creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

otdld T2 o Etol = Fofo)

A= g A+

Therapeutic effect of intranasal nicotinamide adenine

dinucleotide in restoration of olfactory dysfunction

IS
I
)

Jdo
>,
et}



Therapeutic effect of intranasal nicotinamide

adenine dinucleotide in restoration of

olfactory dysfunction
T A A
o] Ei= ofoHtAIelS] =R A&
2024 84
= A of o W o o ¢
o] st ¥



ARSI A

ARSI

AN B

A 2

ARSI o

o

Mo

ol

of,



Abstract
Olfactory dysfunction is a debilitating condition with no established treatment. This

study aimed to assess the efficacy of intranasal (i.n.) administration of nicotinamide adenine
dinucleotide (NAD) in restoring olfactory function.

Cultured human olfactory stem cells (hOSCs) were used to evaluate the therapeutic
efficacy of NAD in vitro. Immunofluorescence (IF) staining, PCR, and Western blot analyses
were employed to determine whether NAD treatment facilitated the differentiation of
cultured hOSCs into olfactory sensory neurons (OSNs).

Four experimental groups were used for the in vivo study: control, NAD i.n. (NAD
group), intraperitoneal (i.p.) injection of dexamethasone (DXM group), and anosmia (n = 10
per group). Chronic ZnSOj i.n. administration induced olfactory dysfunction in the mouse
model. Intranasal administration of 20 uL. ZnSO4 (170 uM) in each nostril (40 pL in total)
was performed three times a week for four weeks. The NAD group received daily NAD i.n,
while the DXM group received DXM (1 mg/kg) i.p. injections once a week for four weeks.
The control and anosmia groups mice were treated with daily i.n. phosphate-buffered saline
(20 pL in each nostril; 40 pL in total). Restoration of olfactory function was evaluated using
histological analysis and behavioral tests. Further investigation of the mechanism was
performed via comprehensive gene expression analyses using RNA sequencing (RNA-seq).

IF staining of OSN markers (OMP, acetylated B-III tubulin) and neuronal stem cell
markers (SOX2, nestin) revealed that NAD promoted the differentiation of hOSCs into
OSNss in vitro. PCR analyses showed that NAD enhanced the expression of neuronal
differentiation-related markers (SOX2, NESTIN, NEURODI, NEUROGI, and OMP).
Additionally, Western blot analysis demonstrated increased levels of SOX2, nestin, and OMP
protein levels after NAD treatment.

In vivo, the olfactory function of the NAD group significantly improved by day 28
compared with the anosmia group, whereas the DXM group showed no improvement.

Histological analyses revealed that the olfactory epithelium (OE) in the NAD group was



markedly repaired, with both the thickness of the OE and the number of OSNs significantly
higher than those in the DXM and anosmia groups. Bulk RNA-seq of the olfactory turbinate
tissue identified two unique gene expression patterns and 201 differentially expressed genes
(DEGs). Of these, 113 DEGs (cluster T1) were upregulated in control and NAD group mice,
while 88 DEGs (cluster T2) were downregulated exclusively in control mice. Gene ontology
terms associated with Cluster T1 included "modulation of chemical synaptic transmission",
"regulation of nervous system process", and "response to steroid hormone". Cellular
deconvolution using a validated public single-cell RNA sequencing (scRNA-seq) dataset
identified candidate genes expressed in olfactory receptor neurons. Twenty-five genes
implicated in the modulation of synaptic chemical transmission were upregulated after NAD
stimulation. Six candidate genes were identified by intersecting them with neuronal marker
genes acquired from scRNA-seq analysis data: ABHDZ2, DLGAP2, FOXO3, HIPK?,
KCNMA1, and PCDH17. These genes were significantly upregulated in the NAD group
compared with the anosmia group, with their expression levels restored to those observed in
the control group. PCR analysis confirmed significantly higher expression levels of
DLGAP2, FOXO3, HIPK2, and PCDH17 in differentiated hOSCs treated with NAD in vitro.
This study demonstrated the potential therapeutic efficacy of NAD for regenerating
OSNss in vitro and restoring olfactory function in mice with anosmia. Our comprehensive
evaluation indicated promising outcomes for the use of NAD as a potential treatment for

olfactory dysfunction.
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INTRODUCTION

Olfactory dysfunction, estimated to affect 3-20% of the worldwide population,
substantially impacts individual well-being and quality of life, and can increase mortality risk
by up to four times.(1-4) This increased risk is primarily due to the compromised ability of the
immune system to detect potentially harmful signals such as fires, toxic chemical fumes, gas
leaks, and rotting food.(5-7) The treatment approach for olfactory dysfunction depends on its
underlying cause and may include surgery, olfactory training, and oral or intranasal (i.n.)
steroid sprays.(8-10) However, the management of this condition is challenging given the
effectiveness of these treatments is not guaranteed.(11)

Nicotinamide adenine dinucleotide (NAD) is a coenzyme found in all living cells,
existing in two forms: NAD" (oxidized) and NADH (reduced). Within the mitochondria, the
ratio of NAD" to NADH is maintained at 7-8, whereas in the cytoplasm, it ranges from 1 to
700 under healthy conditions.(12) NAD is continuously produced, consumed, and recycled
within cells, allowing for dynamic regulation. Mammals synthesize NAD through three
primary pathways: the de novo pathway using tryptophan, the Press—Handler pathway using
nicotinic acid, and the salvage pathway using nicotinamide.(13) Enzymes that consume NAD
include sirtuins, sterile alpha and Toll/interleukin-1 receptor motif-containing 1 (SARMI),
cluster of differentiation 38 (CD38), and poly ADP-ribose polymerases (PARPs).(14, 15)
Beyond its role in redox reactions,(16) NAD is crucial for various physiological processes
such as energy metabolism, transcriptional regulation, and DNA repair.(17-19) It also
influences pathological processes linked to inflammation, cancer, and neurodegeneration.(20)
Recent research indicates that NAD deficiency is associated with inflammation, poor DNA
repair, and mitochondrial dysfunction, whereas increased NAD levels enhance metabolic
fitness.(21) Additionally, NAD is vital for energy metabolism and mitochondrial activities,
including calcium homeostasis, gene expression, aging, and cell death.(12) Numerous studies
have demonstrated the therapeutic potential of NAD in neurological disorders.(22, 23) Given

these insights, NAD may have the potential to manage olfactory dysfunction caused by injury
1



to the olfactory sensory neurons (OSN) of the olfactory epithelium (OE), although no studies
have specifically explored this application.

