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Cancer is one of the most widespread diseases globally and one of the leading causes of death. Known cancer
treatments are chemotherapy, surgery, radiation therapy, targeted hormonal therapy, or a combination of these
methods. Antitumor drugs, with different mechanisms, interfere with cancer growth by destroying cancer cells.
However, anticancer drugs are dangerous, as they significantly affect both cancer cells and healthy cells. In
addition, there may be the onset of systemic side effects perceived and mutagenicity, teratogenicity, and further
carcinogenicity. Many polyphenolic extracts, taken on top of common anti-tumor drugs, can participate in the anti-

proliferative effect of drugs and significantly reduce the side effects developed.

Anti-Tumor Drugs Side Effects Polyphenols

| 1. Introduction

A correct diet, rich in fruits, vegetables, and fibers, with moderate consumption of milk, dairy, meat, and animal
products or animal fats plays a protective role in preventing cancer. In particular, the Mediterranean diet, which
precisely reflects this nutritional program, is the best food model to reduce the onset of cancer W2, More than 100
natural plant-based compounds possess anti-cancer properties, killing cancer cells without being toxic to healthy
cells BIl4l. Most of the molecules with these characteristics belong to the family of polyphenols, a group of natural
compounds widely distributed in the plant kingdom; polyphenols are characterized by more than 8000 phenolic
structures =6l Polyphenols are made, as the name indicates, from a set of phenolic structures, in which a OH
group replaces a benzene hydrogen atom and whose chemical formula is CgHsOH. These compounds are
secondary plant metabolites and possess countless beneficial activities on human health . Among the beneficial
properties of polyphenols, it is appropriate to remember the antioxidant, anti-microbial, anti-inflammatory, anti-
cancer, and anti-diabetic properties regulating the intra and intercellular signaling pathways . Following the
ingestion, polyphenols are absorbed and transformed into bioactive compounds; initially, the enzymatic splitting of
the carbohydrate portion (when present) occurs, and then aglycones enter the epithelial cells of the small intestine
by passive diffusion. Polyphenolic compounds that cannot be absorbed or large ones reach the colon, where the
microbiota will metabolize them [l The aglycones and the final derivatives absorbed (in the small intestine or the
colon, respectively) are conjugated by methylation, sulfation, and glucuronidation in the enterocytes and then enter

the bloodstream through the portal vein. Then, they reach the liver, where they may be subjected to more phase Il
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metabolism; they are subsequently transported to the various tissues or secreted in urine. Finally, the unabsorbed

metabolites are eliminated via feces 19,

2. Effects of Polyphenols, Contained in Genera Vaccinium L.,
Citrus L., Olea L., and Cynara L, against the Side Effects
Induced by Treatment with Selected Anti-Tumor Drugs

When macromolecules, cells, and tissues are exposed to an excess of oxidizing agents and the antioxidant
defenses of the cell/organism are insufficient to maintain a redox balance, an oxidative stress state occurs with
increased highly reactive unstable chemical species (oxygen and nitrogen free radicals, ROS and RNS,
respectively), which can generate metabolic changes, damage, and cell death 1122 To date, it is known that
oxidative stress is involved in the occurrence of many human pathologies such as metabolic, inflammatory, and
neurodegenerative diseases and cancer 2314151 | cancer, on the one hand, the accumulation of oxidative stress
is able to contribute, through different mechanisms, to the onset of the disease; on the other hand, the alteration of
the redox balance accentuates the proliferation of cancer by the development of chemoresistance 181, Multiple-
drug resistance (MDR) occurs when cancer cells are resistant to chemotherapy drugs and may present as innate
or acquired. In innate MDR, cancer cells are already equipped to withstand the anticancer drug used. In contrast, in
acquired resistance, cancer cells initially respond to treatment, but subsequently develop extraordinary resistance
mechanisms 7. To date, the development of the acquired resistance to cancer tends to be associated with
increased cellular oxidative stress 8. Processes involved in chemoresistance mediated by oxidative stress include
autophagy by endoplasmic reticulum stress, increased progression of the cell cycle, increased number of cancer
stem cells, and increased conversion into metastases 9. In fact, cancer cells that have developed drug resistance
have a higher content of reactive oxidizing species than cancer cells that are not resistant to chemotherapeutic
agents and are more susceptible to changes in ROS levels. In addition, molecules capable of reducing the
generation and accumulation of ROS are potentially useful in the treatment of cancer patients who have developed
chemoresistance 29, To date, it is known that the oxidative stress modulation can be considered a winning strategy
to combat MDR, and compounds that reduce cellular ROS levels can increase the death of MDR cancer cells and
sensitize MDR cancer cells to certain chemotherapeutic drugs. For this reason, the use of antioxidant compounds
of natural origin, such as polyphenols, has become important in order to build a barrier against the generation of
reactive oxidant species 21, The mechanism of action by which polyphenols play antioxidant effects is to be found
in the presence of hydroxyl groups linked to the benzene ring that provide the ability to donate a hydrogen atom or
electron to free radicals. The consequence is the stabilization of free radicals, which reduces their possibility of

