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Perillyl alcohol has antibacterial
effects and reduces ROS production in
macrophages
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Natural products have emerged as a rich source of bioactive compounds
for adjunctive treatments of many infectious and inflammatory conditions,
including periodontitis. Among the monoterpenes with significant biological
properties, there is the perillyl alcohol (POH), which can be found in several
essential oils and has shown immunomodulatory properties in recent studies,
which may be interesting in the treatment of non-neoplastic inflammatory
disorders. Objective: To determine the antibacterial and immune modulatory
activities of the POH. Methodology: The minimum inhibitory concentration
(MIC) and the minimum bactericidal concentration (MBC) of the POH for
two significant Gram-negative periodontal pathogens were determined
by macrodilution and subculture, respectively. Cell proliferation and
cytotoxicity in RAW 264.7 macrophages were determined by Trypan Blue
and mitochondrial enzymatic activity assay. The modulation of reactive
oxygen species (ROS) was analyzed by flow cytometry and expression of
TNF and arginase-1 by real-time PCR. Results: The POH was effective against
P. gingivalis (ATCC 33277) and F. nucleatum (ATCC 25586) with MIC=
MBC=1600 pM. No cytotoxicity up to 100 uM was observed on macrophages.
The cell proliferation was inhibited from 48 hours at 100 uM (p<0.05) and
250 uyM (p<0.01). The POH increased ROS production at both 10 pM and 100
MM (p<0.05) in unstimulated cells. The PMA-induced ROS production was not
affected by POH, whereas 100 uM significantly reduced lipopolysaccharide-
induced (LPS-induced) ROS. The expression of TNF was not affected by POH
in unstimulated cells or in cells polarized to M1 phenotype, whereas both
concentrations of POH reduced (p<0.05) the expression of arginase-1 in M2-
polarized macrophages. Conclusion: The POH has antibacterial activity against
periodontal pathogens and reduced proliferation of murine macrophages
without significant cytotoxicity at concentrations up to 100 uM. In addition,
the POH reduced the LPS-induced ROS and the expression of arginase-1 in
M2-polarized macrophages.
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In the last decades, advances in periodontal
studies have increased the knowledge about the
pathogenesis and its immunological mechanisms that
modulate the host response to microbial challenge.
Thus, although the onset of periodontitis is dependent
on the maturation of a complex microbial biofilm
(essentially composed of Gram-negative anaerobes),
the progression, the extent, and the severity of the
disease are dependent on the balance between pro-
inflammatory and protective mediators, which involves
complex host-microbial interactions.!

In this context, some cell types are particularly
significant for tissue homeostasis in the periodontal
microenvironment, such as macrophages. The
macrophages are highly prevalent in diseased
periodontal sites, and as the prototypical antigen-
presenting cell, are directly involved in the response to
the microbial challenge.? Activated macrophages also
secrete important mediators in extracellular matrix
degradation and resorption of alveolar bone, and can
vary into bone-resorbing osteoclasts.3-

Depending on the external cues present in
inflammatory microenvironment, the macrophages
can assume different phenotypes in a spectrum
between the extremes of the classically activated or
pro-inflammatory (M1), and alternatively activated
or reparative (M2) macrophages, according to the
major cytokines secreted. The characterization of
macrophage response and phenotype associated
with inflammatory conditions, including periodontal
diseases, may be useful in developing new treatment
strategies.®

There has been a growing interest in natural
products with antimicrobial and anti-inflammatory
properties as adjunct treatments for many infectious
and inflammatory conditions, including periodontitis.”°
These products include essential oils, which are volatile
aromatic liquids extracted from plants and are active
ingredients of phytotherapy.® Monoterpenes are the
main constituents of essential oils, and most studies
of their effects on human health have been performed
with limonene, carvone, camphor, and perillyl alcohol
(POH). The POH can be found in several essential
0ils,1%12 and medical interest in this compound was
initially based on its anti-tumoral activity.317

Recent studies have shown immunomodulatory
properties of the POH, which may be of interest in the
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treatment of non-neoplastic inflammatory disorders.
D’Alessio, et al.'® (2014) reported that the POH
promotes wound healing, likely by decreasing the
pro-inflammatory cytokines IL-6 and TNF. The POH
reduced oxidative activity, TNF production, and NF-
kB activation in a rat model of ethanol-induced acute
hepatic injury.t® In addition, the antinociceptive activity
of the POH has recently been shown in a murine model
of orofacial pain.?°

Despite evidence of the immunomodulatory
potential of the POH, few studies have assessed the
biological mechanisms of the POH on cells directly
involved in the pathogenesis of inflammatory disorders,
including periodontitis. Considering the fundamental
roles of the Gram-negative microorganisms and of the
macrophages in the etiopathogenesis of periodontal
diseases, this study determines the antimicrobial
activity and the POH effects in the macrophage
response.

