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Abstract: Antimicrobial resistance is a global concern that is levying a great economic burden on the
global population. Therefore, more studies are needed from the mechanistic point of view to understand
and combat antimicrobial resistance. Rosmarinus officinalis L. is a perennial shrub belonging to the
Lamiaceae family, globally cultivated, and widely used in folk medicine for various ailments. Essential
oil from Rosmarinus officinalis has been found to be useful in the food processing industries due to its
potent antioxidant and antimicrobial properties. Essential oil, phenolics, and diterpenes constitute the
major phytoconstituents of Rosmarinus officinalis. Furthermore, the major phytoconstituents such as
carnosol, carnosic acid, rosmarinic acid, and essential oil exhibit potent antibacterial action against
various pathogens and clinical isolates via targeting cell membrane proteins and efflux pumps.. Thus,
this review encompasses the various resistance mechanisms equipped by the pathogens and provides
an extensive review of the antimicrobial potential of R. officinalis extracts and its significant
phytoconstituents like essential oil, phenolic diterpenes (carnosol and carnosic acid) and phenolic acid
(rosmarinic acid).

Keywords: Rosmarinus officinalis; antimicrobial resistance; essential oil; rosmarinic acid; carnosic
acid; carnosol.
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1. Introduction

The World Health Organization (WHO) has recognized antimicrobial resistance
(AMR) as a threatening global concern, and numerous measures have been taken to combat
AMR [1]. AMR is the ability of a microorganism to resist and evade the action of antimicrobial
agents from inhibiting or killing them. Thus, it renders conventional treatments ineffective,
compromising chemotherapy and surgical procedures and levying huge economic and social
burdens [1]. The WHO has published a list of 12 bacterial families that need critical attention
and has been categorized as medium, critical, and high priority based on the requirement of
novel antimicrobials [2]. Among them, the critical group exhibits different patterns of
resistance, i.e., multidrug resistance (MDR), extensively drug-resistant (EDR), and pan-drug
resistant (PDR) bacterial strains, which could cause critical life-threatening infection with
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prolonged illness and hospitalization [3]. According to the Centers for Disease Control and
Prevention (CDC) reports, about 2 million people get infected, and 23,000 people die yearly in
the USA [4]. It is emphasized that the number of AMR-related deaths could increase by 50
million by 2050 [5]. A greater economic burden of about 100 trillion was levied over Asia and
Africa due to AMR-related deaths [6,7]. Thus, these pathogens have evolved to acquire AMR
due to various factors such as personal hygiene, food, environmental factors, antibiotics
misuse, and poor or insufficient healthcare facilities, which makes AMR a serious concern
worldwide [2].

Among the pathogenic organisms, MDR microbes such as methicillin-resistant
Staphylococcus aureus (MRSA) and Klebsiella pneumoniae, causing diseases such as
meningitis, pneumonia, gonorrhea, have resistant to antimicrobial drugs [8]. Among them,
MRSA from clinical samples exhibits increased resistance. Thus, potent antimicrobial agents
are necessary to combat the catastrophic effects of AMR in pathogenic microbes.

Rosmarinus officinalis L. (R. officinalis), belonging to the Lamiaceae family, is a
globally cultivated perennial shrub widely found in Western countries and extensively used in
the Mediterranean region [9]. R. officinalis has been used as a folk medicine with established
antiseptic, anti-inflammatory, antirheumatic, antimicrobial, antioxidant, and antispasmodic
activities [10,11]. In addition, the rosemary extracts cause relaxation of smooth muscles and
possess hepatoprotective and antitumorigenic activity [12]. Furthermore, due to its antioxidant
properties, it has been used as a food preservative and flavoring agent [13]. The review aims
to provide insights into the antimicrobial potential of R. officinalis and its main constituents
and various mechanisms involved in developing antimicrobial resistance.

2. Botanical Description

Rosemary is a woody, perennial shrub with a strong aromatic fragrance, needle-like
evergreen leaves, and flowers in different colors like white, purple, pink, or blue. It has various
forms that vary from upright to prostrate with multiple stems. The leaves are 2-4 cm long and
2-5 mm broad, with a green-white gradient, and leaves with dense, short woolly hairs. The
flowers are purplish white with two long-exerted (protruding) stamens. The fruit consists of
four dry nutlets (one-seeded section). The leaves are opposite, with 4-6 leaves grouped in a
single axil. The stem is square and woody. There are more than 20 varieties of rosemary plants.
These plants are of excellent ornamental and culinary value. This plant grows to cover about
12 inches but rarely gets over six inches tall [14].

3. Traditional uses

In ancient days, rosemary was used as folk medicine. It has been used as an
antispasmodic, antiepileptic, antibacterial, analgesic, antirheumatic, carminative, cholagogue,
diuretic, expectorant, treatment of dysmenorrhea, relieving respiratory disorders and had
improvising effects on human fertility [15]. Orally, it is used to treat dyspeptic complaints.

Externally, it is used as a rubefacient to stimulate hair growth and treat scalp eczema,
rheumatic complaints, circulatory disorders, boils, and wounds [12,16]. Essential oils of R.
officinalis are volatile aromatic oils obtained by steam distillation from fresh leaves and
flowering tops of the plant. It is a colorless or pale-yellow liquid having a characteristic odor
of the plant and used as an ingredient in cosmetics such as Eau-de-cologne, hair lotion, cold
creams, carminative, rubefacient, stimulants, inhalers, soaps, and the leaves are used for
flavoring foods as a condiment [17].
https://nanobioletters.com/ 20f25
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4. Bioactive Phytoconstituents

R. officinalis leaves are one of the richest sources of essential oils, and their chemical
composition greatly varies based on their geographical location and climatic conditions [18—
20]. However, the major and common phytoconstituents include camphor (5-31%), 1,8-cineole
(15-55%), a-pinene (9-26%), borneol (1.5-5.0%), camphene (2.5-12.0%), B-pinene (2.0-9.0%),
limonene (1.5-5.0%), verbenone (2.2-11.1%), caryophyllene (1.8-5.1%) and myrcene (0.9-
4.5%) [21,22]. The plant is also rich in phenolics and terpenes. The terpenic compounds in R.
officinalis can be classified into phenolic diterpenes and pentacyclic triterpenes.[23] The
composition of major secondary metabolites explored in R. officinalis is as follows: diterpenes
(up to 4.6%): carnosic acid, carnosol, isorosmanol, rosmadiol, rosmaridiphenol, rosmanol,
rosmariquinone, triacetylrosmanol, dimethylrosmanol; triterpenes: oleanolic acid (10%),
ursolic acid (2-5%), a-amyrin, B-amyrin, epi-a-amyrin, 19-a-ursolic acid, 2-B-hydroxy
oleanolic acid, betulin; phenolic acids (2-3%): rosmarinic acid (3.5%), chlorogenic acid, neo-
chlorogenic acid, caffeic acid, labiatic acid; flavonoids: luteolin, genkwanin (7-O-
methlylapigenin), diosmetin, diosmin, genkwanin-4’-methyl ether, 6-methoxygenkwanin, 6-
methyoxyluteolin,  6-methoxyluteolin-7-glucoside,  6-methoxyluteolin-7-methyl  ether,
hispidulin, apigenin - corresponding glycosides [13,24]. The chemical structures of various
chemical constituents of R. officinalis are shown in Figure 1.
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Figure 1. Chemical structure of phytoconstituents from Rosmarinus officinalis.

5. Pharmacological activities

A review on the pharmacology of rosemary was published in the year 1999 in which
the listed pharmacological actions of rosemary were bronchodilator, smooth muscle relaxant,
anti-inflammatory, antioxidant, and anticancer activities [12], as represented in Table 1. Until
2000, there were no reports on the antimicrobial activity of rosemary or its phytoconstituents.
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Later, the rosemary extract and its bioactive phytoconstituents were explored for their efficacy

as an antimicrobial agent against various pathogens.

Table 1. Pharmacological activities of R. officinalis and its bioactive constituents.

S.No Activity studied for Pharmacological activity References

1 Essential oils Antibacterial [25-30]
Antimicrobial [31-35]
Anti-inflammatory [36]
Antinociceptive
Cytotoxicity [34]
Colitis [37]
Antiproliferative [25]
Antioxidant [38]
Antilisterial [39]

2 Carnosic acid Antimicrobial activity [40-42]
Antibacterial [9,43]
Antioxidant [40,41]
Anti-neuronal stress [44]
Anxiolytic [45]
Antiulcer [46]

3 Carnosol Antimicrobial [41,47]
Antioxidant
Antibacterial [9,43]
Anti-inflammatory [48]
Antinociceptive
Antiulcer [46]
Neuroprotective [39]

4 Rosmarinic acid Antimicrobial [40,41]
Antibacterial [43,49]
Antioxidant [40,41]
Neuroprotective [39]
Anti-neuronal stress [50]

5 Eugenol, Farnesol, Benzoic acid, | Antimicrobial

Cinnamic acid Neuroprotective

6 Ursolic acid Neuroprotective

7 Salvigenin, Rosmanol and Cirsimaritin | Antidepressant [51]
Anxiolytic
Antinociceptive

8 Extract Antimicrobial [52]
Anti-inflammatory and [48]
antinociceptive
Anti-tumor [53,54]
Antioxidant [52,54-57]
Antibacterial [56]
Anti-diabetic [57]
Nephrotoxicity [58]
Colitis [37]
Antifertility [59]
Neuroprotective [39]
Antidepressant [60]

9 Diterpenes Alzheimer's [61]
Hepatoprotective [62]

10 Total phenolics Antimicrobial [63,64]
Antioxidant

The present review discusses the antimicrobial studies conducted on rosemary and the
mechanistic action of its phytoconstituents against various pathogens.
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6. Resistance mechanisms equipped by pathogens

Generally, antimicrobial agents inhibit or disrupt cell wall synthesis, cell membrane
function, ribosome or protein synthesis, nucleic acid synthesis, and folate metabolism [65,66].
On the other hand, pathogens acquire or become resistant to antimicrobial agents via various
evasion mechanisms and techniques. The various mechanisms that are equipped by pathogenic
bacteria are represented in Figure 2.
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Figure 2. Effect of Rosmarinus officinalis extracts, essential oil, and phytoconstituents against antimicrobial
resistance mechanisms equipped by pathogens. The extracts, essential oil, and phytoconstituents of Rosmarinus
officinalis extracts have been shown to inflict antimicrobial action by increasing the cell permeability of the
bacterial cell and inhibiting the efflux pump in the pathogens as a mechanism of action.

6.1. Antimicrobial's inactivation or destruction.

Certain pathogenic organisms render the B-lactam antibiotics inactive, acquiring
resistance by synthesizing and producing p-lactamases, which breaks the B-lactam ring. Thus,
the microbes produce enzymes such as transferases, which disrupt the chemical structure of the
antibiotics, and over 1000 B-lactamase enzymes have been isolated till now [67,68]. B-
lactamases induce significant antimicrobial resistance to their respective hosts by disrupting
the amide bond of B-lactam rings by hydrolysis in antibiotics such as penicillin, Amoxicillin,
ampicillin, and ceftazidime. In addition, the resistance to B-lactams is acquired by modulating
the penicillin-binding protein (PBP) and modifying the cellular permeability [65,69].
Furthermore, the spread of the B-lactamases gene has facilitated the integration of the resistant
genes into the bacteria (Plasmids and transposons) and the rapid transfer between the bacteria
[70]. Predominantly, gram-negative bacteria synthesize [-lactamases, a threatening
antimicrobial mechanism against B-lactam antibiotics [71,72]. When a molecule with the -
lactam ring comes into use, a new resistance mechanism against the introduced f-lactam drug
is discovered. For instance, when the new third-generation cephalosporins were introduced, a
plasmid-encoded B-lactamase known as Extendeyyd-Spectrum B-Lactamases (ESBLS) capable
of hydrolyzing the drugs were discovered [73,74]. In gram-negative bacteria, -lactamases of
clinical importance include ESBLs and AmpC enzymes, which confer resistance to penicillins
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and cephalosporins, not cephamycin and carbapenems [75,76]. Finally, carbapenemases confer
resistance to the carbapenems and B-lactams (hydrolyzable) [77]. Thus, novel antimicrobial
molecules that can evade the B-lactamases are necessary to overcome the setbacks of AMR.

6.2. Limitation of drug uptake.

Bacteria intrinsically have a difference in the uptake of antimicrobial drugs. The
Lipopolysaccharide (LPS) in the cell wall of gram-negative bacteria provides additional
resistance to certain molecules compared to gram-positive bacteria. Thus, it imparts a natural
resistance to the antimicrobial agents wherein, in the case of bacteria with high lipid content in
the outer membrane, it gives easier access to hydrophobic drugs such as fluoroquinolones [78—
81]. Certain bacteria, such as mycoplasma, lack cell walls, making them intrinsically resistant
to the molecules targeting the cell wall, such as B-lactams and glycopeptides [82]. As known,
gram-positive bacteria possess a weak cell wall without an outer membrane that allows the
passage of hydrophilic molecules, so restricting access to the drug molecule is not widely
common. However, enterococci exhibit resistance against the polar molecules that cross the
cell wall, thereby developing an intrinsic aminoglycoside resistance. S. aureus, a gram-positive
organism, developed resistance against vancomycin, where the mechanism is unknown. Yet, it
develops a thickened cell wall that imparts difficulty in transporting drugs across the cell wall.
These particular strains were designated as Vancomycin-intermediate Staphylococcus aureus
(VISA) strains [80,83,84].

Generally, porins facilitate the influx of substances to the cells in bacteria with the
larger outer membrane; predominantly, gram-negative bacteria utilize the porins to transport
hydrophilic substances [78,83,85]. The type and number of porins affect the organism's
susceptibility to antimicrobial drugs [86]. Drug resistance or a decrease in drug uptake can be
inflicted by reducing the number of porins and inducing mutation, which can change the porin
channel selectivity [79]. Mutations in the porins lead to changes in the molecular structure,
size, conductivity, and expression of channels. However, porin changes are considered low-
level resistance, but the effect changes when they coexist in synergy with other resistance
mechanisms [86]. Reduction in the number of porin channels and mutations in the porin
channels have been observed in the members of the Enterobacteriaceae and E. aerogenes,
respectively, and they became resistant to carbapenems, imipenem, and cephalosporins [87].
Thus, limiting the drug uptake by modulating cell permeability and porins plays a crucial role
in developing drug resistance.

