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Abstract

Pistacia lentiscus L. var. Chia is an endemic tree cultivated in the Southern part of Chios
Greek Island. Chios mastiha, the aromatic resin secreted from this tree, has been used
as traditional remedy since ancient times to cure many peptic system diseases and as a
nutritional agent. Nowadays, Chios mastiha has been widely investigated for its biological
activities and its chemical composition. A major part of Chios mastiha’s bioactive com-
pounds are triterpenoids, which are proposed to interfere with glucocorticoid receptor
(GR) signaling, acting as selective GR agonists. In this study a specific “neutral fraction” of
Chios mastiha resin, a portion devoid of acidic triterpenoids, was investigated regarding its
biological potential and chemical composition. The study aimed to determine if the neutral
triterpenoids, the non-carboxylic ones, within this fraction drive Chios mastiha’s interfer-
ence with GR signaling and whether it exhibits anti-inflammatory, apoptotic, and potential
antilipidemic activities. The phytochemical characterization of this specific resin portion,
applying 'H NMR and HPLC-QTOF-MS/MS analysis, identified novel unidentified Chios
mastiha’s phenolic components (apigenin, astragalin, diosmetin, flavidin, genistein), a
complex mixture of fatty acids (palmitic, stearic, oleic), non-carboxylic triterpenoids (lupeol,
-amyrin, keto-oleanolic aldehyde), and a trace of terpenoids. Biological assessment of
DEX-induced GR transcriptional activation revealed that neutral triterpenoid fractions
only minimally contribute to GR transcriptional activation while positively regulating GR
and its target, phosphoenolpyruvate carboxykinase (PEPCK), protein levels. Addition-
ally, negative regulation of the peroxisome proliferator-activated receptor alpha (PPAR«)
protein levels as well as inhibition of the TNFa-induced NF-«B activity and reduction in
the p65 subunit of NF-«B protein levels, were observed, indicating potential antilipidemic
and anti-inflammatory Chios mastiha’s neutral fraction activities, which were attributed
to its composition in triterpenoids, fatty acids, and novel phenolic compounds. Moreover,
mitochondrial-dependent induction of apoptosis accompanied by reduction in cell viability
was observed in lupeol, 3-amyrin, and fatty acids-enriched fractions. The plethora of
bioactive compounds associated with a variety of Chios mastiha’s neutral fraction render
Chios mastiha a valuable food additive and nutritional agent.

Nutraceuticals 2026, 6, 33

https:/ /doi.org/10.3390 /nutraceuticals6020033


https://crossmark.crossref.org/dialog?doi=10.3390/nutraceuticals6020033&domain=pdf&date_stamp=2026-05-15
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nutraceuticals
https://www.mdpi.com
https://orcid.org/0000-0001-6183-7857
https://orcid.org/0000-0002-0949-2799
https://orcid.org/0000-0002-4787-6515
https://doi.org/10.3390/nutraceuticals6020033

Nutraceuticals 2026, 6, 33

2 of 22

Keywords: Pistacia lentiscus; Chios mastiha; resin; neutral triterpenoids; apoptosis; anti-
inflammatory activities; cytotoxicity; PPAR«; GR; fatty acids; phenylpropanoids; polyketides

1. Introduction

Pistacia lentiscus L. var. Chia, the Chios mastiha tree is an endemic plant of the Anacar-
diaceae family, thriving exclusively on Chios Island of Greece. The aromatic mastiha resin is
secreted from the trunk and the big branches during August and September, although mas-
tiha tree cultivation lasts throughout the year. Chios mastiha resin has been utilized since
ancient times as a Greek traditional remedy to treat gastrointestinal diseases [1]. Today, the
resin is extensively used in the Mediterranean area as natural chewing gum, food flavoring,
and sweet additive in beverages because of its unique aroma [1,2]. The phytochemical
profile of Chios mastiha has been widely studied, allowing the identification of its metabo-
lites. These are dominated by the insoluble polymer 1,4-poly-f3-myrcene, which constitutes
25-30% of the entire resin. The remaining fraction consists of a triterpenoid component,
subdivided into acidic triterpenoids (masticadienonic, betulinic, and oleanolic acid type)
and neutral (non-carboxylic) triterpenoids (tirucallol, amyrin, dammaranone, and lupeol
type). Additionally, the resin contains fatty acids, phenylpropanoids, polyketides, and
other various terpenoid molecules [2-7]. These compounds, although partially masked
by the polymer 1,4-poly-3-myrcene, are responsible for the Chios mastiha’s broad biologi-
cal profile. This includes antimicrobial, antioxidant, and anti-inflammatory properties as
well as anti-hyperglycemic, anti-hyperlipidemic, anti-proliferative, apoptotic [2,3,5-7], and
neuroprotective activities [4].

Triterpenoids exhibit structural similarity to glucocorticoids with their four- or five-
ring scaffold that mimics the classic shape of steroids (Figure 1). The steroid hormones
glucocorticoids play a critical role in many physiological processes, such as growth, develop-
ment, metabolism, and apoptosis [8]. They exert their actions by binding to glucocorticoid
receptor (GR), leading to transactivation or transrepression of nuclear-encoded GR target
genes or target genes of other nuclear transcription factors that interact with GR in the
nuclear environment [9,10]. Moreover, GR exerts non-genomic rapid actions and regu-
lates mitochondrial gene expression and function by direct or indirect mechanisms of
actions [11]. Glucocorticoid receptor activation exhibits profound anti-inflammatory effects
via two distinct mechanisms, transcriptional repression of many pro-inflammatory genes
and suppression of NF-«B activity. Dexamethasone (DEX), the synthetic glucocorticoid,
is a widely prescribed drug for inflammation repression [12]. DEX is also widely applied
for blood malignancies treatment, due to its cell-type-specific induction of apoptosis [13].
Nevertheless, DEX when applied in high doses and prolonged period of time for pharma-
ceutical purposes, results in GR transactivation that ends up in hyperglycemia, diabetes
emergence, muscle atrophy, osteoporosis, hypertension, and peptic ulcer [12,13].

a b Cc

Figure 1. General structure of triterpenoid: (a,b) five-member-ring scaffold, (c) four-member-ring scaffold.
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In recent years, the plant metabolite terpenes have attracted research interest as poten-
tial selective glucocorticoid receptor modulators, with enhanced benefits and minimized
side effects. Our previous studies identified many triterpenes, such as echinocystic acid,
protopanaxadiol, protopanaxatriol, - and 3-boswellic acids, as regulators of glucocorti-
coid receptor signaling, inducing GR transrepression and suppressing or not significantly
affecting its transactivation signaling, which is responsible for the adverse side effects of
glucocorticoids [14-16]. We have also shown that different fractions from Pistacia lentiscus
L. var. Chia resin and leaves induce suppression of GR transactivation and cause reduction
in GR protein levels in a proteasomal-dependent activation manner [5]. Thus, crucial
biological actions of Chios mastiha tree products are emerging, highlighting their potential
as foods supplements or pharmaceutical agents with glucocorticoids” beneficial actions
and with minimized harmful side effects. The following questions remain to be addressed:
Which class of triterpenoids, acidic or neutral, is involved in the regulation of GR signal-
ing? Do the rest or novel unidentified compounds of Chios mastiha resin contribute to its
biological activities, and how so?