The antimicrobial susceptibility test was performed
according to the broth macrodilution method, M11-A5,
of the CLSI (Clinical and Laboratory Standards
Institute) with some modifications.?* The bacterial
inoculum was prepared by the suspension of colonies
of Fusobacterium nucleatum (ATCC 25586, Manassas,
VA, USA) and Porphyromonas gingivalis (ATCC 33277,
Manassas, VA, USA) in 5 mL of brain heart infusion
(BHI) broth supplemented with hemin (5 pg/mL)
and menadione (1 pg/mL of vitamin K), followed by
incubation under anaerobic conditions (90% N, and
10% CO,) at 37°C for 48 h. Then, the inoculum was
adjusted to 1.5x108 colony forming units (CFU)/mL.
The POH stock solution (50 mg/mL) was prepared
using 4% dimethyl sulfoxide as the solvent (DMSO,
Sigma-Aldrich, St. Louis, MO, USA). Increasing
POH concentrations (0.00781-1 mg/mL) were used
for testing, and 0.12% chlorhexidine gluconate
(Periogard®; Colgate-Palmolive Ind. Bras., Osasco, SP,
Brazil) was used as a positive control. The minimum
inhibitory concentration (MIC) was determined by
observing the mean turbidity and/or presence of
sediment. To determine the minimum bactericidal
concentration (MBC), 10 pL aliquots from the test
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tubes without visible growth were plated on blood agar
supplemented with hemin (5 pg/mL) and menadione
(1 pg/mL of vitamin K), and then incubated under
anaerobic conditions (90% N, and 10% CO,) at 37°C
for 72 h. Three independent experiments assessed in
triplicate were performed.

The commercially available RAW 264.7 murine
macrophage cell line (ATCC #TIB-71) was used in
this study. This cell line has been widely used in
the literature and is responsive to LPS, PMA, and
polarization induced by LPS and IFN-y (M1) or IL-4
(M2).2224

The cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10%
heat inactivated fetal bovine serum (FBS), 100 U/
mL penicillin, and 100 pg/mL streptomycin and then
maintained in a humidified atmosphere at 37°C
containing 5% CO,. The (S)-(-)-perillyl alcohol,
96%, was obtained from Sigma Aldrich Chemical Co
(St. Louis, MO, USA). A stock solution (25 mM) was
prepared in FBS and diluted in DMEM at the final
concentrations of 10 yM, 25 yM, 50 uM, 100 uM, and
250 uM for the experiments.

Cytotoxicity was assessed by the trypan blue dye
exclusion test and by the mitochondrial enzymatic
activity (MTS) assay (3-[4,5,dimethylthiazol-2-yl]-
5-[3-carboxymethoxy-phenyl]-2-[4-sulfophenyl]-
2H-tetrazolium). The RAW 264.7 cells were plated in
96-well plates at densities of 1x10°and 5x10%cells/well
for the trypan blue test and MTS assay, respectively,
and stimulated with POH at concentrations of 10 uM,
25 uM, 50 uM, 100 uM, and 250 pM for 24 h. The
negative control consisted of non-stimulated cells, and
the positive control consisted of cells treated with 6
MM camptothecin (Sigma-Aldrich Co, St. Louis, MO,
USA). After the experimental period, the cells were
resuspended at a ratio of 1:1 with 0.4% trypan blue
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
and counted in a hemocytometer after 2 minutes of
incubation. The results were expressed as percentage
of viable cells regarding the total number of cells.

The MTS assay determines the number of viable cells
using the activity of mitochondrial dehydrogenases that
convert tetrazolium salts to formazan, generating a
colorimetric reaction.?>:2¢ The MTS assay was conducted
according to the manufacturer’s instructions (CellTiter
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96® AQueous One Solution Cell Proliferation Assay,
Promega, Madison, WI, USA). The absorbance was
measured at 490 nm in a plate reader (Spectramax L,
Molecular Devices, Sunnyvale, CA), and the enzyme
activity in the treatment groups was estimated as a
percentage regarding the respective negative controls.

