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Summary

Cancer is one of the most serious problems facing modern medicine. Research on new methods of treating
this disease is being conducted. Existing methods are increasingly effective, but they also have risks to human
health. The attention of scientists is focused on compounds of natural origin, as they are less toxic to human
body than traditional chemotherapeutics. They are also much more accessible and their production is much
less complex and expensive. There are several natural compounds with anticancer potential. In this article,
we present three groups of potential therapeutic importance - polyphenols, brassinosteroids, and flavonoids.
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INTRODUCTION

Despite recent significant advances in oncology,
cancer remains one of the biggest problems that
modern medicine is facing. The 2019 coronavirus
pandemic (COVID-19) has led to delays in cancer
diagnosis and treatment due to disruptions in
healthcare, and patient concerns about exposure to
the virus. Although the most serious consequences
of the pandemic appear to be over, its effects are still
present. In 2023, an estimated 1.2 million people will
die from cancer in Europe [1], while in the USA the
number exceeds 600,000 [2]. However, thanks to the
efforts of doctors and scientists around the world,
cancer mortality has been steadily declining since
1991. This is a result, both of advances in treatment
and increasing public awareness of the disease. Better
screening, improved treatments such as postoperative
adjuvant chemotherapy and the development of
targeted drugs and immunotherapies, and declining
smoking rates in the population are all factors
contributing to the reduction in cancer mortality.

Cancer treatments include chemotherapy, radia-
tion therapy, immunotherapy, surgical treatment,
photodynamic therapy, and stem cell treatment.
Despite the increasing efficacy of the above treat-
ments, each carries several potential risks, side
effects, and other factors that can negatively affect the
course of treatment. Hence, research is constantly
being conducted to minimize harm while increasing
the effectiveness of treatment. Developing new
therapeutic methods and increasing their specificity
seems to be the future of cancer control [3].

Chemotherapeutic agents are cytostatic and cyto-
toxic drugs that have shown promising results when
used alone or in combination with other anticancer
drugs. They have relatively high efficacy against
a broad spectrum of cancers, but they also have
numerous limitations - they have a lot of dangerous
side effects and their production is complicated and
expensive. Side effects of chemotherapeutics are
associated with various acute and late symptoms of
toxicity. These include general side effects, such as
anaemia, neutropenia, nausea, vomiting, diarrhoea,
and mucositis, however, toxic effects on the kidneys,
nervous system, lungs, and hearing organs are also
widespread [4].

Currently, the goal of many scientists is to
search for compounds of natural origin that can
potentially aid cancer therapy, while having much
less severe side effects. A collection of natural
anti-cancer compounds of plant origin can be
found in the Naturally Occurring Plant-based
Anti-cancer Compound-Activity-Target Database

(NPACT, https://webs.iiitd.edu.in/raghava/npact/),
where 1574 substances have been documented [5].
This paper focused on three chemical groups -
polyphenols, brassinosteroids, and flavonoids.

POLYPHENOLS

Polyphenols are defined as compounds with one
or more hydroxyl groups attached to at least one
aromatic ring. Polyphenols are a broad category of
natural plant compounds and metabolites consi-
dered complex antioxidants, which are abundant
in our daily diet. They are particularly abundant
in fruits, pulses, spices, cocoa, vegetables, coffee,
nuts, beer, wine, and olive oil [6]. It is estimated that
the average daily intake of polyphenols is about 1
g [7]. Polyphenols have physiological functions
and are responsible for antioxidant activity,
prevention of cardiovascular disease, anticancer
activity, and inhibition of microbial growth [8].
The anticancer properties of natural polyphenols
are largely attributed to their potent antioxidant
and anti-inflammatory effects, as well as their
ability to modulate molecular targets and signalling
pathways involved in cell survival, proliferation,
differentiation, migration, angiogenesis, hormonal
activity, detoxifying enzyme activity, immune
response and also induction of apoptosis [9, 10].
Based on chemical structure, natural polyphenols
can be divided into five classes, including flavonoids,
phenolic acids, lignans, stilbenes, and other poly-
phenols. Phenolic acids and flavonoids are the most
common classes.

