cancers @@

Review

Anticancer Potential of the Cyclolinopeptides

Adnan Fojnica "2, Zehra Gromilic 2, Semir Vranic 3 and Michael Murkovic ?*

Molecular Biology and Biochemistry, Gottfried Schatz Research Center,

Medical University of Graz, 8036 Graz, Austria; fojnica@student.tugraz.at

Institute of Biochemistry, Graz University of Technology, 8010 Graz, Austria; zehra.gromilic@student.tugraz.at
3 College of Medicine, QU Health, Qatar University, Doha 2713, Qatar; svranic@qu.edu.qa

*  Correspondence: michael. murkovic@tugraz.at

Simple Summary: Peptides are ubiquitous molecules abundantly found in nature, and their diverse
functions and biological activities have been extensively examined over the years. In the past, in vitro
and in vivo biological effects of flaxseed oil have been well-examined and reported in numerous
studies. However, the effects of many individual components from the flaxseed are yet to be examined.
Cyclolinopeptides (CLPs), one of the components, have gained significant attention due to their
cyclic nature and hydrophobic properties. CLPs are isolated from flaxseed and typically consist of
eight, nine, or ten amino acid residues. Experimental investigations into the biological activities
of CLPs began in the 1980s and early 1990s, revealing their potential therapeutic applications. In
recent years, particularly, there has been interest in examining the anticancer effect of CLPs. Diverse
bioactivities and potential therapeutic CLPs aspects seek novel approaches and further investigation
to maximize utility.

Abstract: Novel therapeutic agents to combat cancer is an active area of research, as current treatment
options have limitations in efficacy and tolerability. One of these therapeutic agents in our immediate
environment is cyclolinopeptides (CLPs). CLPs have several advantages that make them suitable
for daily consumption and potential therapeutics in cancer research. They are natural compounds,
having high specificity, low toxicity, low cost, and an overall simple extraction process. Over the years,

numerous in vitro studies in cancer cells demonstrated CLPs to possess anti-proliferative, apoptotic,

fur;)edc:tfgsr and anti-angiogenic effects, as well as the ability to induce cell cycle arrest and inhibit cancer cell
o . . growth in various cancer types, including breast cancer, gastric cancer, and melanoma. This paper
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® Flaxseed, also known as linseed (Linum usitatissimum L.), is a spring flowering annual
plant flax cultivar belonging to the Linaceae family [1]. Flax usually grows up to 100 cm

and has a long main stem and a short taproot, while root branches extend to 120 cm
in soil. In thin stands, branches develop from the plant base, while in thick seeding,
This article is an open access article ~ ONIY the main stem develops. The flax fruit is a five-celled capsule, usually containing
distributed under the terms and  ten seeds [2]. Throughout history, selective breeding led to highly branched, shorter
conditions of the Creative Commons  Varieties with improved seed yields. Approximately 200 Linum species have been identified
Attribution (CC BY) license (https://  worldwide [2,3]. The plant is mainly cultivated to produce fibers for making linen, while
creativecommons.org/licenses/by/  plants grown for oilseed are of the same species but belong to different cultivars [2]. Flax
40/). varieties grown for seed production are highly branched, shorter, and produce a high yield
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of seeds, whereas plants cultivated for fiber utilization mature early and have tall stems
with little branches (Figure 1). Common fiber flax is harvested before the seed is mature,
as the fiber quality is at its best in the premature phase. On the other hand, seeds during
this phase produce high-quality oil; part of the seeds are used for replanting, and the rest is
sold in the oilseed market.

Figure 1. Flowering Linum usitassimum on the left and dried seed of the flax on the right. Images
generated by Al software: Craiyon.

The terms “flaxseed” and “linseed” are often used interchangeably in the common
language; however, there is a significant difference in the scientific literature. Generally
speaking, linseed is used to describe flax used for feed purposes and industry, while
flaxseed is used to describe flax used for human food consumption [4].

Flaxseed is cultivated in more than 50 countries all around the globe [1]. Canada is the
leading producer of flaxseed oil, with 1,260,000 tons annually, following USA and China [1].
European countries in which flax is primarily cultivated are the Czech Republic, Slovakia,
France, Germany, Italy, Belgium, and Ireland [1]. Mature flaxseeds are oblong and flattened
in shape and measure approximately 2.5 x 5.0 x 1.5 mm [5]. The weight of one seed is
approximately 5 mg, with a positive correlation between seed weight and oil content [5].

Typically, flaxseed contains 41% fat, 28% fiber, 20% protein, 7.7% moisture, and 3.4%
ash, indicating that the percentage varies depending on the cultivar, growing conditions,
and seed processing [6]. Other components commonly found in flaxseed are cyclolinopep-
tides (CLPs), lignans, phenols, phytic acid, cyanogenic glycosides, trypsin inhibitors,
linatine, condensed tannins, cadmium, selenium, and vitamins and minerals [7,8].

2. Cyclolinopeptides

Cyclolinopeptides (CLPs) represent a group of cyclic, hydrophobic peptides usually
composed of eight (octapeptides), nine (a nonapeptide), or ten (decapeptide) amino acid
residues, having molecular weights in the range of 950-2300 Da [9,10]. Flaxseed orbitides,
or linusorbs, may be used interchangeably to refer to CLPs. However, often they will have
distinct and broader meanings, particularly in the case of orbitides [9,10].

The very first cyclic peptide ever identified was CLP-A. The peptide was extracted
in 1959 by Kaufmann and Tobschirbel from the deposited sediments of crude flaxseed
oil [9,10]. Subsequently, each newly discovered cyclic peptide from flaxseed was named by
the next letter in the alphabet. Thirty-nine CLPs primarily containing proteinogenic and
oxidized amino acids were identified in flaxseed oil, roots, and seeds [1,9,10].
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The highest concentration of CLPs is found in cold-pressed flaxseed oil, and usually,
up to around 15 CLPs are identified in the flaxseed oil using common analytical tools [1].
Flaxseeds are crushed and passed through cold press oil expellers without employing any
pre-press heat treatment prior to the mechanical pressing stage to extract flaxseed oil and
achieve elevated levels of CLPs. Extracted cold-pressed oil can be directly used as a food
source after mechanical treatment.

Detailed representations of the peptides and their primary structures are shown in
Table 1. Detailed chemical representation, as well as the nucleotide and protein sequence,
were provided by Shim and her group in 2019 [10].

Table 1. Common CLPs found in the flaxseed oil extract are characterized by Hybrid Quadrupole
Orbitrap Mass Spectrometry-RP HPLC (modified from our original article [1]).