Considering the above, the aim of this study was to investigate whether the neu-
tral triterpenoids of Chios mastiha are responsible for Chios mastiha’s effects on gluco-
corticoid receptor (GR) signaling, to characterize the bioactive compounds associated
with Chios mastiha’s biological activities, including anti-inflammatory, potential antilipi-
demic and apoptotic, and to identify novel potential bioactive compounds of Chios mas-
tiha. For that purpose, a phytochemical protocol was employed to obtain a fraction
devoid of acidic triterpenoids, followed by chromatographic subfractionation. These result-
ing subfractions were characterized and evaluated for their potential anti-inflammatory;,
antiglycemic, antilipidemic, cytotoxic, and apoptotic properties. The chemical characteriza-
tion of Chios mastiha’s fractions and evaluation of their biological activities contribute to
the elucidation of the biochemical mechanisms of the therapeutic actions of Chios mastiha
and strengthen the potential of its potential as a food additive, dietary supplement, or
pharmaceutical agent.

2. Materials and Methods
2.1. Chemicals

Dulbecco’s modified Eagle medium (DMEM) (4.5 g/L glucose), L-glutamine, Peni-
cillin/Streptomycin (Pen/Strep), and fetal bovine serum (FBS) were purchased from
Gibco (ThermoFisher, Waltham, MA, USA). Dexamethasone (DEX) and Thiazolyl Blue
Tetrazolium Bromide (MTT reagent) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Recombinant Human Tumor Necrosis Factor alpha (TNF«) was purchased
from Peprotech (ThermoFisher, MA, USA). Cocktail protease inhibitors were obtained
from Roche (Mannheim, Germany). Prestained molecular weight protein markers were
obtained from Proteintech (ThermoFisher, MA, USA). Reporter lysis buffer and lu-
ciferin were purchased from Promega Corporation (Madison, WI, USA). Silica gel 60
(70-230 mesh), reversed-phase (RP) C18 silica gel, and Celite® 545 particle size 0.02-
0.1 mm, pH 10 (100 g/L, HyO, 20 °C), used for low-pressure chromatography and
vacuum chromatography, were purchased from Macherey-Nagel (Diiren, Germany).
Isolation of compounds were monitored by TLC on Merck 60 F254 (0.25 mm) plates and
visualized by staining with 5% H,SO, in EtOH and heating. A Flash chromatography
Isolera One with UV/DAD detection (Uppsala, Sweden) was used. 'H 400 MHz NMR
spectra were measured on Bruker 400 spectrometers (Bruker®, Billerica, MA, USA).
Chemical shifts were referenced to the residual solvent signal (CDClj3: 81y = 7.26). Chem-
ical reagents and solvents were from Aldrich (Darmstadt, Germany) and were used
without any further purification, unless stated otherwise. For LC-QTOF-MS analysis,
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LC-MS grade methanol, water, and formic acid 98-100% were provided by Merck (Darm-
stadt, Germany). Resin from Pistacia lentiscus L. var. Chia (Chios mastiha) was kindly
provided by the Chios Mastic Growers Association (https://www.gummastic.gr/en/,
accessed on 27 March 2026), which is the certified organization for the production and
identification of the Chios mastiha.

2.2. HPLC-QTOF-MS/MS Analysis

Chromatographic analysis was performed on an ExionAC LC system (SCIEX, MA)
equipped with two pumps, a solvent degasser, an auto-sampler, and a controller. The
X500R Q-TOF mass spectrometer (SCIEX, Framingham, MA, USA) was equipped with an
electrospray ionization (ESI) turboVTM, according to Georgantopoulos et al. [4].

2.3. Extraction, Isolation and Phytochemical Analysis of Chios Mastiha’s Neutral Subfractions

Resin from Pistacia lentiscus L. var. Chia (10 g) was dissolved in EtOAc (100 mL)
in a separating funnel. An aqueous basic solution (50 mL of water with 2% of NaOH)
was added, obtaining a liquid /liquid partition between EtOAc and the basic water. The
aqueous layer was collected separately, and the liquid/liquid partition was repeated to
obtain a final volume of 100 mL of basic aqueous fraction containing the natrium salt of
acidic components. This fraction was then acidified with 97% H;SO4 to pH3, causing
the insolubility of acid molecules. The resulting mixture was extracted twice with 50 mL
of CH,Cl; to obtain the organic fraction containing the acid molecules, anhydrified with
NapS0Oy, and completely evaporated, affording 2.76 g of raw acid fraction. The EtOAc
fraction, containing non-acid molecules, was evaporated at reduced pressure, affording
7.08 g of the neutral fraction. This latter portion was fractionated by low-pressure
chromatography (LPC) on silica gel (250 g, petroleum ether-EtOAc gradient from 95:5
to 60:40 v/v) monitored by TLC on Merck 60 F254 (0.25 mm) plates and visualized by
staining with 5% H,SO, in EtOH and heating to afford five fractions (F1-F5). Fraction
F1 was further purified with LPC on silica gel (12 g, petroleum ether-EtOAc gradient
from 90:10 to 80:20 v/v) to afford 45.4 mg of subfraction 1a (SF 1a) as an oil which,
after 'H NMR analysis, was revealed to be composed of a complex mixture of neutral
triterpenoids and other aliphatic compounds. Fraction F2 was chromatographed with
Isolera One on RP C-18 silica gel (12 g, solvent A: MeOH 0.03% formic acid, solvent B:
H>0 0.03% formic acid gradient from 50:50 to 95:5) to obtain 73.5 mg of keto-oleanolic
aldehyde (1) [17,18] (Figure S1 of the Supplementary Materials) and 356.2 mg of 1,4-poly-
[3-myrcene as an insoluble white powder. Fraction F3 was fractionated with low-pressure
chromatography (LPC) on silica gel (60 g, petroleum ether-EtOAc gradient from 90:10
to 70:30 v/v) to afford subfraction 3a (SF 3a) (239 mg), further crystallized by MeOH to
obtain 40.2 mg of keto-oleanolic aldehyde (1) [17] and subfraction 3b (SF 3b) (408 mg),
subsequently purified with Isolera One on RP C-18 silica gel (12 g, solvent A: MeOH
0.03% formic acid, solvent B: HyO 0.03% formic acid gradient from 50:50 to 95:5), leading
to p-amyrin (2), 376.4 mg [2] (Figure S2 of the Supplementary Materials). Fraction F4
was purified with low-pressure chromatography (LPC) on silica gel (60 g, petroleum
ether-EtOAc gradient from 90:10 to 60:40 v/v) to afford subfraction 4a (SF 4a) (29.4 mg)
as a mixture on neutral triterpenoid, subfraction 4b (SF 4b) (101.7 mg) as lupeol (3) [19]
(Figure S3 of the Supplementary Materials), and subfraction 4c (SF 4c) (20.1 mg) as
a mixture of lupeol (3) and keto-oleanolic aldehyde (1). The latter fraction F5 was
purified by flash chromatography with Isolera One on RP C-18 silica gel (12 g, solvent
A: MeOH 0.03% formic acid, solvent B: H,O 0.03% formic acid gradient from 50:50 to
95:5) to afford subfraction 5a (SF 5a) as lupeol (3, 75 mg) and -amyrin (2, 224.6 mg).
The process flow diagram of the isolation procedure is presented in Figure S4 in the
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Supplementary Materials. Fractions were stored under nitrogen in dark glass vials and
sent immediately for biological evaluation. All the compounds were identified according
to 'H NMR data present in the scientific literature.

