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Abstract

Background and Aims Terpenes are considered the main components of essential oils and an important source for the
identification of novel lead molecules. This study aimed to investigate the in vitro anti-inflammatory activity of L-carveol,
L-carvone, and m-cimene (monoterpenes) and of valencene and guaiene (sesquiterpenes).

Methods The influence on intracellular nitric oxide (NO) and pro- and anti-inflammatory cytokine (TNF-a, IL-1a and IL-10)
production and on nuclear factor kappa B (NF-xB) activity was determined using Griess reagent, immunoenzymatic assay
kits (ELISA) and chemiluminescence measurements in cell-based assays, respectively. Antioxidant activity was assayed
through the protective effect against cellular oxidative damage produced by superoxide anion production (O5") and hydrogen
peroxide on macrophages and by the quenching activity of the NO radical.

Results and Discussion Terpenes reduced the pro-inflammatory cytokines TNF-a and IL-1a and increased the production
of IL-10. In addition, the terpenes, especially guaiene (53.3 +2.4%) and m-cymene (38.1 +0.6%), significantly inhibited
NO production in a macrophage cell culture-based assay, whereas no effect was observed in the scavenging activity of this
radical. L-carveol and m-cymene significantly inhibited O; production with reductions of approximately 68.6+2.2% and
48.2 +4.2%, respectively, at a concentration of 10 pM. Moreover, these terpenes were verified to suppress NF-kB activity.
The results indicate that these terpenes have therapeutic potential and may be used to suppress inflammatory diseases or as
a leading compounds.
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Abbreviations O3 Anion superoxide

IL Interleukin ATCC  American Type Culture Collection

iNOS  Inducible nitric oxide synthase

LPS Lipopolysaccharide

NO Nitric oxide Introduction

NF-xB Nuclear factor kappa B

Acute inflammation is a host-protective reaction that is based
on a well-organized response to infection and tissue injury.
This process begins and is maintained through the action of
exogenous and endogenous mediators, and it causes, as its
main objective, tissue repair and the restoration of homeo-
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apoptotic cells, the synthesis and release of many inflam-
matory mediators (ex: nitric oxide and cytokines) and the
protection of the body from infection (Feghali and Wright
1997; Hamidzadeh et al. 2017). Another important fact
related to the inflammatory response of macrophages is
the activation of nuclear factor kappa B (NF-kB), which is
involved in cell activation, immune responses, cell prolifera-
tion and inflammatory processes. When activated, NF-xB
induces the expression of pro-inflammatory genes, includ-
ing chemokines, cytokines (such as TNF-a and IL-1) and
cyclooxygenase-2 (COX-2), and the activation of iNOS.
Although inflammation is a protective process in the body,
an excessive acute inflammatory response or chronic inflam-
mation can cause irreversible tissue damage, organ failure
or even death (Feghali and Wright 1997; Lawrence 2009;
Deutschman and Tracey 2014; Baker et al. 2011; Zhang
et al. 2017).

Non-steroidal anti-inflammatory drugs were discov-
ered more than 100 years ago, and they remain at the top
of the list for the pharmacological management of acute
and chronic pain and inflammatory diseases. However, they
are commonly associated with a high incidence of adverse
events, particularly in the gastrointestinal tract and cardio-
vascular system (Brune and Patrignani 2015; Pereira-Leite
et al. 2017). Therefore, there is growing interest in identify-
ing new drugs with greater therapeutic efficacy and reduced
toxic effects. Within the broad range of compounds obtained
naturally, terpenes have been gaining importance. They rep-
resent the great majority of components identified in essen-
tial oils, with monoterpenes and sesquiterpenes prevailing,
and are found in many plants in nature (Wagner and Elmadfa
2003). Terpenes, which comprise a diverse class of naturally
occurring organic compounds, display a wide array of very
important pharmacological properties and demonstrated
the ability to suppress NF-«xB signalling, the key transcrip-
tion factor in the pathogenesis of inflammatory diseases
and cancer development (Salminen et al. 2008; Yadav et al.
2010). The monoterpene genipin and the sesquiterpene
(—)-a-bisabolol exert their anti-inflammatory effects by
downregulating expression of iNOS and NO production in
LPS-stimulated RAW 264.7 macrophages and simultane-
ously, blocked the degradation of IkBp protein, inactivated
AP-1 and inhibited the NF-xB signalling (Koo et al. 2004,
Kim et al. 2011). Thus, terpenes, especially mono- and ses-
quiterpenes, are of great interest as lead structures that may
be used as templates for the development of new drugs by
the pharmaceutical industry.

