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Abstract

Cancer has increasingly become a global health issue, addressing the rising cancer
incidence and death rates it has become a challenge at multiple levels. The
continuous discharge of reactive oxygen species (ROS) from various sources resulted
in oxidative damages to cells and changes many cellular functions. Among the
various biological targets, DNA, enzymes, and lipid membranes are most vulnerable
to oxidative stress. The various treatment modalities available for cancer include
radiotherapy, chemotherapy and surgery. During radiotherapy, the radiation produce
many biological changes in cells. It mainly aims at enhancing DNA damage of tumor
cells, as double strand breaks, leads to cell death. But, due to various doses of
radiation, cell death occurs to normal cells also. Ionizing radiation creates oxidative
damages to cells through the generation of ROS and the main sub cellular target as the

DNA.

Many xenobiotics supplied to living organisms are metabolized within the body by
uniting with the cellular antioxidant enzymes like GSH, causing their depletion and
lead to oxidative damages. Most of the common chemotherapeutic agents used for
cancer treatment are immunosuppressant, cytotoxic and exert several side effects such
as nephrotoxicity, cardiotoxicity, hepatotoxicity, hematopoietic depression,
gastrointestinal-toxicity, hemorrhagic cystitis, hemopoetic suppression and
urotoxicity. Thus, the role of radioprotective and chemo protective compounds are
very important in such clinical cancer treatment strategies. Such compounds can
decrease the side effects of chemotherapeutics, and can stimulate immunity, will be of

great help in improving cancer treatments.



In the present study, the biological activities of the nanoparticle bound DAO complex,
ferulic acid, Ascorbic acid mono glucoside and phytoceuticals like Galangin and

Kaempferide were evaluated for their active role in tumor control.

Application of nanoparticles for targeting drugs to tumor cells for tumor treatment
was explored using magnetic Fe,Os; nanoparticles and complexing this with the
enzyme D amino acid oxidase (DAO). DAO was isolated from fresh porcine kidney;
its cytotoxic potential was studied under in vitro and in vivo conditions. The isolated
DAO was complexed with Fe>Os nanoparticles and its potential as an oxidative
therapeutic agent was analysed. The ability of the complex in eliciting H>O> mediated
cytotoxicity was studied on Dalton’s lymphoma ascites cells (DLA). The induction of
apoptosis in DLA cells by Fe;O03-DAO complex was studied by morphological
examination and alkaline single cell gel electrophoresis (comet assay). The antitumor
activity of the complex was investigated by oral administration of the complex and
the substrate D-alanine to tumor bearing Swiss albino mice and by targeting the
complex to the tumor site, using an externally applied magnetic field. Fe;O3-DAO
along with D-alanine showed remarkable cytotoxicity in a substrate concentration-
dependent manner. Both morphological examination and comet assay revealed that
Fe203-DAO/D-alanine induced apoptosis. Oral administration of Fe203-DAO and D-
alanine along with magnetic targeting significantly suppressed tumor growth in mice.
The study provides the evidence for the promising application of enzyme bound

nanoparticles for targeted oxidation therapy.



The anti inflammatory activities of ferulic acid and Ascorbic acid mono glucoside
were examined and found to possess significant anti-inflammatory activity and the
oxidative stress induced by selected xenobiotics, acetaminophen induced
hepatotoxicity, doxorubicin induced cardiotoxicity and cisplatin induced
nephrotoxicity were also studied. The combination of nanomaterials with biology led
to the development of diagnostic devices, contrast agents, analytical tools, physical
therapy applications, and drug delivery vehicles. The thesis encompass the application
of a magnetic iron oxide nanoparticle as an anticancer agent when complexed with the
enzyme D aminoacid oxidase (DAO) for targeted tumor therapy in a preclinical

situation using an animal solid tumor model.



Preface

Living systems are regularly exposed to a variety of reactive oxygen species (ROS)
and reactive nitrogen species (RNS) from both exogenous and endogenous sources.
The exogenous sources consist of different drugs, range of physical and chemical
agents, which causes cellular and genetic changes leading to mutations and cell death.
Cancer is said to be one of the leading causes of morbidity and mortality in a number
of populations of the world. Radiotherapy and chemotherapy are commonly used

treatment modalities for cancer treatment.

Radiation affects the biological system in several ways. On one side, it helped the life
forms to evolve and on the other it creates deleterious effects on life forms. At
present, ionizing radiation is used for a large number of therapeutic, diagnostic, and
industrial purpose. Other applications include the generation of nuclear power,
developing new varieties of high yielding crops, sterilization of surgical and medical
materials and increasing the storage period of food materials. In many instances
where radiation is used, organisms may be subjected to low level exposures. High
exposures to radiation may occur due to nuclear accidents or during nuclear war. In
radiotherapy, radiation injury to normal tissues surrounding the tumor is one of the
major problems limiting the success. So there is need to protect normal tissues from

deleterious effects of radiation during radiotherapy.



A number of drugs of both synthetic and biological origin have been tested as
radioprotectant in the past few decades (Weiss and Landauer, 2003). But, their
toxicity at optimum protective dose prohibited their human use. Hence there is still an
urgent need to identify novel, nontoxic, effective, and convenient compounds to

protect humans from the damaging effects of ionizing radiation.

A number of drugs used for various treatments such as chemotherapy can increase the
production of free radicals and can act as a major source of ROS (Rav et al., 2001).
These drugs include antibiotics containing quinoid groups or bound metals,
antineoplastic agents like bleomycin, anthracyclines like adriamycin. The adriamycin
or doxorubicin induced cardiotoxicity has been associated with diverse mechanisms
as ROS generation, increased membrane lipid peroxidation, mitochondrial damage
and iron-dependent oxidative damage to various macromolecules (Xu et al., 2001;
Kalyanaraman, 2020). Cisplatin is another important chemotherapeutic drug causing
oxidative stress. The major dose limiting adverse reaction associated with cisplatin is
nephrotoxicity associated with oxidative damage of tissues leading to renal cell

death.

Human body is exposed to different environmental pollutants and xenobiotics. Liver
is the prime organ, that metabolize all foreign agents. Due to severe toxicity, it is
vulnerable to different diseases such as hepatitis, cirrhosis, liver fibrosis, alcohol-
related disorders and liver cancer. The reactive oxygen species (ROS) play an
important role in pathological changes in the liver causing liver cell death (Mahmood
et al., 2014). The most commonly used analgesic, acetaminophen (paracetamol) cause

free radical flux, causing severe damage to the hepatic tissues (Ratheea et al., 2018).



In order to protect the cells and organ systems of the body against ROS, humans have
developed a complex antioxidant protection system. The main antioxidant enzymes
directly involved in the neutralization of ROS and RNS are: superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx) and glutathione reductase
(GRx). (Halliwell, 2007; Valko et al., 2007). Exogenous antioxidants are agents
supplied exogenously as supplements, that cannot be produced by human body but
protect against pro-oxidant activities of free radicals. These exogenous antioxidants
are available from various dietary sources. Among them Vitamin C, Vitamin E,

flavonoids and B-carotene are the most commonly used dietary antioxidants.

Phenolics are commonly distributed in the plant kingdom and are integral part of
human diet. As an antioxidant, Ferulic acid (FA) play a key role in the body's defense
against carcinogenesis and inhibit the formation of N-nitroso compounds (Kuenzig et

al., 1984).

Moreover, FA is a strong scavenger of free radicals and it has been approved in
certain countries as food additive to prevent lipid peroxidation. FA possesses
radioprotective abilities and reduces ionizing radiation induced damages to DNA and
membranes in biological systems (Sreenivasan et al., 2007). The present study also
aims to develop a screening method to analyse ferulic acid from various plant sources

like wheat bran, rice bran and bamboo shoot.

Nanotechnology is a multidisciplinary branch involving the design and engineering of
nano materials smaller than 100 nm in diameter level to get unique properties. So

they can be correctly manipulated for the desired applications (Salvioni et al., 2019).

Vi



Nanosized particles employed as a tool to explore certain avenues of medicine such as
imaging, sensing, targeted drug or gene delivery systems, artificial implants etc. Due
to enhanced effectiveness, the new age drugs developed are nanoparticles of
polymers, metals or ceramics, which can be used in treatment for cancer (Brigger et

al., 2002; Stoimenov et al., 2002).

The combination of nanomaterials with biology led to the development of diagnostic
devices, contrast agents, analytical tools, physical therapy applications, and drug
delivery vehicles. The thesis encompass the application of a magnetic iron oxide
nanoparticle as an anticancer agent when complexed with the enzyme D aminoacid
oxidse (DAO) for targeted tumor therapy in a preclinical situation using an animal

solid tumor model.

The present study also focused to assess the specific biological activities of ferulic

acid, Ascorbic acid mono glucoside and phytoceuticals, Galangin and Kaempferide.
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1.1 CANCER

Cancer is the abnormal development of cells caused by various changes in gene
expression leads to deregulated balance of cell proliferation and cell death and finally
evolving into a population of cells. Later those cells invade other tissues and
metastasize to far sites, causing significant morbidity. If the disease is untreated,
leads to the death of the host. Being a genetic disease, it can be traced to alterations
within specific genes. Due to these genetic changes, cancer cells multiply
uncontrollably, producing malignant tumors that can attack surrounding healthy
tissue. If the growth of the tumor remains localized, it can be treated and cured by
surgical removal of the tumor. However malignant tumors metastasize, and the spawn
cells breaks away from the parent mass, enter into the lymphatic or vascular
circulation, and establish as lethal secondary tumors (metastases) that are no longer

treated by surgical removal.

Cancer is a complex multistep process, that turn a normal cell in the body into an
abnormal cancer cell (carcinogenesis). The diseases involve molecular defects in cell
function resulting from common types of alterations to a cell’s genes. Thus cancer is a
disease of abnormal gene expression which occurs by a number of mechanisms such
as gene mutation, translocation, amplification, deletion, loss of heterozygosity, or
abnormal gene transcription or translation. The disease is characterized by imbalance
of cell replication and cell death in a tumor cell population that later leads to an
expansion of tumor tissue. But in normal tissues, cell proliferation and cell loss are in

a state of balance.

Tumors are of two different types- benign and malignant. Major features are

following:
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1. Malignant tumors usually invade adjacent normal tissues and destroy them; on the
other hand, benign tumors expands, generally encapsulated, and never invade
surrounding tissue. Benign tumors can become life threatening if they press on nerves
or blood vessels or sometimes they can secrete biologically active substances, like

hormones, that later alter normal homeostasis of cells.

2. Malignant tumors metastasize, and enter into lymphatic channels or blood vessels
to lymph nodes and other tissues in the body. Benign tumors always remain localized

and do not metastasize.

3. Malignant tumor cells are ‘‘anaplastic,”” tend to be well differentiated than normal
cells of the tissue in which they arise. Benign tumors generally show resemblance to

normal tissue than malignant tumors.

4. Malignant tumors usually grow more speedily than benign tumors. Whereas benign

tumors grow slowly over several years.

1.1.1 Radiotherapy and chemotherapy for cancer treatment

Cancer is a cause of death in developing as well as in developed countries. The
treatment modalities for cancer includes radiotherapy, chemotherapy and surgery. The
conventional treatments have various modalities, all focussed at killing tumor cells

and preventing their multiplication.

Radiotherapy is consider as the common modality for treating human cancers. It has
been used in cancer treatment for decades, and used to destroy cancer cells and as a
palliative to reduce pain associated with metastases. More than eighty percent of
cancer patients require radiotherapy for curative or palliative purpose. During the

course of treatment, radiation produce many biological changes in cells. Various
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approaches are developed to make a balance between killing cancer cells and
protecting normal tissues (Mohan et al., 2019). The main focus in radiotherapy is to
enhance DNA damage of tumor cells, as double strand breaks, leads to cell death.
Another option is to change cellular homeostasis, modifying signal transduction
pathways, redox state, and disposition to apoptosis. The cellular changes would
increase the tumor cells killing, while it should reduce normal cell death (Borek,
2004; Niyazi et al., 2011; Lu et al., 2016). To obtain optimal results, a sensible
balance between the total dose of radiotherapy delivered and the threshold limit of the
surrounding normal critical tissues is required. In order to attain better tumor control
with a high dose, the normal tissues should be protected against radiation injury.
Thus, the role of radioprotective compounds is very important in such clinical

radiotherapy situations (Nair et al., 2001; Mann et al., 2017).

Among the common therapeutic modalities of cancer, chemotherapy plays another
important role. Most of the available synthetic chemotherapeutic agents are
immunosuppressant, cytotoxic and exert several side effects (Diwanay et al., 2004;

Nurgali et al., 2018).

Immunosuppression is one of the major drawback of chemotherapy (Hersh and
Freiriech, 1968). The cytotoxic drugs create major toxic side effects like
nephrotoxicity, cardiotoxicity, hepatic toxicity, hematopoietic ~ depression,
gastrointestinal toxicity, hemorrhagic cystitis, hemopoetic suppression and urotoxicity
etc (Morandi et al., 2005; Papaldo et al., 2005; Schwartz et al., 2005; Amudha et al.,
2007; Niyazi et al., 2011; Chan and Ismail, 2014; Lu et al., 2016). Cytotoxicity to
normal tissue is the major dose-limiting factor in chemotherapy. Thus reduces the
quality and restricts treatment protocol. Therefore there is a constant search and need

for the discovery and development of effective and non-toxic chemo protective
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compound, that can decrease the side effects of chemotherapeutics. Such drugs can

stimulate immunity, and help in improving cancer treatment strategies.

Any agent or drug, that offers protection to normal cells during therapy of cancer is
essential for modifying the therapeutic index and to improve the life quality during

radiation and chemotherapy (Baliga et al., 2013; Bendale et al., 2015).

1.1.2 Side effects of chemotherapy

For the treatment of cancer, chemotherapy has opened new possibilities for
development of the quality of life in cancer patients and for the cure of disease.
Although the success rate is very high, treatment with the most effective anticancer
drugs shows symptoms of direct toxicity. Studies have documented the ability of
chemotherapeutic agents in causing chromosomal damage and apoptosis (D'Agostini
et al., 2005; Rao et al., 2005; Aslam et al., 2014; Zhou et al., 2018). Doxorubicin
(DOX) and Cisplatin (Cis) are two of the most commonly used chemotherapeutic
agents used in the treatment of a number of human neoplasms such as testicular,
head, neck and lung carcinomas.

1.1.2.1 Doxorubicin

Doxorubicin (DOX) has been used in cancer treatment since the late 1960s. Its a
potent drug in the fight against cancer. The various side effects of doxorubicin
treatment, include myelosuppression, nausea, vomiting, and arrhythmia etc (Lefrak et
al., 1973; Injac and Strukelj, 2008). But, reports on fatal cardiotoxic effects of
doxorubicin have restrained the interest for this drug. The various mechanism by
which anthracyclines cause cardiotoxicity includes development of free radicals and
superoxides (Rajagopalan et al., 1988; Alderton et al., 1992; Rossi et al., 1994;

Vasquez-Vivar et al., 1997, Mobaraki et al., 2017; Varricchi et al., 2018).
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Doxorubicin induces free radical production (Sinha et al., 1987), and causing
oxidative stress along with cellular injury and liver damage (Rosen and Halpern,
1990). Cardiac cells may be more vulnerable to oxidative stress due to low levels of
antioxidant enzymes in the heart tissues (Doroshow et al., 1980; McGowan et
al.,2017). Various works in rat hearts suggest that doxorubicin is able to cause more
depletion of antioxidant enzymes (Li and Singal, 2000). More than that DOX causes
different metabolic errors within cardiac cells with major undesirable side effects
leads to cardiotoxicity and bone marrow suppression (Chatham et al., 1990;
Beanlands et al., 1994). The toxicity can be marked by elevated levels of serum
enzymes such as SGOT, LDH, Creatinine phosphokinase etc (al-Harbi et al., 1992).
The dominant cellular target of DOX is DNA, causing two major types of DNA
damages such as DNA adducts and protein associated single and double strand DNA
breaks (Cullinane et al., 2000; Sandamali et al., 2020). The scission of DNA by DOX
toxicity is believed to be either by the action of topoisomerase Il (Tewey et al., 1984)
or by production of free radicals by DOX (Gutteridge and Toeg, 1982; Albert et al.,
2018). DOX causes sister chromatid exchanges, chromosome aberrations and DNA
double strand breaks both in in vivo and in vitro system (Noviello et al., 1994;Gulkac

et al., 2004; Elblehi et al., 2021).

1.1.2.2 Cisplatin

Cisplatin (Cis or CP) contain a central platinum atom, a chlorine atom and an
ammonia molecule in the cis-position, and is effective in the treatment of a wide
variety of neoplastic diseases (Lebwohl and Canetta, 1998; dos Santos et al., 2012).
The cytotoxicity by Cis is often associated with its ability to combine DNA to form
cisplatin—-DNA adducts (Goldstein and Mayor, 1983; Prasaja et al., 2015). Even if Cis

is effective, it is associated with various undesirable drug reactions, like renal

9
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damage, gastrointestinal dysfunction, auditory toxicity, and peripheral nerve toxicity
etc (Cooley et al., 1994; Zicca et al., 2002; Miller et al., 2010). Nephrotoxicity in
particular is a major complication and a dose-limiting factor for Cis therapy
(Safirstein ef al., 1986). Cisplatin induced nephrotoxicity is closely associated with an
increase in lipid peroxidation in the kidney tissues (Krakoff, 1979; Matsushima et al.,
1998) and elevation in serum markers such as urea and creatinine (Mizushima et al.,
1987). The drug can generate ROS, such as superoxide anion and hydroxyl radicals
(Greene, 1992; Cross et al., 1996; Overbeck et al., 1996; Khynriam and Prasad, 2001;
Alhoshani et al., 2017). It has been shown that cisplatin-based chemotherapy induces
a fall in patient plasma concentrations by depleting various antioxidants (Borch and
Markman, 1989; Volarevic et al., 2019). Beside with its toxic effects, Cis can induce
DNA damages and chromosomal abberations (Crul et al., 1997; McSweeney et al.,
2021). Studies have shown that Cis can cause genotoxic effects in cultured
mammalian cells (Zwelling et al., 1979) and bone marrow cells (Giri et al., 1998;
Fang et al., 2021).

1.1.3 Inflammation

Inflammation is a physiological process occurs in response to tissue damage from
microbial pathogen infection, chemical irritation, wounding and/or toxicity. The
relation between inflammation and various diseases such as cancer, diabetes,
alzheimer’s, atherosclerosis, arthritis has been well studied (Ohshima and Bartsch,
1994; Stevens et al., 2005; Maiti and Agrawal, 2007; Virani et al., 2008). It is a
complex action mediated by few factors like prostaglandins, cytokines, and free
radicals etc. They have direct or indirect effect on the pathophysiology of diseases.
Inflammatory responses are classified based on the duration of the reaction to injury,

that is acute and chronic inflammation. Chronic inflammation formed from

10
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unresolved symptomatic acute inflammation with and/or without any clinical
manifestations. This may trigger macrophages and lymphocytes, they release
inflammatory mediators and result in excess formation of reactive oxygen and
nitrogen species that damage DNA and cell membranes (Sprung et al., 2015). The
inflammatory cells liberate prostaglandins along with increased expression of key
enzyme cyclooxygenase that later can activate several transcription factors including
NF-kB (Hofseth and Ying, 2006).

Carrageenan and dextran induced acute inflammation in animals are the most
appropriate test procedures used to study anti-inflammatory agents. Carrageenan
induce edema and releases histamine, 5-hydroxy tryptamine, kinins and
prostaglandins etc. It directs protein rich exudates and neutrophils at the site of
inflammation (Lo et al., 1982; Larsen and Henson, 1983; Vane and Botting, 1987;
Brooks and Day, 1991). Dextran directs histamine and serotonin to the site of
inflammation and fluid accumulation by mast cell degradation (Ghosh et al., 1963).
Formalin induced inflammation is the test procedure commonly used to screen
chronic anti-inflammatory agents, because it resembles human arthritis (Greenwald,
1991). The nociceptive effect of formalin is biphasic, an early neurogenic component
which is followed by tissue mediated response (Panthong et al., 2004).

Irradiation and radio-chemotherapy in cancer treatment raise the level of endogenous
cytokines and other growth factors and exert their regulatory functions by autocrine,
paracrine or endocrine modes of action resulting in inflammatory responses
(Michalowski, 1994). Inflammation also facilitate the instigation of normal cells to
malignancy through the production of inflammatory oxidants. Proper treatment of

inflammation with various anti-inflammatory agents, inhibitors of oxidant generating
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enzymes, and scavengers of oxidants are to be explored to prevent development of
human cancers associated with chronic inflammation (Ohshima ez al., 2003).

1.1.3.1 Inflammation and cancer

The association between the development of cancer and inflammation has long been
reportd (Balkwill and Mantovani, 2001; Coussens and Werb, 2002 ;Reuter et al.,
2010). Earlier studies focused on different aspects of the relationship between cancer
and inflammation, like the role of inflammatory cells (Balkwill and Mantovani, 2001;
Egeblad et al., 2005; Condeelis and Pollard, 2006), mediators (Egeblad et al., 2005;
Wang and Dubois, 2006; Zlotnik, 2006), or signaling pathways (Karin and Greten,
2005) in cancer. Tumor promotion require not only the survival of initiated cells, but
also their development. Various inflammatory mediators as cytokines, chemokines,
and eicanosoids are able to stimulate the proliferation of both untransformed and
transformed tumor cells (Balkwill and Mantovani, 2001).

The connection between cancer and inflammation can be studied by two pathways: an
intrinsic and an extrinsic pathway (Mantovani et al., 2008; Khandrika et al., 2009). At
the level of the tumor cell initiation, both pathways join and bring the activation of
several transcription factors leads to the formation of numerous pro-inflammatory
molecules that direct and activate leucocyte populations into the tumor
microenvironment (Multhoff et al., 2011). Tumor cell-derived pro-inflammatory
molecules, then activates the same transcription factors within the cells of
microenvironment, so tumor cells themselves resulted in a more pronounced
generation of inflammatory mediators leading to tumor-promoting amplification loop.
This amplification mechanism enhances the action of inflammatory stimuli within the
tumor environment and creates a cancer-related inflammatory milieu contributing to

tumor growth and invasiveness (Elinav et al., 2013). Some lines of evidence shows
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that inflammation also plays a key role in modulating radiation responsiveness of
tumors. Radiation treatment is evidently a two-edged sword. On one hand, the sub
lethal doses of ionizing radiation induces a DNA damage response. On the other hand,
they activate a cellular damage response in tumors by inducing pro-inflammatory
pathways predominantly mediated via activation of NF-kB, the central linker between
inflammation, carcinogenesis, and radioresistance. Apart from NF-xB activation,
radiation also activates/ up-regulates the expression of early genes for c-Fos, c- Myc,
c-Jun (Hong et al., 1997) as well as TNF (Zhou et al., 2001), GM-CSF (Akashi et al.,
1992), PGHS-2 (Steinauer et al., 2000), and ICAM-1(Son et al., 2006).

1.1.4 Nanomedicine

Nanotechnology is a multidisciplinary branch focused on the design and
manufacturing of materials smaller than 100 nm in diameter to attain unique
properties, so that they can be suitably manipulated for various applications (Gleiter,
2000). As most of the natural processes occur in the nanometre scale regime, the
union of nanotechnology and biology can tackle several biomedical problems, and can
revolutionize the field of health and medicine (Curtis and Wilkinson, 2001; Salvioni
et al., 2019). Nanosized particles are amenable to various biological functionalization
and are presently employed as a tool in medicine like imaging (Chan and Nie, 1998),
sensing (Vaseashta and Dimova-Malinovska, 2005), targeted drug delivery (Langer,
2001), gene delivery systems (Roy et al, 1999), artificial implants (Sachlos et al.,
2006) etc. Based on improved effectiveness, the new generation drugs are
nanoparticles of polymers, metals or ceramics, which can be used in situations like
cancer (Zhang et al., 1996; Brigger et al., 2002; Farokhzad et al., 2006) and fight
human pathogens (Stoimenov et al., 2002; Sondi and Sondi, 2004; Baker et al., 2005;

Elechiguerra et al., 2005;Morones et al., 2005).
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Nanomedicine is the medical application of nanotechnology in experimental and
clinical challenges. Among its numerous nonmedical applications, the use of
nanoparticles as an alternative therapeutics against various diseases is under research.

1.1.4.1 Nanoparticles for drug delivery and cancer therapy

Nanoparticles are widely used in cancer diagnosis, treatment, and as delivery vectors
for biologic or pharmacologic agents (Brigger et al, 2002; ONeal et al, 2004,
Paciotti et al., 2004; Bhattacharya et al., 2005; Jain, 2005; Mukherjee et al., 2005;
Cuenca et al., 2006; Kam et al., 2006; Zhang et al., 2006) because of the unique size

and large surface area-to-volume ratio of particles (Youn and Bae, 2018).

The use of nanoscale devices helped cancer biology in various ways: for early
detection, tumor imaging purpose by using radiocontrast nanoparticles or quantum
dots, and for targeted drug delivery using nanovectors and nanoparticles (Wilhelm et
al., 2016). Nanotechnology also employed in management of various diseases, in drug
resistance in leukemia by blocking drug efflux from cancer, in inducing efficient
delivery of siRNA into lymphocytes to block apoptosis in sepsis and in targeting
tumors. The immune cells with nanocrystal labeling considered as
nanoimmunotherapy (Prabhu et al, 2011). Cancer nanotherapeutics are rapidly
progressing and are used to solve limitations of conventional drug delivery systems
such as nonspecific biodistribution and targeting, lack of water solubility, poor oral
bioavailability, and low therapeutic indices. In order to use nanoparticles as cancer
drugs, they have to be designed for optimal size and surface characteristics, so that the
drugs can be maintain in bloodstream for a long time. They can able to carry loaded
active drugs to cancer cells by selectively using the unique pathophysiology of
tumors, such as their enhanced permeability and retention effect and the tumor

microenvironment. Nowadays active targeting strategies using ligands or antibodies

14



Introduction and Review of Literature

directed against selected tumor targets magnify the specificity of these therapeutic
nanoparticles. Drug resistance, is another obstacle that reduces the efficacy of both
molecularly targeted and conventional chemotherapeutic agents, which might also be
overcome or be reduced using nanoparticles. Nanoparticles have the ability to
accumulate in cells without being recognized by P-glycoprotein, one of the main
mediators of multidrug resistance, resulting in the increased intracellular drug

accumulation (Cho et al., 2008; Nakamura et a/.,2016).

Gold nanoparticles conjugated with molecules such as antibodies, carbohydrates, and
pharmacologic agents, can be used to target cancer cells (Hirsch et al.,, 2005; Huang,
2006; Niidome et al., 2006; Ding et al., 2007;Mukherjee et al., 2007). Studies have
shown that the gold nanoparticles showed anti-proliferative activity in multiple
myeloma cells (Bhattacharya et al., 2007) and anti-angiogenic properties (Mukherjee
et al., 2005). Studies have shown that gold-silica nanoshells or gold nanoparticles
release significant heat when exposed to near-infrared (NIR) light (650-950 nm) or
radiofrequency radiation and can be used to produce thermal cytotoxicity in vitro

(Gobin et al., 2007; Ding et al., 2018).

Magnetic drug targeting is a different promising novel field of research. Gilchrist
injected maghemite particles (20100 nm) and inducted selective heating of lymph
nodes near surgically removed cancer (Gilchrist ef al., 1957; He et al., 2019). Meyers
et al. (1963) studied the accumulation of small iron particles by intravenous injection
into the leg veins of dogs, through an externally applied magnetic field. The use of
magnetic particles for the therapy of liver cancer were also found successful (Wu et
al., 1995; Jones and Winter, 2001). The use of more defined spherical magnetic
microspheres were made at the end of the 1970s (Widder et al., 1979). Magnetic drug

delivery can be used to attain very high concentrations of chemotherapeutic or
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radiological agents close to the target site, such as a tumor, without causing any toxic
effects to the normal surrounding tissues. A drug or therapeutic radioisotope is bound
to a magnetic nanoparticles, then injected into a patient’s blood stream, and a
powerful magnetic field is applied in the target area. Based on the type of drug, it is
then slowly release from the magnetic carriers or conferred to a local area (e.g.
irradiation from radioactive microspheres; hyperthermia with magnetic nanoparticles).
It is thus possible to replace large amounts of freely circulating drug with much lower
amounts of drug restricted in disease sites ensuring effective and several-fold
increased localized drug levels (Widder et al., 1979; Gupta and Hung, 1989; Hafeli et
al., 1997).

1.1.4.2 Applications of magnetic nanoparticle systems in diagnosis and treatment
For molecular imaging purpose, four different classes of nanoparticles are of prime
interest: (a) magnetic nanoparticles, (b) magnetofluorescent nanoparticles, (c)
fluorescent nanoparticles (e.g., quantum dots, fluorochrome doped nanoparticles), and

(d) isotope tagged nanoparticles.

The main diagnostic application of magnetic nanospheres as contrast agents for
magnetic resonance imaging (MRI). Superparamagnetic iron oxides (SPIOs) are used
for the imaging of liver metastases or to distinguish bowel loops from other
abdominal structures since 1994.

1.1.4.3 Magnetic delivery of chemotherapeutic drugs to tumors

Molecular targeted therapeutics is better than nonspecific cytotoxins due to the higher
therapeutic index (Kim, 2003). Nanoparticles of diverse compositions and purposes
can be used (Brigger et al., 2002; El-Readi and Althubiti, 2019). Size, charge,

hydrophilicity, and composition of nanoparticles can be altered to attain optimal
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uptake within a tumor and specific targeting ligands (i.e., peptides, monoclonal

antibodies, small molecules) (Merisko-Liversidge et al., 1996).

Prolonged exposure of tumor to high drug concentration is a prerequisite for
therapeutic efficacy (Gutman et al., 2000). But, passive biodistribution of a
systemically administered drug is governed by the physicochemical properties like
molecular weight, lipophilicity, etc. of the compound and thus results in
subtherapeutic drug levels at the tumor site (Motl et al., 2006) which fail to irradicate
the lesion and can stimulate overgrowth of resistant malignant cells (Heimberger et
al., 2000). The capacity to selectively target antineoplastic agents to tumor can be
carried out by encapsulation carriers such as liposomes (Gregoriadis and Ryman,
1971) and albumin microspheres (Kramer, 1974). But, the circulation of liposomes
and carriers result in the rapid clearance by reticuloendothelial system. Magnetic
nanoparticles are excellent candidate for developing drug delivery systems, as it is
feasible to make and characterize (Tiefenauer et al., 1993; Alexiou ef al., 2000; Zhang
et al., 2002;Gupta et al., 2003; Berry et al,, 2004;Gupta and Wells, 2004; Bi et al.,
2016) and an external localized magnetic field gradient can be applied to target it
(Alexiou et al., 2002; Rani et al., 2012).

1.2 OXIDATIVE STRESS

In recent years there's an increasing awareness among people in prevention of disease
especially the role of free radicals in health and disease. Oxygen is an element
indispensable for life. When cell uses oxygen to get energy, free radicals are produced
by the mitochondria (Tiwari, 2004). These by-products are generally reactive oxygen
species (ROS) also as reactive nitrogen species (RNS) that result from the cellular
redox process. The free radicals have a special affinity for lipids, proteins and nucleic

acid (DNA) (Velavan, 2011). In a normal cell there's balance between formation and
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removal of free radicals. However this balance are often shifted towards more
formation of free radicals or when levels of antioxidants are diminished. This state is
called 'oxidative stress' and can result in serious cell damage (Butnariu and Samfira,
2012). Oxidative stress plays a major role in the development of chronic and
degenerative diseases such as cancer, arthritis, ageing, autoimmune disorders,

cardiovascular and neurodegenerative diseases (Lian, 2008).

In biological system oxidative stress may result from (i) decrease in endogenous
antioxidant levels like SOD, catalase or GPx, depletion of dietary antioxidants and
other essential dietary constituents (i) Generation of oxidative compounds,
physiologically important as a neighborhood of a defense reaction against invading
microorganisms or malignant cells, also as of tissue repair, healing and remodelling

(Locatelli et al., 2003; Ahmadinejad et al., 2017).

The human body has some mechanisms to counter oxidative stress by producing
antioxidants which are either naturally formed in body, or externally supplied through
foods and or supplements. Endogenous and exogenous antioxidants act as radical
scavengers and thus can enhance the immune defence and lower the danger of cancer
and degenerative diseases (Valko et al., 2006; Chandra et al., 2015). Recently it has
been claimed that the imbalances within the amount of free radicals and antioxidants
in saliva may play an important role within the onset of periodontal diseases, therefore
measurement of oxidative stress in saliva represents major intraoral condition and this
is often ready to provide a more accurate account of the oral environment (Cully et
al., 2002).

1.2.1Generation of free radicals

Most of the oxygen haunted by the cells is converted to water by the action of cell

enzymes. However a number of these enzymes leak electrons into the oxygen
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molecules and cause the formation of free radicals and are formed during normal
biochemical reaction involving oxygen. There are two important sources of radical
formation, one among the interior factors i.e. normal cellular metabolism like
mitochondrial ETC, endoplasmic reticulum oxidation and lots of enzymatic activities
(Bandyopadhyay et al., 1999; Tandon et al., 2005). Other external factors includes
radiation, oxidation of engine exhaust, carbon tetrachloride , cigarette smoke and
oxygen itself (Slater, 1984; Mustacich and Powis,2000; Nordberg and Arner, 2001;

Imlay, 2003) (Figure 1.1).

Intracellular generation of ROS mainly comprises superoxide (O»e—) radicals and
nitric oxide (NO¢) radicals. Under normal physiological conditions, nearly 2% of the
oxygen consumed by the body is converted into O*— through mitochondrial
respiration, phagocytosis, etc (Winterbourn, 2008). ROS percentage increases during
infections, exercise, exposure to pollutants, UV light, radiation, etc. NOe, is an
endothelial relaxing factor and neurotransmitter, produced through gas synthase
enzymes. The NOe« and O»e— radicals, are converted to powerful oxidizing radicals
like hydroxyl radical (*OH), alkoxy radicals (RO¢), peroxyl radicals (ROO¢), singlet

oxygen (10,) by complex transformation reactions (Pickrell et al., 2009).

Some of the novel species are converted to molecular oxidants like hydrogen peroxide
(H207), peroxynitrite (ONOO-), hypochlorous acid (HOCI). Sometimes these
molecular species act as source of ROS for instance, H>O; is converted to *OH
radicals by Fenton reaction and HOCI through its reaction with H>O, are often
converted to 'O2. At physiological concentrations of carbon dioxide, peroxynitrite
(ONOO-) becomes a source of carbonate radical anion (CO3 *—). The varied pathways

involved within the generation of ROS are given in figure 1.2.
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1.2.2 Reactive oxygen species (ROS)

ROS include a number of chemically reactive molecule derived from oxygen
(Halliwell, 1996; Fridovich, 1999; Halliwell, 1999; Betteridge, 2000; Halliwell,
2007). Some of those molecules are extremely reactive (the hydroxyl) , while some
are less reactive (superoxide and hydrogen peroxide). Free radicals and ROS can
readily react with most biomolecules, starting a sequence reaction of radical formation
(Rizzo et al., 2010). In order to prevent this chain reaction, a newly formed radical
must either react with another radical , eliminating the unpaired electrons, or react
with a radical scavenger— a chain-breaking or primary antioxidant. Table 1.1 shows
the common intracellular sorts of ROS, key cellular sources of production and the

relevant enzymatic antioxidant systems scavenging these ROS molecules.

Table 1. 1 The Major ROS Molecules and Their Metabolism

ROS molecule Main sources Enzymatic Product (s)
defence systems
Superoxide (Oz—) Leakage of electrons Supeoxide H,0, + Oy
from electron transport | dismutase(SOD), H,0,
chain, Activated Superoxide reductase
phagocytes, xantine (in some bacteria,
oxidase, flavoenzymes
Hydrogen peroxide From O,+— via SOD, Glutathione peroxidise, | H.O, + GSSG
(H202) NADPH oxidase, Catalases, H,O + O,
Glucose oxidase, Peroxiredoxins (Prx) H,O
Xanthine oxidase
Hydroxyl radical (*OH) | From O,*— and H,0» Glutathione/TrxR GSNO
via transition metal(Fe
or Cu)
Nitric oxide (NO) Nitric oxide synthases Glutathione/TrxR GSNO
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The step-wise reduction of molecular oxygen producing and as well connecting the

ROS molecules shown in Table 1.1, can be summarized as follows:

e e e e

Og_k_‘-;, 02‘2.5 HgOzS)'OH + OH'E‘)- 2H,0
; 7
2 2H
(Reaction 1)

1.2.2.1 Superoxide (O2e-)
The superoxide created from molecular oxygen by the addition of an electron is, in
spite of being a radical, not highly reactive. It lacks the ability to penetrate lipid
membranes and is therefore enclosed in the compartment where it was produced
(Cynshi et al., 2010). The formation of superoxide takes place spontaneously,
especially in the electron-rich aerobic environment in vicinity of the inner
mitochondrial membrane with the respiratory chain (Figure 1.3). Superoxide (as well
as hydrogen peroxide) can be produced endogenously by flavoenzymes, e.g., xanthine
oxidase (Kuppusamy and Zweier, 1989) activated in ischemia-reperfusion

(Zimmerman and Granger, 1994). Other superoxide-producing enzymes are

lipoxygenase and cyclo oxygenase (Kontos et al., 1985; Mclntyre et al., 1999).

or x H20+0; o
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Figure 1.3 Schematic representation of oxidative and antioxidative systems in

cells (Nordberg and Arner, 2001)
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1.2.2.2 Hydrogen peroxide (H202)

H>0» is not a free radical but is nonetheless highly important much because of its
ability to penetrate biological membranes. It plays a radical forming role as an
intermediate in the production of more reactive ROS molecules including HOCI

(hypochlorous acid) (Reaction 2) (Winterbourn et al., 2000; Wolin, 2009).

H" + CI'+ H,0, — 3 HOCI + H20

( Reaction 2)

Another important function of H>O; is carried out in its role as an intracellular
signaling molecule (Sundaresan et al., 1995;Rhee, 1999). H>O; once produced by the
above mentioned mechanisms is removed by at least three antioxidant enzyme
systems, namely catalases, glutathione peroxidases, and peroxiredoxins. (Chae ef al.,
1999%; Chae et al., 1999°° Mates et al., 1999).
1.2.2.3 Hydroxyl radical (¢*OH)
Due to its strong reactivity with biomolecules, *OH is probably capable of doing more
damage to biological systems than any other ROS (Halliwell, 1987; Betteridge, 2000).
The radical is formed from hydrogen peroxide in a reaction catalyzed by metal ions
(Fe?*or Cu"), often bound in complex with different proteins or other molecules. This
is known as the Fenton reaction:
H,0; + Cu'/Fe*" — «OH + OH" + Cu2"/Fe**

(Reaction 3)
Superoxide also plays an important role in connection with Reaction 3 by recycling
the metal ions:
Cu*'/Fe** +0, +- — Cu'/Fe*' + 02

(Reaction 4)
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The sum of Reactions 3 and 4 is the Haber-Weiss reaction; transition metals thus play
an important role in the formation of hydroxyl radicals (Halliwell, 1987; Halliwell,
1999). Transition metals may be released from proteins such as ferritin (Harris et al.,
1994) and the [4Fe-4S] center of different dehydrases by reactions with O e-. This
mechanism is specific for living cells has been called the in vivo Haber-Weiss
reaction (Fridovich, 1997).

1.2.2.4 Nitric oxide (NO)

Nitric oxide represents an odd member of the radical family and is analogous to Oz°
in several aspects therein it doesn't readily react with most biomolecules despite its
unpaired electron. On the opposite hand it simply reacts with other free radicals (e.g.,
peroxyl and alkyl radicals), releasing less reactive molecules, so in reality functioning
as a radical scavenger, NO has, for instance , been shown to prevent lipid
peroxidation in cell membranes (Hogg and Kalyanaraman, 1998; Rubbo et al., 2000).

Though, if O *_is produced in large amounts in parallel with NO, both react with
one another to offer OONO _ (peroxynitrite), which is very cytotoxic (Beckman and
Koppenol ,1996). Peroxynitrite can directly react with diverse biomolecules in one- or
two-electron reactions, and readily react with CO> to make highly reactive nitroso
peroxocarboxylate (ONOOCO;_), or protonated as peroxonitrous acid (ONOOH)
undergo homolysis to make either *OH and *NO: or rearrange to nitrate (NO3). The
individual rates of those different reactions of peroxynitrite will depend on the pH,
temperature, and sort of compounds present within the surrounding milieu (Radi et
al., 2001). Peroxynitrite, directly or via its reaction products, may oxidize low density
lipoproteins (LDL), release copper ions by destroying ceruloplasmin, and usually
attack tyrosine residues in several proteins, as observed in many inflammatory

diseases (Halliwell, 1997).
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NO is synthesized enzymatically from L-arginine by NO synthase (NOS) (Andrew

and Mayer, 1999; Beck ef al., 1999; Bredt, 1999) (Reaction 5).

L-arginine + O, +NADPH — L-citrulline + NO + NADP"

(Reaction 5)
In physiologic concentrations NO functions mainly as an intracellular messenger
stimulating guanylate cyclase and protein kinases, thereby relaxing smooth muscle in
blood vessels, among other effects.
NO has the ability to cross cell membranes and can thereby also transmit signals to
other cells (Ignarro, 1990). When produced in larger amounts, as is the case when
iNOS is induced by endotoxin and IFN- , NO becomes an important factor in redox
control of cellular function (Wink and Mitchell, 1998).
1.2.3 PHYSIOLOGICAL FUNCTIONS OF ROS
1.2.3.1 Defense against infection
When phagocytes are activated, they produce ROS in amounts enough to kill
intruding bacteria (Thomas et al., 1988). ROS are in this system produced by the
NADPH oxidase complex that converts O to Oze- (Babior, 1999; Nauseef, 1999).
Superoxide is then reduced in the phagosome by SOD to H>O: that can be further
converted to HOCI by myeloperoxidase (Rossi et al.,1985) (Reaction 2).
Hypochlorous acid can suddenly form *OH by Reactions 6 or 7. Here reaction 7 is
analogous to the Fenton reaction (Reaction 3) but HOCI taking the place of H2O».
HOCI + O2 »- — *OH + 02+ CI- (Reaction 6)
HOCI + Cu'/Fe?*'— *OH + CI-+ Cu?'/Fe** (Reaction 7)
The two heavily reactive ROS molecules thus formed in phagosomes (HOCI and
*OH) are extremely toxic to bacteria ingested by the phagocyte and bring the direct
antimicrobial effects of ROS. The hypochlorous acid produced in the
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myeloperoxidase reaction is also an important part of the antimicrobial defense by
destruction of the DNA anchoring at the bacterial membrane, resulting in cessation of

DNA replication (Rosen et al., 1990; Elsayed, 2019).

