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Abstract

The COVID-19 pandemic caused by SARS-CoV-2 virus quickly spread globally, infect-
ing over half a billion individuals, and killing over 6 million*. One of the more unusual
symptoms was patients' complaints of sudden loss of smell and/or taste, a symptom
that has become more apparent as the virus mutated into different variants. Anosmia
and ageusia, the loss of smell and taste, respectively, seem to be transient for some
individuals, but for others persists even after recovery from the infection. Causes for
COVID-19-associated chemosensory loss have undergone several hypotheses. These
include non-functional or destroyed olfactory neurons and gustatory receptors or of
their supporting cells, disruption of the signaling protein Neuropilin-1, and disruption
in the interaction with semaphorins, key molecules in the gustatory and olfactory
axon guidance. The current paper will review these hypotheses and chart out poten-

tial therapeutic avenues.

KEYWORDS

1 | INTRODUCTION

In the first 2 months of the COVID-19 pandemic, unusual symptoms
of smell and taste dysfunction in 43.8% of patients associated with
an emerging global pandemic of COVID-19 patients were reported
(Guan et al., 2020). Since mid-March of 2020, when a German vi-
rologist first reported the prevalence of smell and taste dysfunc-
tion in COVID-19 patients at 66.7%, many subsequent studies have
confirmed this important symptom (Streeck, 2020). The range of
chemosensory dysfunction in infected patients varied. While some
experienced hypogeusia, areduced sense of taste, others complained
of dysgeusia, a distorted sense of taste, or ageusia, a complete loss
of it. Those infected could also experience parosmia, a distortion of
smell, hyposmia, reduced smell, or partial/complete anosmia, loss of
smell (Dicpinigaitis, 2021). For many scientists, this was the first time
they learned the medical terms that define chemosensory disorders
a debilitating condition affecting nutrition and the quality of life. A
recent systematic review of 22 studies shows pooled prevalence of
all COVID-19-associated olfactory dysfunction of 55%, and 40%,
each for anosmia and hyposmia, respectively (Esmaeili et al., 2021).
In the same study, the frequency of any gustatory dysfunction, and

chemosensory disorders, COVID-19, olfaction, SARS CoV-2, smell loss, taste, taste loss

separately, ageusia and dysgeusia were estimated to be 41%, 31%,
and 34%, respectively.

Although the sense of taste and smell are both detecting chem-
icals, olfactory and gustatory dysfunctions in COVID-19 patients
appear to be independent of each other. To understand the back-
ground of both chemosensory disorders, this review will cover them

separately.

2 | CLINICAL FEATURES, PREVALENCE,
AND SUSCEPTIBILITY

The clinical features of COVID-19 disease are diverse and vary from
individual to individual. Some patients are completely asympto-
matic, while others experience cold-like symptoms similar to other
viral respiratory system infections (Ripa et al., 2021). The COVID-19
literature is replete with chemosensory dysfunctions as a common
reported symptom in infected patients. Anosmia and/or ageusia,
therefore, are essential in distinguishing between COVID-19 from
other upper respiratory tract infections (Mastrangelo et al., 2021).
The timing of onset of the chemosensory disorder symptoms were
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also relevant. Symptoms of anosmia developed on average after
4.4days after the onset of SARS-CoV-2 infection and lasted on
average 9days. Of these patients, 98% recovered within 28days
(Klopfenstein et al., 2020). PCR testing of 77,167 potentially COVID-
19-infected patients found that anosmia and dysgeusia were early
symptoms of SARS-CoV-2 infection, and that COVID-19-positive
patients were 27.1-fold more likely to present anosmia or dysgeusia
than COVID-19-negative patients with other upper respiratory ill-
ness (Wagner et al., 2020).

