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Insulin is present in nasal mucus and plays an important role in the survival and
activity of individual olfactory sensory neurons (OSNs) via insulin receptor-mediated
signaling. However, it is unclear whether insulin acts prophylactically against olfactotoxic
drug-induced olfactory epithelium (OE) injury, and whether the degree of damage is
affected by the concentration of insulin in the nasal mucus. The apoptosis-inducing
drug methimazole was administered to the nasal mucus of diabetic and normal
mice along with different concentrations of insulin. Immunohistochemical analysis was
used to assess the relationship between damage to the OE and the mucus insulin
concentration and the protective effect of insulin administration against eosinophilic
cationic protein (ECP)-induced OE injury. Diabetic mice had lower concentrations of
insulin in their nasal mucus than normal mice (diabetic vs. normal mice, p < 0.001).
Methimazole administration reduced the number of OSNs in normal mice and had a
more marked effect in diabetic mice. However, unilateral insulin administration prevented
the methimazole-induced reduction in the number of OSNs on the ipsilateral side but not
on the contralateral side (OSNs; Insulin vs. contralateral side, p < 0.001). Furthermore,
intranasal ECP administration damaged the OE by inducing apoptosis (OSNs; ECP
vs. contralateral side, p < 0.001), but this damage was largely prevented by insulin
administration (OSNs; Insulin + ECP vs. contralateral side, p = 0.36), which maintained
the number of mature OSNs. The severity of methimazole-induced damage to the OE is
related to the insulin concentration in the nasal mucus (Correlation between the insulin
concentration in nasal mucus and the numbers of OSNs, R2 = 0.91, p < 0.001), which
may imply that nasal insulin protects OSNs and that insulin administration might lead to
the development of new therapeutic agents for ECP-induced OE injury.

Keywords: odor, olfactory dysfunction, olfactory sensory neuron, insulin, chronic rhinosinusitis (CRS)

INTRODUCTION

Olfactory sensory neurons (OSNs) are essential for odor sensing, which helps maintain a
healthy lifestyle by preventing the ingestion of tainted foods and entry into dangerous
environments while allowing the recognition of edible food and familiar scents. However,
respiration-mediated repeated exposures of OSNs to environmental chemicals and viral and
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bacterial pathogens often damages OSNs at an estimated
incidence of between 3 and 20% of the general population
(Boesveldt et al., 2017).

As a central homeostatic mechanism of odor sensing,
OSNs are continuously replaced with newly generated OSNs
(Litvack et al., 2009; Soler et al., 2010; Whitcroft et al.,
2018; Cooper et al., 2020). Despite OSN turnover, chronic
rhinosinusitis (CRS) or some infectious diseases sometimes
reduce or result in loss of smell in patients via mucosal
inflammation (Ahmed and Rowan, 2020; Cooper et al., 2020). In
fact, CRS is the most frequent etiology of olfactory dysfunction
(Kohli et al., 2017). In particular, CRS with polyps, which
is usually characterized by mucosal type 2 inflammation, is
associated with a high prevalence of olfactory dysfunction
(Yan et al., 2020). The accompanying eosinophilia is associated
with the release of several neurotoxins, such as eosinophilic
cationic protein (ECP), major basic protein, and β-glucuronidase.
These substances can induce the apoptosis of OSNs, and
their concentrations are quantitatively associated with olfactory
dysfunction (Becker et al., 2012). In addition, when the OE
is severely damaged or persistently exposed to neurotoxic
substances, the olfactory impairment becomes chronic, despite
the unique neural plasticity of the OE (Litvack et al., 2009;
Soler et al., 2010; Whitcroft et al., 2018; Cooper et al., 2020).
Therefore, it is important to protect OSNs from toxic compounds
and prevent pathological conditions in order to maintain
olfactory function.

Insulin is a peptide hormone produced by pancreatic beta
cells that principally regulates metabolism in the periphery.
However, insulin and insulin receptors are also present in the
central nervous system. Insulin influences brain development
by affecting the proliferation, survival, and differentiation of
neurons, and by modulating neuronal circuits in the brain
(Fernandez and Torres-Alemán, 2012).

Insulin is also present in nasal mucus and influences
the maturation and activity of individual OSNs through
insulin receptor-mediated signaling (Henkin, 2010; Kuboki
et al., 2021). Further, the apoptotic wave that occurs after
interruption of the neuronal connections between the OE
and the olfactory bulb following bulbectomy is impaired
by intranasal insulin administration (Lacroix et al., 2011).
However, it is unclear whether insulin acts prophylactically
against different types of injury to the OE, and whether the
degree of injury is affected by the concentration of insulin in
the nasal mucus.

In this study, we examined the effects of insulin on
two types of OSN damage, methimazole and neurotoxic
ECP-induced apoptosis in normal and diabetic mice. The
results showed that methimazole-induced OE damage
was inhibited by insulin administration; a higher insulin
concentration resulted in a higher number of remaining
OSNs, while a lower concentration resulted in a lower
number of remaining OSNs. Furthermore, ECP-induced
OE injury was largely inhibited by insulin administration.
These results indicate that the degree of OE damage strongly
depended on the concentration of insulin in the nasal
mucus before injury.

MATERIALS AND METHODS

Animals
We studied male, 10-week-old C57BL/6 mice, which were
exposed to a light-dark cycle (lights on, 6 a.m.; lights off, 6 p.m.).
Mice were randomly assigned to each experimental group.

The study was performed using procedures approved by the
Experimental Animal Research Committee of the University of
Tokyo. All experiments were carried out in compliance with the
ARRIVE guidelines.

The pancreatic beta cells of mice were ablated by
intraperitoneal (i.p.) injections of streptozotocin (STZ)
(120 mg/kg; Sigma Aldrich, St. Louis, MO, United States)
dissolved in 0.9% NaCl solution (saline) on 3 consecutive days.
Seven days after the first STZ injection, the fasting tail blood
glucose concentrations of the mice were measured using a
glucose reader (Ascensia Diabetes Care, Basel, Switzerland).
Mice were considered to be diabetic if their fasting blood glucose
concentrations were ≥ 250 mg/dl.

The OSNs of normal and STZ-treated diabetic mice were
ablated by the i.p. injection of methimazole (35 mg/kg; Sigma-
Aldrich) dissolved in saline. The mice were perfused with fixative
4 days after the methimazole administration. Methimazole
disrupts the OE in a volume-dependent manner (Kikuta et al.,
2015). The dose used in this study was about half that used
previously (Kuboki et al., 2021).

Pilocarpine (0.1 mg/kg; Fujifilm Wako Pure Chemical
Corporation, Osaka, Japan) was intraperitoneally injected to
increase mucus secretion at a fixed time before 6 p.m., and
samples of nasal secretions were collected 20 min after injection
(Kikuta et al., 2016).

