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a  b  s  t  r  a  c  t

Coronavirus  disease  2019  (COVID-19)  is a highly  transmissible  pandemic  disease  caused  by  severe  acute
respiratory  syndrome  coronavirus  2 (SARS-CoV-2).  The  characteristics  of  the  disease  include  a broad  range
of symptoms  from  mild  to serious  to death,  with  mild  pneumonia  to acute  respiratory  distress  syndrome
and  complications  in  extrapulmonary  organs.  Taste  impairment  and  salivary  dysfunction  are  common
early  symptoms  in  COVID-19  patients.  The  mouth  is  a significant  entry  route  for  SARS-COV-2,  similar
to  the  nose  and  eyes.  The  cells  of the  oral  epithelium,  taste  buds,  and  minor  and  major  salivary  glands
express  cell  entry  factors  for SARS-COV-2,  such  as ACE2,  TMPRSS2,  and Furin.  We  describe  the  occurrence
of taste  impairment  and salivary  dysfunction  in COVID-19  patients  and  show  immunohistochemical  find-
ings  regarding  the  cell  entry  factors  in the  oral  tissue.  We  review  and  describe  the  pathogeneses  of  taste
impairment  and  salivary  dysfunction.  Treatment  for the  oral  disease  is also  described.  Recently,  it was
reported  that  some  people  experience  persistent  and  prolonged  taste  impairment  and  salivary  dysfunc-
tion,  described  as  post-COVID-19  syndrome  or long  COVID-19,  after  the  acute  illness  of  the  infection

has  healed.  To resolve  these  problems,  it is important  to understand  the  pathogenesis  of  oral complica-
tions.  Recently,  important  advances  have  been  reported  in the understanding  of  gustatory  impairment
and  salivary  dysfunction.  Although  some  progress  has been  made, considerable  effort  is  still  required  for
in-depth  elucidation  of  the pathogenesis.

© 2021  The  Authors.  Published  by  Elsevier  Ltd on  behalf  of  The  Japanese  Association  for  Dental
Science.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/
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1. Introduction

Coronavirus disease 2019 (COVID-19) emerged in Wuhan,
China, in December 2019 and then rapidly spread worldwide. This
pandemic disease is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which is an enveloped virus with a
positive-sense single-stranded RNA genome. The disease varies in
severity, ranging from no symptoms to critical illness. Symptoms of
COVID-19 at illness onset are variable and commonly include fever
or chills, cough, shortness of breath or difficulty breathing, fatigue,
muscle or body ache, headache, new loss of taste or smell, sore

throat, congestion or runny nose, nausea or vomiting, and diarrhea
[1]. The illness severity can range from mild to critical. Mild symp-
toms include mild pneumonia (81%); severe symptoms include
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yspnea, hypoxia, or more than 50% lung involvement on imag-
ng (14%); and critical symptoms include respiratory failure, shock,
r multiorgan system dysfunction (5%) [1,2]. The global death-to-
ase ratio, which reflects the number of deaths divided by the
umber of diagnosed cases within a given time interval, was 2.2%
2,974,830/138,340,920) as of 15 April 2021 [3].

The mouth is a significant entry route for SARS-CoV-2, simi-
ar to the nose and eyes. The cells of the oral epithelium, taste
uds, and minor and major salivary glands express cell entry fac-
ors for SARS-CoV-2, such as angiotensin-converting enzyme 2
ACE2), transmembrane protease serine 2 (TMPRSS2), and Furin
4–16]. Recently, an international multidisciplinary team con-
ucted research to comprehend the role of the oral cavity in
ARS-CoV-2 infection [16]. The study results show that SARS-CoV-

 can infect cells in the mouth and salivary glands and that infected

ells harbor replicating viruses. Infected cells can be a source of
athogens to spread to other organs.
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Taste impairment same olfactory deficiency, both disturbances
of neurosensory perception, are early common symptoms in
COVID-19 patients [17–20]. A systematic review reported that the
loss of taste occurred in 41.47% of COVID-19 patients (20 studies,
8001 COVID-19 patients). Xerostomia is another highly prevalent
symptom for nearly half of patients [21–26].

Although most COVID-19 patients recover completely within
a few weeks, some people experience persistent and prolonged
symptoms, described as post-COVID-19 syndrome or long COVID-
19, after the acute illness of the infection has healed [27–29].
The symptoms include fatigue, dyspnea, cough, fever, headache,
heart palpitation, chest pain, joint or muscle pain, depression,
deteriorated mental activity, etc. Impairment of taste is also
highly frequent among those long-lasting symptoms. A question-
based survey at 6 months after COVID-19 reported that loss of
smell or taste was the second most common persistent symptom
after fatigue [29]. Some individuals also suffer from long-lasting
xerostomia [18,30–32]. Understanding the pathogeneses of these
symptoms will provide new insights for managing patients with
these symptoms. However, the pathogeneses of these symptoms
are not fully understood. The aim of this review is to describe
hypotheses regarding their pathogeneses.

