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Abstract: The aim of this review is to present the potential application of camphor—a bicyclic
monoterpene ketone—in the prevention of skin infections. Skin diseases represent a heterogeneous
group of disorders characterized by prolonged symptoms that significantly diminish the quality of life.
They affect the dermis, the epidermis, and even subcutaneous tissue. They very often have a bacterial
or fungal background. Therapy for dermatological skin disorders is difficult and long-term. Therefore,
it is important to find a compound, preferably of natural origin, that (i) prevents the initiation of
this infection and (ii) supports the skin’s repair process. Based on its documented anti-inflammatory,
antibacterial, antifungal, anti-acne, anesthetic, strengthening, and warming properties, camphor
can be used as a preventative measure in dermatological infectious diseases and as a component in
medical and cosmetic products. This work discusses the structure and physicochemical properties of
camphor, its occurrence, and methods of obtaining it from natural sources as well as through chemical
synthesis. The use of camphor in industrial preparations is also presented. Additionally, after a
detailed review of the literature, the metabolism of camphor, its interactions with other medicinal
substances, and its antimicrobial properties against bacteria and fungi involved in skin diseases are
discussed with regard to their resistance.

Keywords: camphor; antibacterial activity; antifungal activity; drug resistance; skin infections;
wound healing; monoterpenoids; natural compounds

1. Introduction

Today, a growing interest in the use of natural compounds in various therapies or
medical treatments can be observed. Camphor, an organic compound that belongs to the
terpene group, is a great example. It is obtained from the wood of the camphor cinnamon
tree that grows in Japan, China, Vietnam, Asia, Africa, Sri Lanka, Australia, Canada, and
the United States. In its solid form, it is a white powder with a very intense odor that easily
converts to a gas. The most commonly used form is camphor oil (Oleum camphoratum).

Campbhor is not only a fragrant compound, as due to its properties it has also found
use in the therapy of skin diseases of bacterial and fungal etiology. Camphor oil is used to
support skin problems such as acne, eczema, inflammation, ulcers and wounds, psoriasis,
and fungal foot infections [1-5]. Camphor provides support for this type of infection as
it has been shown to have a local anesthetic effect [6]. Furthermore, it is effective against
swelling and has a unique ability to remove keratinized epidermis [7,8]. As a result, it
speeds up wound-healing time and facilitates faster regeneration of the damaged area.
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However, it is essential to note that pure camphor, in a dose of 2 g, causes very severe
poisoning. Additionally, the amount of 4 g is considered a lethal dose (calculated as
>30 mg/kg of body weight in oral use) [9,10]. It should also not be applied directly to
open wounds as it can easily penetrate the bloodstream and cause toxic effects on the body.
Therefore, from a medical point of view, using camphor in the form of oil, preferably highly
diluted, is much safer.

Camphor has also found use in cosmetology as an ingredient in ointments, lotions,
and depilatories. In addition to pharmaceuticals, it is used to make gels to prevent insect
bites or deliver analgesic, anti-itch, and skin cooling effects. It is also used for embalming
corpses [11].

The skin is a multifunctional organ that protects tissues from the effects of environ-
mental factors. It serves as a barrier against minor trauma that causes violation/destruction
of its integrity and exposes its deeper layers to infection. crucial factors in this process
are the malfunctioning of the immune system (reduced cellular and humoral immunity),
coexisting diseases (e.g., diabetes),and the pathogenic properties of bacteria involved in
inflammation processes [12]. In the case of a properly functioning immune response,
keratinocytes prevent bacteria from taking up residence for a long time, promoting only
transient colonization. In contrast, under conditions of immune imbalance, inflammation
develops. Initially, it involves only the surface layer of the epidermis. However, under
favorable conditions, it can also occupy the deeper layers of the skin and even progress
to a generalized infection, increasing the risk of the patient’s death. Skin infections can
be caused by bacteria (i.e., Staphylococcus spp., Streptococcus spp., Corynebacterium spp.,
Spirochaeta spp., Actinomyces spp., and Mycobacterium spp.), as well as by fungi (mainly
Candida spp. and dermatophytes) [13-19]. Nevertheless, the most commonly observed in-
fections are staphylococcal (e.g., periungual inflammation, figwort, and boils), streptococcal
(e.g., roseola) and mixed staphylococcal/streptococcal (e.g., impetigo) [20].

Skin disorders can occur either as primary infections or as secondary subinfections
of pre-existing dermatosis. In primary infections, the inflammatory process is localized
in the dermis (e.g., erysipelas, impetigo), in the hair follicle (folliculitis, furuncle), in the
area around the nail (paronychia), or in the subcutaneous tissue (cellulitis) [21]. On the
other hand, secondary infections include wound contamination due to injuries, bites, burns,
pressure sores, and surgical procedures [22].

Microorganisms, both those that are constantly present and those transiently colo-
nizing the skin and mucous membranes, are a serious source of hospitalized infections.
The problem becomes even more alarming when multi-drug resistant microorganisms are
involved. The presence of Staphylococcus aureus, particularly methicillin-resistant (MRSA),
significantly increases the risk of surgical site infections, as this species is a key etiolog-
ical agent of hospital-acquired infections [23]. Research by Bekka-Hadji et al. confirms
the effectiveness of camphor against MRSA strains [24]. Moreover, microorganisms that
naturally reside on and colonize the skin, including those that cause dermatological infec-
tions, are commonly implicated in catheter-related infections. As a results of their ability
to adhere to artificial surfaces, they form a unique microenvironment called a biofilm.
This directly paves the way for bloodstream infections (BSIs), which ultimately lead to
sepsis [25]. This situation is particularly dangerous in the case of secondary infections
(i.e., burn wounds, post-operative wounds), whose etiological agents are hospital-acquired
MBDR strains, mainly those of the ESKAPE group, that is, Enterococcus faecium, Staphylo-
coccus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp. [26]. These pathogens represent a new paradigm related to pathogenesis,
transmission, and resistance, and they are particularly dangerous from the point of view
of the effectiveness of therapy for nosocomial infections. The fight against these microor-
ganisms, and consequently the need to eradicate the biofilms formed by them, is even
crucial to the effectiveness of therapy. Camphor’s antimicrobial capabilities appear to be
one of the available solutions [27]. A recent study is very promising and demonstrates the
synergistic effects of camphor with antibiotics. It is proven that this compound not only
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contributes to lowering the MIC (minimal inhibitory concentration) values of antimicro-
bial drugs (i.e., penicillins, cephalosporins, carbapenems, monobactams, aminoglycosides,
and quinolones), but also returns antibiotic sensitivity to strains that previously showed
resistance to them [28,29].

One of the most dangerous contributors to bacterial superinfection is atopic dermatitis
(AD). Skin infections are listed as an integral part of this condition. In people suffering
from AD, the integrity of the stratum corneum is damaged and, in addition, the alkaline
reaction of the skin surface results in a decrease in its antimicrobial activity. Furthermore,
in these individuals a decrease in lipid content is observed in the epidermis, which hinders
water binding, leading to faster moisture loss and crack formation. The skin becomes
vulnerable and susceptible to microorganisms in the environment. This is particularly
dangerous among children and adolescents, as recent studies conducted in 14 countries
have shown an increasing trend of AD among those aged 6-14 years [30]. These data are in
accordance with those presented in the Global Report on Atopic Dermatitis, which reports
that AD affects up to 20% of children, 10% of young adults (20-25 years old) and 1-3% of
adults [31]. The situation becomes particularly dangerous when it is additionally associated
with the hospital environment, which favors the spread of multi-drug resistant strains.
Retrospective studies conducted by Grossi et al. in hospitals in six European countries
provide direct evidence that acute bacterial skin and skin structure infections (ABSSSI), due
to their high treatment costs, constitute a significant burden on healthcare [32]. Therefore,
the prevention of skin infections, including AD, is crucial not only during exacerbation, but
also primarily during remission. The introduction of preparations containing compounds
of natural origin, especially camphor, would: (i) strengthen the skin barrier, and accelerate
its reconstruction; and also (ii) replenish lipid deficiencies and make the skin more resistant
to microbial attacks. In addition, camphor exhibits soothing properties for irritations and
prevents inflammatory conditions. Studies by Kang et al. have given the green light to
treating this condition using leaves from Cinnamomum camphora. These researchers showed
that the leaves have a calming effect on the production of inflammatory chemokines
in vitro, resulting in relief of symptoms of dermatitis in vivo [4]. Combining the positive
effects of camphor’s antimicrobial properties with its therapeutic properties would be
key in improving the quality of life for patients suffering from AD while simultaneously
preventing potential skin superinfections of bacterial and/or fungal etiology.

In our review, we have focused on the positive impact of camphor in preventing the
formation of difficult-to-heal wounds infected with strains exhibiting high resistance to
antibiotics. Addressing the issues of hospital-acquired infections, we primarily focused on
strains that reside in the hospital environment and exhibit the ability to acquire resistance
easily while also forming biofilms. These microorganisms pose a real threat in hospitals
around the world.

2. Camphor’s Chemical Properties and Methods of Production

Camphor is a white solid with a characteristic odor and pungent taste, which sub-
limates at room temperature. It does not dissolve in water, although it dissolves well in
organic solvents such as diethyl ether, ethanol, and chloroform. Chemically, camphor (1,7,7-
trimethylbicyclo[2.2.1]heptan-2-one) is a cyclic terpenoid ketone with the general formula
C10H160 that occurs as two isomers: R-(+)-camphor and S-(-)-camphor (Figure 1) [33,34].
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1 R-(+)-camphor 1§-(-)-camphor
Figure 1. Structure of camphor isomers.

Camphor can be obtained by chemical synthesis both as a racemic mixture and as a
pure S-(-) isomer. The most common substrate used during synthesis is a-pinene. This
compound is isomerized to camphene through the Wagner—-Meervein rearrangement,
which is a nucleophilic rearrangement involving 1,2-migration of a ring carbon atom in a
bicyclic molecule. In the next step, camphene is reacted with formic or acetic acid, resulting
in an isobornyl ester. This ester undergoes hydrolysis to isoborneol, which upon oxidation
is converted to (£)-camphor [35].

An alternative method is to use dihydrocarvone for synthesis. Dihydrocarvone is
reacted with isopropenyl acetate in the presence of p-toluenesulfonic acid as a catalyst. The
ester formed in this reaction closes to (+)-camphor when subjected to the action of boron
trifluoride [36].

Obtaining S-(-)-camphor requires a combination of classical chemical synthesis meth-
ods and the use of enzymes. The x-pinene chemical was used as a substrate, from which
an isobornyl ester was obtained. This ester was then subjected to kinetic separation using
an esterase derived from Burkholderia gladioli to obtain pure (+)-isoborneol, from which,
after oxidation, (-)-camphor was obtained [37].

Another method is to use Oxone, which is a mixture of the three salts 2KHSOs,
3KHSOy4, and 3K;50y4, in which the active agent is potassium peroxymonosulfate, KHSOs,
as the oxidizing agent. In this case, (15)-borneol is used for the reaction, which, after
oxidation with Oxone, is converted to (-)-camphor [38].

3. Camphor Occurrence

Naturally occurring camphor is extracted from the wood of the camphor laurel (Cin-
namomum camphora L.), which is native to eastern and southern Asia and now grows
worldwide [34]; from the camphor tree Dryobalanops aromatica, which grows in Suma-
tra [39]; as well as from the camphor tree found in Africa Ocotea usambarensis [40]. As noted
previously, camphor is insoluble in water; in addition, it is characterized by a high boiling
point of 204 °C. These properties are used in the isolation of this monoterpenoid, because it
is obtained by steam distillation followed by sublimation.

The essential oil (EO) extracted from camphor tree leaves is a mixture of volatile
compounds, mainly terpenes, and is widely used in pharmaceutical, industrial, and envi-
ronmental applications. Camphor tree EO extraction methods mainly include (i) steam
extraction, (ii) organic solvent extraction, (iii) ionic liquid combined with microwave-
assisted extraction, (iv) microwave extraction without solvents, (v) cold-pressed extraction,
(vi) subcritical CO, extraction, (vii) ultrasound-assisted extraction, and (viii) microwave-
assisted extraction, as well as the (ix) supercritical fluid extraction method. The latter
method is used to split camphor tree leaves into a soluble fraction SC-CO, [41,42].

It is important to note that the amount of camphor in plants varies depending on the
species and part of the plant. Studies have shown that C. camphora leaf oil is composed
mainly of camphor, which accounts for as much as 93.1%, whereas in wood oil camphor is
found alongside 1,8-cineol (19.8%), «-terpineol (6.2%), and safrole (3.2%), and it accounts
for only 53.2% of the wood oil content [43].
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Also, depending on the particular chemotype, EO extracted from the same plant
species, i.e., from C. camphora, can contain from as much as 74% camphor (camphor
chemotype) [44] down to only 5% (linalool chemotype) [45]. On the other hand, the cineole
chemotype does not contain this compound [33].

Table 1 shows the camphor contents of essential oils and extracts from various plants.

Table 1. Plant resources of camphor.

Plant Cultivar Source of EO Percentage [%] References
. g Inflorescences 10.0-70.5
Achillea grandifolia Leaves 55.830 [46]
Achillea millefolium L. Inflorescences 13.0 [47]
Artemisia annua Leaves and stems 114 [48]
Artemisia haussknechtii Aerial parts 11.8 [49]
Artemisia khorassanica Aerial parts 74.2 [49]
Artemisia sieberi Aerial parts 33.6 [50]
Artemisia spicigera Whole plant 29.6 [51]
. Flowers 47.6
Chrysanthemum japonense Leaves 39.1 [52]
Leaves 93.1
Cinnamomum camphora Branch 53.6 [33]
Wood 53.2
Barks 51.3
Cinnamomum camphora Leaves 40.5 [53]
Fruits 28.1
Lavandula angustifolia . Leaves and 10.7-18.8 [54]
inflorescences
Lavandula latifolia Whole plant 12.2 [55]
Ocimum basilicum L. Aerial Parts 421 [56]
Ocimum kilimandscharicum Leaves 45.9 [57]
Guerke
Santolina chamaecyparissus L. Aerial part 17.7 [58]
Salvia fruticosa Aerial part 20.3 [59]
Salvia jordanii Aerial part 33.4 [60]
. L 26.6 northern Albania
Salvia officinalis L. Whole plant 43.8 southern Albania [61]
Salvia rosmarinus Aerial part 3.3-42.2 [60]
Stachys germanica L. Aerial parts 52.9 [62]
Aerial parts 53.4-52.9
Stems and leaves 47.9-49.6
Tanacetum parthenium L. Inflorescence 11.6-11.5 [63]
Unripe seeds 12.3-12.4
Ripe seeds 12.3-10.3
6.8-19.9 (vegetative
Thymus algeriensis Whole plant stage) [64]

8.1-15.7 (flowering stage)

4. Camphor as an Additional Ingredient in Products

Camphor is used as an ingredient in various ointments used as a broad-spectrum
remedies. As pure camphor can be dangerous in overdose, in order to take advan-
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tage of its health-promoting properties it can only be used as one of the ingredients of
appropriate medications.

One such ointment is Tiger Balm®, which is used as a herbal analgesic for external
application. Two variants of Tiger Balm® are known, namely Red TB® and White TB®.
The Red variant is recommended for use for muscle pain, whereas the White variant is
recommended for use for tension headaches. Both variants contain 11% camphor in their
composition. In addition, the main ingredients in both formulations for Red TB® and
White TB® are, respectively, menthol (10.0% and 8.0%), clove oil (5.0% and 1.5%) and
cajuput oil (7.0% and 13.0%) [65]. Another painkilling ointment is Bengay, which contains
camphor, methyl salicylate, and menthol [66]. In addition, the main active ingredients of
Vicks VapoRub® ointment are camphor (5%), turpentine oil (5%), L-menthol (2.75%), and
eucalyptus oil (1.5%), thymol and cedarwood oil.

This ointment is used as an adjunct in the treatment of colds and other upper respi-
ratory tract diseases in the form of rubbing the chest and back [67]. The feeling of better
breathing after using this ointment is mainly due to the action of camphor and menthol,
which interact with the cold receptors in the nose, causing a feeling of cold by constricting
the nasal mucosa, which in turn facilitates breathing. A small amount of Vicks VapoRub®
can also be dissolved in hot water and used for inhalation [67]. In 2023, Stinson et al. con-
ducted research using rhinovirus serotype-16 (RV16)-infected A549 airway epithelial cells,
in which they showed that Vicks VapoRub® modulates specific TRP (transient receptor
potential) receptors and reduces the ATP release induced by RV16 [67].

There are reports in the scientific literature indicating the possibility of using Vicks
VapoRub® also in the treatment of nail fungus. During in vitro tests, the ingredients of
the ointment showed a broad spectrum of activity and were active against, among other
microbes, Candida, Aspergillus, and some dermatophytes species, which encouraged further
research. However, there were some errors in a 48-week clinical trial conducted by the
Family Medicine Group in 2011. Unlike the phase III clinical trials for toenail fungus, this
study did not exclusively enroll patients with cultured dermatophytes such as Trichophyton
rubrum or Trichophyton mentagrophytes and did not limit the percentage of affected toenails
to 50 or 60% [68]. At baseline, 10 of the 18 patients had more than 60% nail involvement,
and some had 89% or even 100% involvement [69]. In the case of completely dystrophic
nails, a 48-week treatment period may not be sufficient. However, adding a method such
as nail cleaning could demonstrate the synergistic effect of this procedure and the ointment
used. Additionally, in this study some patients used the ointment daily, although others
used it only three to five times a week. Therefore, it cannot be ruled out that the ointment
caused the formation of a more moisturized nail unit, which gives the appearance of a
healthier nail, instead of actually curing the fungus [68].

