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ABSTRACT

Coronavirus disease (COVID-19) caused by novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
is an ongoing pandemic and presents a public health emergency. It has affected millions of people and continues
to affect more, despite the tremendous social preventive measures. The therapeutic strategy relies on suppressing
infectivity and inflammation, along with immune modulation. The identification of candidate drugs effective for
COVID-19 is crucial, thus many natural products including phytochemicals are also being proposed for repur-
posing and evaluated for their potential in COVID-19. Among numerous phytochemicals, limonene (LMN), a
dietary terpene of natural origin has been recently showed to target viral proteins in the in-silico studies. LMN is
one of the main compounds identified in many citrus plants, available and accessible in diets and well-studied for
its therapeutic benefits. Due to dietary nature, relative safety and efficacy along with favorable physicochemical
properties, LMN has been suggested to be a fascinating candidate for further investigation in COVID-19. LMN
showed to modulate numerous signaling pathways and inhibits inflammatory mediators, including cytokines,
chemokines, adhesion molecules, prostanoids, and eicosanoids. We hypothesized that given the pathogenesis of
COVID-19 involving infection, inflammation, and immunity, LMN may have potential to limit the severity and
progression of the disease owing to its immunomodulatory, anti-inflammatory, and antiviral properties. The
present article discusses the possibilities of LMN in SARS-CoV-2 infections based on its immunomodulatory, anti-
inflammatory, and antiviral properties. Though, the suggestion on the possible use of LMN in COVID-19 remains
inconclusive until the in-silico effects confirmed in the experimental studies and further proof of the concept
studies. The candidature of LMN in COVID-19 treatment somewhat appear speculative but cannot be overlooked
provided favorable physiochemical and druggable properties. The safety and efficacy of LMN are necessary to be
established in preclinical and clinical studies before making suggestions for use in humans.

1. Introduction

remarkable approach in drug discovery. Identifying candidate drugs
effective for COVID-19 is crucial until the development of a vaccine

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection, termed coronavirus disease 2019 (COVID-19), is an ongoing
pandemic and represents a public health emergency; it has affected mil-
lions and continues to affect more despite tremendous social preventive
measures. So far, there is no cure for the disease, and no specific medicine
or vaccine is available for its treatment except supportive management [1,
2]. The current pace of research for finding therapeutic agents for
SARS-CoV-2 with regard to the repurposing of drugs has been a
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against it. Currently, numerous efforts are ongoing to accelerate the dis-
covery and development of preventive and effective therapeutic mole-
cules against SARS-CoV-2 infections [3]. In the past few months since the
emergence of COVID-19, several compounds have emerged as promising
alternatives such as remdesivir, lopinavir, ritonavir, interferon-g, riba-
virin, chloroquine/hydroxychloroquine, azithromycin, tocilizumab, and
ivermectin [4]. The repurposing of drugs mainly concentrated on antivi-
rals, antibiotics, anti-inflammatory and immunomodulatory agents [5].
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The use of the above-mentioned drugs in COVID-19 patients is mostly
empirical because of the lack of randomized controlled trials demon-
strating their efficacy and safety. Considering the emergence of
COVID-19-related mortality, effective medications are required to
improve the prognosis of patients and curb the spread of the virus [5].
From a pharmacological perspective, all these drugs have the potential to
block the virus from entering host cells, prevent viral replication, and/or
attenuate the exacerbation of the host's immune response [5].

The clinical manifestations of COVID-19 range from mild to severe
disease with the extensive involvement of the lungs, from pneumonia to
acute respiratory distress syndrome (ARDS), acute liver injury, acute
cardiac injury, and neurological manifestations that may lead to multi-
organ failure with poor prognosis [6, 7]. Severe lung disease with
extensive alveolar damage and progressive respiratory failure leads to
deadly outcomes [8]. The fatalities are higher in elderly people with
cardiometabolic diseases, cancer, those that are immunocompromised,
or with co-morbidities. A recently published report showed a case with
significant interstitial lymphocyte infiltrates in the lung tissue, lympho-
penia, and hyperactivation of T-cells in peripheral blood [6, 7]. Inflam-
matory and immune responses are important to eliminate infection, but
may have a significant impact on SARS-CoV-2 pathogenesis, and may
play a role in the expression of the clinical spectrum of COVID-19 disease
[9]. Following SARS-CoV-2 infections, abnormal release of cytokines and
pro-inflammatory molecules are closely related to lung injury [6, 7]. Such
uncontrolled release of cytokines, namely interleukin (IL)-1f, IL-6, and
monocyte chemoattractant protein (MCP)-1, coupled with a decreased
number of natural killer cells may result in the so-called “cytokine storm”
[10]. Immune dysregulation, rather than viremia levels per se, has been
related to the massive pro-inflammatory cytokine secretion by alveolar
macrophages and subsequent CD4" and CD8" T cell dysfunction
observed in SARS-CoV-2 infection [11]. Hence, until specific vaccines
become available, the use of antiviral agents alone may not be sufficient
to stop the cytokine storm and respiratory distress in severely ill patients.
In an attempt to reduce overall mortality, it is therefore essential to
identify new therapeutics capable of preventing or mitigating the cyto-
kine storm and sequelae. Inmunomodulators of natural origin could be
valuable for use as preventive as well as therapeutic adjuvant in miti-
gating the cytokine storm and associated sequelae. COVID-19-driven
complications and their pathogenesis mainly involve the
immune-inflammatory cascade; therefore, the available approaches
emphasize this cascade to reduce inflammation and immune modulation
[9, 12]. Several research projects are ongoing across pharmaceutical,
biotechnological, and academic sectors for the discovery of novel drugs,
as well as vaccines, for COVID-19.

