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In the last decades, the search for natural products with biological applications as alternative
treatments for several inflammatory diseases has increased. In this respect, terpenes are a
family of organic compounds obtained mainly from plants and trees, such as tea, cannabis,
thyme, and citrus fruits like lemon or mandarin. These molecules present attractive biological
properties such as analgesic and anticonvulsant activities. Furthermore, several studies have
demonstrated that certain terpenes could reduce inflammation symptoms by decreasing the
release of pro-inflammatory cytokines for example, the nuclear transcription factor-kappa B,
interleukin 1, and the tumor necrosis factor-alpha. Thus, due to various anti-inflammatory drugs
provoking side effects, the search and analysis of novel therapeutics treatments are attractive. In
this review, the analysis of terpenes’ chemical structure and their mechanisms in anti-
inflammatory functions are addressed. Additionally, we present a general analysis of recent
investigations about their applications as an alternative treatment for inflammatory diseases.
Furthermore, we focus on terpenes-based nanoformulations and employed dosages to offer a
global perspective of the state-of-the-art.
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INTRODUCTION

Inflammation is a complex biological response derived from damaging stimuli such as wounds,
infections, pathogens, and other foreign substances. In a typical case, the organism attempts to
remove harmful stimuli through a meticulous process, initiating the self-healing protective defense
against infection (Chong et al., 2019). On the other hand, in some diseases, the immune system
produces an inflammatory response in the absence of foreign substances or infection. These
heterogeneous diseases are characterized by an overproduction of inflammatory cytokines that
include interleukin-1β (IL-1β) and tumor necrosis factor-alpha (TNF-α) (Gu et al., 2012). Synthetic
anti-inflammatory compounds have been widely employed for suppressing or inhibiting these
mediators. However, side effects are commonly related to their application. For this reason, in recent
years, natural products have been explored as an alternative drug delivery treatment with safe
toxicological profiles.
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In this context, terpenes are a highly diverse family of natural
products which are synthesized by plants. This family have
approximately 55,000 members with different chemical structures,
presenting potential practical applications (Prakash, 2017; Serrano
Vega et al., 2018). For this reason, it has been reported that terpenoids
could ameliorate various symptoms caused by inflammation,
inhibiting various steps of inflammatory processes. However, due
to their low solubility and high instability, some alternatives, such as
nanotechnology, have been explored.

This article aims to provide a comprehensive short review of this
class of compounds and their potential application as an anti-
inflammatory treatment therapy. Furthermore, we mention the
nanoformulations and dosages of these compounds to evaluate
differences triggered by these conditions and offer a global perspective.

PHYSICOCHEMICAL INFORMATION

Terpenes have the general chemical formula (C5H8)n, defined by the
isoprene as a unit. Nevertheless, not all terpenes have even numbers
of intact isoprene units, and some of them are different, such as the
C19 diterpenoids. Terpenes are described as terpenoids when
functional groups as alcohols, aldehydes, or ketones are present in
their chemical structure. One of the most applied classifications for
terpenoids is based on the number of isoprene units (Figure 1).
Monoterpenoids have a chemical structure based on two isoprene
units (C10H16) and express different arrangements as acyclic,
monocyclic, and bicyclic. Sesquiterpenoids present three isoprene
units (C15H24), often structured simple to complex mono- and
polycyclic rings. Triterpenoids (C30H48) have a wide distribution
from more than 40 different carbon skeletons. Tetraterpenoids
(C40H64) have a large structure, and they are also known as
carotenes. Nowadays, around 1,000 monoterpenes, 7,000

sesquiterpenes, and 3,000 diterpenes have been described, and the
list increases year by year. The biosynthetic pathway for terpenes is
based on the well-known malonic acid pathway and, possibly, by the
non-mevalonate pathway consuming triose phosphate (Zwenger and
Basu, 2008; Brahmkshatriya and Brahmkshatriya, 2013).

Each terpene needs a purification protocol by the different
chemical properties. In this respect, Jiang et al. reported three
basic modes to extract terpenes, i) based on the non-polar
terpenes, ii) terpenoids with low polarity, and iii) polar
terpenoids (Jiang et al., 2016).

Terpenes are biosynthesized in superior plants or Spermatophytes
(plants that produce seeds) from isopentyl pyrophosphate and its
isomer dimethylallyl pyrophosphate through the plastidic
methylerythritol phosphate and the cytosolic mevalonate
pathways. Along the biosynthetic pathways, the terpene synthase
is the critical enzyme that catalyzes the formation of hemi-, mono-,
sesqui-, or diterpenes. Moreover, the vast types of terpenoids arise
from the different terpene synthase types present in the plants (Liu
et al., 2020). However, recently some groups have analyzed synthetic
alternative reactions to obtain complex terpenoids in vitro. For
example, Trost and Min explored a synthesis for terpenes
cyclization catalyzed with palladium. The polyenyne
cycloisomerization revealed an efficient and scalable synthesis of
tremulanes. Moreover, the authors reported an excellent
functional group tolerance, stereocontrol, and a perfect atom
economy (Trost and Min, 2020).

ANTI-INFLAMMATORY ACTIVITY OF
TERPENES PATHWAYS

The inflammation process represents a cascade of dynamic
responses, including cellular and vascular actions with specific

FIGURE 1 | Classification of terpenes. The terpenes can be classified by the number of units of isoprene present in the chemical structure. n � amount of isoprene
units in the different terpene structures. Created with BioRender.com.
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humoral secretions (Huether and McCance, 2016; Abdulkhaleq
et al., 2018). Acute and chronic inflammatory diseases cause
excessive or long-lasting tissue damages. These conditions are
promoted by the overproduction of pro-inflammatory cytokines
and other inflammatory mediators, such as IL-1, IL-6, TNF-α,
nitric oxide (NO) synthesized by inducible NO synthase, and
prostaglandin E2 synthesized by cyclooxygenase-2 (COX-2)
(Kim et al., 2020). Likewise, the nuclear factor-κB (NF-κB) is a
central transcription factor that regulates pro-inflammatory
genes’ expression during inflammation (Lawrence, 2009; Kim
et al., 2020). Indeed, deregulated NF-κB expression is a
characteristic phenomenon in several inflammatory diseases;
thus, NF-κB has become a significant target in drug discovery
(George, 2006; Prakash, 2017).

