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Abstract.

BACKGROUND: Nowadays, medicinal plants have attracted great interest in treatment of human diseases. Rosemary is a
well-known medicinal plant which has been widely used for different therapeutic purposes.

METHODS: This is a narrative review using databases including PubMed, ISI, Scopus, ScienceDirect, Cochrane, and google
scholar, the most authoritative articles were searched, screened, and analyzed.

RESULTS: Rosemary is a natural antioxidant which removes reactive oxygen species from tissues and increases expression
on Nrf2 gene. Rosemary and its metabolites reduce inflammation by inhibiting production of pro-inflammatory cytokines,
decreasing expression of NF-«B, inhibiting infiltration of immune cells to inflamed sites, and affecting gut microbiome.
Besides, rosmarinic acid in rosemary extract has positive effects on renin-angiotensin-system. Rosemary affects respiratory
system by reducing oxidative stress, inflammation, muscle spasm, and also through anti-fibrotic properties. Carnosic acid is
able to penetrate blood-brain-barrier and act against free radicals, ischemia and neurodegeneration in brain. Cardioprotective
effects include correcting lipid profile, controlling blood pressure by inhibition of ACE, prevention of atherosclerosis, and
reduction of cardiac muscle hypertrophy.

CONCLUSIONS: Accordingly, rosemary supplementation has potential protective effects against COVID-19 and other
cytokine storm associated infections, a conclusion that needs more evaluations in the next clinical trials.
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1. Introduction

In December 2019, a novel disease with symptoms of pneumonia and acute lung injury and unknown etiology
started in Wuhan city of China [1]. This coronavirus disease 2019 (COVID-19), caused by the Severe Acute
Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), soon spread all over the world [2, 3] and in March 11, 2020,
WHO declared it as a pandemic [6]. Coronaviruses (CoVs) are enveloped viruses with single-stranded genome
[4] which belong to Orthocoronavirinae subfamily [3]. Although most coronavirus infections are mild, two recent
outbreaks of betacoronaviruses, the severe acute respiratory syndrome coronavirus (SARS-CoV) in China, and
Middle East respiratory syndrome coronavirus (MERS-CoV) in Saudi Arabia caused severe illnesses with high
mortality rates. Comparing to SARS-CoV and MERS-CoV, lower mortality rates but higher transmissibility have
been reported for SARS-CoV2 [5].

The novel corona virus is mostly transmitted via respiratory droplets. After arriving to lower respiratory tract,
it penetrates to epithelial cells using angiotensin-converting enzyme 2 (ACE2) which acts as a receptor for both
SARS-CoV and novel corona virus. After entering respiratory cells, it can activate a strong and uncontrolled
immune response and cytokine storm which may finally lead to acute respiratory distress syndrome (ARDS) and
multiple organ failure [3]. After 2—14 days of incubation period the symptoms will appear, the most common of
which being fever, dry cough, tiredness, headache, shortness of breath or difficulty breathing, and loss of smell
and taste [6]. The severity of the disease may vary largely from patient to patient and while some patients are
asymptomatic or have mild symptoms, some others may experience severe illness with high mortality [7].

Currently, there is an increasing interest toward medicinal plants for different preventive and therapeutic
purposes due to their wide range of health-beneficial properties [8]. Rosemary (Rosmarinus officinalis L. family
Lamiaceae) is a medicinal plant originating from the Mediterranean region and now is being cultivated around
the world [9, 10]. This plant has been also widely used for different therapeutic purposes including treatment
or prevention of bronchial asthma, headaches, poor circulation, spasmogenic disorders, inflammatory diseases,
hepatotoxicity, physical and mental fatigue, heart disease, and cancer [9, 11, 12]. Moreover, rosemary is used
as a natural preservative in the food industry, because it can intercept oxidation and microbial contamination
[13-16]. Meanwhile, rosemary extracts show several bioactivities such as hepatoprotective, anti-inflammatory,
antifungal, anticancer, insecticidal, antioxidant, and antibacterial ones [13, 17-19].