Among the numerous therapeutic avenues to be explored, natural
products have received much attention owing to the increased applica-
tion of their anti-inflammatory, immunomodulatory, and antioxidant
properties; moreover, they are regarded as important sources of new
antimicrobial, anti-inflammatory, and immunomodulatory compounds
[13, 14]. Essential oils (EOs) are known for their potent antiviral,
anti-inflammatory, and immunomodulatory activities [15, 16]. Given the
interplay between viral infections and the immune-inflammatory axis,
EOs appear to be promising therapeutic agents in the interference with
the redox immune-inflammatory cascade as they could play a significant
role in the regulation of immune-inflammatory processes in the airways
[15, 16]. Since ancient times, EOs have been used in traditional medicine
and food and have proven safety and efficacy. They have shown bene-
ficial effects in numerous diseases and exert systemic effects; therefore,
they represent potential candidates for the management and treatment of
COVID-19 [17, 137]. EOs are complex mixtures of lipophilic and volatile
terpene compounds predominantly found in aromatic plants. These are
commonly consumed in diets and are known to exert potent antimicro-
bial, anti-inflammatory, immunomodulatory, and antioxidant properties
[18]. Several experimental and a few clinical studies have demonstrated
that EOs could be valuable agents for the treatment of immune
system-related diseases [15, 16]. EOs alone or in combination are also
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very well indicated for the treatment of respiratory infections caused by
bacteria or viruses. These are believed to be safe and synergistic with
potent pharmacological effects, including antihistamine and antioxidant
effects [19]. Among the many constituents of EOs, one of the most
common compounds that have received attention is limonene (LMN),
due to its action specifically on SARS-CoV-2. A recent study showed that
LMN obtained from the EOs of geranium and lemon is effective in
reducing the epithelial expression of angiotensin-converting enzyme 2
(ACE2), an integral membrane glycoprotein, the receptor that facilitates
the binding of the SARS-CoV-2 spike via its receptor-binding domain and
further releases its RNA, which gets translated into viral proteins [20].
Furthermore, these proteins form a replication complex to generate
additional RNA that assembles with the viral proteins so new viruses can
be released. Thus, blocking ACE2 in epithelial cells may prevent virus
entry into the host cells and eventually inhibit viral infection. In addition,
LMN was found to reduce the mRNA levels of transmembrane protease
serine 2 (TMPRSS2), which is expressed in human lung cells [20].
TMPRSS2, as a host cell factor, is critical for S-protein priming during the
entry and spread of SARS-CoV-2 and is dispensable for development and
homeostasis; thus, inhibiting TMPRSS2 may block viral entry and
represent an attractive drug target [21]. ACE2 and TMPRSS2 receptors
are crucial viral gateways in oral, lung, and intestinal epithelial cells and
the ocular surface constituting important routes of SARS-CoV-2 invasion;
therefore, downregulation of these receptors can be important in pre-
venting the entry and spread of the virus [22, 23]. The interruption of
entry at any stage of fusion/replication of SARS-CoV-2 may become a
potential strategy for the development of antiviral agents [20, 24]. In
another recent study, LMN derived from the EO of Ammoides verticillata
was studied in silico for activity against SARS-CoV-2, which showed
favorable properties for drug-likeness [25].

LMN is a cyclic monoterpene that constitutes about 98% of the EOs in
the peel, leaf, and flower of many citrus fruits, including oranges, man-
darins, lemons, pummelos, grapefruits, and limes [26]. The concentra-
tion of LMN varies between 32% and 98% depending on the variety, for
example, in bergamot (32-45%), lemon (45-76%) and sweet orange
(68-98%) [27]. In addition to citrus fruits, it is also abundantly found in
edible plants such as neroli, thyme, rosemary, lavender, ginger, perilla,
sage, cranberries, mint, cherries, lemongrass, lavenders, hemp, licorice,
hops, mushrooms, celery, cardamom, and caraway [26, 27]. LMN is
widely used in foods, pharmaceuticals, beverages, and industrial sol-
vents, owing to its flavor and aroma [26]. It also possesses numerous
therapeutic effects, including anti-inflammatory [28], antioxidant [29],
antiviral [30], immunomodulatory [31, 32, 33], anti-nociceptive [34],
anticancer [35], antidiabetic [36], analgesic [37], cardioprotective [38,
391, neuroprotective [40], hepatoprotective [29] and gastroprotective
[41]. A comprehensive review is available demonstrating the health
benefits of LMN in health and diseases elsewhere and is out of scope of
the present review [136]. In the present review, we present a perspective
of probable use of LMN on infection, immunity and inflammation within
the scope of COVID-19 pandemic.

In this article, we hypothesized that LMN could be a candidate
compound for potential use in COVID-19 due to its notable immuno-
modulatory, anti-inflammatory, and antiviral properties which may limit
the severity and progression of the disease. Herein, we discuss the
possible mechanisms of LMN in SARS-CoV-2 infections based on previous
and recent findings on its immunomodulatory, anti-inflammatory, and
antiviral properties. A scheme for the effect of LMN on infection,
inflammation, and immunity in the context of SARS-CoV-2 is also pro-
posed and depicted in Figure 1.