1.2.3.2 Redox regulation of transcription factor activity

ROS can directly affect the conformation activities of all sulfhydryl-containing
molecules, such as proteins or GSH, by oxidation of their thiol moiety. This type of
redox regulation affects many proteins important in signal transduction and
carcinogenesis such as protein kinase C, Ca*"-ATPase, collagenase, and tyrosine
kinases (Dalton et al., 1999; Fisher, 2011), among many other enzymes and
membrane receptors. For several transcription factors, ROS function as physiological
mediators of transcription control (Sen and Packer, 1996; Arrigo, 1999; Dalton et al.,
1999; Morel and Barouki, 1999; Allen and Tresini, 2000). Well-known examples of
redox-sensitive transcription factors are Nuclear Factor-kB (NF-kB) and Activator
Protein-1 (AP-1) (Schreck et al., 1991; Schreck et al., 1992; Bacuerle and Henkel,
1994; Foletta ef al., 1998; Sen, 1998; Dalton et al,, 1999; Kamata and Hirata, 1999;
Kyriakis, 1999; Morel and Barouki, 1999; Marshall et al., 2000).

1.2.3.3 ROS as Cause of Oxidative Damage

Due to the high reactivity, ROS prone to cause damage, and are thereby also
potentially toxic, mutagenic, or carcinogenic. The targets for ROS damage include all
major groups of biomolecules, summarized as follows.

1.2.3.3.1 DNA

ROS have shown to be mutagenic (Mates et al., 1999; Marnett, 2000), that
chemically modifies DNA molecules. A number of alterations such as cleavage of
DNA, DNA-protein cross links, oxidation of purines, etc are due to reactions with

ROS, like *OH. If the DNA repair systems doesn’t work, mutation will occurs results
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in erroneous base pairing during replication. This mechanism may somewhat
explains the high prevalence of cancer in individuals with oxidative stress (Mates et
al., 1999; Marnett, 2000). The reality is that apoptosis in some cases is mediated by
ROS (Kamata and Hirata, 1999) or may due to ROS-derived damage to DNA, but is
also related to increased mitochondrial permeability, released cytochrome C,
increased intracellular Ca?", and other effects (Kroemer et al., 1998).

The ROS plays an important factor in cellular and whole organism ageing due to
damage to mitochondrial DNA (Ames et al., 1993; Beckman and Ames, 1997;
Butterfield er al., 1998; Cortopassi and Wong, 1999). This concept was newly
challenged by a study based on extensive gene array analysis signifying errors in the
mitotic machinery and maybe in arachidonic acid metabolism as important
determinants for the ageing process (Ly et al., 2000). However, studies indicate that
ROS contribute to ageing (Finkel and Holbrook, 2000) and, on the other hand,
superoxide dismutase and catalase increases the life span in C. elegans (Melov et al.,
2000).

1.2.3.3.2 Lipids

Lipid peroxidation is possibly the most explored area of research in ROS production
(Steinberg, 1997; Yla-Herttuala, 1999). The excellent targets for free radical includes
the polyunsaturated fatty acids because of their multiple double bonds. Such type of
oxidation is necessary for the production of atherosclerotic plaques (Halliwell, 1993;
Frei, 1999). The oxidation of low density lipoproteins (LDL) and uptake of these
particles by phagocytes in the sub endothelial space by way of their scavenger
receptor, stimulate the formation of atherosclerotic plaques. Cardiovascular disease
with plaque formation is a common disese reported in western countries. Therefore,

minimize the amount of lipid peroxidation is of significant medical importance.
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1.2.3.3.3 Proteins

In vitro studies have shown that ROS have been directly react with several amino acid
residues, generating anything from modified and less active enzymes to denatured,
non-functioning proteins (Butterfield ez al., 1998; Stadtman and Berlett, 1998). The
sulfur- (or selenium)-containing residues are the most susceptible amino acids.
General antioxidant systems (Lowther et al., 2000), offers protection to such proteins
from modification.

1.2.4 CELLULAR ANTIOXIDANT ENZYMES

There are two major groups of cellular anti oxidant systems- enzymatic and
nonenzymatic.

1.2.4.1 Superoxide dismutases (SOD)

The first genuine ROS-metabolizing enzymes discovered was Superoxide dismutases
(SOD) (McCord and Fridovich, 1969). In eukaryotic cells, O *- can be metabolized
to H2O2 by two metal containing SOD isoenzymes, one present in mitochondria, 80-
kDa tetrameric Mn-SOD, and the second one include cytosolic 32-kDa dimeric
Cu/Zn-SOD. Bacteria possess both Mn-SOD and Fe-SOD type of SOD (Yost and
Fridovich, 1973) and in some cases Cu, Zn-SOD also present in them (Fridovich,
1997). In the reaction catalyzed by SOD, two molecules of superoxide form H,O> and
molecular O> and it constitute a source of cellular hydrogen peroxide (Reaction 8).
The reaction catalyzed by SOD is particularly efficient.

20; « +2H " —-H,02 +O; (Reaction 8)

In mitochondria, superoxide is formed in high concentrations due to the outflow of
electrons from the respiratory chain. The mitochondrial Mn-SOD (Weisiger and
Fridovich, 1973) is essential since no inherited diseases have been found in which

Mn-SOD is deficient, and knockout mice lacking Mn-SOD die soon after birth or
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suffer severe neurodegeneration (Melov et al., 1998). Expression of Mn-SOD is, in
contrast to Cu, Zn-SOD, induced by oxidative stress and also by thioredoxins (Trx)
(Das et al., 1997).

1.2.4.2 Superoxide reductases (SOR)

For catalyzing the direct reduction of superoxide a novel type of superoxide
scavenging enzyme was discovered recently.

Oze- + e~ +2H" — H20» (Reaction 9)

These enzymes, the superoxide reductases (SOR), contain iron and have found in
anaerobic sulfate-reducing bacteria (Lombard et al., 2000*) such as Pyrococcus
furiosus, (Jenney et al., 1999) or the microaerophilic bacterium, Treponema pallidum
causing venereal syphilis (Lombard et al., 2000°). The Treponema pallidum organism
lacks SOD and seems to rely on SOR for its elimination of superoxide. No direct
evidence for a mammalian SOR till now.

1.2.4.3 Catalases

Catalases are heme-containing enzymes found in many organisms (Aebi, 1974). It is
found mainly in peroxisomes of mammalian cells, where catalase catalyze the
dismutation of hydrogen peroxide to water and molecular oxygen:

2H>0,; — O, + 2H20 (Reaction 10)

Catalase also has functions as detoxifying agent of different substrates, e.g., phenols
and alcohols, by coupled reduction of hydrogen peroxide:

H>0; +R'H, — R' + 2H,0 (Reaction 11)

1.2.4.4 Peroxiredoxins (Prx)

Peroxiredoxins (Prx; thioredoxin peroxidases) e.g., hydrogen peroxide and different
alkyl hydroperoxides, are enzymes capable of directly reducing peroxides, (Kim et

al., 1988). Thioredoxin (in mammalian cells), trypanothione (in trypanosomatids) or
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AhpF, a component of the alkyl hydroperoxide reductase system in Salmonella
typhimurium (Poole et al., 2000). In the mitochondria of mammalian cells the
mitochondrial thioredoxin system is most likely a specific reductant of Prx (Miranda-
Vizuete and Spyrou, 2000). Peroxiredoxins shown to inhibit apoptosis induced by p>>
(Zhou et al., 2000) and by hydrogen peroxide on a level upstream of bcl-2 (Zhang et
al., 1997). Till date, at least 13 mammalian peroxiredoxins are known (Butterfield et
al., 1999).

1.2.4.5 Glutathione peroxidases (GPx)

There are four different types of GPx reported in mammals (GPx1-4), all of them
containing selenocysteine (Ursini et al., 1995). GPx1 and GPx4 (or phospholipid
hydroperoxide GPx) are both cytosolic enzymes rich in most tissues (de Haan et al.,
1998). GPx4 has been found to have dual functions in sperm cells by being
enzymatically active in spermatids but insoluble and working as a structural protein in
mature spermatozoa (Ursini ef al., 1999; Sharma et al., 2004).

1.2.4.6 Other glutathione-related systems

Reduced Glutathione (GSH) is the abundant intracellular thiol-based antioxidant,
common in millimolar concentrations in all living aerobic cells. Its functions as a
sulthydryl buffer, but GSH detoxify compounds either by conjugation reactions
catalyzed by glutathione S-transferases (Armstrong, 1997; van Bladeren, 2000) or
directly, as is the case with hydrogen peroxide in the GPx catalyzed reaction
(Reaction 12).

GSH glutathione is a cofactor of several detoxifying enzymes against oxidative stress,
e.g. glutathione peroxidase (GPx), glutathione transferase and others and help to
scavenges hydroxyl radical and singlet oxygen and detoxifying hydrogen peroxide

and lipid peroxides by the catalytic action of glutathione peroxidase. In general, the
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antioxidant ability of thiol compounds is due to the sulphur atom which can easily
accommodate the loss of a single electron (Karoui et al., 1996). In addition the
lifetime of sulphur radical species thus generated, i.e. a thiyl radical (GS¢), may be
longer than many other radicals generated during the stress. The reaction of
glutathione with the radical Re can be described:

GSH + R* — GS+ + RH

Thiyl radicals generated may dimerise to form the nonradical product, oxidised
glutathione (GSSQG):

GSe + GS* — GSSG

Oxidised glutathione (GSSG) is accumulated inside the cells and the ratio of
GSH/GSSG is a good measure of oxidative stress of an organism (Hwang et al.,
1992).

GSH is an important factor in the protection against apoptosis, the efficiency of
anticancer drug-induced apoptosis requires depletion of GSH, thus facilitate tumor
treatment. Studies have shown that an association between cancer incidence and
various disorders of GSH-related enzyme functions, in which alterations of
glutathione S-transferases (GSTs) being most commonly reported. GSTs utilize
glutathione in reactions contributing to the transformation of a wide range of
compounds, including carcinogens, therapeutic drugs, and products of oxidative stress
(Mitchell and Russo, 1987; Valko et al., 2006).

Glutathione is able to stimulate the most important antioxidants, vitamins C and E
back to their active forms; glutathione can reduce the tocopherol radical of Vitamin E
directly, or indirectly, via reduction of semidehydro ascorbate to ascorbate. The
capacity of glutathione to regenerate the most important antioxidants is linked with

the redox state of the glutathione disulphide—glutathione couple (GSSG/2GSH) (Jones
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et al., 2000). This, in turn, has a high impact on the overall redox environment of the
cell.

Another class of proteins intimately related to GSH is the glutaredoxins (Grx), with
functions overlapping those of thioredoxins (Trx). A major qualitative difference
between Grx and Trx is that Grx can be reduced by GSH and is capable of reducing
GSH mixed protein disulfides formed at oxidative stress, which should play an
important role in the total cellular antioxidant defense (Holmgren, 2000). Figure 1.4

summarizes the different GSH-related antioxidant systems.

NADPH + H", , GSSG Grx.g  Reducing equivalents to:

2 H,0
e Protein
GPx R e GSH-mixed disulfides
H.0, NADP * (2 GSH GrXox *  Low Mw-compounds
N > GS-conjugate + H

GST
substrate

Figure 1.4 Schematic summary of the major glutathione-associated antioxidant

systems (Nordberg and Arner 2001).

1.3 OXIDATIVE STRESS AND DISEASES

The evidence for a role of free radicals in disease is of several types. A large number
of human diseases are associated with more production of activated species or with
increased level of radical forming substances (Sowers, 2002; Mahmoudian-sani et al.,
2017). Free radicals have also been implicated in the etiology of diseases which
include cancer, cataract, coronary heart disease, stroke, arthritis, Alzheimer’s disease,

and aging process (Finkel and Holbrook, 2000; Kaynar et al., 2005; Ojo et al., 2006).
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1.3.1 Damage to DNA by ROS : role in inflammatory disease and progression to
cancer

It is proposed that reactive oxygen species (ROS) and reactive nitrogen species (RNS)
play a key role in human cancer development (Totter, 1980; Ames, 1989; Cerutti,
1994; Oshima and Bartsch,1994). ROS and RNS have been shown to possess many
characteristics of carcinogens (Cerutti, 1994; Mukhtar and Ahmad, 2000;
Ahmadinejad et al., 2016). Mutagenesis by ROS/RNS could add to the beginning of
cancer, as being important in the promotion and progression phases. ROS/RNS can

have the effects.

(1) Cause structural alterations in DNA, e.g. base pair mutations, rearrangements,
deletions, insertions and sequence amplification. ROS be able to make gross
chromosomal alterations in addition to point mutations and thus involved in
the inactivation or loss of the second wild-type allele of mutated proto-
oncogene or tumor-suppressor gene that can occur during tumor promotion
and progression, making the expression of the mutated phenotype to happen
(Cerutti, 1994; Jami et al., 2014).

(2) Aftect cytoplasmic and nuclear signal transduction pathways (Schreck et al.,
1992; Burdon et al., 1995). For example, HoO> (which crosses cell and
organelle membranes easily) can lead to displacement of the inhibitory subunit
from the cytoplasmic transcription factor, nuclear factor kB, allowing the
activated factor to migrate to the nucleus (Schreck et al., 1992; Valko et al.,
2006). Nitration of tyrosine residues by ONOO™ can block phosphorylation.

(3) Modulate the activity of the proteins and genes that respond to stress and
which act to regulate the genes that are related to cell proliferation,

differentiation and apoptosis (Schreck ef al., 1992; Cerutti, 1994; Jackson,

33



Introduction and Review of Literature

1994). For example, H>O> can stimulate transcription of c-jun (Rao et al.,
1993) and can activate mitogen-activated protein kinase in NIH 313 cells

(Stevenson et al., 1994; Zhang et al., 2010).

1.3.2 Chemistry of DNA Damage

The endogenous reactions that are likely to contribute to ongoing DNA damage are
oxidation, methylation, depurination and deamination (Totter, 1980; Ames, 1989;
Chalansonnet ef al., 2013). Nitric oxide or, and the reactive products derived from it,
such as NO> ¢, ONOO—, N2O3 and HNO3, are mutagens, with the potential to produce
nitration, nitrosation and deamination reactions on DNA bases (Cerutti, 1994;0shima
and Bartsch,1994). Methylation of cytosines in DNA is significant for the regulation
of gene expression, and normal methylation patterns can be altered during
carcinogenesis (Weitzman et al., 1994; Cairns et al., 2011). Conversion of guanine to
8- hydroxyguanine is a mutagenic result of ROS attack (Halliwell and Aruoma, 1991;
Dizdaroglu, 1993; Box et al., 1995) has been found to alter the enzyme-catalysed
methylation of adjacent cytosines (Box et al., 1995), thus providing a link between
oxidative DNA damage and altered methylation patterns.

Damage to DNA by ROS/RNS appears to occur naturally, in that low steady-state
levels of base damage products have been detected in nuclear DNA from human cells
and tissues (Floyd, 1986; Ames, 1989). The pattern of damage to the purine and
pyrimidine bases suggests that at least some of the damage occurs by OHe attack,
telling that OHe is formed in the nucleus in vivo (Halliwell and Dizdaroglu, 1992).

1.3. 3 Mitochondrial DNA damage

ROS/RNS can also damage mitochondrial DNA, and such damage has been suggested
to play an important role in several human diseases and in aging process (Shigenaga

et al., 1994).  The mitochondrial electron transport chain generates ROS in vivo
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(Ambrosio et al., 1993; Guidot et al., 1993; Sena and Chandel, 2012) and results in
mitochondrial DNA damage. Oxidative DNA base damage has been detected in
mitochondrial DNA at steady-state levels several-fold higher than in nuclear DNA
(Shigenaga et al., 1994;Sohal et al., 1994). This increased net oxidative damage in
mitochondrial DNA compared with nuclear DNA could be of the proximity of
mitochondrial DNA to ROS formed during electron transport, the lack of histone
proteins to guard the DNA against attack, or inefficient repair, so as to base damage
accumulates to higher levels.  Oxidative damage could contribute to the deletions
and mutations in mitochondrial DNA that accumulate with age at a higher rate than in
nuclear DNA (Arnheim and Cortopassi, 1992).

Oxidative mechanisms have been demonstrated to possess a potential role in the
initiation, promotion, and malignant conversion (progression) stages of
carcinogenesis. Active oxygen may be involved in carcinogenesis through two
possible mechanisms: (i) the induction of gene mutations that result from cell injury
and (ii) the effects on signal transduction and transcription factors (Mates et al.,
1999). Numerous studies have attempted to establish a relationship between levels of
oxidative DNA damage and cancer. Elevated levels of damage are purported to arise
as a consequence of an environment in the tumor tissues, because of low antioxidant

enzymes and high ROS generation.

Although many studies have furthered the hypothesis that oxidative DNA damage
may be an important risk factor for carcinogenesis, it has been argued that the mere
presence of 8-OH-dG in DNA is unlikely to be necessary or sufficient to cause tumor
formation. Lesions such as 8-OH-dG are established biomarkers of oxidative stress;
coupled with their potential mutagenicity in mammalian cells, this has led to their

proposed potential as intermediate markers of a disease endpoint. Supportive of this
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proposal are the findings that GC—TA transversions potentially derived from §-OH-
dG have been observed in vivo in the ras oncogene and the p53 tumor suppressor
gene in lung and liver cancer. The GC—TA transversions are not unique to §-OH-
dG, whereas CC—TT substitutions in the absence of UV in internal tumors have been
identified as signature mutations for ROS (Cooke et al., 2003). But all cases of the
increased incidence of carcinogenesis are not always associated with oxidative DNA
damage. The mere presence of elevated levels of damage in tumors does not indicate
it as oxidative damage that led to the tumorigenic changes. Elevation in levels may
have occurred as a result of well-established characteristics of tumors, e.g., increased

metabolism or cell turnover.

More over for DNA mutations to arise from oxidative damage, the nuclei of
undifferentiated, proliferating stem cells must be affected. Hence not only the DNA
of target cells can be affected; to result in a mutation the damage must be within a
coding region of the DNA. It is possible that the antioxidants themselves, may allow
clonal expansion and tumor promotion by protecting initiated cells from excessive
oxidant toxicity and apoptosis that would otherwise kill them. Finally, in linking
oxidative stress with promotion, it must not be forgotten that biomolecules other than
DNA may be oxidatively modified and that these may have a significant effect
(Cooke et al., 2003). Therefore, although the role of oxidative stress in
carcinogenesis appears well established, the extent to which oxidative DNA damage

contributes has not been well defined.

1.3.4 Inflammation
The relationship between inflammation and oxidative stress is well accepted
(Srivastava, 2007). Inflammation may ultimately result from damage to membrane

lipids by reactive oxygen species (ROS) such as peroxide, superoxide anion, hydroxyl
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radical and singlet oxygen (Symons and King, 2003). Bactericidal species (02"~ and
H>0,), generated from the respiratory burst of invading neutrophils, macrophages,
and eosinophils damage surrounding tissue, initiating further radical reactions and
potentially oxidative stress. Chronic inflammation and hence oxidative stress have
been closely linked to the pathogenesis of such autoimmune diseases as rheumatoid
arthritis (Bashir ef al., 1993) and systemic lupus erythematosus (Lunec et al., 1994)
with radical production resulting not only in connective tissue damage, but also
modified biomolecules being exposed to the systemic circulation, postulated to be the
antigen driving autoantibody production. Mechanistically, chronic inflammation can
be closely linked to carcinogenesis, although there is little evidence to suggest that
patients with chronic inflammatory diseases such a systemic lupus erythrematosis

have an increased rate of cancer development (Sultan ef al., 2000).

1.3. 5 Cardiovascular disease and renal dysfunction

Under physiological conditions, ROS are produced in low concentrations can act as
a signaling molecule that regulate vascular smooth muscle cells contraction and
relaxation, and participate in their growth (Rao and Berk, 1992; Touyz and Schiffrin,
1999). But under pathophysiological conditions, these free radicals play an important
role in various conditions, including atherosclerosis, arrhythmias, cardio mayopathy,
congestive heart failure cancer and diabetes (Harrison, 1997; Zalba et al., 2001).
Various other potential sources of cardiovascular diseases includes xanthine oxidase,
cyclooxygenase, lipooxygenase, mitochondrial respiration, cytochrome P450,
uncoupled nitric oxide synthase and NAD(P)H oxidase. They have been identified as

the sources of ROS generation in all type of vasculature (Vijayalakshmi et al., 2009).

ROS are involved in intracellular signaling. When ROS production is increased,

deregulation of physiological processes occurs. O>" and other radicals may react with
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NO (nitric oxide) causing endothelial dysfunction. The reaction of O, with NO led to
the production of peroxynitrite. Peroxynitrite itself is a potent oxidant which can
induce oxidation of proteins, lipids and DNA. In addition, ROS can stimulate vascular
smooth muscle cell hypertrophy and hyperplasia. Furthermore, elevations in levels
of ROS may, via a variety of mechanisms, initiate development of a vascular pro-
inflammatory state. This pro-inflammatory state may be promoted via activation of
redox-sensitive transcription factors, such as nuclear factor kB and the leukocyte
adhesion molecule by reduction in levels of NO or by Ang-II-dependent pathways
(Wolin, 2000;Landmesser and Harrison, 2001). Endothelial dysfunctions (ED) is an
early event in artherosclerotic disease, preceding clinical manifestations and
complications. Evidences have shown that ED is a strong predictor of future
cardiovascular events in patients with cardiovascular risk factor (Fichtlscherer et al.,

2004).

ROS has been implicated as important mechanism that contributes ED and may
function as intracellular messenger that modulate signaling pathways. Increased ROS
production is a major cause of ED in experimental and clinical atherosclerosis (Cai
and Harrison, 2000). Atherosclerosis occurs as a result of ED and inflammation. The
free radicals are involved throughout the atherogenic process, beginning from ED in
an otherwise intact vessel wall up to the rupture of a lipid rich atherosclerosis plaque,
leading to acute myocardial infarction or sudden death (Kunsch and Medford, 1999).
The development of atherosclerosis is a multifactorial process in which both elevated
plasma cholesterol levels and proliferation of smooth muscle cells play a central role.
Its still a topic of debate whether this increased oxidative stress has any causative role
in cardiovascular disease pathogenesis or is a vascular consequence of disease

progression. There is, however, emerging evidence for genetic components both from
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careful functional genomic studies (McBride et al., 2003) and from systemic
evaluation of the candidate genes within the oxidative stress pathway (Guzik et al.,
2000). In both cases it appears that re-establishment of vascular ROS to normal is a

significant and commonly neglected therapeutic target.

Studies have shown a significant imbalance in pro-oxidant and antioxidant activities
in patients with renal dysfunction. Oxidative stress has been found in the early stages
of chronic kidney disease (CKD), as an increased level of plasma 8- isoprostane.
Furthermore, oxidative stress seems to increase as CKD progresses and correlates
significantly as inversely with the level of glomerular filtration rate (Dounousi ef al.,
2006). Indirect confirmation that oxidative stress is especially important in renal
dysfunction comes from several main studies (Boaz et al., 2000; Yusuf et al., 2000).
Inflammation is another important cause for the increased oxidative stress observed in
patients with advanced renal disease, with factors such as malnutrition, chronic
volume overload and autonomic dysfunction being among some of the factors
implicated in the increased inflammatory state seen in renal impairment. Thus
oxidative stress has been increasingly linked to the high incidence of cardiovascular
events in patients with chronic kidney disease (CKD); especially as traditional
cardiovascular risk factors seem to not be able to account for the huge cardiovascular

morbidity and mortality in this population group.

1.4 DRUG INDUCED OXIDATIVE STRESS

Many xenobiotics supplied to living organisms are metabolized inside the body by
conjugation with the cellular antioxidant enzymes mainly GSH, catalysed by
glutathione S-transferase (GST) enzymes and cause the depletion of GSH that lead to

oxidative stress (Valko et al., 2007).
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RX + GSH —-RSG + HX

1.4.1 Hepatotoxicity

The liver may be considered as the most important organ in drug toxicity for two
reasons: on the one hand it is functionally interposed between the site of absorption
and the circulation and may be a major site of metabolism and elimination of foreign
substances; but on the opposite hand these features also render it a preferred target for
drug toxicity. Therefore being an important organ, its protection features a special
status in therapeutics. Despite of the superb regeneration capacity of this organ, a
small injury or toxicity may cause fatal complications. Drug-induced liver injury
(DILI) therefore possess a major clinical problem. DILI has become the leading cause
of acute liver failure and transplantation in western countries (Ostapowic et al., 2002;
Lee, 2003). Drug such as paracetamol, diclofenac etc., alcoholism, exposure to certain

xenobiotic, pollutants and certain disease state are found to affect liver functioning.

Drug metabolism is considered into two phases. Phase I reaction introduce a polar
functional group within the molecule, often by oxidation involving cytochrome P450.
Concentration of total P450 is higher in liver. Phase II reactions are conjugation
reactions where an endogenous molecule is added to the phase I reaction product. The
cytochrome P450 monooxygenase system of the hepatic endoplasmic reticulum
(microsomes) also generates a substantial amount of ROS in the process of
metabolizing a chemically diverse group of compounds that includes most of the
drugs that we administer as well as environmental substances (Spahn-Langguth and
Benet, 1992; Boelsterli et al., 2002; Almroth et al., 2005). Drug metabolism and
formation of reactive toxic metabolites by the hepatic microsomal enzyme system

plays a role in the hepatotoxic mechanism. Xenobiotics are metabolized to inert
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metabolites that are excreted by the kidney, but some are metabolized to more

reactive compounds that are more toxic than the parent compound.

1.4.1.1 Acetaminophen-induced Hepatotoxicity
Acetaminophen (N-acetyl-p-aminophenol, APAP), also referred to as paracetamol, is

widely used as an analgesic and antipyretic drug throughout the world. In the United

Kingdom, about 3.2><109 tablets of APAP are consumed every year, which is
equivalent to an average of 55 tablets/person (Jones, 1998). As an over-the-counter
drug, it can be readily obtained without prescription. Although APAP is generally
harmless at therapeutic doses, accidental or intentional intake of high doses often
induced liver failure with acute hepatocellular necrosis with high morbidity and
mortality (Lee et al., 2008). APAP is biotransformed and eliminated as nontoxic
glucuronic acid and sulphate conjugates. Glucuronide is provided by UDP-glucuronic
acid, and sulfation is dependent on phosphoadenylsulfate (Clements et al., 1984).
Furthermore, the mixed function oxidase system cytochrome P450 (CYP) participates
in metabolizing a small proportion of APAP at therapeutic doses (Azab and Albasha,

2018).

The metabolism of APAP by CYP leads to form N-acetyl-pbenzoquinoneimine
(NAPQI), a highly reactive intermediate metabolite (Dahlin et al., 1984), which in
general detoxified by conjugation with reduced glutathione (GSH). After heavy doses
of APAP, the ability for its elimination by hepatic conjugation with glucuronide and
sulfate is exceeded, and more of the reactive metabolite NAPQI is created (Figure
1.5). Consequently, more NAPQI is conjugated with GSH, and when hepatic GSH is

depleted, more NAPQI will bind covalently to cellular macromolecules (Jollow et al.,
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1973; Chen et al., 2009). This is thought to lead to a loss of protein thiol groups and

ultimately to cell death (Moore et al., 1985; Fox, 2017).

Glucuronyl transferases +Sulfotransferases

Acetaminophen > Stable metabolite
Excretion

Glutathione transferases

CYP2E1
CYP3A4
CYP1A2

NAPQI N Acetylcystein

Covalent binding
Oxidative stress

Hepatocyte damage

Figure 1.5 Acetaminophen-induced Hepatotoxicity

1.4. 2 Cardiotoxicity

Chemotherapy is a known therapeutic approach for several malignancies, but major
drawback of such therapy is that leads to cardiomyopathy, possibly evolving into
heart failure. Doxorubicin (DOX) (also known as Adriamycin) is an anthracycline
antibiotic that has been used for more than 30 years for the treatment of a number of
cancers. It can be made from Streptomyces peucetius or totally chemical synthesis
may also possible. Breast and oesophageal carcinomas, Hodgkin's and non-Hodgkin's
lymphomas, osteosarcoma, Kaposi's sarcoma and soft tissue sarcomas have shown
good responses to DOX. In spite of extensive and long-standing clinical utilization,
the mechanisms responsible for the antiproliferative and cytotoxic effects of DOX are
still uncertain and have been subject to considerable controversy (Buschini et al.,

2003).
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Doxorubicin is an antineoplastic drug which is targeted for cell cycle specific for the
S phase of cell division (Kusyk and Hsu, 1976). Several mechanisms seem to account
for the effects of this anthracycline, both in terms of anticancer action and cardiac and
other organ toxicities. Antineoplastic activity of DOX may be due to binding with
DNA by intercalating between base pairs resulting in inhibition of synthesis of DNA
and RNA by template disordering and steric obstruction (Chachoua ef al., 1988). In
addition, reduction of DOX by membrane bound reductase enzymes generates various
free radicals such as quinones (Ramos et al., 2001). One of the primary targets for the
activity of anthracycline antibiotics include Topoisomerase II. The induction of
strand breaks in the DNA of L1210 leukemic cells by DOX was described more than

20 years ago (Quiles et al., 2002).

Tewey et al. (1984) have shown that topoisomerase II to be a target enzyme for
DOX. The capacity of DOX to inhibit DNA synthesis has been assumed to be a
mechanism of action of DOX. This mechanism may be related to DNA intercalation
or inhibition of DNA polymerase activity. It is possible that this effect is due to
growth arrest signalling events and p> function. Another mode of action is through
alterations in DNA is induction of enzymatically or chemically activated DNA
adducts and DNA cross-linking by DOX. Interference with DNA strand separation
and helicase activity has also been postulated as mechanism of action for DOX
(Quiles et al., 2002). Two different routes of free radical formation by DOX have
been described. The first implicates the formation of a semiquinone free radical by
the action of several NADPH dependent reductases that produces a one-electron

reduction of the DOX to the corresponding DOX semiquinone.

In the presence of oxygen, this free radical rapidly donates its electron to oxygen to

generate superoxide anion (O;) (Bachur et al., 1978). The dismutation of

43



Introduction and Review of Literature

superoxide yields hydrogen peroxide (H202). Under biological situation, the
anthracycline semiquinone or reduced metal ions such as iron reductively cleave
hydrogen peroxide to make the hydroxyl radical, the most reactive and destructive
chemical species ever identified. This ultimately leads to lipid peroxidation, causing

irreversible damage of membrane structure and function.

In the second route, DOX free radicals come from a non-enzymatic mechanism that
involves reactions with iron (Quiles et al., 2002). DOX can undergo futile redox
cycling that result in the production of oxygen free radicals. This free redox cycling
iron species have been found to play important roles in the development of DOX-
induced cardiomyopathy. These reactive oxygen species may oxidize proteins, lipids
and nucleic acids and potentially cause DNA strand scission (Ramos et al., 2001).
The involvement of oxygen radical-induced injury of membrane lipids has been
reported as the main causative factor for DOX -induced cardiotoxicity (Myers et al.,
1977). As free radicals play an important role in DOX -induced cardiotoxicity, it is
logical to consider antioxidants as primary potent therapeutic agent to prevent such

toxic effect.

1.4.3 Nephrotoxicity

Nephrotoxicity is a toxic result of some substances, both chemicals and medicines, on
the kidneys. Nephrotoxicity is frequently seen with many common medications in use
today. Kidneys are the dynamic organs and represent the major control system
maintaining body homeostasis, affected by many chemicals and drugs (Okada et al.,
2001;Lakshmi et al., 2012). Kidneys are most exposed organ to administered
medication, as it receives 25% of the resting cardiac output over a large endothelial
surface area. With a high metabolic rate involving numerous enzymes and

transtubular cell transport processes, renal glomerular, tubular, and interstitial cells
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may come in contact with drugs and their metabolites at greater concentrations than
expected. Some medications can affect the vasoregulatory mechanisms of the kidney

to cause a functional limitation (Azab et al., 2017).

Nephropathy is often recognized only when filtration is affected, as seen by a rise in
the blood urea nitrogen (BUN) and serum creatinine, because there are as yet no good
serologic markers to determine the subtle insults to the kidneys. Drugs exposed to
root nephrotoxicity use their poisonous effects by one or more general pathogenic
mechanisms (Cyril et al., 2016). Drug-induced nephrotoxicity tend to be more
frequent among some patients and for certain precise clinical situations. Oxygen free
radicals largely contribute to complications observed in the end-stage renal disease
(ESRD) and also in patients treated with haemodialysis (Canaud et al., 1999;

Handelman, 2000).

Antineoplastic drugs in the treatment of cancers shows variable renal tolerance
profile. Drugs with potential renal toxicity, platinum salts, particularly cisplatin is a
familiar agent that may make acute and chronic renal failure. Cisplatin (cis-diamine-
dichloroplatinum) is a well-known member of the efficient broad-spectrum antitumor
drug. However, its clinical usage is restricted due to some adverse side effects, such
as nephrotoxicity and ototoxicity (Fouladi et al., 2008; Afifi, 2010). The mechanism
by which cisplatin kill tumor cells is distinct from the mechanism by which it

selectively kills the proximal tubule cells (Townsend et al., 2003).

Investigators suggested diverse mechanisms by which cisplatin kill the proximal
tubule cells selectively. It was also said that cisplatin is activated in the kidney to
toxic metabolite through a platinum-glutathione conjugate, then to a cysteinyl-

glycine-platinum-conjugate, later formed to a cysteine conjugate, is a metabolically
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reactive thiol (Salahudeen et al., 1998; Elena et al., 2009). More than that, two
distinct pathophysiological mechanisms have also been documented as promoters of
cellular damage, i.e. inhibition of protein synthesis and glutathione depletion
(Moayeri et al., 2006). It induce ROS in renal epithelial cells chiefly by lessening the
activity of antioxidant enzymes and by depleting the amount of intracellular GSH

(Huang et al., 2001; Jariyawat et al., 2009).

Evidences have shown that the side effect is closely related to reactive oxygen species
(ROS) that cause mitochondrial damage, inhibition of membraneous transport
proteins and lipid peroxidation etc (Rebillard ef al., 2007). Studies demonstrated that
treatment with cisplatin induced biochemical signs of nephrotoxicity manifested by
increased serum creatinine and urea levels with increased lipid peroxides (MDA) and
depletion of antioxidants as GSH, Vitamin E and Vitamin C and inhibition of SOD,

CAT, GPx and gene expression (Afifi, 2010; Sundararajan et al., 2014).

In addition to these Gur et al. (2001), demonstrated that cisplatin induce renal cell
death through the activation of initiator caspases-8, -9 and -2, and executioner
caspase-3 and cause a marked induction of Akt/PKB phosphorylation pathway in a
time and dose-dependent manner during the course of cisplatin injury (Figure 1.6).
Since Oxidative stress has been reported as the major cause of cisplatin-induced
nephrotoxicity, administration of antioxidants has been shown to ameliorate cisplatin-
induced nephrotoxicity in various species of animals (Afifi, 2010; Ibrahim et al.,

2010).
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Figure 1.6 Cisplatin induced nephrotoxicity

1.5 RADIATION INDUCED OXIDATIVE STRESS

Living systems are constantly exposed to a variety of physical and chemical agents
which cause cellular damages including genetic alterations leading to mutations and
cell death. Among the physical agents, ionizing and non-ionizing radiations are the
major ones which cause damage to living organisms. Radiation is a type of energy in
the form of waves or moving subatomic particles emitted by an atom or other body as
it changes from a higher energy state to a lower energy state. Radiation can propagate
through space or medium, usually with transfer of energy. Ionizing radiation can be
defined as any type of electromagnetic (such as X- or gamma rays) or particle
radiation (such as neutron or alpha particles) with sufficient energy to ionize atoms or

molecules; that is, to eject electrons from their outer orbitals.
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The ionizing event involves the ejection of an orbital electron from a molecule,
producing a positively charged or “ionized” molecule. These molecules are highly
unstable and rapidly undergo chemical change. This change results in the production
of free radicals; these are atoms or molecules containing unpaired electrons. These
free radicals are extremely reactive and may lead to permanent damage of critical
macromolecules, such as DNA, proteins or membranes, and can induce cell damage
and, potentially, cell dysfunction and death. Exposure to ionizing radiations occurs
from natural as well as from man-made sources including, cosmic rays, nuclear
weapons, nuclear reactors, aircrafts, medical diagnostics and cancer treatment. The
use of ionizing radiation has become an integral part of modern medicine. Hence is

used for both diagnostic and therapeutic purposes.

In some cases, radiation may be the single best treatment of cancer. The radiation
therapy of cancer depends on achieving a therapeutic differentiation between the
cancer cell cytotoxicity and normal tissue toxicity. The therapeutic differentiation
may be achieved with chemical radiation sensitizers or protectors. Ionizing radiation
inflicts deleterious effects to living cells through the generation of reactive oxygen
species that damage vital cellular target such as DNA and membrane. The toxic effect
of radiation results mostly from oxidative damages through the generation of several
reactive oxygen species such as superoxide, hydrogen peroxide, hydroxyl radicals etc,

and the most important sub cellular target is the DNA.

When cells are exposed to ionizing radiation, radiochemical damage can occur either
by direct action or indirect action (Nair et al., 2001). Direct action occurs when alpha
particles, beta particles or x-rays create ions which physically break one or both of the
sugar phosphate backbones or break the base pairs of the DNA. The bonding of the

base pairs can also be affected by the direct action of ionizing radiation. Ionizing

48



Introduction and Review of Literature

radiation creates two types of breaks in the sugar phosphate backbone. A single
strand break occur only when one of the sugar phosphate backbones is broken. Single
strand breaks are readily repaired using the opposite strand as a template (Hall and
Giaccia, 2006). However, base pair substitutions and frame shift mutations can still
occur. Double-strand breaks are believed to be the most detrimental lesions produced
in chromosomes by ionizing radiation. Because such breaks are difficult to repair,
they can cause mutations and cell death (Jackson, 2002). Both direct and indirect

effects of ionizing radiation damage cellular DNA.

In the indirect effect, DNA damage is mainly induced by abstraction of the H atom
from the C- 4 position of the deoxyribose or by attack of the bases via the hydroxyl
radicals produced by the radiolysis of water (Spotheim-Maurizot et al., 1992).
Indirect action of ionizing radiation occur when it interacts with water molecules in
the cell resulting in the production of highly reactive free radicals such as OH®, H®,
10,, €aq -, HO2®, H30, etc.  Apart from DNA damage membrane protein and lipids
can be damaged by radiation. In protein it can lead to formation of protein carbonyls
and loss of protein thiols besides loss of activity of membrane bound enzymes
(Devasagayam and Tilak, 2006). Lipid peroxidation also considered to be critical

event of ionizing radiation effect (Agrawal and Kale, 2001).

1.5.1 Radioprotectors

The use of ionizing radiation has become an integral part of modern medicine. In
some cases, radiation may be the single best treatment of cancer. As the tumor cells
proliferate very rapidly, they usually overgrow their vascular supply, resulting in
centrally necrotic and hypoxic regions, rendering radiation ineffective in these areas.
To overcome this problem, higher doses of radiation must be delivered to control the

tumor. This is clinically not feasible, since the normal tissues surrounding the tumor
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are well perfused, vascularised and remain oxygenated, and are therefore more prone
to radiation damage. This necessitates the protection of normal cells surrounding the
tumor from radiation injury (Bendale ef al., 2015). The identification of radiation-
protecting agents is an important goal for radiation oncologists and basic radiation
biologists. A large number of chemical substances have been reported to possess

radioprotective activity (Baliga ef al., 2013).

The attention over the past 15 years has shifted towards the evaluation of plant
products as radioprotectors, due to their efficacy and low toxicity.  The
radioprotective efficiency of plant extracts is due to the presence of rich active
constituents, such as antioxidants, immuno-stimulants showing antimicrobial activity.
Most efficacy studies on plants have been on total extracts for their ability to protect
against radiation-induced chromosomal aberrations and micronuclei formation; they
were assessed by genotoxic tests, such as micronucleus and metaphase analysis. The
radioprotective effect seems to be largely due to the high levels of phenolic and

flavonoid compounds with strong antioxidant activities.

1.6 ENZYME THERAPY AND DRUG TARGETING IN CANCER
TREATMENT

Enzymes can be normally used for therapeutic purposes. Enzymes are used as an
external source for impaired wound healing (e.g. in the presence of varicose ulcers)
and it becomes part of the medical practitioners for centuries . Parental lytic therapy
with streptolinase or urokinase for cardiac infarct or for vascular occlusions is
standard throughout the world. Enzyme therapy or enzyme replacement therapy is
such a medical treatment replacing an enzyme in patients in whom that particular
enzyme is deficient or lacking. Usually this is done by giving the patient an

intravenous infusion containing an enzyme. Replacement in intestinal enzyme deficit
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conditions is a classical treatment modality. Enzyme therapy is now available for all
kinds of lysosomal diseases: Gaucher disease, Fabry disease (X-linked recessive
glycosphingolipid storage disorder caused by deficiency of the lysosomal enzyme o -
galactosidase A), Glycogen storage disease type I, etc. Taking enzyme supplements
would be beneficial for treatment of some acute and chronic diseases such as
hypoglycemia, endocrine gland deficiencies, obesity, anorexia nervosa, and stress-
related problems, etc (Desnick, 1976). Individual enzymes have also been used to
alleviate skin ailments (psoriasis, acne, eruptions, stretch marks, etc.), chronic
inflammation, cardiovascular disease, circulatory problems, high blood pressure,
arteriosclerosis, high cholesterol, fatigue, Epstein-Barr Syndrome, asthma, allergies,
arthritis, swelling, bee stings, joint mobility, diabetes, respiratory ailments, fever, all
types of infections (including cold, AIDS, flu, sore throat, yeast, parasites, Candida
albicans, etc.) multiple sclerosis, fibromyalgia, tumors, depression, anxiety,
ADD/ADHD and insomnia (Dale et al., 2001). In traditional medicine, enzyme
supplements are given for patients suffering from disorders that affect the digestive
process, such as cystic fibrosis, Gaucher's disease, diabetes, and celiac disease

(Desnick et al., 1976).

Use of enzymes for treatment of cancer started about 100 years ago when a British
embryologist, John Beard used pancreatic enzymes to treat cancer in 1902 (Ernst,
2001). German researchers used enzyme therapy for treating patients with multiple
sclerosis, viral infections and cancer. Some enzyme mixtures are still commonly used
in several European countries. Dr. John Beard proposed in 1906 that pancreatic
proteolytic digestive enzymes represent the body's main defense against cancer, and
that enzyme therapy would be useful as a treatment for all types of cancer (Beard,

1906). There were several reports about proteolytic enzymes therapy resulting in
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tumor regression and remission in terminal cancer patients (Wiggin, 1906; Campbell,
1907; Cutfield, 1907; Goeth, 1907). In 1911, Dr. Beard published a monograph
entitled “The Enzyme Therapy of Cancer”, which summarized his therapy and the
supporting evidence of use of pancreatic juices to reduce tumors in humans and
animals. The work on enzyme therapy did not have much follow up in later years.
Periodically, alternative therapists have rediscovered Dr.Beard's work, and used
pancreatic proteolytic enzymes as a treatment for cancer (Gonzalez, 2000). However
some scientific evidence exists that pancreatic enzymes derived from animal sources
are helpful in cancer treatment (Gonzalez and Isaacs, 1999). The enzymes may be
able to dissolve the coating on cancer cells and may make it easier for the immune

system to attack the cancer (Fonorow, 2004; Kelley, 2005).

