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Abstract: Sesquiterpenes (SQs) are volatile compounds made by plants, insects, and marine organ-
isms. SQ have a large range of biological properties and are potent inhibitors and modulators of
inflammation, targeting specific components of the nuclear factor-kappaB (NF-κB) signaling pathway
and nitric oxide (NO) generation. Because SQs can be isolated from over 1600 genera and 2500 species
grown worldwide, they are an attractive source of phytochemical therapeutics. The chemical struc-
ture and biosynthesis of SQs is complex, and the SQ scaffold represents extraordinary structural
variety consisting of both acyclic and cyclic (mono, bi, tri, and tetracyclic) compounds. These struc-
tures can be decorated with a diverse range of functional groups and substituents, generating many
stereospecific configurations. In this review, the effect of SQs on inflammation will be discussed in
the context of their complex chemistry. Because inflammation is a multifactorial process, we focus on
specific aspects of inflammation: the inhibition of NF-kB signaling, disruption of NO production and
modulation of dendritic cells, mast cells, and monocytes. Although the molecular targets of SQs are
varied, we discuss how these pathways may mediate the effects of SQs on inflammation.

Keywords: sesquiterpenes; inflammation; dendritic cells; mast cells; immune responses

1. Introduction

Globally, traditional medicine has employed empirical practices to gather knowl-
edge and skills to treat different types of inflammation with several derivatives from
plants. However, the inherent toxicity and the complex mixtures of such derivatives have
prevented the proper exploitation of these natural resources. Careful scientific studies
have identified specific sesquiterpene (SQ) molecules that could be used to treat different
inflammatory-related diseases. Although there are previous reviews for the use of SQ to
treat inflammatory responses, a clear definition of functional chemical groups or modes
of action of SQ is unavailable. Our approach in this review is to focus on the structural
characteristics, biogenesis, and biological activity of specific SQ and on inflammatory cells
such as dendritic cells, monocytes, lymphocytes, and particularly mast cells, and allergic
inflammation. We emphasize the effects of SQs on pathways that modulate inflamma-
tory processes involving the nuclear factor-kappaB (NF-κB), nitric oxide (NO), and other
more specific signaling pathways. We offer the reader the latest information about specific
molecules, with stereospecific configurations and their molecular targets that could be
relevant in the modulation of inflammation.
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SQs and SQ lactones are a large class of biologically important terpene derivatives
produced by plants [1]. SQs are composed of a 15-carbon backbone that forms the basis
of a large diversity of cyclic and acyclic structures. SQs can be isolated from several plant
families including Asteraceae and Compositae, from over 1600 genera and 2500 species, by
using a variety of approaches including silica gel filtration and chromatography [2]. Every
year, several new SQ are isolated and tested for their potential therapeutic applications.
To date, over 500 different SQs have been identified, including more than 100 known
derivatives reported from plants. Additionally, several strategies have been developed to
synthesize SQs with different functionalities which exploit their many chemical structures.

Although some of these SQs have been used clinically to treat patients in some coun-
tries, we have only begun to understand the molecular mechanisms of action of most
SQs. Several recent publications have described the anti-inflammatory properties of SQs,
emphasizing their effect on lymphocyte differentiation and regulation of cytokine produc-
tion. However, there is still much to learn about the activity of SQs as immunomodulators
because there is a mixture of studies using naturally derived compounds, either highly
enriched or only crude extracts, and synthetic compounds of varying purity. Moreover,
studies that have examined SQs as biomedical targets have used a diverse range of bio-
logical readouts in several different cell types but have provided few focused studies on
specific biochemical pathways. Specific molecular targets are difficult to determine because
the analyses are often focused on in vivo animal studies or cell function studies with poorly
defined endpoints. Often, the language used to define SQ effects are vaguely described
as “anti-inflammatory” without clearly indicating which cells, signaling pathways, or
tissues are involved. It should be noted that inflammation is not a single process but a
series of events that are initiated under diverse conditions and lead to a plethora of clinical
manifestations. Even when SQ compounds seem to decrease some aspects of inflammatory
responses, their poor solubility, dosage, and stability limit widespread clinical application.

Several recent reviews have examined the effect of specific types of SQs on inflamma-
tion, and have examined the structure/function relationship of several specific types of
SQs such as SQ lactones [3–6]. In this review, we focus mainly on the cells and pathways in-
volved in allergic inflammation. We will examine some of the sources, chemical properties
and anti-inflammatory effects of specific SQs with the objective to better understand this
complex group and their potential application as anti-inflammatory compounds mediated
by allergic pathways. Our focus will include biological effects on cells directly involved
in allergic inflammation such as mast cells, monocytes, and dendritic cells and will focus
on inflammation initiated and facilitated by the key transcription factor nuclear factor
kappa B (NF-kB) and nitric oxide (NO). Whenever therapeutic applications are mentioned,
it is only in the context of possible biological outcomes, and a comprehensive analysis
of clinical studies is beyond the scope of this review. Any conclusions on the clinical
use of these compounds are for illustrative purposes when discussed in the context of
biochemical pathways.

2. SQs Are Plant Metabolites That Target Several Molecular Signaling Pathways
SQs Are a Plant Defense Molecule Produced in Response to Stress

SQs are an ancient class of compounds produced by plants, insects, and marine
organisms. In plants, SQs comprise the complex protective system of metabolites that are
produced in response to both biotic and abiotic stress (Figure 1). SQs protect plants from
stressful environmental conditions and prevent pathogen invasion [1]. SQs are produced
in the leaves and flowering heads of plants [1] from several orders including: magnoliales,
rutales, cornales, and asterales. Several SQs isolated from tomato, tobacco, and potatoes
have also been classified as phytoalexins [7,8], which are de novo synthesized antimicrobial
compounds produced by plants as a response to biotic or abiotic stress [9–11]. SQs are
constitutively produced in the plant cytosol [12] and in some species are stored in trichomes,
thin epidermal outgrowths that often appear as fine hairs or spikes [1]. SQs are generally
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present in low levels in healthy plants [13], but upon infection by certain pathogens, the
biosynthesis of SQs increases rapidly and can be sustained over several days [14,15].
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The biosynthesis of SQs can be induced by bacterial and fungal infection [8], and SQs
can target and neutralize such pathogens. SQ compounds comprise a significant proportion
of a plant’s biogenic volatile organic compound response, which plays a prominent role
in plant defense as well as inter- or intraplant signaling (Figure 1) [1,16,17]. SQs not
only can disrupt tobacco mosaic virus [16–18] infection of plants but can also inhibit
in vitro replication of several animal viruses including influenza virus [19,20], human
cytomegalovirus, measles virus, and herpes simplex virus type-1 [21]. Not only do SQs
protect plants from insects and parasites mainly by acting as a feeding deterrent due to
their extremely bitter taste [22,23], but SQs can also interfere with an insect’s metabolism
and disrupt communications in their central nervous system [24,25]. The SQ α-farnesene,
which is responsible for the characteristic smell of apples (Rosaceae), has a dual function
as chemoattractant and chemorepellent, in attracting feeders such as birds to facilitate the
spread of seeds, and acting as a potent insecticide, respectively (Figure 1) [1]. Hypotheses
have been proposed involving the release of volatile SQs by plants to attract predators that
feed on parasites. Thus, predators are cleverly used to clear the parasite infestations [26], a
phenomenon known as indirect plant defense or “cry for help” [27–29].

SQs are also produced and released by plants as a result of abiotic stress [30,31] such
as drought [32], heat [33], and ozone damage [34]. One of the consequences of abiotic
stress is the accumulation of reactive oxygen species (ROS) which can be detrimental to
the growth of the plant [35], but SQs can quench ROS by reacting with the unsaturated SQ
hydrocarbon skeleton and thereby can serve as a potent antioxidant in plant protection [36]
(Figure 1). This ROS scavenging property of SQ is also attributed to the high reactivity of
SQs with ozone [37].
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SQs are able to target protozoal, fungal, bacterial, and viral microorganisms, demon-
strating their versatility and ability to target several molecular pathways. This diversity is
dependent upon their structural diversity. In the next section, we will examine the main
structural constituents of most SQs and a few examples of biosynthetic pathways that lead
to this complexity.

3. Chemical Structure and Biosynthesis of SQ and SQ Lactones

SQs can be divided into SQ and SQ lactones, both of which have several defining features.

3.1. Structures of SQs

The basic chemical structure of SQs consist of the terpene subunit (C5H8)n where n = 3
(i.e., C15H24). The SQ scaffold represents extraordinary structural variety consisting of both
acyclic and cyclic (mono, bi, tri, and tetracyclic) compounds, which can be decorated with
a diverse range of functional groups and substituents in distinct regions and stereospecific
manners. SQs are naturally present as hydrocarbons or oxygenated molecules such as
alcohols, ketones, aldehydes, or lactones. Some SQs contain several chiral centers and
various substituents which result in a complex chemical structure for a C15 compound.
Over 300 different carbon skeletons and about 10,000 SQs have been described and all
are derived from the acyclic SQ farnesane [38]. All of these derivatives are formed via
cyclization reactions mediated by SQ synthases in biosynthetic cascades initiated by the
formation and propagation of highly reactive carbocation intermediates (Figure 2) [39].
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3.2. Structures of SQ Lactones

SQ lactones are cyclic SQs with a fused α-methylene-γ-lactone ring. Subclasses in-
clude eudesmanolide, guaianolide, pseudoquaianolide, germacranolide, and xanthano-
lide (Figure 3) [41]. SQ lactones are formed via a mevalonic acid pathway by plants [42]
(Figure 4). The first step of the mevalonate pathway is the condensation of two acetyl-
CoA molecules catalyzed by an acetoacetyl-CoA enzyme. The second step results in
the formation of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) by the intervention of
HMG-CoA synthase (HMGS). The third step consists of the conversion of HMG-CoA
to mevalonate (MVA) by the enzyme HMG-CoA reductase (HMGR). The final product,
isopentyl phosphate (IPP), is obtained after three successive steps catalyzed by the meval-
onate kinase (MVK), phosphomevalonate kinase (PMK), and mevalonate diphosphate
decarboxylate (MDD) and then converted to dimethyallyl diphosphate (DMAPP). Finally,
IPP and DMAPP are converted by farnesyl diphosphate synthase to farnesyl diphosphate
(FPP) which is the common precursor for the formation of SQ lactones (Figure 4) [43–45].
The most common feature of SQ lactones is the presence of a γ-lactone ring bearing an
α-methyl group. SQ lactones are generally present in very low quantities in plants, but the
percentage of SQ lactones can represent up to 5% of the dry weight of the plant depending
on the plant species [46].
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SQ lactones with pharmacological properties that have been isolated from plants are
generally colorless compounds and, although they exhibit poor pharmacokinetic properties,
they have been used successfully as drug therapies. One such example is arteminsinin,
shown in Figure 3 and discussed in more detail later in this review, and its semi-synthetic
SQ artesunate, a derivative isolated from Artemisia annua.
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4. SQ as Biologically Active Molecules—Role in Inflammation

The literature is replete with descriptions of the biological activities SQs. Over the past
few decades, several biologically active SQ compounds have been isolated from Centaurea
species (Asteraceae) and purported to have neuroprotective, antioxidant, and antimicrobial
effects in vitro [47]. Costunolide, isolated from Centaurea, Campomanesia (Myrtaceae), and
Petasites (Asteraceae), has some anti-allergic [48], anti-microbial [47,49], anti-diabetic [50],
and neuroprotective bioactivities [51]. SQs from the Asteracea family species Cichorium
intybus, Centripeda minima, and Petasite hybridus have been used to treat several ailments,
such as liver disease [52,53], gastrointestinal disorders [54], diabetes, and malaria [55],
and they exhibit antimicrobial, anti-parasitic, hepatoprotective, anti-diabetic, anti-tumoral,
analgesic, antioxidant [56–58], and anti-inflammatory effects (Table 1). However, these
studies have often been vague, using cellular assays which do not adequately examine the
molecular or genetic targets of SQs. As a result, it is difficult to adequately summarize all
of these effects in this review with any kind of comprehensive analysis of the mechanisms
of action of SQs. For this reason, we have decided to focus on the effects of SQs on
inflammation. Because inflammation is itself a complex phenomenon that has varied
etiologies and tissue-specific processes, we will focus on inflammation mediated by the
transcription factor NF-kB, the immunomodulatory gas NO, and tissue-resident immune
cells such as dendritic cells and mast cells.

Table 1. Anti-inflammatory effects of sesquiterpenes.

Sesquiterpene (SQ) Effect Mechanism

Lob-1, -2, -3, -4, -5, -6, -7, -8 SQ
lactones from Neurolaena lobata

(74% purity)

Interfere with the induction of
inflammatory cell adhesion molecules

and chemokines in HUVECtert and
THP-1 cells stimulated with bacterial

products and cytokines.

Inhibition of LPS and TNF-induced regulation of
E-selectin and IL-8 [59]

Vlasouliolides-A, -B, -C, -D, -E, -F,
-G, -H,-I SQ lactone dimers from
Vladimiria souliei (70–80% purity)

Anti-inflammatory activity against
LPS-induced NO production in RAW

264.7 cells.

Potent inhibitory activity of the phosphorylation
of NF-κB [59–62].

Neolinulicin-A, and –B SQ dimers
from Inula japonica

Anti-inflammatory activity against
LPS-induced NO production in RAW

264.7 cells.
Inhibition of NO production [63].

8-0-methacryloylelephanpane,
2,4-bis-0-methyl-8-0-

methacryloylelephanpane,
4-0-ethyl-8-0-

methacryloylelephanpane,
8-0-methacryloylisoelephanpane,
2-0-demethyltomenphanatopin C,
molephantin A, molephantin B SQ
lactones from Elephantopus mollis

(98% purity)

Anti-inflammatory activity against
LPS-induced NO production in RAW

264.7 cells.

Inhibition of pro-inflammatory mediator
production such as iNOS, IL-6, MCP-1 and IL-1β

through NF-κB and AP-1
signaling pathways [64].

β-elemonic acid from
Boswellia carteri (94% purity)

Anti-inflammatory activity against
LPS-induced NO production in RAW

264.7 cells, mice, and rats.

Inhibition of NO production [65].
Inhibit the overproduction of TNF, IL-6, MCP-1,

soluble TNF receptor 1, eotaxin-2, IL-10
and GCSF [65,66].

Inhibition of the activation of NF-κB, by reduced
phosphorylation of p65 and attenuates the

induction of iNOS, COX-2, NADPH oxidase 2
(NOX-2), and NADPH oxidase 4 (NOX4) leading

to the decrease production of NO, PGE2
and ROS. [65]
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Table 1. Cont.

Sesquiterpene (SQ) Effect Mechanism

Dimethylaminoicheliolide
(DMAMCL, 82% purity) and

Micheliolide guaianolide (MCL,
90% purity)SQ lactones from

Michelia compressa and
Michelia champaca

Anti-inflammatory activity against
LPS-induced NO production in RAW

264.7 cells.
Ameliorates colitis symptoms in a

mouse model of dextran sulfate
sodium-induced colitis, and

azoxymethane/dextran sulfate sodium
model of colitis-associated cancer.

Anti-inflammatory effects on diabetic
kidney disease by inhibiting Mtdh

mediated renal inflammation type 2
diabetic bd/db mice.

Potent inhibitory activity of the phosphorylation
of NF-κB.

Significant inhibition of IL-6 and IL-1β, and TNF,
and significant decreased of colon tumors [67].
Attenuates inflammatory responses and lipid

accumulation in lipid mixture-induced AML12
and LO2 cells by upregulating PPARγ and
decreasing phosphorylation of IκBα and

NF-κB/p65, inhibiting NF-κB and
reducing lipotoxicity [68].

6-0-angeloylplenolin (Brevilin A)
from Centipeda minima (98% purity)

Inhibition of hepatic stellate cell
activation in activated LX-2 cells.

Inhibit neuroinflammation in BV2
microglial cells and protects neurones

from inflammatory injury.
Inhibition of the activation of microglial

cells in the hippocampus of mice.

Inhibition of STAT3 phosphorylation through
non-SMAD JAK1/STAT3 pathway during the

inflammation process following liver injury [52].
Potent inhibitory activity of the phosphorylation

of NF-κB and IκB-α [69].
Decreased TNF, IL-1β, and NO, and PGE2 [69].
Inhibition of iNOS, COX-2, NADPH oxidase 2

(NOX-2), and NADPH oxidase 4 (NOX4) leading
to the decrease production of NO, PGE2

and ROS [69].

JEUD-38 SQ lactone from
Inula japonica

Anti-inflammatory activity against
LPS-induced NO production in RAW

264.7 cells.

Inhibition of the activation of NF-κB, by reduced
phosphorylation of p65 and attenuates the

induction of iNOS.
Inhibition of the LPS-induced activation of
NF-κB, by reduced translocation of p65, via

abrogation of IκB-α phosphorylation
and degradation.

Inhibited LPS-stimulated phosphorylation of
MAPKs including ERK1/2, JNK and p38 and

attenuates the induction of iNOS [70,71].

Deoxyelephantopin SQ lactone
from Elephantopus scaber

(98% purity)

Glycolysis interference, attenuates
LPS-induced

IL-1β and high-mobility group box 1
(HMGB1) release in RAW 264.7 cells.

