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Abstract: Urinary tract infections (UTIs) are the most common infectious diseases worldwide. These
infections are common in all people; however, they are more prevalent in women than in men. The
main microorganism that causes 80-90% of UTIs is Escherichia coli. However, other bacteria such
as Staphylococcus aureus, Enterococcus faecalis, Pseudomonas aeruginosa, Proteus mirabilis, and Klebsiella
pneumoniae cause UTIs, and antibiotics are required to treat them. However, UTI treatment can be
complicated by antibiotic resistance and biofilm formation. Therefore, medicinal plants, such as spices
generally added to foods, can be a therapeutic alternative due to the variety of phytochemicals such
as polyphenols, saponins, alkaloids, and terpenes present in their extracts that exert antimicrobial
activity. Essential oils extracted from spices have been used to demonstrate their antimicrobial
efficacy against strains of pathogens isolated from UTI patients and their synergistic effect with
antibiotics. This article summarizes relevant findings on the antimicrobial activity of cinnamon, clove,
cumin, oregano, pepper, and rosemary, spices popularly used in Mexico against the uropathogens
responsible for UTIs.
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1. Introduction

Urinary tract infections (UTIs) are among the most common bacterial infections. World-
wide, in 2019, it was estimated that 404.61 million cases and 236,790 deaths were associated
with UTIs [1]. Regarding Mexico, the picture is similar, UTIs are one of the most com-
mon pathologies, and approximately 4 million cases are reported each year, and it is the
third most common cause of morbidity [2]. UTIs can affect both males and females, but
the prevalence is higher in females (>70%) due to the very close presence of the urethra
to the anus and the gastrointestinal colonization of pathogens in the vagina [3]. UTIs
are an inflammatory response of the urothelium to bacterial infection, and it involves
pyelonephritis (kidney infection), urethritis (ureters infection), cystitis (bladder infection),
and prostatitis [3]. UTIs are caused by bacteria, viruses, and yeast, although bacteria cause
more than 85% of infections. Among the bacteria most commonly associated with UTIs are
Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Enterococcus faecalis, Pseudomonas
aeruginosa, Proteus mirabilis, Acinetobacter baumannii, and Staphylococcus saprophyticus [4]. It
is worth mentioning that UTIs are considered established when the pathogen can enter
the urinary tract system and reach more than 10° colony/mL in the urine [4]. E. coli and
Enterococcus spp. are the most frequent bacteria in UTIs. Both bacteria are present in the
gastrointestinal habitat, which favors acquiring resistance genes from other commensal
organisms [5]. Bacterial resistance and recurrence are due to the misuse and abuse of
antibiotics and the adherence capacity of uropathogens that allows them to internalize in
target cells, forming biofilm [2,6,7]. Furthermore, catheters are estimated to be one of the
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most common causes of healthcare-associated infection, as it is known that bacteria can
form biofilms on catheters, making the control of bacterial biofilm formation an urgent
need [8,9].

As mentioned above, UTIs are usually treated with tetracycline, ampicillin, ciprofloxacin,
gentamycin, and amikacin. However, in recent decades we have faced the problem of
increasing resistance of bacteria to drugs due to repeated antibiotic therapies, leading to an
increase in recurrent infections and the difficulty of treatment and prophylaxis [10,11]. Due
to this problem, interest in natural remedies has increased; medicinal plants and mushrooms
represent an essential part of traditional medicine and have been used throughout history
as treatments for different pathologies. This effect of medicinal plants is because they
contain phytochemicals that can treat disease. These phytochemicals can be obtained by
preparing plant extracts or essential oils (EOs) [12,13]. Plant extracts are multicomponent
mixtures of active, partially active, and inactive substances. Plant extracts can be obtained
using one or several solvents, noting that the solution obtained can be cooled and flow
and that the solvent or solvents are totally or partially eliminated. The choice of solvent(s)
for the extraction of biomolecules from plants is based on the polarity of the solute of
interest [14]. Therefore, the composition of plant extracts depends on the method of
preparation and the plant materials used [13,15]. The extraction of EOs can be performed
by steam or dry distillation, mechanical treatment, fermentation, crushing, hydrolysis, and
airing [16,17]. EOs are volatile, odorous substances with different degrees of antimicrobial
activity. The EOs with the highest antibacterial activity are characterized by a high content
of phenolic compounds, such as carvacrol, eugenol, and thymol, which cause alterations
in the cell membrane [16]. These properties of plant-derived compounds depend on the
plant species, climatic conditions, soil composition, cultivation methods or harvesting
areas, extraction method, and solvent composition [16,17]. Studies have reported that
antimicrobial phytochemicals can directly damage the cell membrane of bacteria, causing
cell membrane rupture, blockage of enzyme systems, disruption of ion exchange, alterations
of pH gradient, and proton motive force electric potential (Figure 1) [12,16].
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Figure 1. Antibacterial effects of essential oils (EOs). EOs kill bacteria by directly damaging cell
membrane lipids and proteins, blocking enzyme systems, altering pH gradient and proton-motive
force electrical potential, increasing permeability, disrupting bacterial signaling, and decreasing the
adenosine triphosphate (ATP). H*: hydrogen; K*: potassium. Created with Biorender.com.
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2. Spices

Spices are aromatic plants widely used in Mexico to flavor, color, or preserve food.
In particular, the Food and Drug Administration (FDA) Organization defined spices as:
“whole, broken or ground aromatic vegetable substances, whose significant function in
food is to flavor rather than to nourish” [18]. Spices usually come from the dried part
of a plant, such as flower buds, flowers (cloves, saffron); bark (cinnamon); root (ginger,
turmeric); fruits/berries (cloves, chili, black pepper); or seeds (cumin) [19]. Additionally;,
some herbs are included in the spices, such as marjoram, parsley, mint, rosemary, oregano,
and thyme [19].

The ISO 676 document lists about 109 species of aromatic plants and spices used in
food, which can be classified in different ways [20]; the taxonomic classification divides
them into monocotyledons (embryo with a single cotyledon), which includes garlic, ginger,
turmeric, and herbs, or dicotyledons (embryo with two cotyledons), such as paprika,
pepper, nutmeg, cinnamon, and cloves [21]. They can also be classified according to
their organoleptic properties in hot spices such as chili, pepper, and ginger; mild spices
such as paprika and coriander; aromatic spices such as cinnamon, cloves, cardamom, and
cumin; herbs such as basil, bay leaves, dill leaves, marjoram, tarragon, and thyme; and in
aromatic vegetables such as onion, garlic, shallot, and celery [20]. Alternatively, according
to their use, they are classified as fresh (herbs), dried, or processed (extracts, oleoresins,
and resins) [22].

Due to its properties and wide range of applications, the spice trade has become an
important economic activity. In 2020, spices were widely traded worldwide for a total
of USD 3.61 billion. Between 2019 and 2020, spice exports grew by 23.2%. The spice
trade represents 0.022% of total world trade [23]. Furthermore, due to the globalization
of food production and trade, almost all products are available year-round in developed
countries [24].

Research on its health benefits has increased significantly in recent decades, as many
spices are known to have properties that reduce the risk of chronic disease. It has been
reported that spices can protect against cardiovascular diseases, neurodegenerative diseases,
chronic inflammation, cancer, obesity, and type 2 diabetes [25-28]. In addition, the use
of spices in food reduces the use of salt as a flavoring agent; that is, it causes reduced
sodium intake, which has additional benefits for cardiovascular health [29]. Spices also
have antibacterial, antiviral, and antifungal properties [30]. Therefore, they are widely
used as food preservatives [31]. Additionally, it has been reported that spices represent an
alternative to inhibit the bacteria responsible for UTIs [32,33].

Most of the beneficial health properties of spices are mediated through the direct action
of their phytochemicals, especially polyphenols or polyphenol degradation products. These
phytochemicals have broad antioxidant properties and target specific receptors or enzymes
involved in various anti-inflammatory pathways or immune responses [19]. Phenolic
acids and flavonoids, especially flavones and flavonoids, are spices’ predominant class of
polyphenols [34]. Furthermore, the antimicrobial properties of spices are attributed to their
unique volatile oils and oleoresins [35]. Because spices are obtained from aromatic plants
and herbs, they are generally considered safe (GRAS) [36].

Mexico is one of the main spice-producing areas [20]. Its gastronomy is defined by
being varied, spicy, tasty, or seasoned. Mexican food comprises a wide variety of dishes and
culinary techniques, with flavors originating in pre-Hispanic times and influenced by the
cuisine of other cultures. Spices, however, are one of the repetitive ingredients in each na-
tional dish. Because of them and their combination of aromas, colors, textures, and flavors,
the history of Mexican cuisine has gained international recognition. UNESCO declared
Mexican gastronomy the Intangible Heritage of Humanity in November 2010 [37,38].

