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Abstract: Essential oils (EOs) are intricate combinations of evaporative compounds produced by
aromatic plants and extracted by distillation or expression. EOs are natural secondary metabolites
derived from plants and have been found to be useful in food and nutraceutical manufacturing,
perfumery and cosmetics; they have also been found to alleviate the phenomenon of antimicrobial re-
sistance (AMR) in addition to functioning as antibacterial and antifungal agents, balancing menstrual
cycles and being efficacious as an immune system booster. Several main aldehyde constituents can be
found in different types of EOs, and thus, aldehydes and their derivatives will be the main focus of
this study with regard to their antimicrobial, antioxidative, anti-inflammatory and immunomodu-
latory effects. This brief study also explores the activity of aldehydes and their derivatives against
pathogenic bacteria for future use in the clinical setting.
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1. Introduction

Aldehydes are a class of highly reactive and toxic chemicals with several uses in the
industrial sector. Aldehydes are derived from alcohols after the removal of hydrogen
in a process called dehydrogenation [1]. The structure of aldehyde is shown in Figure 1
below [2].
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Figure 1. Aldehyde’s chemical structure.

Aldehydes are also known to affect both olfaction and gestation senses in mammals.
Aldehyde odorants such as hexanal and cinnamaldehyde bind to the receptors bonded to
the G-protein, which triggers reaction cascades and causes the perception of mammalian
senses [3]. The simplest aldehyde is formaldehyde, in which the carbonyl group binds
to two hydrogens. Different types of aldehydes include fatty aldehydes, such as hex-
anal, decanal, and octanal, with fresh apple, orange peel, and citrus odors, respectively,
whereas aromatic aldehydes include cinnamaldehyde and benzaldehyde, with cinnamon

Molecules 2022, 27, 3589. https:/ /doi.org/10.3390 /molecules27113589

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules27113589
https://doi.org/10.3390/molecules27113589
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://doi.org/10.3390/molecules27113589
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27113589?type=check_update&version=2

Molecules 2022, 27, 3589

20f12

and almond odors, respectively. Moreover, notable terpenoid aldehydes are represented
by safranal and citral, which gives saffron and lemon their aroma [4,5]. See Table 1 for the
different types of aldeydes.

Table 1. Aldehyde types and their different odors.

Type of Aldehyde Examples Odor References
Fatty aldehydes Hexanal, decanal, and octanal Fresh app .le, orange peel, and [4-7]
citrus odors
. Cinnamaldehyde, anisaldehyde, Cinnamon, sweet blossom, vanilla
Aromatic aldehydes vanillin and benzaldehyde and almond odors (471
Notable terpenoid aldehydes Safranal and citral Saffron and lemon aroma [4-7]

Aromatic aldehydes also give plants their fragrances and flavors; for example, ben-
zaldehyde is an aldehyde that can be used in the perfumery, pharmaceuticals, and flavoring
industries [6,7]. Moreover, anisaldehyde, a compound consisting of a benzene ring with
formyl and methoxy groups, is responsible for the natural sweet blossom fragrance, while
vanillin extracted from the vanilla bean is responsible for the vanilla fragrance. Other
than being extracted from plants or being chemically synthesized, aldehydes can also be
produced in most microorganisms. This pathway can be helpful as it has been shown
to minimize the rapid conversion of aldehydes into alcohols if needed to produce some
challenging biochemical classes, as recent studies that used Escherichia coli have proven; this
pathway helps to broaden the usage of aldehydes as intermediates [4,8]. Aldehydes may
be found in small quantities in essential oils (EOs) within plants. EOs are a volatile, concen-
trated mixture of organic compounds that are produced mainly as a defense mechanism in
plants [9-11]. In addition to their physiological roles as pheromones and phytohormones,
EO compounds provide some advantages that have been discovered and potentially hold
more applications yet to be known. One of the crucial advantages of the extracted EOs
from plants is their possible application as a replacement for potential antimicrobial agents
to minimize the proliferation of foodborne pathogenic microorganisms for food preserva-
tion [9,10,12,13]. Moreover, EOs have been shown to cure infectious skin diseases such as
burns, ulcers, deep wounds and acne that are caused by Cutibacterium acnes and folliculitis
caused by Staphylococcus aureus and Pseudomonas aeruginosa [12]. To date, approximately
90 types of essential oils have been reported to be useful for dermatological recuperation
purposes [13].