Decreased expression of pyruvate
dehydrogenase kinase 1 (PDK1), glucose

transporter 1 (GLU1), lactate dehydrogenase A
(LDHA), and reduced lactate production.
Regulation of the nuclear localization of

pyruvate kinase M2 (PKM2) [72].

Ze339 from Petasites hybridus
(99% purity)

Anti-inflammatory to acute viral
infections on primary human nasal

epithelial cells (HNECs).

Anti-cytokine effects by interfering with nuclear
translocation of STAT-signaling pathways [73].

7-hydroxy frullanolide, SQ lactone
from Sphaeranthus indicus

(98% purity)

Anti-inflammatory activity upon 7HF
treated followed by LPS activation of

human peripheral blood
mononuclear cells.

Downregulates the expression of adhesion
molecules such as ICAM1, VCAM1 and

E-selectin in TNF activated human
endothelial cells.

Inhibition of the translocation of NF-κB
into the nucleus by

inhibiting IKK-β phosphorylation [73,74].

β-caryophyllene bicyclic SQ from
Asparagus falcatus (98% purity)

Anti-inflammatory effects in rat models
of endometriosis.

Reduction in cyst size and apoptosis in
endometrial explants.

Cerebral ischemia-reperfusion injury
rat model.

Decreases prostaglandin E2 production, TNF
release, nitric oxide synthase and COX-2 [64,69].

Potent agonists for the cannabinoid
CB2 receptor [69].

Suppression of IL-1β and TNF [51].
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Table 1. Cont.

Sesquiterpene (SQ) Effect Mechanism

Costunolide (98% purity) and
Dehydrocostuslactone (99% purity)

SQ lactones from Laurus nobilis
Anti-inflammatory.

Inhibition of IL-6 induced tyrosine
phosphorylation of STAT3 in human leukemic

cell line THP-1.
Downregulate phosphorylation of the tyrosine

Janus kinases JAK1, JAK2 and Tyk2.
Downregulation of NF-κB and STAT3 activation

in lung injury mouse model.
Counteracts the pro-inflammatory effects of
IFN-γ and IL-22 on keratinocytes [75–77].

1β-hydroxyalantolactone (IJ-5) SQ
lactone from Inula japonica

(99% purity)

Suppress TNF-induced NF-κB
activation and inflammatory

gene transcription.
Attenuate atopic dermatitis severity,
IgE, IL-4, and IL-6 in serum, mRNA

levels of TNF, IL-1, IL-4 and IL-6 in skin
lesions in vivo.

Inhibition of the ubiquitination of
receptor-interacting protein 1 and NF-κB

essential modifier [78].
Inhibition of inflammatory cytokine expression

through NF-κB activating pathway [79].

Alantolactone (AL, 95% purity) and
isoalantolactone (IAL, 95% purity)

SQ lactones from Inula helenium

Inhibition of TNF-induced activation of
synovial fibroblasts, and RAW

264.7 cells.

Inhibition of TNF-induced activation of NF-κB
and MAPK pathways, supress the expression of
MMP-3, MCP-1, and IL-1, IL-6 and iNOS [79].

Fukinone and 10βH-8α,12-
epidioxyeremophil-7(11)-en-8β-ol
isolated from Petasites tatewakianus

Inhibit dendritic cell maturation
and activation.

Dendritic cell inhibition is mediated by nuclear
peroxisome-activated receptor γ (PPARγ) [80].

4.1. Isolation and Purification of SQ

The isolation and purification of SQsSQ from plant extracts is difficult, and complex
extraction methods generate low yields and high cost [81]. Thus, many research groups syn-
thetize the organic compounds and may work to purify these compounds for study [82,83].
Many of these SQ target different cellular pathways. For example, parthenolides disrupt
tubulin polymerization and thereby inhibit cell division and proliferation [84]. Because
these pathways are too numerous to discuss in this review, we will focus on some of the
most prominent pathways that are associated with inflammatory diseases.

It is possible that SQs function in synergy with many of these other compounds in
extracts to exert their biological effects; thus, purification and isolation of specific SQs
may be counterproductive in terms of therapeutic applications. However, only studies
of purified compounds alone, and then in combinations with others, will define their
mechanism of disrupting inflammatory pathways, and thus we will attempt to focus the
majority of this review on studies that have used synthetic or purified SQs, whenever
possible. Table 1 shows the most representative anti-inflammatory effects of some SQs
wherein the bioactive SQs are wholly or partially identified. For the remainder of this
review, we will refer to these compounds and their biological actions on the two main
inflammatory pathways mediated by NF-kB, NO and specific inflammatory cells.

4.2. Mechanisms of Action

Biological applications of purified SQs face two main challenges. First, purified SQs
are often insoluble in water and therefore difficult to test in in vitro systems and difficult
to administer to in vivo models of disease. Second, SQs have poor bioavailability at low
concentrations and are cytotoxic at high concentrations [85]. The low bioavailability is
due to high body clearance [86]. Recently, Garcia et al. [87] found that the SQ lactones
lactucopicrin and lactucin from curly escarole (Asteraceae) are orally bioavailable, but
undergo gut microbiotic and phase II metabolism in humans, as determined by qualitative
analysis of SQ lactones and metabolites in urine. Another later study reported that the
poor bioavailability of brussels/witloof chicory SQ lactones in humans was due to gut
microbial and phase II metabolism [88]. Therefore, much of the research describing the
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effects of SQs in various biological assays must be carefully considered with respect to the
concentrations and purity administered. Additionally, it is worth noting that responses
to natural products are often biphasic, meaning that lower concentrations can sometimes
have more profound effects on the signaling pathways involved in a particular biological
function. Regardless, the current literature suggests that many SQs function by blocking
some common inflammatory pathways, particularly those involving two transcription
factors, the nuclear factor of the κ chain in B-cells (NF-κB), and nuclear factor of activated
T-cells (NFAT), which are required for the gene transcription and expression of a variety of
pro-inflammatory mediators such as tumor necrosis factor (TNF).

4.2.1. NF-κB and NFAT Signaling in Inflammation and Its Modulation by SQs

The nuclear factor of the κ chain in B-cells (NF-κB) is expressed in nearly all cells and
regulates the expression of genes related to cellular interactions, survival, differentiation,
and adhesion, and specifically initiates the expression of cytokines, chemokines, and
coagulation factors. One of its most prominent roles is the initiation and potentiation of
inflammation (Figure 5). The NF-κB transcription factor family consists of five different
DNA-binding proteins that form several homodimers and heterodimers [89] and activation
of NF-κB depends on the degradation of specific inhibitors, such as the inhibitor of NF-κB
(IκB), following phosphorylation by the IκB kinase (IKK) complex. Increased NF-κB activity
in inflammatory reactions is due to augmented production of IKK-activating cytokines,
including tumor necrosis factor (TNF), and interleukin 1 (IL-1) [90]. The genetic responses
following NF-κB activation depend on the cell type, the accessibility of promoter regions
that are regulated by epigenetic mechanisms, and the dynamic signaling networks which
involve significant crosstalk between several upstream and downstream pathways that
may have additional implications in inflammation [91].
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Figure 5. The effect of SQs on inflammation. SQs suppress some inflammatory pathways, inhibit-
ing NF-κB and NFAT activation and blocking expression of endothelial cell adhesion molecules
such as e-selectin and ICAM-1. SQs dysregulates IκB phosphorylation, altering the production
of pro-inflammatory molecules such as IL-1, IL-6, IL-8, TNF (5), and upstream regulators of the
IκB kinase and MEKK, leading to activation of the mitogen-activated protein kinase JNK. SQs in-
hibit protein expression of iNOS, a regulator of the NF-κB response, and NO production. Created
with Biorender.com.
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Several SQ compounds modulate the inflammatory response by inhibiting the NF-κB
pathway [61] (Table 1), leading to suppression of cyclooxygenase-2 (COX-2) and increased
expression of anti-adhesion mucin MUC-1 [92]. In general, SQ inhibit the phosphoryla-
tion of IκB, preventing activation and further translocation of NFκB subunit p65 (RelA),
preventing binding to DNA and consequent transcription of inflammatory cytokines such
as TNF and IL-6 (Figure 3). SQ lactones also induce c-Jun NH2-terminal kinase (JNK)
activation independent of NF-κB inhibition [93], and can modify the activity of p53 by
two mechanisms: (1) by promoting the ubiquitination and degradation of the mouse dou-
ble minute 2 homolog (MDM2), a p53 negative regulator, or (2) by depletion of histone
deacetylase 1 (HDAC1) through proteasomal degradation [94,95]. In addition, artesunate,
an artemisin-derived SQ, inhibits the signal transducer and activator of transcription (STAT)
proteins, by blocking STAT3 phosphorylation [96]. Experimental studies have shown an
improvement in the inflammatory responses after the use of SQ, and this improvement has
been associated with NF-κB inhibition. However, studies on specific molecular targets of
SQ have not been completed.

It has been shown that dehydrocostuslactone, costunolide, and alantolactone, coun-
teracted the pro-inflammatory effects of TNF-stimulation, IFN-γ-stimulation, and IL-22
on keratinocytes via inhibition of STAT1 signaling [97], and suppressed inducible COX-2
expression by downregulating NF-κB, MAPK, and AP-1, which are critically involved
in the signal transduction of pro-inflammatory cytokines in macrophages [98], colorec-
tal cancer cells and keratinocytes [99]; 1β-hydroxyalantolactone (IJ-5) SQ lactone from
Inula japonica (Asteraceae) suppressed TNF-induced NF-κB activation and inflammatory
gene transcription by inhibiting the ubiquitination of receptor-interacting protein 1 and
NF-κB essential modifier, preventing IκB kinase activation [78]. Micheliolide inhibited
intestinal inflammation mediated by NF-κB activation and subsequent pro-inflammatory
pathways activation in vitro [100]. SQ lactones from Neurolaena lobate (Asteraceae) inhibited
lipopolysaccharide (LPS) and TNF production, interfered with the production of E-selectin
and interleukin-8 (IL-8) in HUVECtert and THP-1 cells, and inhibited the development of
acute inflammation in carrageenan-induced paw edema in rats [59].

In addition to NF-kB, the nuclear factor of activated T-cells (NFAT) family of transcrip-
tion factors is also targeted by SQs. Once NFAT is dephosphorylated, it translocates to the
nucleus and controls the expression of several genes. NFAT also modulates diverse cell func-
tions, and dysregulation of NFAT contributes to the development or prevalence of chronic
inflammatory and autoimmune diseases. FK506 or tacrolimus interacts with FK506-binding
protein-12, inhibiting the dephosphorylation of NFAT by calcineurin, a serine/threonine
phosphatase. Several natural extracts from Arnica montana (Asteraceae) containing SQ
lactones from the pseudoguaianolide family inhibit NFAT-DNA binding [101].

4.2.2. Production of NO in Inflammation, Inflammatory Markers, and Its Modulation by
SQ, and Subsequent Downstream Effects

NO is a ubiquitous physiological mediator synthesized by many cell types, functions
as a secondary messenger, and acts as an important regulator of inflammation. NO activates
and regulates the function of immune cells, sometimes inducing apoptosis [67]. Since NO
is lipophilic, highly diffusible, and short-lived, it is an ideal messenger capable of regulat-
ing intercellular and extracellular signaling pathways. Pleiotropic effects of NO include
the modulation of vasodilation, respiration, neurotransmission, cell migration, immune
responses, apoptosis, and metabolism. At a subcellular level, NO modifies mitochondrial
respiration, increases glutamine consumption in the tricarboxylic acid cycle, and in some
instances increases tumor growth and confers chemoresistance [102,103]. NO is also an
anti-inflammatory or immunosuppressive molecule and functions by inducing the apopto-
sis of activated inflammatory cells, thereby turning off the inflammatory signal [104]. NO is
synthesized by nitric oxide synthase (NOS) which has three isoforms: neuronal NOS (nNOS
or NOS1), inducible NOS (iNOS or NOS2), and endothelial NOS (eNOS or NOS3). The
principal enzyme involved in the NO pathway in activated immune cells is the inducible
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type-2 isoform of NOS-2, producing sustained NO synthesis from L-arginine [105]. NOS2
induction is independent of calcium concentration but can be stimulated by cytokines
produced by all cell types. NOS2 often requires two signals for activation: one from inter-
feron gamma (IFNγ), and another from tumor necrosis factor (TNF) [106]. In tumors, the
hypoxia inducible factor-1α (HIF-α) interacts with IFNγ and induces NOS2 expression. The
activation of NOS2 by TNF occurs via stimulation of NF-κB which binds to a κB element in
the NOS promoter [107]. Recent clinical studies have shown a link between high levels of
NOS2, the onset of progressive inflammatory disorders, and an elevated risk of developing
cancer [108,109]. Several factors may generate high levels of NO such as its co-expression
with COX-2 which catalyzes the conversion of arachidonic acid to prostaglandin E2 (PGE2).
NOS2/COX2 crosstalk also involves NO-inducer biomarkers such as TNF, IL-6, and IL-8
which are implicated in cell signaling upregulating MAPK, PI3K, and STAT3 [110]. The
role of NO in inflammation and neurobiology depends specifically on its concentration, its
chemical reactivity, the vicinity of target cells, and the way that target cells are programmed
to respond to different stimuli. In addition, NO exhibits pro- and anti-nociceptive effects in
the nociceptive processing pathway, in response to potentially toxic stimuli depending on
factors such as the site of action and NO concentration [111].

One of the most potent inhibitors of NO production is β–elemonic acid (β-EA) in
both in vitro and in vivo models. Within the concentration range of 0.02–0.5 µM, β-EA
significantly reduced NO production by LPS (1 µg/mL) treated RAW 264.7 cells and
downregulated the production of several other mediators, including tissue inhibitor of
metalloprotease 1 (TIMP1), TNF, IL-6, monocyte chemotactic protein 1 (MCP-1), soluble
TNF receptor 1 (sTNFR1), eotaxin-2, interleukin 10 (IL-10), granulocyte colony-stimulating
factor (GCSF), and macrophage inflammatory protein 1 alpha/gamma (MIP-1α/γ) [112]. In
a carrageenan-induced paw edema in vivo model, β-EA reduced inflammation-associated
edema by 40% as early as 30 min post-treatment, suggesting a very potent effect. The
mice received 100–300 mg/kg of β-EA orally for 7 days, a very high dose for an in vivo
treatment model, followed by the subcutaneous injection of 50 µL of 0.1% (w/v) carrageenan
into the sub-plantar region of the right hind paw, and the β-EA anti-inflammatory effect
was measured as a percentage of edema in a dose- and time-dependent manner. The
carrageenan-induced edema generated an increase in PGE2 levels, and β-EA significantly
decreased PGE2 levels in a dose-dependent manner [112] (Table 1). Following these studies,
a pharmacokinetic, and tissue distribution analysis measured β-EA in plasma and tissues
in a rat model after oral administration of 85 mg/kg β-EA [113]. After 1 h, β-EA was
present in plasma, heart, liver, spleen, lung, kidney, jejunum, colon, and ileum, following a
concentration trend: jejunum > ileum > colon > liver > kidney > lung > heart > spleen. The
peak concentration was found in 4 h for most tissues, except in jejunum and colon wherein
the concentration levels peaked at 1 h and 8 h respectively [113].

A SQ lactone from Inula japonica (Asteraceae) called JEUD-38 attenuated NO production
of LPS-treated RAW 264.7 cells by blocking protein expression of NOS2 [114]. This decrease
in NOS2 expression was the result ofa reduction in the translocation of NF-κB subunit p65,
via IκBα phosphorylation and degradation. JEUD-38 also inhibited the MAPK pathway [114].

SQs derived from several plants used in traditional medicine, such as Alpinia oxy-
phylla (Zingiberaceae) have potent inhibitory effects on NO production in LPS-activated
mouse peritoneal macrophages, and β–hexosaminidase release from a basophilic cell line,
RBL-2H3 [65]. The Curcumol SQ from Curcuma kwangsiensis (Zingibetaceae) inhibited the
VEGF/AKT/eNOS signaling pathway, and reduced expression of NO, inhibiting liver
angiogenesis and mediating anti-fibrotic effects in liver [66]. SQ lactones from Artemisia
leucodes (Asteraceae) showed hepato-protective properties, stimulating changes in NO
metabolism in the monooxygenase and NOergic systems in hepatocytes in animals with
acute toxic hepatitis [115]. In addition, alantolactone, a SQ lactone from Inula helenium
(Asteraceae), decreased the expression of COX-2, iNOS, MMPs, and a disintegrin and metal-
loproteinase with thrombospondin motif 5 induced by IL-1β in mouse chondrocytes in an
osteoarthritis model [116].
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LPS-induced inflammation was also downregulated in mouse microglia by Atractylenolide-
III from Atractylodes macrocephalia (Asteraceae). Atractylenolide-III suppressed the LPS-
stimulation of MG6 cells, decreasing mRNA expression and protein levels of TNF, IL-
1β, IL-6, iNOS, and COX-2 and inhibited the phosphorylation of p38 MAPK, and c-Jun
NH2 terminal kinase (JNK) [117]. These effects may have some similarities to the ones
observed in microglia, where several components isolated from Pogostemon cablin (Lamiaceae)
patchoulol-type, and guaiane-type SQ inhibited NO production in LPS-stimulated BV2
microglia cells, suggesting a significant effect on neuroinflammation [118].