This review highlights the antimicrobial activity of spices popularly used in Mexico,
such as cinnamon, cloves, cumin, oregano, pepper, and rosemary, in UTIs.
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3. Cinnamon

The trees and shrubs of the Cinnamomum genus belong to the Lauraceae family and
contain around 300 species worldwide. The most common are C. burmanni, C. camphora,
C. cassia, C. osmophloeum, C. verum, and C. zeylanicum [39—-42]. The fruit, leaf, and bark
of the cinnamon tree contain bioactive compounds such as cinnamyl acetate, coumarin,
eugenol, eucalyptol, trans-cinnamaldehyde, L-borneol, caryophyllene oxide, benzoic acid,
linalool, caffeic acid, and camphor [40,42—44]. Cinnamon leaves and the bark have been
reported to have antioxidant activity [41]. However, the peeled and dried bark is a popular
spice used as a condiment and flavoring agent in desserts, spicy sweets, tea, liqueurs,
cereals, bread, fruit, and chocolates. Mexico is the biggest importer of C. zeylanicum,
also known as true cinnamon [45], and it is also used in chocolate production and sweet
and savory dishes. Moreover, cinnamon is used in traditional medicine worldwide due
to its antimicrobial, antifungal, nematicidal, antipyretic, insecticidal, antioxidant, and
antidiabetic properties [40,41,43,46-48]. Although cinnamon is recognized as a safe spice,
with a tolerable daily intake of 0.1 mg/kg/day, adverse effects such as stomach and bowel
disorders and allergic reactions have been described [45,49].

The solvents used to extract the bioactive compounds of cinnamon are water, methanol,
ethanol, and chloroform [44]. Hydrodistillation, steam distillation, Soxhlet extraction, and
maceration are the most common methods to prepare cinnamon extract oils from leaf, fruit,
and bark. Nevertheless, novel extraction methods such as supercritical fluid, assisted by
microwave radiation, superheated water, supercritical carbon dioxide (CO;), or ultrasounds
have been developed [44,46,50]. The EOs are obtained from bark through hydrodistillation,
steam distillation, and supercritical fluid extraction techniques. EOs extracted contain trans-
cinnamaldehyde, eugenol, cinnamyl acetate, camphor, and linalool, representing about
85% of the total oil composition [46,51]. However, trans-cinnamaldehyde is an unstable
compound that can be oxidized to cinnamic acid when exposed to air, losing the acrolein
group, which is responsible for antimicrobial activity. Nevertheless, the other bioactive
compounds in cinnamon EO have antimicrobial activity and synergistic or additive effects
with trans-cinnamaldehyde [40,52,53].

The bioactive compounds in cinnamon EO, such as trans-cinnamaldehyde, pass
through bacteria cell walls, altering the permeability and integrity of the membrane and,
consequently, causing loss of transporting proteins, metabolites, and ions which leads
to cytoplasmic coagulation and denaturation of proteins [40,54-56]. Moreover, trans-
cinnamaldehyde downregulated the F1F0-ATPase complex, inducing the depletion of
intracellular adenosine triphosphate (ATP) synthesis and growth rate. Furthermore, trans-
cinnamaldehyde causes energy deprivation, amino acid decarboxylation activity inhibition
within the cells, and cell death [40,55]. The antimicrobial activity of cinnamon bark extracts
is shown in Table 1.

It has been described that the EO of C. cassia obtained by hydrodistillation has a
minimum inhibitory concentration (MIC) against bacterial strains collected from patients
with UTIs, such as E. coli in the range of 0.30 to 2.50 mg/mL, P. aeruginosa to 2.5 to
5.0 mg/mL, P. mirabilis 0.30 to 1.25 mg/mL, and K. pneumoniae to 0.16 to 31 mg/mL.
In addition, this EO has inhibition zones around 12 to 39 mm for Gram-negative bacteria
strains [57].

Moreover, cinnamon bark oil (C. zeylanicum) has inhibitory and bactericidal activity
against P. aeruginosa and its multidrug-resistant strains isolated from patients with UTIs.
The MIC and minimal bactericidal concentrations (MBC) values are in the range of 0.1125
to 0.225% (v/v) and 0.1125 to 1.8%, respectively. Moreover, cinnamon bark oil has a syner-
gistic interaction with some antibiotics. The main bioactive compounds identified in this
cinnamon bark oil are trans-cinnamaldehyde and eugenol. However, trans-cinnamaldehyde
possessed better antimicrobial activity to reduce 6 log CFU/mL to this pathogen [56].

In addition, ethanolic extract of C. zeylanicum could inhibit the growth of colonies of E.
coli, P. aeruginosa, and K. pneumoniae obtained from urine samples of patients with UTIs.
The results indicate that the mean zone of inhibition against the pathogens mentioned
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before is 11.72 mm, 20.16 mm, and 25.50 mm, respectively. This inhibition zone is similar to
norfloxacin, a common antibiotic for treating UTIs. Although trans-cinnamaldehyde has
been identified as the bioactive antimicrobial compound in the cinnamon extract, it was
found that the zone of inhibition of trans-cinnamaldehyde against P. aeruginosa (14.82 mm)
and K. pneumoniae (18.45 mm) was lower than the of the whole extract, while against E. coli
(24.39 mm), the zone of inhibition was higher compared to cinnamon extract against [58].
As mentioned above, this compound could have antimicrobial activity and be enhanced by
other bioactive compounds in the cinnamon extract. Because of this, the isolated bioactive
compound frans-cinnamaldehyde was used in a uropathogenic E. coli colonization in
C57BL/6 female mice to reproduce a UTIL. Female mice were supplemented in the feed
with trans-cinnamaldehyde at 0.1, 0.2, and 0.4% for 14 days. On day 10, mice were infected
with E. coli through transurethral inoculation. It is observed that trans-cinnamaldehyde
reduced pathogen populations in the bladder and urethra in a concentration-dependent
manner [59].

Moreover, it is described that aqueous C. zeylanicum extract (0.1 g/mL) has antimicro-
bial activity against isolated pathogens isolated from the urine of patients with UTIs such
as E. coli, K. pneumoniae, S. aureus, Enterobacter spp, P. aeruginosa, S. typhi, and S. flexneri.

Furthermore, this aqueous cinnamon extract has moderate antifungal activity against
Aspergillus niger and Candida albicans compared to ketoconazole. Nevertheless, due to
the significant extraction of trans-cinnamaldehyde, the EO cinnamon extract has more
antifungal activity than the aqueous extract [55]. Finally, the EO of cinnamon has MIC and
MCB values of 0.125% and 0.25%, respectively, against K. pneumoniae isolated from patient
urine samples and has good efficacy against this biofilm produced by this Gram-negative
bacterium [60].

Table 1. Antimicrobial activity of cinnamon bark extracts.

Diameter of
the Inhibition
Zone (mm)

Phytochemicals Uropathogen

. E. coli 26-35 mg/mL ND 26-38
‘ o trans-cinnamaldehyde, - p o 0in0s; 1219 mg/mL ND 1219
C. cassia Essential oil c1nn?)m1c alc(;dl,lelégenol, P mirabilis 30-39 mg/mL ND 3039 [57]
enzaldeyde K. pneumoniae ~ 27-32 mg/mL ND 27-32
trans-cinnamaldehyde,
C. zeylanicum Essential oil cinnamic acid, eugenol, P. aeuruginosa 0.11-0.2% 0.1125-1.8% ND [56]
benzaldehyde
. trans-cinnamaldehyde, E. coli 1 mg/mL 4 mg/mL 19.2
NS Essential oil cinnamic acid, eugenol, S. aureus 1 mg/ mL 2 mg/ mL 28.7 E
C. verum Essential oil t{'uns-apnar.naldehyde, K. pneumoniae 0.125% 0.25% ND [60]
cinnamic acid, eugenol
. . . E. coli ND ND 11.72
C. zeylanicum Ethanolic Tanmn.s, Flavonmdsf K. pneumoniae ND ND 25.50 [58]
extract anthraquinones, saponins P. aeuruginosa ND ND 23.25
. . . P. aeuruginosa 10 mg/mL 20 mg/mL 12.3
Ethanolic Tanmn.s, Flavonmdsf K. pneufwniue 20 mg/ mL 40 mg /mL 15.3
extract anthraquinones, saponins S. aureus 10 mg/mL 20 mg/mL 125
. Flavonoids, P. aeuruginosa 20 mg/mL 40 mg/mL 10.0
C. verum Iidilenomsiieine anthraquinones, K. pneumoniae 20 mg/mL 40 mg/mL 12.3 [61]
extract alkaloids, saponins S. aureus 5 mg/mL 10 mg/mL 115
Tannins, alkaloids, P. aeuruginosa 10 mg/mL 20 mg/mL 10.5
Hexane extract flavonoids, K. pneumoniae 20 mg/mL 20 mg/mL 14.5
anthraquinones, saponins S. aureus 5mg/mL 10 mg/mL 15.0

ND: not determined; NS: not specified in the article. MIC: minimum inhibitory concentration; MBC: minimum
bactericidal concentration.

