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Abstract: Stilbenes are plant secondary metabolites with remarkable antidiabetic, anti-
inflammatory, antimicrobial, antioxidant, antitumor, and neuroprotective properties. As
these compounds are valuable constituents in healthcare products and promising drug
candidates, exploring new sources of stilbenes is essential for therapeutic advancement.
The present study reports the isolation of two stilbene glycosides, resveratroloside and
pinostilbenoside, from Pinus cembra L. bark. Their antioxidant activity and cytotoxic effects
against HeLa cells were evaluated in comparison to the raw bark extract. The structures
of resveratroloside and pinostilbenoside were confirmed by nuclear magnetic resonance
(NMR) and mass spectrometry (MS) data analyses. Antioxidant activity was assessed
by 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging and reducing power assays.
Cell viability, apoptosis, cell proliferation, and cell cycle assays were used to evaluate the
cytotoxic potential against HeLa cells. Resveratroloside and pinostilbenoside exhibited
lower activity as free radical scavengers and reducing agents. However, they showed
greater efficacy in reducing viability and suppressing proliferation in human cervical
carcinoma HeLa cells. Given the promising findings of our study, the therapeutic potential
of resveratroloside and pinostilbenoside should be further investigated.

Keywords: Pinus cembra L.; bark extract; resveratroloside; pinostilbenoside; HeLa cells;
antioxidant activity; antitumor activity

Plants 2025, 14, 1459 https://doi.org/10.3390/plants14101459

https://doi.org/10.3390/plants14101459
https://doi.org/10.3390/plants14101459
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/plants
https://www.mdpi.com
https://orcid.org/0000-0002-0945-5437
https://orcid.org/0000-0002-0876-473X
https://orcid.org/0000-0002-4632-5076
https://orcid.org/0000-0002-1157-2405
https://orcid.org/0000-0003-4038-0514
https://orcid.org/0000-0002-0353-4564
https://doi.org/10.3390/plants14101459
https://www.mdpi.com/article/10.3390/plants14101459?type=check_update&version=1


Plants 2025, 14, 1459 2 of 22

1. Introduction
Stilbenes are secondary metabolites with a 1,2-diphenylethylene (C6-C2-C6) struc-

ture biosynthesized in plants as a response to various stress conditions, such as bacterial,
fungal, and viral infections, insect attacks, UV radiation, and heat. Most of them act as
phytoalexins, playing a key role in plant defense against various phytopathogens [1–3].
According to Teka et al. [2], 459 stilbenes from 45 plant families and 196 plant species have
been identified to date. The plant families Cyperaceae, Dipterocarpaceae, Euphorbiaceae,
Fabaceae, Gnetaceae, Moraceae, Orchidaceae, Pinaceae, Polygonaceae, and Vitaceae are rec-
ognized for their high stilbene content [2]. Stilbenes exhibit significant structural diversity
arising from hydroxylation, methoxylation, prenylation, glycosylation, isomerization, and
oligomerization. Due to the ethylene moiety, stilbenes exist in two stereoisomeric forms:
trans (E)-stilbene and cis (Z)-stilbene, the former being more stable and more common in
nature [1,2].

The vast structural diversity endows stilbenes with remarkable bioactivity and ver-
satility [1]. Resveratrol (3,5,4′-trihydroxy-stilbene), the most prominent stilbene, acts on
multiple pathways involved in oxidative stress, inflammation, and cell death, such as
nuclear erythroid 2-related factor 2 (Nrf2), nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-κB), forkhead box O (FOXO), signal transducer and activator of
transcription (STAT) 1/3, phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt), c-Jun
NH 2-terminal kinase (JNK), adenosine monophosphate-activated protein kinase (AMPK),
insulin-like growth factor 1 receptor (IGF-1R)/Akt/Wnt, and p53 pathways [2,4–6]. Ad-
ditionally, resveratrol targets various enzymes, cytokines, chemokines, and adhesion
molecules, exerting a positive impact on superoxide dismutase (SOD), glutathione per-
oxidase (GPx), glutathione S-transferase (GST), glutathione reductase (GR), and sirtuin
1/3 (SIRT1/3) while suppressing matrix metalloproteinase (MMP)-2, -9, myeloperoxidase
(MPO), nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4), cyclooxigenases
(COX), inducible nitric oxide synthase (iNOS), interleukin (IL)-1, -6, -8, tumor necrosis
factor (TNF)-α, monocyte chemoattractant protein-1 (MCP-1), C-X-C motif chemokine lig-
and 10 (CXCL10), chemokine (C-C motif) ligand 3 (CCL3), intercellular adhesion molecule 1
(ICAM-1), and vascular cell adhesion molecules (VCAMs) [6,7]. In vitro and in vivo studies
have revealed the wide range of biological activities of resveratrol (anti-aging, antidiabetic,
anti-inflammatory, anti-obesity, anti-osteoporosis, antioxidant, antitumor, cardioprotective,
and neuroprotective) [8]. Human clinical trials conducted in recent years have provided
evidence for the benefits of resveratrol in diabetes as well as neurological and cardiovas-
cular diseases [7]. Pterostilbene (3,5-dimethoxy-4′-hydroxystilbene), a dimethoxy analog
of resveratrol, is another promising candidate for clinical use due to its anti-inflammatory,
antioxidant, and antitumor effects. Some of its targets (AMPK, PI3K/Akt, Nrf2, STAT3,
SIRT1, NF-κB, TNF- α, IL-1β, -6, MMP-2, -9, COX-2, SOD) are similar to those of resver-
atrol. Pterostilbene inhibits transforming growth factor (TGF)-1β (involved in fibrotic
diseases). In tumor cells, pterostilbene induces autophagy and modulates metastasis-
associated protein 1 (MTA1)/hypoxia-inducible factor 1 α (HIF1α) and phosphatase and
tensin homolog (PTEN)/Akt pathways (involved in cell proliferation, angiogenesis, and
cell growth, respectively), microRNAs (miRNAs), endoplasmic reticulum stress (a limiting
factor in tumor development), and epithelial–mesenchymal transition (involved in cell
invasion) [9]. Piceatannol (3,3′,4,5′-tetrahydroxy-stilbene), a hydroxylated analog of resver-
atrol, is another stilbene with pleiotropic effects that interacts with various pathways (Janus
kinase (JAK)/STAT, Nrf2, NF-κB, FOXO, PI3K/Akt) and molecular/cellular targets (mam-
malian target of rapamycin (mTOR), epidermal growth factor receptor (EGFR), activator
protein-1 (AP-1), p38-mitogen-activated protein kinase (MAPK), SIRT1, STAT3, TGF-β) [10].
Pinosylvin (3,5-dihydroxy-stilbene) possesses a broad spectrum of biological activities,
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e.g., anti-inflammatory, antimicrobial, antioxidant, antitumor, and neuroprotective, due to
its ability to interact with several targets associated with various diseases [Nrf2/antioxidant
response element (ARE), PI3K/Akt-glycogen synthase kinase-3β (GSK-3β), focal adhesion
kinase (FAK)/cellular Src (c-Src)/extracellular signal-regulated kinase (ERK), and p38
signaling pathways, COX-2, MMP-2, -9, iNOS, IL-6] [11]. Another stilbene of consider-
able interest is isorhapontigenin (3,5,4′-trihydroxy-3′-methoxystilbene), which is notable
for its anti-inflammatory, antioxidant, and antitumor activities mainly attributed to the
modulation of EGFR-PI3K-Akt, NF-κB, and Nrf2 pathways [12].

Many other stilbenes, both monomers and oligomers, have been investigated for their
biological activities and the mechanisms supporting their bioactivities. According to Teka
et al. [2], the bioactivity of 116 stilbenes has been investigated to date; the antidiabetic, anti-
inflammatory, antimicrobial, antioxidant, antitumor, and neuroprotective effects are the
frequently reported activities [2]. Overall, the stilbene scaffold has shown an outstanding
biological potential. Nowadays, stilbenes are valuable ingredients in dietary supplements,
functional foods, and cosmetic products [1,2,13,14] and some of them (resveratrol, pterostil-
bene) are undergoing clinical trials to evaluate their benefits in severe diseases [1]. Therefore,
the exploration of novel stilbene sources is crucial for therapeutic progress.