Age distribution of the COVID-induced mortality in 22 stud-
ies across 45 countries was found lowest in the 5-9-year-old age
group, increasing by age in a linear-logarithmic fashion (O'Driscoll
etal., 2020). These data correlate with cytomegalovirus (CMV) infec-
tion in epithelial cells in which the presence of CMV increased with
age. CMV, like SARS-CoV-2 infection, is linked to the dysfunction
and constant activation of T cells leading to a massive recruitment
of immune cells. Another important finding was that Neuropilin 1 a
cell-surface receptor for a variety of physiological ligands was ob-
served as critical host factor for CMV infection (Gudowska-Sawczuk
& Mroczko, 2021; Lane et al., 2020). The very same molecule ap-
pears to be implicated in the mechanisms of chemosensory loss (see
further).

The prevalence of COVID-19 seems to correlate significantly
with the geography, ethnicity, genetics, age, gender, and severity
of the disease (Bartheld et al., 2020; Butowt & von Bartheld, 2021).
Studies outside of Asia have shown threefold higher prevalence of
smell and/or taste dysfunction with COVID-19 in Caucasians than in
Asian patients (Bartheld et al., 2020; Butowt & von Bartheld, 2021).

Arecent study determined genetic susceptibility for self-reported
anosmia or ageusia in COVID-19 disease. Genome-wide association
study found such a link with uridine -5' phosphate glucuronosyl-
transferase family 2A1/A2 (UGT2A1/UGT2A2) locus. UGT2A pro-
teins are found in the nasal epithelium and are part of a family of
enzymes that breakdown odorants that bind to olfactory receptors.
These findings may help with predictability and early diagnosis for
chemosensory disorders in COVID-19 (Shelton et al., 2022).

3 | PHYSIOLOGY OF SMELL AND TASTE

As air flows through the nasal air passage, airborne chemical com-
pounds are detected by specialized olfactory receptors located in
the olfactory neuroepithelium, covering the upper and middle tur-
binate. The olfactory neuroepithelium contains 25 million bipolar
olfactory sensory neurons (OSN) that send their axons across the
cribriform plate, before reaching the olfactory bulb, one of oldest
segments of the brain.

In addition to the OSNs, the olfactory neuroepithelium also con-
tains sustentacular cells (SuCs), microvillar cells, Bowman glands,
and basal cells (Fodoulian et al., 2020). The exposed aspect of OSN
displays olfactory cilia where odor molecules bind to approximately
400 specific olfactory receptors. There are at least 1000 olfactory
receptor genes but at least half of them are pseudogenes (Menashe

et al., 2003). Each olfactory neuron is thought to be attuned to a
single odorant. The axons of the olfactory neurons synapse in the
olfactory bulb, where depending on the odorant stimuli, a different
neuronal activity pattern is generated and interpreted accordingly
in the brain. The olfactory bulb contains several layers that include
the glomerular layer, where the primary neuronal axons synapse and
the mitral and tufted cell layer, the second order of olfactory neu-
rons. Roughly 25,000 primary olfactory neurons synapse with each
glomerulus. Each glomerulus receives input from the sensory neurons
expressing the same olfactory receptor protein (OR). The glomerulus
also receives the axons of about 100-second order olfactory neu-
rons, the mitral and tufted cells. This implies that every second-order
olfactory neuron receives input from several thousands of primary
olfactory neurons. Second-order olfactory neurons send projections
to the inferior surface of the temporal lobe where the primary olfac-
tory (piriform) cortex is located (Spielman et al., 2019).

ORs are structurally part of the G-Protein Coupled Receptor
family. Following binding, the receptor undergoes a conformational
change and activate elevation of the second messenger, cAMP lead-
ing to calcium influx and opening of calcium-dependent CI” channels
leading to further depolarization and action potential (Kaupp, 2010).