4. Clove

Clove (Syzygium aromaticum, syn. Eugenia caryophyllata) is a plant used for centuries as
a food preservative and for many medicinal purposes. It belongs to the family of Myrtaceae,
the subfamily Myrtoideae, and the tribe Syzygieae [62]. It is native to Maluku Island in
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Indonesia. However, today it is cultivated in various parts of the world, especially in
countries with tropical and subtropical environments, such as Indonesia, Sri Lanka, India,
Tanzania, Malaysia, Madagascar, and Pakistan [47]. Its dried buttons (flowers that have not
yet opened) are called cloves or gyrofles and are used as a spice in kitchens worldwide [63].
In Mexican cuisine, cloves are widely used to season sweet and salty foods. In salty stews,
it is included whole or ground in moles, marinades, and other dishes. As for desserts, it is
used above all in fruit syrups such as guava candy.

Cloves are a valuable source of phenolic compounds such as glycosides, flavonoids
(kaempferol and quercetin), saponins, tannins, and EOs. Gallic acid is the phenolic acid
with the highest concentration (783.50 mg/100 g fresh weight), although we also find
caffeic, ferulic, and salicylic acids in smaller quantities [64]. However, the main bioactive
component of cloves is eugenol [2-methoxy-4-(2-propenyl) phenol], an allyl chain sub-
stituted guaiac that is a member of the allylbenzene class of chemical compounds [65],
and is present in concentrations ranging from 9381.70 to 14,650.00 mg/100 g fresh plant
weight [64].

In medicine, various therapeutic properties have been attributed to clove, including
antifungal, antibacterial, antiviral, anti-inflammatory, antioxidant, hepatoprotective, anti-
stress, antidiabetic, antinociceptive, anesthetic, and even anticancer activities [63]. Clove
has also been widely used to treat UTIs due to its wide range of antimicrobial activities
against Gram-positive and Gram-negative bacteria [66—70]. Table 2 shows the antimicrobial
activity of the different clove extracts.

Among the most used clove extracts to treat UTIs is clove oil, an aromatic oil extracted
from the buds and leaves of S. aromaticum trees. It is traditionally obtained by hydrodis-
tillation, steam distillation, or solvent extraction. These processes are inexpensive but
can induce thermal degradation, hydrolysis, and water solubilization of some fragrance
components [71,72]. Some authors have also carried out clove oil extraction with CO,,
which offers significant advantages over traditional methods. For example, the higher
percentage of eugenol active antioxidant ingredients and a shorter extraction time, among
others [71].

Clove oil has been highly successful against the bacteria responsible for UTIs. For
example, it has been reported that after 8 h of treatment with clove oil, the population of E.
coli and S. aureus is reduced by 99.999% and 99.9999%, respectively [67]. Additionally, in
a study conducted with 60 clinical isolates from the urine of UTIs patients, clove EO was
found to be more effective against E. coli strains than against K. pneumoniae strains. This is
because the growth inhibition of E. coli was 24.5 (22.75-28) mm, while for K. pneumoniae it
was only 22 (20-24) mm [66]. In fact, clove oil has been reported to kill E. coli resistant to
recommended antibiotics [73].

The efficacy of EOs differs from one type of oil to another and from the target bacteria,
depending on their structure (Gram-positive and Gram-negative bacteria) [74,75]. However,
in a study comparing clove oil with cinnamon, bell pepper, thyme, oregano, and rosemary
oils, clove oil was reported to be the most effective in inhibiting the growth of S. typhi, S.
aureus, and P. aeruginosa [76]. Furthermore, it has been observed that mixing clove oil vapor
with cinnamon oil vapor antagonistically inhibits the growth of E. coli. In contrast, both
oils exerted a synergistic effect for inhibiting Listeria monocytogeneses, Bacillus cereus, and
Yersinia enterocolitica, when the maximum inhibition concentrations are used [77].

So far, there are few studies on the antibacterial mechanism of clove oil, especially at
the molecular level. However, previous studies report that clove oil could be destroying
the integrity of cell membranes, which triggers the egress of biological macromolecules
and intracellular enzymes and interferes with protein synthesis [78,79]. Clove oil may
also affect bacteria by slowing respiratory metabolism. Clove oil treatment has decreased
the intracellular ATP of E. coli and S. aureus by up to 76.23% and 71.55%, respectively.
In addition, in this same study, a decrease in nucleic acids was observed, indicating
that clove oil affects the permeability of the cell membrane [67]. In another study on
L. monocytogeneses, clove oil was reported to reduce the activity of three key enzymes
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(isocitrate dehydrogenase, citrate synthase, and a-ketoglutarate dehydrogenase) in the
citric acid cycle pathway, affecting the content of metabolites in the pathway. In addition, it
has been shown that eugenol, the main component of clove oil, can change the structure of
DNA through the formation of eugenol-DNA chimeras [67].

Another preparation that has been used against UTIs is the phytochemical extraction
of the clove spice, which can be carried out by aqueous-ethanolic maceration. Previous
studies have shown that 80% ethanol effectively extracts most bioactive phytochemical
compounds, especially flavonoids [80]. In fact, a study comparing extraction with different
solvents in spices reported that the 80% ethanol extraction method has the highest inhibition
towards Gram-negative and Gram-positive bacteria [81].

To prepare the ethanolic extract of cloves, the spices are washed with sterile water and
subsequently dried at 40 °C. Then, the clove is ground with a blender to a fine powder.
Finally, a maceration with 80% ethanol is carried out, and the filtrate is concentrated using
a rotary evaporator [82,83].

A recent study demonstrated that ethanolic extract of clove (2000 png) exhibited broad-
spectrum inhibition against Gram-negative and Gram-positive UTIs-causing pathogens: P.
mirabilis (19.7 mm), Staphylococcus epidermidis (18 mm), S. aureus (14.7 mm), E. coli (12.7 mm),
K. pneumoniae (12.3 mm) (depending on the size of the inhibition halo) [83]. Interestingly,
the comparison between ethanolic clove extract and commercial clove EO revealed that
the former demonstrated more potent antimicrobial and antioxidant properties at a similar
concentration of eugenol. However, Gas Chromatography/Mass Spectrometry (GC/MS)
indicates that the ethanolic extract has a lower concentration of eugenol than the EO,
suggesting that eugenol is not the only compound responsible for the antimicrobial effect
observed for the ethanolic extract [83].

In another study where 221 Gram-negative bacteria were isolated and the production
of b-lactamases, enzymes responsible for resistance to b-lactam antibiotics, was analyzed, it
was reported that the ethanolic extract of cloves was effective against all Gram-negative
isolates. However, the best antibacterial activity was shown against P. mirabilis species with
an inhibition halo of 19 mm. Likewise, it was found that the ethanolic extract of cloves has
a different antibacterial potential depending on the Gram-negative uropathogenic [68].

In another study, aqueous and ethanolic extracts of clove, cinnamon, and garlic were
prepared and tested for their antibacterial efficacy against isolated E. coli. Clove extracts
were shown to have one of the best antibacterial activities against UTIs strains according
to their mean values of the zone of inhibition (13.33 mm). The combined effect of 10%
plant extracts with antibiotics such as resistance drugs ampicillin, imipenem, ciprofloxacin,
norfloxacin, and nalidixic acid was also tested and showed a pattern of susceptibility with
increasing inhibition zone diameter in three UTIs strains [5]. Therefore, we could say
that the use of ethanolic clove extract to treat UTIs could be complementary to the use of
antibiotics due to its additive effect with them.

There are no studies on the antibacterial mechanism of the ethanolic extract of clove,
although it could be suspected that it acts the same or similar to the EO. Until now, the
antibacterial activity of the ethanolic extract has only been attributed to its antioxidant
properties. A recent study reported that the ECsg of DPPH (1,1-diphenyl-2-picrylhydrazyl),
ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)), and reducing power assay
for the ethanolic extract content of clove was 0.037 mg/mL, 0.68 mg/mL, and 0.44 mg/mL,
respectively [83].