A recent study conducted on cancer cells by antibody — guided enzyme therapy shows
enzyme catalysis of the substrate that generate cyanide, a metabolic poison that
asphyxiates cells and leads them to a necrotic-like cell death . This system has been
called antibody- guided enzyme nitrile therapy (AGENT). Antibodies have been
widely developed as biopharmaceuticals for cancer therapy because they can
effectively target tumor related antigens. They have been used against malignant cells
as delivery vehicles for cytotoxic therapy. Antibody-enzyme-mediated prodrug
activation strategies are powerful approaches that exploit the selectivity of the
antibody-antigen reaction to generate cytotoxic molecules specifically in tumors

(Kousparou, 2002).

Another promising area of cancer research is nanotechnology. Here enzymes like D-
amino acid oxidase, Xanthine oxidase, etc, which generate oxidative radicals as H>O»

when reacts with the substrate. Targeting these enzymes specifically to tumor sites
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can be of greater advantage. Complexes of these enzymes could be designed to
release H,O» at specific target site so that the complete deterioration of tumor cells
occurs (Fang et al., 2002). Xanthine oxidase (XO) mediates anticancer activity
because of its ability to generate cytotoxic reactive oxygen species (ROS), including
superoxide anion radical and hydrogen peroxide (Haddow et al., 1958; Wada et al.,
1990;Yoshikawa et al., 1995). However, the high binding affinity of XO to blood
vessels would cause systemic vascular damage and hence limits the use of native XO
in clinical settings and critical re- evaluation of the antitumor effect of native XO
showed that the results were variable and the efficacy was insignificant (Bray and
Swann, 1972).

Various reports says that Glucose oxidase (GO), which generates H>O> during
oxidation of glucose, showed antitumor activity in solid tumor models (Nathan and
Cohn, 1981; Ben-Yoseph and Ross, 1994). However, regulation of H>O» production
by exogenously administered enter tumor-bearing hosts is problematic because the
supply of its substrates, oxygen and glucose, can't be significantly modulated, with the
possible induction of severe systemic side effects due to systemic generation of H2O».
In fact, GO administration to supply H.O. required injection of antioxidants to
attenuate systemic toxicity (Nathan and Cohn, 1981; Ben-Yoseph and Ross, 1994).
Sawa et al. (2000) developed a conjugate of PEG and XO (PEG-XO) for effective
delivery of XO to tumor. Infusion of the substrate of XO to generate superoxide thus
caused tumor regression (Sawa et al., 2000). Xanthine oxidase (XO) is an iron-
containing flavoprotein that catalyzes the oxidation of purines, such as hypoxanthine,
through xanthine, to uric acid. In this oxidation, molecular oxygen (O2) is used as an
electron acceptor; and hence, ROS including superoxide anion (Oz”) and hydrogen

peroxide (H207) are generated (Davies, 1995). It has been reported that XO showed
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antitumor activity (Sundaresan et al., 1995; Beckman and Ames, 1997), probably via
the generation of ROS. ROS formed from antitumor drugs exhibit antitumor effects
on the basis of high cytotoxicity. However, systemic distribution of these drugs causes
undesirable side effects (Halliwell and Gutteridge, 1984). To enhance the therapeutic
efficacy of anticancer agents while reducing systemic side effects, it is necessary to
deliver the drug (e.g., XO) selectively to tumor tissue.

It was found that all biocompatible macromolecular drugs and lipids accumulate
selectively in tumor tissue compared with other normal tissues and organs (Sugiura,
1958; Mealey, 1965; Kaibara et al., 1971). In addition, they are retained in tumor
tissue for a long time, e.g., .100 h (Makino and Tanaka, 1953;Sugiura, 1958). This
phenomenon is known as the Enhanced permeability retension (EPR) effect of
macromolecules and lipids in solid tumor. This EPR effect was validated in many
experimental solid tumors, e.g., Walker 256 carcinoma of the rat (Nathan and Cohn,
1981); VX-2 carcinoma of the rabbit (Ben-Yoseph and Ross, 1994; Sawa et al.,
2000); sarcoma 180 (S-180) (Sugiura, 1958; Yagi,1971; Matsumura and Maeda,
1986; Konno and Yasumura,1992 ) and B16 melanoma (Yagi,1971) of the mouse;
and human hepatocellular carcinoma (Maeda et al., 1992; Kojima , 1993). Very
recently, a clinical trial of hydroxypropylmethacrylamide-copolymer conjugate with
doxorubicin was also demonstrated (Yagi, 1971; Seymour et al., 1995; Noguchi et al.,
1998).

Fang et al. (2002) reported the antitumor activity of PEG- D- amino acid oxidase
(PEG-DAO) complex. This flavoprotein catalyzes the stereoselective oxidative
deamination of D-amino acids to the corresponding a-keto acids. Here molecular
oxygen (O2) is used as an electron acceptor, and hence H,O» is formed (Yagi, 1971).

D-Amino acids do not usually exist in mammalian organisms to a significant level
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(Matsumura and Maeda, 1986). Hence generation of H>O» could be regulated by
exogenous administration of D-amino acids. DAO does have a pharmacological
drawback, however: a short in vivo half-life. The molecular size of DAO (Mr 39,000)
is somewhat smaller than the renal excretion threshold (Mr ~50,000), so it would be
excreted gradually for other small proteins or polymer drugs smaller than Mr 40,000
(Matsumura and Maeda, 1986; Maeda et al., 1992; Kojima , 1993; Tsutsumi et al.,
1994; Seymour ef al., 1995; Noguchi ef al., 1998).

To overcome this drawback, DAO was chemically modified by conjugation with a
biocompatible polymer, PEG. This modification results in an increased in vivo half-
life, a reduced antigenicity of the native protein, and an inhibition of proteolytic
degradation, as reported previously (Pyatak et al., 1980; Tsutsumi et al., 1994;Sawa et
al., 2000). The biocompatible macromolecules accumulate and remain in solid tumor
because of the unique features of the tumor vasculature and the impaired lymphatic
clearance system due to the the EPR effect of macromolecules and lipids in solid
tumor (Matsumura and Maeda, 1986; Maeda et al., 1992; Kojima , 1993; Tsutsumi et
al., 1994; Seymour et al., 1995; Marecos et al., 1998; Noguchi et al., 1998; Duncan,
1999; Muggia, 1999). Thus, on the basis of the EPR effect, DAO conjugated to PEG
(PEG-DAO), a high blood level retension of DAO for a long period and better
accumulation of DAO in tumor occur. Presence of D- proline is essential for effective
antitumor activity by PEG-DAO via extensive generation of H2O, These novel
modes of enzyme therapy for effective tumor control which depends on targeting the
H>O»-generating enzymes to the tumor site where the enzyme converts a
pharmacologically inert product to a highly cytotoxic metabolite, H2O>. Thus
“Systemic enzyme therapy”, is a promising area in the treatment of various diseases

and cancer in particular.
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1.7 AMELIORATION OF DRUG AND RADIATION INDUCED OXIDATIVE
STRESS BY PHYTOCEUTICALS

Several natural agents are widely used to ameliorate toxic and carcinogenic
xenobiotics and drugs toxicity, which include Vitamin E and C, carotenoids and
extracts of medicinal plants. Among this more interest is focused on the use of herbal
and its phytoconstituents for therapeutic uses because of their antioxidant property
and are less harmful when compared to the synthetic chemicals. The extract of
Ginkgo biloba has been used in Chinese medicine for thousands of years. The extract
has antioxidant properties, mainly due to the presence of flavonoids in it. In Indian
system of medicines and ayurveda several plants have been used due to their
beneficial use as antioxidants or source of antioxidants (Scartezzini and Speroni
2000;Al-Mamary et al., 2002;Govindarajan et al., 2006; Fetouh and Azab, 2014).
Herbal-based therapeutics for liver disorders has been used worldwide for a long time
and been popularized by leading pharmaceuticals. A large number of plants and their
formulations showed hepatoprotective activity (Handa et al., 1986). Several plants
were reported to possess hepatoprotecting property include, Tridax procumbens,
Glycyrrhiza glabra, Phyllanthus niruri, Momordica dioica, Asparagus racemosus,
Tephrosia purpurea, Glycyrrhiza glabra, Amaranthus spinosus, Boerhaavia diffusa,
Kalanchoe pinnata, Phyllanthus amarus, Equisetum arvense, Vitis vinifera, Rubia
cordifolia, Aloe barbadensis, Aegle marmelos, Phyllanthus emblica, Flacourtia
indica , Orthosiphon stamineus, ,Cassia fistula, Azadirachta indica, Cassia fistula,
Fumaria indica, Phyllanthus polyphyllus, Launaea intybacea, Hygrophila difformis,
Cajanus acutifolius , Phyllanthus niruri, Eclipta alba, and Solanum indicum etc.(

Sandeep and Nair, 2010; Kumar et al., 2011).
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Heart is an organ easily vulnerable to injury by anthracyclin induced reactive oxygen
species (ROS) because of less developed antioxidant defence mechanism. It is
suggested that endogenous antioxidant deficits play a major role in doxorubicin
induced cardiomayopathy and heart failure. As free radical generation plays an
important role in DOX-induced cardiotoxicity, it is logical to consider antioxidants as
primary potential therapeutic agent without reducing the therapeutic effect of
doxorubicin in cancer patients. A series of antioxidants have been studied to destroy
ROS. However, many of them have a limited cardioprotective effect or have other
side-effects (Wouters et al., 2005; Elbl et al., 2006). From our experimental studies it
is shown that ferulic acid and ascorbic acid mono glucoside were capable in reducing
the oxidative stress induced by doxorubicin in mice. Various plants like Curcuma
longa, Murraya, koenigii, Terminalia arjuna, Schisandra Chinensis, Lycium
barbarum, Kohautia grandiflora etc also shown to possess cardio protective activity
against doxorubicin induced cardiotoxicity.

There is a continuous search for agents that provide nephroprotection against the renal
impairment caused by drugs like cisplatin. It is thus imperative that we turn toward
alternative systems of medicine for solutions. Several medicinal plants such as
Bauhinia variegata, Aerva lanata, Carica papaya, Cucurbita pepo, Ficus religiosa,
Vernonia cinerea, Pongamia pinnata, Alviae radix, Cassia auriculata, Portulaca
oleracea etc were found to be effective against cisplatin induced nephrotoxicity (Joy
and Nair, 2008; Gaikwad et al., 2012).

Radiation also forms an important cause of oxidative stress. Several natural and
synthetic compounds were found to protect against radiation induced damage in
biological systems (Nair et al., 2001). However most of them showed inherent

toxicity and side effects at the radioprotective concentrations. So an interest in search
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of efficient and non-toxic compounds with radioprotective capacity leads to
investigations on naturally occurring antioxidants and phytoceuticals. Several plant
extracts, herbal preparations and phytochemicals have been reported to have
radioprotective action in in vitro and in vivo studies (Divakaran et al., 2013).Some
examples for plant showing radioprotecting property include Eugenia jambolana,
Curcuma longa, Alpinia galanga, Tinospora cordifolia, Ginkgo biloba, Centella
asiatica, Ocimum sanctum, Podophyllum hexandum, Amaranthus paniculatus,
Biophytum sensitivum , Allium sativum, Adhathoda vasica, Mentha piperita, Myristica
fragrans, Aegle marmelose, Aloe vera, Boerhaavia diffusa, Zingiber officinale, Piper
betle, Moringa oliefera, Azadirachta indica, Syzigium cumini, Terminalia arjuna,
Emblica officinalis, Lycium barbarum, Citrus aurantium, Panax ginseng, Glycyrrhiza
glabra, Tephrosia purpurea etc. (Sandeep and Nair, 2010; Bhandari, 2013).

In fact, many of the radioprotectors are antioxidants. Many compounds showing
antioxidant activities are proved to be effective radio protectors (Weiss and Landauer,
2003). Even though, there are a number of enzyme systems found within the body that
scavenge free radicals, the principle antioxidants are a-tocopherol (Vitamin E), beta-
carotene, and ascorbic acid (Vitamin C). In addition, selenium, a trace metal that is
also required for proper function of the body's antioxidant enzyme systems, is
sometimes included in this category. The body cannot make these micronutrients so
they have to be supplied in the diet. The use of natural antioxidants present in food
and other biological materials has involved considerable interest due to their
presumed safety, nutritional and therapeutic value (Ajila ef al., 2007). Antioxidants
obtained from fruits, vegetables, spices and cereals are very efficient and have
reduced interference with the body’s ability to use free radicals constructively

(Kahkonen et al., 1999; Wolfe et al., 2003). The hunt for natural antioxidants for
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dietary, cosmetic and pharmaceutical use has become a major industrial and scientific
research challenge over the last two decades.

1.7.1 Antioxidant vitamins

The antioxidant property of vitamins has been well studied and are important
candidates for the development of effective and nontoxic radioprotectors and efforts
are directed (i) to improve their chemical, oxidative or heat stability and (ii) to alter
their hydrophile-lipophile balance (HLB), yielding a series of “semi synthetic”
antioxidants (e.g. tocopherol monoglucoside, tocopheryl acetate, L-ascorbyl
palmitate).

1.7.1.1 Ascorbic acid (VITAMIN C)

Ascorbic acid (AsA) or vitamin C is a water-soluble and potent dietary antioxidant in
biological fluids that has been confirmed to be an effective free radical scavenger and
radioprotector (Frei, 1989; Duarte and Lunec,2005). It is a necessary micronutrient

required for normal metabolic activities and it plays numerous functions in the body.

The various physiological activities of AsA include antioxidant activity, inhibition of
melanin synthesis, antimutagenic activity, antiviral activity and also support the
immune system by stimulating the activity of antibodies and immune system cells. It
supports cardiovascular system by facilitating fat metabolism and protecting tissues
from free radical damage and it assists the nervous system by converting certain
amino acids into neurotransmitters. Moreover, it also improved the inducible
hepatocyte growth factor (HGF) production (Wu et al., 2000). Acute lack of vitamin
C leads to scurvy, manifested by blood vessel fragility, connective tissue damage,
fatigue, and, finally, death. The intestinal absorption and renal excretion decide the
serum level of vitamin C and thus its bioavailability. Vitamin C, consumed either with

diet or dietary supplements, is absorbed by the epithelial cells of the small intestine by
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the SVCT1 transporter or, then, diffuses into the nearby capillaries and then the
circulatory system (Hornig et al., 1973; Malo and Wilson 2000;Takanaga et al.,
2004). But, at high concentrations, SVCT1 becomes saturated, so that limits the
amount of ascorbic acid absorbed from the intestine and reabsorbed from the kidney
(Wilson, 2005). This imposes a physiological restriction on the maximal effective
serum vitamin C concentration (or its bioavailability) which is attainable by oral

consumption (Padayatty et al., 2004; Linster and Schaftingen,2007).

1.7.1.2 Ascorbic acid derivatives

AsA is easily oxidized by the oxygen in aqueous solution, followed by its rapid
degradation. This limits its use under physiological conditions and requires a large
dose for medical use. AsA is not synthesized in human body and is easily oxidized
due to unstable nature. Due to pro-oxidant nature and well known susceptibility of
vitamin C to heat, UV light, metal ions and oxidants etc, led to the development of
stable derivatives of ascorbic acid with improved chemical, oxidative and heat
stability. The chemical modification of hydroxyl group at the C-2 position of vitamin
C and chemical modification by introducing substituting groups to improve the

stability.

The enzymatic alteration of AsA by the addition of a glucoside unit at the 2- carbon
position is the most important among these as it offers more stability and water
solubility than AsA while retaining its vitamin C activities. Various glucoside
derivatives of AsA include Ascorbic acid 2-glucoside (AsAG) and a series of 6-acyl
ascorbic acid 2-glucosides with branched and unbranched acyl units attached at the 6-
carbon position of AsAG (6-Acyl-AsAG). The other stable AsA derivatives include
ascorbic acid 2- phosphate (AsAP), ascorbic acid 2-sulfate (AsAS), 2- O-

octadecylascorbic acid (CV-3611), and ascorbyl 2,6-dipalmitate (2,6-Palm-AsA) etc,
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and it is found that they themselves have no two-electron reductivity (Yamamoto et

al., 1990; Aga et al., 1991).

The stable derivatives of ascorbic acid made with the aim of increasing stability and
bioavailability of AsA. So they are found to be useful in industry, nutrition and
medicine. Most of the derivatives, particularly glucoside derivatives have inherent
vitamin C activity. They retains all the physiological activities of AsA and found to
be more stable and can act as supplement to AsA. Some of the derivatives of AsA
include 6-Palmitoyl Ascorbic Acid-2-Glucoside and AsAG are found to be as potent
radioprotectors in cancer studies (Mathew et al., 2007; Chandrashekharan et al.,

2009).

1.7.1.3 Ascorbic acid-2-glucoside (ASAG)

Ascorbic acid-2-glucoside (AsAGQG) is a stable derivative of ascorbic acid, here at the
second carbon position of Vitamin C, a glucoside unit is added. The stabilization of
AsA is focused on the chemical modification of a 2, 3-enediol moiety present at the
five-membered lactone ring. The 2, 3-enediol moiety is the main reason causing the

instability of AsA (Figure.1.7)

CH,0H
CH,0H CHOH
5 OH
0
OH 0
OH OH OH

Figurel.7. Structure of Ascorbic acid-2 glucoside

Ascorbic acid-2-glucoside (AsAGQG) is synthesized from AsA and maltose or other a -

glucans by regioselective transglucosylation with a-glucosidase or cyclomaltodextrin
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glucanotransferase (Mandai et al., 1992). Here the C-2 hydroxyl group of AsA is
masked with glucose, so AsAG is non reducible and very stable to oxidative
conditions. This stable hydrophilic vitamin C derivative showed vitamin C activity in
vitro and in vivo after enzymatic hydrolysis to ascorbic acid (AsA) by a -glucosidase
(Yamamoto et al., 1990; Wakamiya et al., 1992; Kumano et al., 1998). AsAG has two
basic properties; it has high stability against thermal and oxidative degradation, and it
can be easily converted to AsA by a- glucosidase in the blood and liver cells
(Yamamoto et al., 1990). The bioavailability studies, showed that AsAG
administration resulted in a gradual increase in the plasma AsA concentration in rats
and reached a maximum at 1 hour (Tai ef al., 2002). AsAG showed antioxidant and
free radical scavenging activity under in vitro and in vivo conditions and inhibited
DPPH radical thus indicating its antioxidant ability (Fujinami et al,

2001;Takebayashi et al., 2002)

In the present study, we have investigated the anti inflammatory, hepatoprotective
cardioprotective , and nephroprotective activity of ASAG in Swiss albino mice and
shows its utility to offer protection against deleterious effects of chemotherapeuticals

for cancer therapy.

1.8 SECONDARY METABOLITES AND DISEASES

Secondary metabolites (SM) are a range of chemical compounds formed by the plant
cell through metabolic pathway, derived from the primary metabolic pathway. The
concept of secondary metabolites was first described by Albercht Kossel, Nobel Prize
winner for physiology and medicine. Secondary metabolites have shown to possess
various biological effects when provided the scientific bases for the use of herbs in the

traditional medicine in many ancient communities. They have been described as
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antibiotic, antifungal and antiviral and therefore are able to protect plants from
various pathogens (Frei and Higdon, 2003; Genova et al., 2012). Secondary plant
metabolites are classified based on their chemical structure to several classes. The

classes of secondary plant metabolites include:

e Phenolics
e Alkaloids
e Saponins
e Terpenes

e Lipids

Carbohydrate

The Secondary metabolites are not that much essential to the life of the plant. They
can be used as pigments, hormones and chemical agents that can attack other plants.
The secondary plant metabolites are not directly involved in the normal growth,
development or reproduction of plants (Samanta et al., 2011). Unlike primary
metabolites, their absence does not result in immediate death. The study of plant
metabolites is thought to have started in the early 1800s when Fredrich Willhelm
Serturner isolated morphine from opium poppy and after that new discoveries were
made rapidly. In early 1900s, the research around secondary plant metabolites was
mainly on formation of secondary metabolites in use of tracer techniques that made
metabolic pathways easier (Dixon and Pasinetti, 2010). Earlier in 1970s, secondary
plant metabolites were considered as simply waste products, but new research showed
that secondary plant metabolites played a vital role in the survival of plants in its

environment (Zhao and Moghadasian, 2008).
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Secondary metabolites are low molecular weight compounds. These compounds
regularly differ between individuals from the same population of plants in their
amount and types. They guard plants against stress, both biotic (bacteria, fungi,
nematodes, insects or grazing via animals) and abiotic (higher temperature and
moisture, shade, injury or occurrence of heavy metals) types. SMs are used mainly as
chemical such as drugs, flavour, fragrance, insecticides, and dyes by human for the
reason that of a great economic value (Kumar and Pandey, 2013). The place of
biosynthesis are compartmentalised at cellular or sub-cellular level. SMs can be
transported to long distances and accumulate from their site of production. SMs can
be of water soluble (hydrophilic) or lipophilic compounds (organic solvents),
therefore have diverse cellular mechanism for their transport, storage and turnover.
Generally hydrophilic SMs are stored in the vacuole once they are formed in
cytoplasm, while lipophilic substances are transported in resin ducts, trichomes,
thylakoid membranes, glandular hairs, laticifers, or on the cuticle (Zheng and Wang,

2001).

Plant secondary metabolites are currently the subject of research interest, but their
extraction as division of phytochemical or biological investigations represent specific
challenges that have to be addressed all over the solvent extraction process.
Successful extraction starts with careful selection and preparation of plant samples.
During the extraction of plant material, it is important to minimize interference of
certain compounds that may co- extract with the target compounds, also to avoid
contamination of the extract, and to avoid decomposition of important metabolites or
artifact formation due to extraction conditions or solvent impurities (Croteau et al.,
2000). Researchers from a diversity of scientific disciplines are confront with the

challenge of extracting plant material with solvents, regularly as a first step toward
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isolating and identifying the specific compounds responsible for biological activities
related with a plant or a plant extract. Presence of volatile monoterpenes or essential
oils in the plants give an essential defense strategy to the plants, mainly against
herbivorous insect pests and pathogenic fungi (Krolicka et al., 2006). The volatile
terpenoids play a crucial role in plant-plant interactions and serve as attractants for
pollinators (Tholl, 2006). They work as signalling molecules and represent
evolutionary relationship with their functional roles. Soluble secondary compounds
like cyanogenic glycosides isoflavoids and alkaloids be able to be toxic to animals

(Pagare et al.,2015).

1.8.1 FLAVONOIDS

Flavonoids are an important class of natural products; particularly, belong to a class of
plant secondary metabolites having a polyphenolic structure, generally found in fruits,
vegetables and certain beverages (Pietta, 2000). They have favourable biochemical
and antioxidant effects related with various diseases such as cancer, Alzheimer’s
disease (AD), atherosclerosis, etc (Burak and Imen, 1999; Lee et al., 2009,
Castaneda- Ovando et al., 2009). Flavonoids possess broad spectrum of health
promoting effects and are an essential part in a range of nutraceutical, pharmaceutical,
medicinal and cosmetic applications. These may be due to the antioxidative, anti-
inflammatory, anti-mutagenic and anti-carcinogenic properties along with their ability
to change key cellular enzyme functions. They are also known to be strong inhibitors
for several enzymes, such as xanthine oxidase (XO), cyclo-oxygenase (COX),
lipoxygenase and phosphoinositide 3-kinase (Hayashi et al.,1988; Metodiewa et

al.,1997; Walker et al., 2000).

In nature, flavonoid compounds are products extracted from plants and they are seen

in several parts of the plants. Flavonoids in plants help in their growth and also to
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protect them from plaques. They comprise one of the most characteristic classes of
compounds in higher plants. Many flavonoids are simply recognised as flower
pigments generally in angiosperm families (Iwashina, 2013). Though, their
occurrence is not limited to flowers but are found in all parts of plants. Flavonoids
are also rich in fruits, vegetables, tea, cocoa and wine, hence they are termed as
dietary flavonoids. Flavonoids have a number of subgroups, which include chalcones,
flavones, flavonols and isoflavones. These subgroups have sole major sources. For
example, onions and tea are key dietary sources of flavonols and flavones (Cerezo et
al., 2010).

Flavonoids participate in various biological activities in plants, animals and bacteria.
In plants, flavonoids have long been known to be are accountable for the colour and
aroma of flowers, and fruits. That helps to attract pollinators, helping in fruit and seed
dispersal. Jorgensen (1995) has reported that the early advances in floral genetics
were mainly due to mutation techniques creating an impact on flavonoid derived
flower colours, and established that functional gene silencing in plants was connected
with flavonoid biosynthesis. Flavonoids are reported to have major role in human and
animal health and the current interest is for disease therapy and chemoprevention. At
present there are about 6000 flavonoids, that contribute the colourful pigments of

fruits, herbs, vegetables and medicinal plants(Ross and Kasum, 2002).

Flavonoids are produced in plants from the aromatic amino acids phenylalanine and
tyrosine and malonate. Flavonoids includes many classes such as flavones,
flavanones, isoflavonones, flavonols, flavanonols and anthocyanidins efc. Flavonoids
usually occur in plants as glycosylated derivatives and they add to the brilliant shades
of blue, scarlet and orange in leaves, flowers and fruits. Distant from various

vegetables and fruits, flavonoids are found in seeds, nuts and grains. Flavan oligomers
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are found in apples, grapes, berries, persimmon, black currant and sorghum and barley
grains. Flavonoids perform as catalysts in the light phase of photosynthesis or as
regulators of iron channels involved in phosphorylation. They can also work as stress
protectants in plant cells by scavenging (Basli ef al., 2012). Flavonoids keeps plants
from UV radiation of sun and scavenge UV generated reactive oxygen free radicals.
The level of intake of flavonoids from diet is very much high as compared to those of
vitamin C, vitamin E and carotenoids. High clients of fruits and vegetables have a
healthy lifestyle, which may be an important factor for their resistance against various
chronic diseases. Studies has shown that consumption of flavonoids is inversely
correlated with lung cancer (Lee et al., 2009).

Flavonoids inhibit the enzymes accountable for superoxide ion production, such as
xanthine oxidase and protein kinase C. A number of flavonoids powerfully elevate
trace metals which play an important role in oxygen metabolism. Dietary flavonoids
stand for an important source of antioxidants, as their intake may reach 800 mg /day.
Small portion of the ingested dietary flavonoids is absorbed in their glycoside form,
while the major part is widely degraded to different phenolic acids (Staniszewska et
al., 2003). Both the absorbed flavonoids and their metabolites may show as in vivo
anti oxidant activity, which seems to involve differently the physiological
antioxidants, resulting in aspiring effect on a-tocopherol and - carotene.

Flavonoids are related with a broad spectrum of health promoting effects and are
indispensable pharmaceutical, medicinal and cosmetic applications. All these are
because of their anti oxidative, anti-inflammatory, anti-mutagenic, and anti-
carcinogenic properties (Lopez-Lazaro, 2009). Many flavonoids have evolved as
bioactive compounds that interfere with nucleicacid or proteins and show

antimicrobial and pharmacological properties. Anti oxidants interfere with free radical
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producing systems and protect the cells from destruction. Flavonoids such as
quercetin, harvingin, hesperetin possess a variable degree of anti-viral activity. Some
flavonoids show hormone-like activities and they bear resemblance to steroid
hormones, particularly with oestrogen and are present in fruits and vegetables, tea
,ted wine and cereals (Schmeda-Hirschmann et al., 2004). A number of flavonoids of
dietary significance have been shown to import beneficial impact on parameters
associated with atherosclerosis, including lipoprotein oxidation, blood platelet
aggregation and cardiovascular activity.

1.8.1.1 GALANGIN AND KAEMPFERIDE

OH O
Galangia (1) Kaempferide (2

Figure 1.8 Structure of galangin (1) and kaempferide (2).

Flavonoids are a class of plant secondary metabolites, found abundantly in fruits,
vegetables, and beverages. They have been referred to as "nature's biological
response modifiers" because of strong experimental proof of natural ability to change
the body's reaction to allergens, viruses, and carcinogens. The antioxidative property
as well as the effectiveness of the ethanol extract of Alpinia galanga inhibited lipid

peroxidation in cooked ground pork (Dai et al., 2006; Divakaran ef al., 2013). Anin
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depth study of 4. galanga appear to be significant as dietary constituent and is widely
used in traditional medicines.

The present study include free radical scavenging, antioxidant and radioprotective
activities of two important flavonoids, viz., galangin (3,5,7-Trihydroxyflavone) and
kaempferide (4'-Methylkaempferol) (Figurel.8) isolated from Alpinia galanga L.

rhizome.
1.8.2 FERULIC ACID

Ferulic acid is derivative of cinnamic acid with molecular formula C10H1004. Ferulic
acid (FA) or 4-Hydroxy-3-Methoxycinnamic Acid (Figure. 1.9), an omnipresent
natural phenolic phyto chemical seen in seeds, leaves, its free form and covalently
conjugated to the plant cell wall polysaccharides, glycoprotein, polyamines, lignin

and hydroxyl fatty acids.

CH;0 N\ OH

HO

Figure. 1.9 Ferulic acid (FA)

It is found in a number of vegetable sources and seen in high concentration in
popcorn and bamboo shoots. Due to antioxidant property, FA display a major role in
the body's defense against carcinogenesis and inhibits the formation of N-nitroso
compounds (Kuenzig et al., 1984). Moreover, it is a strong scavenger of free radicals

and used in many countries as food additives. It was reported that FA shows
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radioprotective abilities and protects normal cells from harmful effects of ionizing
radiation (Roginsky and Lissi, 2005).

Earlier ferulic acid (4-hydroxy-3-methoxycinnamic acid, FA) was isolated from
Ferula foetida for determining the structure, and its name was given based on the
botanical name of plant. Later in 1925, FA was chemically synthesized and
structurally confirmed by spectroscopic techniques, depicted the presence of an
unsaturated side chain in FA, and also exist in both cis and trans isomeric forms (Dutt,
1925; Nethaji et al., 1988).

FA is commonly seen in commelinid plants (rice, wheat, oats,and pineapple), grasses,
grains, vegetables, flowers, fruits, leaves, beans, seeds of coffee, artichoke, peanut
and nuts Cell walls of cereal grains and a variety of food plants (spinach, pineapple,
banana, and beetroot) contains 0.5-2% extractable amount of FA, mostly in the trans-
isomeric form, and esterified with the specific polysaccharides (Kim et al., 2006;
Buranov and Mazza, 2009).

The extraction of FA offers business fortuity, and gives supplementary environmental
and economic encouragement for industries as it is used in ingredients of many drugs,
functional foods and nutraceuticals. Numerous alkaline, acidic and enzymatic
methods for the extraction of FA from different sources have been proposed in
literature (Mathew and Abraham, 2005; Xu et al., 2005;Mathew and Abraham, 2006;
Soto et al.,2011).

Even though, FA is found ubiquitously in the cell wall of woods, grasses, and corn
hulls, but it is not readily available from these natural sources as it is covalently linked
with a variety of carbohydrates as a glycosidic conjugate, or an ester or amide.
Therefore, it can released from these natural products by alkaline hydrolysis (Tilay et

al., 2008).
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Generally, FA obtained from the chemical process cannot be considered as natural,
hence various attempts have been made enzymatically for the release of FA from
natural sources. Isolation of FA for commercial production by enzymatic method is a
difficult one because most of the FA contents in plants are covalently linked with
lignin and other biopolymers. Uraji ef al. (2013) studied the enzymatic production of
FA from defatted rice bran, and suggested that the enzymes (a-L-arabinofuranosidase,
multiple xylanases, and an acetyl xylan esterase) from Streptomyces can also be used
for the extraction of FA from other sources viz., raw rice bran, wheat bran and
corncob.

The TLC separation of crude extracts and visualization by a range of spraying
reagents and UV-light offers an easy way for the regular high-throughput detection of
FA. About >45% (>2.0%/g dry weight) of total FA content was released during
enzymatic treatment of sweet potato stem that had been achieved through the
incubation period of 12 hr with 1.0% Ultraflo L (Min et al., 2006).

Various biotransformation studies for the production of FA from eugenol carried out
by using the recombinant strain of Ralstonia eutropha H16 (Overhage et al., 2002).

In the present study, we have made an attempt to develop a simple, cost effective VIS
Spectrophotometric method for the determination and quantification of ferulic acid
from various plant materials and also investigated the anti inflammatory,
hepatoprotective and nephroprotective activity of FA in Swiss albino mice.

1.9 OBJECTIVES OF THE STUDY

The various objectives of the study includes

1. To study in vitro cytotoxicity of DAO in murine tumor cells.
2. To study nanoparticle complex mediated antitumor activity .

3. To study the ameliorative and anti - tumor effect of biochemicals .
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4. To study the antioxidant capacity and radioprotective properties of
phytochemicals .

5. To estimate the presence of ferulic acid (FA) from selected plant materials.
1.10 SCOPE OF THE THESIS
The present work is aimed to evaluate the biological activities of ferulic acid ,
Ascorbic acid 2-glucoside, iron oxide nanoparticle complex of DAO and flavonoids
like galangin and kaempferide from Alpinia galanga L. Oxidative stress was induced
in mammalian system by using pharmaceuticals like paracetamol, doxorubicin, and
cisplatin.
The radioprotecting ability of flavonoids, galangin and kaempferide against whole
body y-radiation was studied by exposing mammalian system to ionizing radiation.
Investigations were carried out to analyze the efficacy of targeting enzyme DAO,
bound to magnetic Fe2O3; nanoparticles to tumor site thereby minimizing toxic side
effects and enhancing therapeutic efficacy.
Ferulic acid and Ascorbic acid 2-glucoside, was examined for their protecting ability
against formalin and carrageenan induced inflammation, paracetamol induced
hepatotoxicity, doxorubicin induced cardiotoxicity and cisplatin induced

nephrotoxicity.
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2.1. MATERIALS
2.1. 1. Animals

Swiss albino mice, 6-8 weeks old (body weight 23-28 g) were obtained from the
Small Animal Breeding Station (SABS), Mannuthy, Thrissur, Kerala. They were
maintained under standard conditions of temperature and humidity in the Centre’s
Animal House Facility. The animals were given standard mouse chow and water ad
libitum. All animal experiments in study be carried out with the prior approval of the
Institutional Animal Ethics Committee (IAEC) and were conducted firmly adhering to
the guidelines of the Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA) constituted by the Animal Welfare Division of

Government of India.
2.1.2. Cell lines

Ehrlich’s ascites carcinoma (EAC) and Dalton’s lymphoma ascites (DLA) cell lines
were obtained from Cancer Institute, Adayar, Chennai. The cells were maintained in

mice by intraperitoneal inoculation of 1x 10° viable cells.

2.1.3 Instruments used

Upright research microscope - Meiji, Japan, Labex, Labovision

Centrifuge - Remi, India

Micro centrifuge - Eppendorf India Ltd.
Incubator - Beston

Water bath - Remi, India
Hemoanalyser - BC 2800 VET
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Biochemical analyzer - Mispa Plus

High speed cooling centrifuge - Remi, India
0 0 : .

Deep freezer, -70 C,-20 C - Remi, India

UV-Vis Spectrophotometer - Elico Ltd., Hyderabad

pH meter - Eutech, Merck, Singapore
Fluorescent microscope - Olympus, Japan
Electrophoresis unit - Bangalore Genei, Bangalore
Gel documentation system - Biotech, Yercaud

Elisa Reader - Thermo Scientific

Laminar air flow - Labline, Kochin

Tissue homogenizer - Remi, India

Ultrasonicator - Rotek

VIS spectrophotometer - Systronics

2.1.4 Chemicals

Sodium pyrophosphate -Sigma-Aldrich, St Louis, USA.
Catalase -do
Flavin adenine dinucleotide (FAD) -do
D-alanine -do
4-amino-3-hydrazino-5-mercapto -do

-1, 2, 4-triazole (purpald reagent)

Potassium periodate (KI104) -do

DEAE cellulose -do
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Poly Vinyl Pyrolidone (PVP) -do
Thiobarbituric acid (TBA) -do
Polyoxy ethylene-25-propylene glycol -do
stearate (POES)

Normal melting point agarose -do
Carrageenan -do
Dextran -do
Low melting point agarose -do
Dimethyl sulphoxide (DMSO) -do
Ascorbic acid -do
Hydrochloric acid (HCI) -do
Triton X -do
Ethidium Bromide -do
Bovine serum albumin -do
Nitroblue tetrazolium (NBT) -do
Riboflavin -do
Reduced glutathione (GSH) -do
5-5' dithiobis-2- nitrobenzoic acid -do
(DTNB)

Acridine orange -do

Sodium benzoate

Ammonium sulphate ((NH4)>SO4) -do
RPMI medium -do
Methanol -Merck India Ltd., Mumbai
|§ 10 -do
Silver nitrate -do
Ammonium nitrate -do
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Zinc sulphate hepta hydrate -do
Tungstosilicic acid -do
Sodium dodecyl sulfate -do
Formaldehyde -do
pBR322 -Bangalore Genei, Bangalore, India.

Bromophenol blue

-do

Cisplatin

- Samasth Pharma, Mumbai. India.

Doxorubicin Hydrochloride

-Cadila pharmaceuticals Ltd.,
Ahmedabad, India

Paracetamol

-Variety Pharmaceuticals, Kerala

Trichloro acetic acid

-Sisco  research  laboratories  Ltd.,
Mumbai, India

Ethylenediamine tetra
acetic acid (EDTA)

- Sisco Research Ltd (SRL), Mumbai.

Tris Buffer -do
Tris-HCl -do
Folin’s reagent -do
Sodium azide -do

Ethyl acetate

- Nice Chemicals

Sodium carbonate

-do

Ferulic acid

-do-

2.1.5 Plant Materials

Plant materials selected includes

e Maize

e Rice Bran,
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e Wheat bran
e Bamboo shoot

Materials were collected from various reliable sources. They were dried, powdered

and kept in an air tight container for future use.

2.1.6 Diagnostic reagent Kits

Serum Urea and Creatinine analysis kit : Agappe Diagnostics, Thane
Glutamate pyruvate transaminase (GPT) : Agappe Diagnostics, Thane
Glutamate oxaloacetate transaminase : Agappe Diagnostics, Thane
Alkaline phosphatase (ALP) : Agappe Diagnostics, Thane
Creatine phospho kinase : Agappe Diagnostics, Thane
Lactate dehydrogenase : Agappe Diagnostics, Thane

2.1.7 Reagents and stains

a. Phospahate Buffered saline (PBS)

NaCl :8.00 g
KCl :020 g
KH2PO4 :020¢g
Na 2HPO4.2H; 144 ¢

These are dissolved in distilled water, made up to 1000 mL. pH was adjusted to 7.4
and was sterilized by autoclaving at 15 Ibs for 15 min.
b. Trypan blue

Trypanblue :04¢g

Normal saline

(0.9% NaCl) : 100 mL

Trypan blue stain was dissolved in saline followed by filtration using whatmann No. 1

filter paper.
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c. May-Grunwald stain

May-Grunwald powder :025¢
Methanol : 100mL

The stain was dissolved in methanol by stirring and filtered through whatmann No.1
filter paper and stored at room temperature.

d. Giemsa stain

Giemsa powder :08¢g
Glycerol : 50 mL
Methanol : 50 mL

Giemsa powder was dissolved in glycerol at 60 C with shaking. The mixture was
cooled to room temperature and methanol was added, mixed well for 5 minutes and
allowed to stand 4 minutes. The solution was filtered through whatmann No.1 filter

paper and stored at room temperature.
e. Silver stain - Silver stain - 66 ml solution A + 34 ml solution B

Silver stain a: 5 g NaxCO3 was dissolved in 100 mL distilled water.

Silver stain b:

NH4NOs3 lg
AgNO, :0.1g
Tungstosilicic acid :025¢
Formaldehyde :0.15mL

These are dissolved in 100 mL distilled water and 0.15 mL.

f. Comet neutralization solution

0.0 32 g Tris HCI was added and dissolve in 500 mL distilled water and pH was 7.4.

g. Comet lysis Buffer, pH- 10.0

NaCl :29¢g
Tris :0.12 g
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EDTA :29¢g
Sodium sarcosinate lg
Triton X 100 : 1 mL

These are dissolved in 100 mL distilled water and 1 mL Triton X 100 was added and

pH was adjusted to 10.0.

h. Comet stop solution : 1% Acetic acid in distilled water.

1. Fix solution

TCA 215 ¢g
ZnSO4.7TH2 O :5¢g
Glycerol :5mL

These are dissolved in distilled water and 5 mL Glycerol was added and made up

t0100 mL.

j. Comet electophoresis Buffer - pH> 13.0

NaOH 1.2 g
EDTA 00292 ¢g
DMSO :0.2mL

These are dissolved in distilled water and 0.2 mL DMSO was added and made up
to100 mL.

k. Bouin’s fixative

Saturated picric acid (1.2%) : 15 mL
Formalin (30-40%) :5SmL
Glacial acetic acid : 1 mL

Saturated picric acid was prepared and formalin and glacial acetic acid was mixed
with it.
. TE Buffer - pH 8

Tris buffer :0.12 g
EDTA :0.029 g
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These are dissolved in distilled water and made up to100 mL and pH was adjusted to

8.0

m. TBE Buffer - pH 8

Tris buffer :1.076 g
Boric acid :055¢
EDTA :0.058 g
These are dissolved in distilled water and made up to100 mL and pH was adjusted to
8.0
n. Lysis Buffer for DNA isolation - pH 8
Tris :0.61¢g
EDTA :0.584 ¢
SDS 2g

These are dissolved in distilled water and made up to100 mL and pH was adjusted to
8.0

2.2 METHODS

2.2.1 Preparation of standard stock solution of ferulic acid (FA)

The stock solution of FA (1 mg/ml) was prepared by dissolving 10 mg FA in ethyl
acetate, final volume was made up to 10 ml with ethyl acetate in volumetric flask.
From this stock, 1 ml was taken out and added to 10 ml volumetric flask, and the
volume was adjusted to 10 ml by adding double distilled water to get 100 pug/ml
concentration. This solution was used for further analysis for making calibration
curve.

2.2.2 Preparation of calibration curve of ferulic acid

From the stock solution (100 ug/ml) of FA, 0.1 ml to 0.8 ml aliquots were added to a
volumetric flask (10ml). To this flask, 2ml of sodium carbonate solution (15 %) and
Folin—Ciocalteu reagent (0.5 ml) diluted with double distilled water (1:2 ratio) were
added. The final volume was added with double distilled water to get a solution

ranging in concentration from lug/ml - 8ug/ml of FA. The mixture showed maximum
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absorption at 718 nm when calculated against the blank solution. The absorbance of
all solutions can be measured, and a calibration curve was plotted.

2.2.2. 1 Reaction Mechanism of Folin—Ciocalteu reagent
Folin—Ciocalteu assay is based on of oxidation-reduction reaction, containing
molybdates, tungstates as the main components of the reagent. This assay is a
commonly used method for the quantification of phenolic acids in samples. The
phenolic compounds reduces the heteropolyphosphotungstates—molybdates into a blue
coloured chromogen. The reaction is carried out only under basic conditions in the
presence of washing soda solution. The Phenolate anion formed from phe-nolic
compound reduces Folin—Ciocalteu reagent to form the blue coloured substance.
Spectrophotometer can be used to measure the colour intensity of blue chromogen (

Jadhav et al., 2012).

