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Abstract: Polyacetylene phytochemicals are emerging as potentially responsible for the chemoprotective effects
of consuming apiaceous vegetables. There is some evidence suggesting that polyacetylenes impact
carcinogenesis by influencing a wide variety of signalling pathways, which are important in regulating
inflammation, apoptosis, cell cycle regulation, etc. Studies have shown a correlation between human dietary
intake of polyacetylene-rich vegetables with reduced risk of inflammation and cancer. Polyacetylene
supplementation can influence cell growth, gene expression, and immunological responses, and reduce
tumour number in rat and mouse models. Cancer chemoprevention by dietary polyacetylenes involves several
mechanisms, including effects on inflammatory cytokines, the NF-kB pathway, antioxidant response elements,
UPR pathway, growth factor signalling, cell cycle progression, and apoptosis. This review summarises the
published research on falcarinol-type polyacetylene compounds and their mechanisms of action regarding
cancer chemoprevention and treatment, and also identifies some gaps in our current understanding of the
health benefits of these polyacetylenes.
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1. Introduction

Numerous studies have indicated the beneficial impact of eating vegetables and fruits on human
health in preventing chronic diseases including cancer, which is one of the major causes of death
around the world [1]. Polyacetylenes are a class of chemicals defined by the presence of two or more
carbon-carbon triple bonds in the carbonic skeleton [2]. Falcarinol-type polyacetylenes (PA) are
biologically active compounds widely found in plants in the Apiaceae family, such as carrots, celery
and parsley, and the Araliaceae family, such as ginseng. Carrot is the main dietary source of
polyacetylenic oxylipins, including falcarinol (FaOH), falcarindiol (FaDOH) and falcarindiol 3-
acetate (FaDOH3AC) (Figure 1), with FaOH serving as the intermediate metabolite of polyacetylene,
from which the other forms are generated [3-5]. Carrots have been studied for their nutritional value,
in addition to their disease-curative effects, for almost 90 years [6]. Carrot is a rich source of the
vitamin A precursor 3 -carotene and also provides some potentially beneficial dietary fibre. Carrot
also contains important phytochemicals including carotenoids, phenolics, polyacetylenes,
isocoumarins, terpenes and sesquiterpenes, many of which have been extensively investigated for
potential therapeutic properties against a wide range of diseases including cancer, cardiovascular
disease, diabetes, anaemia, colitis, ocular diseases and obesity [7]. Ginseng is rich in polyacetylenes;
in addition to falcarinol (also called panaxynol) they include panaxydiol and panaxydol (Figure 1)
[8], which also have anti-inflammatory, antioxidant, and anti-cancer properties [9-11].

[3 -carotene was initially believed to be protective against multiple chronic diseases, particularly
cardiovascular disease, and cancer of the lung; gastrointestinal tract; and pancreas, in addition to

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202301.0513.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 January 2023 doi:10.20944/preprints202301.0513.v1

cataracts and age-related macular degeneration [12-14]. However, meta-analyses of subsequent
intervention studies ruled out a role of 3 -carotene in suppressing lung cancer development, since
dietary supplementation with purified beta-carotene failed to reduce lung cancer incidence and even
increased the risk of lung cancer [15]. Thus, other bioactive substances such as polyacetylenes (FaOH
and FaDOH) could be responsible for the health benefits of carrot [16] with evidence supporting that
polyacetylene compounds improve human health by stimulating anti-cancer and anti-inflammatory
mechanisms [3].

Recent research suggested that the anti-cancer role of certain foods might be attributed to their
anti-inflammatory function. Root vegetables, and particularly purple carrots, are promising research
subjects in this respect. By reducing the levels of proinflammatory cytokines including TNF-a and
IL-6, purple carrots reduced intestinal inflammation in colitic mice [17]. The anti-inflammatory
properties of purple carrots was suggested to be due to the high levels of anthocyanin pigments [17];
however, another study showed that polyacetylenes, not anthocyanins, are responsible for the anti-
inflammatory bioactivity of purple carrots [18].