The RAW 264.7 cells were plated in 96-well plates
at a density of 1x10* cells/well and stimulated with
POH at concentrations of 10 pM, 25 uM, 50 uM, 100
MM, and 250 uM for periods of 24, 48, and 72 h. The
negative control consisted of the non-stimulated cells,
and 10 pg/mL mitomycin was used as the positive
control (Sigma-Aldrich Co, St. Louis, MO, USA). At
each experimental period, the cells in suspension in
the culture medium and the attached cells (removed
by a 5-minute incubation in 0.25% trypsin) were
resuspended at a 1:1 ratio with 0.4% trypan blue,
then incubated for 2 minutes at room temperature,
and the number of viable (unstained) and dead (blue)
cells were estimated in a hemocytometer by a trained
examiner. The results were expressed as the absolute
number of live cells.

The POH effect on ROS production was assessed
by flow cytometry. Macrophages were seeded in 6-well
plates (3x10° cells per well). After 24 h of incubation,
the culture medium was removed, the cells were
gently washed with phosphate buffered saline (PBS)
twice (pH 7.4, without Ca and Mg), and PBS containing
10 pM 6-carboxy-2’,7'-dichlorodihydrofluorescein
diacetate (cat# C400, Molecular Probes, Thermo Fisher
Scientific, Waltham, MA, USA). The cells were loaded
with this compound (a molecular ROS sensor) by
incubation at 37°C for 30 minutes. After the removal
of the reagent and washing the cells with PBS, the POH
was added at 10 uM and 100 pM in complete culture
medium. After 30 minutes, the cells were stimulated
with 50 ng/mL phorbol myristate acetate (PMA) (cat#
P1585, Sigma-Aldrich Co, St. Louis, MO, USA) and 10
pHg/mL LPS (E. coli, serotype 0111:B4, cat# L4130,
Sigma-Aldrich Co, St. Louis, MO, USA) for 20 minutes
to induce ROS production. The cells were harvested
by trypsinization, resuspended in PBS containing 2%
FBS, and analyzed by flow cytometry (BD FacsVerse,
BD Biosciences, San Jose, CA, USA). A minimum of
10,000 events were acquired and the percentage
of positive events in the FL1 (FITC) channel (ROS-
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producing cells) was recorded. Three independent
experiments were performed. Data are expressed as
the percentage of cells emitting fluorescence in the
FL1 channel (ROS-positive cells).

The POH effect on expression of M1/M2-related
genes was determined by analyzing TNF (M1) and
Arginase-1 (M2) by reverse transcriptase real-time
PCR (RT-gPCR). Macrophages were plated in 6-well
plates (3x10° cells/well). After a 4 h incubation to allow
cell adhesion, the plates were treated with POH at 10
MM and 100 pM for 24 h. After 24 h, the macrophages
were stimulated with LPS (1 pg/mL, Sigma Aldrich
Co, St. Louis, MO, USA) and recombinant murine
IFN-y (100 ng/mL, cat# 315-05, Peprotech Inc,
Rocky Hill, NJ, USA) as the M1-polarizing conditions,
or with recombinant murine IL-4 (40 ng/mL, cat#
214-14, Peprotech Inc, Rocky Hill, NJ, USA) as the
M2-polarizing condition. After an additional 24 h, the
adhered cells were collected, and the total RNA was
isolated using an affinity column system including
treatment with DNAse (Total RNA Purification Kit, cat#
DPK-108, Cellco Biotec, Sao Carlos, SP, Brazil). The
concentration and purity of the RNA were determined
in a UV spectrophotometer, and 300 ng of total RNA
was used for synthesis of complementary DNA (cDNA)
using random hexameters as primers and recombinant
transcriptase, according to the instructions of the
supplier of the reagents (High capacity cDNA reverse
transcription, cat# 4368814, Applied Biosystems,
Thermo Fisher Scientific, Waltham, MA, USA). The
cDNA was used in gPCR reactions using the TagMan
chemistry (TagMan Fast Advanced, cat# 4444556,
Applied Biosystems, Thermo Fisher Scientific, Waltham,
MA, USA) and the pre-designed and optimized sets of
primers and probe for each gene of interest (TagMan
gene expression assays, cat# 4331182, Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA,
USA) on a StepOne Plus gPCR thermocycler (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA,
USA). The GAPDH was used as the internal control,
and relative gene expression was determined using

the A(ACt) method.

Before the analysis, the data normality was verified
with the Shapiro-Wilk test. For comparisons between
the experimental groups, the ANOVA followed by the
Tukey’s post hoc test were used. Data are expressed
as the mean £ standard deviation, and the analysis
were performed in the GraphPad version 7.0 with the
significance level set at 95% (p<0.05).

