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Pistacia lentiscus shows a long range of biological activities, and it has been used in traditional medicine for treatment of various
kinds of diseases. Moreover, related essential oil keeps important health-promoting properties. However, less is known about P.
lentiscus hydrosol, a main by-product of essential oil production, usually used for steam distillation itself or discarded. In this
work, by using ultra-high-resolution ESI(+)-FT-ICR mass spectrometry, a direct identification of four main classes of
metabolites of P. lentiscus hydrosol (i.e., terpenes, amino acids, peptides, and condensed heterocycles) was obtained.
Remarkably, P. lentiscus hydrosol exhibited an anti-inflammatory activity by suppressing the secretion of IL-1β, IL-6, and TNF-
α proinflammatory cytokines in lipopolysaccharide- (LPS-) activated primary human monocytes. In LPS-triggered U937 cells, it
inhibited NF-κB, a key transcription factor in inflammatory cascade, regulating the expression of both the mitochondrial citrate
carrier and the ATP citrate lyase genes. These two main components of the citrate pathway were downregulated by P. lentiscus
hydrosol. Therefore, the levels of ROS, NO, and PGE2, the inflammatory mediators downstream the citrate pathway, were
reduced. Results shed light on metabolic profile and anti-inflammatory properties of P. lentiscus hydrosol, suggesting its
potential as a therapeutic agent.

1. Introduction

Pistacia lentiscus (P. lentiscus) belongs to the Anacardiaceae
family, consisting of 70 genera and more than 600 species.
The genus Pistacia includes deciduous resin-bearing shrubs
and trees. They are xerophytic trees growing 8–10m tall. P.
lentiscus, commonly called mastic tree since its resin is
known as mastic, is widely distributed in the Mediterranean

basin [1–3]. It is employed in food industry, as a food color-
ant; in cosmetics, usually sold as essential oil; and for medical
purposes, because of its biological activities. Indeed, it is used
in the treatment of inflammation, burns, and gastrointestinal
complaints [4–8]. Many studies were carried out to uncover
the chemical composition of P. lentiscus leaves and fruit
extracts, by which many constituents were identified and
quantified [9–12]. Observed metabolic profile allowed
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explaining marked antioxidant activity of P. lentiscus and
several pharmacological activities [11, 13, 14]. Moreover, P.
lentiscus resin was analyzed by GC-MS, which demonstrated
the presence of α-pinene, β-pinene, limonene, terpene-4-ol,
and terpineol [15]. Meanwhile, essential oil obtained from
leaves turned out to contain β-caryophyllene (31.38%), ger-
maerene (12.05%), and γ-cadinene (6.48%). Volatile oil
obtained from fruits was analyzed by GC-MS too, thanks to
which the presence of α-pinene, myrcene and limonene, ses-
quiterpene, ketones and aliphatic esters, and phenolic com-
pounds (thymol, carvacrol) was appreciated, whereas
dimyrcene (0.5-4.4%) was found in all types of oil [16]. Fur-
thermore, many efforts were dedicated to the chemical char-
acterization of P. lentiscus essential oil, where the major
constituents were terpinen-4-ol, α-terpineol, and germacrene
D [17–20].

However, by now, less was done for the analysis and
characterization of metabolome and biological properties
of P. lentiscus hydrosol. During distillation for essential oil
extraction, a small hydrophilic fraction escapes into the dis-
tillation water steam: the result is known as hydrosol.
Although several hydrosols are marketed in the Western
countries for aromatherapy and other applications, they
are mostly considered by-products of steam distillation
and, thus, redistilled to obtain more essential oil or dis-
carded thereby losing an economically important coprod-
uct. In the global market, essential oils valued USD 17.2
billion in 2019 and they could reach USD 33.26 billion in
the next 8 years [21]. The economic value of the lost oil
fraction was estimated to be USD 50-100 million in India
[22]. Currently, it would be helpful to understand the
potentiality of this low-cost by-product in terms of source
of metabolites and therapeutic issues to demonstrate that
P. lentiscus hydrosol could have potential as a global eco-
nomic product of commerce.

To elucidate the phytochemical composition of complex
matrices, a specific analytical technique is needed such as
mass spectrometry, a valuable and mature tool for the assess-
ment of metabolites in different matrices [23–26]. Above all,
Fourier transform ion cyclotron resonance mass spectrome-
try (FT-ICR MS) has been shown to be a powerful technique
for obtaining high-resolution accurate-mass spectra with
outstanding levels of sensitivity, useful for a correct identifi-
cation of thousands of unknown substances [27–33]. Thus,
in this work, the analysis of P. lentiscus hydrosol was per-
formed by using positive electrospray-Fourier transform
ion cyclotron resonance mass spectrometry (ESI(+)-FT-ICR
MS) together with a specific visualization tool of HRMS data,
i.e., the Van Krevelen diagram, to shed some light on its phy-
tochemical composition.

Moreover, since an anti-inflammatory activity of P. len-
tiscus leaf extracts is well-known [34], the influence of P. len-
tiscus hydrosol on proinflammatory cytokines IL-1β, IL-6,
and TNF-α and transcription factor NF-κB was assessed in
lipopolysaccharide-triggered macrophages. Then, the focus
was set on the citrate pathway, a newly identified target of
the immunometabolism under NF-κB control and essential
to produce ROS, NO, and PGE2 inflammatory mediators
[35]. To this end, the effect of P. lentiscus hydrosol was eval-

uated in LPS-triggered U937 cells by quantification of the
two main components of the citrate pathway, which are the
mitochondrial citrate carrier (CIC) and ATP citrate lyase
(ACLY), and the levels of ROS, NO, and PGE2 [36, 37].