The ability to taste involves linking taste receptor cells from the
oral cavity to the brainstem, where information is propagated to the
insular lobe buried deep under the frontal, temporal and parietal
lobes for processing. Taste receptor cells, unlike olfactory neuronal
receptors, are epithelial in nature. They are embedded in the tongue
epithelium, the palate and pharynx, arise from the basal layer of the
taste bud and mature to become one of several specialized gustatory
receptor cells (Figure 1) (Lee et al., 2017; Roper & Chaudhari, 2017).
The half-life of a taste receptor cell is approximately 10-12 days, but
mature cells exposed to the oral cavity are limited to a few hours
before they shed into the oral cavity. We use different taste cells for

each major meal.
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FIGURE 1 Structure of a taste bud (Spielman et al., 2019,
reproduced with permission of John Wiley & Sons)



XU ET AL.

The taste cells are connected to the gustatory centers via several
cranial nerves. Each taste receptor cell detects a single taste quality
(Barretto et al., 2015). The fast-reproducing epithelial taste receptor
cells must reconnect with never-reproducing cranial nerves to pro-
vide signal fidelity for each taste quality.

This is achieved through two molecules belonging to the sema-
phorin axon guidance family of molecules (SEMA3A and SEMA7A).
Semaphorins help maintain the “labelled line principle” between
peripheral bitter or sweet receptors and their respective central
projection area in the gustatory center (Lee et al., 2017; Spielman &
Brand, 2018). The role of semaphorins in both gustatory and olfac-
tory systems and COVID-associated chemosensory disorders will be

explored in the next sections.

4 | CHEMOSENSORY DYSFUNCTION

Anosmia is a common chemosensory disorder, although it has
been brought to the forefront of public attention as an early symp-
tom of COVID-19. Post-viral olfactory dysfunction has been well-
characterized before. It is assumed to be due to the virus-induced
damage to the olfactory epithelium. It is common to upper res-
piratory infections caused by rhinovirus, parainfluenza virus,
Epstein-Barr virus, and other previously known coronaviruses
(Dicpinigaitis, 2021). The virus could be detected in the nasal dis-
charge of anosmic patients.

Typical symptoms of viral respiratory infections such as fever,
congestion, mucus secretion, or cough are the result of the host's
immune system to hinder viral replication and an attempt to trap and
expel the virus. Surprisingly, chemosensory dysfunction symptoms
in COVID-19 appear to be without mucosal congestion (Shelton
et al., 2022; Vaira et al., 2020). This suggests that compared to pre-
viously documented viral upper respiratory infections, SARS-CoV-2
may take an evasive pathway to diminish the hosts' immune re-
sponse. Although most cases of anosmia are transient, viral or post-
viral anosmia can be truly debilitating for individuals infected with
the SARS-CoV-2 virus irrespective of its duration.

Compared to olfaction, the gustatory system is relatively ro-
bust. Because of the epithelial (not neuronal) nature of taste re-
ceptor cells and wide distribution and innervation of the peripheral
gustatory system, taste loss is a relatively rare condition, even with
aging (Spielman, 2019). Most patients sense a decrease in the fla-
vor of food, primarily because of olfactory loss, rather than true
taste loss.

Most COVID-19 patients in the first 2days are asymptomatic,
while many experience a few symptoms, of which olfactory and
gustatory loss seem to be among the first. COVID-19 patients with
ageusia and anosmia do not seem to present symptoms of rhinitis,
typically associated with virus-induced upper respiratory illness
(Shelton et al., 2022; Vaira et al., 2020). In a recent study, the prev-
alence of overall taste loss in COVID-19 patients was 37% (Hannum

et al., 2022) in line with a previous study (Esmaeili et al., 2021).
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5 | MECHANISMS BY WHICH SARS-COV-2
MAY CAUSE ANOSMIA

To affect olfaction, SARS-CoV-2 must interact directly or indirectly
with components of the odorant processing pathway. These include
the olfactory neuroepithelium, the olfactory bulb, or the olfactory
cortex (Sharma et al., 2019). Here, we provide four hypotheses
for olfactory dysfunction as they evolved over the course of the

pandemic.