1.1. LMN as a potential inmunomodulator

The immune system is the central player dealing with all types of
infections, including SARS-CoV-2. Immunomodulation is aimed at
modifying the immune response either via augmentation to prevent in-
fections in a state of immunodeficiency or by suppressing the immune
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Figure 1. Possible propsed effect of limonene (LMN) on infection, inflammation, and immunity in the context of SARS-CoV-2.

system in allergies or autoimmune diseases, where the goal is to weaken
the immune system. In the early stages of SARS-CoV-2 infection, mac-
rophages exhibit a pro-inflammatory phenotype (M1), producing nitric
oxide, IL-6, IL-8, IL-1$, ROS, MCP-1, CXCL-10, and TNF-a, which mediate
host defense against the virus, but also promote lung injury. TNF-a is a
principal initiator of inflammation, a mediator of cell death, differenti-
ation, and immune modulation. Meanwhile, anti-inflammatory macro-
phages (M2) become activated and regulate healing once the pathogenic
agent is eliminated, restoring the lung tissue. Additionally, natural killer
(NK) cells play an important role in the innate immune system by elim-
inating virally infected cells. LMN administered orally enhanced IFN-y
production in KHYG-1 cells, a human NK cell line, in addition to reducing
the stress response [31].

Aside from these, LMN also showed immunomodulatory potential by
exhibiting anti-inflammatory activity mainly on Th2 cytokines, including
IL-4, IL-5, and IL-10, in mouse primary splenocytes [42]. LMN isolated
from Citrus latifolia had potential anti-inflammatory effects in peritonitis,
likely by inhibiting pro-inflammatory mediators present in inflammatory
exudate and leukocyte chemotaxis [43]. LMN and its metabolites,
limonene-1-2-diol and perillic acid, were shown to inhibit the production
of IFN-y, IL-2, TNF-a, IL-4, and IL-13 by CD3" CD4" T cells, and the
production of IFN-y, IL-2, and TNF-a by CD3" CD8" T cells [33]. Addi-
tionally, LMN showed favorable modulation of upregulated CD25, CD69,
and CD40L by activated T lymphocytes. LMN also showed immunoreg-
ulatory activity in an LPS-induced pleurisy model by inhibiting NO and
the cytokines IFN-y and IL-4 [44]. LMN was observed to inhibit
LPS-stimulated inflammation by blocking the NF-xB, JNK, and ERK
pathways in macrophages [45].

COVID-19 has a significant impact on mental health and may
adversely impact immune function in the health workers as well as in
post-recovery survivors [46]. Psychosocial issues such as stress, anxiety,
and depression are believed to increase susceptibility to viral upper

respiratory infections [47]. Psychological distress is linked with
immune-inflammatory responses and suggests that psychoneur-
oimmunity can be important in COVID-19 infections. Many of the EOs
are known for relieving stress, treating depression, and aiding with
insomnia. Subsequently, LMN and its metabolites have been shown
useful in alleviating depression, anxiety, stress mediating
anti-inflammatory, immunomodulatory, and antioxidant properties
[48]). Mechanistically, antidepressant activities were shown to mediate
Gamma aminobutyric acid (GABAergic), monoaminergic, and neuro-
trophic mechanisms, as evidenced by the inhibition of
hypothalamic-pituitary-adrenal axis hyperactivity and the reduction of
monoamine neurotransmitter levels [49, 50]).

LMN also showed to control hyperlocomotion by regulating dopa-
mine and serotonin levels [51], and exert potent anxiolytic effects in
experimental models mediating antioxidant action [52, 53].
LMN-containing plants such as Aloysia polystachya, traditionally used in
anxiety, has been evaluated in adults following oral intake for eight
weeks in a randomized, double-blind, placebo-controlled, phase 2 clin-
ical trial and was found to be superior to placebo for the treatment of
anxiety [54]. Thus, considering its anxiolytic, antidepressant, and seda-
tive properties, LMN could be an important agent to favorably modulate
psychoneuroimmunity in COVID-19 patients.

To repurpose or identify drug candidates for COVID-19, it is benefi-
cial if the drug has a favorable safety and efficacy profile, coupled with a
multitargeted mechanism of action capable of synergistically mitigating
the cytokine storm and acting as an immunomodulatory agent rather
than an immunosuppressant drug. Regarding the possible concerns about
immunosuppression during acute infections, it is important to emphasize
that LMN improves survival in animals and does not increase mortality
during infections. In this context, LMN could be a promising candidate
based on encouraging preclinical reports and its relative safety in few
studies in humans. However, further evidences are still needed to
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confirm its beneficial activities in preclinical studies and translate these
benefits to therapeutic effects in humans, either as a plausible agent or an
adjuvant in the treatment of COVID-19.

1.2. LMN as a potential anti-inflammatory agent in inflammation

The innate immune response is related to the inflammatory process
since the release of inflammatory mediators (cytokines, ROS, etc.) by the
various cells of the immune system (neutrophils, macrophages, lym-
phocytes) activates adaptive immunity but enhances inflammation. T
helper cells, in turn, activate other types of cells (monocytes, B cells, etc.)
via the release of cytokines, such as TNF-a, IL-1p, and IL-2, which prog-
ress the inflammatory cascade [55]. Several studies have demonstrated
the anti-inflammatory activity of LMN, its metabolites and derivatives, or
plants containing high amounts of LMN in LPS-induced macrophages,
monocytes, or eosinophils. It was found that LMN can inhibit
pro-inflammatory cytokines, inflammatory mediators such as iNOS and
COX-2, and the production of NO and prostaglandin E2 [28], [56], and
reduce CD18 frequency in human lymphocytes [57].