Several studies have examined the dietary compounds in the context of cancer
chemoprevention. Several phytochemicals have shown potent cancer-preventive properties [19].
Phytochemicals have been the main sources of lead structures for conventional drugs for cure of
cancer. It is estimated that approximately 60% of most effective anti-tumour and anti-infection drugs
already on the market or under clinical investigations are compounds derived from natural products
[20]. This review focuses on possible mechanisms of action of polyacetylenes in inflammation and
cancer, with emphasis on various pathways involved including growth factor signalling,
inflammatory processes, oxidative stress, cell cycle progression, and apoptosis. We will also discuss
the potential polyacetylene components known to modulate one or more of these pathways to
contribute toward treatment or prevention of inflammation and cancers.
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Figure 1. Chemical structures of (3R)-falcarinol (also known as panaxynol), (3R,8S)-falcarindiol, and
(3R,85)-falcarindiol 3-acetate, panaxydol, and panaxydiol.

2. Polyacetylenes and Inflammation

2.1. Chronic Inflammation Disease and Cancer

Chronic inflammation is recognized as a leading promoting factor of many diseases including
carcinogenesis [21], which continues to be the leading cause of mortality and disability around the
world [22,23]. Inflammation was proposed as the seventh hallmark of cancer in 2009 [24]. Cancer and
inflammation are linked by intrinsic and extrinsic pathways. Intrinsically, oncogenes regulate the
inflammatory microenvironment, whereas extrinsically, the inflammatory microenvironment
promotes the growth and spread of cancer [25]. Many of the cell types involved in chronic
inflammation can be found in tumours, both in the surrounding stroma and within the tumour itself.
Many neoplasms, including some of epithelial origin, contain a significant inflammatory cell
component [26]. Multiple studies on human clinical samples reveal that inflammation influences
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epithelial cell turnover [27,28]. Significantly, human susceptibility to breast, liver, large bowel,
bladder, prostate, gastric mucosa, ovary, and skin carcinoma are increased when proliferation occurs
in the context of chronic inflammation [27-32].

Chronic inflammation is linked to approximately 25% of all human cancers and increases cancer
risks [33] by stimulating angiogenesis and cell proliferation, inducing gene mutations and/or
inhibiting apoptosis [33]. Chronic inflammation can develop from acute inflammation if the irritant
persists, although in most cases the response is chronic from the start. Chronic inflammation is
characterized by the infiltration of injured tissue by mononuclear cells such as macrophages,
lymphocytes, and plasma cells, as well as tissue destruction and attempts at repair [26]. Helicobacter
pylori infections in gastric cancer, human papillomavirus infections in cervical cancer, hepatitis B or
C infections in hepatocellular carcinoma, and inflammatory bowel disease in colorectal cancer (CRC)
are common causes of chronic inflammation associated with cancer development [34,35].
Inflammation also causes epigenetic changes that are linked to cancer development. Natural
polyacetylenes from numerous food and medicinal plants and their derivatives exerted multiple
bioactivities, including anti-inflammatory properties [36]. Polyacetylene components can impact the
inflammation through several known and unknown pathways.

2.1.1. Inhibition of Nuclear Factor kappa B (NF-xB) Pathways

NF-«B is a transcription factor that regulates the expression of many genes involved in the
regulation of inflammation and autoimmune diseases [37,38]. Moreover, NF-kB plays a significant
role in inflammation-induced cancers, as NF-«B is one of the major inflammatory pathways that are
triggered by, for example, infections causing chronic inflammation [34,35,39]. Cellular immunity,
inflammation, and stress are all regulated by NF-kB signalling, as are cell differentiation,
proliferation, and apoptosis (Figure 2) [40,41]. Both solid and hematologic malignancies frequently
modify the NF-kB pathway in ways that promote tumour cell proliferation and survival [42-44].