In 2016, a study was conducted on the effectiveness of Vicks VapoRub® ointment
in the treatment of nail fungus in people infected with HIV. In the case of these patients,
it is very difficult to select an effective treatment method due to possible interactions of
the therapy used with antiretroviral drugs. Of the 20 study participants, 94% of patients
reported satisfaction with their toenail health and their overall treatment results at the
24-week follow-up visit [70].

Camphor has also found use as an ingredient in various types of soaps. As early
as the 19th century, the so-called “medicinal soap” was used, which included camphor,
and was used for the therapy of frostbite [71]. Nowadays, many types of camphor soap
are available on the market. An interesting preparation is a herbal aloe-camphor soap.
Its composition includes, among other things, aloe vera gel, camphor, and honey. Such
soap can be used for skin prone to irritation and itching, as camphor has antibacterial and
antifungal properties [72].

In addition, the properties of this monoterpenoid have been utilized in the therapy
of respiratory disorders. Indeed, it is a component of multicomponent preparations, i.e.,
nasal and inhalation drops (e.g., Makatussin, Optipect, Sedum Balsam, and Algorhin);
inhalation liquids (e.g., Cetix and Cetix Plus); syrups (e.g., Optipect and Halin); capsules



Pharmaceuticals 2024, 17, 715

7 of 29

(e.g., Pinimenthol); lozenges (e.g., Neo-Angin); and lotions, gels and ointments (e.g.,
Dracodermalin, Herbolen, Mentoklar, Rhino-tussal, Rhino-tussal S, Transpulmin, and
Pulmex) [73].

5. Camphor Metabolism

Camphor is a highly lipophilic cyclic terpenoid that undergoes rapid diffusion. It
can be absorbed through (i) the gastrointestinal tract (within 5 to 90 min after ingestion),
(ii) the skin, and (iii) mucous membranes [74,75]. In the body, camphor is metabolized
in the liver through oxidation and glucuronidation processes. Subsequently, the inactive
metabolites formed as a result are excreted by the kidneys. When applied to healthy
skin, its absorption volume is relatively low compared to the rate of the process [34].
Research conducted by Martin et al. revealed that the 8-h application of two patches of
Satogesic™ Medicated Adhesive patch from Sato Pharmaceutical Company that contained
a 1% solution of camphor led to its release into the bloodstreams of study participants below
the limit of detectability. However, administration of 4 or 8 patches, corresponding to 2%
and 4% solutions of this monoterpene, respectively, contributed to its penetration through
the skin at levels of 26.8 + 7.2 ng/mL vs. 41.0 £ 5.8 ng/mL (4 patches vs. 8 patches), with
a mean half-life of up to 5.6 £ 1.3 h, whereas the standard half-life (3 pg/mL anethole in
ethanol) does not exceed 167 min [76]. Therefore, the use of camphor on the skin should be
subject to strict regulations. Poisoning from this monoterpene due to contact with the skin
is commonly observed in children, especially in Asia, where there are no strict regulations
regarding its use [75].

In the case of oral administration of camphor, high concentrations have been detected
in the fetal brain, liver, kidneys, and blood, as well as in the amniotic fluid. Symptoms of
camphor poisoning include blurred vision, nausea, vomiting, colitis, dizziness, delirium,
cardiac muscle spasms, difficulty breathing, seizures, and even death [11]. The lethal dose
of camphor in adults ranges from 50 to 500 mg/kg. In contrast, for children, itis 0.5-1 g,
and for infants, it is 70 mg/kg [74].

Although the first studies on camphor metabolism in humans were conducted in
the 1960s, it has not been fully elucidated to date [77]. Valuable insights in this field are
provided by research conducted by Park et al., which indicated that camphor specifically
inhibits nicotinic acetylcholine receptors (nAChR), thereby preventing the secretion of
catecholamines. This action may be one of the causes of neurotoxicity, as nAChR are
known to play a key role in neuromuscular junctions [78]. Moreover, camphor may
modulate the activity of hepatic enzymes involved in drug metabolism. Indeed, it has been
demonstrated that a drug containing this compound, when applied to the skin for cold
relief, caused a transient elevation in serum liver enzymes in a 2-month-old infant [79,80].
Additionally, in the case of Swiss Albino mice treated with camphor at a dose of 300 mg/kg,
an increase in hepatic enzyme activity, including CYP (cytochrome P450), cytochrome b5,
aryl hydrocarbon hydroxylase, and glutathione S-transferase, was observed, leading to a
significant elevation in reduced glutathione levels [34].

Identification of camphor biotransformation products in humans is only possible in
cases of acute poisoning. In the urine of patients admitted to the hospital due to intoxica-
tion after ingesting 6-10 g of camphor, the main metabolites identified included camphor
hydroxylated at positions 3, 5, 8, and 9, as well as further oxidation products such as 5-
ketocamphor and carboxylic acids resulting from the oxidation of 8- or 9-hydroxycamphor.
Interestingly, the presence of isoborneol in urine was the result of the microbiological reduc-
tion of camphor [81]. Within in vitro studies, (-)-camphor was incubated with human liver
microsomes in the presence of an NADPH-generating system. Hydroxylation of this com-
pound to 5-exo-hydroxycamphor was observed, which is also the main biotransformation
product of camphor in dogs, rabbits, and rats [82].

Numerous studies, extending back more than 150 years, have provided valuable
information regarding the transforming ability of camphor in the animal body. Indeed,
the presence of the glucuronide derivative of hydroxycamphor in the urine of dogs was
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Q)

demonstrated, as well as 3-hydroxycamphor, 5-hydroxycamphor, and cis and trans-m-
hydroxycamphor, after the administration of (+)-camphor with food [83]. On the other
hand, in the case of rabbits, there was additionally a stereospecific endo-reduction of
camphor to borneol, and a small amount of isoborneol in the liver cytosol [84,85]. The
biotransformation abilities that camphor represents in the human and animal organisms
are shown in Figure 2.

camphor

VN

in vitro/in vivo (rabbit)

\

borneol

T

0] 0 0]
in vitro (human, dog, rabbit, rat)
- . + H + HO
in vivo (rabbit)
OH " Ho H

3-endo-hydrocamphor 5-endo-hydrocamphor 5-exo-hvdrocamphor
(not human) (not human) (not in vitro rabbit)

N

isoborneol 2,3-bornanedione 2,5-bornanedione
Figure 2. Camphor’s biotransformation pathways in humans and animals.

In addition, in vitro studies showed that insect cells are capable of oxidizing (-)-
camphor. The experiment was conducted in a human liver microsome system—an NADPH-
producing system—with human recombinant enzymes (CYP1A1l, CYP1A2, CYP1Bl1,
CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP2EL, and CYP3A4). It was
proven that only CYP2A6 was capable of catalyzing the hydroxylation of camphor [82,86].

Another significant step in camphor metabolism is the conjugation of its oxidation
products with glucuronic acid in the liver, followed by excretion through the kidneys.
The transferase responsible for conjugating hydroxylated derivatives of camphor is not
known. However, it is understood that both borneol and isoborneol undergo extensive
glucuronidation via uridine 5'-diphosphoglucuronosyltransferase UGT2B7 to form borneol-
2-O-glucuronide and isoborneol-2-O-glucuronide, respectively. Subsequently, multi-drug
resistance-associated proteins MRP3 and MRP4 facilitate the efflux of glucuronides into the
bloodstream. They are then primarily eliminated by the kidneys, through both glomerular
filtration and tubular secretion via organic anion transporters OAT3 and OAT4 [87].

It is worth noting that camphor can significantly affect the permeation of other drugs
through the skin. It has been shown that this terpenoid facilitates the penetration of
lipophilic drugs through the stratum corneum of the epidermis, including indomethacin,
lidocaine, aspirin, antipyrine, tegafur, and 5-fluorouracil [88,89]. The mechanism of action
was elucidated by studies conducted by Cui et al., which demonstrated that (+)-camphor
is capable of disrupting the lipid bilayer of the rat skin, thereby increasing the partition
coefficient of propranolol (PHCI) into the stratum corneum of the epidermis [90]. This
ability of camphor has significant clinical implications, as propranolol, a non-selective 31-
and (3p-adrenergic receptor antagonist, is used in the treatment of hypertension, coronary
artery disease, and tachyarrhythmias [91].

6. Molecular Activity of Camphor

Camphor is known as a natural bioactive compound with wide spectrum of biological
activities. Those most frequently described are antibacterial, antifungal, antioxidant, anti-
cancer, analgesic, and anti-inflammatory properties. The activities are usually described
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for EO in which camphor is a major/dominant compound. Due to its toxicity at higher
concentrations, there are rarely reports on the biological activity of pure camphor.

It has been shown that the EO obtained from Commiphora ornifolia (Balf. fil.) Gillett was
characterized by a high content of oxygenated monoterpenes (56.3%), of which camphor
constituted 27.3%. It has shown significant influences on antimicrobial activity against both
Gram-positive and Gram-negative bacteria. Unfortunately, investigated EOs demonstrated
weak antioxidant abilities, which were calculated based on their capability to reduce 2,2-
diphenyl-1-picrylhydrazyl (DPPH) [92]. Yuceturk and co-workers observed an increase
in the ability to reduce the DPPH radical with a higher concentration of EO of Thymus
convolutus Klokov. The EO consisted of 66 compounds, in which camphor was the main
component (16.6%, GC/MS analysis). Authors calculated that 33.39 £ 0.25% DPPH was
scavenging at a concentration of 1 mg/mL of EO. Furthermore, antiproliferative activity of
EO of T. convolutus on human liver adenocarcinoma Hep3B cells was observed at concen-
trations of 250 and 125 nug/mL, although camphor was cytotoxic in high concentrations
(1 mg/mL, 500, 250 and 125 pg/mL). The inhibitory effect of EO on the human colorectal
adenocarcinoma HT-29 cell line at concentration of 500 ug/mL was determined. Moreover,
neither EO nor camphor exhibited a significant effect on the proliferation of human umbili-
cal vein endothelial cells (HUVEC) [93]. The antitumor activity of novel camphor-based
pyrimidine derivatives was evaluated in the Zhang et al. study. It has been proven that one
of the tested derivatives showed similar activity to etoposide in the inhibition of growth of
the following cell lines: MDA-MB-231 (breast cancer), RPMI-8226 (multiple myeloma), and
A549 (non-small cell lung cancer NSCLC). At the same time, the compounds showed lower
cytotoxicity than the comparator in relation to the tested line of normal human cells (GES-1).
Moreover, at the molecular level, an increase in the formation of apoptotic proteins Bax,
cytochrome C, and caspase 3 was observed, although the formation of the anti-apoptotic
protein Bcl-2 was significantly decreased. The proper anti-oncogenic effect was present
in ROS accumulation in the cell and toxicity to mitochondria, which in turn induced the
apoptosis pathway [94].

Research performed by Rawat et al. consisted of obtaining EO of Hedychium spicatum
Sm. from Himachal Pradesh of India, in which the content of camphor was 35.6%. Studies
have shown that the EO suppressed 33.57% of inflammation at 100 mg/kg b.wt. dose
level, which is comparable to the standard drug ibuprofen (40.06%) [95]. Scientists from
Iran tested the analgesic activity of the EO from Artemisia sieberi Besser, which possess
31.2% of camphor. In studies, 1 mg/kg dose of the EO significantly reduced carrageenan-
induced paw edema in rats by 74.3%, which is very close to the results for the standard
drug diclofenac sodium (50 mg/kg) [96]. Li and co-workers also studied the analgesic
effect of camphor. Based on neuropathic pain models in mice, the scientists concluded that
camphor can alleviate symptoms of hyperalgesia [6]. The molecular anti-inflammatory
mechanism of EO from Blumea balsamifera (camphor ~9%) was also evaluated. The EO was
used as a suppressor in an in vitro model of LPS (lipopolysaccharide)-related activation
of macrophages of the RAW 264.7 line. The decrease in the synthesis of proinflammatory
cytokines (TNF-c, IL-1f3, and IL-6) and the weakening of the medio-signaling pathway
mediated by NF-«kB (nuclear factor kappa B) and TLR-4 (Toll-like receptor 4) were revealed.
Attenuation of signaling pathways led to, among other effects, inhibition of the NLRP3
inflammasome. [97].

Due to the ability of camphor to induce the proliferation of human primary dermal
fibroblasts, which are responsible for the expression of collagen IA, collagen IIIA, collagen
IVA, and elastin, preparations containing camphor can be used in cosmetology as anti-
wrinkle agents [98].

Molecular Effects of Camphor-Containing Essential Oils on Pathogen Cells

The Pejci¢ et al. study evaluated the effects of S. officinalis (16.6% camphor) and
Ocimum basilicum EOs on P. aeruginosa biofilm-forming capacity, motility, and pyrocyanin
production. MIC values of camphor-containing oil oscillated at 5-20 mg/mL against all
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tested isolates (including skin-wound-infection isolates). The ability of the EOs to inhibit
biofilm formation was determined to be 84.1-99.6% in the concentration range of 5, 10, and
20 mg/mL. The ability to inhibit the growth of previously formed biofilms was also assessed
as follows: 20 mg/mL (12.4-95.7% inhibition), 10 mg/mL (0.4-94.5% inhibition), and
5 mg/mL (11.3-94.2% inhibition). A decrease in flagellum-dependent forms of movement
(swimming) of bacteria was also observed by 97% (MIC) and 81% (1/2 MIC), respectively.
Similar results were observed for other forms of movement (twitching and swarming). Sage
oil inhibited the production of pyrocyanin by more than 58.8% [99]. Bajalan et al. evaluated
the antibacterial activity of EOs obtained from Rosmarinus officinalis. At the molecular level,
an increase in the permeability of cell membranes of pathogens and a loss of metabolically
important ions was observed [100]. In the phototoxicity test of EOs, including Lavandula
stoechas (36.69% of camphor; white light 470, Lumen /40 watt), the ZOI increased in the
case of K. pneumoniae (ZOI in the dark = 2.2 mm, ZOI after irradiation = 4.07 mm) [101].

Due to numerous reports on the antibacterial properties of camphor-rich essential oils
against gram-negative bacteria, we have presented a summary (assessed by microdilution
method (MIC) and Kirby-Bauer method) in Tables 2 and 3.

Table 2. Antibacterial activities of camphor-containing essential oils against Gram-negative bacteria
(minimal dilution assay).

Camphor

Bacteria Plant Cultivar Concentration [%] MIC Value Ref.
Salvia officinalis 16.4% 0.125 mg/mL [102]
Salvia officinalis 16.6% 5mg/mL [99]
Curcuma aeruginosa 29.39% 0.112r5nrgn/gn/£1L [103]
Thymus hirtus ssp. algeriensis 19.2% 0.022 mg/mL [104]
P. aeruginosa Salvia pachystachys 31.0% 5mg/mL [105]
Ferula communis 18.3% 0.156 mg/mL [106]
Rosmarinus officinalis 18.74% 2 mg/mL [107]
Pulicaria undulata 44.48% 6.25 mg/mL [108]
Rosmarinus officinalis 26.5% 2.56 mg/mL [109]
Oncosiphon suffruticosum 31% 6.4 mg/mL [110]
A baumannii Artemisia herba-alba Asso 50.7% ;g Ei;ﬁt [111]
Rosmarinus officinalis 23.04% 12.5 mg/mL [112]
Lavandula stoechas ‘avonview’ 35.30% 0.39 mg/mL [113]
K. pneumoniae Lavandula stoechas 36.69% 0.5 mg/mL [101]
Withania frutescens ~24-25% 0.006125 mg/mL [114]
Rosmarinus officinalis 18.743% 1 mg/mL [107]
Thymus hirtus ssp. algeriensis 19.2% 1.8 mg/mL [104]
Rosmarinus officinalis 26.5% 1.28 mg/mL [109]
E. coli Artemisia annua ~30% 2.5mg/mL [115]
Croton tetradenius ~14% 5.6 mg/mL [116]
Withania frutescens ~24-25% 0.006125 mg/mL [114]
Lavandula stoechas 36.69% 1 mg/mL [101]
- pure camphor 2.75 mg/mL [117]
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Table 3. Antibacterial activities of camphor-containing essential oils against Gram-negative bacteria

(Kirby-Bauer assay).