6.3. Extrusion of drugs using efflux pumps.

Various pathogenic bacterial strains possess efflux pump mechanisms that potentially
nullify the antimicrobial effects of drugs. Efflux mechanisms are chromosome-coded or
plasmid-coded to the bacteria genes, providing intrinsic resistance to the antimicrobial drugs.
The efflux pumps are cytoplasmic energy-dependent channels the bacteria employ to expel the
toxic substances from inside the cells. After acquiring the resistance, it expels the antimicrobial
agent, nullifying its effects [88].

Levy et al. first identified the active efflux of antimicrobials in pBR322 plasmid
containing Escherichia coli against tetracyclines [89,90]. Over time, various plasmid,
chromosome-coded, class-specific, agent-specific, and MDR efflux pumps have been
identified, becoming a critical factor of AMR [91]. Several studies confirm that pathogens have
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utilized efflux pumps to expel most antimicrobial agents [92]. The efflux pumps that are
capable of expelling the antimicrobials are broadly classified into ATP (adenosine
triphosphate)- binding cassette (ABC) family, the major facilitator superfamily (MFS), small
multidrug resistance (SMR) family, the resistance-nodulation-division (RND) family, and the
multidrug and toxic compound extrusion (MATE) family [91,93]. Efflux pumps can expel the
antimicrobial agents or compounds without any change or deterioration identified by non-drug-
specific proteins, resulting in multidrug resistance [79,94]. Furthermore, it reduces the
concentration of the antibiotics below its inhibitory concentration, reducing its effect on the
pathogen.

Most efflux pumps are predominantly single-component systems supporting the
transportation of substrates across the cytoplasmic membrane. In contrast, RND is a multi-
component system that facilitates substrate transportation across the entire cell envelope. In
certain instances, in gram-negative bacteria and cellular components, some efflux pumps
function as multi-component systems. For example, MacB, which belongs to the ABC
superfamily, acts as a tripartite pump in the extrusion of macrolides [95]. MATE and MFS are
known to efflux fluoroquinolones in gram-positive bacteria, inflicting inherent resistance
against therapeutic antimicrobials [96-98]. In addition, specific efflux transporters such as
TetK and MsrA export tetracyclines and macrolides, inducing antimicrobial resistance [9].
Figure 3 shows the structure of different efflux pumps equipped with pathogens.

Outer membrane

[rs] (o]

Figure 3. Various types of antimicrobial-resistant efflux pumps. ATP (adenosine triphosphate)- binding cassette
(ABC) family, the major facilitator superfamily (MFS), small multidrug resistance (SMR) family, the
resistance-nodulation-division (RND) family, and the multidrug and toxic compound extrusion (MATE) efflux
pumps.

6.4. Target site alteration.

Drug target site alteration is one of the resistance mechanisms used by the pathogens to
counteract the antibiotics by altering the site of action either by mutation of the responsible
gene or enzymes, thus rendering the antibiotics inactive or disabling them [99,100]. It can also
be said that the target alteration or modification can also result from the enzymes produced by
the bacteria, which are either inductive or constitutive. For instance, the Streptococcus sp
evades the MLSB (macrolides, lincosamide, and streptogramin B) action via post-
transcriptional modification of 23S rRNA, i.e., methylation of N6 amino group in the adenine
residue of 23s rRNA, of the 50s ribosomal subunit, thereby blocking protein synthesis [101].
Likewise, erythromycin-resistant bacteria alter the enzyme peptidyl transferase in addition to
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efflux pumps as a resistance mechanism against antibiotics. Though the protein synthesis is not
affected even after the methylation at the specific amino acid residue but impairs the affinity
of antibiotics towards the target site, a key resistant approach exhibited from the clinical
isolates of S. aureus [102].

6.5. Target site protection.

Ribosome protection proteins (RPPs) confer protection to the ribosomal subunits from
the tetracyclines, implicated in both gram-positive and gram-negative bacteria [103-105].
Quinolone resistance is inflicted by Qnr proteins (chromosome or plasmid-mediated), reducing
the interaction of topoisomerase IV and bacterial gyrase with DNA by acting as a DNA
template, thereby reducing the binding site for quinolones [106]. RPP belongs to the
cytoplasmic protein that confers the modification of ribosomal conformation that affects the
binding of tetracycline to the ribosome, thereby affecting the drug action of tetracyclines such
as minocycline and doxycycline, inducing much more resistance than with bacteria equipped
with tetracycline efflux pumps [65]. Even though certain members of the Streptomyces species
are gram-positive, they are highly penicillin-resistant due to either overproduction of low-
affinity PBPs or PBP [107].

6.6. Overproduction of drug targets.

Overproduction of drug targets can overwhelm the antibiotic concentration, rendering
it below its therapeutic doses. Resistance to the sulfonamides is mediated by the drug-resistant
forms of the enzyme dihydropteroate synthase (DHPS). The enzymatic action of dihydrofolate
reductase (DHFR) is an important factor in the synthesis of dihydrofolic acid, an essential
component in amino acid and nucleic acid synthesis, generally inhibited by their analog
trimethoprim. Thus, overproduction of DHFR renders the drug ineffective against pathogens
[65,88].

6.7. Biofilm formation and quorum sensing.

Biofilm is a community-based microbial resistance against antimicrobial agents, where
they get attached and encased in an extracellular matrix of microbial origin. Quorum sensing
facilitates the formation of biofilm and communication between bacteria through extracellular
signaling molecules known as autoinducers, enhancing cell density and imparting antibiotic
resistance that corresponds to the bacteria's population. The formed biofilm inhibits the
penetration of antimicrobial drugs through the biofilm matrix, efflux pump, and quorum
sensing. The efflux pump further facilitates the resistance in the biofilm by blocking membrane
channels and preventing multi-component channels [6,108,109]. A schematic representation of
biofilm is shown in Figure 4.

Till now, several auto-inducers have been found; gram-positive and gram-negative
bacteria usually use small peptides and acyl homoserine lactone (AHL) for signaling,
respectively. Quorum sensing tends to influence biofilm architecture; many streptococcal
species use an autoinducer called competence stimulating peptide (CSP). CSP-deficient
Streptococcus mutans could not form biofilm compared to their wild counterparts. Thus,
quorum sensing plays a vital role in forming biofilm in certain species [108,110]. Among the
bacterial population, a small subpopulation of cells tends to coexist along with bacteria known
as persister cells.
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Figure 4. Effect of Rosmarinus officinalis extracts, essential oil, and phytoconstituents biofilm formation and
qguorum sensing in pathogens. The extracellular polymeric substance restricts the entry of antimicrobials within
the biofilm. p — lactamases were secreted by the biofilm-inhabited bacteria into its surroundings, thereby
increasing the expression of multidrug resistance (MDR) pumps. The quorum sensing activation between the
bacteria and the gradients of nutrients and metabolic wastes, makes a significant contribution to the
development of antimicrobial resistance. The persistent cells that coexist with bacterial clusters highly
contribute to intractable biofilm infection by imparting resistance against antimicrobial agents. Rosemary
extracts comprising carnosic acid as primary constituent inhibited quorum sensing in pathogens via inhibiting
agr — pathway. The essential oil has been shown to exhibit antibiofilm activity against S. aureus MU47 strain.
Carnosol and carnosic acid downregulated RNAIII and psma gene expression, inhibiting autoinducing peptide
(AIP) expression, subsequently inhibiting the quorum sensing in S. aureus strain.

The persister cells are specialized cells that seize to grow by entering a dormancy phase,
allowing them to survive extreme conditions and evade death, as most antibiotics inhibit cell
growth. Even under extreme conditions and increased antibiotic concentration, the cells tend
to survive. The antibiotic resistance of persister cells did not rise due to mutation, but rather,
they are the clonal population of phenotypical wild-type variants that are genetically identical
[111,112].

From the various reports, the postulated targets for combating microbial resistance by
the active constituents are as follows: Phytochemicals tend to donate free radicals that form
irreversible complexes with transporter proteins inhibiting the transport of substances across
the cell membrane.[113] Disruption or altering of the cell membrane proteins causes leakage
of substances from the bacterial cell, altering the cell adhesion and polypeptides for active
binding of drug molecules. Competitive inhibition of the proteins governing the efflux pumps
inhibits the uptake/efflux of molecules through the channel. Suppression of ATPase activity
thereby inhibits ATP's hydrolysis to ADP+Pi energy conversion, causing energy deficiency for
the active transport of substances, leading to increased accumulation inside the cell causing
cell rupture. The genes coding to synthesize efflux pump channel proteins often linked with a
regulatory gene tend to be activators or repressors. Downregulation of the genes coding to
synthesize efflux pump channel proteins can be a viable strategy to combat the multifaceted
efflux pumps inducing AMR [113-115].

7. Antimicrobial activity R. officinalis extracts

The antimicrobial potential of R. officinalis extracts was extensively studied, and their
Minimum inhibitory concentration (MIC) and Minimum Bactericidal Concentration (MBC)
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values were used to determine their antimicrobial efficacy. Various rosemary extracts and their
activity against different strains with their MIC and MBC values are listed in Table 2.

Table 2. Antimicrobial activity of R. officinalis extracts.

S. Type of extract Tested against microbial strains MIC/MBC References
No
Methanolic extract S. aureus and E. faecalis MIC [43]
E. coli, E. cloacae, P. mirabilis, | 60-200 pg/mL
P.aeruginosa, M. morganii, P. stuartii | 400-1600 pg/mL
M. luteus, MIC [116]
S. aureus, 1.56 mg/mL
B. subtilis, 1.56 mg/mL
K. pneumoniae, 3.13 mg/mL
P. aeruginosa 1.56 mg/mL
E. coli 3.13 mg/mL
3.13 mg/mL
L. mesenteroides and L. delbruekii MIC [64]
1.25 - 1.5 mg/mL
S.cerevisia and I. orientalis 2.25 - 2.5 mg/mL
E. coli, K. pneumoniae and P. mirabilis | MIC [41]
X. campestris 2 -15 mg/mL
2 - 60 mg/mL
Yeast MIC - 4 mg/mL
2 Alcoholic extract S. aureus, B. cereus, L. monocytogenes, | MIC [46]
C. jejuni, S. infantis and E. coli 0.02 - 1.03 mg/mL
3 Carbon dioxide/ | 29 aerobic and anaerobic bacteria MIC [55]
Isopropy! alcohol extract 1-100 pg/mL
yeasts (C. albicans (ATCC 90028) and | MIC -20 pg/mL and MBC -
C. krusei (ATCC 6258)) 100 pg/mL
4 Extracts Against different species of Listeria MIC [42]
i)VivOX 20 1)625-5000 g/mL
i)VivOX 40 i1)312.5-2500 pg/mL and
MBC-15.63 - 98.5 pg/mL
5 Ethyl acetate fraction | E. coli and K. pneumonia MIC [117]
from the crude extract 5-10 pg/mL
6 Supercritical fluid extract | S. aureus, B. cereus, E. coli and P. | MIC [118]
aeruginosa 0.1- 0.5 mg/mL

Moreno et al. 2006 demonstrated the antimicrobial activity of various extracts
(methanol, acetone, and water) of R. officinalis against gram-positive and gram-negative
bacteria using disk diffusion and broth dilution techniques. Compared to other extracts,
methanolic extract comprising carnosic acid (30%), carnosol (16%), and rosmarinic acid (5%)
exhibited potent antimicrobial activity with lower MIC values. Thus, the results showed that
the antimicrobial activity was attributed to the phenolic compounds present in the extracts.[41]
When the antimicrobial efficacy of the aqueous extract was compared with the methanolic
extract against the gram-positive (Micrococcus luteus, Staphylococcus aureus, and Bacillus
subtilis) and gram-negative bacteria (Klebsiella pneumonia, Pseudomonas aeruginosa and
Escherichia coli), the methanolic extract exhibited pronounced antimicrobial action against
both the type of strains. The methanolic extract exhibited a lower MIC value of 1.56, 1.56,
3.13, 156, 3.13, and 3.13mg/ml against Micrococcus luteus, S. aureus, B. subtilis,
K.pneumoniae, P. aeruginosa, and E. coli, respectively than the aqueous extract (6.25 mg/ml).
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It was emphasized that the exerted antimicrobial activity might be due to the ability of bioactive
components to alter the membrane permeability, facilitating the antibiotic influx and
intoxicating the bacteria [116]. The polar fractions of rosemary extracts exhibited more potent
antimicrobial action against B.subtilis than the Gram-positive S. aureus, methicillin-resistant
S. aureus (MRSA), Gram-negative P. aeruginosa, and E. coli [119]. In addition, commercially
available rosemary extract formulations exhibited potent antioxidant and antimicrobial
properties against both gram-positive and gram-negative pathogens including Bacillus cereus
WSBC 10530 (clinical isolate), Staphylococcus aureus ATCC 25923, Campylobacter jejuni
ATCC 33560, and Salmonella infantis ZM9. Still, gram-positive bacteria (Bacillus cereus and
S.aureus) were more susceptible to antimicrobial action than gram-negative bacteria
(Campylobacter and Salmonella) due to their dense lipopolysaccharide membrane, where the
phenolic constituents, i.e., carnosic acid in the soluble oil extracts majorly contributed to its
antimicrobial activity [120].

The methanolic extracts were more effective against the bacterial strains (Leuconostoc
mesenteroides and Lactobacillus delbruekii) compared to the yeast strains (Saccharomyces
cerevisiae and Candida krusei), exhibiting its efficacy against bacteria than yeast [64]. The
methanolic extract showed good antibacterial activity against MDR 37 nosocomial strains such
as Escherichia coli, Pseudomonas aeruginosa, Proteus mirabilis, Morganella morganii, and
Providencia stuartii. The extracts exhibited a 2-fold increase in the MIC value for gram-
negative strains than the concentration used for gram-positive strains. Besides, rosemary
extract and carnosic acid inhibited MRSA, gentamicin, and streptomycin-resistant
Enterococcus faecalis with MIC values of 60 pg/mL and 200 pug/mL, respectively [43]. Hence
the MDR strains such as MRSA and gentamicin and streptomycin-resistant Enterococcus
faecalis were highly susceptible to the antimicrobial action of Rosmarinus officinalis.
Furthermore, the alcoholic extracts of R. officinalis and V. vinifera's antimicrobial efficacy
were evaluated and correlated with phenolic constituents present in the extract. Rosemary
extracts exhibited potent antimicrobial activity compared to vine extracts. The results showed
that the antimicrobial potential against the pathogens (S.aureus, B.cereus, Listeria
monocytogenes, and Campylobacter jejuni) was also due to the phenolic phytoconstituents
[52]. Thus, various reports suggested that the phenolic phytoconstituents in extracts may have
contributed to its antimicrobial effects. On the contrary, a study reported that the essential oil
possessed more potent antimicrobial activity than the methanolic extracts when evaluated
against the pathogens S.aureus and E.coli. Both S.aureus and E.coli were highly susceptible to
the antimicrobial action of essential oil and methanolic extract. [121] Hence, it opens a broad
window of opportunity for R. officinalis to be used as a potent antimicrobial agent to combat
AMR.