In this study, we cultured and treated human olfactory stem cells (hOSCs) with NAD
to determine whether NAD facilitates their differentiation into OSNs. We also aimed to
investigate whether i.n. delivery of NAD could enhance the restoration of olfactory
dysfunction in a mouse model of olfactory impairment. Behavioral tests and histological
analyses were performed to assess the restoration of olfactory function and regeneration of the

OE. Further mechanistic insights were obtained through RNA sequencing (RNA-seq).



MATERIALS AND METHODS
Collection of olfactory mucosae in humans

The collection of human olfactory mucosa and isolation of hOSCs from tissues was
performed following the protocol described by Girard et al.(24) Both nasal cavities were
examined using a 0° or 30° rigid endoscope (4 mm diameter) to identify polyps or
inflammatory lesions. The optimal nasal cavity was chosen based on septal deviation.
Lidocaine with epinephrine was applied as a local anesthetic for 10 minutes using a cotton
applicator. Biopsy was performed using ethmoid forceps to obtain a 2 mm? tissue sample from
either the root of the medial aspect of the middle turbinate or the dorsomedial area of the
septum. The tissue was transferred to a sterile 2 mL tube filled with 1 mL Dulbecco’s Modified
Eagle Medium supplemented with Ham’s F-12 nutrient mixture (DMEM/HAM F12 [Gibco,
Thermo Fisher Scientific, Waltham, MA, USA]) using a sterile needle. This study was
conducted in accordance with the Declaration of Helsinki and was approved by the

Institutional Review Board of Dankook University Hospital (IRB No. 2024-05-014).

Isolation of OSCs from human

Nasal mucosal tissues were washed in DMEM/HAM F12, followed by a 1-h
incubation in dispase II solution (STEMCELL Technologies, Vancouver, Canada) (2.4 IU/mL)
at 37°C. The OE was dissected from the underlying lamina propria using a microspatula under
a dissecting microscope (Olympus, Tokyo, Japan). Differential characteristics such as the
translucent appearance of the epithelium against a black background and striped orange/brown
lamina propria were noted. The lamina propria was then transferred to a Petri dish containing
DMEM/HAM F12 and sliced into pieces (200—500 pum thickness). These pieces were placed
in 2 cm diameter culture dishes, covered with sterile glass coverslips, and supplemented with
500 pL of culture medium (DMEM/HAM F12 supplemented with 10% fetal bovine serum

[FBS] and antibiotics). The medium was renewed every 2—3 d. Stem cell invasion began within



5-7 d, and confluency was achieved after two weeks. Cells were passaged and transferred to

culture flasks.

Cell viability assay of NAD for hOSCs

hOSCs within five passages were seeded at 1 x 10° cells/mL in a 96-well plate
containing 50 uL/well of DMEM/F12 with 10% FBS. Cells were treated with NAD stock
solution (50 mM in DMEM/F12 within 10% FBS) at final concentrations of 020 mM. After
24 h of culture in a CO; incubator, 10 puL/well of CCK-8 reagent (DOJINDO Laboratories,
Kumamoto, Japan) was added. After a 2-h incubation, optical density (OD) was measured at
450 nm using a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). The OD
of cells at 0 mM NAD was considered 100% cell viability, and the relative viability of cells

treated with other NAD concentrations was calculated.

Neuronal differentiation of hOSCs

Neuronal differentiation of hOSCs was induced using Neurobasal medium and
DMEM/F12 medium supplemented with B-27, L-glutamine (GlutaMAX, Gibco, Thermo
Fisher Scientific), glutamate (2 mM), penicillin (50 U/mL), and streptomycin (50 pg/mL). To
evaluate the effect of NAD on neuronal differentiation, hOSCs were incubated with

Neurobasal medium containing 2.5 or 5.0 mM NAD, with the medium changed every 3 d.

PCR analyses

Quantitative real-time PCR was performed using the RIboEx™ reagent (GeneAll
Hybrid R kit, GeneAll Biotechnology Co., Ltd., Seoul, Republic of Korea) to extract total
RNA from hOSCs treated with NAD, following the manufacturer’s instructions. RNA was
reverse transcribed using an iScript cDNA Synthesis Kit (Gene All Biotechnology Co., Ltd.).
mRNA expression was analyzed using an Applied Biosystems 7500 Real-Time PCR System

(Applied Biosystems, Waltham, MA, USA). The relative mRNA expression levels of DLGAP2,
4



FOXO03, HIPK2, PCDH17, SOX2, NESTIN, NEUROG1, NEURODI, OMP, and GAPDH were
evaluated using SYBR Green primers from Bioneer (Dagjeon, Republic of Korea) and Applied
Biosystems (Table 1). Relative mRNA expression was calculated using the 2-AACt method

and normalized to GAPDH.