Furthermore, LMN activates peroxisome proliferator-activated re-
ceptor (PPAR)-« signaling and inhibits liver X receptor (LXR)-f signaling
[58, 59]. PPAR-a agonists showed favorable modulation of lipid meta-
bolism by increasing the ability of hormone nuclear receptors, such as
PPAR-a and estrogen-related receptor alpha (ERR-a), to drive the tran-
scription of fatty acid oxidation enzymes by increasing the levels of
peroxisome proliferator-activated receptor-gamma coactivator la
(PGC-1a). The role of activating PPAR-a and lipolysis was shown to
reduce hepatitis C virus genotype-associated lipid metabolic disorders in
liver diseases [60]. PPAR-a activation also beneficially influences
inflammation in alveolar epithelial cells and suggests the potential use-
fulness of PPAR-o in ARDS [61]. LMN, being natural and dietary could be
a safer alternative or add on with synthetic PPAR-a. Taken together, the
role of LMN as a PPAR-a agonist seems promising to regulate lipid
metabolism, along with additional regulatory roles on cell proliferation
and differentiation, vascular homeostasis and atherosclerosis, the im-
mune system, and inflammation. Thus, LMN may be a candidate to
modulate the orchestrated immune-inflammatory events in COVID-19.

Patients with COVID-19 usually present with acute respiratory
distress, causing acute lung injuries characterized, in particular, by
elevated levels of IL-6, which correlate with the severity of the disease
pathology, prognosis, and mortality [10, 62]. Acute lung injury refers to a
characteristic form of parenchymal lung disease, characterized by bilat-
eral pulmonary infiltrates, alveolar-capillary vasculitis with neutrophil
infiltration, and pro-inflammatory cytokine release in COVID-19.
Elevated IL-6 levels have also been demonstrated to contribute to acute
lung injury in murine models [63], similar to those observed in patients
with severe acute respiratory syndrome and those with COVID-19, where
inhibition of IL-6 appears to mitigate acute lung injury [63, 64]. Many
therapeutic strategies have been developed against IL-6 in the context of
SARS-CoV-2-induced cytokine storm, including one effective agent,
tocilizumab. However, it causes numerous adverse effects such as liver
damage, thrombocytopenia, leukopenia, serious infections, gastrointes-
tinal perforations, hypertension, skin reactions, and anaphylaxis [65].
Furthermore, in healthy elderly humans, dietary supplementation with
LMN was found to reduce IL-6 [66]. LMN acts as a ligand and an agonist
for adenosine A(2A) receptors. The adenosine A(2A) receptor has been
shown to exert anti-inflammatory effects in a murine model of acute lung
injury [67]. This indicates that LMN may have a protective effect on
pulmonary function, mediating the amelioration of inflammatory medi-
ators and the reduction in lung resistance and elastance. Taken together,
LMN could be important to target acute lung injury in COVID-19.

In extra-pulmonary manifestations of SARS-CoV-2 infections, cardiac
injury also occurs in patients with critical illness. Patients with cardio-
vascular diseases, such as ischemic heart disease and hypertension, have
an increased risk of severe disease and death. Systemic infection and
inflammation may cause acute thrombosis by activating platelets,
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vasoconstriction of the coronary artery, hypoxemia, enhanced sympa-
thetic tone, altered heart rate, coagulation pattern, and impaired endo-
thelium [68]. LMN has been shown to inhibit atherogenesis by inhibiting
endothelial adhesion molecules, inducing an antiarrhythmic effect [69],
and amelioration of acute myocardial injury by restoring hemodynamics,
cardiac function, suppressing oxidative stress, cardiomyocyte cell death,
and inflammation by inhibiting the mitogen-activated protein kinase
(MAPK)/NF-kB pathway [39, 69]. Infants exposed to LMN odors for 2
min had a significantly decreased heart rate and an increased para-
sympathetic nervous activity [70]. Cardiovascular complications in pa-
tients with COVID-19 arise from altered sympathetic activity,
coagulation, hemodynamics following infections, and inflammation.
Given the protective effect of LMN on all these factors, it may have a
therapeutic role in cardiovascular risk factors and squeal in COVID-19.

In patients with COVID-19, one of the common issues is liver injury/
dysfunction. This may be due to the virus itself or other concurrent
conditions, such as hepatotoxicity caused by the drugs (such as antipy-
retics or immunomodulatory agents) used in COVID-19 management,
along with the co-existence of systemic inflammation, acute respiratory
distress syndrome-induced hypoxia, multiple organ failure, or the pres-
ence and progression of chronic liver diseases [71]. Patients with
COVID-19 suffering from severe liver dysfunction are more vulnerable
and have a poor prognosis. The hepatoprotective effects of LMN have also
been demonstrated against acetaminophen-induced hepatotoxicity; it
acts by inhibiting mitochondrial oxidative stress, lipid peroxidation, and
improving glutathione levels [72, 73]. LMN attenuated pro-inflammatory
cytokines, increased levels of antioxidants including glutathione, cor-
rected altered lipid profiles, and restored liver function parameters in
drug-induced liver toxicity in diabetic animals [36] and it was reported
that LMN also reduced chronic stress-induced hepatotoxicity [29]. In-
testinal inflammation may also occur in patients with COVID-19 due to
the SARS-CoV-2-mediated reduction of mucosal ACE2 following viral
entry, resulting in elevated angiotensin levels as well as elevated TNF-a
and tryptophan deficiency [74]. LMN showed protective effects on the
epithelial barrier and ameliorated intestinal inflammation by inhibiting
TNF-a-induced NF-xB translocation [66] as well as the NOS, COX-2, LOX,
PGE2, TGF-B, and ERK1/2 signaling pathways [75]. It also increased the
antioxidant and mucosal defense; moreover, it attenuated
pro-inflammatory cytokines, such as NF-kB, and reduced neutrophil
infiltration [41].