Intranasal Insulin Administration
Saline was administered to one group of hand-restrained, supine
mice as one 30 µl drop into a single nostril (Figure 1C),
and insulin diluted 1:3 in saline was administered unilaterally
to another group of mice as one 30 µl drop (Humulin R,
100 units/ml; Eli Lilly, Indianapolis, IN, United States) into a
single nostril (Figure 1G). The fluid was taken into the nasal
passage by the animal’s natural inhalation. This process was
repeated three times daily, resulting in the delivery of a total
of 90 µl insulin solution or saline, as previously described
(Kuboki et al., 2021).

Intranasal Saline/Insulin + Eosinophilic
Cationic Protein Administration
One 30 µl drop of saline alone (Figure 2C) or insulin
(Humulin R, 100 units/ml, Figure 2G) diluted 1:3 in saline was
administered into a single nostril, while the animal was hand-
restrained in a supine position. Three hours later, one 30 µl
drop of ECP (3 µg/ml in saline, Mouse Eosinophilic Cationic
Protein Recombinant; Aviscera Bioscience, Santa Clara, CA,
United States) was administered into the same nostril used for
saline or insulin administration. This process was repeated three
times daily. The mice were perfused with fixative 7 days after the
administration of ECP commenced.
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FIGURE 1 | Increasing the concentration of insulin in nasal mucus reduces damage to the OE. (A) Diagram of intranasal insulin administration. Insulin was
administered to one nostril after methimazole-induced injury. (B) Experimental design. The mice were administered saline or insulin intranasally unilaterally three times
a day after methimazole-induced injury. Both groups were administered methimazole intraperitoneally on day 1, and intranasal saline (upper group) or insulin (lower
group) from day 1. The mice were perfused with fixative on day 4. (C) Photomicrographs of representative coronal sections 4 days following the administration of
methimazole to mice administered saline unilaterally. Left, lower magnification; right, higher magnification of that part of the OE (I, saline-administered side; C,
contralateral side; 1, upper nasal septum; 2, lower nasal septum; 3, upper turbinate; 4, lower turbinate; 5, lateral turbinate). Scale bars, 50 µm at higher

(Continued)
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FIGURE 1 | magnification, 500 µm at lower magnification. (D) Photomicrographs of representative coronal sections at day 4 following the administration of
methimazole in unilaterally saline-administered mice, immunostained for OMP. Green, OMP; blue, DAPI. Scale bar, 50 µm. (E,F) Numbers of OSNs (E) and
OMP-positive cells (F) at day 4 following the administration of methimazole to unilaterally saline-treated mice. There were no significant differences in the numbers of
OSNs or OMP-positive cells between the treated (blue) and contralateral (black) sides (OSNs, p = 0.43; OMP, p = 0.32, Mann–Whitney U-test). n.s., no significant
difference. (G) Photomicrographs of representative coronal sections at day 4 following the administration of methimazole to unilaterally insulin-treated mice. Left,
lower magnification; right, higher magnification of that part of the OE (I, insulin-administered side; C, contralateral side). Scale bars, 50 µm at higher magnification,
500 µm at lower magnification. (H) Photomicrographs of representative coronal sections 4 days following the administration of methimazole to unilaterally
insulin-treated mice, immunostained for OMP. Green, anti-OMP; blue, DAPI. Scale bar, 50 µm. (I,J) Numbers of OSNs (I) and OMP-positive cells (J) 4 days following
the administration of methimazole to unilaterally insulin-administered mice. There were significant differences in the numbers of OSNs and OMP-positive cells
between the treated (red) and contralateral (black) sides (Mann–Whitney U-test, ∗∗∗ p < 0.001).

Enzyme-Linked Immunosorbent Assay
Mucus insulin concentration was determined using a Mouse
Ultrasensitive Insulin ELISA kit (Mercodia, Uppsala, Sweden),
according to the manufacturer’s instructions. Mucus samples
were collected at the same time each day.

Immunohistochemistry
The mice were perfused intracardially with 4% paraformaldehyde
in 0.1 M phosphate buffer, decapitated, and then post-fixed for
24 h in the same fixative. Their nasal tissues, including the
OE, were decalcified using 10% EDTA solution, pH 7.0, and
then embedded in paraffin. Coronal sections (4 µm thick) were
prepared and mounted on silane-coated slides, deparaffinized,
and then autoclaved for 10 min in Target Retrieval Solution
(S1700; Dako, Santa Clara, CA, United States) for antigen
retrieval (Kikuta et al., 2015; Kuboki et al., 2021).

Immunohistochemistry was performed using one of the
following antibodies: anti-olfactory marker protein (OMP; goat
polyclonal, 1:4,000 dilution; Fujifilm Wako Pure Chemical
Corporation, Osaka, Japan) or anti-activated caspase-3 (rabbit
polyclonal, 1:500; Cell Signaling Technology, Danvers, MA,
United States). After overnight incubation, the sections were
washed with PBS and incubated with the following secondary
antibodies for 1 h at room temperature, as described previously
(Kuboki et al., 2021): donkey anti-goat Alexa Fluor 488
(1:100; Invitrogen, Waltham, MA, United States; A32814,
RRID: AB_2762838) and donkey anti-rabbit Alexa Fluor 594
(1:100; Invitrogen, A21207, RRID: AB_141637). Nuclei were
stained using 4′,6-diamidino-2-phenylindole (DAPI; 0.1 µg/ml,
D3571; Life Technologies, Carlsbad, CA, United States). The
immunoreaction (Figure 3B) was detected using the Histofine
Simple Stain MAX-PO secondary antibody system (Nichirei
Corp., Tokyo, Japan) for anti-activated caspase-3 (rat) and
the CSA II kit from Dako Japan Inc. (Tokyo, Japan), a
biotin-free tyramide signal amplification system, according to
the manufacturers’ instructions. Images were acquired using a
fluorescence microscope (BZ-X710; Keyence, Osaka, Japan).

Analysis
The OE contains three major cell types: OSNs, supporting cells,
and basal progenitor cells. The supporting cells were defined
as the apical columnar cells, the basal progenitor cells as the
rectangular cells on the basal lamina. The remaining cells were
defined as OSNs. The numbers of OSNs and immunostained
cells (OMP-positive cells) were counted on three coronal sections,
spaced 500 µm apart, between the caudal and rostral regions

of the OE. The numbers of OSNs and immunostained cells
(OMP-positive cells) were counted in three coronal sections,
spaced 500 mm apart, between the caudal and rostral regions
of the OE, from at least three mice (Kikuta et al., 2015).
Immunostaining of cells that exceeded two standard deviations
(SDs) from the mean background intensity for the connective
tissue deep to the basal lamina was considered positive. To
analyze a broader area of the OE, coronal sections were divided
into ten regions (five per side): 1, upper nasal septum; 2, lower
nasal septum; 3, upper turbinate; 4, lower turbinate; and 5, lateral
turbinate. The numbers of OSNs and OMP-positive cells per
100 µm length of the OE in each region were counted, and
the mean ± SD number of counts was then calculated for each
experimental group. To evaluate the relationship between insulin
concentration and the degree of OE damage (Figure 4), we
performed correlation analysis using the mean number of OSNs
or OMP-positive OSNs in the treated nostril of each mouse. The
experimenter who performed the analyses was blinded to the
identity of each specimen.

