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Highlights of the Study

• COVID-19 oral sequelae are symptomatically characterized, and their pathogenic mechanisms are
speculated.

• Gustatory and saliva secretory dysfunctions persist in up to 45% of COVID-19 survivors at follow-
ups of 3 weeks to 12 months.

• Persistent ageusia/dysgeusia and xerostomia/dry mouth are pathogenically related to SARS-CoV-
2 receptors expressed in the tongue and salivary glands and to SARS-CoV-2 infection-induced
zinc deficiency.
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Abstract
Diverse manifestations have been recognized to last for a long
time in patients infected with SARS-CoV-2. However, under-
standing of oral sequelae after recovery from COVID-19 is
relatively poor compared to that of oral symptoms in the
acute phase of COVID-19 and other COVID-19 sequelae. The
aim of the present study was to characterize persistent gus-
tatory and saliva secretory dysfunctions and to speculate on
their pathogenic mechanisms. Articles were retrieved by
searching scientific databases with a cutoff date of September
30, 2022. The literature search indicated that ageusia/dysgeusia
and xerostomia/drymouth are reported by 1–45%of COVID-19
survivors at follow-ups of 21–365 days and by 2–40%of COVID-
19 survivors at follow-ups of 28–230 days, respectively. The

prevalence of gustatory sequelae partly depends on difference
in ethnicity, gender, age, and disease severity of subjects. Co-
occurring gustatory and saliva secretory sequelae are patho-
genically related to either or both of the following: expression
of SARS-CoV-2 cellular entry-relevant receptors in taste buds
and salivary glands, and SARS-CoV-2 infection-induced defi-
ciency in zinc that is essential for normality of taste perception
and saliva secretion. Given the long-term oral sequelae, hos-
pital discharge is not the end of the disease; therefore, careful
attention should be continuously paid to oral conditions of
post-COVID-19 patients. © 2023 The Author(s).

Published by S. Karger AG, Basel

Introduction

Since the emergence of coronavirus disease 2019 (CO-
VID-19) caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), the disease has spread
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worldwide to reach over 617.7 million cases with over 6.5
million deaths as of October 1, 2022, according to the
Johns Hopkins University Coronavirus Resource Center
[1]. Over 3 years have passed since the first case of
COVID-19 was reported; it has been well recognized
that COVID-19 patients commonly present with fever,
cough, dyspnea, myalgia, fatigue, myocarditis, cardiomy-
opathy, arrhythmia, cardiac arrest, anorexia, nausea,
diarrhea, and chemosensory disorders. In addition to
these clinical manifestations, several symptoms specific
to oral tissues and functions are also associated with
COVID-19. They include impairments of taste such as
ageusia (complete taste loss) and dysgeusia (impaired
taste) that is classified into severe, moderate, and mild
hypogeusia (or amblygeustia), and impairments of saliva
secretion such as dry mouth, xerostomia (subjective
complaint of oral dryness), and hyposalivation (objective
reduction of salivary flow rates) [2, 3]. While early studies
intensively investigated COVID-19 symptomatology in
the acute phase of the disease, there is increasing evidence
that patients who have recovered from COVID-19 com-
plain of long-term effects of COVID-19 or sequelae such
as fatigue, headache, attention disorder, neurocognitive
disorder (brain fog), cough, dyspnea, and hair loss [4]. In
a follow-up study after 2 months from symptom onset,
87.4% of COVID-19 survivors reported at least one
persistent symptom, and 55% of them had three or
more sequelae [5]. However, understanding of post-
COVID-19 oral symptoms is relatively poor compared
with that of oral symptoms in the acute phase of COVID-
19 and other COVID-19 sequelae. Although gustatory
and saliva secretory dysfunctions are not life-threatening,
their persistence adversely affects overall quality of life of
COVID-19 survivors who have recovered from the dis-
ease. Given the expanding population of COVID-19
survivors and the ever-progressing studies on SARS-
CoV-2 infection, it is essential to update our knowledge
of COVID-19 oral sequelae and their pathophysiology.

There is neither generally accepted time period to
follow up on COVID-19 patients nor established termi-
nology for long-term effects of COVID-19 [6]. Green-
halgh et al. [7] defined post-acute COVID-19 as extend-
ing beyond 3 weeks from symptom onset and chronic
COVID-19 as extending beyond 12 weeks. As a consid-
erable number of COVID-19 patients recover from acute
chemosensory disorders within 3 weeks, symptoms last-
ing longer than 3 weeks could be referred to as COVID-19
sequelae. The aim of the present bibliographic review is to
characterize sequelae of gustatory and saliva secretory
dysfunctions after recovery from COVID-19 and spec-
ulate on their possible pathogenic mechanisms.