Numerous isolated bioactive terpenes compounds have shown
the potential to reduce inflammation by broadmechanisms. Next,
we discuss some routes through which terpenes generate these
outcomes.

Effect of Terpenes in Pro-inflammatory
Molecules
In the inflammation pathway, triggered by pro-inflammatory
cytokines such as IL-1 and TNF-α, the activated NF-κB
translocates to the nucleus, and stimulates the production of
pro-inflammatory genes (Lawrence, 2009). The general effect of
the terpenes in most studies is reducing the pro-inflammatory
cytokines expression. For example, some terpenes (D-Limonene,
α-Phellandrene, Terpinolene, Borneol, Linalool, and triterpene
glycosides) can reduce the expression of TNF-α, IL-1, and IL-6 in
the Raw 264.7 macrophages cell line (Yoon et al., 2010; Huo et al.,
2013; de Christo Scherer et al., 2019; Li et al., 2019). Similar results
were obtained in experiments using in vivo models such as swiss
mice, Wistar rats, and albino mice (BALB/C) (Ramalho et al.,
2015; Li et al., 2016; Gonçalves et al., 2020). The authors consider
that the inhibitory effects involve the inhibition of the NF-κB
signaling pathway. However, they could not exclude the
involvement of other transcription factors. Therefore, despite
the studies done in identifying several terpenes in different
in vitro and in vivo models, the mechanism of action
underlying the reduction of pro-inflammatory cytokines
expression effects is not entirely understood and should be
evaluated in further studies.

Effect of Terpenes on Inflammatory
Mediators
The pro-inflammatory mediators activate the signal transduction
pathways of the core mitogen-activated protein kinases (MAPKs)
such as extracellular signal-regulated kinase, c-Jun N-terminal
kinase, and p38, which, in turn, control various cellular processes
(Kyriakis and Avruch, 2012). Diverse studies suggested that the
terpenes α-pinene, D-limonene, and myrcene decrease the
expression of these kinases in mouse peritoneal macrophages,
in albino mice, and in human chondrocytes (Chi et al., 2013; Kim
et al., 2015; Rufino et al., 2015). Concerning the pathway to
reducing the inflammation cascade, the studies agreed on the

critical role of the NF-κB. The heterodimers of NF-κB
components, mostly p50/p65, are usually retained in the
cytoplasm in an inactive form by being associated with an
inhibitor of κB protein (IκB) (Baeuerle and Baltimore, 1996;
Chi et al., 2013). A wide variety of stimuli can cause the
phosphorylation of IκB, a process that is followed by the
protein’s ubiquitination and subsequent degradation. The
phosphorylation-induced degradation of the IκB enables the
NF-κB dimers to enter the nucleus and activate specific target
gene expression (Gilmore, 2006; Chi et al., 2013). In this regard,
Chi et al. reported that the limonene pre-treatment inhibited pro-
inflammatory cytokines and, remarkably, blocked the
phosphorylation of IκB in the lipopolysaccharide-induced
damage model. The authors suggested that the limonene
protection could be mediated by the inhibition of NF-κB (Chi
et al., 2013).

Autophagy
Autophagy has an essential role in pathological conditions such
as Parkinson’s disease, Alzheimer’s disease, Crohn’s disease, and
cancer (Ashrafizadeh et al., 2020). Autophagy is the self-digestion
process where cells use lysosomes to degrade their
macromolecules and organelles (Cao et al., 2017; Fornai and
Puglisi-Allegra, 2021). Monoterpenes can both downregulate and
upregulate autophagy by affecting the mammalian target of
rapamycin (mTOR), adenine monophosphate-activated protein
kinase, and autophagy-related genes and proteins (ATG). The
molecular mechanism of autophagy involves ATGs such as
Beclin-1, responsible for the nucleation and expansion of the
autophagosome and the microtubule-associated protein light
chain 3 (LC3), recruited to the autophagosome double-
membrane through an ATG5-dependent mechanism
(Fernandes, 2015). For example, geraniol induces
neuroprotective activity by inhibiting mTOR and activation of
mitophagy and ATG6. Likewise, citral has demonstrated great
autophagy stimulation through LC3B and ATG5 upregulation,
which results in a potential inhibition of tumor growth
(Ashrafizadeh et al., 2020). Some other terpenes with potential
activity on autophagy are terpinene-4-ol and α-phellandrene,
which act via the activation of LC3-I/II. Furthermore, borneol,
β-elemene (Nuutinen, 2018), carvacrol (Ashrafizadeh et al.,
2020), cucurbitacin E (Stacchiotti and Corsetti, 2020),
p-cymene, and camphor (Kim et al., 2020) can increase the
autophagy activity. On the other hand, Russo et al. indicated
that bergamot essential oil increased the lipidated protein light
chain 3 and enhanced autophagy triggered by serum starvation
rapamycin. The activity was associated with the two most
abundant monoterpenes found in the essential oil, d-limonene
and linalyl acetate (Russo et al., 2014).

Effect on Reactive Oxidative Species
Reactive oxygen species (ROS) can also indirectly modulate the
autophagy machinery (Fornai and Puglisi-Allegra, 2021). Due to
their antioxidant behavior, terpenes have been shown to protect
against different diseases, including neurodegenerative and
cardiovascular diseases, cancer, diabetes, and aging processes
(Gonzalez-Burgos and Gomez-Serranillos, 2012). Some
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terpenes with activity on the oxidative stress are α-pinene,
d-limonene, camphene, myrcene, p-cymene, terpinolene,
camphor, linalool, humulene, β-caryophyllene. Selected
mechanisms of action of terpenes on ROS involves the
decrease of lipid peroxidation induced by H2O2, ROS
formation, NO release, transforming growth factor (TFG)-1
and type I procollagen secretions, phosphorylation of various
MAPK-related signaling molecules, O2-production, and H2O2-
induced astrocytic cell death. Furthermore, terpenes can increase
catalase, superoxide dismutase, peroxidase activities, and reduced
glutathione content, and restore the mitochondrial membrane
(Kim et al., 2020).

Other Pathways
Terpenes such as α-pinene, 3-carene, limonene, and
β-caryophyllene directly bind to gamma-aminobutyric acid
receptors, decreasing the acetylcholinesterase and lipoxygenase
activities, G2/M-phase cell cycle arrest, among others (Kim et al.,
2020). For example, Li et al. (2015) suggested that linalool inhibits
lipopolysaccharide-induced inflammation in microglial cells, not
only by the NF-κB pathway but also by activating factor erythroid
2-related factor/heme oxygenase-1 signaling pathway. On the
other side, linalool was also able to upregulate the expression of
cell cycle inhibitors in leukemia cells after 12 h. Likewise, citral
can induce cell arrest in the G2 phase in breast cancer cells
(Fernandes, 2015).