Some of the above-mentioned stilbenes have also been identified in the bark of conifer
species, for example, resveratrol in the bark of Picea abies (L.) Karst. [15,16], Picea mariana
(Mill.) Britton, Sterns & Poggenb. [17], and Pinus koraiensis Siebold & Zucc. [18], piceatannol
in the bark of Picea abies (L.) Karst. [15,16], pinosylvin and its monomethyl and dimethyl
ethers in the bark of Picea glauca (Moench) Voss., Pinus resinosa Sol. ex Aiton, and Pinus
banksiana Lamb. [19], and isorhapontigenin in the bark of Picea abies (L.) Karst. [15] and Picea
mariana (Mill.) Britton, Sterns & Poggenb. [17]. To the best of our knowledge, the presence of
stilbenes in the bark of Pinus cembra L. has not been investigated before. Stilbene derivatives
(pinostilbene, pinosylvin and its monomethyl and dimethyl ethers, dihydropinosylvin and
its monomethylether) have been reported only in the knotwood and heartwood of this
species [20,21]. In the present study, we report for the first time the presence of two stilbene
glycosides, resveratroloside and pinostilbenoside, in Pinus cembra L. bark as well as their
antioxidant activity and cytotoxicity on human cervical carcinoma HeLa cells.

2. Results
2.1. Structure Elucidation of Compounds 1 and 2

The isolated compounds were identified as trans-resveratroloside (trans-resveratrol
4′-O-β-D-glucopyranoside, compound 1) and trans-pinostilbenoside (trans-pinostilbene
4′-O-β-D-glucopyranoside, compound 2) (Figure 1) by nuclear magnetic resonance (NMR)
spectroscopy, notably, 1H NMR and 13C NMR, and by comparison of their 1H-NMR and 13C-
NMR data with the literature data [18,22–25]. The molecular weights of compounds 1 and 2
were determined using high-resolution electrospray ionization mass spectrometry in posi-
tive ion mode (HRESIMS).
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Figure 1. Stilbene glycosides isolated from Pinus cembra L. bark [resveratroloside (1) R = H, pinostil-
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Trans-resveratroloside (trans-3,5,4′-trihydroxystilbene 4′-O-β-D-glucopyranoside, com-
pound 1): amorphous, white powder; HRESIMS m/z 391.1383 [M + H]+ (calculated 391.1387
for C20H23O8); 1H NMR (400 MHz, CD3OD) δ 7.45 (2H, d, J = 8.8 Hz, H-2′,6′), 7.08 (2H,
d, J = 8.8 Hz, H-3′,5′), 7.00 (1H, d, J = 16.4 Hz, H-8), 6.88 (1H, d, J = 16.4 Hz, H-7), 6.47
(2H, d, J = 2.0 Hz, H-2,6), 6.18 (1H, dd, J = 2.0 Hz, H-4), glucose 4.91 (1H, d, J = 7.6 Hz,
H-1′′), 3.91 (1H, dd, J = 12.0,1.6 Hz, H-6′′a), 3.71 (1H, dd, J = 12.0, 5.2 Hz, H-6′′b), 3.38–3.50
(4H, overlapped peaks as multiplet, H-2′′,3′′,4′′,5′′); 13C NMR (100 MHz, CD3OD) δ 159.9
(C-3,5), 158.8 (C-4′), 141.2 (C-1), 133.4 (C-1′), 129.0 (C-8), 128.73 (C-2′,6′), 128.7 (C-7), 118.1
(C-3′,5′), 106.1 (C-2,6), 103.1 (C-4), glucose 102.4 (C-1′′), 78.3 (C-3′′), 78.2 (C-5′′), 75.1 (C-2′′),
71.5 (C-4′′), 62.7 (C-6′′).

Trans-pinostilbenoside (trans-3-methoxy-5,4′-dihydroxystilbene 4′-O-β-D-glucopyranoside,
compound 2): amorphous, white powder; HRESIMS m/z 405.1538 [M + H]+ (calculated
405.1544 for C21H25O8; 1H NMR (400 MHz, CD3OD) δ 7.47 (2H, d, J = 8.8 Hz, H-2′,6′), 7.09
(2H, d, J = 8.8 Hz, H-3′,5′), 7.04 (1H, d, J = 16.4 Hz, H-8), 6.93 (1H, d, J = 16.4 Hz, H-7),
6.58 (1H, d, J = 1.6 Hz, H-2), 6.57 (1H, d, J = 1.6 Hz, H-6), 6.27 (1H, dd, J = 2.0 Hz, H-4),
glucose 4.93 (1H, d, J = 7.2 Hz, H-1′′), 3.91 (1H, dd, J = 12.0,1.6 Hz, H-6′′a), 3.78 (3H, s,
3-OMe), 3.71 (1H, dd, J = 12.0, 5.2 Hz, H-6′′b), 3.39–3.48 (4H, overlapped peaks as multiplet,
H-2′′,3′′,4′′,5′′); 13C NMR (100 MHz, CD3OD) δ 162.7 (C-3), 159.9 (C-5), 158.9 (C-4′), 141.2
(C-1), 133.3 (C-1′), 129.3 (C-8), 128.8 (C-2′,6′), 128.6 (C-7), 118.1 (C-3′,5′), 107.0 (C-6), 104.7
(C-2), 101.8 (C-4), glucose 102.4 (C-1′′), 78.3 (C-3′′), 78.2 (C-5′′), 75.1 (C-2′′), 71.5 (C-4′′), 62.7
(C-6′′), 55.8 (3-OMe).

The NMR and HRESIMS spectra are provided in the Supplementary Materials.

2.2. Antioxidant Activity

Resveratroloside (1) and pinostilbenoside (2) were less active than the raw bark extract
and positive control, catechin, in 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
and reducing power assays. The antioxidant effects of the raw bark extract and catechin
have been reported elsewhere [26]. At 166.67 µg/mL, resveratroloside (1) and pinostil-
benoside (2) scavenged DPPH radical by 19.88 ± 0.97% and 14.67 ± 0.51%, respectively,
while the scavenging effects of the raw bark extract and catechin were significantly higher
(72.32 ± 0.69% and 95.74 ± 0.05%, respectively). Similarly, at 50 µg/mL, resveratroloside (1)
and pinostilbenoside (2) had weaker reducing effects (0.49 ± 0.00 and 0.09 ± 0.01, respec-
tively) in comparison with the raw bark extract and catechin (0.90 ± 0.00 and 0.53 ± 0.00,
respectively). It is noteworthy that, at 50 µg/mL, the reducing capacity of resveratrolo-
side (1) was slightly lower than that of catechin.

2.3. Cytototoxic Activity on HeLa Cells
2.3.1. Effects on Cell Viability

After 48 h incubation, resveratroloside (1) and pinostilbenoside (2) strongly reduced
HeLa cell viability as compared to the control and raw bark extract. At 25 µg/mL,
resveratroloside (1) and pinostilbenoside (2) decreased the percentage of viable cells to
75.67 ± 4.68% and 68.36 ± 1.14%, respectively. HeLa cell viability dropped to near 50%
in the case of exposure to 50 µg/mL of resveratroloside (1) or pinostilbenoside (2). At
100 µg/mL, both resveratroloside (1) and pinostilbenoside (2) caused significant reductions
in HeLa cell viability (24.82 ± 4.20% and 29.73 ± 0.41%, respectively). Approximately 90%
of the HeLa cells were viable in the control and cultures treated with the raw bark extract
at 25 and 50 µg/mL. HeLa cell viability was slightly reduced to 82.91 ± 0.47% by the raw
bark extract at 100 µg/mL (Figure 2).
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Figure 2. Viability of HeLa cells after 48 h exposure to the raw bark extract, resveratroloside (1),
and pinostilbenoside (2), assessed by 7-amino-actinomycin (7-AAD) staining ((A)—histograms;
(B)—HeLa cell viability); (a) p < 0.001, (c) p > 0.05.