EQOs are composed of different compounds of monoterpenes, sesquiterpenes, and
phenylpropanoids, such as alcohols, aldehydes, carbohydrates and ketones [14-16]. Al-
though they are present in small amounts in EOs, aldehydes are considered key contributors
to an EO’s overall odor due to their potent fragrances [17]. For example, the chemical com-
position of the Melissa officinalis L. EO, which is from the family Lamiaceae, was determined
and then analyzed by GC/MS and GC-FID analysis. It showed that only 6.30% citronellal
is present in the oil, and although it is considered a minor constituent, it is one of the main
contributors to the oil’s fragrance [18,19]. Aldehydes need to be used appropriately as
they are not only respiratory irritants after inhalation but also dermal irritants when used
excessively on the skin topically [20]. Examples of aldehydes that can be found in EOs are
cinnamaldehyde and benzaldehyde (Cinnamomum cassia EO), citronellal, geranial and neral
(Cymbopogon citratus EO), citral (Germany M. officinalis EO), and perillaldehyde (Perilla
frutescens EO) [16,21-24]. Aldehydes are also used to synthesize chemical compounds,
which makes them important in the field of organic chemistry.

Aldehydes can be generated by oxidation of the primary alcohols, dehydrogenation of
alcohols, via oxidation of methylbenzene or derived from hydrocarbons and the reduction
of esters. The first process is hard to perform as the reagent that is used to oxidize alcohols
can cause aldehydes to be oxidized as well [25,26]. Reactive aldehydes can be produced
by both enzymatic and non-enzymatic mechanisms. For example, the nonenzymatic free
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radical mechanism is one of the important ways to produce a variety of aldehydes, while
lipid peroxidation, which is a simple oxidative lipid degradation reaction, can produce
both aldehydes and hydroperoxides [26,27]. Lipid peroxidation occurs by initiation, which
happens by the bis-allylic hydrogen removal from a lipid chain to cause a lipid radical
(L"). Each initiation chain will result in 200 to 400 propagation cycles [28]. Propagation
will occur by the addition of oxygen to the radical with carbon in the center, and the L
will be converted quickly to an oxygen-centered peroxyl radical. Then, this radical will
react with another lipid chain to produce L’ and an unstable lipid hydroperoxide, giving
rise to peroxyl and alkoxyl radicals. After propagation, termination of the reaction will
occur if two free radical species combine, giving rise to a non-radical species [29,30]. See
Figure 2 for the three steps of the lipid peroxidation process. This review will focus on
aldehydes that are found in EO and their derivatives, as well as their mechanisms of action
in antimicrobial and immunomodulatory activities.
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Figure 2. The three steps of the lipid peroxidation process, where L* represents lipid radical.

2. Aldehydes from EOs and Their Derivatives

Aldehydes are large organic compounds that consist of a single carbon atom, a double
bond with an oxygen atom, a single bond with a hydrogen atom and a single bond with
the side chain R group (—CHO). There are several ways to synthesize aldehydes, such as
the oxidation process to form aldehydes and the hydration process of an alkyne to form
aldehydes [31]. Aldehydes can be derived from several types of EO with high concen-
trations, such as Cassia oil; its main aldehyde constituent is benzaldehyde. Additionally,
cinnamon EQO’s main aldehyde constituent is cinnamaldehyde; lemongrass and Melissa
EQO’s main aldehyde constituent is geranial, and cilantro EO’s is decenal. In this regard, the
most popularly used aldehyde constituents in EOs are cinnamaldehyde and geranial [32].