NF-kB, a key factor in the inflammatory process, provides a mechanistic link between
inflammation and cancer and the components of this pathway are targets for chemoprevention,
particularly in CRC [45]. There are two major signalling pathways for NF-kB activation, which are
the canonical and the non-canonical NF-kB signalling pathways. The canonical pathway activates
NF-«kB1 p50, RELA and c-REL, which are also called canonical NF-kB family members. The non-
canonical NF-«xB pathway, on the other hand, selectively activates p100-sequestered NF-kB members,
mostly NF-kB2 p52 and RELB, which are also called non-canonical NF-«xB family members [46]. LPS
and proinflammatory cytokines, among other pathogenic substances, activate NF-kB through
degrading Inhibitor of kB (IxBs) [47] to release the common subunit P65 (RELA). In order to trigger
the transcription of these genes, activated NF-kB travels into the nucleus and attaches to its associated
DNA motifs. When activated, NF-kB p65 subunit binds to promoter regions of genes involved in
inflammation, leading to the production of IL-6, IL-1(3, and TNF-cx [48].
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Figure 2. NF-kB target genes implicated in the onset and progression of inflammation. NF-«B is a
transcription factor that is inducible. After activation, it can regulate inflammation by activating the
transcription of several genes. NF-«kB regulates cell proliferation, apoptosis, and differentiation in
addition to promoting the production of pro-inflammatory cytokines, and chemokines. Chronic
endoplasmic reticulum (ER) stress results in an inflammatory unfolded protein response (UPR). Stress
on the ER induces apoptosis by activating inflammation. This can be accomplished by stimulating
IKK complex or XBP1 and PERK through a mediator. These trigger the release of pro-inflammatory
molecules, hence accelerating cell death.

The carrot polyacetylenes, particularly (FaOH and FaDOH), the most abundant polyacetylenes
in carrot, have been shown to reduce inflammation [3,49], in part by inhibiting the transcription factor
NF-«B [50]. Mice fed a diet containing FaOH were less likely to develop severe inflammation after
being exposed to LPS [5]. FaOH from ginseng significantly reduced the LPS induced TNF-a and IL-
6 in cultured BV-2 microglia cells and murine serum [47]. It has been demonstrated that FaOH and
FaDOH purified from carrots have preventative effects on colorectal precancerous lesions in
azoxymethane (AOM)-induced rats. Biopsies of neoplastic tissue were analysed for gene expression
and the results showed that FaOH and FaDOH inhibited NF-kB and the downstream inflammatory
markers TNF-a, IL-6, and COX-2 [51]. A recent study has shown that FaOH from Radix
Saposhnikoviae (dried roots of Saposhnikovia divaricata, Apiaceae), inhibited LPS-induced NF-«B p65
activation and IkB-a phosphorylation in BV-2 microglia cells [47]. Treatment using FaOH from the
roots of Heracleum moellendorffii inhibited LPS-induced NF-kB signalling activation by inhibiting IxB-
a degradation and nuclear accumulation of p65 [52] on RAW264.7 cells. In addition, FaDOH reduced
level of LPS/IFNy-induced NF-kB, IKK-a and IKK-f3 activation on rat primary astrocytes [50].

Prostaglandin (PG) synthesis is a hallmark of inflammation. Two enzymes, cyclooxygenase
(COX) 1 and 2, catalyse the first step of PG synthesis, but COX-2 is the major one that responds to
inflammatory signal to produce PG at inflammatory sites [53]. However, COX-2 can be suppressed
by inhibiting the NF-kB translocation pathway (Figure 2) [54]. COX-2 expressions in healthy tissues
are low, but can quickly increase in response to growth factors, cytokines, and signals promoting
tumour invasion, metastasis, aberrant proliferation, and angiogenesis [55]. Many malignancies,
including colorectal [56], bladder [57], breast [58], lung [59], pancreatic [60], prostate [60], and head
and neck cancer [61], have been shown to be associated with elevated levels of COX-2.
Mechanistically, COX-2 promotes carcinogenesis through the creation of prostaglandins (PGs), which
suppress apoptosis and stimulate the development of blood vessels in tumour tissue which help
sustaining tumour cell viability and growth [34,62], suggesting that anti-inflammatory drugs
targeting COX-2 might be beneficiary in the treatment of many types of cancer.