2. Taste impairment and salivary dysfunction in COVID-19
patients

2.1. Taste impairment

The taste impairment in COVID-19 patients is reported as
hypogeusia, a diminished sense of taste; dysgeusia, an alteration
or distortion of taste sense; and ageusia, a complete loss of taste.
A systematic review by Amorim dos Santos et al. (analyzed 33
cross-sectional studies, 10,220 patients) provided a large and com-
prehensive analysis of the prevalence, onset, and duration of
symptoms of each of the previously reported gustatory disorders
(dysgeusia, hypogeusia, and ageusia) [17]. They reported that the
overall prevalence of gustatory disorders was 45%, including 38% for
dysgeusia, 35% for hypogeusia, 24% for ageusia, and a mean duration
of 15 days, after which the patients fully recovered. With regard to
COVID-19 severity, an association was observed between dysgeu-
sia and mild and/or moderate COVID-19 cases, with an odds ratio
of 2.09 compared to severe cases. Regarding regional differences in
the prevalence of gustatory disorders in COVID-19 patients, 53%
of North American patients, 50% of European patients, and 27%
of Asian patients were affected. Furthermore, the odds ratio for
males and females with gustatory disorders was 1.64. However, in
this review, diagnostic methods were mixed, including telephone,
online, and in-person questionnaires and medical record reviews.
Limitations may  exist in aggregating and analyzing these reports as
a source. According to a telephone interview survey of patients in
Greece by Printza et al., the median time from the onset of COVID-
19 to the survey in 150 patients was 61 days. Thirty-eight percent
had gustatory disorders, of which 6% were mild, 21% moderate,
5% severe, and 61% very severe. Forty-two patients (79%) regained
their sense of taste by 61 days [18].

On the other hand, a cross-sectional study by Nouchi et al.
reported that 29% of patients with olfactory or gustatory disorders
still had persistent disease [19]. In a letter by Nguyen et al., 200
patients were randomly selected and surveyed to evaluate their
recovery rate at least 6 months after onset [20]. The results showed

that of 125 patients with taste and smell disturbances during the
acute phase of COVID-19, 38.5% reported only partial recovery of
taste, and 11.5% had no recovery at all. In addition, female patients
(73.3%) were more likely to report persistent symptoms than male
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atients (26.7%), according to the study. This finding suggests that
aste deprivation may  be a possible sequelae of COVID-19 (Fig. 1A).

.2. Xerostomia

The incidence of xerostomia in various reports was  50% [21], 30%
22], 74.5% [23], 56% [24], 47.6% [26], and 46.3% [25], with an aver-
ge of approximately 50%. Although it is less common than olfactory
ysfunction, nearly half of patients show this symptom, indicating
hat xerostomia is a trigger for deterioration of oral health status.
here are few reports on the duration of xerostomia, but Eghbali
arch et al. reported it to be 14 days [33]. SARS-CoV-2 is detected in
aliva from the earliest stages, ACE2-positive salivary gland epithe-
ial cells are the initial target of SARS-CoV-2, and salivary gland
unction may  be affected in the early stages of infection [34]. In

 cross-sectional study of 108 patients in Wuhan with confirmed
OVID-19, 46% of patients complained of xerostomia as one of their
ymptoms [25].

Oral symptoms may  be the initial manifestation of COVID-19
efore typical symptoms, such as fever, dry cough, fatigue, and
hortness of breath, occur. There are few reports of xerostomia as

 sequela after recovery from COVID-19 infection; Gherlone et al.
eported that dry mouth was seen in 30% of COVID-19 patients
t follow-up after recovery and was significantly associated with
iabetes and chronic obstructive pulmonary disease (COPD) [32].
lthough there are a variety of therapeutic medicines for COVID-
9, these drugs cause oral mucosal symptoms and xerostomia. For
xample, chloroquine/hydroxychloroquine, which is used for the
reatment of malaria and certain autoimmune diseases, can cause
llergic lichenoid reactions and xerostomia. The combination of
opinavir and ritonavir, both approved for the treatment of HIV,

ay  be associated with side effects such as xerostomia, stomatitis,
nd oral ulcers. Interferon-�, a drug for multiple sclerosis, also can
ause xerostomia as a side effect [35] (Fig. 1B).

. Physiological aspects of taste buds and salivary gland

.1. Physiological aspects of taste buds

The human tongue has approximately 3000 taste buds, with a
ertical length of 50−80 �m and a horizontal length of 30−50 �m.
aste buds are composed of 50–90 cells in clusters, and the base is
lightly wider than the apex [36]. Four cell types are present: dark-
oned cells (type I cells) occupy 50–70% of taste buds. Light-toned
ells (type II cells) occupy 15–30 % of the taste buds. Taste cells (type
II) occupy 5–15 % of the taste buds. Type IV cells (support cells)
re present at the base of the taste buds [37]. The five basic tastes
urrently recognized are sweet, salty, sour, bitter, and umami. In
articular, sweet, bitter, and umami  are transmitted by G protein-
oupled (GPC) receptors in taste buds [38]. A typical sweet stimulus
s sucrose, a disaccharide. In 1999, Hoon et al. identified two taste-
pecific GPC receptors, TR1 and TR2 (later referred to as Tas1r1 and
as1r2) [39]. Tas1rs and Tas2rs are expressed separately in type II
ells in the taste buds [40].

Bitter taste receptors are diverse: according to a review by Mey-
rhof, approximately 30 families of TAS2R bitter taste receptors
ave been identified in mammals [41]. They have evolved through
daptive diversification and are linked to chromosomal loci known
o influence bitterness in mice and humans. TAS2R widely detects
everal bitter substances, including amides and alkaloids such as
trychnine, caffeine, and quinine, and certain amino acids, urea,

atty acids, phenols, amines, esters, and other compounds that can
lso induce bitterness. Furthermore, some mineral salts, such as
otassium, magnesium, and calcium salts, can also taste bitter.
herefore, the persistence of bitterness in the loss of taste in COVID-
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Fig. 1. Patients with symptoms % [131–133]. 

19 may  be explained by the fact that it is sensitive to a variety of
substances.

The acceptance of umami  taste is based on umami  recep-
tors, which are heterodimers composed of TAS1R1 (taste receptor
type 1, member 1) and TAS1R3 [42], which collectively detect
several amino acids, such as umami-associated l-glutamate and
5′-ribonucleotides [38].