In COVID-19, there is an increased risk of secondary bacterial in-
fections in critically ill patients, causing complications and even death
[76]. LMN is an important constituent in the EOs of many plants, such as
Monarda punctate [77], Schinus molle [ 78], and Juniperus spp [79]. LMN in
these plants have been attributed to exert potent antibacterial effects
against frequently encountered infection-causing pathogens, including
Streptococcus pyogenes, methicillin-resistant Staphylococcus aureus, Strep-
tococcus pneumoniae, Haemophilus influenzae, Escherichia coli, Klebsiella
pneumoniae, Mycoplasma pneumoniae, and Brochothrix thermosphacta.
Additionally, LMN also acts as an analgesic as it exhibits antihyperalgesic
effects against mechanical hyperalgesia mainly by inhibiting the syn-
thesis of pro-inflammatory cytokines and their attenuating their conse-
quences [37, 80]. The other mechanism demonstrated for the analgesic
effect of LMN is the inhibition of nociception induced by oxidative
stress-induced TRPA1 activation in TRPAl-gene-deficient mice [81].
Many derivatives have been developed for LMN, and one of the epoxide
derivatives of LMN inhibited inflammatory mediators, vascular perme-
ability, migration of neutrophils, and systemic and peripheral
analgesic-dependent effects of the opioid system [82].

Furthermore, LMN also showed reactive oxygen species or free
radical scavenging and Fe?' chelating activity against free radicals in
numerous in vitro assays such as ABTS, DPPH, FRAP, and ORAC [83, 84],
promoting mitochondrial biogenesis [59] and improving endogenous
antioxidants in vivo in many tissues [78, 84]. Prolonged oxidative stress
causes DNA damage, alters the transcription of various genes, impairs
macromolecules, and causes plasma membrane damage following lipid
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peroxidation. Oxidative stress also initiates and contributes to numerous
signaling  pathways, including inflammasomes, Nrf2/Keapl,
TLR4/HMGB1, MAPK, and SIRT/PGCl-a, leading to the release of in-
flammatory mediators and cytokines that sustain inflammation involving
metabolic reprogramming of innate immune cells. LMN has been shown
to modulate a majority of the signaling pathways that contribute to the
redox immune-inflammatory signaling that results in organoprotective
effects. In addition to lungs, COVID-19 affects almost all organ systems,
including the heart, brain, liver, kidney, intestine, and the coagulation
system. Thus, the organoprotective effects demonstrated in experimental
models in vivo are encouraging to speculate the therapeutic benefits of
LMN.

1.3. LMN potential as an antiviral agent

The antiviral properties of LMN as well as plants containing LMN are
represented in Table 1. The antiviral activity of LMN is mediated mainly
by inhibiting viral replication through direct action on the virus. LMN
was reported to exhibit antiviral activity against HSV-1 strain KOS using
RC-37 cells by diminishing its infectivity by up to 100% via inhibition of
replication in early phases of infection, in a dose-dependent manner [30].
Its antiviral activity was found to be comparable to that of acyclovir. LMN
present in the EO of Citrus reshni is attributed to moderate inhibition of
the avian influenza A virus (H5N1) [85]. The EO of Lippia alba containing
LMN showed inhibition of yellow fever virus in Vero cells as evidenced
from the MTT assay [86]. The EO of Jungia polita and Buddleja cordobensis
showed inhibitory activity against dengue virus type 2 (DENV-2) [87].
The antiviral activities of LMN against HSV-1, influenza, yellow fever,
and dengue virus is appealing and suggest that it needs to be tested for its
antiviral activity in further in vitro or in vivo studies.

1.4. LMN's selectivity for respiratory systems

In a systematic review, LMN was found to be effective in both pre-
venting and controlling respiratory system injuries through its anti-
inflammatory properties [88]. LMN attenuated acute lung injury by
inhibiting inflammatory cells, pro-inflammatory cytokines, blocking
phosphorylation of IkBa , NF-kB-p65, p38-MAPK, c-Jun NH2-terminal
kinase (JNK), and extracellular signal-regulated kinase induced by lipo-
polysaccharide (LPS) [89]. LMN and the ozone-LMN reaction mixture
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were found to reduce inflammation in the lungs due to their
anti-inflammatory and antioxidant properties [32].

LMN also showed suppression of airway inflammation by reducing
airway hyper-responsiveness and eosinophilic infiltration and increasing
T helper (Th) 2 cytokine production. Furthermore, it reduced the levels of
IL-5, IL-13, eotaxin (a potent eosinophil-specific chemoattractant), MCP-
1, and TGF-$ in the eosinophils and lungs, while preserving lung histol-
ogy [90]. LMN also reduced goblet cell metaplasia, smooth muscle
thickness, and fibrosis of the airways [91]. LMN ameliorated
ovalbumin-induced inflammatory and oxidative stress [92]. LMN also
enhanced mucociliary clearance and ciliary beat frequency and was
found to be comparable to salbutamol and superior to that of N-ace-
tylcysteine [93]. One of the formulations containing LMN, known as
Myrtol®, has been demonstrated to possess antioxidant,
anti-inflammatory, and antimicrobial properties, along with secretolytic
and bronchospasmolytic effects. This formulation has been suggested for
use in several acute and chronic infections of the upper and lower airway
system such as acute and chronic rhinosinusitis, acute and chronic
bronchitis, and chronic obstructive pulmonary disease [94].

