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Rosemary (Rosmarinus officinalis [family Lamiaceae]), an herb of economic and gustatory repute, is employed in
traditional medicines in many countries. Rosemary contains carnosic acid (CA) and carnosol (CS), abietane-type
phenolic diterpenes, which account for most of its biological and pharmacological actions, although claims have

also been made for contributions of another constituent, rosmarinic acid.
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| 1. Uses of Rosemary and Rosemary Extract

Rosemary is an economically important plant species that is widely distributed due to its culinary, medicinal, and
cosmetic uses WIE! Both fresh and dried leaves of rosemary have been used for their characteristic aroma and
flavor in many food dishes. Additionally, rosemary extracts have been employed as lipophilic antioxidants to
preserve foods against oxidation from environmental stress 128 Because of these characteristics, the European
Union, United States, and Japan have all approved rosemary extracts as food additives for food preservation 45
[l Rosemary contains two groups of potentially active compounds. One group is comprised of small molecular
weight aromatic compounds, called “essential oils”, which rapidly evaporate to produce the characteristic smell and
taste of rosemary. The other group is represented by the polyphenolic compounds including carnosic acid (CA) and
carnosol (CS), which have been shown to manifest direct and indirect antioxidant actions B, While our group

has focused on the effects of CA, we also report here the work of others on CS.

2. CA as a Potential COVID-19 Therapeutic via Inhibition of
NLRP3 Inflammasome, Other Inflammatory Pathways, and
SARS-CoV-2 Infection

2.1. ARDS Mediated by NLRP3 Inflammasome

As schematically highlighted in Figure 1, acute respiratory distress syndrome (ARDS) is initiated by SARS-CoV-2
infection. Viral replication can lead to TLR signaling and NF-kB activation (Signal 1 in Figure 2) 191 However,
this signal itself is not the direct cause of ARDS 2L |t js the dysregulated, hyperinflammatory response to viral
infection, mediated at least in part by nucleotide-binding oligomerization domain-like receptor containing pyrin
domain 3 (NLRP3) inflammasome activation, which contributes to ARDS 1911 As outlined above, the extreme
inflammatory response is triggered by activation of the NLRP3 inflammasome and other inflammatory pathways
that induce release of proinflammatory cytokines such as IL-1B, IL-18, IL-6, and TNF-o [L2L3II4IS] Thys, a
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potential countermeasure against the development of severe COVID-19 would be to prevent activation of NLRP3
and other inflammatory pathways [121[13114][15]
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Figure 1. Cytokine storm contributes to ARDS in the lungs and possibly the brain of COVID-19 patients.
SARS-CoV-2 binds to ACE2 and enters epithelial cells to induce endoplasmic reticulum (ER) stress due to
overproduction of viral proteins L8 The damaged cells release damage-associated molecular patterns
(DAMPs), pathogen-associated molecular patterns (PAMPs), and reactive oxygen species (ROS) 292122l ROS,
DAMPs, and PAMPs activate the NLRP3 inflammasome in surrounding macrophages in the lung and potentially in
microglia in the brain 23241 This activation is critical for the release of inflammatory cytokines such as IL-1f from
macrophages and microglia 2324 These cytokines enhance damage of epithelia and other cell types and may
contribute to cytokine storm and the severe lung disease of ARDS Ul The NLRP3 inflammasome is thus a
plausible drug target for treating ARDS [231[24],