Among these promising lead compounds are L-carveol,
L-carvone, m-cymene, guaiene and valencene. L-carveol and
L-carvone are natural unsaturated, monocyclic monoterpe-
noid found at high concentration in spearmint essential oil
(Mentha spicata). L-carvone showed depressant effects and
antinociceptive activity (De Sousa et al. 2007; Gongalves
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et al. 2008), and antimicrobial (Hussain et al. 2010) and
chemopreventive activity through the induction of apoptosis
in cancer cells (Patel and Thakkar 2014). Carveol demon-
strated nematicidal (Echeverrigaray et al. 2010), repellent
(Omolo et al. 2004) and cancer chemopreventive activity
(Crowell et al. 1992) and inhibited the function of human
a7 nicotinic acetylcholine receptors (Lozon et al. 2016).
Cymene is a monocyclic monoterpene, found in over 100
plant species as example in plants of the genus Protium,
Thymus and Artemisia and shows a range of biological activ-
ity including antioxidant, anti-inflammatory, and antimicro-
bial (Marchese et al. 2017). Valencene is a sesquiterpene
common found as an aroma component of citrus fruit and
citrus-derived odorants that show to inhibit the production
and expression of the pro-inflammatory cytokines IL-1p
and IL-6 in LPS-stimulated RAW 264.7 cells (Yang et al.
2016) and increase the pro-oxidative effect of doxorubicin
in CaCo-2 cells (Ambroz et al. 2015). Guaiene has been iso-
lated from a variety of plant sources and first isolated from
guaiac wood oil from Bulnesia sarmientoi demonstrated to
inhibited NO generation in RAW 264.7 cells without cyto-
toxic effects (Mendes et al. 2013).

Although there are some general reports demonstrating
the therapeutic potential of the proposed terpenes for study,
the anti-inflammatory properties and their mechanisms of
action have not been addressed until now. Therefore, in the
continuous search of new lead compounds, the aim of the
present investigation was to study the in vitro anti-inflam-
matory effects of L-carveol, L-carvone, m-cymene, guaiene
and valencene using various chemical and cell-based assays.

Materials and methods
Chemicals and biochemicals

Lipopolysaccharide (LPS) from Escherichia coli O111:B4,
L-carveol, L-carvone, m-cimene, valencene and guaiene
(purity >95%) was purchased from Sigma Aldrich® Chemi-
cal Co., St. Louis, MO, USA. Terpenes were first dissolved
in dimethyl sulfoxide (DMSO) and then diluted in the growth
medium for cell-based assays at the desired concentration.
DMSO concentration in the wells was kept under 0.25%.
IL-1a, IL-10 and TNF-a ELISA kits were obtained from
eBioscience, San Diego, CA, USA. Coomassie protein assay
reagent was purchased from Thermo Scientific (Rockford,
IL, USA). Sodium nitroprusside dihydrate (SNP—Neon
Comercial Ltda), sulforhodamine B sodium salt (SRB), NG-
methyl-L-arginine acetate salt (L-NMMA), nitroblue tetrazo-
lium (NBT), hydrogen peroxide solution (H,0,), gallic acid,
N-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK) and
human tumour necrosis factor-a (all from Sigma, USA) were
also utilized. The Dual-Luciferase® Reporter Assay System
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10-Pack (Promega Corporation, USA) was used. Other rea-
gents used were of analytical grade and were obtained from
various commercial sources.

Measurement of nitrite with sodium nitroprusside

To determine the NO scavenging activity of terpenes,
sodium nitroprusside (SNP) was used following the meth-
odology previously described by Bates et al. (1991) with
modifications. The SNP solution was diluted in 2.5 mM
water, mixed with different concentrations of the sample
(0.0625-2.0 mM) dissolved in ethanol and incubated at room
temperature (37 °C) for 10 min. Nitrite was determined with
the Griess reaction (Green et al. 1982) by adding 150 pL of
Griess reagent [equal volumes of 1% sulphanilamide in 5%
phosphoric acid and 0.1% N-(1-naphthyl)ethylenediamine
solution] to the mixture. Gallic acid (1.5 mM) dissolved in
ethanol was used as the positive control. Absorbance was
measured in a microplate reader at 540 nm with a calibration
curve with sodium nitrite standards.

Cell lines

RAW 264.7 murine macrophages (ATCC® TIB-71™),
MIAPaCa-2 human pancreatic carcinoma (ATCC® CRL-
1420™), Swiss 3T3 albino mouse fibroblasts (ATCC®
CCL-92™) and Hepa-1c1c7 murine hepatoma cells (ATTC
® CRL-2026™) and Human embryonic renal cells trans-
fected with the luciferase-expressing gene (Panomic, Fre-
mont, CA) (retroviruses) were purchased from the Cell Bank
of Rio de Janeiro, Brazil. Cells were cultured in Dulbecco’s
modified Eagle medium (Sigma Aldrich® Chemical Co.,
St. Louis, MO, USA) or high-glucose modified culture
medium (DMEM-Gibco-BRL Life Biotechnologies, Grand
Island, NY, USA) supplemented with 10% foetal bovine
serum (FBS-Sigma Aldrich® Chemical Co., St. Louis, MO,
USA), 100 IU mL~! penicillin and 100 pg mL~" streptomy-
cin (Sigma Aldrich® Chemical Co, St. Louis, MO, USA) at
37 °C in a humidified atmosphere containing 5% CO,.

MTT assay

The MTT assay was used to investigate cellular viability
(Mosmann 1983). Briefly, cells were seeded at a density of
7x10* cells mL~! in 96-well plates and cultured for 24 h
in the presence or absence of increasing concentrations
(1-200 uM) of L-carveol, L-carvone, m-cymene, guaiene and
valencene. After a 24-h incubation, 100 uL of 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
(2 mg mL_l) was added to each well, and the formazan
crystals formed were dissolved with DMSO. The optical
density was measured at 595 nm using a microplate reader
(Mults-Mode Microplate Reader, Filter Max F5, Molecular

Devices Spectra, USA). The experiments were carried out
in triplicate at a minimum.