Besides phenolic compounds, few reports proposed that the antimicrobial activity is
mainly due to another major secondary metabolite, i.e., diterpenes. Rozman & JerSek 2009
evaluated the antibacterial effect of two different types of Rosemary extracts containing
different levels of carnosic acid (VivOX 20:22.04 % and VivOX 40:40.49 %) against different
species of Listeria by using the disc diffusion method and broth dilution method. However,
both VivOX 20 and VivOX 40 showed effective antibacterial activity against pathogenic
Listeria, showing that rosemary extracts' activity depended on the extract type and
concentration. [42] Similarly, the potent antioxidant and antimicrobial activity of R. officinalis
extract against S. aureus and L. monocytogenes depended on the number of phytoconstituents
in the extract. About 27 methanolic extracts of 27 rosemary plants collected in the various
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altitudes of the province of Murcia, comprising various concentrations of phytochemicals
(carnosol, carnosic acid, and rosmarinic acid) were evaluated against S. aureus and L.
monocytogenes. With respect to antimicrobial efficacy, the presence of the diterpene compound
carnosol played a significant role in augmenting the antimicrobial efficacy of the extracts [40].
Also, rosemary extracts consisting of carnosic acid specifically inhibited the expression of the
agr virulence factor in S. aureus, thereby inhibiting the quorum sensing agr pathway [122].
Compared with the extracts, the solvent fractions (Petroleum ether, dichloromethane,
ethyl acetate, and aqueous fraction) obtained from the extracts of R. officinalis exhibited
increased antimicrobial effects. Ethyl acetate fraction of R. officinalis leaves with the MIC
between 1.25 and 80 pg/uL exhibited antimicrobial activity against Extended-Spectrum Beta-
Lactamase (ESBL) synthesizing bacteria, 1i.e., Escherichia coli and Klebsiella
pneumonia.[117] The rosemary leaf extract obtained through the supercritical fluid extraction
(SFE) technique demonstrated potent antimicrobial activity against gram-positive bacteria than
gram-negative bacteria with larger MIC values. The antimicrobial activity exhibited by the leaf
extract obtained using SFE was due to the presence of essential oils in the extract.[118] .
Similarly, the extract obtained by SFE, containing 116 ng mg—1 of carnosic acid content and
60.6 ug mg—1 of carnosol content, exhibited potent antimicrobial action against Bacillus
subtilis among the other bacterial strains, i.e., Escherichia coli, Pseudomonas aeruginosa, and
Staphylococcus aureus [123]. On the contrary, the nonvolatile phenolic fraction of rosemary
showed potent antibacterial activity against gram-positive (S.aureus and S.epidermidis) and
gram-negative (E.coli and P.aeruginosa) pathogenic bacteria. In addition, the results showed
that the flavonoid fraction of rosemary leaves did not contribute to its antimicrobial effects.
Hence, it was evident that the antimicrobial property was due to the high concentration of
nonvolatile terpenoid contents [124]. Due to the wide spectrum of biological activities, the
different solvent fractions obtained from the rosemary extracts, including Dichloromethane
(DCM), Ethyl acetate (EA), and butanol (BuOH), were evaluated for their antibacterial and
antioxidant properties. The results suggested that DCM exerted efficient antibacterial activity
against S.aureus (ATCC®25923TM), S.epidermidis (ATCC®12228TM), P.aeruginosa
(ATCC®27853TM), and Bacillus cereus compared to other fractions and extracts. Carnosic
acid and Rosmarinic acid were found to be the major constituents of DCM; hence,
antimicrobial action was due to the high phenolic composition of DCM fraction [125].

8. Antimicrobial activity of bioactive constituents of R. officinalis

Essential oils, carnosol, carnosic acid, and Rosmarinic acid constitute the major
bioactive constituents R. officinalis, and their respective exhibited antimicrobial activities are
shown in Table 3.

Table 3. Antimicrobial activity of bioactive phytoconstituents of R. officinalis.

S.No | Bioactive Tested against microbial strains MIC/MBC References
constituents

1 Essential oil S. aureus, B. cereus, B. subtilis, B. pumilis (wild type), | MIC 0.20-0.48 mg | [25]
P. aeruginosa, S. poona, E. coli and ampicillin resistant | /mL
E. coli
L. garvieae MIC-15.6 ng / mL [30]

MBC-31.2 ug / mL

E. coli, P. aeruginosa, S. aureus, K. pneumonia, S. | 4 —40 pg/mL [26]
typhi, S. intermedius, B. subtilis, S. mutans, M. luteus,
and P. mirabilis
M. luteus 5.8 mg/mL [126]
E. coli 18-20 pL/mL [127]
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S.No | Bioactive Tested against microbial strains MIC/MBC References
constituents
B. cereus 32 pg/mL [32]
P. aeruginosa 64 pg/mL
E. coli and S. aureus 25 u/ mL and 5 | [128]
ul/mL
C. albicans MIC 2 pl/mL and [129]
MBC 4 pug/mL
B. cinerea, F. solani, P. digitatum, 90 - 180 pg/mL [130]
A. niger
2 Carnosic acid E. coli, K. pneumonia MIC 1 pg/mL and [41]
X. campestris MBC 60 mg/mL
S. aureus and 60 pg/mL [43]
E. faecalis
MDR-K. pneumonia (KpGM1, KpGM2, KpGM3, | >100, >200, >200, nt, | [131]
Kp010, Kp013, NNKp), nt, >100 pg/mL

MRSA (GM20, GM31, GM1977)
12, 24, 32 pg/mL

S. cerevisiae, B. subtilis 2 pg/mL [41,123]
E. faecalis, S. salivarius, S. sanguinis, S. mitis, S. | 70, 30, 50, 15, 30, 40 | [35]
mutans and pg/mL
S. sobrinus

3 Rosmarinic acid | S. aureus, S. epidermidis, E. coli, P. aeruginosa 600, 600, 400, 400 | [124]

ug/mL

4 Carnosol B.subtilis, E. faecalis, S. salivarius, S. sanguinis, S. | 100, 35, 35, 35, 75,50 | [35,123]

mitis, S. mutans and S. sobrinus ug/mL

8.1. Essential oil.

Essential oils are a mixture of volatile constituents plants produce as a secondary
metabolite for protection against predators and microorganisms [132]. In rosemary extract, the
essential oil composition (1, 8-cineol, camphor, a-pinene, limonene, camphene, and linalool)
varies widely with respect to its geographical locations and climatic conditions [20,130,133].
The essential oils obtained from the rosemary collected from different locations were explored
and reported to have potent antimicrobial activity. The essential oil obtained from the leaves
of R. officinalis collected from Pakistan during the winter season was studied for antibacterial,
antioxidant, and antiproliferative activities. The antibacterial activity of essential oil was
studied against S. aureus, Bacillus cereus, B. subtilis, Bacillus pumilis, Pseudomonas
aeruginosa, Salmonella poona, Escherichia coli, and ampicillin-resistant Escherichia coli. The
essential oils exhibited MIC values of about 0.20-0.48 mg mL* and 1.16-1.72 mg mL* against
gram-positive and gram-negative bacteria, respectively. The essential oils have been shown to
have more potent antimicrobial activity than 1,8-cineol, and a-pinene primary phytoconstituent
of R. officinalis essential oil has been shown to exhibit potent inhibitory action against
C.albicans via inducing ROS-dependent lethality [134]. The essential oil collected from
Pakistan had shown potent antimicrobial activity against the tested pathogens, which might be
due to the varied chemical composition of the R. officinalis essential oil native to its geographic
location [25]. The antibacterial activity of essential oil of R. officinalis collected from Morocco
was studied against the strains Escherichia coli, Pseudomonas aeruginosa, Staphylococcus
aureus, Klebsiella pneumonia, Salmonella typhi, Staphylococcus intermedius, Bacillus subtilis,
Streptococcus mutans, Micrococcus luteus, and Proteus mirabilis by disk diffusion method and
the MIC of essential oil was calculated to be ranged from 4 — 48.2 pg/mL. Further, the results
suggested that the activity was due to the presence of monoterpenes as the major constituents
in the essential oil [26].

Mattazi et al. evaluated the antibacterial effect of essential oils obtained from the leaves
of Rosmarinus officinalis, Mentha piperita, and Salvia officinalis cultivated in Agadir
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(Morocco). It was observed that the essential oil was more highly active against gram-positive
bacteria than gram-negative, as because gram-negative bacteria possess a hydrophilic barrier,
the compounds could not easily diffuse through it. It was also proposed that the possible
mechanism of essential oils was due to their direct contact with the bacterial cell membrane
[126]. The major constituents of essential oil of R. officinalis cultivated in South-west Tunisia
was found to be 1,8- cineole, followed by trans-caryophyllene, borneol, camphor, a-pinene and
a-thujene and its antibacterial efficacy was evaluated against the pathogens. It was apparent
that the antibacterial activity exhibited by the essential oil against S.aureus, followed by
S.epidermidis and S.aureus 25923, was due to the presence of the phytoconstituents such as
terpenes and phenols in th

e essential oil. However, the essential oils' terpenes and phenolic hydroxyl groups could
form hydrogen bonds with the active site of target enzymes, contributing to their antimicrobial
effect. The terpenes tend to alter the permeability of the cell membrane, disrupting the function
and causing the leakage of cellular components [34]. A similar effect was reported when
rosemary essential oils were produced using different extraction methods and examined for
antimicrobial efficacy against Staphylococcus aureus, Bacillus subtilis, E. coli, and Klebsiella
pneumoniae. The rosemary extract obtained via solvent-free microwave extraction (SFME)
showed higher antimicrobial activity against the pathogens than the hydrodistillation (HD),
especially against the gram-positive bacteria. It is emphasized that the higher antimicrobial
action was due to oxygenated monoterpenes in oil produced by microwave-assisted extraction.
The possible mechanism was the disruption of cell membrane integrity in bacterial cells [28].

The biological effectiveness of rosemary essential oil obtained from the leaves of R.
officinalis collected from Baghdad was evaluated for their antimicrobial activity against three
types of bacteria (E.coli, B. aureus, and Pseudomonas), and MIC was found to be 37 pg/mL,
20 pg/mL, and 69 pg/mL respectively [135]. Similarly, the essential oil obtained from R.
officinalis collected from Brazil was evaluated for antimicrobial activity against 18 isolates of
Staphylococcus pseudintermedius isolated from dogs, in which the essential oil had shown
effective activity against S. pseudintermedius [136]. On comparing the antimicrobial activity
of R. officinalis essential oil with different main phytoconstituents 1, 8-cineole, a-pinene, and
B-pinene, it was found that the essential oil has shown better activity against tested pathogens
(both gram-positive and gram-negative bacteria) than the main components. Also, the activity
was mainly related to its concentrations [29,33].

The essential oil obtained from R. officinalis was evaluated against E.coli and S.aureus;
the MBC and MIC values were 2.5, 25 uL mL™?, and 1.25 and 5 uL mL* for the two strains,
respectively. Randomly amplified polymorphic DNA (RAPD) analysis was used to evaluate
its potential on the change in DNA pattern, which indicated marked changes in the essential
oil-exposed DNA of E.coli and S aureus [128]. Biofilm formation is a major concern in
antibiotic resistance. So, the antibiofilm formation activity of essential oils extracted from R.
officinalis was evaluated against pathogenic gram-positive and gram-negative organisms. The
essential oils exerted increased antibiofilm activity against gram-positive bacteria than the
gram-negative bacteria, especially in the S. aureus MUA47 strain, reducing the biofilm formation
from 60.76% to 48.14%. MBC and sub-inhibitory essential oil concentrations exhibited limited
anti-biofilm activity [137].

The synergistic action of essential oils with current antimicrobial agents was also
studied. Rasool. 2013 investigated the antibacterial activity of essential oils of Rosmarinus
officinalis, Syzygium aromaticus, Cuminum cyminum, and Zingiber officinale against E.coli,
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and it was found that the essential oils combined with tetracycline were more effective than
tetracycline alone [138]. Similarly, the essential oils showed marked antifungal activity against
Aspergillus flavus compared to gentamicin; the antimicrobial effect was due to the presence of
a-pinene, a monoterpene, as the main constituent [130,139,140]. They were also highly
effective against C. albicans and C. dubliniensis, exhibiting marked inhibitory action. Aside
from antibacterial activity, the essential oil obtained from R. officinalis has exhibited potent
antifungal activity against the selected strains of Candida, confirming its antifungal potential
[141].

8.2 Carnosic acid and Carnosol.

Carnosic acid was first discovered in Salvia officinalis [142], whereas later, it was found
that carnosic acid was abundant in the leaves of Rosmarinus officinalis [143]. Carnosic acid
and carnosol are naturally occurring phenolic diterpenes found in rosemary and are widely
studied for their antimicrobial activity. Both carnosol and carnosic acid isolated from
Rosmarinus officinalis exhibited potent antibacterial activity against drug-resistant pathogens.
Carnosol and carnosic acid inhibited the efflux pump MDR proteins in different S.aureus,
strains XU212 (TetK), RN4220 (MsrA) and SA-1199B (NorA). Both the phytoconstituents
exhibited synergistically potentiated antimicrobial efficacy of erythromycin, tetracycline, and
norfloxacin. Additionally, even at the concentration of 10 pug/mL, both carnosic acid and
carnosol potentiated erythromycin activity by a factor of 32 and 16-fold against the strain that
can efflux erythromycin. Finally, the results suggested that carnosic acid can be a potent efflux
pump inhibitor [9]. In addition, Horiuchi et al. 2007 also demonstrated the antimicrobial
activity of Carnosol and Carnosic acid against Vancomycin-resistant enterococci (VRE) and
evaluated their synergistic action with aminoglycosides. Carnosol and Carnosic acid alone did
not show any promising activity against VRE, but these compounds increased the activity of
aminoglycosides by increasing the cell membrane permeability of VRE. [144] In addition,
carnosic acid and carnosol inhibited the agr (accessory gene regulator) expression in S. aureus
strains associated with atopic dermatitis. It also inhibited autoinducing peptide (AIP) induced
RNAIII and psma gene expression, thereby inhibiting quorum sensing in S. aureus [122].