2.2. CA as a Potential Treatment for COVID-19 by Suppressing Infection and
Cytokine Production

Recently, McCord et al. reported that PB125, a CA-based therapeutic agent, was potentially useful in the treatment
of respiratory viral diseases, including COVID-19, in part by inhibiting cytokine storm 22261271 They observed a
marked downregulation of genes encoding inflammatory cytokines including IL-13, IL-6, TNF-a, cell adhesion
molecules (ICAM-1, VCAM-1, and E-selectin), and a group of interferon-y-induced genes, suggesting that cytokine
storm might be suppressed by CA 23261271 McCord and colleagues further reported that PB125 downregulates
ACE2 and TMPRSS2 mRNA expression in human liver-derived HepG2 cells, consistent with the notion that CA
might inhibit viral entry, which ACE2 and TMPRSS?2 proteins mediate 2312611271 These results suggest that the use
of rosemary extract or CA might represent a possible therapeutic against acute ARDS in the lung and more
protracted cytokine production 231281271 Therefore, clinical testing of rosemary extract or CA for either acute
COVID-19 lung disease or chronic (so-called long) COVID-19 might be considered. The rationale for such
treatment is discussed further below. A caveat with these findings, however, is the fact that IL-1 or IL-6 inhibitors
have been reported to suppress SARS-CoV-2 neutralizing antibodies in patients with COVID-19 281, Hence, the
timing of any therapy aimed at suppressing these cytokines will have to be judiciously monitored in order not to
interfere with anti-SARS-CoV-2 antibody therapies 22,
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2.3. CA as a Potential Anti-Infectious Agent against SARS-CoV-2 by Inhibiting
Binding to ACE2

Recently, two of us (C-k.O. and S.A.L.) found that CA can inhibit infection with SARS-CoV-2, approaching 90%
efficacy, as assessed in a pseudovirus entry assay (Figure 2A). Mechanistically, CA, after conversion to the
quinone form, is likely to S-alkylate critical thiol residue(s) on ACEZ2, the cell surface receptor for SARS-CoV-2
(Figure 2B). This reaction would then block the interaction of ACE2 with the Spike protein of SARS-CoV-2, and
thus abrogate viral entry. Further work on reactions of these critical thiol groups in preventing SARS-CoV-2

infection is forthcoming.
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Figure 2. CA inhibits SARS-CoV-2 infection. (A) Inhibition of SARS-CoV-2 infection by CA in pseudovirus entry
assay. Hela cells stably-expressing ACE2 (HelLa-ACE2) were incubated with SARS-CoV-2 Spike (D614)
pseudovirus particles in the presence and absence of the indicated concentration of CA, as described previously
(291 After 48 h, viral transduction efficiency was monitored by luciferase activity. Data are mean + S.E.M., * p <
0.05, ** p < 0.001 by ANOVA with Tukey’s multiple comparisons post hoc test; n = 3 biological replicates. (B)
Postulated mechanism of action of CA in preventing Spike protein of SARS-CoV-2 from binding to ACE2. The
reaction mechanism involves nucleophilic attack of cysteine thiol of ACE2 on the electron deficient carbon of the

guinone formed by oxidation of CA.

3. Proposal for Testing Rosemary Extract or CA against
SARS-CoV-2 Infection, Long- COVID, and Neurodegenerative
Disorders

As we write this review, we are still in the throes of the COVID-19 pandemic with new variants frequently still
appearing. While vaccinations and masking have abated the severity of infection in many cases, the unvaccinated
are frequently infected and break-through infections of fully vaccinated and boosted individuals can also still occur.
Thus, an effective pill to treat COVID-19 infection is still urgently needed. In addition to acute infection, long-

COVID, presumably with direct or indirect effects on the brain, is also a persistent and prevalent problem. The
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neuropsychological symptoms of long-COVID may well stem from innate inflammatory pathways, at least in part
attributable to activation of the NLRP3 inflammasome. Moreover, similar inflammatory pathways have been shown
to contribute to the pathogenesis of neurodegenerative disorders including Alzheimer's disease (AD) and
Parkinson's disease (PD)/Lewy body dementia (LBD). Here, we propose that CA from Rosmarinus officinalis, an
innocuous pro-electrophilic compound that is converted to an active electrophile, can be used for the treatment of

acute and chronic COVID-19 manifestations and for chronic neurodegenerative disorders based on the following:

o CA is a pro-electrophilic drug (PED) and thus is much safer than electrophilic NRF2 activators because it is
activated only at the site of oxidation and inflammation by ROS, which it then combats BAEBL32]33][34]

