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Abstract: Pinosylvin (3,5-dihydroxy-trans-stilbene), a natural pre-infectious stilbenoid toxin, is a
terpenoid polyphenol compound principally found in the Vitaceae family in the heartwood of Pinus
spp. (e.g., Pinus sylvestris) and in pine leaf (Pinus densiflora). It provides defense mechanisms against
pathogens and insects for many plants. Stilbenoids are mostly found in berries and fruits but can also
be found in other types of plants, such as mosses and ferns. This review outlined prior research on
pinosylvin, including its sources, the technologies used for its extraction, purification, identification,
and characterization, its biological and pharmacological properties, and its toxicity. The collected data
on pinosylvin was managed using different scientific research databases such as PubMed, SciFinder,
SpringerLink, ScienceDirect, Wiley Online, Google Scholar, Web of Science, and Scopus. In this study,
the findings focused on pinosylvin to understand its pharmacological and biological activities as well
as its chemical characterization to explore its potential therapeutic approaches for the development of
novel drugs. This analysis demonstrated that pinosylvin has beneficial effects for various therapeutic
purposes such as antifungal, antibacterial, anticancer, anti-inflammatory, antioxidant, neuroprotective,
anti-allergic, and other biological functions. It has shown numerous and diverse actions through its
ability to block, interfere, and/or stimulate the major cellular targets responsible for several disorders.
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1. Introduction

Pinosylvin (3,5-dihydroxy-trans-stilbene), a natural pre-infectious stilbenoid toxin, is a
stilbenoid polyphenol component mostly contained in the Pinaceae family, particularly in the
heartwood of Pinus spp. (e.g., Pinus sylvestris) and in pine leaf (Pinus densiflora). Traditionally,
different parts of pine trees have been used in East Asia for various purposes, such as treating
liver toxicity, gastric disorders, and inflammation. In South Korea, pine needles were commonly
consumed as tea and food [1]. The most stilbenes are contained in the Vitaceae family of plants
containing, represented by the famous wine grape Vitis vinifera L., which is among the most
abundant sources of new stilbenes currently known, along with other families, such as Fabaceae,
Dipterocarpaceae, and Gnetaceae [2]. Pinosylvin is suggested as a functional compound respon-
sible as a defense mechanism against pathogens and insects for a wide range of plants, especially
pines [3]. They are also found in most berries or fruits, but can also be found in other types of
plants, such as mosses and ferns [4]. Pinosylvin generates phytoalexins via a reaction between
malonyl-CoA and cinnamoyl-CoA under the influence of different biotic and abiotic stresses
like wounds, herbivores, fungi, ozone, and ultraviolet light [5]. Pinosylvin is widely explored
for its relevance to plants and its characteristics favorable to human health, as it possesses
several biological properties, including antimicrobial, anti-inflammatory, anticancer, antioxidant,
neuroprotective, and antiallergic characteristics. Pharmacological examination of pinosylvin
derivatives has shown a broad range of biological effects. In fact, they have antibacterial activ-
ity against different human pathogenic bacteria (Gram-positive and Gram-negative) such as
Staphylococcus aureus, Escherichia coli, Listeria monocytogenes, Lactobacillus plantarum, Salmonella
infantis, Pseudomonas fluorescens, Campylobacter jejuni, and Campylobacter coli [6–8]. Furthermore,
pinosylvin exhibited significant antifungal effects against pathogenic fungi such as Candida
albicans, Saccharomyces cerevisiae, Trametes versicolor, Phanerochaete chrysosporium, Neolentinus lepi-
deus, Gloeophyllum trabeum, Postia placenta, Rhizoctonia solani, Sclerotinia homoeocarpa, etc. [9,10].
Also, pinosylvin, as a natural molecule, has been widely investigated in vitro and in vivo for
its excellent anti-inflammatory potential, as evidenced in several studies [11–15]. The antioxi-
dant activity of pinosylvin has been extensively studied by different investigators, not only in
isolated case studies but also in association with several diseases such as rheumatoid arthritis,
age-related diseases (age-related macular degeneration (AMD) and Alzheimer’s disease), and
oligoasthenospermia by reducing oxidative stress via the nuclear factor erythroid 2-related factor
2 (Nrf2)/antioxidant response element (ARE) pathway [16–19]. Pinosylvin is well recognized
for its potential chemopreventive activity against cancer [20,21] even at low concentrations [22].
It showed anti-cancer activity against nasopharyngeal cancer [20], prostate cancer [23], fibrosar-
coma [5], colorectal cancer [21], and oral cancer [20]. Indeed, in HCT116 colorectal cancer
cells, pinosylvin was found to block the activation of proteins that play a role in the FAK/c-
Src/ERK and PI3K/Akt/GSK-3b signaling pathways [21]. Additionally, in cultured HT1080
human fibrosarcoma cells, pinosylvin inhibited the production of matrix metalloproteinase
(MMP)-2, MMP-9, and membrane type 1-MMP. The antimetastatic action of pinosylvin was
associated with the downregulation of MMP-9 and cyclooxygenase-2 (COX-2) [5]. Despite
the availability of certain investigations that have highlighted the different pharmacological
functions of pinosylvin and its derivatives, to the best of our knowledge, no critical review
has been carried out to provide suggestions for potential future clinical uses of this bioactive
molecule. This synthesis article aims to provide a comprehensive review of the characteristics of
this secondary metabolite, namely its sources, extraction technologies, purification, identifica-
tion, characterization, and pharmacological and biological properties. We hope that this review
will give a novel background for further investigations on this deterrent secondary metabolite
and its pharmacological actions in order to explore new pharmaceutical opportunities for this
natural molecule.

2. Sources of Pinosylvin

Pinosylvin, known as 3,5-dihydroxy-trans-stilbene, was first isolated by Erdtman in
1939 from extracts derived from Pinus sylvestris, hence the name pinosylvin [24]. It is a
natural stilbenoid belonging to the phenolic group of compounds. Pinosylvin is found in a
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wide range of plant species, particularly in the leaves and wood of various Pinus species
(Table 1).

Table 1. Sources of Pinosylvin.

Species Extract/Essential Oil References

Pinus sylvestris Extract [13,24–33]

Pinus resinosa Extract [9,28,31,34]

Pinus banksiana Extract [26,28,31]

Pinus nigra Arn. Extract [25,30]

Pinus densiflora Extract [35,36]

Pinus sibirica Extract [37]

Pinus contorta Extract [37]

Pinus strobus Extract [38–40]

Pinus taeda Extract [41]

Pinus cembra Extract [37]

Pinus pinaster Extract [42–44]

Hovenia dulcis Thunb. Extract [45]

Picea glauca Extract [9]

Nothofagus (Southern beeches) Extract [46,47]

Stemona cf. pierrei Extract [48]

Arachis hypogaea Extract [49]

3. Technology of Extraction and Purification

Stilbenes have attracted increasing interest in recent years for their health benefits
in preventing disease. For these reasons, their extraction and subsequent purification
are particularly interesting for the production of high-quality extracts. Due to its very
low occurrence in plants, and the environmental and chemical hazards associated with
multi-step isolation and purification processes, the extraction of pinosylvin from plants was
difficult and unsustainable. These drawbacks have led scientists to introduce alternative
production sources into the stilbene isolation process, such as the callus culture, plant
culture, cell suspension culture, hairy root culture, genetically-modified plants, and the
introduction of the stilbene biosynthetic genes into microbial hosts.

These different biotechnological approaches have been applied to avoid the formation
of many undesirable biproducts of high medicinal risk in the extracts obtained by chemical
synthesis. These biproducts subsequently necessitate a more complicated purification
process, such as sequential flash chromatography in two repetitions in gradient mode
during the mobile phase with cyclohexane (CX) and ethyl acetate (EtOAc) [50].

3.1. Pinosylvin Production in Callus Cultures and Cell Suspension Cultures

In 1961, Jorgensen showed that mechanical damage applied to the bark and cambium
of red pine causes fungal penetration of the sapwood into the stems and roots. This
fungal penetration affects the dying tissues and induces the formation of pinosylvin and its
monomethyl ether, which are absent in the healthy sapwood [51]. At temperatures where
cellular activity is possible, pinosylvin is formed by living cells in response to desiccation,
causing slow tissue death in sections of living branches or callus tissues, thus producing
the stilbenes.