Essential oils can be classified into two categories based on chemical compounds; the
hydrocarbons and oxygenated compound aldehydes are retained as one of the oxygenated
compounds within EOs. For example, one of the aldehyde derivatives in cinnamon EO
is trans-cinnamaldehyde (TCA). Cinnamon powder has been proven to have valuable
impacts on stroke patients as a stroke therapy. Post-ischemic irritation incites neuronal
cell harm after stroke, and enactment of microglia, specifically, has been thought of as the
fundamental reason for proinflammatory and neurotoxic variables [33].

Cinnamomum cassia has numerous practical properties. For example, it has been used
as an antimicrobial, in addition to being an agent in controlling high blood pressure, as
well as for kidney disorders and cancer [34].
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Lemongrass essential oil, extracted from Cymbopogon citratus, which is the lemongrass
plant, has been utilized since antiquated occasions in people for medication as a solution
to improve blood flow, balance menstrual cycles, and advance assimilation or increment
invulnerability. It is additionally used in fragrances, cleansers, and drugs. The highest
rate of chemical composition that has been found in the lemongrass essential oil is citral,
which comprises neral, an acyclic monoterpene aldehyde, and geraniol [35,36]. Recently,
lemongrass essential oil was shown to inhibit bacterial and fungal growth [37].

Cilantro oil is another EO that contains aldehyde. The coriander plant extraction
method was conducted after drying the plant itself under the sun and in microwave and
freeze-drying processes. On the therapeutical side, coriander EO has presented a significant
impact on patients with Alzheimer’s disease, such as improving the patient’s memory,
apart from controlling the cholesterol levels and managing anticholinesterase activity.
Furthermore, coriander EO has also shown antibacterial and antifungal spread [38].

Melissa officinalis essential oil (MOEO) has demonstrated several advantages after oral
administration to Wistar rats in an exploratory model of diabetic hyperalgesia, indicating
that MOEO may have potential as a treatment for excruciating diabetic neuropathy [39].
MOEQO has been used against viral infections, and the outcomes showed it has an impact on
the infections. More specifically, it has shown inhibitory effects against the avian influenza
virus (AIV). The results of the investigation showed that MOEO could repress the flu virus
infection replication process through various replication cycle steps, specifically when in
contact with virus particles [40]. See Table 2 for EOs containing aldehydes, their application
and advantages.

Table 2. EO, aldehydes, advantages, applications and structures.

EO Name

Source

Main Aldehyde

Constituent Characteristics/Applications Structure References

Cassia oil

H o

- Arthritis alleviation
- Immune system booster

Cinnamomum cassia Benzaldehyde - Antimicrobial [41]

- High blood pressure
control

Cinnamon oil

C. cassia Cinnamaldehyde

- Cholesterol levels
reduction N

- Kidney disorder H [33,34,42]
treatments

o}
|

Lemongrass oil

- Digestive tract

H
Cymborllogon citratus Geranial convulsion treatment o [37]
eaves - Balance menstrual cycles T/

Melissa oil

- Diabetes and insomnia
treatment

H
Melissa officinalis Geranial - Suppress flu infection Oﬁ/\/ﬁ/ [38,39,43]
replication

Cilantro oil

antifungal spread

- Body detoxification H
Coriandrum sativum L. Decenal - Antibacterial and OW\/\/\/ [38]
H H
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3. Antimicrobial Activity of Aldehydes

Aldehydes have been shown to contribute to antimicrobial activity. The process starts
with mechanical destruction from the outer bacterial cell membrane. In addition, EOs have
the ability to dissolve in lipids, which supports the fact that they are considered lipophilic.
EOs aim to convert the rigid phospholipid layers, fatty acids and polysaccharides to flexible
and porous layers, which aids in softening the membrane [44,45].

