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ABSTRACT

Akyiiz Helvacioglu, S. (2022). The ameliorative effect of rosmarinic acid and
epigallocatechin gallate against Doxorubicin-induced genotoxicity. Yeditepe
University, Institute of Health Sciences, Deparment of Pharmaceutical Toxicology,
Ph.D. Thesis, istanbul.

Doxorubicin (Dox) is an anticancer agent that is effective against a variety of human
cancers. However, one of the most adverse effects of Dox treatment is its genotoxic effect
on normal cells. Antitumor, antioxidant, and antigenotoxic properties of phenolic
compounds have been extensively investigated, and their use has expanded significantly
in recent years. The phenolic compounds rosmarinic acid (RA) and epigallocatechin
gallate (EGCG) are widely seen in plants. In this study, the protective effect of RA and
EGCG alone and in combination on Dox induced genotoxicity was investigated with
various in vitro test systems, including comet assay, cytokinesis-block micronucleus, and
Ames test. It has been shown that free radicals are involved in Dox-induced genotoxicity.
For these reasons, the formation of reactive oxygen species was also investigated in this
study. Furthermore, the synergistic/antagonistic interaction of these combinations on
chemotherapeutic effect of Dox was investigated in breast cancer cell lines. Our results
show that EGCG and RA did not exerted genotoxic effect but Dox increased genotoxicity
in CHO-K1 and TK6 cells. EGCG and RA significantly reduced the genotoxic effects of
Dox in the comet assay, micronucleus, and ames assays. The antioxidant properties of
EGCG and RA, as well as their ability to interfere with DNA repair pathways, may be
involved in their genoprotective effect. Furthermore, RA decreased the intracellular
reactive oxygen species generation in CHO-K1 cells. However, EGCG did not protect
against oxidative stress and damaged cells due to its pro-oxidant properties at high
concentrations. Dox was more selective against MCF-7 cells, EGCG and RA were found
to be more selective against MDA-MB-231 cells. The synergistic effect was observed
when EGCG or RA was administered together with Dox to breast cancer cells. In this
study, EGCG and RA were found to be effective in decreasing Dox-induced genetic
damage as well as inducing Dox's cell viability-reducing effect in breast cancer cells.
Key words: Doxorubicin, Rosmarinic acid, Epigallocatechin gallate, Genotoxicity,

Chemoprotection.

XV



OZET

AKkyiiz Helvacioglu, S. (2022). Doksorubisin’in neden oldugu genotoksisiteye karsi
rosmarinik Asit ve epigallokatesin gallatin koruyucu etkileri. Yeditepe Universitesi,
Saghk Bilimleri Enstitiisii, Farmasotik Toksikoloji ABD, Doktora Tezi, istanbul.
Doksorubisin (Doks), bir¢cok kanser tiirline kars1 etkili bir antineoplastik ilactir. Fakat,
Doks'un normal hiicreler {izerindeki genotoksisitesi istenmeyen sonuglara yol
acabilmektedir. Fenolik bilesiklerin antitiimér, antioksidan ve antigenotoksik etkileri
yogun olarak arastirilmis ve son yillarda kullanimlari olduk¢a artmistir. Rosmarinik asit
(RA) ve epigallocatechin gallate (EGCG), bitkiler aleminde yaygin olarak bulunan
fenolik bilesiklerdir. Bu ¢alismada, RA ve EGCG'nin tek basina ve kombinasyon halinde
Doks kaynakli genotoksisite iizerindeki koruyucu etkisi, komet testi, sitokinez-blok
mikroniikleus testi ve Ames testi de dahil olmak tizere gesitli in vitro test sistemleri ile
aragtirtldi. Doks kaynakli genotoksisitede serbest radikallerin de rol oynadig:
gosterilmistir. Bu nedenlerle reaktif oksijen tiirlerinin olusumu da bu caligmada
incelenmistir. Ayrica, bu kombinasyonlarin Doks'un kemoterapétik etkisi tizerindeki
sinerjistik/antagonistik etkilesimi, timor hiicre hatlarinda arastirilmistir. Buldugumuz
sonuglar, EGCG ve RA'nin genotoksik etki gostermedigini, ancak Doks'un CHO-K1 ve
TK6 hiicrelerinde genotoksisiteyi arttirdigini gostermektedir. EGCG ve RA, komet,
mikroniikleus ve Ames testlerinde Doks'un neden oldugu genotoksik etkileri dnemli
Olciide azaltmigtir. EGCG ve RA'nin antioksidan ozellikleri ve ayrica DNA tamir
mekanizmalarina etki etme yetenekleri, genoprotektif 6zelligi kazandirmis olabilir.
Ayrica, RA, CHO-K1 hiicrelerinde hiicre i¢i reaktif oksijen tiirlerinin olusumunu
azaltmistir. Ancak EGCG’nin yiiksek konsantrasyonlariin sahip oldugu pro-oksidan
etkiden dolay1 oksidatif strese ve hasarli hiicrelere karsi koruma saglayamamistir. Doks,
MCEF-7 hiicrelerine karsi daha segici iken, EGCG ve RA, MDA-MB-231 hiicrelerine kars1
daha selektif olarak bulunmustur. EGCG veya RA, Doks ile birlikte meme kanseri
hiicrelerine uygulandiginda her iki meme kanseri hiicre hattinda sinerjik etki
gozlenmistir. Bu ¢alismada EGCG ve RA'nin meme kanseri hiicrelerinde Doks'un hiicre
canliligin1 azaltici etkisini indiiklemede ve Doks'un neden oldugu genetik hasari
azaltmada etkili oldugu bulunmustur.

Anahtar kelimeler: Doksorubisin, Rosmarinik asit, Epigallokatesin gallat,

Genotoksisite, Kemoprevensiyon.
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1. INTRODUCTION AND AIM

Cancer is a fast expanding health concern also it is the second biggest reason of
death, after cardiovascular diseases globally (1). There are different ways for cancer
therapy. Chemotherapy uses a wide range of agents with various properties in the
treatment of cancer. Such agents are used to shrink and destroy cancerous cells. In this
way, they try to prevent the proliferation and metastasis of cancer cells by various
mechanisms. However, these drugs do not only affect the targeted cancerous cells, but
also they can create similar effects in normal and healthy cells, triggering the occurrence
of secondary cancers. Anti-cancer drugs have genotoxic effects, causing genetic damage
and epigenetic changes since they are designed to damage the DNA structure in tumor
cells. However, one of the most unpleasant adverse effect of chemotherapy is the
genotoxicity of anti-cancer drugs on normal cells, which have potential to cause

secondary cancers.

Doxorubicin (Dox) is a commonly used antineoplastic agent. Dox has been
demonstrated to be metabolically activated to reactive oxygen species (ROS) which can
cause DNA and protein damage, and also initiate lipid peroxidation (2). DNA
intercalation and disruption of DNA repair is another genotoxic mechanism of Dox (3).
The genotoxicity and mutagenicity of Dox have been investigated in numerous in vivo
and in vitro studies. Alexander et al. (2017) reported that Dox has increased the mutant
frequency in strains of Salmonella typhimurium especially TA98 and TA102 with and
without metabolic activation. Additionally, micronucleus formation was induced by Dox
treatment in CHO-K1 cells in that study (4). It was also reported that Dox increased the
frequency of micronuclei in mouse bone marrow erythrocytes in a dose-dependent

manner (5).

Chemopreventive phytochemicals have an important place in the prevention or
reduction of adverse effects that may occur due to exposure to antineoplastic drugs. In
addition, due to their chemopreventive effects, almost half of anticancer drugs are derived
from herbal products or derivatives (6). Polyphenols are a class of phytochemicals that
includes various compounds found naturally in mostly edible plants. These compounds
contribute to the prevention of diseases and the preservation of genomic stability by

showing antioxidant, antimutagenic and anticarcinogenic effects. These natural agents
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have the potential to reduce the genotoxic effects of chemotherapeutics on healthy cells.
Polyphenols increase cell viability with their antioxidant effects, and prevent tumor

growth by stimulating apoptosis with their pro-oxidant effects (7).

Rosmarinic acid (RA) is a common phenolic compound found in plants, which
has properties such as anti-oxidant, anti-genotoxic and anti-carcinogenic activities (8).
Limited studies investigated the capability of RA to prevent chemotherapeutic agent-
induced DNA damage. Furtado et al. (2009a) demonstrated that RA reduces chromosome
breakage and DNA damage induced by Dox in V79 cells. The same research group
revealed that RA is also effective in reducing the chromosome damage induced by Dox
in the mouse micronucleus assay. Although the antigenotoxic mechanisms of RA are not
completely understood, the antioxidant activity of RA can contribute to the decrease of
DNA damage. Also, Furtado et al. (2009b) indicated the importance of an optimum dose
for the maximum protective effect of RA. Hence the assessment of dose response for
antigenotoxic effects of RA against Dox and better characterization of the action
mechanism of RA is being necessary for a rational administration of chemoprotective

strategies (2,9).

Another phenolic compound, epigallocatechin gallate (EGCG) is the most
plentiful catechin and powerful antioxidant in tea leaves. EGCG has been found to inhibit
various malignancies in animal models (10). Although both EGCG and RA are phenolic
compounds, they belong to different chemical classes. EGCG is tannin with flavan-3-ol
structure esterified with gallic acid, while RA is a phenolic acid. As EGCG contains more
phenolic —OH groups than RA, it was shown to have higher scavenging activity when
compared to RA in a study conducted by Soobrattee et al. (2005), (11). Thereby, it is
expected that EGCG exert stronger antioxidant and consequently antigenotoxic activity
against Dox. To our knowledge, protective effect of EGCG against genotoxicity of Dox
in normal cells was not investigated previously. The main goal of this thesis is to evaluate
the possible protective effect of RA, EGCG alone and in combination against Dox-

induced genotoxicity in normal cells.

The chemopreventive effect of phenolic compounds against cancer has also been
demonstrated in several studies. Sadzuka et al. (2000) proposed that EGCG could
improve Dox induced anticancer activity and raise the Dox concentrations in tumors

through the inhibition of Dox outflow (12). In another study, the influence of EGCG was
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investigated on Dox-resistant murine sarcoma and human colon carcinoma cell lines.
EGCG showed a sensitizing effect on the cell lines if they had been treated with Dox (13).
In a recent study, RA prevents the formation and multiplicity of aberrant crypt foci also
tumor formation in rat colon cancer model, spares the antioxidant enzymes’ activity and
induces apoptosis in tumor cells by the induction of p53 and caspase pathways, thereby
preventing tumor cell proliferation and evasion of apoptosis (14). Since activation of p53
in tumor cells is one of the chemotherapeutic mechanisms of Dox and EGCG sensitize
cancer cell to Dox, combination of Dox, RA and EGCG can be a novel strategy that has
potential in the treatment of cancer patients. Furthermore, a Dox dose adjustment to lower
levels with same efficacy and fewer side effects may be possible thanks to a synergic
effect of this combination along with anti-genotoxic activity. Therefore, the second aim
of the thesis is to prove whether RA, EGCG alone or in combination modulate the

antineoplastic activity of Dox.

In this study, it is expected that the intake of these compounds as a nutraceutical
decrease the side effects of antitumor agent and raises the efficacy of the
chemotherapeutic index, and this efficacy is important for enhancing the quality of life
on chemotherapy. For this aim, the dose response ability of RA and EGCG alone and in
combination to prevent Dox induced DNA damage investigated in CHO-K1 and TK6
cell lines using a variety of in vitro genotoxicity test methods including comet assay and
cytokinesis-block micronucleus test. Salmonella typhimurium strains were used for
bacterial reverse mutation assay. Also, formation of ROS as a mechanism of oxidative-
DNA damage investigated in Dox, Dox-RA, Dox-EGCG and Dox-RA-EGCG treated

cells.

After dose optimization of RA, EGCG and RA-EGCG combination against Dox
induced genetic damage, the synergistic/antagonistic interaction of these combinations on
chemotherapeutic effect of Dox investigated in breast carcinoma cell lines. Moreover,
investigation of possible synergistic effect of these natural compounds on Dox anticancer

effect is beneficial for improving the quality of life on chemotherapy.



2. GENERAL INFORMATION

2.1. Definition and History of Cancer

Cancer occurs as a consequence of the change or mutation of normal and healthy
cells. It is a disease caused by the uncontrolled proliferation of these altered cells. It is a
multifactorial disease with complex development. The primary cause of its development
is Deoxyribonucleic acid (DNA) damage that prevents the DNA from being matched
correctly (15). Although the words cancer and tumor are used synonymously, they are not
synonyms. The tumor can be benign or malignant, but the term cancer is used for
malignant tumors (16). The origin of the word ‘cancer’ is from Latin language. It is
derived from the word ‘cancrum’, its literal meaning is crab, which means it does not
leave its grip. Hippocrates (460-375 BC), the father of medicine, used the word cancer to
describe malignant tumors, non-healing tumors and ulcers. In ancient Rome, Galen (200
AC) classified tumors and differentiated malignant tumors and explained the occurrence
of cancer in a similar way to Hippocrates. Galen used ‘oncos’ term for cancer which
means swelling. Galen's views were valid for 1300 years, and diet therapy for cancer was
administered during this period (17).

Cancer has been a wide concern in the history of humans and animals from the
beginning of the time. Even in dinosaur fossils dating back 50 million years BC it has
been found evidence of bone tumors (18). Considering the history of cancer, it is seen
that it is as old as human history. Descriptions of tumors are first found in Egyptian
papyri, Babylonian cuneiform and tablets, also ancient Indian scripts. In the Edwin Smith
papyrus, information about breast cancer was described in eight cases (3000 BC), soft
tissue tumors and cancer in the skin, uterus, stomach and rectum were mentioned for the
first time in Ebers papyrus (1500 BC), and it was stated that tumor treatment could be
lethal. Tumors and tumor removal are described in Babylon tablets (19). There are over
100 different types of cancer. Cancer types are commonly named for the organs or tissues
where the cancers are occured. Leukemia, brain and other central nervous system cancers
are the most commonly diagnosed cancer types in children aged 0-14 years (20). Breast
and thyroid cancer are the most common cancer types in 25-to 39-year-olds. In
adolescents also young adults, the most common cancers are bone, brain and other central
nervous system tumors, breast, cervical, colorectal, leukemia, lymphoma, melanoma,

sarcomas, bone, soft tissue sarcoma, testicular and thyroid (21).



2.2. Cancer Epidemiology

The concept of cancer epidemiology emerged in the 18th century. It is a public
health field that examines the prevalence of cancer cases and the causes of their
occurrence. In 1713, the Italian doctor, Bernard Ramazzini, explained whether the causes
of cervical cancer depend on the lifestyle or not, and in 1775 Percival Pott in chimney
sweeps in London that scrotum cancer is a cancer type consisting of occupational
carcinogenic risks. Geographical spread, ethnicity, age, socioeconomic class, and
occupational characteristics are all factors that determine the epidemiological
characteristics of cancer. It is known that approximately 70 % of cancer deaths occur in
low and middle income countries (22).

Cancer is a leading cause of death and major obstacle to increasing life
expectancy. According to the data announced by the World Health Organization (WHO),
around 10 million people died from cancer in 2020. In the same year, the most common
types of cancer causing death were lung (1.80 million deaths), colon and rectum (935000
deaths), liver (830000 deaths), stomach (769000 deaths) and breast (685000 deaths) (23).
According to the Global Cancer Obervatory data for 2020, 19.3 million new cancer cases
and 10 million cancer deaths were estimated. Breast cancer in women has overtaken lung
cancer as the most often diagnosed cancer in women. The most common types of cancer
in 2020 were breast cancer (11.7%) followed by lung cancer (11.4%), colorectal (10.0%),
prostate (7.3%) and stomach (5- 6%) cancers. Lung cancer accounts for 18%, colorectal
cancer for 9.4%, liver cancer for 8.3%, stomach cancer for 7.7% and breast cancer for
6.9% of cancer-related deaths of 1.8 million people. Men had a 19% higher global
prevalence rate for all cancers (222 per 100.000) than women (186 per 100.000) in 2020,

while rates varied widely between regions (24).

2.3. Cancer Etiology

Although cancer is among the most serious health issues in the world, its incidence
varies by race, society and gender. Health scientists argue that if adequate precautions are
not taken, cancer will be the leading cause of death in 2030 (25). The first step to
preventing cancer is to determine the causes of cancer in humans. Cancer-causing
substances are called carcinogens. Cancer formation is called ‘carcinogenesis’. Genetic

damage underlies carcinogenesis. There are different factors that cause such damage.
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Today it is accepted that cancer occurs not by a single factor, but by more than one factor
which means cancer occurance has different reasons. The cause of cancer is
multifactorial.

Diet, physical activity and obesity are important factors related to carcinogenesis. Food
can show carcinogenic effects due to cooking techniques, storage conditions and food
additives. It is known that adequate and balanced nutrition has an important effect in
preventing cancer. It is thought that 30-40% of all cancer types can be prevented simply
by changing one's lifestyle and eating habits. Obesity, impaired glucose metabolism,
excessive consumption of red meat, poor fiber intake, insufficient intake of omega 6 and
omega 3 fatty acids, and nutritionally malnourished diets such as concentrated sugars and
refined flour products all contribute to an increased risk of cancer (26). Obesity, which
occurs due to excessive nutrition and lack of physical activity, is a problem encountered
in one-third of women and one-fifth of men in the world. As a result of obesity, an
increase in inactive fat storage occurs, which increases biologically active polypeptides
and regulator proteins called adipokines. This increase causes metastasis by increasing
cell proliferation as a result of angiogenesis through a carcinogenic process. In addition,
obesity affect the carcinogenic process by changing the synthesis and metabolism of sex
steroid hormones. Overweight and obesity is predicted to account for 14 percent in men
and 20 percent in women of all cancer deaths in a new report from a prospective cancer
prevention cohort. Obesity has been linked to an increased risk of death from cancers of
the esophagus, cervix, uterus and ovary, colon and rectum, gallbladder, kidney, liver,
pancreas, stomach, prostate, breast (27,28). Selenium, vitamin B-12, folic acid, vitamin
D, chlorophyll, and antioxidants are all protective components in a cancer prevention diet.
Ascorbic acid has its advantage when used orally, but intravenously it can be extremely
beneficial (29,32).

Another factor affecting the formation of cancer is age. Since the prevalence of
most cancers rises with age, particularly in midlife, cancer may be considered an age-
related illness. Cancer is seen at all ages. It has been determined that cancer deaths
increase with age and are mostly increased in the 45-64 age range (33). Overall, cancer
incidence rates increase significantly with age, from less than 25 cases per 100.000 in the
under-20 age group to over 350 cases per 100.000 in the 45—49 age group and more than
1.000 cases per 100.000 in the 60 age group. According to the most recent statistics from
the National Cancer Institute's Program, the median age of people diagnosed with cancer

is 66.This suggests that half of cases of cancer occur with those under the age of 60, with
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the other half occurring in people over 60. Numerous different types of cancer follow a
similar pattern. Breast cancer, as example, is diagnosed at a median age of 62 years,
whereas colorectal cancer is diagnosed at a median age of 67 years, lung cancer is
diagnosed at an average age of 71 years, and prostate cancer is diagnosed at a median age
of 66 years. On the other hand, cancer can occur at any age. Children and young people
(under the age of 20), for example, account for around one-fourth of all cases of bone
cancer. Furthermore, 12 percent of brain and other nervous system tumors affect children
and teenagers, compared to just 1% of all malignancies diagnosed in this age group (34).

Sex has a significant role in the prevalence, prognosis, and mortality of a variety
of cancers (35). Between 2009 and 2013, the prevalence of cancer was roughly 20%
greater in males than in women in the United States, while the mortality rate was 40%
higher in men (36). At the genetic/molecular level, gender variations affect cancer
susceptibility. Sex hormones may potentially have a positive or negative impact on cancer
growth. In the United States, men are more likely than women to get prostate, ovarian,
and colorectal cancer, while women are more likely to develop lung, colorectal and breast
cancer (35). Cancer occurrence in sex-specific organs such as the prostate and ovary has
been documented, as well as sex variations in cancers of the colon, liver, and lung.
Females are more likely than males to have thyroid cancer. Estrogen has been attributed
to an enhanced risk of thyroid cancer in women (37). Sex-related genetic and biochemical
variations frequently impact the degree of pharmacological response (38).

People who have a family history of cancer are more prone to developing it.
Inherited genetic mutations have a great impact in around 5% to 10% of all cancers. The
genetic structure of the person is one of the factors affecting the formation of cancer
because of its response to environmental factors and its predisposition to cancer
development. Changes in the sequence of cancer susceptibility genes (oncogenes, tumor
suppressor and risk modifier genes) which increase the risk of cancer are inherited. It is
known that the sensitivity genes of breast and colon cancers are among the types of cancer
that may occur due to sequence changes (39).

Infectious agents such as viruses, bacteria, and parasites may also cause cancer or
raise the risk of cancer developing. Some viruses may disrupt the signaling pathways that
control cell growth and proliferation. Moreover, some viruses damage the immune
system, causing the body susceptible to other cancer-causing infections. Chronic
inflammation, which can lead to cancer is often caused by certain viruses, bacteria, and

parasites. Epstein—Barr virus, a type of herpes virus, causes mononucleosis, as well as
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some forms of lymphoma and cancers of the nose and mouth. Chronic hepatitis B and
hepatitis C viruses infections may lead to liver cancer. Human immunodeficiency virus
(HIV) impairs the immune system, leaving it more vulnerable to other cancer-causing
pathogens. Many malignancies, including Kaposi sarcoma, lymphomas (including non-
Hodgkin lymphoma and Hodgkin disease), and cancers of the cervix, lung, anus, throat,
and stomach, are made more likely by HIV infection. Cervical cancer is usually caused
by high-risk HIV. They also cause the majority of anal cancers, as well as a variety of
oropharyngeal, penile ,vulvar and vaginal cancers. Helicobacter pylori, a bacteria, can
cause noncardia stomach cancer (40-42).

Psychosocial factors have long been recognized to play a role in the progression
and persistence of cancer.In particular, epidemiological and clinical research over the last
30 years has found significant indication of links between depression, social isolation and
stress as well as cancer growth.Relevant signaling mechanisms that influence cancer
growth and metastasis have been established in recent cellular and molecular studies (43).

The International Agency for Research on Cancer (IARC) has been assessing
epidemiological and scientific data for the carcinogenicity of substances, mixtures of
chemicals, manufacturing practices, lifestyle and cultural patterns. Hundreds of chemicals
have been shown to cause cancer or tumors in laboratory animal. If a carcinogen binds
covalently to cellular DNA, it is called genotoxic. If the affected DNA is not restored, it
can induce mutations by causing base misincorporation during DNA replication.
Genotoxic carcinogens may work directly on DNA or need metabolic activation to
become reactive. Alkyl and aryl epoxides, nitrosamides, nitrosoureas, also some sulfonate
and sulfate esters are examples of direct-acting carcinogens. Polycyclic aromatic
hydrocarbons, alkyl nitrosamines, aflatoxin Bl and aromatic amines are examples of
indirect-acting carcinogens. To induce a tumorigenic reaction, numerous chemical
carcinogens require bioactivation (44,45).

It is known that smoking is a factor that triggers many cancers such as lung cancer,
larynx, pharynx, esophagus, liver, myeloid leukemia, kidney, bladder, stomach, pancreas
and oral cavity. About 60 substances in cigarette smoke have carcinogenic properties.
Some of these carcinogens (such as radon, bismuth, lead and polonium) are radioactive.
These substances with carcinogenic properties cause mutation and errors in DNA
replication. Factors such as the starting age of smoking, the amount of cigarettes smoked
daily, and the duration of smoking directly affect the development of cancer. It is

considered that smoking was caused for 21% of cancer-related deaths in the world in
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2000. Thirty two percent of adult deaths due to cancer are related to smoking in males
and 8% in females. It is estimated that 1.3 billion people smoke worldwide and more than
half of this number are men (46,47).

It is known that the type of radiation that causes cancer is mostly ionizing
radiation. Ionizing radiation locally releases enough energy to break down biologically
important chemical bonds. Cancer development due to radiation exposure is directly
linked to the exposure dose also age of exposure to radiation. The carcinogenic effects of
radiation are as follows; oncogene activation resulting from gene amplifications,
chromosome translocations and point mutations, chromosome deletions, tumor
suppressor gene losses and free radical formation mechanisms (48). lonizing radiation
raises the risk of cancer as a result of exposure to other medical and industrial sources of
ionizing radiation. It induces the risk of many neoplasms such as leukemia, thyroid and
breast cancer. In addition to ionizing radiation, many studies have been conducted on the
risk of cancer development due to electromagnetic radiation resulting from the use of
mobile phones. Although studies have suggested that prolonged and intensive use of
mobile phones is associated with the formation of glioma, acoustic neuroma, and parotid
gland tumors, these results have not been clarified yet (49,50).

Hormones also play significant role in the development of some of the world's
most frequent cancers, such as endometrial, ovarian and breast cancers in women, and
prostate cancer in men. Hormones are thought to influence cancer risk by regulating the
rate of cell proliferation, cell division and the number of susceptible cells. Hormones have
a heavy impact on cell differentiation in the endometrium; oestrogens promote mitosis,
whereas progestins inhibit it. Endometrial cancer risk rises with late menopause,
oestrogen replacement therapy, and obesity, and falls with parity and oral contraceptive
use; hence, risk rises in relation to the length of unopposed oestrogen exposure, perhaps
because unopposed oestrogens promote endometrial cell division. Early menarche raises

the risk of breast cancer (51).

2.4. Cancer Treatment

Cancer is a fatal disease that is widespread in societies and is tried to be treated
with different methods. Cancer treatment is determined according to the histological
structure of the tumor, the presence of metastases and the stage of the disease. Cancer

treatment is performed to treat patients, to keep the disease under control or to extend the



life of the patient palliative and to increase the quality of life. Although chemotherapy,
radiation, and surgery are the most prevalent cancer treatment procedures, additional
treatments like as hormone therapy and the use of biological methods can be employed
in combination with or as a stand-alone treatment. Because each therapy has its own set
of benefits and drawbacks, cancer is a unique disease with therapies that vary from person

to person (52).

2.4.1. Radiotherapy

Radiotherapy is a cancer treatment that uses ionizing radiation to eliminate
cancerous cells. Treatments might be targeted to a specific part of the body, or they can
be treated to the entire body. The main goal in the development of these method is to
create systems that have the most effect on cancer cells that need to be eliminated while
causing the least amount of damage to normal cells. Intensity modulated radiotherapy
systems are generally used in head and neck, brain, prostate and breast cancers, and it is
a method that provides irradiation of different strength to the area to be treated, thus
protecting the healthy area. In the Stereotactic Ablative Radiotherapy system, very high
doses of radiation can be delivered to very small areas with great precision and increase
the success rate of the treatment. Radiation therapy is usually applied before the surgical
procedure to reduce the tumor. After the dosage calculations by the radiation oncologist,
it is aimed to shrink the tumor area and kill the cancerous cells after the radiation given
to the tissue or organ. However, one of the biggest disadvantages of radiotherapy is that
while it kills harmful cells, it also kills healthy ones. Furthermore, common adverse
effects such as hair loss, vomiting, weakness, diarrhea, skin changes and loss of appetite
can affect the patient's quality of life. Other therapeutic methods could be considered as
a result (53,54).

2.4.2. Surgical Methods

It can be used alone as a common therapy method or in combination with
radiotherapy and /or chemotherapy. It is frequently used as a prophylactic in the
prevention of cancer development, in diagnosing biopsy and in removing the cancerous
tissue from the body in cases where there is no metastasis or growth. In cases where it is
not possible to remove the mass without damaging other tissues, it may prefer to reduce
the mass with chemotherapy or radiotherapy. Surgery can finally be used in the

restoration and reconstruction of the damaged tissue or area (55).
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2.4.3. Immunotherapy

Immunotherapy is a biological treatment. The immune system's reaction to
internal and external stimuli is utilized in this sort of treatment.In this therapy, three
primary molecular groups are widely utilized.These are antibodies, cytokines, and cells.
The treatment's goal is to stimulate the immune system to target cancerous cells. This can
be accomplished either through the body's natural immune system or through the use of
synthetic stimulants like monoclonal antibodies. Cancer is treated by a variety of
immunotherapies. Immune checkpoint inhibitors work by inhibiting checkpoint proteins
from binding to their target proteins (56). Therefore, T cells do not get the 'off' signal,
leading them to kill cancer cells. The CTLA-4 checkpoint enzyme is the target of one of
these medications. Other immune checkpoint inhibitors work by targeting the checkpoint
proteins PD-1 and PD-L1. T-cell transfer treatment enhances T cells' natural capacity to
fight cancer. This treatment involves removing immune cells from the tumor. Those that
are most effective against cancer are chosen or changed in the lab to better target cancer
cells, then injected back into the body through a vein needle. Vaccines for cancer
treatment are a type of immunotherapy that enhances the body's inherent anti-cancer
responses. Treatment vaccines may enable the immune system to recognize and respond
to antigens, helping cancer cells to be killed. Cytokines (interferons, interleukins), which
are proteins generated by white blood cells, are examples of immune-modulating agents.
Pain, swelling, soreness, redness, itchiness, and rash are typical side effects in all forms
of immunotherapy. Further possible adverse effects include edema and weight gain due
to fluid retention, heart palpitations, nasal congestion, diarrhea, infection risk, and organ

inflammation (57,58).