Statistical Analysis
The data were statistically analyzed using OriginPro software
(OriginLab Corporation, Northampton, MA, United States)
and JMP Statistical Discovery software (SAS Institute Japan,
Tokyo, Japan). Statistical analyses were performed using Mann–
Whitney U-tests (Figures 1E,F,I,J, 2E,F,I,J, 3A,I,J). Spearman’s
rank correlation coefficients were calculated for the data shown
in Figure 4. All values are expressed as mean ± SD. P < 0.05
was considered to represent statistical significance.

RESULTS

A Low Insulin Concentration in the Nasal
Mucus Is Associated With More
Olfactory Epithelium Damage
STZ was intraperitoneally injected to selectively destroy
pancreatic beta cells, as previously described (Kuboki et al.,
2021). The mucus insulin concentration of diabetic mice
was significantly lower than that of normal mice (normal,
n = 14 mice; diabetic, n = 12 mice, p < 0.001, Mann–Whitney
U-test; Figure 3A). The olfactotoxic drug, methimazole
disrupts virtually all OSNs across the OE by activating an
apoptotic cascade (Sakamoto et al., 2007; Kikuta et al., 2015).
A representative picture of the OE 6 h after methimazole
administration (75 mg/kg) is shown in Figure 3B. Consistent
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FIGURE 2 | ECP-induced apoptosis is inhibited by insulin administration. (A) Experimental design. The mice were administered saline or insulin in one nostril prior to
the intranasal administration of eosinophilic cationic protein (ECP). A combination of saline/ECP or insulin/ECP was administered for 7 consecutive days, after which
the mice were perfused with fixative. (B) Photomicrographs of representative coronal sections after 7 days of administration of ECP. Upper, lower magnification of
olfactory sensory neurons (OSNs); lower left, higher magnification of that part of the OSNs, immunostained for caspase 3; lower right, basal progenitor cells,
immunostained for caspase 3. Arrowheads indicate caspase 3-positive cells. Scale bar, 50 µm. (C) Photomicrographs of representative coronal sections after
7 days of administration of saline and ECP to mice. Left, lower magnification of the OE; right, higher magnification of that part of the OE (I, saline + ECP-administered
side; C, contralateral side; 1, upper nasal septum; 2, lower nasal septum; 3, upper turbinate; 4, lower turbinate; 5, lateral turbinate). Scale bars, 50 µm at higher
magnification, 500 µm at lower magnification. (D) Photomicrographs of representative coronal sections after 7 days of administration of saline and ECP to mice,
immunostained for OMP. Green, OMP; blue, DAPI. Scale bar, 50 µm. (E,F) Numbers of OSNs (E) and OMP-positive cells (F) after 7 days of administration of saline
and ECP to mice. ECP administration significantly reduced the numbers of OSNs and OMP-positive cells. Treated side, blue; contralateral side, black. ∗∗∗p < 0.001,
Mann–Whitney U-test. (G) Photomicrographs of representative coronal sections after 7 days of administration of insulin and ECP to mice. Left, lower magnification;
right, higher magnification of that part of the OE (I, insulin + ECP-administered side; C, contralateral side). Scale bars, 50 µm at higher magnification, 500 µm at
lower magnification. (H) Photomicrographs of representative coronal sections after 7 days of administration of insulin and ECP to mice, immunostained for OMP.
Green, OMP; blue, DAPI. Scale bar, 50 µm. (I,J) Numbers of OSNs (I) and OMP-positive cells (J) after 7 days of administration of insulin and ECP to mice. Insulin
administration prior to ECP administration did not affect the numbers of OSNs and OMP-positive cells. Treated side, red; contralateral side, black. OSNs, p = 0.36;
OMP, p = 0.45, Mann–Whitney U-test. n.s., no significant difference.
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FIGURE 3 | A low insulin concentration in nasal mucus is associated with
more OE damage. (A) Insulin concentration in the nasal mucus of normal and
diabetic mice. Pilocarpine was intraperitoneally administered to induce nasal
mucus secretion. Normal mice, n = 14; diabetic mice, n = 12 mice.
∗∗∗p < 0.001, Mann–Whitney U-test. (B) Photomicrograph of a representative
coronal section of the olfactory epithelium (OE) 6 h after the administration of
methimazole to normal mice (75 mg/kg). The coronal section was stained with
hematoxylin and anti-caspase-3 antibody. Scale bar, 50 µm.
(C) Photomicrographs of representative coronal sections of the OE, stained
with hematoxylin (upper, lower magnification; middle, higher magnification of
the same part of the OE) and anti-OMP antibody (lower, green), in
saline-treated (left) and methimazole-treated mice (middle, 35 mg/kg; right,
75 mg/kg). Scale bar, 50 µm. (D) Time course and experimental design.
Methimazole administration was performed on day 1, and perfusion with
fixative was performed on day 4, in methimazole-treated normal and diabetic
mice. (E) Photomicrographs of representative coronal sections 4 days
following the administration of methimazole to normal mice. Left, lower
magnification; right, higher magnification of the same part of the OE (R, right

(Continued)

FIGURE 3 | side; L, left side; 1, upper nasal septum; 2, lower nasal septum;
3, upper turbinate; 4, lower turbinate; and 5, lateral turbinate). Scale bars, 50
µm at higher magnification, 500 µm at lower magnification.
(F) Photomicrographs of representative coronal sections after 4 days of
administration of methimazole to normal mice, immunostained for olfactory
marker protein (OMP). Green, anti-OMP; blue, DAPI. Scale bar, 50 µm.
(G) Photomicrographs of representative coronal sections after 4 days of
administration of methimazole to diabetic mice. Left, lower magnification;
right, higher magnification of the same part of the OE. Scale bars, 50 µm at
higher magnification, 500 µm at lower magnification. (H) Photomicrographs of
representative coronal sections after 4 days of administration of methimazole
to diabetic mice, immunostained for OMP. Green, OMP; blue, DAPI. Scale bar,
50 µm. (I,J) Numbers of OSNs (H) and OMP-positive cells (I) after 4 days of
administration of methimazole to normal (black) and diabetic (gray) mice.
There were significantly fewer OSNs and mature OSNs in diabetic mice than in
normal mice (Mann–Whitney U-test, ∗∗∗p < 0.001).

with previous report (Sakamoto et al., 2007), we observed
that a large number of OSNs underwent apoptotic cell death
upon methimazole administration. In normal untreated mice,
OSNs were densely packed in multiple rows above the basal
progenitor cells (Figure 3C, left). However, when methimazole at
a concentration of 35 mg/kg was administered, OSNs underwent
apoptosis, such that the thickness of the OE after 3 days of
administration was approximately half that of controls, and
the number of OSNs was much lower (Figure 3C, middle).
Alongside the lower number of OSNs, the number of cells that
were positive for OMP, a marker of mature OSNs, was also
lower. When methimazole at a concentration of 75 mg/kg was
administered, most OSNs underwent substantial apoptosis,
but the basal progenitor cells remained intact (Figure 3C,
right). OSNs that were positive for OMP could no longer
be observed through the OE. These results indicate that the
degree of damage to the OE increased with the concentration of
methimazole administered.