Owing to its importance, these compounds were also evaluated for their activity against
oral pathogens. The results suggested that carnosol and carnosic acid had shown better activity
against the cariogenic bacteria with moderate MIC values than rosmarinic acid [35]. In
addition, carnosic acid also inflicted good antimicrobial efficacy against foodborne pathogens,
including Staphylococcus aureus, Enterococcus faecalis, Escherichia coli, Salmonella
Paratyphi A, and Yersinia enterocolitica) following kaempferol [145].

Carnosic acid is considered the most potent antimicrobial constituent of its other
counterparts from R. officinalis, and when complexed with cyclic glucans, the antimicrobial
activity of carnosic acid was increased. All of the complexes exhibited potent antimicrobial
activity against B. subtilis subsp. spizizenii ATCC 6633, among them cycloamylose (CA)
exhibited a reduction in the MIC of carnosic acid [146]. Carnosic acid was also reported to be
effective against MDR-Klebsiella pneumoniaand methicillin-resistant Staphylococcus
aureus (MRSA) with the MIC values of >100, >200, >200, nt, nt, >100 pg/mL against MDR-
K.pneumonia strains (KpGM1, KpGM2, KpGM3, Kp010, Kp013, NNKp). About 100%
inhibition in bacterial growth was observed in the MRSA strains, including GM20, GM31, and
GM1977 treated with 12, 24, and 32 pg/mL of carnosic acid, respectively. Thus carnosic acid
has a potent antimicrobial effect against S.aureus strains resistant to 8 antimicrobials growing
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in the planktonic state [43,131]. In addition, Carnosic acid showed potent antifungal activity
against Cryptococcus neoformans at the concentration of 50 pug/ml and provided a synergistic
effect against the pathogen when mixed with propolis extract in the ratio of 4:1 [147] similar
to the results against C.albicans [148]. Thus, carnosol and carnosic acid are potential
candidates that need further exploration on the mechanical approach to use them as
antimicrobial agents.

8.3 Rosmarinic acid

Rosmarinic acid (RA), an ester of caffeic acid and 3, 4-dihydro phenyl lactic acid, is a
naturally occurring polyphenol commonly found in herbs of the lamiaceae family. The
compound is extensively studied for various pharmacological activities, whereas its
antioxidant, anti-inflammatory, and anticancer properties make it a worthwhile polyphenol to
explore its antimicrobial potential. The MIC values of various bioactive constituents of R.
officinalis against gram-positive and gram-negative pathogens are tabulated [Table 2].

Zampini et al. 2013 observed that Rosmarinic acid could show a narrow spectrum of
action against a few gram-negative clinical isolates like Proteus mirabilis and Pseudomonas
aeruginosa compared to rosemary extract and carnosic acid. Rosmarinic acid was ineffective
even at a high 480 ug/mL concentration against MRSA, Enterococcus faecalis, Escherichia
coli, and Enterobacter cloacae.[43] In another study, Petrolini et al. 2014 also reported a
similar result, stating that the fractions and the pure compound rosmarinic acid did not yield
promising results for gram-positive and gram-negative bacteria up to 400 pg/mL.[49] On the
contrary, rosmarinic acid was reported to synergize with various antibiotics like Amoxicillin,
ofloxacin, and vancomycin against Staphylococcus aureus and MRSA. However, its MIC was
found to be quite higher, i.e., 0.8 and 10 mg/mL. It was concluded that further studies on
increasing the efficacy of rosmarinic acid could develop it as an adjuvant for antibiotics [149].
Besides, rosmarinic acid showed a potent antimicrobial effect against 11 candida strains along
with 13 bacterial pathogens. It inhibited the biofilm activity by reducing exopolysaccharide
production [150]. Besides, in order to expand the activity spectrum of rosmarinic acid, it was
modified via esterification using methyl (me), propyl (pro), and hexyl (hex) alcohols. Among
them, rosmarinic acid—propyl derivatives exhibited potent antimicrobial activity against P.
chibensis, S. warneri, and B. cereus. It was noted that the antimicrobial activity was not only
from the enhancement of cell membrane permeability but also the length of the alkyl group,
which influenced the antimicrobial potential of rosmarinic acid [151]. In the case of foodborne
pathogens, Listeria monocytogenes, which is resistant to streptomycin and erythromycin,
showed a 50.1% reduction in their count when treated with 1% of rosmarinic acid [152].
Restricting iron intake by pathogenic bacteria is a viable method to inhibit their growth.
Rosmarinic acid and sodium citrate synergistically inhibited the binding of ferric ion-binding
protein (FbpA) utilizing food components in the Vibrio bacterial species. Further, they
inhibited V. metschnikovii, V. vulnificus, and V. parahaemolyticus, at 100/100 uM, 100/100
uM and 1000/100 uM, respectively, without affecting the gut microbiota [153]

Hu et al. 2015 reported the bactericidal effect of Rosmarinic acid against acne-causing
pathogens, i.e., Staphylococcus aureus, S. epidermidis, and Propionibacterium acnes. The
bactericidal activity was due to the membrane-damaging effect inflicted on microbes by RA
[154]. Rosmarinic acid-loaded niosomes were highly effective as an antimicrobial agent
against Staphylococcus aureus and Propionibacterium acne. The study results showed that
drug-loaded niosomes dispersed in the gelling agent were an effective delivery system for the
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treatment of acne vulgaris [155]. Similar antibacterial action was exhibited by rosmarinic acid
against MRSA [156]. Rosmarinic acid also attenuated MRSA-induced pneumonia in mice by
triggering nuclear factor erythroid 2-related factor 2 (Nrf-2) translocation, which further
initiated autophagy and macrophage-mediated bactericidal activity [157]. When incorporated
with poly(lactic-co-glycolic acid) (PLGA) microparticles, it showed marked antibacterial
activity against S. aureus and P. aeruginosa. Due to the lack of a thick cell wall, S. aureus was
more susceptible to the action of rosmarinic acid than P. aeruginosa [158]. Thus, it is evident
that rosmarinic acid is a potent antimicrobial molecule that must be studied extensively to
combat antimicrobial resistance.

9. Conclusions

An extensive analysis of the literature conveys that Rosmarinus officinalis can be
exploited for its potent antimicrobial properties, among the various phytoconstituents of
Rosmarinus officinalis, essential oils, carnosic acid, rosmarinic acid, and carnosol exhibited
marked antimicrobial properties. Both essential oils and carnosic acid have been shown to
exhibit potent antimicrobial efficacy against pathogens among the phytoconstituents. The
efficacy of Rosmarinus officinalis and its phytoconstituents against various resistance
mechanisms should be studied to understand the extent of its antimicrobial efficacy.
Considering the application of novel technologies such as nanotechnology [159] and CRISPR-
CAS9 [160] to understand the antimicrobial mechanisms and genetic variation may aid in
combating antimicrobial resistance. Together, more studies are needed to understand the
underlying mechanisms and to assess the safety profile of the drug candidates from R.
officinalis to develop plant-based antimicrobial therapeutics. Studies from the point of view of
mechanistic approaches are needed to combat and evade the development of antimicrobial
resistance.

Funding

This research received no external funding.
Acknowledgments
This research has no acknowledgment.

Conflicts of Interest

The authors declare no conflict of interest.

References

1. WHO. Antimicrobial Resistance 2021. https://www.who.int/news-room/fact-sheets/detail/antimicrobial-
resistance. (accessed December 28, 2021).

2. Matamoros-Recio, A.; Franco-Gonzalez, J.F.; Forgione, R.E.; Torres-Mozas, A.; Silipo, A.; Martin-
Santamaria, S. Understanding the Antibacterial Resistance: Computational Explorations in Bacterial
Membranes. ACS Omega 2021, 6, 6041-54, https://doi.org/10.1021/acsomega.0c05590.

3. Asokan, G. V.; Ramadhan, T.; Ahmed, E.; Sanad, H. WHO global priority pathogens list: A bibliometric
analysis of medline-pubmed for knowledge mobilization to infection prevention and control practices in
Bahrain. Oman Med J 2019, 34, 184-93, https://doi.org/10.5001/0MJ.2019.37.

4. CDC. Antibiotic Resistance Threats Report | CDC 2019. https://www.cdc.gov/drugresistance/biggest-

https://nanobioletters.com/ 17 of 25


https://doi.org/10.33263/LIANBS131.045
https://nanobioletters.com/
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resistance
https://doi.org/10.1021/acsomega.0c05590
https://doi.org/10.5001/OMJ.2019.37
https://www.cdc.gov/drugresistance/biggest-threats.html

https://doi.org/10.33263/LIANBS131.045

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

threats.html. (accessed December 31, 2021).

Asiimwe, B.B.; Kiiru, J.; Mshana, S.E.; Neema, S.; Keenan, K.; Keshy, M.; et al. Protocol for an
interdisciplinary cross-sectional study investigating the social, biological and community-level drivers of
antimicrobial resistance (AMR): Holistic Approach to Unravel Antibacterial Resistance in East Africa
(HATUA). BMJ Open 2021, 11, 041418, https://doi.org/10.1136/BMJOPEN-2020-041418.

Ali, J.; Rafig, Q.A.; Ratcliffe, E. Antimicrobial resistance mechanisms and potential synthetic treatments.
Futur Sci OA 2018, 4, FS0290-FS0290, https://doi.org/10.4155/fs0a-2017-0109.

uUddin, T.M.; Chakraborty, A.J.; Khusro, A.; Zidan, B.M.R.M.; Mitra, S.; Emran, T. Bin; Dhama, K.; Ripon,
M.K.H.; Gajdacs, M.; Sahibzada, M.U.K.; Hossain, M.J.; Koirala, N. Antibiotic resistance in microbes:
History, mechanisms, therapeutic strategies and future prospects. J Infect Public Health 2021, 14, 1750-66,
https://doi.org/10.1016/j.jiph.2021.10.020.

Alarjani, K.M.; Almutairi, A.M.; AlQahtany, F.S.; Soundharrajan, I. Methicillin and multidrug resistant
pathogenic Staphylococcus aureus associated sepsis in hospitalized neonatal infections and antibiotic
susceptibility. J Infect Public Health 2021, 14, 16304, https://doi.org/10.1016/j.jiph.2021.08.031.
Oluwatuyi, M.; Kaatz, G.W.; Gibbons, S. Antibacterial and resistance modifying activity of Rosmarinus
officinalis. Phytochemistry 2004, 65, 3249-54. https://doi.org/10.1016/j.phytochem.2004.10.009.

Juhas, S.; Bukovska, A.; Ciko§, S.; Czikkova, S.; Fabian, D.; Koppel, J. Anti-Inflammatory Effects of
Rosmarinus  officinalis Essential Oil in Mice. Acta Vet Brno 2009, 78, 121-7,
https://doi.org/10.2754/avbh200978010121.

Stefanovits-Béanyai, E.; Tulok, M.H.; Hegedus, A.; Renner, C.; Varga, 1.S. Antioxidant effect of various
rosemary (Rosmarinus officinalis L.) clones. Acta Biol Szeged 2003, 47, 111-3, https://www2.sci.u-
szeged.hu/ABS/2003/ActaHP/47111.pdf.

Al-Sereiti, M.R.; Abu-Amer, K.M.; Sen, P. Pharmacology of rosemary (Rosmarinus officinalis Linn.) and its
therapeutic potentials. Indian J Exp Biol 1999, 37, 124-30, https://pubmed.ncbi.nlm.nih.gov/10641130/.
Borrés-Linares, I.; Stojanovi¢, Z.; Quirantes-Piné, R.; Arréez-Roman, D.; Svarc-Gaji¢, J.; Fernandez-
Gutiérrez, A.; Segura-Carretero, A. Rosmarinus officinalis Leaves as a Natural Source of Bioactive
Compounds. Int J Mol Sci 2014, 15, 20585606, https://doi.org/10.3390/ijms151120585.

Wichtl, M.; Bisset, N.G. Herbal drugs and phytopharmaceuticals. Medpharm. GmbH Sci Publ
Birkenwaldstrasse 1994, 44, 650-2, https://www.cabdirect.org/cabdirect/abstract/20043109836.

Palevitch, P.D.; Yaniv, Z. Medicinal plants of Holy land. Tel-Aviv. Tammuz Publ Ltd 1991, 1, 2-4.
Blumenthal, M. The complete German commission E monographs. Ther Guid to Herb Med 1999,
https://www.herbalgram.org/resources/commission-e-monographs/.

Kokate, C.K.; Purohit, A.P.; Gokhale, S.B. Pharmacognosy Pune, India: Nirali Prakashan, 2010 2010,
https://www.indiamart.com/proddetail/pharmacognosy-14175397991.html.

Boutekedjiret, C.; Bentahar, F.; Belabbes, R.; Bessiére, J.-M. Extraction of rosemary essential oil by steam
distillation and hydrodistillation. Flavour Fragr J 2003, 18, 4814, https://doi.org/10.1002/ffj.1226.
Elhassan, I.A.; Osman, N.M. New Chemotype Rosmarinus officinalis L. (Rosemary) “R. officinalis ct. bornyl
acetate” Am J Res Commun 2014, 2, 232-40, http://www.usa-journals.com/wp-
content/uploads/2014/03/Elhassan_Vol24.pdf.

Ozcan, M.M.; Chalchat, J.-C. Chemical composition and antifungal activity of rosemary (Rosmarinus
officinalis L) oil from Turkey. Int J Food Sci Nutr 2008, 59, 691-8,
https://doi.org/10.1080/09637480701777944.

Lilia A. Conde-Hernandez; José R. Espinosa-Victoria.; Arturo Trejo, José A. Guerrero-Beltran.;. CO2-
supercritical extraction, hydrodistillation and steam distillation of essential oil of rosemary (Rosmarinus
officinalis). Journal of Food Engineering 2017, 200, 81-86.