2.4.4. Hormone Therapy

Hormones can be used as drugs in cancer treatment. These are generally sex
hormones used to treat prostate, endometrial and breast cancers. However, these drugs
resemble chemotherapy drugs, the biggest difference is that the hormones produced by
the body naturally cannot bind to the cell and prevent the growth of cancer cells. Drugs
used in hormone therapy can generally be divided into 3 subgroups. These are hormone
synthesis inhibitors, hormone receptor antagonists and hormone supplementation.
Hormone synthesis inhibitors, work by suppressing synthesis where the hormone is

produced. They can be divided into two within themselves. Aromatase inhibitors and
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gonadotropin-releasing hormone analogs. Aromatases are enzymes responsible for
converting androgens to estrogen in menopausal women. Aromatase inhibitors inhibit this
conversion, reducing estrogen levels and inhibiting cell growth. Drugs such as anastrazole
and letrozole are used to treat breast cancer patients with positive estrogen receptors and
reduce death due to breast cancer. Gonadotropin-releasing hormone analogues are used
to treat prostate and ovarian cancers by chemically sterilizing organs. The production of
testosterone in men and estrogen in women is suppressed (59,60). Hormone receptor
antagonists are molecules that bind to the receptor of a particular hormone on the cell,
preventing that hormone from binding, and thus prevent the growth of the cell from
getting a growth signal into the cell and stopping the growth of the cell. They are divided
into anti-androgens and anti-estrogens. Testosterone needs 17a-hydroxylase to be
produced. Anti androgens block 17a-hydroxylase and inhibit testosterone production.
Drugs such as bicalutamid and flutamide can be used in this therapy. Treatment can be
performed using drugs known as selective estrogen receptor modulator and drugs such as
hormone receptor positive breast cancer (Tamoxifen), metastatic breast cancer
(Fulvestrant), and progressed breast cancer (Toremifen) in postmenopausal women
(61,62).

As a supplement of hormone, synthetic progestogens such as progestin are used in breast,
prostate and endometrial cancers. Also, they can be used to treat prostate cancer by
suppressing testosterone production with drugs such as synthetic estrogens

(diethylstilbestrol) (63).

2.4.5. Cancer Vaccines

Cancer vaccines are similar to conventional vaccines that use attenuated
molecules to stimulate the immune system (B or T cells) and prevent diseases. The only
difference is that cancer cells are targeted. Vaccines produced against viruses such as
hepatitis B and human papilloma virus trigger B lymphocytes to produce antibodies. To
date, no cancer vaccine has been produced with proven effectiveness. The FDA has
approved only 2 vaccines (Gardasil and Cervarix) developed against HPV that causes
uterine cancer. The vast majority of uterine cancers develop due to human papillomavirus

infection, and type 16 and type 18 constitute the high risk group (64).
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2.5. Classification of Antineoplastic Drugs

Cancer drugs affect cancerous cells by different mechanisms. Anticancer drugs
may affect cancer cells, extracellular matrix, endothelium, the immune system or host
cells at various levels. This effect is often to induce cell death (cytotoxicity), less
frequently to inhibit its growth without killing the cell (cytostatic effect). The least
common effect is the induction of differentiation in the cancerous cell. The combination
of surgery, radiotherapy and chemotherapy applications, which is now called a
multidisciplinary approach, increases the success in the treatment of many cancers.
Systemic approaches have an important place in the treatment of cancer, which is
accepted as a systemic disease. In the systemic treatment of cancer, there are two main
uses. These are cancer chemotherapy, one of which includes cytotoxic drugs and
hormones; the other is immunotherapy methods and biological therapy with anti-

angiogenic agents (65).

2.5.1. Alkylating Agents

Alkylating agents are the most commonly used anticancer medications and they
are a big part of combination chemotherapy. Alkylating agents bind to cellular proteins
and DNA, are highly reactive molecules.Cross-linking of DNA strands is the key
mechanism of action for the most alkylating agents. Cisplatin, carboplatin, oxaliplatin,
chlorambucil, cyclophosphamide, mechlorethamine, and melphalan are alkylating agents
which are used widely in chemotherapy . The nitrosoureas, tetrazines, aziridines (thiotepa
and mitomycin C), and nonclassic alkylating agents such as procarbazine and
hexamethylmelamine are all known as alkylating agents. Alkylating agents are used to
treat cancers such as breast cancer, lymphoma, multiple myeloma, Hodgkin's disease and
others. Some alkylating agents have been related to clinical toxicities, including bone
marrow depression (including leukopenia, anemia and thrombocytopenia), nausea and
vomiting. Gonadal dysfunction and late leukemias can be caused by chlorambucil,
mechlorethamine, melphalan, and procarbazine. Pulmonary fibrosis may be caused by
busulfan, chlorambucil, carmustine and lomustine. Cyclophosphamide and ifosfamide
can trigger hemorrhagic cystitis, as well as bladder cancer in a small percentage of
patients. Renal damage may be caused by cisplatin, carmustine, lomustine, and
streptozocin. Ototoxicity and peripheral neuropathy are potential side effects of

carboplatin and cisplatin. Procarbazine is a monoamine oxidase inhibitor with a low
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potency. When combined with sympathomimetic agents and tricyclic antidepressants, it

may induce hypertensive reactions (66,67).

2.5.2. Antimetabolites

The antimetabolites are a class of anticancer agents that are structurally similar to
natural substrates. Antimetabolites act by mimicry or interfering with pyrimidines and
purines, that are necessary to synthesis of DNA and subsequently to inhibit DNA
synthesis. Antimetabolites affect cells in the S phase of the cell cycle during DNA
replication. Methotrexate, 5-fluorouracil, capecitabine, floxuridine, gemcitabine,
cytarabine, decitabine, and vidaza are some of the most important medicines in this group.
Colorectal, bladder, and pancreatic cancers, as well as leukemia, are often treated with
antimetabolites. Antimetabolites have the potential to cause significant side effects.
Antimetabolites influence all proliferating cells, resulting in immunosuppression,
vomiting, nausea, ulcerative stomatitis, diarrhea, hemorrhagic enteritis, and intestinal
perforation, although there are few long-term end-organ consequences that affect

anesthetic management (68,69).

2.5.3. Topoisomerase Inhibitors

Topoisomerase inhibitors are chemotherapeutic drugs that block the
topoisomerase enzymes (topoisomerase I and IT), which regulate DNA structure changes.
Topoisomerase I and II are natural enzymes which are required for cellular division and
DNA replication and they are found in the nucleus of mammalian cells. Topoisomerase
activity is very strong in cancer cells and rapidly dividing cells. Topoisomerase inhibitors
inhibit ligation stage of the cell cycle, which causes apoptotic cell death and DNA single
strand breaks and double strand breaks. Topoisomerase inhibitors are derived from
natural sources and act by interfering with DNA to cause cytotoxicity. Topoisomerase I
inhibitors include topotecan, irinotecan and camptothecin, whereas topoisomerase II
inhibitors include doxorubicin, etoposide and epirubicin. Colorectal, small-cell lung,
ovarian, and hematological tumors are also treated with topoisomerase inhibitors.
Camptothecin is a topoisomerase I inhibitor which is commonly recognized as the most
effective anticancer drug in the world. Topotecan and irinotecan are two varieties of

camptothecins that have been approved to treat lung, colon and ovarian cancer by the
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FDA. The most common side effects of topoisomerase inhibitors are hematologic

(neutropenia, anemia, thrombocytopenia) and gastrointestinal (diarrhea, nausea) (70-72).

2.5.4. Antimicrotubule Agents

Antimicrotubule drugs act by stabilizing microtubules and subsequently reducing
cell division. Microtubules are involved in numerous cellular functions, including the
development of the mitotic spindle during the mitotic phase. Cancer treatment has had
success with these highly dynamic mitotic-spindle microtubules. Antimicrotubule agents
are antimitotic chemicals obtained from plants that inhibit cell proliferation. These agents,
act by the polymerization of the tubulin protein in the structure of the strands that provide
mitotic division within the cell, make them unstable and ultimately stop mitosis. It is a
phase specific agent effective in the M phase of cell division. Antimicrotubule agents
such as vinca alkaloids and taxanes cause microtubule instability. Vinca alkaloids
including vincristine and vinblastine bind to tubulin dimers and inhibit them from
polymerizing, blocking tubulin polymerization. Taxanes like paclitaxel and docetaxel, on
the other hand, have opposing modes of action. Microtubules are stabilized by these
agents, which adhere to them and keep them from depolymerizing. In this way, mitosis is
delayed or stopped during the metaphase-anaphase transition, resulting in apoptotic cell
death. Asymptomatic sinus bradycardia and first-degree atrioventricular block are the

most frequent side effects of paclitaxel (73).

2.5.5. Antibiotics

Antibiotics ~ with  pro-apoptotic, anti-proliferative and anti-epithelial-
mesenchymal-transition properties have been used in the treatment of cancer. Antibiotics
are secondary metabolites formed in the course of life by microorganisms (such as
actinomycetes, bacteria and fungi) as well as higher animals and plants that have anti-
pathogen or other functions and can interact with growth of other living cells. Antibiotics
can induce apoptosis of cancer cells, prevent cancer proliferation also inhibit metastasis
of cancer cells, according to research findings. They are widely used to succeed in the
cancer treatment for these purposes. Anticancer antibiotics are substances formed by
microorganisms that have anticancer properties. They are mostly peptides and
anthraquinones in structure, and they have a powerful inhibitory effect on malignant

cancers' proliferation, rapid development, and metastasis (74).
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2.5.5.1. Anthracyclines

It is well known that anthracyclines constitute a group of the most widely used
and effective antineoplastic agents in the world. In the 1960s, anthracycline antibiotics
were first isolated from the Streptomyces peucetius and Streptomyces caesius fungi and
used in clinical oncology (75). The composition of anthracycline antibiotics is dependent
on the anthracyclinone. The anthracyclinone (anthraquinone) or (naphthaquinone) center
is surrounded by quinones, phenolic groups, and other substituents on the reasonating
ring structure A, B, and C, as well as the saturated D ring. In antibiotics with antitumoral
properties, the effect occurs in two ways. First, the intercalation to DNA and the inhibition
of DNA synthesis in this way; the second is through inhibition of topoisomerase I and II
enzymes. They interact with helical unwinding of DNA by inhibiting topoisomerase I and
I1, that are necessary to replicate DNA. Breast cancers, leukemia, aggressive lymphomas,
non-Hodgkin’s lymphoma, lung cancers and many solid and hematologic malignancies
are mostly treated with anthracyclines. Anthracyclines, mitomycin, bleomycin,
actinomycin, guanorycin, and endiyne are among the most popular anticancer antibiotics.
Furthermore, their anticancer properties are both complex and efficient. Anticancer
antibiotics including anthracyclines include epirubicin, mitoxantrone, daunorubicin and

doxorubicin (74).

2.6. Doxorubicin

In the 1950s, cancer treatment was began to search from soil-based
microorganisms. Streptomyces peucetius, a recent strain that produces a bright red
pigment, has been isolated and shown to have anti-tumor effect in mice. A new antibiotic
has been produced from this bacterium. The new antibiotic, called daunorubicin, has been
used to treat lymphoma and acute leukemia successfully (76). Doxorubicin (Dox) was
isolated from a mutant strain obtained from Streptomyces peucetius in Italy in 1967
(Farmitalia Research Laboratories). Streptomyces peucetius var. caesius, derived from S.
peucetius, differs from parent culture by the mutagenesis, vegetative and due to its ability
to produce antibiotics (77).

Dox is a drug used in cancer chemotherapy. It is an anthracycline derivative
antibiotic. Dox was used in treatment in 1967-1969 and is the most widely used member

of this group (78). Dox, is a cytotoxic chemotherapy agent, also known as Adriamycin
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that is commonly used as the first line of defense in the treatment of cancer, either alone

or together with other anticancer agents or radiation and surgery (79).

2.6.1. Chemical structure of Doxorubicin

Dox is an anthracycline-structured antibiotic, which consists of a chromophoric
tricyclic ring and two identical pentapeptide rings attached to it. Anthracycline molecule
consists of tetracyclic core and amino sugar (daunosine). The tetracyclic core gives the
drug its red color. All members of the group have quinone and hydroquinone groups
adjacent to the tetracyclic ring. Dox is formed by the attachment of the hydroxyl group to
the carbon number 14 in the daunorubicin molecule (80). The substituent moieties and
the quinone-hydroquinone system define a rigid Dox structure. The amino group of the
amino-sugar group is the most reactive Dox group, which allows Dox to bind with various
substances that may differ in affinity to water. Thanks to this feature, Dox can show
different amounts of accumulation in different cell structures (81).

The chemical structure of Dox are shown in Figure 1. Systematic name is (7S,9S)-7-
[(2R,4S,58,6S)-4-amino-5-hydroxy-6-methyloxan-2-yl]oxy-6,9,11-trihydroxy-9-(2-
hydroxyacetyl)-4-methoxy-8,10-dihydro-7H-tetracene-5,12-dione. ~ C7H20NO11 s

molecular formula of Dox (82).

O OH O

OH
(I Jor

H
0 O OH O, O

OH
NH

Figure 1. Chemical structure of Dox
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2.6.2. Pharmacokinetics of Doxorubicin

Dox is not well absorbed from the gastrointestinal tract, therefore it is
administered intravenously (IV). Its main metabolic properties are the reduction of a
ketone group to a hydroxyl group. A less active derivative -ol is usually formed from this
parent component. It is mainly metabolized in the liver. It breaks down rapidly after IV
application. As a result of this break down Doxorubicinol and daunorubicinol are formed.
The main metabolite of Dox is 13-OH-doxorubicinol produced by aldoketo reductases,
which have a certain antitumor activity. Dox is identified by a fast dispersion stage and a
slow elimination stage. Dox is quickly taken up by tissues outside of the brain. Although
it is rapidly metabolized in the liver, it remains in the body for a long time and its effect
is long since it binds to tissues and is released from there slowly; most of it is excreted in
bile. If liver function is impaired due to liver metastasis or primary tumor or other reason,
its elimination slows and accumulates in the body if the dose is not reduced. The aglycon
part that is partially released in the body as a result of hydrolysis is not effective. Dox is
eliminated by converting to various less active or inactive products such as alcohol
derivative, aglycone ring and other derivatives. It is excreted from the liver and kidneys.
It is excreted by biotransformation from the liver and excretion from the bile. The
excreted substance is doxorubicinol and daunorubicinol. In the liver, reduction occurs
first. The half-life of Dox is 12-18 hours and it is dispersed within this period. Plasma
protein binding of Dox is approximately 75%. However, it cannot cross the blood-brain
barrier. The total plasma clearance is aproximately 30 I/h/m?. At steady state, the total

volume of distribution is around 15 1/kg (83,84).

2.6.3. Treatment with Doxorubicin

One of the most commonly used chemotherapeutic drugs is Dox. It is preferred in first-
line treatment in children and adult patients. It is also indicated for superficial bladder
tumors after transurethral resection (preventive treatment) and when administered
intravesically for therapeutic purposes. It is used in the treatment of cancer types listed
below (85).

e Acute Lymphoblastic Leukemias

e Acute Myeloblastic Leukemia

¢ Endometrium Cancer

e Soft Tissue Sarcomas
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Urothelial Carcinoma
Bronchogenic Carcinoma
Stomach Carcinoma
Kaposi's Sarcoma
Hodgkin Lymphoma
Metastatic Breast Cancer
Non-Hodgkin Lymphoma
Multiple Myeloma
Mycosis Fungoides
Neuroblastoma

Metastatic Ovarian Cancer
Ovarian Cancer

Bone Sarcoma

Sezary Syndrome

Soft Tissue Sarcoma
Thyroid Carcinoma
Waldenstrom's Macroglobulinemia
Wilms Tumor

Uterine Sarcomas

Thymoma

It is commonly used in hematological malignancies and solid tumors due to Dox’s broad

spectrum antineoplastic effect (86).

2.6.4. Mechanism of action

Cytotoxic and cytostatic effects of anthracyclines on tumors and organs have been

explained by four main mechanisms (87).

a.

Cytotoxic and cytostatic effects of anthracyclines on tumors and organs have been
explained by four main mechanisms. Binding to DNA by forming a complex: It
enters the DNA and forms the DNA topoisomerase II-DNA-anthracycline
complex. Inhibits DNA replication and RNA transcription and synthesis. It also
causes DNA strand breaks.

Inhibition of RNA and DNA polymerases: It disrupts RNA transcription and DNA
replication and by inhibiting the functions of DNA and RNA polymerases.
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c. Effects on the cell membrane: By binding to the cell membrane, it disrupts the
membrane function.
d. Dox also causes DNA oxidative damage caused by free radicals, reducing DNA

synthesis even further (78).
Dox's mechanism of action is not completely understood because of its complexity, it is
thought that it interacts with DNA through intercalation and inhibits DNA synthesis. Dox,
the planar chromophore part intercalates non-covalently by entering between two base
pairs in DNA. It binds itself to DNA with high efficiency by a mechanism called
intercalation, where DNA base pairs are placed between and linked in parallel to the base
pairs. Dox inhibits DNA replication and RNA transcription by intercalation (88,89).

Topoisomerase Il is a common target for anticancer drug families that intercalate
into DNA. Topoisomerase Il works dependent on adenosine triphosphate (ATP). Its basic
biological function is the opening of superhelix DNA strands and the replication fork's
formation. Therefore, it has a significant function in DNA replication. Following
chromosomal replication, they allow the separation of DNA molecules that are
interlocked and intermingled. It is required for DNA replication of eukaryotic and
prokaryotic cells. Topoisomerase I cuts a strand of the DNA double helix, allow it to
relax, and afterwards reconnect the truncated helix. Topoisomerase I enzymes do not
need ATP for hydrolysis. Topoisomerase Il enzymes break double strands of DNA and
add two super-annular turns to DNA by changing the number of links. At clinically
relevant and cytotoxic concentrations, Dox stabilizes DNA and complexity of enzyme.
During transcription, the progress of the enzyme Topoisomerase II, which opens the helix
structure of DNA, is inhibited. Higher concentrations of Dox inhibit topoisomerase II
activity, but once the drug exits the DNA, topoisomerase II inhibiton is reversed. As cells
begin dividing, levels of topoisomerase II raises across the genome. There are three
factors inhibit this enzyme; low temperature, high salt concentration and high drug
concentrations. It is a fact that all these factors regulate the cytotoxicity of Dox (90).
Drugs that interact with topoisomerase I and II are used in cancer treatment and are
promising for future use. However, these agents themselves can cause mutations and
cancer by showing genotoxic effects in normal cells (91).

Dox can also inhibit the activity of the polymerase enzyme, affect gene expression
regulation also DNA damage caused by free radicals. Dox itself has an anticancer effect
against most of cancers. Dox is not a cell cycle specific drug. Depending on the molecular

structure of Dox, the anticancer mechanism is related to its quinone structure. When
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oxido-reductive enzymes such as the quinone component of anthracyclines are present,
cytochrome P450 reductase, xanthine oxidase and NADH dehydrogenase, they can
undergo redox reactions where they produce excessively ROS. Free radicals are formed
during the conversion of quinone to semi-quinone. Hydroxyl radicals, superoxides, and
peroxides are formed when free radicals combine with oxygen. Furthermore, cellular iron
catalyzes redox processes and produces ROS. Excessive ROS that cannot be detoxified
causes lipid peroxidation ,oxidative stress and DNA damage which leads to cell death

(92).

2.6.5. Development of Doxorubicin Resistance

The ineffectiveness of a treatment, such as an antineoplastic, is called drug resistance.
Cancer cells can develop resistance to treatments. Although many types of cancer are
initially sensitive to chemotherapy, they can develop resistance over time through a
number of mechanisms (93). There are different resistance mechanisms that develop in
cancer cells against chemotherapeutic agents such as Dox. Some of these mechanisms are
multi-drug resistance (MDR-1) or P-glycoprotein (P-gp). There are mechanisms mediated
by drug transport proteins such as breast cancer resistance protein (BCRP), multidrug
resistance-associated protein family (MRP) and lung resistance protein (LRP) (94,95).
Another resistance mechanism is related to the resistance to apoptosis induced by
radiation and cytotoxic agents in tumor. Resistance mechanisms include inhibition of the
chemotherapeutic action producing apoptosis, mutations in cytostatic drug target
enzymes, and alterations in the p53 gene. P-gp functions in an ATP-dependent way, and
it has been discovered that it decreases the quantity of drug in the cell by forcing the drug
to be pumped out. Resistance to numerous anticancer medicines, including the
hydrophobic Dox, can develop when P-gp levels increase. P-gp is present in a variety of
tissues in humans. Although many tumor cells express P-gp, additional research has
revealed that P-gp is connected to the ATP-dependent carrier protein (ABC proteins),
which causes multi-drug resistance and is involved in transport (96). The ABC transporter
family is encoded by approximately 49 genes. According to their sequence similarities,
they were divided into seven subgroups as ABCA, ABCB, ABCC, ABCD, ABCE,
ABCF, ABCG (94,97). Among these groups, 14 members are responsible for the
transportation of drugs. ABC transporter proteins are located in the cell membrane and

are the primary active transporters operating in the presence of ATP, enabling the
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transport of various endogenous compounds and xenobiotics across membranes. ABC
transporters are expressed in both normal tissues and many cancerous tissues. MRP-1 is
a member of the ABCC subfamily of the carrier ABC family. This protein is 190 kDa in
size and is encoded by chromosome 16. Significant resistance to Dox occurs as a result
of overexpression of MRP-1(3). MRPs generally carry anionic organic drugs. It is from
the ATP-dependent carrier protein family, as in MRP and P-gp in BCRP. Overexpression
of BCRP reduces the amount of intracellular drug, which causes drug resistance, albeit
indirectly. Mechanisms of resistance to anticancer drugs are (98):

e Multi-Drug Resistance

e Decreased Intake of the Drug into Cells

e Decreased Biotransformation of the Drug to its Active Metabolite

e Accelerating the Repair of DNA Damage

e Epithelial-Mesenchymal Transition and Metastasis

e Increasing the Synthesis of the Target Enzyme

e Decreased Tendency of Cell to Apoptosis

e Increase of Glutathione or Glutathione-S-Transferase Enzyme in Cancerous Cell

e Epigenetic Mechanisms

Cancer Cell Heterogeneity

Resistance to Dox is another problem that limits the use of the drug. The development
of Dox resistance is multifactorial. One of these mechanisms is the increase in the activity
of the efflux pumps which throw Dox out of the cancer cell and the decrease in the
accumulation of the Dox. One of the most common changes in Dox resistance is raised

genes expression for proteins which is involved in the efflux (99).

2.6.6. Toxicity of Doxorubicin

Dox is the most effective antineoplastic drug among antibiotics with antitumor
activity. Dox causes acute and chronic toxic side effects that are dosage dependant.
Significant side effects of anthracycline drugs are cytotoxicity and cardiotoxicity. It has
the potential to induce multi-organ toxicity in various patients (100). Dox has been
commonly used as an anticancer medication for more than four decades in the treatment
of a variety of solid tumor and hematological malignancies, with a proposed maximum
cumulative dose of 500 - 450 mg/m? of body surface area (101). Dox has a cardiotoxic
cumulative dosage of 550 mg/m?. The main disadvantage of Dox is the toxicity on healthy
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cells. Even though it is approved as an chemotherapeutic agent, possible cardiotoxicity.
Cardiotoxicity is a cardiomyopathy or heart failure and it can develop years after ending
of cancer treatment and remission of the tumor (102). Children treated for lymphoblastic
leukemia with Dox therapy develop cardiovascular problems in adulthood about 15-20
years following treatment (103).

The most likely mechanism of Dox toxicity is due to the increase in oxidative
stress. Acute vomiting, nausea, gastrointestinal disorders, hair loss, and neurological
disturbances (commonly hallucinations and lethargy) were prominent adverse effects in
early clinical evaluations (phase II and III studies) of Dox in the 1970s (104). Dox is a
significant exogenous ROS producer that, when taken in cancer treatment, may cause
delayed cardiomyopathy. Dox-induced ROS over-production is mediated by
mitochondrial NADPH oxidase activity and occurs in mitochondria (105). Oxidative
stress was found to be important for Dox-induced systemic damage in a previous study
(106). ROS are formed during the oxidative stress process as a result of Dox treatment,
which is associated with organ injury and cell death. Dox-induced ROS generation is
expected to trigger an apoptotic cascade (107). In this way, the generation of H>O; by
Dox (a process that is regulated by the GSHPx enzyme, which is found in both the cytosol
and the mitochondria) has a significant effect in the onset of cardiac apoptosis, as it does
in mammalian endothelial cells (108). The quinone structure associated with the cytotoxic
activity of Dox not only has anticancer properties, but also causes the formation of free
radicals. The enzyme cytochrome P-450 reductase in the microsomes reduces Dox to the
free radical intermediate semi-quinone. While this unstable metabolite reverts to its Dox
form, it reduces the oxygen molecule, leading to the formation of superoxide anion radical
and hydrogen peroxide, which cause breaking in DNA strands. It has been reported that
these free radicals cause DNA damage and oxidative stress in cells (3,109).

Dox is not specific to tumor cells and it can effect healthy cells as well. As a result,
the number of immune cells decreases, the immune system weakens, leaving the patient
more vulnerable to microbial infections, fatigue, and a longer recovery period.The
severity and frequency of these side effects are determined by the Dox dose and the
patient's bone marrow's regenerative capacity. When Dox is continuously injected into a
small artery, phlebosclerosis can develop, and if Dox erupts to surrounding organs or
tissues, necrosis could develop. Cellulitis, thrombophlebitis, and painful saturation are
other extravasation side effects that restrict joint movement (104,110). Figure 2 shows

the organs where Dox causes toxicity.
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Figure 2. Organs affected by Dox

Adverse effects which may occur while using Dox are;

Secondary Malignancies

Cardiomyopathy and Arrhythmia

Liver changes

Skin and nail hyperpigmentation

Severe Myelosuppression
Hypersensitivity — Anaphylaxis
Gastrointestinal Problems

Tumor Lysis Syndrome

Peripheral Sensory and Motor Neuropathy
Phlebosclerosis, phlebothrombosis, and thrombophlebitis
Extravasation and Tissue Necrosis
Conjunctivitis, Keratitis, Lacrimation
Increased risk of getting an infection
Tiredness and fatigue

Alopecia

Weight gain
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2.6.7. Toxicity in the Heart

Cardiotoxicity is the most serious form of Dox-induced toxicity, it can be caused
by a variety of pathways. As a result, Dox must be administered in a dose-restricted
manner. There is evidence to show that Dox-induced cardiotoxicity is associated to
inflammation, apoptosis and oxidative stress (111). Blood biochemical parameters such
as cardiac superoxide dismutase, brain natriuretic peptide and fatty acid-binding protein
were all affected by Dox. Dox-induced cardiotoxicity is caused by a decrease in the
antioxidant system as well as an increase in oxidative stress. Patients are impacted in
different manners, with acute and chronic illnesses. Dox causes structural changes in the

cardiomyocytes of the heart, causing them to enlarge (112).

2.6.8. Toxicity in the Brain

While investigating on Dox sourced brain toxicity, it's crucial to note that Dox
can't pass the blood—brain barrier, and therefore any toxicity to the brain is indirect (113).
TNF- a is stimulated by Dox, which causes microglial cells in the brain to release
inflammatory cytokines. TNF-a stimulates the production of inducible nitric oxide
synthase (iNOS), which causes an increase in the the levels of reactive nitrogen species
(RNS) when it is generated in excess. Proteins undergo nitration when RNS levels rise,
and after protein nitration drives ROS production, mitochondria permeability changes.
Apoptosis causes the release of cytochrome ¢ from mitochondrial pores, resulting in cell
death. Finally, these activities are responsible for cognitive impairment in numerous parts

of the brain (114).

2.6.9. Toxicity in the Liver

The liver is another prominent location for Dox-induced tissue damage and cell
death, with 40 % of patients experiencing some type of liver impairment after therapy.
Liver is known for detoxification and metabolism activity and it metabolizes high
concentrations of Dox, producing high amounts of ROS. As a result, ROS produces an
excessive amount of damage, including DNA damage, lipid peroxidation, a decrease in
vitamin E levels and reduced glutathione (GSH), and an imbalance in oxidative processes

(115).
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2.6.10. Toxicity in the Kidneys

Dox-induced nephropathy develops when the Dox interferes with mitochondrial
function and reduces the activity of mitochondrial complexes I and IV. As a result of lipid
peroxidation, the levels of superoxides, triglycerides and citrate synthase rise, while the
levels of antioxidant compounds and vitamin E decrease. Hypertension, steroid
resistance, and proteinuria are all symptoms of glomeruli-affecting illness, which can

progress to renal failure (104).

2.6.11. Dox-Induced Secondary Cancers

It is accepted that malignant secondary tumors different from primary tumors may
develop due to treatment during or after chemotherapy. Today, secondary tumors
constitute 16% of cancers. Secondary cancers are among the most common causes of
treatment-related deaths. The most common secondary tumor in treatment with DOX is
acute myeloid leukemia (AML). Therapy-associated acute myeloid leukemia (t-MDS/t-
AML) and myelodysplastic syndrome are thought to be the direct result of mutations
induced by anticancer drugs. Translocations in bands involving t-AML, chromosome
11923 or 21922 have been characterized in patients administered topoisomerase II
inhibitors (116).