Positive
. . Camphor ZOI Value EO Content zor Ve.ll.ue for Control
Bacteria Plant Cultivar o for EO . Positive Ref.
Conc. [%] per Disc Content per
[mm] Control Di
isc
Curcuma aeruginosa 29.39% 5.7 10 uL 7.6 10 ug GM [103]
. . o ; 20 pg STR,
Withania frutescens ~24-25% 16.11 10 uL 1.67 mg AMP [114]
Rosmarinus officinalis 19.75% 7.0
Artemisia absinthium 39.1% 12.0 SO0 kL ND 10 g PCN [118]
20.0 10 ug CPL
15.0 30 ng CHL
P. aeruginosa Tetraclinis articulata 20.1% 20.0 6 uL HE [119]
32.0 30 ug GM
- 20/10 ung AMC
17.0 ND GM
Pulicaria undulata 44.48% 24.0 20 ul [108]
16.0 ND TET
42.9% 10.3
Artemisia sieberi Besser 41.6% 8.6 5uL ND ND [120]
37.1% 10.3
- pure camphor 10.4 ND ND ND
Artemisia herba-alba o 30.6 13.6
Asso 50.47% 273 6 uL 100 10 ug STR [111]
A. baumannii Rosmarinus officinalis 23.04% 34.0 ND - [112]
. o 14.0 ND CIP )
Artemisia herba-alba 32.0% 15.3 10 uL 12.0 ND AKN [24]
Salvia officinalis 17.1% 13.67 10 uL ND 20 ug GM [121]
22.0 10 ug CPL
. . o 30.0 30 pg CHL
Tetraclinis articulata 20.1% 29.0 6 uL 390 30 ug GM [119]
30.0 20/10 ng AMC
. L 24.82% 13.12
K. pneumoniae Rosmarinus officinalis 21.41% 906 20 uL 6.0 ND OTC [100]
. L 16.99% 8.67
Rosmarinus officinalis 20.4% 9.0 5mg 28.0 5mg NAL [122]
Lavandula stoechas 42.47% 10.0
avonview’ 35.30% 8.03 30 uL 9.30 ND CHL [123]
Combretum hereroense ND 18.2 10 uL 18.8 30 ug CFX [124]
. L 16.99% 12.67
Rosmarinus officinalis 20.4% 13.67 5mg 30.0 5mg NAL [122]
Thymus hirtus ssp. o 15.0 ND STR )
algeriensis 19.2% 30.0 10 pL 270 ND CHL [104]
Salvia officinalis 17.1% 16.67 10 uL ND 20 ug GM [121]
22.0 ND GM
E. coli Pulicaria undulata 44.48% 17.0 20 uL 16.0 ND TET [108]
42.9% 12.8
Artemisia sieberi Besser 41.6% 124 5uL ND ND [120]
37.1% 12.3
- pure camphor 1291 ND ND ND
Thymus algeriensis 17.45-32.56% 13.0 40 puL 27.0 25 pg AMX [125]
Rosmarinus officinalis 26.5% 14.2 ND 21.5 ND CIP [109]
Combretum hereroense ND 15.8 10 uL 23.2 30 ug CFX [124]

AKN—amikacin;, AMC—amoxicillin/clavulanate; AMP—ampicillin; AMX—amoxicillin; CFX—cefoxitin;

CHL—chloramphenicol; CIP—cyprofloxacine;

CPL—colistin;

GM—gentamycin;

NAL—nalidixic acid;

OTC—oxytetracycline; PCN—penicillin; STR—streptomycin; TET—tetracycline; ND—not defined.
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The activity of the EO from Artemisia judaica (16.1% camphor) against pathogenic fungi
was assessed in addition to its activities against Candida albicans ATCC 10231, C. parapsilosis
ATCC 90018, and C. tropicalis ATCC 13803. The oil showed a significant inhibitory effect
on germ tube formation in C. albicans with 80% filamentation inhibition at 0.16 uL/mL
concentration. In similar tests, C. albicans, C. tropicalis, and C. krusei obtained MIC and
MEC values that were both at the level of 1.25 uL./mL, whereas C. parapsilosis obtained
MIC =1.25 uL./mL and MFC = 2.5 uL./mL. At a concentration of 1/8 MIC (0.16 uL/mL),
there was a decrease in filamentation of about 80%. Similarly, a significant decrease in
germ tube formation was observed at the already mentioned concentration (0.16 uL/mL).
A decrease in biofilm-biomass formation by more than 50% was also observed at an oil
concentration of 2.5 uL/mL [126]. Cedar leaf-derived EO, as well as camphor, which is
its main component, significantly inhibited the formation of C. albicans DAY185 hyphae,
thus reducing the formation of biofilm. Transcriptomic analyses showed that camphor
and fenchyl alcohol reduced expression levels of ECE1, ECE2, RBT1, and EED1 genes
specific for hyphae and biofilm-associated functions. In addition, camphor and fenchyl
alcohol reduced the virulence of C. albicans in the Caenorhabditis elegans nematode-infection
model [127]. The results of Ivanov et al.’s study showed the potential of camphor to
reduce the virulence of C. albicans, i.e., biofilm formation and hyphae formation. Camphor
additionally regulated the level of Cdrl- and Cdr2-efflux pumps, which belong to ATP-
binding cassette transporters and play roles in the development of resistance to azole drugs.
It did not affect the expression level of the ERG1 gene, which is involved in the biosynthesis
of ergosterol. The beneficial antifungal activity of camphor was achieved at an amount that
was non-toxic to porcine liver cells, making it a promising antifungal compound for future
studies [128].

The antifungal activity of camphor-containing oils has also been well documented. A
summary of the activities of oils against C. albicans is presented in the form of Tables 4 and 5.

Table 4. Antifungal activities of camphor-containing essential oils against Candida albicans (minimal
dilution assay).

Camphor Concentration

Plant Cultivar [%] MIC Value Ref.

. s 0.156 mg/mL
Salvia lavandulifolia 29.1% 0.312 mg/mL [129]
Curcuma aeruginosa 29.39% 0.25 mg/mL [103]

B 0.125 mg/mL
pure camphor 0.35 mg/mL [128]
Withania frutescens 24.26% 0.0004 mg/mL [114]
Rosmarinus officinalis 26.5% 0.16 mg/mL [109]
Cassia fistula ~14% 0.313 mg/mL [130]

- pure camphor 0.156 mg/mL
Tetraclinis articulata 20.1% 0.268 mg/mL [119]
Brocchia cinerea ~14% 0.0168 mg/mL [131]

Plectranthus cylindraceus Hochst. o

ot Benth 40.93% 0.4 mg/mL [132]

24.3% 0.025 mg/mL
Rosmarinus officinalis 15.52% 0.00156 mg/mL [133]

18.47% 0.00078 mg/mL
Anvillea radiata 21.41% 88;2% zgfzi [134]
Artemisia aucheri 18% 0.4 mg/mL [135]
Salvia fruticosa 21.32% 0.079 mg/mL [136]
. . 0.16042 mg/mL

Achillea grandifolia 23.4% 0.525 mg,/mL [137]
Tetraclinis articulata 15.97% 0.125 mg/mL [138]
Artemisia herba-alba var. huguetii 18.38% 0.00183 mg/mL [139]
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Table 5. Antifungal activities of camphor-containing essential oils against Candida albicans (Kirby-
Bauer assay).

ZOI Value for Positive
. Camphor Conc. ZOI Value for  EO Content per o Control
Plant Cultivar o . Positive Ref.
[%] EO [mm] Disc Content per
Control .
Disc
Curcuma aeruginosa 29.39% 11.6 10 uL 10.54 10 pg COM [103]
Ocimum kilimandscharicum o 4.33-5.33
Guerke 52.0-57.2% 4.66-6.33 8 uL 24.33 ND KTC [140]
Achillea odorata subsp. 45.01 25.33 12,5 uL 18.66 10 ug AMB  [141]
pectinata
Pulicaria undulata 44.48% 23.0 20 uL 14.0 ND NYT [108]
Withania frutescens 24.26% 47.0 10 uL 21.2 ND FLC [114]
Suaeda vermiculata Forssk 28.74% 19.0 50 uL 16.0 10 ug CLT [108]
. o o 28.0 10 ug MIC
Rosmarinus officinalis 33.9-41.2% 11.6-14.6 10 uL 18.0 20 pg AMB [142]
Artemisia annua 17.0% 8.5 15-30 uL ND ND [143]
42.9% 16.2
Artemisia siebieri Besser 41.6% 14.2 5uL - -
37.1% 16.0 [120]
- pure camphor 114 ND - -
Thymus algeriensis 17.45-32.56% 13.0 80 uL 24.0 25 ug ITC [125]
, N , 18.2 21.0
Rosmarinus officinalis 26.5% 186 ND 16.0 ND FLC [109]
10.0 100 ug AMB
18.0 50 ug ECC
Tetraclinis articulata 20.1% 22.0 6 uL 19.0 50 ug MIC [125]
10.0 50 ug CLT
0.0 1 pg 5FC
Brocchia cinerea ~14% 42.33 20 uL 21.0 ND FLC [131]
Matricaria chamomilla 16.42% 21.07 10 uL 28.6 100 LU. NYT [144]
.. ) o ~10 20 ug FLC
Tetraclinis articulata 15.97% 15.6 10 uL 20 20 pg CLT [138]
Artemisia herba-alba var. 18.38% 39.0 47 ug 247 ND FLC [139]

huguetii

AMB—amphotericin B; CLT—clotrimazole; COM—ciclopirox olamine; ECC—econazole; FLC—fluconazole;
ITC—itraconazole; KTC—ketoconazole; MIC—miconazole; NYT—nystatin; SFC—flucytosine; ND—not defined.

7. Mechanisms of Camphor Action on the Skin

Scientists are looking for the therapeutic effect of camphor on human skin. It is used,
among others, in sunscreen creams as 4-methylbenzylidene camphor [145].

Camphor affects fibroblast proliferation by inducing phosphorylation of the PI3K/AKT
and ER pathways. It prolongs the lifespan of fibroblasts in a dose-dependent manner at
concentrations of 32.5, 65, 130, and 260 uM, which is responsible for the production of
free radicals. The activity of elastase decreases and, consequently, the amount of elastin
increases, also in a dose- and time-dependent manner. Its action inhibits skin aging by
acting on beta-galactosidase, which is a marker of this process because it accumulates in
the lysosomes of aging cells. The cleavage of X-Gal into blue dye was investigated with
600 and 800 pM HO,, which led to an increase in the number of SA-{3-gal-positive cells.
At the same time, 600 and 800 pM H,O, together with camphor were used in the same
trial, which led to a reduction in the number of SA-f3-gal-positive cells by 65% and 50%.
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This indicates protection of skin fibroblasts against aging [98]. Camphor also prevents the
thickening of the epidermis and subcutaneous fat tissue [146].

Camphor affects several types of receptors: heat-sensitive TRPV1, cold-sensitive TRP-
M8, and heat-sensitive TRPV3, and it inhibits TRPA1. TRP ion channels contain segments
that are thermosensitive, called thermoTRP. Its impact on TRPV1 is linked to a desensitizing
effect, resulting in analgesia. Activation of TRPV3 occurs at a temperature of 39 °C, and
these receptors are found in keratinocytes, the brain, and the spinal cord [147,148].

The impact of this compound on blood circulation and temperature perception, includ-
ing heat and cold, has also been investigated. Camphor increases the sensory experience
when the skin temperature is between 33 to 43 °C or 33 to 18 °C. The feeling of heat or cold
is perceived more strongly by people after using this compound [149]. An experiment was
used in which vaseline containing 5%, 10%, and 20% camphor was placed on the skin of
the subjects’ forearms. It was shown that 5% camphor (with vaseline) caused a feeling of
cold in the subjects with a delay of about 2 min and that lasted about 5 min, unlike vaseline
itself (camphor 0%), which did not cause a feeling of cold. Higher concentrations (10%
and 20%) also elicited a cold sensation lasting 9 and 7 min, respectively. Subsequently,
subjects reported a sensation of warmth with delays of 3, 7, and 13 min for 5%, 10% and 20%
concentrations, respectively, after the cessation of the cold sensation. Blood flow in the skin
and muscles also increased with a time delay [150]. It also caused a burning sensation [151].
Camphor is a TRPV3 activator and it has been tested in the epidermal tape peel test. At
temperatures of 34 and 42 °C, it did not show faster regeneration of the damaged layer.
The temperature range from 3640 °C showed accelerated regeneration in each case [152].
Applying camphor to the skin is associated with its excretion in urine [153]. Table 6 shows
the molecular actions of camphor on the skin and their effects. Furthermore, Figure 3 shows
a schematic mechanism of action of this compound specifically in the context of the skin.

Table 6. Molecular effects of camphor on the skin.

Molecular Actions of Camphor Effect Ref.
Decrease in elastase activity Increase in the amount of elastin
Ir}jdg;:(t}cg&gjfﬂ Eﬁgsggiﬁﬁi(;;:f Inhibition of fibroblast apoptosis vl
Action on B-galactosidase Inhibition of skin aging
Activation of TRPV1 Desensitizing and analgesic effect [147]
Activation of the channel, enhancement of
Activation of TRPMS8 cold sensitivity, inhibition of the response [154]
to menthol

Activation of TRPV3 Heat activation, suggestive sensitizing role [148]
Activation and inhibition of TRPA1 Agonist-antagonist action, probable role as [151]

a cold sensor in nociceptive neurons

Methods of Treating Skin Diseases

EO containing Cinnamomum camphora are used as a natural remedy for soothing skin
inflammation [41].

The effect of camphor on penetration into the epidermis was examined. This is
important considering the possibility of better absorption of drugs when applied to the
skin at the same time. It has been proven to have a weak effect on transepidermal water
loss, which is a positive phenomenon. Camphor increases penetration through the skin
layers [74,89]. For example, 5% camphor has been shown to improve the transdermal
penetration of carvedilol in studies performed on pig skin [155]. Studies were also carried
out on rats, which proved better absorption of propanolol hydrochloride when using
camphor [90]. In vitro and in vivo studies (on rabbit skin) showed increased absorption of
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ondansetron when administered with camphor in the form of a gel. It is an antiemetic drug
used, among other uses, in chemotherapy [156].

:> Epidermis
=) Dermis

|:> Subcutaneous tissue

1. Fibroblast

2. Elastin

3. Hair

4. Hair erector muscle
5. Collagen

Effect of camphor on the skin

Fibroblasts Phosphorylation of the P13K/AKT and ER pathways
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Figure 3. Simplified skin model and camphor effect.

Positive uses of camphor on the skin have an impact on the treatment of atopic
dermatitis (AD). The anti-inflammatory effect of this compound has been demonstrated
through the phosphorylation of transcription activator 1, Janus kinase signal transducer,
and extracellular signal-regulated kinase 1/2. The synthesis of chemokines, which play a
significant role in the pathogenesis of AD, was reduced [4].

Combinations of camphor and other natural compounds are also used to treat skin
diseases. The use of sesame oil and honey in the treatment of second-degree burn wounds
in rats is interesting. The described combination accelerated the healing process [157].
The use of the synergism of camphor with Lavandula latifolia was used in a checkerboard
study against S. aureus and L. monocytogenes, showing better inhibitory effects against these
microorganisms [55].

The combination of camphor and menthol has been used with positive effect in the
treatment of itching, taking advantage of the ability of camphor to stimulate the TRPV3
receptor [158]. Camphor oil with or without glycerol dilution worked very well on facial
demodeciodosis and scabies, giving complete cures in concentrations of 100%, 75% and
50% [159].

The effect of phenocamphor on mycosis of the feet, legs, and armpits caused by der-
matophytes was also examined. A satisfactory effect was achieved, with a low recurrence
rate [160].

Camphor, being a component of UV filters, contributes to protection against harm-
ful radiation. To prevent the degradation of this compound (4-MBC) after dermal ad-
ministration, this compound was complexed with methyl-3-cyclodextrin (RM-{3-CD),
which improved its effectiveness [161]. However, a case was described of a 71-year-old
man who used cosmetics with a UV filter and was diagnosed with photocontact allergy
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to 4-methylbenzylidene camphor. The patient had been using these agents for several
years [162].

An interesting combination finding is that a cream containing camphor, chondroitin
sulfate, and glucosamine sulfate was used for knee osteoarthritis with better results than
the placebo group. Improvement was observed after treatment with the preparation after
just 4 weeks [163].

To sum up, camphor has numerous applications related to healing effects on skin
diseases, and it improves the penetration of drugs into the epidermis.

However, there are reports of a negative impact on the endocrine system, as well as
on the kidneys, lungs, testicles, and liver, so new solutions are being sought that will limit
the penetration of the compound itself into the body. The doses used in sunscreens do not
cause significant hormonal changes. Interestingly, one of the solutions being investigated
is enclosing 4-MBC in microspheres [153,164,165]. The lethal dose for camphor is about
3.5 g, although the toxic dose is about 2 g [166]. However, even large amounts applied to
the skin are usually not high enough to cause poisoning. One case of chronic cutaneous
administration of camphor was observed, resulting in granulomatous hepatitis [10]. There
are also two cases described in a hospital in the Bronx, New York, of the administration of
large doses of this compound orally and one of administration to the skin, which caused
epileptic seizures in children [167]. Camphor may cause dermatological side effects when
applied to the skin. These include pruriginous eruptions, erythematous, and papulous
oedematous [168].

8. Antimicrobial Activity of Camphor

In an era of increasing resistance of microorganisms to the antibiotics used in therapy,
an important feature of the natural compounds supporting treatment is their antimicrobial
activity. These properties of camphor have been confirmed against both aerobic and
anaerobic bacteria, as well as against fungi. In this review, we collected information on
microorganisms (bacteria and fungi) that are potential etiological agents of skin infection.
We mainly selected those that are relatively easy to transmit in either the outdoor or
hospital environment.