« CA can potently suppress cytokine storm [23]126127]

« CA passes through the blood-brain barrier (BBB) with good bioavailability after oral administration 5],
« CAinhibits activated microglia, in part, via inhibition of the NLRP3 inflammasome [2€],

« Rosemary (containing CA and CS) is recognized as a food additive in the U.S., EU, and Japan 2IRIE],

» Rosemary (containing CA and CS) is already used clinically as a therapeutic against rheumatoid arthritis in
Germany and is on the FDA “generally regarded as safe” (GRAS) list in the U.S. 738 Moreover, CA manifests

very few side effects at very high concentrations in two-species toxicity testing.

« CAand CS have been shown to manifest neuroprotective effects in vivo in multiple models of AD and PD (22140
[41][42][43]

| 4. Conclusions

Carnosic acid (CA), a diterpene found in the herb rosemary, is a safe pro-electrophilic drug (PED) that activates the
KEAP1/NRF2 transcriptional pathway, leading to the sustained induction of phase 2 antioxidant and anti-
inflammatory enzymes. CA exerts neuroprotective and anti-inflammatory effects and has been proposed to be a
potential therapeutic against chronic neurodegenerative disorders, such as AD and PD, and acute and chronic
effects of infections such as SARS-CoV-2. Here, we review the evidence and mechanistic considerations
supporting the future testing of rosemary extract or CA against these maladies in human clinical trials. The use of
rosemary extract in general and CA in particular as an NRF2 activator and anti-inflammatory has gained wide
attention due to the virtual absence of side effects and its relatively low economic cost compared to other
strategies. The health-promoting effects of CA have been demonstrated in multiple animal models against chronic
neurodegenerative disorders. Moreover, inhibition of the NLRP3 inflammasome by CA represents an important
molecular target in limiting IL-13 pro-inflammatory cytokine production. This review also highlights the role of the
NLRP3 inflammasome in neurological diseases such as AD and PD/LBD, and in the pathogenesis of COVID-19

including so-called ‘long-COVID’ symptoms. CA appears to inhibit the manifestations of SARS-CoV-2 infection by
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two mechanisms, one at the point of viral entry, possibly through covalent binding to the ACE2 receptor protein,
and the other by ameliorating cytokine storm through the inhibition of NLRP3 inflammasome activation. Thus, CA

represents a potential therapeutic for COVID-19 as well as for neurodegenerative disorders like AD and PD/LBD.

| Abbreviations

AD, Alzheimer’s disease; CA, carnosic acid; COVID-19, coronavirus disease 2019; CS, carnosol; DAMP, danger-
associated molecular patterns; ER, endoplasmic reticulum; ICAM-1, intercellular adhesion molecule-1; IL-6,
interleukin-6; KEAP1, Kelch-like ECH-associated protein 1; LBD, Lewy body dementia; NF-kB, nuclear factor
kappa-light-chain-enhancer of activated B cells; NLRP3, NOD-, LRR- and pyrin domain-containing protein 3;
NRF2, erythroid derived 2-related factor 2; PAMP, pathogen-associated molecular patterns; PD, Parkinson’s
disease; PED, pro-electrophilic drug; ROS, reactive oxygen species; SARS, severe acute respiratory syndrome;
SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TLR, Toll-like receptors; TNF-a, tumor necrosis
factor-a.

References

1. Nieto, G.; Ros, G.; Castillo, J. Antioxidant and antimicrobial properties of rosemary (Rosmarinus
officinalis, L.): A review. Medicines 2018, 5, 98.

2. De Oliveira, J.R.; Camargo, S.E.A.; de Oliveira, L.D. Rosmarinus officinalis L.(rosemary) as
therapeutic and prophylactic agent. J. Biomed. Sci. 2019, 26, 5.

3. Moore, J.; Yousef, M.; Tsiani, E. Anticancer effects of rosemary (Rosmarinus officinalis L.) extract
and rosemary extract polyphenols. Nutrients 2016, 8, 731.