Finally, it is essential to mention that the consumption of cloves has been declared
safe for humans. Clove crude EO is classified as GRAS by the US Food and Drug Adminis-
tration [84]. Acute and chronic toxicity studies with clove oil conclude that there are no
adverse effects in albino rats [85]. Additionally, an aqueous extract of dried clove buds
(known as ‘Clovinol’), rich in polyphenols, was found to be safe in rats [86]. Furthermore,
eugenol is rapidly absorbed, metabolized in the liver, and eliminated within 24 h when
consumed orally [87]. However, eugenol can be toxic in children under two years of age
in relatively small amounts (5-10 mL) [88]. Additionally, if cloves are consumed or used



Antibiotics 2023, 12, 325 8 of 24

excessively topically or by an allergic person may experience side effects. For example, oral
intake of cloves may cause lactic acidosis, nausea, numbness, dizziness, or tiredness [89].
Furthermore, it can lead to liver problems associated with stomach pain, clay-colored
stools, dark urine, and sometimes jaundice [90]. If applied topically, it could cause itchy
rashes with mild skin irritation, swollen or bleeding gumes, erection problems, and delayed
ejaculation [89]. Previously, the World Health Organization (WHO) set the daily human
intake of clove oil at 2.5 mg/kg body weight for humans [91].

In short, clove extracts can be used to develop a new antimicrobial drug that is the need
of the hour. However, more research is required on the mechanisms of action, identification,
and characterization of bioactive molecules, particularly their antibacterial activities in vivo
against human pathogens.

Table 2. Antimicrobial activity of S. aromaticum extracts.

Diameter of
Phytochemicals Uropathogen the Inhibition
Zone (mm)
0.5 mg/mL ND

Type of

Extract

Eugenol, b-caryophyllene, vanillin, E. coli 0.5 mg/mL
crategolic acid, bicornin, galotanic

. acid, methyl salicylate
Clove oil

eugenin, kaempferol, ramnetin and 67
s gemtinlf’oleanohc ol S. aureus 0.5 mg/mL 0.5 mg/mL ND [671
stigmasterol, campesterol, and
various sesquiterpenes
Eugenol, b-caryophyllene, vanillin, A. baumanni ND ND 28
crategolic acid, bicornin, galotanic P. aeruginosa ND ND 17
acid, methyl salicylate E. faccalis ND ND 25
) eugenin, kaempferol, ramnetin and [92]
Clove oil eugenitin, oleanolic acid,
stigmasterol, campesterol, and S. aureus ND ND 20
various sesquiterpenes
Eugenol, b-caryophyllene, vanillin, . coliisolated from 5 3 4 51 o /imp 31 t042 mg/mL ND
crategolic acid, bicornin, galotanic UTIs patients
acid, methyl salicylate
al ) eugenin, kaempferol, ramnetin and 73]
ove oil eugenitin, oleanolic acid, Antibiotic-resistant E. ’
stigmasterol, campesterol, and coli -6 mg/mL 3.7 mg/mL ND
various sesquiterpenes
Eugenol, b-caryophyllene, vanillin, E Cg;z(;i:f:ng’om 56§5ELJLn;?nirLd ND 24.5 mm
crategolic acid, bicornin, galotanic
acid, methyl salicylate
) eugenin, kaempferol, ramnetin and [66]
Clove oil eugenitin, oleanolic acid, K. pneumoniae isolated 5.5 uL/mL ND »
stigmasterol, campesterol, and from UTIs patients  and 0.55 uL/mL * mm
various sesquiterpenes
Ethanolic Eugenol, glycosides, flavonoids, S. aureus 5mg/mL 10 mg/mL 11.4
extract saponins, tannins, and essential oils. P. aeruginosa 5mg/mL 12.5 mg/mL 9.2 193]
E. coli 0.39 mg/mL 0.19 mg/mL 17
K. pneumoniae 0.78 mg/mL 0.39 mg/ml 16
Enterobacter species 0.78 mg/mL 0.39 mg/mL 17
. . . Citrobacter
Ethanolic Eugenol, glycosides, flavonoids, Species 0.39 mg/mL 0.19 mg/mL 18 [68]
extract saponins, tannins, and essential oils. P mirabilis @aoime)/mI 0.191mz /e 19
P. aeruginosa 1.56 mg/mL 0.78 mg/mL 14
A. baumanni 0.78 mg/mL 0.39 mg/mL 18
P. mirabilis ND ND 19.7
. - - L
extract saponins, tannins, and essential oils. E. coli ND ND 17
S. aureus ND ND 14.7

* Depending on the strain. ND: not determined; MIC: minimum inhibitory concentration; MBC: minimum
bactericidal concentration.
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5. Cumin

Cumin (Cuminum cyminum L.) is an aromatic plant that belongs to the Apiaceae family,
Apioideae subfamily, Scandiceae tribe, and Daucinae subtribe [94]. It has a branched and
ribbed stem, leaves divided into filaments and strongly lobed, small white or pink flowers,
and ovate or spindle-shaped fruits, light brown or light grey. The seeds are ovoid, and
two grains are connected in one body; one side is raised and ribbed, and the other is flat,
brown in color, fragrant in odor, and pungent in taste [95]. The seeds are mainly used
as a seasoning or flavoring agent for different culinary purposes [96]. The seed’s EO is
used in abundance to make soups, stews, sausages, cheeses, pickles, curries, meats, and
chutneys. Furthermore, the seeds are widely used in the perfume industry due to their
intense aroma [97]. Additionally, it is used in medical preparations such as toothpaste,
mouthwashes, and soaps [96].

Today, cumin is produced in countries such as Chile, Mexico, Syria, Egypt, Morocco,
Turkey, Iran, Tajikistan, Uzbekistan, and China, where India accounts for 70% of world
production and 90% of consumption [98]. Particularly in Mexico, it was popularized by the
Spanish, who traditionally used it to make blood sausage and other dishes, and it quickly
became part of the local cuisine due to its spicy flavor [99].

Cumin seed contains 22.27 to 23.80% total lipids and 2.4 to 5.0% EO (volatile). It also
has organic acids such as aspartic, benzoic, citric, malic, propionic, tartaric, ascorbic, maleic,
oxalic, and fumaric acids, phenols such as salicylic, cinnamic, gallic, p-hydroxybenzoic acid,
hydroquinone, resorcinol and flavonoids such as rutin, quercetin, and coumarin [98,100,101].
Limonene, o- and -pinene, 1, 8-cineole, 0-and p-cymene, - and y-terpinene, safranal,
and linalool are compounds that are also found in cumin seed. However, cuminaldehyde,
cymene, and terpenoids are the main bioactive components, although the EO, in addition
to cuminaldehyde, also has paracymene [95,98].

Cumin has different preparations. The most used is the EO extracted from the seeds
with the hydrodistillation method. For extraction with this method, the dried and macer-
ated seeds are placed in a distillation apparatus with distilled water for three to four hours.
The oil is then extracted and stored in dark vials until use [102-104]. The main components
of cumin can also be extracted using different solvents such as methanol, acetone, butanol,
alcohol, and even water [104-106].

In medicine, cumin extracts have been used as an antiseptic, antispasmodic, anticancer,
and treatment for digestive disorders, colic, and dyspeptic headaches [107]. In addition,
Cuminum cyminum seeds have been shown to possess significant biological properties,
such as antibacterial and antifungal activity [104]. Cumin has played an important role
in UTIs due to its antimicrobial activity against Gram-positive and Gram-negative bacte-
ria [103,104,106]. Table 3 shows the antimicrobial activity of the different cumin extracts.

Cumin EO has potent antimicrobial activity even against strains of E. coli resistant
to multiple drugs, including tetracycline, erythromycin, amoxicillin, ceftazidime, and
cefixime. A study carried out on 12 strains of E. coli isolated from the urine of patients
hospitalized with UTIs showed that cumin EO had a differential inhibitory effect between
the different isolates. Approximately 24.9% of E. coli isolates showed low MICs (<50 ppm),
while 41.6% had moderate MICs (100 ppm), and 16.6% of the isolates had high MICs
(250 ppm) [102]. Likewise, another study observed that cumin oil and methanolic extract
have better antibacterial activity in uropathogenic isolates than amoxicillin; however, this
did not happen with other antibiotics. In this study, the EO and the methanolic extract were
tested against E. coli, K. pneumoniae, P. aeruginosa, S. agalactiae, group A streptococci, E. faecalis,
S. epidermidis, S. aureus, and S. saprophyticus, isolated from samples of 95 UTIs patients,
but without malignant diseases, diabetes and immunosuppression [104]. In another study
carried out in 2016, the effect of cumin o0il was compared with chamomile and clove oil.
Cumin oil was found to inhibit most bacteria. Furthermore, it was more effective when
used with some antibiotics, suggesting that it could be an adjunctive treatment [81].
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Type of

Table 3. Antimicrobial activity of Cuminum cyminum extracts.