The possibility that SQs can alter NO in the brain and thus modulate neuroinflam-
mation is attractive because many neurodegenerative diseases are thought to be caused
by chronic smoldering neuroinflammation [119]. This is especially true for SQs that could
potentially cross the blood brain barrier, which is a major hurdle for most current clinical
therapies. The bicyclic sesquicentennial β-caryophyllene (BCP) has a high affinity for cell
membranes and can alleviate ischemic brain damage in rats, reducing oxidative damage
and neuronal apoptosis [51,120]. Thus, BCP can attenuate cerebral ischemia-reperfusion
injury (CIRI) via regulation of numerous molecular targets by altering gene expression,
signal transduction pathways, or direct interactions [121,122]. Although the precise molec-
ular targets of particular SQs in CIRI remain unknown, it is entirely possible that NO
production plays an important role. In this regard, recent studies by Liu et al., (2021)
using transcriptome sequencing analysis, have begun to identify specific molecular mecha-
nisms involved in the effects of SQs on CIRI in the rat. RNA-Seq technology allowed the
construction of a protein interactive network, Hub genes, and a transcription factor (TF)
regulatory network for the potential Hub genes [51]. Experimental studies identified 411
differentially expressed genes (DEGs) filtered by treatment (CIRI vs. Sham, and CIRI vs.
BCP), allowing a determination of a cluster profile, with levels of Paired box 1, Cxcl3, and
Ccl20 remarkably inhibited by BCP treatment. Gene ontology and Kyoto encyclopedia
of genes and genomes (KEGG) pathway analysis, identified significant DEGs involved
in multiple biological processes such as extra-cellular matrix organization, leukocyte mi-
gration, regulation of angiogenesis, and reactive oxygen species metabolic processes [51].
DEGs also participated in several signaling pathways including MAPK signaling pathways,
cytokine–cytokine receptor interaction, JAK-STAT signaling pathways, and others. The
protein–protein interaction network consisted of 339 nodes and 1945 connections, and the
top ten Hub genes identified included TIMP1, MMP-9, and STAT3. These studies also
established a TFs-miRNAs-targets regulatory network involving 6 TFs, 5 miRNAs, and
10 Hub genes, consisting of several regulated signaling pathway models such as Brd4-rno-
let-7e-Mmp9, Brd4-rno-let-7i-Stat3, and Hnf4a-rno-let-7b-Timp1. Western blot analysis
demonstrated that BCP inhibited TIMP1, MMP-9, and STAT3 expression in rat brains
after ischemia/reperfusion. ELISA analysis showed that BCP suppressed TNF and IL-1β
production during CIRI, and suppressed oxidative damage. Altogether, BCP significantly
reduced neurological deficit and improved cerebral ischemia [51].

5. SQ Effects on Inflammatory Cells and Their Activation in Allergic Inflammation

Although NF-kB, NFAT and NO are general regulators of inflammation, these path-
ways can be initiated in different ways depending on the stimulus and the tissue in which
it is initiated. Allergic inflammation is a complex interplay of proinflammatory cells and
mediators that reside mainly in tissues that interface with the external environment, such
as the mucosal surfaces of the lung, gut, and the skin. This section discusses the effects
of SQs on three important types of cells (dendritic cells, monocytes, and mast cells) in
allergic inflammation.

5.1. SQ Effects on Dendritic Cells, Monocytes and Lymphocytes

Dendritic cells play a major role in inflammatory processes, in detecting and binding
infectious agents, migrating to secondary lymphoid tissues and priming naïve T lympho-
cytes, leading to the development of diverse immune responses (Figure 5). Conversely,
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they can also prevent immune responses, as they may be involved in central and periph-
eral tolerance. “Inflammatory dendritic cells” have recently been redefined as dendritic
cells that are differentiated from monocyte cells and play an important role during infec-
tion or inflammatory processes in innate and adaptive immunity [123]. Several research
groups have focused on dendritic cells derived from the monocyte lineage of mice and
humans and have identified two functional subsets defined by the expression levels of
CX2CR1. As described by Geissmann and colleagues [124], resident CX3CR1high monocytes
are found in the blood and inflamed peripheral organs. On the other hand, CX3CR1low

monocytes are short-lived and are actively recruited into inflamed tissues, where they
further differentiate into functional DCs that have the ability to stimulate naïve T cells.
Studies from our group have shown that novel isolated SQ molecules [125], fukinone, and
10βH-8α,12-epidioxyeremophil7(11)-en8β-ol, derived from Petasites tatewakianus (Aster-
aceae), downregulate dendritic cell functions mediated by proliferator activator receptor
gamma (PPARγ), hindering the expression of CD86 and the production of TNF, IL-6 and IL-
12p70 after LPS stimulation, inhibiting maturation and activation of bone marrow-derived
dendritic cells [80]. Conversely, the SQ called myrothecine A found in Artemisia annua
(Asteraceae) has effects on the proliferation of the mouse hepatocarcinoma cell line Hepal-6,
and the maturation of dendritic cells by regulating the oncogene miR-221, and enhancing
the expression of CD86 and CD40. Myrothecine A acts as an anti-tumor drug by promoting
maturation of dendritic cells in the environment of hepatocellular carcinoma [126]. SQs
can suppress autophagy in hepatocytes and Kupffer cells isolated from an obese mouse
model in which there is an increase in TNF production, and loss of autophagy enhanced
endotoxin-induced inflammasome activation, leading to the production of IL-1β, and
IL-18 [127,128]. Moreover, the SQ called micheliolide (MCL) alleviated hepatic steatosis in
the db/db mouse model by inhibiting inflammation and lipid accumulation in lipid mixture-
induced AML12 and L02 cells by upregulating PPARγ and decreasing phosphorylation
of IκBα and NF-κB/p65, inhibiting NF-κB (Table 1). In addition, MCL administration
increased microtubule-associated proteins 1A/1B light chain 3B, autophagy related 7 and
Beclin-1 expression and the autophagosomal marker 3B-II/I ratio in db/db mouse livers and
lipid mixture-treated AML12 and L02 cells. MCL-induced increases were mediated by the
activation of PPARγ, AMP-activated protein kinase, and inhibition of phospho-mammalian
target of rapamycin signaling [68].

Verticillane-type diterpenes, and some eudesmane-type sesquiterpenoids derived
from Cespitularia sp. (Xeniidae) suppressed the release of TNF and NO and inhibited the up-
regulation of pro-inflammatory iNOS and COX-2 genes in LPS-induced dendritic cells [129].
Recent studies have shown that custunolide, the main active constituent of Radix aucklandiae
(Asteraceae), possesses anti-inflammatory and immunomodulatory effects, downregulating
myeloperoxidase activity, decreasing the pathological changes, and the levels of proinflam-
matory cytokines in mouse models of colitis. Custunolide also rebalanced Th17/Treg cells
in the colon, mesenteric lymph nodes and spleen, while also reducing mRNA expression
of Rorc, and IL-17a. Although there were no effects on dendritic cell maturation in vitro,
mRNA expression of Ifng and IL-6, and Treg cell differentiation, there was a significant
decrease in Th17 cell differentiation upon SQ treatment [130].

5.2. SQ Effects on Mast Cells/Basophils and Allergic Inflammation

Mast cells and basophils are hematopoietically derived cells that participate in in-
flammation, tissue remodeling, and infection, and are potent effector cells in innate and
adaptive immune responses (Figure 6). Reaching sizes up to 20 µm, with a round nuclear
morphology, mast cells contain abundant metachromatic cytoplasmic granules, due to
their sulfated proteoglycans (i.e., heparin and chondroitin sulfates) [131]. Two subtypes of
human mast cells have been described based on whether they contain specific proteases in
their granules. Mast cells that store only tryptase (MCT cells) are mainly found in the mu-
cosa of the respiratory and gastrointestinal tracts and their numbers increase with mucosal
inflammation. On the other hand, mast cells that contain tryptase and mast cell-specific chy-
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mase (MCTC cells) are localized within connective tissues such as the dermis, submucosa of
the gastrointestinal tract, heart, conjunctivae, and perivascular tissues [132]. Both of these
types of mast cells are associated with blood vessels and epithelial surfaces and are central
to the pathogenesis of immediate hypersensitivity and mastocytosis. In addition, mast
cells express immunoglobulin Fc receptors (FcεRI, FcγRI, FcγRIIα, FcγRIIβ, and FcγRIIIα),
complement receptors (C3aR, C5aR) and cytokine receptors (KIT, IL-3R, IL-18R, IL-33R, and
TSLPR). When activated, mast cells produce IL-3, IL-4, IL-5, IL-6, IL-8, IL-9, IL-10, IL-13,
IL-15, IL-25, TSLP, TNF, TGFβ, NGF, βFGF, VEGF, and CCL2 chemokines, and are involved
in host responses to pathogens, autoimmune diseases, fibrosis, and wound healing [133].
Finally, mast cells typically have long lifetimes, remaining in tissues for months and may
have the ability to proliferate and self-renew throughout the lifetime of the individual [134].
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Figure 6. Effect of SQs on dendritic cell maturation, lymphocyte activation, mast cell activation,
and allergic inflammation. Allergic sensitization is triggered by allergens such as pollen grains.
Once the allergen enters the tissue, either through compromised epithelium or active transport, the
antigen is presented by dendritic cells, which then activate naïve T cells to initiate B cells to produce
antibodies, including the IgE subclass. The IgE bind to FcεRI receptors on mast cells, activating
the mast cells to produce mediators that initiate clinical manifestations of allergic inflammation.
Exposure to SQs impairs the differentiation of monocytes into immature dendritic cells. SQs also
modify the recruitment of regulatory B cells, attenuating mucosal inflammatory responses. SQs can
also modulate allergic inflammation by blocking mast cell activation. Created with Biorender.com.

Basophils are smaller than mast cells at 5–8 µm in diameter, and contain a segmented,
condensed nucleus, with fewer but larger granules compared to mast cells. After exiting
the bone marrow and entering the circulation, basophils do not proliferate and have a short
half-life of 2 to 3 days under steady-state conditions, but can be recruited to inflammatory
sites in response to allergic stimuli [135]. Basophils express a variety of cytokine receptors
(i.e., IL-3R, IL-5R, IL-18R, IL-33R, TSLPR, and granulocyte-macrophage colony-stimulating
factor receptor), chemokines (CCL3, CCL4, CCL12, CXCL2), complement receptors (C3aR,
and C5aR), chemoattractant receptor-homologous molecule on T helper type 2 cells, and Fc
receptors FcεRI and FcγRIIIα. Both mast cells and basophils share some biomarkers, includ-
ing the high-affinity IgE receptor FcεRI, but these cells develop from distinct hematopoietic
progenitors and follow different differentiation pathways. Although a great deal of work has
shown the effects of SQs on mast cells, very little is known of the effects of SQs on basophils.



Molecules 2022, 27, 2450 15 of 27

Petasites japonicus (Asteraceae) is used to treat asthma and allergic diseases in tradi-
tional Korean, Japanese, and Chinese medicine. One SQ isolated from Petasites (Asteraceae),
petatewalide B, inhibited antigen-induced degranulation of RBL-2H3, with no effect on
Ca2+ levels [136]. In mouse peritoneal macrophages petatewalide inhibited LPS-induced
iNOS, and nitric oxide production, but not COX-2 [137]. In an ovalbumin-induced asthma
mouse model, petatewalide B reduced the number of eosinophils, macrophages, and lym-
phocytes in the bronchoalveolar lavage fluid following ovalbumin challenge, suggesting
that petatewalide B may have reduced the production of mast cell-derived chemokines
responsible for recruitment of these cells to the lung [136]. Because the transcription of
many of these chemokines is dependent upon NF-kB and NFAT, it is possible that SQ
blockade of these transcription factors may be responsible.

SQs also inhibit basophil degranulation, which is a process that is independent of
transcription. SQ lactones isolated from the roots of Saussurea costus (Asteraceae) inhibited
antigen-induced degranulation of RBL-2H3 cells (Table 2). Moreover, when applied in
an ovalbumin-induced allergic asthma model, these SQ lactones decreased the number
of immune cells such as eosinophils in bronchoalveolar lavage fluid [138], and reduced
expression and secretion of the Th2 cytokines IL-4 and IL-13 in bronchoalveolar lavage
fluid and lung tissues [139]. Our own studies demonstrated that RBL-2H3 cells sensi-
tized with anti-DNP-IgE and activated by anti-IgE, the SQ lactone 6β-angeloyloxy3β,8-
dihydroxyeremophil-7(11)-en-12,8β-olide (F-1) had no effect on degranulation when the
cells were treated for only 30 min [140]. However, treatment of RBL-2H3 cell for 24 h
with F-1 SQ lactones resulted in a dose-dependent suppression of degranulation and TNF
production by as much as 90% (Table 2). These studies involved two synthetic versions
of F-1, only differing in the hydroxylation of the third carbon, which suggested that the
biological activity is dependent upon the particular chemical structure of F-1. Our study is
one of the few that directly links SQ structure to immune cell function.

Table 2. Sesquiterpene effects on mast cells.

Sesquiterpene (SQ) Effect Mechanism

Fluvastatin Inhibited RBL-2H3 cells degranulation. Ca2+ independent due to suppression of
geranylgeranyl transferase [141].

Parthenolide

Inhibited RBL-2H3, and
BMMC degranulation.

Inhibited passive cutaneous
anaphylaxis reaction in mice.

Disrupted microtubule formation-fyn
kinase dependent [142]

Magnolialide Inhibited RBL-2H3 cells degranulation. Decreased levels of IL-4 [136]

Bakkenolide B Inhibited RBL-2H3 cells degranulation.
Suppressed IL-4 release [143].

Inhibited NOS2 and COX-2 [143].
Suppressed IL-4 production [136,144].

(-)-Elema-1,3,11(13)-trien-12-ol Inhibit RBL-2H3 cells degranulation. Suppressed IL-4 production [144].

Thujopsene Inhibit RBL-2H3 cells degranulation. Suppressed IL-4 production [144].

Atractylenolide III Inhibit RBL-2H3 cells degranulation.
Inhibit phosphorylation of Lyn, Fyn, Syk, LAT,

PLCγ, Gab2, Akt, p38, and JNK kinases;
Ca2+ dependent [145].

Artesunate

Reduce infiltration of mast cell in
mouse skin.

Inhibit the release of inflammatory
cytokines, downregulate Th17 cell
responses in RBL-2H3 and mature

human cultured mast cells.

Inhibited IgE-induced Syk and PLCγ1
phosphorylation, production of IP3, and rise in

cytosolic Ca2+ level [146].
Reduce IgE and TNF concentration in serum.

Suppress of IL-6, IL-17, and IL-23 expression [147].
Promote SOCS3 protein and inhibit ROR-γt

protein and STAT3 phosphorylation [96].

Aegeline Inhibit degranulation and cytokine
secretion of RBL-2H3 cells. Influence the intracellular Ca2+ pool [148].
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Table 2. Cont.

Sesquiterpene (SQ) Effect Mechanism

Artekeiskeanol A Inhibit degranulation and cytokine
secretion of RBL-2H3 cells.

Suppress TNF, IL-13 and phosphorylation of Akt,
p38 MAPK, JNK, p44/42MAPK [149].

Tussilagone Inhibit degranulation and cytokine
secretion of RBL-2H3 cells.

Suppress phosphorylation of Lyn, Syk, Akt, NF-κB
p65, ERK and p38 MAPK [150].

SQ lactones derived from
6β-angeloyloxy3β,8-

dihydroxyeremophil-7(11)-en-
12,8β-olide

(F-1)

Inhibit degranulation and cytokine
secretion of RBL-2H3 cells.

Inhibit β-hexosaminidase release and
TNF production [140].

3-butyl-1-chloro-8-(2-
methoxycarbonyl)phenyl-5H-

imidazo[1,5-b]isoquinolin-10-one
(U63A05)

Inhibit degranulation and cytokine
secretion of RBL-2H3 and BMMC. Inhibit Syk activation; Ca2+ independent [151,152].

Cacalolides Inhibit degranulation and cytokine
secretion of BMMC.

Inhibit the activity mediated by FcεRI-induced
intracellular Ca2+ mobilization, ROS production,

VEGFR-2, and activation of PI3K-Akt kinases, and
MAPK pathway [153].

Atractylone

Decrease histamine levels, IgE, IL-4,
IL-5, IL-6, VEGF, and IL-13 in peritoneal

mast cells of PCA-induced mice
Attenuate pro-inflammatory cytokine
production and mRNA expression of
phorbol 12-myristate 13-acetate and

calcium ionophore A23187-stimulated
HMC-1, rat peritoneal mast cells, and

allergic rhinitis mouse model.

Inhibit intracellular Ca2+, tryptase release, and
histamine release.

Decrease histidine decarboxylase activity
and expression.

Induce caspase-1/NF-κB/MAPKs activation.
Reduce total IgE, histamine, PGD2, TSLP, IL-1β,

IL-4, IL-5, IL-6, IL-13, TNF, COX-2, ICAM-1,
and MIP-2 [153,154].

Britanin Inhibit pro-inflammatory cytokines and
degranulation of HMC-1 and BMMC.

Suppress gene expression and secretion of
pro-inflammatory cytokines [155].