THERAPEUTIC POTENTIALS ON
INFLAMMATORY DISEASES

Terpenes have been employed as an alternative treatment in
inflammatory diseases such as asthma (Lemanske and Busse,
2010), arthritis (Xin et al., 2019; Kim et al., 2020; Singh et al.,
2020; Zhang and Wei, 2020), skin inflammation and
neuroinflammation. In this section, we focus in therapeutic
application of these compounds in skin- and neuroinflammation,
in order to present deeper information about the treatments.

Neuroinflammation
Inflammation is a typical pathological feature involved in the
progression of neurodegenerative diseases, such as Alzheimer’s
disease and Parkinson’s disease (Amor et al., 2014). Microglia are
the resident macrophage cells in the central nervous system and
host defense mechanisms producing pro-inflammatory cytokines
and ROS (Lee et al., 2018). When activated during brain injuries
or by invading pathogens, they produce pro-inflammatory
cytokines such as IL-1β, IL-16, TNFα, and TGF-β1 (Fu et al.,
2018). Studies reveal that terpenes and terpenoids are involved in
suppressing microglia-mediated inflammation involved in acute
or chronic neurodegenerative diseases (Sundaram and Gowtham,
2012; Ong et al., 2015; Quintans et al., 2019). In this context,
different authors have evaluated the anti-inflammatory and
antioxidant effects of the monoterpene Linalool by in vitro
and in vivo studies (Batista et al., 2010; Li et al., 2015). Results
strongly suggested this molecule’s neuroprotective activity, acting
in NF-κB activation and preventing its nuclear translocation.

D-limonene is one of the most common terpenes in nature
and is also involved in neuroinflammation regulation process
(Erasto and Viljoen, 2008). D’Alessio et al. have demonstrated
that limonene reduced the inflammatory response and decreased
the levels of inflammatory cytokines such as IL-1, IL-6 and TNF-
α, which are associated with depression (Leonard, 2007; D’Alessio
et al., 2014). Also, Lorigooini et al. observed that limonene exerted
anti-depressant like effects in maternal separation mice due to the
reduction of nitrite levels in the hippocampus (Lorigooini et al.,
2021).

In addition, other authors have reported Ginkgolides’
therapeutical effects, the main group of terpenoids from the
Ginko Biloba tree. Their antioxidant, anti-inflammatory, and
neuroprotective activities are due to the downregulation of the
Toll-like-receptor 4/NF-κB pathway (Gu et al., 2012).

Skin Inflammation
Inflammatory skin diseases have a high prevalence, and their
treatment is of great interest in the medical community. Hence,
multiple studies have been conducted to determine the
therapeutic role of terpenes in skin disorders. Notably, the
potential of topically administered terpenes due to their anti-
inflammatory action has been investigated (Lasoń, 2020). For
instance, tea tree oil regulates the edema associated with the
efferent phase of a contact hypersensitivity response in mice
(Brand et al., 2002a). Additionally, tea tree oil and terpinen-4-ol
reduce the skin edema caused by the histamine injection (Brand
et al., 2002b; Carson et al., 2006). Likewise, some studies have
suggested that thymol (a component of thyme oil) possesses the
potential for treating inflammatory processes in the skin (Pivetta
et al., 2018); it also exhibits antibacterial, antioxidant, and
anesthetic activity (Haeseler et al., 2002; Braga et al., 2006;
Wattanasatcha et al., 2012). Furthermore, thymol is useful in
acute skin inflammation because it has proven effectiveness with
pro-inflammatory models, such as arachidonic acid, histamine,
and crotol oil (Veras et al., 2013). In addition to this, Mei et al.
(2005) reported that triptolide could significantly suppress the
carrageenan-induced edema in the footpad of the rat.

Moreover, α-pinene, which is found in essential oils of
coniferous trees, has been studied due to its photoprotective
effect against inflammatory signaling in human skin epidermal
keratinocytes (Karthikeyan et al., 2018). The authors determined
that α-pinene prevents UVA-induced inflammatory protein
expression such as TNF-α and IL-6. In addition, it was
suggested that the anti-inflammatory activity of α-pinene is
due to the suppression of MAPKs pathway through inhibition
of ERK and JNK phosphorylation (Kim et al., 2015).

TERPENES SIDE EFFECTS

Despite their anti-inflammatory activity, terpenes and terpenoid
compounds exhibit low solubility and bioavailability, reduced cell
penetration, and also high instability related to their high
volatility, representing major difficulties in achieving sustained
effects (El-hammadi et al., 2021). For this reason, topical
terpenoids alone are not the standard presentation of
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administration, even when they have been used as enhancers in
transdermal formulations for facilitating penetration of other
drugs (Aqil et al., 2007).

TERPENES AND NANOFORMULATIONS

Nanotechnology represents a strategy to ameliorate the plant extracts
complications. These nanocarriers promote sustained release of
bioactive molecules, reduce the required dosage, improve the
biodistribution, enhance the solubility, all of these potentiating the
plant’s extracts action (Bonifácio et al., 2014; Fonseca-Santos et al.,
2015). In this context, the encapsulation of terpenes in nanostructures
is an attractive alternative. For example, in 2018, Pivetta et al.
employed nanostructured lipid carriers (NLC) to encapsulate
thymol, which presents antimicrobial, antioxidant, and antiseptic
properties (Pivetta et al., 2018). The NLC anti-inflammatory activity
was evaluated using the cutaneous acute inflammation model. For
this purpose, gel formulations were employed for the NLC
incorporation achieving a topical administration. The results
suggested that the thymol-NLC-gel presented higher edema
inhibition compared to the free thymol. Similarly, a study based
on lupeol demonstrated that the lowest doses of a lupeol-loaded
nanosystem (5 µg) presented higher inflammatory effects than the
non-encapsulated lupeol at the highest dose (Cháirez-Ramírez et al.,
2015). On the other hand, Bano et al. explored the lycopene impacts
on skin edema and inflammation (Bano et al., 2020). Topical pre-
treatments of lycopene (10 µg) and lycopene-loaded nanoparticles at
two doses (0.5–1 µg) presented a cytoprotective effect; moreover,
nanoparticles significantly inhibited the COX-2 expression.