6 | THE OLFACTORY SENSORY NEURON
DESTRUCTION THEORY

At the beginning of the pandemic, the first mechanism of SARS-CoV-
2-induced anosmia was based on the analysis of data from post-viral
anosmia in rhinitis patients that also experienced damage to the
nasal olfactory epithelium (Han et al., 2020). These data showed
that even prior to COVID-19, other viral conditions lead to post-
viral anosmia. The symptoms of olfactory loss seemed to persist
for weeks to months until all damaged parts of the nasal olfactory
epithelium presumably regenerated (Yamagishi et al., 1994). Based
on prior viral pandemics, the COVID-19 experience led to the initial
hypothesis that a viral infection directly caused the destruction of
OSNs and consequent anosmia (Doty, 2021; Han et al., 2020). While
other upper respiratory infections caused nasal congestion and pos-
sibly loss of OSN, these symptoms proved inconsistent with the ex-
perience of anosmia. A multinational systematic study with a cohort
of over 30,000 patients, nasal congestion, and loss of OSN were
not the cause of anosmia. In 17 of these studies, 58.6% of patients
did not experience nasal congestion, and in nine studies, the mean
duration of subjective anosmia was only 9 days. Such inconsistency
cannot support the neuronal destruction hypothesis. Patients were
recovering from anosmia on average in 8-10days, while the turno-
ver rate for new olfactory neurons is much longer (Butowt & von
Bartheld, 2021).

7 | THE OLFACTORY SUSTENTACULAR
CELL DAMAGE THEORY

The next hypothesis for anosmia focused on the role of the sus-
tentacular cells and the role of proteins, ACE-2, the angiotensin-
converting enzyme 2 and TMPRSS, the transmembrane serine
protease, a cell-surface protein, in the viral binding and cell entry
(Hoffmann et al., 2020). The level of ACE2 expression in the nasal
epithelium is still controversial. One study found ACE2 expression
on ciliated OSN cells, while others demonstrated ACE2 expression
in the basal layer of the nasal epithelium (Hamming et al., 2004;
Sims et al., 2005). A single-cell RNA-sequence approach identi-
fied the specific cells of the olfactory epithelium that co-express
ACE2 and TMPRSS for SARS-CoV-2 binding and entry, and it was
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the non-neuronal supporting cells, the sustentacular cells (Han
et al., 2020). As a result, the hypothesis to understand the mecha-
nism of anosmia shifted from damage of OSNs to sustentacular sup-
port cells. Several further studies confirmed this hypothesis. In the
first study, a cohort of 12 golden Syrian hamsters were infected with
two different SARS-CoV-2 isolates followed by examination of the
nasal cavity. The olfactory epithelium (OE) was well-preserved in
the control animals but damaged by day two post-infection. After
the complete destruction of the olfactory epithelium at day four, the
OE began to recover and reached pre-infection thickness by 14 days
(Bryche etal., 2020). The quick 4-day recovery rate indicated that the
target could not have been the OSN which requires a much longer
replacement and ciliary maturation (Butowt & von Bartheld, 2021).
Double staining of the olfactory mucosa with specific markers of
mature OSNs and sustentacular cells clearly identified that only
sustentacular cells contained viral antigens. To establish a second-
ary, immune-cell mediated destruction of the OSN, the same study
demonstrated the presence of lonized Calcium-binding Adapter
Molecule (Ibal), a marker for monocyte/macrophage immune cells,
in the olfactory mucosa of infected animals, but not controls (Bryche
et al., 2020). These results confirmed that sustentacular cells were
targeted for infection by SARS-CoV-2 and the damage caused to
the olfactory epithelium was a result of death of SuCs and recruit-
ment of immune cells and inflammation of the OE (Han et al., 2020).
Figure 2 displays a theory of the SARS-CoV-2-induced destruction
of sustentacular cells and subsequent inflammation of the olfactory
neuroepithelium.