Type Sequence Chemical Formula (MW-H*)
CLP-A Ile-Leu-Val-Pro-Pro-Phe-Phe-Leu-Ile Cs7Hg5NgOg (1040.6543)
CLP-B Met-Leu-Ile-Pro-Pro-Phe-Phe-Val-Ile Cs6HgzNgO9S (1058.6107)
CLP-C Mso-Leu-Ile-Pro-Pro-Phe-Phe-Val-lle Cs56Hg3zNoO19S (1074.6056)
CLP-D Mso-Leu-Leu-Pro-Phe-Phe-Trp-Ile Cs7H77NgOgS (1064.5638)
CLP-E Mso-Leu-Val-Phe- Pro-Leu-Phe-Ile Cs1H77NgO9S (977.5529)
CLP-F Mso-Leu-Mso-Pro-Phe-Phe-Trp-Val Cs5H73N9O1S, (1084.4995)
CLP-G Mso-Leu-Mso-Pro-Phe-Phe-Trp-Ile Cs6H75N9010S, (1098.5151)
CLP-1 Met-Leu-Mso-Pro-Phe-Phe-Trp-Val Cs5H73N9O9S, (1068.5045)
CLP-K Msn-Leu-Ile-Pro-Pro-Phe-Phe-Val-Ile Cs6HgzNogO11S (1090.6006)
CLP-L Met-Leu-Val-Phe-Pro-Leu-Phe-Ile Cs1H76NgOgS (961.5580)
CLP-M Met-Leu-Leu-Pro-Phe-Phe-Trp-lle Cs7HgzNgOgS (1048.5689)
CLP-N Met-Leu-Met-Pro-Phe-Phe-Trp-Val Cs5H73N9OgS, (1052.5096)
CLP-O Met-Leu-Met-Pro-Phe-Phe-Trp-Ile Cs6H75N9OgS, (1066.5253)
CLP-P Met-Leu-Mso-Pro-Phe-Phe-Trp-lle Cs56H75N90O9S, (1082.5202)
CLP-T Mso-Leu-Met-Pro-Phe-Phe-Trp-Val Cs5H73N9O9S, (1068.5045)

Abbreviations: Ile—isoleucine, Leu—leucine, Val—valine, Pro—proline, Phe—phenylalanine, Trp—tryptophan,
Met—methionine, Msn—methionine sulfone, and Mso—methionine sulfoxide.

3. Biological Activity of CLPs

Peptides are among the most present molecules in nature, and over the years, a special
focus has been put on their function and biological activities. The natural function of CLPs
in plants is still unknown [1]. However, the biological activity and health benefits of flaxseed
oil, fibers, and meals have been well-established over the last few years [4]. Mainly, the
biological activity of flaxseed oil is related to the exceptionally high amount of «-linolenic
acid (w-3 fatty acid) and its important role in cardiovascular and other diseases [11,12].
However, more and more biological activities of hydrophobic CLPs have been identified,
and immune-system-suppressing and cancer-inhibiting effects were reported [1,10,13,14].

Experiments showing the biological activities of CLPs started in the nineteen eighties
and early nineties. In 1986, it was reported that CLP-A inhibits cholate uptake into hepato-
cytes [15]. A possible explanation of this effect is a tripeptide block of two phenylalanine
(Phe) and proline (Pro). This structure is found in CLP-A, which, once present in other
structures (e.g., somatostatin), suppresses the transport system of hepatocytes [15].

A few years later, CLP-A was tested for immunosuppressive activity using a plaque-
forming cell (PCF) test. In this test, CLP-A affected both primary and secondary humoral
immune responses (HIR) [16]. In the graft versus host reactions, delayed-type hypersensi-
tivity (DTH), and allograft rejection experiments, CLP-A caused prolonged skin rejection
time and a reduced reaction index [16].

In 2001, CLP-A’s immunosuppressive effect was compared to cyclosporine A—a well-
studied and clinically used immunosuppressant [17]. The experiment showed a similar
mechanism in both cyclic structures, inhibiting the action of interleukin-1 and interleukin-2.
Additionally, the induction of T and B cell proliferation and immunoglobulin synthesis
by CLP-A was observed in the same experiment [17]. Besides CLP-A, Morita and co-
workers reported CLP-B as a suppressing mitogen-induced response of human peripheral
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blood lymphocytes [18]. CLP-B inhibited lymphocyte proliferation induced by mitogen
in mice [18]. CLP-A, CLP-C, and CLP-E induced cell apoptosis in human lung epithelial
cancer cells [19]. Similar findings were reported for CLP-K and CLP-J [18,20].

Bell and colleagues demonstrated the antimalarial activity of CLA through the inhi-
bition of human malaria parasites (Plasmodium falciparum) in culture [14]. Even though a
clear correlation between the structure of the cyclolinopeptide and the inhibition of human
malaria parasites in cell culture could not be found, a strong correlation between the hy-
drophobic nature of CLP-A and the antimalarial activity was evident [14]. The inhibition
of malaria parasites increased with more hydrophobic amino acids in the cyclic peptide
chain [14].

Another interesting observation was reported by Shim and her group [21]. CLPs can
induce the production of heat shock protein in Caenorhabditis elegans. The treatment of
nematodes in culture with CLP-A stimulates the production of proteins up to 3.5-fold, with
a recommended concentration of CLP-A of 1.0 uM [21].

In 2010, Rempel and co-workers observed CLP-A binding to human serum albumin
(HSA) [22]. HSA is the most abundant protein in blood plasma, and it is believed that the
interaction of these structures would have an important utilization in nanotechnology and
the biomedical sector. Interaction occurs through the hydrophobicity of Sudlow site Iin
HSA and CLP-A [22].

Another potential function of CLPs was reported in 2016 [23]. The group tried to
examine the inhibitory effect of CLPs on osteoclast differentiation [23]. Almost all tested
CLPs inhibited osteoclast differentiation at specific concentrations without damaging cell
viability; TRAP activity was used to indicate osteoclast differentiation. However, the best
IC50 (drug concentration necessary to produce the desired effect) results were obtained for
CLP-I, CLP-O, CLP-F, CLP-N, and CLP-H peptides. All CLPs with significant activity had
tryptophan in their cyclic structure; accordingly, CLPs with lower activity were missing
tryptophan [23].

Many biological activities have been reported over the years. However, in this review,
we will specifically focus on the anticancer effects of CLPs and thoroughly examine the
available literature.

4. Literature Search Methods and Search Strategies

During the initial phase, a comprehensive search was conducted on the PubMed/
MEDLINE database to gain a general understanding of the topic. No specific filters were
applied during this search. In the subsequent phase, the search was refined to include spe-
cific scientific terms, such as “cyclolinopeptides”, “CLPs”, “flaxseed orbitides”, “flaxseed
peptides”, “flaxseed cyclic peptides” or “linusorbs”, in combination with keywords, such

a7 a7 a7 A

as “tumor”, “cancer”, “anticancer”, “antitumor”, “neoplasia”, or “treatment”.