The POH had an antimicrobial activity against P.
gingivalis and F. nucleatum at the same concentration
(MIC 1600uM), and the MBC was equal to the MIC for
both microorganisms (Table 1).

The RAW 264.7 cells were treated with the
indicated concentrations of POH (10-250 uM) for 24 h.
Cell viability was not significantly affected by up to 250
MM of POH, as determined by the trypan blue exclusion
test (over 85% viable cells in all concentrations, Figure
1A). The camptothecin (positive control) significantly
reduced viability (54% viable cells). The MTS indicated
significant cytotoxicity of POH at 250 uM (Figure 1B).

The POH effect (10-250 uM) on proliferation was
determined by direct cell counting at 24, 48, and
72 h. The POH at 10-250 uM significantly inhibited
proliferation of macrophages only at 72 h; however,
the POH at 100 upM significantly reduced the total
number of cells from 48 h (Figure 1C). Two non-
cytotoxic concentrations of POH (10 and 100 uM),
as determined in these proliferation and cytotoxicity
assays, were used in the subsequent experiments.

The POH alone at 100pM caused a statistically
significant increase in the ROS production when

Table 1- Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) given in ug/mL for POH and chlorhexidine

at 0.12% (control) against strict anaerobes

P. gingivalis

F. nucleatum

Substances MIC (uM) MBC (uM) MIC (uM) MBC(uM)
POH 1600 1600 1600
Chlorhexidine 0.0000037 0.0000037 0.00000742 0.00000742
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Figure 1- POH effect on macrophage viability and proliferation. The RAW 264.7 cells were treated with POH (10-250 uM) and cultured in
vitro for 24, 48, or 72 h. The viability was determined by the trypan blue (A) and MTS (B) assays at 24 h. The bars represent the means,
and the vertical lines represent the standard deviations of three independent experiments. C): POH effect on proliferation of RAW 264.7
cells at 24, 48, and 72 h. Each horizontal line represents an experimental condition, and the vertical lines represent the standard deviations
of three independent experiments. The asterisks (****) indicates a significant difference compared to the negative control (2-way ANOVA,
p<0.0001)
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Figure 2- POH effect on ROS production induced by PMA (A) and LPS (B) in RAW 264.7 macrophages. The cells were treated with 10
UM and 100 uM of POH for 30 minutes, followed by a 20-minute stimulation with 50 ng/mL PMA or 10 yg/mL LPS. The ROS production
was assessed by flow cytometry by measuring the oxidation of the substrate 6-carboxy-2',7'-dichlorodihydrofluorescein diacetate, which
emits fluorescence in the green channel (FITC) upon excitation at 488 nm. Representative dot-plots of flow cytometry analysis depicting
the percentage of ROS-positive (FITC-positive) cells. Significant differences are based on the ANOVA with a post-hoc Tukey test. * p<0.05,
** p<0.01, *** p<0.001 versus control or as indicated in the figure
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Figure 3- Expression of TNF and Arginase-1 assessed by the RT-qPCR in RAW 264.7 cells. M1 stimuli were E. coli LPS (1 pg/mL) and
IFNy (100 ng/mL) in pre-treated cells (30 min) with 10 uM or 100 uM of POH (control cells were treated with the same vehicle of the vehicle
used to dilute POH). Columns represent the means for two independent experiments

compared to the control group (p value <0.01).
However, it did not affect the PMA-induced production
of ROS at either concentration (10 pM and 100 uM)
(Figure 2A). Conversely, the POH had a concentration-
dependent effect on the LPS-induced ROS production.
At 10 pM, the POH had a significant (p<0.01)
synergistic effect with the LPS on ROS induction,
whereas at 100 uM there was a significant reduction in
the LPS-induced ROS production (p<0.05) (Figure 2B).

The POH alone (10 uM and 100 pM) did not affect
expression of TNF or Arginase-1 by macrophages.
The TNF was increased by stimulation with LPS and
IFN-gamma, and pre-treatment with POH (10 and 100
MM) had no effect. The POH partially inhibited IL-4-
induced expression of Arginase-1 POH at both 10 and
100 uM (Figure 3).

POH is a natural monoterpene found in several
essential oils, and its antitumor activity has been well
established in the literature and supported by in vitro
and in vivo studies, and Phase II clinical trials in cancer
patients.10-121527.28 Recent studies have suggested that
the POH also plays a role in the immunoinflammatory
response.t®1?

