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Abstract Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections can cause
loss or alteration of taste and smell as early symptoms or sequelae, but the detailed mecha-
nism behind this phenomenon remains unclear. Here, we investigated whether the SARS-
CoV-2 spike protein induces taste cell apoptosis and expression of the apoptosis-related cyto-
kine TNF-a in male SpragueeDawley rats. Terminal deoxynucleotidyl transferase (TdT)-medi-
ated deoxyuridine triphosphate (dUTP)-fluorescein nick end labeling (TUNEL) assay results
revealed a significantly higher apoptosis index for taste cells in the SARS-CoV-2 group than
for those in the control group. An immunohistochemistry analysis indicated significantly more
TNF-a-positive cells in the SARS-CoV-2 group compared with the control group. These data sug-
gest that the SARS-CoV-2 spike protein promotes taste cell apoptosis and the release of
apoptosis-related cytokine TNF-a, implicating its contribution to the taste malfunction caused
by coronavirus disease 2019 (COVID-19).
ª 2022 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Introduction

Several nonspecific signs and symptoms, including not only
respiratory symptoms but also dysgeusia, have been re-
ported as being related to coronavirus disease 2019 (COVID-
19), which is caused by infection with severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2). Patients with
COVID-19 often experience smell and taste disorders,
mainly a decrease or loss of smell (hyposmia and anosmia,
respectively) and taste (hypogeusia and ageusia,
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respectively).1 We reported previously that SARS-CoV-2
recombinant proteins induced the degeneration of taste
buds in rat circumvallate papillae.2 However, the detailed
mechanism underlying taste dysfunction due to SARS-CoV-2
infection remains unclear.

This study investigated whether the SARS-CoV-2 spike
protein promotes taste cell apoptosis and expression of the
apoptosis-related cytokine TNF-a, which could be related
to COVID-19-related taste impairment.

Materials and methods

All experimental procedures were reviewed and approved
by the Animal Research Committee of Niigata University
(approval number: SA01149) and were performed in
accordance with the guidance of the National Institutes of
Health on animal care and use.

Animal experiments

Male SpragueeDawley rats (5 weeks old, 150e200 g; The
Jackson Laboratory, Yokohama, Japan) were housed in
pairs and maintained in a facility with a 12/12-h light/dark
cycle at approximately 23 �C with free access to food and
water for 1 week before their use in our experiments.

Total 6 animals were utilized in the present experi-
ments. Animals were randomly divided into two groups and
anesthetized with a mixture of three anesthetics (2.5 mg/
kg butorphanol, 0.375 mg/kg medetomidine, and 2 mg/kg
midazolam, i. p.). In the albumin group (n Z 2), albumin
(diluted in saline, 10 mg/50 ml per rat; albumin from bovine
serum; Wako, Tokyo, Japan) was applied to the circum-
vallate papillae as a control treatment. The recombinant
SARS-CoV-2 spike protein (AG30689; Proteintech, Rose-
mont, IL, USA) was diluted in saline at concentration of 10
mg/50 ml per rat and the small thin filter paper soaked in
liquid was applied to the circumvallate papillae for 30 min
as the SARS-CoV-2 group (n Z 4).

At 48 h after the application of albumin or recombinant
SARS-CoV-2 spike, the animals were again anesthetized, first
as described above and then injected with chloral hydrate
(600 mg/kg, i. p.). The deeply anesthetized rats were trans-
cardially perfused with 0.02 M phosphate-buffered saline
(PBS; pH 7.2) and then with 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.2). Circumvallate papillae were
carefully harvested and fixed with 4% paraformaldehyde in
0.1 M phosphate buffer for at least 48 h. After being soaked in
20% sucrose in PBS overnight for cryoprotection, the tissues
were embedded in Tissue Tek OCT compound (Sakura Fine-
technical, Tokyo, Japan) and frozen at �80 �C. Frozen sec-
tions were cut transversely into 15-mm-thick sections using a
cryostat (Leica Biosystems, Nussloch, Germany).