2.3.2. Effects on Apoptosis

Annexin V-fluorescein isothiocyanate (FITC)/7-amino-actinomycin (7-AAD) stain-
ing indicated no apoptosis-inducing effects for the raw bark extract. The percentages of
early and late apoptotic cells after 48 h exposure to the raw bark extract (at 25 µg/mL:
0.01 ± 0.01% and 0.11 ± 0.01%, respectively; at 50 µg/mL: 0.02 ± 0.01% and 0.09 ± 0.02%,
respectively) were similar to the control (0.01 ± 0.01% and 0.10 ± 0.03%, respectively).
On the other hand, resveratroloside (1) triggered apoptosis in HeLa cells, the effect being
more pronounced at 50 µg/mL (4.06 ± 0.58% early apoptotic cells and 7.25 ± 1.46% late
apoptotic cells vs. 0.09 ± 0.03% early apoptotic cells and 0.54 ± 0.17% late apoptotic
cells in HeLa cells exposed to resveratroloside (1) at 25 µg/mL). The pro-apoptotic effects
of pinostilbenoside (2) were negligible (at 25 µg/mL: 0.54 ± 0.37% early apoptotic cells
and 1.22 ± 0.52% late apoptotic cells; at 50 µg/mL: 0.45 ± 0.30% early apoptotic cells
and 0.37 ± 0.17% late apoptotic cells). In addition, resveratroloside (1) and pinostilbeno-
side (2) dose-dependently augmented the percentage of dead cells (21.53 ± 4.42% and
36.52 ± 3.53% in HeLa cells exposed to 25 and 50 µg/mL of resveratroloside (1), respec-
tively; 28.41 ± 1.63% and 44.32 ± 4.28% in HeLa cells exposed to 25 and 50 µg/mL of
pinostilbenoside (2), respectively) (Figure 3).

2.3.3. Effects on Cell Cycle

As shown in Figure 4, in the control, HeLa cells were distributed in high percentage
in the G0/G1 phase (63.93 ± 0.94%) and, to a lesser extent, in the S and G2/M phases
(17.53 ± 0.78% and 11.67 ± 0.35%, respectively); a small percentage of cells (6.03 ± 0.55%)
were in the sub-G1 phase. At 25 µg/mL, the raw bark extract induced a slight increase in
the percentage of HeLa cells in the S phase (19.96 ± 0.15% vs. 17.53 ± 0.78% in the control)
whereas, at 50 µg/mL, modest accumulations of cells in the G2/M and sub-G1 phases were
observed (15.25 ± 0.62% vs. 11.67 ± 0.35% in the control and 11.03 ± 0.75% vs. 6.03 ± 0.55%
in the control, respectively). At 25 µg/mL, resveratroloside (1) caused a marked increase in
the percentages of HeLa cells in the S and sub-G1 phases (29.39 ± 2.07% vs. 17.53 ± 0.78%
in the control and 30.88 ± 1.86% vs. 6.03 ± 0.55% in the control, respectively). A similar
behavior was noticed for pinostilbenoside (2). Following 48 h exposure to 25 µg/mL
pinostilbenoside (2), the percentages of HeLa cells in the S and sub-G1 phases increased in
comparison to the control (29.61 ± 1.62% and 15.56 ± 1.35%, respectively, vs. 17.53 ± 0.78%
and 6.03 ± 0.55%, respectively). A strong accumulation in the sub-G1 phase was observed in
HeLa cells after 48 h treatment with 50 µg/mL resveratroloside (1) and pinostilbenoside (2)
(49.96 ± 0.36% and 46.56 ± 1.31%, respectively, vs. 6.03 ± 0.55% in the control).
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Figure 3. Percentage distribution of viable, dead, early apoptotic, and late apoptotic HeLa cells after
48 h exposure to the raw bark extract, resveratroloside (1), and pinostilbenoside (2) at 25 µg/mL (A,B)
and 50 µg/mL (A,C), assessed by annexin V–fluorescein isothiocyanate (FITC)/7-amino-actinomycin
(7-AAD) staining ((A)—cytograms; (B,C)—HeLa cell distribution); (a) p < 0.001, (b) p < 0.05;
(c) p > 0.05.

2.3.4. Effects on Cell Proliferation

The raw bark extract (25 and 50 µg/mL) had negligible effects on HeLa cell pro-
liferation as indicated by minor increases in the mean fluorescence intensity (X) of the
48 h-treated cells compared to the control cells (107.30 ± 0.79 and 110.91 ± 1.78, respec-
tively, vs. 104.06 ± 1.11). In contrast to the raw extract, exposure to both concentrations of
resveratroloside (1) caused significant reductions in HeLa cell proliferation (X values of
132.81 ± 0.96 and 148.65 ± 3.13, respectively, vs. 104.06 ± 1.11 in the control). In the case of
pinostilbenoside (2), only the low dose (25 µg/mL) exerted an antiproliferative effect (X
value of 154.96 ± 12.35 vs. 104.06 ± 1.11 in the control) (Figure 5).
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Figure 4. Cell cycle analysis in HeLa cells after 48 h exposure to the raw bark extract, resveratrolo-
side (1), and pinostilbenoside (2) at 25 µg/mL (A,B) and 50 µg/mL (A,C), assessed by nuclear isolation
medium—4′,6-diamidino-2-phenylindole dihydrochloride (NIM-DAPI) staining ((A)—histograms;
(B,C)—cell cycle distribution); (a) p < 0.001; (b) p < 0.05.
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Figure 5. Mean fluorescence intensity in HeLa cells after 48 h exposure to the raw bark extract,
resveratroloside (1), and pinostilbenoside (2), assessed by carboxyfluorescein succinimidyl ester
(CFSE) staining; (a) p < 0.001, (c) p > 0.05.

3. Discussion
Conifer bark, the medicinal use of which dates back more than 2000 years, contains

bioactive alkaloids, flavonoids, lignans, phenolic acids, proanthocyanidins, stilbenes, and
terpenoids that contribute to its therapeutic potential. Various conifer bark extracts are
used nowadays in the nutraceutical, food, and pharmaceutical industries because of their
health-promoting effects in numerous ailments and diseases [27–29]. Such extracts are
Pycnogenol®, Flavangenol®, and Oligopin® derived from Pinus pinaster Ait. bark [29],
Enzogenol® produced from Pinus radiata D. Don bark [30], and Abigenol® originating from
Abies alba Mill. bark [31].

Pinus cembra L. (Pinaceae, Swiss stone pine, Arolla pine, cembran pine, cedar pine)
is a coniferous tree growing in the Alps and Carpathian Mountains [32]. The bark has
been scarcely investigated for its chemical composition and biological activity. We have
previously assessed the antioxidant potential of the raw bark extract (80% methanolic
bark extract) and found EC50 values of 71.1 ± 0.5 and 26.0 ± 0.3 µg/mL in the DPPH
radical scavenging and reducing power assays, respectively. The antioxidant potential of
the raw bark extract is strongly associated with the total phenolic content, quantified as
299.3 ± 1.4 mg/g. In the same assays, catechin was more effective (EC50 = 5.56 ± 0.05 and
3.70 ± 0.03 µg/mL, respectively) [26]. Other polar conifer bark extracts (80% methanolic,
aqueous) scavenged the DPPH radical with EC50 values ranging from 6.46 ± 0.36 to
100.1 ± 0.1 µg/mL [29,33–36]. In the reducing power assay, polar conifer bark extracts
exhibited EC50 values ranging from 9.17 ± 0.13 to 25.32 ± 0.62 µg/mL [29,35,37]. Overall,
the EC50 values of the raw extract of cembran pine bark in the DPPH and reducing power
assays fall within the range of values reported for other polar conifer bark extracts.