2. Materials and Methods

2.1. Plant Material and Extraction. A selected genotype of P.
lentiscus was applied to perform the different research
actions. The genotype used was selected by Bioinnova
(Potenza, Italy), starting from an endemism developed in
Basilicata region. Young leaves and stems were utilized to
obtain the hydrosol. In detail, 500 g of material was submit-
ted to steam distillation for 90min (with 1.5 L water) using
a Clevenger-type apparatus. For each load, fresh material
was placed into the distillation vessel. The first load was con-
ducted to set up and establish the procedure and determine
the processing parameters, and replications were conducted
as the main study. Steam was supplied through a manifold
pipe into the bottom of the vessel from a high-pressure
boiler. The steam is routed upward through a false-bottom
perforated plate to the plant material being extracted. The
steam removes the essential oil, and both leave the vessel
near the top via a flexible pipe and are carried to a water-
cooled, parallel-piped multitubular glass condenser that is
mounted vertically. The essential oil (lighter than water)
and the water condensate (hydrosol) were then separated
in a Pyrex florentine flask that was cleaned prior to and after
each use. The yield of the hydrosol fraction obtained consid-
ering the initial load of 500 g of material was 0.3 L. Three
replications of hydrosol were used to perform all the follow-
ing experiments. Samples were stored into the fridge at 4°C
prior to the analysis.

2.2. Mass Spectrometry Analysis. The FT-ICR mass spec-
trometer used was a Bruker solariX XR Fourier transform
ion cyclotron resonance mass spectrometer (FT-ICR-MS)
(Bruker Daltonik GmbH, Bremen, Germany) equipped with
a 7T superconducting magnet and an electrospray ionization
(ESI) source. The external ESI source was set in positive ion-
ization mode (ESI(+)) and was operated with a grounded
capillary sprayer needle mounted 45° off-axis with nitrogen
nebulizing gas at a pressure of 1.0 bar, a nitrogen drying gas
temperature of 200°C, and a flow rate of 4.0 L/min. The ESI
capillary voltage was set to 4.5 KV, while the spray shield
voltage was set to -0.5V. Samples were injected by using a
500μL syringe (Hamilton, Nevada, USA), setting a syringe
flow rate of 120.0μL/h. Spectra were acquired with a time
domain size of 16 megaword, an accumulation time of 0.1 s,
and a mass range of 100-2000m/z, with an average number
of scans of 50. Calibration was performed by using a solution
of sodium trifluoroacetic acid (NaTFA) clusters. At least
0.1 ppm mass accuracy FT-ICR MS was achieved. The P. len-
tiscus hydrosol solution filtered by means of a PTFE 0.22μm
filter has been injected directly in the ESI source. An estima-
tion of the noise level was performed by assuming the N
-sigma methodology [38–40]. A noise level was first esti-
mated by fitting low relative intensity distribution to a Gauss-
ian one, according to the N-sigma methodology, in order to
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calculate its mean. Once obtained, the noise level related to
the mass spectrum of P. lentiscus hydrosol was set at a relative
intensity of 0.5%, i.e., three times the extrapolated mean, in
order to eliminate noise peaks, together with artifacts that
resulted from Fourier transform execution on obtained free
induction decays (FIDs). Moreover, mass spectra were
smoothed to further eliminate wiggles and a m/z list was
extracted. Analyses were done in triplicate, and common sig-
nals were considered for further data treatment. Then, possi-
ble elemental formulae were calculated for each m/z signal.
To obtain unequivocal formulae, several constraints were
applied, such as atom number limitations, i.e., C ≤ 100, H ≤
200, O ≤ 80, N ≤ 20, S ≤ 8, P ≤ 6, Na ≤ 1, and K ≤ 1; restric-
tions on atoms to carbon number ratios, i.e., 0:2 ≤H/C ≤
3:1, O/C ≤ 2,N/C ≤ 1:3, S/C ≤ 0:8, and P/C ≤ 0:3; RDBE > 0;
nitrogen rule; and isotopic pattern filtering [41]. Moreover,
a Kendrick mass defect analysis was performed to identify
homologous series and to help formula assignment by solv-
ing redundancies [42–47]. In detail, only m/z peaks belong-
ing to homologous series with a number of members higher
or equal to 2 [45] were taken into account for assignment.
The analysis was performed for every selected building block,
i.e., CH2, CO, H2O, H2, and O, and results were combined.
HRMS data were processed by using Data Analysis (v4.2,
Bruker Daltonik GmbH, Bremen, Germany) and R software
(v. 3.6.0, https://www.r-project.org/).