2.2.3 Preparation of Ethyl acetate extract of Plant materials

Accurately weighed 10 g of maize, wheat bran, rice bran, and bamboo shoot was
extracted separately with 100ml of ethyl acetate with the help of the Soxhlet
apparatus. The resulting crude extract was used for further analysis.

2.2.4 Preparation of Sample solution

The extract solution (Iml) was added to the volumetric flask (10ml). To the flask,
Folin — Ciocalteu reagent (0.5 ml) diluted with double distilled water (1:2 ratio) and 2
ml sodium carbonate solution (15 %) was added, the final volume was made up to
10ml with double distilled water. Absorbance was measured at 718 nm with a
Spectrophotometer.

2.2.5 Isolation of D- amino acid oxidase (DAQO)

DAO was isolated from fresh porcine kidney using ammonium sulphate (NH4)2S0O4)

precipitation technique (Choi, 1978). The synthesis is described in brief; fresh porcine
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kidneys were obtained from Veterinary College, Mannuthy, Thrissur, Kerala, India. It
was homogenized in 0.016 M pyrophosphate buffer (pH 8.3). To the solution, Sodium
benzoate (1 g/L) was added and heated at 40°C for 30 minutes and then was cooled at
25°C. After cooling process, pH was adjusted to 5.2 with 2N acetic acid, centrifuged
at 10,000 rpm for 10 minutes. After centrifugation the supernatant was taken and 250
g/L ammonium sulphate was added. Later centrifugation was carried out at 10,000
rpm to get the precipitate which was dissolved in 0.016 M pyrophosphate buffer (pH
8.3). Heating was repeated at 52°C, and centrifugation and reprecipitation with
ammonium sulphate was performed thrice. The obtained final precipitate dissolved in
pyrophosphate buffer and dialyzed next to the same buffer. The final enzyme was

stored at —20°C.

2.2.6 Enzyme Activity of DAO

Enzyme activity was measured colorimetrically using D-alanine as a substrate
(Watanabe et al, 1978). The standard assay mixture consists of 0.133 M
pyrophosphate buffer (pH 8.3) containing catalase (700 IU/ml), 0.1 M D-alanine, 0.1
mM FAD, and 70% (V/V) methanol. The reaction was started by the addition of 0.1
ml of the diluted enzyme solution. The reaction was carried out at 37°C for 15-30
minutes and terminated by the addition of 1 ml of 10% trichloroacetic acid. The
precipitate was removed by centrifugation (700 x g, 20 min). To 0.5 ml of the
supernatant solution were added 0.5 ml of 5 N KOH and 0.5 ml of 0.5% purpald
reagent in 0.5 N HCI. The mixture was kept for 15 min at room temperature. 0.5 ml of
0.75% KIO4 in 0.2 N KOH were added to the mixture with vigorous shaking, then
absorbance at 550 nm was measured. One unit of activity is defined as the rate of
formation of 1 pmol of H>O> per min. Enzyme activity was calculated from

absorbance obtained for the corresponding concentration by substituting to the

85



Materials and Methods

equation, Activity = (umol min") =2.584 A/t, where, ‘A’ is a differential absorbance at
550 nm between the sample and the blank, and ‘t’ is the reaction time in minutes.

2.2.7 Preparation of Fe2O3 Nanoparticles Coated with PVP

Fe>O3 nanoparticles were prepared by co-precipitation technique in an inert atmosphere.
A typical synthesis process is discussed below. In brief, stoichiometric quantities of
metal chlorides (ferric chloride and ferrous chloride 2:1 molar ratio) were dissolved in
milli-Q water. Ammonia solution (28%) was added drop wise into the metal chloride
solution, followed by vigorous stirring so the final pH became 11 - 12, and subsequently
heating the slurry at 80°C for 1 h. PVP (K-15, M. W = 15,000) was added to the above
slurry and further heated for 1 h and cooled to room temperature and the salt solution was
decanted and the precipitate was repeatedly washed to remove any impurity ions. The
resulting Fe3O4 nanoparticles were heated at 180°C - 210°C to yield Fe2O3 nanoparticles
(Grabis et al.,2008; Jayakumar et al., 2009).

2.2.8 Preparation of Fe203-DAO Complex

Fe203 (300 mg) was mixed with 0.3 ml of isolated DAO (Enzyme activity-12.6 U/ml,
protein concentration -1 mg/ml) in 0.133 M pyrophosphate buffer (pH 8.3), incubated
overnight at 4°C in refrigerator and was sonicated using an ultrasonicator for ten minutes.
The enzyme nanoparticle complex was centrifuged at 15,000 rpm for 15 minutes. The
supernatant was collected and the pellet was suspended in 0.5 ml of 0.133 M
pyrophosphate buffer (pH 8.3) and kept in refrigerator. Enzyme activity of both the
pellet and supernatant were measured. As the enzyme activity was detected only in
pellets, it is further used for the experimental studies.

2.2.9 Characterization of Fe203 and Fe203-DAO Complexes

The FeoO3-DAO Complexes were characterized by X-ray diffraction (XRD), FTIR

spectroscopy and Scanning electron microscopy (SEM).

86



Materials and Methods

2.2.10 Maintenance of cells in animals and tumor measurement

Dalton’s Lymphoma Ascites (DLA) cells were maintained in the peritoneal cavity of
Swiss albino mice. The cells were transplanted in every 2 week from animal to
animal. For this tumor cells were aspirated from the peritoneal cavity, washed with
PBS and 1.5X10%ells were injected intraperitoneally to a fresh animal to transplant

Ascites tumor.

For solid tumor transplantation, DLA cells (1x10 °cells/animal) were injected in to the
right hind legs of Swiss albino mice (6-8 weeks old, body weight 20-25 g). The
experiments were started when the tumor reached a size of 1.0 cm®. The hind leg

thicknesses were measured using a vernier caliper once in two/three days.
The tumor volume was calculated as follows:
Tumor radius

= Radius of tumor induced leg — Radius of normal leg
Tumor volume = 4/3w * where r is the tumor radius.

2.2.11 Irradiation of animals

60
Irradiation was carry out using a Co-Theratron Phoenix Teletherapy Unit (Atomic
Energy Ltd., Ottawa, Canada) at dose rate of 1.88 Gy per minute. Swiss albino mice

were restrained in specially designed well ventilated cages and exposed to whole body

gamma irradiation in a field size of 25x25 cmzand at a distance of 80 cm from the

source.
2.2.12 Administration of Drugs

a. Fe,O, nanoparticle-DAO complex
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The animals were administered orally with DAO (0.1 mg protein/ml) or Fe,0,-DAO

(30 mg Fe203/ml, 0.1 mg protein/ml) with or without D-alanine (0.5 mmol/mouse).

One group of the animals those received Fe O,-DAO and D-alanine were given a

magnetic treatment for 15 minutes with a horse shoe magnet, 20 minutes after the
drug administration for targeting of the drug nanoparticle complex to the solid tumor
site. The drug administration continued for 5 days continuously. The route of

administration was oral using an oral needle.
b. Ascorbic acid mono glucoside (AsAG) and ferulic acid (FA)

Ferulic acid (100mg/kg & 200 mg/kg) or AsAG (250 mg/kg & 500 mg/kg) were
dissolved in distilled water was given to animals using oral gavage. Both FA or
AsAG were administered to animals, one hour after Doxorubicin or cisplatin or
paracetamol administration. For anti inflammatory studies, AsAG or FA and
diclofenac were administered one hour prior to the sub plantar injection of

carrageenan or formalin.
2.2.13 Anti-inflammatory activity

Anti-inflammatory activity of the drug/nanoparticle complex was determined by using

two different inflammatory agents
a) Carrageenan induced acute paw edema

Female Swiss albino mice were subjected to acute inflammation by subplanar
injection of 0.02 ml of freshly prepared 0.1% suspension of carrageenan in
phosphate buffered saline on the right hind paw (Winter et al.,1962). The paw
thicknesses were measured using vernier calipers and the thickness was

measured up to 6 hours.
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b)

Formalin induced chronic paw edema

Female Swiss albino mice were subjected to chronic inflammation by sub-
planar injection of freshly prepared 0.02 ml of 2% formalin on the right hind
paw (Chaw, 1989). The paw thickness was measured using vernier calipers
before and after injection of formalin. The readings were measured for 6 days

continuously.

2.2. 14 Biochemical parameters

a)

b)

Preparation of tissue homogenate

Animals were sacrificed by cervical dislocation after experiments and liver,
brain, kidney, heart, tumor tissue or a portion of intestine were quickly

excised, and the surface was washed with ice-cold phosphate buffered saline
and kept at -20°C. The intestinal mucosa was scrapped off using a clean glass

slide and kept at -20°C until analysis. The tissues (liver, brain, kidney, heart,
tumor tissue or intestinal mucosa) were homogenized in ice cold phosphate

buffered saline (pH 7.4) and 10 % of homogenate was prepared. The
homogenate was centrifuged at 10,000 rpm at 4°C and the clear supernatant

was taken for the assay. It was stored at -70°C till analysis.

Determination of superoxide dismutase (SOD) activity in the tissue

homogenate

SOD activity was carried out by following the method of Mc Cord and
Fridovich. (1969) and Sandeep and Nair. (2010). The photo-illumination of

riboflavin solution in the presence of EDTA causes a reduction of the flavin. It

then re-oxidizes and simultaneously reduces oxygen to 02_, which is allowed
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to react with the detector molecule, NBT. Upon reaction NBT is reduced to a

formazan blue. The SOD in the sample inhibits the formazan production.

100 uL of supernatant was mixed with 200 4L of 0.1 M EDTA (containing
0.0015% NaCN), 100 xL of 1.5 mM NBT and phosphate buffer (67 mM, pH
7.8) in a total volume of 2.95 mL. After adding 0.05 mL of riboflavin, the
absorbance of the solution was measured against distilled water at 560 nm.
The tubes were then uniformly illuminated with an incandescent lamp for 15
min and absorbance was taken again at 560 nm. The difference in absorbance
at two time interval (before and after illumniation) was calculated for each
sample. Percent of inhibition was calculated by comparing absorbance of
sample with the absorbance of control (the tube containing no enzyme
activity). The volume of the sample required to scavenge 50% of the generated
superoxide anion was considered as 1 unit of enzyme activity and was

expressed as U/mg protein for tissue.

¢) Determination of reduced glutathione (GSH) content in the tissue homogenate
Reduced glutathione in tissue homogenate was determined according to the
method of Moron et al.,(1979) with minor modifications. Reduced glutathione
forms a yellow colored complex with DTNB with an absorbance at 412 nm.
100 uL of the tissue homogenate was mixed with 63 uL of 25% TCA and
cooled on ice for 5 minutes followed by further dilution of the mixture with
300 uL of 5% TCA and these were then subjected to centrifugation at 3000 g
for 5 minutes to settle down the precipitate. 150 uL of the supernatant was
mixed with 350 uL of sodium phosphate buffer (0.2M, pH 8.0) and 1.0 mL of
DTNB (0.6 mM in 0.2M, pH 8.0 phosphate buffer). The yellow color obtained

was measured at 412 nm. A standard graph was prepared using different
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concentrations (10-50 nmoles) of GSH. The GSH content of the sample was

calculated from the standard graph and expressed as n mol/mg protein.
d) Determination of glutathione peroxidase (GPx) activity in the tissue homogenate

Glutathione peroxidase activity was determined according to the method of

Hafeman et al.,(1974). The GPx enzyme degrades the H O, in presence of

GSH by the following reaction

H,0,+2GSH—» GSSG +2H:0

The remaining GSH was measured by its reaction with DTNB

25 uL of tissue homogenate was treated with 50 4L of 5SmM GSH, 250 uL of 1.2 mM
H>02, 50 uL of 25 mM NaNj3 and phosphate buffer (1M, pH7.0) in a total volume of
1.25 mL at 37°C for 6 min. The reaction was stopped by adding 1.0 mL of 1.67 %
H3PO4 and the reaction mixture was centrifuged at 3000 rpm for 10 min to settle down
the precipitate. 1.0mL of the supernatant was mixed with 1.0 mL 0.4 M Na;HPO4 and
ImL of ImM DTNB (in buffer). The absorbance of the yellow colored complex was
measured at 412 nm after incubation for 10 min at 37° C against distilled water. A
sample without the tissue homogenate was processed in the same way and was kept as
the blank. The activity is expressed as U/mg protein.

The GPx activity = O.D of blank — O.D of sample / 0.001 X mg protein

One unit of enzyme activity was defined as decrease in log GSH by 0.001/min after

subtraction of the decrease in log GSH per minute for the non-enzymatic reaction.
e) Determination of lipid peroxidation in the tissue homogenate

The level of lipid peroxidation was measured as malondialdehyde (MDA) according

to the method of Buege and Aust (1978). The malondialdehyde (MDA) is formed
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mainly from the peroxidation of PUFAs. MDA is a TBA reacting substance (TBARs)
and the product formed between the reaction of MDA and TBA is estimated at 532

nm.

Briefly, the reaction mixture contained 1 mL of tissue homogenate( 100 mL of 10 %
tissue homogenate + 900 mL distilled water) and ImL of TBA reagent (which

contains 0.375% thiobarbituric acid, 0.025 N HCI, 15% trichloroacetic acid and 6.0

mM EDTA). The reaction mixture was heated at 90°C for 30 minutes, cooled and
centrifuged at 10,000xg for 10 minutes. The amount of TBARS in the supernatant
was estimated by measuring the absorption at 532 nm. The lipid peroxidation values
are expressed as n moles of MDA per mg protein.1, 1, 3, 3-tetracthoxypropane was

used as the standard.
f) Determination of the total protein in the tissue homogenate

Protein content in the tissue was determined according to the method of Lowry et al.
(1951) and Mathew et al. (2007). The tyrosine and tryptophan residues of proteins
cause reduction of the phosphomolybdate and phosphotungstate components of Folin-
Ciocalteau reagent in an alkaline medium to give a bluish purple colour with

absorbance at 660 nm.

10 uL of the homogenate was mixed with 990 uL of distilled water, 5 mL of alkaline
CuSO4 (0.5 % CuSO4 in 1 % sodium potassium tartarate and 2% Na;COsin 0.1 N
NaOH mixed in the ratio 1:50) was kept for 10 min at room temperature. 0.5 mL of 1
N Folin-Ciocalteau reagent was added and absorbance was measured after 30 min at
660 nm against the reagent blank. Protein content was calculated from the standard
graph plotted using different concentrations (0-500 ug/mL) of bovine serum albumin

(BSA).
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2.2. 15 Serum parameters

a)

b)

Serum glutamate oxaloacetate transaminase (SGOT)

Serum SGOT activity was determined according to the method of Thefeld et

al., (1974).

SGOT (AST) catalyzes the transfer of amino group between L-Aspartate and
a-Ketoglutarate to form Oxaloacetate and Glutamate. The formed
Oxaloacetate reacts with NADH in the presence of Malate Dehydrogenase to
form NAD. The rate of oxidation of NADH to NAD is calculated as a
decrease in absorbance which is proportional to the SGOT (AST) activity in

the sample
AST
L-Aspartate + a-Ketoglutarate — Oxaloacetate + L-Glutamate

Oxaloacetate + NADH + H* ﬂ» Malate + NAD"

Reagents used were from Agappe diagnostic kit. The working reagent was
prepared by mixing 4 volume of Reagent 1 [Tris buffer (8§88 mmol/L, pH 7.8),
L-Aspartate (260 mmol/L), LDH (1500 U/L), MDH (900U/L)] with 1 volume
of Reagent 2 [a-Ketoglutarate (12mmol/L, NADH (0.24mmol/L)] provided in
the kit. 0.1 ml of serum was mixed with 1.00 ml of the working reagent.
Mixed well and incubated for 1 minute at 37° C. The change in absorbance

was measured per minute for 3 minutes at 340 nm.
SGOT activity (U/L) = (A OD / min) x 1745
Serum glutamate pyruvate transaminase (SGPT)

Serum SGPT activity was determined according to the method of Thefeld et

al., (1974).
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SGPT (ALT) catalyzes the transfer of amino group between L-Alanine and a-
Ketoglutarate to form Pyruvate and Glutamate. The formed Pyruvate react
with NADH in the presence of Lactate dehydrogenase forming NAD. The rate
of oxidation of NADH to NAD is calculated as a decrease in absorbance

which is proportional to the SGPT (ALT) activity in the sample.
. ALT
L-Alanine a-Ketoglutarate —— L-Glutamate+ Pyruvate LDH

+ MDH +
Pyruvate + NADH + H —» Lactate + NAD

Reagents used were from Agappe diagnostic kit. The working reagent was
prepared by mixing 4 volume of Reagentl [Tris buffer (110 mmol/L, pH 7.5),
L-Alanine (660 mmol/L), LDH (1500 U/L)] with 1 volume of Reagent2 [a-
Ketoglutarate (16mmol/L, NADH (0.24mmol/L)] provided in the kit. 0.1 ml of
serum was mixed with 1.00 ml of the working reagent. Mixed well and
incubated for 1 minute at 37° C. The change in absorbance was measured per

minute for 3 minutes at 340 nm.
SGPT activity (U/L) = (A OD / min) x 1745
¢. Serum bilurubin

Serum bilurubin activity was determined according to the method of Walter

and Gerarde (1970).

Sulfanilic acid react with sodium nitrite to form diazotized sulfanilic acid.
Serum bilurubin react with diazotized sulfanilic acid to form colored

azobilurubin which measured photometrically.

Reagents used were from Agappe diagnostic kit. 0.05 ml of serum was mixed

with 0.02 ml of activator and I ml of bilurubin reagent as test and mixed 0.02

94



Materials and Methods

ml of activator alone with I ml of bilurubin reagent as blank. Incubate for 5

minutes and measured the absorbance of test against reagent blank at 546 nm.
Total Bilurubin = OD of test — OD of reagent blank X 29.
d) Serum urea

Serum urea was determined following the method of Chaney and Marbach

(1962).

Urea is hydrolyzed in presence of water and urease to produce ammonia and
carbon dioxide. Under alkaline conditions, thus formed ammonia, reacts with
hypochlorite and phenolic chromogen forming coloured indophenol, which is
measured at 578 nm. Sodium nitroprusside acts as a catalyst. The intensity of

the colour is proportional to the concentration of urea in the sample.

Urease

Urea+HzO — 2 NH3 + CO2

Nitroprusside

NH, + Salicylate » 2-2-Dicarboxy Indophenol

Hypochlorite

Reagents used were from Agappe diagnostic kit. Working reagent was
prepared by mixing one bottle of Reagent 3 [Enzyme concentrate Ureases (>
500K U/L)] with one bottle of reagentl [Buffer (pH 7, 120 mmol/L), Sodium
Salicylate (60 mmol/L), Sodium nitroprusdide (5 mmol/L)]. 0.01 ml of serum
was mixed with 1 ml of working reagent and 0.01 ml of Urea-B Standard

Concentration (40mg/dl) provided in the kit was added to the working reagent

as standard. Mixed well and incubated it for 5 minutes at 37OC. Then Reagent
2 (Phosphate buffer (pH-<13, 120 mmol/L), Sodium hypochlorite (10

mmol/L)] provided was added to it andagain incubated it for 5 minutes at 37°
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C. The absorbance of the sample and standard was read against the reagent

blank at 578 nm.

Serum urea (mg/dl) = Absorbance of Sample / Absorbance of

Standard X 40
e) Serum creatinine

Serum creatinine was determined according to the method of Bonsnes and

Taussky (1945).

Creatinine forms a yellow-orange compound in alkaline medium with picric
acid. The intensity of the color is measured at 520 nm. The change in
absorbance is proportional to the creatinine concentration. Reagents used
were from Agappe diagnostic kit. Working reagent was prepare by mixing 1
volume of Reagent 1 [picric acid (8.73 mmol/L), Surfactant] with 1 volume of
Reagent 2 [Sodium hydroxide (300 mmol/L), Sodium phosphate (25
mmol/L)]. 0.1 ml of serum was mixed with 1 ml of working reagent and 0.1ml
of creatinine standard was also mixed with the working reagent. The optical

density was read at 60 second after (T,) the sample or standard addition.

Exactly after 60 seconds after the first reading the second reading (T2 ) was

taken .
Creatinine conc. (mg/dl) = (T1- T2 of sample)/ (T1- T2 of sample) X 2
f) Serum lactate dehydrogenase (LDH)

Serum LDH was determined according to the method of McQueen (1975).
The reduction of pyruvate with NADH forming NAD was catalyzed by

Lactate dehydrogenase. The rate of oxidation of NADH to NAD is calculated
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as a decrease in absorbance, which is proportional to the LDH activity in the

sample.

Pyruvate + NADH+H" N L Lactate + NAD

Reagents used were from Agappe diagnostic kit. 0.01ml of serum was added
to 1 ml of working reagent prepared by mixing 4 volume of Reagent 1, [Tris
buffer(pH 7.4, 80mmpl/L), Pyruvate (1.6 mmol/L), Sodium Chloride (200
mmol/L)] with 1 volume of reagent 2, [NADH (240 p mol/L)] provided in the

kit. Mixed well and incubated for 1 minute at 37° C.
LDH activity (U/L) = (A OD / min) x 16030
g) Creatinine kinase (CK)

Serum CK  was determined according to the method of Witt and

Trendelenburg (1982).

The procedure involve analysis of CK-activity in the presence of an antibody
to CK-M monomer. This antibody completely inhibits the activity of CK-MM
and half of the activity of CK-MB, while not affecting the B subunit activity
of the CK-MB and CK-BB. CK method was used to quantitatively determine
CK-B activity. The CK-MB activity is obtain by multiplying the CK-B

activity.

Reagents used were from Agappe diagnostic kit. 0.04 ml of serum was added
to 1 ml of working reagent prepared by mixing 4 volume of Reagent 1
[Imidazole (pH6.7, 125mmol/L), D-Glucose (25mmol/L), N-Acetyl-L-
cysteine (25mmol/L), magnesium acetate (12.5 mmol/L), NADP (2.55
mmol/L), EDTA (2.025 mmol/L), hexokinase (> 6800 U/L)] with 1 volume of

reagent 2 [Creatinine phosphate (250.5 mmol/L), ADP (15.25 mmol/L), AMP
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(25 mmol/L), Diadenosine pentaphosphte (103 mmol/L), G-6-PDH (> 8800

U/L)] provided in the kit. Mixed well and incubated for 5 minute at 37°C.
CK-MB activity (U/L) = (A OD / min) x 8254
2.2. 16 Histopathological analysis

A portion of the intestine, kidney, liver or heart was fixed in 10% formalin solution
immediately after sacrifice, passed through ascending grade of alcohol, cleared in
xylene impregnated and embedded in paraffin. Sections were made using a
microtome, stained with Hematoxylene and Eosin and mounted in DPX. The slides
were observed in light microscope under oil immersion microscope (100X) and

photographed.
2.2.17 Determination of cell viability and apoptosis

a) The cell viability was determined by Trypan blue dye exclusion method
(Talwar, 1974). As the cells selective in the compounds that passes through
the membrane, in a viable cell, trypan blue is not absorbed while it traverses
the membrane in a dead cell. Hence, dead cells have blue colour under a

microscope. The method is an index of the dead cells in a cell population.

0.1 mL of cell suspension was mixed with 0.01 mL of 0.4% Trypan blue, kept
for 2-3 minutes and loaded on a haemocytometer. The no. of stained and
unstained cells was counted separately and more than 100 cells were counted.
The percentage survival of cells were calculated and plotted against

concentration of drug.

% dead cells = Number of dead cells / Number of viable cells + No. of dead

cells X 100
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b)

2.2.18

May Grunwalde-Giemsa staining (Baskic et al.,2006). To analyze the
morphological changes, thick smears of cells were prepared on clean glass
slides, stained with May Grunwald stain for 10 minutes followed by Giemsa
stain for 30 minutes, washed, dried and visualized for apoptotic cells using a

bright field microscope.

The cells having condensed and fragmented nuclei, blebbing of plasma
membrane and decreased size and apoptotic bodies were identified as
apoptotic cells (Rajagopalan et al., 2003). Necrotic cells will be having
nuclear and cytoplasmic swelling, chromatin flocculation, cytoplasmic and

nuclear membrane dissolution or lysis.

Apoptotic index was calculated using the formula,

Apoptotic index = Number of apoptotic cells/ Number of total cells X 100

Determination of DNA damage

a) Plasmid relaxation assay

The plasmid pBR322 DNA (100 mg), in potassium phosphate buffer (0.1M,
pH 7.4) was exposed to various doses of gamma radiation in the presence or
absence of drugs or nanoparticle complexes. After irradiation, the DNA
samples were analyzed in 1% agarose gel prepared in TBE buffer (89mM Tris,
89mM Boric acid, 0.2mM EDTA) by electrophoresis at 50 V for 3 hours. The
DNA was stained with EB (0.5 mg/ml) and visualized using a gel
documentation system, DNA bands were photographed and analyzed using
Digital Gel Documentation and Analysis Software, Biotech R&d Laboratories,

Yercaud.
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b) Alkaline single cell gel electrophoresis or comet assay

The comet assay, also called single cell gel electrophoresis (SCGE), is an
electrophoretic technique for direct visualization of DNA damage in

individual cells.

In this technique, cells are fixed in agarose gel on microscope slides. The cells
are lysed by detergents and high salt and electrophoresed under alkaline
conditions. Cells with increased DNA damage display increased migration of
their DNA from the nucleus towards the anode, giving the appearance of the
tail of a comet (the head being the residue of the nucleus). The comets are
observed by fluorescence microscopy after staining with suitable dyes such as
ethidium bromide, acridine orange or propidium iodide or by light microscopy

following silver staining.

Alkaline single cell gel electrophoresis was performed by the method given by
Singh (2000), with minor modifications. In brief, microscopic slides were

coated with normal melting agarose (1% in PBS), immediately cover sliped

and kept at 4°C for 10 minutes to allow the agarose to solidify. After removal
of the cover slip, 200 uL of 0.8% low melting point agarose containing 50uL

of treated cells were added onto the slide, cover slips were placed immediately

and the slides were kept at 4°C. After solidification, the cover slips were
removed and the slides were immersed in pre-chilled lysing solution

containing 2.5 M NaCl, 100 mM NazEDTA, 10 mM Tris-HCI, pH-10, 1%

DMSO, 1% Triton X and 1% sodium sarcosinate and kept for 1 hour at 4°C.
The slides were removed from the lysing solution and placed on a horizontal

electrophoresis tank filled with freshly prepared alkaline buffer containing 300
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mM NaOH, 1 mM EDTA, and 0.2% DMSO (pH>13). The slides were
equilibrated in the same buffer for 20 minutes and electrophoresis was carried
out for 30 minutes at 20 V. After electrophoresis the slides were washed

gently with 0.4 mM Tris-HCI buffer, pH-7.4 to neutralize alkali. The slides

were again washed with distilled water, kept at 37°C for 2 hours. Alkaline
single cell gel electrophoresis was performed by the method given by Singh
(2000), with minor modifications. In brief, microscopic slides were coated

with normal melting agarose (1% in PBS), immediately cover sliped and kept

at 4°C for 10 minutes to allow the agarose to solidify. After removal of the
cover slip, 200 uL of 0.8% low melting point agarose containing 50uL of

treated cells were added onto the slide, cover slips were placed immediately

and the slides were kept at 4°C. After solidification, the cover slips were
removed and the slides were immersed in pre-chilled lysing solution

containing 2.5 M NaCl, 100 mM NazEDTA, 10 mM Tris-HCI, pH-10, 1%

DMSO, 1% Triton X and 1% sodium sarcosinate and kept for 1 hour at 4°C.
The slides were removed from the lysing solution and placed on a horizontal
electrophoresis tank filled with freshly prepared alkaline buffer containing 300
mM NaOH, 1 mM EDTA, and 0.2% DMSO (pH>13). The slides were
equilibrated in the same buffer for 20 minutes and electrophoresis was carried
out for 30 minutes at 20 V. After electrophoresis the slides were washed

gently with 0.4 mM Tris-HCI buffer, pH-7.4 to neutralize alkali. The slides

were again washed with distilled water, kept at 37°C for 2 hours.
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¢) Micronucleus assay in peripheral blood reticulocytes

Acridine orange (AQO) - coated glass slides were prepared according to the
method of Hayashi et al, (1990). AO was dissolved in distilled water at a
concentration of 1 mg/mL. 10 uL of this solution was placed on a pre-heated
clean glass slide. The solution was spread by moving a glass rod back and
forth over it and then air-dried. The AO-coated glass slides were stored at

room temperature under dry conditions.

Peripheral blood was collected from Swiss albino mice under study by tail
vein puncture without any anticoagulant at 24 h and 48 h after 1 Or 2 Gy-
whole body gamma-irradiation. 5 uL of blood were kept on AO-coated slides
and covered with cover slip. The reticulocytes (RETs) and micro nucleated
reticulocytes (MNRETSs) were monitored using a fluorescent microscope. The
slides are observed under a blue excitation (488 nm) and a yellow to orange
barrier filter (515 nm). The slides be observed for 2000 reticulocytes of
peripheral blood (identified by their reticulum structure with red fluorescence)
and % of micronucleated (round in shape with a strong yellow-green

fluorescence) reticulocytes were scored.
2.3 Statistical Analysis

The statistical data were expressed as mean =+ standard deviation (SD).
Statistical analyses of the results were performed using ANOVA with Tukey-
Kramer multiple comparisons test, using the software (GraphPad inStat 3.1)

where p<0.05, p<0.01 and p<0.001 are considered to be significant.
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Chapter- 3

ISOLATION OF PIG KIDNEY D-AMINO ACID
OXIDASE (DAO) AND IN VITRO CYTOTOXICITY
OF DAO IN MURINE TUMOR CELLS
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3.1 INTRODUCTION

D-Amino-acid oxidase (DAO) (D-amino-acid: oxygen oxidoreductase (deaminating);
EC 1.4.3.3) catalyzes the oxidative deamination of D-amino acids, producing the
corresponding a-keto acid and ammonia with concomitant reduction of molecular
oxygen to hydrogen peroxide (H202). All DAO s characterized so far contain
noncovalently bound FAD as their prosthetic group (Warburg and Christian, 1938).
Recent researches on D-amino acid oxidases (DAO) and amino acid metabolism have
shown new, interesting properties of the flavoenzyme and enlighted new
biotechnological uses of this catalyst. The presence of DAO has been reported in
many organisms and it is used as a marker of peroxisomes in higher organisms and
microbodies in yeast (De Duve and Baudhuin, 1966). The only D- amino acid
oxidase species available in a homogeneous form and in large quantities so far is the

one obtained from pig kidney (Bright and Porter, 1975).

Reactive oxygen species (ROS) e.g., superoxide anion (O:-), hydrogen peroxide
(H207), and hydroxyl radical (.OH), are potentially harmful byproducts of normal
cellular metabolism that directly affect cellular functions (eg. development, growth,
and aging) and survival as well as causing mutation (Davies, 1995; Beuth, 2008).
ROS are generated by all aerobic organisms and seem to be indispensable for signal
transduction pathways that regulate cell growth (Beckman and Ames, 1997) and
reduction-oxidation (redox) status. However, overproduction of these highly reactive
metabolites can initiate lethal chain reactions that involve oxidation and that damage
cellular integrity and survival. Because of its highly cytotoxic nature, ROS may exert

remarkable antitumor potential if they can be selectively delivered into tumors (Baig
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et al., 2019). This strategy of cancer treatment by generation of ROS selectively in
tumor site has been named ‘oxidation therapy’ (Ben-Yoseph and Ross, 1994; Stegman
et al., 1998). In oxidation therapy, the main aim lies in generating excess ROS in
tumor tissue directly and causing maximum tumor killing without affecting the
normal tissues. Nowadays, use of H>O»-generating enzymes has been proposed as an

alternative approach to developing an H,O; dependent antitumor system.

The enzyme possess certain common properties such as it is stabilized toward heating
and the loss of its FAD prosthetic group by the inhibitor benzoate, with which it forms
a complex, at a low molarity of ammonium sulphate it is precipitated (Kubo et al.,
1960;Yagi et al., 1971) possess a low affinity for calcium phosphate that is in the
form of either a gel or hydroxylapatite (Massey et al.,1961). These properties have

been exploited for its purification.

The present chapter reveals the isolation procedure of D-amino acid oxidase (DAO),
and its use as an effective anti tumor agent by preferential production of H>O» in

murine tumor cells, by administration of corresponding D-aminoacid.

3.2 MATERIALS AND METHODS

3.2.1 Materials

Fresh porcine kidneys were obtained from Veterinary college, Mannuthy, Thrissur,

Kerala, India.

3.2.2 Chemicals

Sodium pyrophosphate, catalase, flavin adenine dinucleotide (FAD), D-alanine, 4-

amino-3-hydrazino-5-mercapto-1, 2, 4-triazole (purpald reagent), potassium periodate
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(KIO4) and DEAE cellulose were from Sigma chemical company Inc., St.louis, MO,
USA. Sodium benzoate and ammonium sulphate ((NH4)2SO4) were from Himedia
Laboratories Pvt. Ltd. Mumbai. Methanol was from Merck India Ltd., Mumbai.
Trichloro acetic acid was from Sisco research laboratories Ltd., Mumbai, India. All
other reagents were all of analytical grade and purchased from reputed Indian
manufacturers.

3.2.3 Assay of enzyme activity
Detailed methodology is explained in Chapter 2, section, 2.2.6

3.2.4 Protein determination

The protein concentration of the mixture was determined according to the method of
Lowry et al. (1951) using bovine serum albumin as a standard. D-Amino-acid oxidase
activity is finally expressed as the amount of D-alanine oxidized per min per
milligram of protein (Lowry et al., 1951).

3.2.5 Isolation procedure

The fresh kidneys were sliced, trimmed of fat and the ureters, cut into pieces of less
than 3-cm dimension, and the deep red medulla removed and discarded. The cleaned
cortices were used immediately or stored overnight at -20°C. Unless otherwise
specified, all operations were performed at 0-5°C.

Fresh porcine kidney (1000g) was homogenized in 3.3 liters of cold 0.016 MM
pyrophosphate-HCl buffer, pH 8.3 in a blender.  To the homogenate, sodium
benzoate (1g/L) was added, heated at 40° C for 30 min in a water bath and cooled at
25°C. After cooling, pH was adjusted to 5.2 with 2N acetic acid followed by
centrifugation at 10,000 rpm for 10 min in a cooling centrifuge. After centrifugation,

supernatant were taken, and 250 g/L ammonium sulphate was added, kept for 15
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minutes at 5°C. Again centrifugation was carried out at 10,000 rpm to obtain the
precipitate.

The precipitate was dissolved in 0.016 M pyrophosphate-HCI buffer (pH 8.3) and
added sodium benzoate (1g/L). The pH was again adjusted to 5.2 with 2N acetic acid.
After heating at 52°C for 7 min followed by sudden cooling at 10°C, the solution was
centrifuged and reprecipitated with (NH4)2SO4 (113g/L).  Again centrifugation
(10,000 rpm, 10 min) was carried out to collect the precipitate. It was dissolved in
35ml of 0.016 M pyrophosphate-HCI buffer (pH 8.3) followed by the addition of
(NH4)2S0O4 (54g/L). The solution was kept for 15 minutes, sodium benzoate (1g/L)
was again dissolved, pH was adjusted to 5.2 with 2N acetic acid. After centrifugation,
56g/L (NH4)>SO4 was added to the supernatant, followed by heating at 52°C.
Suddently, cooled the supernatant to 10°C . Centrifugation (10,000 rpm, 10 min) was
carried out.

Precipitate was dissolved in a small volume of 0.016 M pyrophosphate-HCI buffer
(pH 8.3). To the supernatant, obtained after centrifugation, (NH4)>SO4 (205 g/ L) was
added and kept for 20 minutes. Final centrifugation was carried out at 10,000 rpm for
10 min and precipitate was dissolved in 5 ml of 0.025 M sodium phosphate buffer,
pH 7.5, containing 2 x 10* M benzoate. The buffer and (NH4),SOs from enzyme
preparation were then removed by dialysis against the same buffer, kept overnight in
the cold room.

3.2.5 Final purification

After dialysis, enzyme solution was added to 60%3 cm-DEAE cellulose column
previously equilibrated with 0.02 M phosphate buffer (pH 7.5), which had been
freshly prepared, in the cold room. The enzyme moves down the column as a yellow

band leaving a white impurity at the top. The enzyme was washed into the column
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with of 0.01 M sodium phosphate buffer, pH 7.5, and eluted with the 0.5 M sodium
phosphate buffer, pH 7.5 at a rate of 3-5 ml/min. The DAO is clearly visible, as an
intensely yellow band, as it passes down the column and fractions containing the
enzymes are can be pooled after by performing enzyme assay. After pooling the
active enzyme fractions, FAD (0.2ml/ml) and sodium benzoate (1g/L) were added
and dissolved by vigorous stirring to keep the enzyme in benzoate complex to
maintain its stability. Final dialysis of purified enzyme was carried out against 0.025
M sodium phosphate buffer, pH 7.5, containing 2 x 10* M benzoate and dialyzed
twice for 4 hours against 250-ml portion of the medium above. (NH4)>SO4 was
slowly added to 25% saturation to the final dialysed enzyme. After standing for 30
min, the solution was centrifuged at 10,000 rpm for 20 min and the precipitate
dissolved in a small volume of 0.0125 M phosphate buffer (pH 7.5) containing
0.2mM sodium benzoate. The final pure enzyme may be stored at -20°C.

3.2.6 Electrophoretic methods and molecular weight determination
Polyacrylamide gel electrophoresis in sodium dodecyl sulphate (SDS-PAGE) was
carried out to check the purity of final pure enzyme (Laemmli, 1970) on a 12%
polyacrylamide slab gel containing 0.1% SDS at a constant current (20 mA) for about
1 hr. Molecular weight standards (Genei, Bangalore, India) used were myosin rabbit
muscle (205,000 Da) phosphorylase b (97,400 Da), bovine serum albumin (66,000
Da), ovalbumin (43,000 Da), and bovine carbonic anhydrase (29,000 Da). The gel

was stained by using silver staining proposed by Oakley et al., 1980.
3.2.7 In Vitro Cytotoxicity Assay

In vitro cytotoxicity of DAO was determined by the use of different concentrations of
substrate with Dalton’s lymphoma ascites (DLA), to analyze their ability to produce

H>O, and to induce cytotoxicity on cancer cells. The tumor cells, DLA
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(1x10%cells/ml) were incubated in phosphate buffered saline (PBS) with 10% FCS for
2 hours with various concentrations of D-alanine (0.01-0.2 M) for different time
intervals in presence of the DAO (0.27 U/ml). At specific time intervals (0, 30, 60
and 120 min), the cell viability was estimated by means of trypan blue dye exclusion
method using 0.2% trypan blue. Toxicity was quantified as the number of cells
surviving relative to untreated controls.

3.2.8 Determination of Cellular DNA Damage by Comet Assay (Alkaline single
cell gel electrophoresis)

DLA cells from a stock of 1x10° cells/ml were incubated with DAO (0.27 U/ml) and
D-alanine (0.2M) to study the generation of H>O> and its effect in causing DNA
strand breaks in DLA cells. The DNA strand breaks in Daltons Lymphoma ascites
(DLA) were measured using alkaline single cell gel electrophoresis (Chandrasekharan
et al., 2009). Microscopic slides were coated with 0.8% low melting point agarose
containing 50 ul of the treated cells and the slides were kept at 4°C. After
solidification, the slides are immersed in pre-chilled lysing solution containing 2.5 M
NaCl, 100 mM Na> EDTA, 10 mM Tris-HCI, pH 10, 1% DMSO, 1% Triton X and
kept for 1 hour at 4°C. After the process of lysis, slides were drained well and placed
in a horizontal electrophoretic apparatus filled with freshly prepared electrophoretic
buffer containing 300 mM NaOH, 1 mM EDTA, 0.2% DMSO, pH > 13. Then slides
are equilibrated in buffer for 20 minutes and electrophoresis was carried out for 30
minutes at 20 V, 300 mA. After electrophoresis the slides are washed properly with
0.4 mM Tris-HCI buffer, pH-7.4 to remove alkali. The slides were again washed with
distilled water, kept at 37°C for 2 hours to dry the gel and silver staining was carried
out (Cerda et al., 1997). The comets were observed using a microscope and the

images captured and analyzed using the software ‘CASP’ which gives % DNA in tail,
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tail length, tail moment and olive tail moment directly. The parameter tail moment
(TM) is the product of tail length and % DNA in tail and olive tail moment (OTM) is
the product of the distance between the centre of the head and the centre of the tail
and % DNA in tail (Konca et al., 2003). Results are given as mean + standard
deviation.

3.3 RESULTS

3.3.1 Enzyme purification

The purification of the enzyme according to our method is summarized in Table 3.1.
The enzyme activity and specific activity were determined at every stages of
isolation. The recovery of the enzyme was 8.4 % and a yield of 1.5 mg can be
obtained from a typical preparation (1000 g of kidney). The final specific activity of
the DAO at 37°C is also reported in Table 3.1. The DEAE cellulose chromatographic
step purified the enzyme preparation so that the specific activity was increased to
about 6 U/mg protein. The purified preparation was homogenous, since a single band

(Mr = 38,000 Da) was detected after SDS- PAGE (Figure 3.1) .

Table 3. 1 Characterization of DAO at various steps of isolation

Specific
Enzyme Enzym Concentration | Total activit
Volume | Activity ym ) . Y| Purification | Yiel
Samples e unit | of Protein | protei | (U/mg
(ml) (pmol/ml/ . fold d
. U) (mg/ml) n (mg) | protein
min) )
I Homogenate - 3300 0.0164 108.24 | 31.26 103158 | 0.0010 | 1 100
Crude extract
I Homogenate after
adding sodium 3300 0.0598 394.68 | 29.75 98175 | 0.0040 | 4 364
benzoate
Homogenate after | 330, 0.0524 345.84 | 10 33000 | 0.0105 | 10.5 319.5
heating
II step supernatant
after adding 200 0.0423 16.92 3.75 750 0.0226 | 22.6 15.63
ammonium
sulphate
Final enzyme after
precipitation with | 5, 0.1269 12.69 1 50 0.2538 | 254 11.72
ammonium
sulphate
After DEAE
cellulose column 3 1.523 9.1 0.5 15 6 6000 8.4
chromatography

111




Isolation of pig kidney D-amino acid oxidase (DAO) and in
vitro cytotoxicity of DAO in murine tumor cells

Figure 3.1 SDS- polyacrylamide gel electrophoresis of D-amino acid oxidase a)
lane 1: DAO before purification, lane 2: Purified DAO showing single band, lane
3: Marker proteins: phosphorylase b (97,400 Da), bovine serum albumin
(66,000 Da), ovalbumin (43,000 Da), and bovine carbonic anhydrase (29,000 Da)

3.3.2 In Vitro Cytotoxicity of DAO

Cytotoxicity of DAO was first examined via an in vitro system using Dalton’s
lymphoma ascites (DLA) cells. D-alanine was used as the substrate because of its
high turnover rate. DAO alone and D-alanine alone showed no cytotoxicity against
DLA cells. In contrast, DAO along with D-alanine showed remarkable cytotoxicity in
a concentration-dependent manner (Figure 3.2). This is attributed to the H>O»
generation by the enzyme-substrate reaction system. Maximum percentage mortality

(96 %) was obtained when 0.2 M D-alanine was used.
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Figure 3. 2 Cytotoxic effect of different concentrations of D-alanine on DLA

cells

3.3.3 Determination of Cellular DNA Damage by Comet Assay (Alkaline single
cell gel electrophoresis)

To understand the extent of cellular DNA damage, DLA cells were incubated with
DAO and D-alanine and subjected to comet assay. The result showed that the DLA
cells on treatment with different concentrations of enzyme and D-alanine, resulted in
DNA damage indicating the in vitro generation of H>O; in the enzyme- substrate
reaction system (Figure 3.4). The cells treated with either substrate or enzyme alone
did not show any damage to DNA (Figure 3. 3a). Thus the result provided evidence
for the induction of cellular DNA damage through the oxidative stress generated by

H>03, in situ through enzyme action (Figure 3. 3b).
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Figure 3.3 Comet assay a) Untreated DLA cells b) DLA cells treated with isolated

enzyme and D- alanine showing DNA damage.

