www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Effects of intranasal neural stem
cells transplantation on olfactory
epithelium regeneration in an
anosmia-induced mouse model
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Banu Tijen Ceylan®?, Nihan Oruklu®3 & Muammer Melih Sahin®?

This study aims to investigate the efficacy of intranasally transplanted neural stem cells (NSCs) in
anosmia-induced mice. Twenty-four male mice were included in the study. A food-finding test (FFT)
was performed beforehand to confirm that all mice had normal olfactory functions. The mice were then
randomly divided into two groups (Groups 1 and 2) and anosmia was induced by 3-methylindole (3-Ml).
In the first week following the 3-Ml injection (week 1), mice in Group 1 received intranasal saline, while
mice in Group 2 received intranasal NSCs. The NSCs were prepared from green fluorescent protein
(GFP)-transgenic mice. Olfactory function was evaluated through weekly FFTs. One week after NSC or
saline administration (week 2), half of the mice in each group were randomly selected and sacrificed for
histological examination. The remaining mice were sacrificed for histological examination in week 4. At
week 4, the olfactory epithelium of all mice was also examined by polymerase chain reaction (PCR) to
detect GFP +cells. The NSC group showed significantly shorter FFT times compared to the saline group.
Epithelial damage scores, indicating greater injury, were higher in the saline group, whereas the NSC
group exhibited greater epithelial thickness. Immunohistochemical analysis revealed a significantly
higher number of olfactory marker protein-expressing cells in the NSC group. GFP + cells were observed
in olfactory bulb (OB) and olfactory epithelium (OE) in the NSC group. PCR confirmed the presence

of the GFP gene in the OE of NSC-transplanted mice. Intranasal NSCs promoted functional recovery
and GFP +cell integration, supporting further research into their therapeutic potential for olfactory
dysfunction.
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Anosmia is the loss of the sense of smell, which can be either partial or complete. It may result from various
causes, such as viral infections, neurological disorders, head trauma, or exposure to certain chemicals!. Odor
molecules are detected by the axons of olfactory neurons in the nose, creating a signal pathway towards the
olfactory cortex. Basal cells located within the olfactory epithelium (OE) are essential for replacing olfactory
receptor neurons in cases of damage, thus facilitating regeneration of the OE>*. These basal cells consist of
two distinct types: globose basal cells and horizontal basal cells. In addition to these, mesenchymal stem cells
located within the olfactory mucosa and olfactory ensheathing cells have also been identified as potential
contributors to olfactory regeneration®*. However, the specific roles of these different stem cell populations in
the regeneration of the olfactory nerves remain unclear. It is still uncertain whether all these cell types actively
participate in the process or whether certain subpopulations play a more dominant role. This uncertainty, along
with the incomplete understanding of the pathophysiological mechanisms underlying anosmia and hyposmia,
complicates the establishment of a definitive treatment algorithm for anosmia!.

Stem cell therapies have shown promise in various neurodegenerative diseases, and for this reason, they
are being explored as potential treatments for olfactory disorders, which can be considered a form of neural
degeneration®. Among potential regenerative strategies, neural stem cells (NSCs) have gained increasing
attention due to their potential to support neural repair. NSCs can secrete neurotrophic factors, secretome,
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modulate inflammation, and differentiate into neural lineages, making them promising candidates for olfactory
regeneration’ 11,

The green fluorescent protein (GFP) transgenic mice model developed by Okabe et al. has enabled direct
tracking of transplanted cells in vivo'2. In this study, we used GFP-labeled NSCs to monitor integration into
olfactory tissue. We hypothesized that intranasal NSCs would enhance olfactory regeneration and function in
a 3-MI-induced anosmia mouse model. This study uniquely combines intranasal delivery with behavioral and
molecular assessments.

Materials and methods

This study was conducted in full compliance with the guidelines outlined in the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals. The protocol was approved by the Local Ethics Board for
Animal Experiments and supported by the Scientific Research Projects Coordination Unit, Gazi University
(number: G.U.ET-21.070). A total of 24 healthy male mice (aged 8-10 weeks and weighing 18-22 g, Izmir
Biomedicine and Genome Center, Turkey) were included in the study. The food-finding test (FFT) was used to
confirm that all mice had intact olfactory function. NSCs were prepared from transgenic C57BL/6-Tg(CAG-
EGFP)10sb/] mice (Jackson Laboratory, USA) that ubiquitously express GFP. The mice were randomly
assigned to two groups (1= 12 per group). An intraperitoneal injection of 300 pg/g 3-methylindole (3-MI) was
administered to induce anosmia, which was confirmed with the FFT one-week post-injection. Weekly FFTs were
subsequently performed to assess olfactory function. Half of the mice in each group were randomly selected
and sacrificed for histological examination in the second week following 3-MI injection (week 2), while the
remaining mice were sacrificed in week 4.