Cinnamaldehyde is one of the important aldehyde categories since it has a great role
in antimicrobial activity [46]. The phase inversion temperature method was conducted
by Rao and McClements in 2010 in order to perform the oil extraction procedure, which
is basically based on heating the oil/water mixture and then cooling the mixture by stir-
ring [47]. The effect of oil phase composition on the minimum inhibitory concentration
(MIC) of cinnamon oil nanoemulsions against four foodborne pathogens, E. coli, Salmonella
typhimurium, Staphylococcus aureus, and Vibrio parahaemolyticus, was calculated by the phase
inversion temperature method. As a result, the cinnamon oil nanoemulsion generated from
this condition maintained a good consistency and antibacterial action over time. Although
the MICs of cinnamon oil nanoemulsion were greater than those of bulk cinnamon oil, pre-
liminary in vitro time-kill tests revealed that cinnamon oil nanoemulsion exhibited a quick
and sustained bacteriostatic impact after being in contact with four foodborne pathogens:
E. coli, Salmonella typhimurium, Staphylococcus aureus, and Vibrio parahaemolyticus [42]. Cin-
namaldehyde was shown to inhibit the growth of the four tested pathogens within one
day of incubation [46,48]. Furthermore, a broth volatilization chequerboard method was
conducted on Cinnamomum cassia mixed with 8-hydroxyquinoline versus Staphylococcus
aureus varieties in steam and liquid forms. The results showed that Staphylococcus aureus
was inhibited when treated with Cinnamomum cassia essential oil with 8-hydroxyquinoline
during the extraction process [49]. Cinnamaldehyde also works effectively against the
inhibition of bacterial biofilm formation [50].

Lemongrass essential oil has revealed very significant antimicrobial action against
several types of bacteria, molds and yeasts [51]. A test was done on lemongrass essential oil
that was exposed to two types of fungal pathogens. Ascosphaera apis and Pseudogymnoascus
destructants showed that both compounds inhibited the growth of the fungi, potentially
having possible antifungal activity of other fungal types as well [52]. Coriandrum sativum
L., which is known as the coriander plant, has been tested on Gram-negative and Gram-
positive bacteria and pathogenic skin fungus. This shows the potential impact of coriander
oil on antimicrobial activity [53]. The antimicrobial activity of M. officinalis essential oil
tested using disc diffusion agar showed that M. officinalis has a high specificity of antimicro-
bial effect on Streptococcus pyogenes at 8 mg/mL, at 15.10 & 0.52, compared to S. epidermidis,
which was 14.50 4+ 0.50 [54].

4. Immuno-Modulatory Activities of Aldehydes

Aldehydes are a chemical class with several uses in the industrial sector. However, the
toxicity of aldehydes makes them practical challenging for extensive use in the commercial
and academic sectors [4,8]. Studies on aldehydes have shown different types of activities to
be present.

4.1. Aldehydes with Immune Effect
4.1.1. Cinnamaldehydes

Cinnamaldehyde is an organic compound found in the cinnamon bark oil, which
helps in amino acid decarboxylase inhibition. It also has antibiofilm and anticancer ac-
tivities [9,55]. Cinnamon EO contains 80% cinnamaldehyde, which is responsible for
cinnamon’s natural fragrance [4,56]. Studies have also found that cinnamaldehyde has
an antimicrobial, antioxidative, anti-inflammatory and immunomodulatory effect [57].
Cinnamaldehyde blended with thymol has been studied and evaluated in a study for its
immune-modulating effect in the poultry immune system by using both a liver cell line and
a monocyte/macrophage-like cell line. Results showed that under the testing conditions,
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the blend of cinnamaldehyde and thymol improved the integrity of the epithelial barrier in
poultry liver cells, produced anti-inflammatory cytokines by monocytes and macrophages,
and encouraged phagocytic activity, thus increasing in vivo cell membrane integrity and
birds” performance [58]. Another study that evaluated the effect of cinnamaldehyde on
cardiac hypertrophy in mice performed aortic banding. After one week, the mice were fed
a premixed diet with cinnamaldehyde by catheter. Echocardiography measurements were
performed after 8 weeks from the aortic banding, which showed improvement of the abnor-
mal systolic and diastolic pressure by the cinnamaldehyde. Additionally, cardiac fibrosis
was decreased [59]. Moreover, studies showed that when the extracellular signal-regulated
kinase (ERK) pathway was activated by the pressure overload, cinnamaldehyde could be
used to block it [59]. Another study done to evaluate cinnamon, clove, and white thyme
on selected bacteria has revealed that cinnamon showed the highest microbial activity, in
addition to down-regulating the expression of genes related to apoptosis pathways and the
inhibition of interleukin-2 secretion [43].