To identify trace amounts of other resin compounds, HPLC-QTOF-MS/MS analysis
was also conducted, as previously reported by Georgantopoulos et al. [4]. The identification
of the compounds of the analysis was performed according to Karadimou et al. [20].

2.4. Antibodies

Mouse monoclonal antibodies against human GR, peroxisome proliferator-activated
receptor alpha (PPAR«) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and
rabbit polyclonal antibodies against the p65 subunit of NF-«B and phosphoenolpyruvate
carboxykinase (PEPCK) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
Monoclonal antibodies against (3-actin and procaspase-9 were provided by Proteintech
(Planegg-Martinsried, Germany) and Cell Signaling Technology (Massachusetts, USA),
respectively. Rabbit polyclonal antibodies against procaspase-3 and Bcl-2 (Cell Signaling
Technology, Danvers, MA, USA) were also used.

2.5. Cell Culture

The human embryonic kidney HEK293 cells, characterized by high efficiency
in transfections experiments and presence of GR protein, were obtained from the
American type culture collection (ATCC) and cultured at 37 °C and 5% CO, humid-
ity in DMEM (4.5 g/L glucose) supplemented with 10% FBS, 2 mM L-glutamine, and
100 units/mL Pen/Strep. For luciferase assays, 24 h before transient transfection, cells were
cultured in phenol red-free DMEM supplemented with 10% charcoal-dextran-stripped FBS
(charcoal-stripped FBS, CSF), 2 mM L-glutamine, and 100 units/mL pen/strep.

2.6. MTT Cell Viability Assay

MTT assay was applied to assess the effect of neutral subfractions on cell growth. MTT
is based on mitochondrial dehydrogenases activity assessment of metabolically active cells
and, thus, is widely used for cell viability assessment and cytotoxic effect measurements [21].
MTT assay was performed in triplicates with three technical replicates. HEK293 cells were
plated in 96-well plate, at a density of 1.5 x 10* cells/well, for 24 h in DMEM (4.5 g/L
glucose) supplemented with 10% FBS, 2 mM L-glutamine, and 100 units/mL pen/strep,
as previously described. Then, cells were treated with resin fractions diluted in 100%
EtOH, at a range concentration of 5-100 ug/mL. EtOH treatment (1:1000) was used as
the control condition. After 48 h treatment, MTT reagent diluted in PBS 1X, was added
at a final concentration of 0.5 mg/mL for 34 h. Finally, formazan crystals were diluted
with 100% isopropanol, and after shaking, absorbance was measured at 570 nm, using a
multimode plate reader (EnSpire, PerkinElmer, Wycombe, UK). Background absorbance
was also measured at 690 nm as reference.

2.7. GR and NF-xB Transcriptional Activity Measurement

GR and nuclear factor-kappa B (NF-kB) transcriptional activity was measured by
applying luciferase reporter gene assay, as previously described. Briefly, HEK293 cells were
plated on 24-well plates, at a density of 5 x 10* cells/well, in phenol red-free DMEM
supplemented with 10% charcoal-dextran-stripped FBS (charcoal-stripped FBS, CSF),
2 mM L-glutamine, and 100 units/mL pen/strep. After 24 h, cells were transiently co-
transfected, using calcium phosphate, with a glucocorticoid response element (GRE) or
an NF-kB response element (NF-kB-RE) promoter-driven luciferase construct and a f3-
galactosidase reporter construct. At 14-16 h upon transfection, cells were washed in fresh
medium for 24 h recovery and then they were triggered either by 1 uM DEX diluted in
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EtOH (stock solution 1 mM DEX diluted in EtOH was used) or 20 ng/mL TNF« diluted in
ddH, O for assessment of GR or NF-«B activity, respectively, as previously described [22],
in the presence or absence of the indicated amounts of Chios mastiha’s fractions for
6 h. EtOH treatment (1:1000) was used as the control condition. Then, cells were lysed
in reporter lysis buffer, and the enzymatic activities of the expressed luciferase and f3-
galactosidase were measured using a chemiluminometer (LB 9508, Berthhold, Bad Wildbad,

Germany). 3-galactosidase activity measurement was used for normalization of luciferase
activity (RLU).

2.8. Western Blot Analysis

HEK293 cells were plated on 6 well plates, at a density of 2 x 10° cells/well, in
DMEM (4.5 g/L glucose) supplemented with 10% charcoal-dextran-stripped FBS (charcoal-
stripped FBS, CSF), 2 mM L-glutamine, and 100 units/mL pen/strep, for 48 h. Cells were
then treated with the indicated amounts of Chios mastiha’s fractions for an additional 36 or
48 h. EtOH treatment (1:1000) was used as the control condition. Cells were then washed
in PBS 1X, lysed in buffer contained 20 mM Tris pH:7.5, 250 mM NaCl, 0.5% Triton, 3 mM
EDTA, and supplemented with cocktail protease inhibitors, DTT and PMSEF. After Bradford
protein measurement, cell extracts were electrophoresed in discontinuous SDS-PAGE and
Western blotted with specific antibodies against GR, PEPCK, PPAR«, p65, procaspase-3,
procaspase-9, and Bcl-2, as previously described. 3-actin or GAPDH protein levels were
used for normalization. Enhanced chemiluminescence was used for the detection of protein
bands. Quantification of protein band density was performed by the Image] program
(v1.52). B-actin band intensity or GAPDH protein levels were used for the normalization of
the results. Relative protein levels were expressed as band intensity normalized against the
respective band’s intensity of 3-actin or GAPDH. Relative protein levels in control cells
were set to 1.

2.9. Statistical Analysis

All results are expressed as mean + SD. Data were analyzed by independent t-test or
by One-Way analysis of variance (ANOVA) or Two-Way ANOVA followed by Tukey’s post
hoc test using Stat Plus LE software. Differences were considered significant at two-tailed
p-value < 0.05.