In a study reported by Koo et al. [40], the authors have established a system of produc-
tion of pinosylvin stilbene and its derivatives using the in vitro culture of Pinus strobus L.
callus. From a culture of mature zygotic embryos in 1/2 Litvay medium with 1.0 mg/L
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2.4-D and 0.5 mg/L BA, calli were obtained and the accumulation of pinosylvin signifi-
cantly increased in prolonged callus cultures. In 1984, and for the first time, Schöppner and
Kindl [49] described the purification of pinosylvin synthase from cell suspension cultures
of peanuts using column chromatography. This study showed that from hypocotyls of
4-day-old seedlings, peanut cell cultures were initiated and propagated as callus cultures.

In a study reported by Lange et al. [52], the accumulation of the stilbenes pinosylvin
and pinosylvin 3-O-methyl ether in methanolic cell extracts was induced by a cell sus-
pension of treatment of Pinus sylvestris L. cultures with an elicitor preparation of the pine
needle pathogen.

3.2. Microbial Biosynthesis of Pinosylvin

The bioproduction of pinosylvin was achieved by genetic engineering of the host
strain to integrate the heterologous pathways of plants with the host strain. E. coli was the
commonly used host for pinosylvin production. The bacterial hosts have a short life cycle,
high growth rate, and easy genetic manipulation, and, therefore, significant overexpression
of proteins and enzymes. At the same time, they severely lack the expression of large
proteins and the post-translational modifications necessary for the correct folding and
functional activity of recombinant proteins [53,54]. Therefore, pathway engineering is one
of the pioneering methods in E. coli design (50% bioconversion rate) which facilitated the
bioproduction of stilbenes in different micro-organisms to produce value-added bioactive
pinosylvin [55].

Interestingly, another study described the development of an E. coli platform strain
to produce the stilbene pinosylvin found in the heartwood of pines [56]. The authors
of this study reported low pinosylvin concentrations (3 mg/L) after the optimization of
gene expression and evaluation of different construction environments. To promote the
production of pinosylvin stilbene, the authors added cerulenin to increase the intracellular
reserves of malonlyl-CoA and subsequently obtained higher concentrations of pinosylvin
of up to 70 mg/L from glycose and 91 mg/L by adding L-phenylalanine. Similar results
were obtained in a study conducted by Xu et al. [57], who evaluated the biosynthetic
pathway for pinosylvin production in engineered E. coli. It was shown in this study that
the excessive accumulation of the precursor malonyl-CoA leading to malonylation of the
biosynthetic enzymes decreases pinosylvin yield. In order to mitigate this decrease, several
metabolic engineering techniques (PTM, PTM-ME) have been established to maintain an
optimal level of intracellular acyl-CoA concentration, and thus increase the pinosylvin
yield. Liang et al. [58] investigated an alternative approach to pinosylvin production using
three bioengineering strategies to develop a simple and economical process for pinosylvin
biosynthesis in E. coli. The authors were able to produce 47.49 mg/L of pinosylvin from
glycerol, using these combinatory processes by promoting the expression of the pinosylvin
pathway enzymes, increasing the level of the key precursor of pinosylvin bioproduction
(malonyl-CoA) in the E. coli cell. The final step was to introduce phenylalanine super-
producing E. coli to produce trans-cinnamic acid which is a precursor of pinosylvin. Other
researchers have also established metabolic engineering techniques for E. coli for the
biosynthesis of stilbene pinosylvin [59–61].

4. Technology of Identification and Characterization

Chromatographic analyses (GC-MS, LC-MS, GC-FID or HPLC) are frequently used to
identify and characterize stilbenes using stilbene standards. In 1999, Holmgren et al. [62]
used diffuse reflectance Fourier transform infrared spectroscopy (DRIFT) and FT-Raman near-
infrared spectroscopy (NIR) to detect the presence of pinosylvin and its derivatives in the
wood of Pinus sylvestris L. by a simple visual inspection of uniform wood blocks in disc form.
Roupe et al. [63] developed a simple and novel high-performance liquid chromatography
(HPLC) method to simultaneously determine pinosylvin and its metabolic products in rat
serum and liver microsomes. The method consists of a preliminary precipitation of serum
or microsomes with acetonitrile after adding an internal standard. The separation was then
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performed on a tris-3,5 dimethyl phenyl carbamate amylose column with UV detection at
308 nm. In another study performed by Ekeberg et al. [64], the quantitative identification of
P. sylvestris L. heartwood extracts, including pinosylvin and its derivatives, was carried out
using gas chromatography (GC) with flame ionization detection (FID). Similarly, a study on
Scots pine/spruce wood residues from Norway conducted by Poljanšek et al. [50], describes
the qualitative and quantitative analysis of the obtained extracts in terms of pinosylvin and
pinosylvin monomethyl ether performed uisng gas chromatography with a flame ionization
detector (GC-FID) and gas chromatography with mass spectrometry (GC-MS).

Somewhat removed from plant samples, Preusz et al. [65] conducted a study on
organic residues in the form of black stains found at the sites of the ancient ports of Pyrgi
and Castrum Novum on the Tyrrhenian coast, in which pinosylvin monomethyl ether was
identified and confirmed for the first time in archaeological samples using GC-MS and
HPLC with fluorimetric detection.

5. Biological and Pharmacological Properties

As evidenced in several investigations, pinosylvin was found to exhibit a wide range of
biological and pharmacological properties, including antimicrobial [66], anti-inflammatory [11],
antioxidant [17], anticancer [5,23], neuroprotective [67], and anti-allergic [45] effects (Figure 1).

Figure 1. Major pharmacological properties of pinosylvin.

5.1. Antimicrobial Activity

With the increasing problems of the persistence and emergence of microbial resistance,
much attention was given to the identification of new antimicrobial drugs derived from
natural bioactive compounds [68–71]. Pinosylvin has been widely investigated for its health
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benefits and biological activities, including its antimicrobial effects. Lee et al. [66] showed
the role of pinosylvin as an antimicrobial agent against various human pathogens, includ-
ing Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria, fungi (C. albicans), and
yeasts (S. cerevisiae). C. albicans and S. cerevisiae appeared to be more sensitive to pinosylvin
with minimal inhibitory concentration (MIC) values of 62.5 and 125 µg/mL, respectively,
while the MIC for E. coli and S. aureus was 250 µg/mL. Moreover, pinosylvin extracted from
the knot wood and bark of different Pinus species exhibits potent antimicrobial activity,
effectively inhibiting the growth of a broad spectrum of pathogenic strains, including
Bacillus cereus, S. aureus, L. monocytogenes, L. plantarum, E. coli, S. infantis, P. fluorescens, C.
albicans, S. cerevisiae, Aspergillus fumigatus, and Penicillium brevicompactum, with inhibition
diameters ranging from 19 ± 1 to 101 ± 6 mm. Sousa and collaborators [8] evaluated the
potential interaction between pinosylvin and four antibiotics (tetracycline, chloramphenicol,
erythromycin, and ciprofloxacin) against Arcobacter butzleri using checkerboard titration
assays. Based on FICI values, no synergistic effects were observed for pinosylvin/four
antibiotic combinations, while pinosylvin showed additive interactions on all the tested
antibiotics, except ciprofloxacin. In addition, these researchers investigated the ability of
pinosylvin to modulate the efflux pump activity using ethidium bromide (EtBr) accumula-
tion assays. The results showed that pinosylvin causes a higher intracellular accumulation
of EtBr, elucidating that it may attenuate the activity of efflux pumps (EPs) [8]. Overall,
these findings shed light on the use of pinosylvin as a resistance modulator to control the
decreasing susceptibility of A. butzleri to antibiotics and suggest the potential of pinosylvin
as an efflux pump inhibitor. Furthermore, prenylation of stilbenes, including pinosylvin
has been shown to enhance their antibacterial activity, which is explained by MIC values. In
this regard, Bruijn et al. [72] demonstrated that prenylated pinosylvin derivatives isolated
from Rhizopus extract exhibit potent antimicrobial activity against methicillin-resistant
Staphylococcus aureus (MRSA), especially chiricanine A with a MIC value of 12.5 µg/mL.