Table 1. Primers used in PCR analysis to determine the extent of differentiation of hOSCs

treated with NAD

Genes Forward (5'-3") Reverse (5'-3")

DLGAP2  CCTCTGACATCACCTCCACCAT TCACCGAGATCAGAGGCTTGGA
FOX03 TCTACGAGTGGATGGTGCGTTG CTCTTGCCAGTTCCCTCATTCTG
HIPK? AGCGTCATCACCATCAGCAGTG AGTCGTGGACTGTGACACAGCT
PCDHI17 CAAAGGCTCCTGCTGTGACATG GACCAAGCACTCGGCATTCATC
SOX2 GCTACAGCATGATGCAGGACCA TCTGCGAGCTGGTCATGGAGTT
NESTIN  TCAAGATGTCCCTCAGCCTGGA AAGCTGAGGGAAGTCTTGGAGC
NEURODI GGTGCCTTGCTATTCTAAGACGC GCAAAGCGTCTGAACGAAGGAG
NEUROGI GCCTCCGAAGACTTCACCTACC GGAAAGTAACAGTGTCTACAAAGG
OMP CAAGGAGGACTCGGATGCCATA TCGCCAAAGGTGACGAGGAAGT

GAPDH  AGGTCGGTGTGAACGGATTT TGTAGACCATGTAGTTGAGG

Western blot analyses

Total cell lysates (20-50 pg per well) were subjected to 10-12% SDS-PAGE and
electrotransferred to nitrocellulose membranes (Amersham™ Protran, Cytiva, Malborough,
MA, USA). Membranes were then incubated with primary antibodies against SOX2 (1:1000),
nestin (1:1000), OMP (1:1000, Santa Cruz Biotechnology, Dallas, TX, USA), and B-actin
(1:5000, Sigma-Aldrich, St. Louis, MO, USA), followed by secondary antibodies (horseradish

peroxidase anti-rabbit or anti-mouse). Protein bands were detected using ECL Western blotting



substrate (Pierce™ ECL Western Blotting Substrate, Thermo Fisher Scientific) and imaged

with the Gel Doc image analysis system (Bio-Rad, Hercules, CA, USA).

Anosmia mouse model

Forty female BALB/c mice (6—7 weeks old, 18-20 g; Orient Bio Inc., Sungnam,
Republic of Korea) were divided into four groups (n = 10 per group): control, ZnSO4-induced
anosmia group, NAD i.n. treatment, and dexamethasone (DXM) intraperitoneal (i.p.) injection
(Figure 1A and 1B).

Anosmia was induced by administering 20 pL ZnSO4 (170 pM) i.n. in each nostril
(total 40 pL), three times a week for a total of four weeks. Control mice received i.n.
phosphate-buffered saline (PBS). Mice were housed in a specific pathogen-free biohazard
containment facility. All experiments adhered to the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care

and Use Committee of the Asan Institute for Life Sciences (2019-02-165).

Intranasal NAD administration
The NAD group received 100 mg/kg/day NAD (Sigma-Aldrich) i.n. daily for four
weeks from Monday to Friday, starting one week after anosmia induction, administered in the
head-down position. Control and anosmia groups received i.n. PBS, while the DXM group

received 1 mg/kg i.p. DXM once a week for four weeks.

Behavioral tests and tissue preparation

Food-finding behavioral tests were conducted weekly to assess olfactory function
(Figure 1A and 1B). Induction and recovery from anosmia were assessed using a food-finding
test. Mice were food-deprived for one day, then released into an open field (buried food test)
and T-maze (T-maze test) for 3 min each to find buried food pellets. The food pellets were

buried randomly under the sawdust on one side of the cage (buried food test) or one arm of



the T-maze (T-maze test). Each test mouse started at the opposite corner of the pellet (buried
food test) or at the base of the T (T-maze test) and then walked forward to find hidden food.
The elapsed time to locate the food was recorded. Food-finding behavioral tests was performed
at three times for each mouse. Mice were euthanized via cervical dislocation 24 h after the

olfactory tests on day 28 for tissue sample collection and histological analysis.

Figure 1. Schematic illustration of in vivo experiment and behavioral test. (A) Behavioral tests
(buried food and T-maze tests) of the ZnSO4 anosmia mice model. (B) The anosmia mice
model was generated by subjecting mice to weekly i.n. administration of ZnSQOj. The treatment
group received daily i.n. administration of NAD, whereas the positive control group received
weekly i.p. injection of dexamethasone (DXM). Behavioral tests were performed once every

week for one month, and mice were euthanized for tissue analyses on day 28.
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Hematoxylin and eosin (H&E) staining and tissue analysis

For histological analysis, mouse heads were collected after euthanasia, fixed in 10 %
neutral buffered formalin, decalcified with 14 % ethylenediaminetetraacetic acid (EDTA) for
three weeks, and embedded in paraffin. To evaluate the overall structure of nasal mucosa, 4-
um-thick paraffin sections were deparaffinized in xylene, rehydrated in alcohol, and stained
with H&E (BBC Biochemical, Dallas, TX, USA). The nasal mucosal tissues were observed
under a bright-field microscope (Olympus, Tokyo, Japan) at 200x magnification. The
thickness of the OE on H&E-stained slides was measured to assess the degree of OFE recovery

in each mouse.

Immunofluorescent (IF) staining and tissue analysis using confocal microscopy

For in vitro confocal imaging, IF staining was performed to assess the stemness and
differentiation of hOSCs after treatment with different concentrations of NAD. SOX2 and
nestin staining were performed on hOSCs to evaluate their stemness following NAD treatment.
Briefly, hOSCs were fixed with 4 % paraformaldehyde, washed with PBS, permeabilized with
0.5 % Triton X-100, and then blocked with 5 % bovine serum albumin (Sigma-Aldrich).
Subsequently, cells were incubated with primary antibodies, anti-SOX2 (1:100; Abcam,
Cambridge, UK) and anti-nestin (1:100; Abcam) overnight at 4 °C. Cells were then washed
with PBS and incubated with Alexa Fluor 488 goat anti-mouse (1:500; Invitrogen, Thermo
Fisher Scientific) or Alexa Fluor 594 goat anti-rabbit (1:500; Invitrogen, Thermo Fisher
Scientific) secondary antibodies for 1 h at 25 °C. Cell nuclei were counterstained with 4', 6-
diamidino-2- phenylindole (DAPI; Sigma-Aldrich).