In a follow-up study (Fodoulian et al., 2020), collecting biopsies
via nasal endoscopic surgery from four adult patients, expression
of ACE2 and TMPRSS within the olfactory and respiratory epithelia

was confirmed. Bulk RNA sequencing was then performed on the

tissue to map out respiratory and olfactory epithelia datasets. A dif-
ferential expression analysis between the two datasets found that
olfactory-specific genes, including olfactory receptor genes OMP
and ERMN (a specific marker of SuCs), were abundant in the olfac-
tory samples. After evaluating the co-expression levels of ACE2 and
TMPRSS in different cellular populations, they recorded that suste-
ntacular cells in the olfactory epithelium and ciliated cells in the re-
spiratory epithelium showed the highest levels of expression of both
proteins (Fodoulian et al., 2020). With SARS-CoV-2 entering through
the ACE2 receptor, damage to sustentacular cells seems to explain
most of the transient anosmia experienced by COVID-19 patients.
This hypothesis, however, is still tenuous because the mechanism
of how a destroyed SuC signals to its nearby OSN, or the mecha-
nism by which SARS-CoV-2 enters olfactory receptor neurons from
sustentacular cells is unclear. This led into alternative hypotheses
that considers a different route of entry for SARS-CoV-2 (Cantuti-
Castelvetri et al., 2020).

8 | THE NEUROPILIN-1 THEORY

This theory involves the signaling protein Neuropilin-1 (NRP-1), a
protein, that like ACE2 and TMPRSS, helps SARS-CoV-2 to enter a
cell. The transmembrane form of NRP-1 has a ligand-binding site in-
tended for growth factors, a site that SARS-CoV-2 uses to attach and
evade the host immune system (Daly et al., 2020; Mayi et al., 2021).
Unlike the ACE2 receptor, NRP-1 is abundant in the olfactory and
upper respiratory epithelium (Butowt & von Bartheld, 2021) and
a binding site for Semaphorine-3A necessary for olfactory axonal
guidance (Schwarting et al., 2000). Similarly in taste, NRP-1 acts
as a co-receptor for Semaphorin-3A (SEMA3A), that guides signal
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transmission from bitter taste receptor cells to their respective bit-
ter target neurons (Lee et al., 2017; Spielman & Brand, 2018). While
NRP-1 has a ligand-binding site in its transmembrane form meant
for growth factors like VEGF, viruses such as SARS-CoV-2 have
seized this binding site to infect the host cell. In response, the host
cell protease, furin, cleaves Spike protein of SARS-CoV-2 into S1 and
S2 polypeptides, revealing a C-terminal motif rich in lysine and argi-
nine, also known as the C-end rule (CendR) (Li & Buck, 2021). The
CendR motif in S1 protein binds to NRP-1, thus increasing infectivity
of SARS-CoV-2. In another study, isolated cells from bronchoalveo-
lar lavage of patients suffering from severe-COVID-19 disease were
analyzed for RNA expression of Neuropilin-1, NRP-1 expression was
found in SARS-CoV-2-positive cells but not in control uninfected
cells (Cantuti-Castelvetri et al., 2020). Abundant in the olfactory and
respiratory epithelia and as a receptor of SEMASA, NRP-1 appears
to be a good candidate in the mechanism of anosmia associated with
SARS-CoV-2 infection.

A congenital condition, Kallman syndrome, a disease that causes
anosmia with delayed or absent puberty, received a renewed focus
following the NRP-1 hypothesis and potentially an impaired inter-
action between NRP-1 and SEMAS3A. Although Kallman syndrome
is a congenital disease that occurs from improper fetal neuronal
development, adult neuronal maintenance and regeneration still
requires the signaling pathway of NRP-1 and SEMASA interaction.
Therefore, it is reasonable to hypothesize whether SARS-CoV-2 in-
fects olfactory receptor cells via NRP-1, the resulting damage would
prevent its normal interaction with SEMA3A, leading to anosmia. It
should be noted that SARS-CoV-2 does not infect cells that express
NRP-1 alone without ACE2 co-expression. It appears that SARS-
CoV-2 binds to both NRP-1 and ACE2 with ACE-2 as a necessary
component, although the exact timing and mechanism is still unclear
(Gudowska-Sawczuk & Mroczko, 2021; Li & Buck, 2021). This adds
knew knowledge but also complexity to our understanding of the
mechanism of SARS-CoV-2-associated anosmia and the pathogene-
sis of the viral infection itself.