As a natural compound, pinosylvin has potential applications in the development
of antimicrobial food packaging systems due to its inherent antimicrobial activity, espe-
cially against Campylobacter spp. [6,7]. Indeed, it has been shown that pinosylvin or its
inclusion complexes (ICs) with modified cyclodextrins (hydroxypropyl-b-cyclodextrin and
hydroxypropyl-g-cyclodextrin) were able to inhibit the growth of Campylobacter jejuni and
Campylobacter coli American type culture collection (ATTC) reference strains and clinical
isolates [73]. The MIC values were between 25 to 50 mg/mL for the pure compound
and between 16 and 64 mg/mL for the ICs. Furthermore, time-kill assays showed that
pinosylvin ICs exhibit bactericidal action on both Campylobacter species at 37 ◦C and even at
4 or 20 ◦C [73]. Flow cytometric analysis shows that the mechanism behind this bactericidal
action may mainly involve membrane damage mediated by the impairment of various
cellular functions such as membrane polarization, permeability, and efflux activity [73].
These promising data make these pinosylvin ICs valuable lead compounds used in active
food packaging to eradicate Campylobacter spp. in fresh poultry products. In this context, in
their recent findings, the same authors demonstrated the role of coated pads containing
pinosylvin ICs in controlling fresh chicken meat from Campylobacter contamination [7].
The above-mentioned compound exhibited effective in vitro bactericidal activity against
C. jejuni with more than 99% colony count inhibition, even at the lowest concentrations
(0.08 mg/cm2). In vivo tests on chicken exudates and chicken fillets have also shown that
these active pads exhibit promising anti-Campylobacter activity at 37 ◦C and 4 ◦C [7].
Additionally, coated pads-pinosylvin ICs are also effective against other major chicken
foodborne bacteria, suggesting future uses of this coating as a new alternative to control
the microbial growth in packaged chicken meat [7].

On the other hand, the antifungal potential of pinosylvin and pinosylvin monomethyl
ether isolated from pine knot extract was assessed in vitro against Plasmopara viticola.
This study showed that pinosylvin exhibits promising antimildew properties, inducing
significant inhibition of zoospore mobility (IC50 = 34 µM) and mildew development
(IC50 = 23 µM) [43]. These findings are corroborated by those described by other au-
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thors. Indeed, pinosylvin and pinosylvin monomethyl ether from Pinus trees have already
demonstrated significant antifungal effects against white rot (Trametes versicolor and Phane-
rochaete chrysosporium) and brown-rot (Neolentinus lepideus, Gloeophyllum trabeum, and Postia
placenta) [9] fungi. Furthermore, pinosylvin from the methylene chloride fraction of Pinus
densiflora showed effective antifungal activity against plant pathogens such as Rhizoctonia
solani AG1-1B, R. solani AG2-2IV, R. cerealis, and S. homoeocarpa. S. homoeocarpa showed the
highest sensitivity with the lowest mean EC50 value (8.426 µg/mL), whereas among the Rhi-
zoctonia pathogens, R. cerealis had the highest mean EC50 value (99.832 µg/mL). Pinosylvin
could be a valuable lead compound for developing new effective and ecofriendly antifungal
agents [10].

5.2. Anti-Inflammatory Activity

Over the past decades, several scientists have dedicated their efforts to developing
novel anti-inflammatory drugs from natural molecules to overcome the serious and ex-
cessive side effects of current drugs [74,75]. As a natural molecule, pinosylvin has been
extensively investigated (in vitro and in vivo) for its excellent potential anti-inflammatory
effects (Table 2).

Table 2. Anti-inflammatory effects of pinosylvin.

Experimental Approaches Key Results References

Western blot analysis and reverse
transcription-polymerase chain reaction
(RT-PCR)

Inhibited COX-2, iNOS protein and gene expression [76]

Murine adipocytes model, cytotoxicity
assays, lipid staining, western blotting,
and ELISA assays

Attenuated adipogenesis and inflammation through
downregulation of the expression of PPARγ, C/EBP and
TNF-a-stimulated IL-6 secretion

[14]

Cell viability and RNA interference
analysis

Protected (10 µM) cell survival from oxidative damage by
promoting HO-1 induction [77]

LPS-induced mouse macrophage RAW
264.7 cells Suppressed COX-2-mediated PGE2 production (IC50 = 10.6 µM) [78]

LPS-stimulated
Macrophage cells
Western blot analysis
RT-PCR analysis

Inhibited LPS-induced iNOS protein and mRNA expression in
dose-dependent manner (IC50 = 39.9 µM)
Decreased the expression levels of interferon regulatory factor 3
(IRF-3) and interferon-E (IFN-E)

[79]

AITC-induced acute paw inflammation
in mice model
Fluo-3-AM assay and patch clamping

Reduced paw inflammation formation by inhibiting and
attenuating IL-6 production at the site of inflammation [15]

Adjuvant-induced arthritis in rats

Pinosylvin + MTX reduced oxidative
stress by upregulating HO-1 expression in lungs and reducing
plasma activity of thiobarbituricacid reactive substances (TBARS)
and lipoxygenase (LOX) in the lungs

[16]

Primary cultures of human OA
chondrocytes

Increased aggrecan expression
Inhibited IL-6 production by attenuating NF-κB activity [13]

AA in rats
Chemiluminescence (CL) of the joint and
myeloperoxidase (MPO) activity

Decreased HPV
Reduced CL of the joint and MPO activity of the joint homogenate [80]

Carrageenan-induced paw edema in
male C57BL/6 mice

Reduced inflammatory response by downregulating the
production of inflammatory cytokines IL6, MCP1, and NO [11]

AA was induced in Lewis rats
Fresh human blood neutrophils as model

Reduced the formation of oxidants, both extra- and intra-cellular
Suppressed PKC activation induced by phorbol myristate acetate
Reduced neutrophil countDecreased the amount of ROS (in vivo)

[81]
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Table 2. Cont.

Experimental Approaches Key Results References

LPS-triggered apoptosis in the leukocyte
Enhanced apoptosis of LPS-preconditioned leukocytes via
decreasing ALOX 15 expression mediated by ERK and
JNK pathways

[82]

Humane monocytic THP-1 cell lines
Western blotting analysis

Suppressed proinflammatory enzymes TNF-α and IL-8 by the
inhibition of NF-κB activation [66]

Murine and U937
Human macrophages model
qRT-PCR and ELISA

Changed macrophage polarization from the proinflammatory M1
phenotype to the M2 phenotype
Promoted resolution of inflammation and repair
Enhanced PPAR-γ expression in IL-4 treated macrophages

[12]

LPS-induced mouse macrophage RAW
264.7 cells

Decreased inflammation on LPS-stimulated macrophages
Inhibited PPARγ activity in vitro [83]

Antigen-stimulated mast cell-like cell line
rat basophilic leukemia (RBL)-2H3 and a
passive cutaneous anaphylaxis (PCA)
mouse model
Degranulation assay
RT-PCR, PCA
Western blot analyses

Suppressed the release and expression of allergic and
proinflammatory key enzymes (IL-4, TNF-α
and PGE2, COX-2, NFKB1, and NFKB2) in a
dose-dependent manner

[45]

Research results by Park and colleagues (2005) [84] showed that pinosylvin down-
regulates the production of proinflammatory mediators such as prostaglandin E2 (PGE2)
and nitric oxide (NO) in a dose-dependent manner. This effect was directly related to
COX and inducible nitric oxide synthase (iNOS) inhibition. Moreover, pinosylvin signifi-
cantly inhibited other key inflammatory enzymes, interleukin 6 (IL6) (IC50 = 32.1 µM) and
monocyte chemotactic protein 1 (MCP1) (IC50 = 38.7 µM) [11]. Additionally, the in vivo
investigation measuring carrageenan-induced paw edema in male C57BL/6 mice showed
that pinosylvin at a dose of 30 mg/kg significantly reduced the inflammatory response by
downregulating the production of inflammatory cytokines IL6, MCP1, and NO compared
to an LY294002-treated group [11]. The similar anti-inflammatory effects of pinosylvin to
those of the known commercial phosphatidylinositol-3 kinase (PI3K) inhibitor LY294002
suggest that these effects may be mediated by the inhibition of the PI3K/Akt pathway
(Figure 2).