Sulforhodamine B assay (SRB)

The SRB assay was used to examine cell viability (Ske-
han et al. 1990). Briefly, non-cancerous RAW 264.7 mac-
rophages and human hepatocellular carcinoma (HepG2-
Luc) cells were seeded at a density of 2x 10° and 10 x 10*
cells mL™, respectively, in 96-well plates and cultured for
24 h in the presence or absence of increasing concentrations
(1-100 uM) of the samples. After the incubation period,
cells were fixed by adding 10% trichloroacetic acid (TCA),
and the plate was incubated at 4 °C for 30 min. Thereafter,
the plate was gently washed, dried and stained with 100 pLL
of SRB (0.4%). After incubation for 30 min, the plate was
washed and allowed to dry at 45 °C. The protein-bound dye
was dissolved in 10 mM Tris base solution (pH 10.0), and
the optical density was measured at 515 nm using a micro-
plate reader (Mults-Mode Microplate Reader, Filter Max F5,
Molecular Devices Spectra, USA). The experiments were
carried out in triplicate at a minimum.

Superoxide anion assay

The superoxide anion assay was used to examine the inhibi-
tory effects of samples on superoxide anion (O; ) produc-
tion in LPS-activated RAW 264.7 macrophages (Choi et al.
2006). Briefly, RAW 264.7 cells were seeded at a density
of 2% 10° cell mL~! in 96-well plates and grown for 24 h
in a humidified incubator with 5% CO, at 37 °C. Then,
cells were treated with 1 ug mL~' LPS in the presence or
absence of increasing concentrations (1-100 pM) of the
samples for 20 h. Gallic acid (50 uM) was used as a posi-
tive control. After incubation, the supernatant was removed,
100 uL of NBT (1 mg mL™!) was added to each well, and
the plates were incubated for an additional 2 h. Then, cells
were washed with methanol and dried for 20 min at 37 °C.
Formazan crystals were dissolved with DMSO and potas-
sium hydroxide (KOH). The optical density was measured
at 620 nm using a microplate reader (Mults-Mode Micro-
plate Reader, Filter Max F5, Molecular Devices Spectra,
USA). The experiments were carried out at in triplicate at
a minimum.

Hydrogen peroxide assay

The hydrogen peroxide assay was used to examine the pro-
tective effect of the samples against oxidative cell death
caused by hydrogen peroxide (H,0,) (Annan and Houghton
2008; Adetutu et al. 2011). Briefly, RAW 264.7 cells were
seeded at a density of 1x 103 cells mL~! in 96-well plates
and cultured in a humidified incubator with 5% CO, at 37 °C
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for 20 h. After incubation, H,0O, (500 pM) was added to each
well in the presence or absence of increasing concentrations
(1-100 uM) of the samples for 24 h. After, cytotoxicity was
evaluated by MTT assay as previously described.

Nitric oxide analysis

The nitrite concentration in the culture medium was
measured as an indicator of nitric oxide (NO) production
(Green et al. 1982; Kondratyuk et al. 2012). Briefly, RAW
264.7 cells were seeded at a density of 2x 10° cells mL™!
in 96-well plates and cultured in a humidified incubator
with 5% CO, at 37 °C for 24 h. The cells were pre-treated
with phenol red-free medium, followed by 1 pg mL~' LPS
in the presence or absence of increasing concentrations
(1-100 uM) of samples for 20 h. After the incubation, NO
production was spectrophotometrically evaluated by measur-
ing nitrite concentrations via the Griess reaction. Absorb-
ance was measured in a microplate reader at 540 nm against
a calibration curve with sodium nitrite standards. Under the
same experimental conditions, cellular viability was exam-
ined in parallel by the SRB assay.

Measurement of cytokines

TNF-a, IL-1a and IL-10 were quantified in the superna-
tant of RAW 264.7 murine macrophages unstimulated or
stimulated with LPS by ELISA using specific antibodies
(purified and biotinylated) and cytokine standards, accord-
ing to the manufacturer’s instructions (eBioscience, San
Diego, California, USA). Optical densities were measured
at 450 nm in a microplate reader (Mults-Mode Microplate
Reader, Filter Max F5, Molecular Devices Spectra, USA).
Cytokine levels were expressed in pg, and the sensitivities
were > 10 pg mL™".

Luciferase NF-kB assay

An NF-kB luciferase assay was used to monitor changes in
the NF-xB pathway (Kondratyuk et al. 2012; Homhual et al.
2006). Human embryonic kidney (HEK) 293 cells (Panomic,
Fremont, CA) were seeded into a sterile 96-well plate at
2 10° cells per well and grown to approximately 80% con-
fluence by incubating for 48 h. After incubation, the medium
was replaced, and the cells were treated with various con-
centrations (1-100 uM) of test compounds and incubated
for an additional 6 h with or without TNF-a (2 ng mL™1).
Then, cells were washed with PBS, and the luciferase assay
was performed using the Luc assay system from Promega
(Madison, WI) following the manufacturer’s instructions.
The results are presented as the percentage of NF-kB inhibi-
tory activity.
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Statistical analysis

Statistical analyses were performed using GraphPad soft-
ware (San Diego, CA, 176 USA). Data are presented as the
mean =+ standard deviation (SD), and statistical compari-
sons were carried out using one-way analysis of variance
(ANOVA) followed by Dunnett’s post-test or two-way-
ANOVA when appropriate. The level of significance was
p<0.05.