Food-finding test

An FFT was designed based on analyses of similar tests conducted in previous studies'>-!”. Mice were food-
deprived for 24 h and then placed at the starting point of a T-shaped maze, with one corner containing a piece
of cheese (2 x 1 cm) to which they had been previously acclimated. The maze was covered with sawdust, which
was changed before each test. Each mouse was tested five times per FFT. All tests were conducted in a quiet
environment at the same location and recorded with a video camera. Mice that could not find the cheese within
180 s were considered to have “failed”. Mice failing three out of five attempts in an FFT were categorized as
“unsuccessful”. For each FFT, the minimum and maximum times were excluded to reduce outliers, and the
average of the remaining three tests was taken. The average food finding time for failed mice was recorded as
180 s.

Preparation of stem cells

NSCs were isolated from the OBs of 8-week-old GFP-transgenic mice using previously published protocols
Briefly, dissected OBs were mechanically teased apart and then enzymatically dissociated in the presence of
0.25% trypsin (Sigma, St Louis, MO) for 10 min at 37 °C. The digested tissue was mixed with Hank’s Balanced
Salt Solution (Invitrogen, San Diego, CA). Next, the slurry was filtered through a 40- pm nylon mesh (Millipore,
Billerica, MA, USA) to obtain individual cells. The cells were then washed via centrifugation at 500xg for 10
min. The isolated cells were cultured in CO, incubators (Sanyo, Japan) at 37 °C and 5% CO, in DMEM/F-12
culture medium (Invitrogen, USA) supplemented with 2% FBS (Sigma, USA), 2 mM L-glutamine (Sigma, USA),
and penicillin/streptomycin solution (Sigma, USA). The culture medium also contained N-2 (R&D Systems,
Minneapolis, USA), 20 ng/ml epidermal growth factor (R&D Systems, Minneapolis, MN), and 20 ng/ml basic
fibroblast growth factor (R&D Systems, Minneapolis, USA). Finally, floating cells were transferred to fresh wells
after 24 h. Neurospheres appeared in cultures within 7-10 days (Fig. 1a-b).

8,18

200 pm

Fig. 1. (a-b) Neurospheres from the green fluorescence protein-transgenic C57BL6 mice (10x)
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Administration of stem cells

One week after the 3-MI injection (week 1), 5x 10° NSCs in 50 pL of phosphate-buffered saline (PBS) were
transplanted transnasally into 12 mildly anesthetized mice (Group 2). The cells were administered in 5-uL
drops into each nostril using a previously validated method®°. The same volume of PBS was administered to the
remaining 12 mice (Group 1) using the same method.

Evaluation of neural stem cells engraftment

All the animals were euthanized with a high dose of anesthesia (at least 200 mg/kg ketamine, 10 mg/kg xylazine).
After decapitation, each head was bisected sagittally, and a randomly selected side was dissected under a
microscope using microsurgical instruments to isolate the olfactory mucosa and OB from surrounding structures
to examine transplanted GFP +stem cells without staining. The other side was preserved in formaldehyde for
histological examination. All the histological assessments were conducted by blinded investigators. To analyze
stem cell engraftment, 5-um sections were obtained at —20 °C using a cryostat device (Leica CM1900, Germany)
and then examined with an inverted immunofluorescence microscope (Leica DMI4000B, Germany).

In week 4, mice in Groups 1 and 2 were examined using PCR to detect the presence of GFP in the olfactory
epithelium. Genomic DNA was extracted from olfactory tissue using a commercially available kit following the
manufacturer’s instructions (Qiagen, USA). Briefly, 5 mg of tissue was cut into small pieces and placed in an
Eppendorf tube containing proteinase K buffer provided by the manufacturer. The tissue was incubated at 56
°C overnight. After the washing process, genomic DNA was placed in a column with binding buffer, then eluted
with elution buffer by centrifugation. PCR was performed using a PCR kit (Taq PCR Master Mix Kit, Qiagen,
USA) following standard protocols. GFP-specific primers were used (Table 1). PCR products were visualized on
1% agarose gels using a gel imaging system (iBright Imaging System, ThermoFisher, USA).