We next determined whether a low insulin concentration
in nasal mucus would be associated with greater susceptibility
to methimazole-induced OE injury. The experimental protocol
is shown in Figure 3D (upper, methimazole administration
to normal mice; lower, methimazole administration to diabetic
mice). Methimazole administration at a concentration of
35 mg/kg to normal mice also reduced the number of OSNs in
each region (R, right side; L, left side; 1, upper nasal septum;
2, lower nasal septum; 3, upper turbinate; 4, lower turbinate;
and 5, lateral turbinate; Figure 3E). The number of OMP-
positive cells was also lower in the nasal passages of both groups
of mice (Figure 3F). OE thickness and the number of OSNs
did not differ between diabetic mice and control mice (Kuboki
et al., 2021), suggesting that decreased insulin signaling alone
does not induce histological changes in the OE. However, in
methimazole-treated diabetic mice, there were far fewer OSNs
in each region of the OE (Figure 3G), and no mature OSNs
were visible (Figure 3H). In detail, the numbers of OSNs and
OMP-positive cells in the methimazole-treated diabetic mice
were significantly lower than in the methimazole-treated normal
mice (normal mice, n = 3; diabetic mice, n = 4 mice, OSNs,
p < 0.001, Figure 3I; OMP, p < 0.001, Figure 3J, Mann–Whitney
U-test). These results suggest that a low concentration of insulin
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FIGURE 4 | The degree of OE damage is related to the concentration of insulin in the nasal mucus. (A,B) Correlation between the insulin concentration in nasal
mucus and the numbers of OSNs (A) and OMP-positive cells (B). Number of OSNs: R2 = 0.91, ∗∗∗ p < 0.001; number of OMPs: R2 = 0.92, ∗∗∗ p < 0.001.

in the nasal mucus is associated with greater susceptibility to
methimazole-induced OE injury.

Increasing the Concentration of Insulin
in Nasal Mucus Reduces Damage to the
Olfactory Epithelium
We next determined whether increasing the nasal concentration
of insulin would reduce susceptibility to methimazole-induced
OE injury (Figure 1A). Saline or insulin was administered to
the same nostril three times a day for 4 days, in parallel with
methimazole administration at a concentration of 35 mg/kg on
day 1, as shown in Figure 1B. In mice administered saline for
4 days, the OE was thinner in all its regions (Figure 1C), and
OMP-positive cells were rare in the bilateral OE (Figure 1D).
There were no significant differences in the numbers of OSNs
or mature OSNs between the nasal passages in saline-treated
mice (n = 3 mice, OSNs, p = 0.43, Figure 1E; OMP, p = 0.32,
Figure 1F, Mann–Whitney U-test). However, in mice treated
with insulin for 4 days, the OE structure was largely unimpaired
by methimazole-induced injury, as evidenced by the presence
of numerous OSNs on a wide area of the OE and the absence
of an effect on the thickness of the OE on the insulin-treated
side (Figure 1G). OMP-positive cells were also numerous in
the OE (Figure 1H). The analysis showed that the numbers
of OSNs and OMP-positive cells were significantly higher on
the insulin-treated side than on the contralateral side (n = 3
mice, OSNs, p < 0.001, Figure 1I; OMP, p < 0.001, Figure 1J,
Mann–Whitney U-test). These results indicate that increasing
the intranasal concentration of insulin reduces methimazole-
induced OE injury.

The Degree of Olfactory Epithelium
Damage Is Related to the Concentration
of Insulin in the Nasal Mucus
The relationships between the concentration of insulin in nasal
mucus and the numbers of OSNs or mature OSNs present
after methimazole administration are shown in Figure 4.
The x-axis indicates the mean numbers of OSNs or mature

OSNs after methimazole administration into one nasal passage
(methimazole-treated normal mice, n = 3; methimazole-treated
diabetic mice, n = 2; methimazole + unilateral nasal insulin
administration to normal mice, n = 2), and the y-axis
indicates the concentration of insulin in the nasal mucus.
There were strong positive correlations between the insulin
concentration and the numbers of OSNs (R2 = 0.96, p < 0.001;
correlation coefficient; Figure 4A) or mature OSNs (R2 = 0.91,
p < 0.001; correlation coefficient; Figure 4B), which implies that
susceptibility to methimazole-induced OE injury is related to the
nasal concentration of insulin.

Eosinophilic Cationic Protein-Induced
Apoptosis Is Inhibited by Insulin
Administration
A mouse model of olfactory dysfunction due to CRS with
polyps was created by ECP administration. To determine whether
damage to the OE caused by ECP administration decreased
after insulin administration, saline or insulin was unilaterally
administered in parallel with ECP, which was ipsilaterally
administered three times a day for 7 days, as shown in
Figure 2A. After ECP administration for 7 days, many of the
OSNs had detached from the basal lamina and were caspase 3-
positive, as in methimazole-treated mice (Figure 2B). Some basal
progenitor cells were also observed to be positive for caspase-3
(Figure 2B). However, no polyp formation or polyp-like changes
were observed in the OE.

In mice that had been administered saline alongside ECP,
the OE was thinner on the treated side (Figure 2C) and there
were fewer OMP-positive cells (Figure 2D). In addition, the
numbers of OSNs and mature OSNs on the treated side were
significantly lower than on the contralateral side (n = 3 mice,
OSNs, p < 0.001, Figure 2E; OMP, p < 0.001, Figure 2F, Mann–
Whitney U-test). By contrast, in mice that had been unilaterally
administered insulin alongside ECP, the OE on the treated side
remained thicker (Figure 2G) and there were numerous mature
OSNs (Figure 2H). Indeed, there were no differences in the
numbers of OSNs and mature OSNs between the nasal passages
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(n = 3 mice, OSNs, p = 0.36, Figure 2I; OMP, p = 0.45, Figure 3J,
Mann–Whitney U-test). These results suggest that increasing the
nasal concentration of insulin prevents the induction of apoptosis
by ECP, which contributes to the protective effect of nasal insulin
against ECP-induced olfactory disorders.

DISCUSSION

We previously reported that, after injury, insulin receptor
signaling plays an important role in the maturation of
newly generated OSNs when insulin receptor signaling and
insulin receptor expression are highly upregulated. Furthermore,
nasal insulin application accelerates OE regeneration (Kuboki
et al., 2021). In contrast to the previous report, in this
study, we investigated whether insulin prevents the occurrence
of OE injury. We found that the degree of methimazole-
induced damage to the total OE including immature OSNs
depended on the insulin concentration in the nasal mucus.
Furthermore, ECP-induced cell death was largely prevented by
insulin administration. Thus, insulin receptors might actually be
constitutively activated in the uninjured OE, and insulin might
have a novel function in the nasal mucus in protecting OSNs
against various toxic insults.