Tail DNA %

7]
(=]

Tail moment

[
(=]

&8 & 8

w
=]

[
[=]

(=]

]

(=T CRE - T

ns ns

control D alanine DAO D alanine+
DAD
Treatments
ns ns LL L
=} : I : —— :
control D alanine DAO D alanines
DAO

Treatments

Tail kength

Olive tail moment

30

25 A

20

10 4

16 -
14 -
12 -

10 4

control

control

ns ns

DAO

D alanine D alanine+
Treatments
ns ns ' TT
T [=-cuns] -
D alanine DAO D alanines

Treatments

Figure 3.4 Effect of D-aminoacid oxidase (DAO) and D-alanine on inducing
DNA damage in Daltons lymphoma ascites(DLA cells) assessed by comet assay.
Percentage DNA in tail, tail length, tail moment and olive tail moment are
presented as mean + SD. The result shows that DAO and its substrate D-alanine
causes DNA damage on tumor cells. ‘ns’ indicates not significant and ***

indicates p< 0.001 when compared to control.
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3.4 DISCUSSION

The attempts carried out in different laboratories in order to improve the already
published purification procedures (Miyake et al.,1965;Henn and Ackers,1969; Mizon
et al.,1969; Yagi, K et al.,1970) of DAO seems to indicate some difficulties in
obtaining a homogenous protein. The main advantage of our method consists in
obtaining a homogenous protein from porcine kidney as judged by SDS- PAGE, that
showed a unique single band of DAO. The higher specific activity of our preparation
as reported in Table 3.1 may be due to higher FAD content per mg of protein.
Considerable discrepancies exist in the literature considering the molecular weight of
DAO. Values ranging from 35,000 to 55, 000 have been reported for the monomer of
this flavoprotein while the published amino acid analyses differ widely on the basis of

the FAD content (Brumby and Massey, 1968).

The enzyme activity of the crude homogenates was found to be lower than the
ammonium sulphate precipitated homogenates in the later steps, which may be due to
the degradation of enzyme by protease or the presence of protein inhibiting
substances. The final enzyme yields a 6000- fold purification factor with respect to
crude extract. The recovery of the enzyme was 8.4 %. The final specific activity of

the DAO at 37°C is 6 U/mg protein.

In organisms, redox status in cells is of crucial importance, and its imbalance, for
instance overproduction of reactive oxygen species (ROS), leads to severe cellular
damage and cell death (Beckman and Ames, 1997; Berlett and Stadtman, 1997). Thus
the anticancer therapy by modulating the redox status of tumor cells, can be regarded
as a mode of ‘‘oxidation therapy’’. One way to achieve this antitumor therapy is to

deliver excess ROS into tumor tissue directly. Among the ROS, H>O; is perhaps the
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best candidate for this therapeutic challenge because of its cytotoxicity. H2O: can
cause oxidative damage to DNA, proteins and lipids, most probably via formation of
hydroxyl radical (.OH), which is one of the most reactive type of ROS. More
important, H>O> induces apoptosis to a wide range of tumor cells via activation of the
caspase cascade (Suhara et al., 1998; Matsura et al., 1999; Yamakawa et al., 2000;
Ren et al., 2001; Chu et al., 2020). The present chapter aims to exploit the potential
of isolated D- amino acid oxidase to generate H>O», when its substrate D-amino
acids (D- alanine) is supplied exogenously as D-amino acids do not usually exist in
mammalian organisms in significant levels (Konno and Yasumura,1992; Sawa et al.,
2000; Fang et al., 2002; Fang et al., 2008). The anticancer effect was primarily
analyzed in vitro by using the murine tumor cells, Dalton’s lymphoma ascites (DLA).
The results clearly showed that DAO in combination with D-alanine had significant
antitumor activity against DLA, suggesting the rationale of development of a new

anticancer strategy.

Under in vitro conditions, the killing of DLA cells were enhanced in presence of the
enzyme DAO and its substrate D- alanine. The result suggests that the cytotoxic
mechanism of DAO and its substrate is through inducing cellular DNA damage,
which was assessed by alkaline single cell gel electrophoresis or comet assay. As
shown in in vitro experiments, DAO alone or D-alanine alone did not have any
cytotoxicity; it became apparent only when DAO and D-alanine were accessible
simultaneously (Figure 3.3). The cellular DNA damage induced by the enzyme-
substrate complex on DLA cells, might possibly be due to apoptosis via DNA
fragmentation in cells. The result suggests that this enzyme could be used for the
production of H>O» in the tumor site and thereby inducing apoptosis at those sites.

This strategy will ensure that the enzyme will convert the nontoxic substrate D-
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alanine to a potent cytotoxic metabolite, H2O2. This finding strongly suggests that the
antitumor activity of DAO / D-alanine is mostly due to the generation of H20», kills
the tumor cells by oxidative injury to cellular vital molecules. (Beckman and Ames,

1997; Berlett and Stadtman, 1997).

Recent study demonstrated that intravenous administration of DAO conjugated with
poly ethylene glycol (PEG) along with intra peritoneal administration D-proline
exhibited marked antitumor activity under in vivo condition by increasing ROS
formation at the tumor site (Fang et al., 2002). These novel modes of enzyme therapy
exploit the mechanism of targeting the H,O»-generating enzymes to the tumor site
where the enzyme converts a pharmacologically inert product to a highly cytotoxic
metabolite, H>O, for effective tumor control. Antitumor therapeutics using PEG-
conjugated D-amino acid oxidase exhibited potent antitumor activity by generating
toxic reactive oxygen species, namely Oxidation therapy, showed remarkable
antitumor effect on murine Sarcoma 180 solid tumor, by taking advantage of the
enhanced permeability and retention effect (EPR effect) (Fang et al., 2008). Another
enzyme, Xanthine oxidase (XO) generate cytotoxic reactive oxygen species (ROS),
such as superoxide anion radical and hydrogen peroxide, have found to shown
anticancer activity when its substrate hypoxanthine is used. The pegylated form of
XO (PEG-XO) accumulates preferentially in tumor tissue resulted in significant

suppression of tumor growth (Sawa et al., 2000).

From the study, generation of H.O> mediated cellular damage by the combination of
enzyme, DAO and its substrate D-alanine was examined with the objective of
exploiting its potential in therapeutic situations. Results of the in vitro studies with
Daltons Lymphoma Ascites (DLA) cells, suggest that enzyme generated H,O> can

have cytotoxic effect for effective tumor control.
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PREPARATION OF Fe.0;, Fe.03;-DAO
NANOPARTICLE COMPLEX, CHARACTERIZATION
AND IN VIVO ANTI TUMOR ACTIVITY IN SWISS
ALBINO MICE
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4.1 INTRODUCTION

Cancer remains one among the leading causes of death within the world. Despite
advances in our understanding of molecular and cancer biology, discovery of cancer
biomarkers and conventional surgical procedures, radiotherapy, and chemotherapy,
the overall survival rate from cancer has not significantly improved within the past 20
years (Jemal et al., 2008). The development of new approach for timely detection and
cancer marker-specific and personalized treatment of cancers is urgently required to
increase patient survival. In cancer chemo therapy, the chemotherapeutic agent exerts
anticancer action through cytotoxic mechanisms, where prolonged exposure of tumor
to high drug concentrations is a prerequisite for therapeutic efficacy (Gutman et al.,
2000). The biodistribution of a systemically administered drug depends on the
physical- chemical properties like molecular weight, lipophilicity, etc and often
results in sub-therapeutic drug levels at the tumor site (Motl et al., 2006). This sub-
therapeutic exposure may not only fail to eradicate the tumor, but can even stimulate

overgrowth of resistant malignant cells (Heimberger et al., 2000).

Recent advances in nanoscience and nanotechnology have led to the preparation of
nanomaterials for molecular and cellular imaging, cancer therapy, and usage of
integrated nanodevices for cancer detection and screening (Jain, 2005; Nie et al.,
2007; Sengupta and Sasisekharan, 2007; Wang et al, 2007; Li et al., 2017). The
nanoparticles cannot only provide sensitive and specific imaging information in
cancer patients but also deliver anticancer drugs to tumor sites selectively (Shi ef al.,
2011; Shanthi, 2014). Most chemotherapeutic agents possess poor selectivity toward
the target tissue and can harm normal cells as well as cancer cells. During
chemotherapy, pharmacologically active cancer drugs arrive at the tumor tissue with

poor specificity and make dose-limiting toxicities. Nanoparticle drug delivery may
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provide a more efficient, less harmful solution to overcome these problems (Kamaly

etal., 2012).

To improve the anticancer potential of chemotherapeutic agents, specific targeting to
tumor tissue is crucial (Langer, 2001; Irvine, 2011). Specific targeting of
nanoparticles to tumor has been accomplished in various experimental systems
(Denardo et al., 2005; Cai et al., 2006). A wide range of targeting molecules like
humanized antibodies, peptides (Weiner and Adams, 2000), nucleic acid ligands like
aptamers (Ellington and Szostak, 1990; Tuerk and Gold, 1990), colloidal drug
delivery modalities such as liposomes, micelles or nanoparticles are intensively
studied for use in cancer therapy (Davis et al., 2010; Lee and Lee, 2012; Liu et al.,
2014). However, the unrestricted circulation of most of these carriers results in the

rapid clearance by reticuloendothelial system and also in off target site specificity.

Magnetic nanoparticles can be injected intravenously and transported through blood
stream to the desired area of treatment (Berry et al., 2004). Super paramagnetic
particles do not retain any magnetism after removal of magnetic field and they are
physiologically well tolerated in vivo. Magnetic nanoparticles can be deposited on
tumor tissues and heated by an alternating magnetic field to destroy the tumor (Forbes
et al., 2003; Muller et al., 2005). It was reported that magnetic nanoparticles can be
retained at tumor sites, after local administration along with a locally applied external
magnetic field, due to the magnetic responsiveness of the iron oxide core, thereby
enabling magnetic targeting (Widder et al., 1983; Pulfer et al., 1999; Alexiou et al.,
2003; Leakakos et al., 2003). Magnetic nanoparticles can be injected intravenously
and transported through blood stream to the desired area of treatment (Berry and

Curtis, 2003).
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Magnetic nanoparticles that are specifically and differentially taken up by the targeted
cells and release their payload over an extended period to achieve a clinical response
is important (Langer, 2001; Ferrari, 2005). The unique pathophysiology of tumors
such as their enhanced permeability and retention effect and the tumor
microenvironment further improves the efficacy of nanoparticle carriers. In addition
to passive targeting mechanism, active targeting strategies using ligands or antibodies
focussed against selected tumor targets amplify the specificity of the therapeutic
nanoparticles. Drug resistance, was said to be an obstacle that hinder the efficacy of
both molecularly targeted and traditional chemotherapeutic agents, may also be
overcome or be reduced using nanoparticles. Nanoparticles have the power to
concentrate in cells without being recognized by P-glycoprotein, acts as one among
the most mediators of multidrug resistance, that leads to the increased intracellular
accumulation of medicine (Cho et al., 2008). Targeting by magnetic particles offers a
unique opportunity to treat tumors due to magnetic responsiveness and are excellent
candidates for developing drug delivery systems, as it is feasible to produce and
characterize (Tiefenauer et al., 1993; Alexiou et al., 2000; Zhang et al., 2002; Gupta
et al., 2003; Berry et al., 2004; Gupta and Wells, 2004) and an external localized
magnetic field gradient may be used to target it (Alexiou et al., 2002). Some
anticancer chemotherapeutics like paclitaxel (Fonseca et al., 2002; Koziara et al.,
2006), doxorubicin (Yoo et al., 2000), 5-fluorouracil (Bhadra et al., 2003) and
dexamethasone (Panyam and Labhasetwar, 2004) have been effectively formulated

using nanomaterials.

Reactive oxygen species (ROS) e.g., superoxide anion (O -), hydrogen peroxide
(H20,), and hydroxyl radical (.OH) are generated in all aerobic organisms and are

indispensable for signal transduction pathways that regulate cell growth (Beckman
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and Ames, 1997) and reduction-oxidation (redox) status. On the other hand,
overproduction of highly reactive metabolites can start lethal chain reactions that
involve oxidation of varied bio molecules causing damage to cellular integrity and
survival. If they will be selectively delivered into tumors, ROS may exert remarkable
antitumor potential due to their reaction with vital cellular targets. This strategy of
cancer treatment by generation of ROS selectively in tumor cells has been named
“oxidation therapy” (Ben-Yoseph and Ross,1994; Stegman et al., 1998). In oxidation
therapy, the principle is to get excess ROS selectively in tumor tissue causing

maximum tumor killing without affecting the normal tissues.

Among the ROS, H>O, readily crosses cellular membranes and causes oxidative
damage to DNA (Beckman and Ames, 1997) proteins (Berlett and Stadtman, 1997)
and lipids by direct oxidation (Halliwell and Gutteridge, 1984). It was also reported
that H>O, induces apoptosis in many tumor cells in vitro (Bladier et al., 1997,
Matsura et al.,1999) via activation of the caspase cascade. Various antitumor agents,
like doxorubicin, vinblastine, inostamycin and camptothecin shows antitumor activity
via H>O; -dependent activation of apoptotic cell death, that explains potential use of
H>0O; as an antitumor principle (Simizu et al.,1998). H>O» is comparatively unstable
and is a small water-soluble molecule. Such characteristics impede the utility of H>O»
as an antitumor agent in vivo for selective delivery to tumor site. H>O> used alone was
ineffective when injected into tumor or into the circulation (Green and Westrop, 1958;
Sugiura, 1958) because of its rapid clearance and decomposition by catalase in
erythrocytes. Therefore the use of H>O; -generating enzymes has been proposed as an

another approach to an H>0O> dependent oxidation therapy.

Nathan and Cohn (1981) and Ben-Yoseph and Ross (1994) reported that Glucose

oxidase (GO), which generates H>O> during oxidation of glucose, showed antitumor
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activity in solid tumor models. The regulation of H>O> production by exogenously
administered GO in tumor-bearing hosts is challenging because the availability of its
substrates, oxygen and glucose, cannot be efficiently modulated, with the possible
induction of severe systemic side effects because of systemic generation of H>O». In
fact, GO administration to supply H2O> required injection of antioxidants to attenuate

systemic toxicity.

In this study we isolated, D-aminoacid oxidase (DAQO) from porcine kidney and
exploited its potential as an H>O»-generating enzyme for cancer treatment. D-
Aminoacid oxidase (DAO) (D-aminoacid: oxygen oxidoreductase (deaminating); EC
1.4.3.3) catalyzes the oxidative deamination of D-amino acids, producing the
corresponding a-keto acid and ammonia with concomitant reduction of molecular
oxygen to hydrogen peroxide (H»0;). The generation of H»O, are often easily
modulated by varied infusion of its substrates (D-aminoacids) as shown by the in vitro
data. Since the D-amino acids are scarce in mammalian organisms, it is to be

introduced as the substrate for effective oxidation therapy (Fang et al., 2002).

DAO have a short in vivo half-life. The estimated molecular size of DAO (Mr 39,000)
is smaller than the renal excretion threshold (Mr 50,000), so it would be excreted
gradually as observed earlier for other small proteins or polymer drugs smaller than
Mr 40,000 (Maeda et al., 1992). To overcome the drawback, isolated DAO was
conjugated with a Fe>O3 (coated with Poly Vinyl Pyrolidone (PVP)) nanoparticles.
Earlier reports showed that chemical modification results in an improved in vivo half-
life, a reduced antigenicity of the native protein, inhibition of proteolytic degradation
and also helps in the effective targeting (Fang et al., 2002; Fang et al., 2008). When

the enzyme complexed with nanoparticles, th stability of the enzyme increases.
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Earlier reports showed that Fe3O4- doxorubicin complexes can be targeted directly to

the site of the tumor by using external magnetic field (Jayakumar et al., 2009).

Studies have revealed that biocompatible macromolecules accumulate and remain in
solid tumor because of the special characteristics of the tumor vasculature and the
weakened lymphatic clearance system. This phenomenon was known as ‘EPR effect’
of macromolecules and lipids in solid tumor. This EPR effect was validated in many
experimental solid tumors (Seymour et al., 1995; Seymour et al., 1998). In the present
work we try to take advantage of the potential of magnetic nanopartcle-enzyme
complex to be targeted using an external magnetic flux and therefore due to this EPR
effect, the nanocomplex once entered the tumor may get trapped within the tumor
vasculature. This chapter, describes the synthesis of Fe,Os nanoparticles and
preparation of FeoO3 nanoparticles-DAO complex. At first, the prepared complex was
analysed for its anti tumor potential under in vitro conditions. The in vivo antitumor
activity was analysed in tumor bearing swiss albino mice by targeting the
nanoparticle- DAO complexes to the tumor site using an externally applied magnetic

flux, after oral administration of the complexes and D-alanine (substrate).

4.2 MATERIALS AND METHODS

4.2.1 Animals

Female Swiss albino mice (8 - 10 weeks old), weighing 22 - 25 g were obtained from
Small Animal Breeding Section (SABS), Mannuthy, Thrissur, Kerala.

4.2.2 Chemicals

Sodium pyrophosphate, Poly Vinyl Pyrolidone (PVP), D-alanine, 4-amino-3-hydrazino -
5-mercapto-1,2,4-triazole (purpald reagent) were from Sigma chemical company Inc.,

St.louis, MO, USA. Sodium benzoate and ammonium sulphate (NH4)2SO4) were from
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Himedia Labo- ratories Pvt. Ltd. Mumbai. All other reagents were all of analytical grade
and purchased from reputed Indian manufacturers.

4.2.3 Preparation of Fe2O3 Nanoparticles Coated with PVP

Detailed methodology is given in chapter 2, section 2.2.7

4.2.4 Enzyme Activity of DAO

Enzyme activity was determined colorimetrically using, 4-amino-3-hydrazino-5-
mercapto-1, 2,4-triazole (purpald reagent) as a colouring reagent (Watanabe et al., 1978)
and color developed was measured at 550 nm. D-Alanine was used as the substrate with
an initial concentration of 0.1 M. The enzyme reaction was carried out at 37°C in 0.133
M pyrophosphate buffer (pH 8.3), where 1 unit of DAO activity is defined as the rate of
formation of 1 pmol of H2O> per min.

4.2.5 Preparation of Fe203-DAO Complex

Detailed methodology is given in chapter 2, section 2.2.8

4.2.6 Stability studies of DAO and Fe:03-DAO Complex

The effect of pH on the activities of the free DAO and Fe>O; bound DAO was
investigated in the pH range of 3-10 in pyro phosphate buffer at 25°C. The thermal
stability of DAO and Fe2O3-DAO were determined by measuring the enzyme activity of
the enzyme, after being exposed to different temperatures (25—70°C) in pyro phosphate
buffer (0.133 M, pH 8.3) for 30 min. Aliquots of the reacting solution were taken and
assayed for enzymatic activity as described above. The storage stability was examined
by measuring the change in the enzyme activity by placing the DAO and Fe>Os3 bound
DAO at room temperature 25°C for 30 days. The storage stability of the free and Fe>Os-

DAO Complex was determined by assaying for their enzyme activity.
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4.2.7 Cytotoxic effect of Fe203-DAO in Presence of Different Concentrations of D-
Alanine, in Vitro

The capacity of Fe:O03-DAO complex to make H>O> in presence of different
concentrations of D-alanine was determined. In vitro cytotoxicity of the complex to
DLA (Dalton’s lymphoma ascites) cells was also studied. The DLA cells (1 x 10°
cells/ml) were treated with Fe2O3-DAO complex in presence of different concentrations
of D-alanine. After the incubation, the cell viability was estimated by means of Trypan
blue dye exclusion method. The percentage mortality of cells was calculated and a graph
was plotted with percentage mortality of cells against time of incubation (in min).

4.2.8 Induction of Apoptosis in Vitro

DLA cells were aspirated from ascitic mice. The cells were washed three times using
phosphate buffered saline (PBS). The cells (1 x 10° cells/ml) are incubated in DMEM
medium contains 10% foetal calf serum (FCS) in presence or absence of the Fe,O3-DAO
complex with 0.2 M D-alanine.

4.2.9 Morphological Analysis

To detect the morphological changes during apoptosis, cell suspension was smeared on a
clean glass slide. The smear was stained with May-Grunwald-Giemsa staining. The
slides were observed under bright field microscope for apoptotic cells (having condensed
or fragmented nuclei and cytoplasmic blebbing). Apoptotic index was calculated using

the equation.

Apoptotic index = (Number of apoptotic cells / Total number of cells) x 100
4.2.10 Comet Assay
In order to detect apoptotic induction by Fe;O3-DAO complex, on DLA cells, comet

assay was performed (Chandrasekharan et al., 2009) with minor modifications.
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4.2. 11 In Vivo Antitumor Activity of Fe203-DAO

Solid tumor was grown up in hind limbs of animals by transferring DLA cells (1 x 10°
cells/animal) simultaneously in to the right hind legs of thirty female Swiss albino mice
of about 6 - 8 weeks old, body weight 20 - 25 g. When the tumor was grown to a
diameter 0.8 - 10 mm (10" day after tumor transplantation), the animals were divided
into six groups of five animals each. Fe,O3; nanoparticles complexed with the enzyme
DAO were orally administered to the animals, as well as nanoparticles and enzyme alone
or water. Thirty minutes later, the animals were orally administered with D- alanine (0.5
mmoles in 0.2 ml/mouse) and treated as detailed below:

Group I :0.1 ml Distilled water p. o

Group I : 0.1 ml Fe;O3 (30 mg/ml) p.o

Group IIT : 0.1 ml FexO3 -DAO (30 mg Fe>O3 /ml, 0.1 mg protein/ml) p.o

Group IV : 0.1 ml DAO (0.1 mg protein/ml) + D-alanine (0.5 mmol/mouse) p.o

Group V: 0.1 ml Fe;O3-DAO (30 mg Fe>Os/ml, 0.1 mg protein/ml) + D-alanine (0.5
mmol/mouse) p.o

Group VI: 0.1 ml Fe;O3; -DAO (30 mg Fe;O3/ml, 0.1 mg protein/ml) + D-alanine (0.5
mmol/mouse) p.o + magnetic treatment for 15 minutes.

The animals in the groups II, IIl and VI were given a magnetic treatment for 15
minutes on the tumor bearing limb with a horse shoe magnet (1 G field) each day, 20
minutes after the D-alanine administration. The treatments were continued for five
consecutive days. The hind leg thicknesses were measured using a vernier calliper
once in two days from 10" day of tumor induction. The tumor volume was calculated

as follows:

Tumor radius = Radius of tumor induced leg — Radius of normal leg

Tumor volume = 4/37 r° where r is the tumor radius.
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4.3 RESULTS

4.3.1 Characterization of Fe203 and Fe203-DAO Complexes

The FTIR spectra of magnetic Fe;O3 and Fe2O3-DAO are shown in the Figures 4.1
and 4.2. A weak peak shown at 2061.88 cm™! in the spectra of Fe;O3-DAO might be
assigned to the C-O bonds in the enzyme molecule. This peak was totally absent in
the spectra of FeoOs signifying enzyme attachment onto the particles. The results of
the XRD analysis of the nanoparticle and enzyme complexes are presented in Figures
4.3 and 4.4. The results of the Scanning electron microscopy (SEM) profile is shown

in Figure 4.5.
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Figure 4.1. FTIR spectra of Fe2O3 magnetic nanoparticles.
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Figure 4.2 . FTIR spectra of Fe203-DAO complex.
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Figure 4.3. XRD pattern of Fe203 nanoparticles coated with PVP.
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Figure 4.4 . XRD pattern of Fe203-DAO complex.
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Figure 4.5. Characterization of Fe:O3 and Fe:03-DAO complex. Scanning
electron microscopic image of Fe:O03 ( Al, A2, A3) and Fe:03-DAO
nanoparticles complex (B1, B2, B3)
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4.3.2 Effect of pH

The effect of pH on the activities of the free and bound DAO was investigated in the
pH range of 3-10 at 25°C and presented in Figure 4.6. In the pH range between 6 and
7.3 the activities of the free and bound DAO were found increased, stable and reached

a maximum at pH 8. The activity then decreased from pH 8 to 9.5.
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Figure 4.6. Effect of pH on the activities of DAO and Fe:03 bound DAO

4.3.3 Thermal stability

The thermal stability of free and bound DAO was investigated after 40 min of storage
in the temperature range of 25—-70°C (Figure 4.7). There was no apparent change in
activity in the free DAO as well as in the Fe;O3 bound DAO, in the temperature range
of 25-37°C. Above this temperature range, the enzyme activity decreased in both
systems. However, the bound DAO showed higher retained activity than the free

DAO. The remaining activity at 60°C was about 2 fold that of the free DAO.
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Figure 4.7. Thermal stability of free DAO and Fe:03-DAO at pH 8.3. The
samples were stored at 50, 60, or 70°C for 40 min and the activities were then
measured at 25°C.

4.3.4 Storage stabilities

Figure 4.8 shows the storage stabilities of free and bound DAO at 25°C at pH 8.3.
After 15 days, no activity was observed in free DAO. However, the activity of bound

DAO remains greater during the same time period, and continues after 30 days

indicating a considerable enhancement on its stability.

134



Preparation of Fe20s, Fe203-DAO nanoparticle complex, characterization
and in vivo anti tumor activity in swiss albino mice

o
(-]
]

—4—DAD
—@—Fe203-DA0
0.5
3
E 0.4
e
0
£ 03
c
e
X o2
=
i3]
< 0.1
0 T T . 1 |
day0 day5 day 10 day 15 day 20 day 25 day 30
Time (days)

Figure 4.8. Storage stability of free DAO and Fe203-DAO. The activities
measurements were performed at pH 8.3, at 25°C

4.3.5 In Vitro Cytotoxicity of Fe203-DAO

Cytotoxicity of FexO3-DAO was examined by an in vitro system with Dalton’s
lymphoma ascites (DLA) cells. Different concentrations of D-alanine was used as the
substrate because of its high turnover rate. In the study, DAO alone and D-alanine
alone groups show no clear cytotoxicity against DLA cells. In contrast, Fe;O3-DAO
along with D-alanine showed remarkable cytotoxicity in a substrate concentration-
dependent manner (Figure 4.9). This is attributed to the H>O> generation by the
enzyme-substrate reaction system. Here maximum percentage mortality (99%) was

noticed when 50 mM D-alanine was used.
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Figure 4.9. Cytotoxic effect of Fe203-DAO in presence of different
concentrations of D-alanine on DLA cells in vitro.

4.3.6 Induction of Apoptosis in DLA Cells, in Vitro

Induction of apoptosis on DLA cells was analyzed by studying the morphological
pattern of DLA cells. The apoptotic cells were visualized as having cytoplasmic
blebbing and nuclear shrinkage (Figure 4.10). The results shows that D-alanine along
with Fe>O3-DAO gives maximum apoptotic index (95.5%). The DAO (0.36 U) along
with substrate (0.2 M) gave an apoptotic index of about 85.2 + 5.55. The cells treated
with D-alanine or Fe;O3-DAO alone showed less apoptosis. The results are shown in

Table 4.1.
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Table 4.1 . Apoptoic index in DLA cells treated with Fe203- DAO in presence of
D-alanine. (“a” represents, p < 0.001 compared to respective control, “b”
represents, p < 0.05 compared to respective control).

Treatments Apoptoic index (%)
Control 0

0.2 M D-Alanine + DAO (0.36 U) 85.2+5.55%

0.2 M D-Alanine + Fe;03-DAO (0.36 U) 95.5 £3.53¢%

0.2 M D-Alanine 6.5+2.12°
Fe203-DAO (0.36U) 11.0+ 1.417

To further study the induction of apoptosis, DLA cells incubated with Fe;O3-DAO
and D-alanine were subjected to comet assay (Figure 4.11). Cellular DNA damage
was seen when DLA cells treated with Fe;O3- DAO with substrate D-alanine. The
comets posses a fan like tail indicative of apoptosis (Figure 4.10 (b)). The extent of
DNA damage produced was nearly equal when the cells treated with DAO with its
substrate D-alanine (Figure 4.10 (c)). The cells treated with Fe>O3-DAO alone
(Figure 4.10 (d)) and D-alanine alone (Figure 4.10 (e)) did not exhibit any DNA
damage which may be due to the lack of formation of H>O> at the reaction site. Thus
the result indicated the extent of cellular DNA damage obtained through an induced

oxidative stress by H>O, formed in situ through enzyme action.
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. D

Figure 4.10. Representative figures of DLA cells showing apoptosis after May-
Grunwald-Giemsa staining. (a) Untreated cells; (b) Cells treated with Fe20s-
DAOQO; (c) Cells treated with Fe2O3-DAO and D-alanine showing cytoplasmic
blebbing; (d) Cells treated with DAO and D-alanine showing apoptotic and non-
apoptotic cells.
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Figure 4.11. Representative images of DLA cells after comet assay. (a) The
untreated DLA cells; (b) DLA cells treated with Fe203-DAO and D-alanine
showing Fan-like comets indicative of apoptosis; (c) DLA cells treated with
enzyme (DAO) and D-alanine showing DNA damaged and apoptotic comets; and
(d) DLA cells treated with Fe203-DAQ; (e) DLA cells treated with D-alanine.
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4.3.7 In Vivo Antitumor Activity of Fe203-DAO

Fe>03-DAO was administrated orally and after an adequate lag time to allow the
accumulation of FeoO3-DAO in the tumor by the application of an external magnetic
field, the substrate D-alanine was administered. This treatment procedure allows

formation of cytotoxic H>O2, mainly at the tumor site.

After oral administration of DAO-Fe>O3; nanoparticles and D-alanine, the tumor sites
of tumor bearing animals were allowed to place under the influence of an external
magnetic field “m” by keeping a magnet at the tumor site for 15 minutes every day for
5 consecutive days, 20 minutes after the drug administration (Figure 4.12). The
results are shown in Figures 4.13 and 4.14. Figure 4.13 presents the data on the
tumor volume, following the treatments and Figure 4.14 gives representative

photographs of the animals and their tumor bearing limbs

Figure 4.12. Magnetic therapy, after oral administration of DAO-Fe:03
nanoparticles and D- alanine to tumor bearing animals by keeping the magnet
for 15 min everyday, 20 minutes after the drug administration
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As shown in Figure 4.13 (5a), tumor growth was significantly suppressed in mice
administered Fe2O3-DAO and D-alanine along with magnetic treatment in the fourth
day. In contrast, no significant antitumor effect was observed in mice treated with
native Fe2O3-DAO plus D- alanine without magnetic treatment (Figures 4.13 (4 a)
and (4 b). Fe203-DAO and D-alanine alone treatment did not show any antitumor

activity (Figures 4.13 (2 a), (2b), (3a), and (3b)).

12 - —+—Fe203-DA0-D-ala+Magnet -&-Fe203-DA0-D-ala
=4~ Control —=—Fe203-DA0
i —=D- ala ~0-DAO+ D-ala

(@ o]

Tumor volume (cm3)
n

Figure 4. 13. Effect of administration of Fe2O3 nanoparticles coated with PVP
and complexed with DAO and magnetic targeting on growth of DLA solid tumor
on hind limb of mice. After transplanting the DLA cells (1 x 10° cells), on 10th
day the tumor grows to a size of 1 cm® and different treatments are started as
detailed in the text.
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Figure 4.14. Effect of administration of Fe2O3 nanoparticles coated with PVP
and complexed with DAO and magnetic targeting on DLA solid tumor
growth on hind limb of mice. 1 represent animals on the initial day of
commencement of the experiment, 1a & 1b represents untreated control
animals, 2a & 2b represents animals treated with Fe:03. DAO, 3a& 3b
represents animals treated with D- alanine. 4a & 4b represents animals
treated with Fe2O03- DAO and D- alanine without magnetic treatment, Sa&Sb
represents animals treated with Fe2O3- DAO and D- alanine with magnetic
treatment. The suffix ‘a’ indicates 4" day of treatment and ‘b’ indicates15t%
day of treatment.
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4.3.8 Effect of Fe203-DAO nanoparticle complexes on apoptosis in solid tumor,
in vivo

The extent of apoptosis was analyzed in the tumor and spleen tissue of solid tumor
bearing Swiss albino mice using Maygrunwald-Giemsa staining on 7th day of
treatment. The animals were treated with Fe;O3-DAO complexes, DAO and Fe;Os
alone with or without magnetic treatment for seven days, 20 minutes after the drug
administration. The results are given in figure 4.15 and 4.16.

In the tumor tissues, it can be seen that the apoptotic index was increased in animals
treated with Fe,O3-DAO complexes along with D-alanine compared to respective
control (Figure 4.16). The complexing of Fe;O3 along with DAO showed a much
significant increase in the apoptotic index in the tumor tissue of animals. When the
animals were treated with Fe,O3-DAO complexes along with D-alanine and a
magnetic treatment for 15 minutes with a horse shoe magnet (1G field) each day for
seven days, 20 minutes after the drug administration, the apoptotic index was found to

be significantly high in the tumor tissue.

It was found that the spleen tissue of untreated animals and animals treated with
Fe203-DAO and D- alanine along with or without magnetic treatment did not show

any apoptosis (Figure 4.15).
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Figure 4.15. Effect of Fe:0O3 - DAO complex and magnetic treatment on
induction of apoptosis in spleen cells of tumor bearing mice. The animals were
treated with D-alanine, Fe2O3—-DAO, Fe:03-DAO and D-alanine with or without
magnetic treatment for 7 days. (ns indicates not significant p>0.05 when
compared to untreated control)
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Figure 4.16. Effect of Fe:O3 - DAO complex and magnetic treatment on
induction of apoptosis in solid tumor on hind limb of mice. The animals were
treated with D-alanine, Fe203—-DAO, Fe203-DAO and D-alanine with or without
magnetic treatment for 7 days. (ns indicates not significant when p>0.05 and ***
indicates p<0.001 when compared to untreated control)
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4.3.9 Magnet mediated targeting of Fe203-DAO nanoparticle complexes to the
tumor for decreased systemic toxicity

The levels of tissue antioxidant molecule, reduced glutathione (GSH) was measured
in various tissues of tumor bearing Swiss albino mice such as Liver, Kidney, Heart,
Intestine and Tumor. The level of GSH in all tissues except tumor tissue was near to
normal in animals treated with FeoO3-DAO nanoparticle complexes with magnetic
treatment (Table 4.2). In the tumor tissue of animals treated with FeoO3-DAO

nanoparticle complexes and D- alanine with magnetic treatment, the level of GSH

was significantly reduced (Figure 4.17).

The level of lipid peroxidation was also near to normal levels in all tissues except
tumor tissue in animals treated with Fe;O3-DAO nanoparticle complexes with

magnetic treatment (Figure 4.18 &Table 4.3).

Table 4.2. Levels of GSH in various tissues of tumor bearing animals treated
with D-alanine, Fe2O3—DAO, DAO- D-alnine, Fe203-DAO and D-alanine with or
without magnetic treatment for 7 days. (a- p>0.05, b- p<0.05, c- p<0.01 and d-
p<0.001 when compared to untreated control group)

GSH Control D-alanine | Fe:03- DAO-D- Fe203- Fe203-
(nmol/mg DAO alanine DAO+ D- | DAO+D-
protein ala ala
(Magnet)
Liver 15.8243.18 | 13.6+2.4% | 14.78+2.0% | 14.63£1.65% | 13.1+1.20° | 12.63+1.76°
Kidney | 57.71£6.7 | 47.0£2.0° | 46.6+4.20° | 45.3+£3.0¢ | 48.3+3.50° | 49.6+5.50°
Heart 47.3+6.80 | 41.3+1.15% | 44.0£5.65% | 37.6£5.50° | 40.6+3.0° | 39.6+6.80°
Intestine | 41.6£2.5 | 40.0£2.0*° | 35.0+£3.0° | 34.3+4.04° | 33.3£5.0° | 39.0+2.64°
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Table 4.3. Levels of MDA in various tissues of tumor bearing animals treated
with D-alanine, Fe203—-DAO, DAO- D-alnine, Fe203-DAO and D-alanine with or
without magnetic treatment for 7 days. (a- p>0.05, b- p<0.05, ¢- p<0.01 and d-
p<0.001 when compared to untreated control group)

MDA Control | D-alanine | Fe:03- DAO-D- | Fe20s3- Fe20s3-
(nmol/mg DAO alanine DAO+ D- | DAO+D-
protein ala ala
(Magnet)
Liver 2.34+0.23 | 1.83£0.20% | 1.9£0.42% | 1.6£0.56° |2.15+0.21% | 1.8+0.30°
Kidney 3.36+£0.5 | 2.6+0.61* | 2.8+0.2° 3.0+£0.34% | 2.13+0.42¢ | 2.0+0.44
Heart 2.3240.25 | 2.0+0.18* | 1.83+0.25° | 2.2+0.2% 1.9£0.10° | 1.83+0.12°
Intestine | 2.9+0.12 | 2.54+0.24% | 2.13+0.26° | 2.24+0.35° | 2.35+0.27° | 2.16+0.42°
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Figure 4.17. Levels of GSH in tumor tissues of tumor bearing animals treated
with D-alanine, Fe203—-DAO, DAO- D-alnine, Fe203-DAO and D-alanine with or
without magnetic treatment for 7 days. (a- p>0.05, d- p<0.001 when compared to
untreated control group)
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Figure 4.18. Levels of MDA in tumor tissues of tumor bearing animals treated
with D-alanine, Fe2O3—DAO, DAO- D-alnine, Fe203-DAO and D-alanine with or
without magnetic treatment for 7 days. (a- p>0.05, d- p<0.001 when compared to
untreated control group)

5.4 DISCUSSION

Reactive oxygen species (ROS), including hydroxyl radical (OH .), superoxide anion
(O2 -), peroxynitrite (ONOO-) and hydrogen peroxide (H20.), are highly reactive and
potentially hazardous by-products of cellular metabolism. Overproduction of ROS,
e.g. H202, cause oxidative stress to the DNA, proteins and lipids leading to cell death.
ROS are highly cytotoxic and may exert remarkable antitumor potential if they can be
selectively produced in cells of tumors for “oxidation therapy” (Fang et al., 2002).
Nanoparticles can be used to target certain drugs selectively to produce ROS at the
tumor site (Hu et al., 2013; El-Readi and Althubiti, 2019). Present study aims to

exploit the potential of ferric nano complex of D-amino acid oxidase (Fe2O3-DAO) to
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produce H>O; at tumor site when its substrate D-amino acids (D-alanine) was
supplied exogenously. Since D-amino acids are not generally present in mammalian

organisms in significant amount, it is to be administered exogenously.

Usually it is seen that the stability and activity of the enzymes are naturally reduced
during storage. However the activity of Fe;O3—DAO remained unchanged after 30
days indicating the protective function of nanoparticles. It has been suggested that
this higher stability of the bound enzyme was due to its fixation over the surface of
magnetic nanoparticles, preventing its auto-digestion and thermal inactivity ( Liao and
Chen, 2001; Janib et al., 2010). Another plausible explanation is that the binding of
DAO on Fe>O3 nanoparticles might allow a better spatial orientation of the FAD
prosphetic groups and the side chains of DAO providing a better stability to the
enzyme. The activity of the enzyme was maximum at pH of 8. After this range the
activity was found to be decreased . In this range, the activity of the Fe>O3 bound
DAO was much higher than its free counterpart. This shows that the bound enzyme
showed improved tolerance to the change of solution pH. The similarities in these
activities in the pH range of 6 to 7.3 indicate that in these conditions, DAO did not
suffer from any major activity constraint. Rather, this pH range appears to be suitable
for DAO activity. It is well known that the ability of the amino acids at the active sites
of the enzyme to interact with the substrate depends on their electrostatic state (Kang
et al., 1994). The decrease in activity observed after pH 8 and 9.5 shows that DAO
faces some limitations as the pH increased toward more alkaline conditions. The
thermal stability was significantly improved upon binding of DAO to magnetic
nanoparticles. The binding to nanoparticles suggests a far better resistance of the

enzyme to temperature. We hypothesize that the bound enzyme could possibly
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undergo a conformational change and a spatial rearrangement that could slow down

the folding process and denaturation of the enzyme.

Under in vitro conditions, the killing of DLA cells were enhanced in presence of the
Fe>03-DAO and its substrate D-alanine. The result suggests that the cytotoxic
mechanism of Fe2O3-DAO and its substrate is through inducing apoptosis, which was
assessed by alkaline single cell gel electrophoresis or comet assay. As shown in in
vitro studies, DAO alone, D-alanine alone or Fe;O3- DAO alone didn't have any
cytotoxicity. The cytotoxicity became apparent only when DAO and D-alanine were
accessible simultaneously. The cellular DNA damage produced by the ferric-enzyme-
substrate complex on DLA cells is due to the stimulation of apoptosis in cells. The
generation of apoptosis by ferric enzyme nanocomplex with D-alanine causes
extensive damage to cellular DNA as shown in comet assay. In this study, a greater
portion of DNA has fragmented and migrated sufficiently to make the long tail. The
intense damage to cellular DNA may need caused the cells to travel for apoptosis as
revealed by morphological pattern of the DLA cells with cytoplasmic blebbing and
nuclear shrinkage. Treatment of the cells with D-alanine along with Fe>O3-DAO

showed an apoptotic index of 95.5% (Wilkins et al., 2002;Wada et a/.,2003).

The extent of apoptosis was higher in tumor tissue of animals treated with Fe>Os-
DAO complex and D-alanine with magnetic treatment compared to the unbound drug
or nanoparticle controls and Fe2O3- DAO group without the magnetic treatment. Thus
it was shown that the complex can be targeted by means of an external magnetic field.
This targeting enabled the drug to be concentrated at the tumor site where an
enhanced apoptosis was obtained and decreasing the systemic concentration of the
drug as evidenced by the decreased level of apoptosis in spleen tissue. The

administration of DAO alone or complexing of DAO to the nanoparticle alone,
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without the magnetic treatment did not result in an increased concentration at the
tumor site, but maintained a circulatory level, as can be realized from the in vivo

apoptosis results.

This targeting enhanced the efficacy of the treatment by decreasing the circulatory
concentrations of the drug and helps to minimize its toxic side effects which was also
shown by the levels of tissue GSH and lipid peroxidation. Decrease in GSH and
increase in the TBARS level (MDA) on tumor tissue of animals treated with Fe,Os-
DAO complex and D-alanine with or without magnetic field application may be due
to the oxidative stress induced by the drug. Magnet mediated targeting of the drug
nanoparticle complex to the tumor site decreased the circulating levels of the drug
complex and thus helped to maintain normal levels of GSH and TBARS in various

tissues except tumor tissue.