As for the reception of salty taste, it was found to be the passage
of sodium ions through specific transport pathways in the apical
region of taste buds [43]. Sodium chloride (NaCl) evokes salty taste
via amiloride-sensitive and amiloride-insensitive mechanisms in
taste cells [40], and ENaC alpha (also known as SCNN1A) encodes a
putative amiloride-sensitive salt taste receptor. However, the spe-
cific molecular features of cells mediating sodium-induced taste
have not yet been well defined, although there are reports [44]
that taste is mediated by type III cells in the taste buds. Simi-
larly, acid taste perception is also mediated by type III cells in
the taste buds. The involvement of amiloride-sensitive epithelial
sodium channels (ENaC), GPR4, a proton-sensitive GPCR, and the
transient receptor potential (TRP) family channel PKD2L1 and its
related partner PKD1L3 has been shown, but the details are still
unclear [38].

The renin-angiotensin system (RAS) is a signaling pathway
involved in the regulation of blood volume, natriuresis, blood pres-
sure, blood flow, and homeostasis in response to various stimuli.
It is a signaling pathway involved in regulation (homeostasis) [45].
Updated RAS pathways, which include ACE2, are available in the
following reference [46]. Generally, ACE2 metabolizes angiotensin
I to angiotensin (1–9) or angiotensin II (Ang II) to angiotensin (1–7)
(Ang (1–7)), which contribute to vasodilation. Moreover, ACE2 is
known to convert angiotensin A to alamandine, an angiotensin-
related peptide that contributes to aortic relaxation. Shigemura
et al. [47] reported that ACE2, which metabolizes Ang II to Ang
(1–7) and is encoded by the GPC receptor Mas  and counteracts the
effects of Ang II, was found not only in filiform and vallate papillae
but also in the lingual epithelium [48]. These results suggest that
ACE2 may  be localized in taste buds. These results further suggest
that Ang II produced locally in taste buds is rapidly degraded by
ACE2, supporting the hypothesis of short-term regulation of taste
sensitivity (e.g., GPC receptors that are responsible for bitterness)
by the local RAS.

3.2. Physiology of salivary gland

The glands that secrete saliva consist of the parotid, sub-
mandibular, and sublingual glands, which are called the three major
salivary glands. In addition, there are minor salivary glands that are
distributed throughout the submucosa of the oral cavity, exclud-
ing the gingiva and the anterior part of the hard palate [49,50].

The parotid gland secretes serous saliva, the submandibular gland
secretes a mixture of serous and mucous saliva, and the sublingual
gland secretes predominantly mucous saliva. The minor salivary
glands (with the exception of the lingual serous gland, known
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(A) Taste disorder. (B) Xerostomia.

s Ebner’s gland) principally secrete mucous saliva [49,50]. The
alivary glands are controlled under the autonomous nervous sys-
em. Stimulation of either the parasympathetic or sympathetic
ervous system stimulates salivary gland secretion, but the effect
f parasympathetic stimulation is stronger and longer lasting.
arasympathetic innervation of the parotid gland originates from
he preganglionic fibers of the glossopharyngeal nerve synapsing
rom the inferior salivary nucleus and relays into the otic gan-
lion. Postganglionic fibers of the glossopharyngeal nerve convey
o the parotid gland, passing via the auriculotemporal nerve. The
arasympathetic innervation of the submandibular and sublingual
lands originates in the superior salivary nucleus, where the pre-
anglionic fibers of the facial nerve synapse into the submandibular
anglion and relay as postganglionic fibers to the submandibular
nd sublingual glands. The role of these autonomic nerves may  lead
o the development of future treatments for chronic xerostomia and
alivary gland atrophy [49,50]. Saliva has several mucosal protec-
ant, buffering, tooth remineralization, antibacterial, tissue repair,
igestive, and gustatory aid functions. When saliva production is
educed, oral mucosa and tooth protection, buffering, antibacterial,
aste alteration, digestion, and tissue repair activities are dimin-
shed. Due to the lack of innate antimicrobial defenses, xerostomia
ncreases the risk of tooth decay and bacterial and fungal infections
49–51].

. SARS-CoV-2 cell entry

SARS-CoV-2 enters cells through host membrane-bound pepti-
ases, ACE2 and TMPRSS2 (pathway I, Fig. 2). This entry mechanism

s similar to that of SARS-CoV-1, which caused an outbreak of severe
cute respiratory syndrome in 2003. Spike proteins of SARS-CoV-2
ind to ACE2 first as the receptor. The spike of the virus is a trimer
f glycoproteins that consist of an S1 subunit and an S2 subunit.
he S1 subunit contains an ACE2 recognition motif in the receptor-
inding domain (RBD) [52]. After viral attachment to the host ACE2,
he spike protein subunit S1 is proteolytically cleaved between the
1 and S2 domains (S1/S2) and disassociated by Furin, which is a
roprotein convertase localized to the host cell membrane. Sub-
equently, TMPRSS2 cleaves the S2′ site of the S2 subunit. These
leavages cause a series of conformational changes in the spike pro-
ein, and the structural change in the S2 subunit has an important
ole in membrane fusion, which results in transfer of the viral RNA
nto the host cell cytoplasm [53–56].