It has been demonstrated that polyacetylenes modulate inflammation via suppressing COX-2,
whose expression depends on NF-kB activation by inflammation [63]. FaOH inhibited LPS-induced
COX-2 expression in RAW264.7 cells thus blocking PGE2 overproduction [52]. FaOH isolated from
American ginseng effectively reduced the severity of colitis in mice treated with Dextran Sulfate
Sodium (DSS). FaOH treatment prior to DSS did not prevent colitis in mice but FaOH decreased COX-
2 expression level effectively when colitis was induced with DSS for one week then followed by FaOH
treatment, suggesting that the polyacetylene component does have a therapeutic effect on colitis [8].
Moreover, in azoxymethane (AOM)-induced rats colorectal cancer model, FAaOH and FaDOH
downregulated COX-2 in precancerous lesions of colorectal cancer (CRC) [51] and also reduced the
number of malignant tumour foci.

2.2. Oxidative Stress

2.2.1. Inhibition of Nitric oxide synthase (NOS) and Pro-inflammatory Cytokines Pathways

Nitric oxide (NO) is essential in a number of physiological functions, such as host defence, where
it prevents the spread of disease-causing microbes within cells by stifling their reproduction [64].
The upregulation of NO expression in response to cytokines or pathogen-derived chemicals is a
crucial part of the host's defence against many different types of intracellular pathogens. It has been
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shown that many different cell types produce the enzyme NOS, which catalyses the synthesis of NO,
at high levels in a number of different tumour types [65]. Inflammation induces a specific form of
NOS, inducible isoform of Nitric Oxide Synthase (iNOS), via activating iNOS gene transcription
(Figure 2) [66]. iNOS is involved in complex immunomodulatory and antitumor mechanisms, which
have been shown to kill bacteria, viruses, and parasites [67].

A considerable amount of literature has been published on the role of polyacetylenes on iNOS
expression in inflammation. Studies have demonstrated panaxydiol and panaxydol extracted from
American ginseng inhibited iNOS expression in ANA-1 m® macrophage cells polarized to M1 [8]
and LPS-induced iNOS expression in macrophages [68,69] leading to colitis suppression [8].
Moreover, FaDOH was tested on rat primary astrocytes for its impact on LPS/IFN-y -induced iNOS
expression. FaDOH blocked 80% of LPS/IFN-y -induced iNOS by reducing iNOS protein and mRNA
in a dose-dependent manner. FaADOH was shown to suppress iNOS expression and inhibited IKK,
JAK, NF-xB, and Stat1 [50].

Another study showed dose-dependent reduction of nitric oxide production in macrophage
cells, where treatment with an extract of purple carrots containing polyacetylenes significantly
reduced iNOS activity and iNOS expression in macrophage cells [18]. Polyacetylenes reduced nitric
oxide production in macrophage cells without cytotoxicity [18]. In vivo, purple carrots also inhibited
inflammation in colitic mice and reduced colonic mRNA expression of iNOS [17]. FaOH from
Heracleum moellendorffii roots has been tested on RAW264.7 cells and found to inhibit LPS-induced
overexpression iNOS [52]. FaOH and other polyacetylenes from American ginseng such as
panaxydiol have suppressive effect of iNOS expression in macrophages treated with LPS [69].

2.2.2. Reactive Oxygen Species (ROS) Pathways

Oxidative stress is described as an imbalance between the generation of free radicals and reactive
metabolites, also known as oxidants or reactive oxygen species (ROS), and their removal by
protective mechanisms, also known as antioxidants. Electron transfer is involved in oxidative and
antioxidative processes, which influence the redox state of cells and the organism. The altered redox
state stimulates or inhibits the activities of various signal proteins, which have the effect on cell fate
[70,71]. It has been demonstrated that polyacetylenes promote apoptosis preferentially in cancer cells
mediated ROS stress. A study has analysed ROS production in MCF-7 cells after treating with
panaxydol. The increase of the ROS levels starts at 10-20 min after panaxydol treatment. The role of
NADPH oxidase was investigated in order to determine the source of ROS after panaxydol treatment.
The creation of reactive oxygen species (ROS) by NADPH oxidase appeared to take precedence, while
ROS production in the mitochondria was secondary but also necessary, suggesting that NADPH
oxidase generates ROS in the presence of panaxydol. Different cell lines have been tested to check
whether the induction of apoptosis by panaxydol occurred preferentially in cancer cells. Indeed,
panaxydol induced apoptosis only in cancer cells [72].