Due to their chemical properties, these
compounds can have a wide range of applications
in medicine, both in the prevention and control of
diseases. Epidemiological studies show that a diet
rich in polyphenols is an effective protection against
chronic diseases such as cardiovascular disease,
neurodegenerative diseases, and cancer [11]. In
addition, findings from animal studies suggest that
dietary polyphenols can be potentially used in the
treatment of type 2 diabetes, also by inhibiting
intestinal absorption of glucose [12]. The substances
in question also have immunosuppressive properties
(they inactivate NF-kB, modify mitogen-activated
protein kinase pathways and reduce prostaglandin
synthesis) which gives hope for their effective use
in the treatment of chronic inflammatory diseases
[13]. Polyphenols can also exert beneficial effects
on human intestinal microbiota, e.g. by promoting
the growth of beneficial microorganisms such as
Akkermansia spp. [14] , whose presence improves
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glucose metabolism and reverses the adverse
consequences of a high-fat diet. Unfortunately, due
to different bioavailability and complex interactions
of polyphenols among themselves and the activity
of their metabolites, the effective use of polypheno-
lic compounds in medicine requires further
thorough research [15]. Due to the abovementioned
activity, the described compounds have long been
of interest to scientists for their anticancer use. The
hope is the possibility that polyphenols are able
to modulate the activity of activated AMP kinase
(AMPK), which is a key enzyme in the regulation
of energy pathways (causes a shift in the AMP:ATP
ratio in favour of AMP leads, among other things, to
an increase in insulin secretion by the pancreas and
thus to an increase in glucose uptake by muscles).
Glucose and its metabolism play an important role
in the growth and development of cancer, so the
possibility of disrupting this process is promising in
the fight against cancer [16]. Obesity and especially
breast, colorectal, and liver cancer are also factors
in cancer development [17]. In this field, also the
use of polyphenols such as resveratrol seems promi-
sing, which, according to studies, show positive
properties in obesity prevention by reducing
adipocyte viability, inhibiting preadipocyte proli-
feration and differentiation, reducing triglyceride
accumulation, and stimulating lipolysis and
B-oxidation of fatty acids. The key here seems to be
the involvement of mTOR kinase which plays an
important part in cellular metabolism and which,
according to studies, can be stimulated by some
polyphenols [18], but whose function in this process
has not been fully understood. Studies show that
polyphenols may be important in the prevention
and treatment of colorectal cancer. Their action
targets two different areas because they affect both
small intestinal cells and the intestinal microbiota.
Natural polyphenols have a preventive effect by
improving the functioning of the microbiota, redu-
cing inflammation, and inhibiting the invasion of
pathogenic bacterial strains. Studies have shown
that polyphenols present in green tea affect the
composition of the intestinal microbiota in rats.
The presence of Peptostreptococcaceae associated
with the CRC phenotype significantly decreased,
while the abundance of Bacteroidetes and
Oscillospira associated with the lean phenotype
increased [19]. Experiments on a new curcumin
analogue, GO-Y030, have shown that decreasing
the activity of the STAT3 pathway, shortens the
life of cancer cells, reduces the formation of the
tumorigenesis zone, and stimulates cancer stem
cells to apoptosis [20].

Resveratrol is a natural polyphenolic chemical
that acts as an antioxidant and exhibits anti-cancer
effects. In a study of male transgenic mice with
prostate adenocarcinoma, they were fed resveratrol
(625 mg resveratrol per kg of AIN-76A diet) or a
control diet without phytoestrogens (AIN-76A)
from 5 weeks of age. Mechanism of action and
histopathological studies were performed at 12 and
28 weeks of age, respectively. Dietary resveratrol
reduced the incidence prostate adenocarcinoma
(7.7-fold). In the ventral part of the prostate,
resveratrol significantly reduced cell proliferation
and phosphorylation of ERK 1 and 2, but did not
alter insulin-like growth factor IGF-1 receptors. In
the dorsal part of the prostate, resveratrol inhibited
cell proliferation, increased the activity of the
androgen receptor, oestrogen receptor f3,and insulin-
like growth factor-1 receptor, and significantly
decreased the activity of insulin-like growth factor
IGF-1 and phosphorylated extracellular regulatory
enzyme 1 (phosphorylated ERK1). Serum levels of
total testosterone, free testosterone, estradiol, and
dihydrotestosterone in the prostate were unchanged
in mice treated with resveratrol. The 12-week-old
mice received 625 mg of resveratrol per kg of diet
for 3 weeks. Down-regulation of phospho-ERKs
1 and 2, decreased cell proliferation and potent
growth factor IGF-1, and an increase in the putative
tumour suppressor oestrogen receptor f3, provide
evidence that resveratrol inhibits prostate cancer
development [21].