5. Cancer Research and Cyclolinopeptides

Cancer is the second leading cause of death that continues to be a major global health
challenge, accounting for nearly 10 million deaths annually [24]. The main hallmarks of
cancer cells, such as uncontrolled growth and the ability to invade surrounding tissues,
lead to the formation of malignant tumors and spreading through the body [25]. Despite
marked progress in cancer research and treatment, cancer still poses a significant burden in
terms of sickness and mortality on a global scale. Therefore, searching for novel therapeutic
agents to combat cancer is an active area of research, as current treatment options have
limitations in efficacy and tolerability. One of these therapeutic agents found in our
immediate environment is CLPs [5,13,20].

CLPs have several advantages that make them suitable for daily consumption and
potential therapeutics in cancer research. They are natural compounds, having high
specificity, low toxicity, low cost, and an overall simple extraction process [20,21,26]. Over
the years, numerous in vitro studies in cancer cells demonstrated CLPs to possess anti-
proliferative, apoptotic, and anti-angiogenic effects, as well as the induction of cell cycle
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arrest, and inhibition of cancer cell growth in various cancer types, including breast cancer,
gastric cancer, and melanoma [21]. The mechanism of action of CLPs in cancer cells
is multifaceted. It involves the modulation of multiple signaling pathways, including
inhibition of protein kinases, modulation of apoptosis-related proteins, and regulation of
oxidative stress and inflammation [21].

Furthermore, CLPs have been shown to possess immunomodulatory properties, en-
hancing the body’s immune response against cancer cells. Additionally, CLPs have been
reported to have similar effects to conventional chemotherapy drugs, suggesting their
potential use as adjuvants in cancer treatment [21].

The value of investigating CLPs in the context of cancer is their potential as a novel and
promising therapeutic option. CLPs offer several advantages, such as being highly specific
natural compounds, making them attractive candidates for cancer therapy. CLPs were
also subjected to toxicological evaluation, and no toxic effects were found in rats and mice
when administered orally or intravenously [21]. Further studies are needed to evaluate
the safety of these peptides in humans. Understanding the underlying mechanisms of
CLPs’ anticancer effects can contribute to developing targeted therapies that are effective
against cancer cells while sparing normal cells, minimizing adverse effects associated with
conventional cancer treatments.

Additionally, complementary and alternative medicine (CAM) plays a crucial role in
healthcare by offering patients a holistic approach to care, diverse therapeutic options, and
the potential to address treatment gaps without side effects [27,28]. The idea of entirely
natural, “plant-grown drugs” has been recognized as attractive to many people around the
globe [27,28]. In Europe, 25.9% of the examined individuals have reported using natural
compounds preferentially to either complement therapies or use them as a completely
alternative approach [27,28]. Among the examined 21 European countries, Germany had
the most reported cases of CAM use [27,28]. A similar trend is also observed in the USA,
and CAM approaches have increased over the years [28,29].

So far, in clinical databases, there are no registered clinical trials dealing with applying
CLPs to cancer patients. The only clinical trial (NCT01846117) that is registered regarding
flax and its components in clinicaltrials.gov is the study regarding secoisolariciresinol
diglucoside (SDG) [30]. A Canadian research team studied whether lignan intake reduces
oxidative stress and inflammation through dietary intervention [30]. In addition, no
reported study examines the effect of CLPs in cancer induction and experimental animal
models. All the experiments carried out on CLPs are in vitro studies, wholly based on
cell cultures [13,21,31-36]. Some studies regarding CLPs and anti-inflammatory effects
primarily include mouse models [37,38]. Similarly, the anticancer potential of flaxseed oil is
well-studied in mouse models [24-26,37-39]. Following general trends, clinical applications
of the CLPs may wait several years for the first trials to start [40].

6. In Vitro Studies

To the best of our knowledge and according to the PubMed /MEDLINE database, the
first study regarding the anticancer potential of the CLPs was conducted in 2015 in breast
and melanoma cancer cell lines [33]. Our investigation on Google Patents uncovered a
US patent application filed by Reaney and his research group in 2013 [19]. The patent
application revealed their findings regarding the connection between CLPs (A, B, and E)
and their potential to induce apoptosis in cancer cell lines [19].

In the last five years, research has been actively conducted on different cancer types,
including gastric cancer [31,41], breast cancer [32,33,36], glioblastoma [35], adenocarci-
noma [42], lung cancer [21], melanoma, and bone cancer [13]. Accordingly, a list of the most
important studies and direct anticancer potential of the CLPs are summarized in Table 2
but also demonstrated through the rest of the manuscript.
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Table 2. List of the most important studies regarding the anticancer activity of the peptides.
Type of Cancer Cyclolinopeptides Effect Key Findings of the Study References
Effects of both CLP-A and
CLP-A and CLP-B induce CLP-B are highly
Gastric cancer CLP-A apoptosis in gastric dependent on the [31]
CLP-B pop & concentration of the
cancer cells .
peptides and the
exposure time.
CLP-A, CLP-B, and CLP-E Be§1des inducing apoptosis
Lune cancer CLP-A CLP-B induce apootosis in in human lung cancer, [21]
ung cance CLP-E 1nduce apoptosis 1 CLPs can induce HSP 70A
lung cancer S
production in C. elegans.
Bone tumor CLPs mixture CLPs mixture inhibits the el Vl&clgll:?e};\(tireactli‘f)ils:es e [13]
synthesis of DNA in GCTB.
dependent manner.
CLP-A and CLP-B had
CLP-A and CLP-Bhad a cytotoxic effects on
Breast cancer CLP-A CLP-B cytotoxic effect on the triple-negative-subtype of [32]
breast cancer cells breast cancer, even at low
nanomolar concentrations.
CLP-A, CLP-C,and CLP-E = The approximate effect for
had cytotoxic effects on orally administrating
Melanoma and breast CLP-A CLP-B CLP-C melanoma cells, whileall =~ CLP-A and other peptides [33]
cancer CLP-E four peptides had cytotoxic is expected to occur after g
effects in the case of breast injecting 400-500 pg/mL
cancer cell lines. of serum.
CLP-A, CLP-B, and a
s of s PP s gL
CLP-A CLP-B CLP-D melanoma cyells Pe t}i] des CLP-A concentrations lead
Melanoma CLP-E - Tep to suppressed MITF and [34]
reduce mRNA levels of .
CLP-F CLP-G . . phosphorylated proteins
melanin production-related
. such as CREB and PKA.
genes and the synthesis
of melanin.
CLP-A can suppress the
CLP-A suppresses Src gene motility of C6 cells as a
Glioblastoma CLP-A activity and promotes cell critical factor for tissue [35]
apoptosis. CLP invasion, cancer cell
migration, and metastasis.
Individual CLPs and CLPs
mixture release Cyt C,
increase the level of
Adenocarcinoma CLP_Am%E_rE CLPs CLPs induce apoptosis Bax/Bcl-2 and stimulate [42]
the expression of caspase 3
and 9, eventually leading
to apoptosis.
CLP-A, natural and Isomerization of the
L and D forms of synthesized variants eptides has a significant
Breast cancer CLP-A, CLP-D, and Y peptis &t [36]
inhibited the growth of the influence on its
CLP-G .
breast cancer cells cytotoxic effects.
Gastric cancer CLP-A CLP-B G1 cell cycle arrest and P y [41]

prevent cell proliferation

cell cycle arrest in
gastric cancer
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6.1. Breast Cancer and CLPs