4.1.2. Geranial

Drugs that are used to treat African and American trypanosomiasis infections cause
many side effects; therefore, there is a need to develop alternative drugs [60]. Geranial
and neral isolated from ethyl acetate extracts, which are monoterpene aldehydes, were
reported to have trypanocidal activity against Trypanosoma cruzi with minimum lethal
concentrations (MLC) of 3.1 uM [61]. Generally, the monoterpene aldehydes are potent
against T. cruzi and Trypanosoma brucei, but the main challenge is their toxicity to human
cells [61]. The immunomodulatory activity of geranial EO and other EO has been evaluated
in vivo using rats by studying hemagglutination and hypersensitivity reactions using sheep
red blood cells as an antigen and sodium carboxy methyl cellulose as a control. Results
showed an increase in hemagglutinating antibody titer and hypersensitivity reaction. In
rats immunized with the antigen, cellular immunity has been potentiated; these results
show that geranial and other studied EOs can stimulate immune activity by both specific
and non-specific mechanisms [62].

Essential oils can be used for their antimicrobial and immunomodulatory effects.
However, the exact mechanisms are still unknown and need further research, and the
toxicity of some aldehydes due to their high reactivity should be taken into consideration.
See Table 3 for a summary of the results of studies on the immunomodulatory activity
of aldehydes.

4.2. Aldehydes Toxicity

Humans are commonly exposed to aldehydes, and although constant exposure bears
health risks, their toxicity mechanisms are still not fully understood. This could be because
of the diversity of structures, chemical reactions, and targets. In a short mechanistic
view, a study analysis describing both endogenous and environmental aldehydes by their
electrophilicity and relative softness has shown that soft unsaturated aldehydes and the
soft nucleophilic thiolate sites react together on the same cysteine residues in enzymes.
In contrast, hard alkanals go with hard nucleophiles, and these specific reactions show
that it mediates toxicity by weakening the macromolecule functions that are important
in cytophysiological activity. However, there is a need for a better understanding of how
these specific reactions affect the targets of macromolecules [63].
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Table 3. Summary of studies’ results for aldehydes” immunomodulatory activity.

Aldehyde Name Used Target Host Result References

° Improved epithelial
barrier integrity of
liver cells

e  Cytokine production

i by monocytes and
Cinnamaldehydes C1nna$;ﬁj’tyde + Tnmune system e  Poultry macrophages [58]
Phagocytic activity
Increased in vivo cell
membrane integrity
and birds performance
e  Improved abnormal
) ) systolic and diastolic
Cinnamaldehyde ~_ “hicesuffering ¢ Mice pressure [59]
cardiac hypertrophy e  Decreased cardiac
fibrosis
High microbial activity
Down-regulation of
Cinnamaldehyde Selected bacteria e  Bacteria apoptosis genes [43]
e  Inhibition of
interleukin-2 secretion
Rats e  Increased
cruzi hemagglutinating
Sheep red antibody titer
blood cells e Increased
Geranial Geranial + neral (antigen) * Rats hypersensitivity [62]
e  Sodium reaction
carboxy methyl e Inimmunized rats,
cellulose potentiated cellular
(control) immunity

4.2.1. Acetaldehyde

Acetaldehyde is ethanol’s first metabolite with a formula (CoH4O) that can be formed
naturally in the body and plants and found in fruits, milk, and cheese [64]. A study done
on rat gastric epithelial cells to elucidate the effect of acetaldehyde by the measurement of
the electron paramagnetic resonance showed that acetaldehyde induces oxidative stress
and acts as gastric epithelial cell’s necrotizing factor [65]. As a result of oxidative stress,
when cells are exposed to 0.05-0.5% acetaldehyde, lipid peroxidation is induced. Moreover,
the cell viability test result shows that cell viability after the addition of acetaldehyde into
the culture medium with a concentration of 0.01% showed a cytotoxic effect 30 min after
exposure. After 60 min exposure to acetaldehyde, cells demonstrated more than 0.5%
necrosis cell death, which proves that acetaldehyde can induce cell death [65].