Attenuate activation of NF-κB pathway.
Inhibit generation of PGD2 and phosphorylation

of Syk-dependent pathway [155,156].

β-Eudesmol

Inhibit the production and expression
of IL-6 in PMA and Ca2+

ionophore-stimulated HMC-1;
suppress SCF-induced mast cell

migration and
morphological.alterations, reduce
F-actin formation in rat peritoneal

mast cells.

Suppress activation of p38 MAPKs, and NF-κB.
Suppress the activation of caspase-1 and

expression of receptor-interacting protein-2.
Reduce activation of Fyn kinase, Rac1 GTPase,

and p38 MAPKs [154,157].

Dehydroleucodine xanthatin
Inhibit degranulation of LAD2, rat
peritoneal mast cells and rat gastric

mucosa mast cells.

Anti-inflammatory properties, with inhibition of
mast cell activation [158–160].

Fukinone Inhibit IgE dependent degranulation. Inhibit expression of FcεRI(α, β,γ), and Kit
receptors, and tryptase expression [161].

Another SQ compound, tussilagone isolated from the flower bud of Tussilago farfara
(Compositae) [162] was tested in an ovalbumin-induced allergic asthma model in guinea
pigs, in which 25 and 50 mg/kg of tussilagone was intraperitoneally administrated, and
serum and nasal tissue samples were evaluated for features of inflammation [163]. A
decrease in inflammatory cell infiltrates, lower histamine, ovalbumin-specific IgE, as well
as IL-6 levels were observed after tussilagone administration. Conversely, TNF levels
were increased after tussilagone treatment. IgE-stimulated RBL-2H3 cells treated with
tussilagone in vitro showed suppressed phosphorylation of tyrosine kinase (Lyn), spleen-
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associated tyrosine kinase (Syk), Akt, NF-κB p65, extracellular signal-regulated kinase
(ERK), and p38 MAPK [150] suggesting that tussilagone blocked FcεRI signaling, resulting
in a reduction in transcription of pro-inflammatory mediators. Thethe in vivo effects of
tussilagone in a murine model of asthma may be due to a decrease in ovalbumin-specific
IgE, and inhibition of the IgE-producing B cells.

Artesunate, a semi-synthetic SQ derivative of artemisinin isolated from Artemisia
annua (Asteraceae) has been used as an antimalarial and antitumor treatment, and inhibits
IL-6, IL-17 and TNF secretion by synovial cells [164]. Bai et al., [96] showed that in an
animal model of atopic dermatitis, artesunate attenuated 2, 4-dinitrochlorobenzene-induced
atopic dermatitis in BALB/c mice, improving atopic dermatitis symptoms, and mast cell
infiltration, as well as decreasing TNF, and IgE levels. The observed effects were related
to downregulation of the Th17 cell responses, including modulation of IL-6, IL-17, IL-23,
STAT3 and ROR-γt upon artesunate treatment.

In addition, the oral administration of tomentosin (Inula extract, family Asteraceae)
reduced mast cell-mediated passive cutaneous anaphylaxis in IgE-sensitized mice. To-
mentosin also reduced production of eicosanoids (PDG2 and LTC4) by stem cell factor
(SCF)-stimulated bone marrow mast cells and inhibited mast cell degranulation by sup-
pressing MAPK, PLA2, and PLCγ1 phosphorylation and intracellular calcium release [165].

6. Other Important Targets of SQs That May Modulate Inflammation
6.1. Effects of SQs on Ion Channels That Regulate Inflammation

Recent studies show that 7-hydroxy frullanolide (7HF), an SQ lactone, inhibits CD4+ T
cell and peritoneal macrophage responses, and lowers CD69 upregulation, IL-2 produc-
tion and CD4+ T cell cyclin upon activation with anti-CD3 and anti-CD28 antibodies [54].
In peritoneal macrophages, 7HF inhibited LPS-induced nitrite and IL-6 production in a
Ca2+-dependent manner, while in silico studies suggested that 7HF could bind to transient
receptor potential cation channel subfamily V member 1 (TRPV1), inositol 1,4,5 thiophos-
phate receptor (IP3R), and sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) channels,
which are all important in regulating intracellular calcium fluxes. Binding studies by the
same group showed that 7HF inhibited CD4+ T cell activation mediated by Ca2+-dependent
mechanisms, where different Ca2+ channels were evaluated after 7HF treatment. Intracel-
lular Ca2+ levels were also shown to be regulated by 7HF in CD4+ T cells. BAPTA-AM, a
specific intracellular Ca2+ chelator at suboptimal doses (10 and 100 nM), rescued the 7HF
induced decrease of T cell proliferation. When CD4+ T cells were treated with Fluo-4 AM
followed by 7HF, and activated with anti-CD3 and anti-CD28 antibodies, there was an
increase in intracellular Ca2+ by 7HF, enhancing CD4+ T cell proliferation in vitro. The
authors also used a combination of phorbol myristate acetate (PMA) and ionomycin, a
system of activation that bypasses the cell surface TCR-CD3 cell signaling pathway. PMA
mimics the role of diacyl glycerol, and ionomycin is a Ca2+ ionophore. 7HF enhances CD4+
T cell proliferation when cells were only activated with PMA (lower strength of signal),
demonstrating its efficacy across different in vitro T cell activation systems. Studies have
shown that 7HF inhibited the IL-6 produced by peritoneal macrophages induced by LPS
in a Ca2+-dependent manner, perhaps by directly binding to TRPV1, IP3R, and SERCA
Ca2+ channels [166–168]. Intraperitoneal administration of 7HF lowered IFNγ and IL-6 in
serum, and reduced the effects of dextran sulfate sodium-induced colitis in C57BL/6 mouse
models [54]. The results suggest that SQs can function to modulate individual calcium-
dependent signaling pathways [166,167]. This could be attributed to the role that SQs play
in facilitating cationic permeability of the lipid bilayer and mitochondrial membranes to
divalent cations such as calcium that play key roles in several pathophysiological pro-
cesses [168,169]. Interestingly, calcium has been shown to facilitate the production of SQs
in immobilized plant tissues, in response to the extracts of the fungal pathogen Rhizoctonia
solani [169,170]. The SQ lactone content increases with increasing calcium concentration in
nutrient solution, suggesting a positive feedback mechanism.
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6.2. SQs as Potential Membrane Permeation Enhancers for Drug Delivery Systems

Because SQs promote membrane fluidity, they are potential drug delivery vehicles for
therapeutic applications [171]. An interesting observation recently reported by Mishra and
colleagues also suggested that the SQ alcohol, cedrol, found in the essential oil of Juniperus
virginiana (Cupressaceae), chemosensitizes human cancer cells and plays a role in suppression
of cell proliferation via destabilizing plasma membrane lipid rafts [172]. In addition to
plant-derived SQ, there are several studies using SQ derived from marine origin that have
demonstrated potential analgesic activity attenuating neuropathic pain, mediating inflamma-
tion by the inhibition of TNF, COX-2, and iNOS in RAW264.7 cells, and carrageenan-injected
rats [39]. Some other SQs have antineuro-inflammatory and antinociceptive properties in
IFNγ-stimulated microglial cells and in neuropathic rats respectively, rendering them as
potential therapeutic agents for treatment of neuro-inflammatory diseases.

SQs have anti-inflammatory properties but are lipophilic, cytotoxic, and are not bio-
compatible with several cell types. Our group has shown that polymeric nanoparticles
engineered with poly (lactic-co-glycolic acid) (PLGA) and polyvinyl alcohol (PVA) and
encapsulating fukinone, or 10βH-8α,12-epidioxyeremophil7(11)-en8β-ol, an eremophilane-
type SQ, delivered controlled SQ cargo to mast cells, the major effector cells of allergic
inflammation. The use of natural biodegradable compounds such as PLGA/PVA allowed
us to design and control the loading and release of biodegradable SQ materials to cells
directly involved in inflammatory reactions. Our studies showed that the use of poly-
meric nanomaterials improved the biocompatibility of the SQs fukinone and 10βH-8α,12-
epidioxyeremophil7(11)-en8β-ol on LAD2 human mast cells. Whereas unencapsulated SQs
decreased human mast cell (LAD2) viability by 20%, PLGA/PVA polymeric-encapsulated
fukinone, and 10βH-8α,12-epidioxyeremophil7(11)-en8β-ol SQ nanoparticles did not ad-
versely affect LAD2 viability. In addition, SQ encapsulated within nanoparticles success-
fully delivered the SQ payload to the cells, thus improving the biocompatibility of the
SQs. Mast cell response to antigens was modified after treatment with the encapsulated
SQ, particularly by decreased gene expression encoding the subunits of the of the high-
affinity immunoglobulin E receptor (FcεR1α, FcεR1β, and FcεR1γ), as well as the stem cell
factor receptor (Kit). Our studies also showed that encapsulated SQs selectively inhibited
tryptase, but had no effect on chymase expression. In addition, PLGA/PVA encapsulated
SQ inhibited mast cell degranulation upon IgE/FcεRI stimulation [161].

7. Conclusions

Significant research shows that SQ are important regulators of inflammation and that
the effects are complex and dependent upon the type, source, and purity of the SQs as
well as the tissue and cell type for which the analysis is done. Because SQs have such a
complex structure, it is difficult to directly correlate structural changes to the biological
effects described in this review. However, some generalizations can be made. SQs can
specifically target the NF-kB and NO pathways that lead to inflammation. Furthermore,
SQs can directly inhibit the maturation and function of dendritic cells, monocytes, and mast
cells, which are important regulatory cells in inflammation, including allergic inflammation.
How SQs manifest their effects on these pathways and cells is still not well understood,
which is complicated by the varied SQ structures, sources and purities. Studies involving
the isolation of SQs from a natural sources uses a unique isolation methods, and often
lack rigorous characterization the isolated SQs. As a result, the effects of the SQs or
other chemical species isolated in tandem in complex mixtures that are responsible for the
biological effects observed is challenging if not impossible to deconvolute. Analyses using
highly pure or synthetic SQs are necessary and inevitable.

The correlation of laboratory studies to clinical or therapeutic significance is also
challenging. Double-blind and placebo-controlled clinical studies of SQ effects on inflam-
matory diseases in human cohorts are scarce in the literature (comprehensively examined
in several recent reviews, including [173]). Furthermore, even fewer studies exist that
identify the appropriate dosage or duration of treatment with SQs, particularly for chronic
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inflammatory diseases where SQs may be administered over long time periods . . . SQs
have exhibited significant toxic effects on some in vitro models, which raises concerns of
adverse events in clinical settings. In light of their diverse chemistry, for SQs to reach
therapeutic arenas, rigorous studies at the cellular level in conjunction with appropriate
and carefully controlled animal model systems are required in the future.
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Abbreviations

7HF 7-hydroxy frullanolide
AKT Protein kinase B
AML12 Mouse hepatocytes
AP-1 Activator protein 1
BCP β-caryophyllene
β-EA β-elemonic acid
BMMC Bone marrow derived mast cells
BV2 Mouse microglial cells
C3aR, C5aR Complement receptors
CCL C-C motif ligand
CD Cluster of differentiation
CIRI Cerebral ischemia-reperfusion injury
COX-2 Cyclooxygenase-2
CXCL C-X-C motif chemokine ligand
CXCR C-X-C motif chemokine receptor
DEGs Differentially expressed genes
DMAPP Dimethyallyl diphosphate
eNOS or NOS3 Endothelial nitric oxyde synthase
ERK Extracellular signal regulated kinase
F-1 6β-angeloyloxy3β,8-dihydroxyeremophil-7(11)-en-12,8β-olide
Fc Fragment crystallizable region
FK506 Tacrolimus
FPP Farnesyl diphosphate
GCSF Granulocyte colony-stimulating factor
HDAC1 Histone deacetylase 1
HIF-α Hypoxia inducible factor-1α
HNECs Human nasal epithelial cells
HMC-1 Human mast cell line
HMG-CoA 3-hydroxy-3-methylglutaryl-CoA
HMGR 3-hydroxy-3-methylglutaryl-CoA reductase
HMGS 3-hydroxy-3-methylglutaryl-CoA synthase
HUVERCtert Human umbilical vein endothelial cells
ICAM-1 Intercellular cell adhesion molecule-1
IFNγ Interferon γ
IgE Immunoglobulin E
IJ-5 1β-hydroxyalantolactone
IκB Inhibitor of NF-κB
IKK IκB kinase complex
IL Interleukin
iNOS or NOS2 Inducible nitric oxide synthase
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IP3R Inositol 1,4,5 thiophosphate receptor
IPP Isopentyl phosphate
JNK c-Jun NH2-terminal kinase
KEGG Kyoto encyclopedia of genes and genomes
KIT Tyrosine protein kinase
Kupffer Mouse liver macrophages
L02 Human hepatic cells
LAD2 Laboratory of allergic diseases 2
LPS Lipopolysaccharide
LTC4 Leukotriene C4
LX-2 Human hepatic stellate cells
Lyn Tyrosine protein kinase
MAPK Mitogen-activated protein kinase
MCL Micheliolide
MCP-1 Monocyte chemotactic protein 1
MDD Mevalonate diphosphate decarboxylate
MDM2 Mouse double minute 2 homolog
MEKK Mitogen activated protein kinase/ERK kinase kinase
MG6 Mouse microglial cells
MIP-1α/γ Macrophage inflammatory protein 1 α/γ
miRNA Micro Ribonucleic acid
MMP Matrix metalloproteinase
Muc-1 Anti-adhesion mucin
MVA Mevalonate
MVK Mevalonate kinase
NFAT Nuclear factor of activated T-cells
NF-κB Nuclear factor of the κ chain in B-cells
NGF Nerve growth factor
NO Nitric oxide
NOS Nitric oxide synthase
nNOS or NOS1 Neuronal nitric oxide synthase
PAX1 Paired box 1
PCA Pasive cutaneous anaphylaxis
PGE2 Prostaglandin E2
PI3K Phosphoinositide 3-kinase
PLA2 Phospholipase A2
PLC Phospholipase C
PLGA Poly lactic-co-glycolic acid
PMA Phorbol myristate acetate
PMK Phosphomevalonate kinase
PPARγ Proliferator activator receptor γ
PVA Polyvinyl alcohol
RAC Ras-related C3 botulinum toxin substrate 1
RAW 267.2 Mouse monocyte/macrophage cells
RBL-2H3 Rat basophilic leukemia cells
ROS Reactive oxygen species
ROR-γt Retineic acid receptor relatet orphan nuclear receptor γ
SCF Stem cell factor
SERCA Sarco/endoplasmic reticulum Ca2+-ATPase
SQ Sesquiterpene
STAT Signal transducer and activator of transcription
sTNFR1 Soluble TNF receptor 1
Syk Spleen associated tyrosine kinase
TGFβ Transforming growth factor β
THP-1 Human monocyte cell line
TIMP Tissue inhibitor of matrix metalloproteinases
TIMP1 Tissue inhibitor of metalloprotease 1
TNF Tumor necrosis factor
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TR Transcription factor
TSLP Thymic stromal lymphopoietin
TSLPR Thymic stromal lymphopoietin receptor
VEGF Vascular endothelial growth factor

References
1. Chadwick, M.; Trewin, H.; Gawthrop, F.; Wagstaff, C. Sesquiterpenoids lactones: Benefits to plants and people. Int. J. Mol. Sci.

2013, 14, 12780–12805. [CrossRef] [PubMed]
2. Chen, L.P.; Wu, G.Z.; Zhang, J.P.; Ye, J.; Liu, Q.X.; Shen, Y.H.; Li, H.L.; Zhang, W.D. Vlasouliolides A-D, four rare C17/C15

sesquiterpene lactone dimers with potential anti-inflammatory activity from Vladimiria souliei. Sci. Rep. 2017, 7, 43837. [CrossRef]
3. Farmanpour-Kalalagh, K.; Beyraghdar Kashkooli, A.; Babaei, A.; Rezaei, A.; van der Krol, A.R. Artemisinins in Combating Viral

Infections Like SARS-CoV-2, Inflammation and Cancers and Options to Meet Increased Global Demand. Front. Plant Sci. 2022,
13, 780257. [CrossRef] [PubMed]

4. Liu, X.; Bian, L.; Duan, X.; Zhuang, X.; Sui, Y.; Yang, L. Alantolactone: A sesquiterpene lactone with diverse pharmacological
effects. Chem. Biol. Drug Des. 2021, 98, 1131–1145. [CrossRef] [PubMed]

5. Zhang, Y.; Hu, Y.F.; Li, W.; Xu, G.Y.; Wang, K.R.; Li, L.; Luo, H.; Zou, L.; Wu, J.S. Updates and advances on pharmacological properties
of Taraxacum mongolicum Hand.-Mazz and its potential applications. Food Chem. 2022, 373, 131380. [CrossRef] [PubMed]

6. Matos, M.S.; Anastacio, J.D.; Nunes Dos Santos, C. Sesquiterpene Lactones: Promising Natural Compounds to Fight Inflammation.
Pharmaceutics 2021, 13, 991. [CrossRef] [PubMed]

7. Banerjee, A.K.; Laya, M.S.; Poon, P.S. Sesquiterpenes Classified as Phytoalexins++Dedicated to Dr. Gonzalo Martin and Dr. Carlos
Rivas Cols whose role as Head of the Chemistry Department (IVIC) was impressive and praiseworthy. In Studies in Natural
Products Chemistry; Atta ur, R., Ed.; Elsevier: Amsterdam, The Netherlands, 2006; Volume 33, pp. 193–237.