Olfactory marker protein (OMP) and acetylated B-III tubulin (Tujl) staining were
conducted to evaluate the degree of differentiation of hOSCs following NAD treatment. Cells
were incubated with the respective primary antibodies: OMP for mature OSNs (1:100; Thermo
Fisher Scientific), and Tujl for immature OSNs (1:500; BioLegend, San Diego, CA, USA)

overnight at 4 °C. Cells were then incubated with Alexa Fluor 488 goat anti-mouse (1:1000;
8



Invitrogen, Thermo Fisher Scientific) or Alexa Fluor 594 goat anti-rabbit (1:500; Invitrogen,
Thermo Fisher Scientific) secondary antibodies for 1 h at 25 °C. Cell nuclei were
counterstained with DAPI. Cells were observed and imaged under a confocal microscope (FV-
3000; Olympus). The signal intensity was measured using the ImageJ software (National
Institutes of Health, Bethesda, MD, USA). The thresholding function in the ImagelJ software
was used to convert the confocal images into binary mask images. Using photographs from
the control group, the minimum and maximum threshold values were adjusted to highlight the
areas of interest. Subsequently, these parameters were uniformly applied to each sample. After
setting the threshold parameters, the geometry of each cell was used to highlight the area of
interest. The percentage area of each selected cell (% area) was measured using the Analyze
menu.

For confocal imaging of the mouse models, IF staining was performed to evaluate
the status of immature or mature OSNs. Nasal mucosa tissues were incubated with the
respective primary antibodies: OMP for mature OSNs (1:200) or Tujl for immature OSNs
(1:500) overnight at 4 °C. The tissues were then washed with PBS and incubated with Alexa
Fluor 594 goat anti-rabbit (1:500) or Alexa Fluor 488 goat anti-mouse (1:500) secondary
antibodies for 1 h at 25 °C. Cell nuclei were counterstained with DAPI. The nasal mucosal
tissues were assessed under a confocal microscope. The signal intensity, number of OMP" cells,
and mean fluorescence intensity (MFI) of Tujl in OE were measured using the Imagel

software.

Bulk RNA-seq analysis from murine olfactory turbinate and bulb tissues

To analyze the bulk RNA-seq data, the reads were mapped to the mm10 genome
using STAR version 2.7.1a with default parameters.(25) Subsequently, the aligned reads were
converted into tag directories using HOMER version 4.11.1.(26) Each file was quantified
using the "analyzeRepeats" script in HOMER. Gene expression levels in each sample were

normalized by calculating the transcripts per kilobase million (TPM). Differentially expressed

9



genes (DEGs) were identified via DESeq2 analysis based on raw read counts.(27) The
"getDifferentialExpression" command in HOMER was applied with criteria for significance
defined as an adjusted P-value of < 0.05, more than a two-fold difference in expression levels,

and an average FPKM > 2.

Single-cell RNA-seq data analysis

This study employed publicly available datasets and databases, including single-cell
RNA-seq datasets from Oliva et al.(28) and Tepe et al.(29) In addition, publicly available
single-cell RNA-seq (scRNA-seq) data (accession numbers GSE184117 and GSE121891)
were also analyzed.(28, 29) The obtained bulk RNA-seq dataset was integrated with public
scRNA-seq data. To ensure compatibility and uniformity in tissue localization, an integrated
analysis of olfactory mucosa biopsies of healthy donors from GSE184117 with that of the
mouse olfactory turbinate tissue bulk RNA-seq dataset was performed.

For the analysis, only cells in which mitochondrial RNA accounted for less than 10 %
of the total RNA content were included. The data were integrated and anchored using the top
10,000 highly variable features identified using the variance-stabilizing transformation method.
Subsequently, uniform manifold approximation and projection (UMAP) analysis was
conducted and a nearest neighbor graph was constructed using the ‘FindNeighbors’ function
in R version 4.3.0 (The R Foundation for Statistical Computing, Vienna, Austria). The
"FindClusters" function was employed to identify cell clusters with the resolution parameter
set to 0.5. Differential expression analysis used the "FindMarkers" and "FindAllMarkers"

functions. Principal component analysis and clustering were conducted using Seurat in R.

Statistical analysis
All statistical analyses were performed using the GraphPad Prism 10 software

(GraphPad Software, San Diego, CA, USA). Results are expressed as the mean + standard

10



error of the mean (SEM). An independent sample #-test and one-way ANOVA variance were

used to compare the results between the groups. Statistical significance was set at P < 0.05.

11



RESULTS
NAD promoted the differentiation of hOSCs into OSNs in vitro

To investigate the role of NAD in the differentiation of hOSCs into OSNs, hOSCs
were cultured with various concentrations of NAD. Cell viability assays (CCK-8) were
performed to determine the optimal NAD concentration. Two sets of NAD concentrations were
tested: 0, 10, 12.5, 15, 17.5, and 20 mM (Figure 2A), and 0, 1, 2, 5, and 10 mM (Figure 2B).
No significant differences in cell viability were observed, but NAD concentrations between
2.5 and 5.0 mM increased hOSC viability the most. Therefore, 2.5 and 5.0 mM NAD were

used for subsequent differentiation experiments.