Breast cancer is the most common malignancy in women, and each minute three
women are diagnosed with breast cancer worldwide [43]. The most frequently mutated
genes in breast cancer cells are TP53 and PIK3CA [43]. Owiti et al. [33] examined the
influence of CLP-A, CLP-B, CLP-C, and CLP-E on breast cancer cell lines SK-BR-3 and
MCEF-7 and human melanoma cell lines A375 [33]. The objective of utilizing CLPs in the
study was to achieve a specific effect by countering the growth and proliferation of cells
caused by mutations in certain genes by inducing cell cycle arrest and/or promoting the
overexpression of tumor suppressor genes. Concentrations that were tested were 25 ug/mlL,
50 ug/mL, 100 pg/mL, 200 pg/mL, and 400 ng/mL, and the effect was observed after the
24 h and 48 h of exposure [33]. In the MCF-7 breast cancer cell lines, the highest cytotoxicity
was observed for CLP-B (19%) and CLP-A (18%). While in the case of SK-BR-3 cell lines, the
highest cytotoxicity was seen in the cells treated with the CLP-A (75%), following CLP-B
(41%), CLP-C (36%), and finally CLP-E (28%) [33]. It is often reported that the cytotoxicity
effect of CLPs reduces over time [33]. However, in this case, CLP-B, CLP-C, and CLP-E
maintained their effect after 48 h [33].

In a study from 2019 [32], Jina Yang and her group examined the effectiveness of CLPs
mixture in fighting human breast cancer. For this purpose, MDA-MB-231 and SK-BR-3 cell
lines were investigated using the WST-8 assay. Cell lines were treated with the CLP-A and
CLP-B, using concentrations of 25 to 400 uM [32]. The concentration-dependent decrease
was observed across MDA-MB-231 cell lines. CLP-A exhibits significantly higher activity
compared with CLP-B [32]. No significant cytotoxic effects were observed in the human
breast cancer SK-BR-3 cells using CLP-A and CLP-B [32].

6.2. Melanoma and CLPs

The next cancer type for which the toxicity of CLPs was examined was melanoma [33,34].
Melanoma originates from the melanocytes and represents the most lethal form of skin
cancer [44]. The dysregulated activation of the AKT pathway is common in melanoma
and occurs in more than 70% of cases [44]. One of the aims of the peptide interaction
in melanoma cells would be to modulate the AKT signaling pathway [41]. In the study,
in vitro assays are applied on melanoma cells in order to examine the cytotoxicity effects
of CLPs. No effect was observed for the first 24 h, by any of the four CLPs (A, B, C, and
E), even at the highest concentrations [33]. After 48 h, the highest cytotoxicity effect was
observed for CLP-A, following CLP-C and CLP-E. No cytotoxicity effect was observed for
the CLP-B [33].

Another study that involved melanoma and the effect of CLPs on melanogenesis was
conducted in 2022 [34]. For this purpose, mouse-derived B16-F10 melanoma cells were
used. Contrary to expectations, CLP-A and CLP-B only reduced the pigmentation in the
cells without any cytotoxic effect on melanoma cells. The same effect was observed once
CLP-A, CLP-B, CLP-D, CLP-E, CLP-E and CLP-G were mixed [34]. A possible explanation
for this effect may be a low concentration of the applied CLPs, as only concentrations of 25
to 100 ng/mL have been used [34]. Some experiments conducted in the past showed that
cytotoxic effects would start at concentrations of at least 200 pg/mL. The exposure time
was identical to the previous experiments [33,34].

6.3. Gastric Cancer and CLPs

In a study from 2018, Xian-Guo Zou and his group examined the anticancer potential of
CLP-A and CLP-B for gastric cancer [31]. Gastric carcinoma is the most common malignancy
affecting the stomach [45]. It is the fifth most common malignancy in the world and accounts
for the third most deadly neoplasm [45]. As the inactivation of tumor suppressor genes is
one of the hallmarks of gastric cancer [46], one of the targets for the peptides would be to
stimulate the expression of the tumor suppressor genes. The experiment used the gastric
cancer cell line SGC-7901, and both CLP-A and CLP-B demonstrated significant antitumor
cytotoxic activity. However, CLP-A had a significantly higher effect [31]. Of note, the type of
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CLPs and the respective concentration, in combination with exposure time, are considered
essential parameters for such experiments. It is often the case that the cytotoxic effect will
start after 24 h or 48 h [31]. Some CLPs will degrade over time and oxidize into another
structure (e.g., CLP-B oxidizes into CLP-C), which can significantly impair their activity
and change the effect [1]. Additionally, relatively low CLPs concentrations (80-240 uM)
were shown to be sufficient to reduce the cell viability of SGC-7901 cells. A year after, the
same authors [41] found that CLP-A and CLP-B induce cell cycle arrest in the examined
gastric cancer cells. G1 phase cell cycle arrest was associated with the downregulation
of CDK2, CDK4, cyclin D3, and cyclin E, and upregulation of the p21WAF1/CIP1 and
p27KIP1 was observed for the gastric cells treated with both CLPs [41].

6.4. Giant-Cell Tumor of the Bone and CLPs

In 2019, the antitumor effects of the CLPs mixture were examined for the giant-cell
tumor of the bone (GCTB) cell lines [13]. Most giant-cell tumors are benign; however, tumor
cells have a potential for locally aggressive behavior and the capacity to metastasize [47]. A
potential target for the CLPs effect in GCTB will be the RANK expression, as this pathway
is involved in the pathogenesis and CLP-F [48,49]. Cell number decreased for all tumor
cell lines treated with the mixtures of CLPs [13]. The exact mechanism was examined
using flow cytometry and cell cycle assays [13]. The results indicated that antitumor effects
originate from the inhibition of cell proliferation as DNA synthesis was suppressed, and
the number of cells found in the G0/G1 phase drastically increased in cell lines treated
with cyclic peptides [13].