Dox is classified as a category 2A carcinogen by the IARC in a 1987 report (highly
probable carcinogen in humans) (117). The National Toxicology Program indicated in its
14" report issued in 2016 that Dox has the potential to be a human carcinogen based on
carcinogenicity data in experimental animals (118). However, there are no
epidemiological studies evaluating the relationship between cancer development and
exposure to Dox in humans. Although, leukemia and bone tumor development have been
reported in some patients with the use of Dox in combination with alkylating agents and
radiotherapy (119). IARC (1987) concluded that the compound was carcinogenic to rats
after intravenous and subcutaneous injection. Tumor formation in the bladder has been
observed after intravesical instillation of Dox (120). Bertazolli et al. (1971) evaluated the
carcinogenicity of Dox was administered to female Sprague-Dawley rats in a single
dosage (8 mg/kg) IV.In a short time, the incidence of breast cancers increased. However,
no tumors were observed in control animals (121). Marquardt et al. (1976) confirmed the
rise in the incidence of breast tumors found by Bertazolli et al (1971). In this study, a

single dose IV injection containing 5 mg/kg Dox was applied to Sprague Dawley rats, it
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was reported that 16 fibroadenoma and 3 adenocarcinoma occurred in 17 Dox-
administered rats after 1 year of observation (122). In the study of Bucciarelli (1981), 5
and 10 mg/kg Dox was applied to female and male Sprague-Dawley rats intravenously.
Numerous breast tumors, mainly adenocarcinoma, were observed (123). Jang et al. (1987)
investigated the oncogenic potential of Dox in Sprague-Dawley female and male rats.
Dox 2 and 10 mg/kg doses were applied as a single IV injection or repeated dose of 2
mg/kg/day. Several mammary tumors, mostly fibroadenomas, were seen in 30-41% of
female rats with a single dose (2 mg/kg) or repeated doses (5x2 mg/kg). Tumor incidence
increased by 8% compared to the control group. In the low dose group, two male rats
developed breast cancers. In addition, renal cell tumors were also observed in the low and
single dose administered rats (124). In another study, the incidence of nodular hyperplasia
and papilloma showed a significant increase in female Fischer F344 rats administered 1

mg/ml intravenous Dox compared to the control group (125).

2.6.12. Dox-Induced Genotoxicity

Genotoxicity and myelosuppression , that can cause to secondary malignancy, as
well as dose-dependent cardiotoxicity, are serious side effects of Dox treatment.
Increased oxidative damage, apoptosis and inflammation are the mechanisms behind Dox
toxicity. The production of free radicals is thought to be the fundamental mechanism
behind Dox's genetic damage. It induces mutations and the development of secondary
malignant neoplasms by causing DNA damage and disrupting DNA replication. Dox's
cytotoxic effect is based on DNA intercalation, which is caused by a decrease in
topoisomerase Il enzyme activity. DNA intercalation occurs when two adjacent base pairs
in a DNA strand come into contact, interrupting DNA synthesis and transcription and
leading apoptosis (126).

Drug safety evaluations need a variety of preclinical tests. Among these assays,
genotoxicity and carcinogenicity tests are critical for defining and predicting chemical
safety (127). The Ames test was performed to determine Dox's mutagenicity in the
presence and absence of metabolic activation in the TA98, TA100, and TA1537 strains
at four different concentrations (6.5, 32.5, 65 and 130 mM). Furthermore, using a Chinese
hamster ovary cell line, the cytogenetic effect of Dox was assessed using chromosomal
aberration and sister chromatid exchange assays. All bacterial strains used in the absence

of metabolic activation were shown to be mutagenic as a consequence of this research.
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Chromosome breaks and sister chromatid exchange have also been recorded (128). The
Ames test was performed on Sal/monella TA 98 and 100 strains in another study
investigating the genotoxicity of Dox. In the presence and absence of S9, Dox showed a
significant mutagenic effect in the TA98 strain. In the same study, Dox caused
chromosome breaks and sister chromatid exchange in V79 cell line. In addition, in the in
vivo micronucleus test, Dox (1.25 mg/kg) caused an increase in the micronucleus
frequency (129). In another study in the V79 cell line, Dox caused an increase in mutation
frequency dose-dependently compared to the control group (122). Dox's mutagenic and
cytotoxic effects was tested in the V79 cell line and Salmonella typhimurium TA1535,
TA1538, TA100, and TA98 bacterial strains in another research paper. While there was
no notable rise in the number of revertant colonies in strain TA1535, the number of
colonies in strain TA1538 increased significantly (130). In another Ames test evaluating
the mutagenicity of Dox, it was strongly mutagenic against frame-shift-sensitive strain
TA98 without S9. The effects observed in TA98 were not seen with TA102, a strain
sensitive to oxidation mechanisms (131). Clements et al. (1984) researched the
mutagenicity of Dox in Drosophila germ cells. Dox induced sex-related recessive lethal
mutations at concentrations between 250 pg/ml and 1 mg/ml. The highest concentration
(1 mg/ml) was found to be toxic to flies. However, a lethality frequency of 4.40% was
observed in this experiment, suggesting that Dox has a significant mutagenic effect on
mature sperm (132). Another study conducted on patients who used Dox for therapeutic
purposes and did not receive any other chemotherapy or radiotherapy. Blood samples
were taken from patients before and after treatment. Structural chromosomal changes and
sister-chromatid exchange were investigated in short-term phytohemagglutinin-
stimulated lymphocytes. In patients who were given a single 800 mg IV Dox dosage, a
proportional increase was found in the frequency of both parameters examined. The
increase in the number of sister-chromatid exchanges was seen to persist several months
after the end of treatment (133). In recent years, the link between the cardiotoxic effect
of Dox and its genotoxicity has been investigated. Dox was applied to Wistar rats at a
dose of 15 mg/kg intraperitoneally and DNA strand breaks in heart, liver and kidney tissue
samples were evaluated in Comet assay. When compared to the control group a
significant increase in tail and tail density was observed in heart, liver and kidney tissues.
According to the results, Dox-induced cardiotoxicity may cause genotoxicity by forming
DNA strand breaks in cardiac tissue (134). As a result, Dox was genotoxic in a variety of

in vivo and in vitro assays.
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2.7. Doxorubicine And Photochemicals

Since 1940, diet and nutritional factors have been a focus of research in the
etiology of cancer. Nutrition is an important part of cancer treatment. During cancer
treatment, a decrease in the risk of infection, rapid recovery, better tolerance of treatment-
related side effects, and better feeling are provided with nutrition (135). Antineoplastic
chemotherapy's main goal is to prevent or eliminate the tumor's development and
proliferation without damaging the patient's healthy cells. However, because most
anticancer medicines are not selective, they harm both healthy and malignant cells. It has
been argued that medicines having systemic toxicity, such as Dox, cannot be given at
levels that will impact cancer cells without harming healthy cells. As a result, it has been
determined that using combination treatments that permit the medication to be effective
without damaging normal tissues is appropriate. Agents with antigenotoxic or
antimutagenic effects can be used for chemoprevention purposes. US National Cancer
Institutes data show that, there are 400 agents for chemoprevention. These agents,
synthetic or natural, delay, prevent or slow down the progress of carcinogenesis.
Chemoprevention is divided into 3 groups as primary, secondary and tertiary. Agents in
the tertiary chemoprevention group protect cancer patients from secondary tumors (136).

Phytochemicals naturally found in herbal products and processed foods obtained
from them can be used for chemoprevention purposes. Phenolic compounds, flavonoids,
alkaloids, organosulfur compounds, nitrogen-containing compounds, and carotenoids are
all types of phytochemicals.Phytochemicals play a function in oxidative damage
protection, cell cycle control gene modulation and DNA repair, apoptosis induction,
angiogenesis inhibition, tumor cell invasion and spread regulation also epigenetic
alterations. Furthermore, by directly engaging with a mutagenic agent, it can prevent the
mutagenic substance from connecting with DNA (137).

The studies in the literature on herbal products showing a protective effect against
genotoxicity caused by Dox are as follows.

Copaifera lansdorffii Desf. is a type of tree known as 'copaiba' or 'copaiva' and
grows in parts of Brazil. The genotoxic potential and the antigenotoxic potential of the
hydroalcoholic extract of the leaves of this tree were assessed using the mouse peripheral
blood MN test induced by Dox. The major heteroside flavonoids were found to be
quercetin and afzelin in the analysis by high pressure liquid chromatography. In

antigenotoxic assessment, animals were given different concentrations of the
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hydroalcoholic extract at the same time 15 mg/kg of Dox were administered
intraperitoneally. Blood samples were taken 24 and 48 hours after Dox application. The
results showed that the number of MN in animals treated with extract and Dox was much
lower than in animals treated with only Dox. One or more active chemicals' antioxidant
activity was considered to have a role in this plant's protection against Dox-induced
genotoxicity (138).

Bixin, found in the seed of the annatto tree (Bixa Orellana L.) is a natural red dye
which is commonly used in food industry. The impacts of bixin on the genotoxicity and
cytotoxicity induced by Dox in the promyelocytic leukemia cell line HL60 were
investigated. Bixin showed cytotoxic effects at doses greater than 0.3 mg/ml, but no
mutagenic or genotoxic effects were found in HL60 cells. Also, bixin decreased DNA
damage caused by Dox. In HL60 cells, Dox and bixin had no apoptotic impact, but their
simultaneous combination treatments increased the number of apoptotic cells (139).

Cell viability and apoptosis were investigated on the combination of silymarin
(Silybum marianum extract) and Dox. MCF-7 cell line was used and this cell line is
estrogen-dependent breast cancer. Trypan blue staining was used to determine cell
viability and apoptosis after 16, 24, and 48 hours. It has been stated that silymarin has a
synergistic impact on Dox's therapeutic potential, and that it may be more effective at
increasing Dox's therapeutic potential while reducing its dose-limiting adverse effects
(140).

The possible protective effects of thymoquinone, which has antioxidant and
antimutagenic effects, on chromosomal damage induced by 0.15 pg/ml Dox in isolated
human lymphocyte culture were investigated. L-carnosine and curcumin, whose
antigenotoxic and antioxidant effects are well known, were compared with the possible
antigenotoxic effects of thymoquinone. At the end of 72 hours of lymphocyte culture,
oxidative stress parameters and 8-hydroxydeoxyguanosine, a biomarker of oxidative
genotoxicity, were measured. Dox caused a significant increase in oxidative stress.
Thymoquinone, L-carnosine and curcumin provided the highest protection against Dox-
induced toxicity, respectively (141).

Apigenin is one of the best known flavonoids. It is the main flavonoid in medicinal
plants and spices. Apigenin has been found as an antioxidant and antimutagenic
chemopreventive agent. Due to these properties, the protective effects of apigenin against
genotoxicity caused by Dox were investigated. In the bacterial reverse mutation test, it

has been stated that apigenin has a protective effect against mutation induced by 0.2
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pg/plaque Dox in the concentration range of 10-400 pg/plaque in TA98 and TA100
Salmonella typhimurium strains (142).

Grapes and grape products have been the subject of research because they are a
source of flavonoids and have antioxidant properties. Grape seed extract is a polyphenol
mixture that includes catechin, epicatechin also their gallate derivatives. Its protective
role against Dox-induced genotoxicity and cardiotoxicity was investigated in mice by
micronucleus and chromosomal aberration tests. Malondialdehyde and glutathione levels,
which are indicators of lipid peroxidation, were measured in the heart tissue. Dox caused
heart damage due to a significant alteration in cardiac histology. In the Dox treated group
with Dox, a significant increase in the level of malondialdehyde and glutathione were
found in the heart tissue. Dox induced genotoxicity by increasing micronucleus and
chromosomal aberrations. Cardiac tissue was significantly preserved in the group that
received the extract before treatment with Dox, and this protection was thought to protect
the heart tissue thanks to the antioxidant properties of the extract. It also provided
protection effect against Dox caused genotoxicity (143).

In a study, the effect of RA on preventing Dox-induced chromosome breaks and
DNA damage was investigated. For this, micronucleus and Comet analysis were
performed on the V79 cell line. Cell culture was applied at concentrations of 0.28-1.12
mM with RA alone or in combination with 0.5 pg/ml concentration of Dox. The results
showed that RA had no genotoxic effect. It was observed that the three concentrations
tested significantly reduced micronucleus frequency and DNA damage caused by Dox.
RA's antioxidant activity was thought to play a role in reducing DNA damage which
induced by Dox (9).

2.7.1. Rosmarinic Acid

Rosmarinic acid (RA) is an ester of caffeic acid and 3, 4-dihydroxyphenyl lactic
acid. RA is most widely found in members of the Boraginaceae family, the Lamiaceae
subfamily and Nepetoideae as well as in lower plants like hornworts and ferns (144).
Scarpatti and Oriente, Italian scientists, discovered and described RA from rosemary
(Rosmarinus officinalis L.) in 1958, and named it after them (145). Systematic name is
(2R)-3-(3,4-dihydroxyphenyl)-2-[(E)-3-(3,4-dihydroxyphenyl)prop-2-
enoylJoxypropanoic acid. CigHisOs is the chemical formula of RA. The chemical

structure of RA was illustrated in Figure 3.
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Figure 3. Chemical structure of Rosmarinic acid

RA is a health-promoting compound found in spices, medicinal plants and herbs.

RA is one of the polyphenolic substances found in plants such as rosemary (Rosmarinus
officinalis L.), perilla (Perilla frutescens L.), peppermint (Mentha arvense L.), sage
(Salvia officinalis L.) and basil (Ocimum basilicum L.). Polyphenols are a group of
chemicals known to affect carcinogenesis, tumor cell proliferation, apoptosis, metastasis
and inflammation. RA is thought to act as a preformed constitutively accumulating
defense component in plants (144). RA is well absorbed from the gastrointestinal tract
and skin. Consumed RA may be in a non-systemically metabolized state or may also exist
as numerous metabolites such as m-phenylhydroxypropionic acid, m-coumaric acid,
sulfated caffeic, ferulic and coumaric acid forms (146).

Anticancer, antioxidant, anti-inflammatory and antimutagenic effects are only a
few of the biological effects of RA (147). RA, as well as several isolated chemicals from
rosemary, including carnosic, carnosol and ursolic acids have been found to reduce the
possibility of tumor formation in a variety of organs, including the stomach, colon, breast

and liver. Various therapeutic potentials of RA are shown in Figure 4.
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Figure 4. The potential functions of Rosmarinic acid

2.7.1.1. Protective effects of Rosmarinic acid

Many studies have shown that RA has anticancer properties via multiple
molecular pathways. RA can be absorbed via bone, muscle, and skin it also suppresses
epidermal inflammatory reactions and decreases prostaglandin production. As a result,
RA is used to prevent skin cancer (148).

RA decreases cyclooxygenase-2 promoter activity and protein levels in colorectal
(HT-29) cells and inhibits their growth. Furthermore, because of its anti-inflammatory
characteristics, RA has anti-colon cancer capabilities (149). RA treatment suppressed
lung cancer (A549) cells by up to 50%, mediated by COX-2 activity suppression via
hydrogen bonding at Ser353 and Argl20 in COX-2 active sites (150). RA was found to
reduce activity of DNA methyltransferase in the MCF7 cell line (151). Human ovarian
cancer cells showed sensitivity to RA, which was increased when RA and cisplatin were
combined. Cell growth was inhibited after several stages of the cell cycle were stopped.
There was also the induction of apoptosis (152).

Whether RA causes genotoxicity or not, has been investigated in various studies
with different methods. The genotoxic effect of RA on peripheral blood and brain tissue

was investigated with comet assay. Animals were treated with i.p. injection of RA at dose
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level of 2 or 8 mg kg!. The comet tests showed that RA had no effect on DNA damage.
At 2 and 8 mg kg! concentrations of RA, it did not show any genotoxic effect in both
tissues (153). In the study conducted on ethanolic extract of Tuscan Rosmarinus
officinalis, rosmarinic acid was found as its main constituents. The Ames test
demonstrated that ethanolic extract was not genotoxic towards both TA98 and 100 strains
(154).

Cytotoxicity and genotoxicity of Rosmarinus officinalis total extract were
evaluated in Balb-C mice's erythrocytes with the micronucleus assay. The extract was
given orally in three dosages (30, 100, and 300 mg/kg). Micronucleated erythrocytes and
micronucleated polychromatic erythrocytes did not increase. In the same study,
Rosmarinus officinalis was also investigated for its ability to protect against
cyclophosphamide-induced DNA damage. A dose of 100 mg/kg of extract was applied
orally to evaluate the DNA protecting effect. Following that, cyclophosphamide (50
mg/kg) was administered. Rosmarinus officinalis extract was able to decrease
micronucleated erythrocytes and micronucleated polychromatic erythrocytes frequency
by reducing cyclophosphamide caused DNA damage. The extract's lack of genotoxic and
cytotoxic effects, as well as the fact that it decreases the genotoxicity induced by
cyclophosphamide, indicates its potential therapeutic use (155).

Another study investigated the protective effects of RA against DNA damage by
ethanol in mice. The comet assay was used to analyze peripheral blood and brain cells,
while the micronucleus assay was used to evaluate bone marrow cells. In peripheral blood
and brain cells, the mean damage frequency and damage index values of ethanol
following pre-treatment with RA were considerably lower than the ethanol group.The
findings suggest that RA can reduce DNA damage induuced by ethanol (156).

Studies have also been conducted with aqueous and ethanol extracts of
Rosmarinus officinalis on human lymphocyte against DNA damage induced by H>O,.
The comet test was used to determine the damage of DNA lesions. The DNA damage
induced by 100 uM H>O> was reduced by the ethanol extract of rosemary at the dosages
tested. Antioxidant components in rosemary ethanol extract can prevent DNA damage in
human lymphocytes (157).

In a study using V79 cells, the capacity of RA to inhibit chemically induced
chromosomal loss or breakage as well as DNA damage was investigated using comet and
micronucleus tests.The DNA-damaging agent was Dox (0.5 pg/ ml), a chemotherapeutic

drug. The cells were given different concentrations of RA alone or in combination with
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Dox. RA did not exhibited genotoxicity, although it did decrease the number of
micronuclei and the level of Dox-induced DNA damage (9).

In another study, the micronucleus assay was used to assess the antimutagenicity
and/or mutagenic activity of RA on Swiss mice's peripheral blood cells. The different
doses of RA were used with the chemotherapeutic drug Dox (15 mg/kg) in
antimutagenicity test. After treatment, micronucleated polychromatic erythrocytes were
examined in peripheral blood. In mice given different dosages of RA, the frequency of
micronuclei was not increased. In comparison to mice treated with Dox alone, the
frequency of micronuclei was dramatically reduced when varied doses of RA were
combined with Dox (2).

The antimutagenic and DNA protective effects of RA was investigated in another
study. In this study, Salmonella typhimurium tester system and the supercoiled DNA
strand scission assay were performed. In the Ames test, the protective effect of RA against
potent mutagens N-methyl-N-nitro-N-nitrosoguanidine and sodium azide also how RA
affects the DNA repair system were investigated. RA was found to have antimutagenic
activity against N-methyl-N-nitro-N-nitrosoguanidine and sodium azide in the TA100
strain. It was found that RA (500 pg/plate) reduced the mutagenicity induced returns of
S. typhimurium colonies by 20%. Using a supercoiled DNA test, the effectiveness of RA
treatments to protect supercoiled DNA against 2,2-azobis (2-amidinopropane)
dihydrochloride-induced oxidative DNA damage was investigated. In the group
administered with RA, the DNA supercoiled was preserved by 95 percent (158).

RA has an antigenotoxic mechanisms which are not fully understood. However,
the antioxidant activity of RA may contribute decrease DNA damage (159). All cell lines
included in the studies with RA showed a proliferative effect instead of cytotoxic activity.
A limited number of researches have investigated the ability of RA to prevent DNA

damage caused by chemotherapeutic agents.

2.7.2. Epigallocatechin gallate

Green tea is known for its health benefits,which is an infusion of the tea plant. In
East Asia, green tea has been consumed as a beverage for centuries. Green tea contains
numerous polyphenols with similar chemical structures, with the exception of the

heterocyclic C ring. Green tea is mostly consists of flavanols. Flavanol catechins's weight
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is nearly one-third of the dry leaf. This drink contains high levels of antioxidants, namely
polyphenols.

Epigallocatechin gallate (EGCGQG) is a phenolic antioxidant that may be found in
many plants, including black and green tea. EGCG belongs to the catechin family of
phytochemicals and is the ester of gallic acid and epigallocatechin (160). Systematic
name is [(2R,3R)-5,7-dihydroxy-2-(3,4,5-trihydroxyphenyl)-3,4-dihydro-2H-chromen-
3-yl] 3,4,5-trihydroxybenzoate. The molecular formula of EGCG is C22H13011. Green
tea's most abundant catechin is EGCG. Catechins have been observed to have antioxidant,
anticancer, cardiovascular, and neurodegenerative properties, as well as the ability to
scavenge ROS and RNS (161). While the two gallocatechol rings in its structure give
EGCQG a strong antioxidant and chelating properties, each of these rings can capture free
radicals directly from the environment with high efficiency. EGCG has a higher
antioxidant activity than other green tea catechins and is effective in radical scavenging,
according to studies'®’. As seen in Figure 5, it is a complex molecule structure consisting

of a gallate ester, a gallocatechol group and a flavanol core (flavan-3-ols) (162).
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Figure 5. Chemical structure of Epigallocatechin gallate

Studies have shown that EGCG has inhibitory effects on numerous of aberrant
alterations which include antioxidant, anticancer, anti-inflammatory, antifibrosis effects
and anticollagenase, among others. The characteristics and applications of EGCG is

shown in Figure 6.
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Figure 6. The characteristics and applications of EGCG

Green tea is the most common source of EGCG, although it may also be found in
small amounts in other foods including nuts (pecans, hazelnuts, and pistachios), fruits
(cranberries, strawberries, blackberries, cherries, apples, pears, peaches, kiwis and
avocados), white, oolong, and black teas (163).

EGCQG has 25 times more antioxidant activity than vitamin E and 100 times more
than vitamin C. The bioavailability of catechins is limited because their absorption is low
and their elimination is high. The catechin with the longest half-life among catechins is
EGCG (173 min). EGCG is poorly absorbed when taken orally. EGCG, which is the
equivalent of 8-16 cups of green tea per day, might cause nausea and heartburn in some
people. In 1.7 hours after ingestion, the blood level of EGCG reaches its maximum level.
Although absorbed EGCG has a plasma half-life of around 5 hours, most unaltered EGCG
is eliminated in the urine within 0 to 8 hours (164). It's crucial to remember that EGCG
isn't completely risk-free. Supplements containing EGCG have been linked to serious
adverse effects such as liver and renal failure, anemia, low blood sugar and dizziness
(165). EGCG may interfere with the absorption of several prescription medicines, such
as cholesterol-lowering and psychiatric medications (166).

In experimental animal studies and in vitro studies, EGCG has been shown to have
antimutagenic, antiproliferative, pro-apoptotic and antiangiogenic effects. As a

conventional adjuvant in cancer therapy, EGCG might minimize dangerous side effects
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and provide addictive or synergistic benefits. However, EGCG can also lower therapeutic

effect to some extent, limiting its practical use (167).

2.7.2.1. Antimutagenic and Anticarcinogenic Potential of EGCG

According to the National Cancer Institute , EGCG is a potential anti-cancer agent.
EGCG suppresses enzymes associated with the expression of cancer-associated genes,
for example, telomerase and DNA methyltransferase. In vitro and in vivo studies have
demonstrated that EGCG can induce apoptosis and suppress cancer development in a
wide range of malignancies, such as kidney, colon, breast, and brain tumors, as well as
leukemia (168). The ability of EGCG to decrease cancer cell growth, cell cycle arrest and
induce apoptosis without damaging healthy cells is linked with its chemopreventive
effects (169).

Green tea consumption has been linked to a lower risk of breast cancer in
epidemiological, laboratory, and clinical studies. In a double-blind study on 103
postmenopausal women, 400 mg of EGCG and 800 mg of EGCG were given to one group
once a day for 2 months. These clinical data and in in vivo and in vitro study findings
support the consume of tea polyphenols as chemopreventive agents in adjuvant therapy
in breast cancer. EGCG has been shown to have beneficial effects on LDL cholesterol
and blood sugar levels.The effect of green tea against weight gain after breast cancer
therapy has also been studied because of its potential for cardiovascular disease
prevention and weight control. Improvement in carbohydrate metabolism, slight decrease
in weight and increase in HDL-cholesterol concentration values were observed in
overweight breast cancer patients (170,171).

The pro-apoptotic effects of EGCG have also been shown in in vivo and in vitro
studies of green tea extract and tea catechins in tumor cells. EGCG showed moderate pro-
apoptotoic activity in different breast cancer cell lines. Although, in 4T1 cells, a higher
rate of cell apoptosis was found in the treatment with EGCG and taxol compared to the
effect of taxol alone. EGCG is chemically a metal chelating agent and has pro-oxidant
and antioxidant activity depending on its doses. Other studies have demonstrated that
green tea inhibits angiogenesis, and green tea extracts and EGCG dose-dependently
reduce the transcription of vascular endothelial growth factor. Furthermore, EGCG has
been found to inhibit breast cancer cells and the proliferation of human umbilical vessel

endothelial cells (172,173). EGCG induces apoptosis in many human cell lines like
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human prostate cancer cell lines, human epidermoid carcinoma cells, breast carcinoma
cells, melanoma cells, and pancreatic cancer cells (174—177).

In another study, it was investigated the efficacy of EGCG on genetic and
epigenetic factors regulating autophagy in chronic myeloid leukemia cells (K-562).
EGCG administration caused a significant reduce in the expression level of genes that are
positive regulators of autophagy in K-562 cells. In line with the data obtained, it was
determined that EGCG causes autophagy inhibition in chronic myeloid leukemia cells by
genetic and epigenetic regulation (178).

EGCG suppresses the induction of apoptosis, inhibition of cell replication,
development and growth of the neoplasm. EGCG also inhibits urokinase, a proteolytic
enzyme. Urokinase is the enzyme that cancer cells use to metastasize. EGCG inhibits
mellatoproteinase-2 and metalloproteinase-9. These two enzymes are involved in tumor
metastasis and invasion. EGCG has both anti-matrix metalloproteinase and anti-
angiogenesis effects (179).

Different studies have been done to evaluate the antimutagenic effect of EGCG.
A study was conducted investigating the antimutagenicity of EGCG. The goal of this
study was to see how EGCG affected the development of DNA damage and micronucleus
in Chinese hamster cells caused by N-methyl-N'-nitro-N nitrosoguanidine and H>O; . The
role of EGCG in apoptosis was also investigated in the human leukemic cell line. The
findings demonstrate that EGCG both protects cells from genotoxicity also promotes
tumor formation by apoptosis (180).

Morley et al. analyzed the effect of EGCG, which is known to have a
chemopreventive effect, on UV-caused DNA damage in cultured human cells using
comet test. They stated that EGCG dose-dependently reduced DNA damage in lung
fibroblasts, skin fibroblasts and epidermal keratocytes (181).

2.8. Genotoxicity studies

Genotoxicity is a common term that refers to damages to the nucleus,
chromosomes and DNA structure, including DNA breaks, DNA attachments,gene
mutations, chromosomal abnormalities, aneuploidy and clastogenicity. Genotoxic effects
are defined as genotoxic compounds which interact with enzymes or DNA. Agents that
generate DNA mutations have an effect on DNA either directly or indirectly by adhering

to proteins produced based on genetic information.
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In eukaryotic organisms, damage to the somatic cells’s genetic material can cause
to cancer. The genetic damage of germ cells, on the other hand, may result in heritable
mutations that cause birth defects. Any type of mutation can occur, including deletion,
insertion and duplication of nucleotides. These mutations have the potential to cause a
wide range of health problems, including cancer (182).

One of the best solutions to control DNA damage sourced from carcinogens or
mutagens is to identify antimutagens and anticlastogens that directly inhibit or suppress

the mutagenicity as well as demutagens that remove mutagens (183).

2.8.1. Usage Areas of Genetic Toxicity Tests

Since the 1970s, genetic toxicity tests have been used to evaluate the carcinogenic
potential of genotoxic and mutagenic chemicals (184). Genotoxicity and mutagenicity
studies are crucial for determining the risks of pharmaceuticals, cosmetics, medical
devices, food additives, agrochemicals, industrial compounds, natural toxins and
nanomaterials for regulatory purposes. In vitro and in vivo assays have been developed to
identify direct or indirect damage to genetic material caused by a variety of mechanisms.
These tests end up different genotoxicological results such as changes in the structure and
number of chromosomes also point and frameshift mutations to evaluate genotoxicity
and mutagenicity.

The basic goals of genetic toxicology are to identify mutagens by genotoxicity
studies, determine risk in humans, and avoid unnecessary exposure to these compounds.
It's critical to assess a compound's potential genotoxicity and mutagenecity early on in
the drug development process (185). It is widely accepted that in drug development,
genotoxicity data should be examined before beginning phase I trials, and that clinical
research should only begin if genotoxicity is not present. Medications that have the
potential to induce direct DNA damage should only be used in life-threatening situations
(186). In addition, these tests are used as biomonitoring tests in cancer prevention,
determination and follow-up of cancer susceptibility (187). In vitro genotoxicity is
applicable in primary cells, bacteria, primitive eukaryote and cell lines. In vivo
genotoxicity testing are used to confirm the results of chromosomal tests performed in
vitro. Genotoxicity tests (in vivo and in vitro) may be used to provide information about
the compound's potential to induce mutations directly or indirectly, as well as a warning

about the possibility of carcinogenicity. among the usage areas; to monitor populations
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in terms of disease and environmental exposures, to determine the effects of occupational
exposures, and to reveal the toxicity mechanisms of various factors. Even though assays
are cheap, they have good statistical power, can be replicated and can detect a wide range
of genotoxic end-points. In order to be used in a tiered standard approach, genotoxicity
tests have been accepted in globally verified recommendations. Recently, it has also been
used to evaluate the possible mutagenic or genotoxic effects of plants origins as well as
their antimutagenic and genoprotective effects.

The most widely used standard in vitro and in vivo mutagenicity tests, which
provide a correlation between the mutagenic and carcinogenic potentials of the substances
to be investigated using genotoxicity tests that are Ames test, comet assay and

micronucleus test.

2.8.2. Salmonella/Microsome Mutagenicity Test

The Salmonella/microsome mutagenicity test, also known as Ames test, is one of
the bacterial test systems used in the investigation of chemical substances' mutagenic
effects. This widely used method was developed by Bruce N. Ames in 1972. Although
many tests are used for the determination of genotoxicity, the Ames test is often preferred
because it provides standard and reliable results. Since 1970s, the procedure of the test
has become precise and its results are widely valid. Although the reliability of this test
varies depending on the carcinogenicity and toxicological infrastructure of the mutagenic
chemical, it is mostly used alone in the evaluation of the genotoxicity of the chemicals.