ARS-CoV-2can utilize another entry route for infection (path-
ay  II, Fig. 2), in which S1/S2 site cleavage of the spike protein

rior to invading the host cell membrane is not required [57]. This
ndosomal route, clathrin- and non-clathrin-mediated endocyto-
is, is accomplished without plasma membrane proteases, such as

MPRSS2 [58,59]. After severe acute respiratory syndrome corona-
irus (SARS-CoV) binds to ACE2 and internalizes into endosomes,
athepsin L is essential for fusion between the virus envelope and
he endosome vesicular membrane [58]. SARS-CoV-2 is also able
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Fig. 2. Model of the SARS-CoV-2 entry mechanism. SARS-CoV-2 utilizes two host entry routes. One is a surface membrane pathway (I), and the other route is the endosomal
pathway  (II). (I) In the surface membrane pathway, the RBD of the viral spike protein (S1 subunit) initially binds to the host receptor ACE2. Subsequently, Furin cleaves the
spike  protein at the S1/S2 site, and then the S1 subunit is dissociated from the rest of the spike protein. Another membrane-bound protease, TMPRSS2, then cleaves at the
S2′ site of the S2 subunit to expose the fusion peptide for host cell membrane fusion. These events lead to a series of conformational changes that result in fusion between
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related gene-marked cells [12]. Type II taste cell marker genes
include TAS1R2 and TAS1R3 for sweet taste, TAS1R1 and TAS1R3
the  viral envelope and the host cell membrane. The viral genome is released into t
receptor ACE2 on the cell membrane, the virus is endocytosed. The spike protein is 

of  the viral membrane with the endosomal membrane. After that, the virus genome

to intern-alize and release its viral genome via this endosomal
route.

Coronaviruses, including SARS-CoV-2, can enter host cells
via both routes, with a preference for the cell surface path-
way over the endosomal pathway [60,61]. Many cell line-based
studies show that the viral tropism of SARS-CoV-2 for various
cell types likely reflects the differential expression of key host
proteins involved in viral attachment and entry [61,62]. The vary-
ing expression of the SARS-CoV-2 cellular receptor ACE2 and
proteases, such as Furin, TMPRSS2, cathepsin L, elastase, and
trypsin, affects the infectivity and clinical symptoms of the dis-
ease.

Coronaviruses have fewer mutations than most RNA viruses
because they employ genetic proofreading machinery during repli-
cation. However, since the pandemic began in 2019 and was caused
by the original Wuhan-Hu-1 strain, many mutational changes in
SARS-CoV-2 have been reported. Most are single-nucleotide muta-
tions occurring in the gene encoding the spike glycoprotein. The
first major variant, called D614G, an aspartic acid-to-glycine sub-
stitution at position 614 of the spike protein, appeared in the spring
of 2020, and thereafter, the original strain was replaced by the vari-
ant. After that, other variants, B.1.1.7 (Alpha variant, the so-called
UK strain, N501Y), B.1.351 (Beta variant, the so-called South African
strain, N501Y.V2), P.1 (the so-called Brazil strain), B.1.617.2 (Delta
variant, the so-cold Indian strain) and miscellaneous variants (20E
[EU1], 20A [EU2], etc.), have been identified and led to concerns
about increased infectivity and transmission [63,64]. The D614G
mutation has become common to nearly all variants. This mutation
is likely to make spike proteins more or less able to bind ACE2. The

resulting conformational changes in the variants cause cell entry
enhancement [65] (Fig. 2).
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st cell cytoplasm. (II) Following interaction of the spike protein with the host cell
sed by cathepsin L for cleavage to S1 and S2 in the endosome, which allows fusion

eased.

. Cell entry factors for SARS-CoV-2 in oral and
axillofacial tissues

.1. Angiotensin-converting enzyme 2 (ACE2) expression in oral
nd maxillofacial tissues

The SARS-CoV-2 receptor on human cells is ACE2, which is the
ame as the SARS-CoV receptor [55,66–70]. ACE2 is abundantly
xpressed in a variety of cells residing in many different human
rgans, such as the lung, small intestine, kidney, and skin [71,72].
u et al. reported the expression of ACE2 in oral tissue using a public
NA-sequencing database [8]. Since then, the expression of ACE2

n the oral mucosal epithelium has been reported, including in our
eport (31 of 36 cases, 86.1%) [9–11,13–15] (Fig. 3B, F, J).

It has been reported that saliva is the cause of SARS-CoV-2 infec-
ion. This hypothesis suggests that oral tissue, including salivary
lands, plays a role as an organ for viral growth in subclinical SARS-
oV-2 infections [73,74]. Accordingly, the expression of ACE2 in
he salivary glands (22 of 25 cases, 88.0%) and ducts (26 of 27 cases,
6.3%) has been reported, including in our report [9–11,13–15]. We
eported that ACE2 expression occurs in most of the serous cells but
ery few mucous cells [15] (Fig. 4B, F, J).

Expression of ACE2 in the taste buds of the tongue has been
eported [9]. Han et al. reported the single-cell profiles of tongue
issues with typical gene markers of taste buds, such as TAS1R3,
AS2R4, TAS2R14, SNAP25, and NCAM1. They reported that the
istribution of ACE2-positive cells is correlated with that of taste-
or umami  taste, and TAS2Rs for bitter taste, and type III taste cell
arker genes include NCAM1 and SNAP25. The distribution of type



Y. Okada et al. Japanese Dental Science Review 57 (2021) 111–122

Fig. 3. Expression of ACE2. Expression of ACE2 was observed in the nuclei and cytoplasm of the spinous and basal cell layers of the epithelium and endothelial cells of the
tongue  (B), oral floor (F) and buccal mucosa (J). Expression of TMPRSS2 was  observed in the cell membrane of the spinous cell layers of the epithelium and endothelial cells
of  the tongue (C), cell membrane of the spinous cell layers and nuclei of the spinous and basal cell layers, endothelial cells of the oral floor (G), cell membrane of the spinous

osa (K
uccal m
cell  layers and nuclei of the basal cell layers, and endothelial cells of the buccal muc
spinous and basal cell layers of the epithelium of the tongue (D), oral floor (H) and b
J–L;  100 �m,  M; 50 �m.