Diameter of the

Extract Phytochemicals Uropathogen Inhibition Zone
(mm)
Cuminaldehyde,
Essgﬁtlal oc,b-phic:r?el,l];flcey’mene, K. pneumoniae 0.8-3.5 ug/mL ND ND [103]
g-terpinene, cumin oils
Cuminaldehyde,
Essential «-thujene, . 10-50 ppm and
oil oc,b-pinene,]p-cymene, E. coli 100_25%3 ppm * ND ND [102]
g-terpinene, cumin oils
E. coli 0.25 mg/mL 0.5 mg/mL 23
K. pneumoniae 0.25 mg/mL 0.5 mg/mL 22
. p. aeruginosa 0.25 mg/mL 0.5 mg/mL 20
Cuminaldehyde, S. agalactiae 0.25 mg/mL 0.5 mg/mL 21
Essential (-thujene, group A streptococci 0.015 mg/mL 0.03 mg/mL 20 [104]
ol PYJOTPLISILE, ey TS, E. faecalis 0.125 mg/mL 0.25 mg/mL 20
s, Gui el S.epidermidis 0.25 mg/mL 0.5 mg/mL 10
S. aureus ND ND 7
S. saprophyticus 0.25 mg/mL 0.5 mg/mL 20
Cuminaldehyde, S. aureus 1161 pg/mL ND 45
Essential a-thujene, P. aeruginosa 84.97 ug/mL ND 8 [81]
oil a,b-pinene, p-cymene, K. pneumoniae 204.87 ug/mL ND 12
g-terpinene, cumin oils E. coli 7.219 pg/mL ND 52
E. coli 0.125 mg/mL 0.25 mg/mL 22
K. pneumoniae 0.125 mg/mL 0.25 mg/mL 22
P. aeruginosa 0.25 mg/mL 0.5 mg/mL 20
S. agalactiae ND ND 7
Ethanolic ND group A streptococci 0.125 mg/mL 0.25 mg/mL 23 [104]
ERLECE E. faecalis 0.125 mg/mL 0.25 mg/mL 23
S. epidermidis 0.125 mg/mL 0.25 mg/mL 25
S. aureus 0.125 mg/mL 0.25 mg/mL 20
S. saprophyticus 0.25 mg/mL 0.5 mg/mL 23
Aqueous- E. coli ND ND 26
ethanolic Carbohydrates, flavonoids, protein, K. pneumonia ND ND 22 [106]
(30/70) alkaloids, phenols S. saprophyticus ND ND 25
extract P. mirabilis ND ND 21.5

* Depending on the isolated strain; ND: not determined; MIC: minimum inhibitory concentration; MBC: minimum
bactericidal concentration.

The mechanism by which cumin EO exerts its antibacterial effects remains unclear.
However, it has been reported to cause cell wall damage or changes in outer membrane
proteins; these effects could be attributed to the molecular characteristics of the aldehydes
present [103,108,109]. It should be noted that bacterial DNA degradation is not a proven
antibacterial mechanism for cumin EO. It was previously reported that cumin AE could
not induce DNA degradation of the R plasmid of clinical isolates of K. pneumoniae [103].
In addition, the aqueous-ethanolic extract (30/70) of cumin has been reported to have
significant antibacterial and antioxidant activities [106].

Finally, we must consider that cumin use has side effects, including contact dermatitis,
respiratory reactions, and liver cancer (above dietary levels) [110]. Patients with stomach
ulcers, liver disorders, and pregnant or lactating women should use cumin with caution.
Patients should also be aware of the use of drugs similar to cumin, including antibiotics,
anticancer drugs, antifungals, anti-inflammatory drugs, antioxidants, anticonvulsants,
cholesterol, and lipid-lowering drugs, estrogen and gastrointestinal drugs, pesticides, iron,
morphine, opioids, osteoporosis agents, analgesics and phytoestrogens [95].

In summary, cumin extracts can be used as antibiotics against UTIs-inducing pathogens,
even those resistant to drugs. However, it is important to continue updating the information
on cumin in combination with antibiotics to enhance the inhibitory effect of uropathogens
and study the possible mechanisms behind this protection.



Antibiotics 2023, 12, 325

11 of 24

6. Oregano

Oregano belongs to the Lamiaceae family and is an aromatic plant cultivated in
several regions of the world, whose commercial value is due to its characteristics as a
spice, condiment, and medicinal properties. The Greek oregano (Origanum vulgare) is the
most representative species and has been the most studied oregano species. The O. vulgare
species comprise several subspecies, O. vulgare subsp. L. vulgare, O. vulgare subsp. L.
glandulosum, O. vulgare subsp. L. gracile, and O. heracleoticum. In Mexico, at least 40 endemic
species are known; it is an important culinary ingredient and has a wide distribution in the
arid and semi-arid zones of the country [111,112].

Concerning the medicinal properties of oregano, it has been reported to have an-
tibacterial, antifungal, antiparasitic, antimicrobial, and antioxidant properties [113]. Ap-
proximately 100 volatile and non-volatile ingredients have been identified in O. vulgare.
According to their hydrophilic and hydrophobic characteristic, there are two main phyto-
chemicals in the EO of O. vulgare and phenolic compounds (flavonoids and phenolic acids).
Other biologically active compounds include terpenoids, tannins, and sterols [114]. The
antimicrobial properties of oregano are mainly attributed to thymol and carvacrol, as well
as their precursor monoterpenes p-cymene and y-terpinene at a lower proportion [16]. Thy-
mol can inhibit proinflammatory molecules, neutralize free radicals, and be antibacterial,
antifungal, antiproliferative, and analgesic. Carvacrol also possesses antibacterial, antifun-
gal, antiviral, immunomodulatory, antiproliferative, antioxidant, and anti-inflammatory
activities [115].

Several mechanisms have been proposed to explain the antibacterial activity of EO
from O. vulgare. Those mechanisms include inhibiting the production or activity of bac-
terial enzymes (such as lipase and coagulase), efflux pump inhibition, antibiofilm agents,
effect on ATP concentration, and effect on the cytoplasmic membrane. In the latter mecha-
nism, the carvacrol can damage the cellular membrane and reduce the cellular membrane
pH gradient, leading to the proton motive force, reduction in the ATP pool, and cell
death [112,114,116]. The antimicrobial activity of oregano extracts is shown in Table 4.

In a study by Zapién-Chavarria et al. [116], it was demonstrated that two oregano
species endemics to Mexico possess antimicrobial activity despite having different propor-
tions of carvacrol and thymol. The species evaluated in this study were Lippia berlandieri
Schauer Poliomintha longiflora, with 33.78 and 18.35% relative concentrations of carvacrol, re-
spectively, and 7.86% and 23.46% relative concentrations of thymol, respectively [111,116]. It
was also observed that both species had higher antimicrobial activity against uropathogens
E. faecalis and E. coli with MIC and CMB lower than 200 mg/L and 500-1000 mg/L, re-
spectively. In contrast, P. aeruginosa was the uropathogen with the highest resistance, with
a MIC/CMB higher than 2000 mg/L. These results suggest that Gram-negative bacteria
are more resistant to terpenes than Gram-positive bacteria due to their outer membrane.
In addition, they observed that the bactericidal effect of both oregano plants was similar,
despite having a different proportion of thymol and carvacrol [111].

Comparative studies of different plant EOs have shown that oregano is one of the
best plants with antimicrobial activity, mainly against uropathogens E. coli and Entero-
coccus. Likewise, studies carried out with the Greek oregano species (O. vulgare) show
that this species also has antibacterial activity as the Mexican oregano species, analyzed
by Zapién-Chavarria and collaborators [111]. These results are expected since Greek
oregano has a higher concentration of Carvacrol (65.9-77.8%) than the Mexican oregano
species [66,111,117]. However, comparing the antimicrobial activity of different oregano
species would be interesting.