The new type of cancer therapy, described here, depends on targeting the H>O»-
generating enzyme (DAO) to the tumor site using magnetic nanoparticles and the
enzyme converting a pharmacologically inert substance (D-alanine) to a highly
cytotoxic metabolite, H>O>. Re- cent studies shows that intravenous administration of
DAO in conjugation with poly ethylene glycol (PEG) with intra peritoneal
administration of D- proline exhibited noticeable antitumor activity under in vivo
condition by rising ROS formation at the tumor site (Maeda et al., 1992;Fang et al.,
2002; Saggar et al., 2013; Bi et al., 2016). Tumor targeting by PEG-xanthine oxidase
(PEG- XO) complex along with the substrate hypoxanthine also has been reported to
enhance the tumor targeting efficacy and the antitumor activity of xanthine oxidase
(XO) (Sawa et al., 2000). The present study, demonstrated the remarkable antitumor
activity of two nontoxic components, Fe;O3-DAO and D-alanine on mouse solid

tumor model. Tumor targeted delivery of Fe;O3-DAO by applying an external
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magnetic field was possible and subsequent administration of D-alanine selectively
generated potent cytotoxic agent, H>O, at the tumor site. Consequently, effective
antitumor activity by H202 could be accomplished, minimising toxicity to normal
tissues and organs. Key findings of the present study are: 1) tumor-targeted delivery
of an H,O;-generating enzyme (DAQ) can be accomplished; and 2) tumor regression

due to generation of H>O» by exogenous administration of the substrate, D-alanine.

The present work strongly recommended the possibility of effectively controlling
tumor growth by targeting orally administered nanoparticle bound enzyme with the
help of an external magnetic field to enhance the efficacy of the treatment, suggesting

the rationale of advancement of a new anticancer strategy.
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Chapter- 5

ANTI INFLAMMATORY ACTIVITY OF ASCORBIC
ACID MONO GLUCOSIDE (AsAG) AND FERULIC
ACID (FA) AGAINST CARRAGEENAN AND
FORMALIN INDUCED PAW EDEMA
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5.1 INTRODUCTION

Inflammation is a reaction of living tissues towards injury and it comprises systemic
and local responses (Joel et al.,1998). The formation of free radicals, particularly
reactive oxygen species and their high activity plays an important role in the
progression of a great number of pathological disturbances like atherosclerosis,
inflammation, heart disease, stroke, multiple sclerosis, diabetes mellitus, Parkinson’s
disease, cancer, Alzheimer’s disease, etc (Nickavar et al., 2007; Hafeez et al., 2013).
Many present day diseases are reported to be due to the shift in balance of pro-oxidant
and antioxidant homeostasis in the body (Schulz et al., 2000). Reactive oxygen
species (ROS), which include superoxide radical, hydrogen peroxide (H20>) and the
hydroxyl radical (-OH) are well documented as cytotoxic intermediates. These ROS
differ significantly in their interactions and can cause extensive cellular damage such
as nucleic acid strand scission (Adelman et al.,1988; Mohanty et al, 2015),
modification of polypeptides, lipid peroxidation etc. (Pryor and Porter, 1990) leading

to cell membrane disintegration, membrane protein damage and DNA mutation.

Inflammation activates a range of inflammatory cells, that induce and trigger several
oxidant generating enzymes such as NADPH oxidase, nitric oxide synthase,
myeloperoxidase and eosinophil peroxidase etc. These enzymes generate high
concentrations of different free radicals and oxidants such as superoxide anion, nitric
oxide, nitroxyl, nitrogen dioxide, hydrogen peroxide etc, which react with each other
to produce more potent reactive oxygen and nitrogen species that can damage DNA,
RNA, lipids and proteins and also leads to multistage carcinogenesis (Ohshima et al.,
2003). Therefore much attention has been focused on the use of antioxidants,
especially natural antioxidants to inhibit peroxidation and to protect DNA and other

macromolecules from damage due to free radicals (Wu et al., 2017).
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In spite of our dependence on modern medicine and the tremendous advances in
synthetic drugs, a large number of world populations cannot afford the products of the
western pharmaceutical industry and have to rely upon the use of traditional
medicines, which are mainly derived from plant materials. A large number of
aromatic, spicy, medicinal and other plants have chemical compounds, exhibiting
antioxidant properties. There are various sources of natural antioxidants mainly, plant
phenolics that may seen in all parts of plants such as fruits, vegetables, nuts, seeds,
leaves, roots and barks (Pratt and Hudson, 1990; Naik and Krishnamurthy, 2018).
Such antioxidant compounds possess anti-inflammatory, antiatherosclerotic,
antitumor, anticarcinogenic, antibacterial or antiviral activities to a greater or lesser
extent (Sala er al., 2002). Many anti-inflammatory, digestive, anti-necrotic,
neuroprotective, and hepatoprotective drugs have recently known to have an
antioxidant and/or radical scavenging mechanism as part of their activity (Lin et al.,
2000; Repetto and Lesuy, 2002). Crude extracts of herbs, fruits, cereals, vegetables
and other plant materials rich in phenolic are increasingly of interest in the food
industry, because they hinder oxidative degradation of lipids and thereby improve the
quality and nutritive value of food (Sevgi et al., 2015). Hence interest in natural
antioxidants, especially phytochemicals has greatly increased in recent years. Many
phytochemicals including phenolics, flavonoids, tannins, proanthocyanidins, vitamins
and various herbal extracts have been reported as antioxidants (Kumar et al.,

2010;Sandeep and Nair 2010).

The present chapter reports the investigation on the anti-inflammatory properties of

AsAG and FA.
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5.2 MATERIALS AND METHODS

5.2.1Animals

Female Swiss albino mice weighing 22- 25 g were obtained from the Small Animal
Breeding Section (SABS), Mannuthy, Thrissur, Kerala.

5.2.2 Studies on anti-inflammatory activity

5.2.2.1 Carrageenan induced acute paw edema

Animals were divided into 6 groups of 5 animals in each group. For all groups acute
inflammation was induced by sub plantar injection of 0.02 ml freshly prepared 1% of
carrageenan in normal saline in the right hind paw of mice (Winter ef al., 1962). The
administration of AsAG, FA and diclofenac and induction of paw edema is described

below.

Group I- Distilled water (0.1ml) + 0.02 ml of 1% carrageenan injection

Group II- Ferulic acid 100 mg/kg (in 0.1 ml distilled water p.o) + 0.02 ml of 1%
carrageenan injection

Group III - Ferulic acid 200 mg/kg (in 0.1 ml distilled water p.o) + 0.02 ml of 1%
carrageenan injection

Group IV- AsAG 250 mg/kg (in 0.1 ml distilled water p.o) + 0.02 ml of 1%
carrageenan injection

Group V - AsAG 500 mg/kg (in 0.1 ml distilled water p.o) + 0.02 ml of 1%
carrageenan injection

Group VI- Diclofenac 10 mg/kg body weight (in 0.1 ml distilled water p.o) + 0.02 ml
of 1% carrageenan injection

Animals which received carrageenan injection alone were kept as control. Diclofenac
(10 mg/kg body weight) served as standard reference drug. AsAG, FA and diclofenac

were administered one hour prior to the sub plantar injection of carrageenan. The paw

156



Anti inflammatory activity of ascorbic acid mono glucoside (AsAG) and
ferulic acid (FA) against carrageenan and formalin induced paw edema

thickness was measured using vernier callipers at one hour intervals for 6 hours

following carrageenan injection.

5.2.2.2 Formalin induced chronic paw edema

The animals were treated in the same way as in the above models; except formalin (20
pl of freshly prepared 2% formalin) was used as the edematogenic agent instead of
carrageenan. The treatment was continued for 6 consecutive days. Diclofenac (10

mg/kg body weight) was used as the reference drug.

In all the above models, the degree of edema formation was determined as increase in
paw thickness. The increase in paw thickness and percent inhibition were calculated

as follows.

Increase in paw thickness in control (Pc) or treatment (Pt) = Pt-Po,

Percent inhibition = PC'PT X 100

Pc

Where P indicates paw thickness at time t, P(y is initial paw thickness, P represents
increase in paw thickness of the control group and P is the increase in paw thickness

of the treatment groups.

5.3 RESULTS
5.3.1 Anti-Inflammatory Activity
5.3.1.1 Carrageenan induced paw edema

The sub plantar injection of carrageenan in Swiss albino mice produced a local

nd
inflammatory response. The paw edema found to reach the peak at 2 hour and after
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that it was found to reduce. Administration of the ferulic acid produced 28 %
inhibition in the paw thickness at a dose of 100 mg/kg body weight at 6! hour and
37.5% inhibition in paw thickness at a dose of 200 mg/kg at 6 hour (Figure 5.1 &

Table 5.1).

Table 5.1 Percent inhibition in the paw thickness on carrageenan induced paw

edema in mice

Treatments % inhibition

2 hour 4hour 6 hour
Diclofenac 28.57 39.5 44.5
FA100 19 26.3 28
FA200 23.8 342 37.5
AsAG250 21.42 38 40.6
AsAG500 28.6 45 50

0.6 —4— Carrageenan —- Diclofenac ~4—FA100  —<FA 200
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Figure 5.1 Effect of Ferulic acid (100mg/kg &200 mg/kg) on carrageenan
induced paw edema in mice. All values expressed as Mean + S.D, (n=5). ‘a’
denotes p<0.001; ‘b’ denotes p<0.01
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Similarly administration of AsAG also exhibited decrease in paw thickness and
produced 40.6 % inhibition in the paw edema at a dose of 250 mg/kg body weight at

6™ hour as evident from Figure 5.2

Administration of AsAG produced reduction in paw thickness and produced 50%
inhibition at a dose of 500 mg/kg at 6™ hour when compared with that of the

carrageenan induced control animals (Figure 5.2 & Table 5.1).

0.6
—4—Carrageenan  —Diclofenac —+—AsAG250 ——AsAG500
0.5 -

0.4

0.3

0.2 -

0.1 -

Increase in paw thickness (Cm)

Initial 1hr 2hr 3hr 4hr Shr 6hr
Time (Hours)

Figure 5.2 Effect of Ascorbic acid monoglucoside (AsAG) (250mg/kg & 500
mg/kg) on carrageenan induced paw edema in mice. All values expressed as
Mean + S.D, (n=5). ‘a’ denotes p<0.001

5.3.1.2 Formalin induced paw edema

In the formalin-induced paw edema test for chronic inflammation, the sub plantar

injection of formalin in Swiss Albino mice produced a local inflammatory response

which reached a maximum intensity of edema at the 3rd day. Administration of ferulic
acid at doses of 100 mg/kg body weight showed 31.4 % inhibition of edema on 6™
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day, where as ferulic acid exhibited 46.87 % inhibition at a dose of 200 mg/kg on 6™

day (Figure 5.3 &Table 5.2).

Table 5.2 Percent inhibition in the paw thickness on Formalin induced paw
edema in mice.

Treatments % inhibition

Day 2 Day 4 Day 6
Diclofenac 25 40 42.8
FA100 20.5 27.5 31.42
FA200 25 35 46.87
AsAG250 27.3 39 42.8
AsAG500 31.8 50 54.3
0.6 - ——Formalin —#Diclofenac —+—FA100 ——FA 200

0.5 1
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Initial Day1 Day? Day 3 Day 4 Day 5 Day 6

Time (Days)

Figure 5.3 Effect of Ferulic acid (100mg/kg &200 mg/kg) on formalin induced
paw edema in mice. All values expressed as Mean + S.D, (n=5). ‘a’ denotes
p<0.001; ‘c’ denotes p<0.05
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AsAG produced 42.8% inhibition at a concentration of 250 mg/kg (Figure 5.4) and
54.3 % inhibition of edema at a concentration of 500 mg/kg on 6 day (Figure 5.4

&Table 5.2).

0.6 -
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Increase in paw thickness
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Initial Day 1 Day 2 Day 3 Day 4 Day 5 Day 6

Time (Days)

Figure 5.4 Effect of Ascorbic acid monoglucoside (AsAG) (250mg/kg & 500
mg/kg) on formalin induced paw edema in mice. All values expressed as Mean +
S.D, (n=5). ‘a’ denotes p<0.001

5.4 DISCUSSION

Various studies suggest that the inflammatory tissue damages are due to the liberation
of reactive oxygen species from phagocytes invading the inflammation sites (Cross et
al., 1987; Winrow et al., 1993). Studies have shown that nitric oxide is implicated in
inflammation, cancer, and other pathological conditions (Hemnani and Parihar, 1998).
Interactions between superoxide and nitric oxide regulate the vascular tone or

inflammation (Conner and Grisham, 1996).
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Inflammation is a complex process and ROS plays an important role in the
pathogenesis of inflammatory reactions (Halliwell and Gutteridge, 1985). As the
inflammation is mainly produced by the oxidative burst of macrophages, antioxidants
which can scavenge ROS may be effective to reduce inflammatory disorders.
Inflammation, which is a pattern of response to injury, involves the accumulation of
cells and exudates in irritated tissues that allows protection from further damage
(Azab et al., 2016). Significant ameliorative activity against carrageenan and formalin

induced anti-inflammation was shown by AsAG and FA.

Ascorbic acid has been reported to have protective effect against radiation-induced
mortality and cytogenetic damage (El-Nahas, et al., 1993). The radioprotective effect
of ascorbic acid has been ascribed to its interactions with radiation-induced free
radicals (Nair et al., 2001). AsAG also possess free radical scavenging activity as
evidenced from its ability to scavenge DPPH, ABTS and OH- radicals. The anti-
inflammatory activity of AsAG may also be due to its ability scavenge ROS. The
ability of AsAG to scavenge OH radicals and in vivo anti-inflammatory effect
indicated that addition of a glucose moiety to ascorbic acid does not alter its free

radical scavenging ability.

Carrageenan induced acute inflammation in animals is said to be the most suitable test
procedures to monitor anti-inflammatory agents. The carrageenan induced edema is
mediated by activation of platelet activating factor (PAF), prostaglandins and other
inflammatory mediators (Hwang et al., 1986; Mansouri ef al., 2015). Carrageenan-
induced edema is a biphasic response in which the involvement of the cyclo-
oxygenase products of arachidonic acid metabolism and the production of reactive
oxygen species are well established (Chen, 1993; Madhuri et al., 2016). The first

phase is mediated through the release of histamine, serotonin, and kinins, whereas the
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second phase is related to the release of prostaglandin oxygen-derived free radicals
and production of inducible cyclo-oxygenase which peak at 2-3 hours (Panthong et
al., 2004). Carrageenan induces the formation of protein rich exudates containing
large number of neutrophills (Lo et al., 1982; Naik and Krishnamurthy, 2018). The
ferulic acid produced considerable inhibition of carrageenan-induced paw edema
comparable in magnitude with the inhibitory action of the standard drug diclofenac.

But the effect is more with the AsAG than the standard drug.

Formalin induced paw edema is also an appropriate test procedure to screen chronic
anti-inflammatory agents as it strongly resembled human arthritis (Greenwald, 1991).
The nociceptive effect of formalin is biphasic, an early neurogenic component
followed by tissue mediated response (Panthong et al., 2004; Zhao et al., 2018).
Ferulic acid obtained from wheat bran by a new strain of 4. niger showed good anti-
inflammatory activity and better antioxidant ability (Yin et al., 2019). The ferulic
acid and AsAG showed significant anti-inflammatory activity against formalin
induced paw edema and thus found to be effective in chronic inflammatory
conditions. Among these maximum inhibition of edema was observed in AsAG

treated animals.

There is a strong relationship between antioxidants and inflammation (Ma and Huang,
2014). Chronic inflammation is always followed by increased production of tissue
reactive oxygen and nitrogen intermediates. Oxygen free radicals and non radical
reactive oxygen intermediates released by neutrophils and other phagocytes have been
increasingly implicated in inflammation/ immune disorders. Inflammation also
facilitates the initiation of normal cells and their progression to malignancy through
the production of inflammatory oxidants (Dhingra et al., 2018). Appropriate treatment

of inflammation with anti-inflammatory agents, inhibitors, inhibitors of oxidant
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generating enzymes, and scavengers of oxidants should be explored to prevent
development of human cancers associated with chronic inflammation (Ohshima et al,

2003).

To conclude, the present study reveals the profound anti-inflammatory activity of both
the ferulic acid and Ascorbic acid monoglucoside and the effect showed by them

might probably due to their significant antioxidant power.
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Chapter- 6

AMELIORATION OF DOXORUBICIN INDUCED
CARDIOTOXICITY IN TUMOR BEARING MICE BY
ASCORBIC ACID MONOGLUCOSIDE (AsAG) AND

FERULIC ACID (FA)
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6.1 INTRODUCTION

Anthracycline antibiotics are a class of potent anticancer drugs against many types of
hematological and solid malignancies. However, its use has been limited primarily
due to cardiotoxicity after an acute dose or cumulative doses (Singal and Iliskovic,
1998). Therefore, reducing this side effect while maintaining their efficacy is critical
for the success of chemotherapy. Doxorubicin (DOX), an anthracyclin antibiotic,
used in the treatment of a variety of solid tumors and hemopoietic malignancies
(Abdel-Raheem et al., 2013). The chronic cardiotoxicity is dose-dependent and
results in irreversible myocardial damage, following dilated cardiomyopathy with
fatal congestive heart failure (Von Hoff et al., 1979). The mechanisms proposed for
cardiotoxic effects of DOX include free radical induced myocardial injury,
membrane lipid peroxidation, (Myers et al., 1977) mitochondrial damage, activity of
Na" K" ATPase, (Geetha and Devi, 1992) vasoactive amine release, impairment in
myocardial adrenergic signalling regulation, increase in serum parameters such as
total cholesterol, triglycerides, and low density lipoproteins and also iron-dependent
oxidative damage to macromolecules (Xu et al., 2001). It also causes the elevation of
serum enzymes like lactate dehydrogenase (LDH), and creatine phosphokinase (CPK)

(Aniss et al., 2014).

Several studies have demonstrated that DOX induces the generation of a cascade of
reactive oxygen species (ROS) such as O>—-, -OH and H>O», which are implicated in
the DOX- induced cardiotoxicity (Kalivendi et al., 2001; Wang et al., 2004). The
semiquinone form, formed by the reduction of DOX by some endogenous enzymes,
creates O>— radical by transferring electrons to molecular oxygen. The superoxide
radicals are rapidly transformed, either spontaneously or enzymatically, into other

forms of ROS such as -OH and H,O; (Lee et al., 1991).
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Endogenous antioxidant deficits have been suggested to play a major role in
doxorubicin induced cardiomyopathy and heart failure (Naidu et al., 2002; Abou-El-
Hassan et al., 2003). Various polyherbal formulations or their secondary metabolites
serve as antioxidant have shown protective effects in doxorubicin induced
cardiotoxicity without affecting their therapeutic efficacy. Antioxidants protect cells
and tissues against free radicals which caused oxidative damage and injury and they
have been reported to have beneficial effects against DOX induced cardiotoxicity in
mice and rats (Liu et al., 2002). Antioxidants such as vitamin E provide protection
from cardiac cell damage with a simultaneous decrease in lipid peroxidation (Speyer
et al., 1985; Al-Harthi et al., 2014).

The most widely used of all vitamin supplements, Ascorbic acid (AsA) is a powerful
antioxidant and free radical scavenger that has a myriad of functions and also helps to
strengthen the immune system. Both under in vitro and in vivo conditions, AsA
reduces oxidative free radical induced damages to DNA and membranes in biological
systems (Wilson, 1983). As an antioxidant, AsA helps in cardiovascular disease by
protecting the linings of arteries from oxidative damage. AsA neutralizes reactive
oxygen metabolites (ROM) and reduces oxidative DNA damage and genetic
mutations (Wilson, 1983). Though AsA has been proved as an effective antioxidant,
its pro-oxidant activity and easily oxidizable nature limit its use in many of the
applications. The glucoside derivative of AsA is more stable, and in many plant
sources AsA exists as glucoside. Moreover, ascorbic acid monoglucoside (AsAG) is
found to exhibit in vitro free radical scavenging activity (Fujinami et al., 2001) and
antioxidant and radioprotective abilities (Mathew et al., 2007). AsAG exhibits
vitamin C activity in vivo after enzymatic hydrolysis by a-glucosidase (Fujinami et

al., 2001).
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Phenolics are widely distributed in the plant kingdom and are integral part of human
diet (Graf,1992). As an antioxidant, FA play a major role in the body's defense
against carcinogenesis by inhibiting the formation of N-nitroso compounds (Kuenzig

et al., 1984; Batista, 2014).

The present study envisages exploring the effect of glucoside derivatives of ascorbic
acid (AsAGQG) / ferulic acid (FA) or 4-Hydroxy-3-Methoxycinnamic Acid on DOX-

induced cardio toxicity in tumor bearing Swiss albino mice.

6.2 MATERIALS AND METHODS

6.2.1 Animals

Female Swiss albino mice, 6—8-weeks old (body weight 25-30 g), were kept under
standard conditions of temperature (25 + 5°C) and humidity in the Centre’s Animal

House Facility.

6.2.2 Chemicals

Ascorbic acid monoglucoside (AsAG) were obtained from Dr. V. T. Kagiya, Health
Research Foundation, Kyoto, Japan. Ferulic acid (FA), Nitroblue tetrazolium (NBT),
riboflavin, reduced glutathione (GSH), 5-5' dithiobis-2- nitro benzoic acid (DTNB)
were purchased from Sigma Chemical Company Inc., St. Louis, MO, USA.
Doxorubicin (DOX) was purchased from Cadila pharmaceuticals Ltd., Oncocare Di-
vision, Ahmedabad, India. EDTA was from Sisco Research Laboratories Pvt. Ltd.,
Mumbai, India. H>O, was from Merck India Ltd., Mumbai, India. Thiobarbituric acid
(TBA) was purchased from Hi-media Laboratories, Mumbai, India. All other
chemicals and reagents used in this study were of analytical grade procured from

reputed Indian manufacturers.
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6.2.3 Administration of Drugs

Doxorubicin was given intraperitoneally as a single dose of 25mg/kg b.w. Ferulic

acid/ AsAG dissolved in distilled water was given to animals using oral gavage.

Solid Tumor in Animals- Solid Tumor was formed in hind limbs of mice by
transferring Dalton’s Lymphoma Ascites (DLA) cells (I x 10° cells/animal) via
subcutaneous injection. The animals were given standard mouse chow and water ad
libitum. When the tumor size reached approximately 1.0 cm?, the treatments started
on the 13™ day of transplantation of DLA cells. The animals were randomly divided

into 6 groups of five each and treated as follows.

Group — I were kept untreated control group, 0.1 ml saline ip and 0.1 ml distilled
water p.o . Group — II DOX control group, doxorubicin 25mg/kg b.w (in 0.1 ml saline
i.p as single dose).

Group — III Doxorubicin 25mg/kg b.w (in 0.1 ml saline i.p as single dose) + AsAG
250 mg/kg b.w (in 0.1 ml distilled water p.o)

Group — IV Doxorubicin 25mg/kg b.w (in 0.1 ml saline i.p as single dose) + AsAG
500 mg/kg b.w (in 0.1 ml distilled water p.o)

Group V- Doxorubicin 25mg/kg b.w (in 0.1 ml saline i.p as single dose) + Ferulic
acid 100 mg/kg b.w (in 0.1 ml distilled water p.o).

Group VI- Doxorubicin 25mg/kg b.w (in 0.1 ml saline i.p as single dose) + Ferulic
acid 200 mg/kg b.w (in 0.1 ml distilled water p.o).

AsAG was administered to group III and IV, Ferulic acid was administered to Group

V and VI animals, one hour after DOX (25 mg/kg b.w) administration.
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6.2.4 Assessment of Toxicity on Heart and Tumor Tissues

The toxicity to cardiac and tumor tissues were studied by histopathological
examinations, change in biochemical parameters and cellular DNA damage in animals
administered with the drugs either alone or in combination. From the animals of
different groups, the blood was collected by direct cardiac puncture under light ether
anesthesia following 24 hours of various treatment as described above and serum was
separated for the biochemical estimations. The heart and tumor tissues were dissected,
from each group and were taken for histopathological examination. Single cell
suspension of tissues prepared in 0.1 M phosphate buffer (pH.7) (10° cells/ml) were

used to carry out comet assay (Alkaline single cell gel electrophoresis).

Biochemical parameters such as creatine kinase (CK) lactate dehydrogenase (LDH),
serum glutamate oxaloacetate transaminase (SGOT), serum glutamate pyruvate
transaminase (SGPT) and high density lipoprotein (HDL) were analyzed as cardiac
biomarkers using diagnostic kits (Agappe Diagnostic Pvt. Ltd., Thane, India). The
oxidative damage in cardiac and tumor tissues following various treatments were
estimated by monitoring superoxide dismutase (SOD) (Mc Cord and Fridovich,
1969), glutathione peroxidase (GPx) (Hafemann et al., 1974), reduced glutathione
(GSH) (Moron et al., 1979) and for lipid peroxidation (LPO) (Buege and Aust, 1978)

in 10% homogenates of the tissues in PBS.

For histopathological studies, tissues were fixed in 10% formalin and embedded in
paraffin wax. Sections were made with 5 micron thickness using a microtome and
stained with haematoxylin-eosin. The histopathological examinations were carried out

at Sudharma Metropolis Pathological Laboratory, Thrissur, Kerala, India.
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6.2.5 Estimation of Cellular DNA Damage in Heart and Tumor Tissues by
Comet Assay (Alkaline Single Cell Gel Electrophoresis)

Administration of doxorubicin to animals cause oxidative stress in the tissues, which
in turn can cause damage to cellular DNA. The damage in cellular DNA subsequent
to various treatments were analysed by alkaline comet assay or single cell gel

electrophoresis as DNA single strand breaks in heart and tumor tissues.

6.3 RESULTS

6.3.1 Serum Enzyme Levels

Animals treated with DOX produced significant increase in the levels of serum
enzyme levels (Table 6.1). A single ip injection of DOX significantly elevated
serum SGOT, SGPT, CK and LDH levels from 227.48+53.61 U/L, 49.41+ 6.45 U/L,
65+£12.98 U/L and 297.63 +39.58 U/dL to 4510+842.93 U/L, 156+11.52 U/L,
425.66+102.76 U/L and 3598.86 +618.15 U/dL respectively, showing cardio toxicity.
The post treatment with AsAG (250mg/Kg b.w and 500 mg/Kg b. w) / FA (100
mg/kg b.w and 200 mg/kg b.w) in tumor bearing animals significantly ameliorated
SGOT, SGPT, LDH and CK enzyme activities in a dose dependent manner.
Treatments with FA/ AsAG to DOX-challenged animals significantly decreased
(p<0.001) the activities of these enzymes elevated by doxorubicin, though not to
normal. Animals treated with DOX produced slight difference in HDL levels
compared to untreated control. The administration of DOX and AsAG / FA caused
significant increase in the level of HDL as compared to DOX control (Figure 6.1&

6.2).
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Figure 6.1 Effect of administration of ferulic acid (100mg/kg and 200mg/kg)
on HDL level in doxorubicin induced cardiotoxicity. (ns indicate p>0.05 and
*** indicate p < 0.001 when compared with DOX alone treated group)
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Figure 6.2 Effect of administration of AsAG (250 mg/kg and 500 mg/kg) on HDL
level in doxorubicin induced cardiotoxicity. (*** indicate p < 0.001 when
compared with DOX alone treated group)
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Table 6.1 Effect of ferulic acid and ASAG on serum marker enzymes in
doxorubicin induced cardio toxicity in mice. values are expressed as mean £ sd (n
= 5). Data were analyzed by using one-way anova followed by Tukey multiple
comparison test. ‘a’ represents p< 0.001 when compared with DOX control.

Treatment SGOT (U/L) CK (U/L) LDH(U/dl) SGPT(U/L)
Control 227.48+53.61 65+12.98 297.63+39.58 49.4146.45
Dox 25 mg/ 4510+842.93 425.66+102.76 | 3598.86+618.15 | 156£11.52
kg

Dox +FA 100 | 1650+588.64% 263.77£15.6* | 2609.284206.7* | 72+6.22%
mg/kg

Dox +FA 200 | 1272.44+337.04* | 153.3+11.23* | 1725.64+205.27* | 62.62+12.122
mg/kg

Dox +AsAG | 1141.3+449.58* | 140.6+7.5% 1665.12+178.4* | 63.0+7.0°
250 mg/kg

Dox +AsAG | 823.98+181.16* | 107.3£11.0% 1237.53+152.95% | 52.75+6.70%
500 mg/kg

6.3.2 Biochemical Measurements and Antioxidant Status

MDA (Malondialdehyde) was measured as a marker of lipid peroxidation and an
indicator of oxidative injury. The MDA levels in heart tissue were increased
significantly in the DOX treated group compared with the untreated control group.
The increase in MDA by DOX was significantly attenuated by the administration of

AsAG / FA (Figure 6.3 ).

Different antioxidant enzymes were examined in the heart tissue from all the groups.
The DOX-treated mice showed a significant decrease in SOD, GPx and GSH
activities compared with the untreated control (Figure 6.4, 6.5 & 6.6). The decrease
in activities of SOD, GPx and GSH due to doxorubicin was attenuated by both AsAG

or FA.
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Figure 6.3 Effect of administration of ASAG or ferulic acid on doxorubicin-
induced lipid peroxidation (MDA formation) in heart tissues of mice. (¥**
indicate p<0.001 when compared with the DOX alone treated group)
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Figure 6.4 Effect of post administration of ASAG or FA on doxorubicin induced
depletion of GSH levels in heart tissue of tumor bearing mice. Values are
expressed as mean £ sd (n = 5). Data were analyzed by using one-way anova
followed by Tukey multiple comparison test. ** represent p< 0.01 vs DOX
control; *** represent p< 0.001 vs DOX control
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Figure 6.5 Effect of post administration of ASAG or FA on doxorubicin induced
depletion of SOD levels in heart tissue of tumor bearing mice. Values are
expressed as mean £+ sd (n = 5). Data were analyzed by using one-way anova
followed by Tukey multiple comparison test. ** represent p< 0.01 vs DOX
control; *** represent p< 0.001 vs DOX control
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Figure 6.6 Effect of post administration of AsAG or FA on doxorubicin induced
depletion of GPx levels in heart tissue of tumor bearing mice. Values are
expressed as mean £+ sd (n = 5). Data were analyzed by using one-way anova
followed by Tukey multiple comparison test. ** represent p< 0.01 vs DOX
control; *** represent p< 0.001 vs DOX control
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In tumor tissues the MDA levels were increased significantly in the DOX treated
group compared with the untreated control group. The post administration of both
AsAG / FA along with DOX effectively potentiated the formation of MDA in a
significant manner (Figure 6.7). The antioxidant enzymes such as GPx, SOD and
GSH activities in the tumor tissues were significantly reduced in the DOX and AsAG

or ferulic acid treated group when compared to the respective control (Figure 6.8, 6.9

& 6.10).
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Figure 6.7 Effect of administration of ASAG or Ferulic acid on doxorubicin-
induced lipid peroxidation (MDA formation) in tumor tissues of mice. (***
indicate p<0.001 when compared with the DOX alone treated group).
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Figure 6.8 Effect of p.o administration of ASAG or ferulic acid on doxorubicin
induced depletion of GSH levels in tumor tissues of mice. Values are expressed as
mean = sd (n = 5). Data were analyzed by using one-way anova followed by
Tukey multiple comparison test. *represents p<0.05 vs DOX control;
***represent p< 0.001 vs DOX control
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Figure 6.9 Effect of p.o administration of ASAG or ferulic acid on doxorubicin
induced depletion of SOD levels in tumor tissues of mice. Values are expressed as
mean + sd (n = 5). Data were analyzed by using one-way anova followed by
Tukey multiple comparison test. ** represent p< 0.01 vs DOX control ;
***represent p< 0.001 vs DOX control
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Figure 6.10 Effect of p.o administration of AsAG or ferulic acid on doxorubicin
induced depletion of GPx levels in tumor tissues of mice. Values are expressed as
mean + sd (n = 5). Data were analyzed by using one-way anova followed by
Tukey multiple comparison test. ** represent p< 0.01 vs DOX control ;
***represent p< 0.001 vs DOX control

6.3.3 Morphological Study

Histopathological examination of the heart tissues of normal animals showed clear
integrity of myocardial cell membrane (Figure 6.11 A), and no inflammatory cell
infiltration was seen. Light microscopic examination of hearts stained with
hematoxylin and eosin of the control and FA and AsAG treated animals displayed a
normal morphological appearance. Whereas the hearts of the DOX-treated animals
showed myocardial degeneration including the loss of myofibrils, focal cytoplasmic
vacuolization and endocardium appear disrupted in some places (Figure 6.11 B). In
Tumor bearing mice treated with AsAG / FA and DOX, a significant reduction in the

severity of myocardial degeneration was observed (Figure 6.11 C & D).
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Figure 6. 11 Histopathology. Representative sections of heart tissue of tumor
bearing mice (A) untreated (B) DOX 25 mg/kg (C) DOX+FA 200 mg/kg and (D)
DOX+ASAG 500 mg/kg

The histopathological examination of tumor tissues is detailed in the Figure 6.12.
Tumor tissues of control animals showed compact arrangement of carcinomatous cells
having clear cytoplasm and hyperchromatic nuclei (Figure 6.12 A). While the DOX
treated animals showed many degenerating cells, stroma displayed extensive areas of
necrosis and haemorrhage (Figure 6.12 B). Tumor bearing animals administered
with AsAG or FA and DOX, showed a significant increase in the number of
degenerating cells. Stroma displayed extensive areas of necrosis and cellular integrity
was found lost in many regions. The results showed that AsAG or FA potentiates the

cytotoxic action of doxorubicin in tumor cells (Figure 6.12 C & D).
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Figure 6.12 Histopathology. Representative sections of tumor tissue of tumor
bearing mice (A) untreated (B) DOX 25 mg/kg (C) DOX+FA 200 mg/kg and (D)
DOX+ASAG 500 mg/kg

6.3.4 Estimation of Cellular DNA Damage in Heart and Tumor Tissues of Tumor

Bearing Mice

The administration of DOX caused damage to the cellular DNA in both tissues such
as heart (Figure 6.13 & 6.14) and tumor (Figure 6.15 &6.16) as evident from the
increase in the comet parameters. In the case of heart tissues, tail DNA %, tail length,
tail moment and Olive tail moment were increased from 3.51+0.67, 3.30+0.79,
0.20+0.06 and 0.23+0.09 to 8.15+1.52, 8.61£1.83, 1.19+0.19, 0.95+0.11 in the control
DOX- treated group. When 100 mg/kg body weight of FA was given orally one hr
after DOX- administration, it was found that there is a significant decrease in the
comet parameters in heart tissue, as can be seen in Figure 6.13. The parameters such
as % DNA in tail, tail length, tail moment and olive tail moment were brought down
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to levels of 6.13+0.62, 6.37+1.11, 0.90+0.25 and 0.76+0.15 respectively (P<0.001).
While, 200mg/kg body weight of FA significantly decreased the comet parameters to

4.58+0.34, 3.51+0.89, 0.45+0.16 and 0.46+0.12 showing cardio protection (P<0.001).

When 250 mg/ Kg body weight of ASAG was administered the parameters were
brought down to 5.87+.58, 5.86+0.79, 0.56+0.09 and 0.55+0.07 respectively. While
500 mg/ Kg body weight of AsAG significantly decreased the comet parameters in a
dose dependent manner (Figure 6.14). The results clearly indicated the ability ASAG

or FA to offer protection to cellular DNA against DOX- induced cardiomyopathy.

ik 10 4 EE 24 %%
.j I I l < T I i

Tail DNA% .
o -] T

]

Tail length
4 o

N
~

o

Normal DOX+FA 100 DOX+FA 200 Normal DOX +FA 100  DOX+FA 200
Treatme nts Treatments
1.6 1.2
1.4 4 YT Tt 14
t
" 1.2 4 ]
c £ 0.8 -
g 1 [*]}
=
008 = 0.6 1
E B
= 0.6
(] J
& > 0.4
0.4 =
0 ) j
0.2
0 T T 01 T
Normal DOX DOX+FA 100  DOX +FA 200 Normal DOX+FA 100  DOX+FA 200
Treatments Treatments

Figure 6.13 Effect of Ferulic acid (100 mg/kg and 200 mg/kg) on DNA damage in
mice cardiomyocytes induced by administration of doxorubicin (25mg/kg)
assessed by comet assay. Percentage DNA in tail, tail length, tail moment and
olive tail moment is presented as mean + sd (*** indicate p < 0.001 when
compared with DOX alone treated group)
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Figure 6.14 Effect of ASAG (250 mg/kg and 500 mg/kg) on DNA damage in mice
cardiomyocytes induced by administration of doxorubicin (25mg/kg) assessed by
comet assay. Percentage DNA in tail, tail length, tail moment and olive tail
moment is presented as mean = sd (*** indicate p < 0.001 when compared with
DOX alone treated group

In tumor tissues, administration of DOX caused DNA damage and percentage DNA
in tail, tail length, tail moment and Olive tail moment were increased from 4.47+ 0.90,
3.50 £ 1.02, 0.16 + 0.02 and 0.26 + 0.06 to 5.39 = 0.79, 5.94 £ 0.52, 1.37 + 0.12 and
0.96 = 0.25 in the DOX treated group (Figure 6.15 & 6.16). The comet parameters

such as tail DNA %, tail length, tail moment and Olive tail moment were increased to
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6.13 £ 0.35, 6.8 £0.24, 1.68 £ 0.09 and 1.93% 0.15 in the DOX with 100 mg/kg body
weight of FA treated group. When 200mg/kg body weight of FA along with DOX
significantly increased the comet parameters to 7.55 + 0.11, 7.66+ 0.05, 1.92 +0.08
and 1.93 £ 0.15 showing the antitumor potential of FA (Figure 6.15). While 500 mg/
Kg body weight of AsAG significantly increased the parameters to 8.4+0.52,

8.1+0.73, 3.04+0.36 and 3.24+0.57 showing enhanced antitumor efficacy (Figure

6.16).
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Figure 6.15 Effect of Ferulic acid (100 mg/kg and 200 mg/kg ) on DNA damage in
tumor tissues of tumor bearing mice induced by administration of doxorubicin
(25mg/kg) assessed by comet assay. Percentage DNA in tail, tail length, tail
moment and olive tail moment is presented as mean * sd (*** indicate p < 0.001
when compared with DOX alone treated group)
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Figure 6.16 Effect of ASAG (250 mg/kg and 500 mg/kg ) on DNA damage in
tumor tissues of tumor bearing mice induced by administration of doxorubicin
(25mg/kg) assessed by comet assay. Percentage DNA in tail, tail length, tail
moment and olive tail moment is presented as mean = sd (*** indicate p < 0.001
when compared with DOX alone treated group)
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6.4 DISCUSSION

Various studies have demonstrated the generation of a cascade of reactive oxygen
species (ROS) such as O>—, ‘OH and H»O;, which are implicated in the DOX-
induced car-diotoxicity (Kalivendi et al., 2001; Wang et al., 2004). The semiquinone
form, produced by the reduction of DOX by several endogenous enzymes, generates
O,— radical by transferring electrons to molecular oxygen. The superoxide radicals are
rapidly transformed, either spontaneously or enzymatically, into other forms of ROS
such as ‘OH and H>O> (Lee ef al., 1991). Among the postulated mechanisms of
doxorubicin cardiomyopathy, like radical formation with lipid peroxidation, depletion
of cardiac reduced glutathione level, inhibition of cardiac coenzyme Q10 and a
decrease in cardiac adenylate charge. A number of measures to protect against
cardiomyopathy have been investigated. The most encouraging ones among them are
concurrent administration of vitamin E, coenzyme Q10, N-acetylcysteine, cysteamine,
razoxane (ICRF 159) and its isomer, ICRF 187, and administration of doxorubicin by
continuous intravenous infusion or within liposomal carriers (Saltiel and McGuire,
1983; Afsar et al., 2017).

The results of the study specify that i.p injection of DOX at a dose of 25 mg /kg b.w,
induced oxidative stress in cardiac tissues as shown by elevated serum LDH and CK
levels. These enzymes are mostly considered as important markers of early and late
cardiac injury particularly during clinical follow-up of doxorubicin therapy
(Alkuraishy et al., 2017; Kalyanaraman, 2020). Earlier reports have demonstrated
similar elevations in cardiac enzymes activities in rats following challenge with a
single cumulative dose of doxorubicin (Nagi and Mansour 2000; Yagmurca et al.,
2003; Vijay et al., 2011; Ragavendran et al., 2012). Administration of AsAG or FA,

significantly protected mice from DOX-induced elevated levels of LDH and CK. The
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levels of serum SGOT and SGPT were also elevated in DOX treated animals and post
administration of ASAG or FA significantly reversed the levels of these enzymes
when compared to DOX alone treated control animals. The increased elevation of
SGOT and SGPT levels in serum could result from tumor cell production. The
elevated SGOT and SGPT levels indicate abnormal liver function secondary to Tumor
growth (Popp et al., 1984). Increase in the level of HDL indicates that doxorubicin
may be interfering with metabolism or biosynthesis of lipids (Koti et al., 2009; Wu et
al., 2019). Post-treatment with AsAG or FA following DOX administration showed
significant increase in HDL cholesterol.

Administration of Doxorubicin induced oxidative stress in cardiac tissues as
determined by the alterations observed in cardiac antioxidant defense systems both
enzymatic and non-enzymatic. The present study, showed that DOX significantly
reduced the cardiac GSH content, in addition it notably lowered the cardiac enzymatic
activities of SOD and GPx associated with a notable increase in cardiac lipid
peroxidation as indicated by increased MDA level. Administration of both the doses
of 100 mg/kg and 200 mg/kg of FA or 250 mg/ kg and 500 mg/kg of ASAG inhibited
the DOX induced consequences and significantly increased the antioxidant enzymes
SOD and GPx. In addition, the enhancement in cardiac GSH status and decrease in
tissue MDA levels, indicated a significant reduction in the extent of cellular oxidative
damage by ASAG or FA. Moreover the histopathological reports suggest that post-
treatment of AsAG or FA greatly inhibited the DOX induced changes in cardiac tissue
supporting the protective action of both AsAG or FA against DOX induced
cardiotoxicity (Othman et al., 2020).

The stimulation of oxidative damage by DOX marks in extensive damage to cellular

DNA as seen in comet assay. A greater portion of DNA has fragmented and migrated
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sufficiently to make the long tail. Due to high myocardial infarction the cellular DNA
undergo damage, as revealed in the increase in comet parameters (tail length, % DNA
in tail, tail moment and olive tail moment) in DOX treated groups. Post administration
of AsAG or FA decreased the comet parameters indicative of its protecting ability.