Assessment of cell apoptosis in circumvallate
papillae by TUNEL assay

The terminal deoxynucleotidyl transferase (TdT)-mediated
deoxyuridine triphosphate (dUTP)-fluorescein nick end la-
beling (TUNEL) method was utilized via a TUNEL assay
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apoptosis detection kit (R&D Systems Inc., Minneapolis, MN,
USA) to assess the possible occurrence of cell apoptosis in rat
taste buds of the circumvallate papillae. After being briefly
incubated with 4ʹ,6-diamino-2-phenylindole (DAPI) for
10 min and subsequently washed in PBS, the sections were
mounted on glass slides and covered with a cover slip. A
typical taste bud contains elongated cells that form a
rosebud-shaped structure. An individual taste bud from an
intact tongue was generally found every 30e60 mm in pre-
liminary experiments. To avoid double counting, one out of
four consecutive sections (because 60 mm/15 mmZ 4) from a
tongue specimen was used for measurements. Thus, taste
buds were non-repetitively counted across images of all se-
rial sections. The TUNEL-positive cells were counted and
analyzed in each of 10 randomly selected sections from both
groups. All the DAPI-positive cells and the TUNEL-positive
cells were counted with a fluorescence microscope (BZ-
X800; Keyence, Itasca, IL, USA) and ImageJ Fiji (NIH,
Bethesda, MD, USA). The apoptosis index was calculated by
using the following formula (the number of apoptotic cells/
the total number of nucleated cells) � 100%.

Assessment of TNF-a expression in rat
circumvallate papillae

Specimens of the circumvallate papillae were collected at
48 h after treatment and incubated overnight at 4 �C with
rabbit anti-TNF-a primary antibody (1:500, GTX110520;
GeneTex, Irvine, CA, USA). The sections were washed three
times with PBS and then incubated with donkey anti-rabbit
secondary antibody (1:1000, Alexa Fluor 594, The Jackson
Laboratory) for 1 h at room temperature in the dark. Ten
randomly selected fields ( � 20) of whole circumvallate
papillae from each group were assessed using ImageJ Fiji to
quantify the TNF-a-positive cells.

Statistical analysis

Data are expressed as the mean � SD. Unpaired t-tests were
used to compare differences in the apoptosis index and TNF-
a-positive rate. Statistical analyses were performed using
GraphPad Prism 8 (GraphPad, San Diego, CA, USA). Values of
P < 0.05 were taken to indicate a significant difference.

Results

More cell apoptosis of taste buds in the SARS-CoV-2
group

TUNEL analyses revealed a statistically significant higher
apoptosis index in the SARS-CoV-2 group, as compared with
the Albumin (control) group (19.4 � 6.1% vs 6.7 � 2.2%,
respectively; P < 0.05) (Fig. 1).

Higher numbers of TNF-a -positive cells in the
SARS-cov-2 group

An immunohistochemical analysis indicated that there were
significantly more TNF-a-positive cells in the circumvallate



Figure 1 Cell apoptosis in rat taste buds of circumvallate papillae. TUNEL staining of taste buds in the Albumin (control) (A, B)
and SARS-CoV-2 (C, D) groups; arrows indicate TUNEL positive cells; scale bars Z 100 mm (A, C) or 50 mm (B, D) (E): Apoptosis index
in the Albumin and SARS-CoV-2 groups. *: P < 0.05 vs Albumin group, unpaired t-test; n Z 10/group.
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papillae of the SARS-CoV-2 group than in that of the Albu-
min (control) group (24.8 � 5.3% vs 6.8 � 2.5%, respec-
tively; P < 0.05) (Fig. 2).
Discussion