There are several active compounds in rosemary which are responsible for its diverse pharmacological activi-
ties. The major compounds present in 7. officinalis are phenolic compounds, di- and triterpenes and essential oils.
The main constituents found in rosemary’s essential oil are camphor, 1,8-cineole, a-pinene, borneol, 3-pinene,
myrcene, and limonene [11, 19-21]; while phenolic compounds mostly consist of rosmarinic acid, chlorogenic
acid, and caffeic acid, and rosemary major terpenes are epirosmanol, carnosol, carnosic acid, ursolic acid, and
oleanolic acid.

In this review article the potential therapeutic effect of Rosmarinus officinalis L. and its active ingredients on
COVID-19 and similar infections will be discussed. Figure 1

2. Method

The current study is a narrative review in which using some authentic resources including PubMed, ISI,
Scopus, ScienceDirect, Cochrane, google scholar, and some preprint databases such as Arxiv, the relevant articles
were searched within 2000-2021. Some sensitive keywords were applied to find the most relevant articles,
such as, molecular, Rosemary, cytokine storm, inflammation, infection, COVID-19, SARS, and corona virus
infection. Finally, the screened full-text articles were evaluated and analyzed using thematic analysis, regarding
to the molecular mechanisms of rosemary and its ingredients against COVID-19 and other similar cytokine
storm-associated infections.
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Fig. 1. The chemical structures of the ingredients of Rosemary extract.

3. Results and discussion
3.1. Rosemary and metabolism

Based on animal studies, rosemary extracts can improve plasma glucose and lipid profiles, and mitigate weight
gain [22]. Several studies have declared that rosemary extracts and its well-known components, such as rosmarinic
acid, carnosic acid, carnosol, and caffeic acid, may regulate the differentiation of adipocytes and activity of
PPARY, and inhibit pancreatic lipase [22-24]. Besides, in vitro researches on HepG?2 cells have demonstrated
that rosemary extracts favorably regulate lipid and glucose metabolism through activation of multiple pathways,
such as activating the AMPK and PPAR signaling pathways, upregulating LDLR, SIRT1, and PGC1l«, and down-
regulating ACC and G6Pase [25]. Upregulation of SIRT1 increases insulin sensitivity, cell glucose consumption,
and liver fatty acid oxidation [26, 27]. Likewise, upregulation of LDLR may provide a potential mechanism for
the statement that rosemary extracts can lower blood cholesterol level [28]. On the other hand, AMPK activation
leads to down-regulate the glycogen synthesis and inducing glycolysis [29]. Moreover, a decreased expression
of G6Pase can suppress the gluconeogenesis [30]. Figure 2

3.2. Rosemary and nutrition

Rosemary has been used as a culinary spice to improve the flavour of products in a variety of contexts. In the
Middle East, it seasons meats and it is used in preparation of tea in Mexico. In India, rosemary leaves flavor
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Fig. 2. Rosemary and metabolism: (a). AMPK activation by rosemary regulates blood glucose level by down-regulating glycogen synthesis
and inducing glycolysis. Besides, it suppresses gluconeogenesis through down-regulation of G6Pase. (b). Metabolism of lipids is affected
by rosemary through inducing -oxidation and decreasing fatty acid synthesis. Two mechanisms, down-regulation of ACC by AMPK and
up-regulation of PGCla by SIRT1, are responsible for these prosesses. (c). Increased expression of SIRT1 by rosemary leads to activation of
PPAR pathways and Increasing insulin sensitivity, and finally cause Increased cell glucose consumption. (d). up-regulation of LDL receptor
by rosemary can lower blood cholesterol level.

beverages and soups. Besides, it is as part of a marinade for pork, and chicken dishes. [31-34]. Rosemary has a
great amount of vitamins and minerals and also a lot of biological activities including antioxidant, antibacterial,
and antifungal. Therefore, it is so useful in the industry of food and food packaging [35]. Rosemary extracts
can also prevent oxidation and microbial contamination and have been used as food preservatives [36]. Further
researches have shown that plant-based dietary supplements containing rosemary, may improve some measures
of mood, perceived energy, and have anti-insomnia effect [37, 38]. However, rosemary may reduce non-heme
iron absorption as a phenolic-rich antioxidant in foods and so the utilization of dietary iron [39].