8.1. Interactions of Camphor-Containing Essential Oils with Antimicrobial Drugs

Potential pharmacological interactions between camphor and Lavandula latifolia EO
were evaluated against S. aureus ATCC 25923. Based on the microdilution method, the
MIC of the combination was determined at 0.16-20.0 mg/mL. The high activity of the
combination of EOs and (+)-camphor (concentrations 0.31 + 1.25 mg/mL, respectively)
was determined to be synergistic [55]. The EO of Artemisia herba-alba (32% camphor)
was highly active against the MRSA S19 strain, obtaining a MIC value of 1.2 pL/mL.
Moreover, synergistic properties of the combination of EOs with cefoxitin against staph
were indicated [24]. The synergistic interaction was also detected in the case of Croton
tetradenius EO with meropenem and ciprofloxacin against S. aureus [116]. Grimsey et al.
examined the antibacterial activity of Combretum spp. leaf extracts (using the Kirby-Bauer
method and microdilutions) against among other MRSAs. The isolate was non-susceptible
to all tested p-lactams and was also characterized by a high level of resistance to GEN.
It also showed only intermediate susceptibility to ciprofloxacin and chloramphenicol. C.
hereroense extract showed, in turn, excellent activity against S. aureus [124]. The Cutillas et al.
study evaluated the antibacterial activity of several Salvia officinalis EOs (camphor content in
the range 10.7-19.8%) against Gram-positive bacteria. S. aureus was found to be susceptible
to all tested oils (MIC and MBC—minimal bactericidal concentration—were in the range of
0.6-1.3 uL/mL for oils and >15 mM for camphor alone) [169]. Antibacterial and antibiofilm
activities of Salvia officinalis and Origanum vulgare EOs against S. pyogenes ATCC 19615
and 49399 was also evaluated. Sage EO contained camphor at concentration of 16.6%.
Promising results were obtained, and the MIC of the EOs was 0.5 mg/mL and was identical
to the value of MBC against planktonic forms of bacteria. In addition, the oil showed at
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the same concentration-dependent inhibition seen for the formation of S. pyogenes biofilm
for both strains (0.25 mg/mL) as well as leading to the eradication of an already produced
pathogen biofilm (MBIC [minimum-biofilm inhibitory concentration] was established at
0.5 mg/mL) [170]. The beneficial interaction profile of essential oils rich in camphor is
associated with their antibacterial properties against Gram-positive bacteria. The activity
of the described substances (microdilution method and Kirby-Bauer assay) is summarized
in the form of tables (Tables 7 and 8).

Table 7. Antibacterial activities of camphor-containing essential oils against Gram-positive bacteria
(minimal dilution assay).

Camphor Concentration

Bacteria Plant Cultivar [%] MIC Value Ref.
Lavandula stoechas 8.64% 0.01795 mg/mL [171]
Salvia officinalis 16.4% 0.125 mg/mL [102]
S. aureus Ocimum tenuiflorum 31.52% 0.00225 mg/mL [103]
Lavandula stoechas 36.69% 0.5 mg/mL [101]
Rosmarinus officinalis 26.5% 0.32 mg/mL [109]
. o 0.03 mg/mL
Satureja montana 29.1% 0.63 mg/mL [129]
o 8 mg/mL
Makhlaseh 49.0-56.9% 4mg/mL [172]
S. pyogenes - —
Salvia officinalis 16.6% 0.5 mg/mL [170]
Perovskia abrotanoides 21.68% 2.0 mg/mL [173]
Lavandula stoechas x viridis ‘St. o
Brelade’s’ 7.13% 6.25 mg/mL [113]
Clostridium spp. Artemisia annua >60% ~1.6 mg/mL [174]

Table 8. Antimicrobial activities of camphor-containing essential oils against S. aureus (Kirby-
Bauer assay).

ZOI Value for i
Plant Cultivar Camphﬂor Z0I Value for EO EO Con'tent per Positive Control Positive Contr'ol Ref.
Conc. [%] [mm] Disc Content per Disc
[mm]

Oci 54.6% 7.66

. cmuim 52.0% 6.66 8 uL/disc 18.0 ND, TET [140]

kilimanscharicum Guerke o
57.2% 5.0
12.0 5.83 mg/disc 20
Lavandula stoechas 8.64% 13.0 23.4 mg/disc ” 4' 0 ND, CIP, GM [171]
18.0 35.1 mg/disc ’

Salvia officinalis 36.92% 8.0-13.0 20 pL/disc ND ND [172]

Curcuma aeruginosa 29.39% 22.0 10 puL/disc 7.28 10 ng GM [103]

Artemisia sieberi Besser 2.8-42.9% 12.3-20.6 5 uL/disc ND ND [120]

- pure camphor 12.0 ND ND ND

Thymus algeriensis 17.45-32.56% 18.0 40 pL/disc 10.0 25 pg AMX [125]

Rosmarinus officinalis 26.5% 25.2 ND 30.0 5 ug CIP [109]
3% 7.0

Cinnamomum camphora 6% 11.0 ND 15.0 10 ug STR [175]
9% 17.0

7.2 5 ug/MET
Combretum hereroense ND 214 10 uL/disc 10 pg CHL, GM [124]
>15.0
5 ug CIP

AMX—amoxicillin;, CHL—chloramphenicol; CIP—ciprofloxacine; GM—gentamycin; MET—methicillin;
STR—streptomycin; TET—tetracycline; ND—not defined.
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Interesting reports on the activity of the Artemisia herba-alba EO (32% camphor) in rela-
tion to imipenem-resistant A. baumannii S3310 (IRAB) include the Bekka-Hadji et al. study.
Moreover, the synergistic properties of the combination of oil with ticarcillin-clavulanate,
cefotaxime, imipenem, and nalidixic acid against IRAB have been demonstrated. This is
an important premise in the era of increasing antibiotic resistance [24]. Another article
describes the antimicrobial activity of Salvia officinalis EO in relation to various pathogenic
bacteria, including A. baumannii. Camphor was the predominant component of the EO,
obtaining a concentration value of 18.72%. Interestingly, the oil showed a synergistic effect
in combination with cefazolin in relation to several pathogens (S. aureus, K. pneumoniae,
and A. baumannii) [176]. In addition, the synergistic nature of the interaction of the C.
tetradenius EO with meropenem and ciprofloxacin for K. pneumoniae was detected [116].
Encouraging results were also obtained in the field of antibacterial activity for that of R.
officinalis EO against fluoroquinolone-resistant E. coli (gyrA and parC mutations) [122]. In
the Asili et al. study, the antibacterial activity of Artemisia annua EO (content of ~30%
camphor) was assessed in relation to MDR E. coli ESBL. MIC values of A. annua EO in
relation to five clinical isolates of E. coli ESPL were at the level of 2.5-10 mg/mL [115].
Antibacterial activity of C. tetradenius EO (camphor content 13.95%) in relation to E. coli
ATCC 25922 was described in the Siqueira et al. study. Importantly, the synergism of the
EO with meropenem in the case of E. coli was demonstrated [116].

Due to the fact that drug resistance is a significant problem in the effectiveness and
speed of treatment of skin infections, in Table 9 we summarize information on the resistance
of the bacterial and fungal strains we analyzed, including the mechanism of resistance.

Table 9. Antibacterial and antifungal activity of camphor-enriched EOs and derivates, including
resistance of the tested strains.

Camphor Source

MIC Value ZOI Value Pathogen Resistance Mechanism Ref.

Artemisia judaica EO

Resistance to azoles
1.25 uL./mL - C. albicans mediated by efflux pumps [101]

(16.1% camphor) Cdrl and Cdr2
Artemziza herba-alba EO 12 uL/mL MRSA—methicillin- [24]
(82% camphor) ) S. aureus resistant S. aureus,
Combretum hereroense EO 0.17 mg/mL mediated by mecA gene [127]
Camphor quinoxalin- resistance to various
24 uM - B-lactam antibiotics [134]

2,3(1H,4H)-dione

Artemisia herba-alba EO

IRAB—imipenem-

(32% camphor) 12 uL./mL ) A baumannii resistant A. baumannii [24]
Resistance to
Rosmarinus officinalis EO 9-33-12.67 mm vs. ) fluoroquinolones
o - 30.0 mm E. coli . [131]
(~23% camphor) e mediated by gyrA and
nalidixic acid .
parC genes mutations
Artemisia annua EQ (=30% 5 514 0 /m1 ; E. coli ESBL—extended [132]
camphor)
spectrum 3-lactamase
camphor-linked biphenyl 16 ug/mL - K. pneumonine [134]

quinoxalin-6-sulfonamide

8.2. Antimicrobial Activity of Novel Camphor-Based Derivates

The activity of silver complexes with camphor—imine derivatives was also assessed
against the E. coli ATCC 25922 strain. One of the compounds was characterized by strong
activity against a pathogen, with an MIC value of 7.2 = 0.1 pg/mL. The study tested deriva-
tives also against the S. aureus strain Newman. One of the imine derivatives showed an
excellent activity profile against S. aureus (MIC = 9.3 & 1.1 ug/mL). The study also proved
higher antibacterial activity on the part of camphor sulfonimine derivatives than imines.
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The derivatives mentioned were also tested in relation to P. aeruginosa 477. The MIC for
this pathogen obtained by one of the imine derivatives was 3.4 &+ 0.1 ug/mL [177]. Novel
camphor-based organic derivates from the Peraman et al. study showed that camphor and
camphorosulfonic acid derivatives are characterized by a wide spectrum of antibacterial
activities, including against MRSA. The presence of the camphor group resulted in an
excellent antibacterial activity of the preparation (MIC for MRSA at the level of 24 uM).
Camphor quinoxalin-2,3(1H,4H)-dione (MIC = 24 uM) and isatin-based derivates obtained
a MIC values of 24 uM, 51 pM, and 82 uM, respectively, against MRSA and P. aeruginosa
ATCC 27853. In the study, camphor-linked biphenyl quinoxalin-6-sulfonamide obtained
promising results against P. aeruginosa, A. baumannii, and MDR K. pneumoniae ATCC 700603
(ESBL- extended spectrum f3-lactamase isolate), reaching a MIC value of 16 pg/mL. Cam-
phor and camphor-sulfonic acid derivatives were also highly active against an MDR C.
albicans ATCC 90028 isolate. The best properties in relation to yeasts were shown by benzoin
and salicylic derivatives of camphor obtaining MIC at the levels of 16 pg/mL and 8 ug/mL,
respectively (positive control amphotericin B MIC =2 pug/mL) [178].

Sancineto et al. revealed the antimicrobial activity of organoselenic compounds (in-
cluding camphor diselenide) against biofilms and planktonic forms of S. aureus ATCC
29213 and S. pyogenes ATCC 20565 as important etiological factors of skin wound infections.
Camphor diselenide showed moderate activity against S. pyogenes: MIC = 31.25 mg/L
(positive control gentamycin, MIC = 2.19 mg/L). Camphor diselenide also showed an
excellent biofilm inhibitory profile against S. pyogenes (including subinhibitory concentra-
tions). The antimicrobial activity of camphor diselenide against biofilm and planktonic
forms of S. aureus ATCC 29213 was also revealed. The in vitro study showed that MIC
for S. aureus was at the level of 250 mg/L. This derivative was characterized by a strong
biofilm inhibitory profile even in subinhibitory concentrations of 0.5x MIC. The antifungal
properties of camphor diselenide were also revealed against C. albicans Sc5314. The most
preferred MIC profile was that obtained by one of the derivatives (MIC = 31.25mg/L)
compared to the positive control FLC, for which MIC = 0.25 mg/L. One of the com-
pounds at a concentration of 50 mg/L showed a decrease in biofilm formation by about
60% [27]. The Zhang et al.’s study evaluated the antibacterial properties of newly synthe-
sized camphorylpyrimidine-amine derivatives containing bicyclic monoterpene groups.
One of the derivatives (N-(2,4-Difluorobenzyl)-4-(4-methoxyphenyl) -8,9,9-trimethyl-5,6,7,8-
tetrahydro -5,8-Methylquinazolin-2-amine) of camphor showed an interesting activity pro-
file in relation to the tested bacteria K. pneumoniae (MIC = 32 ng/mlL, equal to positive
control of ACN). Optimism is inspired by the excellent activity of the derivative against
K. pneumoniae and P. aeruginosa, which was comparable or higher than that of aminogly-
cosides. The preparation showed an MIC for E. coli at 8 pg/mL vs. 2 pg/mL for the
positive control can, and 16 ug/mL for P. aeruginosa versus 32 pg/mL for ACN. Zhang
et al. also described significant activity of one of the compounds against MRSA isolates
(MIC = 8 ug/mL vs. positive control CAN’s MIC =1 ug/mL) and against pathogenic fungi
C. albicans (MIC = 32 pug/mL vs. ketoconazole’s MIC = 16 pg/mL) [94].

Carvalho et al. showed an interesting profile of antibacterial properties of silver
complexes with imine and sulfoimine derivatives of camphor in relation to, among other
microbes, P. aeruginosa 477. One of the camphor—sulphonyl-imine complexes obtained
the best anti-pseudomonal properties (MIC = 36 ug/mL), which makes it an interesting
option for further research in the era of increasing antibiotic resistance among Pseudomonas
aeruginosa strains [123]. A similar report comes from the Cardoso et al. study, in which
researchers assessed the effects of camphor-imine complexes with silver ions (Ag™) against
microbes such as. P. aeruginosa and obtained the encouraging MIC result of 19 pg/mL
for one of the derivatives [179]. Another study showed the promising properties of the
camphor-based 2,4-disubstituted 1,3-thiazoles in the terms of their activity against C.
albicans. The MIC for yeasts was defined in the range of 0.12-0.98 ng/mL, which makes
their activity comparable to that of tested fluconazole [180].
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9. Future Perspectives of Antimicrobial Usage of Camphor Derivates

Another study determined camphor activity (concentrations 30-50%) in combination
with metronidazole [Metronidazole-Loaded Camphor-Based In Situ Forming Matrix] for
consideration as a therapeutic option against bacteria involved in periodontitis. The
combination of 40% camphor with 5% triacetin has been shown to prolong the release of
metronidazole from the substrate for up to 6 days. Activity against S. aureus ATCC 6538 was
determined by disc diffusion assay. The test with the best parameters showed a ZOI value
for S. aureus equal to 15.03 & 0.6 mm, (control sample ZOI was ~23.3 mm) [181]. The Rani
et al. study evaluated the antimicrobial activity of a camphor-enriched food film based on
soy protein. No significant antimicrobial activity (against E. coli, Listeria monocytogenes) was
demonstrated for the film as opposed to that of a 1% camphor solution alone. It has been
shown that after incubation (12-16 h) of film fragments in agar, there was no significant
decrease in optical density. In turn, in the case of a 1% camphor solution, this density was
observed to decrease by 12.5% (L. monocytogenes) and 62.5% (E. coli). Although the study
does not prove that the innovative food film had antibacterial properties, it does validate
earlier reports of significant camphor activity against E. coli [182]. Interesting findings came
from an article by Santos et al. on the use of a coating made of diamond-like carbon foil
with a built-in camphor molecule. The effectiveness of a coating applied to the surface of
polyurethane was assessed to combat C. albicans’ biofilm (including yeast colonization of
vascular catheters). ATCC 10231 was the strain used in the study. A significant reduction
in the formation of biofilm by the fungus at the level of 91-99% has been shown, which
makes the results very promising [183].

Figure 4 summarizes the average MIC values from the literature data analyzed in this
review. Only those strains for which at least three antimicrobial activity values were found
were considered. The very high standard deviation (SD) of the compared results is due to
the fact that the analysis included studies focusing on different plants that include camphor.
Nevertheless, based on the graph, it becomes clear that camphor shows an antimicrobial
tendency against both Gram-positive and Gram-negative bacteria, as well as against the
fungus species C. albicans. Therefore, its activity covers the vast majority of the panel of
pathogens responsible for both primary and secondary skin infections. Thus, the preventive
effect of camphor in skin disorders is very promising, not only as an additive to cosmetics,
i.e., lotions, shampoos, but especially in medicine as (i) an antiseptic to be applied directly
to the skin and (ii) a disinfectant applied to objects in direct contact with the skin.

Mean MIC Value [mg/mL]

C. albicans [
Ecoli N
K. pneumoniae [—
P. aeruginosa |
S. pyogenes [
S. aureus [
0 1 2 3 4 5 6 7

Figure 4. Camphor’s averaged antimicrobial and antifungal activities (based on unified data from
the literature collected from articles described and cited in Tables 4-8).
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In addition, camphor, as an additive in small amounts to cosmetic products applied
directly to the skin, boasts popularity. It has already found use in foot care cosmetics, such
as Gehwol warming lotion and FcSynergy ointment. Its beneficial effects are also utilized
in the production of body care cosmetics, such as Flos-lek gel, Ilcsi cleansing concentrate,
and Gehwol herbal salt. Camphor is often an ingredient in anti-acne products, e.g., Tolpa.
It is also added to shampoos, e.g., Trico Botanica, as well as antiperspirants and perfumes.
Because of its wide-ranging effects (i.e., relaxing, warming, relaxing, pore-opening, pH-
restoring, and purifying), camphor is a compound with many uses and it surrounds us on
all sides.