Terpenes such as thymoquinone has been encapsulated and
tested in neurological pathologies (Ahmad et al., 2016;
Ramachandran and Thangarajan, 2016). Ramachandran S.
et al. demonstrated that solid lipid nanoparticles attenuated
the levels of oxidative stress and inflammation markers. This
behavior is related to thymoquinone ability of reduction in TNFα,
IL-6, and NO protein via inhibition of the pro-inflammatory NF-
κB and activation of the anti-inflammatory Nrf2 pathways
(Lepiarz et al., 2017).

Furthermore, Ginkgo-biloba-derived have nanoencapsulated and
demonstrated anti-inflammatory effects in Parkinson´s disease and
arthritis models (Han, 2005; Zhao et al., 2020). Similarly, lycopene-
loaded nanoparticles could reduce the knee-joint thickness, and
inhibit the total leukocyte infiltration, the mononuclear cells, and
the neutrophils in the inflammation site in arthritis in vivo models
(Meira et al., 2020).

All these findings indicate the highly promising potential of
nanostructured terpenes systems for inflammatory diseases.

DISCUSSION

In recent years, there has been a growing interest in natural
compounds with therapeutic properties. Notably, as discussed in
this article, numerous studies have demonstrated that terpenes
and terpenoids possess a strong potential as alternative
treatments for inflammatory diseases. Although not all the
mechanisms of anti-inflammatory activity of terpenes have
been described, it is known that these involve several
molecular targets that include pro-inflammatory cytokines,
transcription factors, autophagy machinery, ROS, membrane
receptors, and other inflammatory mediators. Therefore,
unlike some current drugs, terpenes can simultaneously act
through different cell signaling pathways and exert a
pleiotropic effect on inflammatory disorders; thus, terpenes
could be more effective than existing medications.

On the other hand, despite the convincing evidence
supporting the anti-inflammatory effects of terpenes,
several concentration-dependent side effects should also be
considered. Therefore, extensive investigations will be needed
to evaluate their clinical efficacy and safety profile, which will
allow establishing safe administration doses. In this regard,
in vitro experiments cannot always be consistently replicated
during in vivo studies. Likewise, information extracted from
animal models cannot always be extrapolated to humans due
to substantial inter-species variations; thus, controlled clinical
trials will be crucial to establish the therapeutic effectiveness
of these compounds. Finally, the medicinal effects of terpenes
might be critically hindered by their low solubility and high
instability; thus, their encapsulation in nanocarriers
represents an attractive approach to complementing or
replacing current medications.

AUTHOR CONTRIBUTIONS

Conceptualization, GL-G,MLDP-A, and JJM; investigation, IHC-
F, LE-G, DMG-G, SAB-C, MG-T, and GL-G; writing—original
draft preparation, HC, MLDP-A, and GL-G; writing—review and
editing, MLDP-A, HC, and GL-G; visualization, GL-G;
supervision, MLDP-A, HC, and GL-G; project administration,
MLDP-A, JJM, and GL-G.

FUNDING

This research was funded by CONACYT A1-S-15759 to GL-G.
Fundación Miguel Alemán Valdés grant to JJM.

REFERENCES

Abdulkhaleq, L. A., Assi, M. A., Abdullah, R., Zamri-Saad, M., Taufiq-Yap, Y. H., and
Hezmee, M. N. M. (2018). The Crucial Roles of Inflammatory Mediators in
Inflammation: A Review. Vet. World 11, 627–635. doi:10.14202/vetworld.2018.627-635

Ahmad, N., Ahmad, R., Alam, M. A., Samim,M., Iqbal, Z., and Ahmad, F. J. (2016).
Quantification and Evaluation of Thymoquinone Loaded Mucoadhesive

Nanoemulsion for Treatment of Cerebral Ischemia. Int. J. Biol.
Macromolecules 88, 320–332. doi:10.1016/j.ijbiomac.2016.03.019

Amor, S., Peferoen, L. A. N., Vogel, D. Y. S., Breur, M., van der Valk, P., Baker, D.,
et al. (2014). Inflammation in Neurodegenerative Diseases - an Update.
Immunology 142, 151–166. doi:10.1111/imm.12233

Aqil, M., Ahad, A., Sultana, Y., and Ali, A. (2007). Status of Terpenes as Skin
Penetration Enhancers. Drug Discov. Today 12, 1061–1067. doi:10.1016/
j.drudis.2007.09.001

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 7041975

Del Prado-Audelo et al. Terpenes Modulate Inflammation

https://doi.org/10.14202/vetworld.2018.627-635
https://doi.org/10.1016/j.ijbiomac.2016.03.019
https://doi.org/10.1111/imm.12233
https://doi.org/10.1016/j.drudis.2007.09.001
https://doi.org/10.1016/j.drudis.2007.09.001
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Ashrafizadeh, M., Ahmadi, Z., Mohammadinejad, R., Kaviyani, N., and Tavakol, S.
(2020). Monoterpenes Modulating Autophagy: A Review Study. Basic Clin.
Pharmacol. Toxicol. 126, 9–20. doi:10.1111/bcpt.13282

Baeuerle, P. A., and Baltimore, D. (1996). NF-κB: Ten Years after. Cell 87, 13–20.
doi:10.1016/s0092-8674(00)81318-5

Bano, S., Ahmed, F., Khan, F., Chaudhary, S. C., and Samim, M. (2020). Targeted
Delivery of Thermoresponsive Polymeric Nanoparticle-Encapsulated
Lycopene:in Vitroanticancer Activity and Chemopreventive Effect on
Murine Skin Inflammation and Tumorigenesis. RSC Adv. 10, 16637–16649.
doi:10.1039/c9ra10686c

Batista, P. A., De Paula Werner, M. F., Oliveira, E. C., Burgos, L., Pereira, P., Da
Silva Brum, L. F., et al. (2010). The Antinociceptive Effect of (-)-linalool in
Models of Chronic Inflammatory and Neuropathic Hypersensitivity in Mice.
The J. Pain 11, 1222–1229. doi:10.1016/j.jpain.2010.02.022