Results and discussion

Acute inflammation is a protective reaction of the microcir-
culation initiated after infection and/or injury. Unresolved or
uncontrolled inflammation is considered a central pathologi-
cal process associated with many diverse disease states. The
clinically available anti-inflammatory drugs suffer from the
disadvantage of side effects, and in the case of biologics, a
high cost of treatment. Continued basic research in the iden-
tification of bioactive lead compounds offers a great hope in
the identification and development of new drugs for treating
inflammatory diseases (Gautam and Jachak 2009; Fullerton
and Gilroy 2016; Dang and Siissmuth 2017).

At first, the cytotoxic effects of the studied terpenes were
evaluated by MTT and SRB assays in the non-cancerous
3T3 fibroblasts and RAW 264.7 macrophage cell lines and
in human hepatocellular carcinoma (HepG2-Luc), human
pancreatic carcinoma (MIAPaCa-2) and hepatoma cancer
cells (Hepa-1clc7). No cytotoxic effects were observed in
any tested cell line at concentrations up to 200 pM (data not
shown). Therefore, further cell-based assays were performed
using concentrations of 1-100 uM which exhibited no cyto-
toxic effects on macrophages, as well as frequently observed
in previous in vitro studies using terpenes (Koo et al. 2004;
Kim et al. 2011; Mendes et al. 2013).

Activation of macrophages by bacterial LPS induces the
production of reactive oxygen species (ROS), which play
an important role in the progression of many inflammatory
diseases and can produce various degenerative conditions
characterized by DNA, protein, lipid, cellular damage, and
inhibit cellular functionality (Valko et al. 2007). During
inflammation, ROS such as the superoxide radical (O5), per-
oxynitrite (ONOO), hydrogen peroxide (H,0,), hypochlor-
ous acid (HOCI), and reactive nitrogen species such as nitric
oxide are produced (Barreiros et al. 2006). These molecules
modulate the synthesis of prostaglandins, thromboxanes
and other inflammatory molecules (Coleman 2001). NO
also plays a role in many important biological functions,
including vasodilation, immunoregulation, inflammation
and neurotransmission. If terpenes are able to scavenge
some free radicals, or inhibit some oxidative enzymes
they can also act as anti-inflammatory agents, because one
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of the inflammatory responses is the oxidative burst that
occurs in diverse cells, including monocytes, neutrophils
and macrophages. The monoterpene menthol demonstrated
the ability on the reduction of superoxide anion production
and its effects were correlated to a decrease in superoxide
dismutase (SOD) activity, the key enzyme responsible for
catalysing the dismutation of superoxide into oxygen and
hydrogen peroxide (Rozza et al. 2014; Filippin et al. 2008).
Therefore, inflammation was first evaluated through the
production of the superoxide anion production and cellular
oxidative damage in response to hydrogen peroxide expo-
sure in RAW 264.7 macrophages. Figure 1 summarizes the
results of superoxide anion production after cellular expo-
sure to the studied terpenes. The monoterpenes L-carveol
and m-cymene resulted in reductions in O; production of
68.6+2.2% and 55.7+4.3% (10 pM) and 48.2 +4.2% and
51.5+3.8% (100 pM) (Fig. 1). Gallic acid (50 pM) was used

A [ L-Carveol
80+ [ L-Carvone
E m-Cymene
£ 60
©
3
§ 40
*
§- * ¥ % £ T
i : I_I_Iﬁ I-I_“—]-”—I_‘

LEF S8 S Sae
L) & Concentration (uM)
LPS (pgmL™)

Fig. 1 Effect of terpenes on superoxide anion production in vitro.
RAW 264.7 macrophages were exposed to terpenes (10, 50 and
100 pM) for 2 h, followed by the addition or not of LPS (1 pg mL™").
Fifty micromolar gallic acid (GA) was used as a positive control.
Superoxide anion production was determined after 24 h using the

as a positive control and inhibited 58.9 +5.2% of O; pro-
duction (p <0.05). All tested terpenes did not exhibit pro-
tective effects against cellular oxidative damage induced
by hydrogen peroxide in RAW 264.7 macrophage cells at
concentrations of 1-100 pM (Fig. 2).

Excessive nitric oxide (NO) production, as a conse-
quence of iNOS induction in activated macrophages, has
been linked to different diseases, and it is considered a
pro-inflammatory mediator that induces inflammation
(Coleman 2001). Preliminary results showed that there
was no detectable NO production in resting RAW 264.7
cells and the cells treated with the test compounds alone,
indicating that the test compounds do not stimulate NO
production. As shown in Fig. 3, terpenes efficiently sup-
pressed lipopolysaccharide-induced NO release. NO
reductions of 35.5+0.8%, 44.1 +1.5% and 38.1 +0.6%
were observed with 100 pM L-carvone, L-carveol and
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m-cymene. b Sesquiterpenes: guaiene and valencene. The results are
expressed as the mean+SD of three independent experiments. *Sig-
nificant at p <0.05 compared to control +LPS. *Control versus con-
trol+LPS
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Fig.2 Protective effect of terpenes against hydrogen peroxide (H,O,)
induced damage. RAW 264.7 macrophages were exposed to terpenes
(1, 10 and 100 pM) for 2 h, followed by the addition or not of H,0,
(500 pM). Fifty micromolar gallic acid (GA) was used as a positive
control. Cell viability was determined using 3-(4,5-dimethyl-thiazol-

H,0, (500 uM)

2yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. a Monoterpenes:
L-carveol, L-carvone and m-cymene. b Sesquiterpenes: guaiene and
valencene. The results are expressed as the mean=+ SD of three inde-
pendent experiments. *Significant at p <0.05 compared to 500 uM
H,0,. *Control versus 500 uM H,0,
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Fig.3 Terpenes reduce the production of nitric oxide (NO) in vitro.
RAW 264.7 macrophages were treated with or without terpenes, and
after 2 h, they were stimulated with LPS. a Monoterpenes: L-carveol,
L-carvone and m-cymene. b Sesquiterpenes: guaiene and valencene.
NO production was measured 24 h later using Griess’s reagent as

m-cymene, respectively. The sesquiterpenes guaiene and
valencene were tested at a concentration of 100 pM and
showed an inhibition of 53.3+2.4% and 33.0+0.9%,
respectively (Fig. 3). It should be noted that guaiene elic-
ited the highest inhibition of NO, with inhibition simi-
lar to that of 500 pM L-NMMA (57.0+1.7%), an iNOS
inhibitor. Terpenes did not influence the NO production in
unstimulated RAW 264.7 macrophages (data not shown).
No terpenes exhibited NO scavenging activity (data not
shown) at concentrations up to 2 mM.

These results suggest that inhibition of NO may be due to
a reduction in the activity of iNOS without affecting cellu-
lar viability. Corroborating with our findings, Mendes et al.
(2013) evaluated guaiene-type sesquiterpenes and demon-
strated that adding a hydroxyl group or aglycone or chang-
ing the position of the double bond to guaiene increased the
inhibitory potential towards NO.

Upon tissue injury or LPS exposure, macrophages rapidly
produce large amounts of inflammatory cytokines that can
initiate a cascade of inflammatory mediator release, leading
to whole tissue destruction (Hamidzadeh et al. 2017). The
early release of cytokines holds great potential as a target
for new therapeutic strategies (Kopf et al. 2010; Schett et al.
2013; Hamidzadeh et al. 2017). Therefore, the effects of ter-
penes and dexamethasone (10 puM) on LPS-induced inflam-
mation in RAW 264.7 macrophages were evaluated by meas-
uring the production of TNF-a, IL-1a and IL-10. As shown
in Figs. 4 and 5, stimulation with LPS for 24 h significantly
increased the release of pro-inflammatory cytokines (TNF-a
and IL-1a), indicating that an inflammatory response was
induced in RAW 264.7 cells. Interestingly, higher concen-
trations of IL-10 were induced by the five terpenes than by
the LPS control (Fig. 4, 5). Dexamethasone significantly
reduced TNF-a and IL-1a production but did not influence
the concentration of IL-10.
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described in the Materials and Methods section. L-NMMA (500 pM)
was used as a positive control. The results are expressed as the
mean + SD of three independent experiments. *Significant at p <0.05
compared to control + LPS. #Control versus control + LPS
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Fig.4 Monoterpenes reduce the concentration of pro- and anti-
inflammatory cytokines (TNF-a, IL-la and IL-10) in vitro. RAW
264.7 macrophages were exposed to terpenes, and after 2 h, they
remained unstimulated or were stimulated with LPS. a TNF-«, b
IL-1o and ¢ IL-10. Cytokine levels were measured 24 h later using
ELISA Kkits as described in the materials and methods section. The
results are expressed as the mean+ SD of three independent experi-
ments. *Significant at p<0.05 compared to control+LPS. #Control
versus control +LPS
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Fig.5 Sesquiterpenes reduce the concentration of pro- and anti-
inflammatory cytokines (TNF-a, IL-la and IL-10) in vitro. RAW
264.7 macrophages were exposed to terpenes, and after 2 h, they
remained unstimulated or were stimulated with LPS. a TNF-a, b
IL-1a and ¢ IL-10. Cytokine levels were measured 24 h later using
ELISA Kkits as described in the materials and methods section. The
results are expressed as the mean=+SD of three independent experi-
ments. *Significant at p<0.05 compared to control+LPS. #Control
versus control +LPS

As shown in Fig. 4, when macrophages were treated with
up to 100 pM of the monoterpenes, significant reductions in
IL-1a and TNF-a concentrations were observed. L-carveol
showed the greatest reduction in TNF-a production, with
46.3 +7.0% and 44.8 + 6.5% inhibition at 50 and 100 pM,
respectively (Fig. 5a). Similar results were observed with
dexamethasone. A significantly decreased concentration
of IL-1a was detected after monoterpene treatment at
10-100 pM (Fig. 4b). L-carveol (100 pM) and L-carvone
(100 pM) showed inhibition values of 52.5 +7.5% and
69.1 +12.7%, respectively. Interestingly, unlike the other
monoterpenes, L-carveol resulted in greater inhibition at

10 pM (57.5 £ 6.8%). Production of IL-10 was also influ-
enced by monoterpenes. Surprisingly, IL-10 production was
higher at the lower tested concentrations (10 and 50 pM).
L-carveol and L-carvone induced a significant increase of
3.6- and 2.8-fold compared to the LPS control (Fig. 4c).