3.3. Rosemary, COVID-19, and renin-angiotensin system

The renin-angiotensin system (RAS) is classically considered as the modulator of cell proliferation and migra-
tion, inflammatory diseases, and the cellular synthesis of several molecules such as cytokines, chemokines, and
immunogenic transcription factors [40, 41]. The main enzyme in the RAS is angiotensin-converting enzyme
(ACE), a transmembrane zinc metallopeptidase. ACE induces the conversion of angiotensin I (Angl), its most
significant substrates, into angiotensin II (Angll) [42, 43]. Angll is an effective agent that induces hypertension
and oxidative stress. Moreover, it can increase the reactive oxygen species (ROS) molecules and superoxide
levels [44, 45].

Rosmarinic acid (a-o-caffeoyl-3,4-dihydroxyphenyl lactic acid, RA), a natural constituent from herbs belong-
ing to the Lamiaceae family, such as rosemary and sage, has significant anti-apoptotic, anti-inflammatory,
antioxidant, and ACE inhibitory effects [43, 44].
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The treatment with RA can decrease ACE expression, and induce ACE2 expression, the homologue of ACE
that reduces the ROS effects by generating Ang-[1-9], disrupts the RAS cascade by degrading Angll, and
down-regulates angiotensin type 1 receptor (AT1R) [43, 44].

Rather than RAS enzyme, ACE2 is the main receptor for SARS-CoV-2 to entry into human cells [46, 47]. ACE2
overexpression facilitates viral entry and replication in the infected cells. Moreover, it has been demonstrated
that the virus down-regulates ACE2 expression and upsets the Angll-Ang 1-7 balance in favor of Ang II, more
than the other respiratory infections. It has been shown that the disease severity is correlated with higher amount
of AngllI levels, so ACE inhibition can improve the disease [48, 49].

RAS blockers are widely used for therapeutic purpose which through an inhibitory effect on Angll formation
(ACE inhibitors) or inhibition of AnglI type 1 (AT1) receptor (ARBs) can exert their therapeutic effects [49, 50].

According to mechanistic evidence, use of ACEI/ARB for COVID-19 treatment has become controversial. On
the one hand, RAS blockades by decreasing Ang II production (ACEIs) or its effects (ARBs), prevent acute lung
injury and reduce mortality in COVID-19. On the other hand RAS blockades by increasing ACE2 expression,
elevate virulence and infection risk by the virus, however there is no evidence to confirm that ACEIs/ARBs can
enhance coronavirus entry by increasing ACE2 expression. As regards, there is need for pharmacoepidemiologic
studies to evaluate safety and possible beneficial effect of RAS blockade in COVID-19 [48, 49, 51].

3.4. The anti-inflammatory effects of rosmarinus officinalis L. in COVID-19

During the COVID-19 infection, immune system has a vital role in protecting and clearing body from pathogens
[52]; but in some patients this immune response becomes un-controlled and happens with high amplitude which
results severe and fatal forms of disease. It is shown that during severe forms of COVID-19 infection, patients
suffer ARDS, pneumonia and multiple organ failure. Studies suggest that, these organ damages are not simply
due to direct effect of virus, but they are because of both replication of virus inside cells and improper function
of immune system that invades body organs and mediates tissue damages [53], especially in lungs [54].

Although in a proper immune response we should see activation of T cells and production of antibodies
against that antigen, in impaired immune responses we primarily observe enhanced levels of pro-inflammatory
cytokines. This over-production of pro-inflammatory cytokines is known as “cytokine storm” [55]. Different
studies have revealed that during COVID-19 infection, this cytokine storm syndrome is associated with high
levels of circulating cytokines like: IFN-a, IFN-y, IL-13, IL-6, IL-12, IL-17, IL-18, IL-33, TNF-a,, G-CSF,
GM-CSF, IP10, C-reactive protein (CRP), MCP1, and MIP1a [53]. Studies suggest that all COVID-19 patients
have increase in IL-6 levels but in more severe cases we see much higher IL-6 levels [56]. This increase in
cytokine levels is associated with infiltration and activation of immune cells like monocytes, macrophages, and
neutrophils to lungs leading to widespread inflammation of lungs [53, 57] which may finally cause ARDS [52].
Therefore, anti-inflammatory and immunosuppressive therapies have gained great attention especially in severe
cases of COVID-19 when immune response is the major problem [54, 55, 58].