Furthermore, treatment with pinosylvin was shown to significantly inhibit stimulation-
induced NO production of murine macrophages with lipopolysaccharide (LPS) in a
dose-dependent manner, with an IC50 value of 39.9 µM compared to reference L-NMMA
(IC50 = 30.7 µM) [79]. In addition, pinosylvin suppressed iNOS gene expression via down-
regulation of interferon regulatory factor 3 (IRF-3) and interferon-E (IFN-E) expression
related to TIR-domain-containing adapter-inducing interferon-β (TRIF) mediated signaling
pathway. These events were then associated with the suppression of JAK kinase phos-
phorylation, which decreased the phosphorylation of signal transducer and activator of
transcription-1, one of the iNOS transcriptional activators [79].

Since the substitution patterns of the trans-stilbene have been shown to enhance
various biological properties, Park et al. [78] assessed the substitutions of the dihydroxy
group in pinosylvin with different lipophilic derivatives on LPS-induced RAW 264.7 cells.
The results showed that the synthesized pinosylvin derivatives, especially 3,5-dimethoxy-
trans-stilbene and 3-hydroxy-5-benzyloxy-trans-stilbene, significantly suppress COX-2
mRNA expression-mediated PGE2 production. On the other hand, pinosylvin treatment
at doses of 5 and 10 µM greatly enhanced human RPE cells from oxidative stress. The
expression levels of heme oxygenase-1 (HO-1), an enzyme with anti-inflammatory and
immunomodulatory activities, were upregulated by pinosylvin treatment and markedly
correlated with cell survival [70]. These findings demonstrated the role of pinosylvin
treatment in the protection against oxidative stress, induction of HO-1 expression in human
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RPE cells and, therefore, potential health promotion against oxidative stress and aging-
related diseases such as AMD and Alzheimer’s disease [77].

Figure 2. Anti-inflammatory effects of pinosylvin. This figure illustrates the ability of pinosylvin to
reduce the expression of some proinflammatory cytokines and enzymes, probably via the inactivation
of NF-κB and the PI3K/Akt pathway. Abbreviations: NF-κB, nuclear factor kappa B; NO, nitric oxide;
COX-2, cyclooxygenase-2; iNOS, inducible nitric oxide synthase; IL6, interleukin 6; MCP1, monocyte
chemotactic protein 1; TNF-α, tumor necrosis factor-α.

Interestingly, in addition to its ability to reduce the concentration of reactive oxygen
and nitrogen species, pinosylvin has been shown to potentiate the therapeutic efficacy of
methotrexate (MTX), an immunosuppressive drug in arthritis treatment. Indeed, Bauerova
et al. [16] showed that the treatment of AA in rats with pinosylvin in combination with
MTX (Orale doses of 50 mg/kg b.w. for PIN and 0.4 mg/kg b.w. for MTX) significantly
reduced oxidative stress via upregulation of HO-1 expression in the lungs and reduction in
plasmatic thiobarbituric acid reactive substances (TBARS) as well as markedly decreased
lipoxygenase (LOX) activity in the lungs.

Ankyrin subtype 1 protein (TRPA1) has been involved in various inflammatory
responses. Its suppression may provide promising targets for the treatment of many
pathological conditions related to acute pain, inflammation, and hyperalgesia. In this
respect, Moilanen and colleagues (2018) conducted their research to investigate the ef-
fect of pinosylvin on TRPA1 in vitro by measuring transient receptor potential ankyrin
subtype 1 protein (TRPA1)-mediated Ca2+ influx and membrane currents. The findings re-
ported a dose-dependent inhibitory effect of pinosylvin (IC50 = 16.7 µM) on AITC-induced
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TRPA1-mediated responses. In vivo experiments using AITC-induced paw inflammation
as a model demonstrated that pinosylvin treatment effectively reduced the formation of
paw edema, attenuating the production of inflammatory cytokine IL-6 at the site of the
inflammation [15].

5.3. Antioxidant Activity

The antioxidant activity of pinosylvin was extensively studied by different researchers,
not only as an isolated study case (ORAC, ABTS+, and FRAP in vitro assays), but in relation
to many diseases such as rheumatoid arthritis, age-related diseases, and oligoasthenosper-
mia [16–19] (Table 3).

Table 3. Pinosylvin antioxidant activity.

Origins Cell Lines Methods Key Findings References

Synthesized Mouse model of
oligoasthenospermia

Epididymal sperm
concentration and motility
evaluation
Hormone level assessment
Real-time PCR
Western blot analysis
Evaluation of the testicular
levels of ROS and MDA

Decreased oxidative stress through
glutathione peroxidase 3 drastically
reduced oxidative stress (in vivo) by
inhibiting the nuclear factor erythroid
2-related factor 2 (Nrf2)/antioxidant
response element (ARE) pathway

[19]

Purchased WT and NFE2L2 KO
(NFE2L2−/−) mice strain

ERG recording and
processing of signals
OCT imaging
Antioxidant capacity
analysis
Immunohistochemical
staining
Confocal imaging

Retained retinal function
Decreased accumulation of
ubiquitin-tagged proteins
Decreased chronic oxidative stress
Preserved retinal function and
morphology in the NFE2L2 KO
disease model
Reduced the risk of age-related
macular degeneration (AMD) and
halted its development

[85]

Purchased In vitro non-enzymatic
assays

ORAC-FL assay
ABTS assay
FRAP assay

Strong antioxidant and free radical
scavenging properties [18]

Synthetized AA model induced in
Lewis rats

Oral administration of
pinosylvin to AA induced
animals
Monitoring of the hind
paw volume
Monitoring of the
luminol-enhanced
chemiluminescence (CL) of
the joint
Monitoring of
myeloperoxidase (MPO)
activity in hind paw joint

Reduced HPV (at days 14 and 28)
Reduced joint CL and MPO activity in
joint homogenate

[80]

Not reported Human retinal pigment
epithelial cells (ARPE-19)

Toxicity assessment
Oxidative stress
assessment
MTT assay
Real-time PCR
Nrf2 and p62 RNA
interference

Improved cell viability against
oxidative stress (5 and 10 µM)
Validated the importance of Nrf2 and
HO-1 in pinosylvin-mediated
protection against oxidative stress

[77]

Synthesized Bovine aortic endothelial
cells (BAECs)

Measurement of apoptosis
Measurement of caspase-3
activity
Cell proliferation
Western blot analysis
Cell migrationAdhesion of
THP-1 to BAECs

Activated endothelial nitric oxide
synthase
Impacted cell proliferation in
endothelial cells
Stimulated cell migration and tube
formation
Avoided inflammatory cardiovascular
disorders

[1]
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Table 3. Cont.