4. Generally Recognized as Safe (GRAS) in USA. Available online: https://www.fda.gov/food/food-
ingredients-packaging/generally-recognized-safe-gras (accessed on 19 November 2021).

5. 5. Current EU Approval and Their E Number in EU. Available online:
https://ec.europa.eu/food/safety/food-improvement-agents/additives/database_en (accessed on
19 November 2021).

6. Approved Food Additives by Ministry of Health, Labor and Welfare of Japan. Available online:
https://www.ffcr.or.jp/tenka/list/post-12.htmlI?OpenDocument (accessed on 19 November 2021).

7. Andrade, J.M.; Faustino, C.; Garcia, C.; Ladeiras, D.; Reis, C.P.; Rijo, P. Rosmarinus officinalis L.:
An update review of its phytochemistry and biological activity. Future Sci. OA 2018, 4, FS0O283.

8. De Oliveira, M.R. The dietary components carnosic acid and carnosol as neuroprotective agents:
A mechanistic view. Mol. Neurobiol. 2016, 53, 6155-6168.

9. Loussouarn, M.; Krieger-Liszkay, A.; Svilar, L.; Bily, A.; Birti¢, S.; Havaux, M. Carnosic acid and
carnosol, two major antioxidants of rosemary, act through different mechanisms. Plant Physiol.

https://encyclopedia.pub/entry/18677 5/8



Rosemary (Rosmarinus officinalis) | Encyclopedia.pub

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2017, 175, 1381-1394.

Lépez-Reyes, A.; Martinez-Armenta, C.; Espinosa-Velazquez, R.; Vazquez-Cérdenas, P.; Cruz-
Ramos, M.; Palacios-Gonzalez, B.; Gomez-Quiroz, L.E.; Martinez-Nava, G.A. NLRP3
inflammasome: The stormy link between obesity and COVID-19. Front. Immunol. 2020, 11,
570251.

Mccarty, M.F.; lloki Assanga, S.B.; Lujan, L.L.; O’Keefe, J.H.; DiNicolantonio, J.J. Nutraceutical
strategies for suppressing NLRP3 inflammasome activation: Pertinence to the management of
COVID-19 and beyond. Nutrients 2020, 13, 47.

Holbrook, J.A.; Jarosz-Griffiths, H.H.; Caseley, E.; Lara-Reyna, S.; Poulter, J.A.; Williams-Gray,
C.H.; Peckham, D.; McDermott, M.F. Neurodegenerative disease and the NLRP3 inflammasome.
Front. Pharmacol. 2021, 12, 643254.

Wu, A.G.; Zhou, X.G.; Qiao, G.; Yu, L.; Tang, Y.; Yan, L.; Qiu, W.Q.; Pan, R.; Yu, C.L.; Law, B.Y.;
et al. Targeting microglial autophagic degradation in NLRP3 inflammasome-mediated
neurodegenerative diseases. Ageing Res. Rev. 2021, 65, 101202.

Itoh, K.; lgarashi, K.; Hayashi, N.; Nishizawa, M.; Yamamoto, M. Cloning and characterization of a
novel erythroid cell-derived CNC family transcription factor heterodimerizing with the small Maf
family proteins. Mol. Cell. Biol. 1995, 15, 4184-4193.

Tebay, L.E.; Robertson, H.; Durant, S.T.; Vitale, S.R.; Penning, T.M.; Dinkova-Kostova, A.T.;
Hayes, J.D. Mechanisms of activation of the transcription factor Nrf2 by redox stressors, nutrient
cues, and energy status and the pathways through which it attenuates degenerative disease.
Free Radic. Biol. Med. 2015, 88 Pt B, 108-146.

Asselah, T.; Durantel, D.; Pasmant, E.; Lau, G.; Schinazi, R.F. COVID-19: Discovery, diagnostics
and drug development. J. Hepatol. 2020, 74, 168-184.