It also has a wide range of applications since it is rapid, inexpensive, and simple
to implement. This test is also commonly used to detect point mutations in tumor
suppressor genes in somatic cells and experimental animals, as well as to identify
antimutagenic and anticarcinogenic compounds that prevent chemicals from interacting
with DNA and thus eliminating their mutagenic and carcinogenic effects (188).

Salmonella typhimurium mutant strains with different mutations in various
regions of the histidine operon are used in Ames test. It is performed in the presence or
absence of cytochrome P-450 enzymes from rat liver post mitochondrial supernatant (S9).
Counting self-mutating colonies that can develop in histidine-free media is used to
measure mutagenicity (Figure 7). The frequency of bacterial colonies growing via reverse
mutation rises statistically considerably when a positive mutagen chemical is present in

the environment (189,190).
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Figure 7. Application of the Ames test

Each test strain carries either a base pair replacement mutation or a frameshift
mutation in the histidine operon. In order to increase the susceptibility of initially
developed his- mutants to various chemicals, some mutations have been added to these
strains.

The Rfa mutation occurs in genes encoding the lipopolysaccharide layer of the
bacterial cell wall. As a result of the Rfa mutation, which partially destroys the
lipopolysaccharide barrier of the cell wall, the entry of large molecules that normally
cannot pass through the cell wall is facilitated (191).

The UvrB mutation is caused by the deletion of the UvrB gene, which encodes the
enzyme that undertakes the task of excision repair in the DNA repair system. UvrB
mutation results in increased susceptibility to reveal many mutagens. However, during
the truncation of the UvrB gene for technical reasons, this deletion extends to the biotin
gene. Therefore, besides histidine, biotin is also needed for bacteria to grow (192).

For better determination of mutagens, Salmonella typhimurium T100 and TA 98 strains
were obtained by adding pkM 101 R factor plasmid carrying ampicillin resistance gene
to Salmonella typhimurium TA1538 also TA1535 strains (193).

Plasmid-containing strains are more responsive to agents that have been shown to
be mutagenic than strains without plasmids. A strain of Salmonella typhimurium TA97,
which has the same mutagenic specificity as Salmonella typhimurium TA1537, but is
more sensitive to frameshift mutagens because it contains the pKM 101 plasmid, has been

developed. In order to detect oxidative mutagens, Salmonella typhimurium TA102 strain

42



was developed. This strain has a his G428 mutation and the pAQ1 plasmid carrying a
tetracycline resistance gene (189). The genetic characteristics of Salmonella mutant

strains used in mutagenicity tests are shown in Table 1.

Table 1. Genotypes of widely used bacterial strains in the Ames test

Strain Histidine mutation Type of pKM 101 (R Factor)  (Lipopolysaccharide)
mutation
TA98 his D3052 Frameshift + rfa
mutation
TA100 his G46 Base pair + rfa
substitution
TA97 his D6610 Base pair + rfa
substitution
TA102 PAO1 his G428/his Base pair + rfa
substitution
TA1535 his G46 Frameshift - rfa
mutation
TA1537 his C3076 Frameshift - rfa
mutation
TA1538 his D3052 Frameshift - rfa
mutation

The Ames test has found a wide application area in determining the mutagenicity
of chemicals. This test system is used to determine the mutagenic properties of chemicals
as well as their antimutagenic properties. The Ames test can be applied in 2 ways; plaque
incorporation and spot test. These methods can be used in two ways. The direct
mutagenicity of the chemical can be measured. In addition, indirect mutagenicity of the
chemical can be tested by adding an S9 mixture to the test medium. The chemical can be
classified as a direct or indirect mutagen if the number of proliferating bacterial colonies

exceeds the number of revertants (188).
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2.8.3. Micronucleus (MN) Test

The extranuclear bodies of the damaged part of chromosome is called
micronucleus (MN). MNi originating from whole chromosome or acentric chromosome
fragments, which are not included in the nucleus, that occur during mitosis of the cell,
usually resulting from deficiencies in the genes controlling the cell cycle, kinetochore,
errors in the mitotic spindle or other parts of the mitotic apparatus, and chromosomal
damage. MN is used to determine the toxicity of genotoxic substances. Investigating
DNA damage at the chromosome level is an essential aspect of genotoxicity testing since
chromosomal mutation is a critical event in carcinogenesis. This test is gaining
importance since it can be used instead of the chromosomal aberration test. The increase
in the number of MN is evaluated as an indirect indicator of chromosomal irregularities
in cells caused by various agents and genomic instability in somatic cells. In studies, it
has been found that the frequency of MN is significantly higher in people exposed to
various physical and chemical agents, cancer and various diseases characterized by
genomic dysregulation (194,195).

The MN test has become a common test used in genetic toxicology research
because it can be applied in vivo and in vitro on all cell types formed via mitosis (196).
In the in vitro MN test, cytochalasin-B substance is added to the cell cultures incubated
in appropriate media. This substance inhibits cytokinesis and provides the formation of
binucleate (double-nucleated) cells that complete a cell cycle. After incubation time is
over, the cell culture is harvested in accordance with the protocols and the proportion of
binucleate cells containing MN in the preparations is determined. In the in vivo MN test,
the frequency of MN in mammalian erythrocyte cells whose cytokinesis is not blocked is
determined (197).

The in vitro micronucleus test not only allows clastogens to be detected as
genotoxicants, but it also allows them to be distinguished from aneugens. Chromosome
loss is mostly caused by aneugenic substances interfering with the spindle apparatus
(198). Whole chromatids or chromosomes form in MN due to mitotic spindle failure,
centromeric DNA hypomethylation, kinetochore damage and abnormalities in the cell

cycle control system (199).
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2.8.4. Comet Analysis (Single Cell Gel Electrophoresis)

Ostling and Johanson invented the single cell gel electrophoresis method in 1984
to detect single cell DNA damage. Cells were placed in an agarose gel on slides, treated
with salt and detergent solutions, lysed, and DNA was released by electrophoresis under
neutral conditions, according to this developed procedure. The use of electric current
ensured that fragmented and lighter DNA fragments to migrate quickly from the nucleus.
Especially in cells with increased double-strand breaks, the migration of broken DNA
from the cathode to the anode was visualized by staining it with a fluorescent dye.
Because they resemble comets in appearance, these images called comets were measured
and evaluated (200). Single-strand breaks could not be detected in neutral condition,
which allowed for the detection of DNA double-strand breaks. Many agents that induce
DNA damage cause more single-strand breaks than double-strand breaks. Furthermore,
in neutral circumstances, proteins cannot be entirely removed. For these reasons, the
microgel technique based on electrophoresis under alkaline conditions (pH >13) was later
described by Singh et al. (201). Olive et al. developed another alkaline version of this
technique (pH > 12.3) two years later (202). In the following years, modified protocols
were developed by Collins et al. and Singh et al. (203,204).

The stronger lysis conditions used can destroy more than 95% of the proteins.
Simple and sensitive identification of alkali labile regions and single chain breaks was
achieved by alkaline electrophoresis. This version of the method has become more
recommended because many genotoxic agents produce single chain breaks and/or alkali
labile regions rather than double strand breaks (200,201).

At alkaline pH, DNA molecules with varying molecular weights and electrical
charges move differentially in the electrical field, according to the comet method. The
Comet technique, which has developed in recent years, is a sensitive, fast and reliable
method used for the detection of DNA single and double strand breaks caused by various
agents. Comet method is used in studies aiming to determine DNA damage and repair
disorder induced by various agents in many mammalian cells. This method, based on the
principle of determination of DNA breaks, is a biomonitoring test used in the
determination of DNA damage caused by many physical and chemical mutagens,
especially in humans, in detecting the degree and repair of DNA damage in cancer
patients, in the prenatal diagnosis of some hereditary diseases, and in determining

increased DNA damage in some diseases. In addition, it has a wide area of use due to its
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advantages such as evaluating genotoxins in the first effect regions, applying to almost
all eukaryotic cells, measuring low damage levels, and being a fast, simple and

inexpensive method because it requires a small number of cell samples (205,206).

2.9. Cytotoxicity and Cytotoxicity Determination Methods

The term cytotoxic means causing cell death. To evaluate if a chemical has cytotoxic
potential, cytotoxicity studies are carried out. Because of its simplicity of use and
consistency with data collected from in vivo investigations, cell-based cytotoxicity
studies have emerged as a viable alternative to animal experiments in toxicology
laboratories (207).

Cytotoxicity is an event that damages cells to varying degrees depending on the dose
and exposure time of the substance under investigation. If cells are exposed to cytotoxic
substances, they may die as a result of events such as apoptosis, autophagy and necrosis,
or they may lose their proliferation properties due to cytostasis (208).

To measure cell viability, a variety of techniques are used. The crucial issue is to
determine the percentage of viable cells at the end of any cytotoxicity study. Possible
reactions can be evaluated in vitro by using cell lines in cytotoxicity tests. The methods
for determining cytotoxicity are as follows; colorimetric, dye exclusion, fluorometric,

flow cytometric and luminometric assays.

2.9.1. Dye Exclusion Assays

Dye exclusion tests are the most basic methods, and they rely on the use of dyes
like trypan blue, eosin, congo red and erythrosine B, that are excluded by viable cells but
not by dead cells. Even though the staining method is simple in these assays, the
experimental procedure might be time-consuming if the sample size is considerable.
Trypan blue cannot pass through the membranes of living cells; because the membranes
of living cells are whole and their structure is intact. However, it can pass through the

membranes of dead cells and stain the cell (209).

2.9.2. Colorimetric Assays

Colorimetric tests measure a biochemical marker to assess the metabolic activity
of cells.The colorimetric assessment of cell viability is assessed spectrophotometrically.

The most commonly used colorimetric tests are MTT, MTS, XTT, crystal violet stain,
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lactate dehydrogenase, sulforhodamine B (SRB), neutral red uptake, WST-8 and WST-1
assays. Measurement is based on specific staining of cells. Colorimetric cell viability
assays are easy and cheap, and they may be used on both adherent cells and cell

suspensions (210).

2.9.3 WST-1 Assay

WST-1 test for determination of cytotoxic effect and metabolic activity is a non-
radioactive, spectrophotometric, colorimetric test based on the separation of tetrazolium
salts from living cells. Tetrazolium salts are converted to formazan salts by cellular
enzymes. The number of cells stained with formazan increases in direct proportion to the
number of metabolically active cells in the cultured cells as enzyme activity increases. A
spectrophotometer is used to measure the absorbance of cells stained at a specific
wavelength, which is produced by metabolically active cells. This protocol is more
preferred today, as the test procedure does not require the addition of a second reagent
(alcohol or dimethyl sulfoxide) to the test medium to dissolve the formazan precipitates

@211).

2.9.4. Fluorometric assays

The Alamar blue test is the most commonly used fluorometric method. Apart from
Alamar blue, there are two different fluorescence methods based on protease and esterase
enzyme activity used to determine cell viability. These methods are based on the principle

of separating live and dead cells in terms of protease and esterase activity (212).

2.9.5. Luminometric assays

Luminometric methods, which have been frequently preferred in recent years,
provide rapid and simple determination of cell proliferation and cytotoxicity. The
intensity of the resulting luminescence is determined with a luminometric microplate
reader. The persistence and stability of luminescence after the addition of the last reagent

allows determination of both cell viability and cytotoxicity for the same well (213).
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2.9.6. Flow cytometric assays

The flow cytometry method has been widely used in investigations of cell viability
and toxicity. For a more detailed phenotypic cell viability study, fluorescent labeling
targeting distinct characteristics of alive and healthy cells is used. Cell viability and
toxicity analysis in flow cytometry can be easily combined with other phenotypic
stainings to determine a cell type's differentiation state, evaluate a specific cell type from
a mixed culture, and so on (210). In addition, mitochondrial membrane potential also

provides information about cell viability.

2.9.7. Mitochondria assays

Mitochondria are the cells' powerhouses. The membrane potential of
mitochondria is extremely important for energy production. The population of
mitochondria in a live cell is maintained through a process known as biogenesis, which
is a dynamic system regulated by the cell's condition and involves a balanced combination
of fusion and fission events. It is possible to stain and evaluate cells with dyes that target
mitochondria to determine whether they are apoptotic, have a high energy level, or have
lost their mitochondrial membrane potential (214). Active mitochondria are labeled with
TMRE (tetramethylrhodamine, ethyl ester). Microplate spectrophotometry, flow
cytometry and fluorescence microscopy are used to measure changes in mitochondrial

membrane potential in viable cells with TMRE dye (215).
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3. MATERIALS and METHODS

3.1. Materials
3.1.1. Chemicals

Doxorubicin hydrochloride
Rosmarinic acid
(—)-Epigallocatechin gallate
Fluorescein diacetate (FDA)
Gel Red stain

Gel Green

Agarose MEEO ultra quality
2-Hydroxyethylagarose
Triton X-100
Dimethylsulfoxid
Dihydroethidium (DHE)

Ethylenediaminetetraacetic acid

disodium salt dihydrate (EDTA)

Sodium chloride
Glycerol

Potassium chloride

Potassium dihydrogen phosphate
di-Sodium hydrogen phosphate anhydrous
Sodium dihydrogen phosphate monohydrate

Trizma base
Methanol
Ethanol

1,4-Diazabicyclo [2.2.2] octane

Dihydroethidium
Agar

L-Histidine
Biotin

B-Nicotinamide adenine

Sigma Aldrich; USA

Sigma Aldrich; USA

Sigma Aldrich; USA

SERVA Electrophoresis GmbH; Germany
Biotium ;USA

Biotrend; Germany

Carl Roth; Germany

Sigma Aldrich; USA

Sigma Aldrich; USA

Carl Roth; Germany

Merck Biosciences GmbH, Germany

Sigma Aldrich; USA

Carl Roth; Germany
Sigma Aldrich; USA
Fluka; Switzerland
Merck; Germany
Merck; Germany
Merck; Germany
Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA
Calbiochem; Germany
Sigma Aldrich; USA
Fluka; Switzerland
Sigma Aldrich; USA
Sigma Aldrich; USA

49



dinucleotide phosphate (NADP)
D-Glucose 6-phosphate

disodium salt hydrate

Potassium phosphate dibasic
D-(+)-Glucose

Sodium azide

2-Aminofluorene
2-Aminoanthracene
4-nitro-o-phenylenediamine
Mitomycin C

Lyophilized Standard disc TA97a
Lyophilized Standard disc TA98
Lyophilized Standard disc TA100
Lyophilized Standard disc TA102
Lyophilized Standard disc TA1535
Nutrient Broth Oxoid
Lyophilized S9

Magnesium sulfate (MgS04.H>O)
Citric acid monohydrate
Potassium phosphate (K;HPO4)
Sodium Ammonium

Phosphate (NaHNH4(PO4.4H-0))
Ampicillin trihydrate
Tetracycline

Sodium hydroxide

Hydrochloric acid

Cell Proliferation Reagent WST-1
Tetramethylrhodamine,

Ethyl Ester, Perchlorate (TMRE)
Antimycin A (AMA)

Bovine Serum Albumin (BSA)
Dulbecco’s Modified

Sigma Aldrich; USA

Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA
Moltox; USA
Moltox; USA
Moltox; USA
Moltox; USA
Moltox; USA
Moltox; USA
Moltox; USA
Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA

Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA

Roche; Germany

Thermo Fisher Scientific; USA

Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA



Eagle’s Medium/Ham's Nutrient Mixture

F12

RPMI-1640 Medium
Sodium pyruvate
DMEM  (Dulbecco's
Medium)

Fetal Bovine Serum FBS
Penicillin-Streptomycin
Acetic acid

Giemsa solution
Dulbecco's Phosphate-Buffered Saline
Cytochalasin B

Trypsin/EDTA

Phosphate buffered saline (PBS)
Horse Serum

Hydrocortisone

Insulin

Ethyl methanesulfonate (EMS)
Cytochalasin B

3.1.2. Equipment and Instruments

Eclipse 551 microscope
Fluorescence microscope

Fluoro Pro MP 5000 camera

Comet Assay Tank
Electrophoresis power supply

Centrifuge

Incubator
Micropipette
Vortex

Analytical Balance

Modified Eagle

Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA

Gibco; USA

Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA
Gibco; USA

Sigma Aldrich; USA
Sigma Aldrich; USA
Gibco; USA

Thermo Fisher Scientific; USA
Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA
Sigma Aldrich; USA

Nikon GmbH; Germany

Leitz; Germany

Intas Science Imaging Instruments
GmbH, Germany

Cleaver Scientific; UK

Biorad; USA

Sigma 3-16 PK, Germany
Heidolph Unimax 1010, Germany

Eppendorf, Germany
Heidolph Reax Top, Germany
Ohaus Explorer 214C, USA
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8-Channel Multichannel Pipett
Laminar flow cabin
Refrigerator

Deep Freezer (-20°C)

Deep Freezer (-80°C)
Phase-contrast invert microscope
Automatic pipettor

pH meter

Waterbath

Incubator (37 °C with 5% CO»)
Incubator

Autoclave

Microplate reader

Multimode microplate reader fluorescence

plate reader
Milli Q water device

Light microscope

Inverted microscope

Falcon tube (15-50 ml)

Cell Culture Flask (25 cm?; 75 cm?)
Petri dishes, polystyrene

Cryo Vial

Eppendorf tubes

96 well plate

6 well plate

Autoclavable schott bottle (250 ml; 500
ml; 11)
Neubauer counting chambers

Pipette tip (100-1000 pl)

Pipette tip (10-100 pl)

Microscope slides

Plain and frosted microscope slides

Cover Glass

Volumetric flasks (10, 25, 50, 100, 200, 500,

1000 ml)

Capp, Denmark

Esco, Singapore

Argelik, Turkey

Siemens, Germany

New Brunswick, Canada

Zeiss, Germany

Hirschmann Laborgerite, Germany
Mettler-Toledo MP220, Germany
Gesellschaft Fuer Labortec, Germany
Benchmark Scientific, USA

Heal Force, China

Systec GmbH, Germany

Thermo Multiskan Ascent, USA
Thermo Scintific, Varioskan Lux, USA

Merck, Millipore, Germany

Zeiss, Primo Star, Germany

Zeiss, Germany

Capp, Denmark

Corning flask, USA

Sigma Aldrich, Germany

Isolab Laborgeridte GmbH, Germany
Isolab Laborgeridte GmbH, Germany

SPL Life science, Korea

TPP, Switzerland
Isolab Laborgerdte GmbH, Germany

Isolab Laborgeridte GmbH, Germany
Mettler Toledo, Germany

Capp, Denmark

Karl Hecht Assistent, England
Thermofisher, USA

Thorlabs, USA

S&H Labware, Turkey
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Balance

Beaker (50, 100, 250, 1000 ml)
Hotplate stirrer

Test tube heater

Staining jar

Spatulas

Magnetic stir bar

Graduated cylinder (25, 100, 250 ml)
Test tube racks

Slide box

Parafilm

Autoclave tape

Daihan Biomedical, China

Isolab Laborgerdte GmbH, Germany
Ohaus Europe GmbH, Switzerland
Hanna Instrument, USA

Isolab Laborgerdte GmbH, Germany
Isolab Laborgerdte GmbH, Germany
Fisher Scientific, Germany

Isolab Laborgerdte GmbH, Germany
Isolab Laborgerite GmbH, Germany
Isolab Laborgeridte GmbH, Germany
Fisher Scientific, Germany

Isolab Laborgeridte GmbH, Germany

3.2. Methods
3.2.1. Preparation of Samples

In experiments using cell lines, Dox, RA and EGCG were prepared as follows.
Dox stock solution at a concentration of 1 mM was prepared. For this, 1 mg of
Doxorubicin hydrochloride was dissolved in 1.7 ml of PBS (1X). It was aliquoted into
sterile eppendorf tubes as 100 pL. Eppendorf tubes were covered with aluminum foil and
stored at -20°C. To prepare a 2 mM RA stock solution, 0.00216 g of RA was dissolved
in 3 mL of PBS. To prepare a 400 pM EGCG solution, 0.000550 g of EGCG was
dissolved in 3 ml of PBS. Stock concentrations of RA and EGCG were also stored at -
20°C. The working solutions for the experiment were made fresh on the day of the
experiment by diluting the stock solution. For the Ames test, 10 mg of Dox was dissolved
in 5 ml of PBS. Thus, when 50 pl of this solution was used, 100 pg/plate concentration
was obtained, which is the highest concentration tested for the Ames test. Other
concentrations were prepared by diluting this concentration with PBS. In experiments
with RA and EGCG, 20 mg of RA or EGCG was weighed and dissolved with 1 ml of
PBS. Thus, the highest concentrations of 1000 pg/plate of RA and EGCG were obtained
when 50 ul of RA and EGCG were taken. All solutions were prepared freshly on the day

of the experiment.
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3.2.2. Cell lines and culture conditions

Chinese hamster ovary (CHO-K1) cells were obtained from Institute of
Pharmacology and Toxicology, Wiirzburg. Cells were grown grown at 37 °C with 5%
CO; in Ham's medium F12 supplemented with 10% (vol/vol) fetal bovine serum (FBS)
and 1% (vol/vol) antibiotics (10000 U/ml penicillin and 50 mg/ml streptomycin). The
cells were routinely subcultured three times a week to keep them in exponential growth
conditions.

Human lymphoblastoid (TK6) frozen cell stocks were obtained from the
American Type Culture Collection (ATCC, Rockville, MD). Cells were maintained in
exponential growth by weekly dilution in RPMI medium with 10% bovine serum, 1%
sodium pyruvate, 0.4% (vol/vol) antibiotics (10000 U/ml penicillin and 50 mg/ml
streptomycin) and 1% (vol/vol) L-glutamine.

The MCF-12A cell line is an epithelial cell line that is non-tumorigenic. MCF-
12A was obtained from the ATCC and grown in medium containing DMEM / Ham’s F12
in the presence of 2.5 % horse serum and supplemented with 500 ng/ml hydrocortisone,
20 ng/ml epidermal growth factor, 10 pg/ml insulin and antibiotic. The cells were
cultivated at 37°C in a humidified incubator with 5% CO: at 90% humidity. The cells
were sub-cultured to a new medium when they were 80 percent confluent.

MCF7 and MDA-MB-231 cells are both invasive ductal/breast cancer cells with
a lot of phenotypic and genotypic differences. MDA-MB-231 and MCF-7 breast cancer
cell lines were cultured adherently and maintained in DMEM containing 10% FBS,
penicillin (100 U ml™), streptomycin (100 ug ml™") at 37°C in 5% CO; at 90% humidity.

3.2.3. Cell Viability Assay

FDA is a cytoplasmic esterase activity and membrane integrity indicator. FDA is
activated by cytosolic esterases to produce green fluorescence in healthy cells, whereas
GelRed can only enter cells with damaged membranes. One day prior to the experiment,
the cells were seeded in 6 wells plates at a density 3x10° cells/well and allowed to adhere
overnight. Cells are exposed to the applied chemical for the desired amount of time. After
the exposure time has elapsed, cells cultured in 6-well plates were harvested. The
suspension was centrifuged for 5 min at 1000 rpm. The supernatant solution was

discarded. Experiments were performed on the remaining cell suspension. 35 pl cell
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suspension and 15 pl staining solution were mixed in eppendorf tube then the tube was
vortexed. 15 pl of the mixture in the eppendorf tube was taken and was pipetted onto
micro slide which was then covered with cover slip (21x26 mm). 2 slides were prepared
for each sample. A fluorescent microscope was used with 200-fold magnification to count

the percentages of green and red cells in 200 cells using FITC filter (216).

Staining Solution for Vitality Test:
2ml PBS

12 ul  FDA stock solution

2 ul  Gel Red solution

3.2.4. Comet Assay

One day prior to the experiment, the cells were seeded in 6 wells plates at a density
3 x 10° cells/well for CHO-K1 cell line and 3.5 x 10* cells/well for TK6 cell line then
allowed to adhere overnight. Cells were then exposed to therapeutic agent Dox, RA,
EGCG and their combinations with continuous exposure for 4 h. After incubation period
with compounds, cells cultured in 6-well plates were harvested. The suspension was
centrifuged for 5 min at 1000 rpm. The cells were then resuspended in the remaining
media after discarding the supernatant. Twenty pl of this cell solution were mixed with
180 ul of low melting point agarose that had been pre-warmed. Forty-five pl of cell-
agarose was added onto a high melting point agarose pre-coated slide and was covered
using a cover slip (2 replicates per treatment). The slides were dried at room temperature
for 3 min and the cover slip was removed carefully. The cells on the slides were placed
in pre-cooled glass cuvettes containing the lysis solution and allow the cells to undergo
lysis at 4°C in the dark. After lysis, the slides were placed in the cold electrophoresis
solution for 20 minutes. The electrophoresis was started and the voltage was fixed at 25V;
the current was adjusted to 0.3A (300mA) by adding or removing the electrophoresis
buffer and was run 20 min. After electrophoresis, the slides were removed and were
washed once with distilled water, then were rinsed in Tris buffer filled in cuvettes for 5
min. The slides were placed in ice cold methanol (-20°C) for 5 min and dried. The slides
were stained with Gel Red solution (20 pl per slide) and were covered with cover slip.

The slides were evaluated using Komet6-software under fluorescence microscope. The
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results were expressed as a percentage of DNA in the tail region for a total of 100 cells

(50 each slide) (217).

Lysis Buffer (pH-10) in 1 L:

2.5 M NaCl 146.10 g/l
100 mM Na;EDTA ~ 37.22 g/l
10 mM TRIS 1.21/1

Lysis Solution : Freshly made and stored at 4°C under darkness
Lysis buffer 66.75 ml
DMSO (10%) 7.5 ml
Triton X (1%) 750 pul

Electrophoresis Buffer (Make up to 21 volume):

5M NaOH 200 g/1

0.2 M Na;EDTA 14.89 g/200ml
(pH 10)-

Autoclaved
3.2.5. Evaluation of the cellular superoxide anion concentration

Dihydroethidium (DHE) was used to detect superoxide anion concentration in the
mitochondria of living cells. DHE is blue in the cytosol until it is oxidized, at which point
it intercalates into the cell's DNA, colouring the nucleus a bright fluorescent red. One day
before the experiment, 2.5 x 10° cells were seeded on 12 mm coverslips in 6-well plates
in 3 ml cell medium. The medium was removed after treatment, and the cells were washed
twice with PBS. Fresh media containing 10 uM DHE was added to the cells, and they
were incubated in the dark for 20 minutes at room temperature. The medium was removed
at the end of the incubation time, and the cells were washed twice with PBS. After this
step, an Eclipse 551 microscope and a Fluoro Pro MP 5000 camera were used to
photograph the cells at 200-fold magnification. ImageJ software was used to measure the

grey values of 200 cells per treatment for quantification (218).
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3.2.6. Ames test

The plate incorporation method was used for the mutagenicity/antimutagenicity
assays. Test tubes were placed in a 45°C water bath. Then 2 ml of top agar was put in test
tubes containing histidine / biotin solution (10% of the top agar). After that 0.05 ml of
test substance is placed in test tubes containing 2 ml of top agar, 0.1 ml of 12-14 hour
bacterial culture. This mixture was vortexed and poured into minimal glucose agar
(MGA) plates. After waiting for 15 minutes for the top agar to solidify, petri dishes were
inverted and incubated in a 37°C for 48-72 hours. His" bacterial colonies were counted
after the incubation period was over. In order to evaluate the results, solvent control and
positive control experiments were also performed in parallel with the experiments with
test substances. In antimutagenicity studies, 0.05 ml of a known mutagenic (positive
control) substance was put in all test tubes. Possible mutagenic or antimutagenic activities
of some chemicals appear after they are metabolized. S9 fraction is used to metabolize
test substances. S9 is a rat liver extract containing active liver enzymes (P450 activity)
that mimics hepatic metabolism in in vitro tests. The Ames test in the presence of S9 was
performed as follows. S9 mixture was prepared fresh just before the experiment. 2 ml of
top agar, histidine-biotin solution, bacterial culture and the tested substances were placed
in the S9-free assay, then 0.5 ml of ice-free S9 mixture is added to mix and spread
homogenously to the MGA petri dishes. After the agar was frozen, it was incubated in a
37 °C incubator for 48 hours. The colonies were manually counted and the findings were
evaluated after incubation. Antimutagenicity assays were performed in the same way as
mutagenicity studies. Indirect-acting mutagen 2-aminofluorene (2-AF) was used as
positive mutagen for both TA98, TA100 and TA97a strains with S9 experiment and 2-
Amino anthracene (2-AA) was used a positive mutagen for TA102 and TA1535 with S9
experiment. In the absence of S9 mix, direct-acting mutagens 4-nitro-o-
phenylenediamine (NPD) was used as a positive direct mutagen for the TA98 and TA97a
strain, sodium azide (SA) was used as positive direct mutagen for TA100 and TA1535
strains and Mitomycin C was used as a positive mutagen for TA102 strain. In this study,

the antimutagenic activity of RA and EGCG against Dox was investigated (188, 219).
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Preparation of Salmonella cultures:

Salmonella Typhimurium was streaked onto nutrient agar (histidine/biotin/
ampicillin) plates from the stock, and the plates were inoculated and incubated 48 hours
at 37°C. A small portion of the subculture was transferred into a test tube containing
nutrient broth (oxoid) using a sterile loop and cultured at 37°C for 12-16 hours until the
growth reached log phase. The prepared liquid bacterial culture was used in the

experiment.