Histological examination

For histomorphological evaluation, the samples were initially fixed in a 10% neutral formaldehyde solution for
72 h, then placed in De Castro solution for decalcification. Following decalcification, samples were washed in
running tap water and dehydrated through an alcohol series (50%, 70%, 80%, 90%, and 100% respectively).
Paraffin blocks of 4-5 um thickness were prepared, and sections were stained with hematoxylin-eosin. A light
microscope (Leica DM4000, Germany) was used for evaluations. Loss of cilia, vacuolization, and inflammatory
cell infiltration were each scored on a scale from 0 to 3 (0: no damage, 1: mild [sparse involvement], 2: moderate
[focal dense clusters], 3: severe [widespread dense involvement]). The total histological injury score was
calculated as the sum of these three parameters, with an overall maximum score of 9'. The thickness of the
OE was measured at three points (two peripheral and one central), and the average of these three values was
calculated.

Immunohistochemical analyses were also performed. The samples were kept in xylol twice, each time for 15
min. They were then immersed in decreasing concentrations of ethanol solutions for 10 min each (100%, 96%,
90%, 80%, and 70% respectively). Later, the samples were soaked twice in distilled water for 5 min each time.
Next, tissues were circumscribed with PAP-Pen in a humid environment and washed with PBS three times for
3 min each time. Treated with serum blocking solution for 10 min, the samples were incubated overnight with
OMP primary antibodies (Biorbyt, UK, Cat: 473753) at +4 °C. Following the incubation, the samples, washed
again with PBS, were treated with a 3% hydrogen peroxide solution for 15 min to inhibit endogenous peroxidase
activity. After re-washing the samples with PBS, a biotinylated secondary antibody (Genemed Biotechnologies,
USA, Cat: 54003) was applied. Then, the samples were washed once again with PBS, subjected to chromogen
containing diaminobenzidine, and left until a visible immunoreaction occurred. Next, they were re-washed with
PBS and stained with Mayer’s Hematoxylin as a background. Dehydrated through an alcohol series, the samples
were sealed with a lamella using Entellan after being kept in xylol. All the samples were evaluated by capturing
photographs using the Leica DM4000 (Germany) computer-assisted imaging system and analyzed with the
Leica Qwin V3 software. OMP binding was assessed through cell counts in seven independent fields selected
for each slide.

Statistical analysis

Statistical Package for the Social Sciences for Windows, version 26. 0 (SPSS Inc., Chicago, IL) was used for
statistical analysis. In terms of the descriptive statistics, frequencies and percentages were calculated for
categorical variables and mean, median, standard deviation, minimum, and maximum values for numerical
variables. Mann-Whitney U test was used for comparisons of FFT times, histological thickness measurements,
the number of OMP + cells, and total epithelial damage scores between groups. Chi-square or Fisher’s Exact test
was applied for categorical variables such as success rates in FFT and categorical histological parameters (loss of
cilia, vacuolization, inflammatory cell infiltration). Wilcoxon test was used for within-group comparisons over
time. A p-value less than 0.05 was considered significant.

Gene | Forward primer Reverse primer
GFP | 5-TTGAATTCGCCACCATGGTGAGC-3' | 5-TTGAATTCTTACTTGTACAGCTCGTCC-3'

Table 1. Primers used for PCR
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Group 1 (control) Group 2 (NSC)
Subjects | FFT 1 | FFT 2 FFT 3 FFT 4 FFT 5 FFT 1 | FFT 2 FFT 3 FFT 4 FFT 5
1 28.67 | Unsuccessful | Unsuccessful 15.67 | Unsuccessful | 67.00
2 26.30 | Unsuccessful | Unsuccessful 30.00 | Unsuccessful | 87.00
3 11.67 | Unsuccessful | Unsuccessful 14.33 | Unsuccessful | 18.67
4 14.33 | Unsuccessful | Unsuccessful 16.33 | Unsuccessful | 56.00
5 17.00 | Unsuccessful | Unsuccessful 16.67 | Unsuccessful | Unsuccessful
6 8.67 | Unsuccessful | Unsuccessful 11.67 | Unsuccessful | 178.30
7 18.00 | Unsuccessful | Unsuccessful | Unsuccessful | Unsuccessful | 37.67 | Unsuccessful | 31.30 52.33 25.00
8 16.33 | Unsuccessful | Unsuccessful | 128.33 28.33 17.00 | Unsuccessful | Unsuccessful | Unsuccessful | Unsuccessful
9 19.67 | Unsuccessful | Unsuccessful | Unsuccessful | Unsuccessful | 34.00 | Unsuccessful | 36.67 40.00 24.00
10 31.33 | Unsuccessful | Unsuccessful | Unsuccessful | Unsuccessful | 9.30 | Unsuccessful | 107.00 32.67 20.30
11 26.67 | Unsuccessful | Unsuccessful | Unsuccessful | 150.00 21.30 | Unsuccessful | 18.76 23.67 22.00
12 30.67 | Unsuccessful | Unsuccessful | Unsuccessful | Unsuccessful | 19.00 | Unsuccessful | 38.00 83.67 33.00

Table 2.. Food-finding test times (seconds).