Periodontitis is a chronic inflammatory condition
associated with a dysbiotic microbial biofilm that may
benefit from immuno-regulatory properties of the
POH. The researchers of this study did not find any
studies on the antibacterial activity of the POH against
periodontal pathogens. The POH had MIC and MBC
values of 1600 uM (250 pg/mL) for two prominent
Gram-negative microorganisms associated with

J Appl Oral Sci.

periodontal disease: P. gingivalis and F. nucleatum,
with bactericidal action. Natural products with MIC
values between 101 and 500 pg/mL are considered
strong inhibitors of microbial activity.?® These results
will be expanded to include other Gram-negative
species associated with periodontal diseases, such
as Aggregatibacter actinomycetemcomitans. Another
data limitation of the study is the assessment of the
antibacterial activity in the planktonic form as opposed
to the biofilm assays.

POH was not cytotoxic to human peripheral
blood mononuclear cells (PBMCs) at 0.625-5 mM.3°
Specifically in RAW264.7 cells, the reported IC,, of POH
diluted in 10% DMSO was above 50 uM.3! Agreeing
with these data, this study showed that the POH was
not cytotoxic to RAW264.7 cells up to a concentration
of 100 pM. All subsequent experiments used non-
cytotoxic concentrations of POH to avoid possible bias.

The literature reports contrasting POH effects on
cell proliferation. Different experimental conditions,
such as POH concentrations and cell types may account
for the discrepancies. Toro-Arreola, et al.3? (2005)
observed that 0.025 pM POH was a weak inducer
of proliferation of murine lymphocytes, whereas
higher POH concentrations inhibited proliferation. In
human peripheral blood lymphocytes, the POH had
a concentration-dependent (0.625-5 mM) inhibitory
effect on proliferation.3° The POH significantly reduced
proliferation of murine macrophages in vitro starting at
48 h of treatment (100 uM), with a more pronounced
effect at 72 h (100 uM and 250 uM).

ROS production is a major biological process in
stimulated macrophages involved in the killing of
phagocytized microorganisms and in the production
of other soluble inflammatory mediators.3* The POH
has been shown to have both pro- and antioxidant
effects, especially in tumor cells.3#3> However,
there are no studies assessing the POH effect on
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the ROS production to compare with macrophages.
In this study, the POH alone at 100 uM induced a
statistically significant increase in the ROS production
and did not affect ROS production induced by PMA.
Interestingly, the POH effect on the LPS-induced ROS
was concentration-dependent: 10 uM further increased
and 100 uM reduced LPS-induced ROS. This suggests
that the POH modulates ROS production induced via
activation of TLR4,3¢ but not via the protein kinase Ca
(PKCa) pathway activated by PMA.3”

An important characteristic of macrophages
is their phenotypic plasticity in response to the
microenvironmental cues. This study assessed
the expression of TNF and Arginase-1 as genes
representative of the M1/pro-inflammatory and M2/
reparative phenotypes, respectively. The POH alone
had no effect on the expression of TNF or Arginase-1.
Moreover, the TNF expression induced by M1-polarizing
stimuli was also not affected by POH. Interestingly,
the POH at 10 and 100 uM reduced the expression of
Arginase-1 induced by M2-polarizing stimulus. These
results suggest that POH may favor the M1 phenotype,
although it is important to note the limitation of
assessing gene expression and not protein production.

Macrophage polarization is a complex process
finely controlled by intracellular signaling pathways
activated by the external stimuli. The M1-inducing
stimuli used in this study activates predominantly
STAT1 (IFNy) and MAPKs and NF-kB.3® The IL-4 used as
an M2-polarizing stimulus activates primarily STAT6.3°
The reduction of IL-4-induced Arginase-1 by POH
suggests an inhibition of STAT6, as inhibition of STAT6
by siRNA or the biochemical inhibitor AS1517499
inhibits expression of Arginase-1 and Arginase activity
induced by IL-4 and IL-13 in RAW264.7 cells.*® It is
intriguing that the POH modulates the TLR-induced
ROS, which also involves MAPK and NF-kB as major
downstream signaling pathways, but not the TNF
expression. These possibilities should be assessed in
future experiments, which should also assess the POH
effect on periodontitis and the associated inflammation

in vivo.

POH has a strong antibacterial effect against P.
gingivalis. and F. nucleatum. Up to 100 pM, the POH
was not cytotoxic to murine macrophages, but reduced

J Appl Oral Sci.

proliferation, LPS-induced ROS production, and IL-4-
induced expression of Arginase-1.
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