Methodology

A literature search was performed in PubMed/Medline, LitCo-
vid, and ProQuest with a cutoff date of September 30, 2022, by
using the following terms or combinations thereof: “SARS-CoV-
2,” “COVID-19,” “sequelae,” “persistent,” “ageusia,” “dysgeusia,”
“gustatory dysfunction,” “xerostomia,” “dry mouth,” and “salivary
secretion dysfunction.” Given the ever-progressing studies on
SARS-CoV-2 infection and COVID-19 symptomatology, the pre-
print databases medRxiv and bioRxiv were also used to retrieve the
most up-to-date information. The exclusion criteria were articles
not published in English, studies recruiting participants who had
not been diagnosed with SARS-CoV-2 infection by reverse
transcription-polymerase chain reaction (RT-PCR) and/or sero-
logical test, and studies including patients with primary Sjögren’s
syndrome that exerts adverse effects on saliva secretory and
gustatory functions. Cited papers in the retrieved articles were
further searched for additional references.

Results and Discussion

Gustatory Sequelae
Abnormalities in taste perception have been quantita-

tively and qualitatively assessed by using different terms. For
simplicity, ageusia, dysgeusia, and hypogeusia were collec-
tively expressed as “gustatory dysfunction” in the present
study. In addition to articles cited in a previous study [8],
thirty studies were newly cited to update information on
gustatory dysfunctions associated with COVID-19 and
characterize gustatory sequelae [5, 9–32] while comparing
them with gustatory dysfunctions in the acute phase of
COVID-19 [5, 9, 11, 13, 14, 19, 22, 24, 27, 32–37]. The
literature search included 64 studies on persistent gustatory
sequelae with a total of 23,476 COVID-19 survivors and 86
studies on the acute gustatory dysfunctions with a total of
42,759 COVID-19 patients. Although the retrieved studies
may be potentially biased, a meta-analysis was not per-
formed because of heterogeneity in the designs and data of
included studies. To evaluate the study quality, risk scores
were previously determined by different meta-analyses and
systematic reviews [38–40]; by referring to them, the overall
risk of bias of studies used in the present study is likely to be
low or moderate.

The literature search indicated that COVID-19 pa-
tients who have recovered from the disease complain of
gustatory dysfunctions (ageusia, dysgeusia, and/or hypo-
geusia) in geographically different cohorts (Fig. 1). Gus-
tatory dysfunctions persist with a prevalence of 1–45% in
COVID-19 survivors who were followed for 21–365 days.
Analysis of 8 observational studies by Moraschini et al.
[41] indicated that ageusia continues in 14.1% of COVID-
19 survivors at a mean 67-day follow-up. When
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summarizing the results of 29 different follow-up studies,
gustatory dysfunctions were reported by 13.6% of COVID-
19 survivors at 29.7-day follow-up, by 13.8% at 60.4-day
follow-up, and by 12.7% at 181.9-day follow-up [8], suggest-
ing that the prevalence is not significantly different between
short-term and long-term gustatory sequelae. Impairments
of taste are presumed to continue for at least 1 year after
recovery from COVID-19 [42, 43].

It is interesting that persistent parageusia (wrong or
inadequate taste sensation elicited by a taste stimulus) and
phantogeusia (taste sensation in the absence of a stimulus)
were observed in some follow-up studies. Parageusia and
phantogeusia were reported in 23.5% and 17.6% of
Italian subjects, respectively, at a mean 64-day follow-
up after SARS-CoV-2-negative nasopharyngeal swabs
[44]. In a British cohort, COVID-19 survivors reported
phantogeusia and parageusia with prevalence of 38.3%
and 14.9%, respectively, after 117–199 days from dis-
ease diagnosis, in addition to ageusia with prevalence
of 34.0% [26].