The cytotoxic potential of the raw bark extract was further investigated. HeLa cells
were used for this purpose as they have advantages over other tumor cell lines, for example,
high adaptive capacity and proliferation rate [38]. The study revealed moderate or weak
cytotoxicity. At 25 and 50 µg/mL, the extract had an insignificant impact on the viability
of HeLa cells, lacked apoptosis-inducing effects, and induced slight increases (≤5%) in
the HeLa cell percentages in the S, G2/M, and sub-G1 phases in comparison with the
control. Other polar conifer bark extracts exhibited higher activity on HeLa cells. The
aqueous extract of Pinus massoniana Lamb. bark significantly inhibited HeLa cell viability
and caused a substantial increase in the proportions of HeLa cells in the sub-G1 and G2/M
phases [39]. Accumulation of HeLa cells in the sub-G1 phase is considered an indicator
of a pro-apoptotic effect [39,40]. In other studies, the extract significantly inhibited the
migration and invasion of HeLa cells, respectively, the latter effect being attributed to
cathepsin B down-regulation [41,42]. Pro-apoptotic effects in HeLa cells were also reported
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for the 80% methanolic extract of Pinus sylvestris L. bark [43], ethanolic extract of Pinus
merkusii Jung. & de Vriese bark [44], and procyanidin-rich extract of Pinus koraiensis Siebold
& Zucc. bark [45]. The pro-apoptotic effects of conifer bark extracts were found to be
mediated by activation of caspase-9 and -3, up-regulation of the pro-apoptotic protein Bax,
and down-regulation of the anti-apoptotic protein Bcl-2 and survivin [39,44,45].

Purification of the cembran pine raw bark extract resulted in the isolation of two
stilbene glycosides, namely resveratroloside (1) and pinostilbenoside (2), the structures of
which were confirmed through spectroscopic techniques. To the best of our knowledge,
this is the first report on the presence of resveratroloside (1) and pinostilbenoside (2) in
Pinus cembra L. bark. Both compounds were previously isolated from other conifer barks:
resveratroloside from Pinus sibirica R. Mayr bark [46] and pinostilbenoside from Pinus
sibirica R. Mayr bark [46] and Pinus koraiensis Siebold & Zucc. bark [18].

The evaluation of the antioxidant potential of resveratroloside (1) and pinostilbeno-
side (2) demonstrated weaker effects than the raw bark extract, indicating a potential
synergistic interaction among the components of the extract. Previous studies have re-
ported similar synergistic interactions in pine bark extracts. Pycnogenol, a standardized
extract obtained from the bark of French maritime pine (Pinus maritima Lam.), exhibits
stronger biological effects than its components when tested individually [27]. In contrast
to our findings, Dar et al. (2016) reported a strong antioxidant potential for resveratrolo-
side in the DPPH assay (IC50 = 14.0 µg/mL) [47]. The explanation lies in the fact that
Dar et al. [47] used another experimental protocol. Resveratroloside (1) exhibited higher
activity than pinostilbenoside (2) in both assays. The findings align with previous studies
reporting a higher antioxidant capacity (evaluated as oxygen radical absorbance capacity,
ORAC) for resveratroloside (4.01 ± 0.71 Trolox equivalents/µM) than pinostilbenoside
(1.89 ± 0.25 Trolox equivalents/µM). In the same assay, the aglycones, resveratrol and
pinostilbene, were more active than the corresponding glycosides, showing ORAC values
of 5.26 ± 0.26 and 5.01 ± 0.27 Trolox equivalents/µM, respectively [48]. Glycosylation
and methylation negatively impact the antioxidant capacity of stilbenes by blocking the
free phenolic hydroxyl groups responsible for the antioxidant activity [49]. On the other
hand, glycosylation and methylation of the stilbene hydroxyl groups might enhance other
bioactivities such as tyrosinase inhibitory activity [48] and anticancer activity, respec-
tively [3]. Glycosylation enhances the stability of stilbenes, while methylation increases
their lipophilicity, leading to improved bioavailability [3].

In this study, resveratroloside (1) and pinostilbenoside (2) demonstrated promising
cytotoxic activity against HeLa cells. The activity was evaluated after 48 h of incubation
with 25 or 50 µg/mL of each compound (equivalent to 64 or 128 µM of resveratroloside (1)
and 62 or 124 µM of pinostilbenoside (2)). The selection of the concentrations to be tested
and incubation time was based on previous studies investigating the cytotoxicity of resver-
atrol in HeLa cells [50–52]. In addition, this study revealed pronounced cytotoxicity (less
than 30% cell viability) for both compounds at 100 µg/mL. This served as additional
support for selecting lower doses (25 and 50 µg/mL) in cell-based assays. To the best
of current knowledge, this is the first study evaluating the effects of resveratroloside (1)
and pinostilbenoside (2) on human cervical carcinoma HeLa cells. Resveratroloside (1)
has been scarcely investigated for its antitumor potential. Only its antiproliferative ef-
fects on H2452 malignant pleural mesothelioma cells (approximately 30% inhibition at
200 µM) were reported so far [53]. To the best of our knowledge, the antitumor potential of
pinostilbenoside (2) has not been investigated before.

Cytotoxic therapies eliminate cancer cells by triggering various pathways of cell
death. Induction of apoptosis (programmed cell death) has been a primary objective
in cancer therapy for more than 30 years [54]. In recent years, many drugs, including
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natural compounds, have been reported to trigger other types of death in cancer cells such
as autophagy, ferroptosis, necroptosis, pyroptosis, paraptosis, lysosome-dependent cell
death, oncosis, and necrosis [55,56]. Resveratroloside (1) and pinostilbenoside (2) are not
the sole stilbenes that cause tumor cell death by triggering non-apoptotic mechanisms.
Resveratrol was reported to induce tumor cell death by apoptosis, autophagy, necroptosis,
and necrosis [56,57]. Pterostilbene was found to activate apoptosis, autophagy, and necrosis
in cancer cells, apoptosis being the major mechanism involved in cancer cell death [58].
Combrestatins (diaryl stilbenoids) are effective promoters of tumor necrosis [59].

Dysregulation of the cell cycle, a process involving cell growth, DNA replication,
and cell division, is a hallmark of cancer. An important strategy in cancer therapy is the
induction of cell cycle arrest. Flavopiridol, abemaciclib, and palbociclib are a few examples
of antitumor drugs that suppress the cell cycle via inhibition of enzymes/proteins (cyclin-
dependent kinases/cyclins) responsible for driving the progression of the cell cycle from
one phase to the next one [60]. According to this study, resveratroloside (1) and pinostil-
benoside (2) impeded HeLa cell proliferation, with pinostilbenoside (2) being more active
than resveratroloside (1) at 25 µg/mL. This result aligns with previous studies showing
that stilbenes inhibit the proliferation of tumor cell lines. Resveratrol [57], piceatannol [10],
pterostilbene [61–63], and polydatin (piceid) [64] were reported to suppress the prolifera-
tion of various cancer cell lines (lung, prostate, breast, colorectal, liver, pancreatic, cervical,
ovarian, bladder, leukemia, multiple myeloma, bone, oral, esophageal, head and neck).

Regarding the impact of resveratroloside (1) and pinostilbenoside (2) on the HeLa cell
cycle, both compounds induced a significant dose-dependent increase in the sub-G1 phase
population. In addition, both compounds (25 µg/mL) induced cell cycle arrest at the S
phase, indicating a blockage of DNA replication [60]. As mentioned earlier, the sub-G1
population is a hallmark of apoptosis [39,40]. In fact, not only apoptotic cells accumu-
late in the sub-G1 phase, but this phase consists of cells showing DNA fragmentation,
a process observed in both apoptosis and necrosis [65–67]. When exploring a potential
pro-apoptotic effect, only resveratroloside (1) showed activity (approximately 11% increase
in the early and late apoptotic HeLa cells following 48 h treatment with resveratroloside (1)
at 50 µg/mL). The results of this study indicate that resveratroloside (1) and pinostil-
benoside (2) impact the viability and proliferation of HeLa cells by triggering mainly
non-apoptotic (highly likely necrotic) cell death, as well as S-phase cell cycle arrest. Similar
results have been reported for other stilbene derivatives. Resveratrol was found to induce
apoptosis and block cell cycle progression in the S phase in human SW480 colon carcinoma,
MCF7 breast carcinoma, HCE7 esophageal squamous carcinoma, HL60 promyelocytic
leukemia cells [68], and neuro-2a cells derived from C1300 murine neuroblastoma [69].
Piceatannol caused apoptosis and G0/G1 phase arrest in T24 and HT1376 human bladder
cancer cells [70]. Pterostilbene was reported to induce apoptosis and S-phase arrest in
MOLT4 human leukemia cells [71], Jurkat and Hut-78 T-cell leukemia/lymphoma cells [72],
and diffuse large B-cell lymphoma cells [73], apoptosis and G1 phase arrest in HT-29 colon
cancer cells [58] and human gastric carcinoma AGS cells [74], and autophagy and S phase
arrest in HCCC-9810 and RBE human cholangiocarcinoma cells [62].