10. Conclusions

In this review article, we proved that camphor is a forward-looking natural compound
in medicine. It can be used with great success in the prevention of skin infections. Indeed, it
shows activity against both pathogens involved in primary and secondary dermatological
infections. Its addition to medical devices applied directly to the skin protects the skin
from attack by microorganisms, including those showing multi-drug resistance. In addi-
tion, as an ingredient in cosmetic products, it enhances their antiseptic effect and aids in
eliminating purulent eruptions. However, due to the toxicity of this compound, future
research directions should focus primarily on the aspect of reducing this negative effect.
These should include studies searching for associations of camphor with other compounds
that would neutralize the toxic effect of camphor while simultaneously enhancing its pos-
itive activities, i.e., analgesic, antipruritic, and warming. Moreover, prospective studies
around slowing the absorption and/or release of this compound are also very promising.
Research supporting the possibility of using camphor in nanotechnology also deserves
great attention. The use of nanoparticles carrying camphor are highly promising due to
their antitoxic effects. In the future, it is worth focusing on the use of various surfaces (e.g.,
bandages, sponges) impregnated with nanoparticles filled with camphor. However, this
idea still needs many multicenter and multidirectional experiments. There is a need for
in vivo studies that would give us the green light regarding the safety of future therapies.
Such research could provide guidance on using these nanoparticles not only for preventing
skin disorders but mainly as a therapeutic agent in cases of skin barrier disruption. In addi-
tion, future research should be based primarily on finding new ways for this compound
to interact with, for example, antibiotics on bacterial and fungal cells involved in skin
diseases. Therefore, further research using camphor as a wound-healing aid are important.
The results of such experiments are even desirable from the point of view of eradicating
resistant strains colonizing wounds.

Author Contributions: Conceptualization, A.D.-M.; software, E.T.; investigation, A.D.-M., S.V,, E.T,,
J.K.,, M.G., WM. and K.W.; resources A.D.-M., S.V,, E.T.,, ] K., M.G., WM. and K.W.; data curation,
AD.-M, SV, ET, JK, M.G.,, WM. and K.W.; writing—original draft preparation, A.D.-M., S.V.,,
E.T,]J.K, M.G., WM. and K.W,; writing—review and editing, A.D.-M. and S.V,; visualization, A.D.-
M. and S.V,; supervision, A.D.-M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.



Pharmaceuticals 2024, 17, 715 22 of 29

References

1. Nurzynska-Wierdak, R.; Pietrasik, D.; Walasek-Janusz, M. Essential Oils in the Treatment of Various Types of Acne—A Review.
Plants 2023, 12, 90. [CrossRef]

2. Chandrasekaran, S.; Murthykumar, K.; Nirmalkumar, H.; Chandrasekar, H. Role of camphor in oral health care. Int. J. Pharm. Sci.
Health Care 2014, 2, 1-5.

3. Bubley, J.A.; Alharthi, M.; Arbiser, J.L. Successful Treatment of Palmoplantar Psoriasis with Chemical Peeling and Gentian Violet.
JAAD Case Rep. 2021, 17, 28-30. [CrossRef]

4. Kang, N.J.; Han, S.C.; Yoon, S.H.; Sim, ].Y.; Maeng, Y.H.; Kang, H.K.; Yoo, E.S. Cinnamomum camphora Leaves Alleviate Allergic
Skin Inflammatory Responses In Vitro and In Vivo. Toxicol. Res. 2019, 35, 279-285. [CrossRef]

5. Abdollahi, D.; Jafariazar, Z.; Afshar, M. Effect of Monoterpenes on Ex Vivo Transungual Delivery of Itraconazole for the
Management of Onychomycosis. J. Cosmet. Dermatol. 2020, 19, 2745-2751. [CrossRef]

6. Li, Z;Gan, Y,; Kang, T,; Ke, B.; Zhao, Y.; Huang, T.; Chen, Y.; Liu, J]. Camphor Attenuates Hyperalgesia in Neuropathic Pain
Models in Mice. J. Pain Res. 2023, 16, 785-795. [CrossRef]

7. Silva-Filho, S.E.; de Silva-Comar, EM.S.; Wiirzler, L.A.M.; do Pinho, R].; Grespan, R.; Bersani-Amado, C.A.; Cuman, R.K.N. Effect
of Camphor on the Behavior of Leukocytes In Vitro and In Vivo in Acute Inflammatory Response. Trop. |. Pharm. Res. 2014, 13,
2031-2037. [CrossRef]

8. Gabbanini, S.; Lucchi, E.; Carli, M.; Berlini, E.; Minghetti, A.; Valgimigli, L. In Vitro Evaluation of the Permeation through
Reconstructed Human Epidermis of Essentials Oils from Cosmetic Formulations. J. Pharm. Biomed. Anal. 2009, 50, 370-376.
[CrossRef]

9.  Narayan, S.; Singh, N. Camphor Poisoning—An Unusual Cause of Seizure. Med. ]. Armed Forces India 2012, 68, 252-253. [CrossRef]

10. Manoguerra, A.; Erdman, A.; Wax, P; Nelson, L.; Martin Caravati, E.; Cobaugh, D.; Chyka, P.; Olson, K.; Booze, L.; Woolf, A.; et al.
Camphor Poisoning: An Evidence-Based Practice Guideline for out-of-Hospital Management. Clin. Toxicol. 2006, 44, 357-370.
[CrossRef]

11. Babaei, M.; Hesari, A.K.; Soltani, S. Evaluation of the Camphor Effects on Histological Parameters of Skin in Adult Mice and the
Protective Role of Vitamin E. J. Basic Res. Med. Sci. 2021, 8, 53-62.

12.  Nguyen, A.V,; Soulika, A.M. The Dynamics of the Skin’s Immune System. Int. J. Mol. Sci. 2019, 20, 1811. [CrossRef]

13.  Del Giudice, P. Skin Infections Caused by Staphylococcus Aureus. Acta Derm. Venereol. 2020, 100, 208-215. [CrossRef]

14. Amy Stanway MB ChB Streptococcal Skin Infection. Available online: https://dermnetnz.org/Topics/Streptococcal-Skin-
Infections (accessed on 23 January 2024).

15. Klitgaard, K.; Nielsen, M.W.; Ingerslev, H.C.; Boye, M.; Jensen, T.K. Discovery of Bovine Digital Dermatitis-Associated Treponema
Spp. in the Dairy Herd Environment by a Targeted Deep-Sequencing Approach. Appl. Environ. Microbiol. 2014, 80, 4427-4432.
[CrossRef]

16. Kononen, E.; Wade, W.G. Actinomyces and Related Organisms in Human Infections. Clin. Microbiol. Rev. 2015, 28, 419-442.
[CrossRef]

17.  Gardini, G.; Gregori, N.; Matteelli, A.; Castelli, F. Mycobacterial Skin Infection. Curr. Opin. Infect. Dis. 2022, 35, 79-87. [CrossRef]

18. Espinosa-Herndndez, V.M.; Morales-Pineda, V.; Martinez-Herrera, E. Skin Infections Caused by Emerging Candida Species. Curr.
Fungal Infect. Rep. 2020, 14, 99-105. [CrossRef]

19. Blaise, G.; Nikkels, A.; Hermanns-L¢, T.; Nikkels-Tassoudji, N.; Piérard, G.E. Corynebacterium-associated Skin Infections. Int. J.
Dermatol. 2008, 47, 884-890. [CrossRef]

20. Ghahramani, G. Superficial Staphylococcal and Streptococcal Infections. In Inpatient Dermatology; Springer: Cham, Switzerland,
2018; pp. 99-103. [CrossRef]

21. Allen, C.H,; Patel, B.; Endom, E.E. Primary Bacterial Infections of the Skin and Soft Tissues Changes in Epidemiology and
Management. Clin. Pediatr. Emerg. Med. 2004, 5, 246-255. [CrossRef]

22.  Bikowski, J. Secondarily Infected Wounds and Dermatoses: A Diagnosis and Treatment Guide. |. Emerg. Med. 1999, 17, 197-206.
[CrossRef]

23. Siddiqui, A.H.; Koirala, J. Methicillin-Resistant Staphylococcus aureus. In StatPearls [Internet]; StatPearls Publishing: Treasure
Island, FL, USA, 2023. [PubMed]

24. Bekka-Hadji, F.; Bombarda, I.; Djoudi, F.; Bakour, S.; Touati, A. Chemical Composition and Synergistic Potential of Mentha
pulegium L. and Artemisia Herba Alba Asso. Essential Oils and Antibiotic against Multi-Drug Resistant Bacteria. Molecules 2022,
27,1095. [CrossRef]

25.  Gahlot, R.; Nigam, C.; Vikas Kumar, G.; Yadav, H.; Anupurba, S. Catheter-Related Blood Stream Infections. Int. J. Crit. Illn. Inj.
Sci. 2014, 4, 162-167. [CrossRef]

26. Ayobami, O.; Brinkwirth, S.; Eckmanns, T.; Markwart, R. Antibiotic Resistance in Hospital-Acquired ESKAPE-E Infections in
Low- and Lower-Middle-Income Countries: A Systematic Review and Meta-Analysis. Emerg. Microbes Infect. 2022, 11, 443-451.
[CrossRef]

27. Sancineto, L.; Piccioni, M.; De Marco, S.; Pagiotti, R.; Nascimento, V.; Braga, A.L.; Santi, C.; Pietrella, D. Diphenyl Diselenide

Derivatives Inhibit Microbial Biofilm Formation Involved in Wound Infection. BMC Microbiol. 2016, 16, 220. [CrossRef]


https://doi.org/10.3390/plants12010090
https://doi.org/10.1016/j.jdcr.2021.08.017
https://doi.org/10.5487/TR.2019.35.3.279
https://doi.org/10.1111/jocd.13317
https://doi.org/10.2147/JPR.S398607
https://doi.org/10.4314/tjpr.v13i12.13
https://doi.org/10.1016/j.jpba.2009.05.018
https://doi.org/10.1016/j.mjafi.2011.11.008
https://doi.org/10.1080/15563650600671696
https://doi.org/10.3390/ijms20081811
https://doi.org/10.2340/00015555-3466
https://dermnetnz.org/Topics/Streptococcal-Skin-Infections
https://dermnetnz.org/Topics/Streptococcal-Skin-Infections
https://doi.org/10.1128/AEM.00873-14
https://doi.org/10.1128/CMR.00100-14
https://doi.org/10.1097/QCO.0000000000000820
https://doi.org/10.1007/s12281-020-00380-9
https://doi.org/10.1111/j.1365-4632.2008.03773.x
https://doi.org/10.1007/978-3-319-18449-4_20
https://doi.org/10.1016/j.cpem.2004.08.004
https://doi.org/10.1016/S0736-4679(98)00150-4
https://www.ncbi.nlm.nih.gov/pubmed/29489200
https://doi.org/10.3390/molecules27031095
https://doi.org/10.4103/2229-5151.134184
https://doi.org/10.1080/22221751.2022.2030196
https://doi.org/10.1186/s12866-016-0837-x

Pharmaceuticals 2024, 17, 715 23 of 29

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Apinundecha, C.; Teethaisong, Y.; Suknasang, S.; Ayamuang, 1.O.; Eumkeb, G. Synergistic Interaction between Boesenbergia
rotunda (L.) Mansf. Essential Oil and Cloxacillin on Methicillin-Resistant Staphylococcus Aureus (MRSA) Inhibition. Evid.-Based
Complement. Altern. Med. 2023, 2023, 3453273. [CrossRef]

Roman, H.; Niculescu, A.G.; Lazar, V.; Mitache, M.M. Antibacterial Efficiency of Tanacetum Vulgare Essential Oil against ESKAPE
Pathogens and Synergisms with Antibiotics. Antibiotics 2023, 12, 1635. [CrossRef]

Langan, S.M.; Mulick, A.R.; Rutter, C.E.; Silverwood, R.J.; Asher, I.; Garcia-Marcos, L.; Ellwood, E.; Bissell, K.; Chiang, C.Y.; El
Sony, A.; et al. Trends in Eczema Prevalence in Children and Adolescents: A Global Asthma Network Phase I Study. Clin. Exp.
Allergy 2023, 53, 337-352. [CrossRef]

Flohr, C.; French’, L.; Bissonnette, R.; Taieb, A.; Deleuran, M.; Austin, J. Global Report on Atopic Dermatitis 2022; International
League of Dermatological Societies (ILDS): London, UK, 2022.

Grossi, A.P; Ruggieri, A.; Del Vecchio, A.; Comandini, A.; Corio, L.; Calisti, F; Di Loreto, G.; Almirante, B. Skin Infections in
Europe: A Retrospective Study of Incidence, Patient Characteristics and Practice Patterns. Int. J. Antimicrob. Agents 2022, 60,
106637. [CrossRef]

Malabadi, R.B.; Kolkar, K.P.; Meti, N.T.; Chalannavar, R.K. Camphor Tree, Cinnamomum camphora (L.); Ethnobotany and
Pharmacological Updates. Biomedicine 2021, 41, 181-184. [CrossRef]

Zuccarini, P; Soldani, G. Camphor: Benefits and Risks of a Widely Used Natural Product. Acta Biol. Szeged. 2009, 53, 77-82.
[CrossRef]

Ponomarev, D.A.; Mettee, H. Camphor and Its Industrial Synthesis. Chem. Educ. J. 2017, 18, 2-5.

Mahdy, A.-H.S.; Zayed, S.E.; Abo-Bakr, A.M.; Hassan, E.A. Camphor: Synthesis, Reactions and Uses as a Potential Moiety in the
Development of Complexes and Organocatalysts. Tetrahedron 2022, 121, 132913. [CrossRef]

Calderini, E.; Drienovska, I.; Myrtollari, K.; Pressnig, M.; Sieber, V.; Schwab, H.; Hofer, M.; Kourist, R. Simple Plug-In Synthetic
Step for the Synthesis of (—)-Camphor from Renewable Starting Materials. ChemBioChem 2021, 22, 2951-2956. [CrossRef]

Lang, PT.; Harned, A.M.; Wissinger, ].E. Oxidation of Borneol to Camphor Using Oxone and Catalytic Sodium Chloride: A Green
Experiment for the Undergraduate Organic Chemistry Laboratory. J. Chem. Educ. 2011, 88, 652-656. [CrossRef]

Aswandi, A.; Kholibrina, C.R. New Insights into Sumatran Camphor (Dryobalanops aromatica Gaertn) Management and Conserva-
tion in Western Coast Sumatra, Indonesia. IOP Conf. Ser. Earth Environ. Sci. 2021, 739, 012061. [CrossRef]

Renvall, P; Niemela, T. Ocotea Usambarensis and Its Fungal Decayers in Natural Stands. Bull. Jard. Bot. Natl. Belgique/Bull. Natl.
Plantentuin Belgi¢ 1993, 62, 403-414. [CrossRef]

Lee, S.-H.; Kim, D.-S.; Park, S.-H.; Park, H. Phytochemistry and Applications of Cinnamomum camphora Essential Oils. Molecules
2022, 27, 2695. [CrossRef]

Zhang, H.; Huang, T.; Liao, X.; Zhou, Y.; Chen, S.; Chen, ]J.; Xiong, W. Extraction of Camphor Tree Essential Oil by Steam
Distillation and Supercritical CO, Extraction. Molecules 2022, 27, 5385. [CrossRef]

Poudel, D.K,; Rokaya, A.; Ojha, PK.; Timsina, S.; Satyal, R.; Dosoky, N.S.; Satyal, P.; Setzer, W.N. The Chemical Profiling of
Essential Oils from Different Tissues of Cinnamomum camphora L. and Their Antimicrobial Activities. Molecules 2021, 26, 5132.
[CrossRef]

Pragadheesh, VS.; Saroj, A.; Yadav, A.; Chanotiya, C.S.; Alam, M.; Samad, A. Chemical Characterization and Antifungal Activity
of Cinnamomum camphora Essential Oil. Ind. Crops Prod. 2013, 49, 628-633. [CrossRef]

Chen, J.; Tang, C.; Zhang, R.; Ye, S.; Zhao, Z.; Huang, Y.; Xu, X.; Lan, W.; Yang, D. Metabolomics Analysis to Evaluate the
Antibacterial Activity of the Essential Oil from the Leaves of Cinnamomum camphora (Linn.) Presl. J. Ethnopharmacol. 2020, 253,
112652. [CrossRef]

Tsiftsoglou, O.S.; Atskakani, M.-E.; Krigas, N.; Stefanakis, M.K.; Gounaris, C.; Hadjipavlou-Litina, D.; Lazari, D. Exploring
the Medicinal Potential of Achillea Grandifolia in Greek Wild-Growing Populations: Characterization of Volatile Compounds,
Anti-Inflammatory and Antioxidant Activities of Leaves and Inflorescences. Plants 2023, 12, 613. [CrossRef]

Schepetkin, LA.; Ozek, G.; Ozek, T.; Kirpotina, L.N.; Klein, R.A.; Khlebnikov, A.L; Quinn, M.T. Composition and Biological
Activity of the Essential Oils from Wild Horsemint, Yarrow, and Yampah from Subalpine Meadows in Southwestern Montana:
Immunomodulatory Activity of Dillapiole. Plants 2023, 12, 2643. [CrossRef]