Geographical or Ethnic Differences
The prevalence of gustatory dysfunctions in the acute

phase of COVID-19 varies depending on geographical
or ethnic differences [2, 45]. As well as in the acute
phase, persistent gustatory dysfunctions showed differ-
ent prevalence rates in European, North American,
South American, East Asian, South Asian, and Middle
Eastern cohorts (Fig. 2a). Pooled prevalence (mean ±
SD) of gustatory sequelae detected at follow-ups of

3 weeks to 12 months was 16.2 ± 11.01% in Europe
(Italy, France, Spain, Germany, Switzerland, UK, Den-
mark, Belgium, Sweden, Norway, and Poland), 13.8 ±
8.8% in North America (USA and Canada), 11.5 ± 5.0%
in South America (Colombia), 3.8 ± 2.0% in East Asia
(China, Japan, South Korea, and Singapore), 10.0 ± 1.4%
in South Asia (India), and 20.6 ± 7.5% in the Middle East
(Iran, Israel, Turkey, Saudi Arabia, and Qatar). The
prevalence was significantly lower in East Asia than in
Europe (p < 0.005), North America (p < 0.01), South
America (p < 0.01), South Asia (p < 0.01), and the
Middle East (p < 0.0005), whereas there was no signifi-
cant difference between European, American, South
Asian, and Middle Eastern cohorts. Taste impairments
are unlikely to last for a long time in COVID-19
survivors of East Asia compared to those in other areas.
Geographical difference or ethnicity could be a risk
factor for gustatory sequelae, which may be supported
by comparisons between different cohorts. When Chi-
nese COVID-19 patients were followed up, 3.6% of 55
patients with mild to severe disease complained of
hypogeusia after 3 months from hospital discharge
[20]. In a cohort of mostly Japanese subjects, 4.8%
and 1.6% of 63 patients reported ongoing dysgeusia
60 and 120 days after symptom onset, respectively
[46]. On the other hand, a French cohort showed that
ageusia persists in 10.8% of COVID-19 survivors
110 days after hospital admission [21]. At follow-ups
of 3–7 months, the prevalence of gustatory sequelae
ranged from 1.6% to 7.3% in Chinese and Japanese

Fig. 1. Prevalence of gustatory sequelae in
COVID-19 survivors at different follow-
ups after disease diagnosis, symptom onset,
and/or hospital discharge.
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subjects, compared to 5.0–42% in European, American,
and Israeli subjects [20, 21, 23]. Andrew et al. [15]
comparatively assessed oral symptoms of 114 CO-
VID-19 patients, consisting of white (81.6%), Asian
(15.8%), black/African/Caribbean (1.3%), and mixed/
multiple ethnic (1.3%), 52 days after symptom onset.
They found that ethnicity (being white) positively in-
fluences the recovery of taste (p = 0.022).

The prevalence of gustatory dysfunctions in European
populations was compared between the acute phase of
COVID-19 and after recovery from COVID-19 (Fig. 2b).
Pooled prevalence (mean ± SD) was 60.4 ± 14.5% for the
acute phase, 16.7 ± 12.8% at follow-ups of ≤1 month, 16.0 ±
11.4% at follow-ups of >1–2months, 16.9 ± 10.0% at follow-
ups of >2–6 months, and 16.3 ± 8.2% at follow-ups of >6
months. Although the prevalence is lower in COVID-19
survivors compared with the acute phase (p < 0.001 for all
follow-ups), no significant difference was observed between
different follow-up time, suggesting that gustatory dysfunc-
tions last for a significantly long time and that their duration
can be over months following recovery from COVID-19.
Even at 1-year follow-up, gustatory sequelae were reported
by 12.7–22.0% of Italian COVID-19 survivors after symp-
tom onset [42, 43] and by 1.4–1.9% of Chinese COVID-19
survivors after hospital discharge [29, 30].

Gender
Gender difference may influence gustatory sequelae

because the prevalence of gustatory dysfunctions in the
acute phase of COVID-19 is different between female and