6.5. Glioblastoma and CLPs

An anticancer effect of CLP-A and its underlying mechanism in glioblastoma cells
was studied by Sung and colleagues [35]. As the most common and aggressive brain
tumor, additional efforts are needed to understand this malignancy [50]. The cell motility of
glioblastoma increases the resilience of GBM and makes it harder for treatment [51]. Once
glioblastoma cells are treated with CLP-A, induced apoptosis, suppression of glioblastoma
cell motility, and cell cytotoxicity are observed [35]. This observation is vital as a driving
mechanism of cancer, metastasis, and organ invasion could be prevented through CLP-A
treatment [35]. The underlying mechanism behind such an effect may be a suppressed
activation of proto-oncogenic factors Stat3 and Src [35]. Tumor cell lines from human
patients and cancer animal models were used for an experiment. Furthermore, in vivo
studies would be required to confirm the significance of the observed effects [35].

6.6. Lung Cancer and CLPs

Shim and her group conducted a study regarding the effect of CLPs on the modulation
of regulatory genes that induce apoptosis in Calu-3 cells (human lung cancer cell lines) [21].
For all three CLPs, concentrations of 0.1-100 uM were applied, and expression of p53
upregulated modulator of apoptosis and anti-apoptotic gene BCL2 (anti-apoptotic gene
decreased as the concentration of CLPs increased) [21]. Additionally, microarray assays
show overexpression of several genes involved in the apoptosis process, such as CIDEB,
TNFE, FAS, and TP53BP2, for all three CLPs [21].

6.7. Adenocarcinoma and CLPs

Adenocarcinoma is a cancer type that arises from the glandular epithelium [52,53]. As
TP53 mutations are common in adenocarcinomas, biological molecules activating p53 and
caspases are required [53]. Xian-Guo Zou et al. [42] conducted a study regarding applying
CLP-A, CLP-B, and CLPs mixture (containing 13 CLPs) on the adenocarcinoma cell line. At
120 and 200 pg/mL concentrations, peptides activated p53 and caspase, increased Bax/Bcl-
2 ratio, and inactivated AKT [42]. Most of the observed morphological changes will not
occur before 36 h. As AKT significantly contributes to cell survival and resistance to tumor
therapy, CLPs inactivation of AKT may be a key drug in overcoming tumor resistance [54].
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6.8. Cytotoxic Effects
Isomerization of the peptides may lead to higher cytotoxic effects, which was con-

firmed by Jadhav and his group in 2021 [36]. Namely, natural (L-pair) CLP-A showed lower
cytotoxicity than the synthesized D-analog [36]. A most notable difference was obtained
after 48 h at 100 ug/mL, where cytotoxicity of 100% was observed in the synthesized
D-analog and only 40% for natural CLP-A [36]. Interestingly, after 72 h of exposure to
the synthesized peptides, cytotoxicity levels were identical for 100 and 200 ug/mL [36].
D-Analogs of other CLPs might significantly increase their toxic effect as well.

The available studies indicate that the effect of a relatively small proportion of pep-

tides has been investigated over the years. Less than 20% of identified CLPs have been
investigated. The diagram summarizing the activity of CLPs is shown in Figure 2, while
the exact mechanisms and effects of each CLP are summarized in Table 3.

Induce
expression of

™F Inhibit cell
proliferation

Inhibit DNA

Figure 2. Diagram summarizing anticancer activities of various CLPs.

Table 3. Effects and mechanisms of CLPs in different cancer cell lines.

migration of
the tumor

Effects

Cyclolinopeptides Mechanisms

References

Induce apoptosis

CLP-A, CLP-B, CLP-C, and
CLP-E may induce cell
apoptosis by elevated
expression of one of the
following: HRK, FAS,
CASP10, CIDEA, and CIDEB.
Additionally, CLP-A
downregulates the
anti-apoptosis protein Bcl-2
and upregulates the
pro-apoptotic protein Bax.

CLP-A, CLP-B,
CLP-C, CLP-E

[21,31]
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Table 3. Cont.

Effects Cyclolinopeptides Mechanisms References

CLPA and CLP-B may
modulate regulatory genes

Modulate regulatory such as FasL that regulate cell
genes CLP-A, CLP-B, CLP-F death. CLP-F downregulates [21,3148]
the expression of the
RANK protein.
CLP-A and CLP-C stimulate
Prevent tumor the expression of tumor
formation CLP-A, CLP-C suppressor TP53 and prevent 211
tumor formation.
Induce expression of CLP-A, CLP-C, and CLP-E
tamor nec};osis factor CLP-A, CLP-C, stimulate the expression of [21]
(TNF) CLP-E TNE, which further induces
tumor necrosis.
CLP-A, CLP-C, and CLP-E
overexpress TP53BP2 and
regulate the proliferation of
Inhibit cell CLP-A, CLP-B, the cells. Additionally, [21,41,54]
proliferation CLP-C, CLP-E CLP-A and CLP-B modulate e
the AKT/JNK signaling
pathway and inhibit cell
proliferation.
i CLPs mixture inhibits DNA
Inhibit DNA CLPs mixture synthesis. The exact [13]
synthesis . .
mechanism is not explained.
CLP-A, CLP-C, and CLP-E
. . induce overexpression of
Regulate migration of CLP-A, CLP-C, TP53BP2, which further [21]
tumor cells CLP-E L
regulates the migration of
the cells.

It is evident from the previous studies that CLP-A has received the most attention
among the CLPs. This is mainly due to the high concentration of CLP-A in the flaxseed
oil and low susceptibility to oxidation [1]. Active research has also been conducted on
CLP-B and CLP-E. Other peptides are usually present in lower concentrations, which
may be why their effects have not been extensively examined. Additionally, the effect of
CLPs was observed only for a few cancer types [13,21,31,32,34,41]. For future experiments,
we suggest that other common cancers are being tested (e.g., colorectal, prostate, and
gynecologic cancers).

7. Conclusions and Future Perspectives

In the past, in vitro and in vivo biological effects of flaxseed oil have been well-
examined and reported in numerous studies. However, the effects of many individual
components from the flaxseed are yet to be examined. In the past ten years, primarily
Canadian, South Korean, and Chinese research groups have been working on the effects
of CLPs on different cancer cell lines. Research on the anticancer effects of CLPs holds
a good therapeutic value for oncologic patients. The diverse bioactivities and potential
mechanisms of action of CLPs make them an exciting area of investigation for developing
novel cancer therapies.
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Most of the experiments conducted over the years have focused on breast cancer cell
lines. Even among these cell lines, research was limited to several common cancer cell lines;
however, many other relevant cell lines that reflect the complexity and heterogeneity of
breast cancer have not been tested. Interestingly, no studies examined the effect of CLPs on
colorectal cancer, even though the colon and rectum play essential roles in the digestive
system, and flaxseed /flaxseed oil may be consumed daily. Further research in this area,
including well-designed preclinical, translational, and clinical studies, is required to fully
elucidate the therapeutic potential of CLPs in cancer treatment.