2.3. Isolation of Human Monocytes from Whole Blood. Pri-
mary human monocytes were isolated from blood of
healthy donors. The study was made in agreement with
the Declaration of Helsinki and in accordance with the
Committee on Human Research approved procedure no.
20170030156. All volunteers provided written informed
consent approving and authorizing the use of their mate-
rial for research purposes. Venous blood was collected
directly into K2 EDTA-coated BD vacutainer tubes (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA). Periph-
eral blood mononuclear cells (PBMCs) were separated by
Histopaque-1077 (Sigma-Aldrich, St. Louis, MO) density
gradient centrifugation. In brief, whole blood was mixed with
Hanks’ Balanced Salt Solution (HBSS, Sigma-Aldrich) at a
ratio of 1 : 2 (v/v), layered on the top of Histopaque-1077
(Sigma-Aldrich) and centrifuged at 1000 × g for 15 minutes.
The mononuclear cells at the interphase were recovered,
washed twice in HBSS, and counted. PBMCs were incubated
with CD14 antibody conjugated to magnetic beads (MACS®,
Miltenyi Biotec GmbH, Bergisch Gladbach, Germany) for 15
minutes at 4°C. After washing, cells were loaded onto a
MACS® column (Miltenyi Biotec) placed in a magnetic field
and CD14-positive (CD14+) and CD14-negative (CD14-)
populations were separated. The CD14+ monocytes were cul-
tured in Roswell Park Memorial Institute (RPMI) 1640
medium supplemented with 10% fetal bovine serum, 2mM
L-glutamine, 100U/mL penicillin, and 100μg/mL strepto-
mycin at 37°C in 5% CO2.

2.4. Cell Culture and Treatments. Human monoblastic leuke-
mia U937 cells (ICLC HTL94002-Interlab Cell Line Collec-
tion) were grown in suspension in RPMI 1640 medium

supplemented with 10% fetal bovine serum, 2mM L-gluta-
mine, 100U/mL penicillin, and 100μg/mL streptomycin in
a humidified chamber with 5% CO2 at 37

°C. Promonocytic
U937 cells were differentiated to macrophages by using
10 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma-
Aldrich) and further stimulated with lipopolysaccharide
from Salmonella enterica serotype typhimurium (LPS,
Sigma-Aldrich).

2.5. Cytotoxicity Assays. The effect of P. lentiscus hydrosol
(P.l) on cell viability was determined by MTT assay and by
cell counting. CD14+ monocytes and U937 cells were seeded
into a 96-well plate (1 × 104 cells/well) and treated with P.l at
two different dilutions, 1 : 10 (P.l 1 : 10) and 1 : 100 (P.l
1 : 100), for 72 hours. MTT assay (CellTiter 96® Non-
Radioactive Cell Proliferation Assay, Promega, Madison,
WI, USA) was performed according to the manufacturer’s
instructions. In brief, a premixed dye solution was added.
During 4-hour incubation, living cells converted a MTT tet-
razolium component into formazan. Then, by adding Solubi-
lization/Stop Solution, formazan crystals were solubilized
and the absorbance at 570 nm was revealed by a microplate
reader (GloMax, Promega). Cell counting was carried out
by using the automated handheld Scepter 2.0 Cell Counter
(Merck Millipore, Switzerland).

2.6. Quantification of Cytokines. The CD14+ monocytes were
treated with P.l 1 : 10 and P.l 1 : 100 for one hour, and then
LPS was added to trigger the inflammatory cascade.
Twenty-four hours later, the cell culture supernatants were
collected and assayed for the concentration of IL-1β
(DLB50), IL-6 (D6050), and TNF-α (DTA00D) by using
ELISA kits (R&D Systems, Inc., Minneapolis, MN, USA) fol-
lowing the manufacturer’s recommendations.

2.7. SDS-PAGE and Western Blotting. For immunoblot anal-
ysis, cells were lysed in Laemmli buffer and boiled at 100°C
for 5 minutes. Thirty micrograms of proteins was subjected
to SDS/PAGE electrophoresis on 7–12% SDS polyacrylamide
gels and then electroblotted onto nitrocellulose membranes.
The membranes were blocked for 1 hour in a Tris-buffered
saline (TBS) solution containing 5% nonfat dry milk and
0.5% Tween 20 and then incubated at 4°C overnight with
anti-NF-κB/p65 (ab7970, Abcam, Cambridge, MA), anti-
CIC [35, 36], anti-ATP citrate lyase (ab157098, Abcam), or
anti-β-actin (ab8227, Abcam) antibodies. Following 1-hour
incubation with HRP goat anti-rabbit IgG antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), the immunor-
eactions were detected by using the horseradish peroxidase
substrate WesternBright™ ECL (Advansta, Menlo Park,
CA, USA).

2.8. Transient Transfection. To measure ACLY gene pro-
moter activity, U937/PMA cells were transiently transfected
as described previously [48] using 0.5μg of pGL3 basic-
LUC vector (Promega) containing the −3116/−20 bp region
of the ACLY gene promoter or a deletion fragment of this
region. Cells were transfected also with 10 ng of pRL-CMV
(Promega) to normalize the extent of transfection. Twenty-
four hours after transfection, U937/PMA cells were triggered
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with LPS in the presence or absence of P.l 1 : 10 or P.l 1 : 100.
The day after, cells were lysed and assayed for LUC activity
using theDual-Luciferase® Reporter Assay System (Promega),
according to the manufacturer’s protocol. Luminescence was
measured as relative light units (RLU), taking the reading of
luciferase assay substrate alone and then with cell lysate in a
GloMax plate reader (Promega).