We previously reported that a local application of recom-
binant SARS-CoV-2 spike protein to the circumvallate
papillae of rats led to reductions in the number of taste
buds and in the number and area of taste cells, implying
potential contribution for taste impairment.2 Recently, it
has also been reported that the SARS-CoV-2 spike protein
triggers inflammatory responses and apoptosis through cell
death signaling in mouse lung epithelial cells as well as in
Figure 2 Immunohistochemical analysis of TNF-a in taste bud

taste buds in the Albumin (control) (A) and SARS-CoV-2 (B) groups; a
(C): Percentage of TNF-a-positivity (%) among the cells in the Al
unpaired t-test; n Z 10/group.
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the cells of several cultured cell lines.3,4 Therefore, the
present study investigated whether the SARS-CoV-2 spike
protein induces apoptosis of taste bud cells. Its results
demonstrate that a local application of recombinant SARS-
CoV-2 spike protein to the circumvallate papillae of rats
induced taste cell apoptosis along with an increase in the
local TNF-a level.

Ordinarily, taste bud cells undergo apoptosis and
turnover at a constant cycle of 11e14 days.5 We con-
ducted the apoptosis detection test using albumin at the
same concentration used for the recombinant SARS-CoV-2
spike protein (control treatment) to clarify whether the
observed taste cell apoptosis was due to stimulation
provided by simple protein contact or by the SARS-CoV-2
spike protein specifically. Although a few apoptotic cells
cells (AeB). Representative immunohistochemistry images of
rrows indicate immunoreactivity for TNF-a; scale barZ 100 mm
bumin and SARS-CoV-2 groups. *: P < 0.05 vs Albumin group,
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were observed in the control group, significantly more
taste cell apoptosis was observed in the SARS-CoV-2
group. Emerging evidence suggests that the SARS-CoV-2
spike protein induces apoptosis and necrosis in macro-
phages,6 peripheral blood mononuclear cells,6 and adi-
pocytes.7 Recent reports using several cell lines also
revealed that the SARS-CoV-2 spike protein promotes
apoptosis in SARS-CoV-2-infected cells.8,9 Our results
support a similar occurrence in taste cells.

It is thought that apoptosis is triggered by extracellular
environment changes induced by the SARS-CoV-2 spike
protein, i.e., the inflammatory-immune response, and by
cell death signaling induced by SARS-CoV-2 infection.
Macrophages recognize infected cells that are about to
undergo apoptosis, and, in response, they release various
inflammatory cytokines to attract other innate immune
cells. The TNF-a released from these macrophages and
IFN-g from T cells not only induces the migration of more
immune cells to expand the inflammatory-immune
response but also leads to the apoptosis of infected
cells.10 Therefore, we investigated whether the stimula-
tion of rat circumvallate papillae with a recombinant
SARS-CoV-2 spike protein would promote the release of
TNF-a. An immunohistochemical analysis revealed a
significantly higher immunoreactivity of TNF-a in the taste
cells of recombinant SARS-CoV-2 spike protein-treated
rats. It is known that infected cells and their post-
apoptosis remnants are phagocytosed by migrated mac-
rophages. Thus, the results of this work and the findings
from our previous study together suggest that the SARS-
CoV-2 spike protein acts directly on taste bud cells via
AEC2 receptors to induce intracellular death signaling,
along with a local inflammation-immune response, which
leads to TNF-a-mediated apoptosis, subsequently result-
ing in the phagocytosis of infected cells and consequent
tissue degeneration of the taste buds. The limitation of
the study is that a small sample size with only six animals
in total.

This study demonstrated that a topical application of
recombinant SARS-CoV-2 spike protein promoted a higher
local level of the apoptosis-related proinflammatory cyto-
kine TNF-a, and the occurrence of taste cell apoptosis in
response to this treatment implicates the SARS-CoV-2 spike
protein in having a potential contribution to the taste
dysfunction often exhibited in persons with COVID-19.
Future investigations should further explore the details of
the mechanisms responsible for the taste disorders caused
by COVID-19.
4
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