Another recent study found that resveratrol
treatment significantly increased ATP2A3 expression
by increasing lysine 27 H3 acetylation on the ATP2A3
gene promoter and decreasing DNMT activity
and expression levels of the DNA methyl-binding
proteins MeCP2 and MBD2. In addition, HDAC
inhibitors increased the expression level of ATP2A3
[22]. The ATP2A3 gene, which plays an important
role in intracellular Ca2+ processing and normal cell
death processes, has been identified in breast cancer.
In another study, resveratrol combined with grape
seed proanthocyanidins significantly reduced DNMT
and HDAC activity in breast cancer cell lines [23].
In addition, this study showed that resveratrol and
proanthocyanidins synergistically inhibited breast
cancer cell growth, while AhR agonists increased
BRCA1 promoter methylation in breast cancer [24].
They found that when mothers took resveratrol, the
expression of AhR repressors increased, and BRCA1
gene expression increased in the offspring [25].
Therefore, the results suggest that resveratrol prevents
breast cancer development by modulating BRCA1
expression through the regulation of AhR signalling.
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Human pancreatic cancer stem cells (CSCs)
CD133+, CD44+, CD24+, and ESA+ have high
tumorigenic potential and form subcutaneous
tumours in NOD/SCID mice. Compared to normal
pancreatic tissue and primary pancreatic cancer
cells, the expression of Nanog, Oct-4, and Notchl
is also significantly higher. Resveratrol inhibits the
self-renewal capacity of pancreatic CSCs in primary
human tumours and KrasG12D mice. Resveratrol
induces apoptosis in human CSCs through the
activation of caspase-3/7 and suppression of
Bcl-2 and XIAP expression. Resveratrol inhibits
pluripotency maintenance factors (Nanog, c-Myc,
and Oct-4) and the ABCG2 drug resistance gene
in CSCs. Inhibition of Nanog by shRNA increases
the inhibitory effect of resveratrol on CSCs’ ability
to self-renew. Finally, resveratrol inhibits CSC
migration and invasion and markers of epithelial-
mesenchymal transition (Slug and Snail). This data
suggests that resveratrol has the potential for use in
the prevention and treatment of pancreatic cancer
[26].

BRASSINOSTEROIDS

Brassinosteroids (BR) include about 70 poly-
hydroxylated sterol derivatives and are endogenous
plant hormones that are essential for the proper
regulation of various physiological processes
required for normal growth and development,
hence the high prevalence of these hormones in the
plant kingdom. They are composed of a cholesterol
backbone with various hydroxyl substituents and
attached functional groups [27], making them
structurally very similar to animal hormones
[28]. They are involved in the control of processes
related to plant growth, such as flowering and cell
development. In addition, they affect the activity
of complex metabolic pathways, regulate the
expression of many genes, contribute to the control
of cell division and differentiation, and influence
the activity of complex metabolic pathways. They
are also secreted in stressful situations, such as
high temperatures and drought [29]. BRs are
widely distributed in the plant kingdom and have
been isolated from 64 plant species [30]. These
hormones have been detected in all plant organs
studied, including pollen, seeds, leaves, stems, roots,
flowers, and seeds - but they reach their highest
concentrations in pollen and seeds [31].

The mechanism of action of brassinosteroids in
animals was shrouded in mystery for a very long
time. Only intensive research in recent years has

enabled a partial understanding of the process. By
their structural similarity, BR animal cells can bind
to hormone receptors of cells, allowing activation
or inhibition of the transcription rate of specific
genes [32, 33].

There have also been recent advances in BR
bioactivity studies in various animal models,
suggesting significant potential for therapeutic
applications. BRs have been shown to have anti-
viral activity against herpes simplex virus (HSV)
types 1 and 2, vesicular stomatitis virus (VSV),
measles virus, and polio [34, 35]. Synthetic brassi-
nosteroid analogues, including stigmasterone and
androstenedione derivatives, are also immuno-
modulators that act as anti-inflammatory steroids
[36]. Phytosterols inhibit the gut’s ability to absorb
cholesterol, resulting in a reduction in plasma
total cholesterol and LDL fraction cholesterol. It
has been suggested that BRs, being an oxidized
form of phytosterols, may potentially have similar
properties, but further research in this area is
needed [37]. Given the positive effects of BRs on
oxidative stress, their potential impact on some
neurological diseases has also been suggested [38].
Animal studies have also demonstrated the anabolic
effects of 28-homobrassinolide, increasing their
food intake and lean body mass gain [39].

