30,31], the current study was conducted as a retro-
spective analysis focused exclusively on renal c-Kit ex-
pression using archived biological specimens obtained from
these previously characterized cohorts. Because c-Kit anal-
yses were not prospectively planned alongside the origi-
nal functional assessments, direct animal-by-animal corre-
lation analyses could not be performed. In addition, the re-
maining biological material was limited, as several RNA
samples and paraffin-embedded tissue blocks had already
been exhausted during previous and current investigations,
preventing further histological and molecular correlation
studies.

Third, mechanistic pathways, including SCF/c-Kit
signaling and downstream inflammatory, oxidative, or fi-
brotic mediators, were not directly evaluated. Fourth,
lineage-tracing or loss-of-function approaches were not
performed, precluding assessment of causality.

Finally, a combined treatment group receiving MSCs
and empagliflozin was not included, which would be im-
portant to explore potential additive or synergistic effects.
These aspects represent important directions for future re-
search.

6. Conclusions

In conclusion, this study demonstrates that MSC ther-
apy and empagliflozin are associated with distinct temporal
patterns of ¢-Kit expression in a preclinical model of DKD.
MSC treatment was associated with an early and dynamic
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modulation of ¢-Kit expression, whereas empagliflozin ex-
hibited more delayed effects, particularly in the renal cor-
tex. These findings indicate that c-Kit* cells are dynam-
ically regulated during DKD progression and may reflect
changes in renal cellular responses to different therapeutic
interventions.

Given the absence of functional and mechanistic anal-
yses, these results should be interpreted as associative and
hypothesis-generating. Further studies are required to de-
termine the functional role of c-Kit" cells, elucidate un-
derlying signaling pathways, and evaluate whether target-
ing this cellular population may have therapeutic relevance.
Additionally, investigation of combination strategies inte-
grating regenerative and pharmacological approaches may
provide new insights into optimizing treatment for DKD.
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