1.5. Pros and cons on safety and efficacy of LMN

A recent review comprehensively presented regulatory toxicology
data, pharmacokinetic aspects and drug delivery strategies for LMN [95].
For a long time, LMN has been consumed in human diets and is used for
medicinal purposes to promote health and well-being. It is also an
important constituent of many herbal formulations. The lemon balm
which is one of the source of LMN has been given the status of “generally
recognized as safe” (GRAS) that is indicative of relative dietary safety
within certain limits. The tolerable daily intake for LMN has been pro-
posed 0.1 mg/kg/day that equates to 6 mg/day in humans [Filipsson
et al. 1998] and in a questionnaire based dietary assessment survey the
estimated consumption of LMN through consumption of citrus foods
(fruit, juice and peel) was found that the mean intake of LMN was about
13 mg/day [96]. Numerous studies have demonstrated the safety profile
of LMN following oral intake [97], and also showed safe in humans [54,
66]. LMN is considered a low toxic food additive that is devoid of gen-
otoxicity [98], immunotoxicity [99], mutagenicity [98], and carcinoge-
nicity. It has been shown to possess satisfactory bioavailability in the
liver, kidney, brain, and blood following oral intake. It has been

Table 1. The antiviral activities of LMN or LMN containing plants.

Sources Inhibitory concentration (IC 50) Virus Mechanisms Ref.
LMN 5.9 pg/ml Simplex virus type 1 using RC-37 cells Plaque reduction [30]
Cleopatra mandarin 2.45 Avian influenza A Plaque reduction assay [85]
Heterotheca latifolia >150, 90 and >250 HSV-1, JUNV and DENV-2 Plaque reduction assay (Vero cells) [123]
Lippia junelliana >150, 20 and >250 HSV-1, JUNV and DENV-2 Plaque reduction assay (Vero cells) [123]
Lippia turbinate >150, 14 and >250 HSV-1, JUNV and DENV-2 Plaque reduction assay (Vero cells) [123]
Aloysia triphylla >250 DENV-2, JUNV and HSV-1 Plaque reduction assay (Vero cells) [87]
Gaillardia megapotamica 140.6, 49.8, and 99.1 DENV-2, JUNV and HSV-1 Plaque reduction assay [871
Pectis odorata 39.6, 36.6, and 71.5 DENV-2, JUNV and HSV-1 Plaque reduction assay [87]1
Lippia alba 100 Yellow fever virus Plaque reduction assay [124]

Citrus bergamia 100% inhibition at 0.3%

Influenza virus type A HIN1 - [125]

Citrus limonum - Vero cells, HSV-1 Plaque reduction assay [126]
Juniperus communis >10000 HSV-1 Plaque reduction assay [126]
Eucalyptus cinereal 13 pg/ml Coxsakie virus B3 [127]
Lepechinia salviifolia 68.8, 81.9 HSV-1 and HSV-2 Plaque reduction assay [128]
Lepechinia vulcanicola 112, 68.9 HSV-1 and HSV-2 Plaque reduction assay [128]
Lippia alba 10.1, 0.4, 32.6, 21.1, 4.9 DENV-1, 2, 3, 4, YFV 17 DD Plaque reduction assay (Vero cells) [129]
Lippia citriodora Kunth 19.4 pg/ml Yellow fever virus Plaque reduction assay (Vero cells) [129]
Lippia alba 4.3 and 15.2 Yellow fever virus Plaque reduction [861]

Mentha suaveolens 0.87 pg/ml Cytopathogenic murine norovirus Plaque reduction assay [130]
Trachyspermum ammi 80% reduction at 500 pg/ml Japanese encephalitis virus Plaque reduction assay [131]
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conveniently given as an inhalation, since it appears bioavailable and
effective in the respiratory tract [95]. LMN has also been shown to
improve the stability, drug delivery, and bioavailability of many agents
such as lycopene, curcumin, and glimepiride, and exert a synergistic
anti-inflammatory activity [100, 101, 102, 103]. It has also been
observed that LMN behaves as a prodrug because its metabolites exhibit
better therapeutic potency and efficacy [104]. Perillic acid is an impor-
tant bioactive metabolite and a biomarker of LMN metabolism in human
plasma. Despite the demonstrated potential organoprotective effects, in
some studies showed to manifest skin sensitization, neurotoxicity and
hepatotoxicity following the use of this agent [95].

In a recent systematic review, LMN has been revealed effective in
preventing and controlling respiratory system injuries mediating anti-
inflammatory actions [88]. Additionally, another recent review pre-
sents that LMN upon exposure to humans and animals do not support
sensitization of the airways at indoor levels by inhalation that include
other selected fragrances [105]. The literature reveals that LMN and/or
its reaction mixtures may exhibit anti-inflammatory properties in murine
inhalational models. The authors opined that reported lung function ef-
fects are likely based on perception rather than toxic effects of the fra-
grances in humans [105, 106]. There is limited information on long term
effects of ozonolysis products and available information is inadequate to
confirm whether ozone-initiated reactions with LMN at usual indoor
levels elicit airway effects in humans [105].