In addition to methimazole administration, bulbectomy
is also known as a model of the OE damage. Both methods
commonly induce apoptotic cell death triggered primarily
through mitochondrial cytochrome c-mediated caspase-3
activation pathway, but the timing of apoptosis is different.
After bulbectomy, the proapoptotic signals by caspase-3 were
propagated from the axonal end to the cell body of the OSNs,
resulting that activation of caspase-3 is highest after 48 h after
treatment (Holcomb et al., 1995; Cowan et al., 2001). By contrast,
in methimazole-induced apoptosis, methimazole is taken up into
the Bowman’s glands and the supporting cells within 30 min after
injection (Bergman and Brittebo, 1999). Therefore no delay due
to propagation occurs and activation of caspase-3 is observed
within 24 h after treatment (Sakamoto et al., 2007). The detailed
mechanism of ECP-induced damage and the timing of cell death
after ECP administration need to be investigated.

When insulin is administered intranasally at high
concentration, it can spillover into the peripheral blood,
which can result in an increase in insulin concentration in
peripheral blood and a concomitant decrease in blood glucose
levels (Kuboki et al., 2021). Because fluctuations in blood
glucose levels may affect susceptibility to OE injury (Giacco and
Brownlee, 2010), we determined the insulin concentration that
changes the insulin concentration in the nasal mucus without
changing the blood glucose level in a previous study (Kuboki
et al., 2021) and used it in the present study.

Insulin is produced in the developing rodent brain, but
whether this hormone is produced in the adult brain remains
controversial (Banks, 2004). Although one report suggested that
insulin might be produced by the OE (Lacroix et al., 2008),
the current consensus is that no insulin is produced by adult
mammalian neurons (Schwartz et al., 2010; Fernandez and
Torres-Alemán, 2012). Further, in STZ-induced diabetic mice,

insulin levels in the nasal mucus were extremely low (Figure 3).
Accordingly, we think that the primary source of insulin in the
nasal mucus is pancreatic beta cells.

A series of defensive mechanisms have evolved to protect
airways from insults (Dickson and Huffnagle, 2015). The surface
of the OE is covered with mucus, which traps inhaled particles
and foreign pathogens, lubricates airway surfaces, and facilitates
the function of the cilia that clear the mucus efficiently (Wanner
et al., 1996). At the cellular level, OSNs contains various
antioxidants and chemo-protective enzymes, such as NADPH
quinone oxido-reductase, glutathione peroxidase, and superoxide
dismutase (Imamura and Hasegawa-Ishii, 2016). However, in
addition, insulin in nasal mucus might help to protect the OE,
and increasing the mucus insulin concentration might reduce the
susceptibility of the OE to damage.

Beneficial effects of intranasal insulin administration have
been shown in clinical trials of its use to improve memory and
cognition, and to reduce the memory loss caused by Alzheimer’s
disease and diabetes (Kern et al., 1999; Benedict et al., 2008; Reger
et al., 2008). Furthermore, intranasal insulin administration has
been shown to neither have harmful side effects nor cause a
change in blood glucose concentration (González et al., 2006).
However, despite this evidence of clinical efficacy and safety,
the potential protective effect of insulin on OSNs has not
been investigated.

In the present study, we used a mouse model of ECP-
induced damage to the OE to determine whether intranasal
insulin could prevent a CRS-induced olfactory disorder. This was
characterized by substantial apoptosis of OSNs and apoptosis
of some basal progenitor cells. Once the basal progenitor
cells are damaged, the OE can no longer regenerate, which
leads to irreversible olfactory dysfunction and may explain why
patients with CRS and polyps have a poor olfactory prognosis
following endoscopic sinus surgery (Haxel, 2019). In addition
to neurotoxic mediators released from eosinophils, the loss of
smell in CRS may be caused by mucosal type 2 inflammation.
Local overexpression of pro-inflammatory cytokines, such as
tumor necrosis factor alpha (TNF-α), interferon gamma (IFN-γ),
and certain cytokines, including interleukin (IL)-2, IL-5, IL-6,
IL-10, and IL-13, also adversely affects the OE (Turner et al.,
2010; Yee et al., 2010; Pozharskaya and Lane, 2013; Haxel, 2019).
Importantly, regardless of the type of neurotoxic mediator or
inflammatory cytokine present, OSNs undergo inflammation-
induced apoptotic cell death (Islam et al., 2007; Lane et al., 2010;
Turner et al., 2010; Yee et al., 2010; Pozharskaya and Lane, 2013;
Kanaya et al., 2014; Sousa Garcia et al., 2017). Therefore, limiting
the apoptosis of OSNs represents a key therapeutic strategy for
olfactory disorders.

Intracellular signaling via the insulin receptor involves the
phosphoinositide 3-kinase (PI3K)-AKT-forkhead box protein
O and RAS-mitogen-activated protein kinase pathways, which
regulate gene transcription and activate myriad downstream
kinases/phosphatases that ultimately affect a range of key
cellular processes, including autophagy, apoptosis, and resistance
to oxidative stress (Fernandez and Torres-Alemán, 2012).
Therefore, increasing the concentration of insulin in nasal
mucus may reduce activation of the intrinsic apoptosis activation
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pathway via the insulin receptor on OSNs, and the suppression of
OSN apoptosis may be a key mechanism whereby insulin protects
the OE from injury.

A loss of caspase activation because of an increase in neural
activity may also be involved in olfactory neuroprotection.
Neuronal activity normally involves the generation of action
potentials, which is mediated by an increase in cytoplasmic cAMP
concentration (Lessmann et al., 2003; Park and Poo, 2013). cAMP
also activates intracellular PI3K/AKT signaling and triggers
the production of extracellular signals, such as neurotrophins,
cytokines, and glial-derived neurotropic factor, which inhibit the
intrinsic apoptosis machinery (Raff, 1992; Frade et al., 1996;
Nunez and del Peso, 1998; Watt et al., 2004; Hyman and Yuan,
2012). Insulin markedly increases the spontaneous generation
of action potentials, as shown in rat patch-clamp experiments
(Savigner et al., 2009), which increases the activity of OSNs
and may lead to greater production of anti-apoptotic signals
that act on OSNs. If intranasal insulin administration could
reduce the apoptosis of OSNs through insulin receptor-mediated
signaling and/or activity-mediated cAMP-related signaling, it
might prevent OE damage induced by various neurotoxic factors,
such as viruses and harmful chemicals. Furthermore, because
olfactory dysfunction in CRS with polyps is caused by continuous
exposure to neurotoxins or pro-inflammatory cytokines, insulin
administration may prevent excessive apoptosis of OSNs in the
OE, facilitating a restoration of the sense of smell, secondary to
OSN regeneration.