9 | THE OLFACTORY RECEPTOR
DOWNREGULATION THEORY

A fourth theory on the mechanism of SARS-CoV-2 induced anos-
mia could be caused by a non-cell-autonomous process, in which
in addition to all of the above factors—damage to OSNs, the death
of sustentacular cells, disruption of NRP-1, SEMA3A signaling, and
inflammation—come together, downregulation of olfactory recep-
tors and OR signaling genes is taking place (Zazhytska et al., 2022).
Persistent anosmia in human olfactory epithelium is due to SARS-
CoV-2 infection when damage of SuCs causes destruction of the OE
and alteration of genome organization of olfactory receptor clusters
in cis and trans in OSN. This results in a delayed restoration of OR
transcription because OR architecture only forms during differen-
tiation, which may take weeks to months to be replaced. Although
the downregulation in olfactory receptors and OR signaling genes

Leading i Oral, Maxilofacal, Hoad & Neck Medicne

was not directly observed to be the cause of anosmia, reduced gene
expression in each step of the pathway, from olfactory receptor pro-
teins, to their signaling molecules, and to the ion channels that direct
axon potentials were considered together.

This complex mechanism ties the cell-mediated viral damage to
sustentacular cells and OSN to non-cell autonomous mechanism
through impairment of OR transcriptome and SEM3A expression (?).
With the role of semaphorins in axonal guidance directly affecting
NRP-1 and SEMARZ3A interactions, this non-cell-autonomous mech-
anism includes both ACE2 and NRP-1 hypotheses in one complex
theory (Zazhytska et al., 2022).

10 | MECHANISMS BY WHICH SARS-
COV-2 MAY CAUSE TASTE DYSFUNCTION

Similar to the mechanisms of anosmia, several potential mechanisms
of SARS-CoV-2-mediated taste disruption have been put forward.
Many statistics of chemosensory disorders seem to indicate that
ageusia is a more common occurrence than anosmia; however, due
to the nature of many of these studies being self-reported, it is likely
that reported ageusia is confounded with olfactory loss (Deems
et al., 1991). While more recent studies have attempted to help pa-
tients distinguish between olfactory and gustatory losses by speci-
fying changes in taste qualities such as salty, sour, sweet, bitter, or
umami, it is still difficult to parse the mechanism of virus-induced
ageusia, from other chemosensory disturbances of other origin.
Most cases of gustatory loss, however, are either standalone symp-
toms or combined with olfactory loss. With these considerations,
there are two possible mechanisms for SARS-CoV-2 to affect gusta-
tory loss: directly or via indirect infection. Either the virus directly
infects and injures the taste receptor cells, or taste cell injury oc-
curs indirectly by inflammatory cytokines (Cooper et al., 2020). Most
cases of ageusia are transient. This is consistent with the idea that an
inflammatory immune response around taste cells may play a role in
gustatory loss through physical injury. This could be because by the
time the viral infection resolves, taste cells turn over and symptoms
of ageusia subside (Brann et al., 2020).