The sesquiterpenes guaiene and valencene exhibited
different patterns of IL-1a and TNF-a production in LPS-
stimulated macrophages (Fig. 5). Only valencene caused
a significant decrease in IL-la and TNF-a production
(Fig. 5). Although guaiene did not influence IL-1a and
TNF-a, a significant effect was observed on IL-10 produc-
tion, which increased by approximately 4.1- (at 50 pM) and
3.8-fold (at 100 puM) compared to that induced by the LPS
control (Fig. 5c¢). Valencene provoked a significant increase
of approximately 3.7-fold at 100 pM compared to the LPS
control (Fig. 5¢). Mono- and sesquiterpenes did not influ-
ence the TNF-a, IL-1a and IL10 production NO production
in unstimulated RAW 264.7 macrophages (data not shown).

Thus, the inhibitory effect of the studied terpenes on the
production of these early pro-inflammatory cytokines, espe-
cially TNF-a and increased IL-10 production further empha-
size their anti-inflammatory properties. TNF-a has long been
considered a key rate-limiting step in the development of
many inflammatory diseases and a highly effective therapy
for rheumatoid arthritis (Choi et al. 2006). Reactive oxygen
and nitrogen species together of cytokines, in particular the
TNF-a can act as modulators of protein and lipid kinases,
and transcription factors, including nuclear factor-xB (NF-
«B). This well-known transcription factor plays an important
role in controlling the inflammation process and regulat-
ing immune cells, especially macrophages. NF-kB induces
the transcription of pro-inflammatory mediators, such as
inducible NO synthase (iNOS), cyclooxygenase (COX)-2,
TNF- a, IL-1 and IL-6 (Surh et al. 2001; Hamidzadeh et al.
2017). Thus, the inhibitory effects of terpenes on inflam-
matory mediators prompted us to further investigate their
ability to influence the NF-kB signalling pathway. Figure 6
summarizes the results after the treatment of HEK 293 cells
with the studied terpenes at 50 and 100 pM. TPCK was used
as a positive control at 833.3 uM, and the NF-kB inhibi-
tory activity observed was 38.1 +0.2%. The suppression of
NF-xB activation was observed with the four tested terpenes,
as shown in Fig. 6. Cellular viability was maintained above
98%.

Yang et al. (2016) demonstrated that valencene inhibits
the expression/secretion of I-CAM and IkB and the nuclear
translocation of NF-kB in keratinocyte cells (HaCaT), in
addition to reducing IL-1p and IL-6 in macrophages. Other
compounds with promising anti-inflammatory activity
have also been shown to inhibit the production of inflam-
matory mediators such as pro-inflammatory cytokines
and NO, and their effects are mediated by expression of
NF-xB (De Stefano et al. 2007; Low et al. 2015). Thus,
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Fig.6 NF-kB inhibitory activity of studied terpenes. Human embry-
onic kidney (HEK) 293 cells were exposed to terpenes (50 and
100 uM) and incubated for 6 h with or without TNF-a (2 ng mL™h).
The results are presented as the percentage of NF-kB inhibitory activ-
ity and are expressed as the mean+SD of two independent experi-
ments

we considered that the NF-kB signalling pathway might be
involved in the terpene-mediated down-regulation of NO
and cytokines. These results demonstrated that the molec-
ular mechanism by which terpenes inhibit the production
of these inflammatory mediators might be partially related
to inhibition of NF-«B activation. Taken together, these
results suggest that the studied terpenes may be effective
agents for inhibiting inflammation.

Conclusion

The present research suggests that studied terpenes exhibit
anti-inflammatory activity by inhibiting key mediators
responsible for activating the inflammatory process.
Using cell-based assays terpenes may exert their activi-
ties via the suppression of pro-inflammatory enzymes
(such as iNOS and NADH/NADPH oxidase), inflamma-
tory mediators (TNF-a and IL-1a) and NF-xB signalling.
Altogether, these results emphasize the biological impor-
tance of essential oil-derived terpenoids and provide the
first insight of this approach to identifying novel natural
NF-kB inhibitors for the development of new therapeutic
strategies to treat inflammatory diseases.

Acknowledgements The authors wish to thank the Coordenagdo de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES), Fundagdo de
Amparo a Pesquisa do Espirito Santo (FAPES) and Conselho Nacional
de Desenvolvimento Cientifico e Tecnoldgico (CNPq) for financial sup-
port (PQ- Processo: 310680/2016-6).

Compliance of ethical standards

Conflict of interest The authors have no conflicts of interest to report.

@ Springer

References

Adetutu A, Morgan WA, Corcoran O (2011) Antibacterial, antioxi-
dant and fibroblast growth stimulation activity of crude extracts
of Bridelia ferruginea leaf, a wound-healing plant of Nigeria. J
Ethnopharmacol 133(1):116-119

Ambroz M, BouSova I, Skarka A, HanuSova V, Kralova V,
Matouskova P, Szotakova B, Skéalova L (2015) The influence
of sesquiterpenes from Myrica rubra on the antiproliferative
and pro-oxidative effects of doxorubicin and its accumulation
in cancer cells. Molecules 20(8):15343-15358

Annan K, Houghton PJ (2008) Antibacterial, antioxidant and fibro-
blast growth stimulation of aqueous extracts of Ficus asperifo-
lia Miq. and Gossypium arboreum L., wound-healing plants of
Ghana. J Ethnopharmacol 119(1):141-144

Baker R, Hayden M, Ghosh S (2011) NF-kB, inflammation, and
metabolic disease. Cell Metab 13(1):11-22

Barreiros A, David J, David J (2006) Estresse oxidativo: relagdo
entre geracdo de espécies reativas e defesa do organismo. Quim
Nova 29(1):113-123