FaOH and FaDOH from carrot were tested for their effects on the oxidative stress responses of
primary myotube cultures. The effects of 100uM H:0: on the intracellular formation of ROS,
transcription of the antioxidative enzyme, cytosolic glutathione peroxidase (cGPx), the heat shock
proteins (HSP) HSP70 and heme oxygenase 1 (HO1) were studied after 24 h treatment with FaOH
and FaDOH at a wide range of concentrations. At intermediate concentrations, under which only
moderately cytotoxic were shown, intracellular ROS formation was slightly enhanced by
polyacetylenes. In addition, polyacetylenes increased transcription of ¢cGPx and decreased the
transcription of HSP70 and HO1. The enhanced cGPx transcription may have decreased the need for
the HSPs protective properties as an adaptive response to the elevated ROS production. However,
ROS production was significantly reduced with higher doses of polyacetylenes (causing substantial
cytoxicity), and the reducing in transcription of HSP70 and HO1 decreased to a less extent while
induction of cGPx was marginally reduced, showing a necessity for the HSPs protective and repairing
functions [73].

Transcription factor Nrf2 (also known as nuclear factor erythroid 2-like 2) regulates the
expression of numerous antioxidant, anti-inflammatory, and cytoprotective factors, including heme
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oxygenase-1 (Hmox1, HO-1) and NADPH:quinone oxidoreductase-1 (Nqol). S-alkylation of the
protein Keapl, which normally inhibits Nrf2, is induced by FaDOH, as reported in [74]. Moreover,
nuclear accumulation of Nrf2 and expression of HO-1 were both enhanced in LPS-stimulated
RAW264.7 cells by FaOH from Heracleum moellendorffii roots [52]. FaOH also inhibited the
inflammatory factor level and reduced the nitric oxide production in BV-2 microglia. FaOH also
reduced levels of LPS induced oxidative stress in BV-2 microglia [47]. HO-1 has been linked to redox-
regulated gene expression. Chemical and physical stimuli that produce ROS either directly or
indirectly cause the expression of HO-1 to respond [75]. A one-week study looked at the effects of
FaOH (5 mg/kg twice per day in CB57BL/6 mice) pretreatment on acute intestinal and systemic
inflammation. FaOH effectively increased HO-1 mRNA and protein levels in both the mouse liver
and intestine and reduced the levels of the plasma chemokine eotaxin and the myeloid inflammatory
cell growth factor GM-CSF, both of which are involved in the recruitment and maintenance of first-
responder immune cells [76].

2.3. Unfolded Protein Response (UPR) Pathways

The endoplasmic reticulum (ER) stress response, also known as unfolded protein response
(UPR), is a cellular process that is activated by a number of conditions that disrupt protein folding in
the ER. The UPR is an evolutionarily conserved adaptive mechanism in eukaryotic cells that aims to
clear unfolded proteins and restore ER protein homeostasis. When ER stress is irreversible, cellular
functions deteriorate, often leading to cell death (Figure 2) [77]. There is mounting evidence that ER
stress plays a significant role in the development and progression of numerous diseases, including
cancer and inflammation [77,78]. FADOH-induced cell death is mediated via endoplasmic reticulum
(ER) stress induction and activation of the unfolded protein response (UPR).

Reducing the extent of ER stress by overexpressing the ER chaperone protein glucose-regulated
protein 78 (GRP78) or by knocking down components of the UPR pathway decreased FaDOH-
induced apoptosis. In contrast, raising the level of ER stress by inhibiting GRP78 enhanced the
apoptosis triggered by FaDOH [79]. In addition, ER stress mediates panaxydol-induced apoptosis in
MCE-7 cells [80]. Another study investigated the effect of a sub-toxic dose 5uM of FaDOH in a series
of experiments, and found that this increased the lipid content and number of lipid droplets (LDs) in
human mesenchymal stem cells (hMSCs) and enhanced PPARY2 expression in human colon
adenocarcinoma cells. The activation of PPARy can enhance ABCA1 expression [81]. FaDOH
treatment shows upregulation of ABCA1 in colon neoplastic rat tissue, suggesting a function for this
transporter in the redistribution of lipids and enhanced creation of LDs in cancer cells, which may
result in endoplasmic reticulum (ER) stress and cancer cell death [81].