8. Abdul Malik, N.A.; Kumar, I.S.; Nadarajah, K. Elicitor and Receptor Molecules: Orchestrators of Plant Defense and Immunity. Int.
J. Mol. Sci. 2020, 21, 963. [CrossRef]

9. Jeandet, P.; Hébrard, C.; Deville, M.A.; Cordelier, S.; Dorey, S.; Aziz, A.; Crouzet, J. Deciphering the role of phytoalexins in
plant-microorganism interactions and human health. Molecules 2014, 19, 18033–18056. [CrossRef]

10. Ahuja, I.; Kissen, R.; Bones, A.M. Phytoalexins in defense against pathogens. Trends Plant Sci. 2012, 17, 73–90. [CrossRef]
11. Grisebach, H.; Ebel, J. Phytoalexins, Chemical Defense Substances of Higher Plants? Angew. Chem. Int. Ed. Engl. 1978, 17, 635–647.

[CrossRef]
12. Tholl, D. Terpene synthases and the regulation, diversity and biological roles of terpene metabolism. Curr. Opin. Plant Biol. 2006,

9, 297–304. [CrossRef] [PubMed]
13. Majdi, M.; Ashengroph, M.; Abdollahi, M.R. Sesquiterpene lactone engineering in microbial and plant platforms: Parthenolide

and artemisinin as case studies. Appl. Microbiol. Biotechnol. 2016, 100, 1041–1059. [CrossRef] [PubMed]
14. Song, N.; Ma, L.; Wang, W.; Sun, H.; Wang, L.; Baldwin, I.T.; Wu, J. An ERF2-like transcription factor regulates production of the

defense sesquiterpene capsidiol upon Alternaria alternata infection. J. Exp. Bot. 2019, 70, 5895–5908. [CrossRef] [PubMed]
15. Lackus, N.D.; Morawetz, J.; Xu, H.; Gershenzon, J.; Dickschat, J.S.; Köllner, T.G. The Sesquiterpene Synthase PtTPS5 Produces (1S,5S,7R,10R)-

Guaia-4(15)-en-11-ol and (1S,7R,10R)-Guaia-4-en-11-ol in Oomycete-Infected Poplar Roots. Molecules 2021, 26, 555. [CrossRef]
16. Zhao, L.; Dong, J.; Hu, Z.; Li, S.; Su, X.; Zhang, J.; Yin, Y.; Xu, T.; Zhang, Z.; Chen, H. Anti-TMV activity and functional mechanisms

of two sesquiterpenoids isolated from Tithonia diversifolia. Pestic. Biochem. Physiol. 2017, 140, 24–29. [CrossRef]
17. Shang, S.Z.; Zhao, W.; Tang, J.G.; Xu, X.M.; Sun, H.D.; Pu, J.X.; Liu, Z.H.; Miao, M.M.; Chen, Y.K.; Yang, G.Y. Antiviral

sesquiterpenes from leaves of Nicotiana tabacum. Fitoterapia 2016, 108, 1–4. [CrossRef]
18. Shen, Q.-P.; Xu, X.-M.; Li, L.; Zhao, W.; Xiang, N.-J.; Yang, G.-Y.; Chen, Y.-K.; Miao, M.-M.; Liu, C.-B.; Liu, Z.-H. Sesquiterpenes

from the leaves of Nicotiana tabacum and their anti-tobacco mosaic virus activity. Chin. Chem. Lett. 2016, 27, 753–756. [CrossRef]
19. Zhang, X.; Xia, Y.; Yang, L.; He, J.; Li, Y.; Xia, C. Brevilin A, a Sesquiterpene Lactone, Inhibits the Replication of Influenza A Virus

In Vitro and In Vivo. Viruses 2019, 11, 835. [CrossRef]
20. Wang, Y.; Zhou, B.; Lu, J.; Chen, Q.; Ti, H.; Huang, W.; Li, J.; Yang, Z.; Jiang, Z.; Wang, X. Inhibition of influenza virus via a

sesquiterpene fraction isolated from Laggera pterodonta by targeting the NF-κB and p38 pathways. BMC Complement. Altern.
Med. 2017, 17, 25. [CrossRef]

21. Hayashi, K.; Hayashi, T.; Ujita, K.; Takaishi, Y. Characterization of antiviral activity of a sesquiterpene, triptofordin C-2.
J. Antimicrob. Chemother. 1996, 37, 759–768. [CrossRef]

22. Kubo, I.; Ganjian, I. Insect antifeedant terpenes, hot-tasting to humans. Experientia 1981, 37, 1063–1064. [CrossRef] [PubMed]
23. Caputi, L.; Carlin, S.; Ghiglieno, I.; Stefanini, M.; Valenti, L.; Vrhovsek, U.; Mattivi, F. Relationship of changes in rotundone

content during grape ripening and winemaking to manipulation of the ‘peppery’ character of wine. J. Agric. Food Chem. 2011,
59, 5565–5571. [CrossRef] [PubMed]

24. Ikemoto, Y.; Matsuzawa, Y.; Mizutani, J. The Effect of Antifeedants against the Level of Biogenic Amines in the Central Nervous
System of the Lepidopteran Insect (Spodoptera litura). Pestic. Biochem. Physiol. 1995, 52, 60–70. [CrossRef]

25. Koul, O. Phytochemicals and Insect Control: An Antifeedant Approach. Crit. Rev. Plant Sci. 2008, 27, 1–24. [CrossRef]
26. Holopainen, J.K. Multiple functions of inducible plant volatiles. Trends Plant Sci. 2004, 9, 529–533. [CrossRef]

http://doi.org/10.3390/ijms140612780
http://www.ncbi.nlm.nih.gov/pubmed/23783276
http://doi.org/10.1038/srep43837
http://doi.org/10.3389/fpls.2022.780257
http://www.ncbi.nlm.nih.gov/pubmed/35197994
http://doi.org/10.1111/cbdd.13972
http://www.ncbi.nlm.nih.gov/pubmed/34624172
http://doi.org/10.1016/j.foodchem.2021.131380
http://www.ncbi.nlm.nih.gov/pubmed/34710697
http://doi.org/10.3390/pharmaceutics13070991
http://www.ncbi.nlm.nih.gov/pubmed/34208907
http://doi.org/10.3390/ijms21030963
http://doi.org/10.3390/molecules191118033
http://doi.org/10.1016/j.tplants.2011.11.002
http://doi.org/10.1002/anie.197806351
http://doi.org/10.1016/j.pbi.2006.03.014
http://www.ncbi.nlm.nih.gov/pubmed/16600670
http://doi.org/10.1007/s00253-015-7128-6
http://www.ncbi.nlm.nih.gov/pubmed/26567019
http://doi.org/10.1093/jxb/erz327
http://www.ncbi.nlm.nih.gov/pubmed/31294452
http://doi.org/10.3390/molecules26030555
http://doi.org/10.1016/j.pestbp.2017.05.009
http://doi.org/10.1016/j.fitote.2015.11.004
http://doi.org/10.1016/j.cclet.2016.01.048
http://doi.org/10.3390/v11090835
http://doi.org/10.1186/s12906-016-1528-8
http://doi.org/10.1093/jac/37.4.759
http://doi.org/10.1007/BF02085009
http://www.ncbi.nlm.nih.gov/pubmed/7308389
http://doi.org/10.1021/jf200786u
http://www.ncbi.nlm.nih.gov/pubmed/21510710
http://doi.org/10.1006/pest.1995.1030
http://doi.org/10.1080/07352680802053908
http://doi.org/10.1016/j.tplants.2004.09.006


Molecules 2022, 27, 2450 22 of 27

27. Cheng, A.X.; Xiang, C.Y.; Li, J.X.; Yang, C.Q.; Hu, W.L.; Wang, L.J.; Lou, Y.G.; Chen, X.Y. The rice (E)-beta-caryophyllene synthase
(OsTPS3) accounts for the major inducible volatile sesquiterpenes. Phytochemistry 2007, 68, 1632–1641. [CrossRef]

28. Dicke, M. Behavioural and community ecology of plants that cry for help. Plant Cell Environ. 2009, 32, 654–665. [CrossRef]
29. Aljbory, Z.; Chen, M.S. Indirect plant defense against insect herbivores: A review. Insect Sci. 2018, 25, 2–23. [CrossRef]
30. Pichersky, E.; Raguso, R.A. Why do plants produce so many terpenoid compounds? New Phytol. 2018, 220, 692–702. [CrossRef]
31. Holopainen, J.K.; Gershenzon, J. Multiple stress factors and the emission of plant VOCs. Trends Plant Sci. 2010, 15, 176–184. [CrossRef]
32. Ormeño, E.; Mévy, J.P.; Vila, B.; Bousquet-Mélou, A.; Greff, S.; Bonin, G.; Fernandez, C. Water deficit stress induces different

monoterpene and sesquiterpene emission changes in Mediterranean species. Relationship between terpene emissions and plant
water potential. Chemosphere 2007, 67, 276–284. [CrossRef] [PubMed]

33. Pazouki, L.; Kanagendran, A.; Li, S.; Kännaste, A.; Memari, H.R.; Bichele, R.; Niinemets, Ü. Mono- and sesquiterpene release
from tomato (Solanum lycopersicum) leaves upon mild and severe heat stress and through recovery: From gene expression to
emission responses. Environ. Exp. Bot. 2016, 132, 1–15. [CrossRef] [PubMed]

34. Kanagendran, A.; Pazouki, L.; Li, S.; Liu, B.; Kännaste, A.; Niinemets, Ü. Ozone-triggered surface uptake and stress volatile
emissions in Nicotiana tabacum ‘Wisconsin’. J. Exp. Bot. 2018, 69, 681–697. [CrossRef]

35. You, J.; Chan, Z. ROS Regulation During Abiotic Stress Responses in Crop Plants. Front. Plant Sci. 2015, 6, 1092. [CrossRef]
36. Vickers, C.E.; Gershenzon, J.; Lerdau, M.T.; Loreto, F. A unified mechanism of action for volatile isoprenoids in plant abiotic stress.

Nat. Chem. Biol. 2009, 5, 283–291. [CrossRef]
37. Shu, Y.; Atkinson, R. Rate constants for the gas-phase reactions of O3 with a series of Terpenes and OH radical formation from the

O3 reactions with Sesquiterpenes at 296 ± 2 K. Int. J. Chem. Kinet. 1994, 26, 1193–1205. [CrossRef]
38. Manfredi, K.P. Terpenes. Flavors, Fragrances, Pharmaca, Pheromones By Eberhard Breitmaier (University of Bonn). Wiley-VCH,

Weinheim. 2006. ix + 214 pp. 6.5 × 9.5 in. $65.00. ISBN 3-527-31786-4. J. Nat. Prod. 2007, 70, 711. [CrossRef]
39. Le Bideau, F.; Kousara, M.; Chen, L.; Wei, L.; Dumas, F. Tricyclic Sesquiterpenes from Marine Origin. Chem. Rev. 2017, 117,

6110–6159. [CrossRef]
40. Chappell, J.; Coates, R.M. 1.16—Sesquiterpenes. In Comprehensive Natural Products II; Liu, H.-W., Mander, L., Eds.; Elsevier:

Oxford, UK, 2010; pp. 609–641.
41. Hohmann, M.S.N.; Longhi-Balbinot, D.T.; Guazelli, C.F.S.; Navarro, S.A.; Zarpelon, A.C.; Casagrande, R.; Arakawa, N.S.;

Verri, W.A. Chapter 7—Sesquiterpene Lactones: Structural Diversity and Perspectives as Anti-Inflammatory Molecules. In Studies
in Natural Products Chemistry; Atta ur, R., Ed.; Elsevier: Amsterdam, The Netherlands, 2016; Volume 49, pp. 243–264.

42. Zwenger, S.; Basu, C. Plant terpenoids: Applications and future potentials. Biotechnol. Mol. Biol. Rev. 2008, 3, 1–7.
43. Tholl, D. Biosynthesis and biological functions of terpenoids in plants. Adv. Biochem. Eng./Biotechnol. 2015, 148, 63–106.
44. Frey, M.; Schmauder, K.; Pateraki, I.; Spring, O. Biosynthesis of Eupatolide-A Metabolic Route for Sesquiterpene Lactone

Formation Involving the P450 Enzyme CYP71DD6. ACS Chem. Biol. 2018, 13, 1536–1543. [CrossRef] [PubMed]
45. Vranova, E.; Coman, D.; Gruissem, W. Network analysis of the MVA and MEP pathways for isoprenoid synthesis. Annu. Rev.

Plant Biol. 2013, 64, 665–700. [CrossRef] [PubMed]
46. Ghantous, A.; Gali-Muhtasib, H.; Vuorela, H.; Saliba, N.A.; Darwiche, N. What made sesquiterpene lactones reach cancer clinical

trials? Drug Discov. Today 2010, 15, 668–678. [CrossRef] [PubMed]
47. Reda, E.H.; Shakour, Z.T.A.; El-Halawany, A.M.; El-Kashoury, E.A.; Shams, K.A.; Mohamed, T.A.; Saleh, I.; Elshamy, A.I.;

Atia, M.A.M.; El-Beih, A.A.; et al. Comparative Study on the Essential Oils from Five Wild Egyptian Centaurea Species: Effective
Extraction Techniques, Antimicrobial Activity and In-Silico Analyses. Antibiotics 2021, 10, 252. [CrossRef]

48. Blosa, M.; Uricher, J.; Nebel, S.; Zahner, C.; Butterweck, V.; Drewe, J. Treatment of Early Allergic and Late Inflammatory
Symptoms of Allergic Rhinitis with Petasites hybridus Leaf Extract (Ze 339): Results of a Noninterventional Observational Study in
Switzerland. Pharmaceuticals 2021, 14, 180. [CrossRef]

49. Pacheco, L.A.; Ethur, E.M.; Sheibel, T.; Buhl, B.; Weber, A.C.; Kauffmann, C.; Marchi, M.I.; Freitas, E.M.; Hoehne, L. Chemical
characterization and antimicrobial activity of Campomanesia aurea against three strains of Listeria monocytogenes. Braz. J. Biol.
2021, 81, 69–76. [CrossRef]

50. Zeggwagh, N.A.; Ouahidi, M.L.; Lemhadri, A.; Eddouks, M. Study of hypoglycaemic and hypolipidemic effects of Inula viscosa L.
aqueous extract in normal and diabetic rats. J. Ethnopharmacol. 2006, 108, 223–227. [CrossRef]

51. Liu, S.; Liu, J.; Wang, Y.; Deng, L.; Chen, S.; Wang, X.; Zuo, T.; Hu, Q.; Rao, J.; Wang, Q.; et al. Differentially expressed genes
induced by beta-caryophyllene in a rat model of cerebral ischemia-reperfusion injury. Life Sci. 2021, 273, 119293. [CrossRef]

52. Alhusayan, R.M.; Aldahmash, B.A.; El-Nagar, D.M.; Rady, A.; Ibrahim, K.E.; Alkahtani, S. Butterbur (Petasites hybridus) Extract
Ameliorates Hepatic Damage Induced by Ovalbumin in Mice. Oxid. Med. Cell. Longev. 2020, 2020, 3178214. [CrossRef]

53. Park, Y.J.; Jeon, M.S.; Lee, S.; Kim, J.K.; Jang, T.S.; Chung, K.H.; Kim, K.H. Anti-fibrotic effects of brevilin A in hepatic fibrosis via
inhibiting the STAT3 signaling pathway. Bioorg. Med. Chem. Lett. 2021, 41, 127989. [CrossRef]

54. Pathak, S.; Gokhroo, A.; Kumar Dubey, A.; Majumdar, S.; Gupta, S.; Almeida, A.; Mahajan, G.B.; Kate, A.; Mishra, P.; Sharma, R.; et al.
7-Hydroxy Frullanolide, a sesquiterpene lactone, increases intracellular calcium amounts, lowers CD4(+) T cell and macrophage
responses, and ameliorates DSS-induced colitis. Int. Immunopharmacol. 2021, 97, 107655. [CrossRef] [PubMed]

55. Ma, D.; Xu, C.; Alejos-Gonzalez, F.; Wang, H.; Yang, J.; Judd, R.; Xie, D.Y. Overexpression of Artemisia annua Cinnamyl Alcohol
Dehydrogenase Increases Lignin and Coumarin and Reduces Artemisinin and Other Sesquiterpenes. Front. Plant Sci. 2018, 9, 828.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.phytochem.2007.04.008
http://doi.org/10.1111/j.1365-3040.2008.01913.x
http://doi.org/10.1111/1744-7917.12436
http://doi.org/10.1111/nph.14178
http://doi.org/10.1016/j.tplants.2010.01.006
http://doi.org/10.1016/j.chemosphere.2006.10.029
http://www.ncbi.nlm.nih.gov/pubmed/17156816
http://doi.org/10.1016/j.envexpbot.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/29367791
http://doi.org/10.1093/jxb/erx431
http://doi.org/10.3389/fpls.2015.01092
http://doi.org/10.1038/nchembio.158
http://doi.org/10.1002/kin.550261207
http://doi.org/10.1021/np078143n
http://doi.org/10.1021/acs.chemrev.6b00502
http://doi.org/10.1021/acschembio.8b00126
http://www.ncbi.nlm.nih.gov/pubmed/29758164
http://doi.org/10.1146/annurev-arplant-050312-120116
http://www.ncbi.nlm.nih.gov/pubmed/23451776
http://doi.org/10.1016/j.drudis.2010.06.002
http://www.ncbi.nlm.nih.gov/pubmed/20541036
http://doi.org/10.3390/antibiotics10030252
http://doi.org/10.3390/ph14030180
http://doi.org/10.1590/1519-6984.219889
http://doi.org/10.1016/j.jep.2006.05.005
http://doi.org/10.1016/j.lfs.2021.119293
http://doi.org/10.1155/2020/3178214
http://doi.org/10.1016/j.bmcl.2021.127989
http://doi.org/10.1016/j.intimp.2021.107655
http://www.ncbi.nlm.nih.gov/pubmed/33901737
http://doi.org/10.3389/fpls.2018.00828
http://www.ncbi.nlm.nih.gov/pubmed/29971081