Numerous plants have been studied for their anti-inflammatory effects. Rosemary is one of the most important
plants studied for this purpose [59]. Guo et al. [60] studied the effect of rosemary extract on MDD on chronic
restraint stress (CRS) mice. MDD is associated with increased level of serum inflammatory biomarkers. They
found that administration of RE decreased the level of TNF- « and IL-1f in hippocampus, serum and BV-2
microglia cells. The expression of NF-«B was also reduced in hippocampus and BV-2 microglia cells. They
also found that RE can affect gut microbial flora by increasing Lactobacillus and Firmicutes and reducing
Bacteroidetes and Proteobacteria [60]. Studies have shown that microbiome and its metabolites have impact on
many inflammatory and autoimmune diseases [61] and brain functions [60].

It is shown that carnosic acid in a concentration dependent manner reduces the level of TNFa-mediated
cytokines including TNF-o, IL-13, IL-6, IL-8, IL-17 and MMP-3 in TNFa-induced RA-FLS [62]. Administration
of rosemarinic acid have also shown to decrease production of pro-inflammatory cytokines such as TNF-a, IL-
6, IL-1 B, TGF-B, INF-3, MCP-1, iNOS, IL-10, and NF-«B activation and VEGF in different inflammatory
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problems [63]. Rosemary essential oils have shown to have impact on inflammation by improving TNF-a, CRP
and MDA levels [64], affecting leucocyte migration and decreasing leucocytes in the inflamed area. Takaki et
al. [21] studied anti-inflammatory effect of rosemary essential oils in animal models. Oral administration of
REO inhibited inflammation induced by carrageenan in rat’s paws and pleural cavity. Similarly Juhds et al. [65]
tested REO on carrageenan-induced paw edema and TNBS-induced colitis on ICR mice. REO decreased paw
edema and colonic inflammation. Their results showed that REO significantly reduced IL-6 levels and neutrophil
infiltration in colon tissue.

3.5. Antioxidant activity of rosmarinus officinalis L. in COVID-19 patients

Viral respiratory infections are correlated with oxidative stress which is characterized by increased levels of
Reactive Oxygen Spices (ROS). A study conducted by Shao et al. [66] shows that in SARS-CoV-1 infected
patients oxidative stress sensitive genes were upregulated [66, 67]. It has also been shown that in COVID-19
patients, amount of neutrophils is increased, and it is well known that neutrophils can enhance ROS levels for
using as a defense mechanism [68].

In ARDS patients, particularly in the advanced stages of the disease, severe inflammation and mechanical
ventilation with high oxygen concentrations, inevitably elevate oxidant generation both locally and systematically.
On the other hand, increased oxidative stress due to release of free radicals and cytokines is the indicator of
ARDS [69, 70]. Therefore, excessive oxidation might be possibly involved in COVID-19. Thus, it is likely that
the application of antioxidants would be beneficial in controlling oxidation in coronavirus infected patients.
However, further studies are definitely needed to confirm this hypothesis.

Natural antioxidant products, in particular, biologically active compounds found in plants, are getting global
popularity because of their efficacy and safety [71]. It is well known that the most pharmacological effects of
rosemary are mainly due to high antioxidant activity of its main chemical compounds, which include carnosol,
carnosic acid, cyclic diterpene diphenols, ursolic acid, rosmarinic acid, and caffeic acid. The major bioactive
constituents with antioxidant capacity are carnosic acid (a phenolic diterpene compound) and carnosol that are
implicated in 90% of the properties [13, 19, 72].