Origins Cell Lines Methods Key Findings References

Synthesized AA model induced in rats

Formation of reactive
oxygen species
Western blot analysis
Measurement of ATP
liberation
Flow cytometry
Effects of pinosylvin on
arthritis

Reduced both extracellular and
intracellular oxidant generation in
isolated human neutrophils
Inhibited PKC activation triggered by
phorbol myristate acetate
Increased the number of neutrophils
in the blood of arthritic rats
Improved whole blood
chemiluminescence (both spontaneous
and PMA-stimulated)
Reduced the number of neutrophils
and the number of reactive oxygen
species in the blood

[81]

Not reported AA model induced in rats

28 days of oral
administration
Changes in hind paw
volume and arthrogram
evaluation
γ-glutamyltransferase
(GGT) activity assessment
Measurement of
thiobarbituric acid reactive
substances (TBARS)

Decreased the activity of GGT in
the spleen
Reduced the activity of GGT in
joint tissue
Exhibited moderate efficacy in
preventing oxidative damage

[17]

Synthetized AA model induced in rats

Assessment of hind paw
volume
Measurement of the
C-reactive protein
Monocyte chemotactic
protein-1 (MCP-1) level
measurement
Plasma levels of
thiobarbituric acid reactive
substances (TBARS) and
F2-isoprostanes
measurement
G-glutamyltransferase and
lipoxygenase (LOX)
activity evaluation

Increased NF-κB activation in the liver
and lung, HO-1 expression and LOX
activity in the lung, MCP-1 levels in
plasma, and F2-isoprostane plasmatic
levels
Reduced the OS (an increase of HO-1
expression in the lung and reduction
in plasmatic TBARS)
Decreased the LOX activity in the lung

[16]

Bauerova et al. [16] assessed the impact of the treatment on selected parameters in
AA (Alko, alcohol) rats when administered pinosylvin for 28 days as a monotherapy
and in combination with methotrexate (MTX). The experiment included healthy controls,
untreated AA, and AA given 50 mg/kg b.w. pinosylvin daily p.o. AA was monitored using
hind paw volume, C-reactive protein, MCP-1 activity, TBARS, F2-isoprostanes in plasma,
g-glutamyltransferase activity in the spleen, lung LOX activity, HO-1 activity, and nuclear
factor kappa B (NF-κB). Pinosylvin monotherapy enhanced NF-κB activation in the liver
and lung, HO-1 expression and LOX activity in the lung, plasma MCP-1 levels (on the 14th
day), and plasmatic levels of F2-isoprostanes. The reduction in OS (an increase in HO-1
expression in the lungs and a reduction in plasmatic TBARS) and decrease in LOX activity
in the lungs were substantial contributions of pinosylvin.

The pathophysiology of rheumatoid arthritis is strongly influenced by oxygen metabolism.
Patients with rheumatoid arthritis have an altered antioxidant defense capacity barrier,
which links oxidative stress, inflammation, and the immune system. Drafi et al. [17]
investigated the impact of pinosylvin in monotherapy for the treatment of AA. Indeed,
pinosylvin (30 mg/kg body mass daily per os) was provided in monotherapy to rats with
AA for 28 days. In rats, parameters such as changes in hind paw volume and arthritis
score were measured as indicators of destructive arthritis-related clinical changes, with
determination of oxidative indicators, plasmatic levels of TBARS, and the latency of Fe2+-
induced lipid peroxidation (tau-FeLP) in plasma and the brain. CRP levels in the blood and



Plants 2022, 11, 1541 12 of 23

glutamyltransferase (GGT) activity in the spleen and joints have been used as inflammatory
indicators. Pinosylvin failed to significantly reduce the arthritic score in arthritic animals
compared to untreated arthritic animals. Administration of pinosylvin somewhat reduced
GGT activity in the spleen. Pinosylvin was less effective in reducing oxidative damage as
determined by plasma TBARS levels.

Jančinová et al. [81] conducted their investigation to evaluate the effects of natural
stilbenoid pinosylvin on neutrophil activity in vitro and experimental arthritis and to
determine whether protein kinase C (PKC) activation functioned as an assumed target of
pinosylvin action. The oxidative burst was assessed using enhanced chemiluminescence
from neutrophils from fresh human blood. Flow cytometry was used to analyze neutrophil
viability, and Western blotting was used to determine PKC phosphorylation. Adjuvant
arthritis was produced in Lewis rats using heat-killed Mycobacterium butyricum, and
the animals received pinosylvin (30 mg/kg, p.o.) daily for 21 days after arthritis was
established. Pinosylvin (10 and 100 µmol/L) greatly reduced the generation of extracellular
and intracellular oxidants and efficiently inhibited PKC activation triggered by phorbol
myristate acetate (0.05 µmol/L) in isolated human neutrophils. However, inhibition did
not occur due to neutrophil damage or increased apoptosis. Blood neutrophil counts were
considerably elevated in arthritic rats, as was whole blood chemiluminescence (spontaneous
and PMA-stimulated). The injection of pinosylvin reduced the number of neutrophils and
considerably lowered the number of reactive oxygen species in blood. Pinosylvin is a potent
inhibitor of neutrophil activity and has the potential to be beneficial as an adjunctive drug
in conditions related to chronic inflammation. The observed results qualified pinosylvin
as an efficient inhibitor of neutrophil activity, suggesting that it could be beneficial as a
supplemental therapy in pathological situations related to chronic inflammation.

Koskela et al. [77] studied the capacity of pinosylvin to control oxidative stress in
human RPE cells. ARPE-19 cells were treated with pinosylvin (5 µM) for 6 h, and mRNA
was extracted at four timepoints (2 h, 6 h, 12 h, and 24 h) to determine changes in the ex-
pression of Nrf2, sequestosome 1 (p62/SQSTM1), HO-1, and glutathione S-transferase pi 1
(GSTP1). To further understand the molecular mechanism underlying pinosylvin-mediated
protection, ARPE-19 cells were transfected with p62 and Nrf2 siRNAs for 24 h, and the
roles of p62, Nrf2, and its target gene HO-1 in protection against oxidative stress were
investigated using quantitative real-time PCR (qRT-PCR) and cell viability assay. At doses
of 5 and 10 µM, pinosylvin dramatically improved cell survival against oxidative stress
and increased the expression of HO-1, an enzyme with antioxidant, anti-inflammatory, and
immunomodulatory capabilities, and was substantially linked to cell survival. However,
pinosylvin treatment did not influence the expression of Nrf2 or its target genes, p62 or
GSTP1, while having a strong effect on the expression of HO-1, another Nrf2-controlled
gene. RNA interference study verified the importance of Nrf2 and HO-1 in PS-mediated
protection against oxidative stress, whereas the contribution of p62 seemed minor at the
levels of gene expression and cell viability. According to the findings of this research,
pinosylvin therapy protects against oxidative stress by inducing HO-1 in human RPE cells.

In the study by Mačičková et al. [80], the research focused on the impact of pinosylvin
on the development of adjuvant arthritis in rats. AA was developed in male Lewis rats
using a single intradermal injection of Mycobacterium butyricum in inadequate Freund’s
adjuvant. Pinosylvin (30 mg/kg) was regularly given orally to arthritic animals. The ther-
apy consisted of administering the chemicals examined from day 0 (day of immunization)
to day 28 (experimental day), measuring several parameters, namely change in hind paw
volume (HPV) at days 14, 21, and 28, joint chemiluminescence (CL), and myeloperoxidase
(MPO) activity in hind paw joint homogenates (day 28). Arthritic animals treated with
pinosylvin substantially reduced HPV at days 14 and 28. In contrast to untreated mice,
pinosylvin lowered joint CL and joint homogenate MPO activity. This molecule demon-
strated a favorable anti-inflammatory and antioxidant impact on oxidative stress-induced
biochemical alterations in AA according to the three functional measures.
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Rodríguez-Bonilla et al. [18] measured the antioxidant capacity of pinosylvin us-
ing a variety of analytical methodologies (ORAC, ABTS+, or FRAP). Pinosylvin showed
high antioxidant and free radical scavenging activity in all experiments due to phenolic
hydroxy groups.

Considering that chronic oxidative stress eventually leads to protein aggregation in
combination with impaired autophagy, as seen in AMD, Tamminen et al. [85] investigated
the effects of commercial natural pinosylvin extract, Retinari™, on electroretinogram, op-
tical coherence tomogram, autophagic activity, antioxidant capacity, and inflammation
markers in their study. For 10 weeks before the experiments, wild-type and NFE2L2
knockout mice were given either ordinary or Retinari™ chow. Retinari™ therapy restored
many retinal functions, with a- and b-wave amplitudes in electroretinogram responses
being considerably preserved. Furthermore, this treatment reduced retinal thinning in
NFE2L2 mutant animals that showed lower ubiquitin-tagged protein accumulation and
local overexpression of complement factor H and the antioxidant enzymes superoxide dis-
mutase 1 and catalase. Accordingly, in the NFE2L2 KO illness model, the therapy decreased
chronic oxidative stress while maintaining retinal function and shape. The findings suggest
that taking pinosylvin supplements may reduce the likelihood of developing age-related
macular degeneration and halt its development.