In recent years, the mechanism of the potential
anticancer effects of brassinosteroids has been
the subject of many studies. One of their most
important goals is to understand the effects of
these substances on steroid receptors [40]. It is
suspected that brassinosteroids inhibit the cell
cycle and, as a result, limit cell proliferation. In
addition, hormone-sensitive cell lines yield a
potentially better response to treatment. This is
indicated by the fact that BR administration at
any phase of the cell cycle can induce apoptosis of
breast cancer cells [41]. Similarities between BR
and human steroids have also been demonstrated
- 28-homocastasterone has been shown to inhibit
the growth of human microvascular endothelial
cells (HMEC-1). In contrast, a synthetic analogue
of BR called cholestanone, in addition to the above
action, also has antagonistic effects on human
oestrogen receptor-a and oestrogen receptor-f.
Another potential anticancer mechanism exhibited
by BRs is their antiangiogenic effect. Angiogenesis,
the process of blood vessel formation, is one of
the key processes in the progression of cancer, as
vascularization enables the delivery of nutrients and
oxygen to tumour cells and, as a result, their faster
growth. Blocking angiogenesis will limit growth
and ultimately slow the progression of the disease.
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It has been demonstrated that 24-epibrassinolide
and 28-homocastasterone and 24-epibrassinolide
significantly inhibit the migration of endothelial
cells derived from the human umbilical vein [33].

In the aforementioned studies on the mechanism
of action of the two brassinosteroids, their inhi-
bitory effects on hormone-sensitive (MCF-7) and
hormone-insensitive (MDA-MB-468) breast cancer
cell lines were demonstrated by affecting and
blocking the cell cycle [41].

Studies have shown that the brassinosteroid
substance epibrasinolide (EBR) acts on colon cancer
cells in vivo, promoting their apoptosis and reducing
their lifespan as a result. It works by interacting with
several cellular factors, interfering with relevant
signalling pathways. It has been shown that EBR
can affect JNK, CHOP, and caspase-12, causing
apoptosis of colon cancer cells [42]. Other studies
have shown that EBR also causes inhibition of
PARP, an enzyme involved in DNA repair [43], but
its blockage is also associated with cancer cell death.
Another anticancer mechanism of epibrasinolide
is the activation of caspases, which are responsible
for cell destruction, hence their activation in cancer
cells is associated with their apoptosis. The PI3K/
Akt/mTOR signalling pathway is highly active in
many types of cancer and regulates a broad spec-
trum of cellular mechanisms, including metabolism,
growth, proliferation, angiogenesis, and metastasis.
FOXO3 is an important target molecule of this
pathway. Decreases in this protein are associated
with carcinogenesis [44]. In contrast, EBR increased
FOXO3a levels, which induced apoptosis in HT-29
and HCT'116 colon cancer cells [45].

BRs also exhibit cytotoxic effects against prostate
cancer cells, as indicated by numerous studies.
Brassinosteroids induced apoptosis in PC-3 cells
through the activation of caspases [46]. Another
study demonstrating the effects of BR on this cell line
was by Obakan et al. where they also showed that
they could activate caspases in PC3, but also induce
apoptosis of PC3 prostate cancer cells independent
of p53 expression [47]. Other studies have shown
that BR substances can inhibit the growth of DU-
145 and LNCaP cell lines. In the former, the effect
was achieved by inhibiting the cell cycle at the G2/M
level, resulting in reduced expression of cyclins
responsible for mitotic divisions. In contrast, in the
LNCaP cell line, brassinosteroids inhibited the cell
cycle at the G1 level [48]. Subsequent studies on
the same cell lines showed yet another mechanism
of action of brassinosteroids — the apoptosis of
cancer cells was caused by the activation of enzymes
responsible for the degradation of polyamines,

resulting in increased concentrations of such
compounds as aldehydes and hydrogen peroxide,
which had cytotoxic effects on the cells [49].
Studies conducted on the 2019 DU-145 and LNCaP
prostate cancer cell lines also demonstrated the
potential use of brassinosteroids as a therapeutic
agent against this cancer. Catasterone, a precursor
of BR synthesis, has shown effects that disrupt the
integrity of the cell membrane of these cells and
at higher concentrations, it also inhibited the cell
cycle at the GO/G1 level [50].