Preparation of minimal glucose agar plates for TA98, TA100 and TA102 strains:

Agar I5¢g
Distilled water 930 ml

50 X VB salt 20 ml

40% glucose 20 g in 50 ml

Preparation of minimal glucose agar plates for TA97a strain:

Agar I5¢g
Distilled water 930 ml

50 X VB salt 20 ml

3% glucose 4 ¢ in 50 ml

Vogel-Bonner (50xVB salts):

Magnesium sulfate (MgS04.7H20) 10g
Citric acid monohydrate 100 g
Potassium phosphate (K2HPO4) 500 g
Sodium ammonium phosphate (NaHNH4 175 ¢
PO4.4H,0)

Distilled water (45 °C) 670 ml

The total volume is completed to 1000 ml and sterilized in an autoclave at 121 ° C for 15

minutes. Store in a dark environment at room temperature.

Top agar:
Agar 6 gr
NaCl 5gr
Distilled water 1000 ml

Agar, salt and water were mixed and sterilized for 15 minutes at 121°C in an autoclave.
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0.5 mM Histidine-Biotin Solution:

D-biotin 12.36 mg
L-histidin.HCL 9.6 mg
Distilled water 100 ml

The final volume was made up to 100 ml with distilled water. Then it was sterilized in an

autoclave. This solution was added at 10 ml per 100 ml of Top agar during the experiment.

Minimal glucose agar (MGA):

Agar I5¢g
Distilled water 880 ml
50xVB salt 20 ml
40% glucose 50 ml

Agar and water were mixed and dissolved and sterilized for 15 minutes at 121°C. Cool to
45 ° C and 40% glucose and 50xVB salts were added slowly with stirring, the prepared

medium was divided into each petri dish as 30 ml.

Nutrient Broth Liquid Culture Media:

Nutrient Broth

Distilled water

5¢g
200 ml

Nutrient broth and water are mixed and sterilized in an autoclave at 121 ° C for 15 minutes

and stored at 4 ° C.

Histidine / Biotin / Ampicillin Agar (HBA Agar):

Agar 15¢
Distilled water 910 ml
50xVB salt 20 ml
40% glucose 50 ml
Sterile Histidine. HC1.H20 (2g / 400 ml 10 ml
H>0)

Sterile 0.5 mM Biotin 6 ml
(0.8% / 0.02 M NaOH) Ampicillin 3,15 ml
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Agar was added to distilled water and sterilized in an autoclave. After cooling the
solution, 50x VB salts, 40% Glucose and histidine were added. Biotin was added when
the solution was completely cooled. The prepared HBA agar was divided into each petri

dish as 30 ml. Petri dishes can be stored at +4°C for 2 months.

(0.8% / 0.02% NaOH) Ampicillin Solution:
Ampicillin trihydrate 0,8¢g

0.02 N Sodium hydroxide 100 ml

After the ampicillin solution was prepared, it was passed through a 0.22 puM pore diameter

membrane filter. It was stored in the refrigerator at +4°C.

(0.13%) Biotin Solution:
D-biotin 0,65 mg

Distilled water 50 ml

Sterile Histidine. HC1.H,O:

L-Histidine. HCL.H>O 2 gr
Distilled water 400 ml

Preparation of S9 Microsome Enzyme (10%) S9 mixture:

S9 Microsome enzyme 1 ml
MgCl-KCl salts 0,5 ml
Glucose-6-phosphate 0,25 ml
0.1 M NADP 1 ml

0.2 M phosphate buffer (PH 7.4) 12,5 ml
Sterile distilled water 9.875 ml

All chemicals were freshly prepared. All materials were mixed in a sterile falcon tube.
The tube in which the solution was prepared was placed in ice and kept cold throughout

the experiment.
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Salt Solution (1,65 M KCI + 0,4 M MgCl2):

Potassium chloride (KCl) 615¢g
Magnesium chloride (MgCl,) 40,7 g
Distilled water 500 ml

0.2 M Sodium-phosphate buffer (pH = 7.4):
0.2 M Sodium dihydrogen phosphate 60 ml (2.76 g/100 ml)
(NaH2PO4.H>0)
0.2M Disodium hydrogen phosphate (Na;HPOj) 440 ml (14.2g/500 ml)

After the mixture is adjusted to pH 7.4, it was sterilized in an autoclave. It was

stored in a glass bottle at room temperature.

1 M Glucose-6-Phosphate solution:
Glucose-6-phosphate 282 ¢

Distilled water 10 ml

Sterilization was done with a 0.22 M pore diameter filter. It was stored at -20 ° C.

0.1M B-NADP solution:
B -NADP 383 mg
Distilled water 10 ml

Sterilization was done with a 0.22 M pore diameter filter. It was stored at -20 ° C.

3.2.6.1. Mutagenic index (MI)

The mutagenic index (MI) is calculated as: MI = a/b where a is the average number
of reverse mutation colonies observed on compound-treated plates and b is the average
number of reverse mutation colonies per plate in the negative control. A sample is
considered to have mutagenic activity when a dose-response relationship is detected and
a two fold increase in the number of mutants (MI > 2) is observed with at least one

concentration (220).
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3.2.6.2. Antimutagenicity assay

Antimutagenicity was calculated as a percentage inhibition of mutagenicity using
the following formula: Inhibition rate (%) = ([A — B]/[A — C])x100 , where A is the
number of revertants per plate in the presence of the positive control, B is the number of
revertants per plate in the presence of mutagen and the test sample. C is the number of
spontaneous revertant colonies per plate. When the inhibitory effect of the test substance
was in the range of 25-40%, it was considered moderate and the inhibitory effect was
>40%, it was considered strong. Inhibitory effects of less than 25% were defined as weak

activity or no antimutagenicity (188,219).

3.2.7. WST-1- based cytotoxicity assay
3.2.7.1. Cytotoxicity assay for suspension cells (TK6 cells)

The WST-1 microplate test was carried out as follows, TK6 cells were seeded at
a density of 5x10* cells/ml were seeded in the 6 well plate. After cultured overnight, cells
were exposed to samples in the 6-well plate at various concentrations for 24 h and
incubated at 37°C in an incubator containing 5% CO». After treatment, the test chemical-
containing medium was removed by centrifugation at 1000 rpm for 5 min. Phosphate-
buffered saline (PBS) was used to gently wash the treated cells at least twice. After
washing the cells, new RPMI medium containing 5% WST-1 dye was added. 200 pL of
treated cells that mixed with dye were added to each well of 96-well plate, and incubated
at 37°C under 5% COsz in an incubator for 4 hours. The absorbance was measured in a

microplate reader at 450 nm and the percent cytotoxicity was calculated (221).

3.2.7.2. WST-1- based cytotoxicity assay for adherent cells

Cells were seeded (10x10 7 cells in 100 pl of culture medium) into 96-well plates,
were grown for 24 h. Then, the cell medium was aspirated and cells were exposed to 100
ul/well of freshly prepared medium containing tested substance for 24 h. The media was
removed at the end of the incubation, and the cells were washed with PBS and 100 pL of
medium containing 5% WST-1 was added to the wells and the 96-well plate was then
incubated for another 4 hours at 37°C. A photometer was used to measure the absorbance

after 4 hours at 450 nm (222).
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3.2.7.3. Calculation of IC50 Value

The cell viability (%) was calculated by using equation from the raw data
that we get from ELISA reader microplate. Cell survival rate (%) = (a-c)/(b-c) x 100,
where a=absorbance of treated cells, b=absorbance of control cells, and c=absorbance of
the blank). The half maximum inhibitory concentration, or IC50, is defined as the
concentration of a chemical required to inhibit cell viability by 50%. The IC50 value was
calculated from the graph as follows; cell viability, which is a percent value, is located on
the y-axis of the graph, while the logarithm of the concentration of the corresponding
chemical used is located on the x-axis. In this graph, for the y=50 value, the concentration
on the x-axis is found from the linear (y = mx+n) formula and the IC50 value is found by

taking the inverse of the log concentration (223).

3.2.7.4. Selectivity index (SI) calculation

The Selectivity Index (SI) is defined as the ratio of a sample's toxic concentration
to its bioactive concentration. The ideal drug should have a toxic effect at a high
concentration, but show activity at a very low concentration. The SI was calculated by
dividing the cytotoxicity (IC50) on normal cells (MCF-12a) by the cytotoxicity (IC50)
on cancer cells (MDA-MB-231 and MCF-7).

no cancer cell line
_ 1Csp

SI =

ICcancer cell

A SI (<1) indicates that the sample is likely to be toxic and therefore can not be
used as a drug. The studied sample must have an SI (> 3) to be classified as a potential

anti-cancer (224,225).

3.2.7.5. In vitro drug interaction analysis

The drug interaction between two different drugs was analyzed using the
coefficient of drug interaction (CDI). CDI was calculated by the following formula; CDI
= AB/(AxB). According to each WST-1 absorbance, AB is the ratio of the two-drug
combination group to the control group, and A or B is the ratio of the single drug group
to the control group. As a result, CDI < 1 indicates synergism, CDI < 0.7 indicates
significantly synergistic, CDI =1 indicates additivity, and CDI >1 indicates antagonism

(226).
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If there are three drugs, A, B and C, each with specific activity against a cell line,
evaluation is made with the following criteria to determine synergy.
Sa = Percentage of viable cells after administration of Drug A compared to control cells
S = Percentage of viable cells after administration of Drug B compared to control cells
Sc = Percentage of viable cells after administration of Drug C compared to control cells
Sa+s = Percentage of viable cells after administration of both Drug A and Drug B
compared to control cells
Sa+c = Percentage of viable cells after administration of both Drug A and Drug C
compared to control cells
Sp+c = Percentage of viable cells after administration of both Drug B and Drug C
compared to control cells
Sa+s+c = Percentage of viable cells after administration of Drug A and Drug B and Drug
C in combination compared to control cells

If a synergistic activity is observed with the combined application of the three
drugs to cancerous cells, the following equations must be met. These equations are shown

in Table 2.

Table 2. The determination of Synergy

Sassc < [(Sa) X (SB) X (Sc)]/10000
Sasec < [(Sa+s) X (Sc)}/100

Sasec < [(Sasc) X (S8)}/100

Sasc < [(Src) X (S4)}/100

Saspec < [(SasB) X (Sa=c)]/100

Saspec < [(Sasp) X (Sp+c)]/100

Sassrc < [(Sarc) X (Spc)]/100

Sassic < [(SasB) X (Sp+c) X (Sasc )1/10000

The triple combination is additive if Sa + B + c equals any single permutation; if

Sa+s+c is more than any single permutation, the triple combination is antagonistic (227).
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3.2.8. Mitochondrial membrane potential assay

The TK6 cells were plated at 5 x 10* cells/well in 3 ml of the culture medium into
a 6-well plate. The 6-well plate was incubated overnight at 37 °C. The cells were treated
with the test compound(s). Cells treated with the tested substance were incubated for 24
hours. The positive control (AMA, 50 uM) was applied to the cells 30 minutes before
the end of the exposure time. TMRE (tetramethylrhodamine ethyl ester perchlorate)
fluorescent dye (200 nM final concentration) was added to 6 well plates. The assay plates
were incubated for 30 minutes at 37°C. Cells were collected in falcon tubes, washed twice
with PBS-BSA (0.2%) and supernatant discarded. Cell Pellets were resuspended in 1 ml
of PBS-BSA and cells were diluted 1:3 (500 pl cells + 1000 ul PBS-BSA). 200 pl cell
suspension was transferred to a black 96-well plate with a clear bottom and plate was read
on the plate reader. The settings were excitation about 549 nm and emission about 575
nm. The following formula was used to calculate the percentage of TMRE fluorescence

signal compared to the negative control (228).

(Sample RFU-Blank RFU)x100
Negative control RFU—-Blank RFU

TMRE Fluorescence Relative (%) =

Sample RFU = Fluorescence of cells exposed to a chemical substance or drug.
Blank RFU = Fluorescence of wells with no cells

Negative control RFU = Fluorescence of cells not exposed to a chemical substance or drug.

Preparation of AMA (25 mM):
Antimycin A 19.95 mg
Dimethylsulfoxide (DMSO) 1.5ml

Preparation of TMRE (1 mM):
TMRE 2.6 mg

DMSO 5ml
Preparation of PBS-BSA 0.2%:

Bovine serum albumin 200 mg

Phosphate buffered saline 100 ml
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3.2.9. Micronucleus (MN) assay

Approximately 24 hours before to test substances treatment, TK6 cells (2x10%)
were seeded in 6 well plates with 3 ml medium per well. On the next day, cells were
treated with solutions of the test compounds. At the end of 24 h treatment, cells were
taken into the falcon tube and tubes were centrifuged for 5 min at 1000 rpm, the
supernatant was discarded, and the cell pellets were washed with PBS then pellets were
resuspended in 3 ml fresh cell medium with cytochalasine B (2.4 pg/ml) for 24 hours.
After cytokinesis was inhibited, the cells were centrifuged and the cell pellets were
washed with PBS. Five milliliters of 0.07M potassium chloride hypotonic solution
(37°C), was added to the washed cell pellets. After an approximate 2 min incubation with
hypotonic solution at 37°C, 0.5 mL of cold fixative solution (1:3 volume acetic acid:
methanol) was placed on the hypotonic solution. The cultures were centrifuged for 5
minutes at 1000 rpm. The supernatant was decanted and 5 ml of ice-cold fixative solution
was added to all tubes that were then incubated at room temperature for 5 minutes. These
procedures (fixation) were repeated twice. After the last centrifugation, the cell pellets
were resuspended with approximately 0.5 ml of cold fixative solution. Fixed cells were
dropped onto clean, wet and cold microscope slides and allow slides to air dry. The dry
slides were stained with 5 % Giemsa solution for 5 minutes, washed with water.

Micronuclei (MNi) are smaller extra nuclei visible in the interphase cell that arise
when a chromosome or a fragment of it failed to be integrated into one of the daughter
nuclei during cell division. MNi were counted with a light microscope at 40x-fold
magnification. For each treatment, at least 1000 binucleated cells (BN) were analyzed,
and the cells with micronuclei were counted.

The cytokinesis block proliferation index (CBPI) was evaluated as a criteria for
assessing cytotoxicity. CBPI was calculated the using the formula [(M1 + 2M2 +
3 (M3 + M4)]/N, where M1 to M4 are the numbers of cells with one to four nuclei,
respectively, and N is the total number of cells scored. CBPI was determined in treated
(CBPIt) and control (CBPIc) groups. The percentage of cytostasis was calculated as

follows.

% cytostasis = 100 — 100 (CBPIT_l)

CBPIc-1
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In cultured cells, the replication index (RI) is a cytokinetics index. Determining
the RI in cell cultures may be beneficial in genotoxicity testing, because inhibiting DNA

synthesis results in a decrease in the RI (229). RI was calculated with the formula below.

RI= ((M2)+2 x (M3+M4))/ (total number of cells)T X100
((M2)+2 X (M3+M4))/ (total number of cells)c

Where T is the treatment group, C is the control group.

As a result, the cytostasis percentage = 100 - RI.

The nuclear division index (NDI) is a measure of the viable cell fraction's proliferative
status. NDI was determined as follows.

NDI= (M1 + 2M2 + 3 M3 + 4M4)/N

The CBPI, RI and NDI were calculated by counting 1000 cells, including mononuclear
(M), binucleated (M3), trinucleated (M3), and tetranucleated (Ma) cells (230,231).

3.2.10. Statistical Analysis

All analyses and graphical visualization were performed using GraphPad Prism
software (version 7.0). MS-Excel 2016 was used to perform the arithmetic calculations.
The frequency distribution of the data was analyzed and statistical significance was
considered when the p-value was less than or equal to 0.05 as determined by the T-Test,
Kruskal-Wallis, or Dunnett's multiple comparison tests. At least three separate

experiments were carried out for each experiment.
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4. RESULTS
4.1. In vitro Genetic Toxicology Tests Results
4.1.1. Comet Assay

Single and double strand breaks caused by Dox and protective effect of RA and
EGCG against Dox induced genotoxicity was analyzed by alkaline comet assay in CHO-
K1 and TK®6 cells. Cells were exposed to Dox, RA and EGCG at different concentrations
alone or together for 4 hours. Typical comet images observed with GelRed staining, are

shown in Figure 8.

Figure 8. Examples images of comet assay on CHO-K1 cells with and without Dox. (A) Control
group: shows cell without DNA fragmentation and (B) Dox 1000 nm group: shows cell with DNA
fragmentation as an example of a cell with DNA damage after Dox treatment. DNA of cells were
visualized under a fluorescent microscope at 200-fold magnification.

Dox was used as the DNA damaging agent. The CHO-K1 cells were treated with
different concentrations ( 250 nM, 500 nM, 1000 nM, 2000 nM and 4000 nM) of Dox. In
this study, dose response effects of Dox were observed in CHO-K1 cells. In addition,
studies have been carried out to find the dose that causes DNA damage without causing

apoptosis or cell death. Comet assay results are shown in Figure 9.
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Figure 9. Concentration dependent increase in DNA damage after 4 hours Dox treatment in
CHO-KI cells. Each treatment group had 100 cells evaluated, with the findings represented as a
percentage of DNA in the tail. The data are given as Mean + Standard Error of Mean (SEM) of
3 independent experiments. Independent t-test was used to compare the control and treatment
groups, *p < 0.05 vs. Control group. Dox: Doxorubicin.

The Dox concentration to be used to investigate the genoprotective effect of RA
and EGCG was determined as 1000 nM. This concentration was chosen because it did
not cause cytotoxicity. It has also been found to be a concentration that causes DNA
damage. In this context, studies were conducted to find the protective effect dose range
of RA. In the preliminary studies, 50, 100 and 200 uM concentrations of RA did not show
a protective effect against Dox 1000 nM concentration. When the concentration of RA
was increased, it started to show a protective effect. RA did not show any protective effect
at lower doses than 0.5 mM. A statistically significant difference was observed when the
amount of tail formed in the DNA of the Dox 1000 nM group and the two groups treated

with Dox + 0.5 and 1 mM RA were compared. The results are shown in Figure 10.
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Figure 10. DNA damage induction by Dox treatment with or without RA inhibition in CHO-K1 cells.
After 4 hours of Dox treatment, DNA damage was evaluated in the presence or absence of RA. The RA
was added 15 minutes before the Dox treatment to provide possible RA protection. In the evaluation of
comet analysis results; each treatment group had 100 cells evaluated, with the findings represented as a
percentage of DNA in the tail. The data are given as Mean + Standard Error of Mean (SEM) of 3
independent experiments. Independent t-test was used to compare means of two groups, *p < 0.05 vs.
Control and #p=< 0.05 vs. Dox 1000nM. Dox: Doxorubicin, RA: Rosmarinic acid.

The cultures were treated with different concentrations of EGCG (5 uM, 50 uM,
and 100 uM) alone or in combination with Dox; the result was that EGCG exerted no
genoprotective effect. It was observed that the amount of DNA tail formed increased
when the studied EGCG concentrations increased. Therefore, low concentrations of

EGCG have been studied. The results of the comet experiment using CHO —K1 cells are

shown in Figure 11.
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Figure 11. DNA damage induction by Dox treatment with or without EGCG in CHO-K1 cells. After 4
hours of Dox treatment, DNA damage was evaluated in the presence or absence of EGCG. The EGCG
was added 15 minutes before the Dox treatment to provide possible EGCG protection. In the evaluation
of comet analysis results; each treatment group had 100 cells evaluated, with the findings represented as a
percentage of DNA in the tail. The data are given as Mean + Standard Error of Mean (SEM) of 3
independent experiments. Independent t-test was used to compare means of two groups, *p < 0.05 vs.
Control group. Dox: Doxorubicin, EGCG: Epigallocatechin gallate.

The possible protective effects of RA and EGCG when administered together
were also investigated on CHO-K1 cells. The combination of RA 1mM and EGCG 100
uM administered together did not show a protective effect against DNA damage caused
by Dox 1000 nM. Ra 1 mM showed a protective effect only when applied alone. The

results of the experiment are shown in Figure 12.
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Figure 12. DNA damage induction by Dox treatment with or without RA and EGCG combination in
CHO-K1 cells. After 4 hours of Dox treatment, DNA damage was evaluated. The combination of EGCG
and RA was added 15 minutes before the Dox treatment. In the evaluation of comet analysis results; each
treatment group had 100 cells evaluated, with the findings represented as a percentage of DNA in the tail.
The data are given as Mean + Standard Error of Mean (SEM) of 3 independent experiments. Independent
t-test was used to compare means of two groups, *p < 0.05 vs. Control and #p< 0.05 vs. Dox 1000nM.
Dox: Doxorubicin, EGCG: Epigallocatechin gallate, RA: Rosmarinic acid.

The comet studies were also conducted using TK6 cells. A human origin, TK6
cells was also used because it was thought that human cells' responses to the applied
chemicals would be more sensitive. Increasing concentrations of Dox were applied to
the cells to decide which concentration of Dox to choose as a genotoxic agent. TK6
cells were incubated for 4 hours with increasing concentrations of Dox (125, 250, 500,
1000 and 2000 nM). As shown in Figure 13, different concentration of Dox was applied
to TK6 cells.
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Figure 13. Concentration dependent increase in DNA damage after 4 hours Dox treatment in TK6
cells. In the evaluation of comet analysis results; each treatment group had 100 cells evaluated, with the
findings represented as a percentage of DNA in the tail. The data are given as Mean + Standard Error of
Mean (SEM) of 3 independent experiments. Independent t-test was used to compare the control and

treatment groups, *p < 0.05 vs. Control group. Dox: Doxorubicin.

Dox was applied to the cells in increasing concentrations starting from 125 nM
concentration. The comet tail increased beginning from the lowest concentration to the
highest and Dox applied groups (250nM, 500 nM,1000 nM and 2000 nM) showed
statistically significant differences when compared to the control group. Increasing the
Dox concentration to 2000 nM caused much more serious DNA damage. A concentration
of 500 nM Dox was chosen as the DNA damage agent. The possible protective effect of
RA against DNA damage induced by Dox (500 nM) in the TK6 cell line was investigated.
TK6 cells were administered 50 uM and 100 uM doses of RA alone and in combination
with Dox 500 nM for this study. Both concentrations of RA showed a protective effect.
As the concentration of RA increased, its protective effect against Dox also increased.
The protective effect of RA 100 uM showed a statistically significant difference when

compared to Dox 500 nM. The results are shown in Figure 14.
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Figure 14. DNA damage induction by Dox treatment with or without RA in TK6 cells. After 4 hours of
Dox treatment, DNA damage was evaluated in the presence or absence of RA. The RA was added 15
minutes before the Dox treatment to provide possible RA protection. In the evaluation of comet analysis
results; each treatment group had 100 cells evaluated, with the findings represented as a percentage of
DNA in the tail. The data are given as Mean + Standard Error of Mean (SEM) of 3 independent
experiments. Independent t-test was used to compare means of two groups, *p < 0.05 vs. Control group,
#p< 0.05 vs. Dox 500 nM. Dox: Doxorubicin, RA: Rosmarinic acid.

To determine whether EGCQG is protective against DNA damage in TK6 cells, the
comet assay was conducted, and the results are shown in Figure 15. Dox 500 nM
treatment induced DNA damage 10 and 25 pM concentrations of EGCG inhibited the
formation of comet tail. Two different concentrations of EGCG administered with Dox

significantly reduced the percentage of mean tail DNA.
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Figure 15. DNA damage induced by Dox treatment with or without EGCG in TK6 cells. After 4 hours of
Dox treatment, DNA damage was evaluated in the presence or absence of EGCG. The EGCG was added
15 minutes before the Dox treatment to provide possible EGCG protection. In the evaluation of comet
analysis results; each treatment group had 100 cells evaluated, with the findings represented as a
percentage of DNA in the tail. The data are given as Mean + Standard Error of Mean (SEM) of 3
independent experiments. Independent t-test was used to compare means of two groups, *p < 0.05 vs.
Control group, #p< 0.05 vs. Dox 500 nM. Dox: Doxorubicin, EGCG: Epigallocatechin gallate.

In addition, the protective effect of combinations of RA and EGCG on DNA
damage of TK6 cells was investigated. EGCG 25 uM and RA 100 uM were chosen for
the combination. In the research, RA and EGCG showed a similar DNA protective effect
when applied together or alone. The reduction of DNA tail amount did not increase with
the combined application of RA and EGCG. Figure 16 shows the protective effects of
RA, EGCG and combination of both against Dox induced genotoxicity.
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Figure 16. Dox induced DNA damage and the treated TK6 cells were incubated with RA and EGCG for
4 h. The RA and EGCG were added 15 minutes before the Dox treatment to provide possible EGCG
protection. In the evaluation of comet analysis results; each treatment group had 100 cells evaluated, with
the findings represented as a percentage of DNA in the tail. The data are given as Mean + Standard Error
of Mean (SEM) of 3 independent experiments. Independent t-test was used to compare means of two
groups, *p < 0.05 vs. Control group, #p< 0.05 vs. Dox 500 nM. Dox: Doxorubicin, EGCG:
Epigallocatechin gallate, RA: Rosmarinic acid.

4.1.1.1. Results of vitality test

Mammalian cells' viability was assessed using fluorescence-based live-dead
assays. The fluorescent diacetate (FDA) and GelRed, which stain living and dead cells,

were used in a vitality test. The appearance of cells under the microscope was shown in

Figure 17.
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Figure 17. Representative pictures of viable and dead cells under the microscope. Cells were
photographed under a fluorescent microscope using FITC filter at 200-fold magnification.

CHO-K1 cells were treated with different concentrations of Dox (250-4000 nM)
and TK6 cells were treated from 125 to 2000 nM of Dox for 4 hr and percentages of

viable and dead cells were calculated (Table 3 and 4).

Table 3. Percentage of the living cells that was determined on CHO-K1 cells after 4
hours of Dox incubation.

Treatment CHO cell viability
Control 94,75 +£4,0
250 nM Dox 95,20+29
500 nM Dox 95,50+ 0,7
1000 nM Dox 95,67+ 1,5
2000 nM Dox 93,67 £2,52
4000 nM Dox 93,67 £4,04

Data are presented as mean + SD of three independent experiments.
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Table 4. Percentage of the living cells that was determined on TK6 cells after 4 hours

of Dox incubation.

Treatment TK6 cell viability
Control 95,58 £1,01
125 nM Dox 93,58 £2,96
250 nM Dox 93,00 £ 3,78
500 nM Dox 96,08 + 0,59
1000 nM Dox 96,33 + 0,31
2000 nM Dox 95,50 £ 1,77

Data are presented as mean + SD of three independent experiments.

TK6 cells to which RA and Dox were applied together are shown in Table (5 and 6).

Table 5. Percentage of the living cells that was determined on CHO-K1 cells after 4
hours of Dox, RA and combination of both incubation.

Treatment CHO cell viability
Control 94,00 +£2,56
1000 nM Dox 95,75 £2,67
1 mM RA 96,92 + 1,94
0.5 mM RA 96,83 + 0,59
1000 nM Dox + 1 mM RA 96,00 £ 0,41
1000 nM Dox + 0.5 mM RA 94,83 +£5,20

Data are presented as mean + SD of three independent experiments.

After the cells were treated with DOX, cell viability analysis was performed to
determine the percentage of dead cells. The results obtained from cell viability analysis
showed that viability greater than 50%. No decrease in cell viability was observed in CHO
and TK6 cell lines when different Dox concentrations were applied. In compared to the

control group, there was no significant effect in cell viability. Cell viability of CHO and
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Table 6. Percentage of the living cells that was determined on TK6 cells after 4 hours
of Dox, RA, combination of Dox and RA incubation.

Treatment TK6 cell viability
Control 96,67 £ 1,01
500 nM Dox 95,58 £0,31
50 uM RA 97,00 £ 1,47
100 uM RA 96,83 £0,92
500 nM Dox + 50 uM RA 95,08 £ 2,06
500 nM Dox + 100 uM RA 96,25+ 1,43

Data are presented as mean + SD of three independent experiments.

When cell viability was compared to the control group, no decrease in cell
viability was observed in both applied cell lines. Cell viability of CHO-K1 and TK6 cells
treated with EGCG, Dox and their combinations are shown in Table (7 and 8).

Table 7. Percentage of the living cells that was determined on CHO-K1 cells after 4
hours of Dox, EGCG and combination of Dox and EGCG incubation.

Treatment CHO cell viability
Control 97,75 £ 0,41
1000 nM Dox 97,42 £ 1,03
5 uM EGCG 96,58 £2,18
50 uM EGCG 94,75 £ 3,88
1000 nM Dox + 5 uM EGCG 96,42 £ 3,70
1000 nM Dox + 50 uM EGCG 95,83 £4,31
1000 nM Dox + 100 uM EGCG 94,50 £ 4,61

Data are presented as mean + SD of three independent experiments.
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Table 8. Percentage of the living cells that was determined on TK6 cells after 4 hours
of Dox, EGCG and combination of Dox and EGCG incubation.

Treatment TK6 cell viability
Control 96,50 +£ 0,54
500 nM Dox 93,17 £1,33
10 uM EGCG 97,08 £ 0,62
25 uM EGCG 96,08 + 1,16
500 nM Dox + 10 uM EGCG 94,58 £ 2,44
500 nM Dox + 25 uM EGCG 95,33 £2,29

Data are presented as mean + SD of three independent experiments.

The cell viability results of the cells of the comet test performed by applying the

triple combination of RA, EGCG and Dox are shown in table (9 and 10).

Table 9. Percentage of the living cells that was determined on CHO-K1 cells after 4
hours of Dox, EGCG,RA and combination of Dox, RA and EGCG incubation.

Treatment CHO cell viability
Control 99,08 £ 0,12
1000 nM Dox 99,00 £ 0,20
1 mM RA 97,75+ 0,74
100 uM EGCG 95,67 + 2,55
1 mM RA + 1000 nM DOX 98,25+ 0,74
100 uM EGCG + 1000 nM DOX 98,83 £ 0,42
I mM RA + 100 uM EGCG + 1000 nM DOX 96,42 + 1,05

Data are presented as mean + SD of three independent experiments.
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Table 10. Percentage of the living cells that was determined on TK6 cells after 4 hours
of Dox, EGCG,RA and combination of Dox, RA and EGCG incubation.