Oftadeh, M.; Sendi, ].J.; Ebadollahi, A. Toxicity and Deleterious Effects of Artemisia Annua Essential Oil Extracts on Mulberry
Pyralid (Glyphodes pyloalis). Pestic. Biochem. Physiol. 2020, 170, 104702. [CrossRef]

Shahrivari, S.; Alizadeh, S.; Ghassemi-Golezani, K.; Aryakia, E. A Comprehensive Study on Essential Oil Compositions,
Antioxidant, Anticholinesterase and Antityrosinase Activities of Three Iranian Artemisia Species. Sci. Rep. 2022, 12, 7234.
[CrossRef]

Ghasemi, G.; Alirezalu, A.; Ishkeh, S.R.; Ghosta, Y. Phytochemical Properties of Essential Oil from Artemisia Sieberi Besser (Iranian
Accession) and Its Antioxidant and Antifungal Activities. Nat. Prod. Res. 2021, 35, 4154-4158. [CrossRef]

Ghorbani, S.; Kosari-Nasab, M.; Mahjouri, S.; Talebpour, A.H.; Movafeghi, A.; Maggi, F. Enhancement of In Vitro Production of
Volatile Organic Compounds by Shoot Differentiation in Artemisia spicigera. Plants 2021, 10, 208. [CrossRef]

Usami, A.; Ono, T.; Marumoto, S.; Miyazawa, M. Comparison of Volatile Compounds with Characteristic Odor in Flowers and
Leaves of Nojigiku (Chrysanthemum japonense). J. Oleo Sci. 2013, 62, 631-636. [CrossRef]

Guo, S.; Geng, Z.; Zhang, W.; Liang, ].; Wang, C.; Deng, Z.; Du, S. The Chemical Composition of Essential Oils from Cinnamomum
camphora and Their Insecticidal Activity against the Stored Product Pests. Int. . Mol. Sci. 2016, 17, 1836. [CrossRef]


https://doi.org/10.1155/2023/3453273
https://doi.org/10.3390/antibiotics12111635
https://doi.org/10.1111/cea.14276
https://doi.org/10.1016/j.ijantimicag.2022.106637
https://doi.org/10.51248/.v41i2.779
https://doi.org/10.4314/jasem.v13i2.55317
https://doi.org/10.1016/j.tet.2022.132913
https://doi.org/10.1002/cbic.202100187
https://doi.org/10.1021/ed100853f
https://doi.org/10.1088/1755-1315/739/1/012061
https://doi.org/10.2307/3668286
https://doi.org/10.3390/molecules27092695
https://doi.org/10.3390/molecules27175385
https://doi.org/10.3390/molecules26175132
https://doi.org/10.1016/j.indcrop.2013.06.023
https://doi.org/10.1016/j.jep.2020.112652
https://doi.org/10.3390/plants12030613
https://doi.org/10.3390/plants12142643
https://doi.org/10.1016/j.pestbp.2020.104702
https://doi.org/10.1038/s41598-022-11375-6
https://doi.org/10.1080/14786419.2020.1741576
https://doi.org/10.3390/plants10020208
https://doi.org/10.5650/jos.62.631
https://doi.org/10.3390/ijms17111836

Pharmaceuticals 2024, 17, 715 24 of 29

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.
78.

79.

80.
81.

82.

83.

Najafian, S.; Afshar, M.; Radi, M. Annual Phytochemical Variations and Antioxidant Activity within the Aerial Parts of Lavandula
Angustifolia, an Evergreen Medicinal Plant. Chem. Biodivers. 2022, 19, €202200536. [CrossRef]

Karaca, N.; Sener, G.; Demirci, B.; Demirci, F. Synergistic Antibacterial Combination of Lavandula latifolia Medik. Essential Oil
with Camphor. Z. Naturforsch. C 2021, 76, 169-173. [CrossRef]

Purkayastha, J.; Nath, S.C. Composition of the Camphor-Rich Essential Oil of Ocimum Basilicum L. Native to Northeast India. J.
Essent. Oil Res. 2006, 18, 332-334. [CrossRef]

Joshi, R.K. Chemical Composition of the Essential Oil of Camphor Basil (Ocimum kilimandscharicum Guerke). Glob. ]. Med. Plant
Res. 2013, 1, 207-209.

Sufer, O.; Ceylan, A.; Onbasili, D.; Celik Yuvali, G.; Bozok, F. Chemical Compounds and Biological Activity of Turkish Santolina
chamaecyparissus L. Essential Oil by Microwave Assisted Distillation. Kastamonu Univ. Orman Fakiiltesi Derg. 2021, 21, 165-175.
[CrossRef]

Bozyel, M.E.; Canli, K.; Benek, A.; Simsek, O.; Akata, I.; Altuner, E.M. Biochemical Composition, a Nd in Vitro Antimicrobial and
Antioxidant Activities of Salva Fruticosa, an Ethnomedicinal Plant. Appl. Ecol. Environ. Res. 2023, 21, 3243-3256. [CrossRef]
Pieracci, Y.; Ciccarelli, D.; Giovanelli, S.; Pistelli, L.; Flamini, G.; Cervelli, C.; Mancianti, F.; Nardoni, S.; Bertelloni, F.; Ebani, V.V.
Antimicrobial Activity and Composition of Five Rosmarinus (Now salvia spp. and Varieties) Essential Oils. Antibiotics 2021, 10,
1090. [CrossRef]

Tosun, A.; Khan, S.; Kim, Y.; Calin-Sanchez, A.; Hysenaj, X.; Carbonell-Barrachina, A. Essential Oil Composition and Anti-
Inflammatory Activity of Salvia officinalis L (Lamiaceae) in Murin Macrophages. Trop. J. Pharm. Res. 2014, 13, 937. [CrossRef]
Ivanova, S.; Pashova, S.; Dyankov, S.; Georgieva, Y.; Ivanov, K.; Benbassat, N.; Koleva, N.; Bozhkova, M.; Karcheva-Bahchevanska,
D. Chemical Composition and Future Perspectives of Essential Oil Obtained from a Wild Population of Stachys germanica L.
Distributed in the Balkan Mountains in Bulgaria. Int. J. Anal. Chem. 2023, 2023, 4275213. [CrossRef]

Izadi, Z.; Esna-Ashari, M.; Piri, K.; Davoodi, P. Chemical Composition and Antimicrobial Activity of Feverfew (Tanacetum
parthenium) Essential Oil. Int. ]. Agric. Biol. 2010, 12, 759-763.

Zouari, N.; Ayadi, I.; Fakhfakh, N.; Rebai, A.; Zouari, S. Variation of Chemical Composition of Essential Oils in Wild Populations
of Thymus algeriensis Boiss. et Reut., a North African Endemic Species. Lipids Health Dis. 2012, 11, 28. [CrossRef]

Antonelli, M.; Donelli, D.; Valussi, M. Efficacy, Safety and Tolerability of Tiger Balm® Ointments: A Systematic Review and a
Meta-Analysis of Prevalence. J. Pharm. Pharmacogn. Res. 2020, 8, 1-17. [CrossRef]

Goodnough, C.L.; Wu, Y.; Gross, E.R. Topical Analgesic BENGAY® Reduces Myocardial Infarct Size in Rodents. Br. J. Anaesth.
2021, 127, e163—e166. [CrossRef]

Stinson, R.J.; Morice, A.H.; Ahmad, B.; Sadofsky, L.R. Ingredients of Vicks VapoRub Inhibit Rhinovirus-Induced ATP Release.
Drugs Context 2023, 12, 1-18. [CrossRef]

Vlahovic, T.C.; Dawes, C.L. Myths in Treating Onychomycosis. In Onychomycosis: An Illustrated Guide to Diagnosis and Treatment;
Springer: Cham, Switzerland, 2017; pp. 215-222. [CrossRef]

Derby, R.; Rohal, P; Jackson, C.; Beutler, A.; Olsen, C. Novel Treatment of Onychomycosis Using Over-the-Counter Mentholated
Ointment: A Clinical Case Series. ]. Am. Board Fam. Med. 2011, 24, 69-74. [CrossRef]

Snell, M.; Klebert, M.; Onen, N.F.; Hubert, S. A Novel Treatment for Onychomycosis in People Living With HIV Infection: Vicks
VapoRub™ Is Effective and Safe. J. Assoc. Nurses AIDS Care 2016, 27, 109-113. [CrossRef]

Coiffard, L.; Couteau, C. Soap and Syndets: Differences and Analogies, Sources of Great Confusion. Eur. Rev. Med. Pharmacol. Sci.
2020, 24, 11432-11439. [CrossRef]

Patil, ].N.; Patil, K.C,; Patil, PK.; Chaudhari, H.S. Formulation and evaluation of camphor aloe soap. World ]. Pharm. Res. 2023, 12,
1257-1273. [CrossRef]

Kedzia, A.; Kedzia, A.W. Activity of camphor oil to anaerobic bacteria. Postepy Fitoter. 2009, 3, 147-151.

Santos, C.D.; Cabot, ].C. Persistent Effects after Camphor Ingestion: A Case Report and Literature Review. . Emerg. Med. 2015, 48,
298-304. [CrossRef]

Wojtunik-kulesza, K.A. Toxicity of Selected Monoterpenes and Essential Oils Rich in These Compounds. Molecules 2022, 27, 1716.
[CrossRef]

Martin, D.; Valdez, J.; Boren, J.; Mayersohn, M. Dermal Absorption of Camphor, Menthol, and Methyl Salicylate in Humans. J.
Clin. Pharmacol. 2004, 44, 1151-1157. [CrossRef]

Robertson, ].S.; Hussain, M. Metabolism of Camphors and Related Compounds. Biochem. ]. 1969, 113, 57-65. [CrossRef]

Park, T.J.; Seo, HK.; Kang, B.].; Kim, K.T. Noncompetitive Inhibition by Camphor of Nicotinic Acetylcholine Receptors. Biochem.
Pharmacol. 2001, 61, 787-793. [CrossRef]

Zarybnicky, T.; Bousova, I.; Ambroz, M.; Skdlova, L. Hepatotoxicity of Monoterpenes and Sesquiterpenes. Arch. Toxicol. 2018, 92,
1-13. [CrossRef]

Uc, A.; Bishop, W.P; Sanders, K.D. Camphor Hepatotoxicity. South Med. . 2000, 93, 596-598. [CrossRef]

Koppel, C.; Tenczer, J.; Schirop, T.; Ibe, K. Camphor Poisoning—Abuse of Camphor as a Stimulant. Arch. Toxicol. 1982, 51, 101-106.
[CrossRef]

Zehetner, P.; Hoferl, M.; Buchbauer, G. Essential Oil Components and Cytochrome P450 Enzymes: A Review. Flavour Fragr. ].
2019, 34, 223-240. [CrossRef]

Santhanakrishnan, T.S. Tetrahedron Report Number 172. Tetrahedron 1984, 40, 3597-3609. [CrossRef]


https://doi.org/10.1002/cbdv.202200536
https://doi.org/10.1515/znc-2020-0051
https://doi.org/10.1080/10412905.2006.9699104
https://doi.org/10.17475/kastorman.1000463
https://doi.org/10.15666/aeer/2104_32433256
https://doi.org/10.3390/antibiotics10091090
https://doi.org/10.4314/tjpr.v13i6.16
https://doi.org/10.1155/2023/4275213
https://doi.org/10.1186/1476-511X-11-28
https://doi.org/10.56499/jppres19.716_8.1.1
https://doi.org/10.1016/j.bja.2021.07.029
https://doi.org/10.7573/dic.2023-3-2
https://doi.org/10.1007/978-3-319-44853-4_23
https://doi.org/10.3122/jabfm.2011.01.100124
https://doi.org/10.1016/j.jana.2015.10.004
https://doi.org/10.26355/eurrev_202011_23637
https://doi.org/10.20959/wjpr20234-27268
https://doi.org/10.1016/j.jemermed.2014.05.015
https://doi.org/10.3390/molecules27051716
https://doi.org/10.1177/0091270004268409
https://doi.org/10.1042/bj1130057
https://doi.org/10.1016/S0006-2952(01)00547-0
https://doi.org/10.1007/s00204-017-2062-2
https://doi.org/10.1097/00007611-200093060-00011
https://doi.org/10.1007/BF00279325
https://doi.org/10.1002/ffj.3496
https://doi.org/10.1016/s0040-4020(01)88790-1

Pharmaceuticals 2024, 17, 715 25 of 29

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Leibman, K.C.; Ortiz, E. Mammalian Metabolism of Terpenoids. I. Reduction and Hydroxylation of Camphor and Related
Compounds. Drug Metab. Dispos. 1973, 1, 543-551.

Baser, K.H.C.; Buchbauer, G. Handbook of Essential Oils Science, Technology, and Applications; CRC Press: Boca Raton, FL, USA, 2020;
ISBN 9780815370965.

Gyoubu, K.; Miyazawa, M. In Vitro Metabolism of (—)-Camphor Using Human Liver Microsomes and CYP2A6. Biol. Pharm. Bull.
2007, 30, 230-233. [CrossRef]

He, R.; Li, H,; Chu, Z.; Wang, F,; Du, E; Xu, F. Circulating Metabolites of Borneolum syntheticum (Bingpian) Inhibit Foam-Cell
Formation in Macrophages Induced by Oxidized Low-Density Lipoprotein. bioRxiv 2023. [CrossRef]

Chen, J.; Jiang, Q.D.; Chai, Y.P.; Zhang, H.; Peng, P.; Yang, X.X. Natural Terpenes as Penetration Enhancers for Transdermal Drug
Delivery. Molecules 2016, 21, 1709. [CrossRef]

Xie, F,; Chai, ] K.; Hu, Q.; Yu, YH.; Ma, L.; Liu, L.Y,; Zhang, X.L; Li, B.L.; Zhang, D.H. Transdermal Permeation of Drugs with
Differing Lipophilicity: Effect of Penetration Enhancer Camphor. Int. J. Pharm. 2016, 507, 90-101. [CrossRef]

Cui, Y,; Li, L.; Zhang, L.; Li, J.; Gu, J.; Gong, H.; Guo, P; Tong, W. Enhancement and Mechanism of Transdermal Absorption of
Terpene-Induced Propranolol Hydrochloride. Arch. Pharm. Res. 2011, 34, 1477-1485. [CrossRef]

Steenen, S.A.; Van Wijk, A.J.; Van Der Heijden, G.J.M.G.; Van Westrhenen, R.; De Lange, J.; De Jongh, A. Propranolol for the
Treatment of Anxiety Disorders: Systematic Review and Meta-Analysis. ]. Psychopharmacol. 2016, 30, 128-139. [CrossRef]
Mothana, R.A.; Al-Rehaily, A.].; Schultze, W. Chemical Analysis and Biological Activity of the Essential Oils of Two Endemic
Soqotri Commiphora Species. Molecules 2010, 15, 689—-698. [CrossRef]

Celen Yuceturk, S.; Aydogan Turkoglu, S.; Kockar, F.; Kucukbay, F.Z.; Azaz, A.D. Essential Oil Chemical Composition, Antimi-
crobial, Anticancer, and Antioxidant Effects of Thymus Convolutus Klokov in Turkey. Z. Naturforsch. Sect. C J. Biosci. 2021, 76,
193-203. [CrossRef]

Zhang, Y.; Wang, Y.; Zhao, Y.; Gu, W.; Zhu, Y.; Wang, S. Novel Camphor-Based Pyrimidine Derivatives Induced Cancer Cell
Death through a ROS-Mediated Mitochondrial Apoptosis Pathway. RSC Adv. 2019, 9, 29711-29720. [CrossRef]

Rawat, A.; Rawat, M.; Prakash, O.; Kumar, R.; Punetha, H.; Rawat, D.S. Comparative Study on Eucalyptol and Camphor Rich
Essential Oils from Rhizomes of Hedychium spicatum Sm. and Their Pharmacological, Antioxidant and Antifungal Activities. An.
Acad. Bras. Cienc. 2022, 94, €20210932. [CrossRef]

Pishgahzadeh, E.; Shafaroodi, H.; Asgarpanah, J. Analgesic and Antiinflammatory Activities of the Essential Oil from Artemisia
Sieberi Besser. Braz. J. Pharm. Sci. 2019, 55, €17011. [CrossRef]

Liao, J.; Xie, X.; Wang, W.; Gao, Y.; Cai, Y,; Peng, J.; Li, T.; Yi, Q.; He, C.; Wang, L. Anti-Inflammatory Activity of Essential Oil from
Leaves of Blumea balsamifera (L.) DC through Inhibiting TLR4/NF-KB Signaling Pathways and NLRP3 Inflammasome Activation
in LPS-Induced RAW264.7 Macrophage Cells. J. Essent. Oil Bear. Plants 2021, 24, 160-176. [CrossRef]

Tran, T.A.; Ho, M.T.; Song, Y.W.; Cho, M.; Cho, S.K. Camphor Induces Proliferative and Anti-Senescence Activities in Human
Primary Dermal Fibroblasts and Inhibits UV-Induced Wrinkle Formation in Mouse Skin. Phyther. Res. 2015, 29, 1917-1925.
[CrossRef]