2.9. ACLY Activity. U937/PMA cells were treated for 3 hours
with LPS in the presence or absence of P.l 1 : 10 or P.l 1 : 100;
then, cells were washed twice in ice-cold PBS. The cell pellet
was resuspended in ice-cold 0.1% NP40 in PBS, and three
freeze-melt cycles (-80°C for 8 minutes/40°C for 4 minutes)
were performed. After centrifugation, the supernatant was
collected and protein concentration was determined by
Bradford assay [49]. ACLY activity was assessed by the
coupled malic dehydrogenase method [50–52]. In a cuvette,
150μg of the cell lysate was added to the mixture, made of
50mM Tris-HCl (pH8.0), 10mM MgCl2, 1.9mM DTT,
0.15mM NADH, 0.07mM CoA, 1mM ATP, 2mM potas-
sium citrate, and 3.3 units/mL malic dehydrogenase. The
reaction was started by adding ATP, and the NADH oxida-
tion was measured at 340 nm at 25°C with a spectrophotom-
eter. The specific ACLY activity was determined by
normalization to the protein concentration and expressed
as a percentage of the control.

2.10. ROS, NO, and PGE2 Detection. To evaluate reactive
oxygen species (ROS) and nitric oxide (NO) levels, U937
cells were differentiated to macrophages with PMA
(U937/PMA) and triggered by LPS in the presence or not
of P.l 1 : 10 or P.l 1 : 100. Following 24 hours, ROS and NO
concentrations were measured by using 6-carboxy-2′,7′
-dichlorodihydrofluorescein diacetate (DCF-DA, Thermo
Fisher Scientific, San Jose, CA, USA) and 4-amino-5-methy-
lamino-2′,7′-difluorofluorescein diacetate (DAF-FM Diace-
tate, Thermo Fisher Scientific), respectively. Cells were
incubated with DCF-DA or DAF-FM diacetate for 30
minutes in the dark, and the fluorescence was recorded
using a 96-well plate reader (GloMax, Promega). The levels
of prostaglandin E2 (PGE2) were quantified in the cell cul-
ture supernatant after 48 hours of exposure to LPS by using
DetectX® Prostaglandin E2 High Sensitivity Immunoassay
Kit (Arbor Assays, Ann Arbor, MI, USA) according to the
manufacturer’s protocol.

2.11. Statistical Analysis. Results are shown as means ± S:D:
of, at least three independent experiments. Statistical signifi-
cance of differences was determined by using one-way
ANOVA followed by Tukey’s post hoc test for multiple com-
parisons. Differences were considered significant (p < 0:05),
very significant (p < 0:01), and highly significant (p < 0:001).

3. Results

3.1. ESI(+)-FT-ICR MS Analysis. The ultra-high-resolution
ESI(+)-FT-ICR mass spectrum of a sample of P. lentiscus
hydrosol was obtained (Figure 1(a)), which immediately
reveals its high complexity in terms of metabolomic profile.

Unfortunately, due to this, it is really hard to unbox to obtain
important information related to its chemical composition.
For this reason, utilization of specific visualization tools is
compulsory. However, several pretreatment steps must be
followed in order to eliminate noise peaks and artifacts
[38–40]. 141 unequivocal formulae were assigned to leftover
signals by considering several constraints and by assuming
the Kendrick mass defect approach (see Materials and
Methods), and these were used to build a Van Krevelen dia-
gram, a well-known visualization tool over which molecular
formulae are spread depending on their H/C (Y-axis) and
O/C (X-axis) ratios (Figure 1(b)) [41]. This plot is extremely
useful to shed some light on the metabolic profile of P. lentis-
cus hydrosol. Indeed, metabolites can be classified according
to their position on the plot. In this way, the presence of four
main classes of compounds could be appreciated, i.e., ter-
penes, amino acids, peptides, and condensed heterocycles.
To be more specific, CHO-type formulae located in the upper
part of the Van Krevelen diagram suggest the presence of ter-
penoid compounds in our sample. In detail, obtained formu-
lae could correspond to molecules like verbenone and
pinocarvone (C10H14O), linalool and borneol (C10H18O), β-
phellandrenol and myrthenol (C10H16O), and sobrerol and
p-menth-2-ene-1,8-diol (C10H18O2), already found in hydro-
and hydroalcoholic extracts of P. lentiscus in high quantities
[5, 53]. Moreover, additional higher RDBE CHO-type formu-
lae are present into the molecular map, which support the
presence of higher RDBE lipid derivatives, like phenolic
lipids. All these kinds of compounds are well-known for their
affirmed biological activity [54].

By the way, it is interesting to note that there is a higher
density of points in other regions of the Van Krevelen plot,
thus revealing the presence of other types of metabolites
never reported for P. lentiscus. In detail, the percentage of
CHON and CHONS formulae (Figure 1(b)) is higher, thus
suggesting a higher frequency of nitrogen- and sulphur-
bearing compounds. From the position of points related to
nitrogen-bearing class of formulae into the molecular map,
it can be noticed that these species belong to two specific clas-
ses, i.e., peptides and condensed heterocycles, like purine and
indole derivatives. Among these, amino acids and peptides
deserve a special attention; in fact, most of them showed
marked health-promoting properties [55–60]. Thus, analysis
of high-resolution mass spectrometry data, together with the
utilization of specific visualization tools, shed light on the
wider complexity of P. lentiscus hydrosol metabolic profile,
a characteristic that could turn out in a marked biological
activity of our sample [61, 62].