3. Results
3.1. Phytochemical Analysis of Chios Mastiha Neutral Residue

The liquid/liquid partition protocol applied to the P. lentiscus resin in this work aimed
to obtain a neutral fraction devoid of acidic triterpenoids, capitalizing on their ability to be
water soluble once salified in basic conditions. As a result of this procedure, the neutral
residue was composed of a mixture of neutral triterpenoids and other molecules that were
further divided with chromatographic techniques into fractions and subfractions until
the isolation of the single main neutral triterpenoid, as reported in detail in Section 2.3.
Extraction, isolation, and phytochemical analysis of Chios mastiha’s neutral subfractions
are presented in Figure 54 of the Supplementary Materials. Results revealed a-amyrin (2)
as the main compound being present with a yield of 6%, followed by lupeol (3, 1.77%) and
keto-oleanolic aldehyde (1, 1.14%) (Figure 2). The phytochemical characterization was also
completed by HPLC-QTOF-MF/MS analysis (Table 1).
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Figure 2. Structure of the main neutral triterpenoid identified by chromatography and 'H NMR analysis

in the neutral fraction of Chios mastiha: keto-oleanolic aldehyde (1), f-amyrin (2), and lupeol (3).

Table 1. Suspect compounds analyzed using HPLC-QTOF-MF/MS analysis in the P. lentiscus /Chios
mastiha’s neutral residue and their normalized concentrations (ug/L).

Quantitative Measurement (ug/L)

Compounds
F2 SF 3a SF 3b SF 4a SF 4b SF 4c SF 1a SF 5a
Polyketides
Apigenin - - - 37.8 - - 8.9 -
Astragalin - - - - - - - 4.4
Diosmetin - - - 68.2 - - - -
Flavidin 149.5 145.6 142.9 176.5 199.4 205.5 166.6 142.4
Genistein - - - 37.8 - - 8.9 0.0
Hesperidin 41 3.8 4.4 41 4.3 4.8 4.6 4.4
Is‘élii_‘}g‘ffciggzre‘m 32 2.9 3.1 2.9 2.9 3.1 3.2 32
Luteolin glucoside 1.7 0.3 22 0.8 0.4 0.8 5.9 4.4
Resveratrol 22 1.9 3.5 6.0 6.6 1.1 18.7 0.1
Phenylpropanoids
Fumaric acid 15.8 - 13.4 1.6 - - - 55.6
Coniferaldehyde 100.5 93.2 106.6 94.1 89.9 96.1 99.0 101.9
Feroyl quinic acid 1.5 - 4.6 - - - - 59.3
Methoxycinnamic acid 17.2 21.3 25.5 21.0 25.9 221 214 21.8
Fatty acids
Homoisocitric acid - - - - - - - 3.7
Palmitic acid 4428.6 4488.6 11,308.6  11,077.1 7994.3 4954.3 4265.7 5257.1
Stearic acid 5825.7 6705.7 6120.0 6565.7 8491.4 6614.3 6254.3 6968.6
Oleic acid 1210.3 636.3 4737.1 2378.0 1071.4 1223.1 563.4 1363.4
Linoleic acid 195.5 196.1 498.9 199.3 348.6 310.3 132.3 136.8
a-Linolenic acid 235 10.5 21.1 9.8 213 26.2 12.8 13.7
Caprylic acid 26.5 16.9 21.0 20.1 25.1 234 19.5 23.5
Ricinoleic acid 20.1 9.8 17.5 8.7 20.6 24.1 12.3 12.8
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Table 1. Cont.
Quantitative Measurement (ug/L)
Compounds
F2 SF 3a SF 3b SF 4a SF 4b SF 4c SF 1a SF 5a
Crepenynic acid 20.5 9.5 19.7 10.2 19.4 23.1 13.2 12.9
v-Linolenic acid 22.8 8.5 18.6 10.4 20.7 25.3 12.4 12.9
Nebraskanic acid 96.6 90.5 57.9 63.3 59.1 71.7 58.1 77.1
Myristic acid 279.1 311.4 246.0 258.2 3514 278.0 261.5 161.5
Arachidonic acid 6.1 8.7 8.7 19.4 232.7 55.1 14.7 20.3
Pentadecanoic acid 108.7 306.0 246.6 312.6 348.6 161.4 200.0 92.5
Octyl formate 445 53.5 62.5 55.9 443 49.3 59.8 46.1
Terpenoids
h?lgri;};}f;;lgol 613 405 68.5 58.8 67.3 53.7 70.0 67.0
a-irone 16.9 22.0 26.9 22.1 27.7 21.8 21.0 221

The chemical analysis of Chios mastiha’s neutral subfractions applying HPLC-
QTOF-MS/MS analysis resulted in the tentative identification of thirty compounds
divided into fatty acids, polyketides, phenylpropanoids, and terpenoids. A characteristic
phenolic fingerprint of the resin is presented in Figure S5 of the Supplementary Materials.
Identification of fatty acids in Chios mastiha neutral residue was revealed in accordance
with our previous studies [4]. Among them, palmitic, stearic, and oleic acids were the
most abundant ones. Other fatty acids such as linoleic, caprylic, ricinoleic, crepenynic,
nebraskanic, myristic, arachidonic, pentadecanoic, « and v linoleic acids, and octyl
formate were also detected in lower amounts. Flavidin was the major flavonoid, while
coniferaldehyde was the most relevant phenylpropanoid. Interestingly, apigenin, astra-
galin, and diosmetin polyketides were detected exclusively in SF 4a and SF 1a, SF 5a, SF
4a fractions, respectively. Polyketides such as hesperidin, isoliquiritigenin di-glucoside,
luteolin glucoside, and resveratrol were detected in all isolated subfractions. Phenyl-
propanoids such as fumaric acid and feroyl quinic acid were detected in F2, SF 3b and SF
5a fractions, whereas methoxycinnamic was detected in all the isolated subfractions. The
monoterpenoid 6,7-dihydro-7-hydroxylinalool and the sesquiterpenoid «-irone were
also detected (Table 1).

3.2. Chios Mastiha Neutral Residue Subfractions” Effect on HEK293 Cell Proliferation

HEK293 cells were incubated with increasing concentrations of Chios mastiha neutral
subfractions for 48 h (Figure 3). Then, cell viability was evaluated by applying MTT
assay. As shown in Figure 3, F2 showed no reduction in HEK293 cell viability. Similarly,
subfractions SF 4c and SF 1a (Figure 3B) did not cause any statistically significant alteration
in HEK293 cell viability. Subfractions SF 3a, SF 3b, SF 4a, SF4b, and SF 5a reduced the
viability of HEK293 cells up to 15, 20, 25, 35, and 70%, respectively, at higher concentrations
of 50 or 100 ug/mL, with SF 5a being the most cytotoxic. Concentrations of 10 pg/mL,
30 ng/mL, and 50 pg/mL that showed no or low cytotoxicity in most isolated subfractions
were further evaluated regarding their potential anti-inflammatory, antilipidemic, and
GR-associated activities.
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Figure 3. Cell viability measurement of HEK293 cells, in the presence of Chios mastiha’s neutral
subfractions F2, SF 3a, SF 3b, SF 4a (A) and SF 4b, SF 4c, SF 1a, SF 5a (B), upon 48 h treatment, assessed
by MTT assay. Control cells were treated with EtOH (1:1000). Relative cell viability is expressed as
cell viability of the Chios mastiha’s neutral subfractions at the indicated concentrations compared to
control. Cell viability of control cells was set at 1. Data are expressed as the mean & SD, (n = 4-9),
*p < 0.05; *** p < 0.001.