Pinosylvin, a resveratrol analogue developed by Wang et al. [19], has been thoroughly
studied in the treatment of oligoasthenospermia. They explored the molecular basis for
improved sperm parameters in a mouse model of oligoasthenospermia produced using
busulfan (BUS) therapy at 6 mg/kg b.w. Mice were given varying concentrations of
pinosylvin daily for two weeks after receiving busulfan treatment. Then, epididymal sperm
concentration and motility were evaluated and testicular histology was performed. Levels
of serum hormones, including testosterone (T), luteinizing hormone (LH), and follicle-
stimulating hormone (FSH), were tested using ELISA kits designed for each hormone.
RNA sequencing was used to establish testicular mRNA expression profiles. Quantitative
real-time PCR, Western blotting, and ELISA were used to confirm these results. After BUS
therapy, pinosylvin improved epididymal sperm concentration and motility, increased
testosterone levels, and facilitated morphological testicular recovery. The antioxidant
glutathione peroxidase 3 dramatically decreased oxidative stress through the Nrf2/ARE-
dependent antioxidant. Pinosylvin improved oligoasthenospermia in this mouse model by
reducing oxidative stress via the Nrf2-ARE pathway.

5.4. Anticancer Activity

Pinosylvin is a functional compound in Pinus species known to exhibit potential cancer
chemopreventive activity [20,21], even at low concentrations [22]. Based on that, the main
concern of the researchers was to reveal its underlying molecular mechanisms [5] as well
as its potential against resistant types of cancer [23] and metastasis [45]. (Table 4).

Table 4. Anticancer activities of pinosylvin.

Origins Cell Lines Methods Key Findings References

Not clear THP1 and U937 monocytic
cell lines

Trypan blue exclusion assay
Cell sorting analysis
RT-PCR
Preparation of cell lysates
Western blot analysis
Detection of LC3 puncta
DNA transfection

Increased (50–100 µmol/L) cell death
Caused caspase-3 activation,
phosphatidylserine flipping, LC3II
accumulation, LC3 puncta, and
p62 degradation
Induced cell death
Caused downregulation of AMP-activated
protein kinase (AMPK) α1

[86]

Not reported Bovine aortic endothelial cells

Apoptosis assay
Western blot analysis
Flow cytometry analysis
Measurement of
caspase-3 activity

Increased caspase-3 activity,
phosphatidylserine flip-flop, and
nuclear fragmentation
Activated JNK and endothelial
NO synthase

[87]
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Table 4. Cont.

Origins Cell Lines Methods Key Findings References

Synthesized Molt and Raji lymphoblastoid
cell lines.

Growth inhibitory action
Cell count and viability
DNA and protein synthesis
assessment

Inhibited cell proliferation
Inhibited [3H] thymidine and
leucine uptake

[88]

Pinus resinosa A549, DLD-1,
and WS1 cells Cytotoxicity assay 66 ± 10 < IC50 < 75 ± 14 µM [89]

Synthesized HCT 116 colorectal cancer cells

Proliferation inhibitory
potential testing
Cell cycle distribution analysis
Western blot analysis
RT-PCR
Identification of gene
expression
cDNA microarray
Electrophoretic mobility
shift assay

Slowed cell growth
Slowed cell cycle transition from G1 phase
to S phase
Decreased the levels of cyclin D1, cyclin E,
CDK2, c-Myc, pRb, and p53
Stopped the activation of proteins involved in
the FAK/c-Src/ERK signaling pathway and
the PI3K/Akt/GSK-3b signaling pathway
Inhibited b-nuclear catenin translocation

[21]

Synthesized HT1080 human fibrosarcoma
and Balb/c mice

RT-PCR
Wound healing assay
Colony dispersion
assessement
In vivo pulmonary metastasis
method
Gelatin zymography

Inhibited the production of matrix
metalloproteinase (MMP)-2, MMP-9, and
membrane type 1-MMP
Reduced HT1080 cell migration
Slowed tumor nodule growth and tumor
weight in lung tissue
Downregulated MMP-9 and
cyclooxygenase-2 (COX-2) expression and
ERK1/2 and Akt phosphorylation in lung
carcinoma tissues

[5]

Not reported ARPE-19 cells

Toxicity evaluation
Oxidative stress assessment
Cell viability
RT-PCR
Nrf2 and p62 RNA
interference

Improved cell viability in the face of
oxidative stress
Increased HO-1 expression
No effect on Nrf2 expression
Protected against oxidative damage

[77]

Purchased LNCaP-par and LNCaP-abl
prostate cancer cells

High-throughput
screening (HTS)
Cell viability and
apoptosis assays
Gene expression
analysisqPT-PCR

Inhibited androgen signaling and
intracellular steroidogenesis in CRPC cells [23]

Purchased Nasal cavity cancer cells
(RPMI 2650)

MTT assay
Gap closure assay
Cell migration assay
Cell invasion assay
Western blot analysis
Proteome profiler human
protease array

Suppressed migration and invasion
of NPC039 and NPCBM cells at
increasing doses
Lowered the protein expression levels of
MMP2 and MMP9
Decreased the enzyme activity of
MMP2Reduced vimentin and N-cadherin
expression (in NPC cells)
Increased zonula occludens-1 and
E-cadherin expression
Inhibited NPC039 and NPCBM cell
invasion and migration by modulating the
p38, ERK1/2, and JNK1/2 pathways
Inhibited NPC cell migration and invasion

[20]

Purchased SCC-9 and HSC-3 cancer cells
(tongue squamous)

MTT assay
Wound closure assessment
Gelatin zymography
Cell migration and invasion
evaluation
Western blot analysis

Decreased the enzymatic activity of
MMP-2 and lowered its protein level
Raised the expression of TIMP-2
Stopped cancer cell growth in a
wound-healing experiment
Reduced ERK1/2 protein phosphorylation
in SAS and SCC-9 cells

[20]

Not reported Bovine aortic endothelial cells

Apoptosis experiment
Western blot analysis
Flow cytometry
Measurement of caspase-3
activity
Hoechst staining

Induced (100 µmol/L) cell death
Boosted caspase-3 activation, nuclear
condensation, and the “flip-flop” of
phosphatidylserine (at high concentrations)
Inhibited necrosis
Promoted LC3 conversion from LC3-I to
LC3-II and p62 degradation
Stimulated AMP-activated protein kinase
(AMPK) and an AMPK inhibitor
Reversed the inhibitory impact of an
AMPK inhibitor
Induced autophagy via AMPK activation

[87]



Plants 2022, 11, 1541 15 of 23

The effects of pinosylvin on the migration and invasion of human oral cancer cells
remain unknown, as do the underlying processes. Chen et al. [20] evaluated the effects of
varying concentrations of pinosylvin (0–80 µM) on the metastatic and invasive capacities of
SAS, SCC-9, and HSC-3 cells. Pinosylvin suppressed matrix metalloproteinase-2 (MMP-2)
enzyme activity and lowered its protein level in Western blotting and gelatin zymography
assays but enhanced the expression of tissue inhibitors of metalloproteinase-2 (TIMP-2).
Pinosylvin also inhibited the migration of oral cancer cells (SAS, SCC-9, and HSC-3) in
the wound healing experiment and using the transwell technique. Furthermore, this
substance inhibited the phosphorylation of ERK1/2 protein expression in SAS and SCC-9
cells (Figure 3).

Figure 3. Anticancer activity of pinosylvin against oral cancer cells. Pinosylvin suppressed the
invasion and migration of oral cancer cells by inhibiting the phosphorylation of ERK1/2 protein
expression in SAS and SCC-9 cells. Abbreviations: MMP-2, matrix metalloproteinase-2; TIMP-2,
tissue inhibitor of metalloproteinase-2; ERK, extracellular signal-regulated kinase.