Brassinosteroids have also shown therapeutic
effects on some lung cancer cell lines. Apoptosis of
SCLC line cancer cells was induced by the activation
of the Wnt signaling pathway. The effect of BR was
seen on both drug-resistant (VPA17) and sensitive
(NCI-H69) cells. It was also shown that the addition
of epibrassinolide reduced the drug concentrations
required for therapeutic action against this tumour,
which could potentially reduce the doses required
for administration [51]. Another study, conducted
on the A549 line, showed that BRs could increase
the concentration of reactive oxygen species (ROS)
in these cells, which subsequently led to structural
damage and ultimately death [52].

A study conducted by Obakan et. al in 2022 also
demonstrated the potential therapeutic effect of BR
on neuroblastoma cancer cells and more specifically
the SK-N-AS cell line, by inducing apoptosis of
the mitochondria of these cells through increased
production of reactive oxygen species. In addition,
phosphorylation of GSK3f is inhibited, which
in effect prevents translocation of the S-catenin
protooncogene [53].

In addition to studying potential anti-prolife-
rative mechanisms, scientists are still trying to learn
about the direct effects of brassinosteroids on cancer
cells. However, the studies of cancer cell apoptosis
so far have only been in vitro studies, hence more
experimental studies in animals are needed to
definitively confirm their effects as inhibitors of
tumor growth.

FLAVONOIDS

Flavonoids are polyphenolic compounds synthesized
by plants — bioactive secondary metabolites respon-
sible for colour, aroma, and pharmacological activity
[54, 55]. Flavonoids are most abundant in fruits and
vegetables. They are also present in cocoa products
(cocoa powder, chocolate), black tea, green tea, and
red wine [56]. Among fruits, they are abundant in
berries, plums, cherries, and apples, while tropical
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fruits are considered poor in flavonoids. Among
vegetables, such as: olives, broad beans, onions,
spinach, the spring onions possess the most
flavonoids [57, 58].

Flavonoids have attracted the attention of
researchers because they are potent antioxidants
that protect plants from adverse environmental
conditions. They have been the subject of many
scientific studies to evaluate their beneficial effects
on the course of numerous acute and chronic
diseases in humans; including anti-inflammatory,
immunomodulatory, and anti-cancer effects [59,
60].

The anti-inflammatory mechanism of action of
flavonoids (e.g., quercetin-galanin, apigenin, baica-
lin) is mainly due to the inhibition of 5-lipoxygenase
and cyclooxygenase activity. These enzymes are
involved in the synthesis of prostaglandins and
leukotrienes (mediators of the inflammatory res-
ponse) from arachidonic acid [61].

In addition to the general anti-inflammatory
effect, some flavonoids have been shown to have
anti-allergic effects. In addition, flavonoids have
been shown to act on immune cells. Their actions
include inhibition of lymphocyte proliferation,
suppression of the synthesis of antibodies of Ig E, G,
M, and A classes, and inhibition of cytokine release.
They can also inhibit the activity of lysosomal
enzymes involved in inflammatory and allergic
processes [62].

There is ample evidence that dietary intake of
flavonoids contributes to reducing the risk of
cardiovascular mortality. Numerous epidemiologi-
cal studies have confirmed an inverse relationship
between the consumption of products containing
large amounts of flavonoids (drinking about four
cups of green tea a day, red wine, eating large
amounts of apples, onions, and broccoli) and the
incidence of cardiovascular disease. The antioxidant
activity of these compounds contributes to inhibiting
lipid peroxidation in cell membranes, protecting
low-density lipoproteins (LDL) from oxidation,
and increasing the HDL fraction of cholesterol) [63,
64].