Treatment TK6 cell viability
Control 97,50 + 0,41
500 nM Dox 97,00 £ 0,41
100 uM RA 97,42 £ 0,12
25 uM EGCG 98,00 £ 0,94
100 uM RA + 500 nM DOX 96,33 £ 0,51
25 uM EGCG + 500 nM DOX 95,83 + 1,03
100 uM RA + 25 pM EGCG + 500 nM DOX 95,67 + 3,14

Data are presented as mean + SD of three independent experiments.

The genotoxicity/antigenotoxicity studies must be evaluated at the concentration
levels below the IC50 value of tested substances, hence the cytotoxicity assessment must
be done prior to genotoxicity study. In our study, cell viability experiments were carried
out simultaneously with the comet test. The cytotoxicity of the substances used was
assessed using a fluorescent dye (GelRed/fluorescein diacetate). According to the results,
there was no significant decrease in cell viability in any group evaluated in the comet test
compared to the control group. Cell viability did not reach below 90% in all experiments
with CHO-K1 and TK6 cells. A vitality test was used to differentiate between
cytotoxicity and genotoxicity of the Dox, RA and EGCG concentrations used in the comet
assay. This test was carried out simultaneously with the comet assay. Before the comet
test, the cell viability of the treated cells was examined. The cell viability results were
close to each other and there was no statistically significant difference between the control

group. No decrease in cell viability was observed in any group.
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4.1.2. Micronucleus Assay Results

First of all, in this study, the induction of DNA damage by Dox was evaluated
with the micronucleus (MN), also known as cytokinesis block micronucleus test, which
detects the induction of chromosomal damage. MN test is an another genotoxic endpoint
detection assay. It was used to identify possible DNA damage. A cell line TK6 was used
for the MN assay. TK6 was chosen due to its widespread use and application in
genotoxicity testing, as well as the benefits and suggestions indicated. The dose of Dox
that caused genotoxicity but did not affect cell viability was chosen. In the next step,
EGCG, RA and their combinations were applied to the cells and their potential
genoprotective effects were investigated. A typical appearance of the cells scored in the

MN assay can be seen in Figure 18.
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Figure 18. Representative images showing TK6 cells stained by Giemsa under a light microscope. A)
Examples of observed mononucleated, binucleated and multinucleated cells with clear cytoplasm under
light microscope B) Examples of binucleated cells with micronuclei in the presence of cytochalasin-B.
The arrows show micronuclei. The nuclei were stained purple, while the cytoplasm was stained blue by
Giemsa.

WST-1 cell viability assay was performed to determine the appropriate Dox
concentration for this study. Concentration-response curves of Dox to TK6 cells were
obtained. Dox showed a moderate toxicity with a IC50 172.95 + 9.33 nM after 24 h
treatment. Based on these results, Dox at concentrations of 10, 25, 50 and 100 nM were
chosen for the MN experiments. The MN test could not be evaluated at 100 nM
concentration of Dox. Because the number of binucleated cells was not sufficient for MN
evaluation. The results showed that Dox significantly increased the number of MN in

TK6 cells in a dose-dependent manner.
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Dox increased the number of MN in the cells, ranging from 8 to 32 MN per 1000
cells. While MNi numbers (£SD) observed in 1000 binucleated cells were 7.5+ 2.12,
11.5+£0.71 and 31.5 % 6.36 for 10, 25 and 50 nM, respectively, | MN was found for the
negative control, PBS. The number of MN observed at Dox 50 nM concentration was
statistically different compared to the control group. From the data from the MN test, four
more parameters were calculated. To assess cytotoxicity and cellular proliferation
progression. These calculated parameters are cytokinesis block proliferation index
(CBPI), nuclear division index (NDI), replication index (RI) and cytostasis percentage.
CBPI values were found to be 1.83 +0.01, 1.73 +0.02, and 1.37 +0.09 for 10, 25, and 50
nM, respectively, and 1.87 for negative control, PBS. The CBPI value decreased as the
applied Dox concentration increased. A statistically significant decrease was found when
the Dox 50 nM concentration group was compared with the control group. The calculated
NDI data are as follows; 1.93 +£0.005, 1.88+0.0018, 1.76 £0.013 and 1.38 £0.096 for
control, 10, 25, and 50 nM, respectively. There was a significant decrease trend in NDI
with increasing dose of Dox, a statistically significant difference was found between Dox
50 nM and control group. In addition, all mean NDI values were between 1.93 and 1.38,
indicating that the TK6 culture method was successful. The RI value decreased as the
Dox concentration increased. On the contrary, the cytostasis value increased with the
increase in concentration. RI values are between 95 and 40. Accordingly, cytostasis is
over 50% at Dox 50 nM concentration. The cytostasis induced by Dox clearly
demonstrates that Dox significantly affects cell division. The results of Dox-induced MN

number also CBPI, NDI and RI values in TK6 cells are shown in Figure 19.
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Figure 19. Micronucleus and cell viability tests of Dox in TK6 cells. Cell were treated with different
doses (10, 25, 50 nM) of Dox without S9 mix for 24 h a) Mean number of MNi was analysed after
treatment with Dox. The results are expressed as the mean of MN-containing cells in 1000 binucleated
cells (BN) £ SEM of three separate tests b) Cytokinesis-block proliferation index (CBPI): (number of
mononucleated cells + 2xnumber binucleated cells + 3xnumber multinucleated cells)/(sum of
mononucleated, binucleated and multinucleated cells) c) nuclear division index (NDI): (number of
mononucleated cells + 2xnumber binucleated cells + 3x number of tri-nucleated cells + 4x number of
tetra-nucleated cells)/(sum of mononucleated, binucleated, tri-nucleated and tetra-nucleated cells) d)
replication index (RI): (100 - %cytostasis). The Kruskal-Wallis nonparametric analysis was used; the bars
show the mean + SEM of three independent experiments (the p-value is displayed on the top of each bar).
Compared to negative control group, * indicates statistically significant differences (p < 0.05). Dox:
Doxorubicin.

In order to test the protective effect of RA against Dox-induced genotoxicity, the
Dox concentration with maximum MN induction was chosen. The IC50 value of RA was
found to be 0.22 £+ 0.05 mM according to the WST-1 cell viability test. In the MN assay,
50 and 100 uM concentrations of RA were studied. The increase in the number of MN
that induced by Dox was reduced by RA. The MNi (£SD) number of Dox at a
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concentration of 50 nM was found to be 22.50 £ 0.71. When Dox 50 nM and RA 50 uM
or RA 100 uM were applied together, the number of MNi observed in binucleated cells
decreased. However, the decrease in the number of MN formation was not directly related
to the concentration of RA. The observed MNi (£SD) number was determined to be 12
+ 1.41 when Dox 50 nM and RA 50 nM were applied together. This number was found
to be 14 £ 1.41 when Dox 50 nM and RA 100 uM were applied together. Under this
concentration range, there was no change in cytostasis and RI values when compared to
the cells treated with Dox alone and the group treated with Dox and RA together. The
effect of increasing doses of RA alone and combination with Dox on the number of MN

in TK6 cells after 24 h is shown in Figure 20.
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Figure 20. Number of MNi and cytotoxicity biomarkers in TK6 cells treated with Dox, RA and their
combinations. Cell were treated with 50 nM of Dox, RA 50,100 uM and combinations of Dox and RA
without S9 mix for 24 h. a) Mean number of MNi was analysed after treatment with samples. *
significantly different from negative control group, A significantly different from RA 50 uM group, #
significantly different from Dox 50 nM group (p < 0.05). The results are expressed as the mean of MN-
containing cells in 1000 BN + SEM of three separate tests. b) Cytokinesis-block proliferation index
(CBPI): (number of mononucleated cells + 2x number binucleated cells + 3x number multinucleated
cells)/(sum of mononucleated, binucleated and multinucleated cells), * significantly different from
negative control group, # significantly different from RA 100 uM group (p < 0.05). ¢) nuclear division
index (NDI): (number of mononucleated cells + 2xnumber binucleated cells + 3x number of tri-nucleated
cells + 4x number of tetra-nucleated cells)/(sum of mononucleated, binucleated, tri-nucleated and tetra-
nucleated cells), * significantly different from negative control group, # significantly different from RA
100 uM group (p < 0.05). d) replication index (RI): (100 - %cytostasis), * significantly different from
negative control group. The Kruskal-Wallis nonparametric analysis was used; the bars show the mean +
SEM of three independent experiments (the p-value is displayed on the top of each bar). Dox:
Doxorubicin, RA: Rosmarinic acid.

87



We also evaluated the chemoprotective effects of the EGCG against the
genotoxicity induced by Dox. The protective effects of EGCG were dose-dependent, as
it decreased the number of MN caused by Dox and increased the proliferation of Dox-
affected TK6 cells. The protective effects of EGCG 10 and 25 pM concentrations were
investigated. These concentrations were chosen to be lower than the IC50 value found in
the WST-1 cell viability assay. In this experiment, the number of MNi (£SD) was 21.5 +
2.12 when Dox 50 nM was applied alone. Dox 50 nM and EGCG 10 uM were applied
together, the observed MNi (£SD) number was 11.5 + 0.71, when EGCG 25 uM was
applied together with Dox 50 nM, the observed MNi number was 8 £ 2.83. The results of

the evaluations are shown in Figure 21.
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Figure 21. Number of MNi and cytotoxicity biomarkers in TK6 cells treated with Dox, EGCG and their
combinations. Cell were treated with 50 nM of Dox, EGCG 10, 25 uM and combinations of Dox and
EGCG without S9 mix for 24 h. a) Mean number of MNi was analysed after treatment with samples. *
significantly different from negative control group, A significantly different from EGCG 25 uM group, #
significantly different from Dox 50 nM group (p < 0.05). The results are expressed as the mean of MN-
containing cells in 1000 BN + SEM of three separate tests. b) Cytokinesis-block proliferation index
(CBPI): (number of mononucleated cells + 2xnumber binucleated cells + 3xnumber multinucleated
cells)/(sum of mononucleated, binucleated and multinucleated cells), * significantly different from
negative control group. ¢) nuclear division index (NDI): (number of mononucleated cells + 2xnumber
binucleated cells + 3x number of tri-nucleated cells + 4x number of tetra-nucleated cells)/(sum of
mononucleated, binucleated, tri-nucleated and tetra-nucleated cells). d) replication index (RI): (100 -
%cytostasis), * significantly different from negative control group. The Kruskal-Wallis nonparametric
analysis was used; the bars show the mean = SEM of three independent experiments (the p-value is
displayed on the top of each bar). Dox: Doxorubicin, EGCG: Epigallocatechin gallate.
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In order to analyze the genoprotective effect of phenolic compounds
combinations, RA and EGCG were combined at concentrations in which a maximum
reduction of MN was observed from their individual effect against Dox induced
genotoxicity. The co-administration of RA and EGCG did not result in a significant
decrease in the MN number when compare with the application of RA and EGCG alone.
When RA and EGCG were applied alone, they showed a statistically significant
protective effect against genotoxicity caused by Dox 50 nM. Only Dox caused a reduction
in NDI; this was not reversed when Dox was combined with RA, EGCG, or a combination
of both in any of the protocols used. The changes in the investigated parameters when RA

and EGCG are applied together or alone are shown in Figure 22.
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Figure 22. Number of MNi and cytotoxicity biomarkers in TK6 cells treated with Dox, RA,EGCG and
their combinations. The groups applied to the cells are as follows: Dox 50 nM, RA 50 uM, EGCG 25 uM,
Dox 50nM +RA 50 uM, Dox 50 nM + EGCG 25 uM and Dox 50nM +RA 50 uM + EGCG 25 uM
without S9 mix for 24 h. a) Mean number of MNi was analysed after treatment with samples. *
significantly different from negative control group, # significantly different from Dox 50 nM group, A
significantly different from RA 50 uM +EGCG 25 uM group (p < 0.05). The results are expressed as the
mean of MN-containing cells in 1000 BN =+ SEM of three separate tests. b) Cytokinesis-block
proliferation index (CBPI): (number of mononucleated cells + 2 x number binucleated cells + 3 x number
multinucleated cells)/(sum of mononucleated, binucleated and multinucleated cells) ¢) nuclear division
index (NDI): (number of mononucleated cells + 2xnumber binucleated cells + 3x number of tri-nucleated
cells + 4x number of tetra-nucleated cells)/(sum of mononucleated, binucleated, tri-nucleated and tetra-
nucleated cells) d) replication index (RI): (100 - %cytostasis), * significantly different from negative
control group. The Kruskal-Wallis nonparametric analysis was used; the bars show the mean £ SEM of
three independent experiments (the p-value is displayed on the top of each bar). Dox: Doxorubicin, RA:
Rosmarinic acid, EGCG: Epigallocatechin gallate.
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4.1.2.1. WST-1-based cell cytotoxicity assay

The concentrations used in the MN assay were determined based on data obtained
from WST-1 cell viability tests performed prior to the MN experiment. TK6 cells were
treated with various concentrations of Dox (62.5, 125, 250 and 500 nM) for 24 h. Figure
23 shows the cell viability for TK6 cells after exposure to Dox for 24 h. The maximum
cytotoxic activity was detected at a concentration of 500 nM. Following Dox exposure,
TK6 cells showed a dose-dependent decrease in cell viability. The IC50 value of Dox was
172.95 £ 9.33 nM for 24 h.

150

~= 1001
e
z
=
3 -
> ¥
= 501 .
QL w
&}
0-
\e) N} S
g v S

Concentration of Dox (nM)

Figure 23. TK6 cells were treated with different concentrations of Dox for 24 h, and viability was
assessed by WST-1. Dox reduced cell proliferation in TK6 cells in a dose-dependent manner. The results
(mean + SEM) were expressed as a percentage of the control values. Data were analysed by Kruskal

Wallis test.*p < 0.05 vs. Control group.

The effects of different EGCG concentrations at 24 hours on cell viability in TK6
cells were also investigated. Different doses of EGCG (5, 10, 25, 50 and 100 M) were
applied to TK6 cells. The IC50 value of EGCG was found as 49.01 £ 8.85 uM. Figure 24
shows the cell viability on TK6 cells after 24 h treatment with EGCG.
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Figure 24. The effects of EGCG on cell viability of TK6. Data are represented of three separate repeats
tests and presented as mean = SEM. Data were analysed by Kruskal Wallis test, *p < 0.05 vs. Control

group.

RA was applied to TK6 cells at concentrations of 0.0625, 0.125, 0.25 and 0.35
mM for 24 hours. With the increasing treatments of RA, the cell viability of TK6 cells
decreased. In the calculation based on the percent viability of the control group, the IC50

value of RA was found as 0.22 + 0.05 mM. Figure 25 shows the effect of RA on cell

viability.
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Figure 25. The effects of RA on cell viability of TK6. Each bar represents the mean = SEM of three
independent experiments. Data were analysed by Kruskal Wallis test, *p < 0.05 vs. Control group and #p
<0.05 vs. RA 0.35 mM group.
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In addition, the possible protective effects of RA and EGCG alone or in
combination against the cytotoxic effect caused by Dox on TK6 cells were investigated
with the WST-1 assay. Considering Dox's IC50 value, the Dox 100 nM concentration was
chosen. The possible protective effects of RA and EGCG against Dox 100 nM were
investigated. TK6 cells were treated with various doses of EGCG, RA and their
combination for 24 h. Figure 26 shows the effect of EGCG, RA and their combinations

against Dox induced cytotoxicity.
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Figure 26. The protective effect of the combination of EGCG and RA against Dox induced cell viability.
*P < 0.05 indicates a statistically significant reduction in cell viability compared to the corresponding
untreated control. #P < 0.05 vs. EGCG 6.25 uM + RA 0.0625 mM, °P< 0.05 vs. RA 0.0625 mM, ¢ P <
0.05 vs. RA 0.03125 mM and EGCG 6.25 pM.

When EGCG 6.25 uM, RA 0.03125 mM, and RA 0.0625 mM administered alone
or in combination, they did not show a statistically significant protective effect against
cytotoxicity caused by Dox 100 nM. Although not statistically significant, 0.0625 mM
concentration of RA showed the most protective effect against cytotoxicity caused by

Dox.
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4.2 Microscopic analysis of ROS production

The oxidative stress status of various groups was assessed by DHE staining. The
amount of cellular superoxide at the concentration of Dox causing DNA damage was
determined by this test. The amount of ROS formed after Dox was applied to the cells
were assessed in a time-dependent manner. To clarify the antioxidant effect of RA and
EGCQG, Dox treated to provide a similar condition for oxidative stress. Dox treatment

increased the intensity of red color, as shown in Figure 27.

Control Dox 1000nM

Figure 27. Representative pictures of DHE stained CHO-K1 cells are shown. The photo on the left shows
the control group, whereas the one on the right shows the Dox concentration of 1000 nM after
application. Pictures were taken at 200-fold magnification.

The amount of intracellular ROS production after Dox administration in CHO
cells was investigated. Dox was applied to the cells for different time periods, 0.5, 1, 2,
and 4 hours, as shown in Figure 28. Superoxide production was increased in cells that

were treated with Dox 1000 nM for 0.5 hours or longer.
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Figure 28. Superoxide production was detected using the dye DHE in CHO-K1 cells treated with 1000
nM Dox for different time (0.5 h to 2 hr). DHE fluorescence was quantified using image j software,
which measured the mean grey value of 200 cells. Results are shown as mean + SEM of three separate
tests. The mean comparison of two independent groups was analyzed using the independent sample t-test.
*p <0.05 vs. Control group. Dox: Doxorubicin.

As a result of the time-response experiment, the highest amount of ROS
production was observed at 2 hours exposure of Dox 1000 nM. When the Dox group was
compared to the control group after 2 hours application, statistical significance was found.
The effect of RA and EGCG on intracellular oxidative stress was investigated after 2
hours of administration. In addition, the effect of RA and EGCG against the oxidative
stress caused by Dox applied to the cells for 2 hours was also investigated. The cells were
treated with Dox and RA for 2 hours to investigate the potential antioxidant activity of
RA in a cellular system. The effect of RA on Dox-produced superoxide in CHO cells was

shown in Figure 29.
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Figure 29. Superoxide production and its inhibition by RA in CHO-K1 cells. DHE fluorescence was
quantified using image j software, which measured the mean grey value of 200 cells Results are shown as
mean + SEM of three independent tests. Kruskal Wallis test was used for analysis, *p < 0.05 vs. Control
and #p< 0.05 vs. Dox 1000 nM. Dox: Doxorubicin, RA: Rosmarinic acid.

Ra ImM and Ra 0.5mM reduced the amount of ROS produced by Dox. The
decrease in the amount of ROS formed was statistically significant. When the
concentration of RA was doubled, there was no tragic concentration-dependent reduction
in the amount of Dox-induced ROS.

The effects of EGCG and RA and their combinations on ROS produced by Dox
in CHO-K1 cells were also studied. The cells were treated with Dox 1000 nM and
different concentrations of EGCG (50 and 100 uM) and Ra 1 mM alone or in combination
for 2 hours to investigate the potential antioxidant activity in a cellular system. The results

are shown in Figure 30.
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Figure 30. Intracellular ROS after treating the cells with RA ImM and EGCG (50, 100 uM) for 2 h with
and without the addition of Dox. DHE fluorescence was quantified using image j software, which

measured the mean grey value of 200 cells. Results are shown as mean + SEM of three independent tests.
Kruskal Wallis test was used for analysis, *p <0.05 vs. Control and #p< 0.05 vs. Dox 1000 nM. Dox:
Doxorubicin, RA: Rosmarinic acid, EGCG: Epigallocatechin gallate.

When RA 1mM and EGCG 50 uM were administered to CHO-K1 cells alone with
Dox, they reduced the amount of ROS produced by Dox. When RA ImM was
administered with Dox, it was found that reduced the amount of ROS formed compared
to the Dox 1000 nM group statistically significant. No reduction in ROS to the expected
degree was observed with the combined administration of EGCG 100 uM and RA 1 mM.
Surprisingly, there was an increase in the amount of ROS when 100 uM EGCG was
applied to CHO-K1 cells.

4.3 Mitochondrial Membrane Potential Assay

Mitochondrial membrane potential was detected using cationic fluorescent dye
(TMRE) by fluorescence plate reader. TMRE is a cationic red-orange dye that
accumulates in active mitochondria. Mitochondria that are depolarized or inactive have a
lower membrane potential and are unable to bind TMRE. In this study, firstly, Dox,
EGCG and RA were applied to TK6 cells alone. According to the results obtained from

these experiments, the concentration was determined for each sample. TK6 cells were
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exposed to different (10, 25, 50, 100 and 200 nM) concentrations of Dox for 24 h, the
mitochondrial membrane potential of TK6 cells changed with dose as assessed by the

TMRE assay, is shown in Figure 31.
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Figure 31. Dose-dependent effects of Dox on mitochondrial membrane potential. Antimycin A (AMA)
was used as a positive control, is an inhibitor of cellular respiration, was applied at the concentration of
50 uM for 30 min. The cells were incubated with 200 nM TMRE for 30 min at 37°C, 5% CQO2. Data are
expressed as mean values = SEM (n=3). Kruskal Wallis test was used for analysis, *P < 0.05 vs. Control
group, #P <0.05 vs Dox 10 nM. Dox: Doxorubicin.

A statistically significant difference was found when TK6 cells treated with Dox
100 and 200 nM concentrations were compared with the negative control group treated
with PBS.

Mitochondrial membrane potential of TK6 cells after 24 h of treatment with
EGCG (5, 10, 25 and 50 uM). The mitochondrial membrane potential, which changes

depending on the EGCG concentration, is shown in Figure 32.
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Figure 32. Dose-dependent effects of EGCG on mitochondrial membrane potential. Antimycin A (AMA)
was used as a positive control, is an inhibitor of cellular respiration, was applied at the concentration of
50 uM for 30 min. The cells were incubated with 200 nM TMRE for 30 min at 37°C, 5% CO2. Data are
expressed as mean values = SEM (n=3). Kruskal Wallis test was used for analysis, *P < 0.05 vs. Control
group and #P < 0.05 vs AMA 50 uM. EGCG: Epigallocatechin gallate.

EGCG 50 uM concentration decreased the mitochondrial membrane potential
statistically significantly when compared to the negative control group.
Then, the effect of RA on the mitochondrial membrane potential was investigated. The
mitochondrial membrane potential of TK6 cells after 24 h of treatment with RA ( 0.03125,
0.0625, 0.125 and 0.25 mM) is shown in Figure 33.
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Figure 33. Dose-dependent effects of RA on mitochondrial membrane potential. Antimycin A (AMA)
was used as a positive control, is an inhibitor of cellular respiration, was applied at the concentration of
50 uM for 30 min. The cells were incubated with 200 nM TMRE for 30 min at 37°C, 5% CQO2. Data are
expressed as mean values = SEM (n=3). Kruskal Wallis test was used for analysis, *P < 0.05 vs. Control
group and #P < 0.05 vs AMA 50 uM. RA: Rosmarinic acid.

Different doses of RA (0.03125, 0.0625 and 0.125 mM) were administered to TK6
cells to investigate the alteration of Dox (100 nM)-induced depolarization of
mitochondrial membrane potential. Figure 34 shows the effect of RA on mitochondrial

membrane potential.
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Figure 34. Mitochondrial membrane potential of TK6 cells after 24 h of treatment with 100 nM Dox
and/or RA. Mitochondria were labeled with the fluorescent probe 200 nM TMRE for 30 min. and 50 uM
AMA was used as a positive control. Data are expressed as mean values + SEM (n=3). Kruskal Wallis
test was used for analysis, *P < 0.05 vs. Control group, #P < 0.05 vs AMA 50 uM and e P < 0.05 vs.
Dox 100 nM. Dox: Doxorubicin, RA: Rosmarinic acid.

There was no statistically significant difference when the group in which RA was
applied together with Dox 100 nM compared with the group in which only Dox 100 nM
was applied. RA showed weak protective effect against Dox-induced oxidative stress.
The membrane potential is higher at low doses of RA, implying that cell viability is also
higher.

Different doses of EGCG (6.25 and 12.5 uM) were administered to TK6 cells to
investigate the alteration of Dox (100 nM)-induced depolarization of mitochondrial
membrane potential. Figure 35 shows the effects of combinations of Dox and EGCG on

mitochondrial membrane potential.
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Figure 35. Mitochondrial membrane potential of TK6 cells after 24 h of treatment with 100 nM Dox
and/or EGCG (6.25 and 12.5uM). Mitochondria were labeled with the fluorescent probe 200 nM TMRE
for 30 min. and 50 uM AMA was used as a positive control. Data are expressed as mean values + SEM
(n=3). Kruskal Wallis test was used for analysis, *P < 0.05 vs. Control group, #P < 0.05 vs AMA 50 uM
and e P <0.05 vs. EGCG 6.25 puM. Dox: Doxorubicin, EGCG: Epigallocatechin gallate.

Results revealed that EGCG did not showed any protective effect. In fact, as the
EGCG dose increased, the mitochondrial membrane potential decreased.
For the next study, it was investigated how Dox 100 nM-induced reduction in membrane
potential changed when EGCG and RA were applied simultaneously. Doses of EGCG
and RA that did not reduce mitochondrial membrane potential were chosen. Cells were
treated with different concentrations of both drugs either alone or in combination and
incubated for 24 h. For this experiment, the EGCG concentration was 6.25 uM, and the
RA concentrations were 0.03125 and 0.0625 mM.

When RA and EGCG were applied in combination, they did not significantly
affect the membrane potential reduction caused by Dox. Figure 36 shows the effects of
combinations of RA and EGCG on Dox-induced reduction of mitochondrial membrane

potential
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Figure 36. Mitochondrial membrane potential of TK6 cells after 24 h of treatment with 100 nM Dox and
combination of EGCG and RA. Mitochondria were labeled with the fluorescent probe 200 nM TMRE for
30 min. and 50 pM AMA was used as a positive control. Data are expressed as mean values + SEM
(n=3). Kruskal Wallis test was used for analysis, *P <0.05 vs. Control group, #P < 0.05 vs AMA 50 uM
and e P <0.05 vs. EGCG 6.25 uM and RA 0.03125 mM.

4.4 Mutagenicity and Antimutagenicity Assays
4.4.1 Bacterial Reverse Mutation Test Results

A standard plate incorporation Ames test was used for the mutagenicity assay.
The Ames assays were performed in the presence and absence of metabolic activation
system (S9). The mutant strains of Salmonella typhimurium TA98, TA97a, TA100,
TA1535, and TA102 were used in the study. First of all, it was investigated in which
bacteria strains showed mutagenic activity for different concentrations of Dox. Test

results were given in Table 11.
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Table 11. Mutagenic activity expressed as the mean and standard deviation of the number
of revertants/plate in Salmonella typhimurium TA98, TA97a, TA100, TA102, and
TA1535 strains exposed to Dox at various concentrations, with and without S9 metabolic

activation.

In the absence of S9

Number of colony/plate

TA98 TA97a TA100 TA102 TA1535
Negative 25.67+6.4 161.75+7.72 181.17+ 13.15 472.17+ 83.60 23,50 + 7,85
Control
Positive 922.3 +32.6" 610.5+19.17 896.8 £36.8" 979.5 + 28.9" 420.0 + 28.4"
Control
0.5 pg/plate 79.00 £9.5 198.00 + 1.73 209.50 +24.95 436.67+ 75.78 29.00 +7.18
1 pg/plate 209.33 +55.01" 179.00 + 18.36 197.17 £21.12 462.00+ 99,26 20.60 + 11.89
5 ng/plate 705.33 £ 17.47" 279.00 + 11.79" 341.67 £ 40.20° 538.50+ 77.36 26.20+9.15
10 pg/plate 744.67+ 29.69" 297.33+19.017 317.67 + 64.89° 550.17+ 51.30 22.50 +4.20
25 pg/plate 162.33+ 78.74 274.67 £29.74 141.33 £20.55 678.17+ 117.78" 16.00 = 3.74
50 pg/plate 18.33+5.86 17.67+ 6.43 107.83 £71.32 720.83+ 77.95" 3.60 + 0.89"
100 pg/plate 1.33+0.58 11.67£1.15 12.00+ 8.83" 974.33+ 33.26" 1.00 £ 0.45"
In the presence of S9
Negative 29.67+ 3.79 389.33 £ 78.56 146.50 +£27.31 537.67 + 18.42 12,67+ 1,53
Control
Positive 657.7 £20.6° 593.3+36.7 618.8 +50.4" 1124.0 £ 53.40° 98.3+99"
Control
0.5 pg/plate 52.67+15.18 292.33 £ 12,66 144.50 + 34.65 510.67+47.35 13,00 = 2,00
1 pg/plate 58.67 = 3.06 348,33 + 63,00 179.00 £ 21.79 611.50 +57.17 16,00 + 4,58
5 ng/plate 170.00 + 8.72 436,00 + 78,43 272.00 £27.84 680.33 £69.77" 16,67 = 3.06
10 pg/plate 362.00 + 12.77° 265,67 £ 75,59 286.75 + 28.92° 794.67 + 53.32° 13,67 = 3.06
25 pg/plate 482.33 £57.74 109,67 + 10,41° 116.25 £35.61 786.33 + 126.28" 9,33 £2.08
50 pg/plate 218.33 +18.01° 60,00 + 10,00 48.25 +38.16 798.33 + 174.14 4,67 +£1,53
100 pg/plate 12.67 £ 4.51 30,67+ 7,37 4.00 +2.94 1255.83 +325.54" 2,33+1,15"

Dunnett’s multiple comparison test was carried out for statistical analysis. Control vs Treatment, *p < 0.05. PBS (50

uL/plate) was used as a negative control. With the S9 experiments, 2-aminofluorene (2-AF - 5 pg/plate) was used as a

positive mutagen for TA98, TA100 and TA97a strains, 2-Amino anthracene (2-AA — 10 pg/plate) was used a positive

mutagen for TA102 and TA1535. In the absence of S9 mix, 4-nitro-o-phenylenediamine (NPD - 20 pg/plate) was

used as a positive direct mutagen for the TA98 and TA97a strain, sodium azide (SA - 1 pg/plate) was used as positive

direct mutagen for TA100 and TA1535 strains and mitomycin C (0.5 pg/plate) was used as a positive mutagen for

TA102 strain.
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In strain TA 98, in the presence and absence of metabolic activation, the
concentration of 100 pg/plate resulted in a reduction in the number of revertant colonies
as a result of Dox-induced toxicity. In the absence of metabolic activation in TA98
bacterial strain, Dox showed mutagenic activity from the lowest applied concentration to
50 pg/plate concentration. The number of bacteria began to decrease at a dosage of 50
ng/plate. This indicates that at this concentration, toxicity has begun. According to the
Dox concentrations applied to the plates at 0.5, 1, 5, 10, and 25 pg/plate, the mutagenic
index (MI) were 3.08, 8.15, 27.48, 29 and 6.32, respectively. These concentrations more
than doubled the number of colonies compared to the control groups. In this case, Dox
showed high mutagenic activity.