Figure 2. Cell viability assay results using CCK-8, confirming the optimal NAD dose. Two
sets of NAD concentrations were tested: (A) 0, 10, 12.5, 15, 17.5, and 20 mM; and (B) 0, 1, 2,

5, and 10 mM (n = 3 in each group).
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The potential of NAD administration to facilitate the differentiation of OSCs into
OSNs was investigated through IF staining. To assess the extent of differentiation into
immature or mature OSNs, IF staining was performed using Tujl and OMP antibodies one or
two weeks after differentiation, with and without NAD administration (Figure 3A & 3B). At

the end of the first week of differentiation, the mean Tuj1" intensity rate was 22.3 + 6.2% in

12



the control group, 34.3 £ 18.9% in the 2.5 mM NAD group, and 65.5 £ 13.5 % in the 5.0 mM
NAD group (Figure 3C). Statistically significant differences were observed when comparing
the 2.5 mM and 5.0 mM NAD groups to the control group. By the second week, the mean
Tuj1" intensity rate was 11.8 £+ 5.3% in the control group, 60.8 + 16.1% in the 2.5 mM NAD
group, and 67.9 £ 12.1% in the 5.0 mM NAD group (Figure 3D). A significant increase in the
Tuj1 signal, indicative of immature OSNs, was observed in the NAD-treated groups compared
with the control group at the second week of differentiation.

Similar results were found for OMP, a marker of mature OSNs. After one week of
differentiation, the mean OMP" intensity rate was 28.5 + 3.6% in the control group, 41.7 +
5.8% in the 2.5 mM NAD group, and 41.2 £ 2.3% in the 5.0 mM NAD group (Figure 3E). At
the two-week mark, the mean OMP" intensity rate was 25.1 + 4.7% in the control group, 51.4
+ 12.4% in the 2.5 mM NAD group, and 59.3 + 7.5 % in the 5.0 mM NAD group (Figure 3F).
The increases in OMP" intensity rates in the NAD treatment groups were statistically

significant compared with the control group.

Figure 3. NAD promotes the differentiation of hOSCs into OSNs in vitro.

Immunofluorescence staining distinguished immature OSNs (acetylated B-III tubulin [Tujl"]

cells) from mature OSNs (olfactory marker protein, [OMP] cells) one (A) and two weeks (B)
after neuronal differentiation with NAD administration (0, 2.5, and 5.0 mM). Tuj1" intensity
was evaluated in the three groups (control, 2.5 mM NAD, and 5.0 mM NAD) at one (C) and
two weeks (D) after differentiation. OMP" intensity was assessed at one (E) and two weeks
(F). Statistical significance was determined using independent sample #-tests. * P <0.05, ** P

<0.01, *** P<0.001, n =10 in each group.
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Additional IF staining was conducted to investigate the impact of NAD treatment on the
expression of stem cell markers. SOX2 is widely recognized as a marker for multipotent neural
stem cells.(30) SOX2 expression in OE is typically found in sustentacular cells and OSCs
(horizontal and globose basal cells).(31) Nestin, another marker, is expressed in
undifferentiated neural stem cells during development.(32) IF staining was performed using
nestin and SOX2 antibodies one or two weeks after differentiation of hOSCs with or without

NAD treatment (Figure 4A & 4B).
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After the first week of differentiation, the mean nestin” intensity rate was 4.0 + 1.7 %
in the control group, 6.1 + 1.4 % in the 2.5 mM NAD group, and 9.4 + 1.5 % in the 5.0 mM
NAD group (Figure 4C). Statistically significant increases in nestin" intensity were observed
in the 2.5 mM and 5.0 mM NAD groups compared with the control group. In the second week,
the mean nestin” intensity rate was 4.9 + 1.8% in the control group, 6.6 + 1.9% in the 2.5 mM
NAD group, and 8.8 = 2.7% in the 5.0 mM NAD group (Figure 4D). Notably, there was a
statistically significant increase in nestin intensity in the 5.0 mM NAD group compared with
the control group during the second week of differentiation.

Conversely, results for SOX2 staining showed a different pattern. At the first week of
differentiation, the mean SOX2" intensity rate was 13.0 + 3.7% in the control group, 33.1 +
10.0% in the 2.5 mM NAD, and 54.4 = 14.0% in the 5.0 mM NAD group (Figure 4E).
Significant increases in SOX2 intensity were observed in the 2.5- and 5.0 mM NAD groups
compared with the control group. By the second week, the mean SOX2" intensity rate was 3.2
* 1.9% in the control group, 8.6 £ 3.0% in the 2.5 mM NAD, and 1.1 £ 1.3% in the 5.0 mM
NAD group (Figure 4F). The SOX2" intensity was significantly higher in the 2.5 mM NAD
group, whereas it was notably lower in the 5.0 mM NAD group compared with the control

group.

Figure 4. Changes in immunofluorescence staining intensity of neural stem cell markers
(nestin and SOX2) during hOSC neuronal differentiation with NAD treatment. Staining was
performed at one (A, C, E) and two weeks (B, D, F) after differentiation with NAD
administration (0, 2.5, and 5.0 mM). Nestin" intensity was evaluated in the control group, 2.5
mM NAD, and 5.0 mM NAD treatment groups at one (C) and two weeks (D) after neuronal
differentiation. SOX2" intensity was also assessed at one (E) and two weeks (F) following
neuronal differentiation. Statistical significance was determined using independent sample ¢-

tests. * P <0.05, ** P<0.01, *** P<0.001, n= 10 in each group.
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Additionally, PCR analyses were conducted to assess genes related to neuronal stem
cells and immature and mature OSNs, including SOX2 (Figure 5A), NESTIN (Figure 5B),
NEURODI (Figure 5C), NEUROG]I (Figure 5D), and OMP (Figure 5E). The differentiated
cell group showed significantly higher expression of all five genes compared with the
undifferentiated OSC group. Specifically, SOX2, NEUROD1, NEUROGI, and OMP exhibited
increased expression levels in the NAD treatment groups compared with the untreated group.
Additionally, Western blot analysis was conducted to evaluate the expression levels of SOX2,
nestin, and OMP associated with OSC and OSN (Figure 5F). The levels of SOX2, nestin, and

OMP were higher in the NAD treatment groups compared with the untreated group.
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Figure 5. Western blot and PCR analyses of marker genes and molecules associated with
immature and mature OSNs and hOSCs. PCR analysis confirmed the expression of the
following genes: SOX2 (A), NESTIN (B), NEURODI (C), NEUROGI (D), and OMP (E). (F)
The expression of molecules associated with OSNs (OMP) and OSCs (SOX2 and nestin) was
assessed using Western blot analysis. Experiments were conducted under four distinct
conditions: differentiation (-), differentiation (+) without nicotinamide adenine dinucleotide
(NAD), and differentiation (+) with 2.5 or 5.0 mM NAD. Statistical significance was

determined using independent sample #-tests. * P < 0.05, ** P <0.01, *** P<(0.001,n =3 in

each group.
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Intranasal administration of NAD improved olfactory function in anosmia mice

We used ZnSO;4 to create an anosmia mouse model. Briefly, NAD (i.n.) and DXM
(i.p.) were administered to mice over four weeks. Behavioral tests were then conducted to
evaluate the recovery of olfactory function in mice (Figure 1B).