3.3. Chios Mastiha’s Neutral Residue Subfractions Slightly Suppressed DEX-Induced GR
Transcriptional Activation

HEK293 cells were transiently co-transfected with GREs-luciferase and (3-galactosidase
constructs, as described in Materials and Methods, and treated with resin fractions at a
concentration of 50 pg/mL, in the presence or absence of 1 uM DEX diluted in EtOH, for
6 h. EtOH (1:1000) treatment was used as the control condition. By applying luciferase
reporter gene assay, effect of fractions on GR transcriptional activation was assessed. As
shown in Figure 4, fraction F2 and subfraction SF 3b caused approximately 20% statistically
significant reduction in DEX-induced GR transcriptional activation. Similarly, subfractions
SF 4b and SF 5a caused approximately 10% and 30% statistically significant reduction,
respectively, whereas in the presence of the rest of the isolated subfractions, no statistically
significant effect was observed.
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Figure 4. Suppression of DEX-induced GR transcriptional activation by Chios mastiha’s neutral
residue subfractions (F2, SF 3a, SF 3b, SF 4a, SF 4b, SF 4c, SF 1a, SF 5a) upon 6h treatment. Luciferase
and (-galactosidase activity was measured in cell extracts from HEK293 cells cultured in hormone-
depleted medium, transiently co-transfected with GREs-luciferase reporter gene construct and
[-galactosidase reporter construct and subsequently treated with 50 pg/mL of neutral residue
subfractions and/or 1 uM DEX, for 6 h. Control cells were treated with EtOH (1:1000). Relative
luciferase activity was expressed as normalized luciferase activity against 3-galactosidase activity.
Relative luciferase activity of control cells was set as 1. Data are expressed as the mean =+ SD, (n = 3),
*p <0.05; * p <0.01; ** p < 0.001.

The suppressive effect of fraction F2 as well as subfractions SF 3b, SF 4b, and SF 5a
of neutral residue on GR transcriptional activation was further investigated by assessing
their effect on GR protein levels and its target genes, PEPCK [23] and PPAR«x [24,25],
by applying Western blot analysis. Thus, HEK293 cells were treated with 30, 50, and
100 pg/mL of subfractions for 48 h (Figure 5). Treatment with EtOH (1:1000) was used as
the control condition. As shown in Figure 5, upon 48 h treatment, the subfractions caused
an increase in the GR protein levels, with subfraction SF 3b being the most active, causing a
three-fold induction in GR protein levels compared to the controls, while subfraction SF 4b
caused moderate increase, up to 30%. Notably, increased concentrations of SF 3a, SF 4b,
SF 4c, and SF 5a slightly reversed this effect, having reached a plateau of the bioactivity of
the fractions. Accordingly, all subfractions caused increase in PEPCK protein levels that
constitute a GR target, with subfraction SF 5a being the most active, causing a 4.7-fold
induction, while subfraction SF 3b, being the less active one, induced up to a 30% increase.
Similarly, increased concentrations of SF 3a and SF 5a abrogated the increase in PEPCK
protein levels. Regarding PPAR«x protein levels, upon 48 h treatment, fraction F2 as well
as subfractions SF 3a, SF 3b, SF 4a, SF 4c, and SF 5a caused reductions of up to 30%, 40%,
30%, 50%, 40%, and 80%, respectively, with subfraction 5a being, again, the most active
one. Subfractions SF 4b and SF 1a did not cause any significant changes (Figure 5). SF
4a exhibited a dose-dependent effect, while the rest of the subfractions did not cause any
remarkable effect.

3.4. Chios Mastiha’s Neutral Residue Subfractions Suppressed the TNFa-Induced NF-xB
Transcriptional Activation

Applying luciferase reporter gene assay, effect of subfractions on NF-«B transcrip-
tional activation was studied, evaluating their potential anti-inflammatory actions. Thus,
HEK293 cells were transiently co-transfected with NF-«B-RE-luciferase and 3-galactosidase
constructs as described in Materials and Methods and subsequently treated with increasing
concentrations of neutral residue subfractions (at a concentration range of 10-50 ng/mL),
in the presence or absence of TNF« for 6 h. Luciferase and beta galactosidase activities
were then assessed. Treatment with EtOH (1:1000) was used as the control condition. As
shown in Figure 6, fraction F2 as well as subfractions SF 3b, SF 4a, SF 4b, SF 4c, SF 1a,
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and SF 5a caused statistically significant suppression of the TNFx-induced NF-«B tran-
scriptional activation by up to approximately 15%, 30%, 15%, 40%, 60%, 10%, and 40%,
respectively, in a dose-dependent manner. Subfraction SF 3a did not have any statistically

significant effect.
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Figure 5. Effect of Chios mastiha’s neutral subfractions F2, SF 3a, SF 3b, SF 4a (A) and SF 4b, SF 4c,
SF 1a, SF 5a (B) on GR, PEPCK and PPAR« protein levels. Representative images from Western blot
analysis of GR, PEPCK and PPAR« in extracts from HEK293 cells treated with 30, 50, and 100 pg/mL
of neutral residue subfractions for 48 h. Ratios express normalization of band intensity compared
with the respective 3-actin or GAPDH ones. Relative protein levels in control cells were set as 1.

To investigate whether reduction in NF-«B transcriptional activation was associated
with a reduction in its protein levels, Western blot analysis of the p65 subunit of NF-«B
was applied in extracts from HEK293 cells treated with 30, 50, and 100 pg/mL of resin
subfractions or EtOH (1:1000) for 48 h (Figure 7). As shown in Figure 7, upon 48 h treatment,
fraction F2 as well as subfractions SF 3a, SF 3b, SF 4a, SF 4b, SF 4c, SF 1a, and SF 5a reduced
p65 protein levels by up to 50%, 50%, 40%, 40%, 20%, 10%, 20%, and 30%, respectively, in a
dose-dependent manner. Thus, the suppression of the TNFx-induced NF-«kB transcriptional
activation by Chios mastiha’s subfractions is accompanied by a reduction in p65 protein
levels, indicating that the anti-inflammatory activity of neutral residue subfractions may
be attributed to their effects on NF-kB transcriptional activity and/or regulation of NF-«B
protein levels. Subfraction SF 4c exhibited the highest suppression of the TNFa-induced
NF-«B transcriptional activation (Figure 6B) and negative regulation of p65 protein levels
(Figure 7B).
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Figure 6. Suppression of TNFx-induced NF-«B transcriptional activation by the Chios mastiha’s
neutral subfractions F2, SF 3a, SF 3b, SF 4a (A) and SF 4b, SF 4c, SF 1a, SF 5a (B). Luciferase and 3-
galactosidase activity was measured in cell extracts from HEK293 cells cultured in hormone-depleted
medium, transiently co-transfected with an NF-«B-RE-luciferase reporter gene construct and a f3-
galactosidase reporter construct and subsequently treated with 10-50 pug/mL of neutral residue
subfractions and/or 20 ng/mL TNF« for 6 h. Control cells were treated with EtOH (1:1000). Relative
luciferase activity was expressed as normalized luciferase activity against 3-galactosidase activity.
Relative luciferase activity of control cells was set as 1. Data are expressed as the mean =+ SD, (n = 3),
*p <0.05; ** p <0.01; *** p < 0.001.
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Figure 7. Effect of Chios mastiha’s neutral subfractions F2, SF 3a, SF 3b, SF 4a (A) and SF 4b, SF 4c, SF
1a, SF 5a (B) on p65 protein levels. Representative images from Western blot analysis of p65 in extracts
from HEK293 cells treated with 30, 50, and 100 pug/mL of Chios mastiha’s neutral subfractions for 48
h. Ratios express normalization of band intensity compared with the respective 3-actin one. Relative
protein levels in control cells were set as 1.
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3.5. Chios Mastiha’s Subfractions’ Effect on Apoptotic Pathways