Pej¢i¢, M.; Stojanovi¢-Radi¢, Z.; Gen¢i¢, M.; Dimitrijevi¢, M.; Radulovi¢, N. Anti-Virulence Potential of Basil and Sage Essential
Oils: Inhibition of Biofilm Formation, Motility and Pyocyanin Production of Pseudomonas Aeruginosa Isolates. Food Chem.
Toxicol. 2020, 141, 111431. [CrossRef]

Bajalan, I.; Rouzbahani, R.; Pirbalouti, A.G.; Maggi, F. Antioxidant and Antibacterial Activities of the Essential Oils Obtained
from Seven Iranian Populations of Rosmarinus Officinalis. Ind. Crops Prod. 2017, 107, 305-311. [CrossRef]

Erdogan Eliuz, E.A.; Ayas, D.; Goksen, G. In Vitro Phototoxicity and Antimicrobial Activity of Volatile Oil Obtained from Some
Aromatic Plants. J. Essent. Oil Bear. Plants 2017, 20, 758-768. [CrossRef]

Farahpour, M.R,; Pirkhezr, E.; Ashrafian, A.; Sonboli, A. Accelerated Healing by Topical Administration of Salvia officinalis
Essential Oil on Pseudomonas Aeruginosa and Staphylococcus Aureus Infected Wound Model. Biomed. Pharmacother. 2020, 128,
110120. [CrossRef]

Yamani, H.A.; Pang, E.C.; Mantri, N.; Deighton, M.A. Antimicrobial Activity of Tulsi (Ocimum tenuiflorum) Essential Oil and Their
Major Constituents against Three Species of Bacteria. Front. Microbiol. 2016, 7, 195885. [CrossRef]

Fatma, G.; Mouna, B.F.; Mondher, M.; Ahmed, L. In-Vitro Assessment of Antioxidant and Antimicrobial Activities of Methanol
Extracts and Essential Oil of Thymus Hirtus Sp. Algeriensis. Lipids Health Dis. 2014, 13, 114. [CrossRef]

Shakeri, A.; Sharifi, M.].; Fazly Bazzaz, B.S.; Emami, A.; Soheili, V.; Sahebkar, A.; Asili, ]. Bioautography Detection of Antimicrobial
Compounds from the Essential Oil of Salvia Pachystachys. Curr. Bioact. Compd. 2018, 14, 80-85. [CrossRef]

Nguir, A.; Mabrouk, H.; Douki, W.; Ben Ismail, M.; Ben Jannet, H.; Flamini, G.; Hamza, M.A. Chemical Composition and
Bioactivities of the Essential Oil from Different Organs of Ferula communis L. Growing in Tunisia. Med. Chem. Res. 2016, 25,
515-525. [CrossRef]

Bouyahya, A.; Et-Touys, A.; Bakri, Y.; Talbaui, A.; Fellah, H.; Abrini, J.; Dakka, N. Chemical Composition of Mentha Pulegium
and Rosmarinus Officinalis Essential Oils and Their Antileishmanial, Antibacterial and Antioxidant Activities. Microb. Pathog.
2017, 111, 41-49. [CrossRef]

Mohammed, H.A.; Al-Omar, M.S.; Aly, M.S.A.; Hegazy, M.M. Essential Oil Constituents and Biological Activities of the Halophytic
Plants, Suaeda Vermiculata Forssk and Salsola Cyclophylla Bakera Growing in Saudi Arabia. ]. Essent. Oil Bear. Plants 2019, 22, 82-93.
[CrossRef]


https://doi.org/10.1248/bpb.30.230
https://doi.org/10.1101/2023.07.10.548303
https://doi.org/10.3390/molecules21121709
https://doi.org/10.1016/j.ijpharm.2016.05.004
https://doi.org/10.1007/s12272-011-0909-2
https://doi.org/10.1177/0269881115612236
https://doi.org/10.3390/molecules15020689
https://doi.org/10.1515/znc-2020-0070
https://doi.org/10.1039/C9RA05900H
https://doi.org/10.1590/0001-3765202220210932
https://doi.org/10.1590/s2175-97902019000217011
https://doi.org/10.1080/0972060X.2021.1912645
https://doi.org/10.1002/ptr.5484
https://doi.org/10.1016/j.fct.2020.111431
https://doi.org/10.1016/j.indcrop.2017.05.063
https://doi.org/10.1080/0972060X.2017.1331141
https://doi.org/10.1016/j.biopha.2020.110120
https://doi.org/10.3389/fmicb.2016.00681
https://doi.org/10.1186/1476-511X-13-114
https://doi.org/10.2174/1573407212666161014132503
https://doi.org/10.1007/s00044-016-1506-1
https://doi.org/10.1016/j.micpath.2017.08.015
https://doi.org/10.1080/0972060X.2019.1574611

Pharmaceuticals 2024, 17, 715 26 of 29

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Stappen, I.; Ali, A.; Tabanca, N.; Khan, I.; Wanner, J.; Gochev, V.; Singh, V.; Lal, B.; Jaitak, V.; Kaul, V.; et al. Antimicrobial and
Repellent Activity of the Essential Oils of Two Lamiaceae Cultivated in Western Himalaya. Curr. Bioact. Compd. 2015, 11, 23-30.
[CrossRef]

Adewinogo, S.0.; Sharma, R.; Africa, C.W].; Marnewick, J.L.; Hussein, A.A. Chemical Composition and Cosmeceutical Potential
of the Essential Oil of Oncosiphon suffruticosum (L.) Kallersjo. Plants 2021, 10, 1315. [CrossRef]

Bertella, A.; Benlahcen, K.; Abouamama, S.; Pinto, D.C.G.A.; Maamar, K.; Kihal, M.; Silva, A.M.S. Artemisia Herba-Alba Asso.
Essential Oil Antibacterial Activity and Acute Toxicity. Ind. Crops Prod. 2018, 116, 137-143. [CrossRef]

Tawfeeq, A.A.; Mahdi, M.E,; Abaas, 1.S.; Alwan, A.H. Isolation, quantification, and identification of rosmarinic acid, gas
chromatography-mass spectrometry analysis of essential oil, cytotoxic effect, and antimicrobial investigation of rosmarinus
officinalis leaves. Asian J. Pharm. Clin. Res. 2018, 11, 126. [CrossRef]

Insawang, S.; Pripdeevech, P,; Tanapichatsakul, C.; Khruengsai, S.; Monggoot, S.; Nakham, T.; Artrod, A.; D’Souza, P.E.; Panuwet,
P. Essential Oil Compositions and Antibacterial and Antioxidant Activities of Five Lavandula stoechas Cultivars Grown in Thailand.
Chem. Biodivers. 2019, 16, €1900371. [CrossRef]

El Moussaoui, A.; Bourhia, M.; Jawhari, FZ.; Salamatullah, A.M.; Ullah, R.; Bari, A.; Majid Mahmood, H.; Sohaib, M.; Serhii, B.;
Rozhenko, A.; et al. Chemical Profiling, Antioxidant, and Antimicrobial Activity against Drug-Resistant Microbes of Essential Oil
from Withania frutescens L. Appl. Sci. 2021, 11, 5168. [CrossRef]

Asili, J.; Emami, S.A.; Eynolghozat, R.; Noghab, Z.S.; Bazzaz, B.S.E; Sahebkar, A. Chemical Composition and In Vitro Efficacy of
Essential Oil of Seven Artemisia Species Against ESBL Producing Multidrug-Resistant Escherichia coli. . Essent. Oil Bear. Plants
2015, 18, 124-145. [CrossRef]

Siqueira, I.B.; Teixeira Barbosa, A.A.; Jain, S.; Miranda Fernandes, R.P; Tavares Silva, A.R.S.; Ferreira Barbosa, FH.; Schimieguel,
D.M.; Blank, A.F,; Sacramento, A.G.; de Castro Nizio, D.A.; et al. In Vitro Antibacterial Activity of Essential Oils of Croton
tetradenius Baill. From the Brazilian Caatinga Biome and Its Synergistic Effect With Ciprofloxacin and Meropenem. J. Essent. Oil
Bear. Plants 2021, 24, 12-21. [CrossRef]

Pandey, M.; Pandey, A.; Shukla, S.K.; Kumar, R; Pathak, A.; Mishra, R.K,; Dikshit, A. A Comparative Analysis of In Vitro Growth
Inhibition of Waterborne Bacteria with Bioactive Plant Lippia nodiflora L. and Camphor. Desalin. Water Treat. 2016, 57, 26250-26256.
[CrossRef]

Mhiri, R.; Kchaou, M.; Belhadj, S.; El Feki, A.; Allouche, N. Characterization of Aromatic Compounds and Biological Activities of
Essential Oils from Tunisian Aromatic Plants. J. Food Meas. Charact. 2018, 12, 839-847. [CrossRef]

Bahri, F.; Romane, A.; Hoferl, M.; Wanner, J.; Schmidt, E.; Jirovetz, L. Chemical Composition and Antimicrobial Activity of
Essential Oil of Algerian Tetraclinis articulata (Vahl) Masters. . Essent. Oil Res. 2016, 28, 42—48. [CrossRef]

Mahboubi, M.; Valian, M.; Kazempour, N. Chemical Composition, Antioxidant and Antimicrobial Activity of Artemisia Sieberi
Qils from Different Parts of Iran and France. |. Essent. Oil Res. 2015, 27, 140-147. [CrossRef]

Ovidi, E.; Laghezza Masci, V.; Zambelli, M.; Tiezzi, A_; Vitalini, S.; Garzoli, S. Laurus Nobilis, Salvia Sclarea and Salvia officinalis
Essential Oils and Hydrolates: Evaluation of Liquid and Vapor Phase Chemical Composition and Biological Activities. Plants
2021, 10, 707. [CrossRef]

Farhat, A.; Benmoussa, H.; Bachoual, R.; Nasfi, Z.; Elfalleh, W.; Romdhane, M.; Bouajila, ]. Efficiency of the Optimized Microwave
Assisted Extractions on the Yield, Chemical Composition and Biological Activities of Tunisian Rosmarinus officinalis L. Essential
Oil. Food Bioprod. Process. 2017, 105, 224-233. [CrossRef]

Carvalho, M.EN.N.; Leite, S.; Costa, ].P.; Galvao, A.M.; Leitao, ].H. Ag(I) Camphor Complexes: Antimicrobial Activity by Design.
J. Inorg. Biochem. 2019, 199, 110791. [CrossRef]

Grimsey, L.; Van Vuuren, S.F.; Wright, M.H.; Cock, LE. Selected South African Combretum Spp. Extracts Inhibit Methicillin-
Resistant Staphylococcus Aureus and ESBL Strains of Escherichia Coli and Klebsiella Pneumoniae. S. Afr. |. Bot. 2024, 165, 49-58.
[CrossRef]

Ouakouak, H.; Benarfa, A.; Messaoudi, M.; Begaa, S.; Sawicka, B.; Benchikha, N.; Simal-Gandara, ]. Biological Properties of
Essential Oils from Thymus Algeriensis Boiss. Plants 2021, 10, 786. [CrossRef]

Abu-Darwish, M.S.; Cabral, C.; Gongalves, M.].; Cavaleiro, C.; Cruz, M.T.; Zulfiqar, A.; Khan, I.A.; Efferth, T.; Salgueiro,
L. Chemical Composition and Biological Activities of Artemisia Judaica Essential Oil from Southern Desert of Jordan. J.
Ethnopharmacol. 2016, 191, 161-168. [CrossRef]

Manoharan, R K; Lee, ].-H.; Lee, J. Antibiofilm and Antihyphal Activities of Cedar Leaf Essential Oil, Camphor, and Fenchone
Derivatives against Candida Albicans. Front. Microbiol. 2017, 8, 278535. [CrossRef]

Ivanov, M.; Kannan, A ; Stojkovi¢, D.S.; Glamodlija, J.; Calhelha, R.C.; Ferreira, LC.ER.; Sanglard, D.; Sokovi¢, M. Camphor and
Eucalyptol—Anticandidal Spectrum, Antivirulence Effect, Efflux Pumps Interference and Cytotoxicity. Int. . Mol. Sci. 2021, 22,
483. [CrossRef]

Nikoli¢, M.; Jovanovi¢, K.K.; Markovi¢, T.; Markovi¢, D.; Gligorijevi¢, N.; Radulovi¢, S.; Sokovi¢, M. Chemical Composition,
Antimicrobial, and Cytotoxic Properties of Five Lamiaceae Essential Oils. Ind. Crops Prod. 2014, 61, 225-232. [CrossRef]

Satyal, P.; Dosoky, N.S.; Poudel, A.; Setzer, W.N. Essential Oil Constituents and Their Biological Activities from the Leaves of
Cassia Fistula Growing in Nepal. Open Access . Med. Aromat. Plants 2012, 3, 1-4.


https://doi.org/10.2174/157340721101150804143954
https://doi.org/10.3390/plants10071315
https://doi.org/10.1016/j.indcrop.2018.02.064
https://doi.org/10.22159/ajpcr.2018.v11i6.24134
https://doi.org/10.1002/cbdv.201900371
https://doi.org/10.3390/app11115168
https://doi.org/10.1080/0972060X.2014.895181
https://doi.org/10.1080/0972060X.2020.1871079
https://doi.org/10.1080/19443994.2016.1160436
https://doi.org/10.1007/s11694-017-9698-8
https://doi.org/10.1080/10412905.2015.1076739
https://doi.org/10.1080/10412905.2014.1001526
https://doi.org/10.3390/plants10040707
https://doi.org/10.1016/j.fbp.2017.07.011
https://doi.org/10.1016/j.jinorgbio.2019.110791
https://doi.org/10.1016/j.sajb.2023.12.018
https://doi.org/10.3390/plants10040786
https://doi.org/10.1016/j.jep.2016.06.023
https://doi.org/10.3389/fmicb.2017.01476
https://doi.org/10.3390/ijms22020483
https://doi.org/10.1016/j.indcrop.2014.07.011

Pharmaceuticals 2024, 17, 715 27 of 29

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.
150.

151.

152.

153.

154.

Agour, A.; Mssillou, I.; Mechchate, H.; Es-safi, I.; Allali, A.; El Barnossi, A.; Al Kamaly, O.; Alshawwa, S.Z.; El Moussaoui, A.;
Bari, A.; et al. Brocchia cinerea (Delile) Vis. Essential Oil Antimicrobial Activity and Crop Protection against Cowpea Weevil
Callosobruchus maculatus (Fab.). Plants 2022, 11, 583. [CrossRef]

Asres, K.; Tadesse, S.; Mazumder, A.; Bucar, F. Essential Oil of Plectranthus Cylindraceus Hochst. Ex. Benth from Ethiopia: Chemical
Composition and Antimicrobial Activity. J. Essent. Oil Bear. Plants 2013, 16, 136-143. [CrossRef]

Al-Mabharik, N.; Jaradat, N.; Hawash, M.; Al-Lahham, S.; Qadi, M.; Shoman, I.; Jaber, S.; Rahem, R.A.; Hussein, E; Issa, L.
Chemical Composition, Antioxidant, Antimicrobial and Anti-Proliferative Activities of Essential Oils of Rosmarinus Officinalis
from Five Different Sites in Palestine. Separations 2022, 9, 339. [CrossRef]

Beniaich, G.; Hafsa, O.; Maliki, I.; Bin Jardan, Y.A.; El Moussaoui, A.; Chebaibi, M.; Agour, A.; Zouirech, O.; Nafidi, H.-A.;
Khallouki, F.; et al. GC-MS Characterization, In Vitro Antioxidant, Antimicrobial, and In Silico NADPH Oxidase Inhibition
Studies of Anvillea Radiata Essential Oils. Horticulturae 2022, 8, 886. [CrossRef]

Mohamadi Sani, A.; Khiabani, A.; Yaghooti, F. Chemical Composition and Antimicrobial Activity of the Essential Oil of Artemisia
aucheri Aerial Parts. J. Essent. Oil Bear. Plants 2016, 19, 875-884. [CrossRef]

Bahadirli, N.P. Comparison of Chemical Composition and Antimicrobial Activity of Salvia Fruticosa Mill. and S. Aramiensis Rech.
Fill. (Lamiaceae). J. Essent. Oil Bear. Plants 2022, 25, 716-727. [CrossRef]

Drobac, M.; Kukic-Markovic, J.; Milenkovic, M.; Niketic, M.; Petrovic, S. The Chemical Composition, Antimicrobial and
Antiradical Properties of the Essential Oil of Achillea Grandifolia Aerial Parts from Serbia. Bot. Serbica 2021, 45, 233-240.
[CrossRef]

El Hachlafi, N.; Fikri-Benbrahim, K.; Al-Mijalli, S.H.; Elbouzidi, A.; Jeddi, M.; Abdallah, E.M.; Assaggaf, H.; Bouyahya, A.;
Alnasser, S.M.; Attar, A.; et al. Tetraclinis articulata (Vahl) Mast. Essential Oil as a Promising Source of Bioactive Compounds with
Antimicrobial, Antioxidant, Anti-Inflammatory and Dermatoprotective Properties: In Vitro and in Silico Evidence. Heliyon 2024,
10, €23084. [CrossRef]

Sanae, A.A.; Ferdinand, K.E.; Bruno, E.; Hamzaoui Najia, E.; Amal, B.; Malika, M.S.; Touriya, Z. The Antifungal Effect of the Main
Monoterpenes of the Essential Oil of Artemisia herba alba Var. Huguetii (Caball.) Maire of the Region of Ouarzazate-Morocco
When Tested against Strains of Candida. Res. J. Chem. Environ. 2020, 24, 111-117.