damaging cellular components [22],

In order to improve the clinical outcomes of Cisplatin and reduce, at the same time, the side effects caused and the
drug resistance, researchers propose the combination of conventional chemotherapy with natural compounds.
Ovarian cancer annually causes many deaths worldwide due to the development of resistance to the
chemotherapy drugs used. An in vitro study conducted on A2780S and A2780/CP ovarian endometrioid

adenocarcinoma cell lines has deepened the effect of oleuropein on cell viability, Cisplatin resistance, and
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apoptosis. In particular, oleuropein-treated cell lines showed an increase of expression of p21 and p53, while
apoptosis inhibitors Bcl-2 and Mcll were reduced 231241 As a result, oleuropein was able to induce apoptosis,
inhibited cell proliferation, and reduced resistance to cisplatin in ovarian cancer cells. At the same time, oleuropein
has been shown to reduce Cisplatin-induced oxidative stress and prevent the development of chemotherapeutic
complications including hematological tumors. Geyikoglu et al. demonstrated these results in an in vivo study
conducted on male Sprague Dawley rats 2. Hydroxytyrosol derives from oleuropein, following a hydrolysis
reaction, and has proven to be one of the most powerful compounds with antioxidant action. Frequently, the use of
the chemotherapy Cisplatin is reduced due to the induction of inflammation and oxidative stress that facilitate the
onset of nephrotoxicity 281271 Since hydroxytyrosol has anti-inflammatory and antioxidant effects, it has been
tested on the kidney of mice following treatment-induced damage with Cisplatin in an in vitro and in vivo study. The
results showed that hydroxytyrosol was able to limit Cisplatin-induced inflammation by reducing the NF-kB
activation and the TNF-a and IL-1B levels. In addition, hydroxytyrosol decreased the production of
malondialdehyde (MDA) and NO increased by Cisplatin 28l Luteolin belongs to the large group of flavonoid
polyphenols and is present in numerous plants, including pinophyte, pteridophyta, peppermint, thyme, and
rosemary; it possesses a variety of pharmacological properties such as anti-inflammatory, antimicrobial,
antioxidant, antiallergic, and anticancer activities [22l. Wang et al. demonstrated both in vitro and in vivo that luteolin
can enhance the therapeutic potential of Cisplatin in ovarian cancer. The treatment with luteolin alone inhibits cell
proliferation, but the co-treatment luteolin-Cisplatin further reduces it B9, Another in vivo study, highlighting the
protective role of luteolin against DNA damage and cisplatin-induced oxidative stress, was conducted by Maatouk
et al. The results obtained showed that mice receiving luteolin (40 mg/kg), before treatment with Cisplatin (10
mg/Kg), showed a reduction in levels of MDA, catalase, GPx, SOD, and GSH in the liver, kidneys, brain, and
spleen, compared to those induced by treatment with Cisplatin alone. In addition, tissue damage, the genotoxic
effect, and the side effects generated by the anticancer drug were reduced 1. Resveratrol is a polyphenolic
phytoalexin found in several different plants in nature and, particularly, in grapes. In addition, resveratrol also
belongs to phytochemicals with potent antioxidant activity, which provides preferable efficacy with

chemotherapeutics but attenuated toxicity in vital tissue 22,

Literature studies have shown that this natural compound possesses consistent antioxidant properties and that it
can emphasize the cytotoxic action of Cisplatin in the testicular cancer of rats 3. An interesting result was
provided by a study B4, which highlighted the effect of resveratrol in limiting the toxicity of Cisplatin, especially
when higher doses are needed in particularly aggressive tumors such as those of the head and neck. In particular,
the co-treatment with Cisplatin-resveratrol on Fadu cells, a hypopharyngeal cell line carcinoma, induced an
increase in the effectiveness of Cisplatin, thanks to an increase in apoptotic death, accompanied by the blocking of
the cell cycle in the GO/G1 phase. In addition, resveratrol has reduced the harmful effects induced by Cisplatin. A
recent in vitro study on SKOV3 cells, isolated from a female with ovarian adenocarcinoma, showed that treatment

with naringin, at different concentrations and for different times, was able to reduce Cisplatin resistance 22!,