Begum, A.; Sandhya, S.; Shaffath Ali, S.; Vinod, K.R.; Reddy, S.; Banji, D. An in-depth review on the
medicinal flora Rosmarinus officinalis (Lamiaceae). Acta Sci Pol Technol Aliment 2013, 12, 61-73,
https://pubmed.ncbi.nlm.nih.gov/24584866/.

Razborsek, M.1.; Voncina, D.B.; Dolec¢ek, V.; Voncina, E. Determination of major phenolic acids, phenolic
diterpenes and triterpenes in rosemary (Rosmarinus officinalis L.) by gas chromatography and mass
spectrometry. Acta Chim Slov 2007, 54, 60-7.

Bai, N.; He, K.; Roller, M.; Lai, C.-S.; Shao, X.; Pan, M.-H.; Ho, C.-T. Flavonoids and phenolic compounds
from Rosmarinus officinalis. J Agric Food Chem 2010, 58, 53637, https://doi.org/10.1021/jf100332w.
Hussain, A.l.; Anwar, F.; Chatha, S.A.S.; Jabbar, A.; Mahboob, S.; Nigam, P.S. Rosmarinus officinalis
essential oil: antiproliferative, antioxidant and antibacterial activities. Brazilian J Microbiol 2010, 41, 1070—

https://nanobioletters.com/ 18 of 25


https://doi.org/10.33263/LIANBS131.045
https://nanobioletters.com/
https://www.cdc.gov/drugresistance/biggest-threats.html
https://doi.org/10.1136/BMJOPEN-2020-041418
https://doi.org/10.4155/fsoa-2017-0109
https://doi.org/10.1016/j.jiph.2021.10.020
https://doi.org/10.1016/j.jiph.2021.08.031
https://doi.org/10.1016/j.phytochem.2004.10.009
https://doi.org/10.2754/avb200978010121
https://www2.sci.u-szeged.hu/ABS/2003/ActaHP/47111.pdf
https://www2.sci.u-szeged.hu/ABS/2003/ActaHP/47111.pdf
https://pubmed.ncbi.nlm.nih.gov/10641130/
https://doi.org/10.3390/ijms151120585
https://www.cabdirect.org/cabdirect/abstract/20043109836
https://www.herbalgram.org/resources/commission-e-monographs/
https://www.indiamart.com/proddetail/pharmacognosy-14175397991.html
https://doi.org/10.1002/ffj.1226
http://www.usa-journals.com/wp-content/uploads/2014/03/Elhassan_Vol24.pdf
http://www.usa-journals.com/wp-content/uploads/2014/03/Elhassan_Vol24.pdf
https://doi.org/10.1080/09637480701777944
https://pubmed.ncbi.nlm.nih.gov/24584866/
https://doi.org/10.1021/jf100332w

https://doi.org/10.33263/LIANBS131.045

26.

217.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

8, https://doi.org/10.1590/S1517-83822010000400027.

Derwich, E.; Benziane, Z.; Chabir, R.; Taouil, R. In vitro antibacterial activity and GC/MS analysis of the
essential oil extract of leaves of Rosmarinus officinalis grown in Morocco. Int J Pharm Pharm Sci 2011, 3,
89-95.

Fratini, F.; Casella, S.; Leonardi, M.; Pisseri, F.; Ebani, V.V.; Pistelli, L.; Pistelli, L. Antibacterial activity of
essential oils, their blends and mixtures of their main constituents against some strains supporting livestock
mastitis. Fitoterapia 2014, 96, 17, https://doi.org/10.1016/j.fitote.2014.04.003.

Okoh, 0.0.; Sadimenko, A.P.; Afolayan, A.J. Comparative evaluation of the antibacterial activities of the
essential oils of Rosmarinus officinalis L. obtained by hydrodistillation and solvent free microwave extraction
methods. Food Chem 2010, 120, 308-12, https://doi.org/10.1016/j.foodchem.2009.09.084.

Wang, W.; Li, N.; Luo, M.; Zu, Y.; Efferth, T. Antibacterial activity and anticancer activity of Rosmarinus
officinalis L. essential oil compared to that of its main components. Molecules 2012, 17, 2704-13,
https://doi.org/10.3390/molecules17032704.

Mahmoodi, A.; Roomiani, L.; Soltani, M.; Akhondzadeh Basti, A.; Kamali, A.; Taheri, S. Chemical
composition and antibacterial activity of essential oils and extracts from Rosmarinus officinalis, Zataria
multiflora, Anethum graveolens and Eucalyptus globulus. Glob Vet 2012, 9, 73-9.

Roomiani, L.; Soltani, M.; Akhondzadeh Basti, A.; Mahmoodi, A.; Mirghaed, A.; Yadollahi, F. Evaluation
of the chemical composition and in vitro antimicrobial activity of Rosmarinus officinalis, Zataria multiflora,
Anethum graveolens and Eucalyptus globulus against Streptococcus iniae; The cause of zoonotic disease in
farmed fish. Iran J Fish Sci 2013, 12, 702-16, http://jifro.ir/article-1-1104-en.pdf.

Rashid, K.I. Antimicrobial Activity of Rosemary (Rosmarinus officinalis L.) Leaf Essential Oils Against
Three Bacterial Species. Al-Mustansiriya J Sci 2010, 21, 1-8,
https://www.iasj.net/iasj/download/225c0af44152f877.

Jiang, Y.; Wu, N.; Fu, Y.-J.; Wang, W.; Luo, M.; Zhao, C.-J.; Zu, Y.-G.; Liu, X.-L. Chemical composition
and antimicrobial activity of the essential oil of Rosemary. Environ Toxicol Pharmacol 2011, 32, 63-8,
https://doi.org/10.1016/j.etap.2011.03.011.

Ines Ben Chobba Ahmed Bekir, R.B.M.N.D.N.G.; Kadri, A. In vitro Evaluation of Antimicrobial and
Cytotoxic Activities of Rosmarinus officinalis L. (Lamiaceae) Essential Oil Cultivated from South-West
Tunisia. J Appl Pharm Sci 2012, 2, 34-9, https://doi.org/10.7324/JAPS.2012.21107.

Bernardes, W.A.; Lucarini, R.; Tozatti, M.G.; Souza, M.G.M.; Andrade Silva, M.L.; da Silva Filho, A.A.;
Martins, C.H.G.; Miller Crotti, A.E.; Pauletti, P.M.; Groppo, M.; Cunha, W.R. Antimicrobial Activity of
Rosmarinus officinalis against Oral Pathogens: Relevance of Carnosic Acid and Carnosol. Chem Biodivers
2010, 7, 1835-40, https://doi.org/10.1002/cbdv.200900301.

Faria, L.R.D.; Lima, C.; Perazzo, F.; Carvalho, J.C. Anti-inflammatory and antinociceptive activities of the
essential oil from Rosmarinus officinalis L. (Lamiaceae). Int J Pharm Sci Rev Res 2011, 7, 1-8.

Minaiyan, M.; Ghannadi, A.R.; Afsharipour, M.; Mahzouni, P. Effects of extract and essential oil of
Rosmarinus officinalis L. on TNBS-induced colitis in rats. Res Pharm Sci 2011, 6, 13-21,
https://pubmed.ncbi.nlm.nih.gov/22049274/.

Raskovic, A.; Milanovic, I.; Pavlovic, N.; Cebovic, T.; Vukmirovic, S.; Mikov, M. Antioxidant activity of
rosemary (Rosmarinus officinalis L.) essential oil and its hepatoprotective potential. BMC Complement Altern
Med 2014, 14, 225, https://doi.org/10.1186/1472-6882-14-225.

Waggas, A.M.; Balawi, E.A. Neurophysiological study on possible protective effect of rosemary (Rosmarinus
officinalis) leaves extract in male albino rats treated with acrylamide. Am J Sci Res 2008, 3, 163-71,
https://www.semanticscholar.org/paper/Neurophysiological-Study-on-Possible-Protective-of-Waggas-
Balawi/47bdcf0a370254bc278896¢855fc56a712¢c4725.

Jordan, M.J.; Lax, V.; Rota, M.C.; Loran, S.; Sotomayor, J.A. Relevance of carnosic acid, carnosol, and
rosmarinic acid concentrations in the in vitro antioxidant and antimicrobial activities of Rosmarinus
officinalis (L.) methanolic extracts. J Agric Food Chem 2012, 60, 9603-8, https://doi.org/10.1021/jf30288L1t.
Moreno, S.; Scheyer, T.; Romano, C.S.; Vojnov, A.A. Antioxidant and antimicrobial activities of rosemary
extracts linked to their polyphenol composition. Free Radic Res 2006, 40, 223-31,
https://doi.org/10.1080/10715760500473834.

Rozman, T.; JerSek, B. Antimicrobial activity of rosemary extracts (Rosmarinus officinalis L.) against
different species of Listeria. Acta Agric Slov 2009, 93, 51-8, https://doi.org/10.2478/v10014-009-0007-z.
Zampini, C.; Arias, M.; Cudmani, N.; Ordofiez, R.M.; Isla, M.; Moreno, S. Antibacterial potential of
nonvolatile constituents of Rosmarinus officinalis against 37 clinical isolates of multidrug-resistant bacteria.

https://nanobioletters.com/ 19 of 25


https://doi.org/10.33263/LIANBS131.045
https://nanobioletters.com/
https://doi.org/10.1590/S1517-83822010000400027
https://doi.org/10.1016/j.fitote.2014.04.003
https://doi.org/10.1016/j.foodchem.2009.09.084
https://doi.org/10.3390/molecules17032704
http://jifro.ir/article-1-1104-en.pdf
https://www.iasj.net/iasj/download/225c0af44152f877
https://doi.org/10.1016/j.etap.2011.03.011
https://doi.org/10.7324/JAPS.2012.21107
https://doi.org/10.1002/cbdv.200900301
https://pubmed.ncbi.nlm.nih.gov/22049274/
https://doi.org/10.1186/1472-6882-14-225
https://www.semanticscholar.org/paper/Neurophysiological-Study-on-Possible-Protective-of-Waggas-Balawi/47bdcf0a370254bc278896c855fc56a712c47f25
https://www.semanticscholar.org/paper/Neurophysiological-Study-on-Possible-Protective-of-Waggas-Balawi/47bdcf0a370254bc278896c855fc56a712c47f25
https://doi.org/10.1021/jf302881t
https://doi.org/10.1080/10715760500473834
https://doi.org/10.2478/v10014-009-0007-z

https://doi.org/10.33263/LIANBS131.045

44,

45.

46.

47,

48.

49,

50.

Sl

52.

53.

54.

55.

56.

57.

58.

59.

60.

Bol Latinoam 'y Del Caribe Plantas Med 'y Aromat 2013, 12, 201-8,
https://www.redalyc.org/pdf/856/85625780010.pdf.

EL Omri, A.; HAN, J.; HASHIZUME, R.; Abderrabba, M.; Isoda, H. Anti-Neuronal Stress Effect of Tunisian
Rosmarinus officinalis Extract. J Arid L Stud 2009, 19, 117-20,
http://nodaiweb.university.jp/desert/pdf9/Poster%20Session%202%20Stress%20Biology%20and%20Desert
%20Agriculture/Abdelfatteh%20EL%200MRI1%20pp117-120.pdf.

Kumar, A.; Agarwal, P.; Shakya, A.; Thakur, D.A.; Kumar, V. Key role of carnosic acid in the anxiolytic-
like activity of Rosmarinus officinalis linn. in rodents. J Pharmacol Clin Toxicol 2013, 1, 1013.1-1013.5.
Dias, P.C.; Foglio, M.A.; Possenti, A.; de Carvalho, J.E. Antiulcerogenic activity of crude hydroalcoholic
extract of Rosmarinus officinalis L. J Ethnopharmacol 2000, 69, 57-62, https://doi.org/10.1016/s0378-
8741(99)00133-6.

Aladily, T.N.; Dabbas, L.; Mansour, H. Hematologic profile in morbidly obese patients A series of 282
patients. KMJ-Kuwait Med J 2020, 51, 72-7,
https://applications.emro.who.int/imemrf/Kuwait_Med_J/Kuwait_Med_J 2018 51 1 72_77.pdf.

Emami, F.; Ali-Beig, H.; Farahbakhsh, S.; Mojabi, N.; Rastegar-Moghadam, B.; Arbabian, S.; Kazemi, M.;
Tekieh, E.; Golmanesh, L.; Ranjbaran, M.; Jalili, C.; Noroozzadeh, A.; Sahraei, H. Hydroalcoholic extract of
Rosemary (Rosmarinus officinalis L.) and its constituent carnosol inhibit formalin-induced pain and
inflammation in mice. Pakistan J Biol Sci PJBS 2013, 16, 309-16,
https://doi.org/10.3923/pjbs.2013.309.316.

Petrolini, F.VV.B.; Lucarini, R.; de Souza, M.G. M.; Pires, R.H.; Cunha, W.R.; Martins, C.H.G. Evaluation of
the antibacterial potential of Petroselinum crispum and Rosmarinus officinalis against bacteria that cause
urinary tract infections. Brazilian J Microbiol 2013, 44, 829-34, https://doi.org/10.1590/S1517-
83822013005000061.

Nascimento, G.G.F.; Locatelli, J.; Freitas, P.C.; Silva, G.L. Antibacterial activity of plant extracts and
phytochemicals on antibiotic-resistant bacteria . Brazilian J Microbiol 2000, 31, 247-56,
https://doi.org/10.1590/51517-83822000000400003.

Abdelhalim, A.; Karim, N.; Chebib, M.; Aburjai, T.; Khan, I.; Johnston, G.A.R.; Hanrahan, J. Antidepressant,
Anxiolytic and Antinociceptive Activities of Constituents from Rosmarinus officinalis. J Pharm Pharm Sci
2015, 18, 448-59, https://doi.org/10.18433/j3pw38.

Abramovi¢, H.; Terpinc, P.; Generali¢, 1.; Skroza, D.; Klan¢nik, A.; Katalini¢, V.; Smole Mozina, S.
Antioxidant and antimicrobial activity of extracts obtained from rosemary (Rosmarinus officinalis) and vine
(Vitis vinifera) leaves. Croat J Food Sci Technol 2012, 4, 1-8, https://hrcak.srce.hr/file/126219.