Molecules 2022, 27, 2450 23 of 27

56. Lee, J.S.; Jeong, M.; Park, S.; Ryu, S.M.; Lee, J.; Song, Z.; Guo, Y.; Choi, J.H.; Lee, D.; Jang, D.S. Chemical Constituents of the Leaves
of Butterbur (Petasites japonicus) and Their Anti-Inflammatory Effects. Biomolecules 2019, 9, 806. [CrossRef] [PubMed]

57. Xu, J.; Wang, F.; Guo, J.; Xu, C.; Cao, Y.; Fang, Z.; Wang, Q. Pharmacological Mechanisms Underlying the Neuroprotective Effects
of Alpinia oxyphylla Miq. on Alzheimer’s Disease. Int. J. Mol. Sci. 2020, 21, 2071. [CrossRef]

58. Thapa, P.; Lee, Y.J.; Nguyen, T.T.; Piao, D.; Lee, H.; Han, S.; Lee, Y.J.; Han, A.R.; Choi, H.; Jeong, J.H.; et al. Eudesmane and
Eremophilane Sesquiterpenes from the Fruits of Alpinia oxyphylla with Protective Effects against Oxidative Stress in Adipose-
Derived Mesenchymal Stem Cells. Molecules 2021, 26, 1762. [CrossRef]

59. McKinnon, R.; Binder, M.; Zupko, I.; Afonyushkin, T.; Lajter, I.; Vasas, A.; de Martin, R.; Unger, C.; Dolznig, H.; Diaz, R.; et al.
Pharmacological insight into the anti-inflammatory activity of sesquiterpene lactones from Neurolaena lobata (L.) R.Br. ex Cass.
Phytomedicine 2014, 21, 1695–1701. [CrossRef]

60. Chen, J.J.; Bai, W.; Gobu, F.R.; Wu, C.H.; Zeng, J.; Sun, M.; Gao, K. Sesquiterpenoids from the roots of Vladimiria muliensis.
J. Asian Nat. Prod. Res. 2015, 17, 1188–1195. [CrossRef]

61. Wu, Z.L.; Wang, J.X.; Chen, L.P.; Dong, H.Y.; Li, H.L.; Zhang, W.D. Five rare C32 sesquiterpene lactone dimers with anti-
inflammation activity from Vladimiria souliei. Fitoterapia 2018, 125, 117–122. [CrossRef]

62. Wu, Z.L.; Wang, Q.; Wang, J.X.; Dong, H.Y.; Xu, X.K.; Shen, Y.H.; Li, H.L.; Zhang, W.D. Vlasoulamine A, a Neuroprotective
[3.2.2]Cyclazine Sesquiterpene Lactone Dimer from the Roots of Vladimiria souliei. Org. Lett. 2018, 20, 7567–7570. [CrossRef]

63. Wu, R.F.; Zhou, B.D.; Wang, W.Q.; Chen, T.; Xu, T.T.; Zhu, S.L.; Xuan, L.J. Neolinulicin A and B from Inula japonica and their
anti-inflammatory activities. Fitoterapia 2021, 152, 104905. [CrossRef]

64. Abbas, M.A.; Taha, M.O.; Zihlif, M.A.; Disi, A.M. beta-Caryophyllene causes regression of endometrial implants in a rat model of
endometriosis without affecting fertility. Eur. J. Pharmacol. 2013, 702, 12–19. [CrossRef] [PubMed]

65. Morikawa, T.; Matsuda, H.; Sakamoto, Y.; Ueda, K.; Yoshikawa, M. New farnesane-type sesquiterpenes, hedychiols A and B
8,9-diacetate, and inhibitors of degranulation in RBL-2H3 cells from the rhizome of Hedychium coronarium. Chem. Pharm. Bull.
2002, 50, 1045–1049. [CrossRef] [PubMed]

66. Zheng, Y.; Wang, L.; Wang, J.H.; Liu, L.L.; Zhao, T.J. Effect of Curcumol on NOD-Like Receptor Thermoprotein Domain 3
Inflammasomes in Liver Fibrosis of Mice. Chin. J. Integr. Med. 2021. [CrossRef] [PubMed]

67. Coleman, J.W. Nitric oxide: A regulator of mast cell activation and mast cell-mediated inflammation. Clin. Exp. Immunol. 2002,
129, 4–10. [CrossRef] [PubMed]

68. Zhong, J.; Gong, W.; Chen, J.; Qing, Y.; Wu, S.; Li, H.; Huang, C.; Chen, Y.; Wang, Y.; Xu, Z.; et al. Micheliolide alleviates hepatic
steatosis in db/db mice by inhibiting inflammation and promoting autophagy via PPAR-gamma-mediated NF-small ka, CyrillicB
and AMPK/mTOR signaling. Int. Immunopharmacol. 2018, 59, 197–208. [CrossRef]

69. Gertsch, J.; Leonti, M.; Raduner, S.; Racz, I.; Chen, J.Z.; Xie, X.Q.; Altmann, K.H.; Karsak, M.; Zimmer, A. Beta-caryophyllene is a
dietary cannabinoid. Proc. Natl. Acad. Sci. USA 2008, 105, 9099–9104. [CrossRef]

70. Li, S.Y.; Zhou, Y.L.; He, D.H.; Liu, W.; Fan, X.Z.; Wang, Q.; Pan, H.F.; Cheng, Y.X.; Liu, Y.Q. Centipeda minima extract exerts
antineuroinflammatory effects via the inhibition of NF-kappaB signaling pathway. Phytomed. Int. J. Phytother. Phytopharm. 2020,
67, 153164. [CrossRef]

71. Xue, P.-H.; Zhang, N.; Liu, D.; Zhang, Q.-R.; Duan, J.-S.; Yu, Y.-Q.; Li, J.-Y.; Cao, S.-J.; Zhao, F.; Kang, N.; et al. Cytotoxic and
Anti-Inflammatory Sesquiterpenes from the Whole Plants of Centipeda minima. J. Nat. Prod. 2021, 84, 247–258. [CrossRef]

72. Pan, L.; Hu, L.; Zhang, L.; Xu, H.; Chen, Y.; Bian, Q.; Zhu, A.; Wu, H. Deoxyelephantopin decreases the release of inflammatory
cytokines in macrophage associated with attenuation of aerobic glycolysis via modulation of PKM2. Int. Immunopharmacol. 2020,
79, 106048. [CrossRef]

73. Steiert, S.A.; Zissler, U.M.; Chaker, A.M.; Esser-von-Bieren, J.; Dittlein, D.; Guerth, F.; Jakwerth, C.A.; Piontek, G.; Zahner, C.;
Drewe, J.; et al. Anti-inflammatory effects of the petasin phyto drug Ze339 are mediated by inhibition of the STAT pathway.
BioFactors 2017, 43, 388–399. [CrossRef]

74. Fonseca, L.C.; Dadarkar, S.S.; Lobo, A.S.; Mishra, P.B.; Thakkar, A.D.; Chandrababu, S.; Padigaru, M. NF-kappaB-mediated anti-
inflammatory activity of the sesquiterpene lactone 7-hydroxyfrullanolide. Eur. J. Pharmacol. 2011, 657, 41–50. [CrossRef] [PubMed]

75. Butturini, E.; Cavalieri, E.; de Prati, A.C.; Darra, E.; Rigo, A.; Shoji, K.; Murayama, N.; Yamazaki, H.; Watanabe, Y.; Suzuki, H.; et al.
Two naturally occurring terpenes, dehydrocostuslactone and costunolide, decrease intracellular GSH content and inhibit STAT3
activation. PLoS ONE 2011, 6, e20174. [CrossRef] [PubMed]

76. Butturini, E.; Di Paola, R.; Suzuki, H.; Paterniti, I.; Ahmad, A.; Mariotto, S.; Cuzzocrea, S. Costunolide and Dehydrocostuslactone,
two natural sesquiterpene lactones, ameliorate the inflammatory process associated to experimental pleurisy in mice. Eur. J.
Pharmacol. 2014, 730, 107–115. [CrossRef]

77. Scarponi, C.; Butturini, E.; Sestito, R.; Madonna, S.; Cavani, A.; Mariotto, S.; Albanesi, C. Inhibition of inflammatory and
proliferative responses of human keratinocytes exposed to the sesquiterpene lactones dehydrocostuslactone and costunolide.
PLoS ONE 2014, 9, e107904. [CrossRef] [PubMed]

78. Liu, L.; Hua, Y.; Wang, D.; Shan, L.; Zhang, Y.; Zhu, J.; Jin, H.; Li, H.; Hu, Z.; Zhang, W. A sesquiterpene lactone from a medicinal
herb inhibits proinflammatory activity of TNF-alpha by inhibiting ubiquitin-conjugating enzyme UbcH5. Chem. Biol. 2014,
21, 1341–1350. [CrossRef] [PubMed]

http://doi.org/10.3390/biom9120806
http://www.ncbi.nlm.nih.gov/pubmed/31795455
http://doi.org/10.3390/ijms21062071
http://doi.org/10.3390/molecules26061762
http://doi.org/10.1016/j.phymed.2014.07.019
http://doi.org/10.1080/10286020.2015.1119130
http://doi.org/10.1016/j.fitote.2018.01.002
http://doi.org/10.1021/acs.orglett.8b03306
http://doi.org/10.1016/j.fitote.2021.104905
http://doi.org/10.1016/j.ejphar.2013.01.011
http://www.ncbi.nlm.nih.gov/pubmed/23353590
http://doi.org/10.1248/cpb.50.1045
http://www.ncbi.nlm.nih.gov/pubmed/12192135
http://doi.org/10.1007/s11655-021-3310-0
http://www.ncbi.nlm.nih.gov/pubmed/34319504
http://doi.org/10.1046/j.1365-2249.2002.01918.x
http://www.ncbi.nlm.nih.gov/pubmed/12100016
http://doi.org/10.1016/j.intimp.2018.03.036
http://doi.org/10.1073/pnas.0803601105
http://doi.org/10.1016/j.phymed.2019.153164
http://doi.org/10.1021/acs.jnatprod.0c00884
http://doi.org/10.1016/j.intimp.2019.106048
http://doi.org/10.1002/biof.1349
http://doi.org/10.1016/j.ejphar.2011.01.050
http://www.ncbi.nlm.nih.gov/pubmed/21296061
http://doi.org/10.1371/journal.pone.0020174
http://www.ncbi.nlm.nih.gov/pubmed/21625597
http://doi.org/10.1016/j.ejphar.2014.02.031
http://doi.org/10.1371/journal.pone.0107904
http://www.ncbi.nlm.nih.gov/pubmed/25226283
http://doi.org/10.1016/j.chembiol.2014.07.021
http://www.ncbi.nlm.nih.gov/pubmed/25200604


Molecules 2022, 27, 2450 24 of 27

79. Lin, G.; Gao, S.; Cheng, J.; Li, Y.; Shan, L.; Hu, Z. 1beta-Hydroxyalantolactone, a sesquiterpene lactone from Inula japonica,
attenuates atopic dermatitis-like skin lesions induced by 2,4-dinitrochlorobenzene in the mouse. Pharm. Biol. 2016, 54, 516–522.
[CrossRef] [PubMed]

80. Arizmendi, N.; Hou, C.; Guo, F.; Li, Y.; Kulka, M. Bicyclic eremophilane-type petasite sesquiterpenes potentiate peroxisome
proliferator-activated receptor gamma activator-mediated inhibition of dendritic cells. Int. J. Immunopathol. Pharmacol. 2018,
32, 2058738418787739. [CrossRef]

81. Fernandes, R.A.; Pathare, R.S.; Gorve, D.A. Advances in Total Synthesis of Some 2,3,5-Trisubstituted Tetrahydrofuran Natural
Products. Chem. Asian J. 2020, 15, 2815–2837. [CrossRef]

82. Koft, E.R.; Smith, A.B. Total synthesis of hibiscone C (gmelofuran). J. Am. Chem. Soc. 1982, 104, 5568–5570. [CrossRef]
83. Curran, D.P.; Chen, M.-H. Radical-initiated polyolefinic cyclizations in condensed cyclopentanoid synthesis. Total synthesis of

(±)-∆9(12)-capnellene. Tetrahedron Lett. 1985, 26, 4991–4994. [CrossRef]
84. Hotta, T.; Haynes, S.E.; Blasius, T.L.; Gebbie, M.; Eberhardt, E.L.; Sept, D.; Cianfrocco, M.; Verhey, K.J.; Nesvizhskii, A.I.; Ohi, R.

Parthenolide Destabilizes Microtubules by Covalently Modifying Tubulin. Curr. Biol. CB 2021, 31, 900–907.e6. [CrossRef] [PubMed]
85. Ajeet, S.; Nandkishore, K. The boom in unnecessary caesarean surgeries is jeopardizing women’s health. Health Care Women Int.

2013, 34, 513–521. [CrossRef] [PubMed]
86. Lee, J.Y.; Kim, S.B.; Chun, J.; Song, K.H.; Kim, Y.S.; Chung, S.J.; Cho, H.J.; Yoon, I.S.; Kim, D.D. High body clearance and low

oral bioavailability of alantolactone, isolated from Inula helenium, in rats: Extensive hepatic metabolism and low stability in
gastrointestinal fluids. Biopharm. Drug Dispos. 2016, 37, 156–167. [CrossRef] [PubMed]

87. Garcia, C.J.; Beltran, D.; Tomas-Barberan, F.A. Human Gut Microbiota Metabolism of Dietary Sesquiterpene Lactones: Untargeted
Metabolomics Study of Lactucopicrin and Lactucin Conversion In Vitro and In Vivo. Mol. Nutr. Food Res. 2020, 64, e2000619. [CrossRef]

88. Weng, H.; He, L.; Zheng, J.; Li, Q.; Liu, X.; Wang, D. Low Oral Bioavailability and Partial Gut Microbiotic and Phase II Metabolism
of Brussels/Witloof Chicory Sesquiterpene Lactones in Healthy Humans. Nutrients 2020, 12, 3675. [CrossRef]

89. Karin, M. Nuclear factor-kappaB in cancer development and progression. Nature 2006, 441, 431–436. [CrossRef]
90. Karin, M.; Greten, F.R. NF-kappaB: Linking inflammation and immunity to cancer development and progression. Nat. Rev.

Immunol. 2005, 5, 749–759. [CrossRef]
91. Mussbacher, M.; Salzmann, M.; Brostjan, C.; Hoesel, B.; Schoergenhofer, C.; Datler, H.; Hohensinner, P.; Basilio, J.; Petzelbauer, P.;

Assinger, A.; et al. Cell Type-Specific Roles of NF-kappaB Linking Inflammation and Thrombosis. Front. Immunol. 2019, 10, 85. [CrossRef]
92. Wu, Z.; Zeng, H.; Zhang, L.; Pu, Y.; Li, S.; Yuan, Y.; Zhang, T.; Wang, B. Patchouli Alcohol: A Natural Sesquiterpene Against Both

Inflammation and Intestinal Barrier Damage of Ulcerative Colitis. Inflammation 2020, 43, 1423–1435. [CrossRef]
93. Chen, H.D.; Yang, S.P.; Liao, S.G.; Zhang, B.; Wu, Y.; Yue, J.M. Limonoids and sesquiterpenoids from Amoora tsangii. J. Nat. Prod.