3. Cancer
3.1. In vitro

3.1.1. Anti-Proliferative Activity

Polyacetylenes derived from different plants exhibit potent cytotoxicity against a variety of
cancer cells. These biologically active molecules engage directly or indirectly in biological processes,
including cellular cycle arrest, HIF-1 (hypoxia-inducible factor-1 alpha) activation, and signal
transducer and transcriptional factor 3 (STAT3) suppression.

The anti-proliferative effects of FaOH isolated from carrots was initially shown in 2003. In
addition, FaOH-type polyacetylenes has been shown to be cytotoxic against human pancreatic
carcinoma cells in vitro by modulating the expression of the genes involved in apoptosis, cell cycle,
stress response, and death receptors [82,83].

Treatment of leukaemia cell lines with carrot extract or isolated FaOH or FaDOH inhibited the
cell cycle progression, suggesting that carrots cause cell cycle arrest (G0/G1) in leukaemia cell lines
[84]. Moreover, cytotoxicity of FaOH, FaDOH and panaxydiol isolated from the dichloromethane
extract of root celery were tested for their potential impact in a number of human cancer and
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leukaemia cell lines. All polyacetylenes examined exhibited moderate cytotoxicity against
leukaemia, lymphoma, and myeloma cell lines. Although FaOH had significantly more activity
against the lymphocytic leukaemia cells than FaDOH and panaxydiol [85]. In other studies, FAaDOH
also had less cytotoxic activity than FaOH and FaDOH3Ac [84,86].

3.1.2. Pro-apoptosis Activity

Cancer prevention and treatment depend on the use of a variety of bioactive compounds that
inhibit the early stages of cellular transformation required for the development of the neoplastic
phenotype, such as initiating autophagy, apoptosis, or other forms of cell death such as oncosis or
necrosis [87]. Apoptosis dysfunction is a major contributor to cancer development and progression.
Tumour cells' ability to avoid apoptosis can play a significant role in their resistance to traditional
therapies.

FaOH has been studied on human pancreatic ductal adenocarcinoma cell lines and found to
regulate genes related to pro-apoptosis, anti-apoptosis, apoptosis, cell cycle, stress-related, and death
receptors. FaOH suppressed pro-apoptosis genes (BAD, HTRA-2), anti-apoptosis genes (Livin,
XIAP), cell cycle controller (Phospho-p53 at animo acids serine 15, 46 and 392 (515, 546 & S392), stress-
related genes (Clusterin, Hsp60) and death receptor gene (TNFR1, TNFSF1A). In addition, FaOH
increased cell cycle checkpoint phosphorylation (Phospho-Rad17 (5635)) and induced stress-related
genes (HO-1, HMXO1, HP32, Hsp27). Furthermore, FaAOH-type and other polyacetylene components
are potent inhibitors of pancreatic cancer cell proliferation [82].

Tumour recurrence and drug resistance are both facilitated by cancer stem-like cells (CSCs) [88].
Hsp90 is known to enhance cancer cell survival and ability to acquire anti-cancer drug resistance;
overexpression of Hsp90 has been reported in numerous human malignancies to be associated with
poor prognosis [89,90]. An in vivo study showed that orally administered FaOH significantly
suppressed the proliferation of lung cancer in a mouse model without overt symptoms of toxicity at
concentrations of 50 mg/kg body weight [88], which would correspond to a human dose of 4 mg/kg
[91]. FaOH inhibited carcinogenesis both in vitro and in vivo by inhibiting the function and viability
of cancer stem-like cells of non-small-cell lung cancer by triggering apoptosis without enhancing
Hsp70 expression. Moreover, FaOH, at the low dose of 1 pM, induced apoptosis in cancer stem-like
cells [88].