To conclude the cytotoxicity assays, resveratroloside (1) and pinostilbenoside (2)
reduced viability (mostly via non-apoptotic routes) and proliferation (via sub-G1- and
S-phase arrest) in HeLa cells. The results are consistent with previous studies on the
antitumor potential of stilbenes. Resveratrol, the basic scaffold of resveratroloside (1) and
pinostilbenoside (2), was reported to promote cell cycle arrest at the S phase, apoptosis,
and autophagy in HeLa cells [52]. Polydatin, a glycoside of resveratrol, namely resveratrol-
3-O-β-mono-D-glucoside, reduced proliferation and induced apoptosis in HeLa cells [64].
In this study, resveratroloside (1) and pinostilbenoside (2) exhibited comparable activity in
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arresting the HeLa cell cycle at the S and sub-G1 phases (at 25 and 50 µg/mL, respectively).
On the other hand, pinostilbenoside (2) exhibited higher activity than resveratroloside (1)
in increasing the number of dead cells through non-apoptotic mechanisms (at 25 and
50 µg/mL) and in reducing HeLa cell proliferation (at 25 µg/mL). The latter findings are
consistent with earlier studies reporting increased cytotoxic activity for the methoxylated
analogs of resveratrol compared to resveratrol itself [75].

The two compounds (1 and 2) isolated in this study are stilbene glycosides. Glycosyla-
tion is known to positively impact the water solubility, intestinal absorption, and bioactivity
of stilbenes [76,77]. A notable example is polydatin, one of the main compounds in the
roots of Polygonum cuspidatum Sieb. et Zucc., identified in other plant species across the
Liliaceae, Fabaceae, and Vitaceae families. Based on its anti-inflammatory, antioxidant,
and apoptosis-modulating potential, polydatin displays diverse biological activities (anti-
cancer, antidiabetic, antimicrobial, cardioprotective, hepatoprotective, and neuroprotective
effects, as well as protective effects on the gastrointestinal, renal, respiratory, and skeletal
systems). A large number of studies conducted on polydatin has revealed versatility in
modulating numerous targets related to oxidative stress (Nrf2 and Akt pathways, glu-
tathione, catalase (CAT), SOD, GPx, GST, MPO), inflammation (NF-κB, phospholipase
A2 (PLA2), COX-2, iNOS, TNF-α, IL-1β, IL-6, ICAM-1, MAPKs, ERK1/2, JNK1/2), and
apoptosis (p53/MAPK/JNK and PI3K/Akt/mTOR pathways, B-cell lymphoma 2 (Bcl-2),
Bcl-2-associated x (Bax), D-cyclins, caspase-3, cytochrome c). Clinical trials support the
benefits of polydatin in chronic pelvic pain, liver diseases, inflammatory bowel syndrome,
and EGFR-tyrosine kinase inhibitor (TKI)-related ashes. Moreover, various drug delivery
systems (liposomes, micelles, nanoparticles, polymeric nanocapsules) have been developed
to improve the bioavailability, biocompatibility, and efficacy of polydatin [64,78].

The results of the present study, along with the remarkable biological potential of the
stilbene scaffold and the broad bioactivity of polydatin, a resveratrol glycoside, indicate
that the bioactive properties of resveratroloside (1) and pinostilbenoside (2) require further
in-depth investigation. Future studies should explore the ability of resveratroloside (1) and
pinostilbenoside (2) to modulate cellular signaling pathways, enzymes, and other molecules
involved in the antioxidant defense and oxidative damage repair. Research on the antitumor
potential (mechanisms underlying cytotoxic activity in HeLa cells, cytotoxicity against
other tumor cell lines) should also continue. Exploration of additional bioactivities and
development of appropriate delivery systems are crucial for the therapeutic valorization of
resveratroloside (1) and pinostilbenoside (2).

4. Materials and Methods
4.1. Chemicals

Diethyl ether and ethyl acetate were purchased from Sigma-Aldrich Laborchemikalien
GmbH (Seelze, Germany). Acetone, (+)-catechin, deuterated methanol (CD3OD), dimethyl-
sulfoxide (DMSO), disodium hydrogen phosphate, DPPH radical, iron (III) chloride,
methanol, polyamide 6 (50–160 µm), potassium ferricyanide, tetramethylsilane, and
trichloroacetic acid were acquired from Sigma-Aldrich (Steinheim, Germany). Methanol
for HPLC LiChrosolv® and monosodium phosphate were from Merck KGaA (Darmstadt,
Germany) while n-butanol was from Chimopar SA (Bucharest, Romania). Amphotericin B,
Dulbecco’s Modified Essential Medium (DMEM), ethylenediaminetetraacetic acid (EDTA),
fetal bovine serum, penicillin, phosphate-buffered saline (PBS), streptomycin, and trypsin
were purchased from Biochrom AG (Berlin, Germany). The CellTraceTM carboxyfluorescein
succinimidyl ester (CFSE) cell proliferation kit was obtained from Invitrogen (Waltham,
MA, USA). The annexin V-FITC/7-AAD apoptosis kit and nuclear isolation medium—4′,6-
diamidino-2-phenylindole dihydrochloride (NIM-DAPI) were purchased from Beckman
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Coulter (Fullerton, CA, USA). Ultrapure water was obtained using the SG Water Ultra
Clear TWF water purification system (Barsbüttel, Germany).

4.2. Plant Material

The source of plant material as well as drying and storage conditions have already
been described elsewhere [26].

4.3. Isolation of Stilbene Glycosides

The dried bark fragments (150 g) were powdered and extracted with 80% aqueous
methanol (1.5 L) by stirring with a magnetic stirrer for 1 h (500 rpm). The extraction was
repeated twice. The combined extracts were filtered, evaporated under reduced pressure at
40 ◦C (Büchi R-210 rotary evaporator system, Büchi Labortechnik AG, Flawil, Switzerland),
and freeze-dried (Unicryo TFD 5505 freeze-dryer, UniEquip GmbH, Munich, Germany),
resulting in 23.09 g of raw bark extract (yield: 15.39%). The raw bark extract (21.16 g) was
suspended in 210 mL of ultrapure water and extracted successively with diethyl ether
(14 × 200 mL), ethyl acetate (10 × 200 mL), and n-butanol (8 × 200 mL). The resulting
extracts were combined, evaporated under reduced pressure at 40 ◦C, and weighed to yield
diethyl ether (8.16 g), ethyl acetate (3.45 g), and n-butanol (7.71 g) extractive fractions. The
remaining aqueous phase was lyophilized yielding 1.80 g. The ethyl acetate extractive
fraction (EAF, 1.5 g) was purified by open column chromatography (39 × 2.4 cm) using
polyamide 6 as the stationary phase. Four separate fractions (EAF-1-4) were collected
following elution with methanol–water 1:1 (v/v, 450 mL), methanol–water 7:3 (v/v, 300 mL),
methanol (1100 mL), and acetone–water 7:3 (v/v, 1200 mL). Each fraction was evaporated
under reduced pressure at 40 ◦C and lyophilized yielding 852.90, 135.30, 120.40, and
131.30 mg, respectively. Fraction EAF-1 (846.40 mg) was dissolved in methanol–water
mixture (2:8, v/v, 14.5 mL) and further purified by semipreparative reversed-phase high-
performance liquid chromatography (RP-HPLC) using an Agilent Technologies 1200 Series
HPLC system (Agilent Technologies, Santa Clara, CA, USA) equipped with degasser
(G1322A), quaternary pump (G1311A), thermostat (G1316A), and diode array detector
(G1315B). The chromatographic separation was performed as follows: column: Discovery®

BIO Wide Pore C18 (250 × 100 mm, 5 µm), mobile phase: ultrapure water (A) and methanol
(B), elution gradient: 0–5 min: 0% B, 5–15 min: 0–30% B, 15–45 min: 30–100% B, detection
wavelength λ = 280 nm, flow rate 1 mL/min, and injection volume 1 mL. Twelve runs
were performed and two fractions (EAF-1-1 and EAF-1-2) were collected corresponding
to the retention times of 46–50 min and 59–61 min, respectively. The two fractions were
evaporated under reduced pressure (40 ◦C) and lyophilized yielding 171 and 162.2 mg,
respectively. EAF-1-1 (160 mg) was dissolved in methanol–water 1:1 (v/v, 12 mL) and
purified by semipreparative RP-HPLC using the same conditions as previously mentioned
except that the elution gradient was as follows: 0–35 min: 25% B, 35–45 min: 25–100% B,
45–55 min: 100% B. Compound 1 was collected in ten runs (retention time 13–31 min); the
corresponding eluates were evaporated and freeze-dried yielding 58 mg. Another gradient
(0–35 min: 40% B, 35–45 min: 40–100% B, 45–50 min: 100% B) applied to EAF-1-2 (160 mg
dissolved in 9 mL of methanol–water 3.5:1.5, v/v) allowed the isolation of compound 2. The
eluates of eight runs, corresponding to the retention time of 16–30 min, were evaporated
and lyophilized producing 84 mg of compound 2.