Results from the open field and T-maze tests indicated that, compared with the DXM
and anosmia groups, the olfactory function in the NAD group significantly improved by day
28 (Figure 6A and 6B). We noted that olfactory function steadily declined until day 14 across
the anosmia, NAD, and DXM groups. However, improvement was observed in the NAD group
by days 21 and 28 (Figures 6C and 6D).

These behavioral tests demonstrated that i.n. administration of NAD effectively
restored olfactory function in the ZnSO4-induced anosmia mouse model. Furthermore, NAD

treatment outperformed DXM, the current conventional therapy for olfactory loss.

Histologic findings

After completing the olfactory behavioral tests on day 28, all mice were euthanized
for histological analyses of their OE. The thickness of the OE layer was measured on
hematoxylin and eosin (H&E)-stained slides (Figure 7A). Additionally, the total number of
immature and mature OSNs was assessed using confocal microscopy (Figure 7B).

Mice in the control group exhibited the thickest mean OE layer, measuring 61.6 + 5.8
pm. In contrast, the anosmia group had the thinnest mean OE layer at 15.2 £ 2.8 um. The OE
thickness in the DXM group varied widely, from 15.2 pm to 55.7 um, with a mean of 31.0
13.5 pum, significantly greater than the anosmia group (P < 0.001) but considerably lower than
the control group (P < 0.001). The NAD group had a mean OE thickness of 52.9 £ 6.5 um,
significantly greater than the DXM and anosmia groups (P < 0.001) but significantly less than

that the control group (P < 0.01) (Figure 7C).
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The number of immature and mature OSNs in each OE group was evaluated using
IF staining. The number of mature OSNs was determined using OMP staining (Figure 7D).
The number of OMP" cells followed a trend similar to OE thickness. The control group had
the highest mean number of OMP" cells per high power field (HPF) at 162.4 £ 15.0, while the
anosmia group had the lowest mean number at 51.4 £+ 20.4 cells/HPF. The DXM group had a
mean OMP" cell of 63.8 + 18.7 cells/HPF, which did not differ significantly from the anosmia
group; in contrast, the NAD group had a mean OMP" cell count of 98.8 + 24.6 cells/HPF,
which was significantly higher than the anosmia group (P < 0.001).
Additionally, the number of immature OSNs in each group was evaluated using Tujl
IF staining (Figure 7E). The Tujl mean MFI in the control group was 17.7 £ 8.2, which did
not differ significantly from the DXM (15.4 £ 10.9) and anosmia groups (17.6 £ 16.6).
However, the Tujl mean MFI in the NAD group was 43.1 £ 11.8, significantly higher than in
the other three groups, indicating an increase in immature OSNs during the recovery phase

following injury.
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Figure 6. Intranasal administration of nicotinamide adenine dinucleotide (NAD) improved
olfactory function in mice with anosmia. (A) Results of the buried food and (B) T-maze tests
on day 28. (C) Results of the buried food test on days 0, 7, 14, 21, and 28. (D) Results of the
T-maze test on days 0, 7, 14, 21, and 28. DXM, dexamethasone; i.n., intranasal
administration; i.p., intraperitoneal injection. P-values were calculated using an independent

sample z-test. * P <0.05, ** P<0.01, *** P<0.001, n= 10 in each group.
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Figure 7. Histologic analyses of mouse olfactory epithelium (OE). (A) Hematoxylin and eosin
(H&E) stained images of the olfactory mucosa in the nasal cavity. (B) Immunofluorescence
(IF) stained images of the olfactory mucosa in the nasal cavity. (C) Thickness of the OE
measured on H&E stained images. (D) Olfactory marker protein (OMP)-positive cells were
evaluated on [F-stained images. (E) Mean fluorescence intensity (MFI) of acetylated  III-

tubulin (Tujl) was measured on IF-stained images. P-values were calculated using an

independent sample #-test. * P <0.05, ** P<(.01, *** P<0.001, n= 10 in each group.
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Comprehensive analysis of gene expression via RNA-seq analyses

RNA-seq was performed on olfactory turbinate tissues from the control, NAD, and
anosmia groups to delineate their distinct and shared gene expression profiles (Figure 8A).
Differences in the transcriptome profiles of olfactory turbinate tissues among these three
groups were assessed. Principal component analysis (PCA), utilizing the expression data of all
genes, distinctly classified the groups according to their respective conditions (Figure 8B).
Within the olfactory turbinate, two unique gene expression patterns were identified, resulting
in 201 differentially expressed genes (DEGs). Of these, 113 DEGs (Cluster T1) were
upregulated in the control and NAD groups, whereas 88 (Cluster T2) were downregulated
exclusively in the control group (Figure 8C). Gene Ontology (GO) analysis was used to
decipher the molecular mechanisms and biological functions associated with genes in each
identified cluster. The Go terms "modulation of chemical synaptic transmission", "regulation
of nervous system process", and "response to steroid hormone" were associated with Cluster
T1 (Figure 8D, left panel). In contrast, the GO terms "antigen processing and presentation",
"innate immune response”, and "inflammatory response" GO terms were associated with
Cluster T2 (Figure 8D, right panel). Cellular deconvolution was subsequently applied using a
validated public scRNA-seq dataset to identify candidate genes expressed in olfactory receptor
neurons within the pool of identified genes.(28, 29) A total of 15,997 single cells from
olfactory mucosa biopsies of healthy donors revealed diversity across 15 cell types, including
neuronal populations, each distinguished by a unique profile of the top five DEGs (Figures 8E
and 8F). Twenty-five genes implicated in the modulation of synaptic chemical transmission
were upregulated after NAD stimulation (Figure 8G).