Bonifácio, B. V., Silva, P. B., Ramosdos, M. A. S., Negri, K. M., Bauab, T. M.,
and Chorilli, M. (2014). Nanotechnology-Based Drug Delivery Systems
and Herbal Medicines: A Review. Int. J. Nanomedicine 9, 1–15.
doi:10.2147/IJN.S52634

Braga, P. C., Dal Sasso, M., Culici, M., Bianchi, T., Bordoni, L., and Marabini, L.
(2006). Anti-Inflammatory Activity of Thymol: Inhibitory Effect on the Release
of Human Neutrophil Elastase. Pharmacology 77, 130–136. doi:10.1159/
000093790

Brahmkshatriya, P. P., and Brahmkshatriya, P. S. (2013). “Terpenes: Chemistry,
Biological Role, and Therapeutic Applications,” in Natural Products:
Phytochemistry, Botany and Metabolism of Alkaloids, Phenolics and
Terpenes. Editors R. Kishan Gopal and M. Jean-Michel (Berlin, Germany:
Springer Berlin Heidelberg), 2665–2691. doi:10.1007/978-3-642-22144-6_120

Brand, C., Grimbaldeston, M. A., Gamble, J. R., Drew, J., Finlay-Jones, J. J., and
Hart, P. H. (2002a). Tea Tree Oil Reduces the Swelling Associated with the
Efferent Phase of a Contact Hypersensitivity Response. Inflamm. Res. 51,
236–244. doi:10.1007/PL00000299

Brand, C., Townley, S. L., Finlay-Jones, J. J., and Hart, P. H. (2002b). Tea Tree Oil
Reduces Histamine-Induced Oedema in Murine Ears. Inflamm. Res. 51,
283–289. doi:10.1007/PL00000305

Cao, C., Han, D., Su, Y., Ge, Y., Chen, H., and Xu, A. (2017). Ginkgo Biloba Exocarp
Extracts Induces Autophagy in Lewis Lung Cancer Cells Involving AMPK/
mTOR/p70S6k Signaling Pathway. Biomed. Pharmacother. 93, 1128–1135.
doi:10.1016/j.biopha.2017.07.036

Carson, C. F., Hammer, K. A., and Riley, T. V. (2006). Melaleuca Alternifolia (tea
Tree) Oil: A Review of Antimicrobial and Other Medicinal Properties. Clin.
Microbiol. Rev. 19, 50–62. doi:10.1128/CMR.19.1.50-62.2006

Cháirez-Ramírez, M. H., Sánchez-Burgos, J. A., Gomes, C., Moreno-Jiménez, M.
R., González-Laredo, R. F., Bernad-Bernad, M. J., et al. (2015). Morphological
and Release Characterization of Nanoparticles Formulated with Poly (Dl-
lactide-co-glycolide) (PLGA) and Lupeol: In Vitro Permeability and
Modulator Effect on NF-Κb in Caco-2 Cell System Stimulated with TNF-α.
Food Chem. Toxicol. 85, 2–9. doi:10.1016/j.fct.2015.08.003

Chi, G., Wei, M., Xie, X., Soromou, L. W., Liu, F., and Zhao, S. (2013). Suppression
of MAPK and NF-Κb Pathways by Limonene Contributes to Attenuation of
Lipopolysaccharide-Induced Inflammatory Responses in Acute Lung Injury.
Inflammation 36, 501–511. doi:10.1007/s10753-012-9571-1

Chong, C., Wang, Y., Fathi, A., Parungao, R., Maitz, P. K., and Li, Z. (2019). Skin
Wound Repair: Results of a Pre-clinical Study to Evaluate Electropsun
Collagen-Elastin-PCL Scaffolds as Dermal Substitutes. Burns 45, 1639–1648.
doi:10.1016/j.burns.2019.04.014

de Christo Scherer, M. M., Marques, F. M., Figueira, M. M., Peisino, M. C. O.,
Schmitt, E. F. P., Kondratyuk, T. P., et al. (2019). Wound Healing Activity
of Terpinolene and α-Phellandrene by Attenuating Inflammation and
Oxidative Stress In Vitro. J. Tissue Viability 28, 94–99. doi:10.1016/
j.jtv.2019.02.003

El-hammadi, M. M., Small-howard, A. L., Fernández-Arévalo, M., and Martín-
Banderas, L. (2021). Development of Enhanced Drug Delivery Vehicles for
Three Cannabis-Based Terpenes Using Poly(lactic-Co-Glycolic Acid) Based
Nanoparticles. Ind. Crops Prod. 164, 113345. doi:10.1016/
j.indcrop.2021.113345

Fernandes, J. (2015). “Antitumor Monoterpenes,” in Bioactive Essential Oils and
Cancer. Editor D. P. de Sousa (Switzerland: Springer), 175–200. doi:10.1007/
978-3-319-19144-7

Fonseca-Santos, B., Chorilli, M., and Palmira Daflon Gremião, M. (2015).
Nanotechnology-Based Drug Delivery Systems for the Treatment of
Alzheimer’s Disease. Int. J. Nanomedicine. 10, 4981–5003. doi:10.2147/
IJN.S87148

Fornai, F., and Puglisi-Allegra, S. (2021). Autophagy Status as a Gateway for Stress-
Induced Catecholamine Interplay in Neurodegeneration. Neurosci.
Biobehavioral Rev. 123, 238–256. doi:10.1016/j.neubiorev.2021.01.015

Fu, Y., Yang, J., Wang, X., Yang, P., Zhao, Y., Li, K., et al. (2018). Herbal
Compounds Play a Role in Neuroprotection through the Inhibition of
Microglial Activation. J. Immunol. Res. 2018, 1–8. doi:10.1155/2018/9348046

George, C. R. (2006). From Fahrenheit to Cytokines: Fever, Inflammation and the
Kidney. J. Nephrol. 19 (Suppl. 10), S88–S97.