Oxidative stress caused by disruption in antioxidant mechanisms that remove reactive oxygen species (ROS)
which contribute to cellular and tissue oxidative stress. Oxidative stress through the oxidization of cellu-
lar elements such as membrane lipids, proteins, and DNA causes cellular damage. ROS production can be
reduced by antioxidant enzymes including superoxide dismutase, catalase and glutathione peroxidase [73].
There are also dietary supplementation antioxidants like R. officinalis L. which could act as an antioxidant
enzyme and remove superoxide radicals from the tissue [12, 18, 19]. On the other hand, it has been shown
that after treatment with R. officinalis L., Nrf2 expression is increased. Nuclear factor erythroid 2-related
factor 2 (Nrf2), a basic leucine zipper protein, has emerged as a master transcriptional regulator that main-
tains redox balance by affecting antioxidant genes in response to oxidant stress [74, 75]. The activity of
Nrf2 in the elderly is less than others. During oxidative stress situations, Nrf2 becomes released from Keapl,
translocates to the nucleus, then binds to the antioxidant response element (RE) in the promoters of vari-
ous genes, such as antioxidant and detoxifying genes, and elevates their expression. Upregulation of target
genes of Nrf2 acts as ROS scavenger and lessen oxidative damage [74, 76]. Studies have shown that carnosic
acid is a potent Nrf2 activator [76, 77]. Studies have also revealed that Nrf2 has the ability to prevent viral
entry and slow viral replication for a broad range of viruses. PB125 activator of Nrf2 downregulates ACE2
and TMPRSS2, a transmembrane serine protease which plays a critical role in the entrance of SARS-CoV-2
into a human cell. Nrf2 activation also decreases the severity of “cytokine storm” observed in fatal cases of
COVID-19 [78].

Studies indicate that both carnosic acid and carnosol have hydroxyl- and peroxyl-radical scavenging properties,
and have effective role in inhibition of oxidative hemolysis in blood cells and protecting rat liver microsomal and
mitochondrial systems against lipid peroxidation. Other investigations have shown that in oxidative stress circum-
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stances, carnosic acid and carnosol inhibited lipid peroxidation by around 88—100% and 38-89%, respectively
[13, 18, 79].

Studies based on rosemary structure suggests that the most important elements in rosemary extracts for its
antioxidant role are the aromatic ring (C11-C12) in the catechol group together with the conjugation of the three
basic rings. Radical electron caused by oxidation is scavenged by catechol group. During lipid peroxidation
inhibition activity of carnosic acid, carnosate radical is formed by hydrogen donation from C-11 position to a
lipid radical species, and then radical termination happens by a coupling reaction at the 12- or 14-positions,
between carnosate radical and another lipid peroxyl radical, forming epoxides and other intermediary products
[13, 18].

3.6. The potential therapeutic effects of rosmarinus officinalis L. for respiratory problems in COVID-19

Although COVID-19 affects different body organs, respiratory system is the major system affected by the
virus. Reproduction of virus inside respiratory cells followed by invasion of the affected lungs by the immune
system leads to damage of respiratory tract [80] and causes respiratory symptoms such as shortness of breath,
dry cough, fever, decreased blood oxygen level, and acute respiratory distress syndrome (ARDS) [81].

Researches on rosemary suggest that due to properties such as antioxidant [82, 83], reducing muscle spasm of
the respiratory tract [84], anti-inflammatory and reducing inflammatory factors in the lungs [85, 86], antimicrobial
[87, 88], and anti-fibrotic [89], this plant would be so effective on human respiratory system and its illnesses.
Most of the above-mentioned are related to the two main ingredients in rosemary, which include rosmarinic and
carnosic acids [89, 90].

Properties such as: anti-spasm of the respiratory tract [84], anti-fibrosis and reduction of fibroblast in the lungs
[89], increase in prostaglandin (PGE2), decrease in leukotriene (LB4), inhibiting the complement system [82,
90], decrease in histamine and acetylcholine, increase in cellular potassium and decrease in cellular calcium [84],
decrease in eosinophil and neutrophils in respiratory system [83, 86], inhibition of enzyme ADA and MPO [91],
decrease in interleukins 17-13-6-5-1 and increase in interleukin 10 [88, 91], decrease in NO, TNF-« and cox 2
[88], as well as inhibitory effects on bronchial cell division [92], have led to the use of rosemary to treat respiratory
diseases such as bronchitis [82, 90], allergic airway inflammation [93, 94], rhino sinusitis [84, 94], asthma [85,
95], pulmonary fibrosis [89], tuberculosis [88], lung cancer [92], and pneumonia [88, 91]. Various studies have
equated the effect of rosemary with the use of corticosteroids and NSAID in the treatment of respiratory diseases
[85, 91].