The MI value was less than 2 in the presence of metabolic activity at 0.5 and 1
ng/plate concentrations. Dox did not show mutagenicity at these low concentrations. MI
values for 10, 25 and 50 pg/plate concentrations were 5.73, 12.20, 16.25 and 7.35,
respectively. In the presence and absence of S9, none of the Dox concentrations tested in
strain TA97a had a MI value higher than 2. The number of revertant bacterial colonies in
TA97a strain without S9 mix was statistically significantly higher than the control group
at only 5 and 10 pg/plate concentrations. Dox showed mild mutagenic effects at these
doses. In addition, mean number of colonies were reduced in strain TA97a in the presence
and absence of metabolic activation at the two highest doses of Dox. This decrease in the
number of bacterial colonies is due to toxicity caused by Dox. S. typhimurium TA100
strain exposed to different concentrations of Dox, did not show a two-fold or greater
increase in the mean number of revertants compared to the negative control group. The
toxicity of Dox induced a reduction in the number of revertants in the TA 100 strain with
and without S9 mix at a concentration of 100 pg/plate. Mild mutagenic activity was
observed at 5 and 10 g/plate concentrations of Dox in the absence of metabolic activation
in the TA100 strain, while mild mutagenic activity was observed at 10 pg/plate
concentration in the presence of metabolic activation. Mutagenic activity was observed
in TA102 strain at 100 pg/plate with 2.34 and 2.06 MI, respectively, in the presence and
absence of metabolic activation. In TA102 strain, no toxicity was observed to reduce
bacterial colony growth at any concentration where Dox was tested. Dox did not show
mutagenicity in TA1535. In the experiments performed without metabolic activation in
TA1535 strain, Dox showed a toxic effect at doses of 50 and 100 pg/plate, and Dox

showed a toxic effect at a dose of 100 pg/plate in the presence of metabolic activation.
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These results indicate that Dox has a mutagenic activity in strains TA 98 and TA102, in
the presence and the absence of metabolic activation. Dox showed dose-response effect
in TA98 and TA102 strains, and MI was found greater than 2 in these strains.
Mutagenicity studies of EGCG and RA were also performed on these two strains. Table
12 shows average the number of revertants bacteria colonies /plate and the standard
deviation after the treatments with the RA, in the two different strains of Salmonella
typhimurium TA 98 and TA102, with or without metabolic activation.

Table 12. Mutagenicity results of RA in Salmonella typhimurium TA98 and TA102
strains exposed to RA at various concentrations (1-1000 pg/plate), with and without S9
metabolic activation.

In the absence of S9 Number of colony/plate
TA98 TA102

Negative Control 36.67 £ 5.51 474,00 + 88,43
Positive Control 976.5 £19.5" 989.5 + 18.9"
1 pg/plate 26,00 + 7,07 429,33+ 67,14
10 pg/plate 31,00 = 4,24 404,00 = 49,51
100 pg/plate 34,50 £ 9,19 339,00 + 59,91
500 pg/plate 31,67 +8,08 421,00+ 37,24
1000 pg/plate 32,67 +£7,09 378,67 £ 49,94

In the presence of S9

Negative Control 32.50+0.71 383.00 = 13.53
Positive Control 609.7 £10.6" 1124.0 + 153.0"
1 pg/plate 38.00 +4.24 412,50 + 45,96
10 pg/plate 31.00 +2.83 427,00 + 24,04

100 pg/plate 26.50 +£2.12 423,00 +21,21
500 pg/plate 36.00 + 8.49 357,50 £ 17,68

1000 pg/plate 27.50+£2.12 339,00 + 1,41

Dunnett’s multiple comparison test was carried out for statistical analysis. In the assay without metabolic activation, 4-nitro-o-
phenylenediamine (NPD — 20 pg/plate) was used as a positive direct mutagen for the TA98 strain and mitomycin C (0.5 pg/plate)
was used as a positive mutagen for TA102 strain. With the S9 experiments, 2-aminofluorene (2-AF - 5 ng/plate) was used as a

positive mutagen for TA98 and 2-Amino anthracene (2-AA — 10 pg/plate) was used a positive mutagen for TA102.
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Table 13 shows the mutagenicity of EGCG using Salmonella typhimurium TA98
and TA102 strains in presence and absence of S9 mix. The mutagenicity of EGCG was

tested with doses ranging from 1 to 1000 g/plate.

Table 13. Mutagenicity results of EGCG in Salmonella typhimurium TA98 and TA102
strains exposed to EGCG at various concentrations (1-1000 pg/plate), with and without
S9 metabolic activation

In the absence of S9 Number of colony/plate
TA98 TA102
Negative Control 28.50£0.71 455.5+21.92
Positive Control 976.5 £19.5" 989.5+18.9
1 pg/plate 39.00 = 8.49 378.0 £ 19.80
10 pg/plate 23.50+2.12 392.0 +£8.49
100 pg/plate 27.00 + 1.41 458.5+9.19
500 pg/plate 30.00+11.31 422.0£77.78
1000 pg/plate 27.00 +1.41 420.5+41.72

In the presence of S9

Negative Control 34.00+1.73 383.00 + 13.53
Positive Control 609.7 +10.6" 1124.0 + 153.0
1 pg/plate 35.00+2.83 417.50 £ 61,52

10 pg/plate 25.50+£2.12 358.5+£50.20

100 pg/plate 25.50 £4.95 331.0£16.97

500 pg/plate 33.00+4.24 416.0 +42.43

1000 pg/plate 30.50£0.71 360.5 + 81.32

Dunnett’s multiple comparison test was carried out for statistical analysis. In the assay without metabolic activation, 4-nitro-o-
phenylenediamine (NPD — 20 pg/plate) was used as a positive direct mutagen for the TA98 strain and mitomycin C (0.5 pg/plate)
was used as a positive mutagen for TA102 strain. With the S9 experiments, 2-aminofluorene (2-AF - 5 ng/plate) was used as a

positive mutagen for TA98 and 2-Amino anthracene (2-AA — 10 pg/plate) was used a positive mutagen for TA102.

The mutagenic potential of RA and EGCG were determined at different
concentration levels by using TA98 and TA102 strains with and without metabolic
activation. The results showed that RA and EGCG, at concentrations ranging from 1 to

1000 pg/plate, did not influence growth of bacteria, suggesting no toxicity in the tested
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strains TA98 and TA102 at concentrations up to <1000 ng/plate with or without S9 mix.
The results also showed that in the presence of varying doses of RA and EGCG, the
mutation frequencies for the examined strains did not alter considerably when compared
to spontaneous mutation frequencies in TA98 and TA102 strains with and without

metabolic activation.

4.4.2 Antimutagenicity Assay Results

The Ames test is a commonly used method used to determine whether or not a
substance is antimutagenic. Considering the increase in the number of bacterial colonies
after Dox was applied to TA 98 and TA 102 bacterial strains, antimutagenicity tests
against Dox were continued with these strains. In this study, Dox was used as direct and
indirect mutagen for TA98 and TA102 strains. RA was found to reduce the number of
revertants produced by Dox (5 pg/plate) to TA98 strain with metabolic activation. For
100 pg/plate, 500 pg/plate, and 1000 pg/plate the percentage of inhibition produced by
RA was 26.14, 32.98, and 45.2% respectively. However, the inhibition rate of RA was
found below 25% in antimutagenicity studies performed on TA98 strain without S9
mixture. EGCG exhibited strong antimutagenic activity at dose of 1000 pg/plate (60.27
% and 45.07 % inhibition, respectively) against Dox in the presence and absence of S9
mix in TA98 strain. Possible protective effects against mutagenicity caused by Dox 5
ng/plate were also investigated in combination. RA and EGCG were combined using the
same concentrations. These concentrations were chosen as 250, 500 and 1000 pg/plate.
In the experiment performed without metabolic activation in TA9S strain, the inhibition
rate was found to be 35.74 % at 250 pg/plate and 42.22 % at 500 pg/plate concentration
of both RA and EGCG. When RA and EGCG were performed using 1000 pg/plate
concentrations, inhibition was found to be 65.57%. Strong antimutagenic activity was
observed in the two highest combinations. Moderate antimutagenic activity was observed
in the study using 250 pg/plate concentration of EGCG and RA. However, in the presence
of metabolic activation, the inhibition rate was not that high in TA9S8 strain. In the
antimutagenicity experiment using 250 pg/plate doses of both RA and EGCG, inhibition
was found to be 5.06%, while it was 29.80% at 500 pg/plate concentration and 56% at
1000pg/plate concentration. Strong antimutagenic activity was observed at high

concentration. Figure 37 shows the results of studies on the antimutagenic potential of
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Antimutagenic activity (inhibition %)

RA, EGCG and a combination of RA and EGCG in the presence and absence of metabolic

activity in strain TA98.
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Figure 37. Inhibitory effect of RA, EGCG also combination of RA and EGCG against the mutagenicity
of Dox ( Sug/plate) to Salmonella typhimurium TA98 strain. (a) Antimutagenic effect of RA against Dox-
induced mutagenicity in the absence of metabolic activation in strain TA98. (b) Antimutagenic effect of
RA against Dox-induced mutagenicity in the presence of metabolic activation in strain TA98. (c)
Antimutagenic effect of EGCG against Dox-induced mutagenicity in the absence of metabolic activation
in strain TA98. (d) Antimutagenic effect of EGCG against Dox-induced mutagenicity in the presence of
metabolic activation in strain TA98. (e) Antimutagenic effect of combination of RA and EGCG against
Dox-induced mutagenicity in the absence of metabolic activation in strain TA98. (f) Antimutagenic effect
of combination of RA and EGCG against Dox-induced mutagenicity in the presence of metabolic
activation in strain TA98. PBS (50 pL) was used as a negative control. Each value is expressed as mean +

SEM.
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In TA102 strain, all concentrations of RA showed weak antimutagenicity against
Dox-induced mutagenicity without S9 mix, in the presence of metabolic activation, RA
showed a weak antimutagenic effect up to 1000 pg/plate concentration, while it showed
moderate inhibitory effect at 1000 pg/plate concentration. The antimutagenicity of EGCG
increased from 37.86% to 50.51% in a dose-dependent manner without metabolic
activation and inhibition increased from 25.45% to 62.91% in the presence of metabolic
activation. At a concentration of 1000 pg/plate, EGCG showed strong antimutagenic
activity in the presence and absence of S9 in strain TA102 strain. In antimutagenicity
studies where RA and EGCG were used together, inhibition increased as the RA and
EGCG concentrations increased. In the case of TA102 with and without S9 mix
activation, a weak inhibitory effect was shown by combination of RA and EGCG at 250—
500 pg/plate also a moderate inhibitory effect was shown at 1000 pg/ plate. Figure 38
shows the results of studies on the antimutagenic potential of RA, EGCG and a

combination of RA and EGCG in the presence and absence of metabolic activity in strain

TA102.
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Figure 38. Inhibitory effect of RA, EGCG also combination of RA and EGCG against the mutagenicity
of Dox (5 pg/plate) to Salmonella typhimurium TA102 strain. (a) Antimutagenic effect of RA against
Dox-induced mutagenicity in the absence of metabolic activation in TA102 strain. (b) Antimutagenic
effect of RA against Dox-induced mutagenicity in the presence of metabolic activation in TA102 strain.
(c) Antimutagenic effect of EGCG against Dox-induced mutagenicity in the absence of metabolic
activation in TA102 strain. (d) Antimutagenic effect of EGCG against Dox-induced mutagenicity in the
presence of metabolic activation in TA102 strain. (¢) Antimutagenic effect of combination of RA and
EGCQG against Dox-induced mutagenicity in the absence of metabolic activation in TA102 strain. (f)
Antimutagenic effect of combination of RA and EGCG against Dox-induced mutagenicity in the presence
of metabolic activation in TA102 strain. PBS (50 uL) was used as a negative control. Each value is

expressed as mean + SEM.
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4.5 Anticancer Activity
4.5.1 Determination of IC50 value by WST-1 Assay

Cytotoxic effect of Dox, RA and EGCG on MCF-7, MDA-MB-231 and MCF12A
cells were evaluated using WST-1 assay. The estimated IC50 values of all chemicals
analyzed in this study on cancer cell lines MCF-7, MDA-MB-231, and on the non-

tumorigenic immortalized cell line MCF-12A are summarized in Table 14.

Table 14. The concentrations of the studied compounds that inhibit 50% of cell survival
(IC50).

Cancerous cell line Normal cell line
Compounds
MCF-7 MDA-MB-231 MCFI12A
DOX (uM) 1.71 £ 0.88 20.64 + 5.87 31.99 +£5.31
EGCG (uM) 108.41 + 6.90 40.16 +4.76 191.77 £ 6.10
RA (mM) 0.33+0.11 0,16 £ 0.04 0.58+0.14

For three independent observations, all substances were tested in triplicate. Values are given as mean = S.D.

Dox, RA and EGCG were applied to cell lines for 24 hours. The highest activity
was displayed by Dox in MCF-7 and MDA-MB-231 cancer cells (IC50 = 1.71 and 20.64
uM, respectively). The IC50 of DOX for MCF12A was higher than that of cancer cells.
While the IC50 value of EGCG was found 40.16 uM in the MDA-MB-231 cell line, but
the IC50 value increased in MCF-7, another breast cancer cell line, and was found 108.41
puM. The IC50 value was found 191.77 uM in the normal breast epithelial cell line. RA
was found to have cytotoxic activity in the cancer cell lines studied, but IC50 values
(range 0.33 — 0.16 mM) were higher than Dox and EGCG. The IC50 value of RA found
in normal cells (0.58 mM) is higher than the IC50 value found in MCF-7 and MDA-MB-
231 cell lines.

4.5.2 Selectivity Indexes (SI) of Samples

To determine the toxicity of these compounds, the cytotoxic effects were investigated in
normal breast cell line (MCF12A). The SI value is the ratio of the IC50 value found in
the normal cell line to the IC50 value found in the tumor cell line. A higher SI value
indicates higher anticancer specificity, and compounds exhibiting SI values greater than
3 are considered highly selective. The SI values of RA,EGCG and Dox are shown in
Table 15.
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Table 15. Calculated SI of compounds using MCF12A cells as reference

SI
Compounds
MCEF-7 MDA-MB-231
DOX 18.71 1.55
EGCG 1.77 4.78
RA 1.76 3.63

SI: selective index, IC50 for normal cell line/IC50 for cancerous cell line

The SI > 3 indicates that the cytotoxic effect of the samples is selective against
MCF-7 cells and MDA-MB-231. Dox showed SI= 18.71 and SI= 1.55, respectively,
against MCF-7 and MDA-MB-231 cells while EGCG exhibited SI = 1.77 and SI =4.78,
respectively, against the same cell lines. The SI values of RA in MCF-7 and MDA-
MB-231 cancer cells were 1.76 and 3.63, respectively. In MCF-7 cancer cells, the SI
value of Dox was as high as 18.71, indicating greater anticancer specificity. However,
RA and EGCG did not show selectivity in MCF-7 cells, but showed selectivity in MDA-
MB-231 cell line. A SI (<1) indicates that the sample is likely to be toxic and therefore
cannot be used as a drug. The SI values of the substances used in the study were not found

less than 1.

4.5.3 Evaluation of Combination Effect by Coefficient of drug interaction (CDI)

Following the cell viability results, CDI was investigated, as shown in Table 15-
18. MDA-MB-231 and MCF-7 cells were treated for 24 h with increasing concentrations
of RA and EGCG in the presence of a fixed concentration of Dox to assess potential
synergy between Dox and RA or EGCG. To investigate the possible synergistic inhibitory
effects of the combination of EGCG and RA with Dox, they were mixed at a fixed ratio
(1:1, v/v) and applied to the cells in combination at different concentrations. The selected
Dox concentration is close to the IC50 value obtained from the WST-1 cell viability assay.
A constant concentration of Dox was chosen in both cell lines. On the other hand,
different concentrations of EGCG and RA which were lower and higher than the IC50
values, were chosen and combined with Dox. The viability of MDA-MB-231 cells were
decreased in the presence of Dox and EGCG. EGCG potentiated the inhibitory effects of
Dox on MDA-MB-231 cells. CDI was calculated using results from the WST-1 cell
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viability assay. CDI values calculated after administration of combined doses of Dox 12.5

uM and EGCG (10, 20, 40 and 80 uM) to MDA-MB-231 cells are shown in Table 16.

Table 16. Determination of CDI in MDA-MB-231cells by co-administration of Dox
and EGCG

Co-Administration Combination CDI
Dox 12.5 uM + EGCG 10 uM 0.014
Dox 12.5 uM + EGCG 20 uM 0.014
Dox 12.5 uM + EGCG 40 uM 0.013
Dox 12.5 uM + EGCG 80 uM 0.013

CDI: coefficient of drug interaction (CDI value < 0.7 significantly synergistic effect, CDI value < 1
synergistic effect, CDI value = 1 additive effect, CDI value > 1 antagonistic effect). CDI = AB/(A B),
where AB is the ratio of the absorbancy values of the combination (A + B) and control groups, and A or
B is the ratio of the single agent and control group absorbancy values. Dox: Doxorubicin, EGCG:

Epigallocatechin gallate.

The CDI value of all Dox and EGCG combinations were less than 0.7. When the
CDI is less than 0.7, the drugs are significantly synergistic. In the MDA-MB-231 cell
line, concentrations lower and higher than the IC50 value of RA were studied to evaluate
the possible synergistic effect of RA. Concentrations of RA 0.03125, 0.0625, 0.125, 0.25
and 0.5 mM were chosen and combined with Dox 12.5 pM concentration.

The combination of Dox and RA produced synergistic effects depending on the
range of cell viability level. All combinations applied to cells showed a significantly

synergistic effect.The calculated CDI values are shown in Table 17.
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Table 17. Determination of CDI in MDA-MB-231cells by co-administration of Dox
and RA

Co-Administration Combination CDI
Dox 12.5 uM + RA 0.03125 mM 0.014
Dox 12.5 uM + RA 0.0625 mM 0.014
Dox 12.5 uM + RA 0.125 mM 0.014
Dox 12.5 uM + RA 0.25 mM 0.015
Dox 12.5 uM + RA 0.5 mM 0.012

CDI: coefficient of drug interaction (CDI value < 0.7 significantly synergistic effect, CDI value < 1
synergistic effect, CDI value = 1 additive effect, CDI value > | antagonistic effect). CDI = AB/(A B),
where AB is the ratio of the absorbancy values of the combination (A + B) and control groups, and A or
B is the ratio of the single agent and control group absorbancy values. Dox: Doxorubicin, RA:

Rosmarinic acid.

The possible synergistic effect of EGCG and RA when co-administered with Dox was
also investigated in another breast cancer cell line, MCF7. EGCG 40,80 and 200 uM
concentrations were combined with Dox 2.5 uM concentration and applied to the cells.
The calculated CDI values were found to be less than 0.7. This result shows us that EGCG

enhances the anticancer effect of Dox. The calculated CDI results are shown in Table 18.

Table 18. Determination of CDI in MCF-7 cells by co-administration of Dox and
EGCG

Co-Administration Combination CDI
Dox 2.5 uM + EGCG 40 uM 0.009
Dox 2.5 uM + EGCG 80 uM 0.010

Dox 2.5 uM + EGCG 200 uM 0.019

CDI: coefficient of drug interaction (CDI value < 0.7 significantly synergistic effect, CDI value < 1
synergistic effect, CDI value = 1 additive effect, CDI value > | antagonistic effect). CDI = AB/(A B),
where AB is the ratio of the absorbancy values of the combination (A + B) and control groups, and A or
B is the ratio of the single agent and control group absorbancy values. Dox: Doxorubicin, EGCG:

Epigallocatechin gallate.

The effects of combinations of RA and Dox on MCF-7 cells were also
investigated. RA 0.125, 0.25 and 0.5 mM concentrations were combined with Dox 2.5
uM concentration and applied to the cells. As shown in Table 19, the CDI of RA in
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combination with Dox in MCF-7 breast cancer cells was less than 0.7, which means the

drugs acted significantly synergistic.

Table 19. Determination of CDI in MCF-7 cells by co-administration of Dox and RA

Co-Administration Combination CDI
Dox 2.5 uM + RA 0.125 mM 0.010
Dox 2.5 uM + RA 0.25 mM 0.017
Dox 2.5 uM + RA 0.5 mM 0.047

CDI: coefficient of drug interaction (CDI value < 0.7 significantly synergistic effect, CDI value < 1
synergistic effect, CDI value = 1 additive effect, CDI value > | antagonistic effect). CDI = AB/(A B),
where AB is the ratio of the absorbancy values of the combination (A + B) and control groups, and A or
B is the ratio of the single agent and control group absorbancy values. Dox: Doxorubicin, RA:

Rosmarinic acid.

The CDI value was less than 0.7 in all studied combinations. As a result, RA and
EGCG increased Dox- mediated cell death. In addition, the triple combination of RA,
EGCG and Dox was applied to MCF-7 and MDA-MB-231 cells. Inhibition of breast
cancer cells using the WST-1 assay was determined by applying different concentrations
of three substances (Dox+RA+EGCG). These combination effects were further
evaluated on the basis of the synergistic equations for triple combination of drug. The
effect of the triple combination of substances on MCF-7 cells was investigated with
different concentrations of Dox 2.5 uM, EGCG 40 uM and RA (0.0625, 0.125 and 0.25
mM). All of the triple combinations made showed a synergistic effect in the MCF-7 cell
line. When EGCG and RA were applied to MCF-7 cells together, DOX-induced
antitumor effects were increased. There was a significant decrease in cell proliferation
with the combination treatment. Dox 12.5 uM concentration, EGCG 40 uM concentration
and different concentrations of RA (0.125, 0.25 and 0.5 mM) were selected in MDA-MB-
231 cells. The results were evaluated according to the triple drug combination equation.
According to the results, after the application of RA and EGCG with Dox to MDA-MB-
231 cells, it showed an antagonistic effect according to triple drug equation. While
synergistic effect was observed in MCF-7, it was thought that the reason for the antagonist
effect in MDA-MB-231 cells was due to the different physiological characteristics of the

two cell lines.
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5. DISCUSSION

Dox commonly used to treat breast, ovarian, uterine, lung and cervical cancers, as
well as Hodgkin's disease, primary soft tissue and bone sarcomas, and a number of other
cancers. However, Dox treatment is associated to dose-dependent cardiotoxicity and its
clinical use is limited. Dox appeared to cause membrane changes via lipid peroxidation,
free radical formation, decreased myocardial DNA and RNA synthesis and
cardiomyocyte apoptosis. Not only cardiomyocytes are a target of Dox toxicity, but also
endothelial cells are affected. Dox, like other topoisomerase II inhibitors, has been
showed to cause genotoxicity in both in vivo and in vitro studies. Also, Dox-therapy
patients may experience myelosuppression and genotoxicity, which can cause secondary
cancer. The formation of ROS / RNS as a result of redox-cycling drugs is one of the most
prevalent causes of drug-induced toxicity, which is a complex process. As a result, it has
been proposed that some phytochemicals with strong antioxidant capacity, when
combined with antitumour agents, can decrease the toxic side effects of chemotherapy
caused by oxidative stress, and thereby reduce the risk of cardiotoxicity (232-234).

Antioxidants, general blocking agents and free radical scavenging agents, and are
present in plant-derived foods. Natural compounds are considered to have the ability to
minimize chemotherapy genotoxicity on normal cells as well as physiological adverse
effects (235). Natural substances have been shown to protect against the mutagenic
activities of a variety of compounds (2,236,237). Polyphenols are a class of
phytochemicals that includes various compounds found naturally in mostly edible plants,
and the most studied group is the flavonoids. These compounds contribute to the
prevention of diseases and the preservation of genomic instability by showing
antioxidant, antimutagenic and anticarcinogenic effects. Polyphenols increase cell
viability with their antioxidant effects, and inhibit tumor growth by stimulating apoptosis
with their pro-oxidant effects (238-240). Although both EGCG and RA are phenolic
compounds, they belong to different chemical classes. EGCG is tannin with flavan-3-ol
structure esterified with gallic acid, while RA is a phenolic acid. Since EGCG contains
more phenolic —OH groups than RA, it was shown to have higher scavenging activity
when compared to RA in a study conducted by Soobrattee et al. (11). Therefore, we aimed
to investigate whether EGCG has a stronger antioxidant and therefore antigenotoxic
activity against Dox than RA. To our knowledge, the protective effect of the EGCG and

RA together against Dox-induced genotoxicity in normal cells has not been investigated
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before. In addition, the effect of this triple combination on breast cancer cells has not been
investigated before. For these reasons, EGCG and RA which are polyphenolic antioxidant
plant extracts were studied in this thesis.

The effects of Dox on DNA damage, cell viability and oxidative stress were
investigated. The ability of RA and EGCG to protect cells from the toxicity caused by
Dox, or to reduce the toxicity, was also studied. In addition, anticancer activities were
investigated when they are used alone or together using breast cancer cells. The rationale
behind this study was to link genotoxicity of Dox and protective effect of
phytochemicals.

Three well known genotoxicity tests (micronucleus, Ames and comet tests) were
used to examine the genotoxic effect induced by Dox, due to their capability to evaluate
diverse endpoints that would assist appropriate conclusion of an agent's function®!. In
TK6 and CHO-K1 cells, the alkaline comet test was applied to detect Dox-induced DNA
fragmentation. Because of their widespread use and applicability in genotoxicity testing,
the TK6 and CHO-K1 cell lines were selected in this study?*?. Overall, the DNA
damaging capacity of Dox was investigated for TK6 and CHO-K1, and the effect of RA
and EGCG in protecting against Dox-induced damage was examined.

According to results, the increase in the amount of DNA tail from 1000 nM
concentration to 4000 nM concentration was statistically significant, when comparing to
the negative control group. Dox caused DNA damage in CHO-K1 cells in a dose
dependent manner (243,244). Similarly, earlier studies have shown that Dox causes DNA
strand breaks in V79 cells (Chinese hamster lung fibroblasts) in a concentration-
dependent manner. In another study in V79 cells, different concentrations of Dox 0, 1,
2.5, 5, 10, 25 or 50 pg/ml were applied to the cells. Dox increased DNA damage in a
concentration-dependent manner. Also, at different times, cells were exposed to Dox. As
a result of this study, maximum DNA damage was detected in cells exposed to Dox at a
concentration of 10 pg/ml for 1 hour (245). In our study, the number of ghost cells were
increased significantly in a dose-dependent manner. At the highest dose of 4000 nM there
was an increase in the number of ghost cells. Hedgehog cells (ghost cells) are apoptotic
cells that arise from heavily damaged cells. Despite the fact that there are strong
arguments against associating such comets with apoptotic cells, they are frequently used
as indicators of cytotoxicity that results in cell death (246).

When most of the DNA is in the tail, the comet assay's dynamic range is limited,

and it becomes saturated (247). The saturation limit of the assay is reached at the highest
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concentration of 4000 nM of Dox in our study. The comet tail length values increase
between 0—2000 nM and then reach a plateau. For these reasons, the Dox concentration
of 1000 nM was selected to investigated the protective effect of phenolic compounds
against the genotoxicity of Dox in CHO cell line.