3.2. P. lentiscus Hydrosol Affects the Secretion of the
Proinflammatory Cytokines IL-1β, IL-6, and TNF-α. Since
the leaf extracts of P. lentiscus have shown strong ability to
reduce the levels of IL-6 and TNF-α in LPS-triggered poly-
morphonuclear cells [34], we decided to evaluate the anti-
inflammatory activity of P. lentiscus hydrosol beginning from
the analysis of its effect on proinflammatory cytokines. To
this end, human CD14+ monocytes were treated with lipo-
polysaccharide, a structural component of the outer mem-
brane of Gram-negative bacteria able to induce a strong
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inflammatory response, mediated by the toll-like receptor 4
(TLR4) [63]. LPS induces a wide range of responses in mono-
cytes, including the rapid synthesis of the proinflammatory
cytokines TNF-α, IL-1β, and IL-6 [64].

Firstly, we evaluated the cytotoxicity of P. lentiscus
hydrosol. To this end, human CD14+ monocytes, isolated
from peripheral blood, were treated with this hydrosol at
two different dilutions, 1 : 10 (P.l 1 : 10) and 1 : 100 (P.l
1 : 100). After 72 hours, cell counting and MTT assay were
performed. As shown in Figure 2(a), at tested concentra-
tions, the hydrosol had no obvious effect on the number of
viable cells (one-way ANOVA). Similar results were
obtained by using MTT assay (Figure S1). Therefore, for
all subsequent experiments aimed at evaluating the anti-

inflammatory activity, P. lentiscus hydrosol was used at
1 : 10 and 1 : 100 dilutions.

In primary human monocytes, IL-1β, IL-6, and TNF-α
secretion after stimulation with LPS was assessed with and
without coincubation with P.l 1 : 10 or P.l 1 : 100. More in
detail, human CD14+ monocytes were treated for 1 hour
with P. lentiscus hydrosol; then, LPS was added; 24 hours
later, the concentration of IL-1β, IL-6, and TNF-α was quan-
tified in the cell culture supernatant. We observed a marked
increase in the levels of all the proinflammatory cytokines
analyzed after induction with LPS (Figures 2(b)–2(d): LPS
vs. C, p < 0:001, Tukey’s test). P. lentiscus hydrosol lowered
IL-6 and TNF-α secretion in a dose-dependent manner,
while P.l 1 : 100 brought the concentration of IL-1β down
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more than P.l 1 : 10 (Figures 2(b)–2(d)). In particular, P.l
1 : 100 reduced almost half the levels of IL-1β released after
stimulation with LPS (Figure 2(b): LPS+P.l 1 : 100 vs.
LPS, p < 0:001, Tukey’s test), whereas the decrease caused
by P.l 1 : 10 was about 35% (Figure 2(b): LPS+P.l 1 : 10 vs.
LPS, p < 0:001, Tukey’s test). On the other hand, P.l 1 : 10

led a 4-fold reduction in either IL-6 and TNF-α levels
(Figures 2(c) and 2(d): LPS+P.l 1 : 10 vs. LPS, p < 0:001,
Tukey’s test); meanwhile, P.l 1 : 100 lowered the latter two
cytokines by only 25% with respect to cells triggered only
with LPS (Figures 2(c) and 2(d): LPS+P.l 1 : 100 vs. LPS,
p < 0:01, Tukey’s test).
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Figure 2: P. lentiscus hydrosol affects the release of the proinflammatory cytokines IL-1β, IL-6, and TNF-α. (a) Primary human CD14+

monocytes were treated with P.l 1 : 10 and P.l 1 : 100 to evaluate the cytotoxic effect of P. lentiscus hydrosol. Cell viability was assessed by
cell count after 72-hour exposure. Means ± S:D: of three replicate independent experiments are shown. Differences between treated and
untreated cells (C, set at 100%) were not significant (one-way ANOVA). (b–d) CD14+ monocytes were incubated for 1 hour with P.l 1 : 10
and P.l 1 : 100 and then activated with LPS. Twenty-four hours later, the concentration of the proinflammatory cytokines IL-1β (b), IL-6
(c), and TNF-α (d) in cell culture supernatants was measured by ELISA. The values are presented as the mean ± S:D: of three independent
experiments. According to one-way ANOVA, differences in IL-1β (b), IL-6 (c), and TNF-α (d) levels were significant (p < 0:001).
Therefore, Tukey’s post hoc test was performed and different letters indicate significant differences between treatments at p < 0:05.
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3.3. P. lentiscus Hydrosol Reduces NF-κB and Mitochondrial
Citrate Carrier Expression. The following experiments were
performed on differentiated U937 cells (U937/PMA), which
exert a myriad of macrophage functions and mimic the
inflammatory response of activated macrophages when stim-
ulated with LPS [65]. First of all, we checked that P. lentiscus
hydrosol was not toxic also for U937 cells by cell counting
(Figure S2a) and MTT assay (Figure S2b). Cell viability was
not significantly altered after 72 hours of treatment with P.l
1 : 10 or P.l 1 : 100 (Figure S2). Therefore, P. lentiscus
hydrosol was used at those two dilutions for all subsequent
experiments on U937 cells.