3.7. The cardio-protective effects of rosmarinus officinalis L. in COVID-19

Serious multiple direct and indirect CVD-attributed cardiac complications may occur in COVID-19 patients,
including the acute myocardial injury, myocarditis, arrhythmias, and venous thromboembolism [96, 97].

Based on arecent study, up to 40% of 138 patients admitted with COVID-19 had pre-existing CVD. Moreover,
7.2% of the patients had elevated cardiac troponin, suggestive for the virus-induced cardiac injury [98].

Expression of ACE2, possible receptor of SARS-CoV-2, is detected in the heart, providing a link between
coronaviruses and the cardiovascular system, and its interaction with the virus may directly cause myocardial
inflammation. Besides, the upregulation of 15 pro-inflammatory cytokines could lead to a systemic inflammatory
response syndrome that may provide a possible mechanism for multi-organ failure (usually involving the heart)
in severe cases. SARS-CoV2 may result in downregulating the myocardial and pulmonary ACE2 pathways [99].

The RAS disturbance and increased Angll lead to an increase in the expression of some molecules like IL1B,
IL-6, monocyte chemoattractant protein-1 (MCP-1), and the activation of NOX enzymes. These changes can
interfere with NO cycle, having destructive effects on vascular endothelium. Also, Angll can lead to peroxynitrite
damage on the vascular endothelial surface by over-expression of Profilin-1 [100].
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Many of herbal medicines are in the center of the treatment of various disorders such as hyperlipidemia, a
major risk factor for atherosclerotic coronary vascular disease [101]. Moreover, Rosmarinus officinalis has been
used as a traditional treatment of hypertension and diabetes, which are risk factors for CVD [102, 103]. Rosemary
extract decreases the levels of blood glucose and enzyme activities related to cardiac injury and corrects the lipid
profile [104].

Today, researchers should screen ACE-inhibitory potencies of plant extracts for new anti-hypertensive
agents[105]. Besides, some antihypertensive drugs have been isolated from a number of plant species [106].
For example, water extracts from rosemary LA controls hypertension via inhibition of angiotensin I-converting
enzyme (ACE) [107].

Rosemary and its constituents, especially caffeic acid derivatives such as rosmarinic acid, have a therapeu-
tic potential in treatment and prevention of atherosclerosis and ischemic heart disease by Inhibition of lipid
peroxidation. Rosemary may also be beneficial in atherosclerosis by increasing production of prostaglandin E
and playing an antioxidant role. Its antioxidant impacts may help minimize consequences of coronary artery
disease by reducing the damage resulting from the release of free radicals produced by xanthine oxidase after
the reperfusion (reoxygenation) [31].

Half an hour after IV administration, rosemarinic acid (RA) was detected and measured in brain and heart [31].
Based on researches on animal models, RA supplementation in hypertensive rats reduces blood pressure and
prevents cardiac injury and hypertrophy. Decrease in endothelin-1 (a vasoconstrictor) level and ACE-I activity,
downregulation of the expression of NADPH oxidase p22phox subunit, increase in NO (a vasodilator) levels,
and improvement of cardiac anti-oxidant defense were the observed mechanisms for cardio-protective effects of
RA [108].

Another animal study has suggested that rosemary significantly decreases NOS activity in heart tissue and
subsequently, NO production in the groups treated with rosemary extract compared with the control group [109].

Ursolic acid, a phytonutrient found in some herbs like rosemary, has athero-protective properties by protecting
blood monocytes from diabetes-induced dysfunction [110].