The success of CLPs as a therapeutic agent would be dose- and cell-type-specific. In
several studies, the lower dose of CLPs was observed to have a cytotoxic effect on cancer
cells. However, an important thing to consider is the oral consumption of the peptides. Low
CLP concentration may be efficient for cancer cell lines, so a significantly higher peptide
concentration may be needed in oral consumption. Additionally, even though toxicity for
the healthy tissue was not observed in most common rodent models (mice and rats), the
application of higher concentrations might be potentially toxic for humans [21]. Therefore,
additional efforts must be put in place for the wider application of the CLPs for human
studies. Moreover, usage of the concentration of 100 tM was already shown to be lethal for
lower eukaryotes.

Diverse bioactivities and potential therapeutic CLP aspects seek novel approaches and
further investigation to maximize utility. Applications of the CLPs as a conjugated drug
with other biomolecules should be considered for future studies.

Author Contributions: Conceptualization, M.M. and A.F; validation, M.M. and S.V.; formal analysis,
A'F. and Z.G,; investigation, A.F. and Z.G.; data curation, Z.G.; writing—original draft preparation,
MM, S.V,, AF. and Z.G.; writing—review and editing, M.M., S.V., A.F. and Z.G.; visualization,
Z.G.; supervision, M.M. and S.V. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Acknowledgments: We hereby acknowledge that the complete article processing charge was paid by
the TU Graz Open Access Publishing Fund.

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

References

1.  Fojnica, A,; Leis, H.J.; Murkovic, M. Identification and characterization of the stability of hydrophobic cyclolinopeptides from
flaxseed oil. Front. Nutr. 2022, 9,903611. [CrossRef] [PubMed]

2. Bemiller, ].N.; Whistler, R.L.; Barkalow, D.G.; Chen, C.C. Aloe, chia, flaxseed, okra, psyllium seed, quince seed, and tamarind
gums. In Industrial Gums: Polysaccharides and Their Derivatives, 3rd ed.; Whistler, R.L., BeMiller, ].N., Eds.; Academic Press: San
Diego, CA, USA, 1993; pp. 227-256.

3.  Guo, D, Jiang, H,; Yan, W,; Yang, L.; Ye, J.; Wang, Y.; Yan, Q.; Chen, J.; Gao, Y.; Duan, L.; et al. Resequencing 200 flax cultivated
accessions identifies candidate genes related to seed size and weight and reveals signatures of artificial selection. Front. Plant Sci.
2019, 10, 1682. [CrossRef] [PubMed]

4. Goyal, A.; Sharma, V,; Upadhyay, N.; Gill, S.; Sihag, M. Flax and flaxseed oil: An ancient medicine & modern functional food. J.
Food. Sci. Technol. 2014, 51, 1633-1653. [PubMed]

5. Oomah, B.D. Flaxseed as a functional food sourcet. J. Sci. Food. Agric. 2001, 52, 1857-1871. [CrossRef]

6.  Daun, J,; Barthet, V.; Chornick, T.; Duquid, S.; Thompson, L.; Cunnane, S. Flaxseed in human nutritioin. In Structure, Composition,
and Variety Development of Flaxseed, 2nd ed.; Thompson, L.U., Cunnane, S.C., Eds.; AOCS Press: Champaign, IL, USA, 2003;
pp- 1-40.

7. Wibolletta, N.; Malgorzata, J. The Role of Flaxseed in Improving Human Health. Healthcare 2023, 11, 395.

8. Matsumoto, T.; Shishido, A.; Morita, H.; Itokawa, H.; Takeya, K. Conformational analysis of cyclolinopeptides A and B. Tetrahedron
2002, 58, 5135-5140. [CrossRef]

9. Shim, Y.Y.; Young, L.W.; Arnison, P.G.; Gilding, E.; Reaney, M.]. Proposed systematic nomenclature for orbitides. J. Nat. Prod.
2015, 78, 645-652. [CrossRef]

10. Youn, Y.S.; Pramodkumar, D.; Martin, J.T. Orbitides from flaxseed (Linum usitatissimum L.): A comprehensive review. Tren. Food.

Sci. Techn. 2019, 93, 197-211.


https://doi.org/10.3389/fnut.2022.903611
https://www.ncbi.nlm.nih.gov/pubmed/35811993
https://doi.org/10.3389/fpls.2019.01682
https://www.ncbi.nlm.nih.gov/pubmed/32010166
https://www.ncbi.nlm.nih.gov/pubmed/25190822
https://doi.org/10.1002/jsfa.898
https://doi.org/10.1016/S0040-4020(02)00476-3
https://doi.org/10.1021/np500802p

Cancers 2023, 15, 3874 12 of 13

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kouadio, J.E; Parfait, K.; Li, X; Yue, S.; Liu, L. Novel trends and opportunities for microencapsulation of flaxseed oil in foods: A
review. J. Func. Food. 2021, 87, 104812.

Parikh, M.; Maddaford, T.G.; Austria, J.A.; Aliani, M.; Netticadan, T.; Pierce, G.N. Dietary flaxseed as a strategy for improving
human health. Nutrients 2019, 11, 1171. [CrossRef]

Taniguchi, Y.; Yamamoto, N.; Hayashi, K.; Takeuchi, A.; Miwa, S.; Igarashi, K.; Higuchi, T.; Abe, K.; Yonezawa, H.; Araki, Y.; et al.
Anti-tumor effects of cyclolinopeptide on giant-cell tumor of the bone. Antic. Res. 2019, 39, 6145-6153. [CrossRef]

Bell, A.; McSteen, PM.; Cebrat, M.; Picur, B.; Siemion, 1.Z. Antimalarial activity of cyclolinopeptide A and its analogues. Acta Pol.
Pharm. 2000, 57, 134-136. [PubMed]

Kessler, HK.; Muller, A.; Wagner, K.; Bats, ].W.; Ziegler, K.; Frimmer, M. Conformational prerequisites for the in vitro inhibition
of cholate uptake in hepatocytes by cyclic analogs of antamanide and somatostatin. Ang. Chem. 1986, 25, 997-999. [CrossRef]
Wieczorek, Z.; Bengtsson, B.; Trojnar, J.; Siemion, I.Z. Immunosuppressive activity of cyclolinopeptide A. Pept. Res. 1991, 4,
275-283. [PubMed]

Gorski, A.; Kasprzycka, M.; Nowaczyk, M.; Wieczoreck, Z.; Siemion, I.Z.; Szelejewski, W.; Kutner, A. Cyclolinopeptide: A novel
immunosuppressive agent with potential anti-lipemic activity. Trans. Proc. 2001, 33, 553. [CrossRef]

Hiroshi, M.; Teruki, M.; Koichi, T.; Hideji, I.; Toshihiko, H.; Kitaro, O. A new immunosuppressive cyclic nonapeptide, cyclolinope-
tide B from Linum uistassimum. Bioorg. Med. Chem. Lett. 1997, 7, 1269-1272.