male patients [2, 3, 9, 47, 48]. Algahtani et al. [9]
comparatively assessed COVID-19 symptoms in 808
Saudi Arabian subjects who had recovered from CO-
VID-19. Ageusia persisted in 69.5% of female and 30.5%
of male COVID-19 survivors, with a statistically signifi-
cant difference (p = 0.0001). Females accounted for 83.7%
of the subjects who presented with ageusia and/or anos-
mia persisting for more than 60 days after disease onset.
In a Swiss cohort, ageusia persisted in 12.5% of female but
6.0% of male outpatients after 30–45 days from disease
diagnosis and in 18.2% of female but 14.1% of male
outpatients after 7–9 months from disease diagnosis
[31]. Augustin et al. [49] followed up 958 German CO-
VID-19 patients 1.7–6.8 months after onset of symptoms
and demonstrated that the prevalence of ageusia is 13.9%
in females and 7.3% inmales. At 52-day follow-up, female
gender negatively influenced the recovery from gustatory
dysfunctions of British COVID-19 survivors [15]. Thus,
being female is considered a risk factor for gustatory sequelae
in COVID-19 survivors; however, some follow-up studies
suggested no significant relation between gender and long-
term taste alteration. Although Kim et al. [24] performed
multivariate analysis of 900 South Korean COVID-19 pa-
tients, 6 months after disease diagnosis or onset of symp-
toms, persistent ageusia was not associated with gender and
disease severity. Indian and Turkish COVID-19 survivors
showed no significant difference in prevalence of gustatory
dysfunctions between females and males after 2 weeks to
3 months from disease diagnosis and 2–4 weeks after
hospital discharge, respectively [27, 50].

a b

Fig. 2. a Prevalence of gustatory sequelae in geographically different cohorts. b Prevalence of gustatory
dysfunctions in the acute phase of COVID-19 and at different follow-ups after recovery from COVID-19.
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Age
Occurrence of gustatory dysfunctions in the acute

phase of COVID-19 is not necessarily associated with
the age of patients. When comparing acute ageusia and
dysgeusia, children showed significantly lower prevalence
of gustatory dysfunctions than adults in French and
Israeli cohorts, whereas younger patients more frequently
reported taste and smell impairments in South Korean,
Spanish, Italian, and Turkish cohorts [2].

Moreno-Pérez et al. [17] studied 277 Spanish patients
aged 42–67.5 years with mild to severe COVID-19
10–14 weeks after discharge from hospital. The preva-
lence of dysgeusia/anosmia was 24.9% for patients under
65 years of age but 13.5% for patients over 65 years (p =
0.03). At 12-month follow-up of 304 Italian patients with
mild to moderate COVID-19, the risk of persistence of
symptoms was significantly higher in subjects aged
40–54 years than in other ages (p = 0.029) [42]. In a
195-day follow-up study of South Korean subjects, the
persistence of ageusia was associated with age over
50 years (p = 0.024, compared with other years) [24].
These results suggest that the age of patients influences
gustatory sequelae with a higher prevalence in relatively
old age. However, a cross-sectional assessment of Indian
COVID-19 patients after 2 weeks to 3 months from
disease diagnosis indicated no statistically significant
relation between taste alteration and age (<35 years
vs. >35 years) [27]. Since old age per se is associated
with alterations of gustatory perception, it remains in-
conclusive whether the age of COVID-19 survivors is a
determinant for gustatory sequelae.

Severity of Disease
In the acute phase of COVID-19, taste is more fre-

quently impaired in mildly symptomatic and non-severe
cases than in severe to critical cases, and asymptomatic,
mild, moderate, severe, and critical COVID-19 patients
present with ageusia in decreasing order of prevalence [2].
With respect to gustatory sequelae associated with CO-
VID-19, Garrigues et al. [21] comparatively assessed 120
French hospitalized patients in wards and patients in
intensive care units (ICU) at 110-day follow-up after
hospital admission. Although the prevalence of ageusia
was 10.8% overall, ageusia persisted in 16.7% and 9.4% of
ICU and ward patients, respectively. When Zhang et al.
[29] and Fang et al. [30] followed up 2,433 and 1,233
Chinese subjects after 1 year from hospital discharge, they
observed that taste is impaired in 2.2–2.5% of COVID-19
survivors with severe disease and 1.1–1.5% with non-
severe disease. However, these comparative results were
not statistically significant. In a South Korean cohort, the

persistence of ageusia at least 6 months after symptom
onset was not associated with moderate severity of CO-
VID-19 [24]. Gustatory sequelae may occur independ-
ently of the severity of COVID-19.

Saliva Secretory Sequelae
Abnormalities in saliva secretion have been assessed by

using different terms. For simplicity, xerostomia, dry
mouth, and hyposalivation were collectively expressed
as “saliva secretory dysfunction” in the present study.
The present review included 7 studies [27, 29, 50–54]
for saliva secretory sequelae with a total of 654 COVID-19
survivors and 13 studies [27, 34–37, 47, 48, 52, 53, 55–58]
for saliva secretory dysfunctions in the acute phase of
COVID-19 with a total of 2,283 patients. As the number of
relevant studies and subjects was smaller compared with
gustatory dysfunctions, all the retrieved articles were used
to characterize symptomatically without a meta-analysis,
while some of them may potentially be biased for saliva
secretory sequelae. An analysis of the quality of 4 studies
(including 946 participants) on COVID-19 xerostomia
showed that the risk of bias is low or moderate [59].