To date, the use of plant polyphenols is exponentially increasing and is considered an adjuvant therapy in
combination with Doxorubicin. Polyphenols have an interesting antioxidant property, and these compounds can

prevent tumorigenicity, thanks to their anti-proliferative and cardio-protective effects 8. Resveratrol, found in large
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guantities in red wine, berries, and grapes’ skin, can reverse the Doxorubicin-induced cardiotoxicity by reducing
oxidative stress and diminishing lipid peroxidation. Polyphenol employment reduces malondialdehyde level and
protects the enzyme superoxide dismutase activity 27, Resveratrol prevents the apoptotic death of cardiomyocytes
induced by Doxorubicin, as demonstrated by the reduced expression of the protein p53 and Bax 28! and autophagy
dysregulation 2. Finally, resveratrol can be used in conjunction with Doxorubicin treatment to improve the
therapeutic efficiency of chemotherapy while also protecting the heart from cardiotoxicity 2%. Apigenin is a natural
flavonoid found in fruits and vegetables with antioxidant, anti-inflammatory, anticancer, and cardioprotective
properties 411421 Apigenin is a good iron chelator and scavenger of free radicals. It can be used synergistically with
Doxorubicin to treat leukemia, causing cell cycle arrest and inducing apoptotic death. In addition, apigenin
attenuates Doxorubicin-induced cardiotoxicity by activating a PI3K/Akt/mTOR-dependent pathway and has
beneficial action in many cancer models without developing toxicity. Finally, this compound can overcome the
chemoresistance to the Doxorubicin, reducing the expression of Nrf2, notoriously involved as a transcriptional
regulator of drug resistance 4344 The polyphenolic fraction of bergamot (BPF) comes from the pressing of the
fruit of the bergamot plant (Citrus bergamia), a plant endemic to the Calabria region (ltaly), with a flavonoid and
unique glycosidic profile. Carresi and colleagues demonstrated, in an in vivo model of Doxorubicin-induced heart
damage, the antioxidant and cardioprotective effects of BPF. The reduction of heart function occurs after 21 days of
Doxorubicin treatment, and this adverse effect has been significantly attenuated when animals were co-treated with
BPF. BPF’s protective effect has also been linked to the activation of an autophagic protective mechanism. 22!,
Numerous other polyphenols protect against cardiotoxicity induced by treatment with Doxorubicin, and the use of
this drug combined with natural compounds, which increase the death of cancer cells while protecting the heart
from cardiotoxicity, is highly recommended 148, An important and well-organized study by Tavga 42 showed, in an
in vivo model, that quercetin was able to induce protection against Doxorubicin-induced cardiotoxicity in rats. The
effects were measured on blood samples and levels of troponin, creatine, phosphokinase, C-reactive protein, total
antioxidant capacity, lactate dehydrogenase, and total lipid profile were evaluated. The results showed that
treatment with Doxorubicin produced a significant increase in the level of troponin, total cholesterol, CRP, low-
density lipoprotein, LDH, triglycerides, and atherogenic index of plasma and that quercetin, co-treated with
Doxorubicin, reverted these effects, reporting values in a normal range. Histopathological findings were also
provided which supported biochemical findings. The cardioprotective effects of quercetin could be attributed to the
effects of antioxidant, anti-inflammatory, hypolipidemic and antiatherogenic activity, indicating this natural

compound as an excellent therapeutic candidate to be tested in the clinical field.

Luminal breast cancer is an aggressive disease that is resistant to chemotherapy. Numerous studies have shown
that oleuropein and olive oil polyphenols exert a strong antitumor activity in multiple human cancers 4814959 For
this reason, it was interesting to examine the effect of the combination of oleuropein with tamoxifen chemotherapy.
In particular, an in vitro study showed that treatment with oleuropein inhibited the growth of human breast cancer
cells BT-474, MCF-7, and T-47D and that the combined treatment oleuropein-tamoxifen led to a synergistic
inhibition of the growth of the same cell lines B, Recently it has been shown that the flavonoids contained in fruits
belonging to the genus Citrus (Citrus reticulata and Citrus aurantiifolia) have anticancer, antiproliferative, and