Rosmarinus Officinalis L. extracts, such as carnosic acid, play an antioxidant role by inhibition of mRNA
expression of the inflammatory genes (IL-6 and MCP-1) and protein levels of multiple agents of mitogen-activated
protein kinase (MAPK) signaling pathway (extracellular signal-regulated kinase [ERK] and c-Jun NH2-terminal
kinase [JNK]), mammalian target of rapamycin (mTOR), and forkhead transcription factor 1(FOXO1 binds to
PPAR-+v and inhibits its function) [111].

After dietary supplementation with a diet containing Omega-3 plus lecithin, curcumin, and rosemary extracts
in a double-blind placebo-controlled trial in CVD patients, a significant decrease was observed in blood pressure,
especially the systolic one [112].

Inflammation caused by oxidative stress and cytokines synthesis, such as tumor necrosis factor-a (TNF-a) and
interleukins (IL-1$ and IL- 6) may lead to cell death and myocardial infarction. Both reactive oxygen species
(ROS) and cytokines may induce the action of metalloproteinases (MMP), which is responsible for causing
changes in the function of the heart [113]. R. officinalis L., has been investigated mainly by the presence of
bioactive molecules with antioxidant capacities, such as rosmarinic acid, carnosic acid, and carnosol to control
the oxidizing agents [114]. Investigations on the effects of rosemary on the heart of infarcted animals has
suggested that the supplementation with R. officinalis L. leaves has reduced muscle hypertrophy and improved
diastolic function, verified by increased [3-oxidation of fatty acids and reduced lactate oxidation [115]. Figure 3

3.8. The neuroprotective effects of rosmarinus officinalis L. in COVID-19

By presenting of neurologic manifestations such as dizziness, headache, hypogeusia and hyposmia in patients
with COVID-19, possible neuroinvasive feature of COVID-19 is in the center of attention [116—118]. Autopsy
studies have suggested neuronal necrosis, glial hyperplasia, cerebral edema, neurons’ degeneration and detection
of SARS genome sequences by RT-PCR, in the brain of COVID-19 patients autopsies [119, 120].
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Fig.3. Aninfographic picture illustrating the molecular pathway of SARS-CoV-2 pathogenesis and also the molecular pathway of Rosmarinus
officinalis L. potencies against COVID-19. (ANG: Angiotensin). (a). ACE2 is the main receptor of SARS-CoV-2 for entering into human
cells. It has been demonstrated that the virus down-regulates ACE2 expression and upsets the Angll-Ang 1-7 balance in favor of AnglI. (b).
Mechanisms of COVID-19 pathogenesis leading to organ damage. (c). Rosemary affects renin-angiotensin system by both ACE suppression
and inhibition of AnglII binding to its receptor (AT 1R: Angiotensin II receptor type 1). (d). The protective effects of Rosmarinus officinalis
L. against SARS-CoV-2.

ACE2, possible receptor of SARS-CoV-2, is expressed in neurons and astroglial cells of different parts of CN'S
[121, 122]. Intraction of SARS-CoV-2 spike protein and ACE2 can interfere with the balance of the RAS which
leads to organ damage by enhancement of Ang II/Ang [1-7] ratio [123].

Researches on animal models have declared that cytokine storm and upregulation of proinflammatory
cytokines/chemokines, such as IL-6, IL-12, IL-15, tumor necrosis factor alpha (TNF-a), IL-1, gamma inter-
feron, CCL2 and CCL12, IL 1, MCP-1, inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 (Cox-2)
in SARS-COV infected neurons and microglial cells, can play an immunopathological role in inflamed brains
[124-127].

Further studies have suggested that diets rich in phenolic compounds such as rosmarinic acid (RA) may have
preventive effects on the development of Alzheimer’s disease or dementia (AD) [128].

Based on a research on mice, administration of rosemary oil, by both oral and inhalation route, stimulates
the CNS, respiratory and locomotor activity in mice. Besides, alcoholic extracts of R. officinalis have antide-
pressant effect in mice [31]. Rosmarinus officinalis polyphenols produce anti-depressant like effect through
monoaminergic and cholinergic functions modulation [129].