Groups FFT 1 FFT 2 | FFT 3 FFT 4 FFT 5

Success rate (%) (Group 1) 100% 0% 0% 16.7% 33.3%
Success rate (%) (Group 2) 100% 0% 83.3% 83.3% 83.3%
Average time (seconds) (Group 1) | 20.78 £7.7 | 180 180 171.28 £21.2 | 149.72 +60.67
Average time (seconds) (Group 2) | 20.25 £8.94 | 180 83.23 £63.67 | 68.72 £58.36 | 50.72 £63.49

Table 3. Success rates (%) and average FFT times (seconds).

Results

Food-finding test

The first food-finding test (FFT 1) was conducted beforehand to assess the olfactory functions of all the mice,
while the second test (FFT 2) aimed to demonstrate the induction of anosmia with 3-MI. The remaining three
tests were performed weekly to monitor olfactory function recovery. Following 3-MI injection, FFT 2 (in week
1) confirmed the induction of anosmia in both groups. All FFT results are summarized in Table 2 and Table 3.
There was no statistically significant difference between the groups in FFT 1 and FFT 2.

The results indicated that Group 2 had statistically better success rates in FFT 3 (p < 0.05), while no statistically
significant difference was observed in FFT 4 (p= 0.08) and FFT 5 (p= 0.242). Although Group 2 showed better
mean FFT times at weeks 3 and 4 (FFT 4 and FFT 5), the differences did not reach statistical significance, which
may be attributed to the limited sample size (n= 6 per group at week 4), potentially reducing the statistical
power. When comparing average food-finding times in the groups, no statistically significant differences were
observed in FFT 1 and FFT 2. However, in FFT 3, FFT 4, and FFT 5, the average finding times of Group 2 were
significantly shorter compared to those of Group 1 (p< 0.05).

Detection of neural stem cells in olfactory tissues

The OE and OBs of the NSC-transplanted subjects were examined using an inverted fluorescence microscope.
Whole-mount tissue imaging of the OE and OB revealed multiple conglomerates of green fluorescent neural
stem cells. (Fig. 2). To prove that transferred NSCs incorporated themselves into the olfactory tissues and
restored the olfactory function, we assessed the presence of GFP gene in OE of mice that received NSCs from
GFP transgenic mice in week 4. Genomic DNA was isolated from the OE of both control and NSCs transplanted
mice, and PCR analysis was performed. The GFP gene existed in NSC transplanted animals whereas no GFP
amplification was observed in the control group (Fig. 3). This evidence demonstrated that transferred NSCs
incorporated themselves into the olfactory tissue of the anosmic mice and restored the sense of smell.

Histological examinations

The epithelial thickness in Group 2 (stem cell transplantation group) was statistically greater in week 2 and week
4 compared to Group 1 (p < 0.05). The mean epithelial thickness was 12.44 +0.96 um vs. 28.94 +4.4 um in week
2 and 12.39 £0.88 um vs. 41.89 +5.24 pm in week 4 for Group 1 and 2 respectively.

Histomorphologically, inflammatory cell infiltration, epithelial vacuolization, and cilia damage were scored in
the OFE of the subjects. The findings are summarized in Table 4. Mann-Whitney U test was used for comparisons of
total epithelial damage scores between groups. Categorical histological parameters were evaluated using Fisher’s
Exact or Chi-square tests. Histomorphological analysis revealed that epithelial damage was more pronounced
in the control group (Fig. 4). The number of OMP + cells was significantly higher in Group 2 (Table 5). The
significantly higher number of OMP + cells in the NSC group suggests enhanced neuronal maturation within
the regenerating olfactory epithelium.
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Fig. 2. GFP + cells have formed conglomerates within the olfactory epithelium (10x, week 4).