These findings suggest that pinosylvin may be a promising anticancer drug to prevent
oral cancer spread. Chuang et al. [90] aimed to examine the functional role of pinosylvin
in nasopharyngeal carcinoma (NPC) cells (NPC039, NPCBM, and RPMI 2650). According
to gap-closure and transwell assays, pinosylvin reduced the migration and invasion of
NPC039 and NPCBM cells at increasing doses. It not only inhibited the activity of MMP2
enzymes, but also reduced the expression levels of MMP2 and MMP9 proteins. Pinosylvin
inhibited the expression of vimentin and N-cadherin while dramatically increasing that
of zonula occludens-1 and E-cadherin in NPC cells. It also inhibited the invasion and
migration of NPC039 and NPCBM cells by modulating the p38, ERK1/2, and JNK1/2
pathways. According to the findings of this investigation, pinosylvin suppressed the
migration and invasion of NPC cells.

There are currently few therapeutic options for castration-resistant prostate cancer
(CRPC). A high-throughput screen of 4910 drugs and drug-like molecules was used in a
study conducted by Ketola et al. [23] to detect antiproliferative substances on prostate cancer
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after androgen ablation therapy. The effects of compounds on cell survival were examined
in androgen-ablated LNCaP prostate cancer cells, LNCaP cells cultured in androgens, and
two non-malignant prostate epithelial cells (RWPE-1 and EP156T). Pinosylvin methyl ether
(PSME) was a strong inhibitor of androgen-ablated LNCaP cell growth in cancer-specific
antiproliferative drug validation assays. A genome-wide gene expression study in PSME-
exposed cells was undertaken to obtain insight into growth inhibitory mechanisms in CRPC.
In androgen-depleted LNCaP cells, pinosylvin affected the expression of genes involved in
cell cycle, steroid, and cholesterol production. Reduced androgen-receptor expression and
prostate-specific antigen in PSME exposed cells verified the decrease in androgen signaling.
Taken together, our comprehensive screen revealed PSME as a new antiproliferative agent
for CRPC. These findings provide a solid foundation for future preclinical and clinical
investigations on CRPC treatment.

The capacity of pinosylvin to modify oxidative stress in human RPE cells was investi-
gated by Koskela et al. [77]; by first evaluating the range of PS toxicity by exposing ARPE-19
cells to PS doses of 0.1–200 µM for 24 h, followed by a cell survival test. The ARPE-19
cells were then preincubated in pinosylvin for 24 h before being exposed to hydroquinone
(HQ) without pinosylvin for another 24 h. Pinosylvin therapy at doses of 5 and 10 µM
greatly improved cell survival against oxidative stress. Pinosylvin therapy elevated the
production of HO-1, an enzyme with antioxidant, anti-inflammatory, and immunomod-
ulatory abilities, which is positively associated with cell survival. Pinosylvin treatment
did not influence the expression of Nrf2 or its target genes, p62 or GSTP1, while having a
strong effect on the expression of HO-1, another Nrf2-controlled gene. RNA interference
investigation verified the importance of Nrf2 and HO-1 in pinosylvin-mediated oxidative
stress protection, whereas the contribution of p62 seemed minor at the gene expression and
cell viability levels. The findings show that pinosylvin therapy protects against oxidative
stress by inducing HO-1 in human RPE cells.

Pinosylvin is known to have an anti-inflammatory effect on endothelial cells. Hence,
Kwon et al. [82] attempted to understand the exact process in their research. Pinosylvin
was tested to determine if it increased COX or lipoxygenase (LOX) activity in THP-1 and
U937 cells. Pinosylvin significantly increased LOX activity without affecting COX activ-
ity. Furthermore, it increased ALOX15 mRNA and protein levels, demonstrating that
pinosylvin-induced LOX activity is due to increased ALOX15 expression. Pinosylvin ap-
peared to enhance ERK and JNK phosphorylation in this cell signaling investigation. ERK
and JNK inhibitors were observed to reduce ALOX15 expression and LPS-induced apopto-
sis produced by pinosylvin. Finally, pinosylvin promoted apoptosis in LPS-preconditioned
leukocytes by increasing ALOX15 expression via ERK and JNK.

In cancer patients, metastases are a major cause of mortality [5]. Previous research
revealed that pinosylvin has a potential cancer chemopreventive effect and suppresses
the development of many human cancer cell lines by regulating cell cycle progression. In
this study, the authors investigated the possible antimetastatic action of pinosylvin using
in vitro and in vivo models. In cultured human fibrosarcoma HT1080 cells, pinosylvin
inhibited the production of MMP-2, MMP-9, and membrane type 1-MMP. Pinosylvin has
also been reported to interfere with HT1080 cell migration in colony dispersal and wound
healing methods. Pinosylvin (10 mg/kg b.w., intraperitoneal treatment) effectively reduced
tumor nodule growth and tumor weight in lung tissues in an in vivo model of spontaneous
lung metastasis following injection of CT26 colon carcinoma into BALB/c mice. The study
of tumors in lung tissue revealed that the antimetastatic impact of pinosylvin was associated
with a decrease in the production of MMP-9 and COX-2 and the activation of ERK1/2 and
Akt. These findings show that pinosylvin, via modulating MMPs, might be an effective
inhibitor of tumor cell metastasis.

Park et al. [21] investigated the antiproliferative action of pinosylvin in human col-
orectal HCT-116 cancer cells to identify the underlying molecular processes. Pinosylvin
inhibited HCT-116 cell proliferation by preventing the cell cycle from progressing from the
G1 to the S phase, as well as downregulating cyclin D1, cyclin E, cyclin A, cyclin-dependent
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kinase 2 (CDK2), CDK4, c-Myc, and retinoblastoma protein (pRb) and the upregulation of
p21WAF1/CIP1 and p53. Pinosylvin has also been shown to inhibit the activation of proteins
involved in focal adhesion kinase and the phosphoinositide 3-kinase signaling system.

Pinosylvin, at high concentrations (100 µmol/L), was previously reported to promote
cell death in bovine aortic endothelial cells. In the investigation conducted by Park et al. [22],
it was attempted to reveal the role of pinosylvin in apoptosis, autophagy, and necrosis.
Pinosylvin enhanced caspase-3 activation, nuclear condensation, and the “flip-flop” of phos-
phatidylserine at high concentrations, suggesting that pinosylvin triggers apoptosis. On
the other hand, pinosylvin was found to suppress necrosis, a post-apoptotic process, based
on flow cytometry data acquired using double-staining with annexin V and propidium
iodide. Pinosylvin promoted LC3 conversion from LC3-I to LC3-II and p62 degradation,
both of which are essential indications of autophagy. Furthermore, pinosylvin appeared
to stimulate AMP-activated protein kinase (AMPK), and an AMPK inhibitor significantly
reduced LC3 conversion. Pinosylvin reversed the inhibitory impact of an AMPK inhibitor.
These findings imply that pinosylvin causes autophagy by activating AMPK. Additionally,
an autophagy inhibitor was shown to enhance necrosis, which was later restored with
pinosylvin, but the caspase-3 inhibitor had no impact on necrosis. These results show that
pinosylvin-induced autophagy inhibits necrotic progression in endothelial cells.

In the study performed by Simard et al. [89], methanol extracts of Pinus resinosa wood con-
taining pinosylvin were selectively cytotoxic against human lung cancer cells, A549
(IC50 = 41.6 µg/mL) and human colorectal adenocarcinoma cells, DLD-1 (IC50 = 47.4 µg/mL)
compared to healthy cells, WS1 (IC50 = 130.11 µg/mL). Five known compounds were
isolated and identified as: pinosylvin monomethyl ether (1), pinosylvin (2), pinosylvin
dimethyl ether (3), pinobanksin (4), and (-)-norachelogenin using 1H-, 13C-NMR spec-
troscopy and HR-ESI-MS mass spectrometry (5). Compounds 1–5 were tested for their
cytotoxicity against A549, DLD-1, and WS1. Compound 1 (pinosylvin monomethyl ether)
had the highest cytotoxicity against both tumor and healthy cell lines, with IC50 values of
25.4, 20.1, and 34.3 µM for A549, DLD-1, and WS1, respectively.