The literature search indicated that COVID-19 survi-
vors complain of saliva secretory dysfunctions (Fig. 3a).
Saliva secretory sequelae were reported by 2–40% of
COVID-19 survivors followed up for 28–230 days.
Although the prevalence of xerostomia and dry mouth
after recovery from COVID-19 is lower than that in the
acute phase of COVID-19 (mean prevalence of 18.5% vs.
42.5%, p < 0.001), it is clear that saliva secretory dys-
functions persist for a long time (Fig. 3b). Impairments of
saliva secretion were observed at follow-ups of
1–2 months and >2–4 months with the prevalence of
16.2 ± 0.84% and 20.5 ± 6.8% (mean ± SD), respectively.

Characterization of Saliva Secretory Sequelae
Although ethnicity (geographical difference), gender,

and age are associated with xerostomia and dry mouth in
non-COVID-19 populations, these factors do not neces-
sarily determine the prevalence of saliva secretory dys-
functions in the acute phase of COVID-19 [60]. As the
number of comparative studies on saliva secretory se-
quelae is limited, unlike COVID-19 gustatory sequelae, it
is inconclusive whether the prevalence of saliva secretory
sequelae correlates to geographical or ethnic difference.
Biadsee et al. [52] followed up 97 Israeli subjects
7.6 months after recovery from COVID-19 and revealed
that the prevalence of dry mouth is 14.4% overall, 8.2%
for females (16.7% in females), and 6.2% for males (14.0%
inmales). However, the gender difference was not statisti-
cally significant (p = 0.905). Nor was female gender a
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significant determinant of persistent xerostomia in an
Italian cohort (n = 122) followed up 104 days after
hospital discharge [51] and in a Turkish cohort (n =
107) followed up 2–4 weeks after hospital discharge [50].
The prevalence of xerostomia 2 weeks to 3 months after
disease diagnosis was found to be related neither to
gender nor to age in 100 Indian subjects [27]. In 100
Colombian COVID-19 patients followed up to assess
their symptoms after 7 months from symptom onset,
xerostomia persisted in 25.7% of 35 ambulatory patients
(with mild COVID-19), 19.5% of patients with severe
COVID-19, and 37.5% of patients with critical COVID-
19, but without statistically significant difference [54].
Taken together, it appears that gender, age, and disease
severity are not necessarily associated with COVID-19
saliva secretory sequelae.

Association between Saliva Secretory and
Gustatory Dysfunctions
Out of retrieved articles, 7 articles dealt with not only

gustatory dysfunctions but saliva secretory dysfunctions
after recovery from disease, and 13 articles focused on the
acute phase of COVID-19. In all these 20 studies, xero-
stomia was reported together with ageusia/dysgeusia by
COVID-19 survivors after 28–270 days from disease
diagnosis, symptom onset, or hospital discharge
(Fig. 4a) and by COVID-19 patients (Fig. 4b). Studies

on oral symptoms in Italian [37, 51, 53, 55], Colombian
[54], Chinese [48], Indian [27, 28, 35, 36], Israeli [47, 52],
Egyptian [56, 57], Turkish [50, 58], and Saudi Arabian
[34] cohorts concluded that persistent saliva secretory
dysfunctions can occur simultaneously with persistent
gustatory dysfunctions irrespective of geographical or
ethnic difference. The prevalence of xerostomia was
moderately correlated with that of ageusia/dysgeusia
(Fig. 5). Both oral symptoms are presumed to co-occur
in the acute phase of COVID-19 and persist after recovery
from COVID-19.

Possible Pathogenic Mechanisms
COVID-19 patients present with gustatory and saliva

secretory dysfunctions, both of which last for a long time in
COVID-19 survivors, giving insights into the pathogenic
mechanisms common to co-occurring oral symptoms.