II and type III marker genes in the tongue suggests the coexistence

of ACE2 and individual taste cells [38,75]. Wang reported that ACE2
is enriched in a subpopulation of epithelial cells in nongustatory fil-
iform papillae but not in taste papillae or taste buds of adult mice
[5].
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, L). Expression of Furin was observed in a dotted pattern and the cytoplasm of the
ucosa (M). Scale bars: A; 250 �m, B; 100 �m, C; 250 �m,  D-H; 100 �m,  I; 500 �m,

The expression of ACE2 in vascular endothelial cells and

dipocytes has been reported [66,71,76]. We  reported that ACE2
xpression was found in capillary endothelial cells (55 of 63
ases, 87.3%) and adipocytes (36 of 44 cases, 81.8%) that nourish
he parotid and minor salivary glands and oral mucosal lamina
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Fig. 4. Expression of ACE2 was  observed in the serous cells, ductal epithelium and adipocytes of the parotid gland (B), serous demilunes, ductal epithelium and endothelial
s obse
) and t
lingua

5

cells  of the sublingual gland (F) and the buccal gland (J). Expression of TMPRSS2 wa
serous demilunes, ductal epithelium and endothelial cells of the sublingual gland (G
epithelium of the parotid gland (D), serous demilunes, ductal epithelium of the sub

propria [15] (Figs. 3B, F, J, 4 B, F, J). Adipocytes secrete vari-
ous types of adipokines and are potential targets and reservoirs
for SARS-CoV-2. Although the amount of adipose tissue in the

parotid stromal and oral lamina propria is limited, it may  con-
tribute to the proinflammatory changes that underlie COVID-19
progression.
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rved in the serous cells, ductal epithelium and adipocytes of the parotid gland (C),
he buccal gland (K). Expression of Furin was observed in the serous cells and ductal
l gland (H) and the buccal gland (L). Scale bars: A–D; 50 �m, E–L; 100 �m.

.2. TMPRSS2 expression in oral and maxillofacial tissues

The expression of TMPRSS2 in the esophagus, jejunum and

leum has been reported [71]. It has been reported that TMPRSS2 is
xpressed in the oral mucosal epithelium and the salivary glands
6,9,13,14]. The expression of TMPRSS2 was  shown to be stronger
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in serous acini than in mucous acini [14]. TMPRSS2 expression has
been reported to be positive in the salivary gland duct [9]. How-
ever, it has been reported that ACE2 expression is absent in the
striated ducts [14]. The expression of TMPRSS2 in the taste buds
of the tongue has been reported [9]. Our immunostaining revealed
TMPRSS2 expression in the tongue, buccal and oral floor mucosal
epithelium, serous glands, salivary gland ducts, vascular endothe-
lial cells, and adipocytes (Figs. 3C, G, K, L, 4 C, G, K).

5.3. Furin expression in oral and maxillofacial tissues

The expression of Furin in the lachrymal glands, colon, liver,
and kidneys has been reported [77]. It has been reported that Furin
is expressed in the oral mucosal epithelium [7,9]. The expression
of Furin in the taste buds of the tongue and the salivary glands
(serous glands) has been reported [9]. It has been reported that
Furin is expressed in the endothelial cells of oral mucosal tissues
[7]. Our immunohistochemical staining revealed Furin expression
in the tongue, buccal and oral floor mucosal epithelium, serous
gland, salivary gland duct, and vascular endothelial cells but not
in adipocytes (Figs. 3D, H, M,  4 D, H, L).

5.4. Cathepsin expression in oral and maxillofacial tissues

Cathepsin B and L are abundantly expressed in many different
human organs, such as the minor salivary glands, lung, small intes-
tine, liver, kidney, and heart [72]. The expression of Cathepsin L
between the epithelium and the adjacent subepithelial connective
tissue in periodontal disease has been reported [78].

6. Pathogenesis of taste impairment and salivary gland
disturbances

6.1. SARS-CoV-2 damages infected cells

Ultrastructural studies show that SARS-CoV-2 damages cells
with viral distribution within the cytoplasm, and many virus
particles are encapsulated in cytoplasmic vesicles. Autophagic vac-
uoles and fragmented mitochondria were detected in a coculture
experiment using human pulmonary alveolar epithelial cells [79].
SARS-CoV-2 infection experiments in organotypic human airway
epithelial culture showed findings similar to those of the cell
culture study, with extensive apoptosis observation [80]. Ultra-
structural autopsy findings in endothelial cells and alveolar cells in
SARS-CoV-2-infected patients have been reported [81]. SARS-CoV-
2 replication triggers the release of proinflammatory cytokines and
chemokines, and cell death is induced in airway epithelial cells,
alveolar epithelial cells, and vascular endothelial cells, in which
high ACE2 expression is observed [82,83].

6.2. How does SARS-CoV-2 cause damage to gustatory sensory
cells?

ACE2 is expressed in the taste buds and the peripheral oral
mucosa, stratified squamous epithelium of the dorsal tongue, and
gingiva in humans [9]. In a mouse study, ACE2 mRNA was  expressed
in fungiform and circumvallate papillae [47]. Replication of SARS-
CoV-2 in infected gustatory cells in the taste bud can generate
inflammation and eventually destroy the cells. This direct cell dam-
age may  cause malfunction of the gustatory system. However, a
study showed that gustatory cells in taste buds do not express
ACE2. Wang et al. performed a single-cell RNA-sequencing anal-

ysis of adult mouse tongue epithelial cells, and ACE2 mRNA was
enriched in the basal region of nongustatory filiform papillae but
not in the taste papillae or taste buds. The authors hypothesized
that taste loss in COVID-19 patients is unlikely to be caused by an
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nitial direct infection of SARS-CoV-2 in taste bud cells [5]. The virus
ould invade through ACE2-expressing stratified squamous epithe-
ium of the dorsal tongue and filiform papillae in the vicinity of the
aste bud and eventually progress to gustatory cell infection.