4.4. Structure Elucidation

Structure elucidation of compounds 1 and 2 was performed by spectroscopic tech-
niques including NMR spectroscopy and HRESIMS. 1H-NMR and 13C-NMR spectra were
recorded on a Bruker Avance DRX 400 MHz NMR spectrometer (Bruker BioSpin, Rhein-
stetten, Germany). 1H- and 13C-NMR experiments were performed at 400 and 100 MHz,
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respectively. CD3OD was used to dissolve compounds 1 and 2. Tetramethylsilane was
used as an internal standard. The chemical shift values (δ) were expressed in ppm relative
to tetramethylsilane. HRESIMS spectra were acquired in the positive ion mode on an LTQ
Orbitrap with LTQ MS Mass Spectrometer (Thermo Fischer Scientific, Waltham, MA, USA).

4.5. Antioxidant Activity
4.5.1. DPPH Radical Scavenging Assay

Resveratroloside (1) and pinostilbenoside (2) were dissolved in DMSO to achieve a
concentration of 10 mg/mL and subjected to DPPH assay as previously described [26,79]. The
assay is based on the ability of antioxidant agents to reduce the DPPH free radical (violet)
to diphenylpicrylhydrazyl (DPPH-H, yellow) which causes a reduction in absorbance at
517 nm [79]. Briefly, each compound (10 mg/mL in DMSO, 0.05 mL) was mixed with a
solution of DPPH radical in methanol (2.95 mL, A517nm = 1.00 ± 0.05). The absorbance
of the latter was determined before the compound was added (Astart) and after a 5 min
reaction time (Aend). The DPPH radical scavenging activity (%) of each compound was
calculated as 100 × (Astart − Aend)/(Astart) [26,79].

4.5.2. Reducing Power Assay

Resveratroloside (1) and pinostilbenoside (2) were dissolved in DMSO (8.25 mg/mL).
The reducing power assay was performed as previously reported [26,80,81]. The assay
evaluates the ability of antioxidant agents to reduce potassium ferricyanide to potassium
ferrocyanide, the latter being quantified as Perl’s Prussian Blue after reaction with ferric
chloride (λ = 700 nm) [80,81]. In brief, each compound (8.25 mg/mL in DMSO, 0.1 mL)
was mixed with 0.2 M phosphate buffer (pH = 6.6, 2.4 mL) and 1% potassium ferricyanide
(2.5 mL) followed by 20 min incubation at 50 ◦C. The reaction mixture was treated with
10% trichloroacetic acid and centrifuged (3000 rot/min, 10 min). An aliquot of the upper
layer (2.5 mL) was mixed with ultrapure water and 0.1% ferric chloride (2.5 and 0.5 mL,
respectively). The absorbance at 700 nm was recorded after 90 s. Higher absorbance values
indicate stronger reducing activity [26,80,81].

4.6. Cytotoxic Activity on HeLa Cells
4.6.1. Cell Culture

For the experiments, stabilized cultures of human cervical cancer cells (HeLa, ATCC®

CCL2TM), uncontaminated with Mycoplasma sp., were used. HeLa cells were grown
in DMEM containing fetal bovine serum (10%), streptomycin (100 µg/mL), penicillin
(100 UI/mL), and amphotericin B (50 µg/mL) in a humidified incubator (5% CO2) at
37 ◦C [82]. When HeLa cells reached confluence, they were detached from the plate using
a solution containing 0.25% trypsin and 0.02% EDTA, centrifuged at 1800 rpm for 2 min
(Sigma Sartorius 2–16 PK centrifuge, Gottingen, Germany), and resuspended in DMEM to
provide an optimal cell density (1.5 × 104 cells/mL). HeLa cells were further seeded in cell
culture wells (0.3 mL/well) and stored in the incubator at 37 ◦C [83–85].

4.6.2. Cell Viability Assay

To assess cell viability, HeLa cells were stained with 7-AAD, a fluorescent dye able
to penetrate only the dead cells and intercalate between guanine and cytosine bases of
DNA [86]. After 24 h, when the HeLa cell monolayer was formed, the culture medium
(0.3 mL) was discarded and replaced with medium containing either the raw bark extract,
resveratroloside (1), or pinostilbenoside (2) (at 25, 50, and 100 µg/mL), or with medium
containing the sample solvent (control). After 48 h of treatment, HeLa cells were quickly
detached by trypsinization, centrifuged, washed twice with cold PBS, resuspended in the
binding buffer (50 µL), and stained with 7-AAD (10 µL/sample). After 30 min cooling on
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ice in the dark, a volume of 250 µL of the binding buffer was added to each sample; the
sample was immediately analyzed by flow cytometry using the blue laser for fluorochrome
excitation. The fluorescence was collected using the 670 LP filter (FL3 detector). The flow
cytometry data were collected as LMD files and analyzed using Flowing Software (Cell
Imaging Core, Turku Centre for Biotechnology, Åbo Akademi University, Turku, Finland).

4.6.3. Apoptosis Assay

To investigate whether the decrease in HeLa cells’ viability was related to apoptosis, a
similar protocol was used except that HeLa cells were successively stained with annexin
V-FITC (5 µL/sample) and 7-AAD (10 µL/sample). The fluorescence was collected using a
525 BP filter (FL1 detector) for annexin V-FITC-stained HeLa cells and a 670 LP filter (FL3
detector) for 7-AAD-stained HeLa cells [84,87]. In contrast to 7-AAD, annexin V binds to
phosphatidylserine expressed on the surface of apoptotic cells. Therefore, annexin V-FITC
and 7-AAD staining discriminates viable (annexin V-FITC negative, 7-AAD negative),
dead (annexin V-FITC negative, 7-AAD positive), early apoptotic (annexin V-FITC positive,
7-AAD negative), and late apoptotic (annexin V-FITC positive, 7-AAD positive) cells [86].
The raw bark extract, resveratroloside (1), and pinostilbenoside (2) were tested at 25 and
50 µg/mL. HeLa cells exposed to the sample solvent were used as control. The data were
collected and analyzed as described in Section 4.6.2.

4.6.4. Cell Cycle Assay

To investigate the effects on the cell cycle, DNA content in HeLa cells was quantified
using NIM-DAPI staining. DAPI, a fluorescent dye, binds to DNA regions rich in adenine
and thymine, the fluorescence intensity being proportional to the DNA amount in cells. An
increase in the DNA content in a cell cycle phase indicates cell accumulation and phase
arrest [83,88]. After 48 h treatment with the raw bark extract or stilbene glycosides (at
25 and 50 µg/mL), HeLa cells were collected by trypsinization, resuspended in DMEM
supplemented with 10% fetal bovine serum, and pelleted by centrifugation (1800 rpm,
4 min). The pellets were washed twice with cold PBS, resuspended in NIM-DAPI, and
allowed to stain overnight at 4 ◦C. For the HeLa culture exposed to the sample solvent
(control), bark extract, or stilbene glycosides, 20,000 cells were analyzed by flow cytometry,
using a 100 W mercury arc lamp, a 355/37 exciter, and a 460 BP filter for fluorescence
collection and linear amplification [83]. The data were collected and analyzed as described
in Section 4.6.2.