Sancheti, G.; Goyal, P. Effect of Rosmarinus officinalis on DMBA-induced mouse skin tumorigenesis: A
preliminary study. Pharmacologyonline 2007, 1,
https://pharmacologyonline.silae.it/files/archives/2007/vol1/56_Garima.pdf.

Abd El-Aziz, A.F.; Hefni, M.E.; Shalaby, A.M. Inhibitory effects of Rosemary (Rosmarinus officinalis L.)
on Ehrlich ascites carcinoma in mice. Int J Curr Res Aca Rev 2014, 2, 330-57.

Weckesser, S.; Engel, K.; Simon-Haarhaus, B.; Wittmer, A.; Pelz, K.; Schempp, C.M. Screening of plant
extracts for antimicrobial activity against bacteria and yeasts with dermatological relevance. Phytomedicine
2007, 14, 508-16, https://doi.org/10.1016/j.phymed.2006.12.013.

Romano, C.S.; Abadi, K.; Repetto, V.; Vojnov, A.A.; Moreno, S. Synergistic antioxidant and antibacterial
activity of rosemary plus butylated derivatives. Food Chem 2009, 115, 456-61,
https://doi.org/10.1016/j.foodchem.2008.12.029.

Khalil, O.A.; Ramadan, K.S.; Danial, E.N.; Alnahdi, H.S.; Ayaz, N.O. Antidiabetic activity of Rosmarinus
officinalis and its relationship with the antioxidant property. African J Pharm Pharmacol 2012, 6, 1031-6,
https://doi.org/10.5897/AJPP12.162.

sakr, saber; Lamfon, H. Protective effect of rosemary (Rosmarinus officinalis) leaves extract on carbon
tetrachloride - induced nephrotoxicity in albino rats. Life Sci J 2012, 9, 779-85,
http://www.lifesciencesite.com/lsj/1ife0901/112_82431ife0901 779 785.pdf.

El-Din, R.; EI-Shahat, A.E.-R.; EImansy, R. An Electron Microscopic Study of the Antifertility Potential of
Rosemary (Rosmarinus officinalis L.) in Male Albino Rats. Int J Morphol 2012, 30, 666-72,
https://scielo.conicyt.cl/scielo.php?script=sci_abstract&pid=S0717-
95022012000200051&Ing=en&nrm=iso.

Machado, D.G.; Neis, V.B.; Balen, G.O.; Colla, A.; Cunha, M.P.; Dalmarco, J.B.; Pizzolatti, M.G.; Prediger,
R.D.; Rodrigues, A.L.S. Antidepressant-like effect of ursolic acid isolated from Rosmarinus officinalis L. in

https://nanobioletters.com/ 20 of 25


https://doi.org/10.33263/LIANBS131.045
https://nanobioletters.com/
https://www.redalyc.org/pdf/856/85625780010.pdf
http://nodaiweb.university.jp/desert/pdf9/Poster%20Session%202%20Stress%20Biology%20and%20Desert%20Agriculture/Abdelfatteh%20EL%20OMRI%20pp117-120.pdf
http://nodaiweb.university.jp/desert/pdf9/Poster%20Session%202%20Stress%20Biology%20and%20Desert%20Agriculture/Abdelfatteh%20EL%20OMRI%20pp117-120.pdf
https://doi.org/10.1016/s0378-8741(99)00133-6
https://doi.org/10.1016/s0378-8741(99)00133-6
https://applications.emro.who.int/imemrf/Kuwait_Med_J/Kuwait_Med_J_2018_51_1_72_77.pdf
https://doi.org/10.3923/pjbs.2013.309.316
https://doi.org/10.1590/S1517-83822013005000061
https://doi.org/10.1590/S1517-83822013005000061
https://doi.org/10.1590/S1517-83822000000400003
https://doi.org/10.18433/j3pw38
https://hrcak.srce.hr/file/126219
https://pharmacologyonline.silae.it/files/archives/2007/vol1/56_Garima.pdf
https://doi.org/10.1016/j.phymed.2006.12.013
https://doi.org/10.1016/j.foodchem.2008.12.029
https://doi.org/10.5897/AJPP12.162
http://www.lifesciencesite.com/lsj/life0901/112_8243life0901_779_785.pdf
https://scielo.conicyt.cl/scielo.php?script=sci_abstract&pid=S0717-95022012000200051&lng=en&nrm=iso
https://scielo.conicyt.cl/scielo.php?script=sci_abstract&pid=S0717-95022012000200051&lng=en&nrm=iso

https://doi.org/10.33263/LIANBS131.045

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

mice: evidence for the involvement of the dopaminergic system. Pharmacol Biochem Behav 2012, 103, 204—
11, https://doi.org/10.1016/j.pbb.2012.08.016.

Habtemariam, S. The Therapeutic Potential of Rosemary (Rosmarinus officinalis) Diterpenes for Alzheimer’s
Disease. Evid Based Complement Alternat Med 2016, 2016, 2680409, https://doi.org/10.1155/2016/2680409.
Sotelo-Felix, J.I.; Martinez-Fong, D.; Muriel, P.; Santillan, R.L.; Castillo, D.; Yahuaca, P. Evaluation of the
effectiveness of Rosmarinus officinalis (Lamiaceae) in the alleviation of carbon tetrachloride-induced acute
hepatotoxicity in the rat. J Ethnopharmacol 2002, 81, 145-54, https://doi.org/10.1016/s0378-8741(02)00090-
9.

EL-BELTAGI, H.S.; BADAWI, M.H. Comparison of Antioxidant and Antimicrobial Properties for Ginkgo
biloba and Rosemary (Rosmarinus officinalis L.) from Egypt. Not Bot Horti Agrobot Cluj-Napoca 2013, 41.
https://doi.org/10.15835/nbha4118928.

Tavassoli, S.; Djomeh, Z.E. Total phenols, antioxidant potential and antimicrobial activity of methanol extract
of rosemary (Rosmarinus officinalis L.). Glob Vet 2011, 7, 337-41, https://idosi.org/gv/GV7(4)11/4.pdf.
Byarugaba, D.K. Mechanisms of antimicrobial resistance. Antimicrob. Resist. Dev. Ctries., Springer; 2010,
p. 15-26, https://link.springer.com/chapter/10.1007/978-0-387-89370-9_2.

Kurt Yilmaz, N.; Schiffer, C.A. Introduction: Drug Resistance. Chem Rev 2021, 121, 3235-7,
https://doi.org/10.1021/acs.chemrev.1c00118.

Bush, K.; Fisher, J.F. Epidemiological Expansion, Structural Studies, and Clinical Challenges of New f-
Lactamases from Gram-Negative Bacteria. Annu Rev  Microbiol 2011, 65, 455-78,
https://doi.org/10.1146/annurev-micro-090110-102911.

Castanheira, M.; Simner, P.J.; Bradford, P.A. Extended-spectrum p-lactamases: an update on their
characteristics, epidemiology and detection. JAC-Antimicrobial Resist 2021, 3, dlab092,
https://doi.org/10.1093/jacamr/dlab092.

Varela, M.F.; Stephen, J.; Lekshmi, M.; Ojha, M.; Wenzel, N.; Sanford, L.M.; Hernandez, A.J.; Parvathi, A.;
Kumar, S.H. Bacterial Resistance to Antimicrobial Agents. Antibiotics 2021, 10,
https://doi.org/10.3390/antibiotics10050593.

Wilke, M.S.; Lovering, A.L.; Strynadka, N.C.J. B-Lactam antibiotic resistance: a current structural
perspective. Curr Opin Microbiol 2005, 8, 525-33, https://doi.org/10.1016/j.mib.2005.08.016.

Zeng, X.; Lin, J. Beta-lactamase induction and cell wall metabolism in Gram-negative bacteria. Front
Microbiol 2013, 4, 128, https://doi.org/10.3389/fmich.2013.00128.

Alam, M.; Bano, N.; Ahmad, T.; Sharangi, A.B.; Upadhyay, T.K.; Alraey, Y.; Alabdallah, N.M.; Rauf, M.A.;
Saeed, M. Synergistic Role of Plant Extracts and Essential Oils against Multidrug Resistance and Gram-
Negative Bacterial Strains Producing Extended-Spectrum &beta;-Lactamases. Antibiotics 2022, 11,
https://doi.org/10.3390/antibiotics11070855.

Knothe, H.; Shah, P.; Krcmery, V.; Antal, M.; Mitsuhashi, S. Transferable resistance to cefotaxime, cefoxitin,
cefamandole and cefuroxime in clinical isolates of Klebsiella pneumoniae and Serratia marcescens. Infection
1983, 11, 315-7, https://doi.org/10.1007/BF01641355.

Kim, K.G.; Jung, J.; Shin, J.H.; Park, H.J.; Kim, M.J.; Seo, J.J.; Kim, Y.O.; Lee, S.-Y.; Cho, C.-Y.; Kim, T.S.
Trends in ESBLs and PABLs among enteric Salmonella isolates from children in Gwangju, Korea: 2014—
2018. J Microbiol Immunol Infect 2022, 55, 199-206, https://doi.org/10.1016/j.jmii.2021.09.004.

L., P.D.; A., B.R. Extended-Spectrum B-Lactamases: a Clinical Update. Clin Microbiol Rev 2005, 18, 657—
86. https://doi.org/10.1128/CMR.18.4.657-686.2005.

A., J.G. AmpC B-Lactamases. Clin Microbiol Rev 2009, 22, 161-82, https://doi.org/10.1128/CMR.00036-08.
Marie, Q.A.; Karen, B. Carbapenemases: the Versatile B-Lactamases. Clin Microbiol Rev 2007, 20, 440-58,
https://doi.org/10.1128/CMR.00001-07.

Blair, J.M.A.; Richmond, G.E.; Piddock, L.J. V. Multidrug efflux pumps in Gram-negative bacteria and their
role in antibiotic resistance. Future Microbiol 2014, 9, 1165-77, https://doi.org/10.2217/fmb.14.66.

Kumar, A.; Schweizer, H.P. Bacterial resistance to antibiotics: Active efflux and reduced uptake. Adv Drug
Deliv Rev 2005, 57, 1486-513, https://doi.org/10.1016/j.addr.2005.04.004.

Lambert, P.A. Cellular impermeability and uptake of biocides and antibiotics in Gram-positive bacteria and
mycobacteria. J Appl Microbiol 2002, 92, 46S-54S, https://doi.org/10.1046/j.1365-2672.92.5s1.7 .X.

Huang, L.; Wu, C.; Gao, H.; Xu, C.; Dai, M.; Huang, L.; Hao, H.; Wang, X.; Cheng, G. Bacterial Multidrug
Efflux Pumps at the Frontline of Antimicrobial Resistance: An Overview. Antibiotics 2022, 11,
https://doi.org/10.3390/antibiotics11040520.

Bebear, M.C.; Pereyre, S. Mechanisms of Drug Resistance in Mycoplasma pneumoniae. Curr Drug Targets

https://nanobioletters.com/ 21 0f 25


https://doi.org/10.33263/LIANBS131.045
https://nanobioletters.com/
https://doi.org/10.1016/j.pbb.2012.08.016
https://doi.org/10.1155/2016/2680409
https://doi.org/10.1016/s0378-8741(02)00090-9
https://doi.org/10.1016/s0378-8741(02)00090-9
https://doi.org/10.15835/nbha4118928
https://idosi.org/gv/GV7(4)11/4.pdf
https://link.springer.com/chapter/10.1007/978-0-387-89370-9_2
https://doi.org/10.1021/acs.chemrev.1c00118
https://doi.org/10.1146/annurev-micro-090110-102911
https://doi.org/10.1093/jacamr/dlab092
https://doi.org/10.3390/antibiotics10050593
https://doi.org/10.1016/j.mib.2005.08.016
https://doi.org/10.3389/fmicb.2013.00128
https://doi.org/10.3390/antibiotics11070855
https://doi.org/10.1007/BF01641355
https://doi.org/10.1016/j.jmii.2021.09.004
https://doi.org/10.1128/CMR.18.4.657-686.2005
https://doi.org/10.1128/CMR.00036-08
https://doi.org/10.1128/CMR.00001-07
https://doi.org/10.2217/fmb.14.66
https://doi.org/10.1016/j.addr.2005.04.004
https://doi.org/10.1046/j.1365-2672.92.5s1.7.x
https://doi.org/10.3390/antibiotics11040520

https://doi.org/10.33263/LIANBS131.045

- Infect Disord 2005, 5, 26371, https://doi.org/10.2174/1568005054880109.

83. Miller, W.R.; Munita, J.M.; Arias, C.A. Mechanisms of antibiotic resistance in enterococci. Expert Rev Anti
Infect Ther 2014, 12, 122136, https://doi.org/10.1586/14787210.2014.956092.

84. Acharya, Y.; Haldar, J. Upgrading the Antibiotic Arsenal Against Gram-Positive Bacteria: Chemical
Modifications of Vancomycin BT - Alternatives to Antibiotics: Recent Trends and Future Prospects. In: Saha
T, Deb Adhikari M, Tiwary BK, editors., Singapore: Springer Nature Singapore; 2022, p. 199-222,
https://doi.org/10.1007/978-981-19-1854-4_8.

85. Ude, J.; Tripathi, V.; Buyck, J.M.; S6derholm, S.; Cunrath, O.; Fanous, J.; Claudi, B.; Egli, A.; Schleberger,
C.; Hiller, S.; Bumann, D. Outer membrane permeability: Antimicrobials and diverse nutrients bypass porins
in  Pseudomonas  aeruginosa.  Proc  Natl Acad Sci 2021, 118, e2107644118,
https://doi.org/10.1073/pnas.2107644118.

86. Lucia, F.; W., H.R.E. Adaptive and Mutational Resistance: Role of Porins and Efflux Pumps in Drug
Resistance. Clin Microbiol Rev 2012, 25, 661-81, https://doi.org/10.1128/CMR.00043-12.

87. Thiolas, A.; Bornet, C.; Davin-Régli, A.; Pagés, J.-M.; Bollet, C. Resistance to imipenem, cefepime, and
cefpirome associated with mutation in Omp36 osmoporin of Enterobacter aerogenes. Biochem Biophys Res
Commun 2004, 317, 851-6, https://doi.org/10.1016/j.bbrc.2004.03.130.