Bates JN, Baker MT, Guerra R Jr, Harrison DG (1991) Nitric oxide
generation from nitroprusside by vascular tissue: evidence
that reduction of the nitroprusside anion and cyanide loss are
required. Biochem Pharmacol 42:S157-S165

Brune K, Patrignani P (2015) New insights into the use of currently
available non-steroidal anti-inflammatory drugs. J Pain Res
8:105-118

Choi HS, Kim JW, Cha YN, Kim C (2006) A quantitative nitroblue
tetrazolium assay for determining intracellular superoxide anion
production in phagocytic cells. J Immunoassay Immunochem
27(1):31-44

Coleman JW (2001) Nitric oxide in immunity and inflammation. Int
Immunopharmacol 8:1397-1406

Crowell P, Kennan W, Haag J, Ahmad S, Vedejs E, Gould M (1992)
Chemoprevention of mammary carcinogenesis by hydroxylated
derivatives of p-limonene. Carcinogenesis 13(7):1261-1264

Dang T, Stissmuth RD (2017) Bioactive peptide natural prod-
ucts as lead structures for medicinal use. Acc Chem Res
50(7):1566-1576

De Sousa DP, de Farias Nobrega FF, de Almeida RN (2007)
Influence of the chirality of (R)-(—)- and (S)-(+)-carvone in
the central nervous system: a comparative study. Chirality
19(4):264-268

De Stefano D, Maiuri MC, Simeon V, Grassia G, Soscia A, Cinelli
MP, Carnuccio R (2007) Lycopene, quercetin and tyrosol pre-
vent macrophage activation induced by gliadin and IFN-gamma.
Eur J Pharmacol 566(1-3):192-199

Deutschman CS, Tracey KJ (2014) Sepsis: current dogma and new
perspectives. Immunity 40:463-475

Echeverrigaray S, Zacaria J, Beltrdo R (2010) Nematicidal activity
of monoterpenoids against the root-knot nematode Meloidogyne
incognita. Phytopathology 100(2):199-203

Feghali CA, Wright TM (1997) Cytokines in acute and chronic
inflammation. Front Biosci 2:12-26

Filippin LI, Vercelino R, Marroni NP, Xavier RM (2008) Influén-
cia de processos redox na resposta inflamatéria da artrite reu-
matdide. Revista Brasileira de Reumatologia 48(1):17-24

Fullerton JN, Gilroy DW (2016) Resolution of inflammation: a new
therapeutic frontier. Nat Rev Drug Discov 15:551-567

Gautam R, Jachak SM (2009) Recent developments in anti-inflam-
matory natural products. Med Res Rev 29(5):767-820

Gongalves JC, Oliveira Fde S, Benedito RB, de Sousa DP, de
Almeida RN, de Aratjo DA (2008) Antinociceptive activity of
(—)-carvone: evidence of association with decreased peripheral
nerve excitability. Biol Pharm Bull 31(5):1017-1020



In vitro anti-inflammatory activity of terpenes via suppression of superoxide and nitric oxide... 289

Green LC, Wagner DA, Glogowski J, Skipper PL, Wishnok JS, Tan-
nenbaum SR (1982) Analysis of nitrate, nitrite, and [ 15N] nitrate
in biological fluids. Anal Biochem 126(1):131-138

Hamidzadeh K, Christensen SM, Dalby E, Chandrasekaran P, Mosser
DM (2017) Macrophages and the recovery from acute and chronic
inflammation. Annu Ver Physiol 79:567-592

Homhual S, Zhang HJ, Bunyapraphatsara N, Kondratyuk TP, Santar-
siero BD, Mesecar AD, Herunsalee A, Chaukul W, Pezzuto JM,
Fong HH (2006) Bruguiesulfurol, a new sulfur compound from
Bruguiera gymnorrhiza. Planta Med 72(3):255-260

Hussain Al, Anwar F, Nigam PS, Ashraf M, Gilani AH (2010) Seasonal
variation in content, chemical composition and antimicrobial and
cytotoxic activities of essential oils from four Mentha species. J
Sci Food Agric 90:1827-1836

Kim S, Jung E, Kim JH, Park YH, Lee J, Park D (2011) Inhibi-
tory effects of (—)-a-bisabolol on LPS-induced inflammatory
response in RAW264.7 macrophages. Food Chem Toxicol
49(10):2580-2585

Kolaczkowska E, Kubes P (2013) Neutrophil recruitment and func-
tion in health and inflammation. Nat Rev Immunol 13(3):159-175

Kondratyuk TP, Park EJ, Yu R, Van Breemen RB, Asolkar RN, Murphy
BT, Fenical W, Pezzuto JM (2012) Novel marine phenazines as
potential cancer chemopreventive and anti-inflammatory agents.
Mar Drugs 10:451-464

Koo HJ, Song YS, Kim HJ, Lee YH, Hong SM, Kim SJ, Kim BC, Jin C,
Lim CJ, Park EH (2004) Antiinflammatory effects of genipin, an
active principle of gardenia. Eur J Pharmacol 495(2-3):201-208

Kopf M, Bachmann MF, Marsland BJ (2010) Averting inflammation
by targeting the cytokine environment. Nat Rev Drug Discov
9(9):703-718

Lawrence T (2009) The Nuclear Factor NF-kB Pathway in Inflamma-
tion. Cold Spring Harb Perspect Biol 1(6):a001651