Reaney, M.].; Jia, Y.; Shen, J.; Schock, C.; Tyler, N.; Elder, J.; Singh, S. Recovery of hydrophobic peptides from oil. US Patent
8,383,172 B2, 26 February 2013.

Hiroshi, M. Bioactive cyclic peptides from higher plants. Heterocycles 2010, 80, 739-764.

Shim, Y.Y,; Tse, T.J.; Saini, A.K,; Kim, Y.J.; Reaney, M.].T. Uptake of flaxseed dietary linusorbs modulates regulatory genes
including induction of heat shock proteins and apoptosis. Foods 2022, 11, 3761. [CrossRef]

Rempel, B.; Gui, B.; Maley, ].; Reaney, M.; Sammynaiken, R. Biomolecular interaction study of cyclolinopeptide A with human
serum albumin. J. Biomed. Biotechnol. 2010, 2010, 1-8. [CrossRef]

Kaneda, T.; Yoshida, H.; Nakajima, Y.; Toishi, M.; Nugroho, A.E.; Morita, H. Cyclolinopeptides, cyclic peptides from flaxseed with
osteoclast differentiation inhibitory activity. Bioorg. Med. Chem. Lett. 2016, 26, 1760-1761. [CrossRef]

WHO. Cancer. Available online: https:/ /www.who.int/news-room/fact-sheets/detail /cancer (accessed on 25 January 2023).
Jiang, W.G.; Sanders, A.].; Katoh, M.; Ungefroren, H.; Gieseler, F.; Prince, M.; Thompson, S.K.; Zollo, M.; Spano, D.; Dhawan, P.
Tissue invasion and metastasis: Molecular, biological and clinical perspectives. Semin. Cancer. Biol. 2015, 35, S244-5275. [PubMed]
Gui, B.; Shim, Y.Y;; Datla, R.S.; Covello, P.S.; Stone, S.L.; Reaney, M.]. Identification and quantification of cyclolinopeptides in five
flaxseed cultivars. J. Agric. Food. Chem. 2012, 60, 8571-8579. [CrossRef]

Kemppainen, L.M.; Kemppainen, T.T.; Reippainen, J.A.; Salmenniemi, S.T.; Vuolanto, P.H. Use of complementary and alternative
medicine in Europe: Health-related and sociodemographic determinants. Scand. J. Public. Health 2018, 46, 448—455. [CrossRef]
[PubMed]

Feldman, M.; Friedman, L.S.; Brandt, L.J. Sleisenger and Fordtran’s Gastrointestinal and Liver Disease E-Book: Pathophysiology,
Diagnosis, Management; Elsevier: Amsterdam, The Netherlands, 2020.

Barnes, P.M.; Bloom, B.; Nahin, R.L. Complementary and alternative medicine use among adults and children: United States,
2007. Natl. Health. Stat. Report. 2008, 12, 1-23.

Jennifer, ].; Susan, W.; Kerry, M.; Sharyle, E; Thorpe, L.; Thomas, H. Once-Daily Oral Dose of BeneFlax to Healthy Older Adults.
Available online: https:/ /classic.clinicaltrials.gov/ct2/show /NCT01846117 (accessed on 21 January 2023).

Xian, G.Z,; Jing, L.; Jian, Y.Y,; Ying, X.D.; Yan, FY; Ze, Y.D. iCellular uptake of [1-9-N«C]-linusorb B2 and [1-9-N«C]-linusorb B3
isolated from flaxseed, and their antitumor activities in human gastric SGC-7901. Cells 2018, 48, 692-703.

Yang, J.; Jadhav, P.D.; Reaney, M.].T.; Sammynaiken, R.; Yang, J. A novel formulation significantly increases the cytotoxicity of
flaxseed orbitides (linusorbs) LOB3 and LOB2 towards human breast cancer MDA-MB-231 cells. Pharmazie 2019, 74, 520-522.
[PubMed]

Okinyo-Owiti, D.P; Dong, Q.; Ling, B.; Jadhav, P.D.; Bauer, R.; Maley, ].M.; Reaney, M.].T,; Yang, J.; Sammynaiken, R. Evaluating
the cytotoxicity of flaxseed orbitides for potential cancer treatment. Toxicol. Rep. 2015, 2, 1014-1018. [CrossRef]

Yoon, ].H.; Jang, W.Y.; Park, S.H.; Kim, H.G.; Shim, Y.Y.; Reaney, M.].T.; Cho, ].Y. Anti-melanogenesis effects of a cyclic peptide
derived from flaxseed via inhibition of creb pathway. Int. J. Mol. Sci. 2022, 24, 536. [CrossRef]

Sung, N.Y,; Jeong, D.; Shim, Y.Y.; Ratan, Z.A; Jang, Y.J.; Reaney, M.].T.; Lee, S.; Lee, B.H.; Kim, J.H.; Yi, Y.S. The anticancer effect
of linusorb b3 from flaxseed oil through the promotion of apoptosis, inhibition of actin polymerization, and suppression of src
activity in glioblastoma cells. Molecules 2020, 25, 5881. [CrossRef]

Jadhav, P.D.; Shen, J.; Burnett, P.G.; Yang, ].; Sammynaiken, R.; Reaney, M.].T. Methionine epimerization in cyclic peptides. RSC.
Adv. 2021, 11, 20859-20864. [CrossRef]

Sharma, J.; Singh, R.; Goyal, PK. Chemomodulatory potential of flaxseed oil against dmba/croton oil-induced skin carcinogenesis
in mice. Integr. Cancer. Ther. 2016, 15, 358-367. [CrossRef] [PubMed]