Furthermore, intersecting these genes with neuronal marker genes acquired using
scRNA-seq analysis identified candidate genes (Figure 8H). Six candidate genes—ABHD?2,
DLGAP2, FOX03, HIPK2, KCNMA1, and PCDH17—were found to be expressed in olfactory

receptor neurons (Figure 8I). Additionally, the expression of these genes was significantly
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upregulated in the NAD group compared with the anosmia group, with their expression levels

being restored to levels similar to those observed in the control group (Figure 8J).

Figure 8. Comprehensive analysis of gene expression via RNA sequencing analyses. (A)
Schematic representation of sample preparation from olfactory turbinate, followed by RNA
extraction and computational analysis via RNA sequencing. (B) Principal component analysis
(PCA) plots displaying sample clustering from olfactory turbinate in control, anosmia, and
nicotinamide adenine dinucleotide (NAD)-treated mice. (C) Gene expression in mouse
olfactory turbinate. Left: heatmap illustrating the expression levels of differentially expressed
genes (DEGs) meeting specific criteria (false discovery rate [FDR] < 0.05; two-fold difference
in expression level; average transcript per million [TPM] > 2). K-means clustering (k = 2)
analysis of 201 DEGs across three groups, with values presented as z-score. Right: line graph
depicting characteristic gene expression patterns for each cluster. (D) Gene ontology (GO)
analysis was performed for Cluster T1 and T2 genes. (E) Uniform manifold approximation
and projection (UMAP) visualization of single-cell RNA-seq data (GSE184117) for 15,997
single cells obtained from olfactory mucosa biopsies of healthy donors, categorizing cells into
clusters based on gene expression profiles. (F) Heatmap showing top 5 differentially expressed
genes across various cell types from olfactory mucosa biopsies of healthy donors, with gene
expression intensity indicated by color gradient from low (green) to high (red). Values are z-
scores. (G) Heatmap illustrating the expression patterns of genes related to modulation of
chemical synaptic transmission within Cluster T1. (H) Venn diagram illustrating the overlap
between genes related to modulation of chemical synaptic transmission and molecular markers
of human olfactory neurons. (I) Violin plots depicting the distribution of normalized
expression levels for selected genes related to the modulation of chemical synaptic
transmission across different cell types, color-coded to match the cell types identified in Figure
(D). (J) Graphs presenting TPM values for candidate genes. P-values were calculated using

ordinary one-way ANOVA. * P < (.05, ** P < 0.01, *** P < 0.001.
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The genes identified from mouse olfactory RNA sequencing data were further
validated using additional PCR analyses in hOSCs. From RNA-seq analyses, we found that
six neuronal marker genes—ABHD2, DLGAP2, FOXO03, HIPK2, KCNMAI, and PCDHI17—
were upregulated in the NAD-treated group compared with the anosmia group. Subsequently,
PCR analyses were conducted on four of these genes (Figure 9) in vitro. PCR analysis of the
KCNMAI gene showed no significant differences between the NAD-treated group and the
untreated group (data not shown), while the ABHD2 gene was excluded from the analysis due
to its predominant expression in oligodendrocytes in brain tissue and its undetermined
function.(33) Among the remaining genes, DLGAP2 (Figure 9A), FOXO3 (Figure 9B), HIPK2
(Figure 9C), and PCDH17 (Figure 9D), the expression levels were significantly higher in the
differentiated cell group compared with the undifferentiated hOSC group. Moreover, the NAD
treatment group exhibited significantly higher levels of FOXO3, HIPK2, and PCDH17 gene
expression compared with the untreated group. Previous studies have associated these genes

with cell survival, protection against oxidative stress, and nerve or cell regeneration.(34-37)

26



Figure 9. PCR analyses of four genes upregulated in the RNA sequencing analysis. PCR
analysis confirmed the expression of each gene: DLGAP2 (A), FOX0O3 (B), HIPK?2 (C), and
PCDH17 (D). The expression levels of these genes were analyzed under four distinct
conditions: differentiation (-), differentiation (+) without nicotinamide adenine dinucleotide
(NAD), and differentiation (+) with NAD. P-values were calculated using independent sample

t-tests. * P <0.05, ** P<0.01, *** P<0.001, n =3 in each group.
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DISCUSSION

In this study, we explored the potential therapeutic role of NAD in addressing
olfactory dysfunction using a mouse model of anosmia. Olfactory dysfunction is a prevalent
condition that significantly impacts the quality of life and safety of individuals, potentially
increasing mortality risk due to compromised detection of harmful odors and signals.(1-3, 11)
Current treatments such as surgery, olfactory training, and steroid therapy, often lack
guaranteed efficacy, posing challenges for effective management.(5, 9)

Initially, hOSCs were employed to assess the therapeutic efficacy of NAD in vitro.
NAD facilitated the differentiation of hOSCs into OSNs, as evidenced by the IF staining of
neuronal stem cell markers (SOX2, nestin) and OSN markers (OMP, acetylated B-I1I tubulin).
PCR studies demonstrated that NAD increased the expression of markers associated with
neuronal differentiation (SOX2, NESTIN, NEURODI, NEUROGI, and OMP) in vitro.
Additionally, Western blot analysis confirmed that NAD treatment elevated the levels of SOX2,
nestin, and OMP proteins.