2008, 71, 93–97. [CrossRef]
94. Gopal, Y.N.; Arora, T.S.; Van Dyke, M.W. Parthenolide specifically depletes histone deacetylase 1 protein and induces cell death

through ataxia telangiectasia mutated. Chem. Biol. 2007, 14, 813–823. [CrossRef] [PubMed]
95. Gopal, Y.N.; Chanchorn, E.; Van Dyke, M.W. Parthenolide promotes the ubiquitination of MDM2 and activates p53 cellular

functions. Mol. Cancer Ther. 2009, 8, 552–562. [CrossRef] [PubMed]
96. Bai, X.Y.; Liu, P.; Chai, Y.W.; Wang, Y.; Ren, S.H.; Li, Y.Y.; Zhou, H. Artesunate attenuates 2, 4-dinitrochlorobenzene-induced atopic

dermatitis by down-regulating Th17 cell responses in BALB/c mice. Eur. J. Pharmacol. 2020, 874, 173020. [CrossRef] [PubMed]
97. Lim, H.S.; Jin, S.E.; Kim, O.S.; Shin, H.K.; Jeong, S.J. Alantolactone from Saussurea lappa Exerts Antiinflammatory Effects by

Inhibiting Chemokine Production and STAT1 Phosphorylation in TNF-alpha and IFN-gamma-induced in HaCaT cells. Phytother.
Res. PTR 2015, 29, 1088–1096. [CrossRef] [PubMed]

98. Chun, J.; Choi, R.J.; Khan, S.; Lee, D.S.; Kim, Y.C.; Nam, Y.J.; Lee, D.U.; Kim, Y.S. Alantolactone suppresses inducible nitric oxide
synthase and cyclooxygenase-2 expression by down-regulating NF-kappaB, MAPK and AP-1 via the MyD88 signaling pathway
in LPS-activated RAW 264.7 cells. Int. Immunopharmacol. 2012, 14, 375–383. [CrossRef] [PubMed]

99. Huang, H.; Park, S.; Zhang, H.; Park, S.; Kwon, W.; Kim, E.; Zhang, X.; Jang, S.; Yoon, D.; Choi, S.K.; et al. Targeting AKT with
costunolide suppresses the growth of colorectal cancer cells and induces apoptosis in vitro and in vivo. J. Exp. Clin. Cancer Res.
2021, 40, 114. [CrossRef]

100. Viennois, E.; Xiao, B.; Ayyadurai, S.; Wang, L.; Wang, P.G.; Zhang, Q.; Chen, Y.; Merlin, D. Micheliolide, a new sesquiterpene
lactone that inhibits intestinal inflammation and colitis-associated cancer. Lab. Investig. 2014, 94, 950–965. [CrossRef]

101. Matos, M.S.; Anastacio, J.D.; Allwood, J.W.; Carregosa, D.; Marques, D.; Sungurtas, J.; McDougall, G.J.; Menezes, R.; Matias, A.A.;
Stewart, D.; et al. Assessing the Intestinal Permeability and Anti-Inflammatory Potential of Sesquiterpene Lactones from Chicory.
Nutrients 2020, 12, 3547. [CrossRef]

102. Zhang, T.; Liu, Q.; Gao, W.; Sehgal, S.A.; Wu, H. The multifaceted regulation of mitophagy by endogenous metabolites. Autophagy
2021, 1–24. [CrossRef]

103. Chung, A.W.; Anand, K.; Anselme, A.C.; Chan, A.A.; Gupta, N.; Venta, L.A.; Schwartz, M.R.; Qian, W.; Xu, Y.; Zhang, L.; et al. A
phase 1/2 clinical trial of the nitric oxide synthase inhibitor L-NMMA and taxane for treating chemoresistant triple-negative
breast cancer. Sci. Transl. Med. 2021, 13, eabj5070. [CrossRef]

104. Coleman, J.W. Nitric oxide in immunity and inflammation. Int. Immunopharmacol. 2001, 1, 1397–1406. [CrossRef]

http://doi.org/10.3109/13880209.2015.1050745
http://www.ncbi.nlm.nih.gov/pubmed/26017682
http://doi.org/10.1177/2058738418787739
http://doi.org/10.1002/asia.202000753
http://doi.org/10.1021/ja00384a085
http://doi.org/10.1016/S0040-4039(01)80834-0
http://doi.org/10.1016/j.cub.2020.11.055
http://www.ncbi.nlm.nih.gov/pubmed/33482110
http://doi.org/10.1080/07399332.2012.721416
http://www.ncbi.nlm.nih.gov/pubmed/23477588
http://doi.org/10.1002/bdd.2005
http://www.ncbi.nlm.nih.gov/pubmed/26861967
http://doi.org/10.1002/mnfr.202000619
http://doi.org/10.3390/nu12123675
http://doi.org/10.1038/nature04870
http://doi.org/10.1038/nri1703
http://doi.org/10.3389/fimmu.2019.00085
http://doi.org/10.1007/s10753-020-01219-8
http://doi.org/10.1021/np070476x
http://doi.org/10.1016/j.chembiol.2007.06.007
http://www.ncbi.nlm.nih.gov/pubmed/17656318
http://doi.org/10.1158/1535-7163.MCT-08-0661
http://www.ncbi.nlm.nih.gov/pubmed/19276167
http://doi.org/10.1016/j.ejphar.2020.173020
http://www.ncbi.nlm.nih.gov/pubmed/32087254
http://doi.org/10.1002/ptr.5354
http://www.ncbi.nlm.nih.gov/pubmed/25881570
http://doi.org/10.1016/j.intimp.2012.08.011
http://www.ncbi.nlm.nih.gov/pubmed/22940184
http://doi.org/10.1186/s13046-021-01895-w
http://doi.org/10.1038/labinvest.2014.89
http://doi.org/10.3390/nu12113547
http://doi.org/10.1080/15548627.2021.1975914
http://doi.org/10.1126/scitranslmed.abj5070
http://doi.org/10.1016/S1567-5769(01)00086-8


Molecules 2022, 27, 2450 25 of 27

105. Costa, P.P.C.; Campos, R.; Cabral, P.H.B.; Gomes, V.M.; Santos, C.F.; Waller, S.B.; de Sousa, E.H.S.; Lopes, L.G.F.; Fonteles, M.C.;
do Nascimento, N.R.F. Antihypertensive potential of cis-[Ru(bpy)2(ImN)(NO)](3+), a ruthenium-based nitric oxide donor. Res.
Vet. Sci. 2020, 130, 153–160. [CrossRef] [PubMed]

106. Ozenver, N.; Efferth, T. Small molecule inhibitors and stimulators of inducible nitric oxide synthase in cancer cells from natural
origin (phytochemicals, marine compounds, antibiotics). Biochem. Pharmacol. 2020, 176, 113792. [CrossRef] [PubMed]

107. Jiang, Q.; Liu, Z.; Zhou, Z.; Wang, L.; Yue, F.; Wang, J.; Wang, H.; Song, L. Transcriptional activation and translocation of ancient
NOS during immune response. FASEB J. 2016, 30, 3527–3540. [CrossRef]

108. Somasundaram, V.; Gilmore, A.C.; Basudhar, D.; Palmieri, E.M.; Scheiblin, D.A.; Heinz, W.F.; Cheng, R.Y.S.; Ridnour, L.A.;
Altan-Bonnet, G.; Lockett, S.J.; et al. Inducible nitric oxide synthase-derived extracellular nitric oxide flux regulates proinflamma-
tory responses at the single cell level. Redox Biol. 2020, 28, 101354. [CrossRef]

109. Dhillon, S.S.; Mastropaolo, L.A.; Murchie, R.; Griffiths, C.; Thoni, C.; Elkadri, A.; Xu, W.; Mack, A.; Walters, T.; Guo, C.; et al.
Higher activity of the inducible nitric oxide synthase contributes to very early onset inflammatory bowel disease. Clin. Transl.
Gastroenterol. 2014, 5, e46. [CrossRef]

110. Basudhar, D.; Bharadwaj, G.; Somasundaram, V.; Cheng, R.Y.S.; Ridnour, L.A.; Fujita, M.; Lockett, S.J.; Anderson, S.K.;
McVicar, D.W.; Wink, D.A. Understanding the tumour micro-environment communication network from an NOS2/COX2
perspective. Br. J. Pharmacol. 2019, 176, 155–176. [CrossRef]

111. Cury, Y.; Picolo, G.; Gutierrez, V.P.; Ferreira, S.H. Pain and analgesia: The dual effect of nitric oxide in the nociceptive system.
Nitric Oxide 2011, 25, 243–254. [CrossRef]

112. Zhang, Y.; Yu, Y.L.; Tian, H.; Bai, R.Y.; Bi, Y.N.; Yuan, X.M.; Sun, L.K.; Deng, Y.R.; Zhou, K. Evaluation of Anti-Inflammatory
Activities of a Triterpene beta-Elemonic Acid in Frankincense In Vivo and In Vitro. Molecules 2019, 24, 1187. [CrossRef]

113. Zhang, W.; Ren, K.; Wu, S.; Guo, J.; Ren, S.; Pan, Y.; Wang, D.; Morikawa, T.; Hua, H.; Liu, X. Cytotoxicity evaluation and
metabolism of hepatotoxicity components of Euodiae Fructus in L02 cells. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2021,
1186, 123040. [CrossRef]

114. Wang, X.; Tang, S.A.; Wang, R.; Qiu, Y.; Jin, M.; Kong, D. Inhibitory Effects of JEUD-38, a New Sesquiterpene Lactone from Inula
japonica Thunb, on LPS-Induced iNOS Expression in RAW264.7 Cells. Inflammation 2015, 38, 941–948. [CrossRef] [PubMed]

115. Tursunova, N.V.; Syrov, V.N.; Khushbaktova, Z.A.; Tornuev, Y.V.; Klinnikova, M.G. Monooxygenase System and NO Metabolism
in Liver Microsomes of Rats with Toxic Hepatitis and the Effect of Sesquiterpene Lactones. Bull. Exp. Biol. Med. 2021, 172, 133–136.
[CrossRef] [PubMed]

116. Pei, W.; Huang, X.; Ni, B.; Zhang, R.; Niu, G.; You, H. Selective STAT3 Inhibitor Alantolactone Ameliorates Osteoarthritis via
Regulating Chondrocyte Autophagy and Cartilage Homeostasis. Front. Pharmacol. 2021, 12, 730312. [CrossRef] [PubMed]

117. Novianti, E.; Katsuura, G.; Kawamura, N.; Asakawa, A.; Inui, A. Atractylenolide-III suppresses lipopolysaccharide-induced
inflammation via downregulation of toll-like receptor 4 in mouse microglia. Heliyon 2021, 7, e08269. [CrossRef]

118. Ma, G.; Chen, J.; Wang, L.; Qian, F.; Li, G.; Wu, X.; Zhang, L.; Li, Y. Eighteen structurally diversified sesquiterpenes isolated from
Pogostemon cablin and their inhibitory effects on nitric oxide production. Fitoterapia 2022, 156, 105098. [CrossRef]

119. Sandhu, J.K.; Kulka, M. Decoding Mast Cell-Microglia Communication in Neurodegenerative Diseases. Int. J. Mol. Sci. 2021,
22, 1093. [CrossRef]

120. Tian, X.; Liu, H.; Xiang, F.; Xu, L.; Dong, Z. beta-Caryophyllene protects against ischemic stroke by promoting polarization of
microglia toward M2 phenotype via the TLR4 pathway. Life Sci. 2019, 237, 116915. [CrossRef]

121. Machado, K.D.C.; Islam, M.T.; Ali, E.S.; Rouf, R.; Uddin, S.J.; Dev, S.; Shilpi, J.A.; Shill, M.C.; Reza, H.M.; Das, A.K.; et al. A
systematic review on the neuroprotective perspectives of beta-caryophyllene. Phytother. Res. PTR 2018, 32, 2376–2388. [CrossRef]

122. Yang, M.; Lv, Y.; Tian, X.; Lou, J.; An, R.; Zhang, Q.; Li, M.; Xu, L.; Dong, Z. Neuroprotective Effect of beta-Caryophyllene on
Cerebral Ischemia-Reperfusion Injury via Regulation of Necroptotic Neuronal Death and Inflammation: In Vivo and in Vitro.
Front. Neurosci. 2017, 11, 583. [CrossRef]

123. Hespel, C.; Moser, M. Role of inflammatory dendritic cells in innate and adaptive immunity. Eur. J. Immunol. 2012, 42, 2535–2543. [CrossRef]
124. Geissmann, F.; Jung, S.; Littman, D.R. Blood monocytes consist of two principal subsets with distinct migratory properties.

Immunity 2003, 19, 71–82. [CrossRef]
125. Hou, C.; Kulka, M.; Zhang, J.; Li, Y.; Guo, F. Occurrence and biological activities of eremophilane-type sesquiterpenes. Mini Rev.

Med. Chem. 2014, 14, 664–677. [CrossRef] [PubMed]
126. Fu, Y.; Li, F.; Zhang, P.; Liu, M.; Qian, L.; Lv, F.; Cheng, W.; Hou, R. Myrothecine A modulates the proliferation of HCC cells and

the maturation of dendritic cells through downregulating miR-221. Int. Immunopharmacol. 2019, 75, 105783. [CrossRef] [PubMed]
127. Fukuo, Y.; Yamashina, S.; Sonoue, H.; Arakawa, A.; Nakadera, E.; Aoyama, T.; Uchiyama, A.; Kon, K.; Ikejima, K.; Watanabe, S.

Abnormality of autophagic function and cathepsin expression in the liver from patients with non-alcoholic fatty liver disease.
Hepatol. Res. Off. J. Jpn. Soc. Hepatol. 2014, 44, 1026–1036. [CrossRef] [PubMed]

128. Saitoh, T.; Fujita, N.; Jang, M.H.; Uematsu, S.; Yang, B.G.; Satoh, T.; Omori, H.; Noda, T.; Yamamoto, N.; Komatsu, M.; et al. Loss of
the autophagy protein Atg16L1 enhances endotoxin-induced IL-1beta production. Nature 2008, 456, 264–268. [CrossRef] [PubMed]

129. Lin, Y.C.; Lin, C.C.; Chu, Y.C.; Fu, C.W.; Sheu, J.H. Bioactive Diterpenes, Norditerpenes, and Sesquiterpenes from a Formosan Soft
Coral Cespitularia sp. Pharmaceuticals 2021, 14, 1252. [CrossRef] [PubMed]

130. Lv, Q.; Xing, Y.; Dong, D.; Hu, Y.; Chen, Q.; Zhai, L.; Hu, L.; Zhang, Y. Costunolide ameliorates colitis via specific inhibition of
HIF1alpha/glycolysis-mediated Th17 differentiation. Int. Immunopharmacol. 2021, 97, 107688. [CrossRef]

http://doi.org/10.1016/j.rvsc.2020.03.014
http://www.ncbi.nlm.nih.gov/pubmed/32193002
http://doi.org/10.1016/j.bcp.2020.113792
http://www.ncbi.nlm.nih.gov/pubmed/31926145
http://doi.org/10.1096/fj.201500193RR
http://doi.org/10.1016/j.redox.2019.101354
http://doi.org/10.1038/ctg.2013.17
http://doi.org/10.1111/bph.14488
http://doi.org/10.1016/j.niox.2011.06.004
http://doi.org/10.3390/molecules24061187
http://doi.org/10.1016/j.jchromb.2021.123040
http://doi.org/10.1007/s10753-014-0056-2
http://www.ncbi.nlm.nih.gov/pubmed/25399322
http://doi.org/10.1007/s10517-021-05349-3
http://www.ncbi.nlm.nih.gov/pubmed/34853965
http://doi.org/10.3389/fphar.2021.730312
http://www.ncbi.nlm.nih.gov/pubmed/34650433
http://doi.org/10.1016/j.heliyon.2021.e08269
http://doi.org/10.1016/j.fitote.2021.105098
http://doi.org/10.3390/ijms22031093
http://doi.org/10.1016/j.lfs.2019.116915
http://doi.org/10.1002/ptr.6199
http://doi.org/10.3389/fnins.2017.00583
http://doi.org/10.1002/eji.201242480
http://doi.org/10.1016/S1074-7613(03)00174-2
http://doi.org/10.2174/1389557514666140820105422
http://www.ncbi.nlm.nih.gov/pubmed/25138093
http://doi.org/10.1016/j.intimp.2019.105783
http://www.ncbi.nlm.nih.gov/pubmed/31376622
http://doi.org/10.1111/hepr.12282
http://www.ncbi.nlm.nih.gov/pubmed/24299564
http://doi.org/10.1038/nature07383
http://www.ncbi.nlm.nih.gov/pubmed/18849965
http://doi.org/10.3390/ph14121252
http://www.ncbi.nlm.nih.gov/pubmed/34959653
http://doi.org/10.1016/j.intimp.2021.107688


Molecules 2022, 27, 2450 26 of 27

131. Stone, K.D.; Prussin, C.; Metcalfe, D.D. IgE, mast cells, basophils, and eosinophils. J. Allergy Clin. Immunol. 2010, 125, S73–S80. [CrossRef]
132. Metcalfe, D.D. Mast cells and mastocytosis. Blood 2008, 112, 946–956. [CrossRef]
133. Kubo, M. Mast cells and basophils in allergic inflammation. Curr. Opin. Immunol. 2018, 54, 74–79. [CrossRef]
134. Hallgren, J.; Gurish, M.F. Mast cell progenitor trafficking and maturation. Adv. Exp. Med. Biol. 2011, 716, 14–28. [PubMed]
135. Ohnmacht, C.; Voehringer, D. Basophils protect against reinfection with hookworms independently of mast cells and memory