Discussion

Our study demonstrated that NSC transplantation contributes to the regeneration of the olfactory epithelium
and enhances functional recovery in an anosmia-induced mouse model. Histological analysis confirmed the
presence of GFP + cells in the OE and OB, suggesting successful integration of transplanted NSCs. Additionally,
PCR results indicated the presence of these cells at week 4, supporting their potential role in long-term epithelial
repair.

Cell therapies are anticipated to play an effective role in disease treatment in the coming decade. Stem cell
treatments have proved to be efficacious particularly in diseases caused by nerve damage®!°-2!. This effect seems
to occur primarily through their paracrine mechanisms?!-2%. While paracrine effects, including secretion of
neurotrophic and angiogenic factors, are proposed mechanisms, these effects remain likely but unconfirmed
within the current experimental model. Key NSC-derived factors include neurotrophic factors like brain-
derived neurotrophic factor and glial cell line-derived neurotrophic factor, which support neuronal survival,
differentiation, and synaptic plasticity. Additionally, NSCs produce cytokines and growth factors, such as
vascular endothelial growth factor and transforming growth factor-beta, which modulate inflammation and
promote tissue repair?,

In animal studies, disease induction is necessary prior to testing a therapeutic agent. For the model of
anosmia, we selected the commonly used agent 3-MI'%%5-28 administering a maximal intraperitoneal dose that
induces olfactory loss without causing pneumotoxic effects!®. The primary mechanism is the damage caused
by the metabolism of 3-MI by mixed-function oxidases, which are present in the olfactory epithelium of the
nasal cavity. Since stem cells in the damaged olfactory epithelium are also affected, fibrosis and metaplasia
occur subsequently. Although partial regeneration is observed over time in the olfactory epithelium, it is still
considered a good olfactory dysfunction model?®?”. Stem cells are known to home to injury sites, and in this
case, the target region is the olfactory tissue damaged by 3-MI®.To mitigate the entrapment of systemically
administered stem cells in the lungs, which reduces the number of cells reaching the target site, we opted for
transnasal application in our study™. Treatment effectiveness was assessed using behavioral, histomorphological,
and immunohistochemical analyses. Additionally, the transplanted stem cells were derived from GFP +mice to
facilitate investigation of their integration into the tissue.

Scientific Reports|  (2025) 15:17015 | https://doi.org/10.1038/s41598-025-01358-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

800 bp
700 bp

Neurosphere-transferred mice Control mice

A
A \
M1 2 34 56 7 829 10112

Fig. 3. Results of PCR analysis of olfactory epithelium in week 4.

Frequently used in the literature to evaluate olfactory function, FFTs showed that mice administered stem
cells performed better in the present study. In the stem cell group, the epithelial damage score was lower, with
increased epithelial thickness and a higher expression of OMP + cells. These findings suggest that NSCs may
be effective in treatment. When comparing Group 1 samples from weeks 2 and 4, a reduction in cilia loss was
observed by the 4th week, along with a regression in vacuolization, indicating a limited degree of epithelial
regeneration. However, the lack of significant differences in OMP levels between the 2nd and 4 th-week samples
suggests no substantial difference in neuroepithelial maturation at these time points. As OMP is a key marker of
mature olfactory sensory neurons (OSNs), the higher OMP expression in the NSC-transplanted group implies
a potential positive impact of stem cells on neuroepithelial maturation®'. During week 4 immunofluorescence
microscopy, a higher density of GFP + cells was observed compared to week 2, indicating potential settlement
and proliferation of stem cells in the OE.

Lee et al. reported that in anosmia-induced mice, NSC transplantation resulted in higher survival rates,
increased OMP expression, and improved FFT performance at week 4 post-injection®. Similarly, our study
showed higher OMP expression in the NSC group; however, survival rates were comparable between groups, with
no unexpected deaths. Kurtenbach et al., in contrast, transplanted globose basal cells intranasally, demonstrating
that these cells formed axonal structures and enhanced olfactory function compared to controls’. However,
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Histopathological scores

0 0 0 0 0
0 0 3
Infiltration >0.05* =0.015**
2 1 4 1 3
3 5 2 5 0
0 0 0 0 0
1 0 1 0 3
Vacuolization > 0.05%* >0.05*%*
2 4 4 3 3
3 2 1 3 0
0 0 0 0 0
1 0 0 0 2
Cilia damage =0.015* >0.061**
2 0 5 2 4
3 6 1 4 0
Average +SD | Average + SD Average +SD | Average + SD
Total score =0.003*** =0.003***
8.5+ 0.55 6.5+0.84 8.17+£0.75 4+1.09

Table 4. Histopathological scores. *Fisher- Exact Test ** Fisher-Freeman-Halton-Exact ***Mann-Whitney U

Fig. 4. Images of histological evaluations (a) Olfactory epithelium of the group 1 at second week
(Hematoxylin-eosin, 20x) (b) Olfactory epithelium of the group 2 at second week (Hematoxylin-eosin) (c)
Group 1- OMP + cells at 4 weeks (d) Group 2 — OMP + cells at 4 weeks]: Epithelial thickness Black arrow:

Duct of the gland #: Vacuolization <: Inflammatory cell infiltration %: Vascularization <: Loss of cilia RE:
Respiratory epithelium.