Interestingly, a similar indirect infection mechanism is reported
n the olfactory system. Nasal mucosa biopsy specimens of chronic
hinosinusitis patients were used for an ACE2 immunohistochem-
cal study. High levels of ACE2 were found in nasal cells, which
re called sustentacular cells. These nonneural cells are located
n the olfactory neuroepithelium. The cells in the olfactory neu-
oepithelium had a 200-fold to 700-fold increase in ACE2 protein
evels compared to those in other nose and tracheal cells. How-
ver, olfactory sensory neurons in the olfactory neuroepithelium
howed an absence of ACE2 protein expression [84]. In a study
f postmortem tissue from COVID-19 patients, quantitative PCR
ith reverse transcription, immunohistochemistry, and electron
icroscopy analyses revealed that viral RNA was most common in

he olfactory mucosa, which is composed of the olfactory epithe-
ium, olfactory neurons, sustentacular cells, Bowman’s glands, and
lood vessels. Electron microscopic analysis of the olfactory mucosa
rom one individual with a high viral RNA load revealed intact viral
articles in the olfactory mucosa. Furthermore, SARS-CoV spike
rotein has been detected in olfactory sensory neurons, which do
ot express ACE2 [85,86]. SARS-CoV-2 therefore infects the olfac-
ory mucosa and possibly infects olfactory sensory neurons in an
ndirect manner (Fig. 5).

.3. How does indirect infection occur in gustatory cells?

One possible mechanism is direct cell-to-cell viral transmis-
ion. The actin–myosin cytoskeletal system, through tunneling
anotubes (TNTs), consists of filamentous cellular projections that

acilitate intracellular exchange of cellular organelles, proteins,
nd substances. Many viruses can use TNTs for transmission from
nfected cells to neighboring cells [87]. A cell culture infection

odel of SARS-CoV-2 using the Vero cell line (kidney epithe-
ial cells, African green monkey) was used for scanning electron

icroscopic study. Viral particles were found around cell surface
embrane ruffles and filopodium-like structures. Other viral par-

icles were wrapped with thin cellular projections that resembled
anotubes. Membrane bridges that connected two  cells showed
he presence of virus particles on their surface [88]. This finding

ay  explain why non-ACE2-expressing gustatory cells are infected
hrough ACE2-positive neighboring cells (Fig. 5).

.4. Is SARS-CoV-2 neuroinvasive?

It is known that human coronaviruses are neuroinvasive and
eurotropic and can induce overactivation of the immune sys-
em [89,90]. Additionally, similar to pathogens of two preceding
pidemics (SARS-CoV-1 and Middle East respiratory syndrome
oronavirus (MERS-CoV)), SARS-CoV-2 also exhibits neuroinvasion
91]. Neurological manifestations, ranging from anosmia, dysgeu-
ia, headache, encephalitis, etc., in patients with COVID-19 are
ne of the main characteristics of the disease [92,93]. SARS-CoV-2

nfection may  directly damage the nervous system in a cytopathic
anner [94]. SARS-CoV-2 neuroinvasion can occur at the neural-
ucosal interface by transmucosal entry via regional nervous

tructures [85,95]. This mechanism may  be the case for infection

f gustatory neurons in the taste buds and subsequent alterations
f taste perception. However, it remains to be confirmed whether
his concept is applicable for direct neural invasion of SARS-CoV-2
96,97] (Fig. 5).
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Fig. 5. Hypothetical SARS-CoV-2 cell entry mechanism in the taste bud and salivary gland.
Taste bud (left). A; Microvilli of taste sensory cells allow SARS-CoV-2 entry into the cells. B; Non-ACE2-expressing gustatory cells are infected through ACE2-positive
neighboring cells. C; SARS-CoV-2 directly invades taste receptor cells via cell surface ACE2 and TMPRSS2 expression. D; SARS-CoV-2 neuroinvasion can occur at the neural-
mucosal interface by transmucosal entry via regional nervous structures. (a), Type I cell; (b), Type II cell; (c), Type III cell; (d) basal cell.
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Salivary gland (right). SARS-CoV-2 initially enters epithelial cells close to the saliv
Furin  are also expressed in salivary gland ducts. Secretary cells in acinus are eventu

6.5. Does cellular morphology affect SARS-CoV-2 infection?

Viruses, including coronaviruses, can attach to the cilia of
epithelial cells [98]. An ultrastructural study regarding the nasal
mucosal changes in common cold patients was reported. The loss
of cilia and ciliated cells was found in a previous study [99].
Another transmission electron microscopic study in a human sub-
ject showed that coronaviruses adhered to the microvilli and cilia
in nasal epithelial cells [100]. In a SARS-CoV-2-inoculated macaque
experiment, the virus antigen was present in ciliated nasal epithe-
lial cells [101]. Murine leukemia virus, with a single-stranded RNA
genome, can induce lateral movement along microvilli of polarized
epithelial cells before cell entry [102]. Similar to nasal epithelial
cells, taste cells possess microvilli at the apical end of the cells. The
microvilli protrude from the pores of taste buds toward the oral
cavity to capture tastants [103,104]. It is presumed that microvilli
of taste sensory cells allow SARS-CoV-2 entry into the cells (Fig. 5).