ACE2 Responsible for Cellular Binding of SARS-CoV-2
Spike protein, one of four major structural proteins

encoded by the SARS-CoV-2 genome, plays a primary
role in recognition of the host cell receptor and cellular
entry of the virus. SARS-CoV-2 binds to cellular receptor
angiotensin-converting enzyme 2 (ACE2) through its
spike protein, followed by the fusion between viral and
cellular membranes that is mediated by cellular protein
convertase Furin and transmembrane serine protease 2

a b

Fig. 3. a Prevalence of saliva secretory sequelae in geographically different cohorts at different follow-ups after
recovery from COVID-19. b Comparison of prevalence between saliva secretory dysfunctions in the acute phase
of COVID-19 and saliva secretory sequelae after recovery from COVID-19.
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(TMPRSS2) [61]. The spike protein consists of two
subunits: S1 responsible for ACE2 binding and S2 re-
sponsible for membrane fusion. The S1 subunit interacts
with the ACE2 receptor on host cells, and subsequently,
the spike protein is cleaved by Furin at the S1/S2 site to
dissociate the S1 subunit. After the S1 dissociation,

TMPRSS2 cleavage at the S2’ site of the S2 subunit causes
fusion between the viral envelope and the host cell
membrane, allowing SARS-CoV-2 to enter host cells.

Xu et al. [62] explored public genomic databases and
suggested that ACE2 is expressed in human oral tissues,
especially in dorsal tongue. Sakaguchi et al. [63] per-
formed RT-PCR analysis and immunochemical staining
of human pathological samples collected from non-
COVID-19 patients. They demonstrated that ACE2, Fur-
in, and TMPRSS2 are abundantly present not only in taste
receptor cell-containing taste buds and taste bud-locating
papillae but also in ductal, acinar, and myoepithelial cells
of salivary glands. ACE2 and TMPRSS2 are co-localized
in human parotid, submandibular, sublingual, and minor
salivary glands, and concentrated in their acini and ducts
[3]. Matuck et al. [64] conducted ultrasound-guided
postmortem biopsies in COVID-19 fatal cases and im-
munohistochemically found that ACE2 and TMPRSS are
expressed in the ductal epithelium and serous acinar cells
of the parotid and submandibular glands and minor
salivary glands. Their ultrastructural investigation
showed that spherical viral particles consistent in size
and shape with Coronaviridae family exist in the ductal
lining cell cytoplasm, acinar cells, and ductal lumen of the
submandibular and parotid glands. SARS-CoV-2 infec-
tion of major and minor salivary glands was also con-
firmed by using autopsy tissues from COVID-19 patients.

a b

Fig. 4. a Prevalence of gustatory and saliva secretory sequelae after recovery from COVID-19. b Prevalence of
gustatory and saliva secretory dysfunctions in the acute phase of COVID-19 in different cohorts. E, Europe; SAm,
South America; SA, South Asia; ME, Middle East.

Fig. 5. Relation in prevalence between saliva secretory and gus-
tatory dysfunctions.
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Given the expression of viral cellular entry-relevant bio-
factors and the viral detection in oral tissues, SARS-CoV-
2 is able to target the oral cavity. The cytopathic activities
of SARS-CoV-2 induce the functional disorders of target
cells [65]. Taste buds and salivary glands expressing the
viral cellular receptor ACE2 are attacked by SARS-CoV-2
to receive collateral damage, which adversely affects taste
perception and salivary secretion. Damaged taste bud
cells require weeks to proliferate and recover their func-
tions, and the turnover of saliva-producing acinar cells
ranges from 50 to 125 days. Thus, we can speculate that
gustatory and saliva secretory dysfunctions may persist
after recovery from COVID-19.

Genes encoding biofactors relevant to the viral cel-
lular entry vary depending on ethnicity as comparative
genetic analyses indicated that ACE2 and TMPRSS2 are
expressed with significant differences between Asian
and European populations [2], being consistent with
the ethnic characteristics of COVID-19 gustatory se-
quelae. Since ACE2 and TMPRSS2 expression is not
different between females and males, gender differences
in prevalence of gustatory sequelae could be due to
those in taste responsiveness and the number of
taste buds.

TRPV1 Interacting with SARS-CoV-2
Transient receptor potential (TRP) channels are ex-

pressed in various tissues infected with SARS-CoV-2 [66].
Among the TRP superfamily, transient receptor potential
vanilloid 1 (TRPV1) contains the ankyrin repeat domains,
while the spike protein of SARS-CoV-2 contains two
ankyrin binding motifs. TRPV1 expression is activated
by infection with several viruses, including respiratory
rhinovirus and syncytial virus, measles virus, herpes sim-
plex virus, hepatitis C virus, etc. [67]. It is presumed that
TRPV1 is responsible for cellular binding and infection of
SARS-CoV-2, therefore participates in symptoms, suscept-
ibility, and pathogenesis of COVID-19.