LMN is not a very stable compound and it forms oxidation products
viz. 4-acetyl-1-methylcyclohexene, 4-oxopentanal, and 3-isopropenyl-6-
oxoheptanal and secondary organic aerosols upon ozonolysis which
elicit adverse effects on airways [107, 108]. Effects of LMN oxidation
products of LMN such as 4-acetyl-1-methylcyclohexene, 4-oxopentanal,
and 3-isopropenyl-6-oxoheptanal were showed to induce inflammatory
cytokines in human bronchial epithelial (16HBE140-) and alveolar
epithelial (A549) cell lines with no effect on cellular viability [107]. The
pharmacokinetics of LMN has been studied in mice following oral and
inhalation routes of delivery [109]. The tissue distribution showed a
patterned decrease in the liver > kidney > heart > lung > spleen tissues.
The toxicokinetics of LMN were studied in human volunteers exposed by
inhalation. LMN metabolized readily and showed high pulmonary uptake
and long half-life following slow elimination phase with accumulation in
adipose tissues and eliminated unchanged in the expired air and in urine.
No irritative symptoms or effects on respiratory and nervous system was
observed [110].

Despite numerous data demonstrating organoprotective effects
including chemopreventive effects, adverse effects such as hepatotoxicity
characterized by parenchymal and matrix injury in the liver [111],
nephrotoxicity [112], and skin sensitivity [97] are reported with LMN.
However, recent studies demonstrated hepatoprotective [29] and anti-
fibrotic effects of LMN in liver [113]. LMN metabolite 1,2-epoxide re-
ported to induce nephrotoxicity by causing hyaline droplet after binding
with a2-globulin and mice lacks it are resistant to hyaline droplet ne-
phropathy [112]. Some of the important activities and effects of LMN
relevant to infection, immunity and inflammation and organoprotective
properties in preclinical studies are presented in Table 2.

2. Limitations

Majority of the experimental research directed on therapeutic bene-
fits of phytochemicals are based on ethnopharmacological usage of the
particular plant rich in these phytochemicals. Many of them have been
also evaluated for their antiviral properties in addition to their anti-
inflammatory and immunoregulatory roles in numerous immune
related disease models. Since the emergence of COVID-19, the repur-
posing of drugs begins first with target identification and continues to be
used in screening of druggable agents against viral infections [114]. In
the past few months, a significant number of natural products including
plant extracts and phytochemicals have been proposed for their possible
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use as a preventive agent or as an adjuvant in COVID-19 [115]. Majority
of them proposed their use on the basis of their potent immunomodu-
latory, anti-inflammatory, and antimicrobial properties. Few of the
phytochemicals have been screened in molecular docking studies for
their potential activity against viral targets using the in-silico tools [116,
117,118].

Among numerous phytochemicals, LMN has been shown to target
host specific ACE2 receptors , binding domains for viral proteins in the
in-silico studies [20]. LMN is one of the main compounds identified in
many citrus plants, found dietary available and accessible and
well-studied for its therapeutic benefits. However, the safety and effi-
cacy of LMN in preclinical and clinical trials are yet to be necessary to
establish for its evidence-based use and application in humans. The
dietary nature and pleiotropic effects make LMN a fascinating candi-
date for further investigation. The candidature of LMN in COVID-19
treatment somewhat appears speculative but cannot be overlooked
provided favorable physiochemical and druggable properties along
with dietary use. However, the suggestion on the possible use of LMN
in COVID-19 remains inconclusive until the in-silico effects are
confirmed in the experimentaland further proof of the concept studies.

It is noteworthy to emphasize here that the antiviral potential of
natural products was showed effective in the in vitro studies until
recent years [119, 120, 121], whereas the SARS-CoV emerged in
2003. But, none of them have been evaluated meticulously to translate
their effects in humans despite their potential efficacy in preclinical
studies due to many reasons including lack of integrated approach. A
recent report suggested that if an integrated and rigorous approach
could have been followed since the epidemic of SARS-CoV, we may
have the possibility that some progressed to the clinical studies and
developed some useful agents in the process of drug discovery and
development, which involves testing of druggable compounds from
laboratory to clinics [122]. This encourages that phytochemicals
should be investigated and validated in the preclinical models of
COVID-19 and if appears efficacious, can be evaluated further in
humans. In present manuscript, the possible candidature of LMN as
a preventive agent or adjuvant in COVID-19 has been proposed based
on the previously reported potent pharmacological activity against
infection, inflammation and immunity in experimental models of
human diseases involving dysregulated immune-inflammatory and
redox homeostasis. There are reports of long-term complications in
some patients even after recovery from COVID-19. The progression
and complications of COVID-19 involves cytokine storm; therefore,
compounds potentially inhibit proinflammatory cytokines and che-
mokines, in addition to their organ-protective effects. Thus, given the
tissue protective effects and effect on numerous tissue remodeling
effects, LMN could be a candidate to be investigated for possible use in
combating the long-term complications in COVID-19.

There is no data available from preclinical or clinical studies to
suggest whether LMN can protect against COVID-19 or be useful in
treatment of COVID-19. There is paucity of preclinical and clinical data
on infection, inflammation and immunity in context to COVID-19. The
recent availability of animal models could be important in evaluating its
preclinical efficacy. There is lack of clinical data and rigorous phar-
macokinetics in humans. Therefore, the preclinical evaluation including
duration of use and dose to be explored, the safety and interaction with
concomitant drugs should be considered before the possible indication
of LMN as a preventive agent or therapeutic adjuvant. Taking in to
consideration the dietary safety of LMN in humans, and efficacy of LMN
in various disease models in experimental studies, LMN may be a
valuable agent to be investigated further in COVID-19. However, until
now there is no direct evidence available on the antiviral activity of
LMN on SARS-CoV-2. Further studies are encouraged before making any
recommendation on the clinical usage and pharmaceutical development
of LMN.
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Table 2. Some important activities and effects of LMN relevant to infection, immunity and inflammation and organoprotective properties in experimental models.

Diseased condition

Experimental model

Effects and mechanisms observed Ref.