De Candia, P.; Prattichizzo, F.; Garavelli, S.; Matarese, G. T cells: Warriors of SARS-CoV-2
infection. Trends Immunol. 2021, 42, 18-30.

Mrityunjaya, M.; Pavithra, V.; Neelam, R.; Janhavi, P.; Halami, P.M.; Ravindra, P.V. Inmune-
boosting, antioxidant and anti-inflammatory food supplements targeting pathogenesis of COVID-
19. Front. Immunol. 2020, 11, 570122.

Uddin, M.; Mustafa, F.; Rizvi, T.A.; Loney, T.; Suwaidi, H.A.; Al-Marzouqi, A.H.H.; Eldin, A.K;
Alsabeeha, N.; Adrian, T.E.; Stefanini, C.; et al. SARS-CoV-2/COVID-19: Viral genomics,
epidemiology, vaccines, and therapeutic interventions. Viruses 2020, 12, 526.

Kelley, N.; Jeltema, D.; Duan, Y.; He, Y. The NLRP3 inflammasome: An overview of mechanisms
of activation and regulation. Int. J. Mol. Sci. 2019, 20, 3328.

https://encyclopedia.pub/entry/18677 6/8



Rosemary (Rosmarinus officinalis) | Encyclopedia.pub

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Sun, Q.; Scott, M.J. Caspase-1 as a multifunctional inflammatory mediator: Noncytokine
maturation roles. J. Leukoc. Biol. 2016, 100, 961-967.

Zhou, R.; Yazdi, A.S.; Menu, P.; Tschopp, J. Arole for mitochondria in NLRP3 inflammasome
activation. Nature 2011, 469, 221-225.

Freeman, T.; Swartz, T.H. Targeting the NLRP3 Inflammasome in severe COVID-19. Front.
Immunol. 2020, 11, 1518.

Toldo, S.; Bussani, R.; Nuzzi, V.; Bonaventura, A.; Mauro, A.G.; Cannata, A.; Pillappa, R.;
Sinagra, G.; Nana-Sinkam, P.; Sime, P.; et al. Inflammasome formation in the lungs of patients
with fatal COVID-19. Inflamm. Res. 2020, 70, 7-10.

Mccord, J.M.; Hybertson, B.M.; Cota-Gomez, A.; Geraci, K.P.; Gao, B. Nrf2 activator PB125® as a
potential therapeutic agent against COVID-19. Antioxidants 2020, 9, 518.

McCord, J.M.; Hybertson, B.M.; Cota-Gomez, A.; Gao, B. Nrf2 activator PB125® as a carnosic
acid-based therapeutic agent against respiratory viral diseases, including COVID-19. Free Radic.
Biol Med. 2021, 175, 56-64.

Hybertson, B.M.; Gao, B.; Bose, S.; McCord, J.M. Phytochemical combination PB125 activates
the Nrf2 pathway and induces cellular protection against oxidative injury. Antioxidants 2019, 8,
1109.

Della-Torre, E.; Criscuolo, E.; Lanzillotta, M.; Locatelli, M.; Clementi, N.; Mancini, N.; Dagna, L.;
COVID-BioB Study Group. IL-1 and IL-6 inhibition affects the neutralising activity of anti-SARS-
CoV-2 antibodies in patients with COVID-19. Lancet Rheumatol. 2021, 3, e829—e831.

Rogers, T.F.; Zhao, F.; Huang, D.; Beutler, N.; Burns, A.; He, W.T.; Limbo, O.; Smith, C.; Song, G.;
Woehl, J.; et al. Isolation of potent SARS-CoV-2 neutralizing antibodies and protection from
disease in a small animal model. Science 2020, 369, 956-963.

Satoh, T.; Lipton, S.A. Redox regulation of neuronal survival mediated by electrophilic
compounds. Trends Neurosci. 2007, 30, 37-45.

Satoh, T.; McKercher, S.R.; Lipton, S.A. Nrf2/ARE-mediated antioxidant actions of pro-
electrophilic drugs. Free Radic. Biol Med. 2013, 65, 645-657.