This study used a well-established mouse model of anosmia induced by intranasal
ZnS0O4 administration. Experimental mice were categorized into four groups: control, anosmia,
in. NAD treatment, and i.p. DXM injection. Behavioral tests, histological analyses, RNA
sequencing, and in vitro experiments were conducted to evaluate the effects of NAD on
olfactory function and its underlying mechanisms. Our results demonstrated that i.n.
administration of NAD significantly improved olfactory function. This improvement was
accompanied by enhanced neurogenesis and maturation of OSNs, as evidenced by behavioral
tests and histological analyses. These findings are consistent with previous studies that
highlighted the neuroprotective and neuroregenerative properties of NAD in various
neurodegenerative disease models.(22, 23, 38) Of particular interest were the RNA sequencing
results, which indicated upregulation of critical genes involved in neuronal development,

chemical synaptic transmission, and olfactory sensory function in NAD-treated mice.
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In vitro experiments provided mechanistic insights suggesting that NAD promotes
the differentiation of human OSCs into mature OSNs. RNA-seq analysis of olfactory turbinate
tissues identified two distinct gene expression patterns: upregulated genes (Cluster T1) in both
the control and NAD-treated groups, and downregulated genes (Cluster T2) primarily in the
control group (Figure 8C). Cluster T1 genes were predominantly associated with modulation
of chemical synaptic transmission and long-term memory, while Cluster T2 genes were linked
to inflammation and immune reactions. These findings indicate that NAD may enhance
neurogenesis, synaptic plasticity, and the maturation of new OSNSs, thereby facilitating
functional recovery of olfaction. Interestingly, while Cluster T2 genes were related to
immunological responses and inflammation, NAD treatment did not prevent these local
immune responses in the olfactory mucosa.

In RNA-seq analysis, 25 genes involved in the modulation of synaptic chemical
transmission were identified as upregulated after NAD stimulation. By intersecting these genes
with human neuronal marker genes, six potential genes were significantly overexpressed in
the NAD group compared with the anosmia group: ABHD2, DLGAP2, FOXO3, HIPK?2,
KCNMAI, and PCDH17. The expression of these genes increased to levels comparable to
those in the control group. To further elucidate the mechanism, NAD-treated human OSCs
were differentiated into OSNs, and PCR analysis was conducted for each candidate gene. The
NAD-treated group showed elevated expression of DLGAP2, FOX03, HIPK2, and PCDH17
compared with the untreated group. All of these genes are expressed in the OSNs of OE.(28)

DLGAP?2 encodes essential elements of postsynaptic scaffolding proteins crucial for
synaptic morphogenesis and function.(39-41) It is implicated in regulating age-related
neurodegeneration, cognitive decline, and Alzheimer’s disease.(42) Based on the findings of
this study, NAD administration likely mitigated olfactory neuronal degeneration by increasing
DLGAP?2 expression.

Recent studies have highlighted the role of the FOXO3 gene in regulating mammalian

lifespan.(43, 44) Forkhead box transcription factors (FOXOs) such as FOXO3 are involved in
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various physiological responses including cell cycle arrest, differentiation, resistance to
oxidative stress, and apoptosis.(45) Research has demonstrated that FOXOs play a crucial role
in enhancing the ability of adult hematopoietic and neural stem cells to regenerate by imparting
resistance to oxidative stress.(46, 47) Additionally, NAD has been shown to promote neuronal
survival under oxidative stress conditions through mechanisms involving protein kinase B and
mitochondrial membrane potential, along with FOXO3a.(35) This observation that NAD
treatment increased FOXO3 expression in this study suggests that NAD may prevent loss of
olfactory function by enhancing the ability of OSNs to withstand oxidative stress.

HIPK?2 encodes a serine/threonine kinase that is evolutionarily conserved.(48) It
plays diverse roles in embryo development, stress response, and various pathological
conditions including cancer and fibrosis. HIPK2 is abundantly expressed in both the central
and peripheral nervous systems, and its genetic ablation in mice leads to neurological
abnormalities. Moreover, HIPK?2 regulates the expression of genes involved in antioxidant
production and response to reactive oxygen species.(49) In this study, NAD treatment was
found to upregulate the expression of the HIPK2 gene. Similar to the FOXO3 gene, it is
hypothesized that HIPK2 expression promoted the survival of OSNs and facilitated the
differentiation of OSCs into OSNSs in environments with high oxidative stress.

Procadherins are members of the cadherin superfamily.(50) Previous research has
indicated that procadherin genes, including PCDHS, 10, 17, 18, and 19, regulate cell motility.
For instance, depletion of Pcdhl9 during zebrafish embryonic neurulation leads to abnormal
cell motility(51), while Pcdhl0 is essential for striatal axon formation in mice.(52) PCDH17
mediates collective axon extension by recruiting actin regulator complexes to interaxonal
contacts.(53) In this study, i.n. administration of NAD increased PCDHI7 expression,
suggesting enhanced axonal extension during OSN regeneration.

In summary, NAD activates genes involved in synaptic transmission and neuronal
survival under oxidative stress conditions. These genes include those that inhibit neuronal

degeneration and promote OSN differentiation from OSNs. However, additional studies are
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warranted to elucidate the specific mechanisms underlying the effects of NAD. Identifying
these mechanisms could provide valuable insights into the pathological processes associated
with anosmia.

Overall, this study shed light on a potential novel treatment approach for olfactory
impairment and highlighted the need for further research to validate these results and explore

the clinical applications of NAD in addressing olfactory dysfunction.
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CONCLUSIONS

This study offers promising insights into the potential use of NAD as a therapeutic
agent for treating olfactory dysfunction. We conducted comprehensive analyses of its effects
on olfactory function, histology, gene expression, and in vitro differentiation using a mouse
model and human OSCs. Further investigations and clinical trials are necessary to fully
elucidate the clinical implications and safety profile of NAD-based therapies in patients with

olfactory impairment.
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