There is evidence that TRPV1 is expressed in the oral
cavity and plays important roles in oral functions and
various pathophysiological conditions [68]. TRPV1 im-
munoreactivity is distributed in the taste papillae and
palate of rats [69], and TRPV1 is present in the tongue
and palatal epithelia of rats [70]. Marincsák et al. [71]
confirmed the expression of TRPV1 in the basal layers of
the human tongue epithelium. Such TRPV1 expression
correlates with the sensation of sour and salty taste [72,
73]. Immunohistochemical and RT-PCR experiments on
rats also indicated the localization of TRPV1 in myoe-
pithelial, acinar, and ductal cells of the submandibular,
sublingual, and parotid glands [74]. Ding et al. [75]

revealed that TRPV1 is expressed in human submandib-
ular glands and localized in their serous acinar and ductal
cells. By interacting with TRPV1 in the tongue and
salivary glands, SARS-CoV-2 could affect their functions
through its cytopathic effects to impair taste and secretion
of saliva.

Zinc Deficiency Associated with SARS-CoV-2 Infection
Zinc is essential for the physiology of taste buds and

taste stimulus-transmitting nerves and also for the regen-
eration and maintenance of taste cells [76, 77]. Zinc is
present at high levels in taste bud membranes [78] and is
also localized in the membrane surfaces, granules, and
vesicles of the glandular epithelial cells and in the pits of
the myoepithelial cells in submandibular glands [79]. Zinc
deficiency has a negative impact on vallate papillae; it leads
to a decrease in the number and size of taste buds [80] and
also taste sensitivity and saliva secretion [81]. When cells
and tissues become deficient in zinc for some pathological
reason, their physiological functions are significantly per-
turbed; therefore, zinc homeostasis is tightly controlled at a
cellular level by the zinc-binding proteins zinc metalloen-
zyme, zinc metallothionein, and zinc transporter. Zinc
metalloenzyme carbonic anhydrases bind to cellular zinc
with high affinity and require zinc for their activity. Yagi
et al. [82] discovered that isozyme carbonic anhydrase VI
is localized in human tongue taste buds and salivary glands
and participates in the growth, development, and main-
tenance of taste buds and fungiform taste papillae. Among
zinc metallothioneins, isoform metallothionein-3 was
found in rat taste buds [83] and in human salivary glands
[84]. In addition, zinc transporters were identified in
human salivary glands [85]. These zinc-binding proteins
are involved in in vivo zinc homeostasis to modulate taste
perception and saliva secretion.

Different cohorts showed that serum zinc concentra-
tions (mean ± SD) were 64.8 ± 7.5 μg/dL in COVID-19
patients and 88.3 ± 14.0 μg/dL in healthy subjects [8].
Viral infection induces hypozincemia by redistributing
zinc from the blood to and accumulating zinc in the liver
at the expense of zinc in other tissues as observed in sepsis
and infectious systemic inflammation [77]. The resulting
zinc deficiency in peripheral tissues affects or damages the
cells that require zinc to maintain their normal functions.
Comparative studies have suggested that serum zinc
concentrations are significantly decreased in COVID-
19 patients and that hypozincemia persists after recovery
from COVID-19. Yasui et al. [86] studied Japanese CO-
VID-19 patients who had been admitted to ICU and
finally discharged from hospital after treatment; these
patients had serum zinc concentrations below or near the
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zinc deficiency cutoff concentration for 4 weeks after
disease onset. Zinc deficiency-induced effects on gusta-
tory and saliva secretory functions could persist in CO-
VID-19 survivors, causing oral sequelae of ageusia/
dysgeusia and xerostomia/dry mouth.

Supporting Hypothetical Evidence
Compared with Alpha (B.1.1.7), Beta (B.1.351), Gam-

ma (P.1), and Delta (B.1.617.2) variants, Omicron
(B.1.1.529) undergoes more mutations, with at least 32
mutations in the spike protein. Although the Omicron
variant shares several mutations with previous variants,
the receptor-binding domain (RBD) in Omicron’s spike
protein has 15 mutations. Such a mutation profile not
only increases infectivity but characterizes clinical symp-
toms of the Omicron variant. It is becoming evident that
patients infected with the Omicron variant complain of
ageusia and dysgeusia with a relatively low frequency
compared with other SARS-CoV-2 strains and variants
[87, 88]. Xerostomia is very unlikely to occur frequently
in patients infected with the Omicron variant as only one
case was reported in the Omicron infection [89].