Gilmore, T. D. (2006). Introduction to NF-Κb: Players, Pathways, Perspectives.
Oncogene 25, 6680–6684. doi:10.1038/sj.onc.1209954

Gonzalez-Burgos, E., and Gomez-Serranillos, M. P. (2012). Terpene Compounds in
Nature: A Review of Their Potential Antioxidant Activity. Curr. Med. Chem. 19,
5319–5341. doi:10.2174/092986712803833335

Gonçalves, R. L. G., Cunha, F. V. M., Sousa-Neto, B. P. S., Oliveira, L. S. A., Lopes,
M. E., Rezende, D. C., et al. (2020). α-Phellandrene Attenuates Tissular
Damage, Oxidative Stress, and TNF-α Levels on Acute Model Ifosfamide-
Induced Hemorrhagic Cystitis in Mice. Naunyn-schmiedeberg’s Arch.
Pharmacol. 393, 1835–1848. doi:10.1007/s00210-020-01869-3

Gu, J.-H., Ge, J.-B., Li, M., Wu, F., Zhang, W., and Qin, Z.-H. (2012). Inhibition of
NF-Κb Activation Is Associated with Anti-inflammatory and Anti-Apoptotic
Effects of Ginkgolide B in a Mouse Model of Cerebral Ischemia/Reperfusion
Injury. Eur. J. Pharm. Sci. 47, 652–660. doi:10.1016/j.ejps.2012.07.016

Haeseler, G., Maue, D., Grosskreutz, J., Bufler, J., Nentwig, B., Piepenbrock, S., et al.
(2002). Voltage-dependent Block of Neuronal and Skeletal Muscle Sodium
Channels by Thymol and Menthol. Eur. J. Anaesthesiology 19, 571–579.
doi:10.1097/00003643-200208000-00005

Han, Y. (2005). Ginkgo Terpene Component Has an Anti-inflammatory Effect on
Candida Albicans-Caused Arthritic Inflammation. Int. Immunopharmacology
5, 1049–1056. doi:10.1016/j.intimp.2005.02.002

Huether, S. E., and McCance, K. L. (2016). “Unit 2: Mechanisms of Self-Defense,”
in Understanding Pathophysiology (Missouri, USA: Elsevier), 130–404.

Huo, M., Cui, X., Xue, J., Chi, G., Gao, R., Deng, X., et al. (2013). Anti-
Inflammatory Effects of Linalool in RAW 264.7 Macrophages and
Lipopolysaccharide-Induced Lung Injury Model. J. Surg. Res. 180, e47–e54.
doi:10.1016/j.jss.2012.10.050

Jiang, Z., Kempinski, C., and Chappell, J. (2016). Extraction and Analysis of
Terpenes/Terpenoids. Curr. Protoc. Plant Biol. 1, 345–358. doi:10.1002/
cppb.20024

Karthikeyan, R., Kanimozhi, G., Prasad, N. R., Agilan, B., Ganesan, M., and Srithar,
G. (2018). Alpha Pinene Modulates UVA-Induced Oxidative Stress, DNA
Damage and Apoptosis in Human Skin Epidermal Keratinocytes. Life Sci.
212, 150–158. doi:10.1016/j.lfs.2018.10.004

Kim, D.-S., Lee, H.-J., Jeon, Y.-D., Han, Y.-H., Kee, J.-Y., Kim, H.-J., et al. (2015).
Alpha-Pinene Exhibits Anti-inflammatory Activity Through the Suppression of
MAPKs and the NF-Κb Pathway in Mouse Peritoneal Macrophages. Am.
J. Chin. Med. 43, 731–742. doi:10.1142/S0192415X15500457

Kim, T., Song, B., Cho, K. S., and Lee, I.-S. (2020). Therapeutic Potential of Volatile
Terpenes and Terpenoids from Forests for Inflammatory Diseases. Int. J. Mol.
Sci. 21, 2187. doi:10.3390/ijms21062187

Kyriakis, J. M., and Avruch, J. (2012). Mammalian MAPK Signal Transduction
Pathways Activated by Stress and Inflammation: A 10-year Update. Physiol.
Rev. 92, 689–737. doi:10.1152/physrev.00028.2011

Lasoń, E. (2020). Topical Administration of Terpenes Encapsulated in
Nanostructured Lipid-Based Systems. Molecules 25, 1–12. doi:10.3390/
molecules25235758

Lawrence, T. (2009). The Nuclear Factor NF- B Pathway in Inflammation. Cold
Spring Harbor Perspect. Biol. 1, a001651. doi:10.1101/cshperspect.a001651

Lee, S.-C., Wang, S.-Y., Li, C.-C., and Liu, C.-T. (2018). Anti-Inflammatory Effect
of Cinnamaldehyde and Linalool from the Leaf Essential Oil of Cinnamomum
Osmophloeum Kanehira in Endotoxin-Induced Mice. J. Food Drug Anal. 26,
211–220. doi:10.1016/j.jfda.2017.03.006

Lemanske, R. F., and Busse, W. W. (2010). Asthma: Clinical Expression and
Molecular Mechanisms. J. Allergy Clin. Immunol. 125, S95–S102. doi:10.1016/
j.jaci.2009.10.047

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 7041976

Del Prado-Audelo et al. Terpenes Modulate Inflammation

https://doi.org/10.1111/bcpt.13282
https://doi.org/10.1016/s0092-8674(00)81318-5
https://doi.org/10.1039/c9ra10686c
https://doi.org/10.1016/j.jpain.2010.02.022
https://doi.org/10.2147/IJN.S52634
https://doi.org/10.1159/000093790
https://doi.org/10.1159/000093790
https://doi.org/10.1007/978-3-642-22144-6_120
https://doi.org/10.1007/PL00000299
https://doi.org/10.1007/PL00000305
https://doi.org/10.1016/j.biopha.2017.07.036
https://doi.org/10.1128/CMR.19.1.50-62.2006
https://doi.org/10.1016/j.fct.2015.08.003
https://doi.org/10.1007/s10753-012-9571-1
https://doi.org/10.1016/j.burns.2019.04.014
https://doi.org/10.1016/j.jtv.2019.02.003
https://doi.org/10.1016/j.jtv.2019.02.003
https://doi.org/10.1016/j.indcrop.2021.113345
https://doi.org/10.1016/j.indcrop.2021.113345
https://doi.org/10.1007/978-3-319-19144-7
https://doi.org/10.1007/978-3-319-19144-7
https://doi.org/10.2147/IJN.S87148
https://doi.org/10.2147/IJN.S87148
https://doi.org/10.1016/j.neubiorev.2021.01.015
https://doi.org/10.1155/2018/9348046
https://doi.org/10.1038/sj.onc.1209954
https://doi.org/10.2174/092986712803833335
https://doi.org/10.1007/s00210-020-01869-3
https://doi.org/10.1016/j.ejps.2012.07.016
https://doi.org/10.1097/00003643-200208000-00005
https://doi.org/10.1016/j.intimp.2005.02.002
https://doi.org/10.1016/j.jss.2012.10.050
https://doi.org/10.1002/cppb.20024
https://doi.org/10.1002/cppb.20024
https://doi.org/10.1016/j.lfs.2018.10.004
https://doi.org/10.1142/S0192415X15500457
https://doi.org/10.3390/ijms21062187
https://doi.org/10.1152/physrev.00028.2011
https://doi.org/10.3390/molecules25235758
https://doi.org/10.3390/molecules25235758
https://doi.org/10.1101/cshperspect.a001651
https://doi.org/10.1016/j.jfda.2017.03.006
https://doi.org/10.1016/j.jaci.2009.10.047
https://doi.org/10.1016/j.jaci.2009.10.047
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Lepiarz, I., Fiebich, B. L., and Olajide, O. A. (2017). Inhibition of
Neuroinflammation by Thymoquinone Requires Activation of Nrf2/ARE
Signalling. Int. Immunopharmacol. 48, 17–29. doi:10.1016/j.intimp.2017.04.018