88. Christaki, E.; Marcou, M.; Tofarides, A. Antimicrobial Resistance in Bacteria: Mechanisms, Evolution, and
Persistence. J Mol Evol 2020, 88, 2640, https://doi.org/10.1007/s00239-019-09914-3.

89. McMurry, L.; Petrucci Jr, R.E.; Levy, S.B. Active efflux of tetracycline encoded by four genetically different
tetracycline resistance determinants in Escherichia coli. Proc Natl Acad Sci U S A 1980, 77, 39747,
https://doi.org/10.1073/pnas.77.7.3974.

90. Levy, S.B.; McMurry, L. Detection of an inducible membrane protein associated with R-factor-mediated
tetracycline resistance. Biochem Biophys Res Commun 1974, 56, 1060-8, https://doi.org/10.1016/S0006-
291X(74)80296-2.

91. Poole, K. Efflux pumps as antimicrobial resistance mechanisms. Ann Med 2007, 39, 162-76,
https://doi.org/10.1080/07853890701195262.

92. Jun, L.; Overbye, M.L.; Qijing, Z. CmeABC Functions as a Multidrug Efflux System in Campylobacter
jejuni. Antimicrob Agents Chemother 2002, 46, 2124-31, https://doi.org/10.1128/AAC.46.7.2124-
2131.2002.

93. Putman, M.; van Veen, HW.; Konings, W.N. Molecular properties of bacterial multidrug transporters.
Microbiol Mol Biol Rev 2000, 64, 672-93, https://doi.org/10.1128/MMBR.64.4.672-693.2000.

94. Nikaido, H.; Pagés, J.-M. Broad-specificity efflux pumps and their role in multidrug resistance of Gram-
negative bacteria. FEMS Microbiol Rev 2012, 36, 340-63, https://doi.org/10.1111/j.1574-
6976.2011.00290.x.

95. Jo, I.; Hong, S.; Lee, M.; Song, S.; Kim, J.-S.; Mitra, A.K.; Hyun, J.; Lee, K.; Ha, N.-C. Stoichiometry and
mechanistic implications of the MacAB-TolC tripartite efflux pump. Biochem Biophys Res Commun 2017,
494, 668-73, https://doi.org/10.1016/j.bbrc.2017.10.102.

96. M., J.B.; E., M.B.; M., W.G. Characterization of emeA, anorA Homolog and Multidrug Resistance Efflux
Pump, inEnterococcus  faecalis.  Antimicrob  Agents  Chemother 2001, 45, 3574-9,
https://doi.org/10.1128/AAC.45.12.3574-3579.2001.

97. C, T.-B.Q.; M,,D.P.;; J,, S.; J., P.S,; C., H.D. MgrA Is a Multiple Regulator of Two New Efflux Pumps in
Staphylococcus aureus. J Bacteriol 2005, 187, 2395-405, https://doi.org/10.1128/JB.187.7.2395-2405.2005.

98. Costa, S.S.; Viveiros, M.; Amaral, L.; Couto, I. Multidrug Efflux Pumps in Staphylococcus aureus: an
Update. Open Microbiol J 2013, 7, 59-71, https://doi.org/10.2174/1874285801307010059.

99. Walsh, C. Molecular mechanisms that confer antibacterial drug resistance. Nature 2000, 406, 775-81,
https://doi.org/10.1038/35021219.

100.Savjani, K.J.; Gajjar, K.A.; Savjani, T.K. Mechanisms of Resistance: Useful Tool to Design Antibacterial
Agents for Drug - Resistant Bacteria. Mini-Reviews Med Chem 2009, 9, 194-205,
https://doi.org/10.2174/138955709787316038.

101.Janne, K.; Helena, S.; Mikael, S.; Hannu, S.; Pentti, H. Different Erythromycin Resistance Mechanisms in
Group C and Group G Streptococci. Antimicrob Agents Chemother 1998, 42, 14934,
https://doi.org/10.1128/AAC.42.6.1493.

102.Bussiere, D.E.; Muchmore, S.W.; Dealwis, C.G.; Schluckebier, G.; Nienaber, V.L.; Edalji, R.P.; Walter,
K.A.; Ladror, U.S.; Holzman, T.F.; Abad-Zapatero, C. Crystal Structure of ErmC‘, an rRNA
Methyltransferase Which Mediates Antibiotic Resistance in Bacteria. Biochemistry 1998, 37, 7103-12,

https://nanobioletters.com/ 22 of 25


https://doi.org/10.33263/LIANBS131.045
https://nanobioletters.com/
https://doi.org/10.2174/1568005054880109
https://doi.org/10.1586/14787210.2014.956092
https://doi.org/10.1007/978-981-19-1854-4_8
https://doi.org/10.1073/pnas.2107644118
https://doi.org/10.1128/CMR.00043-12
https://doi.org/10.1016/j.bbrc.2004.03.130
https://doi.org/10.1007/s00239-019-09914-3
https://doi.org/10.1073/pnas.77.7.3974
https://doi.org/10.1016/S0006-291X(74)80296-2
https://doi.org/10.1016/S0006-291X(74)80296-2
https://doi.org/10.1080/07853890701195262
https://doi.org/10.1128/AAC.46.7.2124-2131.2002
https://doi.org/10.1128/AAC.46.7.2124-2131.2002
https://doi.org/10.1128/MMBR.64.4.672-693.2000
https://doi.org/10.1111/j.1574-6976.2011.00290.x
https://doi.org/10.1111/j.1574-6976.2011.00290.x
https://doi.org/10.1016/j.bbrc.2017.10.102
https://doi.org/10.1128/AAC.45.12.3574-3579.2001
https://doi.org/10.1128/JB.187.7.2395-2405.2005
https://doi.org/10.2174/1874285801307010059
https://doi.org/10.1038/35021219
https://doi.org/10.2174/138955709787316038
https://doi.org/10.1128/AAC.42.6.1493

https://doi.org/10.33263/LIANBS131.045

https://doi.org/10.1021/bi973113c.

103.Taylor, D.E.; Chau, A. Tetracycline resistance mediated by ribosomal protection. Antimicrob Agents
Chemother 1996, 40, 1-5, https://doi.org/10.1128/AAC.40.1.1.

104.R., C.S.; M., T.D.; H., N.K; E., T.D. Ribosomal Protection Proteins and Their Mechanism of Tetracycline
Resistance. Antimicrob Agents Chemother 2003, 47, 3675-81, https://doi.org/10.1128/AAC.47.12.3675-
3681.2003.

105.Roberts, M.C. Update on acquired tetracycline resistance genes. FEMS Microbiol Lett 2005, 245, 195-203,
https://doi.org/10.1016/j.femsle.2005.02.034.

106.Aldred, K.J.; Kerns, R.J.; Osheroff, N. Mechanism of Quinolone Action and Resistance. Biochemistry 2014,
53, 1565-74, https://doi.org/10.1021/bi5000564.

107.0gawara, H. Self-resistance in Streptomyces, with Special Reference to f-Lactam Antibiotics. Mol 20186,
21, https://doi.org/10.3390/molecules21050605.

108.Dufour, D.; Leung, V.; Lévesque, C.M. Bacterial biofilm: structure, function, and antimicrobial resistance.
Endod Top 2010, 22, 2-16, https://doi.org/10.1111/j.1601-1546.2012.00277.X.

109.Rather, M.A.; Gupta, K.; Mandal, M. Microbial biofilm: formation, architecture, antibiotic resistance, and
control strategies. Brazilian J Microbiol 2021, 52, 1701-18, https://doi.org/10.1007/s42770-021-00624-x.

110.Li, Y.-H.; Tang, N.; Aspiras, M.B.; Lau, P.C.Y; Lee, J.H.; Ellen, R.P.; Cvitkovitch, D.G. A quorum-sensing
signaling system essential for genetic competence in Streptococcus mutans is involved in biofilm formation.
J Bacteriol 2002, 184, 2699-708, https://doi.org/10.1128/JB.184.10.2699-2708.2002.

111.Lewis, K. Persister Cells. Annu Rev Microbiol 2010, 64, 357-72,
https://doi.org/10.1146/annurev.micro.112408.134306.

112.Levin, B.R.; Rozen, D.E. Non-inherited antibiotic resistance. Nat Rev Microbiol 2006, 4, 556-62,
https://doi.org/10.1038/nrmicro1445.

113.Rao, M.; Padyana, S.; Dipin, K.M.; Kumar, S.; Nayak, B.; Varela, M.F. Antimicrobial compounds of plant
origin as efflux pump inhibitors: new avenues for controlling multidrug resistant pathogens. J Antimicrob
Agents 2018, 4, 1-6, https://doi.org/10.4172/2472-1212.1000159.

114.0jeda-Sana, A.M.; Repetto, V.; Moreno, S. Carnosic acid is an efflux pumps modulator by dissipation of the
membrane potential in Enterococcus faecalis and Staphylococcus aureus. World J Microbiol Biotechnol 2013,
29, 13744, https://pubmed.ncbi.nlm.nih.gov/22961443/.

115.Li, X.-Z.; Nikaido, H. Efflux-mediated drug resistance in bacteria: an update. Drugs 2009, 69, 1555-623,
https://doi.org/10.2165/11317030-000000000-00000.

116.Alnamer, R.; Alaoui, K.; Doudach, L.; Bouidida, E.H.; Chibani, F.; AL-SOBARRY, M.; Benjouad, A.;
Cherrah, Y. In vitro antibacterial activity of Rosmarinus officinalis methanolic and aqueous extracts. Int J
Pharm 2013, 3, 1-6, https://www.semanticscholar.org/paper/IN-VITRO-ANTIBACTERIAL-ACTIVITY-
OF-ROSMARINUS-AND-AInamer-Alaoui/c18780ablbe7514c65a3ecd324d1931f0adfab74.

117.Abdel-Massih, R.; Abdou, E.; Baydoun, E.; Daoud, Z. Antibacterial Activity of the Extracts Obtained from
Rosmarinus officinalis , Origanum majorana , and Trigonella foenum-graecum on Highly Drug-Resistant
Gram Negative Bacilli . J Bot 2010, 2010, 1-8, https://doi.org/10.1155/2010/464087.

118.Genena, A.K.; Hense, H.; Sménia Junior, A.; Souza, S.M. de. Rosemary (Rosmarinus officinalis): a study of
the composition, antioxidant and antimicrobial activities of extracts obtained with supercritical carbon
dioxide. Food Sci Technol 2008, 28, 463-9, https://doi.org/10.1590/S0101-20612008000200030.

119.Zhong, X.; Wang, X.; Zhou, N.; Li, J.; Liu, J.; Yue, J.; Hao, X.; Gan, M.; Lin, P.; Shang, X. Chemical
characterization of the polar antibacterial fraction of the ethanol extract from Rosmarinus officinalis. Food
Chem 2021, 344, 128674, https://doi.org/10.1016/j.foodchem.2020.128674.

120.Klancnik, A.; Guzej, B.; Kolar, M.H.; Abramovic, H.; Mozina, S.S. In vitro antimicrobial and antioxidant
activity of commercial rosemary extract formulations. J Food Prot 2009, 72, 1744-52,
https://doi.org/10.4315/0362-028x-72.8.1744.

121.Ayadi, S.; Abderrabba, M. Biological characteristics of the essential oils and methanol extracts from
Rosmarinus officinalis. J Mater Environ Sci 2014, 5, 1872-6,
https://www.jmaterenvironsci.com/Document/vol5/vol5_N6/230-JMES-1025-2014-Ayadi.pdf.

122.Nakagawa, S.; Hillebrand, G.G.; Nunez, G. Rosmarinus officinalis L. (Rosemary) Extracts Containing
Carnosic Acid and Carnosol are Potent Quorum Sensing Inhibitors of Staphylococcus aureus Virulence.
Antibiotics 2020, 9, 149, https://doi.org/10.3390/antibiotics9040149.

123.Pavi¢, V.; Jakovljevi¢, M.; Molnar, M.; Joki¢, S. Extraction of Carnosic Acid and Carnosol from Sage (Salvia
officinalis L.) Leaves by Supercritical Fluid Extraction and Their Antioxidant and Antibacterial Activity.

https://nanobioletters.com/ 23 of 25


https://doi.org/10.33263/LIANBS131.045
https://nanobioletters.com/
https://doi.org/10.1021/bi973113c
https://doi.org/10.1128/AAC.40.1.1
https://doi.org/10.1128/AAC.47.12.3675-3681.2003
https://doi.org/10.1128/AAC.47.12.3675-3681.2003
https://doi.org/10.1016/j.femsle.2005.02.034
https://doi.org/10.1021/bi5000564
https://doi.org/10.3390/molecules21050605
https://doi.org/10.1111/j.1601-1546.2012.00277.x
https://doi.org/10.1007/s42770-021-00624-x
https://doi.org/10.1128/JB.184.10.2699-2708.2002
https://doi.org/10.1146/annurev.micro.112408.134306
https://doi.org/10.1038/nrmicro1445
https://doi.org/10.4172/2472-1212.1000159
https://pubmed.ncbi.nlm.nih.gov/22961443/
https://doi.org/10.2165/11317030-000000000-00000
https://www.semanticscholar.org/paper/IN-VITRO-ANTIBACTERIAL-ACTIVITY-OF-ROSMARINUS-AND-Alnamer-Alaoui/c18780ab1be7514c65a3ecd324d1931f0a4fab74
https://www.semanticscholar.org/paper/IN-VITRO-ANTIBACTERIAL-ACTIVITY-OF-ROSMARINUS-AND-Alnamer-Alaoui/c18780ab1be7514c65a3ecd324d1931f0a4fab74
https://doi.org/10.1155/2010/464087
https://doi.org/10.1590/S0101-20612008000200030
https://doi.org/10.1016/j.foodchem.2020.128674
https://doi.org/10.4315/0362-028x-72.8.1744
https://www.jmaterenvironsci.com/Document/vol5/vol5_N6/230-JMES-1025-2014-Ayadi.pdf
https://doi.org/10.3390/antibiotics9040149

https://doi.org/10.33263/LIANBS131.045

Plants 2019, 8, https://doi.org/10.3390/plants8010016.

124.Sacco, C.; Bellumori, M.; Santomauro, F.; Donato, R.; Capei, R.; Innocenti, M.; Mulinacci, N. An in vitro
evaluation of the antibacterial activity of the nonvolatile phenolic fraction from rosemary leaves. Nat Prod
Res 2015, 29, 1537-44, https://doi.org/10.1080/14786419.2014.986728.