Wu et al. [90] measured affinity constants of the RBDs
of different SARS-CoV-2 isolates for human ACE2. The
affinity constant was 6.01 ± 3.02 × 107, 26.91 ± 0.46 × 107,
and 0.37 ± 4.66 × 107 L/mol for the wild type, the Delta
variant, and the Omicron variant, respectively, indicating
that binding of the Omicron variant to the ACE2 receptor
is significantly weaker than that of other SARS-CoV-2
strains. When comparing the binding affinity for human
ACE2, a dissociation constant (KD) was 31.4, 25.1, 24.6,
5.4, 13.8, and 11.0 nM for Omicron, Delta, prototype,
Alpha, Beta, and Gamma spike RBD, respectively [91],
and 19.5, 10.0, 22.1, 6.7, and 25.1 nM for Omicron sub-
variant BA.1, BA.2, BA.3, Alpha, and Delta spike RBD,
respectively [92]. Molecular dynamic simulation indicated
a stronger interaction of the Omicron variant with human
ACE2 than the Wuhan wild type but much weaker than
the Delta variant [93]. Jawaid et al. [94] revealed that the
Omicron variant exhibits weakened ACE2 binding com-
pared with the Delta variant. In a comparative assessment
by Du et al. [95], the Omicron variant also showed weaker
membrane fusogenicity than Delta, Lambda, and Mu
variants. It could be speculated that affinity of the Omicron
variant for the cellular entry-relevant biofactors present in
tongue taste buds and salivary glands may be lower than
that of other SARS-CoV-2 strains and previous variants of
concern, resulting in less impact of the Omicron variant on
taste perception and saliva secretion to lower the preva-
lence of oral sequelae in COVID-19 survivors.

Turkish patients with asymptomatic, mild, moderate,
and severe COVID-19 had serum zinc concentrations of
64.9 ± 12.4 µg/dL, 60.1 ± 18.1 µg/dL, 56.9 ± 22.1 µg/dL,
and 56.5 ± 18.1 µg/dL, respectively, which were lower
than 87.3 ± 33.5 µg/dL seen in healthy subjects [96].
Hypozincemia was detected in 4%, 6%, and 9% of Russian
patients with mild, moderate, and severe COVID-19,
respectively [97]. In an Iranian cohort study, serum
zinc concentrations were 94.2 ± 26.0 µg/dL for CO-
VID-19 patients who died, 98.8 ± 30.5 µg/dL for CO-
VID-19 patients who were admitted to ICU, and 118.8 ±
34.4 µg/dL for COVID-19 patients who survived after
admission to non-ICU [98]. Taken together, the decreas-
ing degree of serum zinc concentrations is considered to
depend on the severity of COVID-19. Many COVID-19
cases due to the Omicron variant are asymptomatic or
mild [99]. A comparative study by Christie [100] dem-
onstrated that the risk of hospitalization is lower in
Omicron cases compared with Delta cases. Sigal
[101] reported that COVID-19 during the Omicron
wave is milder at a population level than COVID-19
during Beta and Delta waves. Since most cases of
Omicron infection are asymptomatic or mildly severe,
the Omicron variant is unlikely to induce severe zinc
deficiency. Relatively mild zinc deficiency would de-
crease the prevalence of gustatory and saliva secretory
dysfunctions in the acute phase of COVID-19 and after
recovery from COVID-19.

Conclusions

A significant number of COVID-19 survivors com-
plain of ageusia/dysgeusia and xerostomia/dry mouth
even after 7 months to 1 year after recovery from the
disease. Co-occurring gustatory and saliva secretory
sequelae are pathogenically related to either or both
of (i) expression of SARS-CoV-2 cellular entry-relevant
receptors in taste buds and salivary glands and (ii)
SARS-CoV-2 infection-induced deficiency in zinc that
is essential to maintain normality of taste perception
and saliva secretion. Although oral symptoms associ-
ated with COVID-19 are not life-threatening, their
long-term persistence gives a strong negative impact
on overall quality of life. Given the possibility that
gustatory and saliva secretory dysfunctions persist after
recovery from COVID-19, hospital discharge is not the
end of COVID-19. Careful attention should be contin-
uously paid to oral conditions of post-COVID-19
patients.
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