A main prerequisite for any compound to be used as a cardioprotective agent during
the treatment of cancer is that it should not interfere with the antitumor activity of the
chemotherapy. Reports indicate that AsAG exhibits vitamin C activity in vivo
following enzymatic hydrolysis by a-glucosidase (Fujinami et al., 2001). Several
studies in animals and humans confirmed that FA demonstrates anticancer properties
(Lesca, 1983; Asanoma et al., 1994). The MDA levels of tumor tissues in FA and
DOX treated animals showed an increase in the level when compared to the untreated
control animals. The antioxidant levels in tumor tissues were also found to be
significantly reduced by the administration of doxorubicin and ferulic acid or AsAG.
The comet assay analysis showed that DNA damage was significantly enhanced in the
tumor tissues revealing the anti-tumor potential of the combination treatment.
Administration of Ascorbic acid mono glucoside or Ferulic acid after DOX treatment
in tumor bearing Swiss albino mice restored all the biochemical parameters altered by
this cytotoxic anticancer drug to near normal levels in the cardiac tissue. ASAG or FA
prevented the DOX induced myocardial toxicity by boosting the endogenous
antioxidant activity, lowering the cardiac biomarker enzymes (CK and LDH) and
preventing the degeneration of cardiac tissue. Further, the combined modality showed
better antitumor activity as seen from the antioxidant enzyme levels, extent of
membrane lipid peroxidation, DNA damage (comet assay) and histopathological
analysis. The combined treatment of DOX and AsAG /FA holds promise as a safe and

effective chemotherapeutic strategy.
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AMELIORATION OF CISPLATIN INDUCED
NEPHROTOXICITY IN TUMOR BEARING ANIMALS
BY ASCORBIC ACID MONOGLUCOSIDE (AsAG)
AND FERULIC ACID (FA)
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7.1 INTRODUCTION

Nephrotoxicity arises as a result of direct exposure to drugs and environmental
chemicals to renal tissue (Sales and Foresto, 2020). Many therapeutic agents such as
oxaliplatin, cisplatin, paclitaxel, carboplatin, doclitaxel, vinorelbine, topotecan, etc.
are responsible for the induction of nephrotoxicity. These agents are used as
chemotherapeutic drugs against different forms of human cancers (Jagiela et al.,
2021). To control neoplastic disorders and distant metastases, these agents are
administered systemically, which adversely affects normal cells, resulting in

cytotoxicity (Janakiraman and Jayaprakash, 2015).

Cis-Diamminedi chloroplatinum II (Cisplatin or CP or Cis) is one of the foremost
effective cancer therapeutic agents, used in the treatment of several solid tumors and
refractory non-Hodgkin’s lymphomas (Giaccone, 2000). The therapeutic efficacy of
cisplatin is usually related to nephrotoxicity (Arany and Safirstein, 2003;George and
Anushree, 2014). The nephrotoxicity by cisplatin is associated with cellular necrosis,
alterations within the number and size of the lysosomes, morphological damage of
intracellular organelles, mitochondrial vacuolization, loss of microvilli, and functional
changes as inhibition of protein synthesis, lipid peroxidation, mitochondrial damage,
and GSH depletion (Awdishu and Mehta, 2017). Several natural agents like vitamins
and/or dietary supplements have the potential to diminish the physiological side
effects of those drugs (Ali and AlMoundhri, 2006; Rad et al., 2017). Such
antioxidants protect normal tissues against the deleterious effects of the drug and may

be safely manipulated without toxic manifestations (Ojha et al., 2016).

Several distinct mechanisms have been proposed for cisplatin cytotoxicity in renal

tubule cells, including direct DNA damage (Leibbrandt et al., 1995), caspase
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activation (Kaushal et al., 2001), mitochondrial dysfunction (Sugiyama et al., 1989),
formation of reactive oxygen species (Matsushima et al., 1998), effects on the
endoplasmic reticulum (Baliga and Liu, 2004) and activation of TNF-o apoptotic
pathways (Ramesh and Reeves, 2002). It has also been reported that cisplatin induced
nephrotoxicity is closely associated with an increase in lipid peroxidation in the
kidney. Besides, cisplatin has been found to lower the activities of antioxidant

enzymes and to induce depletion of GSH.

This antitumor drug also causes generation of reactive oxygen species (ROS), such as
superoxide anion and hydroxyl radical that deplete the GSH levels and inhibit the
activity of antioxidant enzymes in renal tissue. The ROS can produce cellular injury
and necrosis via some mechanisms including peroxidation of membrane lipids,
protein denaturation and DNA damage (Kim et al., 1997; Mora et al., 2003).
Glutathione, an endogenous free thiol, has been reported to decrease cisplatin
nephrotoxicity (Somani et al., 1995). The depletion of GSH seems to be a prime
factor that permits lipid peroxidation (Younes and Siegers, 1981). Administration of
superoxide dismutase (SOD) and antioxidants (GSH) ameliorates cisplatin
nephrotoxicity in experimental animals (Anderson et al., 1990). SOD plays an
important role in the dismutation of superoxide anions by catalyzing their conversion
to hydrogen peroxide and singlet oxygen. Glutathione peroxidise (GPx) activity was
found decreased in the rat renal mitochondria incubated with cisplatin and has been

linked to disturbances in GSH metabolism (Sugiyama et al., 1989).

The importance of reactive oxygen metabolites (ROM) in cisplatin-induced renal cell
apoptosis has been documented in several studies (Ueda et al., 2000). It is well
known that mitochondria continuously produce ROM such as superoxide. Also

mitochondria continuously scavenge ROM via the action of antioxidant enzymes such
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as superoxide dismutase (SOD), glutathione peroxidase (GPx), catalase and
glutathione- S-transferrase (GST) (Richter et al., 1995). Cisplatin is known to
accumulate in mitochondria of renal epithelial cells (Gemba and Fukuishi, 1991).
Several investigators have demonstrated that cisplatin induces ROM in renal epithelial
cells primarily by decreasing the activity of antioxidant enzymes and depleting the

intracellular concentration of GSH (Sadzuka et al., 1992).

A large number of studies have reported the beneficial effects of a variety of
antioxidants in cisplatin induced nephrotoxicity. Various agents like SOD, dimethyl
thiourea and GSH have been shown to reduce the degree of renal failure and tubular
cell damage when administered along with cisplatin in rats (Sadzuka et al., 1992;
Matsushima et al., 1998). Much consideration has been given to the possible role of
dietary antioxidants in protecting the kidney against cisplatin induced nephrotoxicity.
There are various reports available on the chemoprotecting activities of vitamin C, E,
curcumin, selenium, bixin and other dietary components that scavenge free radicals

induced by exposure to cisplatin (Antunes et al., 2001; Silva et al., 2001).

FA is a strong scavenger of free radicals and it has been approved in certain countries
as food additive to prevent lipid peroxidation (Sreenivasan et al., 2007; Panche et al.,
2016). FA possesses radioprotective abilities and reduces ionizing radiation induced
damages to DNA and membranes in biological systems (Maurya et al., 2005; Kumar

and Goel, 2019).

The present study envisages exploring the effect of ferulic acid (FA) and ascorbic acid
mono glucoside (AsAG) on Cis- induced nephrotoxicity in tumor bearing Swiss

albino mice.
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7.2 MATERIALS AND METHODS

7.2.1 Animals

Female Swiss albino mice (8 - 10 weeks old) weighing 22 - 25 g, obtained from the
Small Animal Breeding Section (SABS), Mannuthy, Thrissur, Kerala were used for
the study.

7.2.2 Chemicals

Ascorbic acid monoglucoside (AsAG) were from Dr. V. T. Kagiya, Health Research
Foundation, Kyoto, Japan. Ferulic acid (FA), Nitroblue tetrazolium (NBT),
riboflavin, reduced glutathione (GSH), 5-5' dithiobis-2- nitro benzoic acid (DTNB)
were purchased from Sigma Chemical Company Inc., St. Louis, MO, USA. H>O> was
from Merck India Ltd., Mumbai, India. Thiobarbituric acid (TBA) was purchased
from Hi-media Laboratories, Mumbai, India. All other chemicals and reagents used
in this study were of analytical grade procured from reputed Indian manufacturers.
7.2.3 Administration of Drugs

Cisplatin was administered intraperitoneally as a single dose of 12mg/kg b.w.

Solid tumor in Animals- Solid tumor was induced in hind limbs of mice by
transferring Dalton’s Lymphoma Ascites (DLA) cells (1 x 10 cells/animal) through
subcutaneous injection. The animals were given standard mouse chow and water ad
libitum. The treatments were started when the tumor size reach upto 1.0 cm® on the
13" day of transplantation of DLA cells. The animals were randomly divided into 6
groups of five each and treated as follows.

Group — I were kept untreated control group, 0.1 ml saline i.p and 0.1 ml distilled
water p.o . Group — II served as Cis control, cisplatin 12 mg/kg b.w (in 0.1 ml saline

i.p as single dose).

194



Amelioration of cisplatin induced nephrotoxicity in tumor bearing
animals by ascorbic acid monoglucoside (AsAG) and ferulic acid (FA)

Group — III  Cisplatin (12 mg/kg b.w in 0.1 ml saline) ip as single dose + AsAG
250 mg/kg b.w (in 0.1 ml distilled water p.o)

Group — IV Cisplatin (12 mg/kg b.w in 0.1 ml saline) i.p as single dose +AsAG 500
mg/kg b.w (in 0.1 ml distilled water p.o)

Group V- Cisplatin (12 mg/kg b.w in 0.1 ml saline) i.p as single dose + Ferulic acid
100 mg/kg b.w (in 0.1 ml distilled water p.o).

Group VI- Cisplatin (12 mg/kg b.w in 0.1 ml saline) i.p as single dose + Ferulic acid
200 mg/kg b.w (in 0.1 ml distilled water p.o).

AsAG was administered to group III and IV, Ferulic acid was administered to Group
V and VI ™ group animals, one hour after Cis (12 mg/kg b.w) administration.

7.2.4 Assessment of nephrotoxicity

Serum creatinine was determined by the alkaline picric acid method (Allen et al.,
1982) using a diagnostic kit (Agappe Diagnostic Pvt. Ltd; Ernakulam, Kerala, India).
Serum urea was determined by diacetylmonoxime (DAM) reagent using the Agappe
diagnostic kit (Kassirer, 1971). In the case of cisplatin-treated animals, seventy-two
hours after cisplatin treatment (12 mg/kg as an intraperitoneal injection) animals were
sacrificed using ether anesthesia, blood was collected directly from the heart, serum
separated for urea and creatinine analysis. Kidneys and tumors were excised for
analyzing the antioxidant status and for histopathological examinations (Divakaran
and Nair, 2012). Reduced glutathione (GSH) level was measured colorimetrically
using DTNB as the substrate. The concentrations of malondialdehyde (MDA) as
indices of lipid peroxidation were assessed according to the method of Buege and
Aust (1978). Superoxide dismutase activity was determined by the nitroblue
tetrazolium reduction method of Mc Cord and Fridovich (1969). GPx activity was

determined by the method of Hafemann et al. (1974), based on the degradation of
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H>0: in the presence of GSH. Tissue protein was studied according to the method of
Lowry et al. (1951) using bovine serum albumin as standard.

From the animals, peripheral blood was collected by tail veining method at 24th hour
of CP treatment.

An aliquot of blood (5uL) was placed directly onto the acridine orange coated glass
slide and covered with a cover slip (Hayashi et al., 1990) for micronuclei analysis.
7.2.5 Histopathological studies

Histopathological examinations of kidney and tumors from all the treated groups were
evaluated using light microscopy. The tissues were fixed in 10% formalin, embedded
in paraffin, sectioned at 5 um, and stained with hematoxylin-eosin. The
histopathological studies were done at Sudharma Metrapolis Pathological Laboratory,
Thrissur, Kerala, India.

7.3 RESULTS

7.3.1 Effect on serum creatinine and urea levels

Administration of cisplatin to mice was induced a marked renal failure, characterized
by a significant increase in serum urea and blood creatinine levels. As shown in
Figure 7.1 and Figure 7.2 serum urea and serum creatinine concentrations were
significantly increased in the cisplatin (151.66+7.63 and 2.5+0.46) treated group

compared to the untreated control group (44.33+4.0 and 0.53+0.11).
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Figure 7.1 Effect of ASAG and FA on serum urea levels in tumor bearing mice
treated with cisplatin (***represent p <0.001 when compared with cisplatin
alone treated group).
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Figure 7.2 Effect of AsSAG and FA on blood creatinine levels in tumor bearing
mice treated with cisplatin (***represent p <0.001 when compared with cisplatin
alone treated group).
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Treatment with the both AsAG and FA to tumor bearing animals showed marked
decrease in concentrations of serum urea and creatinine compared to control group
(p<0.001). Treatment with 500 mg/kg body weight of the AsAG restored the urea
level to 55.33 + 3.05 mg/dL and creatinine level to 0.9 = 0.1 mg/dL in cisplatin
administered animals. The post treatment with FA (100 mg/kg b.w and 200 mg/kg
b.w) in tumor bearing animals significantly ameliorated urea and creatinine level in a
dose dependent manner. Treatments with FA to Cis-challenged animals significantly
decreased (p<0.001) the activities of serum urea and creatinine elevated by cisplatin,
though not to normal.

7.3.2 Biochemical Measurements and Antioxidant Status

MDA (Malondialdehyde) was measured as a marker of lipid peroxidation and an
indicator of oxidative injury. The MDA levels in kidney tissue were increased
significantly in the Cis treated group compared with the untreated control group. The
increase in MDA by Cis was significantly attenuated by the administration of AsAG
and FA (Figure 7.3 ). Different antioxidant enzymes were examined in the kidney
tissues from all the groups. The Cis-treated mice showed a significant decrease in
SOD, GSH and GPX activities compared with the untreated control (Figure 7.4, 7.5
& 7.6). The decrease in activities of SOD, GPx and GSH due to cisplatin was

attenuated by AsAG and FA.

Cisplatin treatment caused micronuclei formation in peripheral blood lymphocytes of
tumor bearing mice. Administration of FA or AsAG to cisplatin treated animals
significantly decreased the micronuclei frequency when compared to respective

control groups (Figure 7.7 &7.8).
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Figure 7.3 Effect of administration of ASAG and FA on cisplatin-induced lipid
peroxidation. The lipid peroxides formed are expressed as nanomoles of MDA
per mg potein = SD.( *** represent p <0.001 when compared with cisplatin alone
treated group).
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Figure 7.4 Effect of p.o. administration ASAG and FA on cisplatin-induced
decrease in renal antioxidant, SOD enzymes (ns, not significant; ***p <0.001
when compared with cisplatin alone treated group).
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Figure 7. 5 Effect of p.o. administration ASAG and FA on cisplatin-induced
decrease in renal antioxidant, GSH enzymes (ns, not significant; ***p <0.001
when compared with cisplatin alone treated group).
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Figure 7.6 Effect of p.o. administration AsAG and FA on cisplatin-induced
decrease in renal antioxidant, GPx enzymes (ns, not significant; ***p <0.001
when compared with cisplatin alone treated group).
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Figure 7.7 Effect of FA and AsAG administration on micronuclei frequency in
tumor bearing mice. Values are expressed as mean £SD. (*** indicates p<0.001
when compared to Cisplatin treated group)

Micronucleated reticulocyte Normal reticulocyte

Figure 7.8 Representative images of micronucleated and normal
reticulocyte.

In tumor tissues the MDA levels were increased significantly in the Cis treated group
compared with the untreated control group. The post administration of AsAG and
FA along with Cis effectively potentiated the formation of MDA in a significant
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manner (Figure 7.9). The antioxidant enzymes such as SOD, GPx and GSH activities

in the tumor tissues were significantly reduced in the Cis and AsAG/FA treated group

when compared to the respective control (Figure 7.10, 7.11 &7.12).
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Figure 7.9 Effect of administration of ASAG and Ferulic acid on cisplatin
induced lipid peroxidation (MDA formation) in tumor tissues of mice. (* indicate
p<0.05, *** indicate p<0.001 when compared with the Cis alone treated group).
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Figure 7.10 Effect of p.o administration of ASAG and Ferulic acid on cisplatin
induced depletion of SOD levels in tumor tissues of mice. values are expressed as
mean + sd (n =
Tukey multiple comparison test. (ns — not significant represent p>0.05 vs Cis

control ;

control )

5). Data were analyzed by using one-way anova followed by

*** represent p< 0.001 vs Cis control ; ** represent p< 0.01 vs Cis
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Figure 7.11 Effect of p.o administration of ASAG and Ferulic acid on cisplatin
induced depletion of GPx levels in tumor tissues of mice. values are expressed as
mean + sd (n = 5). Data were analyzed by using one-way anova followed by
Tukey multiple comparison test. ns — not significant represent p>0.05 vs DOX
control ; *** represent p< 0.001 vs DOX control ; ** represent p< 0.01 vs Cis
control
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Figure 7.12 Effect of p.o administration of ASAG and Ferulic acid on cisplatin
induced depletion of GSH levels in tumor tissues of mice. values are expressed as
mean + sd (n = 5). Data were analyzed by using one-way anova followed by
Tukey multiple comparison test. (*** represent p< 0.001 vs Cis control)
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7.3.3 Morphological Study

Histopathological investigation showed that, in cisplatin treated mice kidney there is a
decreased cellularity of the glomeruli and edema of the lining of epithelial cells in the
renal tubules.  More over the nuclei of the lining cells show vacuolation. The
interstitial tissue also showed edema as can be evident from figure 7.13 (B). The renal
tissue architecture of the untreated mice kidney (Figure 7.13 (A)) was unaffected
with normal glomeruli. The renal tissues of cisplatin treated mice when administered
with AsAG or FA after the cisplatin treatment, showed near normal architecture with
normal glomerular, renal tubules and interstitial tissue appearance (Figure.7.13 (C)

and (D)).

ket

Cisplatin + AsAG 500

Figure 7.13 Micrograph of kidney of mice (A) control, (B) 72 hr of cisplatin
injection, (C) cisplatin and FA 200 mg/kg, (D) cisplatin and AsAG 500 mg/kg.
The tissues were fixed in 10% formalin, embedded in paraffin, sectioned at S pm
and stained with hematoxylin-eosin. The histopathological examinations were
carried out using light microscopy.
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The histopathological examination of tumor tissues is detailed in the figure 7.14.
Tumor tissues from control animals showed compact arrangement of carcinomatous
cells having clear cytoplasm and hyperchromatic nuclei. Whereas the CP treated
animals showed many degenerating cells, stroma showed extensive areas of necrosis
and haemorrhage. Tumor bearing animals administered with AsAG / FA and CP,
showed a significant increase in the number of degenerating cells. Stroma showed
more necrotic cells, cellular integrity was misplaced in many regions. The results
showed that both AsAG / FA potentiates the cytotoxic action of cisplatin in tumor

cells.

Figure 7. 14 Histopathology. Representative sections of tumor tissue of tumor
bearing mice (A) control, (B) 72 hr of cisplatin injection, (C) cisplatin and FA
200 mg/kg, (D) cisplatin and AsAG 500 mg/kg. The tissues were fixed in 10%
formalin, embedded in paraffin, sectioned at 5 pm and stained with hematoxylin-
eosin. The histopathological examinations were carried out using light
microscopy.
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7.4 DISCUSSION

Cisplatin is the most widely used anti-cancer agent, best against many solid organ
tumors. The major side-effect of cisplatin is nephrotoxicity and its dose is the main
limiting factor for its clinical use (O'Dwyer, 2006;Rana et al., 2016). Results of
previous studies have shown that a minimum dose of cisplatin (5 mg/kg body weight,
i.p) was sufficient to induce nephrotoxicity in rats (Boogaard et al., 1991). The highly
reactive platinum complexes of Cisplatin binds with nucleophilic DNA via inter and
intra-strand crosslinking with guanine nucleotide (Holditch et al., 2019). These events
end up in denaturation of DNA and cell cycle arrest. Cisplatin via cytochrome P450
(CYP) in microsome and mitochondrial dysfunctioning creates reactive oxygen
species (ROS) and damages the renal tissue (Humanes et al., 2017;Nematbakhsh et

al., 2017).

One of the foremost important mechanisms observed in cisplatin toxicity is oxidative
stress (Mohamed and Shenouda, 2021). Under normal physiological conditions,
production and removal of reactive oxygen species (ROS) in cells are controlled by
the endogenous scavenging system including catalase, superoxide dismutase, and
reduced glutathione (Pabla and Dong, 2008). Under oxidative stress conditions, ROS
levels are elevated, and many cellular structures (proteins, lipids, DNA) can be
damaged. Increased oxidative stress can make cellular injury and necrosis in the
kidney and other tissues. Previous studies (Kim et al., 2012; Saisruthi and Sreedevi,
2017) suggested the key role of lipid peroxidation and antioxidant enzymes like SOD
and CAT in free radical metabolisms. These antioxidants enzymes scavenge free
radicals or convert them into non-toxic end products and are measured as a first-line
cellular defense mechanism against oxidative damage. The second line of antioxidant

defense consists of the non-enzymatic scavengers such as GSH, which scavenge
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remaining free radicals escaping from the primary line of antioxidant enzymes

defense (Humanes et al., 2012; Mody et al., 2020).

Vitamin C and Vitamin E are reported to prevent this nephrotoxicity at very high
doses (1.0 g/kg body weight) administered i.p. (Appenroth et al., 1997). The glucose
derivatives of AsA viz. AsAG, has higher stability and better bioavailability. Studies
have reported that it has in vitro free radical scavenging activity as well as
antioxidant and radioprotective abilities (Mathew et al., 2007). Reports indicate that
AsAG exhibits vitamin C activity in vivo following enzymatic hydrolysis by a-
glucosidase (Fujinami et al., 2001). Several studies in animals and humans
confirmed that FA demonstrates anticancer properties (Lesca, 1983;Asanoma et
al.,1994). Earlier studies have reported the nephro protective activities of pieperazine
ferulate on rats (Shaojun et al.,2002). Recent studies have demonstrated that the
administration of ferulic acid ameliorated the doxorubin induced cadiotoxicity in
tumor bearing animals (Divakaran and Nair, 2012). Here FA provides protection to
the cardiac tissues, on the other hand, it potentiated the anticancer efficacy of DOX in
tumor tissues as evident from different antioxidant enzyme levels and the extent of

lipid peroxidation.

Administration of cisplatin shows a significant increase in blood creatinine and serum
urea concentrations compared to normal, which indicates the intrinsic acute renal
failure (Joy and Nair, 2008; Wu and Huang, 2018). The results of the current study
showed that cisplatin administration to tumor bearing mice significantly raised the
levels of lipid peroxidation and caused depletion of GSH, SOD, and GPx in renal
tissues. The declined antioxidant status partially explains the mechanism of
nephrotoxicity induced by cisplatin. The renal accumulation of platinum, covalent

binding of renal protein also play a crucial role in nephrotoxicity (Hanigan and
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Devarajan, 2003). The decreased concentration of GSH increases the sensitivity of
organs to oxidative and chemical injury.

Treatment of ASAG or FA together with cisplatin could significantly prevent the
depletion of these renal antioxidant systems. Treatment with ASAG or FA rendered
protection because of the increase in GSH concentration could keep the renal cells
from oxidants attack. Moreover, the protection of GSH is additionally by forming the
substrate for the GPx activity that may react directly with various aldehydes produced
from the peroxidation of membrane lipids. Treatment with ASAG or FA and cisplatin
enhances the activity of Se-GPx (selenium-dependent GPx) compared to the cisplatin
alone-treated animals. Thus the improved GPx activity partially explained the role in
nephro protection. The decreased activity of SOD and GPx in renal tissues enhanced
the lipid peroxidation in cisplatin treated group (Jia et al., 2011; Moreno-Gordaliza et
al., 2018). Treatment with AsAG or FA prevented lipid peroxidation by enhancing the
renal SOD and GPx activities.

Micronuclei are derived from chromosomal fragments or chromosomes which are not
included in the daughter nuclei at the time of cell division. Frequency of micronuclei
formation depends on the rate of chromosomal breakage or of chromosomal loss.
Treatment with the FA or AsAG significantly reduced the micronuclei frequency in
both experimental sets, suggesting their salubrious activity against chemotherapy
induced clastogenesis.

The main prerequisite for any compound to be used as a nephroprotective agent
during the treatment of cancer is that it should not interfere with the antitumor activity
of the chemotherapy (Fang et al., 2021). Various studies in animals and humans
confirmed that FA FA and AsA could demonstrate anticancer properties (Lesca,1983;

Asanoma et al., 1994; Gorton and Javis,1999; Ohno et a!/., 2009; Divakaran and Nair,
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2012). Vitamin C and Ferulic acid is effective in protecting against oxidative damage
in tissues, and also suppresses the formation of carcinogens like nitrosamines. The
MDA levels of tumor tissues in FA or AsSAG and Cis-treated animals showed an
increase in the level when compared to the untreated control animals. The antioxidant
levels in tumor tissues were also found to be significantly reduced by the
administration of cisplatin and ferulic acid. The results significantly showed the
antitumor potential of the combination treatment (Humanes et al., 2012). Moreover,
the histopathological reports suggest that post-treatment of FA or AsAG greatly
inhibited the Cis-induced changes in kidney tissue supporting the protective action of
FA or AsAG against Cis-induced nephrotoxicity and offer maximum destruction to
tumor tissues (Zhao and Dai, 2020).

The combined strategy showed high antitumor activity as evident from MDA
formation, antioxidant enzyme levels, and histopathological examination. The
strategy ensures a secure and efficient anticancer treatment modality. Thus, the
combination treatment improves the chemotherapeutic index of cytotoxic anticancer

drug, Cisplatin.
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8.1 INTRODUCTION

Liver is a very important organ in maintaining homeostasis of the body. It involved in
almost every biochemical pathways connected to growth, to fight against disease,
nutrient supply, energy provision and reproduction. It plays a pivotal role in
regulating metabolism of endogenous as well as xenobiotic substances, secretion and
storage. Liver has got the capacity to detoxicate toxic substances and manufacture
useful chemical principles. Liver disease is a worldwide health problem. Liver
diseases are mainly caused by toxic chemicals, excess consumption of alcohol,
infections and autoimmune disorders (Ganguly ef al., 2009). Most of the hepatotoxic
chemicals harm liver cells mainly by producing reactive species which form covalent
bond with the lipids of the tissue. The analgesic acetaminophen or paracetamol causes
a potentially fatal, hepatic centrilobular necrosis when taken in overdose (James et al.,
2003). Hence, damage to the liver by hepatotoxic agents is of great concern (Shahani,
1999). On the other hand, natural protective mechanisms combat the hazardous
reactions associated with the free radicals. Due to excessive exposure to hazardous
chemicals, sometimes the free radicals generated are so high that they overpower the
natural defencive system leading to hepatic damage and cause jaundice, cirrhosis and
fatty liver (Jyoti et al., 2008). Production of the reactive species manifest in tissue
thiol depletion, lipid peroxidation, plasma membrane damage etc., leading into severe

hepatic injury (Kanter et al., 2005).

Acetaminophen or paracetamol (PAR) is one of the most widely used analgesics with
few side effects when taken in therapeutic doses (Black,1980;Larson et al., 2005) and
hepatotoxicity is a common consequence of acetaminophen overdose (Makin and
Williams, 1997; Ratheea et al., 2018). Acetaminophen (Paracetamol) is a well known

antipyretic and analgesic agent. A number of reports indicate that overdose of
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paracetamol can produce centrizonal hemorrhagic hepatic necrosis in humans and
experimental animals (Ganguly et al., 2009). Acetaminophen toxicity is caused by the
reaction metabolite N-acetyl-p-benzoquinoneimine (NAPQI), which is partly
metabolized by cytochrome P-450 (Thummel e al., 1993). This species causes severe
oxidative damage and glutathione depletion leading to liver necrosis. Subsequent to
an overdose of acetaminophen, elevated levels of the toxic NAPQI metabolite are
formed, which can deplete hepatocellular GSH and covalently modify cellular
proteins resulting in hepatocyte death. It is generally recognized that at higher doses
the drug induces lipid peroxidation and oxidative stress, each contributing to
hepatocellular damage and also produces hepatic necrosis. Introduction of cytochrome
or depletion of hepatic glutathione is a prerequisite for acetaminophen -induced
hepatotoxicity (James et al., 2003; Elkomy et al., 2016). Acetaminophen is
considered as a predictable hepatotoxin, where biochemical signs of liver damage
appears within 24 to 48 hours after the time of overdose and create a dose-related
centrilobular necrosis in the liver (Black, 1980; Lee, 1995). Mechanisms of
acetaminophen hepatotoxicity include generation of a toxic metabolite, mitochondrial

dysfunction, and alteration of innate immunity.

Acetaminophen overdose can cause mitochondrial dysfunction by covalent binding to
mitochondrial proteins or by some other mechanisms. The modified mitochondrial
proteins and high levels of cytosolic calcium can lower mitochondrial respiration and
adenosine triphosphate (ATP) synthesis and induce mitochondrial oxidant stress with
increased production of peroxynitrite, a potent oxidant and nitrating agent.
Peroxynitrite can able to produce extra covalent bonds with cellular proteins, causing
more mitochondrial dysfunction. Finally there is change of membrane permeability

leading to collapse of mitochondrial membrane potential, distraction of ATP
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synthesis, release of mitochondrial proteins into the cell cytoplasm, and oncotic
necrosis of hepatocytes (Jaeschke and Bajt, 2006). Oxidative stress is one more
mechanism that is said to be important in the development of acetaminophen toxicity.
Therefore, increased formation of superoxide leads to hydrogen peroxide and

peroxidation reactions by Fenton-type reactions.

Liver is one of the principal organs in human body and the main site for intense
metabolism and excretion. So it possess a leading role in the maintenance,
performance and regulating homeostasis of the body. It is concerned with all the
biochemical pathways to growth, fight against disease, nutrient supply, energy
provision and reproduction. Liver diseases are treated as some of the fatal disease in
the world today. They create a serious confront to international public health. Modern
medicines have offer little for alleviation of hepatic diseases. So plant based
preparations are used for the treatment of liver disorders. But presently, there are not
much drugs available for the treatment of liver disorders (Karan ef al., 1999). Liver
dysfunction is a clinically significant problem, for people of all the reported cases of
acute liver failure (Yamazaki et al., 2005). Therefore very often hepatoprotective
drugs are recommended to ameliorate liver problems. Herbal drugs are often used
widely because of their effectiveness, fewer side effects and relatively low cost
(Valiathan, 1998). Reports says that about 160 phyto-constituents like phenols,
coumarins, lignans, essential oil, monoterpenes, carotinoids, glycosides, flavanoids,
organic acids, lipids, alkaloids and xanthenes from 101 plants have hepatoprotective

activity (Chaterjee, 2000).

Thus the present chapter concerns, prevention of paracetamol induced hepatotoxicity

in mice by AsAG and FA.
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8.2 MATERIALS AND METHODS

8.2.1 Animals

Female Swiss albino mice of 8-10 week old weighing 26-28g, selected from inbred
group was used for hepatototoxicity studies.

8.2.2 Administration of Drugs

The animals were randomly divided into7 groups of five each and treated as follows.

Group I - Untreated Control
Group II - Paracetamol control, administered with paracetamol (150 mg/kg) as
single dose after 18 h starvation.
Group III - Silymarin (75 mg/kg body weight) one hour after paracetamol
administration
Group IV- AsAG 250 mg/kg b.w (in 0.1 ml distilled water p.o) one hour after
paracetamol administration
Group V- AsAG 500 mg/kg b.w (in 0.1 ml distilled water p.o) one hour after
paracetamol administration
Group VI- Ferulic acid 100 mg/kg b.w (in 0.1 ml distilled water p.o) one hour after
paracetamol administration
Group VII- Ferulic acid 200 mg/kg b.w (in 0.1 ml distilled water p.o) one hour after
paracetamol administration
Group I administered with distilled water alone was kept as untreated control. Group
IT was given acetaminophen (150 mg/kg body weight) as single dose orally after 18 h
starvation and kept as control. Group III served as reference control, received
Silymarin (75mg/kg body weight), a clinically used hepatoprotective drug, one hour

after paracetamol administration.
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AsAG was administered to group IV and V, Ferulic acid was administered to Group
VI and VII animals, one hour after paracetamol (150 mg/kg) administration. The test
drugs and paracetamol were administered orally to all animals.

After 24 hours of paracetamol feeding, the animals were sacrifised and blood was
collected by direct cardiac puncture under light ether anesthesia and serum was
separated for the biochemical estimations. The liver was removed, washed with ice-
cold PBS, weighed and morphological changes were observed. Then liver
homogenates (10% w/v) was analyzed for antioxidant status.

8.2.3 Evaluation of liver function enzymes in serum

Serum was used for the determination of glutamate oxaloacetate transaminase (GOT)
and glutamate pyruvate transaminase (GPT), alkaline phosphatase (ALP), Serum
albumin and serum Bilirubin.

8.2.4 Determination of antioxidant status in the liver

Liver was excised after sacrificing the animals and washed with ice-cold PBS and
10% homogenate was prepared in PBS (pH 7). A part of the homogenate was used
for the determination of reduced glutathione (GSH). Rest of the homogenate was
centrifuged at 1,000 rpm for 10 min for removing the cell debris, unbroken cells,
nuclei, erythrocytes and mitochondria. The supernatant was used for the estimation of
superoxide dismutase (SOD), glutathione peroxidase (GPx) and malondialdehyde
(MDA). The protein was estimated by Lowry’s method.

8.2.5 Histopathological studies

Small sections taken from each lobe of the liver were fixed immediately in 10%
neutral formalin for a period of at least 24 hr, and embedded in paraffin wax. Thin

sections of 5 micron thickness were made using a microtome and later stained with
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haematoxylin-eosin. The histopathological examinations were carried out at
Sudharma Metropolis Pathological Laboratory, Thrissur, Kerala, India.

8.3 RESULTS

8.3.1 Evaluation of liver function enzymes in serum

Administration of acetaminophen (150 mg/kg body weight) results in manifestation of
hepatotoxicity as can be revealed from the elevated levels of serum marker enzymes.
The levels of serum GOT (46.06+9.4), GPT (45.5+ 10.35), ALP (110.26 + 22.16),
bilirubin (0.72+0.04) and albumin (3.27+0.27) were elevated in acetaminophen
treated animals [GOT (250.75+11.78), GPT (258.5+12.6), ALP (213.6 + 22.35),
bilirubin (1.67+0.88) and albumin (4.91+0.12)] when compared to control, indicating
liver damage. Silymarin is a known hepatoprotective agent and administration of this
compound at a dose rate of 75 mg/kg body weight prevented the onset of
hepatotoxicity induced by acetaminophen. Administration of ASAG and FA after
paracetamol treatment prevented elevated levels of serum marker enzymes in a dose
dependent manner. Post treatment with AsAG and FA significantly reversed the
levels of GOT, GPT, ALP, bilirubin and albumin when compared to acetaminophen

alone treated mice (Figure 8.1, 8.2, 8.3, 8.4 & 8.5).
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Figure 8.1 Effect of post treatment of FA and ASAG on serum SGOT in
paracetamol induced hepatotoxicity in mice. Values are expressed as mean = SD
(n =15). *** indicate P< 0.001 Vs paracetamol.

300

u/L

—

250 -
200 - YT % rxe tx® TxE
150 -
100 -
SRARNN
0 +— . . . :

Control PAR 150mg/ kg PAR+ Syl PAR+FA 100  PAR+FA 200 PAR+AsAG 250 PAR+AsAG 500

]

Treatments

Figure 8.2 Effect of post treatment of FA and ASAG on serum SGPT in
paracetamol induced hepatotoxicity in mice. Values are expressed as mean = SD
(n =15). *** indicate P< 0.001 Vs paracetamol.
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Figure 8.3 Effect of post treatment of FA and AsAG on serum ALP in
paracetamol induced hepatotoxicity in mice. Values are expressed as mean = SD
(m = 5). ** indicate p <0.01 Vs paracetamol *** indicate P< 0.001 Vs
paracetamol.
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Figure 8.4 Effect of post treatment of FA and AsAG on serum bilirubin in
paracetamol induced hepatotoxicity in mice. Values are expressed as mean = SD
(n =5). * indicate p <0.05 Vs paracetamol *** indicate P< 0.001 Vs paracetamol.
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Figure 8.5 Effect of post treatment of FA and AsAG on serum albumin in
paracetamol induced hepatotoxicity in mice. Values are expressed as mean = SD
(n =5). * indicate p <0.05 Vs paracetamol *** indicate P< (0.001 Vs paracetamol.
Thus it can be clearly seen that AsAG and FA prevented the manifestation of
acetaminophen induced hepatotoxicity by acting in dose dependent manner.

8.3.2 Antioxidant status in liver

The total antioxidant activity, as a measure of antioxidant status, was significantly
decreased in the liver tissue of the acetaminophen treated group. Acetaminophen
treatment caused a significant decrease in the level of SOD, GPx and GSH in liver
tissue when compared with control group. The activities of all the antioxidant
enzymes were significantly enhanced in the animals treated with ASAG and FA. The
post-treatment with AsAG (250 and 500 mg/kg) or FA (100 and 200 mg/kg) resulted
in significant increase of SOD, GPx and GSH in a dose dependent manner (Figure

8.6, 8.7 & 8.8). The silymarin treated animals also showed a significant increase in

antioxidant enzymes levels compared to acetaminophen treated animals.
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Figure 8.6 Effect of post administration of FA and AsAG on SOD level in
paracetamol induced hepatotoxicity in mice. Values are expressed as mean = SD
(n = 5). Data were analyzed by using one-way ANOVA followed by Tukey
multiple comparison test. ** indicate p<0.01 Vs paracetamol *** indicate
p<0.001 Vs paracetamol.
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Figure 8.7 Effect of post administration of FA and AsAG on GPx level in
paracetamol induced hepatotoxicity in mice. Values are expressed as mean = SD
(n = 5). Data were analyzed by using one-way ANOVA followed by Tukey
multiple comparison test. ns indicate p>0.05 Vs paracetamol *** indicate
p<0.001 Vs paracetamol.
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Figure 8.8 Effect of post administration of FA and ASAG on GSH level in
paracetamol induced hepatotoxicity in mice. Values are expressed as mean = SD
(n = 5). Data were analyzed by using one-way ANOVA followed by Tukey
multiple comparison test. *** indicate p<0.001 Vs paracetamol.
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Generation of malondialehyde (MDA) was measured as a marker of lipid
peroxidation and an indicator of oxidative injury. Analysis of lipid peroxidation
(LPO) levels by thiobarbituric acid reaction showed a significant increase in the
acetaminophen treated mice. The post treatment with AsAG (250 and 500 mg/kg) or
FA (100 and 200 mg/kg) significantly prevented the increase in LPO level which
was brought to near normal level. The effect of ASAG or FA was comparable with

that of standard drug silymarin (Figure 8.9).
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Figure 8.9 Effect of post administration of FA and AsAG on Lipid peroxidation
level in paracetamol induced hepatotoxicity in mice. Values are expressed as
mean £ SD (n = 5). Data were analyzed by using one-way ANOVA followed by
Tukey multiple comparison test. ** indicate p<0.01 Vs paracetamol, *** indicate
p<0.001 Vs paracetamol.

8.3.3 Histopathological observations

Histological analysis was performed to confirm AsAG or FA mediated
hepatoprotection. In the untreated control animals the morphological observations of
liver tissues showed normal architecture of hepatic cells with clear cytoplasm and
slightly dilated central veins. Here the kupffer cells are appeared normal and all cells
having normal large nuclei (Figure 8.10 [A]). In acetaminophen treated animals the
liver tissue shows distorted architecture. Central veins are markedly congested. There
are extensive area of necrosis and haemorrhage. Nuclei are distorted and some of the
hepatocytes contain vacuolated cytoplasm (Figure 8.10 [B]). The silymarin treated
animals also showed similar results as that of ASAG or FA but here the sinusoidal
spaces are compressed. And some areas showed minimal nuclear pleomorphism
(Figure.8.10 [C]). In the post-treated animals with FA (100 and 200 mg/kg) , the

normal architecture of the liver tissue can be seen (Figure 8.10 [D&E]). Here central
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veins are slightly dilated and hepatocytes are slightly pleomorphic of them have larger
nuclei. Similarly in the post ASAG (250 and 500 mg/kg) treated group a similar type
of cellular architecture was seen with a small area of area hemorrhage. Sinusoidal
space appears normal, and also the kupffer cells (Figure 8.10 [F&G]). Thus the

histological observations supported the results obtained from liver enzyme assays.

Figure 8.10 Effect of FA and AsAG on paracetamol induced liver damage in
mice (X 40). [A] liver from untreated control mice shows normal cellular
architecture with distinct hepatic cells, sinusoidal space and a central vein; [B]
Liver from mice treated with acetaminophen (150mg/kg after 18hr starvation)
exhibited severe hepatocyte degeneration and necrosis; [C] Liver from mice
treated with acetaminophen (150mg/kg , after 18hr starvation) and silymarin
(75mg/kg ); [D & E] Liver treated with FA(100 mg/kg and 200 mg/kg after
acetaminophen treatment (150mg/kg after 18hr starvation) with mild
hepatocyte degeneration; [F & G] Liver treated with AsAG (250 mg/kg and 500
mg/kg after acetaminophen treatment (150mg/kg after 18hr starvation) with
mild hepatocyte degeneration and near normal architecture
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8.4 DISCUSSION

Subsequent to an overdose of paracetamol, toxic NAPQI metabolite are elevated,
which can widely deplete hepatocellular GSH and covalently change cellular proteins
resulting in hepatocyte death. Assessment of liver function is made by estimating the
activities of serum GPT, GOT and bilirubin which are present higher concentration in
cytoplasm. When there is hepatopathy, these molecules leak into the blood stream in
compliance with the extent of liver damage (Nkosi et al., 2005; Hamza and Al-Harbi,
2015). Bilirubin is one of the most useful clinical clues to the level of damage of
necrosis and its increase is a measure of binding, conjugation and excretory capacity
of hepatocyte.

Paracetamol overdose result in toxic liver damage leading to potentially fatal, hepatic
centrilobular necrosis and liver failure (James et al., 2003) associated with metabolic
activation by the P-450 system to form a quinine imine metabolite, N-acetyl-p-
benzoquinoneimine (NAPQI), which covalently binds to proteins and other
macromolecules to cause cellular damage. At low doses, NAPQI is well detoxified,
mainly by conjugation with glutathione. At higher doses glutathione becomes
depleted and the excess of NAPQI arylates and oxidizes hepatic proteins

(Fountoulakis et al., 2000).

Oxidative stress is also a mechanism that has been postulated to be important in the
development of paracetamol toxicity. Toxicity starts with the change in endoplasmic
reticulum, which results in the loss of metabolic enzymes located in the intracellular
structures (Recknagel, 1983). Assessment of liver function can be made by
estimating the activities of serum ALT, AST and Bilirubin which are originally
present higher concentration in cytoplasm. When there is heaptopathy, these leaks

into the blood stream in conformity with the extent of liver damage (Nkosi et al.,
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2005; Mahmood et al., 2014). The elevated level of these marker enzymes seen in the
group II, paracetamol treated mice shows the extensive liver damage induced by

toxin.

The experimental results indicate that ASAG or FA were able to delimit the liver
damage induced by acetaminophen. The protective effect was found to be significant
and can be compaired with the standard hepatoprotective drug silymarin (Hamza
Hamza and Al-Harbi, 2015). Accidental or incidental acetaminophen overdose may
be associated with toxic liver damage leading to potentially fatal, hepatic centrilobular
necrosis and liver failure (James et al., 2003). Oxidative stress is another mechanism

that is said to be important in the progress of acetaminophen toxicity.