The primary focus was on NF-κB, which has a key role in
the transcriptional activation of proinflammatory genes in
LPS-triggered inflammation [66]. Interestingly, P. lentiscus
hydrosol was able to resolve LPS-induced inflammation by
reducing the levels of NF-κB. In detail, U937 cells differenti-
ated to macrophages with PMAwere preincubated for 1 hour
with P.l 1 : 10 or P.l 1 : 100. After that, U937/PMA cells were
triggered with LPS. Following 6-hour incubation at 37°C,
LPS induced a marked activation of NF-κB p65 subunit
(Figure 3(a)). Of note, P. lentiscus hydrosol reduced NF-κB
p65 subunit expression levels with respect to LPS-triggered
cells (LPS) when used as 1 : 100 and at even lower values if
employed at the highest concentration (1 : 10) (Figure 3(a)).

As shown above [67], among the proinflammatory genes
activated by NF-κB, there is SLC25A1, encoding the mito-
chondrial citrate carrier (CIC). CIC is a member of the mito-

chondrial carrier family (SLC25) localized in the inner
membrane of mitochondria. SLC25s encode membrane
proteins that transport many solutes across the inner
mitochondrial membrane linking mitochondrial and cyto-
solic processes thus representing a wide integrated system
interplaying with pathologies, such as inflammation or
cancer [48, 68, 69]. For this reason, SLC25 gene expression
is tightly regulated in physiological and pathological condi-
tions as well as in different tissues and development [70–
77]. Moving citrate from mitochondria to the cytosol, CIC
is a newly identified target of the immunometabolism and
its function is essential to produce inflammatory mediators.
Indeed, a great SLC25A1 upregulation occurs in M1 macro-
phages [36, 67].

Our analysis confirmed this change in gene expression
since 7-fold increase in CIC protein levels was observed after
6 hours of exposure to LPS in U937/PMA cells (Figure 3(b)).
P. lentiscus hydrosol totally abolished the CIC increased acti-
vation induced by LPS whether used as 1 : 10 or 1 : 100
(Figure 3(b)).

3.4. Effect of P. lentiscus Hydrosol on ATP Citrate Lyase. Since
P. lentiscus hydrosol inhibited SLC25A1 gene expression, we
wondered if ACLY—the gene encoding the enzyme immedi-
ately downstream to CIC—could be a target too. ACLY is early
upregulated in macrophages activated by LPS or proinflam-
matory cytokines TNF-α or IFNγ as well as in inflammatory
conditions [37, 78, 79]. It is known that NF-κB transcription
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Figure 3: P. lentiscus hydrosol reduces p65/NF-κB and CIC expression. U937 cells were treated with P.l 1 : 10 or P.l 1 : 100 for 1 hour and then
activated with LPS. Cell lysates, obtained also from untreated cells (C) and cells triggered only with LPS (LPS), were used to evaluate the
expression levels of p65/NF-κB (a) and CIC (b). p65/NF-κB, CIC, and β-actin were detected by specific antibodies, and Western blotting
images (upper panel (a, b)) are representative of two independent experiments with similar results. The intensities of immunolabeled
protein bands were measured by a quantitative software and normalized to β-actin (lower panel (a, b)). Bar charts reported means ± S:D:
of p65/NF-κB (a) and CIC (b) protein levels obtained from the abovementioned two independent experiments. Different letters indicate
significant differences between treatments at p < 0:05 (Tukey’s test).
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factor regulates the expression of ACLY in LPS-triggered mac-
rophages [37]. Because the human ACLY gene promoter con-
tains an active NF-κB responsive element (−2048/−2038bp),
U937/PMA cells were transiently transfected with pGL3

basic-LUC vector containing the full-length −3116/−20bp
region of the ACLY gene promoter (3000, Figure 4(a)) or a
truncated version of this region (1000, Figure 4(a)). First of
all, lower ACLY gene promoter activity was observed in cells

Luciferase activity (normalized RLU)
0 200 400 600 800 1000

3000

3000 + LPS

3000 + LPS + P./1:10

3000 + LPS + P./1:100

1000

1000 + LPS

1000 + LPS + P./1:10

1000 + LPS + P./1:100

B

C

D

A

E

F

E, F, G

E, F, G, H

(a)

ACLY 120 kDa

42 kDa

AC
LY

 re
la

tiv
e b

lo
t d

en
sit

y
(a

rb
itr

ar
y 

un
it)

0

1

2

3

4
B

C

A

B, C, D

C LPS LPS+
P./1:10

LPS+
P./1:100

𝛽-Actin

C

LP
S

LP
S 

+ 
P

./1
:1

0

LP
S 

+ 
P

./1
:1

00

(b)

AC
LY

 ac
tiv

ity
 (%

)

0

50

100

150
B

A, C A, C, DA
C

LP
S

LP
S 

+ 
P

./1
:1

0

LP
S 

+ 
P

./1
:1

00

(c)