Satoh, T.; Lipton, S. Recent advances in understanding NRF2 as a druggable target:
Development of pro-electrophilic and non-covalent NRF2 activators to overcome systemic side
effects of electrophilic drugs like dimethyl fumarate. FL000Research 2017, 6, 2138.

Satoh, T.; Okamoto, S.I.; Cui, J.; Watanabe, Y.; Furuta, K.; Suzuki, M.; Tohyama, K.; Lipton, S.A.
Activation of the Keapl/Nrf2 pathway for neuroprotection by electrophilic phase Il inducers. Proc.
Natl. Acad. Sci. USA 2006, 103, 768—773.

https://encyclopedia.pub/entry/18677 7/8



Rosemary (Rosmarinus officinalis) | Encyclopedia.pub

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Yu, J.-W.; Lee, M.-S. Mitochondria and the NLRP3 inflammasome: Physiological and pathological
relevance. Arch. Pharm. Res. 2016, 39, 1503-1518.

Satoh, T.; Saitoh, S.; Hosaka, M.; Kosaka, K. Simple ortho- and para-hydroquinones as
compounds neuroprotective against oxidative stress in a manner associated with specific
transcriptional activation. Biochem. Biophys. Res. Commun. 2009, 379, 537-541.

Hansen, D.V.; Hanson, J.E.; Sheng, M. Microglia in Alzheimer’s disease. J. Cell Biol. 2018, 217,
459-472.

Al-Okbi, S.Y. Nutraceuticals of anti-inflammatory activity as complementary therapy for
rheumatoid arthritis. Toxicol. Ind. Heal. 2012, 30, 738—749.

Lukaczer, D.; Darland, G.; Tripp, M.; Liska, D.A.; Lerman, R.H.; Schiltz, B.; Bland, J.S. A Pilot trial
evaluating meta050, a proprietary combination of reduced iso-alpha acids, rosemary extract and
oleanolic acid in patients with arthritis and fiboromyalgia. Phytother. Res. 2005, 19, 864—-869.

Habtemariam, S. The Therapeutic Potential of rosemary (Rosmarinus officinalis) diterpenes for
Alzheimer’s disease. Evid. Based Complement. Altern. Med. 2016, 2016, 2680409.

Perry, N.S.L.; Menzies, R.; Hodgson, F.; Wedgewood, P.; Howes, M.R.; Brooker, H.J.; Wesnes,
K.A.; Perry, E.K. A randomised double-blind placebo-controlled pilot trial of a combined extract of
sage, rosemary and melissa, traditional herbal medicines, on the enhancement of memory in
normal healthy subjects, including influence of age. Phytomedicine 2018, 39, 42—-48.

Lipton, S.A.; Rezaie, T.; Nutter, A.; Lopez, K.M.; Parker, J.; Kosaka, K.; Satoh, T.; McKercher,
S.R.; Masliah, E.; Nakanishi, N. Therapeutic advantage of pro-electrophilic drugs to activate the
Nrf2/ARE pathway in Alzheimer’s disease models. Cell Death Dis. 2016, 7, e2499.

Wu, C.-R.; Tsai, C.-W.; Chang, S.-W.; Lin, C.-Y.; Huang, L.-C. Carnosic acid protects against 6-
hydroxydopamine-induced neurotoxicity in in vivo and in vitro model of Parkinson’s disease:
Involvement of antioxidative enzymes induction. Chem. Interact. 2015, 225, 40-46.

Kim, S.J.; Kim, J.S.; Cho, H.S.; Lee, H.J.; Kim, S.Y.; Kim, S.; Lee, S.Y.; Chun, H.S. Carnosol, a
component of rosemary (Rosmarinus officinalis L.) protects nigral dopaminergic neuronal cells.
NeuroReport 2006, 17, 1729-1733.

Retrieved from https://encyclopedia.pub/entry/history/show/44889

https://encyclopedia.pub/entry/18677 8/8