6.6. Short recovery time of taste impairment

Many patients complain of disturbance of taste as an initial
symptom accompanied by disturbance of smell in their COVID-19
course [105]. The recovery time of most patients is short, vary-
ing from 4 to 17 days [106–109]. Sensory impairments are primed
at initial entry sites for the virus, for example, the oral and nasal
regions. The taste buds on the dorsum surface of the tongue afford
virus entry, and susceptible taste sensory cells are directly or indi-
rectly infected by the virus. Taste buds contain tightly packed taste
receptor cells with life spans of 5–20 days in mammals [110]. Thus,
the damaged taste sensory cells tend to recover quickly, indicating
that taste stem cells may  not be completely destroyed. The most
likely explanation for the characteristic symptoms and the time
course is that the virus infection triggers inflammation in the taste
sensory structures and taste buds and that the subsequent damage
to taste receptor cells is reparable.

6.7. Long-lasting taste impairment

Some patients suffer from a long-lasting impairment of smell

and taste [18,30,31]. Approximately 10% of patients in a two-month
follow-up survey [18] and 11% of patients in a 6-month survey
of infected individuals did not show any recovery, and only par-
tial recovery was present in 30% of the cases [31]. It is interesting
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ct orifice and/or lining salivary gland ducts through ACE2 binding. TMPRSS2 and
fected with the virus.

hat for these chemosensory systems, smell and taste, deficiency
ccurs simultaneously in COVID-19; furthermore, similar long-

asting symptom rates are reported for both. An inflammatory
ollapse of the taste receptor apparatus may  not be cause for the
elay of recovery or long-lasting deficiency. The neuroinvasive or
eurotropic properties of SARS-CoV-2 may  be relevant to sensory
equelae. A postmortem study of COVID-19 patients suggested one
ossibility of virus entry in the nervous system via the neural-
ucosal interface in the olfactory mucosa [85]. Taste buds can also

e another virus entry point to neurons. Taste buds are packed
ith 50–100 taste cells, which are anatomically classified into four

ypes: type I, supporting cells; type II, cells for sweet, bitter, and
mami  sensation; type III, cells for sour sensation; and type IV,
tem cells. Cooper et al. reviewed the relationship between SARS-
oV-2 infection and taste sensory cells. In their review, studies and
eports indicated that type III taste receptor cells in mice express
CE2, whereas type II taste receptor cells express less ACE2. Type II
nd type III cells express little to no TMPRSS2. Cathepsins, which are
roteases that cleave the SARS-CoV-2 spike protein, are abundant in
hese two  cell types [96]. Although type I and type IV taste sensory
ells have not been investigated, it is interesting that SARS-CoV-2
ay  have a cytotropic nature for gustatory sensing disturbances.

orty-one taste-deficient COVID-19 patients were prospectively
urveyed, and it was found that a significant loss of sour (33.3%),
alty (17.9%), and sweet and bitter tastes (10.3%) were recognized
111]. These results may reflect virus neurotropic invasion and pos-
ible nervous system damage. Each different gustatory sensory cell
for sweet, bitter, umami, and sour sensors) connects each appro-
riate taste partner ganglion neuron in a taste bud. SARS-CoV-2
ay  invade these afferent neurons, and the colonization by the

irus interferes with sensory nerve conduction for a long time.
There are many examples of long-term sequelae after viral infec-

ion. Measles, Ebola virus, Chikungunya virus, and Epstein-Barr
irus have the potential to lead to autoimmune reactions [112,113].
lthough more research is required to elucidate the pathogenesis
f long COVID, another hypothesis for the persistence of the long-

asting impairment may  include a disturbed immune response in
euron compartments [28,114].
.8. How does SARS-CoV-2 affect xerostomia?

The expression of ACE2 in minor salivary glands was shown to
e higher than that in lungs [115]. In an animal study using Chi-
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nese macaques, ACE2 was found to be expressed in epithelial cells
lining salivary gland ducts. After intranasal inoculations of a pseu-
dovirus for SARS-CoV-1 that targets the same entry factor, ACE2,
as SARS-CoV-2, epithelial cells lining salivary gland ducts were
productively infected by the pseudovirus [116]. The results sug-
gested that SARS-CoV-2 could infect salivary gland cells. Salivary
gland specimens from COVID-19 patient autopsies were studied
with ACE2 and SARS-CoV-2 spike in situ hybridization (ISH) and
immunohistochemistry [16]. Chronic sialadenitis, including focal
lymphocytic sialadenitis, was the most common feature. SARS-
CoV-2 mRNA was detected in ACE2-expressing ducts and acini of
the minor and parotid salivary glands. Viral transcript expression
was regionally dependent on the acinar unit. Additionally, in an
acutely infected individual, the replication of SARS-CoV-2 was con-
firmed. Sialadenitis was correlated with the T cell response, and
mild-to-moderate sialadenitis was demonstrated with focal lym-
phocytic inflammation and epithelial injury. These study results
may  explain the cause of xerostomia. SARS-CoV-1 RNA can be
detected in saliva before disease-associated lung lesions appear
[115]. Salivary gland infection with SARS-CoV-2 may  initiate in
an early stage of the disease. A similar phenomenon has been
found in clinical courses of xerostomia among COVID-19 patients.
The reduced salivary flow may  partially affect taste impairment
(Fig. 5).