4.6.5. Cell Proliferation Assay

The effects of the raw bark extract and resveratrol derivatives on HeLa cell prolifera-
tion were monitored by flow cytometry using staining with a fluorochrome (CFSE). The
assay is based on the progressive decrease in fluorescence of CFSE-stained cells as a conse-
quence of successive divisions and equal distribution of CFSE among daughter cells. Higher
fluorescence of treated cells compared to the control indicates cell division blockage [89].
HeLa cells were grown in monolayer culture (2 × 106 cells/mL). The cell monolayer was
detached by trypsinization, washed twice with cold PBS, centrifuged at 1800 rpm for 4 min,
and resuspended in PBS to a density of 1 × 106 cells/mL. CFSE was added to the cell sus-
pension to a final concentration of 1.5 µM with further incubation at 37 ◦C for 10 min. The
staining was blocked by the addition of 100% fetal bovine serum. After another incubation
(37 ◦C, 10 min), HeLa cells were centrifuged (1800 rot/min, 4 min), washed three times with
DMEM supplemented with 10% fetal bovine serum, and resuspended in DMEM [84]. The
stained HeLa cells were further seeded in 24-well plates (5 × 104 cells/well) and incubated
for 24 h followed by 48 h treatment with the raw bark extract or each isolated compound
(at 25 and 50 µg/mL). Following the treatment, CFSE-stained HeLa cells were collected
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by trypsinization and analyzed on a Beckman Coulter Cell Lab QuantaTM SC–MPL flow
cytometer (Beckman Coulter, Brea, CA, USA), using a 488 nm (blue) laser (CFSE excitation)
and 525 nm bandpass filters (fluorescence collection). The control consisted of HeLa cells
treated with the sample solvent. The data were collected and analyzed as described in
Section 4.6.2.

4.7. Statistical Analysis

Antioxidant assays were performed in triplicate, and the results were expressed as
mean ± standard deviation (SD). HeLa cell-based assays were performed in triplicate; the
results were expressed as mean ± standard error (SE). The differences between the results
were tested using one-way ANOVA with Tukey’s HSD test (SPSS version 18.0); p < 0.05
was considered statistically significant.

5. Conclusions
In this study, resveratroloside (1) and pinostilbenoside (2) were first isolated from Pinus

cembra L. bark. This is the first report of these compounds in this species. Their structures
were confirmed by 1H-NMR, 13C-NMR, and HRESIMS. Compared to the raw bark extract,
resveratroloside (1) and pinostilbenoside (2) showed lower activity as free radical scav-
engers and reducing agents. However, they were more effective in reducing the viability
and suppressing the proliferation of human cervical carcinoma HeLa cells. At 25 µg/mL,
both compounds induced S-phase cell cycle arrest in HeLa cells. At 25 and 50 µg/mL,
they significantly reduced the viability of HeLa cells, mainly through non-apoptotic mech-
anisms. Glycosylated stilbene scaffolds have great potential for therapeutic applications,
so further studies are needed to assess the bioactive potential of resveratroloside (1) and
pinostilbenoside (2).
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side (1) (A) and pinostilbenoside (2) (B). Figure S2: 13C NMR spectra of resveratroloside (1) (A) and
pinostilbenoside (2) (B). Figure S3: HRESIMS spectra of resveratroloside (1) (A) and pinostilbeno-
side (2) (B).

Author Contributions: Conceptualization, A.M.; methodology, C.-T.M., S.-D.M. and A.M.; validation,
C.L. and C.-T.M.; formal analysis, C.L. and C.-T.M.; investigation, C.L., C.-T.M., G.V., D.G., I.I.M.,
C.-E.I.T., L.N. and S.D.S.; writing—original draft preparation, C.L., C.-T.M. and M.G.; writing—review
and editing, M.G., L.N., S.D.S. and A.M.; visualization, C.L.; supervision, A.M.; project administration,
A.M. All authors have read and agreed to the published version of the manuscript.

Funding: The study benefited from partial support through a grant from the Core Program, developed
with the support of the Romanian Ministry of Research, Innovation and Digitization, contract
no. 7N/2023, project PN 23020402.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: C.L. and A.M. gratefully acknowledge Pincu Rotinberg, Institute of Biological
Research, Iasi, Romania, for the support provided in conducting the cytotoxicity studies on HeLa cells.
L.N. gratefully acknowledges the support from the European Regional Development Fund—Project
ENOCH (No. CZ.02.1.01/0.0/0.0/16_019/0000868) and The Czech Agency Grants—Project 23-05474S
and Project 23-05389S.

Conflicts of Interest: The authors declare no conflicts of interest.

https://www.mdpi.com/article/10.3390/plants14101459/s1
https://www.mdpi.com/article/10.3390/plants14101459/s1


Plants 2025, 14, 1459 19 of 22

References
1. Pecyna, P.; Wargula, J.; Murias, M.; Kucinska, M. More Than Resveratrol: New Insights into Stilbene-Based Compounds.

Biomolecules 2020, 10, 1111. [CrossRef]
2. Teka, T.; Zhang, L.; Ge, X.; Li, Y.; Han, L.; Yan, X. Stilbenes: Source plants, chemistry, biosynthesis, pharmacology, application and

problems related to their clinical Application-A comprehensive review. Phytochemistry 2022, 197, 113128. [CrossRef] [PubMed]
3. Mendonça, E.L.S.S.; Xavier, J.A.; Fragoso, M.B.T.; Silva, M.O.; Escodro, P.B.; Oliveira, A.C.M.; Tucci, P.; Saso, L.; Goulart,

M.O.F. E-Stilbenes: General Chemical and Biological Aspects, Potential Pharmacological Activity Based on the Nrf2 Pathway.
Pharmaceuticals 2024, 17, 232. [CrossRef]

4. Farkhondeh, T.; Folgado, S.L.; Pourbagher-Shahri, A.M.; Ashrafizadeh, M.; Samarghandian, S. The therapeutic effect of resveratrol:
Focusing on the Nrf2 signaling pathway. Biomed. Pharmacother. 2020, 127, 110234. [CrossRef] [PubMed]

5. Alavi, M.; Farkhondeh, T.; Aschner, M.; Samarghandian, S. Resveratrol mediates its anti-cancer effects by Nrf2 signaling pathway
activation. Cancer Cell. Int. 2021, 21, 579. [CrossRef] [PubMed]

6. Zhang, L.X.; Li, C.X.; Kakar, M.U.; Khan, M.S.; Wu, P.F.; Amir, R.M.; Dai, D.F.; Naveed, M.; Li, Q.Y.; Saeed, M.; et al. Resveratrol
(RV): A pharmacological review and call for further research. Biomed. Pharmacother. 2021, 143, 112164. [CrossRef]

7. Berman, A.Y.; Motechin, R.A.; Wiesenfeld, M.Y.; Holz, M.K. The therapeutic potential of resveratrol: A review of clinical trials.
NPJ Precis. Oncol. 2017, 1, 35. [CrossRef]

8. Valletta, A.; Iozia, L.M.; Leonelli, F. Impact of Environmental Factors on Stilbene Biosynthesis. Plants 2021, 10, 90. [CrossRef]
9. Liu, P.; Tang, W.; Xiang, K.; Li, G. Pterostilbene in the treatment of inflammatory and oncological diseases. Front. Pharmacol. 2024,

14, 1323377. [CrossRef]
10. Al-Jaber, H.I.; Shakya, A.K.; Al-Qudah, M.A.; Barhoumi, L.M.; Abu-Sal, H.E.; Hasan, H.S.; Al-Bataineh, N.; Abu-Orabi, S.;

Mubarak, M.S. Piceatannol, a comprehensive review of health perspectives and pharmacological aspects. Arab. J. Chem. 2024,
17, 105939. [CrossRef]

11. Bakrim, S.; Machate, H.; Benali, T.; Sahib, N.; Jaouadi, I.; Omari, N.E.; Aboulaghras, S.; Bangar, S.P.; Lorenzo, J.M.; Zengin, G.;
et al. Natural Sources and Pharmacological Properties of Pinosylvin. Plants 2022, 11, 1541. [CrossRef] [PubMed]