Li, F., Zhang, J., Lin, M., Su, X., Li, C., Wang, H., et al. (2019). Anti-Inflammatory
Terpenes from Schefflera Rubriflora C. J. Tseng & G. Hoo with Their TNF-α
and IL-6 Inhibitory Activities. Phytochemistry 163, 23–32. doi:10.1016/
j.phytochem.2019.03.021

Li, Y., Lai, Y., Wang, Y., Liu, N., Zhang, F., and Xu, P. (2016). 1, 8-Cineol Protect
against Influenza-Virus-Induced Pneumonia in Mice. Inflammation 39,
1582–1593. doi:10.1007/s10753-016-0394-3

Li, Y., Lv, O., Zhou, F., Li, Q., Wu, Z., and Zheng, Y. (2015). Linalool Inhibits LPS-
Induced Inflammation in BV2 Microglia Cells by Activating Nrf2. Neurochem.
Res. 40, 1520–1525. doi:10.1007/s11064-015-1629-7

Liu, G., Yang, M., and Fu, J. (2020). Identification and Characterization of Two
Sesquiterpene Synthase Genes Involved in Volatile-Mediated Defense in tea
Plant (Camellia Sinensis). Plant Physiol. Biochem. 155, 650–657. doi:10.1016/
j.plaphy.2020.08.004

Mei, Z., Wu, Q., Hu, S., Lib, X., and Yang, X. (2005). Triptolide Loaded Solid Lipid
Nanoparticle Hydrogel for Topical Application. Drug Develop. Ind. Pharm. 31,
161–168. doi:10.1081/DDC-200047791

Meira, V., Leal, F., Almeida, T., Barbosa, L., Ricci-junior, E., Cruz, E., et al. (2020).
Lycopene Used as Anti-inflammatory Nanodrug for the Treatment of
Rheumathoid Arthritis: Animal Assay, Pharmacokinetics, ABC Transporter
and Tissue Deposition. Colloids Surf. B Biointerfaces 188, 110814. doi:10.1016/
j.colsurfb.2020.110814

Nuutinen, T. (2018). Medicinal Properties of Terpenes Found in Cannabis Sativa
and Humulus Lupulus. Eur. J. Med. Chem. 157, 198–228. doi:10.1016/
j.ejmech.2018.07.076

Ong, W.-Y., Farooqui, T., Koh, H. L., Farooqui, A. A., and Ling, E. A. (2015).
Protective Effects of Ginseng on Neurological Disorders. Front. Aging Neurosci.
7, 1–13. doi:10.3389/fnagi.2015.00129

Pivetta, T. P., Simões, S., Araújo, M. M., Carvalho, T., Arruda, C., and Marcato, P.
D. (2018). Development of Nanoparticles from Natural Lipids for Topical
Delivery of Thymol: Investigation of its Anti-Inflammatory Properties. Colloids
Surf. B: Biointerfaces 164, 281–290. doi:10.1016/j.colsurfb.2018.01.053

Prakash, V. (2017). Terpenoids as Source of Anti-Inflammatory Compounds.
Asian J. Pharm. Clin. Res. 10, 68–76. doi:10.22159/ajpcr.2017.v10i3.16435

Quintans, J. S. S., Shanmugam, S., Heimfarth, L., Araújo, A. A. S., Almeida, J. R. G.
d. S., Picot, L., et al. (2019). Monoterpenes Modulating Cytokines - A Review.
Food Chem. Toxicol. 123, 233–257. doi:10.1016/j.fct.2018.10.058

Ramachandran, S., and Thangarajan, S. (2016). A Novel Therapeutic Application
of Solid Lipid Nanoparticles Encapsulated Thymoquinone (TQ-SLNs) on 3-
nitroproponic Acid Induced Huntington’s Disease-Like Symptoms in Wistar
Rats. Chemico-Biological Interactions 256, 25–36. doi:10.1016/j.cbi.2016.05.020

Ramalho, T., Pacheco de Oliveira, M., Lima, A., Bezerra-Santos, C., and Piuvezam,
M. (2015). Gamma-Terpinene Modulates Acute Inflammatory Response in
Mice. Planta Med. 81, 1248–1254. doi:10.1055/s-0035-1546169

Rufino, A. T., Ribeiro, M., Sousa, C., Judas, F., Salgueiro, L., Cavaleiro, C., et al.
(2015). Evaluation of the Anti-Inflammatory, Anti-Catabolic and Pro-Anabolic
Effects of E-Caryophyllene, Myrcene and Limonene in a Cell Model of
Osteoarthritis. Eur. J. Pharmacol. 750, 141–150. doi:10.1016/
j.ejphar.2015.01.018

Russo, R., Cassiano, M. G. V., Ciociaro, A., Adornetto, A., Varano, G. P., Chiappini,
C., et al. (2014). Role of D-Limonene in Autophagy Induced by Bergamot
Essential Oil in SH-Sy5y Neuroblastoma Cells. PLoS One 9, e113682.
doi:10.1371/journal.pone.0113682

Serrano Vega, R. J., Campos Xolalpa, N., Castro Alonso, J. A., González Pérez, C.,
Pérez Ramos, J., and Pérez Gutiérrez, S. (2018). “Terpenes from from Natural
Natural Products Products with with Potential Potential Anti- Activity