estrogenic effects 52, In particular, hesperidin, hesperetin, naringenin, tangeretin, nobiletin, and naringin have
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inhibiting activity on the growth of some cancer cells through various mechanisms. It has also been shown that
these compounds play a synergistic effect with several chemotherapy agents 2. The mechanisms of action
involved include apoptosis, cell cycle modulation, and antiangiogenic effects. Finally, the natural compounds
mentioned, in combination with tamoxifen, have demonstrated a synergistic effect on the cell line of human breast
cancer MCF-7 4. Tamoxifen leads to a strong hepatotoxic and hepatocarcinogenic effect in rats when used at
doses comparable to human therapeutic doses. As already mentioned, this drug is metabolized in the liver by the
cytochrome P450 family; since there is increasing evidence of the hepatoprotective role of flavonoids, it would be
possible to treat breast cancer with Tamoxifen together with these hepatoprotective plant extracts in order to
reduce the suffering liver B3B8l Another plant extract with known hepatoprotective properties is the cynaropicrin, a
sesquiterpene lactone extracted from the artichoke plants and the most biologically important class of secondary
metabolites of the plants BZB8IBAGAIGL - Although no specific studies have been carried out on the use of
Tamoxifen and cynaropicrin, it would be interesting to consider the employment of this polyphenol as an adjuvant

drug in chemotherapy that induces liver impairment.

The administration of the polyphenol resveratrol (4 mg/kg in 40 mL normal saline, in rabbits) combined with
Paclitaxel significantly decreases myelosuppression’s degree and duration 2. The hypersensitivity reactions
associated with Paclitaxel include dyspnea, with or without bronchospasm (81%), hives, redness, or erythematous
rash (74%), hypotension (41%), and angioedema (18.5%). These side effects occur within the first hour of
Paclitaxel infusion and are observed despite premedication with antihistamines and corticosteroids 3. The
concomitant use of certain polyphenols is crucial to preventing or treating this symptomatology. Some polyphenols,
such as quercetin, resveratrol, oleuropein, silibinin, and many tannins and carotenoids, exhibit antiallergic effects,
including the inhibition of histamine release, reduction of proinflammatory cytokines, and leukocyte production (4],
The mechanisms shown by these natural compounds are that: (a) polyphenols can influence the formation of the
allergenic-IgE complex, and (b) polyphenols may delay the binding of this complex to its receptors 3. Treatment
with Paclitaxel can also generate hepatotoxicity; in fact, a clinical study conducted on 402 patients showed
elevated bilirubin values and transaminases dysfunction €8, Recently, an in vitro study of human breast cell lines
(MCF7 and MDA-MB231) highlighted that treatment with a polyphenolic fraction of artichoke extract, together with
Paclitaxel, managed not only to increase the anti-proliferative effect of the chemotherapy drug but also, at
appropriate concentrations, to protect liver cells from Paclitaxel-induced hepatic toxicity 4. Many
chemotherapeutic agents, including Paclitaxel, cause chemotherapy-induced peripheral neuropathy (CIPN),
leading to treatment suspension, altering the patient’s quality of life and reducing the survival rate. Mechanical and
thermal hypersensitivity accompany CIPN and resolves within weeks, months, or years of drug discontinuation.
Because the etiology of CIPN has not been fully explained, there is currently no available preventive strategy or
effective treatment. However, considerable evidence reveals that free radicals play a role in many
neurodegenerative diseases, and recent research has demonstrated the importance of oxidative stress in
developing CIPN targeting the overproduction of peroxynitrite for the prevention and reversal of Paclitaxel-induced
neuropathic pain 8879 The bergamot polyphenolic fraction (BPF), a natural derivative antioxidant, can play a
crucial role in reducing CIPN. Recent data show that Paclitaxel administration causes mechanical allodynia and

thermal hyperalgesia, starting on day seven and ending on day fifteen. In addition, Paclitaxel-induced neuropathic
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pain is correlated to protein nitration in the spinal cord, including MnSOD, glutamine synthetase, and the glutamate
transporter GLT-1 (21, Furthermore, some immune system cells, such as mast cells and basophils, seem to be
directly involved in CIPN [2IZ8l For example, histamine release from mast cells plays a fundamental role in
developing thermal hyperalgesia and mechanical allodynia in mice 4. Furthermore, as mast cells are adjacent to
sensory nerves, histamine is released, and neurons participate in spinal nociceptive transmission by releasing
neuromediators of pain 2. Since quercetin, one of the polyphenolic flavonoids distributed in various plants and
with biological activity, works specifically as a stabilizer of mast cells and inhibits histamine release, it has been

shown that quercetin attenuates Paclitaxel-induced neuropathic pain 8,
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