Rats, treated with rosemary extracts, showed significantly lower cerebral catalase activity, lipid peroxidation
and ROS levels in the brain. Thus, rosemary protects the brain due to its antioxidant role as a free radical scavenger
in this organ [109].

Carnosic acid (CA) is able to penetrate the blood—brain barrier. CA protects neurons through its antioxidant
activity, both in vitro and in vivo, from glutamate/oxidative stress and cerebral ischemia. It has a neuroprotective
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role by activating the Kelch-like ECH-associated protein 1 (Keapl) / nuclear factor erythroid-2-related factor
2 (Nrf2) pathway [130]. Moreover, antiangiogenic effect of CA can contribute to a neuroprotective effect by
prevention of neurodegenerative diseases due to angiogenesis [131].

R. officinalis L. prevents the mitogen-activated protein kinase (MAPK) phosphorylation, which leads to block-
ade of nuclear factor gappa B (NF-kB) activation. This blocking will downregulate nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2) expression. Altogether, pro-inflammatory mediators such as nitric oxide (NO),
interleukin 1 beta (IL-1PB), and TNF-a, can significantly decrease during the inflammation [115].

Researches on infarcted animals treated with R. officinalis L. extract have presented that the plant extract
contributed to reduction of the neurological deficit and the infarction volume. Also, the edema formation was
controlled by protection against rupture of the blood-brain barrier [132].

3.9. Antiviral effects of rosmarinus officinalis L

Due to limited number of antiviral drugs available in market and increasing number of drug resistant viruses,
there is a remarkable interest towards developing effective therapeutic agents against viral pathogens. Recently,
there have been many studies done on medicinal herbs, their extracts, and metabolites for their antiviral activities
[133, 134].

Among the properties of rosemary, there are antimicrobial properties such as antibacterial, antiviral and
antifungal [87]. Nolkemper et al. studied the effect of lamiaceae family aqueous extracts against HSV1 and
HSV2. They found that the extracts had inhibitory effects against HSV by interacting with envelope of the virus;
thus they are mostly effective on free form of virus. They also found that extracts of Lamiaceae family are
effective against acyclovir resistant strain of HSV1 (ACV™S) [133].

Carnosol has shown to have an inhibitory effect on HIV [135, 136]; while carnosic acid have shown to
be efficient against RNA enveloped respiratory syncytial virus (RSV) by inhibiting viral replication and also
inhibiting the initial infection of the virus; however it did not affect influenza A virus replication [135, 137]. It is
also shown that rosmarinic acid has antiviral activity against Enterovirus 71 (EV71) by decreasing viral particle
production and reducing VP1 protein production [138]. It also had beneficial effects on Japanese encephalitis
virus (JEV) infected mice by inhibition of viral replication and also reducing production of pro-inflammatory
cytokines [139]. Although rosemary and its metabolites have shown antiviral activities on different viruses, it
seems that more detailed studies on the use of this plant to treat viral diseases including SARS-CoV2 are to be
done. Figure 3

4. Conclusion

Novel corona virus disease which started from Wuhan city, China, soon affected almost all countries around the
globe and made the World Health Organization declare it as a global pandemic. Infection by this virus may lead
to damages in different body organs by oxidative stress, inflammation and dysregulation of RAS. Rosemarinus
officinalis L. and its metabolites, especially carrnosic acid and rosemarinic acid, have shown various health
benefits in previous studies by inhibiting inflammation and producing pro-inflammatory cytokines, especially
IL-6 and TNF-«, and by potent antioxidant activity. Inhibition of ACE by rosemarinic acid is another important
action of rosemary. Some remarkable positive actions of rosemary on important body organs are: antiseptic and
anti-fibrotic effects on lungs, decreasing blood pressure, inhibiting lipid peroxidation in brain and cardiac tissue,
decreasing cardiac injury, preventing neurodegeneration, and suppressing oxidative stress and inflammatory
pathways in different organs. Finally, rosemary has shown antiviral effects on some viruses by interacting with
virus envelope, inhibiting viral replication and also preventing initial infection of the virus. Based on these data,
we suggest that rosemary may be a potential therapeutic option to act against SARS-CoV-2 and reduce its side
effects.
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