4.2.2. Formaldehyde

Formaldehyde is a colorless organic compound with the (CH,O) formula [66]. Up-
dated studies from the past 8 years that primarily evaluated the in vivo and in vitro infor-
mation about formaldehyde toxicity and its cytotoxicity on humans, mice, and rats have
shown that human health was significantly harmed after the occupational exposure to
formaldehyde. For example, the lungs, bone marrow, cells and brain were affected due to
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formaldehyde exposure [67]. Moreover, formaldehyde was classified as an environmental
contaminant and a carcinogen according to the International Agency for Research on Cancer
in 2004, but it was inconclusive due to the limitations in designing the population stud-
ies [68,69]. Furthermore, many retrospective studies on humans have provided evidence
for the association between developmental effects and maternal exposure. They found
that pregnant women exposed to formaldehyde had increased abortion risks, coupled with
adverse pregnancy outcomes. Studies on animals proved that the association between the
developmental and reproductive effect of formaldehydes exists regardless of dose, and
such exposure leads to genotoxicity, alteration of enzymatic function, hormones, apoptosis,
oxidative stress, and toxicogenomic repercussions [69]. Both molecular epidemiologic and
mechanistic and animal studies will help further understand the toxicity of formaldehyde
on biological systems.

4.2.3. Benzaldehyde

Benzaldehyde is an aromatic aldehyde commonly used in cosmetics, food additives
and fragrances [70]. In general, it is considered safe to be used in the food industry.
Studies have reported very little acute toxicity or no adverse effect of using benzaldehyde.
For instance, the oral LD50 of benzaldehyde in mice and rats was reported to be in the
range of 800 to 250 mg/kg [70]. Meanwhile, short-term oral studies in mice and rats
recorded no observed adverse effect levels [71]. However, repeated inhalation of volatilized
benzaldehyde caused ocular and nasal irritation in rabbits at 500 ppm [72]. In addition, a
drop of undiluted benzaldehyde was reported to induce irritation in rabbit eyes, leading to
edema, erythema and pain [73].

4.2.4. Cinnamaldehyde

Cinnamaldehyde, with the formula of CsH;CH=CHCHO, is an organic compound
commonly utilized in the flavorant and fragrance industries [74]. It is a natural active
ingredient that is well-tolerated in humans and animals [75]. The Food and Drug Adminis-
tration (FDA) and the council of Europe have recognized cinnamaldehyde as safe with a
recommended daily intake of 1.25 mg/kg [76]. Cinnamaldehyde has also been reported to
possess various health benefits. For instance, it is used in traditional Chinese medicine for
gastritis, indigestion, blood circulation disorders, and inflammation [77,78]. In addition,
cinnamaldehyde could remove natural or chemical toxicities such as ochratoxin A and
protect human health [79,80].

5. Future Prospect

Aldehydes are highly reactive chemical classes that have been the interest of academia
and industry. Due to the diverse applications of aldehydes, the aim of a product’s applica-
tion can help specify the requirement for the aldehyde products. Aldehydes can be used in
cosmetics, pharmaceuticals, plastic production, (bio)fuels and perfumery applications [8].
Aldehydes’ high reactivity and toxicity make them difficult to produce; thus, there is a need
to develop new technologies to overcome these challenges. The possible solutions for this
challenge are complicated due to the differences in toxicity levels and the harmful effect
of aldehydes due to several mechanisms acting simultaneously. The development in the
understanding of how to slow the reduction of aldehydes to alcohols in living microbes
makes it possible to synthesize classes of biochemicals that were hard to synthesize before.
Finally, more research is required in order to improve the use of metabolic engineering and
biocatalysts with regards to aldehyde production, along with finding solutions to overcome
the existing challenges.
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