With regard to the site of insulin action, the hormone may
target neurons in the olfactory bulb (OB), in addition to OSNs in
the OE. Chronic nasal inflammation including CRS causes glial
activation and a reduction in thickness of the superficial layers
of the OB, owing to the loss of OSN axons and the apoptosis
of juxtaglomerular cells (Rombaux et al., 2008; Hasegawa-Ishii
et al., 2019). Furthermore, a number of viruses can pass from
the OE through the cribriform plate to infect the OB and induce
neuronal death (Potter et al., 2020). This implies that part of
the central nervous system may also be affected in chronic nasal
inflammation and post-infectious olfactory disorders. Insulin is
extracellularly transferred by OSN axons via the lamina cribrosa
to the OB (Crowe et al., 2018), which is rich in insulin receptors
(Fernandez and Torres-Alemán, 2012). Thus, intranasal insulin
may support the formation of stable neural circuits by inhibiting
the apoptosis of OB neurons, as well as by protecting the OE.

Future studies will be required to obtain a better
understanding of the molecular and cellular mechanisms
involved in the regulation of OE homeostasis by neurotrophic
factors and insulin receptor signaling, as well as to elucidate the

pharmacokinetics of insulin in the nasal mucus, to assess the
potential for the development of novel therapeutic agents for
CRS-related olfactory dysfunction.

CONCLUSION

In the present study, we determined whether insulin in nasal
mucus protects against injury to the OE and explored whether
it might represent a new therapeutic agent for CRS-related
olfactory dysfunction. The degree of OE damage induced
depended on the concentration of insulin in the nasal mucus
of mice: Higher insulin concentrations were associated with the
preservation of more OSNs, and vice versa. Furthermore, ECP-
induced OE damage was inhibited by insulin administration.
These results suggest that mucus insulin has a protective effect on
OSNs, and that insulin administration might represent a means
of preventing ECP-induced OE damage.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by
the Experimental Animal Research Committee at the
University of Tokyo.

AUTHOR CONTRIBUTIONS

SK and AK designed the studies. SK performed the experiments,
analyzed the data, created the drawings in the figures, and wrote
the manuscript. SK, AK, and TY gave technical support and
conceptual advice, revised, and finalized the manuscript. All
authors read and approved the manuscript.

FUNDING

This study was supported by a Grant-In-Aid for Scientific
Research (C) of the Japan Society for Promotion of Science
(SK), the Takeda Science Foundation (SK), and the Cell Science
Research Foundation (SK).

REFERENCES
Ahmed, O. G., and Rowan, N. R. (2020). Olfactory dysfunction and chronic

rhinosinusitis. Immunol. Allergy Clin. North Am. 40, 223–232. doi: 10.1016/j.
iac.2019.12.013

Banks, W. A. (2004). The source of cerebral insulin.
Eur. J. Pharmacol. 490, 5–12. doi: 10.1016/j.ejphar.2004.
02.040

Becker, S., Pflugbeil, C., Gröger, M., Canis, M., Ledderose, G. J., and
Kramer, M. F. (2012). Olfactory dysfunction in seasonal and perennial

allergic rhinitis. Acta Otolaryngol. 132, 763–768. doi: 10.3109/00016489.2012.
656764

Benedict, C., Kern, W., Schultes, B., Born, J., and Hallschmid, M. (2008).
Differential sensitivity of men and women to anorexigenic and memory-
improving effects of intranasal insulin. J. Clin. Endocrinol. Metab. 93, 1339–
1344. doi: 10.1210/jc.2007-2606

Bergman, U., and Brittebo, E. B. (1999). Methimazole toxicity in rodents: covalent
binding in the olfactory mucosa and detection of glial fibrillary acidic protein in
the olfactory bulb. Toxicol. Appl. Pharmacol. 155, 190–200. doi: 10.1006/taap.
1998.8590

Frontiers in Neural Circuits | www.frontiersin.org 9 December 2021 | Volume 15 | Article 803769

https://doi.org/10.1016/j.iac.2019.12.013
https://doi.org/10.1016/j.iac.2019.12.013
https://doi.org/10.1016/j.ejphar.2004.02.040
https://doi.org/10.1016/j.ejphar.2004.02.040
https://doi.org/10.3109/00016489.2012.656764
https://doi.org/10.3109/00016489.2012.656764
https://doi.org/10.1210/jc.2007-2606
https://doi.org/10.1006/taap.1998.8590
https://doi.org/10.1006/taap.1998.8590
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles


fncir-15-803769 December 21, 2021 Time: 11:5 # 10

Kikuta et al. Protective Effect of Insulin on Olfactory Neurons

Boesveldt, S., Postma, E. M., Boak, D., Welge-Luessen, A., Schöpf, V., Mainland,
J. D., et al. (2017). Anosmia-a clinical review. Chem. Senses 42, 513–523. doi:
10.1093/chemse/bjx025

Cooper, K. W., Brann, D. H., Farruggia, M. C., Bhutani, S., Pellegrino, R.,
Tsukahara, T., et al. (2020). COVID-19 and the chemical senses: supporting
players take center stage. Neuron 107, 219–233. doi: 10.1016/j.neuron.2020.
06.032

Cowan, C. M., Thai, J., Krajewski, S., Reed, J. C., Nicholson, D. W., Kaufmann,
S. H., et al. (2001). Caspases 3 and 9 send a pro-apoptotic signal from synapse
to cell body in olfactory receptor neurons. J. Neurosci. 21, 7099–7109. doi:
10.1523/jneurosci.21-18-07099.2001

Crowe, T. P., Greenlee, M. H. W., Kanthasamy, A. G., and Hsu, W. H. (2018).
Mechanism of intranasal drug delivery directly to the brain. Life Sci. 195, 44–52.
doi: 10.1016/j.lfs.2017.12.025

Dickson, R. P., and Huffnagle, G. B. (2015). The lung microbiome: new principles
for respiratory bacteriology in health and disease. PLoS Pathog. 11:e1004923.
doi: 10.1371/journal.ppat.1004923

Fernandez, A. M., and Torres-Alemán, I. (2012). The many faces of insulin-like
peptide signalling in the brain. Nat. Rev. Neurosci. 13, 225–239. doi: 10.1038/
nrn3209

Frade, J. M., Rodriguez-Tebar, A., and Barde, Y. A. (1996). Induction of cell
death by endogenous nerve growth factor through its p75 receptor. Nature 383,
166–168. doi: 10.1038/383166a0

Giacco, F., and Brownlee, M. (2010). Oxidative stress and diabetic
complications. Circ. Res. 107, 1058–1070. doi: 10.1161/circresaha.110.22
3545

González, C., Kanevsky, D., De Marco, R., Di Girolamo, G., and Santoro, S.
(2006). Non-invasive routes for insulin administration: current state and
perspectives. Expert Opin. Drug Deliv. 3, 763–770. doi: 10.1517/17425247.3.
6.763

Hasegawa-Ishii, S., Shimada, A., and Imamura, F. (2019). Neuroplastic changes in
the olfactory bulb associated with nasal inflammation in mice. J. Allergy Clin.
Immunol. 143, 978.e–989.e. doi: 10.1016/j.jaci.2018.09.028

Haxel, B. R. (2019). Recovery of olfaction after sinus surgery for chronic
rhinosinusitis: a review. Laryngoscope 129, 1053–1059. doi: 10.1002/lary.27764