6.9. Varying severity and time course of impairment of taste and
disturbed salivary gland function

The SARS-CoV-2 viral load of nasopharyngeal swab samples
has been shown to correlate with the severity of COVID-19 [117].
Plasma levels of interferons and cytokines have been observed
to correlate with nasopharyngeal viral load. The viral load cor-
related significantly with the levels of IFN�, IFN�, TNF and
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)
in COVID-19 patients [83]. Viral load may  affect the severity and
time course of taste impairment and disturbed salivary gland func-
tion.

Cytotropic infection with SARS-CoV-2 is largely dependent on
the expression of ACE2 and other entry factors, as shown in
Fig. 2. Type 2 diabetes is one of the major risks for more severe
COVID-19. Notably, ACE2 expression is elevated in patients with
type 2 diabetes for metabolic adaptation [118,119]. This aspect
implies that the amount of ACE2 expression in taste buds and
salivary glands may  affect the severity of their impairment and
malfunction, though it is not clearly understood what pathologi-
cal mechanisms cause the severity differences including a variety
of taste impairment types such as hypogeusia, dysgeusia, and ageu-
sia.

In general, cellular invasion and replication of SARS-CoV-2 cause
pyroptosis that triggers secretion of proinflammatory cytokines
and chemokines, including IL-6 and IP-10, macrophage inflam-
matory proteins from neighboring epithelial cells, fibroblasts,
endothelial cells, and macrophages [120]. These proteins attract
monocytes, macrophages and T cells to the site of infection and pro-
mote further inflammation. T cell-based cellular immunity plays an
important role in the early phase of SARS-CoV-2 infection to clear
the virus and resolve the disease, and one of the functions is the pro-
duction of IFN� [114]. In a study of autopsy and outpatient samples
of COVID-19 salivary glands, T lymphocytic inflammation (CD3)
with increased proportions of B lymphocytes (CD20) and infiltra-

tion were predominant in focal lymphocytic sialadenitis [16]. These
inflammatory and immune responses to SARS-CoV-2 in taste buds
and salivary gland tissues may  vary in individuals, including based
on sex, age, and genetic variation.

i
e
n
t

119
Japanese Dental Science Review 57 (2021) 111–122

. Treatment for oral problems in COVID-19 patients

.1. Treatment recommendation for taste disorders

The duration of dysgeusia varies from 4 to 17 days [106–109].
eventy-nine percent of patients reportedly improve and do not
equire immediate treatment. However, it has been reported that
1.5% of patients do not recover at all and have residual disability.

n particular, SARS-CoV-2 exhibits neural invasion [91]. Therefore,
eurostimulants (steroids, B vitamins, and ATP) may  be expected
o treat taste disorders in COVID-19 patients. Levy [121] provided

 commentary on the recommended treatment for the sequelae of
lfactory and gustatory abnormalities, stating that at present there
re few interventions for the treatment of olfactory and gustatory
ysfunction after infection but that oral and topical corticosteroids,
hosphodiesterase inhibitors, nasal calcium buffers, nasal sodium
itrate, nasal vitamin A, which may  act to promote olfactory neu-
ogenesis, and nerve regeneration or antiinflammatory agents are
ffective [122,123], which may  act via regeneration or antiinflam-
ation activity, but that there is little quality evidence to justify

heir routine use in clinical practice.

.2. Treatment of the sequelae of xerostomia

There are no reports on the response of xerostomia to the seque-
ae of COVID-19, but infection treatment and oral hygiene have
een reported to reduce the severity of the disease [124]. There are
lso various therapeutic agents for COVID-19, but these medica-
ions can cause oral mucosal symptoms as well as xerostomia. For
xample, chloroquine/hydroxychloroquine, used to treat malaria
nd certain autoimmune diseases, can cause allergic lichenoid
eactions and xerostomia as oral symptoms. The combination of
opinavir and ritonavir, both approved for the treatment of HIV,

ay  be associated with side effects such as xerostomia, stomatitis,
nd oral ulcers. Interferon-�, a medication for multiple sclero-
is, also can cause xerostomia as a side effect [35]. Existing saliva
ecretagogues, such as cevimeline hydrochloride hydrate, pilo-
arpine hydrochloride, and Chinese herbal medicine, may  also be
romising [125–128]. Zinc supplementation can also be a potential
reatment for xerostomia as well as taste dysfunction. The rea-
on for this is that human salivary glands express metabotropic
inc receptor/GPC receptor 39 (ZnR/GPR39), which regulates saliva
ecretion from the submandibular gland. However, many patients
ith COVID-19 show decreased serum zinc levels [129,130], and

inc deficiency is thus believed to be a contributing factor to
erostomia associated with COVID-19. However, to evaluate the
reatment of xerostomia, it is necessary to perform objective eval-
ations, such as measuring saliva volume and analyzing salivary
omponents, before and after COVID-19 diagnosis to show a close
orrelation with the virus infection [22].

. Conclusion

Taste impairment and salivary dysfunction are high-incidence
ymptoms in COVID-19 patients. This symptom lasts long after
he infection disappears in some people and leads to deterio-
ation of their quality of life (QOL). This discomfort can be a
erious problem for those patients. To resolve these problems, it
s important to understand the pathogenesis of the disease. Much
mportant work has been carried out to understand COVID-19
athogenesis and develop treatments: the latest studies include
mmunohistochemical examination, RT-PCR, quantitative PCR, ISH,
lectron microscopic studies, single-cell RNA-sequencing analysis,
eutralization studies, cell culture studies, organotypic tissue cul-
ure studies, animal studies, transgenic animal studies, and so on.
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Recently, important advances have been reported in gustatory and
salivary impairment. Although some progress has been made, con-
siderable effort is still required for the in-depth elucidation of the
pathogenesis.
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