Skinnider and Stoessl [88] investigated the effects of phytoalexins lubimin, (-)-maackiain,
pinosylvin, and related chemicals dehydroloroglossol and hordatine M on the development
of the human lymphoblastoid cell lines Molt and Raji. The authors found that (-)-maackiain,
pinosylvin, and dehydroloroglossol all significantly inhibited cell proliferation. The inhibi-
tion of [3H] thymidine and [3H] leucine absorption in pinosylvin and dehydroloroglossol
was studied and shown to be effective. Phytoalexins and similar chemicals are abundant in
plants and may serve as a source of antineoplastic drugs.

Several tests were carried out in the Song et al. [87] investigation to determine how high
concentrations of pinosylvin (50 µM) promotes endothelial cell death. Pinosylvin, at high
concentrations, was demonstrated to promote endothelial cell death by increasing caspase-3
activity, phosphatidylserine flip-flop, and nuclear fragmentation. They discovered that high
concentrations of pinosylvin increased caspase-3 activity, which was amplified by serum
deprivation or treatment with 100 µM etoposide. They also found that high concentrations
of pinosylvin stimulated the activation of c-Jun N-terminal kinase (JNK) and endothelial
nitric oxide synthase (eNOS). They then conducted a series of tests to determine which
signaling molecule was important in pinosylvin-induced apoptosis. Finally, they found that
SP-600125, a JNK inhibitor, inhibited pinosylvin-induced endothelial cell death, whereas
L-NAME, an eNOS inhibitor, had no impact. These findings suggest that JNK is implicated
in pinosylvin-induced apoptosis. At high concentrations, pinosylvin promotes cell death
through JNK activation.

Resveratrol (pinosylvin analogue) has been shown to promote cell death in leukemia
cells at high doses (50–100 µmol/L). Song et al. [86] foudn that cell death was significantly
increased from 50 to 100 µmol/L pinosylvin in THP1 and U937 cells. Pinosylvin also
induced caspase-3 activation, phosphatidylserine flipflop, LC3II accumulation, LC3 puncta,
and p62 degradation in THP1 and U937 cells. These findings suggest that pinosylvin-
induced cell death may occur through apoptosis and autophagy. Furthermore, we discov-
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ered that pinosylvin inhibits AMP-activated protein kinase 1 (AMPK1) in leukemia cells.
As a result, a link was found between AMPK1 downregulation and leukemic cell death.
Inhibition of AMPK1 reduces pinosylvin-induced apoptosis and autophagy in leukemia
cells, indicating that AMPK is a crucial regulator of leukemia cell death. Moreover, when
AMPK1-overexpressed leukemia cells were compared to vector-transfected cells, the pro-
gression of autophagy and apoptosis were inhibited by pinosylvin. Overexpression of
AMPK1 increased cell death, but caspase-3 inhibitors or autophagy inhibitors significantly
reduced pinosylvin-induced cell death. These findings imply that reducing AMPK1 by
pinosylvin increases cell death by apoptosis and autophagy in leukemic cells.

5.5. Neuroprotective Activity

Based on the fact that neuroprotection is a typical technique to reduce the dam-
age of cerebral ischemia, Xu et al. [67] set out to assess the neuroprotective efficacy of
pinosylvin. Pinosylvin therapy reduced cell death in OGD/R-damaged PC12 cells and
enhanced brain function in MCAO/R rats. Pinosylvin decreased the number of depolarized
cells (low mitochondrial membrane potential) in OGD/R-damaged PC12 cells, implying
a role in improving mitochondrial function. Further research revealed that pinosylvin
triggers PINK1/Parkin-mediated protective mitophagy and activates the Nrf2 pathway,
as shown by increased protein levels of LC3 II, Beclin1, PINK1, and Parkin, as well as
Nrf2 translocation to the nucleus. Pinosylvin provided neuroprotection by triggering
PINK1/Parkin-mediated mitophagy to eliminate damaged mitochondria and by activating
the Nrf2 pathway to attenuate oxidative stress-induced mitochondrial dysfunction.

5.6. Anti-Allergic Activity

An extract of the branches of H. dulcis (containing pinosylvin) was tested for its anti-
allergic potential using the rat basophilic leukemia (RBL)-2H3 cell line and the passive
cutaneous anaphylaxis (PCA) mouse model using various assays [45]. The extract inhibited
hexosaminidase secretion (indicating degranulation) and histamine release in antigen-
stimulated RBL-2H3 cells, with decreased expression and production of the inflammatory
mediators COX-2 and PGE2, as well as the cytokines IL-4 and TNF-α, and suppression of
NF-κB activation indicating the potential of the extract as a strong antiallergic agent.

6. Conclusions and Perspectives

Here, the main pharmacological characteristics and sources of pinosylvin have been
documented and highlighted. Numerous published research has demonstrated that this
natural molecule has exceptional biological properties, especially against tumor cell lines.
Both molecular and cellular analyses revealed that pinosylvin blocks and inhibits the key
pathways in nasopharyngeal cancer, prostate cancer, fibrosarcoma, colorectal cancer, and
oral cancer with different target sites. This indicates that it may be a valuable anti-cancer
drug component. Additionally, this molecule’s antimicrobial, anti-inflammatory, antioxi-
dant, and anti-allergic properties may qualify it as an effective bioactive ingredient in the
treatment of cancer and neurodegenerative diseases. Nevertheless, a deeper insight into its
pharmacokinetics and pharmacodynamics is required for its introduction as a chemother-
apy drug. Furthermore, its safety requires validation by further toxicological studies.
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Abbreviations

AMD Age-related macular degeneration
MAPK Mitogen-activated protein kinase
JNK Jun amino-terminal kinase
NF-κB Nuclear factor kappa B
Nrf2 Nuclear erythroid 2-related factor 2
ARE Antioxidant response element
HCT Colorectal cancer cell
FAK Focal adhesion kinase
ERK Extracellular signal-regulated kinase
GSK3 Glycogen synthase kinase-3
PI3K/AKT Phosphatidylinositol 3-kinase/Protein kinase B
MMP Matrix metalloproteinase
CX Cyclohexane
EtOAc Ethyl acetate
DRIFT Diffuse reflectance fourier transform infrared spectroscopy
NIR Near-infrared spectroscopy
FID Flame ionization detection
GC Gas chromatography
GC-MS Gas chromatography-mass spectrometry
MIC Minimal inhibitory concentration
EtBr Ethidium bromide
Eps Efflux pumps
MRSA Methicillin-resistant Staphylococcus aureus;
ATTC American type culture collection;
PGE2 Prostaglandin E2
NO Nitric oxide
COX Cyclooxygenase
iNOS Inducible nitric oxide synthase
IL6 Interleukin 6
MCP1 Monocyte chemotactic protein 1
LPS Lipopolysaccharide
IRF-3 Interferon regulatory factor 3
IFN-E Interferon-E
TRIF TIR-domain-containing adapter-inducing interferon-β
HO-1 Heme oxygenase-1
MTX Methotrexate
TBARS Plasmatic thiobarbituric acid-reactive substances
LOX Lipoxygenase
TRPA1 Ankyrin subtype 1 protein
AA Adjuvant arthritis
GGT Glutamyltransferase
CRP C-Reactive protein
PKC Protein kinase C
GSTP1 Glutathione S-transferase pi 1
qRT-PCR Quantitative reverse transcription polymerase chain reaction
HPV Hind paw volume
CL Chemiluminescence
MPO Myeloperoxidase
LH Luteinizing hormone
FSH Follicle-stimulating hormone
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ELISA Enzyme-linked immunosorbent assay
NFE2L2 Nuclear factor erythroid 2 like 2
TIMP-2 Tissue inhibitor of metalloproteinase-2
NPC Nasopharyngeal carcinoma
CRPC Castration-resistant prostate cancer
PSME Pinosylvin methyl ether
HQ Hydroquinone
CDK2 Cyclin-dependent kinase 2
pRb Retinoblastoma protein
AMPK AMP-activated protein kinase
eNOS Endothelial nitric oxide synthase
RBL Rat basophilic leukemia
PCA Passive cutaneous anaphylaxis
LC3-II Microtubule associated protein 1 light chain 3-II
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