11 | THE GUSTATORY RECEPTOR CELL
DESTRUCTION THEORY

The earliest hypothesis for ageusia focused on the destruction of
the peripheral gustatory epithelial cells. Taste receptor cells are
epithelial in nature, reproduce from the basal layer, mature into indi-
vidual receptors or supporting cells in 10-12days, and are exposed
to gustatory stimuli only for hours. Any destruction of the taste cells
by the SARS-CoV-2 virus would be instantly replaced and any virus-
induced cell destruction would be limited. Furthermore, if the de-
struction was due to viral invasion of the peripheral cells, one would
have to demonstrate the presence of the virus in taste receptor cells,
and their absence in control patients.
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Looking for the expression of ACE2 and TEMPRSS in peripheral

taste tissue was an obvious choice since it is the main receptor of
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SARS-CoV-2 cell entry. Not surprisingly immunohistochemistry re-
vealed ACE2 and TMPRSS positive taste cells, gingival tissues, sali-
vary glands, surface epithelial cells of the tongue, and the exfoliated
epitheliain saliva (Doyle et al., 2021; Koyama et al., 2021). With ACE2
receptors present on the specialized epithelial taste cells, it was pos-
sible to infer a mechanism for SARS-CoV-2 to enter and disrupt nor-
mal gustatory functions. However, immunohistochemistry could not
detect SARS-CoV-2 in taste tissue from COVID-19 patients (Figure 3,
Sunavala-Dossabhoy and Spielman, unpublished). This would imply
that impairment of taste is not due to direct transduction of virus into
peripheral taste cells but rather a different mechanism either further

up in the signaling pathway or via an indirect mechanism.

12 | THE NEUROPILIN-1 THEORY

As shown previously, NRP-1 resides in both olfactory and respiratory
epithelia, and along with ACE-2 and TMPRSS-2, are co-expressed in
the gustatory nerve fibers VII, IX, and X (Vitale-Cross et al., 2022).
NRP-1 is important in axonal guidance through its interaction with
SEMASA that receives information from bitter taste receptor cells.
This increases the likelihood, but it is not yet proof that NRP-1 plays

arole in SARS-CoV-2-associated dysgeusia or ageusia.

13 | THE INFLAMMATORY CYTOKINE
THEORY

A further theory of taste-loss in COVID-19 patients is an indirect

bacterial-induced inflammatory cytokine storm that can damage

Intestine
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FIGURE 3 Thin sections from taste papillae and intestine of
healthy (control) (a-d) and COVID+ (e, f) individuals were stained
either with hematoxylin and eosin (a, b), or anti-SARS-CoV-2
nucleocapsid antibodies (e, f; Invitrogen cat # PA5-114532,

0.2 pg/ml, 4°C overnight). Image magnified at 40x obj. (Sunavala-
Dossabhoy and Spielman, unpublished)

gustatory nerves (lebba et al., 2021; Srinivasan, 2021). It is well
known that taste cell turnover, renewal, and function are affected
by the release of pro-inflammatory cytokines expressed in taste bud
cells (Wang et al., 2007). In healthy individuals, bacterial populations
in the oral cavity are well balanced and rarely lead to inflammation
and tissue damage. However, during a viral infection, the commensal
bacterial population shifts with several pathogens disproportion-
ately increasing (Wu et al., 2021). This imbalance is followed by an
inflammatory response that can lead to tissue damage. Several viral
infections like Herpes, HIV, influenza, all show bacterial shifts in the
oral cavity consistent with the above hypothesis (Srinivasan, 2021).
The increase in oral Prevotella salivae and Veionella infantium in oral
samples of COVID-19 patients were correlated with an increase
in inflammatory cytokines (lebba et al., 2021). The viral damage
may be directly affecting taste cells or indirectly via activated
macrophages, release of cytokines and injury to peripheral cranial
nerves (Figure 4). However, association is not causation. While no
direct proof of inflammatory cytokine-induced receptor cell or neu-
ral damage has been shown, the pathogenesis hypothesized here is

plausible but speculative.

14 | THERAPEUTIC STRATEGIES

It is difficult to develop therapeutics for COVID-19-induced anos-
mia or ageusia when the mechanisms of chemosensory loss are still
not fully understood. As of now, there is no effective treatment for
any chemosensory loss whether they are COVID-19 associated or
other viral/upper respiratory infection related. The enormous atten-
tion chemosensory loss has garnered since the start of the recent
pandemic will only help find therapeutic solutions to this forgotten
sensory infirmity. With the knowledge that we have so far treatment
could involve olfactory training using essential oils to help improve
olfactory function without drug intervention (Addison et al., 2021;
Hummel et al., 2009). A taste training method involving both essen-
tial oils and particular diets is also in development for use in clinical
settings (Koyama et al., 2021).