Atherosclerosis is a multifactorial disease, and its
pathogenesis is complex. One of the many triggers
of atherosclerotic lesions is endothelial dysfunction
[65]. One of the main mediators of this process is
nitric oxide (NO), which under normal conditions
has an antioxidant and anti-inflammatory effect
on blood vessels, and also contributes to their
diastole [66]. Flavonoids not only inactivate NO
and its derivatives but also inhibit the inflammatory
response in atherosclerotic altered blood vessels by

inhibiting the entry of leukocytes into the focus of
inflammation [67].

The onset of diabetes is associated with decreased
insulin production and secretion or the cells’ insen-
sitivity to the hormone, leading to elevated blood
glucose levels. Experimental studies have shown
that some flavonoids are associated with antidiabetic
effects. In vitro studies have shown that epicatechin
compounds can stimulate insulin synthesis, increase
cAMP levels in pancreatic 8 cells and stimulate
the secretion of this hormone. In addition, the
conversion of proinsulin to insulin becomes more
intense, increasing blood insulin levels. Flavonoids
(quercetin in particular) have also been found to
prevent cataracts in diabetics [68].

The main cause of this condition is the
accumulation of sorbitol in the eye, whose synthesis
is catalysed by aldol reductase [69].

Fruits and vegetables contain large amounts
of flavonoids, which are used as chemopreventive
agents, such as quercetin and aflavone, found in
fruits and vegetables, especially onions and apples.
Quercetin is used in the treatment of prostate,
lung, stomach, and breast cancer [70]. Many bio-
logical properties of flavonoids and isoflavonoids
have been shown to prevent cancer. Molecular
biological mechanisms of action of flavonoids
include cell cycle arrest, inhibition of heat shock
proteins, inhibition of tyrosine kinases, increase
in p53 protein levels, estrogen receptor binding
capacity, inhibition of Ras protein, and Ras protein
expression. Most genetic disorders in human
cancers are based on the presence of abnormal p53
protein. This protein can be regulated by flavonoids.
Flavonoid-mediated expression of the p53 protein
can restrict cancer cell division in the G2 and
migration phases of the cell cycle. Tyrosine kinase
is considered a growth factor that transmits signals
to the cell nucleus. The expression of this protein is
involved in carcinogenesis. Anticancer drugs can
inhibit tyrosine kinase activity. Quercetin has been
used in human phase I clinical trials against tyrosine
kinase activity. The results showed that it can be
considered a relatively safe anticancer agent [71].
It inhibits the cell cycle of proliferating lymphoid
cells. Flavonoids inhibit heat shock proteins in
malignant cancer cells such as leukemia, colorectal
cancer, and breast cancer [72].

In 1967-1991 in Finland, a clinical trial involving
9959 men and women for 24 years was conducted.
This study showed an inverse relationship between
flavonoid intake and lung cancer [73]. Of the data
available in the study, some observations showed
that lung cancer was reduced by 50% in the highest
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quartile of flavonoid intake. Flavonoids prevent
cancer and are also effective in treating it. In
addition, they can induce cell cycle arrest in the
G1/S and G2/M phases, as well as in the G1/S and
G2/M phases, and repair DNA damage caused by
chemicals with oxidative potential.

Flavonoids and isoflavonoids have high anti-
proliferative properties, and the compounds in them
are useful for cell cycle inhibition and apoptosis
induction. In cell lines, they have been shown to be
effective in arresting G1/S and G2/M cell cycles. For
example, quercetin (30-100 mM), as demonstrated
in several studies, had the ability to arrest the cell
cycle of human colon COLO320 and leukaemia
T cells in G1/S and induce apoptosis [74].

CONCLUSIONS

In this article, we have taken a closer look at three
groups of natural compounds with potential anti-
cancer effects — polyphenols, brassinosteroids, and
flavonoids. We focused on these compounds
because they have been shown to have anti-
proliferative properties. They exhibit various
mechanisms of action, ranging from cytotoxicity,
induction of apoptosis, antioxidant activity, and
inhibition of cancer cell growth. Additional
advantages are their low toxicity to healthy cells in
the body, their high availability, and the relatively
uncomplicated process of obtaining them. Another
positive aspect of natural compounds, compared
to traditional chemotherapeutics, is that they are
more environmentally friendly and less toxic to
the environment [75].

Therefore, natural compounds have the potential
to aid in the development of safer anti-cancer drugs.
However, further research is needed, especially given
that most of the work has been conducted in vivo
and only a few have reached the clinical trial stage.
This is a huge potential that should be investigated
in the future.
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