As mentioned above, studies have shown that O. vulgare EOs has higher antibacterial
activity than other EOs, such as clove and thyme, against multidrug-resistant bacteria
isolated from patients with UTIs, defining a MIC of 0.055 uL/mL for O. vulgare against E.
coli [66]. Concerning recurrent UTIs, Xiao et al. [117] suggest that antibiotics currently used
in the treatment of UTISs, such as nitrofurantoin, fosfomycin, sulfonamides, and quinolones,
are mainly active when E. coli is in the growth phase, and therefore, uropathogens may
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be tolerant to antibiotics when they are metabolically quiescent. In this regard, Xiao and
collaborates demonstrated that oregano EO was the best EO with the highest antibacterial
activity compared with 139 other EOs. They established a MIC of 0.015% to inhibit the
growth of E. coli and that at a concentration of 0.5% oregano EO can kill E. coli cells in the
stationary phase. Even oregano EO showed superior antibacterial activity to tosufloxacin,
an antibiotic characterized by high E. coli stationary phase activity. They also demonstrated
that the combination of oregano EO with tosufloxacin, levofloxacin, or ciprofloxacin could
be a strategy to eliminate E. coli cells in the stationary phase. In addition, the inhibitory
ability of oregano against different uropathogens has been determined by measuring the
inhibitory zone; for E. coli, an inhibitory zone of 29 mm was found, for P. aeruginosa of
27 mm, for K. pneumoniae of 20 mm, for P. mirabilis of 22 mm, for E. aerogenes of 21 mm, for
E. faecalis of 21 mm, for A. baumannii of 22 mm, for N. gonorrhoeae of 24 mm, for S. aureus of
26 mm, and for S. epidermis of 20 mm [118]. Likewise, it has also been described that oregano
oil at sub-inhibitory concentrations (MIC < 0.01%) was able to inhibit biofilm formation
against the E. coli O6:H1 strain CFT073, which is a clinical isolate of a very virulent strain
from the blood of a woman with acute pyelonephritis. This antibiofilm capacity is because
carvacrol can prevent fimbriae production and reduce the swarming motility of bacteria.
Besides, it has been associated that carvacrol can inhibit the hemagglutination ability and
reduce the survival of bacteria in whole blood [8].

On the other hand, a study by Ebani et al. [17] evidence that in small animal practice,
there is also the problem of multi-drug resistance, which is also related to the increased
frequency of UTlIs in these animals. In this interesting study Ebani and collaborates
demonstrated that EO of O. vulgare possesses antimicrobial activity against multidrug-
resistant strains of E. coli, Enterococcus, and antifungal activity on C. albicans and C. famata
yeast, isolated from dogs and cats with severe cases of UTIs. In correlation with previous
studies, Ebani and collaborators demonstrated that O. vulgare is one of the best plants
with antimicrobial and antifungal effects compared to the other plants analyzed in their
study star anise (Illicium verum Hook.f), basil (Ocimum basilicum L.), sage (Salvia sclarea
L.) and thymus (Thymus vulgaris L). They determined that the MIC of O. vulgare against
E. coli is 0.293-1.183 mg/mL, against Enterococcus is 1.183 mg/mlL, against C. albicans
is 0.09-3.6 mg/mL and against C. famata is 0.135-2.25 mg/mL. These results show that
oregano has a significant effect against E. coli.

In another study conducted with EO from the species O. glandulosum, an endemic
species from Africa-Mediterranean showed inhibitory activity against multidrug-resistant
clinical strains of K. pneumoniae despite having a lower concentration of carvacrol (13%) than
oregano Greek, determining a growth inhibitory activity of 43.5 +/— 6.7 mm and a MIC of
5.2 mg/mL. Additionally, through transmission electron microscopy, it was observed that
K. pneumoniae cells under treatment with OE of O. glandulosum lose their typical rod shape
and appear globular. At the same time, the protoplast shows large electron-dense areas,
and the cell surface develops bumps and outer curly filaments [119].

In short, these studies show that different oregano species have antimicrobial and
antifungal properties even though they have different proportions of carvacrol and thymol;
this activity may be because these monoterpenes can block the synthesis of ergosterol,
making the membrane porous and causing the death of yeast cells.
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Table 4. Antimicrobial activity of oregano extracts.

Diameter of
Phytochemicals Uropathogen \%1 (@ MBC the Inhibition Ref.
Zone (mm)

Type of

OreganoSpeci Extract

Lippia Thymol (7.86%) and E. faecalis and E.

berlandieri Essential oil carvacrol (33.78%) coli <200 mg/L <200 mg/L ND
Schauer [116]
Poliomintha S| e Thymol (23.46%) and E. faecalis and E.
longiflora Essential oil carvacrol (18.35%) coli <200 mg/L <200 mg/L ND
. o E. coli 0.055 pL/mL ND 24.5
O. vulgare Essential oil Carvacrol (68.96%) K. prewmoniae ND ND o7 [66]
. N E. coli 0.293-1.183 ND ND
0. vulgare Essential oil Carvacrol (65.9%) Enterococcls 1183 mg/mL ND ND [17]
o] 6 o E. coli O6:H1 o
O. vulgare Essential oil Carvacrol (77.8%) strain CET073 0.01% ND ND [8]
E. coli ND ND 29
P. aeruginosa ND ND 27
K. pneumoniae ND ND 20
P. mirabilis ND ND 22
o Carvacrol E. aerogenes ND ND 21
O. vulgare Essential oil (>50%) E. faecalis ND ND 21 [118]
A. baumannii ND ND 22
N. gonorrhoeae ND ND 24
S. aureus ND ND 26
S. epidermis ND ND 20
O. vulgare Essential oil ND E. coli UTIs 0.015% ND ND [117]
Thymol (33.2%),
O. L Y-terpinene (25.4%), .
glandulosum Essential oil p-cymene (16.1%), and K. pneumoniae 5.2 mg/mL ND 435 £ 6.7 [119]

carvacrol (13.0%)

ND: Not determined, MIC: minimum inhibitory concentration, MBC: minimum bactericidal concentration.

7. Pepper

Pepper belongs to the Piperaceae family, which has more than 700 species. Piper cubeba
is a native plant of Java and Borneo and is one of the most popular species. This species
is generally found in Indonesia, India, medieval Europe, and North Africa. Economically,
pepper is an essential source of its dried berries as they have several applications in
perfumes, cosmetics, food preservatives, and therapeutic. Regarding medicinal properties,
pepper herbal is used for treating many diseases since compounds have antioxidant,
antibacterial, anti-inflammatory, and anticancer properties. The pepper is used mainly for
digestive and respiratory disorders. Pepper species are rich in phytochemical compounds
such as benzoic acids, amides, chromenos, terpenes, phenylpropanoids, lignans, alkaloids,
fatty acids, and hydrocarbons. However, their biological activities are mainly attributed to
compounds such as phenolic acids, flavonoids, and lignans such as cubebin, a bioactive
compound with a wide range of biological activities such as antimicrobial, anticancer, and
neuroprotective [106,120]. The antimicrobial effect of these plants’ extracts may be because
EO can target the cell wall of bacterial cells; it can damage the proteins anchored to the cell
wall, thus intervening in the formation and adhesion of biofilms. In comparison, the extracts
attack and destroy the peptidoglycan leading to cell collapse. It has also been associated
that these plants can inhibit oxidative stress, induce apoptosis and inhibit quorum sensing
(QS) in pathogenic microbes [120].

Different toxicological studies have demonstrated the safety of different pepper species.
For example, it was shown that P. longum L. species did not cause mortality in an acute (24 h)
and chronic (90 days) model in mice. Similarly, it was shown that P. betle leaf extract was
nontoxic to the glyoxalase system of Swiss albino mice after 2 weeks of oral administration
at 1.5 and 10 mg/kg as well as the safety of the methanolic extract of P. cubeba fruit was
also demonstrated up to a maximum dose of 2000 mg/kg body weight in female Wistar
rats. Similar results were found in male Wistar rats with a dose range of 50 to 3000 mg/kg
with P. cubeba EO [120]. The antimicrobial activity of pepper extracts is shown in Table 5.
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The EO of P. cubeba is used for treating gonorrhea, dysentery, syphilis, abdominal pain,
diarrhea, enteritis, and asthmatic diseases since it possesses antiparasitic, anti-inflammatory,
and antimicrobial activities [120]. However, different studies have also found that pepper
has antibacterial activity against several uropathogens. For instance, a recent study showed
that aqueous-ethanolic extract (30/70) of P. cubeba at a concentration of 500 ng/mL possesses
antibacterial activity against strains of E. coli, S. saprophyticus, K. pneumonia, and P. mirabilis
finding a zone of inhibition by disk diffusion method of 18 + 0.64, 19 4 0.26, 21 4 0.51, and
20 + 0.41, respectively [106].

P. cubeba fruit extracted at a concentration of 50 mg/mL prepared with either acetone,
methanol, or ethanol have been reported to have high to moderate antibacterial activ-
ity against multi-drug clinical isolated of Klebsiella sp., S. aureus, E. coli, Enterococcus sp.,
Enterobacter sp., and P. aeruginosa. The highest inhibition was found against Enterococcus
sp. with a wide inhibition zone (17.6 &+ 0.80 mm), followed by E. coli (16.3 £ 0.75 mm)
and P. aeruginosa (15.3 £+ 0.62 mm). It is also worth mentioning that P. cubeba extracts
were more effective against Gram-positive bacteria; this may be because Gram-negative
bacteria have a multilayered cell wall comprising of phospholipids and lipopolysaccha-
rides that constitutes a barrier for the invasion of antimicrobial agents through the cell
membrane [121].