Based on the various mechanisms described in this paper, one
can start targeting specific molecules with drugs. If there is evi-
dence of a peripheral downregulation of the signal transduction in
olfaction, several molecules could be targeted. A boost in cAMP
by pentoxifylline, caffeine, and theophylline could be considered.
These agents inhibit phosphodiesterase that otherwise degrades
cAMP.

Insight into the pathogenesis specific to SARS-CoV-2 may help
research into the NRP-1 pathway for SARS-CoV-2 infection and
targeting the region where NRP-1 binds to the S1 of SARS-CoV-2
spike protein (Mayi et al., 2021). Alternatively, if there is evidence of
damage to the olfactory or gustatory nerves, the use of neuropro-
tective agents such as statins, antibacterial like minocycline, intrana-
sal vitamin A, omega 3, and melatonin is warranted. Corticosteroids,
statins, and melatonin can block inflammatory effects triggered
by viral infection and the indirect damage via cytokine storms. So
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FIGURE 4 Inflammatory cytokine theory of ageusia

far, these inhibitors have been studied in very small sample sizes
with insufficient frequency and limited reliability. In the context of
COVID-19, corticosteroids are the most studied among potential
treatment options, and despite its ability to block inflammation, its
use for SARS-CoV-2-induced anosmia and ageusia may pose other
health risks (Khani et al., 2021).

For treatment of ageusia, studies in rodents have shown that
topical application of a chemical compound, B-caryophyllene, im-
proves re-epithelialization of cutaneous wounds and RNA sequenc-
ing of the treated skin (Koyama et al., 2019). Thus, essential oils and
plants containing p-caryophyllene, such as lavender, rosemary, pep-
permint, sage, may be good candidates for taste training (Koyama
etal,, 2021).

15 | CONCLUSIONS

The field of SARS-CoV-2 research has exploded since the start of
the COVID-19 pandemic. Based on a PubMed search prior to 2020,
roughly 14,000 papers were published on coronavirus. In the past
28 months, up till the end of April 2022, an additional 160,000
studies have been completed. The compilation of clinical features,
epidemiology, prevalence, and mechanisms of the virus already lead
to a better understanding of the chemosensory symptoms. While
studies have proposed a variety of possible mechanisms for tran-
sient anosmia and ageusia caused by SARS-CoV-2 infection, less is

Leading i Oral, Maxilofacal, Hoad & Neck Medicne
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damage
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, Cytokl ne
storm

Cytokines

Activated
macrophage
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known about what predicts the permanence of these chemosen-
sory changes. Thus, future research should clarify the mechanism
and prognosis of SARS-CoV-2-induced anosmia and ageusia. Better
understanding will inevitably lead to better treatments and improve-
ment of the quality of life for such patients.

We have made considerable progress since the start of the
COVID-19 pandemic in understanding and preventing this disease.
In record setting time, five vaccines have been developed and au-
thorized in Europe, three in the United States, with a fourth await-
ing emergency authorization at the FDA. As of April 24, 2022, over
5 billion people worldwide have been vaccinated, roughly 67% of
the world population. Despite the half a billion infections, over -6
million deaths worldwide*, major economic downturn and societal
disruptions, science has made enormous progress during the past
2years in understanding COVID-19. The methods used in preventing
and countering this pandemic will provide improved tools for gener-
ation of vaccines for similar or new pandemics.

(*). Although the official number of COVID-19 death is at 6 mil-
lion, several studies suggest that this number is underreported.
Studies on the excess death suggest the true number may be as high
as 18 million (Adam, 2022; Wang et al., 2022).
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