12. Kowalczyk, T.; Piekarski, J.; Merecz-Sadowska, A.; Muskała, M.; Sitarek, P. Investigation of the molecular mechanisms underlying
the anti-inflammatory and antitumour effects of isorhapontigenin: Insights from in vitro and in vivo studies. Biomed. Pharmacother.
2024, 180, 117479. [CrossRef] [PubMed]

13. Avula, B.; Joshi, V.C.; Wang, Y.H.; Khan, I.A. Simultaneous identification and quantification of anthraquinones, polydatin,
and resveratrol in Polygonum multiflorum, various Polygonum species, and dietary supplements by liquid chromatography and
microscopic study of Polygonum species. J. AOAC Int. 2007, 90, 1532–1538. [CrossRef] [PubMed]

14. Suprun, A.R.; Dubrovina, A.S.; Grigorchuk, V.P.; Kiselev, K.V. Stilbene Content and Expression of Stilbene Synthase Genes in
Korean Pine Pinus koraiensis Siebold & Zucc. Forests 2023, 14, 1239. [CrossRef]

15. Gabaston, J.; Richard, T.; Biais, B.; Waffo-Teguo, P.; Pedrot, E.; Jourdes, M.; Corio-Costet, M.F.; Mérillon, J.M. Stilbenes from
common spruce (Picea abies) bark as natural antifungal agent against downy mildew (Plasmopara viticola). Ind. Crops Prod. 2017,
103, 267–273. [CrossRef]

16. Jyske, T.; Brännström, H.; Halmemies, E.; Laakso, T.; Kilpeläinen, P.; Hyvönen, J.; Kärkkäinen, K.; Saranpää, P. Stilbenoids of
Norway spruce bark: Does the variability caused by raw-material processing offset the biological variability. Biomass Convers.
Biorefin. 2024, 14, 5085–5099. [CrossRef]

17. Francezon, N.; Meda, N.-S.-B.R.; Stevanovic, T. Optimization of Bioactive Polyphenols Extraction from Picea mariana Bark.
Molecules 2017, 22, 2118. [CrossRef]

18. Kwon, D.J.; Young-Soo, B. Stilbenoids of Korean Pine (Pinus koraiensis) Inner Bark. Mokchae Konghak 2009, 37, 474–479.
19. Celimene, C.; Micales, J.; Ferge, L.; Young, R. Efficacy of Pinosylvins against White-Rot and Brown-Rot Fungi. Holzforschung 1999,

53, 491–497. [CrossRef]
20. Willför, S.M.; Ahotupa, M.O.; Hemming, J.E.; Reunanen, M.H.; Eklund, P.C.; Sjöholm, R.E.; Eckerman, C.S.; Pohjamo, S.P.;

Holmbom, B.R. Antioxidant activity of knotwood extractives and phenolic compounds of selected tree species. J. Agric. Food
Chem. 2003, 51, 7600–7606. [CrossRef]

21. Alperth, F.; Schneebauer, A.; Kunert, O.; Bucar, F. Phytochemical Analysis of Pinus cembra Heartwood—UHPLC-DAD-ESI-MSn

with Focus on Flavonoids, Stilbenes, Bibenzyls and Improved HPLC Separation. Plants 2023, 12, 3388. [CrossRef]
22. Jayatilake, G.S.; Jayasuriya, H.; Lee, E.S.; Koonchanok, N.M.; Geahlen, R.L.; Ashendel, C.L.; McLaughlin, J.L.; Chang, C.J. Kinase

inhibitors from Polygonum cuspidatum. J. Nat. Prod. 1993, 56, 1805–1810. [CrossRef]
23. Vastano, B.C.; Chen, Y.; Zhu, N.; Ho, C.T.; Zhou, Z.; Rosen, R.T. Isolation and identification of stilbenes in two varieties of

Polygonum cuspidatum. J. Agric. Food Chem. 2000, 48, 253–256. [CrossRef]
24. Makong, Y.S.; Mouthé Happi, G.; Djouaka Bavoua, J.L.; Wansi, J.D.; Nahar, L.; Kamdem Waffo, A.F.; Martin, C.; Sewald, N.;

Sarker, S.D. Cytotoxic Stilbenes and Canthinone Alkaloids from Brucea antidysenterica (Simaroubaceae). Molecules 2019, 24, 4412.
[CrossRef] [PubMed]

https://doi.org/10.3390/biom10081111
https://doi.org/10.1016/j.phytochem.2022.113128
https://www.ncbi.nlm.nih.gov/pubmed/35183567
https://doi.org/10.3390/ph17020232
https://doi.org/10.1016/j.biopha.2020.110234
https://www.ncbi.nlm.nih.gov/pubmed/32559855
https://doi.org/10.1186/s12935-021-02280-5
https://www.ncbi.nlm.nih.gov/pubmed/34717625
https://doi.org/10.1016/j.biopha.2021.112164
https://doi.org/10.1038/s41698-017-0038-6
https://doi.org/10.3390/plants10010090
https://doi.org/10.3389/fphar.2023.1323377
https://doi.org/10.1016/j.arabjc.2024.105939
https://doi.org/10.3390/plants11121541
https://www.ncbi.nlm.nih.gov/pubmed/35736692
https://doi.org/10.1016/j.biopha.2024.117479
https://www.ncbi.nlm.nih.gov/pubmed/39326106
https://doi.org/10.1093/jaoac/90.6.1532
https://www.ncbi.nlm.nih.gov/pubmed/18193729
https://doi.org/10.3390/f14061239
https://doi.org/10.1016/j.indcrop.2017.04.009
https://doi.org/10.1007/s13399-022-02624-9
https://doi.org/10.3390/molecules22122118
https://doi.org/10.1515/HF.1999.081
https://doi.org/10.1021/jf030445h
https://doi.org/10.3390/plants12193388
https://doi.org/10.1021/np50100a021
https://doi.org/10.1021/jf9909196
https://doi.org/10.3390/molecules24234412
https://www.ncbi.nlm.nih.gov/pubmed/31816856


Plants 2025, 14, 1459 20 of 22

25. Segun, P.A.; Ogbole, O.O.; Ismail, F.M.D.; Nahar, L.; Evans, A.R.; Ajaiyeoba, E.O.; Sarker, S.D. Resveratrol derivatives from
Commiphora africana (A. Rich.) Endl. display cytotoxicity and selectivity against several human cancer cell lines. Phytother. Res.
2019, 33, 159–166. [CrossRef] [PubMed]

26. Apetrei, C.L.; Tuchilus, C.; Aprotosoaie, A.C.; Oprea, A.; Malterud, K.E.; Miron, A. Chemical, Antioxidant and Antimicrobial
Investigations of Pinus cembra L. Bark and Needles. Molecules 2011, 16, 7773–7788. [CrossRef] [PubMed]

27. Packer, L.; Rimbach, G.; Virgili, F. Antioxidant activity and biologic properties of a procyanidin-rich extract from pine (Pinus
maritima) bark, Pycnogenol. Free Radic. Biol. Med. 1999, 27, 704–724. [CrossRef]

28. Bhardwaj, K.; Silva, A.S.; Atanassova, M.; Sharma, R.; Nepovimova, E.; Musilek, K.; Sharma, R.; Alghuthaymi, M.A.; Dhanjal, D.S.;
Nicoletti, M.; et al. Conifers Phytochemicals: A Valuable Forest with Therapeutic Potential. Molecules 2021, 26, 3005. [CrossRef]

29. Ramos, P.A.B.; Pereira, C.; Gomes, A.P.; Neto, R.T.; Almeida, A.; Santos, S.A.O.; Silva, A.M.S.; Silvestre, A.J.D. Chemical
Characterisation, Antioxidant and Antibacterial Activities of Pinus pinaster Ait. and Pinus pinea L. Bark Polar Extracts: Prospecting
Forestry By-Products as Renewable Sources of Bioactive Compounds. Appl. Sci. 2022, 12, 784. [CrossRef]

30. Lim, W.X.J.; Gammon, C.S.; von Hurst, P.; Chepulis, L.; Page, R.A. The Inhibitory Effects of New Zealand Pine Bark (Enzogenol®)
on α-Amylase, α-Glucosidase, and Dipeptidyl Peptidase-4 (DPP-4) Enzymes. Nutrients 2022, 14, 1596. [CrossRef]
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