Henkin, R. I. (2010). Intranasal insulin: from nose to brain. Nutrition 26, 624–633.
doi: 10.1016/j.nut.2009.08.003

Holcomb, J. D., Mumm, J. S., and Calof, A. L. (1995). Apoptosis in the neuronal
lineage of the mouse olfactory epithelium: regulation in vivo and in vitro. Dev.
Biol. 172, 307–323. doi: 10.1006/dbio.1995.0025

Hyman, B. T., and Yuan, J. (2012). Apoptotic and non-apoptotic roles of caspases
in neuronal physiology and pathophysiology. Nat. Rev. Neurosci. 13, 395–406.
doi: 10.1038/nrn3228

Imamura, F., and Hasegawa-Ishii, S. (2016). Environmental toxicants-induced
immune responses in the olfactory mucosa. Front. Immunol. 7:475. doi: 10.
3389/fimmu.2016.00475

Islam, Z., Amuzie, C. J., Harkema, J. R., and Pestka, J. J. (2007). Neurotoxicity
and inflammation in the nasal airways of mice exposed to the macrocyclic
trichothecene mycotoxin roridin a: kinetics and potentiation by bacterial
lipopolysaccharide coexposure. Toxicol. Sci. 98, 526–541. doi: 10.1093/toxsci/
kfm102

Kanaya, K., Kondo, K., Suzukawa, K., Sakamoto, T., Kikuta, S., Okada, K.,
et al. (2014). Innate immune responses and neuroepithelial degeneration
and regeneration in the mouse olfactory mucosa induced by intranasal
administration of Poly(I:C). Cell Tissue Res. 357, 279–299. doi: 10.1007/s00441-
014-1848-2

Kern, W., Born, J., Schreiber, H., and Fehm, H. L. (1999). Central nervous system
effects of intranasally administered insulin during euglycemia in men. Diabetes
48, 557–563. doi: 10.2337/diabetes.48.3.557

Kikuta, S., Matsumoto, Y., Kuboki, A., Nakayama, T., Asaka, D., Otori, N., et al.
(2016). Longer latency of sensory response to intravenous odor injection
predicts olfactory neural disorder. Sci. Rep. 6:35361. doi: 10.1038/srep35361

Kikuta, S., Sakamoto, T., Nagayama, S., Kanaya, K., Kinoshita, M., Kondo, K.,
et al. (2015). Sensory deprivation disrupts homeostatic regeneration of newly
generated olfactory sensory neurons after injury in adult mice. J. Neurosci. 35,
2657–2673. doi: 10.1523/jneurosci.2484-14.2015

Kohli, P., Naik, A. N., Harruff, E. E., Nguyen, S. A., Schlosser, R. J., and Soler,
Z. M. (2017). The prevalence of olfactory dysfunction in chronic rhinosinusitis.
Laryngoscope 127, 309–320. doi: 10.1002/lary.26316

Kuboki, A., Kikuta, S., Otori, N., Kojima, H., Matsumoto, I., Reisert, J., et al. (2021).
Insulin-dependent maturation of newly generated olfactory sensory neurons
after injury. eNeuro 8:ENEURO.0168-21.2021. doi: 10.1523/eneuro.0168-21.
2021

Lacroix, M. C., Badonnel, K., Meunier, N., Tan, F., Schlegel-Le Poupon, C.,
Durieux, D., et al. (2008). Expression of insulin system in the olfactory
epithelium: first approaches to its role and regulation. J. Neuroendocrinol. 20,
1176–1190. doi: 10.1111/j.1365-2826.2008.01777.x

Lacroix, M. C., Rodriguez-Enfedaque, A., Grébert, D., Laziz, I., Meunier, N.,
Monnerie, R., et al. (2011). Insulin but not leptin protects olfactory mucosa
from apoptosis. J. Neuroendocrinol. 23, 627–640. doi: 10.1111/j.1365-2826.
2011.02154.x

Lane, A. P., Turner, J., May, L., and Reed, R. (2010). A genetic model of chronic
rhinosinusitis-associated olfactory inflammation reveals reversible functional
impairment and dramatic neuroepithelial reorganization. J. Neurosci. 30, 2324–
2329. doi: 10.1523/jneurosci.4507-09.2010

Lessmann, V., Gottmann, K., and Malcangio, M. (2003). Neurotrophin secretion:
current facts and future prospects. Prog. Neurobiol. 69, 341–374.

Litvack, J. R., Mace, J. C., and Smith, T. L. (2009). Olfactory function and disease
severity in chronic rhinosinusitis. Am. J. Rhinol. Allergy 23, 139–144. doi: 10.
2500/ajra.2009.23.3286

Nunez, G., and del Peso, L. (1998). Linking extracellular survival signals and the
apoptotic machinery. Curr. Opin. Neurobiol. 8, 613–618.

Park, H., and Poo, M. M. (2013). Neurotrophin regulation of neural circuit
development and function. Nat. Rev. Neurosci. 14, 7–23. doi: 10.1038/nrn3379

Potter, M. R., Chen, J. H., Lobban, N. S., and Doty, R. L. (2020). Olfactory
dysfunction from acute upper respiratory infections: relationship to season of
onset. Int. Forum Allergy Rhinol. 10, 706–712. doi: 10.1002/alr.22551

Pozharskaya, T., and Lane, A. P. (2013). Interferon gamma causes olfactory
dysfunction without concomitant neuroepithelial damage. Int. Forum Allergy
Rhinol. 3, 861–865. doi: 10.1002/alr.21226

Raff, M. C. (1992). Social controls on cell survival and cell death. Nature 356,
397–400. doi: 10.1038/356397a0

Reger, M. A., Watson, G. S., Green, P. S., Wilkinson, C. W., Baker, L. D., Cholerton,
B., et al. (2008). Intranasal insulin improves cognition and modulates beta-
amyloid in early AD. Neurology 70, 440–448. doi: 10.1212/01.Wnl.0000265401.
62434.36

Rombaux, P., Potier, H., Bertrand, B., Duprez, T., and Hummel, T. (2008).
Olfactory bulb volume in patients with sinonasal disease. Am. J. Rhinol. 22,
598–601. doi: 10.2500/ajr.2008.22.3237

Sakamoto, T., Kondo, K., Kashio, A., Suzukawa, K., and Yamasoba, T. (2007).
Methimazole-induced cell death in rat olfactory receptor neurons occurs via
apoptosis triggered through mitochondrial cytochrome c-mediated caspase-
3 activation pathway. J. Neurosci. Res. 85, 548–557. doi: 10.1002/jnr.2
1155

Savigner, A., Duchamp-Viret, P., Grosmaitre, X., Chaput, M., Garcia, S., Ma,
M., et al. (2009). Modulation of spontaneous and odorant-evoked activity of
rat olfactory sensory neurons by two anorectic peptides, insulin and leptin.
J. Neurophysiol. 101, 2898–2906. doi: 10.1152/jn.91169.2008

Schwartz, M. W., Guyenet, S. J., and Cirulli, V. (2010). The hypothalamus and ß-
cell connection in the gene-targeting era. Diabetes 59, 2991–2993. doi: 10.2337/
db10-1149