The experiments were also carried out with TK6 cells. A human cell, TK6, was
used because it was thought that the response of human cells to applied chemicals would
be more sensitive than animal cell lines. Some laboratories choose TK6 cells because they
are human-derived and have a functioning p53 gene, as opposed to rodent cell lines with
a deficient p53 function (248). TK6 cell was exposed to different concentrations of Dox
for 4 hours and the amount of DNA tail formed was evaluated. The increase in the amount
of DNA tail from 250 nM concentration to 2000 nM concentration was statistically
significant, when comparing to the negative control group. As a DNA damaging agent,
concentration of Dox 500 nM was used in TK6 cells. TK6 cells were more sensitive to
Dox compared to CHO-K1 cells. Therefore, the concentration of Dox causing DNA
damage was used at a lower concentration in the TK6 cells compared to the CHO-K1 cell
line. These concentrations were chosen because they did not cause cytotoxicity and did
not cause a significant increase in the number of ghost cells. The optimum genotoxic
effect was also observed at these concentration levels. The protective effects of phenolic
compounds against the genotoxic effects of Dox at these concentrations were investigated
by the comet test. Studies have been conducted using different concentrations to find the
dose range showing the protective effect of RA. Cells were pre-incubated with RA for 15
minutes before exposure with Dox and RA for 4 hours. Many phenols have chemical
structures and solubility properties that make it easy for them to enter the cell and oxidize
through numerous metabolic pathways. Antioxidants are first treated into cells to exert
protective effects and enter the cell before positive control (249). Dietary phenolic
compounds are usually consumed in diluted doses of less than hundreds of miligrams. As
a result, human bioavailability of phenols obtained from diet is very low (250). Therefore,
possible protective effects were investigated by using low concentrations of RA and
EGCG first. In our initial experiments, different concentrations of RA (1 uM, 5 uM, and
10 uM) did not show protective effect against 1000 nM Dox in the CHO-K1 cell. No
protective effect was observed in CHO-K1 cells at RA concentrations less than 0.5 mM.
RA 0.5 mM and 1 mM concentrations reduced Dox-induced DNA damage. Despite the
fact that the concentration was doubled, the amount of DNA damage reduction was not

changed. The absence of a major dose-dependent protective effect of RA suggests that

120



there is an optimum concentration for the maximum protective effect of RA. The comet
assay showed that increasing the concentration of RA above the optimum concentration
had no effect. In a similar study on the protective effects of RA, an optimum concentration
was found at which RA had a protective effect against Dox, and the effect did not change
at concentrations higher than this optimum level (9). In our study, co-administration of
100 uM RA with Dox 500 nM showed an optimum protective effect by decreasing DNA
tail length in TK6 cell line. Possible protective effects of EGCG against Dox-induced
genotoxicity in CHO-K1 cells were investigated using 3 different concentrations (5, 50
and 100 uM). However, no protective effect was observed. Surprisingly, when we applied
higher concentrations of EGCG, it caused DNA damage. Similarly, as a result of the
comet assay performed on TK6 cells, it was found that EGCG caused DNA damage above
a certain concentration. EGCG alone was found to induce DNA damage at concentrations
above 25 uM. In contrast, at the concentrations betweenlO and 25 uM, EGCG
significantly reduced oxidative DNA damage induced by Dox in TK6 cells. Previous
studies revealed that EGCG has both anti and pro-oxidant properties (251). EGCG is the
most effective tea catechin in reacting with most reactive oxygen species. Catechins, on
the other hand, can undergo auto-oxidation and function like pro-oxidants under certain
circumstances (252). It is stated that the effect of killing cancer cells and directing them
to apoptosis is due to this pro-oxidant characteristic (253).

In a few studies looking at the protective effect of EGCG against oxidative DNA
damage in various cell lines, it was found that EGCG prevented DNA damage at low
doses, while it behaved as a pro-oxidant at high concentrations. It was observed that 200
uM of EGCG elevated oxidative DNA damage in human lymphocyte DNA caused by
H>0, (254). Another study found that EGCG at concentrations above 100 uM induced
oxidative DNA damage in Jurkat T-lymphocytes and 10 uM EGCG inhibited DNA
damage induced by 3-morpholinosidnonimin and H2O: in the same cell line (255).
Moreover, EGCG has been shown to induce DNA damage, mutagenicity and cell death
in human lung and normal skin cells. Low concentrations of EGCG were considered to
scavenge free radicals, preventing oxidative damage to cellular DNA, whereas high
concentrations of EGCG alone were considered to cause DNA damage (256). In a similar
study, the effect of EGCG on DNA damage induced by H>O> in human lymphocytes was
investigated by comet assay. DNA damage was observed at all concentrations studied
above 5 uM EGCG alone. However, EGCG at concentrations of 0.01-10 uM significantly
reduced oxidative DNA damage caused by H>O; (257). Kanadzu et al. found that low
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concentrations of EGCG prevented DNA strand breaks caused by mutagens in human
lymphocytes, but high concentrations of EGCG caused DNA breakage in human
lymphocytes (251). Glei et al., reported that EGCG reduced strand breaks induced by
another chemotherapeutic drug, Bleomycin, in human peripheral blood lymphocytes in
vitro as measured by the comet assay. They concluded that this effect was probably due
to the free radical scavenging activity of EGCG (258).

The comet test has been used in a number of studies to evaluate the genoprotective
effect and genotoxicity of RA. The previous results on protective effect of RA are similar
to those in our study. In a study conducted by Furtado el al. (2010), 0.28, 0.56, and 1.12
mM of RA were used in V79 cells alone or in combination with Dox for 3 hours. When
the comet test was performed to evaluate the results, it was observed that RA had no
genotoxic effects and significantly reduced Dox-induced DNA damage at all three
concentrations tested (9). Similarly, 0.5 and 1 mM concentratiins of RA showed
protective effect against Dox-induced genotoxicity in CHO-K1 cells in our study.

Similar to our in vitro results, intraperitoneal administration of RA did not cause
genotoxicity in vivo in rats. Its genotoxic effect on brain tissue was evaluated using the
comet assay and it was found that RA did not cause genotoxicity (153). In another study
demonstrating the protective effect of RA, oxidative DNA damage was induced by H>O»
in human peripheral lymphocytes and the genotoxicity potential of rosemary at various
levels determined by the comet assay. The findings showed that rosemary ethanolic
extract at various concentrations do not cause DNA damage in human lymphocyte. It also
protected the cells against DNA damage induced by H,O> (157).

The MN assay was used in this study to further investigate the genotoxic potential
of Dox, RA and EGCG, as well as the antigenotoxic effect of EGCG and RA. The TK6
cell was preferred because it is a human derived and p53-competent cells and its response
to the applied substances is more sensitive. In the MN experiment, different
concentrations of Dox (10, 25 and 50 nM) were applied for 24 hours. The increase in MN
frequency observed in our study depending on the dose of Dox indicates that this
compound is a potential genotoxic compound. Because, an increase in the frequency of
MNi is an indication of chromosomal damage (259). The number of MN formed at Dox
50 nM concentration was found to be statistically different compared to the control group.
In addition, CBPI, NDI and RI values, which are indicators of cytotoxicity, were
calculated for each group. These values decreased as the Dox concentration increased.

Similarly in a previous study, administration of various concentrations of Dox to HeLa
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cells for 2 h resulted in a significant and dose-dependent reduction in cell survival. It was
found that the number of MNi increased depending on the concentration in that study.
Dox concentrations used in that study are higher than the concentrations in our study.
Because the application time of Dox and the applied cell type are different (260). In
another study, Dox was applied to HL-60 human leukemia cells at 0.01, 0.025 and 0.05
pg/ml concentrations for 6 hours. The frequency of MN-containing cells was statistically
significantly increased at 0.05 pg/ml Dox. A reduction in CBPI was also observed in that
study (261). In two studies, Dox's ability to cause DNA strand breaks and chromosomal
abnormalities was considered to be the primary reason of MN stimulation. Dhawan et al.
(2003) have also shown an increase in MNi formation in human lymphocytes
administered 20 hours of Dox at a similar dose range (262). In a study conducted in
cultured human lymphocytes, it was observed that the MNi frequency increased in a dose-
dependent manner after 24 h in the concentration range of 0.01 pg/ml - 2 pg/ml of Dox.
When the Dox concentrations applied in this study are converted to nM units, they are
close and higher than the concentrations we used in our study. In addition, as in our study,
a decrease in NDI was observed in cells as the applied Dox concentration increased (263).
A research was conducted with TK6 cells that were treated with Dox for 4 hours at
concentrations ranging from 5-500 nM. MNi frequencies was increased from 5 nM Dox
concentrations. The highest MNi number was found at 200 nM concentration. Insufficient
binuclear cells were observed for MN assessment due to toxicity at the highest
concentration of 500 nM of Dox (264). In our study, the highest MNi number was
observed at 50 nM after administering Dox at various concentrations for 24 hours. As a
result, the protective effects of RA and EGCG at this concentration were studied.
Administration of EGCG alone did not cause an increase in MN frequency compared to
the solvent control. MN frequency was reduced significantly when EGCG (10 and 25 M)
was given together with Dox. EGCG has antioxidant properties and has prevented the
genotoxic effect of chemicals in other studies as well as in our study (265).

In the literature review, similar findings were found. The MN test was used to
assess the protective effect of EGCG against H2O,, tert-butyl hydroperoxide, and
superoxide in WIL2-NS cells, a human B lymphoblastoid cell line. It has been reported
that EGCG causes an increase in MN frequency at high concentrations (100 pmol/L). The
induction of chromosomal damage by EGCG at high concentrations is thought to be due
to H>O» production. On the other hand, EGCG at < 10 umol/L did not produce H>O, and

did not induce chromosomal damage. In addition, EGCG at < 10 umol/L dose-
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dependently prevented chromosomal damage induced by positive controls. In line with
the results found, it has been reported that the inhibitory effect of EGCG against H>O»-
induced chromosomal damage is related to the inhibition of hydroxyl radical formation
in cells through the iron chelating activity of EGCG (266). The effect of EGCG was
studied in rats against hepatotoxicity induced by N-nitrosodiethylamine, a well-known
hepatocarcinogen. In rats treated N nitrosodiethylamine in combination with EGCG, there
was a significant dose-dependent decrease in MNi frequency (267). In a study evaluating
the protective role of EGCG against malathion-induced genotoxicity using the human
lymphocyte model, malathion showed significant genotoxic damage, but treatment with
EGCG reduced the genotoxicity of malathion. EGCG 20 and 50 uM were administered
with malathion (24 pM) for 24 hours. At both concentrations, EGCG significantly
reduced the oxidative and genotoxic effects of malathion on human lymphocytes (268).
One of the EGCG concentrations in this study is similar to the concentration we studied,
while the other studied EGCG concentration is higher than the concentration we studied.

In another study, EGCG was applied to the surface of the EpiDerm™ system and
normal human epidermal keratinocytes at different concentrations (0.625 mg/mL-10
mg/mL) for 24 hours. The effect of EGCG on MN induction was evaluated using
EpiDerm™ and normal human epidermal keratinocytes. EGCG had no effect on MN
induction in EpiDermTM, but it caused dose-dependent cytotoxicity. After treatment with
EGCQG, normal human epidermal keratinocytes showed a significant increase in MN
induction compared to the control group at a concentration of 10 mg/ml (269). This
concentration is far higher than the EGCG studied in our research. The increase in the
number of MN is due to the fact that EGCG exhibits oxidative properties in vitro,
especially at higher concentrations. It is thought that especially EGCG produces H>O»
and gives positive results in in vitro genotoxicity tests. This is consistent with our
findings in a induction of DNA damage from 25 uM EGCG in comet assay (270). In the
MN assay using RA 50 and 100 pM concentrations, non of the investigated
concentrations caused genotoxicity when RA was administered alone. RA 50 uM and RA
100 uM showed a statistically significant protective effect against genotoxicity caused by
Dox 50 nM. The amount of protection did not increase as the concentration of RA
increased. In the literature, similar results were obtained in genotoxicity and
antigenotoxicity studies with RA. In a study investigating the antigenotoxic effect of RA,
V79 cell cultures were treated with different concentrations of RA (0.28, 0.56 and 1.12

mM), alone or in combination with Dox. The results showed that RA did not cause
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genotoxicity, but significantly reduced the frequency of MNi. However, no significant
difference was observed between the groups in which 0.56 mM and 1.12 mM RA were
administered together with Dox in terms of MNi frequency (9). RA reduced the frequency
of MNi induced in human lymphocytes by gamma irradiation, according to similar
findings. Ionizing radiation is known to produce ROS and cause cellular DNA damage,
resulting in chromosomal aberrations and mutations. It was concluded that RA protects
human lymphocyte cells thanks to its ability to scavenge free radicals (271). This finding
is in accordance with our results of microscopic analysis, indicating ROS scavenging
activity of RA in CHO cell line. The protective effect of EGCG 25 uM and RA 50 pM
against genotoxicity caused by Dox 50 nM when applied together were also investigated
in our study. EGCG and RA used in combination showed a similar protective effect when
applied alone. This observation may be explained by saturation of ROS scavenging
activity of phenolic compounds investigated in this study. This result supports previous
findings that the increase in the concentration of antioxidants results in a plateau,
indicating saturation in protective efficacy (272).

In a cytotoxicitystudy conducted by Almeida et al. (2018), TK6 cells were treated
with Dox at the concentrations ranging from 0 to 1 uM using trypan blue assay. Dox
increased cytotoxicity in a dose-dependent manner, with 86 percent of cells dead at the
highest concentration of 1 uM in that study (273).

In our study, the highest cytotoxicity was observed at 500 nM concentration of Dox in
TK6 cell line. Following Dox exposure, TK6 cells showed a dose-dependent decrease in
cell viability and the IC50 value of Dox was found to be approximately 172.95 nM.

The IC50 value of RA and EGCG were found to be approximately 0.22 mM and 49.01
uM, respectively. Previous studies have found the similar IC50 value of EGCG to be
69.73 uM in prostate cancer PC3 cells (274), 131.6 uM in Hs578T breast cancer cells,
288.31 uM in LO2 normal human hepatic cell (275), 191.03 uM in Huh-7 hepatocellular
carcinoma cells, 74.04 uM in HepG2 hepatocellular carcinoma cells and 65.81 uM in
HCC-LM3 hepatocellular carcinoma cells (276). In a study similar to ours, using the rat
pheochromocytoma-derived cell line (PC12), different concentrations of EGCG were
applied for 24 hours. At concentrations higher than 50 uM, as a result of pro-oxidant
activity, it showed cytotoxicity. Pro-oxidant effects increased and cell viability decreased
with increasing concentration and time (277). To estimate the protecting property of RA

and EGCG and their combination on Dox toxicity, TK6 cells were exposed to Dox (100
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nM) for 24 h. The concentrations of RA and EGCG applied to the cells were chosen to
be lower than the IC50 values. RA, EGCG and their combinations did not show evidence
of protection against Dox's cytotoxicity. As in our study, other in vitro studies revealed
that RA had no effect on the cytotoxic effect of Dox (278). In EGCG, it did not showed
a protective effect when applied to TK6 cells together with Dox. This finding may be
explained by the induction of apoptosis by EGCG in damaged cells (279). Effective
therapies against Dox-induced oxidative stress and DNA damage should be predicted to
maintain or increase Dox's anticancer therapeutic effects. In this sense, we hypothesized
that the formation of ROS is prevented by an antioxidants. Several pharmacologic
treatments, including hematopoietic cytokines, iron-chelating agents and antioxidants
have been studied thus far to reduce the adverse affects of Dox (280,281). Many of these
agents have shown beneficial effects in reducing oxidative stress. Therefore, in this thesis,
the protective effects of EGCG and RA, which have strong antioxidant activity, against
oxidative stress caused by Dox were investigated. For this, a fluorescent dye-based
detection method was applied for the detection of superoxide in CHO-K1 cells. DHE was
used as a fluorescent probe to determine the formation of ROS in this study. Time-course
measurements were performed to optimize the incubation time of Dox. In CHO-K1 cells,
ROS was measured using the same concentration of Dox (1000 nM), RA and EGCG as
in the comet assay. At the end of the 2 hour incubation period, maximum ROS generation
was observed at 1000 nM concentration of Dox. RA 0.5 and 1 mM concentrations
significantly reduced Dox-induced ROS formation, while EGCG 50 and 100 pM
concentrations did not. When RA and EGCG were applied together, no significant
reduction in ROS formation was observed. EGCG did not show a protective effect against
Dox-induced genotoxicity in the comet assay in CHO-K1 cells, but RA showed a
significant protective effect. The results of the two experiments are similar when
evaluated in this respect. This finding suggests that the protective effect in DNA damage
caused by Dox would be related to the decrease in the amount of ROS. Considering that
free radical production is one of the main mechanisms responsible for Dox's genetic
toxicity, it can be predicted that DNA damage will decrease if free radical formation is
reduced (126). In similar studies in the literature, it has been shown that substances with
antioxidant properties protect against ROS production and genotoxicity caused by Dox.
In one of these studies, thymoquinone reduced DNA damage and oxidative stress caused
by Dox in human leukocytes (282). Thymoquinone also partly protected cardiac tissue

from Dox-induced oxidative damage in rats feeding a thymoquinone-rich diet (283). The
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protective action of thymoquinone against Dox-induced cardiotoxicity could be explained
in part by superoxide scavenging and anti-lipid peroxidation activity. In an in vivo study,
green tea extracts were given orally to rats. The effect on Dox-induced cardiovascular
abnormalities was investigated. There was a significant increase in lipid peroxidation in
the Dox-treated group when compared with the negative control group. A significant
reduction in serum markers of cardiotoxicity such as lipid peroxide and significant
increase in antioxidant enzyme activity as well as improvements in hemodynamic
parameters was observed when green tea extracts and Dox were administered in
combination. As a result, it was concluded that green tea extracts had antioxidant activity
and can protect against Dox-induced cardiovascular abnormalities (284). In an in vivo
study evaluating the protective effect of RA, a single intraperitoneal injection of Dox
(15mg/kg) was administered to induce Dox-induced cardiotoxicity in mice. The effects
of RA were assessed by histological investigation, molecular markers and
echocardiography. DOX-induced cardiomyocyte apoptosis and cardiac dysfunction were
significantly reduced by RA. This research also shown that RA has strong anti-apoptotic
properties and can protect cells from DNA damage and apoptosis caused by hydrogen
peroxide (285). A study was conducted to investigate the mechanisms of the inhibitory
effect of RA on Dox-induced apoptosis in H9c2 cardiac muscle cells. By reducing
intracellular ROS production and recovering mitochondria membrane potential, RA has
been shown to significantly reduce apoptotic properties. Furthermore, RA has been
observed to reverse Dox-induced antioxidant enzyme downregulation (286). Depending
on the experimental method, we could not perform this experiment on the TK6 cell line,
since our attempts to perform this experiment on a suspending cell line were not
successful.

Mitochondrial membrane potential, one of the oxidative stress parameters, was
measured in TK6 cells. Depending on the pH, fluorescent dyes accumulate in healthy
mitochondria. The fluorescence intensity of TMRE, which we used in our study,
accumulates in the electronegative interior of mitochondria in live cells and depicts the
mitochondrial state. Fluorescence imaging and measurement are both used to characterize
the cytotoxicity of a compound. In the mitochondrial membrane potential assay,
compounds were applied to TK6 cells for 24 hours. A significant reduction was seen at
Dox 100 and 200 nM concentrations. Likewise, mitochondrial membrane potential
showed a statistically significant decrease at EGCG 50 uM and RA 25 mM concentrations

compared to the control group. RA, EGCG and combinations used to prevent potential
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reduction caused by Dox did not show any effect on membrane potential. RA showed a
slight protective effect, but this was not statistically significant. Despite RA's significant
free radical scavenging abilities, a research found that due to its physicochemical
properties, it can't be targeted to mitochondria, so its protection of mitochondrial
membrane potential is limited (287). These findings were similar to the results obtained
in the WST-1 experiment. A decrease in mitochondrial membrane potential (A¥Ym) versus
normal levels in Dox treated cells indicates decreased cell viability as well as increased
apoptosis. Depending on the oxidative stress, the amount of ROS increases and a decrease
in mitochondrial membrane potential occurs with the induction of apoptosis in cells (288).

The mutagenic potential of Dox was assessed in our study using five different
Salmonella strains with and without metabolic activation, as recommended by the OECD
(289). The concentrations used in the experiments were 0.5, 1, 5, 10, 25, 50 and 100
ng/plate. The number of revertant colonies increased as the Dox concentration increased
in the TA98 and TA 102 strains with and without metabolic activation. Dox was found to
be mutagenic in the TA98 and TA 102 strains, with and without S9 activation. The TA102
strain has been linked to DNA mutations caused by oxidative stress. Due to the quinone
structure of Dox's metabolites, it was expected that when they were metabolized in the
presence of S9, ROS generation would be induced, resulting in an increase in the number
of bacterial colonies. When the results from S. typhimurium TA98 are analyzed, it can be
concluded that increasing frameshift mutation is caused as the concentration is increased.
TA97a and TA100 strains showed weak mutagenic activity in the presence and absence
of S9 at Dox 5 and 10 pg/plate concentrations. No mutagenic effect was observed in
TA1535 strain. Based on these results, it can be said that Dox causes frameshift and
oxidative stress-based mutagenicity. In a study conducted by Seino et al. (1978), Dox
showed mutagenicity in TA98 and TA100 strains without metabolic activation (S9).
Similar to our results TA98 strain was more sensitive to mutagenicity of Dox than TA100
strain. In addition, the mutagenicity of Dox was more apparent in the experiment without
S9 activation (290). In another similar study, mutagenicity of Dox was tested in
Salmonella typhimurium TA1535, TA1538, TA100, and TA98 bacterial strains. TA98
showed higher sensitivity than TA100 strain. Addition of the S9 mix for metabolic
activation did not alter the mutagenic response of any of these strains (130). Therefore,
TA98 and TA102 were selected for antimutagenicity tests in this study. The possible
antimutagenic potential of RA and EGCG alone and in combinations was studied against
Dox in the same strains. RA and EGCG did not show mutagenicity in Ames tests
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performed in the presence and absence of S9 mixture in TA98 and TA100 strains.
Similarly, in studies in the literature, RA and EGCG did not cause mutagenicity in Ames
tests. No genotoxicity was found in the Ames test with extracts of rosemary, a plant with
high RA content. On the contrary, rosemary showed antimutagenic activity in an Ames
test with Salmonella typhimurium (291). RA inhibited the mutagenic potential caused by
sodium azide and N-Methyl-N'-nitro-N-nitrosoguanidine. The researchers concluded that
the antimutagenic activity of RA may be due to modulation of the redox environment
(292). EGCG was not found mutagenic in Salmonella typhimurium TA98, TA102,
TA100, TA97a, TA1535 and TA1537 strains up to 1000 g/plate concentration, whether
metabolic activity is present or not (293). Contraversely, EGCG inhibited the direct-
acting mutagenicity of Trp-P-2(NHOH) and Glu-P-1(NHOH) in S. typhimurium TA98
strain (294). The protection of EGCG against cisplatin-induced genotoxicity was
evaluated by the Ames test. It was observed that EGCG significantly reduced the number
of returning colonies induced by cisplatin in the Ames assay in the presence and absence
of S9 in strains TA98 and TA100 (295). EGCG showed dose-dependent antimutagenic
activity against N-nitroso-N-methylurea, N-methyl-N-nitro-N-nitrosoguanidine, 4-
nitroquinoline-N-oxide, 9-aminoacridine, and aflatoxin Bl-induced mutagenicity in
TA98 and TA100 strains assessed by Ames test (296). In our study, RA showed weak
antimutagenic activity without S9 activation, while it showed a strong antimutagenic
effect with S9 mix in TA98 strain. EGCG, on the other hand, showed strong
antimutagenic activity in the presence and absence of metabolic activation. Strong
antimutagenic activity was observed when RA and EGCG were applied in combination,
but this effect was not more than the effect observed when they applied alone in TA98
strain. In TA102 strain, EGCG showed strong antimutagenic activity, while RA showed
weak and moderate antimutagenicity in the absence and presence of metabolic activation.
Likewise, the combined application of RA and EGCG showed moderate and strong
protective effects in the absence and presence of S9, respectively. EGCG showed a
protective effect in both strains, suggesting that EGCG inhibits both frameshift and
oxidative stress mutations. However, RA showed strong antimutagenic activity in the
presence of S9 mix only in TA98 strain. This finding may be explained by the protective
properties of RA metabolites against frameshift mutations.

In this thesis, the selectivity index and combination effect of EGCG and RA on
breast cancer cells was also investigated. The synergistic or antagonistic effects of RA

and EGCG on the anticancer activity of Dox in breast cancer cells were examined after
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dosage levels of RA and EGCG alone and in combination were determined. In order to
calculate the selectivity index, IC50 values of Dox, EGCG and RA were found in MCF7,
MDA-MB-231 and MCF12A cell lines. Tumor cell lines are commonly used in cancer
research as basic models that give important tools for biological analysis. The most often
used cell lines in breast cancer studies are MCF-7 and MDA-MB-231. The MCF-7 cell
line expresses the estrogen receptor and sensitizes these cells to estrogen. Hormone
receptors and human epidermal growth factor receptor-2 are not expressed in the MDA-
MB-231 cell line. MDA-MB-231 cells invade aggressively, whereas MCF-7 cells are
noninvasive tumor cells (297,298).

The IC50 values found for Dox were approximately 1.71,20.64 and 31.99 uM for MCF7,
MDA-MB-231 and MCF12A cells, respectively. MCF-7 and MDA-MB-231 differ in
sensitivity to Dox treatment. MDA-MB-231 cells are more sensitive than MCF-7 cells,
according to most studies (299-301). However, some study groups reported that MCF-7
cells were more sensitive than MDA-MB-231 cells (225,302,303). The estrogen receptor
status of the two cell lines explains the differences in their responses to Dox (304). This
differences in susceptibility may also be explained by the status of p53 and caspase-3
which are important in cell cycle and/or apoptosis control. MDA-MB-231 cells have
mutant p53 and functional caspase-3, whereas MCF-7 cells have wild type p53 but no
caspase-3. Previous research has found caspase-3 to be involved in Dox-induced
apoptosis. However, it is not clear if and how much caspase-3 activity influences the Dox
response (305-307). Dox had a higher IC50 value in MCF12A than MDA-MB-231 and
MCF-7. IC50 values of RA and EGCG were higher than Dox. The IC50 value of EGCG
in the MDA-MB-231 cell line clearly indicated that EGCG was more sensitive to this cell
line. After the IC50 value of each compound in different cell lines was found, the SI value
was calculated. SI was calculated by dividing the IC50 value found in the non-cancerous
breast cell line by the IC50 value found in the cancerous cell line (308). As an indication
of a compound's potential as a cancer chemotherapeutic agent, the SI ought to be greater
than three (309). The SI value of Dox is higher than RA and EGCG in the MCF-7 cell
line. However, the SI value of EGCG and RA were higher than Dox in MDA-MB-231
cell line. These results suggest that RA and EGCG are cytotoxic towards MDA-MB-
231cancer cell lines and is more selective than Dox. We hypothesize that there are two
types of breast cancer with different p53 status and estrogen receptor. Therefore, they
reacted differently to the applied chemicals. As a result, EGCG and RA show promise in

treating triple negative breast cancer with mutant p53.
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Our findings are also supported by existing literature. EGCG has been proven to
inhibit breast tumor growth via the estrogen receptor signaling pathway in previous
studies (310). Furthermore, EGCG increases chemotherapeutic-induced cellular
apoptosis in MDA-MB-231 breast cancer cells, indicating that EGCG acts on estrogen
signal transduction to exert its anticancer activity (311). Apoptosis can be triggered by a
variety of mechanisms, which are unknown. According to research, EGCG inhibits
MDA-MB-231 cell growth via inactivating the B-catenin signaling pathway (312). RA
has been identified as a powerful agent in many cancer cell lines, including breast cancer,
in cancer research (313). A recent study evaluated the effects and mechanisms of RA in
two breast cancer cells MDA-MB-231 and MDA-MB-468 which are triple-negative
breast cancer cell lines. The findings show that RA has cytotoxic and antiproliferative
effects in these cell lines that are dose and time dependent. RA was induced cell cycle
arrest-associated apoptosis and altered the expression of numerous apoptosis-related
genes. RA was also arrested MDA-MB-231 cells in the GO/G1 phase (314).

Another aim of our study with breast cancer cells was to find the synergistic
cytotoxic effect of EGCG and RA when administered with Dox. Our results indicated
that EGCG and RA had significant synergistic effect in MDA-MB-231 and MCF-7 cells
when combined with Dox. However, When EGCG added to the Dox-RA combination or
RA added to Dox-EGCG combination in MDA-MB-231 cell line , the synergistic
interactions of the Dox-EGCG or Dox-RA binary combination decreased, while the
antagonistic interactions increased. On the other hand, in the MCF-7 cell line the
synergistic effect increased when the third compound was added to the dual combination.
Previous studies have shown that the combination of plant-based substances with Dox
has a synergistic effect on its anticancer activity. Synergistic growth inhibition potentials
in pancreatic, breast (MCF-7) and prostate cancer cell lines were investigated with red
beetroot extract and Dox. The combination of red beetroot extract and Dox showed
synergistic cytotoxicity in cancer cell lines (315). Similar to our observation, the
combination of EGCG and Dox increased the cytotoxicity of Dox in osteosarcoma cell
lines (316). Combination effect by coefficient of drug interaction obtained from this
study, clearly indicated the synergistic effects of RA and EGCG on inhibiting the growth

of breast cancer cells.
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6. CONCLUSION

In conclusion, this study showed that EGCG and RA application protect against
Dox-induced DNA damage by using different methods. However, when the two phenolic
compounds were applied in combination, the protective effect against Dox-induced DNA
damage was not as much as we expected. Dual behavior was observed with EGCG, which
exhibited both pro-oxidant and antioxidative activities. Dox produced oxidative stress,
which was decreased by RA and EGCG. RA, in particular, provided significant
protection. Our findings revealed that EGCG and RA selectively targeting MDA-MB-
231 cells that are more aggressive, more difficult to treat and more likely to recur than
MCEF-7 cells Dox, on the other hand, was found to be more selective on MCF-7 cells
when the selective index value was calculated. The combined application of EGCG or
RA with Dox increased the cytotoxicity induced by Dox, and a synergistic effect was
observed in both breast cancer cells. Dox and EGCG or RA co-therapy can be used in
breast cancer treatment to reduce the prescribed dose of Dox and avoid Dox's adverse
effects. EGCG and RA have also been found to be promising agents in reducing Dox-
induced genotoxicity without reducing the antitumor effect of Dox. Identifying plants that
protect against genotoxic agents and secondary cancers caused by treatment with
chemotherapy may be used in the near future to reduce the side effects of
chemotherapeutic treatment. In this context, EGCG and RA are promising plant-derived
active components. Another important point is the evaluation of the safety of herbal
products. It should be taken into account that herbal products may increase the toxicity of
chemotherapeutic agents. Both EGCG and RA were safe in terms of genotoxicity, and in
fact, they had a protective effects against Dox induced genotoxicity. Since EGCG and
RA reduce DNA damage and free radical production, it may be expected that co-
administration of RA or EGCG with Dox decrease the adverse effects of Dox therapy.
EGCG and RA may be a candidate compounds that can be used as an adjuvant during
chemotherapy in the future, but further in vitro and in vivo studies are required to elucidate

their effectiveness, safety, and molecular mechanism.
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