Effect of Chios mastiha’s subfractions on apoptosis was examined by applying Western
blot analysis of apoptotic molecules, such as procaspase-3, procaspase-9, and bcl-2. For
that purpose, HEK293 cells were treated with 30, 50, and 100 png/mL of Chios mastiha’s
neutral subfractions. Upon 48 h treatment (Figure 8), the resin subfractions SF 4a, SF 4b,
SF 4c, SF 1a, and SF 5a caused reduction in procaspase-3 protein levels, with subfraction
SF 5a being the most active, causing up to 70% reduction. Similarly, subfractions SF 4a,
SF 4b, and SF 5a caused reduction in procaspase-9 protein levels by up to 20%, 30%, and
60%, respectively, at higher concentrations of 50 and 100 pug/mL, with subfraction SF 5a
being the most active one. The reduced protein levels of procaspase-9 indicate activation
of the intrinsic mitochondrial-dependent apoptotic pathway. Regarding bcl-2, all resin
subfractions caused a reduction in its protein levels, with subfraction SF 5a being the most
active, causing up to 70% reduction.
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Figure 8. Effect of Chios mastiha’s neutral subfractions F2, SF 3a, SF 3b, SF 4a (A) and SF 4b, SF 4c,
SF 1a, SF 5a (B) on procaspase-3, procaspase-9, and bcl-2 protein levels. Representative images of
Western blot analysis of procaspase-3, procaspase-9, and bcl-2 in extracts from HEK293 cells, treated
with 30, 50, and 100 pg/mL of Chios mastiha’s subfractions for 48 h. Ratios express normalization
of band intensity compared with the respective -actin or GAPDH ones. Relative protein levels in
control cells were set as 1.

https://doi.org/10.3390 /nutraceuticals6020033


https://doi.org/10.3390/nutraceuticals6020033

Nutraceuticals 2026, 6, 33

14 of 22

4. Discussion

Chios mastiha, the Pistacia lentiscus L. var. Chia resin, has drawn researchers’ attention
due to its constantly emerging therapeutic effects. Apart from being used as food additive
and flavoring, Chios mastiha exhibits many therapeutic effects, due to its antimicrobial,
antioxidant, anti-inflammatory, anti-diabetic, and anticancer properties. Triterpenoid com-
pounds, which are plant secondary metabolites and the major chemical group in Chios
mastiha extract, are suggested to be mainly responsible for Chios mastiha’s biological
properties [2,3,7]. Results from our previous [4] and current work uncovered the presence
of novel identified compounds in Chios mastiha’s fractions, such as fatty acids and polyke-
tides compounds, which also contribute to Chios mastiha’s biological activities, based on
their documented bioactivity. Regarding triterpenoid compounds, our studies and those
from other research groups have shown their enrichment in resin and leaves from Pistacia
lentiscus L. var. Chia [4-6,26,27]. The structural and functional similarity between triter-
penoids and the steroid hormone glucocorticoids have triggered our interest to investigate
their potential use as steroid hormones substitutes, with potent pharmaceutical application.
Our studies and those from other research groups have recently unveiled triterpenoid com-
pounds as potential glucocorticoid receptor modulators with increased transrepressional
activity on NF-«B activation but with suppressed effect on transactivation of PEPCK gene
expression that could give rise to glucose synthesis, with many adverse side effects, such
as hyperglycemia, muscle atrophy, osteoporosis, hypertension, and glaucoma [5,14-16,28].
In this context, Chios mastiha appeared to be a potent source of such bioactive compounds.

Based on this, we have recently documented the interference of Chios mastiha’s differ-
ent polarity fractions, enriched in terpenoids, with glucocorticoid signaling, highlighting
the potential application of terpenoids from Chios mastiha as selective glucocorticoid
receptor modulators [4]. In this study we aimed to identify which class of triterpenoids,
neutral (lacking carboxylic groups) or acidic (containing carboxylic groups), within Chios
mastiha, were responsible for the modulation of the glucocorticoid receptor signaling, and
to characterize the potential regulatory effects of neutral Chios mastiha’s fraction on lipid
metabolism, inflammation, and apoptosis, in relation to its chemical composition.

For this purpose, the resin was treated under basic conditions to obtain a neutral
fraction devoid of acidic triterpenoids. Phytochemical characterization of the Chios mastiha
neutral fraction revealed the abundance of major neutral triterpenoids, such as 3-amyrin (2),
lupeol (3), and keto-oleanolic aldehyde (1), in accordance with previous studies [6,26,29].
Moreover, the chromatographic process led to the obtainment of several fractions and
subfractions of different compositions. In particular, the most relevant content of 3-amyrin
(2) was detected in SB 3b together with the maximum lipid pool, while keto-oleanolic
aldehyde (1) was detected in F2 and SB 3a with a correspondingly low content of phenolic
compounds. These latter metabolites, alongside lupeol, were mostly abundant in SF 5a.