Pulmonary hypertension

Acute lung injury

Acute lung injury

Cardiac arrhythmias

Myocardial infarction

Myocardial infarction

Dyslipidemia

Liver fibrosis

Acetaminophen-hepatotoxicity

Hepatic dysfunction

Cerebral ischemia

Allergic inflammation

Lung inflammation and
airway responsiveness

Monocrotaline-induced pulmonary
hypertension, lung injury, & ventricular
hypertrophy in rats

Atomized LPS-induced acute lung injury in
BALB/c mice

Intratracheal instillation of LPS (0.5 mg/kg)-induced
acute lung injury

Cardiac arrhythmia in Langendorff model

Isoproterenol-induced murine MI model

Isoproterenol (85 mg/kg, s.c.)-induced myocardial
infarction in rats

high-fat diet-fed obesity in C57BL/6 mice

CCly-induced liver fibrosis in Wistar rats

Cytochrome P450 isoform-specific substrates
in the liver microsomes of mouse

Chronic immobilization-induced liver
dysfunction in rats

Ischemia-induced cerebral injury in hypertensive
SHRsp rats

LMN or LMN-ozone to ovalbumin- sensitized mice

Ovalbumin-induced inflammation in A;,KO mice using
whole-body plethysmography

Immunomodulatory property
the phagocytic function of alveolar

macrophages (Mphi) after p.o. and Con A-stimulated proliferation

of splenocytes

absorptive pathway and the immune responses of the lung,

- reduced pulmonary arterial media thickness, interstitial fibrosis
- reduced macrophages and lymphocytes around the pulmonary veins

[132]

- inhibited neutrophils and inflammatory cytokines
- attenuated MPO activity and lung injury
- prevented NF-«B activation in lungs

[133]

- reduced morpho- and histo-logical changes
- inhibited inflammatory cytokines, myeloperoxidase
- blocked phosphorylation of IkBa, NF-kB p65, p38 MAPK, JNK and ERK

- improved hemodynamic and electrocardiographic changes in rats

[89]

[69]

- attenuated ST elevation, infarct area, histopathology [38]

- restored antioxidants, suppressed apoptosis

- mitigated injury by MAPK/NF-xB pathway [39]
- improved hemodynamics and cardiac enzymes
- inhibits inflammatory markers & infract area

- inhibits apoptosis altering Bcl-2 and Bax

- reduced lipid accumulation and adipocytes [58]
- corrected lipid profile & fasting blood glucose

- activated PPAR-a, and inhibited LXR-p signaling

- prevented serum aminotransferases, total cholesterol
- restored antioxidants & decreased MDA
- decreased TNF-a, TGF-B, a-SMA and hydroxyproline

- prevented bioactivation of procarcinogens and enhanced
conjugation of proximal carcinogens

- inhibited p-nitrophenol hydroxylase in microsomes

- inhibited 7-ethoxyresorufin O-deethylase in microsomes
from PB- and BNF-treated

- no protection with acute doses, but LMN (1.0% diet x 10 d)
improved liver GSH

[113]

[72]

- corrected liver enzymes and reduced infiltrated cells in the liver
parenchyma and improved glutathione
- reduced MDA, TNF-a, IL-16, -6 and NF-kB

- decreased infarct size & improved neurobehavor
- decreased MDA, IL-1f, MCP-1 and COX-2
- increased antioxidants, & increased DHE-staining

[29]

[134]

- LMN not exacerbated airway allergy
- reduced allergic inflammation & oxidative stress

[32]

- attenuated induced airway responsiveness [135]
- reduced levels of eosinophilsand neutrophils
- reduced airway inflammation and reactivity via activation of

A,AAR with support of A,p receptors

- LMN taken up from thoracic duct lymph moves to the lung and
reach maximum levels in lungs

- increased number and phagocytic activity of alveolar Mphi & Con
A-stimulated proliferation of splenocytes

- directly activates immune response of alveolar Mphi

- indirectly activates via activated lymphocytes

[99]

3. Conclusions and future remarks

In summary, based on evidence, it can be concluded that LMN and its
metabolites possess essential pharmacological bioactivities for infection,
immunity, and inflammation, as far as COVID-19 is concerned. Its potent
anti-inflammatory activity mediating multiple pathways and mediators
of inflammation, including inhibition of pro-inflammatory cytokines,
chemokines, and adhesion molecules, along with the suppression of
macrophage infiltration and neutrophil-endothelial cell interaction,
might constitute a promising approach to inhibit cytokine storm, which is
a major cause of mortality in patients with COVID-19. The potential of
LMN as an immunomodulatory, as a potent antioxidant in improving host
cellular immunity against infection, and its ability to interfere with ACE2
receptors, along with its antibacterial activity may further help in con-
trolling symptoms and worsening of the diseases, secondary infections,
complications, progression, and eventually death.

Collectively, the immunomodulatory, anti-inflammatory, and anti-
viral properties of LMN, along with its various pharmacological and

molecular mechanisms, make it a promising candidate for SARS-CoV-2
infection. Recently, the animal models of COVID-19 become available
that may facilitate preclinical evaluations to distinguish whether these
candidate compounds are likely to become effective drugs. Further-
more, its safety status, drug-likeliness properties, pharmacological ac-
tions, and molecular mechanisms provide a rationale for the use of
LMN as a nutritional and/or adjuvant strategy against SARS-CoV-2.
However, it is important to highlight that no human studies have yet
demonstrated the effect of LMN on SARS-CoV-2. Therefore, the sug-
gestion on the use remains inconclusive until the preclinical and clin-
ical studies provide evidence on safety and efficacy in COVID-19.
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