Figure 4: Effect of P. lentiscus hydrosol on ATP citrate lyase. (a) U937 cells were transiently transfected with pGL3 basic-LUC vector
containing the full-length −3116/−20 bp region of the ACLY gene promoter (3000) or a truncated version of this region (1000). Then, cells
were triggered with LPS in the absence (LPS) or in the presence of P.l 1 : 10 or P.l 1 : 100. Unstimulated cells were used as negative control.
Twenty-four hours later, the luciferase gene reporter activity was assessed. (b, c) U937 cells, preincubated for 1 hour with P.l 1 : 10 or P.l
1 : 100, were activated with LPS, and ACLY protein levels (b) and enzymatic activity (c) were evaluated. In (b), ACLY and β-actin proteins
were immunodecorated with specific antibodies. The Western blotting image (upper panel (b)) is representative of two independent
experiments with similar results. The intensities of immunolabeled protein bands were measured by using a quantitative software and
normalized to β-actin (lower panel (b)). The bar chart reported means ± S:D: of ACLY (b) protein levels obtained from the
abovementioned two independent experiments. In (a) and (c), activities are shown as the mean ± S:D: of three experiments. Statistical
significance of differences was evaluated by one-way ANOVA followed by Tukey’s test for multiple comparisons. Different letters indicate
significant differences between treatments at p < 0:05.
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transfected with 1000 than 3000, which contains the binding
site for NF-κB, confirming that ACLY is under the transcrip-
tional control of NF-κB (Figure 4(a)). Following 24 hours of
LPS treatment, the strongest promoter activity was registered
in 3000 transfected U937 cells (3000+LPS, Figure 4(a)). The
luciferase gene reporter activity was significantly reduced by
30% in cells treated with P.l 1 : 10 or P.l 1 : 100 (3000+LPS
+P.l 1 : 10/1 : 100 vs. 3000+LPS, p < 0:001, Tukey’s test,
Figure 4(a)). P. lentiscus hydrosol was able to induce a parallel
decrease in ACLY protein levels and enzymatic activity in
LPS-triggered U937 (Figures 4(b) and 4(c)). More in detail,
LPS induced a threefold increase in ACLY expression levels
(Figure 4(b)) and a 30% rise in ACLY activity (Figure 4(c)).
P. lentiscus hydrosol led to a reduction in ACLY protein levels
in a dose-dependent manner (Figure 4(b)) while no significant
differences were observed between P.l 1 : 10 and P.l 1 : 100 in
bringing ACLY activity down (Figure 4(c)). All these results
demonstrate that the inhibition of ACLY by P. lentiscus hydro-
sol in LPS-activated U937 cells is mediated by NF-κB.

3.5. P. lentiscus Hydrosol Reduces ROS, NO, and PGE2 Levels
Acting through the Citrate Pathway. To shed more light on
the role of P. lentiscus hydrosol in regulating the citrate path-
way in LPS-activated macrophages, we took into consider-
ation that CIC and ACLY supply intermediaries for the
biosynthesis of inflammatory mediators such as ROS, NO,
and prostaglandin E2 [35]. Therefore, an enhanced release of
ROS, NO, and PGE2 was observed when U937/PMA cells
were treated with LPS (Figures 5(a)–5(c)). P. lentiscus hydrosol
was able to restore normal levels of reactive oxygen species and
nitric oxide at both tested concentrations (Figures 5(a) and

5(b)). Instead, a dose-dependent reduction in PGE2 levels
occurred: P.l 1 : 10 induced a threefold decrease while P.l
1 : 100 lowered PGE2 concentration only twice with respect
to U937/PMA cells triggered with LPS (LPS+P.l 1 : 10/1 : 100
vs. LPS, p < 0:001, Tukey’s test, Figure 5(c)).

4. Discussion

This study improves the knowledge on metabolites occurring
in P. lentiscus hydrosol, thus revealing the wide diversity of its
metabolic profile. The results of the present study also high-
light the health-promoting value of P. lentiscus hydrosol. Of
note, the sample showed a marked anti-inflammatory activ-
ity, most probably due to the presence of specific classes of
metabolites, appreciated by the untargeted high-resolution
mass spectrometric analysis. More specifically, the Van Kre-
velen diagram supported the presence of three main classes
of metabolites, whose members are already known to show
a marked anti-inflammatory activity. In detail, the presence
of a considerable amount of anti-inflammatory peptides in
different plant species was already demonstrated [55–57].
Moreover, most of the observed peptides are sulphur-
bearing ones, thus suggesting the presence of cysteine and
methionine units in their structures. It is well-known that
the presence of cysteine units in some peptide structures,
such as the glutathione (GSH) system, is compulsory to con-
duct an antioxidant activity against reactive oxygen species
and nitric oxide [58–60]. Indeed, these species act synergi-
cally through oxidation and formation of disulphide bonds
to reduce these harmful reactive species.
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Figure 5: P. lentiscus hydrosol lowers ROS, NO, and PGE2 levels. U937/PMA cells were untreated (C) or activated with LPS alone (LPS) or in
the presence of P.l 1 : 10 or P.l 1 : 100. (a, b) Following 24 hours, ROS and NO levels were evaluated and expressed as percentage of C (set at
100%). (c) The concentration of PGE2 secreted into cell culture supernatants was measured after 48 hours of treatment.Means ± S:D: of four
replicate independent experiments are shown. According to one-way ANOVA, differences in ROS (a), NO (b), and PGE2 (c) levels were
significant (p < 0:001). Therefore, Tukey’s post hoc test was performed and different letters indicate significant differences between
treatments at p < 0:05.
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The sample tested was safe because of its null toxicity
likewise all hydrosols. P. lentiscus hydrosol reduced the
secretion of the proinflammatory cytokines IL-1β, IL-6,
and TNF-α, which have a key role in the immune response
regulation. Notably, preliminary results of an ongoing
investigation focused on Behçet’s syndrome (BS), a multi-
systemic inflammatory disorder [80, 81], shows a similar
effect on cytokine IL-1β.