Soler, Z. M., Sauer, D. A., Mace, J. C., and Smith, T. L. (2010). Ethmoid
histopathology does not predict olfactory outcomes after endoscopic sinus
surgery. Am. J. Rhinol. Allergy 24, 281–285. doi: 10.2500/ajra.2010.24.3477

Sousa Garcia, D., Chen, M., Smith, A. K., Lazarini, P. R., and Lane, A. P. (2017).
Role of the type I tumor necrosis factor receptor in inflammation-associated
olfactory dysfunction. Int. Forum Allergy Rhinol. 7, 160–168. doi: 10.1002/alr.
21855

Turner, J. H., May, L., Reed, R. R., and Lane, A. P. (2010). Reversible loss of
neuronal marker protein expression in a transgenic mouse model for sinusitis-
associated olfactory dysfunction. Am. J. Rhinol. Allergy 24, 192–196. doi: 10.
2500/ajra.2010.24.3460

Frontiers in Neural Circuits | www.frontiersin.org 10 December 2021 | Volume 15 | Article 803769

https://doi.org/10.1093/chemse/bjx025
https://doi.org/10.1093/chemse/bjx025
https://doi.org/10.1016/j.neuron.2020.06.032
https://doi.org/10.1016/j.neuron.2020.06.032
https://doi.org/10.1523/jneurosci.21-18-07099.2001
https://doi.org/10.1523/jneurosci.21-18-07099.2001
https://doi.org/10.1016/j.lfs.2017.12.025
https://doi.org/10.1371/journal.ppat.1004923
https://doi.org/10.1038/nrn3209
https://doi.org/10.1038/nrn3209
https://doi.org/10.1038/383166a0
https://doi.org/10.1161/circresaha.110.223545
https://doi.org/10.1161/circresaha.110.223545
https://doi.org/10.1517/17425247.3.6.763
https://doi.org/10.1517/17425247.3.6.763
https://doi.org/10.1016/j.jaci.2018.09.028
https://doi.org/10.1002/lary.27764
https://doi.org/10.1016/j.nut.2009.08.003
https://doi.org/10.1006/dbio.1995.0025
https://doi.org/10.1038/nrn3228
https://doi.org/10.3389/fimmu.2016.00475
https://doi.org/10.3389/fimmu.2016.00475
https://doi.org/10.1093/toxsci/kfm102
https://doi.org/10.1093/toxsci/kfm102
https://doi.org/10.1007/s00441-014-1848-2
https://doi.org/10.1007/s00441-014-1848-2
https://doi.org/10.2337/diabetes.48.3.557
https://doi.org/10.1038/srep35361
https://doi.org/10.1523/jneurosci.2484-14.2015
https://doi.org/10.1002/lary.26316
https://doi.org/10.1523/eneuro.0168-21.2021
https://doi.org/10.1523/eneuro.0168-21.2021
https://doi.org/10.1111/j.1365-2826.2008.01777.x
https://doi.org/10.1111/j.1365-2826.2011.02154.x
https://doi.org/10.1111/j.1365-2826.2011.02154.x
https://doi.org/10.1523/jneurosci.4507-09.2010
https://doi.org/10.2500/ajra.2009.23.3286
https://doi.org/10.2500/ajra.2009.23.3286
https://doi.org/10.1038/nrn3379
https://doi.org/10.1002/alr.22551
https://doi.org/10.1002/alr.21226
https://doi.org/10.1038/356397a0
https://doi.org/10.1212/01.Wnl.0000265401.62434.36
https://doi.org/10.1212/01.Wnl.0000265401.62434.36
https://doi.org/10.2500/ajr.2008.22.3237
https://doi.org/10.1002/jnr.21155
https://doi.org/10.1002/jnr.21155
https://doi.org/10.1152/jn.91169.2008
https://doi.org/10.2337/db10-1149
https://doi.org/10.2337/db10-1149
https://doi.org/10.2500/ajra.2010.24.3477
https://doi.org/10.1002/alr.21855
https://doi.org/10.1002/alr.21855
https://doi.org/10.2500/ajra.2010.24.3460
https://doi.org/10.2500/ajra.2010.24.3460
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles


fncir-15-803769 December 21, 2021 Time: 11:5 # 11

Kikuta et al. Protective Effect of Insulin on Olfactory Neurons

Wanner, A., Salathé, M., and O’Riordan, T. G. (1996). Mucociliary clearance in the
airways. Am. J. Respir. Crit. Care Med. 154(6 Pt 1), 1868–1902. doi: 10.1164/
ajrccm.154.6.8970383

Watt, W. C., Sakano, H., Lee, Z. Y., Reusch, J. E., Trinh, K., and Storm, D. R. (2004).
Odorant stimulation enhances survival of olfactory sensory neurons via MAPK
and CREB. Neuron 41, 955–967.

Whitcroft, K. L., Cuevas, M., Andrews, P., and Hummel, T. (2018). Monitoring
olfactory function in chronic rhinosinusitis and the effect of disease duration
on outcome. Int. Forum Allergy Rhinol. 8, 769–776. doi: 10.1002/alr.2
2104

Yan, X., Whitcroft, K. L., and Hummel, T. (2020). Olfaction: sensitive indicator
of inflammatory burden in chronic rhinosinusitis. Laryngoscope Investig.
Otolaryngol. 5, 992–1002. doi: 10.1002/lio2.485

Yee, K. K., Pribitkin, E. A., Cowart, B. J., Vainius, A. A., Klock, C. T., Rosen, D.,
et al. (2010). Neuropathology of the olfactory mucosa in chronic rhinosinusitis.
Am. J. Rhinol. Allergy 24, 110–120. doi: 10.2500/ajra.2010.24.3435

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Kikuta, Kuboki and Yamasoba. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neural Circuits | www.frontiersin.org 11 December 2021 | Volume 15 | Article 803769

https://doi.org/10.1164/ajrccm.154.6.8970383
https://doi.org/10.1164/ajrccm.154.6.8970383
https://doi.org/10.1002/alr.22104
https://doi.org/10.1002/alr.22104
https://doi.org/10.1002/lio2.485
https://doi.org/10.2500/ajra.2010.24.3435
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles

	Protective Effect of Insulin in Mouse Nasal Mucus Against Olfactory Epithelium Injury
	Introduction
	Materials and Methods
	Animals
	Intranasal Insulin Administration
	Intranasal Saline/Insulin + Eosinophilic Cationic Protein Administration
	Enzyme-Linked Immunosorbent Assay
	Immunohistochemistry
	Analysis
	Statistical Analysis

	Results
	A Low Insulin Concentration in the Nasal Mucus Is Associated With More Olfactory Epithelium Damage
	Increasing the Concentration of Insulin in Nasal Mucus Reduces Damage to the Olfactory Epithelium
	The Degree of Olfactory Epithelium Damage Is Related to the Concentration of Insulin in the Nasal Mucus
	Eosinophilic Cationic Protein-Induced Apoptosis Is Inhibited by Insulin Administration

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