Th2 cells. J. Immunol. 2010, 184, 344–350. [CrossRef] [PubMed]
136. Lee, K.P.; Kang, S.; Park, S.J.; Choi, Y.W.; Lee, Y.G.; Im, D.S. Anti-allergic and anti-inflammatory effects of bakkenolide B isolated

from Petasites japonicus leaves. J. Ethnopharmacol. 2013, 148, 890–894. [CrossRef] [PubMed]
137. Choi, Y.W.; Lee, K.P.; Kim, J.M.; Kang, S.; Park, S.J.; Lee, J.M.; Moon, H.R.; Jung, J.H.; Lee, Y.G.; Im, D.S. Petatewalide B, a novel

compound from Petasites japonicus with anti-allergic activity. J. Ethnopharmacol. 2016, 178, 17–24. [CrossRef] [PubMed]
138. Pyun, H.; Kang, U.; Seo, E.K.; Lee, K. Dehydrocostus lactone, a sesquiterpene from Saussurea lappa Clarke, suppresses allergic airway

inflammation by binding to dimerized translationally controlled tumor protein. Phytomedicine 2018, 43, 46–54. [CrossRef] [PubMed]
139. Lee, B.K.; Park, S.J.; Nam, S.Y.; Kang, S.; Hwang, J.; Lee, S.J.; Im, D.S. Anti-allergic effects of sesquiterpene lactones from Saussurea

costus (Falc.) Lipsch. determined using in vivo and in vitro experiments. J. Ethnopharmacol. 2018, 213, 256–261. [CrossRef] [PubMed]
140. Qian, F.; Guo, G.; Li, Y.; Kulka, M. A novel eremophilane lactone inhibits FcepsilonRI-dependent release of pro-inflammatory

mediators: Structure-dependent bioactivity. Inflamm. Res. 2016, 65, 303–311. [CrossRef]
141. Fujimoto, M.; Oka, T.; Murata, T.; Hori, M.; Ozaki, H. Fluvastatin inhibits mast cell degranulation without changing the

cytoplasmic Ca2+ level. Eur. J. Pharmacol. 2009, 602, 432–438. [CrossRef]
142. Miyata, N.; Gon, Y.; Nunomura, S.; Endo, D.; Yamashita, K.; Matsumoto, K.; Hashimoto, S.; Ra, C. Inhibitory effects of parthenolide

on antigen-induced microtubule formation and degranulation in mast cells. Int. Immunopharmacol. 2008, 8, 874–880. [CrossRef]
143. Lim, H.J.; Jin, H.G.; Woo, E.R.; Lee, S.K.; Kim, H.P. The root barks of Morus alba and the flavonoid constituents inhibit airway

inflammation. J. Ethnopharmacol. 2013, 149, 169–175. [CrossRef]
144. Kim, C.H.; Lee, T.; Oh, I.; Nam, K.W.; Kim, K.H.; Oh, K.B.; Shin, J.; Mar, W. Mast cell stabilizing effect of (-)-Elema-1,3,11(13)-

trien-12-ol and thujopsene from Thujopsis dolabrata is mediated by down-regulation of interleukin-4 secretion in antigen-induced
RBL-2H3 cells. Biol. Pharm. Bull. 2013, 36, 339–345. [CrossRef] [PubMed]

145. Zhang, N.N.; Park, D.K.; Park, H.J. The inhibitory activity of atractylenolide capital SHA, Cyrillic, a sesquiterpenoid, on IgE-mediated
mast cell activation and passive cutaneous anaphylaxis (PCA). J. Ethnopharmacol. 2013, 145, 278–285. [CrossRef] [PubMed]

146. Lin, L.; Tang, Z.; Shi, Z.; Guo, Q.; Xiong, H. New Insights into Artesunate as a Pleiotropic Regulator of Innate and Adaptive
Immune Cells. J. Immunol. Res. 2022, 2022, 9591544. [CrossRef] [PubMed]

147. Cheng, C.; Ng, D.S.; Chan, T.K.; Guan, S.P.; Ho, W.E.; Koh, A.H.; Bian, J.S.; Lau, H.Y.; Wong, W.S. Anti-allergic action of
anti-malarial drug artesunate in experimental mast cell-mediated anaphylactic models. Allergy 2013, 68, 195–203. [CrossRef]

148. Nugroho, A.E.; Riyanto, S.; Sukari, M.A.; Maeyama, K. Effects of aegeline, a main alkaloid of Aegle Marmelos Correa leaves, on
the histamine release from mast cells. Pak. J. Pharm. Sci. 2011, 24, 359–367.

149. Hong, J.; Sasaki, H.; Hirasawa, N.; Ishihara, K.; Kwak, J.H.; Zee, O.; Schmitz, F.J.; Seyama, T.; Ohuchi, K. Suppression of the
antigen-stimulated RBL-2H3 mast cell activation by Artekeiskeanol A. Planta Med. 2009, 75, 1494–1498. [CrossRef]

150. Jin, C.; Ye, K.; Luan, H.; Liu, L.; Zhang, R.; Yang, S.; Wang, Y. Tussilagone inhibits allergic responses in OVA-induced allergic
rhinitis guinea pigs and IgE-stimulated RBL-2H3 cells. Fitoterapia 2020, 144, 104496. [CrossRef]

151. Castillo-Arellano, J.I.; Gomez-Verjan, J.C.; Rojano-Vilchis, N.A.; Mendoza-Cruz, M.; Jimenez-Estrada, M.; Lopez-Valdes, H.E.;
Martinez-Coria, H.; Gutierrez-Juarez, R.; Gonzalez-Espinosa, C.; Reyes-Chilpa, R.; et al. Chemoinformatic Analysis of Selected
Cacalolides from Psacalium decompositum (A. Gray) H. Rob. & Brettell and Psacalium peltatum (Kunth) Cass. and Their Effects
on FcepsilonRI-Dependent Degranulation in Mast Cells. Molecules 2018, 23, 3367.

152. Kim, D.K.; Lee, J.H.; Kim, J.W.; Kim, H.S.; Kim, A.R.; Kim, B.K.; Yi, K.Y.; Park, H.J.; Park, D.K.; Choi, W.S. A novel imidazo[1,5-
b]isoquinolinone derivative, U63A05, inhibits Syk activation in mast cells to suppress IgE-mediated anaphylaxis in mice.
J. Pharmacol. Sci. 2011, 115, 500–508. [CrossRef]

153. Kim, H.Y.; Nam, S.Y.; Hwang, S.Y.; Kim, H.M.; Jeong, H.J. Atractylone, an active constituent of KMP6, attenuates allergic
inflammation on allergic rhinitis in vitro and in vivo models. Mol. Immunol. 2016, 78, 121–132. [CrossRef]

154. Han, N.R.; Moon, P.D.; Nam, S.Y.; Ryu, K.J.; Yoou, M.S.; Choi, J.H.; Hwang, S.Y.; Kim, H.M.; Jeong, H.J. Inhibitory effects of
atractylone on mast cell-mediated allergic reactions. Chem. -Biol. Interact. 2016, 258, 59–68. [CrossRef] [PubMed]

155. Park, H.H.; Kim, S.G.; Park, Y.N.; Lee, J.; Lee, Y.J.; Park, N.Y.; Jeong, K.T.; Lee, E. Suppressive effects of britanin, a sesquiterpene
compound isolated from Inulae flos, on mast cell-mediated inflammatory responses. Am. J. Chin. Med. 2014, 42, 935–947.
[CrossRef] [PubMed]

156. Lu, Y.; Li, X.; Park, Y.N.; Kwon, O.; Piao, D.; Chang, Y.C.; Kim, C.H.; Lee, E.; Son, J.K.; Chang, H.W. Britanin Suppresses
IgE/Ag-Induced Mast Cell Activation by Inhibiting the Syk Pathway. Biomol. Ther. 2014, 22, 193–199. [CrossRef] [PubMed]

157. Seo, M.J.; Kim, S.J.; Kang, T.H.; Rim, H.K.; Jeong, H.J.; Um, J.Y.; Hong, S.H.; Kim, H.M. The regulatory mechanism of beta-
eudesmol is through the suppression of caspase-1 activation in mast cell-mediated inflammatory response. Immunopharmacol.
Immunotoxicol. 2011, 33, 178–185. [CrossRef]

158. Coll, R.C.; Vargas, P.M.; Mariani, M.L.; Penissi, A.B. Natural alpha, beta-unsaturated lactones inhibit neuropeptide-induced mast
cell activation in an in vitro model of neurogenic inflammation. Inflamm. Res. 2020, 69, 1039–1051. [CrossRef]

http://doi.org/10.1016/j.jaci.2009.11.017
http://doi.org/10.1182/blood-2007-11-078097
http://doi.org/10.1016/j.coi.2018.06.006
http://www.ncbi.nlm.nih.gov/pubmed/21713649
http://doi.org/10.4049/jimmunol.0901841
http://www.ncbi.nlm.nih.gov/pubmed/19955520
http://doi.org/10.1016/j.jep.2013.05.037
http://www.ncbi.nlm.nih.gov/pubmed/23711828
http://doi.org/10.1016/j.jep.2015.12.010
http://www.ncbi.nlm.nih.gov/pubmed/26674157
http://doi.org/10.1016/j.phymed.2018.03.045
http://www.ncbi.nlm.nih.gov/pubmed/29747753
http://doi.org/10.1016/j.jep.2017.11.018
http://www.ncbi.nlm.nih.gov/pubmed/29158156
http://doi.org/10.1007/s00011-016-0917-2
http://doi.org/10.1016/j.ejphar.2008.11.040
http://doi.org/10.1016/j.intimp.2008.02.002
http://doi.org/10.1016/j.jep.2013.06.017
http://doi.org/10.1248/bpb.b12-00375
http://www.ncbi.nlm.nih.gov/pubmed/23449323
http://doi.org/10.1016/j.jep.2012.11.004
http://www.ncbi.nlm.nih.gov/pubmed/23149288
http://doi.org/10.1155/2022/9591544
http://www.ncbi.nlm.nih.gov/pubmed/35178460
http://doi.org/10.1111/all.12077
http://doi.org/10.1055/s-0029-1185798
http://doi.org/10.1016/j.fitote.2020.104496
http://doi.org/10.1254/jphs.10300FP
http://doi.org/10.1016/j.molimm.2016.09.007
http://doi.org/10.1016/j.cbi.2016.08.015
http://www.ncbi.nlm.nih.gov/pubmed/27553716
http://doi.org/10.1142/S0192415X14500591
http://www.ncbi.nlm.nih.gov/pubmed/25004884
http://doi.org/10.4062/biomolther.2014.038
http://www.ncbi.nlm.nih.gov/pubmed/25009699
http://doi.org/10.3109/08923973.2010.491082
http://doi.org/10.1007/s00011-020-01380-8


Molecules 2022, 27, 2450 27 of 27

159. Vera, M.E.; Mariani, M.L.; Aguilera, C.; Penissi, A.B. Effect of a Cytoprotective Dose of Dehydroleucodine, Xanthatin, and
3-Benzyloxymethyl-5H-furan-2-one on Gastric Mucosal Lesions Induced by Mast Cell Activation. Int. J. Mol. Sci. 2021, 22, 5983.
[CrossRef]

160. Vera, M.E.; Persia, F.A.; Mariani, M.L.; Rudolph, M.I.; Fogal, T.H.; Cenal, J.P.; Favier, L.S.; Tonn, C.E.; Penissi, A.B. Activation of human
leukemic mast cell line LAD2 is modulated by dehydroleucodine and xanthatin. Leuk. Lymphoma 2012, 53, 1795–1803. [CrossRef]

161. Arizmendi, N.; Qian, H.; Li, Y.; Kulka, M. Sesquiterpene-Loaded Co-Polymer Hybrid Nanoparticle Effects on Human Mast Cell
Surface Receptor Expression, Granule Contents, and Degranulation. Nanomaterials 2021, 11, 953. [CrossRef]

162. Liu, C.; Wu, H.; Wang, L.; Luo, H.; Lu, Y.; Zhang, Q.; Tang, L.; Wang, Z. Farfarae Flos: A review of botany, traditional uses,
phytochemistry, pharmacology, and toxicology. J. Ethnopharmacol. 2020, 260, 113038. [CrossRef]

163. Song, X.Q.; Yu, J.H.; Sun, J.; Liu, K.L.; Zhang, J.S.; Zhang, H. Bioactive sesquiterpenoids from the flower buds of Tussilago farfara.
Bioorganic Chem. 2021, 107, 104632. [CrossRef]

164. Liu, J.; Hong, X.; Lin, D.; Luo, X.; Zhu, M.; Mo, H. Artesunate influences Th17/Treg lymphocyte balance by modulating Treg apoptosis
and Th17 proliferation in a murine model of rheumatoid arthritis. Exp. Ther. Med. 2017, 13, 2267–2273. [CrossRef] [PubMed]

165. Lu, Y.; Li, Y.; Jin, M.; Yang, J.H.; Li, X.; Chao, G.H.; Park, H.H.; Park, Y.N.; Son, J.K.; Lee, E.; et al. Inula japonica extract inhibits
mast cell-mediated allergic reaction and mast cell activation. J. Ethnopharmacol. 2012, 143, 151–157. [CrossRef] [PubMed]

166. Abramov, A.Y.; Zamaraeva, M.V.; Hagelgans, A.I.; Azimov, R.R.; Krasilnikov, O.V. Influence of plant terpenoids on the permeabil-
ity of mitochondria and lipid bilayers. Biochim. Biophys. Acta 2001, 1512, 98–110. [CrossRef]

167. Berridge, M.J.; Bootman, M.D.; Roderick, H.L. Calcium signalling: Dynamics, homeostasis and remodelling. Nat. Rev. Mol. Cell
Biol. 2003, 4, 517–529. [CrossRef] [PubMed]

168. Gliozzi, M.; Scarano, F.; Musolino, V.; Carresi, C.; Scicchitano, M.; Ruga, S.; Zito, M.C.; Nucera, S.; Bosco, F.; Maiuolo, J.; et al. Role
of TSPO/VDAC1 Upregulation and Matrix Metalloproteinase-2 Localization in the Dysfunctional Myocardium of Hyperglycaemic
Rats. Int. J. Mol. Sci. 2020, 21, 7432. [CrossRef] [PubMed]

169. Curtis, W.R.; Wang, P.; Humphrey, A. Role of calcium and differentiation in enhanced sesquiterpene elicitation from calcium
alginate-immobilized plant tissue. Enzym. Microb. Technol. 1995, 17, 554–557. [CrossRef]

170. Supanjani, A.R.M.; Tawaha, M.S.Y.; Lee, D.K. Calcium effects on yield, mineral uptake and terpene components of hydroponic
Crysanthemum coronorium L. Int. J. Bot. 2005, 1, 196–200.

171. Mendanha, S.A.; Moura, S.S.; Anjos, J.L.V.; Valadares, M.C.; Alonso, A. Toxicity of terpenes on fibroblast cells compared to their
hemolytic potential and increase in erythrocyte membrane fluidity. Toxicol. Vitr. 2013, 27, 323–329.

172. Mishra, S.K.; Bae, Y.S.; Lee, Y.-M.; Kim, J.-S.; Oh, S.H.; Kim, H.M. Sesquiterpene Alcohol Cedrol Chemosensitizes Human Cancer
Cells and Suppresses Cell Proliferation by Destabilizing Plasma Membrane Lipid Rafts. Front. Cell Dev. Biol. 2021, 8, 1799. [CrossRef]

173. Chu, X.; Yan, P.; Zhang, N.; Chen, N.; Liu, Y.; Feng, L.; Li, M.; Zhang, Z.; Wang, Q.; Wang, S.; et al. The efficacy and safety of
intermittent preventive treatment with sulphadoxine-pyrimethamine vs. artemisinin-based drugs for malaria: A systematic
review and meta-analysis. Trans. R. Soc. Trop. Med. Hyg. 2022, 116, 298–309. [CrossRef]

http://doi.org/10.3390/ijms22115983
http://doi.org/10.3109/10428194.2012.662644
http://doi.org/10.3390/nano11040953
http://doi.org/10.1016/j.jep.2020.113038
http://doi.org/10.1016/j.bioorg.2021.104632
http://doi.org/10.3892/etm.2017.4232
http://www.ncbi.nlm.nih.gov/pubmed/28565837
http://doi.org/10.1016/j.jep.2012.06.015
http://www.ncbi.nlm.nih.gov/pubmed/22728246
http://doi.org/10.1016/S0005-2736(01)00307-8
http://doi.org/10.1038/nrm1155
http://www.ncbi.nlm.nih.gov/pubmed/12838335
http://doi.org/10.3390/ijms21207432
http://www.ncbi.nlm.nih.gov/pubmed/33050121
http://doi.org/10.1016/0141-0229(94)00061-U
http://doi.org/10.3389/fcell.2020.571676
http://doi.org/10.1093/trstmh/trab158

	Introduction 
	SQs Are Plant Metabolites That Target Several Molecular Signaling Pathways 
	Chemical Structure and Biosynthesis of SQ and SQ Lactones 
	Structures of SQs 
	Structures of SQ Lactones 

	SQ as Biologically Active Molecules—Role in Inflammation 
	Isolation and Purification of SQ 
	Mechanisms of Action 
	NF-B and NFAT Signaling in Inflammation and Its Modulation by SQs 
	Production of NO in Inflammation, Inflammatory Markers, and Its Modulation by SQ, and Subsequent Downstream Effects 


	SQ Effects on Inflammatory Cells and Their Activation in Allergic Inflammation 
	SQ Effects on Dendritic Cells, Monocytes and Lymphocytes 
	SQ Effects on Mast Cells/Basophils and Allergic Inflammation 

	Other Important Targets of SQs That May Modulate Inflammation 
	Effects of SQs on Ion Channels That Regulate Inflammation 
	SQs as Potential Membrane Permeation Enhancers for Drug Delivery Systems 

	Conclusions 
	References