Moreover, the ability of P. lentiscus hydrosol to modulate
the activation of NF-κB should be emphasized since NF-κB is
a nuclear transcription factor, which regulates the expression
of most genes crucial in driving the inflammatory response.
Among the NF-κB target genes, we have chosen to focus on
SLC25A1 and ACLY immunometabolic genes encoding the
mitochondrial citrate carrier and ATP citrate lyase, respec-
tively. Indeed, SLC25A1 and ACLY expression—transcrip-
tionally regulated by NF-κB—strongly decreased following
the treatment with P. lentiscus hydrosol of LPS-triggered
macrophages. Both CIC and ACLY proteins play a crucial
role inM1macrophages by exporting the accumulated citrate
from mitochondria to the cytosol and converting it into oxa-
loacetate (OAA) and acetyl-CoA. OAA produces NADPH
through the downstream reactions catalyzed by the cytosolic
malate dehydrogenase (MDH1) and the malic enzyme 1
(ME1) [82]. This citrate-derived NADPH represents a criti-
cal source of reducing equivalents required for ROS and
NO synthesis, as ACLY/SLC25A1 gene silencing as well as
their activity inhibition strongly reduces ROS and NO pro-
duction in LPS-activated macrophages [35–37, 67, 83].
Moreover, NADPH or malate addition reverts ACLY inhibi-
tion phenotype leading to a huge increase of both inflamma-
tory mediators in lymphoblasts [78]. Therefore, the effect of
P. lentiscus hydrosol on ROS and NO levels could occur
through the citrate pathway suppression together with a
direct inhibition of NF-κB which controls the expression of
SLC25A1 and ACLY but also of NADPH oxidase and induc-
ible NO synthase genes involved in ROS and NO synthesis,
respectively [84, 85].

Acetyl-CoA—the second citrate-derived metabolite—is a
substrate for lipid biosynthesis including arachidonic acid,
essential for the production of prostaglandins. Among them,
prostaglandin E2 is a key modulator of inflammation and
innate immunity and plays a crucial role in inflammatory dis-
eases [86]. Notably, treatment with exogenous acetate nearly
entirely reverts the reduction of PGE2 levels induced by citrate
export pathway inhibition in M1 macrophages [67]. Thus,
the lowering PGE2 secretion observed in the presence of P.
lentiscus hydrosol may be the effect of CIC and ACLY
decreased expression and activity. Therefore, P. lentiscus hydro-
sol, in addition to diminishing the known IL-1β, IL-6, and
TNF-α proinflammatory cytokines, affects immunometabolism
by suppressing the citrate export pathway through NF-κB.

NF-κB inhibition exploited by P. lentiscus hydrosol could
be explained in terms of the metabolic profile of the sample.
Indeed, ultra-high-resolution mass spectrometry data sup-
ported the presence of compounds that are known already
to inhibit the activation of NF-κB, such as linalool and α-ter-
pineol [87, 88]. Moreover, sulphur-containing compounds
could play a role into the inhibition process too, as already

seen for cysteine-containing peptides and derivatives. For
example, N-acetyl cysteine was seen to suppress the activa-
tion of inhibitory protein IκB kinases, thus inhibiting NF-
κB activation indirectly, and cysteine and glutathione levels
turned out to be strictly correlated to the TNF-induced NF-
κB activity in cultured mouse hepatocytes [58, 89].

The achieved results are consistent and encouraging
since they show for the first time the anti-inflammatory
potential and envisage a therapeutic use of P. lentiscus hydro-
sol that until now has been discarded as it was considered a
by-product. The exploitation of P. lentiscus hydrosol could
represent a sustainable approach, according to the circular
economy principles, to face the environmental issues derived
by the generation of massive amount of these wastes. In fact,
hydrosols are easy and inexpensive to produce since they are
obtained at the same time of essential oil. Furthermore, in
compliance with the circular economy concept, P. lentiscus
hydrosol must be more investigated and valorized. Hydrosols
find great application in aromatherapy for several reasons
(e.g., antibacterial, antifungal, antiseptic, analgesic, antioxi-
dant, anti-inflammatory, digestive, healing, and calming
properties) [90–93]. Therefore, the study and the discovery
of other P. lentiscus hydrosol activities could be helpful to
drive toward an intensive use of this by-product. Moreover,
further studies are needed to isolate, characterize, and eluci-
date the structure of the bioactive compounds of this sample,
to understand which one of them is more correlated to its
biological activity, and to be able to develop promising nutra-
ceutical formulations.

5. Conclusions

For the first time, this study pointed out on the complex met-
abolic profile of P. lentiscus hydrosol, considered until now a
by-product and, so, discarded. Its anti-inflammatory propri-
eties were highlighted. P. lentiscus hydrosol was able to
reduce the secretion of IL-1β, IL-6, and TNF-α proinflamma-
tory cytokines and the expression of NF-κB transcription fac-
tor as well as CIC and ACLY—key players of metabolic
reprogramming occurring in inflammation—and in turn
ROS, NO, and PGE2 levels in lipopolysaccharide-triggered
macrophages.
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