Results from this study on the identification of Chios mastiha’s neutral subfractions’
interference with glucocorticoid receptor signaling showed no remarkable effect of the
neutral fractions on DEX-induced GR transcriptional activation. In our previous studies,
we have shown suppression of DEX-induced GR transcriptional activity by isolating Chios
mastiha’s fractions containing both neutral and acids triterpenoids. In the present study,
isolated neutral fractions were examined. Thus, the result from this study indicates that the
approximately 50% reduction in DEX-induced GR transcriptional activation observed in
our previous study by medium polar fraction, from Chios mastiha tree resin and leaves
enriched in triterpenoids [5,6], could be attributed mainly to acidic terpenoids. F2 as well as
subfractions SF 3b, SF 4b, and SF 5a caused moderate statistically significant suppression of
DEX-induced GR transcriptional activation. Since lupeol (3) and 3-amyrin (2) correspond
to the main compounds of these fractions, it is concluded that these compounds could
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also contribute to the suppression of DEX-induced GR transactivation, although to a lower
extent. Suppression of DEX-induced GR transcriptional activation was accompanied by an
increase in GR and its target PEPCK protein level induction. This effect is also opposite to
that observed previously by the medium polar fraction of Chios mastiha resin [6], further
substantiating the notion that acidic terpenoids are the potential selective glucocorticoid
receptor activators, exhibiting favorable negative effect both on GR transactivation and
regulation of GR and its target PEPCK protein levels. The increase in GR protein levels,
by neutral subfractions, is in line with the observed increase in its target PEPCK protein
levels. This action may be induced by compounds other than terpenoids. Specifically, the
increase in GR and PEPCK expression by neutral fractions could possibly be associated
with the saturated fatty acid abundance in these fractions. Saturated fatty acid palmitate
is reported to induce increase in intracellular cAMP synthesis through the palmitoylation
of soluble adenylyl cyclase [30]. Subsequently, cAMP can activate GR and PEPCK protein
synthesis via activation of the transcription of the human GR gene and increase in its mRNA
stability [31] as well as via positive regulation of PEPCK synthesis at the transcriptional
level [32] and stabilization of its mRNA [33]. In addition, our previous studies showed
activation of GR proteasomal degradation by medium polar and polar fractions from
Chios mastiha tree leaves [5]. This observation, in conjunction with the above-mentioned
results from this study, showing increase in GR and PEPCK protein levels, indicates that
subfractionation procedure may lead to abolishment or elimination of molecules that
activate the proteolytic degradation of GR.

Chemical analysis from this study revealed the presence of phenolic compounds
known for their substantial biological activities including anti-inflammatory, antioxidant,
anticancer, and antilipidemic actions [34]. To our knowledge, it is the first time that apigenin,
astragalin, diosmetin, flavidin, and genistein are identified as Chios mastiha’s compounds
contributing to Chios mastiha’s biological activities.

Regarding the assessment of antilipidemic activities of Chios mastiha, we focused on
neutral fractions’ effect on PPAR o regulation. PPAR« regulates lipid metabolism, especially,
mitochondrial fatty acid import and 3-oxidation, leading to ATP production [35]. Prolonged
treatment with PPARx agonists can lead to lipid biosynthesis and hyperlipidemia [36].
PPAR« also constitutes a direct glucocorticoid receptor target. Recent studies have shown
that palmitic acid, stearic acid, oleic acid, and linoleic acid significantly activate PPARo/ o
at physiologically relevant concentrations [37]. In this study, Chios mastiha’s neutral
subfractions exhibited a reduction in PPAR« protein levels. SF 4a and SF 5a exhibited
the highest activity. Palmitic acid is detected in almost the highest amounts in SF 4a
subfraction. Since palmitic acid is considered a PPAR« agonist and activator [38], it
may be responsible for the documented Chios mastiha’s antilipidemic activities [6,39,40].
These activities may also be attributed to compounds such as 3-amyrin (2) and lupeol
(3) because of their known regulatory role in PPAR«x activity and/or expression [41-47].
Thus, enrichment of these compounds in SF 5a subfraction might be associated with
the regulatory role of SF 5a fraction in PPAR« protein level and Chios mastiha’s anti-
hyperlipidemic effects. Moreover, polyketides such as flavonoid flavidin, genistein, luteolin
glucosides, and stilbenoid resveratrol, identified in Chios mastiha’s subfractions and known
for their antilipidemic action [48-50], may contribute to this action. Among them, genistein
is reported to enhance the expression of genes involved in lipid metabolism through
the activation of PPAR« [51], and luteolin and genistein regulate PPARx expression as
well [52,53].

Anti-inflammatory activities of Chios mastiha’s neutral subfractions were also con-
firmed in this study. Particularly, all neutral resin subfractions caused a dose-dependent
statistically significant suppression of TNFx-induced NF-«B transcriptional activation,
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except for SF 3a, which did not cause any remarkable effect. The suppression of NF-«B tran-
scriptional activation by Chios mastiha’s neutral subfractions is accompanied by reduction
in p65 subunit protein levels, shedding more light on the anti-inflammatory biochemical
mechanism of Chios mastiha’s resin action. This observation is in line with findings show-
ing inhibition of p65 subunit phosphorylation by Chios mastiha’s neutral fraction [54].
Subfractions 3b, 4b, 4c, and 5a caused the highest suppression of the NF-«B transcriptional
activation, with SF 5a being the most active one even at lower concentrations. Lupeol
(3) which is present in SF 4b, SF 4c and SF 5a, was previously reported to be a strong
anti-inflammatory compound, as it reduces prostaglandin E2, TNF«, and the production
of many interleukins [54]. Previous studies also showed that lupeol (3) suppresses the
phosphorylation and degradation of NF-«B inhibitor IkBx, preventing NF-«B binding to
DNA and subsequent expression of pro-inflammatory genes [43]. 3-Amyrin (2), which
was identified as a major compound in subfractions 3b and 5a, was reported to reduce
TNFx serum levels [47,55] and to inhibit NF-kB nuclear translocation [56]. Thus, both our
study and other previous studies support the notion that lupeol (3) and p-amyrin (2) are
crucial bioactive compounds that could contribute to Chios mastiha’s anti-inflammatory
activities, through interference with NF-«kB signaling. Interestingly, our findings indicate
that the coexistence of lupeol (3) and 3-amyrin (2) in Chios mastiha’s neutral subfractions
exhibit a synergistic effect on the suppression of NF-«B transcriptional activation. Moreover,
compounds such as feroyl quinic and fumaric acids may also be responsible for the predom-
inant anti-inflammatory activity of SF 5a fraction, since their anti-inflammatory activity
is well-documented [57,58]. Fumaric acid has been found to inhibit NF-«B transcriptional
activation in macrophage cells synergistically with dexamethasone [57], supporting our
hypothesis of its interference with glucocorticoid receptor signaling. More interestingly,
flavonoids such as apigenin, astragalin, diosmetin, and genistein may contribute to the
strong anti-inflammatory activity of SF 4b, SF 4c, and SF 5a fractions, documented to be
exerted, among others, via their suppressive effect on NF-kB signaling pathway, affecting
both NF-kB protein levels [59] and activity [60-64]. Based on previous studies showing
anti-inflammatory activity of terpenoids such as 6,7-dihydro-7-hydroxylinalool and x-irone,
we assume that these compounds could also add to the neutral fractions” anti-inflammatory
activity [65]. Moreover, the considerable fatty acids presence in all the neutral fractions may
also be associated with the neutral fractions’ suppressive effect on NF-«B transcriptional ac-
tivation. Anti-inflammatory activity of oleic acid [66], « and y linoleic acid [67,68], ricinoleic
acid [69], myristic acid [70], and arachidonic acid [71], via regulation of NF-«B signaling
and NF-kB protein expression [66], is well documented. Interestingly, the increased amount
of oleic and linoleic acids in SF 3b is possibly related to the increased anti-inflammatory
activity of SF 3b fraction. Moreover, although increased levels of palmitic acid in high fat
diets and obese patients is associated with pro-inflammatory responses [72], recent phar-
macological studies demonstrate that palmitic acid also exhibits potent anti-inflammatory
and immune-enhancing effects [73].