3.1.3. Gut microbiota composition

A study aimed to investigate whether antibacterial effects of FAOH and FaDOH may be a
mechanism of action in the antineoplastic property of FaOH and FaDOH. They tested the effect of
FaOH and FaDOH on gut microbiota composition in the AOM induced rat colorectal cancer model.
Rats treated with AOM were fed either a normal rat diet or diet enriched with FaOH and FaDOH.
Analysis of cecum faecal samples revealed a significant change in the gut microbiota among the
groups. FaOH and FaDOH, which have been found to suppress the growth of neoplastic tumours in
the colon in a rat colon cancer model, modify the composition of low abundant gut microbiota GM
members such as Lactobacillus reuteri and high prevalence of Turicibacter, which is also correlated
with a reduction in the number of macroscopic sites of neoplasms. Thus, this study has demonstrated
that modifications in the gut microbiota may play a significant role in the colon-protective action of
FaOH and FaDOH against neoplastic transformation [92].

3.1.4. Other Effects

FaOH stimulated differentiation of primary mammalian cells at concentrations as low as 0.004
to 0.4puM, whereas cytotoxic effects were observed at concentrations of > 4uM, [93]. Moreover, a study
has evaluated polyacetylenes (FaOH and FaDOH) isolated from carrots in non-cancerous human
intestinal epithelial cells (FHs 74 Int. cells) and intestinal cancer cells (CaCo-2). The growth-inhibition
response was seen in concentrations above lug/mL (~4pM) with maximum inhibition at
20pg/mL(~80uM). The FaOH showed higher inhibitory potency in comparing with FaDOH. In
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addition, cancer cells treated with combinations of FaOH and FaDOH has showed a synergistic
response for the inhibition of cell growth [94]. FaOH purified from carrots inhibited caspase-3
expression to prevent cell death and reduced basal DNA strand breakage in CaCo-2 cells. Thus, FaOH
is either pro-survival or pro-death at a concentration dependent manner in CaCo-2 cells [95].

Polyacetylenes have other effects with relevance for cancer. Polyacetylenes can be used to heal
or relieve symptoms by interacting with other foods or drugs. Cisplatin, which has nephrotoxicity as
a side effect, is a therapeutic drug for various solid tumours. FaADOH has been found to attenuate
cisplatin-induced injury and down-regulate mRNA levels of TNF-a, IL-1p and protein expression of
p-NE-kB p65 in mice [96].

Another study has demonstrated the effects of FaOH, FaDOH, FaDOH3Ac, and falcarindiol 3,8-
diacetate on breast cancer multidrug resistance protein (BCRP/ABCG2), a xenobiotic efflux
transporter causing chemotherapy resistance in cancer. Polyacetylenes inhibited mitoxantrone efflux
(an ABCG2 substrate) in HEK293 cells overexpressing ABCG2. In a vesicular transport assay,
concentration-dependent inhibition of methotrexate (another ABCG2 substrate) uptake into ABCG2-
overexpressing Sf9 insect cell membrane vesicles was observed. Polyacetylenes also inhibited
baseline and sulfasalazine-stimulated vanadate-sensitive ATPase activities in ABCG2-
overexpressing Sf9 insect cell membrane vesicles. This study suggested that polyacetylenes might
mitigate multidrug resistance in chemotherapy. As ABCG2 may play a role in the absorption and
disposition of polyacetylenes, there may be food-drug interactions between polyacetylene-rich foods
and ABCG2 substrate drugs [97].

3.2. In vivo

In a prospective cohort study including 57,053 Danes, intake of 2—4 or more raw carrots each
week (>32 g/day) was associated with a 17% reduced in risk of colorectal cancer compared to
individuals with no intake of raw carrots [98]. Moreover, consumption of carrot powder reduced the
growth of intestinal tumours in the ApcMin mouse colon cancer model [99]. A study examined colon
preneoplastic lesions in AOM-treated rats fed carrots (10% freeze-dried carrot with a natural
concentration of FaOH at 35 ug/g); FaOH (purified FaOH mixed at 3.5 pug/g in food); or control, for
18 weeks. Compared to the control group, the number and size of lesions decreased significantly in
rats that received either one of the two experimental treatments, compared to the control group. The
study found that carrots and FaOH can slow the growth of aberrant crypt foci (ACF) and tumours
[100]. In a similar study, again using AOM-treated rats as a colon cancer model, feed containing a
mixture of FaOH and FaDOH at concentrations 4 times higher than the previous study, significantly
reduced the number of tumours >Imm, from 21 in controls to 12 in polyacetylene-treated rats [101].
An inverse correlation was found between higher intake of a combination of FaOH and FaDOH with
multiplicity of colorectal neoplastic lesions [51]. These studies support the hypothesis that diets rich
in FaOH and FaDOH can be a preventive treatment of colorectal cancer. A human dose of
polyacetylenes corresponding to the 2017 rat experiment would be 24mg per day for a 70kg person,
which could be provided by consuming 260g per day of the cultivated carrot cultivar ‘Nantes Empire’
[101].