Another pepper species that has been described for its activity against different types
of antibacterial is P. nigrum. Alkaloid and phenolic compounds from this bell pepper
species have been reported to have differential antibacterial activity against S. aureus
and E. coli isolated from patients with UTIs. Phenolic compounds were found to have
higher antibacterial activity against S. aureus and E. coli, with a zone of inhibition of 20.9
and 20.7 mm, respectively. In contrast, alkaloid compounds had a zone of inhibition of
10.5 mm for S. aureus and 18.4 mm for E. coli [122]. In the same way, similar results have
been obtained with methanolic extracts of P. nigrum seed, showing that this extract has
antimicrobial activity against strains isolated from patients with UTIs. For E. faecalis, an
inhibition zone of 17 mm was observed; for S. aureus, 19 mm; for Citrobacter freundii, 17 mm,;
for Enterobacter aerogenes, 25 mm,; for K. pneumoniae, 22 mm; and P. mirabilis, 18 mm. In
addition, these methanolic extracts of P. nigrum seed were found to have better antimicrobial
activity against E. aerogenes with MIC and MBC values of 1.51 mg/mL and 3.41 mg/mL,
respectively [33]. However, in another study, controversial results were found with the
methanolic extract of P. nigrum since it did not show antibacterial activity against C. fruendi,
K. pneumoniae, E. coli, P. aeruginosa, Proteus vulgaris, S. aureus, and E. aerogenes. Possibly
these contradictory results have to do with the fact that these strains were isolated from the
urine of diabetic patients [123].

Likewise, aqueous and methanolic extracts of the fruit P. longum L. have been reported
to have differential antimicrobial activity against multidrug-resistant strains isolated from
patients with UTIs. Specifically, it has been reported that the aqueous extract of this plant
has antibacterial activity against P. aeruginosa with a zone of inhibition of 12-18 mm, S.
aureus with a zone of inhibition of 10-18 mm, and E. coli with a zone of inhibition of
13-22 mm. In contrast, P. aeruginosa, and E. coli were resistant to the methanolic extract.
Additionally, the methanolic extract was found to be effective only against S. aureus, with
a zone of inhibition of 8-14 mm and MIC of 3.75 mg/mL. These results show that it is
necessary to use high concentrations to obtain the antimicrobial activity effects of crude
extracts. Therefore, it is necessary to isolate the bioactive principle responsible for the
antibacterial activity to use lower concentrations; however, further studies are needed to
identify the compounds responsible for the bactericidal activity [124].

As mentioned previously, one of the reasons why uropathogens may be drug-resistant
is due to their ability to form biofilms. However, it has also been reported that through
the quorum sensing machinery, bacteria can coordinate their communication with each
other and regulate the expression of their virulence genes. Therefore, anti-QS mechanisms
are valid targets for developing new alternative agents to prevent biofilm formation and
further infections [125,126]. In this regard, an interesting study focused on the synthesis P.
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Type of

Extract

betle-based synthesized silver nanoparticles (PbAgNPs) to evaluate their potential as anti-
QS antibiofilm against Serratia marcescens (clinical isolate FJ584421 and ATCC 14756), and P.
mirabilis (MTCC 425 and ATCC 7002). Overall, it was observed that PbAgNPs inhibited the
expression of virulence-associated genes mediated by QS, such as prodigiosin and protease;
also, these nanoparticles inhibited biofilm formation and swarming. Specifically, gene
expression analysis showed that PbAgNPs at a concentration of 6 ug/mL downregulation
virulence genes fimA, fimC, flhD, and bsmB in S. marcescens and flhB, flhD, and rsbA in P.
mirabilis. Moreover, the MIC of the PbAgNPs was 16 pg/mL for S. marcescens strains and
32 ug/mL for P. mirabilis strains [127].

In conclusion, these studies demonstrate that aqueous, methanolic, and ethanolic
extracts of pepper have differential antibacterial activity against bacteria. Furthermore,
although there are several studies on the use of pepper as an antibacterial agent, studies
need to specify which part of the plant was processed and identify the compounds with
antibacterial activity and their proportion.

Table 5. Antimicrobial activity of pepper extract.

Diameter of
the
Inhibition
Zone (mm)

Phytochemicals Uropathogen

. . . Enterococcus sp. ND 15.2 +0.52
Acetone ek P aeruginosa ND ND 153 £ 062
extract reducing sugars, and triterpenoids E coli ND ND 63075
X Saponins, flavonoids, steroids, Enterococcus sp. ND ND 17.6 £ 0.80
P. cubeba s tannins, reducing sugars, cardiac P. aeruginosa ND ND 13.2 £ 0.06 [121]
extract glycosides, and triterpenoids E. coli ND ND 15.0 £ 0.30
. Flavonoids, steroids, tannins, Enterococcus sp. ND ND 11.3 +0.16
i erolic reducing sugars, cardiac glycosides, P. aeruginosa ND ND 9.6 +0.34
S and triterpenoids E. coli ND ND 85+ 017
Aqueous- E. coli ND ND 18 + 0.64
P cubeba ethanolic Flavonoids, alkaloids, sterols, phenols, _S- saprophyticys ND ND 19 4 0.26 [106]
’ (30/70) and tannins K. pneumoni ND ND 21 £ 0.51
extract P. mirabilis ND ND 20 + 0.41
Alkaloids, flavonoids, triterpenes, P. aeruginosa ND ND 19 £ 0.26
Aqueous tannins, coumarins, cardiac S. aureus ND ND 21 +£0.51
extract lycosides, anthraquinones, .
Ploneum i yglycosides, sap%nins £ ault R D 204041 [124]
8 Alkaloi@s, ﬂavonoi(;ls, triterPenes, P. aeruginosa 1.875 mg/mL ND ND
Methanolic tannins, coumarins, c.ardlac
glycosides, anthraquinones, S. aureus 3.75 mg/mL ND 8-14
extract glycosides, saponins E. coli 0.937 mg/mL ND ND
Aqueous S. marcescens 16 pg/mL ND ND
P. betle e?(tract ND P.mirabilis 32 p.g/ mL ND ND [127]
Methanolic Capsaicin and 2- S. aureus ND ND 10.5
extract dihidrocapsaicin E. coli ND ND 18.4
Gallic acid, S. aureus ND ND 20.9
trans-p-feruloyl-b-D-
glucopyranoside,
trans-p-sinapyl-b-D-glucopyranoside,
quercetin 3-O-R-L-thamnopyranoside-
7-0-a-D-glucopyranosyl,
P nierum quercetin 3-O-R-L-rhamnopyranoside, [122]
-8 Ethanolic luteolin 6-C-a-D-glucopyranoside-8-C-
extract R-L-arabinopyranoside, E. coli ND ND 20.7

luteolin 7-O-[2-(b-D-apiofuranosyl)-b-
D-glucopyranoside-8-C-R-L-
arabinopyranoside,
luteolin 7-O-[2-(b-D-apiofuranosyl)-4-
(b-D-glucopyranosyl),
kaempferol and
coumarins
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Table 5. Cont.

Diameter of
Pepper Type of the Ref.

Phytochemicals Uropathogen Inhibition

Zone (mm)

Specie Extract

E. faecalis 9.63 mg/mL 4.27 mg/mL 17

S. aureus 21.67 mg/mL 9.63 mg/mL 19

P nigrum Methanolic G]ycosjdes, terpenoids, Cfreundii 21.67 mg/mL 9.63 mg/mL 17
' extract carbohydrates, tannins and steroids E aerogenes 3.41 mg/mL 1.51 mg/mL 25 [33]

K pneumoniae 4.27 mg/mL 3.41 mg/mL 22

P. mirabilis 9.63 mg/mL 4.27 mg/mL 18

ND: not determined; MIC: minimum inhibitory concentration; MBC: minimum bactericidal concentration.

8. Rosemary

The evergreen plant of rosemary belongs to the Lamiaceae family. It is native to the
Caucasus and the Eastern Mediterranean, although had been introduced into many regions
of France, Italy, China, the United States, and Mexico [128,129]. Fresh and dried rosemary
leaves are widely used as a spice in soups, stews, fish, bread, stuffings, meats, and roasted
vegetables. Rosemary is also a natural preservative in the food industry, with an adequate
daily intake (ADI) of 0-0.3 mg/kg body weight for rosemary extract, expressed as carnosic
acid plus carnosol [130]. Furthermore, rosemary is a medicinal plant whit antioxidant,
antihyperglycemic, anti-inflammatory, antiviral and antimicrobial properties [128,131,132].