125.Amaral, G.P.; Mizdal, C.R.; Stefanello, S.T.; Mendez, A.S.L.; Puntel, R.L.; de Campos, M.M.A.; Soares,
F.A.A.; Fachinetto, R. Antibacterial and antioxidant effects of Rosmarinus officinalis L. extract and its
fractions. J Tradit Complement Med 2019, 9, 383-92, https://doi.org/10.1016/j.jtcme.2017.10.006.

126.Mattazi, N.; Farah, A.; Fadil, M.; Chraibi, M.; Fikri Benbrahim, K. Essential oils analysis and antibacterial
activity of the leaves of Rosmarinus officinalis, Salvia officinalis and Mentha piperita cultivated in agadir
(Morocco). Int J Pharm Pharm Sci 2015, 7, 73-9.

127.Sienkiewicz, M.; Lysakowska, M.; Pastuszka, M.; Bienias, W.; Kowalczyk, E. The potential of use basil and
rosemary essential oils as effective antibacterial agents. Molecules 2013, 18, 9334-51,
https://doi.org/10.3390/molecules18089334.

128.Hamedo, H. Monitoring of Antimicrobial Activity of Essential Oils Using Molecular Markers. Open
Biotechnol J 2009, 3, 103-7, https://doi.org/10.2174/1874070700903010103.

129.Shaaban, H.; Bedair, M.; Ahmed, M.; El-Sideek, L.; Amer, M. ORIGINAL ARTICLES Study on the
antimicrobial activity and synergistic/antagonistic effect of interactions between antibiotics and some spice
essential oils against pathogenic and food-spoiler microorganisms. Trends Appl Sci Res 2013, 9, 5076-85.

130.Moghtader, M.; Afzali, D. Study of the antibacterial properties of the essential oil of Rosemary. Am J Agric
Env Sci 2009, 5, 393-7.

131.Moreno, S.; Galvan, E.; Vazquez, N.; Fiorilli, G.; Caceres Guido, P. Antibacterial efficacy of Rosmarinus
officinalis phytochemicals against nosocomial multidrug-resistant bacteria grown in planktonic culture and
biofilm. Battle against Microb 2015, 6, 154-63.

132.Abers, M.; Schroeder, S.; Goelz, L.; Sulser, A.; St. Rose, T.; Puchalski, K.; Langland, J. Antimicrobial
activity of the volatile substances from essential oils. BMC Complement Med Ther 2021, 21, 124,
https://doi.org/10.1186/s12906-021-03285-3.

133.Touafek, O.; Nacer, A.; Kabouche, A.; Kabouche, Z.; Bruneau, C. Chemical Composition of the Essential
Oil of Rosmarinus officinalis Cultivated in the Algerian Sahara. Chem Nat Compd 2004, 40, 28-9,
https://doi.org/10.1023/B:CONC.0000025460.78222.69.

134.Shahina, Z.; Al Homsi, R.; Price, J.D.W.; Whiteway, M.; Sultana, T.; Dahms, T.E.S. Rosemary essential oil
and its components 1,8-cineole and o-pinene induce ROS-dependent lethality and ROS-independent
virulence inhibition in Candida  albicans. PLoS  One 2022, 17, e0277097,
https://pubmed.ncbi.nlm.nih.gov/36383525/.

135.Jawad, A.M.; Allawi, A.K.; Ewadh, H.M. Essential oils of rosemary as antimicrobial agent against three types
of bacteria. Med J Babylon 2018, 15, 53-6, https://doi.org/10.4103/MJBL.MJBL_14 18.

136.Lima, C.; Barreto, H.; Lima, E.; Souza, E.; Siqueira-Junior, J. Antimicrobial effect of the essential oil from
Rosmarinus officinalis L. against Staphylococcus pseudintermedius isolated from dogs. Rev Bras Biociéncias
2013, 11.

137.Ceylan, O.; Ugur, A.; Sarag, N.; Ozcan, F.; Baygar, T. The in vitro antibiofilm activity of Rosmarinus
officinalis L. essential oil against multiple antibiotic resistant Pseudomonas sp. and Staphylococcus sp. J
Food, Agric Environ 2014, 12, 82-6.

138.Rasool, M. Antimicrobial activity of plant essential oils against the growth of Escherichia coli. IOSR J Pharm
2013, 3, 01-6.

139.Moghtader, M.; Salari, H.; Farahmand, A. Evaluation of the antifungal effects of rosemary oil and comparison
with synthetic borneol and fungicide on the growth of Aspergillus flavus. J Ecol Nat Environ 2011, 3, 210—
4, https://academicjournals.org/article/article1380020581 Moghtade%20et%?20al.pdf.

140.Najem, A.M.; Abed, 1.J. Potential use of Rosemary (Rosmarinus officinalis L.) essential oil as anti-bacterial
and anti-algal. J Pharm Biol Sci 2017, 12, 68-71, https://doi.org/10.9790/3008-1202016871.

141.Gauch, L.; Pedrosa, S.; Esteves, R.; Silveira-Gomes, F.; Gurgel, E.; Arruda, A.; Marques-da-Silva, S.
Antifungal activity of Rosmarinus officinalis Linn. essential oil against Candida albicans, Candida
dubliniensis, Candida parapsilosis and Candida krusei. Rev Pan-Amazbnica Salde 2014, 5, 61-6,
https://doi.org/10.5123/S2176-62232014000100007.

142.Linde, H. Ein neues Diterpen aus Salvia officinalis L. und eine Notiz zur Konstitution von Pikrosalvin. Helv
Chim Acta 1964, 47, 1234-9, https://onlinelibrary.wiley.com/doi/abs/10.1002/hlca.19640470517.

143.Birti¢, S.; Dussort, P.; Pierre, F.-X.; Bily, A.C.; Roller, M. Carnosic acid. Phytochemistry 2015, 115, 9-19,

https://nanobioletters.com/ 24 of 25


https://doi.org/10.33263/LIANBS131.045
https://nanobioletters.com/
https://doi.org/10.3390/plants8010016
https://doi.org/10.1080/14786419.2014.986728
https://doi.org/10.1016/j.jtcme.2017.10.006
https://doi.org/10.3390/molecules18089334
https://doi.org/10.2174/1874070700903010103
https://doi.org/10.1186/s12906-021-03285-3
https://doi.org/10.1023/B:CONC.0000025460.78222.69
https://pubmed.ncbi.nlm.nih.gov/36383525/
https://doi.org/10.4103/MJBL.MJBL_14_18
https://academicjournals.org/article/article1380020581_Moghtade%20et%20al.pdf
https://doi.org/10.9790/3008-1202016871
https://doi.org/10.5123/S2176-62232014000100007
https://onlinelibrary.wiley.com/doi/abs/10.1002/hlca.19640470517

https://doi.org/10.33263/LIANBS131.045

https://doi.org/10.1016/j.phytochem.2014.12.026.

144.Horiuchi, K.; Shiota, S.; Kuroda, T.; Hatano, T.; Yoshida, T.; Tsuchiya, T. Potentiation of antimicrobial
activity of aminoglycosides by carnosol from Salvia officinalis. Biol Pharm Bull 2007, 30, 287-90,
https://doi.org/10.1248/bpb.30.287.

145.0zkitiik, A.S. Antimicrobial effects of carnosic acid, kaempferol and luteolin on biogenic amine production
by spoilage and foodborne pathogenic bacteria. Food Biosci 2022, 46, 101588,
https://doi.org/10.1016/j.fbio.2022.101588.

146.Park, J.; Rho, S.-J.; Kim, Y.-R. Enhancing antioxidant and antimicrobial activity of carnosic acid in rosemary
(Rosmarinus officinalis L.) extract by complexation with cyclic glucans. Food Chem 2019, 299, 125119,
https://doi.org/10.1016/j.foodchem.2019.125119.

147.Arguelles, A.; Sanchez-Fresneda, R.; Martinez-Marmol, E.; Lozano, J.A.; Solano, F.; Arglelles, J.C. A
Specific Mixture of Propolis and Carnosic Acid Triggers a Strong Fungicidal Action against Cryptococcus
neoformans. Antibiot 2021, 10, https://doi.org/10.3390/antibiotics10111395.

148.Arguelles, A.; Sdnchez-Fresneda, R.; Guirao-Abad, J.P.; Belda, C.; Lozano, J.A.; Solano, F.; Arguelles, J.-
C. Novel Bi-Factorial Strategy against Candida albicans Viability Using Carnosic Acid and Propolis:
Synergistic Antifungal Action. Microorg 2020, 8, 749, https://doi.org/10.3390/microorganisms8050749.

149.Ekambaram, S.P.; Perumal, S.S.; Balakrishnan, A.; Marappan, N.; Gajendran, S.S.; Viswanathan, V.
Antibacterial synergy between rosmarinic acid and antibiotics against methicillin-resistant Staphylococcus
aureus. J Intercult Ethnopharmacol 2016, 5, 358—363, https://doi.org/10.5455/jice.20160906035020.

150.Ivanov, M.; Kosti¢, M.; Stojkovi¢, D.; Sokovi¢, M. Rosmarinic acid—Modes of antimicrobial and antibiofilm
activities of common plant polyphenol. South African J Bot 2022, 146, 521-7,
https://doi.org/10.1016/j.sajb.2021.11.050.

151.Zhu, F.; Wang, J.; Takano, H.; Xu, Z.; Nishiwaki, H.; Yonekura, L.; Yang, R.; Tamura, H. Rosmarinic acid
and its ester derivatives for enhancing antibacterial, a-glucosidase inhibitory, and lipid accumulation
suppression activities. J Food Biochem 2019, 43, 12719, https://doi.org/10.1111/jfbc.12719.

152.Elafify, M.; Elabbasy, M.T.; Mohamed, R.S.; Mohamed, E.A.; Saad Eldin, W.F.; Darwish, W.S.; Eldrehmy,
E.H.; Shata, R.R. Prevalence of Multidrug-Resistant Listeria monocytogenes in Dairy Products with
Reduction Trials Using Rosmarinic Acid, Ascorbic Acid, Clove, and Thyme Essential Oils. J Food Qual
2022, 2022, 9696927, https://doi.org/10.1155/2022/9696927.

153.Lu, P.; Sui, M.; Zhang, M.; Wang, M.; Kamiya, T.; Okamoto, K.; Itoh, H.; Okuda, S.; Suzuki, M.; Asakura,
T.; Fujiwara, T.; Nagata, K. Rosmarinic Acid and Sodium Citrate Have a Synergistic Bacteriostatic Effect
against  Vibrio Species by Inhibiting Iron Uptake. Int J Mol Sci 2021, 22,
https://doi.org/10.3390/ijms222313010.

154.Hu, D.-P.; GU, Y.-Z.; XU, H.-X; LI, X.-Q. Antibacterial and membrane-damaging activities of rosmarinic
acid against pathogenic organisms of acne. Lat Am J Pharm 2015, 34, 1866-70,
http://www.latamjpharm.org/resumenes/34/9/LAJOP_34 9 2_1.pdf.

155.Budhiraja, A.; Dhingra, G. Development and characterization of a novel antiacne niosomal gel of rosmarinic
acid. Drug Deliv 2015, 22, 723-30, https://doi.org/10.3109/10717544.2014.903010.

156.1gbal, H.; Wright, C.L.; Jones, S.; da Silva, G.R.; McKillen, J.; Gilmore, B.F.; Kavanagh, O.; Green, B.D.
Extracts of Sida cordifolia contain polysaccharides possessing immunomodulatory activity and rosmarinic
acid compounds with antibacterial activity. BMC Complement Med Ther 2022, 22, 27,
https://doi.org/10.1186/s12906-022-03502-7.

157.Zhang, W.; Cheng, C.; Sha, Z.; Chen, C.; Yu, C.; Lv, N.; Ji, P.; Wu, X.; Ma, T.; Cheng, H.; Shi, L. Rosmarinic
acid prevents refractory bacterial pneumonia through regulating Keap1/Nrf2-mediated autophagic pathway
and mitochondrial  oxidative stress. Free Radic Biol Med 2021, 168, 247-57,
https://doi.org/10.1016/j.freeradbiomed.2021.03.038.

158.Vatankhah, E.; Hamedi, S.; Ramezani, O. Surfactant-assisted incorporation of rosmarinic acid into
electrosprayed poly(lactic-co-glycolic acid) microparticles with potential for cosmetic and pharmaceutical
applications. Polym Test 2020, 81, 106180, https://doi.org/10.1016/j.polymertesting.2019.106180.

159.Gao, W.; Zhang, L. Nanomaterials arising amid antibiotic resistance. Nat Rev Microbiol 2021, 19, 5-6,
https://doi.org/10.1038/s41579-020-00469-5.

160.Aslam, B.; Rasool, M.; Idris, A.; Muzammil, S.; Alvi, R.F.; Khurshid, M.; Rasool, M.H.; Zhang, D.; Ma, Z.;
Baloch, Z. CRISPR-Cas system: a potential alternative tool to cope antibiotic resistance. Antimicrob Resist
Infect Control 2020, 9, 131, https://doi.org/10.1186/s13756-020-00795-6.

https://nanobioletters.com/ 25 of 25


https://doi.org/10.33263/LIANBS131.045
https://nanobioletters.com/
https://doi.org/10.1016/j.phytochem.2014.12.026
https://doi.org/10.1248/bpb.30.287
https://doi.org/10.1016/j.fbio.2022.101588
https://doi.org/10.1016/j.foodchem.2019.125119
https://doi.org/10.3390/antibiotics10111395
https://doi.org/10.3390/microorganisms8050749
https://doi.org/10.5455/jice.20160906035020
https://doi.org/10.1016/j.sajb.2021.11.050
https://doi.org/10.1111/jfbc.12719
https://doi.org/10.1155/2022/9696927
https://doi.org/10.3390/ijms222313010
http://www.latamjpharm.org/resumenes/34/9/LAJOP_34_9_2_1.pdf
https://doi.org/10.3109/10717544.2014.903010
https://doi.org/10.1186/s12906-022-03502-7
https://doi.org/10.1016/j.freeradbiomed.2021.03.038
https://doi.org/10.1016/j.polymertesting.2019.106180
https://doi.org/10.1038/s41579-020-00469-5
https://doi.org/10.1186/s13756-020-00795-6