Inflammatory Activity,” in Terpenes from Natural Products with Potential
Anti-Inflammatory Activity. Editors S. Perveen and A. Al-Taweel (London:
IntechOpen), 59–85. doi:10.5772/intechopen.73215

Singh, S., Singh, T. G., Mahajan, K., and Dhiman, S. (2020). Medicinal Plants
Used Against Various Inflammatory Biomarkers for the Management of
Rheumatoid Arthritis. J. Pharm. Pharmacol. 72, 1306–1327. doi:10.1111/
jphp.13326

Stacchiotti, A., and Corsetti, G. (2020). Natural Compounds and Autophagy: Allies
Against Neurodegeneration. Front. Cel Dev. Biol. 8, 555409. doi:10.3389/
fcell.2020.555409

Sundaram, R., and Gowtham, L. (2012). Microglia and Regulation of
Inflammation-Mediated Neurodegeneration: Prevention and Treatment by
Phytochemicals and Metabolic Nutrients. Int. J. Green. Pharm. 6, 81–92.
doi:10.4103/0973-8258.102807

Trost, B. M., and Min, C. (2020). Total Synthesis of Terpenes via Palladium-
Catalysed Cyclization Strategy. Nat. Chem. 12, 568–573. doi:10.1038/s41557-
020-0439-y

Veras, H. N. H., Araruna, M. K. A., Costa, J. G. M., Coutinho, H. D. M., Kerntopf,
M. R., Botelho, M. A., et al. (2013). Topical Antiinflammatory Activity of
Essential Oil ofLippia sidoidesCham: Possible Mechanism of Action. Phytother.
Res. 27, 179–185. doi:10.1002/ptr.4695

Wattanasatcha, A., Rengpipat, S., and Wanichwecharungruang, S. (2012). Thymol
Nanospheres as an Effective Anti-Bacterial Agent. Int. J. Pharmaceutics 434,
360–365. doi:10.1016/j.ijpharm.2012.06.017

Xin, Q., Yuan, R., Shi, W., Zhu, Z., Wang, Y., and Cong, W. (2019). A Review for
the Anti-Inflammatory Effects of Paeoniflorin in Inflammatory Disorders. Life
Sci. 237, 116925. doi:10.1016/j.lfs.2019.116925

Yoon, W.-J., Lee, N. H., and Hyun, C.-G. (2010). Limonene Suppresses
Lipopolysaccharide-Induced Production of Nitric Oxide, Prostaglandin E2,
and Pro-Inflammatory Cytokines in RAW 264.7 Macrophages. J. Oleo Sci. 59,
415–421. doi:10.5650/jos.59.415

Zhang, L., and Wei, W. (2020). Anti-inflammatory and Immunoregulatory Effects
of Paeoniflorin and Total Glucosides of Paeony. Pharmacol. Ther. 207, 107452.
doi:10.1016/j.pharmthera.2019.107452

Zhao, Y., Xiong, S., Liu, P., Liu, W., Wang, Q., Liu, Y., et al. (2020). Polymeric
Nanoparticles-Based Brain Delivery with Improved Therapeutic Efficacy of
Ginkgolide B in Parkinson’s Disease. Int. J. Nanomedicine 15, 10453–10467.
doi:10.2147/IJN.S272831

Zwenger, S., and Basu, C. (2008). Plant Terpenoids: Applications and Future
Potentials. Biotechnol. Mol. Biol. Rev. 3, 1–7. doi:10.5897/BMBR2008.0001

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Del Prado-Audelo, Cortés, Caballero-Florán, González-Torres,
Escutia-Guadarrama, Bernal-Chávez, Giraldo-Gomez, Magaña and Leyva-Gómez.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 7041977

Del Prado-Audelo et al. Terpenes Modulate Inflammation

https://doi.org/10.1016/j.intimp.2017.04.018
https://doi.org/10.1016/j.phytochem.2019.03.021
https://doi.org/10.1016/j.phytochem.2019.03.021
https://doi.org/10.1007/s10753-016-0394-3
https://doi.org/10.1007/s11064-015-1629-7
https://doi.org/10.1016/j.plaphy.2020.08.004
https://doi.org/10.1016/j.plaphy.2020.08.004
https://doi.org/10.1081/DDC-200047791
https://doi.org/10.1016/j.colsurfb.2020.110814
https://doi.org/10.1016/j.colsurfb.2020.110814
https://doi.org/10.1016/j.ejmech.2018.07.076
https://doi.org/10.1016/j.ejmech.2018.07.076
https://doi.org/10.3389/fnagi.2015.00129
https://doi.org/10.1016/j.colsurfb.2018.01.053
https://doi.org/10.22159/ajpcr.2017.v10i3.16435
https://doi.org/10.1016/j.fct.2018.10.058
https://doi.org/10.1016/j.cbi.2016.05.020
https://doi.org/10.1055/s-0035-1546169
https://doi.org/10.1016/j.ejphar.2015.01.018
https://doi.org/10.1016/j.ejphar.2015.01.018
https://doi.org/10.1371/journal.pone.0113682
https://doi.org/10.5772/intechopen.73215
https://doi.org/10.1111/jphp.13326
https://doi.org/10.1111/jphp.13326
https://doi.org/10.3389/fcell.2020.555409
https://doi.org/10.3389/fcell.2020.555409
https://doi.org/10.4103/0973-8258.102807
https://doi.org/10.1038/s41557-020-0439-y
https://doi.org/10.1038/s41557-020-0439-y
https://doi.org/10.1002/ptr.4695
https://doi.org/10.1016/j.ijpharm.2012.06.017
https://doi.org/10.1016/j.lfs.2019.116925
https://doi.org/10.5650/jos.59.415
https://doi.org/10.1016/j.pharmthera.2019.107452
https://doi.org/10.2147/IJN.S272831
https://doi.org/10.5897/BMBR2008.0001
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Therapeutic Applications of Terpenes on Inflammatory Diseases
	Introduction
	Physicochemical Information
	Anti-inflammatory Activity of Terpenes Pathways
	Effect of Terpenes in Pro-inflammatory Molecules
	Effect of Terpenes on Inflammatory Mediators
	Autophagy
	Effect on Reactive Oxidative Species
	Other Pathways

	Therapeutic Potentials on Inflammatory Diseases
	Neuroinflammation
	Skin Inflammation

	Terpenes Side Effects
	Terpenes and Nanoformulations
	Discussion
	Author Contributions
	Funding
	References