Polyacetylenes from ginseng have shown selective tumour killing activities similar to
chemotherapeutic agents. Panaxydol isolated from Panax ginseng inhibited tumour growth in
mouse tumour models, including PC3 human prostate cancer xenograft and mouse renal carcinoma
(Renca) cells. BALB/c nude mice bearing PC3 or Renca cells tumour were injected with panaxydol
every two days for a course of three-weeks. Panaxydol inhibited growth of the PC3 xenograft dose-
dependently, with complete suppression at 100 mg/kg. In addition, panaxydol also reduced Renca
tumour size in dose-dependent manner, demonstrating that panaxydol has an anticancer effect in
vivo [80].

4. Polyacetylene Toxicology

Polyacetylenes in high concentrations could have some toxic effects which may depend on cell
sensitivity. In in vitro studies, FaOH has cytotoxic activity against several intestinal cell lines at the
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concentrations 4 uM [93] and 10 uM [94]. In addition, FaDOH has shown a toxic activity in human
colon adenocarcinoma (HT-29) cells in concentrations >50uM, while it exhibited a toxic effect on
human mesenchymal stem (hMSC) cells in concentrations >20uM [81]. In another study, FaDOH and
panaxydol have shown toxicity at concentrations of 40uM [94]. In addition, FaOH showed neurotoxic
effects at high concentration (LD50=100 mg/kg) when injected into mice [102] whereas FaDOH had
no neurotoxic effects in rats when injected with similar concentrations (LD50 >200 mg/kg) [103].
Mammals have not been observed to be poisoned after voluntary consumption of falcarinol-type
polyacetylenes in natural sources; this is probably related with the bitter taste of polyacetylenes, in
particular FaDOH, which causes a bitter or burning sensation when occurring in concentrations
>40uM [104], thus preventing the eating of unsafe amounts of vegetables with too high levels of these
polyacetylenes. This contrasts with other types of polyacetylenes, such as oenanthotoxin found in the
neurotoxic plant hemlock water-dropwort [105]. However, while the falcarinol-type polyacetylenes
can also cause neurotoxic symptoms, this requires much higher concentrations than occur in edible
plants, and therefore their presence in food plants is deemed harmless [106].

5. Conclusion

Many studies indicate that Apiaceae and Araliaceae food plants rich in polyacetylenes are
important tools for cancer prevention. The findings reviewed here consistently support that
polyacetylenes are anti-neoplastic natural phytochemicals with potential for advances into multiple
applications in cancer prevention, treatment, and as lead compounds in the discovery of new
anticancer drugs. These mechanisms of action attributed to polyacetylenes are similar to those of
many other anticancer drugs, which include triggering cell cycle arrest, apoptosis, UPR and reducing
inflammation but potentially with lower toxic side effects. The polyacetylene concentrations in
widely consumed vegetables such as carrots are sufficiently high to potentially provide substantial
chemo-preventive effect within the recommended vegetable & fruit intake of 400g per day, while at
the same time sufficiently low to exclude concerns about toxicity from these dietary sources.
Polyacetylenes have significant inhibitory effects on multiple cancer cell pathways reflecting their
anti-proliferative and anti-tumorigenic properties.

Future studies are needed to determine the safe doses of polyacetylenes in humans, as a
prerequisite for any non-food application, whether in food supplements or drugs. NF-kB pathways
have been shown to be influenced by polyacetylene components, indicating their significance in
terms of not only cancer prevention and treatment but also numerous other biological processes.
However, future studies should focus on human intervention studies on biomarkers of inflammation
in both NF-kB, UPR pathways, and other anti-cancer processes, to guide the optimisation of the
implementation of affordable food-based cancer prevention programmes.
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