The extract of rosemary can be obtained from roots, stems, leaves, flowers, fruits,
seeds, and bark through maceration, hydrodistillation, Soxhlet extraction, microwave
or ultrasound-assisted extraction, accelerated solvent extraction, and supercritical fluid
extraction, using solvents such as ethanol, methanol, acetone, hexane, and water [131,132].
However, rosemary leaves extracts are the most common extracts used. The bioactive
compounds isolated from the leaves of rosemary EOs or non-water extracts are borneol,
caffeic acid, camphor, carnosic acid, carnosol, chlorogenic acid, 1-8-cineole, eucalyptol,
eugenol, luteolin, o and (3-pinene, rosmadial, rosmanol, rosmarinic acid, rosmaquinones A
and B, secohinokio and ursolic acid. The water extract of rosemary only contains rosmarinic
acid [128,131,133].

The antimicrobial activity of rosemary is due to caffeic acid, camphor, carnosic acid,
carnosol, 1,8-cineole, borneol, epirosmanol, isorosmanol, luteolin, rosmaridiphenol, ros-
marinic acid, and rosmanol. These bioactive compounds synergize and could interact with
the cell membrane, thus altering the transport of nutrients and ions that produce a loss of
membrane structure and functionality [133,134]. In addition, it described that 1,8-cineole
cause membrane disintegration and nucleoplasm reduction; these effects are similar to the
action of nisin, an antibiotic used as a food additive, which causes cytoplasmic leakage [135].
The antimicrobial activity of rosemary leaves extracts is presented in Table 6.

Some pathogens, such as E. coli, can form biofilms and lead to recurrent UTIs. Rose-
mary EO could inhibit 86.36% of the biofilm activity of E. coli isolated strain of patients
aged 2 months to 90 years and MIC and MCB values to 1.56-3.125 and 12.5 mg/mL, re-
spectively [136]. In addition, E. coli strains collected from prostatitis patients have been
reported to have increased biofilm production compared to E. coli strains that cause cystitis
and pyelonephritis. Moreover, the use of rosemary EO has a MIC value of 10 mg/mL
for strong and moderate E. coli biofilm producers and showed a synergistic effect whit
gentamicin and ciprofloxacin against both E. coli biofilms [137]. In addition, a synergism
with ceftazidime in E. coli isolated strains from urinary samples of patients with UTIs [138].
The methanolic extract of rosemary also inhibits the biofilm formation of E. coli strains
isolated from patients with UTIs in a concentration-dependent manner and has MIC and
MCB values of 5 and 10 mg/mL, respectively [139].

In addition, the antimicrobial activity of methanolic rosemary extract was tested in
isolated E. coli obtained from urinary samples of patients. The inhibition zone and MIC of
rosemary extract were 5.4 mm and 64 ug/mL, respectively. When used with ceftazidime
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or ceftriaxone, it increases the inhibition zone and thus the sensitivity of E. coli; this
synergism effect with antibiotics should be tested because when rosemary is added with
gentamicin, ciprofloxacin and trimethoprim had no synergistic effects [138]. On the other
hand, the antimicrobial activity of the ethanolic rosemary extract was tested on isolated
Gram-negative and Gram-positive uropathogens. The results indicate that at the highest
concentration tested (400 pg/mL) of this extract, it had no antimicrobial activity against
Gram-negative strains.

In contrast, Gram-positive uropathogens have MIC values of 70-130 ug/mL for S.
saprophyticus, S. epidermidis, and E. faecalis and MCB values of 130, >400, and 300 pug/mL,
respectively. However, when the ethanolic extracts of rosemary are fractioned with different
solvents, the different fractions obtained have antimicrobial activity against Gram-negative
uropathogens such as P. aeuruginosa, and P.mirabilis. The MIC and MCB values increase
or decrease for Gram-positive isolated strains, which depend on the isolated fraction
containing different bioactive compounds [140].

As mentioned above, the inhibitory effect of rosemary extract in E. coli strains isolated
from urine is widely demonstrated. Nevertheless, this pathogen could be distributed in the
abdominal cavity, bronchia, wounds, and blood; therefore, rosemary extracts could inhibit
the growth of E. coli strains regardless of their location and with a different pattern of
resistance [141]. Moreover, EO rosemary has an antibacterial effect against other pathogens,
such as S. aureus, K. pneumoniae, and P. vulgaris strains, with a MIC of around 0.06 to
0.16 mg/mL. However, these values are higher than the ciprofloxacin and nitrofurantoin
(0.16-0.2 and 16-32 pg/mL, respectively); some strains resist antibiotics, such as P. vulgaris
strain to nitrofurantoin [142]. Therefore, rosemary extract could treat UTIs and solve
antibiotic resistance.

Finally, rosemary leaves, century herbs, and lovage roots are commercialized in an
herbal medicinal product known as Canephron® N (Bionorica, SE, Germany), which exerts
antimicrobial properties, among others. It is described that this herbal medicine can reduce
the rate of UTIs recurrence and may decrease the side effects of antibiotics, such as diarrhea
and abdominal pain [143-145].

Table 6. Antimicrobial activity of rosemary extracts from leaves.

Diameter of the
Phytochemicals Uropathogen MIC MBC Inhibition Zone Ref.
(mm)

Type of

Extract

. N S. saprophyticus 130 mg/mL 130 mg/mL ND
i Rosmarinic .aCld.’ rosmanol, S. epidermidis 70 mg/mL >400 mg/mL ND [140]
extract geniposide E. faecalis 100 mg/mL 300 mg/mL ND
Essential 1,8—cine01'e (46.4%), camphor ‘
oil (11.4%), a-pinene (11%), b-pinene E. coli 18.25-19.75 mL/mL ND ND [73]
(9.2%), camphene (5.02%)
Esseptial 1,8—cineqle, camphor, a-pinene, E. coli 10 mg/mL ND ND [137]
oil b-pinene, camphene
. 1,8-cineole (17.16%), a-pinene S. aureus 0.06-0.16 mg/mL 0.06-0.16 mg/mL 7-9.6
Essential (16.95%), verbenone (15.78%), K. pneumoniae 0.06-0.16 mg/mL_ 0.06-0.16 mg/mL 7-9.6 [142]
o camphor (8.08%) P. vulgaris 0.06-0.16 mg/mL 0.06-0.16 mg/mL 7-9.6
Methanolic  Caffeic acid, borneol, limonene, E. coli 64 mg/mL ND 548 [138]
extract camphor
I\/Ieitgzrclfhc Caffeic ac1c1éat;l?;rﬁzzl, limonene, E. coli 5 mg/mL 10 mg/mL ND [139]

ND: not determined; MIC: minimum inhibitory concentration; MBC: minimum bactericidal concentration.

9. Concluding Remarks and Future Directions

UTIs are the most common bacterial infections with high worldwide prevalence and
are usually treated with various antibiotics. However, some strains of uropathogenic
microorganisms develop antibiotic resistance and form biofilms that impede the host’s
immune response and antimicrobial treatment. Therefore, plant extracts have been tested
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in animal models and clinically isolated uropathogens as an alternative or complementary
treatment.

Several methods are used to extract plants’ bioactive compounds from fruits, leaves,
seeds, and bark. The extraction method and solvent used will determine the chemical
composition of plant-based extracts, which contain various compounds such as flavonoids,
tannins, lignans, alkaloids, saponins, terpenoids, anthraquinones, and glycosides which
exert antimicrobial properties. Nevertheless, some of these compounds have been identified
as the main ones responsible for antimicrobial activity, such as trans-cinnamaldehyde,
eugenol, carvacrol, and 1-8 cineole in cinnamon, clove, oregano, and rosemary, respectively.
The main mechanisms of action of these phytochemicals are loss of membrane structure
and functionality, depletion of ATP intracellular levels, and reduction of key enzymes of
the citric acid cycle pathway. Nevertheless, all the components in spice EOs also have
antimicrobial activity and synergistic effects with other compounds present in these extracts.
However, the mechanisms could better describe and must be elucidated to be combined
with antibiotics or other compounds and have a greater efficacy or a synergistic effect.

Although spices are considered safe for consumption, and their EOs” antimicrobial
efficacy has been widely demonstrated, they are not ready to be used as an alternative
or complementary treatment for UTIs in patients because of the lack of studies about the
bioavailability, distribution, and excretion of the phytochemicals on EO, so it should be
studied and improved in order to enhance the antimicrobial activity. The research should
be focused on demonstrating the above because they are a promising treatment that could
solve the antibiotic resistance problem and biofilm formation in tissues or inert surfaces.
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