Low P, Clark AM, Chou TC, Chang TC, Reynolds M, Ralph SJ (2015)
Immunomodulatory activity of Melaleuca alternifolia concen-
trate (MAC): inhibition of LPS-induced NF-kB activation and
cytokine production in myeloid cell lines. Int Immunopharmacol
26(1):257-264

Lozon Y, Sultan A, Lansdell S, Prytkova T, Sadek B, Yang KH, How-
arth FC, Millar NS, Oz M (2016) Inhibition of human a7 nico-
tinic acetylcholine receptors by cyclic monoterpene carveol. Eur
J Pharmacol 776:44-51

Marchese A, Arciola CR, Barbieri R, Silva AS, Nabavi SF, Tsetegho
Sokeng AlJ, Izadi M, Jafari NJ, Suntar I, Daglia M, Nabavi SM
(2017) Update on monoterpenes as antimicrobial agents: a par-
ticular focus on p-cymene. Materials 10(8):E947. https://doi.
org/10.3390/ma10080947

Mendes S, Mansoor T, Rodrigues A, Armas J, Ferreira M (2013) Anti-
inflammatory guaiane-type sesquiterpenes from the fruits of Pitto-
sporum undulatum. Phytochemistry 95:308-314

Mosmann T (1983) Rapid colorimetric assay for cellular growth and
survival: application to proliferation and cytotoxicity assays. J
Immunol Methods 65:55-63

Omolo MO, Okinyo D, Ndiege 10, Lwande W, Hassanali A (2004)
Repellency of essential oils of some Kenyan plants against Anoph-
eles gambiae. Phytochemistry 65(20):2797-2802

Patel P, Thakkar V (2014) L-carvone induces p53, caspase 3 mediated
apoptosis and inhibits the migration of breast cancer cell lines.
Nutr Cancer 66(3):453-462

Pereira-Leite C, Nunes C, Jamal SK, Cuccovia IM, Reis S (2017) non-
steroidal anti-inflammatory therapy: a journey toward safety. Med
Res Rev 37(4):802-859

Rozza AL, Meira de Faria F, Souza Brito AR, Pellizzon CH (2014)
The gastroprotective effect of menthol: involvement of anti-
apoptotic, antioxidant and anti-inflammatory activities. PLoS
One 9(1):e86686

Salminen A, Lehtonen M, Suuronen T, Kaarniranta K, Huuskonen J
(2008) Terpenoids: natural inhibitors of NF-kappaB signaling
with anti-inflammatory and anticancer potential. Cell Mol Life
Sci 65(19):2979-2999

Schett G, Elewaut D, Mclnnes IB, Dayer JM, Neurath MF (2013) How
cytokine networks fuel inflammation: toward a cytokine-based
disease taxonomy. Nat Med 19(7):822-824

Skehan P, Storeng R, Scudiero D, Monks A, McMahon J, Vistica D,
Warren JT, Bokesch H, Kenney S, Boyd MR (1990) New col-
orimetric cytotoxicity assay for anticancer-drug screening. J Natl
Cancer Inst 82(13):1107-1112

Surh YJ, Chun KS, Cha HH, Han SS, Keum YS, Park KK, Lee SS
(2001) Molecular mechanisms underlying chemopreventive activi-
ties of anti-inflammatory phytochemicals: down-regulation of
COX-2 and iNOS through suppression of NF-kappa B activation.
Mutat Res 480-481:243-268

Valko M, Leibfritz D, Moncol J, Cronin MT, Mazur M, Telser J (2007)
Free radicals and antioxidants in normal physiological functions
and human disease. Int J Biochem Cell Biol 39:44-84

Wagner KH, Elmadfa I (2003) Biological relevance of terpenoids.
Overview focusing on mono-, di- and tetraterpenes. Ann Nutr
Metab 47:95-106

Yadav VR, Prasad S, Sung B, Kannappan R, Aggarwal BB (2010)
Targeting inflammatory pathways by triterpenoids for prevention
and treatment of cancer. Toxins (Basel) 2(10):2428-2466

Yang I, Lee D, Shin H (2016) Inhibitory effect of valencene on the
development of atopic dermatitis-like skin lesions in nc/nga mice.
J Evid-Based Complement Altern Med 2016:1-11

Zhang K, Song F, Lu X, Chen W, Huang C, Li L, Liang D, Cao S,
Dai H (2017) MicroRNA-322 inhibits inflammatory cytokine
expression and promotes cell proliferation in LPS-stimulated
murine macrophages by targeting NF-kB1 (p50). Biosci Rep
37(1):BSR20160239

@ Springer


https://doi.org/10.3390/ma10080947
https://doi.org/10.3390/ma10080947

	In vitro anti-inflammatory activity of terpenes via suppression of superoxide and nitric oxide generation and the NF-κB signalling pathway
	Abstract
	Background and Aims 
	Methods 
	Results and Discussion 

	Introduction
	Materials and methods
	Chemicals and biochemicals
	Measurement of nitrite with sodium nitroprusside
	Cell lines
	MTT assay
	Sulforhodamine B assay (SRB)
	Superoxide anion assay
	Hydrogen peroxide assay
	Nitric oxide analysis
	Measurement of cytokines
	Luciferase NF-κB assay
	Statistical analysis

	Results and discussion
	Conclusion
	References