Anti-inflammatory activities of Chios mastiha’s neutral subfractions were parallel to
the anti-proliferative and anti-apoptotic ones. Among all subfractions, SF 4a, SF 4b, and
SF 5a containing lupeol (3) and fatty acids, mainly palmitic acid, as common compounds,
caused the highest statistically significant reduction in HEK293 cell viability, with SF 5a
being the most cytotoxic one. Palmitic acid, in recent years has emerged as a promising
anti-tumor agent with demonstrated efficacy against various malignancies including gastric
cancer, liver cancer, cervical cancer, breast cancer, and colorectal cancer [73]. Also, subfrac-
tion 5a caused the highest reduction in procaspase-3 and bcl-2 protein levels, being the most
apoptotic one. Interestingly, procaspase-9 protein levels decreased in the presence of SF
5a, indicating its apoptotic action was mediated through mitochondrial pathway. Previous
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studies had reported that lupeol (3) reduces proliferation of human prostate cancer cells and
inhibits the growth of human melanoma, showing strong anticancer properties [54]. Also,
lupeol (3) and palmitic acid were found to induce apoptosis through activation of mitochon-
drial pathway in many cancer cells [44,73]. The co-presence of lupeol (3), 3-amyrin (2), and
palmitic acid in SF 5a enhances its anti-proliferative and apoptotic activity. Apoptotic and
anti-proliferative activities of 3-amyrin (2) have also been observed before. More precisely,
-amyrin (2) was found to induce cell cycle arrest, apoptosis, and cytotoxicity in human
hepatocarcinoma HepG2, HL-60 leukemia, colon carcinoma CaCo-2, and human embryonic
kidney HEK?293 cell lines [74-76]. 3-Amyrin (2) was also found in SF 3b, which reduced
HEK?293 cell proliferation, but to a much lower extent, indicating for the first time that a
synergistic effect on induction of anti-proliferative activity coexists with lupeol (3) and
palmitic acid. Additionally, mitochondrial-dependent apoptosis is reported to be induced
by compounds such as linoleic [77], arachidonic acid [78], and oleic acid [79], whereas
compounds such as stearic acid [79] and pentadecanoic acid [80] are reported to exhibit
protective effect on mitochondrial functionality. Thus, the relative concentration of these
compounds is a crucial factor for the final biological outcome of the isolated subfractions.

5. Conclusions

In conclusion, our data reveal the potent anti-inflammatory, anti-proliferative activities
of Chios mastiha’s neutral residue subfractions in HEK293 cells. Neutral subfractions were
found to attenuate inflammation through reduction in TNFx-induced NF-kB transcriptional
activity and regulation of the protein levels of the p65 subunit of NF-«kB. These actions
could be attributed to molecules such as lupeol (3) and B-amyrin (2), together with phenolic
compounds and fatty acids known for their anti-inflammatory activity and enriched in
the most active subfractions. Additionally, Chios mastiha subfractions induced apoptosis
and attenuated cell viability by reducing pro-caspase-3, pro-caspase-9, and bcl-2 protein
levels. Subfractions of fraction 4 and subfraction 5, with high levels of lupeol (3), 3-amyrin
(2), and palmitic acid, showed the highest cytotoxic and apoptotic activities, highlighting
their potential as anticancer agents. It was revealed for the first time that the interfer-
ence of Chios mastiha with GR signaling, leading to suppression of inflammation and
glucose synthesis, is mainly exerted by the acidic terpenoids. Neutral subfractions induced
moderate inhibition of DEX-induced GR transcriptional activity in luciferase assays and
abolished negative regulation of Chios mastiha’s medium polar fraction on the synthesis
of gluconeogenic enzymes. Nevertheless, neutral mastiha’s subfractions still preserved
their regulatory effects on PPAR«x and the p65 subunit of NF-«B protein levels, preserving
Chios mastiha’s antilipidemic and anti-inflammatory activities. Due to the high sensitivity
of HPLC-QTOF-MS/MS analysis, we managed to detect fatty acids and identify for the
first-time phenolic compounds, such as apigenin, astragalin, coniferaldehyde, diosmetin,
flavidin, and genistein, with profound bioactivity, as Chios mastiha’s compounds. All these
compounds are suggested to be responsible for every biological activity separately, but
the common existence of these bioactive compounds could have a significant impact on
the outcome of Chios mastiha’s fraction, as reported for other plant extracts. In summary,
this study uncovered novel bioactive compounds in Chios mastiha and contributed to the
characterization of the active compounds responsible for certain Chios mastiha’s therapeu-
tic activities, highlighting the importance of Chios mastiha in the development of novel
nutraceutical products. Moreover, the compartmentalization of Chios mastiha’s bioactive
compounds, accompanied by dissociation of its biological activities, draws the path for
the exploitation of Chios mastiha’s fractions in the development of novel nutraceutical
or pharmaceutical products for specific medical purposes. The study provides insights
into the association of Chios mastiha’s biological activities and the class of Chios mastiha’s
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bioactive compounds responsible for Chios mastiha’s biological activity. The exact biochem-
ical pathway involved in these actions remains to be determined. Moreover, the bioactivity
of the isolated compounds, alone and in combination, and their activity in in vitro and
in vivo systems, in a broad range of concentrations, remains to be elucidated, which would
help establish a precise Chios mastiha’s concentration, as a whole or as isolated frac-
tions, in the development of novel nutraceutical or pharmaceutical products with targeted
therapeutic applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nutraceuticals6020033/s1, Figure S1: 1H NMR 400 MHz of keto-
oleanolic aldehyde (1) in CDCI3; Figure S2: 1H NMR 400 MHz of $-amyrin (2) in CDCI3; Figure S3:
1H NMR 400 MHz of lupeol (3) in CDCI3; Figure S4: Chromatographic fractionation of Chios
mastiha neutral fraction. Figure S5. Characteristic phenolic fingerprint representing (a) apigenin;
(b) astragalin; (c) genistein.
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The following abbreviations are used in this manuscript:

NMR Nuclear magnetic resonance
HPLC High-performance liquid chromatography
QTOF Quadrupole time-of-flight

MS Mass spectrometry

PEPCK  Phosphoenolpyruvate carboxykinase

GR Glucocorticoid receptor

PPAR « Peroxisome proliferator-activated receptor alpha
TNFx Tumor necrosis factor alpha

NF-«B Nuclear factor kappa beta

DEX Dexamethasone

LPC Low-pressure chromatography
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HEK293 Human embryonic kidney cells 293
DMEM  Dulbecco’s modified eagle medium
GREs Glucocorticoid response elements
EtOH Ethanol
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