Bommareddy, A.; Zhang, X.; Schrader, D.; Kaushik, R.S.; Zeman, D.; Matthees, D.P,; Dwivedi, C. Effects of dietary flaxseed on
intestinal tumorigenesis in Apc(Min) mouse. Nutr. Cancer 2009, 61, 276-283. [CrossRef] [PubMed]


https://doi.org/10.3390/nu11051171
https://doi.org/10.21873/anticanres.13822
https://www.ncbi.nlm.nih.gov/pubmed/11293244
https://doi.org/10.1002/anie.198609971
https://www.ncbi.nlm.nih.gov/pubmed/1802239
https://doi.org/10.1016/S0041-1345(00)02139-4
https://doi.org/10.3390/foods11233761
https://doi.org/10.1155/2010/737289
https://doi.org/10.1016/j.bmcl.2016.02.040
https://www.who.int/news-room/fact-sheets/detail/cancer
https://www.ncbi.nlm.nih.gov/pubmed/25865774
https://doi.org/10.1021/jf301847u
https://doi.org/10.1177/1403494817733869
https://www.ncbi.nlm.nih.gov/pubmed/28975853
https://classic.clinicaltrials.gov/ct2/show/NCT01846117
https://www.ncbi.nlm.nih.gov/pubmed/31484590
https://doi.org/10.1016/j.toxrep.2015.06.011
https://doi.org/10.3390/ijms24010536
https://doi.org/10.3390/molecules25245881
https://doi.org/10.1039/D1RA04260B
https://doi.org/10.1177/1534735415608944
https://www.ncbi.nlm.nih.gov/pubmed/26437861
https://doi.org/10.1080/01635580802419764
https://www.ncbi.nlm.nih.gov/pubmed/19235044

Cancers 2023, 15, 3874 13 of 13

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

Deshpande, R.; Raina, P.; Shinde, K.; Mansara, P.; Karandikar, M.; Kaul-Ghanekar, R. Flax seed oil reduced tumor growth,
modulated immune responses and decreased HPV E6 and E7 oncoprotein expression in a murine model of ectopic cervical cancer.
Prostaglandins Other Lipid Mediat. 2019, 143, 106332. [CrossRef]

Stanisic, D.; Osmanovic, A.; Fojnica, A.; Kurtovic-Kozaric, A. Clinical trials in Bosnia and Herzegovina: Challenges and future
perspectives. Contemp. Clin. Trials. Commun. 2022, 28, 100953. [CrossRef]

Zou, X.G.; Hu, ].J.; Wang, M.; Du, Y.X,; Li, J.; Mai, Q.Y.; Deng, Z.Y. [1-9-N«C]-linusorb B2 and [1-9-N«C]-linusorb B3 isolated
from flaxseed induce G1 cell cycle arrest on SGC-7901 cells by modulating the AKT/JNK signaling pathway. J. Func. Food. 2019,
52,332-339. [CrossRef]

Zou, X.G.; Li, J.; Sun, PL.; Fan, YW,; Yang, ].Y.; Deng, Z.Y. Orbitides isolated from flaxseed induce apoptosis against SGC-7901
adenocarcinoma cells. Int. J. Food. Sci. Nutr. 2020, 71, 929-939. [CrossRef]

Harbeck, N.; Gnant, M. Breast cancer. Lancet 2017, 389, 1134-1150. [CrossRef]

Guo, W.,; Wang, H.; Li, C. Signal pathways of melanoma and targeted therapy. Signal Transduct. Target. Ther. 2021, 6, 424.
[CrossRef]

Rawla, P,; Barsouk, A. Epidemiology of gastric cancer: Global trends, risk factors and prevention. Prz. Gastroen. 2019, 14, 26-38.
[CrossRef] [PubMed]

Yasui, W.; Sentani, K.; Motoshita, J.; Nakayama, H. Molecular pathobiology of gastric cancer. Scand. . Surg. 2006, 95, 225-231.
[CrossRef]

Sobti, A.; Agrawal, P.; Agarwala, S.; Agarwal, M. Giant Cell Tumor of Bone-An Overview. Arch. Bone. Jt. Surg. 2016, 4, 2-9.
[PubMed]

Kaneda, T.; Nakajima, Y.; Koshikawa, S.; Nugroho, A.E.; Morita, H. Cyclolinopeptide F, a cyclic peptide from flaxseed inhibited
RANKL-induced osteoclastogenesis via downergulation of RANK expression. . Nat. Med. 2019, 73, 504-512. [CrossRef]
[PubMed]

Wu, PE; Tang, J.Y,; Li, KH. RANK pathway in giant cell tumor of bone: Pathogenesis and therapeutic aspects. Tum. Biol. 2015, 36,
495-501. [CrossRef]

Wirsching, H.G.; Galanis, E.; Weller, M. Glioblastoma. Handb. Clin. Neurol. 2016, 134, 381-397. [PubMed]

Mair, D.B.; Ames, H.M,; Li, R. Mechanisms of invasion and motility of high-grade gliomas in the brain. Mol. Biol. Cell. 2018, 29,
2509-2515. [CrossRef] [PubMed]

Kuhn, E.; Morbini, P.; Cancellieri, A.; Damiani, S.; Cavazza, A.; Comin, C.E. Adenocarcinoma classification: Patterns and
prognosis. Pathologica 2018, 110, 5-11.

Ireland, A.P; Shibata, D.K.; Chandrasoma, P.; Lord, R.V,; Peters, ].H.; DeMeester, T.R. Clinical significance of p53 mutations in
adenocarcinoma of the esophagus and cardia. Ann. Surg. 2000, 231, 179-187. [CrossRef]

Los, M.; Maddika, S.; Erb, B.; Schulze-Osthoff, K. Switching Akt: From survival signaling to deadly response. Bioassays 2009, 31,
492-495. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.prostaglandins.2019.04.002
https://doi.org/10.1016/j.conctc.2022.100953
https://doi.org/10.1016/j.jff.2018.11.002
https://doi.org/10.1080/09637486.2020.1750573
https://doi.org/10.1016/S0140-6736(16)31891-8
https://doi.org/10.1038/s41392-021-00827-6
https://doi.org/10.5114/pg.2018.80001
https://www.ncbi.nlm.nih.gov/pubmed/30944675
https://doi.org/10.1177/145749690609500403
https://www.ncbi.nlm.nih.gov/pubmed/26894211
https://doi.org/10.1007/s11418-019-01292-w
https://www.ncbi.nlm.nih.gov/pubmed/30877416
https://doi.org/10.1007/s13277-015-3094-y
https://www.ncbi.nlm.nih.gov/pubmed/26948367
https://doi.org/10.1091/mbc.E18-02-0123
https://www.ncbi.nlm.nih.gov/pubmed/30325290
https://doi.org/10.1097/00000658-200002000-00005
https://doi.org/10.1002/bies.200900005

	Flaxseed and Its Constituents 
	Cyclolinopeptides 
	Biological Activity of CLPs 
	Literature Search Methods and Search Strategies 
	Cancer Research and Cyclolinopeptides 
	In Vitro Studies 
	Breast Cancer and CLPs 
	Melanoma and CLPs 
	Gastric Cancer and CLPs 
	Giant-Cell Tumor of the Bone and CLPs 
	Glioblastoma and CLPs 
	Lung Cancer and CLPs 
	Adenocarcinoma and CLPs 
	Cytotoxic Effects 

	Conclusions and Future Perspectives 
	References