Chaturvedi, T.; Kumar, A.; Kumar, A.; Verma, R.S.; Padalia, R.C.; Sundaresan, V.; Chauhan, A.; Saikia, D.; Singh, V.R.; Venkatesha,
K. Chemical Composition, Genetic Diversity, Antibacterial, Antifungal and Antioxidant Activities of Camphor-Basil (Ocimum
kilimandscharicum Guerke). Ind. Crops Prod. 2018, 118, 246-258. [CrossRef]

Benali, T.; Habbadi, K.; Khabbach, A.; Marmouzi, I.; Zengin, G.; Bouyahya, A.; Chamkhi, I.; Chtibi, H.; Aanniz, T.; Achbani,
E.H.; et al. GC-MS Analysis, Antioxidant and Antimicrobial Activities of Achillea Odorata Subsp. Pectinata and Ruta Montana
Essential Oils and Their Potential Use as Food Preservatives. Foods 2020, 9, 668. [CrossRef]

Hendel, N.; Napoli, E.; Sarri, M.; Saija, A.; Cristani, M.; Nostro, A.; Ginestra, G.; Ruberto, G. Essential Oil from Aerial Parts of
Wild Algerian Rosemary: Screening of Chemical Composition, Antimicrobial and Antioxidant Activities. J. Essent. Oil Bear. Plants
2019, 22, 1-17. [CrossRef]

Santomauro, F.; Donato, R.; Sacco, C.; Pini, G.; Flamini, G.; Bilia, A. Vapour and Liquid-Phase Artemisia Annua Essential Oil
Activities against Several Clinical Strains of Candida. Planta Med. 2016, 82, 1016-1020. [CrossRef]

Qasem, A.; Assaggaf, H.; Montesano, D.; Khalil, Z.; Al-Mijalli, S.H.; El Baaboua, A.; El Omari, N.; El Menyiy, N.; Bakrim, S.;
Sheikh, R.A.; et al. Determination of Chemical Compounds and Investigation of Biological Properties of Matricaria Chamomilla
Essential Oils, Honey, and Their Mixture. Molecules 2022, 27, 5850. [CrossRef]

Schneider, S.L.; Lim, H.W. Review of Environmental Effects of Oxybenzone and Other Sunscreen Active Ingredients. |. Am. Acad.
Dermatol. 2019, 80, 266-271. [CrossRef]

Berganayeva, G.; Kudaibergenova, B.; Litvinenko, Y.; Nazarova, I.; Sydykbayeva, S.; Vassilina, G.; Izdik, N.; Dyusebaeva, M.
Medicinal Plants of the Flora of Kazakhstan Used in the Treatment of Skin Diseases. Molecules 2023, 28, 4192. [CrossRef]

Xu, H.; Blair, N.T.; Clapham, D.E. Camphor Activates and Strongly Desensitizes the Transient Receptor Potential Vanilloid
Subtype 1 Channel in a Vanilloid-Independent Mechanism. J. Neurosci. 2005, 25, 8924-8937. [CrossRef]

Vogt-Eisele, A.K.; Weber, K.; Sherkheli, M.A.; Vielhaber, G.; Panten, J.; Gisselmann, G.; Hatt, H. Monoterpenoid Agonists of
TRPVS3. Br. J. Pharmacol. 2007, 151, 530-540. [CrossRef]

Green, B.G. Sensory Characteristics of Camphor. J. Investig. Dermatol. 1990, 94, 662—666. [CrossRef]

Kotaka, T.; Kimura, S.; Kashiwayanagi, M.; Iwamoto, J. Camphor Induces Cold and Warm Sensations with Increases in Skin and
Muscle Blood Flow in Human. Biol. Pharm. Bull. 2014, 37, 1913-1918. [CrossRef]

Alpizar, Y.A.; Gees, M.; Sanchez, A.; Apetrei, A.; Voets, T.; Nilius, B.; Talavera, K. Bimodal Effects of Cinnamaldehyde and
Camphor on Mouse TRPA1. Pflug. Arch. Eur. |. Physiol. 2013, 465, 853-864. [CrossRef]

Denda, M.; Sokabe, T.; Fukumi-Tominaga, T.; Tominaga, M. Effects of Skin Surface Temperature on Epidermal Permeability
Barrier Homeostasis. J. Investig. Dermatol. 2007, 127, 654-659. [CrossRef]

Janjua, N.R.; Mogensen, B.; Andersson, A.M.; Petersen, ].H.; Henriksen, M.; Skakkebeek, N.E.; Wulf, H.C. Systemic Absorption of
the Sunscreens Benzophenone-3, Octyl-Methoxycinnamate, and 3-(4-Methyl-Benzylidene) Camphor after Whole-Body Topical
Application and Reproductive Hormone Levels in Humans. J. Investig. Dermatol. 2004, 123, 57-61. [CrossRef]

Selescu, T.; Ciobanu, A.C.; Dobre, C.; Reid, G.; Babes, A. Camphor Activates and Sensitizes Transient Receptor Potential Melastatin
8 (TRPMS) to Cooling and Icilin. Chem. Senses 2013, 38, 563-575. [CrossRef]


https://doi.org/10.3390/plants11050583
https://doi.org/10.1080/0972060X.2013.794028
https://doi.org/10.3390/separations9110339
https://doi.org/10.3390/horticulturae8100886
https://doi.org/10.1080/0972060X.2016.1196122
https://doi.org/10.1080/0972060X.2022.2110388
https://doi.org/10.2298/BOTSERB2102233D
https://doi.org/10.1016/j.heliyon.2023.e23084
https://doi.org/10.1016/j.indcrop.2018.03.050
https://doi.org/10.3390/foods9050668
https://doi.org/10.1080/0972060X.2019.1590246
https://doi.org/10.1055/s-0042-108740
https://doi.org/10.3390/molecules27185850
https://doi.org/10.1016/j.jaad.2018.06.033
https://doi.org/10.3390/molecules28104192
https://doi.org/10.1523/JNEUROSCI.2574-05.2005
https://doi.org/10.1038/sj.bjp.0707245
https://doi.org/10.1111/1523-1747.ep12876242
https://doi.org/10.1248/bpb.b14-00442
https://doi.org/10.1007/s00424-012-1204-x
https://doi.org/10.1038/sj.jid.5700590
https://doi.org/10.1111/j.0022-202X.2004.22725.x
https://doi.org/10.1093/chemse/bjt027

Pharmaceuticals 2024, 17, 715 28 of 29

155.

156.

157.

158.

159.

160.
161.

162.

163.

164.

165.

166.

167.

168.
169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Gannu, R.; Vishnu, Y.V; Kishan, V.; Rao, Y.M. In Vitro Permeation of Carvedilol through Porcine Skin: Effect of Vehicles and
Penetration Enhancers. PDA ]. Pharm. Sci. Technol. 2008, 62, 256-263.

Patel, D.R; Joshi, A.; Patel, H.H.; Stagni, G. Development and In-Vivo Evaluation of Ondansetron Gels for Transdermal Delivery.
Drug Dev. Ind. Pharm. 2015, 41, 1030-1036. [CrossRef]

Vaghardoost, R.; Mousavi Majd, S.G.; Tebyanian, H.; Babavalian, H.; Malaei, L.; Niazi, M.; Javdani, A. The Healing Effect of
Sesame Oil, Camphor and Honey on Second Degree Burn Wounds in Rat. World |. Plast. Surg. 2018, 7, 67-71.

Haught, ].M.; Jukic, D.M.; English, J.C. Hydroxyethyl Starch-Induced Pruritus Relieved by a Combination of Menthol and
Camphor. |. Am. Acad. Dermatol. 2008, 59, 151-153. [CrossRef]

Gavale, A.G.; Wagh, PR. Herbal Drugs Use in a Skin Disorders Review Article. World . Pharm. Res. 2023, 12, 2655-2676.
[CrossRef]

Phillips, B. The phenol-camphor treatment of dermatophytosis. Br. ]. Dermatol. 1944, 56, 219-227. [CrossRef]

Scalia, S.; Tursilli, R.; Tannuccelli, V. Complexation of the Sunscreen Agent, 4-Methylbenzylidene Camphor with Cyclodextrins:
Effect on Photostability and Human Stratum Corneum Penetration. |. Pharm. Biomed. Anal. 2007, 44, 29-34. [CrossRef]
Schmidt, T.; Ring, J.; Abeck, D. Photoallergic Contact Dermatitis Due to Combined UVB (4-Methylbenzylidene camphor/octyl
methoxycinnamate) and UVA (Benzophenone-3/butyl methoxydibenzoylmethane) Absorber Sensitization. Dermatology 1998,
196, 354-357. [CrossRef]

Cohen, M.; Wolfe, R.; Mai, T.; Lewis, D. A Randomized, Double Blind, Placebo Controlled Trial of a Topical Cream Containing
Glucosamine Sulfate, Chondroitin Sulfate, and Camphor for Osteoarthritis of the Knee. J. Rheumatol. 2003, 30, 523-528.

Monti, D.; Chetoni, P.; Burgalassi, S.; Tampucci, S.; Centini, M.; Anselmi, C. 4-Methylbenzylidene Camphor Microspheres:
Reconstituted Epidermis (Skinethic®) Permeation and Distribution. Int. J. Cosmet. Sci. 2015, 37, 298-305. [CrossRef]

Somade, O.T. Camphor Toxicity: A Review of Recent Findings. Proc. Natl. Acad. Sci. India Sect. B Biol. Sci. 2023, 93, 775-790.
[CrossRef]

Chen, W.; Vermaak, I; Viljoen, A. Camphor—A Fumigant during the Black Death and a Coveted Fragrant Wood in Ancient Egypt
and Babylon—A Review. Molecules 2013, 18, 5434-5454. [CrossRef]

Khine, H.; Weiss, D.; Graber, N.; Hoffman, R.S.; Esteban-Cruciani, N.; Avner, J.R. A Cluster of Children with Seizures Caused by
Camphor Poisoning. Pediatrics 2009, 123, 1269-1272. [CrossRef]

Ernst, E. Adverse Effects of Herbal Drugs in Dermatology. Br. ]. Dermatol. 2000, 143, 923-929. [CrossRef]

Cutillas, A.; Carrasco, A.; Martinez-Gutierrez, R.; Tomas, V.; Tudela, J. Salvia officinalis L. Essential Oils from Spain: Determination
of Composition, Antioxidant Capacity, Antienzymatic, and Antimicrobial Bioactivities. Chem. Biodivers. 2017, 14. [CrossRef]
Wijesundara, N.M.; Rupasinghe, H.P.V. Essential Oils from Origanum Vulgare and Salvia officinalis Exhibit Antibacterial and
Anti-Biofilm Activities against Streptococcus Pyogenes. Microb. Pathog. 2018, 117, 118-127. [CrossRef]

Canly, K; Yetgin, A.; Benek, A.; Bozyel, M.E.; Murat Altuner, E. In Vitro Antimicrobial Activity Screening of Ethanol Extract of
Lavandula stoechas and Investigation of Its Biochemical Composition. Adv. Pharmacol. Sci. 2019, 2019, 3201458. [CrossRef]

Aouf, A,; Bouaouina, S.; Abdelgawad, M.A.; Abourehab, M.A.S.; Farouk, A. In Silico Study for Algerian Essential Oils as
Antimicrobial Agents against Multidrug-Resistant Bacteria Isolated from Pus Samples. Antibiotics 2022, 11, 1317. [CrossRef]
Ghavam, M. In Vitro Biological Potential of the Essential Oil of Some Aromatic Species Used in Iranian Traditional Medicine.
Inflammopharmacology 2022, 30, 855-874. [CrossRef]

Ivarsen, E.; Fretté, X.C.; Christensen, K.B.; Christensen, L.P.; Engberg, R M.; Grevsen, K.; Kjaer, A. Bioassay-Guided Chromato-
graphic Isolation and Identification of Antibacterial Compounds from Artemisia annua L. That Inhibit Clostridium Perfringens
Growth. . AOAC Int. 2014, 97, 1282-1290. [CrossRef]

Al-Askar, A.A.; Rashad, Y.M.; Abdulkhair, W.M. Evaluation of the Antimicrobial Potential of Selected Medicinal Plant Extracts
against Some Plant and Human Pathogens. J. Pure Appl. Microbiol. 2014, 8, 159-168.

Oukil, N.; Hamri, S.; Bedjou, F. Antimicrobial Effects of Combinations between Essential Oils, Antibiotics, and Major Components
of Essential Oils. Phytothérapie 2023, 21, 10-18. [CrossRef]

Costa, J.; Sousa, S.; Galvao, A.; Mata, J.; Leitao, J.; Carvalho, M. Key Parameters on the Antibacterial Activity of Silver Camphor
Complexes. Antibiotics 2021, 10, 135. [CrossRef]

Peraman, R.; Tiwari, A K.; Geetha Vani, M.; Hemanth, J.; Geetha Sree, Y.; Karthik, K.; Ashby, C.R.; Padmanabha Reddy, Y.;
Pemmidi, R.V. New Camphor Hybrids: Lipophilic Enhancement Improves Antimicrobial Efficacy against Drug-Resistant
Pathogenic Microbes and Intestinal Worms. Med. Chem. Res. 2018, 27, 1728-1739. [CrossRef]

Cardoso, ].M.S.; Galvao, A.M.; Guerreiro, S.I; Leitao, ].H.; Suarez, A.C.; Carvalho, M.EN.N. Antibacterial Activity of Silver
Camphorimine Coordination Polymers. Dalton Trans. 2016, 45, 7114-7123. [CrossRef]

Laczkowski, K.; Misiura, K.; Biernasiuk, A.; Malm, A.; Siwek, A.; Plech, T.; Ciok-Pater, E.; Skowron, K.; Gospodarek, E. Synthesis,
In Vitro Biological Screening and Molecular Docking Studies of Novel Camphor-Based Thiazoles. Med. Chem. 2014, 10, 600-608.
[CrossRef]

Jitrangsri, K.; Lertsuphotvanit, N.; Kabthong, N.; Phaechamud, T. Metronidazole-Loaded Camphor-Based In Situ Forming Matrix
for Periodontitis Treatment. AAPS PharmSciTech 2023, 24, 185. [CrossRef]


https://doi.org/10.3109/03639045.2014.925916
https://doi.org/10.1016/j.jaad.2008.03.034
https://doi.org/10.20959/wjpr20239-28447
https://doi.org/10.1111/j.1365-2133.1944.tb10799.x
https://doi.org/10.1016/j.jpba.2007.01.016
https://doi.org/10.1159/000017915
https://doi.org/10.1111/ics.12199
https://doi.org/10.1007/s40011-022-01437-0
https://doi.org/10.3390/molecules18055434
https://doi.org/10.1542/peds.2008-2097
https://doi.org/10.1046/j.1365-2133.2000.03822.x
https://doi.org/10.1002/cbdv.201700102
https://doi.org/10.1016/j.micpath.2018.02.026
https://doi.org/10.1155/2019/3201458
https://doi.org/10.3390/antibiotics11101317
https://doi.org/10.1007/s10787-022-00934-y
https://doi.org/10.5740/jaoacint.SGEIvarsen
https://doi.org/10.3166/phyto-2022-0317
https://doi.org/10.3390/antibiotics10020135
https://doi.org/10.1007/s00044-018-2186-9
https://doi.org/10.1039/C6DT00099A
https://doi.org/10.2174/15734064113096660054
https://doi.org/10.1208/s12249-023-02640-6

Pharmaceuticals 2024, 17, 715 29 of 29

182. Rani, P.; Kumari, C.; Kumar, K.D.; Kumar, R. Effect of Camphor Incorporation on the Material and Antibacterial Properties of Soy
Protein Isolate Films. . Res. Updates Polym. Sci. 2023, 12, 162-170. [CrossRef]

183. Santos, T.B.; Vieira, A.A.; Paula, L.O.; Santos, E.D.; Radi, P.A.; Khouri, S.; Maciel, H.S.; Pessoa, R.S.; Vieira, L. Flexible Camphor
Diamond-like Carbon Coating on Polyurethane to Prevent Candida Albicans Biofilm Growth. J. Mech. Behav. Biomed. Mater. 2017,
68, 239-246. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.6000/1929-5995.2023.12.13
https://doi.org/10.1016/j.jmbbm.2017.02.013

	Introduction 
	Camphor’s Chemical Properties and Methods of Production 
	Camphor Occurrence 
	Camphor as an Additional Ingredient in Products 
	Camphor Metabolism 
	Molecular Activity of Camphor 
	Mechanisms of Camphor Action on the Skin 
	Antimicrobial Activity of Camphor 
	Interactions of Camphor-Containing Essential Oils with Antimicrobial Drugs 
	Antimicrobial Activity of Novel Camphor-Based Derivates 

	Future Perspectives of Antimicrobial Usage of Camphor Derivates 
	Conclusions 
	References