Scientific Reports |

(2025) 15:17015

| https://doi.org/10.1038/s41598-025-01358-8

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Group 1 Group 2 P value

2 weeks | 12.06+ 1 52.22+3.97 | =0.004**
Average number of OMP + Cells | 4 weeks | 12.22+ 1.2 | 63.94+ 1.73 | = 0.004**
P value | =0.083* =0.028

Table 5. Number of OMP + cells per field. *Wilcoxon test ** Mann Whitney U test.

their study utilized a congenitally ciliopathic OSN mouse model, whereas ours employed a chemically induced
anosmia model. In contrast, NSCs provide exogenous regeneration, unlike endogenous basal cells. Furthermore,
our histological comparisons with a control group—considering the differing survival outcomes reported in
Lee et al.‘s study—and our analysis of stem cell impact through olfactory bulb examinations represent key
contributions to the literature.

Although autofluorescent cellular proteins exhibit lower intensity, they may still be present in the host
mouse and potentially mimic GFP. To eliminate this confounding factor and obtain more objective data in the
present study, the GFP gene’s presence in the olfactory epithelium was confirmed through PCR analysis. GFP
+ structures were observed in the olfactory bulb. While Kurtenbach et al. demonstrated that these structures are
axons of olfactory neurons, our lack of advanced histological techniques limits our ability to determine whether
these structures are axons or stem cells that migrated directly to this area via the cribriform plate, which marks
a limitation of our study.

The question of whether a single NSC transplantation is sufficient for long-term recovery or if multiple
interventions are necessary depends on several factors, including cell survival, integration, and disease
progression. Chronic or progressive conditions may require periodic NSC transplantation to sustain therapeutic
effects, particularly if the initial population diminishes over time due to attrition or immune response. In many
cases of olfactory loss, the etiology often involves acute events such as trauma or infection, which are typically
non-progressive. In these cases, a one-time autologous transplantation, which carries minimal rejection risk,
could potentially be sufficient. However, despite the low rejection risk, challenges in NSC production from the
individual complicate autologous transplants. This makes allogeneic transplants a viable alternative, though
the higher likelihood of immune responses in allogeneic transplants could necessitate repeated applications.
Moreover, limited data exist on how the etiology of olfactory dysfunction affects stem cell integration, making
it challenging to predict the survival and functionality of transplanted NSCs in these contexts. Further research
is required to understand the interactions between various causes of olfactory loss and stem cell therapies,
particularly regarding cell integration and the potential need for repeated treatments. The challenges in producing
NSCs and the potential benefit of repeated treatments suggest that MSCs could be considered as an alternative to
NSCs, given the ease of repeated transplantations®>?. Although MSCs have shown promise in treating olfactory
loss, there is currently no evidence that nasal mesenchymal cells belong to the OSN lineage®-%233435,

In this study, the effectiveness of NSCs in an anosmia-induced mouse model was evaluated. It should be
noted that, as an animal model, this study may not fully replicate human anosmia. This study is limited by its
small sample size and the use of single-dose stem cell administration. These factors may affect the generalizability
of the results to broader clinical contexts. Additionally, rodents possess heightened olfactory capabilities and a
larger proportion of olfactory receptor neurons compared to humans. A major limitation of this study is the lack
of evaluation of the differentiation status of transplanted stem cells. However, cell therapies for olfactory loss
can be applied non-invasively and conveniently through endoscopic methods. Therefore, positive results from
preclinical studies will be promising for the potential transition to clinical trials.

Conclusion

In a mouse model of anosmia induced by intraperitoneal administration of 3-MI, intranasal NSCs enhanced
functional recovery and promoted cell integration, supporting further studies on dosing strategies and long-
term efficacy.

Data availability
The data supporting the findings of this study are included in this published article. Raw data generated and/or
analysed during the current study are available from the corresponding author, upon reasonable request.
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