It was seen that the levels of cellular antioxidant enzymes and molecules are lowered
significantly in paracetamol treated animals. This further results in the peroxidative
damage to membranes results in the leakage of enzymes, and metabolites to
circulation. In the present study, it was observed that, the animals treated with
paracetamol showed elevated levels of serum markers such as SGPT, SGOT, ALP
and bilirubin. Normally, a higher concentrations of SGOT and ALP are present in
liver. Due to hepatocyte necrosis or abnormal membrane permeability, these enzymes
are released from the cells and their levels in the blood increases. SGPT is a sensitive
indicator of severe liver damage and increased level of this enzyme in non hepatic
diseases is unusual (Mahmood et al., 2014). SGPT is more selectively a liver

parenchymal enzyme than SGOT (Shah et al., 2002).

Intake of alcohol results in excessive generation of free radicals (Rouach,1997) which
alter the biomembrane and cause severe damage. FA can work well in herbal

antioxidant formula, vitamin and herbal health supplement, and body’s immune
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system can be benefited from FA. The reports greatly support the idea that regular
ingestion of FA may provide substantial protection against alcohol and
polyunsaturated fatty acid (PUFA) induced toxicity and may provide the body with
the ability to triumph over the deleterious effects of alcohol and PUFA (Rukkumani et
al., 2004). Treatment with FA significantly lower the activities of these enzymes in
plasma. FA is shown to protect the physiological integrity of the cells exposed to
various stress. These can be attributed to the effective antioxidant property of FA.
Usually phenolic compounds acts by scavenging free radicals and quenching the lipid
peroxidative side chain. Phenolic compounds can act as free radical scavengers by
virtue of their hydrogen donating ability and forming aryloxyl radicals (Francisco et
al., 2000). Srinivasan et al. (2005) have also been reported FA protects against carbon
tetrachloride (CCls) induced toxicity in an experimental animal model, which ascribed

to antioxidant potential.

Oral administration of AsAG or FA exhibited a significant reduction in
acetaminophen induced levels of serum GOT, GPT, ALP, and bilirubin which is an
indication of stabilization of plasma membrane as well as repair of hepatic tissue
damage. This could be an evidence for the protective effect of AsAG or FA which
helps to maintain the functional integrity of hepatic cells. More over the decrease in
serum bilirubin after treatment with the AsAG or FA in liver damaged mice induced

by acetaminophen indicated their effectiveness in normal functional status of the liver.

Thus above alterations can be considered as an expression of the functional
improvement of hepatocytes, which may be caused by an accelerated regeneration of
parenchyma cells. The silymarin with a dose of 75 mg/kg, body weight has also
provided a better inhibition of the elevated level of SGOT, SGPT, ALP, and serum

bilirubin content. Thus the data obtained from the serum parameters of the present
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study clearly indicates that the antihepatotoxic activity of the AsAG or FA probably

through the correction of cellular integrity of hepatic cell and its regeneration.

Oxidative stress is considered to be associated with many diseases, including cell
damage. Glutathione is one of the most abundant tripeptide, a non-enzymatic
biological antioxidant present in the liver. Its functions include, processes like
removal of free radical species such as hydrogen peroxide, superoxide radicals,
alkoxy radicals and maintenance of membrane protein thiols and as a substrate for
glutathione peroxidase (GPx) and GST (Prakash ef al., 2001). We observed that the
level of GSH was decreased in association with acetaminophen treatment and
administration of AsAG or FA significantly increased (P< 0.001) the level of

glutathione in a dose dependent manner.

The increase in MDA level in liver of acetaminophen treated mice suggests provoked
lipid peroxidation leading to tissue damage and failure of antioxidant defense
mechanisms to prevent formation of excessive free radicals. Lipid peroxidation has
been postulated as being a destructive process in liver injury caused by
acetaminophen administration (Muriel et al., 1992; Elkomy et al., 2016). The post
treatment with AsAG or FA on reversed the increase in MDA levels more
significantly (P< 0.001). The coincidence of antioxidant activity and protective
effect on liver tissues after acetaminophen administration suggest that both free
radical generation and lipid peroxidation may be involved in this type of drug injury

process.

SOD and GPx enzymes are important scavengers of superoxide ion and hydrogen
peroxide. These enzymes prevent generation of hydroxyl radical and protect the

cellular constituents from oxidative damage (Scott et al., 1991;Subramanya et al.,
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2018). In the present study, it was observed that both AsAG or FA significantly
increased the hepatic SOD activity in acetaminophen treated mice. This shows that
both can reduce reactive free radicals and cause lesser oxidative damage to the tissues
and improve the activities of the hepatic antioxidant enzyme. Hence it may be
possible that the mechanism of hepatoprotection of AsAG or FA is due to its

antioxidant effect.
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ANTIOXIDANT CAPACITY AND
RADIOPROTECTIVE PROPERTIES OF THE
FLAVONOIDS GALANGIN AND KAEMPFERIDE
ISOLATED FROM ALPINIA GALANGA L. AGAINST
RADIATION INDUCED CELLULAR DNA DAMAGE
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9.1 INTRODUCTION

The deleterious effects of ionizing radiation in biological systems arise directly
(interaction between radiation and target macromolecules) or indirectly (mediated by
the generation of free radicals) ( Mathew et al., 2007;Chandrasekharan et al., 2009).
The generated free radicals and related reactive oxygen species (ROS) damage vital
cellular targets. The most important target in a living cell affected by ionizing
radiation is genomic DNA. The radiation induced damages to DNA may lead to cell
death and increase the risk for numerous genetically determined diseases like cancer.
The radiation induced damages to DNA may be of single and double strand breaks,
oxidative damage to sugar and base residues, chromosomal aberration and mutation
that may lead to cell death and increase the risk for numerous genetically determined
diseases such as cancer, atherosclerosis, diabetes, immune system impairment,
Parkinson’s and Alzheimer’s diseases, arthritis as well as premature body aging.
Efforts to reduce toxicity to normal tissues and organs led to the search for radiation-
protecting drugs and compounds with potential application during planned radiation
exposures such as radiotherapy, diagnostic scanning, undertaking clean-up operations
in nuclear accidents, space expeditions, etc and unplanned radiation exposures such as
accidents in nuclear industry, nuclear terrorism and natural background radiation
(Nair et al., 2001).

Many compounds with antioxidant activities are proved to be effective radio
protectors (Weiss and Landauer, 2000; Weiss and Landauer, 2003) and since
flavonoids and other polyphenolic compounds possess antioxidant activity the interest
in these molecules as radioprotector is increased (Nair et al., 2001; Weiss and
Landauer, 2003; Maurya et al., 2006;Sankaranarayanan, 2006). Flavonoids are a

class of plant secondary metabolites, present ubiquitously in fruits, vegetables, and
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beverages. They have been referred to as "nature's biological response modifiers"
because of strong experimental proof of natural ability to change the body's reaction
to allergens, viruses, and carcinogens.

Alpinia galanga L. (also known as ‘greater galangal’, family: Zingiberaceae), is a
rhizomatous herb, which grows widely in many parts of India, China and south-east
Asia. Alpinia galanga L. thizome is an important ingredient in Thai curry paste and
is commonly used as a flavouring agent (Uhl, 1996). The rhizome is used in Indian
traditional medicines (“Ayurveda” and “Sidha”) to treat diabetes, bronchitis,
rheumatism and diseases of the heart (Sukhdev, 2006). Lack of published reports on
the presence of flavonoids in Alpinia galanga L. thizomes appeared significant that
led us to investigate the flavonoids present in the rhizomes, as the biological activitiy
of most of the natural products arise from the phenolic compounds/flavonoids present
in them. Also only a few investigations have been carried out on the antioxidant
properties of the plant. The antioxidative property as well as the effectiveness of the
ethanol extract of Alpinia galanga L. as inhibitor of lipid peroxidation in cooked
ground pork has been reported (Juntachote et al., 2006). Thus an in depth study of 4.
galanga L. appeared significant as it is an important dietary constituent in many parts
of the world and also is extensively used in traditional medicines of India and China
for chronic diseases like rheumatism where inflammation is perhaps initiated through
Reactive Oxygen Species (ROS).

The present report summarizes free radical scavenging, antioxidant and
radioprotective activities of two important flavonoids, viz., galangin (3,5,7-
Trihydroxyflavone) and kaempferide (4'-Methylkaempferol) from Alpinia galanga L.

rhizome.
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9.2 MATERIALS AND METHODS

9.2.1 Chemicals

pBR 322 DNA was obtained from Bangalore Genei, India. Folin-Ciocalteu phenol
reagent, Nitro blue tetrazolium (NBT), Ethylene diamine tetra acetic acid disodium
salt (EDTA) were purchased from Sisco Research Lab, Mumbai, India. DPPH"(2,2-
diphenyl 1- picryl hydrazyl) was obtained from Sigma Aldrich. All other chemicals
were of analytical grade procured from reputed Indian manufacturers.

9.2.2 Irradiation

0Co- Theratron Phoenix teletherapy unit (Atomic energy Ltd., Ottawa, Canada) was
used to carry out irradiation at a dose rate of 1.88 Gy per minute.

9.2.3 Plant material and extraction

Alpinia galanga L. belonging to the family Zingiberaceae is obtained from the
Ayurvedic Research Institute (Poojappura, Trivandrum, Kerala, India) and was
identified by their resident botanist. For the isolation of major constituents from the
rhizomes of A. galanga L., a total of 250 g of the crudely powdered dried rhizomes
were extracted with acetone (3 x 1000 mL) at room temperature (27 °C) (we observed
that crude extract obtained by extraction with acetone carried out using Soxhlet
apparatus tended to polymerize during concentration procedure). The solvent was
removed under reduced pressure at 40°C to get 6.8 g of the crude acetone extract. 0.5
g of this extract was kept for antioxidant assays. 6.3 g of the acetone extract was
subjected to silica gel column chromatography (100-200 mesh) using increasing

polarites of hexane—ethyl acetate (EtOAc-Hexane) mixture.
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In order to obtain the ethanol extract, 100 g of dried and powdered rhizomes were
extracted with ethanol (2000 mL, 24 h) using a Soxhlet apparatus. This extract was
found to be stable and was used as such for antioxidant assays.

9.2.4 Phytochemical Screening

Total phenolic constituents in the ethanolic and the acetone extract of Alpinia galanga
L. rhizomes was analyzed by employing the method of Slinkard and Singleton (1977).
By using gallic acid as a standard, the total phenolic content of the ethanol and
acetone extracts of Alpinia galanga L. rhizomes has been calculated and expressed as
gallic acid equivalents (mg GAE/100 g dry rhizomes). Total flavonoid content were
determined according to a colorimetric method (Woisky and Salatino, 1998)
employing quercetin as the standard.

9.2.5 Assay for total antioxidant capacity

The total antioxidant capacity of the extracts was evaluated by the
phosphomolybdenum method (Prieto ef al., 1999) using ascorbic acid was used as the
standard.

9.2.6 Free radical scavenging activity of ethanolic and acetone extract of Alpinia
galanga

In order to determine the free radical scavenging activity of ethanolic and acetone
extract of Alpinia galanga, the following parameters were assayed. Superoxide
radical scavenging activity was done by the NBT (nitroblue tetrazolium) reduction
method (Oktay et al., 2003). The deoxyribose method was used to study the hydroxyl
radical scavenging property of the samples (Halliwell ez al., 1987). Hydroxyl radical
scavenging activity was calculated by studying the competition between deoxyribose

and extract for hydroxyl radicals generated from the Fe*'/ascorbate/EDTA/H,0
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system. DPPH radical scavenging was determined by the method of Sanchez-Moreno
et al. (1998) with minor modifications.

9.2.7 Isolation of compounds

The acetone extract was subjected to silica gel column chromatography and eluted
with EtOAc-Hexane mixtures of increasing polarity starting from (9:1) to (1:9). The
fractions were pooled according to the similarities in their thin layer chromatography
plates (TLC’s). The fractions from 51-77 were combined and evaporated to get 1.5 g
of a solid which crystallizes to yield galangin (compound 1) as yellow flakes (1.398
g). Fractions 78-94 were combined and evaporated to yield a solid (0.150 g) which
on crystallization from chloroform—methanol yielded kaempferide (compound 2) as

pure yellow crystals (0.108 g) (Figure 9.1).

Dry rhizomes of Alpinia galanga (250g)

Extraction with acetone [RT)

Acetone extract (6.3g)

Column chromatography
silica gel

Fr.1.. Fr.36.. ..Fr.50 Fr. 51... wFr 77 Fr. 78... ..Fr.94 ..Fr.10%

I%

1.50 g, Crystallisation 0.150 g, Crystallisation
(Chloroform-Methanol) |{Chloroform-Methanol)

Yellow flakes Yellow crystal
(1,1.398g) (2,0.108g)

Figure 9.1 Pictorial representation of isolation of Compound 1 (Galangin) and
Compound 2 (Kaempferide).
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9.2.8 Effect of Galangin and Kaempferide on y- radiation induced DNA damage

Plasmid DNA in phosphate buffer (0.1 M, pH 7.4) (100 ng) was exposed to 25 Gy v-
radiation in presence or absence of 10 mM flavanoids (galangin or kaempferide), on
ice. After irradiation plasmid DNA was electrophoresed on 0.8% agarose in 0.08 M
Tris borate/0.2 mM EDTA buffer (pH 8.3) at 55 V, 75 mA for 2 hours and the amount
of DNA damaged was studied by Digital Gel Documentation and Analysis Software,

Biotech R&D Laboratories, Yercaud, Tamil Nadu, India.

Human blood samples were collected from 3 healthy non-smoking volunteers. The
blood samples were subjected to 4 Gy gamma-radiation at ambient temperature in
presence or absence of 10 mM of galangin or kaempferide. The blood samples were
subjected to alkaline single cell gel electrophoresis. The DNA strand breaks in human
peripheral blood leucocytes were measured using alkaline single cell gel
electrophoresis performed using method given by Chandrasekharan ef al. (2009). The
comets were visualized after silver staining (Cerda et al., 1997) and the images
captured were analyzed using the software ‘CASP’ which gives % DNA in tail, tail
length, tail moment and olive tail moment directly. The parameter tail moment (TM)
is the product of tail length and % DNA in tail and olive tail moment (OTM) is the
product of the distance between the centre of the head and the centre of the tail and %
DNA in tail (Konca et al., 2003). The results are presented as mean+SD of the
studied groups. Statistical analyses were performed using ANOVA with Tukey—

Kramer multiple comparisons test.
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9.3 RESULTS

9.3.1 Phytochemical Screening

The total amount of phenolics in 4. galanga show 1.93 + 0.7 g GAE /100 g of dry
rhizomes in the ethanol extract and 2.17 £ 0.3 g GAE /100 g of dry rhizomes in the
acetone extract. The total flavonoids content expressed in grams as the number of
equivalents of quercetin for the ethanolic extract of the rhizomes of the 4. galanga
was 3.3 £ 0.9 and the acetone extract contained 0.01 + 0.004.

9.3.2 Total antioxidant capacity

The ethanol extract of Alpinia galanga rhizomes showed antioxidant capacity of 9.6 £
1.6 g ascorbic acid equivalents/100 g dry weight of the rhizomes whereas the acetone
extract showed a higher antioxidant capacity of 11.1 + 4.8 g ascorbic acid
equivalents/100g dry weight of the rhizomes.

9.3.3 Antioxidant activity of A. galanga ethanol extract (EE), acetones extract
(AE), galangin and kaempferide

The antioxidant capacity of the extracts and pure compounds against three reactive
species, viz., the superoxide (O2""), hydroxyl (‘OH) and DPPH free radicals (DPPH")
were studied by comparing with the standard antioxidants.

The compounds demonstrated a concentration dependent scavenging capacity by
neutralizing the superoxide radicals. A considerably lower concentration (400-1000
ppm) of the pure flavonoids showed good antioxidant capacity and their activity was
compared with the standard flavonoid, quercetin. Kaempferide showed the highest
superoxide scavenging property with an ECso value of 868 ppm compared to galangin
(ECso value, 903 ppm) and Quercetin (ECso value, 1560 ppm). At this concentration,
the extracts did not show any superoxide radical scavenging capacity. Therefore the

activity of AE and EE were evaluated at higher concentrations (2000-8000 ppm)
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along with Tocopherol as the standard. Of these, the standard tocopherol showed
maximum superoxide scavenging capacity with an ECso value of 3663 ppm whereas

EE and AE showed ECso value of 7033 ppm and 10509 ppm respectively (Table 9.1).

The extracts and pure compounds scavenged hydroxyl radicals in a concentration
dependent manner. The activity was compared with that of the standards, butylated
hydroxy anisole (BHA) and quercetin. The high hydroxyl radical scavenging activity
of the flavonoids and the extracts could be attributed to the active hydrogen donating
ability. All the tested samples showed more or less the same ECso values ranging

from 1.39-1.51 ppm (Table 9.1).

The stable free radical DPPH with characteristic absorption at 515 nm was reduced by
the flavonoids, galangin and kaempferide resulting in decrease in the absorption,
which is directly related to the electron scavenging capacity of the flavonids (Table

9.1).

Table 9.1 The antioxidant capacity expressed as ECso values of the AE, EE,
galangin, Kaempferide and the standards

Radical scavenging capacity, ECso (ppm)

Sample Superoxide Hydroxyl DPPH’
Alpinia galanga ethanol 7033 1.51 895
extract (EE)

Alpinia galanga acetone 10509 1.70 851
extract (AE)

Galangin 903 1.40 442
Kaempferide 868 1.41 541
BHA - 1.39 139
Tocopherol 3663 - -
Quercetin 1560 2.00 1.67
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9.3.4 Isolation of galangin (1) and kaempferide (2)

Based upon the observation that the acetone extract of A. galanga showed higher
phenolic content, higher flavonoid content as well as high total antioxidant capacity,
the flavonoids galangin (1, 1.398 g) and kaempferide (2, 0.108 g) were isolated and
characterized. The compounds isolated corresponded to different spectral values
with that reported in the literature (Markham and Mabry, 1975) and found to possess
the same melting points as galangin (214-215 °C) and kaempferide (198-199°C)
(Bleier and Chirikdjian, 1972). The concentration of galangin and kaempferide in the
rhizomes of A. galanga were 5.592 g/kg and 0.432 g/kg of the plant material

respectively. The structures of the isolated compounds are given in Figure 1.8.

9.3.5 Effect of Galangin and Kaempferide on y- radiation induced DNA damage

The agarose gel electrophoresis pattern of pBR 322 DNA exposed to 25 Gy v-
radiation in the presence or absence of 10 mM galangin, and kaempferide is given in
Figure 9.2(a). Exposure of plasmid pBR 322 DNA to gamma radiation resulted in
strand breaks by which the super coiled/ covalently closed circular form (ccc) of
plasmid DNA was converted to open circular (oc) form or linear form. The
disappearance of ccc form of plasmid DNA following exposure to gamma radiation
can be taken as an index of DNA damage induced by radiation. Both galangin, and
kaempferide gave protection to the plasmid DNA against radiation induced strand

breaks as shown in Figure 9.2(b).
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OC

CCC

Figure 9.2 (a). Effect of Galangin and Kaempferide (10 mM) on Plasmid DNA
(pBR 322) damage induced by Gamma irradiation. Lanel: 0 Gy, Lane 2: 25 Gy,
Lane 3: Galangin +0 Gy, Lane 4: Kaempferide +0 Gy, Lane 5: Galangin +25 Gy,
Lane 6: Kaempferide +25 Gy. ‘OC’ represent open circular form of pBR, ‘CCC’
represent covalently closed circular form of pBR.
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Figure 9. 2(b). Protection of plasmid pBR 322 DNA by Galangin and
kaempferide (10 mM) against different doses of gamma radiation (25 Gy).

The results of comet assay performed on human blood leukocytes irradiated ex vivo in
the presence or absence of 10 mM kaempferide or galangin is shown in Figure 9.3.

Exposure of human peripheral blood leucocytes to 4 Gy gamma radiation caused
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damage to the cellular DNA as evident from the increase in the comet parameters.
Percentage DNA in tail, tail length, tail moment and Olivetail moment were increased
from 3.56+0.90, 3.15+0.53, 0.12+0.04 and 0.51+0.24 to 11.10+£2.77, 9.31+0.73,
4.26+0.40, 2.65+0.80 in the control irradiated group. The presence of 10 mM
kaempferide helped in reducing the extent of DNA damage as can be seen from the
comet parameters which were brought down to 4.87 + 0.58, 4.41+1.65, 0.45+0.16,
and 0.47 +0.04 respectively (P < 0.001). Galangin (10 mM) caused reduction of

comet parameters to 6.07 £0.52, 7.28 +1.55, 0.55 +0.14 and 0.53 +£0.17 respectively.
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Figure 9. 3. Effect of Galangin and Kaempferide (10 mM) on DNA damage in
human peripheral blood leukocytes induced by exposure (ex vivo) to gamma
radiation (4 Gy) assessed by comet assay. Percentage DNA in tail, tail length, tail
moment and olive tail moment are presented as mean + sd. ‘ns’ indicate not
significant and *** indicate p < 0.001 when compared with respective control.
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9.4 DISCUSSION

Flavonoid’s potential health benefits are due to their antioxidant effects which can be
attributed to the phenolic hydroxyl groups attached to the flavonoid structure (Kanner
et al., 1994). Flavonoids due to their free radical scavenging properties has been
suggested to have radioprotective activities (Shimoi et al., 1996;Umadevi ef al.,
1998). The present study focuses on free radical scavenging and radioprotecting
properties of Alpinia galanga L. and the two bio-flavonoids isolated viz. galangin, and
kaempferide.

A. Galanga L. extract has been reported to possess several pharmacological activities.
Earlier reports have shown that it exhibits antioxidant properties (Tachakittirungrod
and Chowwanapoonpohn, 2007). Moreover 4. Galanga L. also found to have anti
inflammatory (Min et al., 2009), immune-stimulating (Bendjeddou et al., 2003), and
anticancer (Lee and Houghton, 2005) activities.

The Alpinia galanga L. rhizome extract prepared in acetone had higher content of
phenolics, flavonoids and total antioxidant capacity than the extract prepared in
ethanol. The current study indicates that rhizome extracts and the isolated flavonoids
effectively scavenged superoxide and hydroxyl radicals in a dose dependent manner.
These radicals are generated inside the body during the normal metabolism or in
presence of xenobiotics. The stable free radical DPPH was also scavenged by the
extracts and flavonoids.

The search for non-toxic, selective and effective cytoprotective compounds that
preferentially protect normal tissues, without protecting malignant tissue, is of prime
concern in radiation biology. Such compounds could protect against the genetic

damage, mutation, immune system alterations, as well as the teratogenic effects of
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radiation. Several phytochemicals have been shown to be effective radioprotectors
(Weiss and Landauer, 2000; Weiss and Landauer, 2003).

In living systems DNA constitutes the primary vital target for cellular inactivation by
ionizing radiation. The damages to cellular DNA produced by exposure to ionizing
radiation are mainly lesions in DNA like double and single — strand breaks, base
damages, elimination of bases, sugar damage, DNA- DNA and DNA- protein cross-
links. The evaluation of these lesions is an essential step in the examination of the
sequence of events leading to mutagenic, carcinogenic and other lethal effects of
radiation. In the present study it is clear that the presence of the galangin or
kaempferide protected plasmid DNA from the radiation induced damages. Thus the
flavonoids effectively protect DNA against ionizing radiation in a system devoid of
repair and replication machinery.

Alkaline comet assay is a sensitive technique to monitor strand breaks and alkali
labile DNA lesions and is widely used to study genotoxicity, cellular DNA lesions
such as single strand breaks or double strand breaks, apoptosis and DNA repair (Tice
et al., 2000; Maurya et al., 2005). When human peripheral blood leukocytes are
exposed to y-radiation ex vivo, the cellular DNA undergo damage, as seen in the
increase in comet parameters (tail length, % DNA in tail, tail moment and olive tail
moment). Presence of galangin or kaempferide during irradiation of the cells
decreased the comet parameters indicative of its radioprotecting ability.

The protection given to DNA by the flavonoids is maybe due to the scavenging of
radiation-induced primary as well as secondary reactive oxygen species. More over
the study also revealed that these flavonoids does not induce any DNA damage by
itself. Various studies reported that in vitro or in vivo treatment of lymphocytes with

galangin suppressed the stimulation of chromosome aberrations induced by
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bleomycin in a dose-dependent manner (Heo et al., 1994). Murray et al. (2006) have
reported that galangin inhibited transition of cells from the GO/G1 to the S phases of
cell growth, through total elimination of cyclins D3,A and E and inhibits Hs578T cell
proliferation and the activity of the AhR, (a transcription factor implicated in the

initiation and growth of mammary tumors).

Thus the present work showed the ability of isolated bioflavonoids, galangin and
kaempferide in protecting DNA against ionizing radiation induced damages under in
vitro and ex vivo conditions. The mechanism of radioprotection by these compounds
could be ascribed to its antioxidant and free radical scavenging activities. The present
study suggests the possibility of using the extract of Alpinia galanga L. or the
isolated bioflavonoids for the prevention of deleterious effects of ionizing radiation in

situations of radiation exposure.
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10.1 INTRODUCTION

Antioxidants are compounds needed by most organisms, where they prevent oxidative
damage caused by free radicals. The formation of free radicals causes the
development of various diseases like cancer, cardio-vascular diseases and cataracts in
humans (Zhang et al., 2007). The antioxidant activities of plants have been mainly
due to their phenolic content, which is one class of natural antioxidants (Castaneda-
Ovando et al., 2009). Thus, plants containing a high-level of phenolic acids
considered a source of potent natural antioxidants (Ranusova et al., 2021). Ferulic
acid (FA), together with dihydroferulic acid, could be a component of lignocelluloses,
confers plasma membrane rigidity by cross linking lignin and polysaccharides. It is
commonly found in seeds of plants like rice, wheat and oats (Buranov and Mazza,
2009). Ferulic acid will be easily absorbed by the body and stays within the blood
longer than the other antioxidant, even longer than vitamin C. Thus FA can be
considered as an important antioxidant and commonly used in nutrition purposes and

food supplements (de Oliveira and Batista, 2017).

Ferulic acid is found in many vegetable sources and occurs in particularly high
concentration in popcorn and bamboo shoots. As an antioxidant, FA plays a major
role in the body's defence against carcinogenesis by inhibiting the formation of N-
nitroso compounds (Kuenzig et al., 1984; Lee et al., 2009; Aarabi et al., 2016).
Ferulic acid possesses anticancer, antioxidant, and anti-aging potentials and can
decrease blood glucose levels. Like other phenolic compounds, FA showed
radioprotective abilities and reduced ionizing radiation-induced damages to DNA and
membranes in biological systems (Roginsky and Lissi, 2005; Divakaran et al., 2013;

Kumar and Goel, 2019).

248



Estimation of ferulic acid (FA) from selected plant materials

Therefore, we exploited a simple, repeatable, sensitive and cost-effective VIS
Spectrophotometric method for the quantification and determination of FA from
various plant materials. Folin—Ciocalteu assay is used for the quantification of
phenolic acid in the presence of alkali (15 % sodium carbonate). High-Performance
Liquid Chromatography (HPLC) method is considered to be as an appropriate method
for estimation of chemical constituents from plant materials. Therefore, HPLC

analysis has also been used for the quantitative determination of ferulic acid.

10.2 MATERIALS AND METHODS

10.2.1 Instrument

Soxhlet apparatus, VIS spectrophotometer (Systronics), HPLC (Agilent Technologies
1200 Infinity Series ) were used.

10.2.2 Chemicals

AR grade chemicals such as ethyl acetate, Folin — Cio-calteu reagent and Sodium
carbonate were obtained from Nice chemicals. Double distilled water was obtained
after purification. Ferulic acid (FA) of 98% purity was purchased from NICE.

10.2.3 Plant Materials

Plant materials selected such as rice bran (Oryza sativa), wheat bran (Triticum
aestivum) and Bamboo shoot (Bambusa vulgaris) were collected from homestead
region. Rice bran and wheat bran as whole and young bamboo shoot tip were dried,
powdered with the help of blender and kept in sealed containers for future use.

10.2.4 Folin—Ciocalteu assay

Detailed methodology is explained in Chapter 2, section 2.2.2.

10.2.5 Standard solution of FA preparation (Stock)

Detailed methodology is explained in Chapter 2, section 2.2.1.

249



Estimation of ferulic acid (FA) from selected plant materials

10.2.6 Calibration curve of FA
Detailed methodology is explained in Chapter 2, section 2.2.2.
10.2.7 Preparation of Ethyl acetate extract of Plant materials
Detailed methodology is explained in Chapter 2, section 2.2.3.
10.2.8 Preparation of Sample solution
Detailed methodology is explained in Chapter 2, section 2.2.4.
10.2.9 Validation of the proposed method
10.2.9.1 Linearity
The linearity was determined by constructing the calibration curve and evaluating it
by linear least square regression analysis.
10.2.10 Chromatography
Column : C18 4.6x250mmx*5um
Flow rate : 1.0mL/Minute
Inj.Volume :20pL
Wave length : 319nm
Run time : 10 minute
Column temperature: 30°C
10.2.10.1 Method
Mobile phase : 5% Glacial Acetic acid in HPLC water : Acetonitrile( 80:20)
10.2.10.2 Standard preparation
Ferulic acid stock solution of 1000ppm was prepared in methanol. From this, working
standard of 2.5,5,10,15,20 ppm were prepared by serial dilution of the stock solution

with methanol.
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10.2.10.3 Sample preparation
The ethyl acetate extract of plant samples were concentrated, filtered with 0.45pum
disposable filter, 20pL samples were injected to the HPLC system for the analysis..

10.3 RESULTS AND DISCUSSION

Ferulic acid is a strong scavenger of free radicals and it has been accepted as a food
additive to prevent lipid peroxidation. The selected plant materials such as rice bran,
wheat bran, bamboo shoot are recognized in different systems of traditional medicine
for the treatment of various diseases (Kumar and Pruthi, 2014). The mixture of ferulic
acid along with Folin Ciocalteu reagent in an alkaline medium yielded a maximum
absorbance at 718 nm. A linear relationship was obtained when a graph was plotted
for concentration v/s absorbance within the concentration range of 1pg/ml - 8 ug/ml
with a correlation coefficient value r2=0.988 and there-fore, the rectilinear regression

equation was y= 0.094x — 0.001(Table 10.1).

Table 10.1 Regression Analysis Data

Regression equation y=0.094x — 0.001

Range Ipug/ml - 8 ng/ml
Co-relation coefficient r2 0.988
Slope m 0.094
y-intercept 0.001
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Figure 10 .1 Calibration curve of ferulic acid

Table 10. 2 Concentration of FA from various plant samples calculated from

standard
Graph
Sample Unknown (ng/ml)
Bamboo shoot 1.7
Wheat bran 7.3
Rice bran 8.0

The various samples used for the studies yielded different concentrations of FA,

calculated by using the standard graph (Figure 10 .1). The bamboo shoot sample used

for the study contained 1.7 pg/ml of FA, the wheat bran sample contains 7.3 pg/ml,

and the rice bran sample yielded a maximum amount as 8 pg/ml (Table 10. 2).
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Chromatographic studies

In the HPLC analysis, Ferulic acid got eluted at 6.82 min (Figure 10. 3) and the peak
for the same was found to be at 6.794 in the bamboo shoot sample (Figure 10. 4),
6.804 for the wheat bran sample (Figure 10. 5) and 6.791 for rice bran sample
(Figure 10. 6) under the conditions of detection at 319 nm and temperature 30°C. The
amount of ferulic acid in bamboo shoot, wheat bran and rice bran was found to be
1.92mg/kg, 11.03mg/kg and 14.03mg/kg, respectively, as calculated from the
calibration curve of FA (Figure 10. 2). The present study showed that rice bran
yielded a higher amount of FA than bamboo shoot and wheat bran. Recent studies
also unveiled the fact that rice bran is a rich source of antioxidant molecules such as
y-oryzanol and ferulic acid (Arumsari et al., 2019; Tam et al., 2021).

The extraction of Ferulic acid has been found much attention nowadays because it
exhibits a wide variety of biological activities, including antimicrobial, anti-
inflammatory, anti-thrombosis, anticancer, and antioxidant activities. However, the
extraction procedure of phenolic acids from biomass is very complicated and proper
methodology is yet to be developed (Zavala-Lopez and Garcia-Lara, 2017; Zhong et

al., 2019).

The extraction and purification of phenolic acid viz. ferulic acid from rice bran and
orange peels by solvent extraction method was studied by Gogoi ef al. (2017). One of
the major drawbacks of this procedure is its requirement for large quantities of
different solvents and chemicals, which generates a significant quantity of toxic
solvent waste (Acosta-Estrada et al., 2014). Ideia et al. (2020) reported the use of
autoclave to perform alkaline hydrolysis and partial purification by adsorption on a

synthetic resin to obtain ferulic acid from brewer’s spent grain. The procedure is
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additionally very time consuming, making the handling of several samples without

delay a challenging task.

In the present study, the estimation of phenolic acid viz. ferulic acid from rice bran,
wheat bran and bamboo shoot by spectrophotometric method and the HPLC technique
seems to be simple, sensitive, reproducible with minimum sample quantity, solvent
and extraction time compared to methods proposed by Gogoi et al. (2017) and Ideia et
al. (2020). The result obtained from the quantitative estimation of FA by
Spectrophotometry and HPLC shows a parallel relationship. The chromatogram
developed from HPLC also explains the isolation of ferulic acid with minimum
impurities; hence can be recommended as a precise technique for the estimation of

ferulic acid from plant samples.
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Figure 10 2. Calibration curve of Ferulic acid
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A simple, sensitive and reproducible VIS-Spectrophotometric method has been
exploited to estimate and quantify ferulic acid in various plant materials like bamboo
shoots, rice bran and wheat bran etc. using Folin Ciocalteu reagent in the presence of
an alkaline medium. The method can be employed for the routine analysis of ferulic
acid from the various plant species. Moreover, they can prove to be helpful for
nutritional and clinical investigations of ferulic acid levels in a variety of samples.
The method for estimating ferulic acid in bamboo shoots, rice bran and wheat bran by

HPLC is accurate, precise and reproducible.
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Cancer remains one of the leading causes of death in the world. Recent advances in
nanoscience and nanotechnology have led to the development of nanomaterials for
molecular and cellular imaging, cancer therapy, and integrated nanodevices for cancer
detection and screening. It is highly desirable that nanoparticles cannot only provide
sensitive and specific imaging information in cancer patients but also selectively
deliver anticancer drugs to tumor sites. Currently, there is limited knowledge of
suitable biomarkers for imaging, selection of the imaging target and contrast enhance
materials, and the chemistry required to assemble the bioactive imaging probe. In
addition, numerous obstacles are faced in developing cancer-specific imaging agents,
such as 1) delivery of the probe to the targeted tissue/tumor; 2) biocompatibility and
toxicity; 3) stability of the probe and effective signal enhancement in vivo; 4)
adequate imaging methods and strategies. During chemotherapy, pharmacologically
active cancer drugs reach the tumor tissue with poor specificity and induce dose-
limiting toxicities. Nanoparticle drug delivery may provide a more efficient, less

harmful solution to overcome these problems.

In the present study we have isolated and purified DAO, synthesized FeyOs
nanoparticles and prepared Fe,Os nanoparticles-DAO complex. The prepared
complex was analysed for its anti tumor potential under in vitro and in vivo

conditions.

The isolated DAO from porcine kidney yields a 6000- fold purification factor with
respect to crude extract. The in vitro cytotoxic studies with DAO and D- alanine
proved that cellular DNA damage of DLA cells occurred as a result of apoptosis.
DAO alone or D-alanine alone did not showed any cytotoxicity. The result suggests
that DAO and D-alanine could be used for the production of H>O> in the tumor site

and thereby inducing apoptosis at those sites.
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The stability studies with ferric nano complex of D-amino acid oxidase (Fe2O3-DAO)
showed that activity of Fe2O3—DAO remained unchanged after 30 days indicating the
protective function of nanoparticles. The FeoO3—DAO to generate H>O» at tumor site
when its substrate D-amino acids (D-alanine) are supplied exogenously. The
induction of apoptosis to cancer cells by ferric enzyme nanocomplex with D-alanine
results in extensive damage to cellular DNA as revealed in comet assay. Under in
vitro conditions, the killing of DLA cells were enhanced in presence of the Fe>Os-
DAO and its substrate D-alanine. Treatment of the cells with D-alanine along with
Fe203-DAO showed an apoptotic index of 95.5%. Under in vivo antitumor studies
tumor growth was significantly suppressed in mice administered Fe;O3-DAO and D-
alanine along with magnetic treatment in the fourth day. Decrease in GSH and
increase in the TBARS level on tumor tissues of animals treated with Fe;O3-DAO
complex and D-alanine with or without magnetic field application may be due to the
oxidative stress induced by the drug, and also helped to maintain normal levels of
GSH and TBARS in normal tissues. The results suggest, this method can used to
control tumor growth by targeting orally administered nanoparticle bound enzyme

with the help of an external magnetic field to enhance the efficacy of the treatment.

AsAG and FA showed significant ameliorative activity against carrageenan and
formalin induced anti-inflammation which may be due to its radical scavenging
activity. Administration of ferulic acid (100 mg/kg body weight) showed 31.4 %
inhibition of edema on 6th day, where as ferulic acid exhibited 46.87 % inhibition at a
dose of 200 mg/kg on 6th day. AsAG produced 42.8% inhibition at a concentration
of 250 mg/kg (Figure 8.4) and 54.3 % inhibition of edema at a concentration of 500

mg/kg on 6th day.
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Various xenobiotics are metabolized within the body of living organisms, by
conjugation with the cellular antioxidant, GSH, reactions are catalysed by glutathione
S-transferase (GST) enzyme thus causing the depletion of GSH , which lead to
oxidative stress. Several drugs like acetaminophen, doxorubicin and cisplatin can
increase the formation of free radicals in presence of increased oxygen tensions and
can act as a major source of ROS. Therefore attempts have been made to alleviate the
side effects of these drugs in mammalian system by the administration of AsAG and

FA.

Our studies shown that the ferulic acid and ascorbic acid mono glucoside protected
liver from paracetamol induced hepatotoxicity in mice and also showed inhibition of
lipid peroxidation, free radicals scavenging and enhancement of antioxidant enzyme

levels and protected serum marker enzymes.

Paracetamol (Acetaminophen) is a renowned antipyretic and analgesic agent.
Hepatotoxicity is the major side effect due to the over dosage of paracetamol.
Administration of paracetamol (150 mg/kg b.wt) resulted in hepatotoxicity as
revealed from the elevated levels of serum marker enzymes. Post administration of
AsAG or FA exhibited a significant reduction in acetaminophen induced levels of
serum SGOT, SGPT, ALP, albumin and bilirubin which is an indication of
stabilization of plasma membrane as well as repair of hepatic tissue damage. The
results clearly indicates that the antihepatotoxic activity of the AsAG or FA probably

through the correction of cellular integrity of hepatic cell and its regeneration.

Doxorubicin (adriamycin), an anthracycline antibiotic is well established and highly
efficacious drug in the fight against many kinds of cancer, but the clinical usefulness

is still restricted due to its specific toxicities to cardiac tissue. From the present study
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it is clear that administration of DOX (25 mg /kg b.wt, i.p.) induced oxidative stress in
cardiac tissues of tumor bearing mice as manifested from the elevated serum levels of
SGOT, SGPT, LDH and CK. The increased levels LDH in serum suggested an
increased leakage of these enzymes from mitochondria as a result of toxicity induced
by DOX treatment. Administration of ASAG and FA after DOX treatment in tumor
bearing Swiss albino mice restored all the biochemical parameters altered by this
cytotoxic anticancer drug to near normal levels in the cardiac tissue. Both ASAG and
FA prevented the DOX induced myocardial toxicity by boosting the endogenous
antioxidant activity, lowering the cardiac biomarker enzymes (CK and LDH) and

preventing the degeneration of cardiac tissue.

Cisplatin is another important antineoplastic agent widely used for the treatment of
metastatic tumors. Nephrotoxicity and oxidative stress are the major side effects
associated with the over dosage of cisplatin. Administration of cisplatin (12 mg/kg b.
wt, i.p.) shows significant increase in blood creatinine and serum urea concentrations
in tumor bearing mice compared to normal, which is an indication of acute renal
failure. Treatment with AsAG or FA prevented the lipid peroxidation by enhancing
the renal GSH, SOD and GPx activities. It also significantly reduced the micronuclei
frequency in both experimental sets, suggesting their nephroprotection in tumor
bearing Swiss albino mice. Moreover they also helped to prevent the decrease in
antioxidant levels induced by cisplatin injection and restored the cellular integrity of

the renal tissues.

Radiation protecting drugs and compounds are of great importance owing to their
potential application during planned radiation exposures such as radiotherapy,
diagnostic scanning, and undertaking clean up operations in nuclear accidents, space

expeditions etc. and unplanned radiation exposures such as accidents in nuclear
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industry, nuclear terrorism and natural background radiation. An ideal radioprotective
agent should fulfill several criteria such as a general protective effect on the majority
of organs and tissues, suitable for oral administration, rapid absorption and
distribution in mammalian systems, should be devoid of any toxicity and adverse side

effects, chemical stability, ready availability, low cost etc.

The medicinal effects of plants are often attributed to the antioxidant activity of the
phytochemical constituents. Plants having significant medicinal values have often
been found to be rich in phenolics and to have high antioxidant potentials. The
extract of Alpinia galangal L. rhizome prepared in acetone yield higher amount of
phenolics, flavonoids and showed higher total antioxidant capacity than the extract
prepared in ethanol. The rhizome extracts and the isolated flavonoids effectively
scavenged superoxide and hydroxyl radicals in a dose dependent manner. The stable
free radical DPPH was also scavenged by the extracts and flavanoids. The presence of
the galangin or kaempferide protected plasmid DNA from the radiation induced
damages. Thus the result showed that flavonoids effectively protect DNA against
ionizing radiation in a system . Alkaline comet assay analysis with human peripheral
blood leukocytes exposed to y-radiation, showed a decrease in the comet parameters
indicative of radioprotecting ability of galangin or kaempferide. The mechanism of
radioprotection by these compounds could be ascribed to its antioxidant and free

radical scavenging activities.

A simple, sensitive and reproducible spectrophotometric method has been exploited
by means of Folin-ciocalteu’s reagent in 15 % sodium carbonate for quantitative
estimation of ferulic acid from selected plant materials such as Rice Bran, Wheat bran
and Bamboo shoot etc. The blue coloured chromogen formed after the reaction was

measured at wavelength of maximum absorption 718 nm for ferulic acid against the
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blank reagent. The developed method can be employed for the routine analysis of

ferulic acid from the various plant species.

In summary the present study revealed the biological potential of nanoparticle bound
DAO complex, ferulic acid, Ascorbic acid mono glucoside and bioflavonoids like
Galangin and kaempferide. The present study clearly showed that administration of
the phytoceuticals and nutraceuticals resulted in amelioration of radiation induced
damages and drug induced oxidative stress like hepatotoxicity, cardiotoxicity and
nephrotoxicity in mammalian system. The protective effect of these compounds is
mainly associated with their antioxidant properties, as they showed significant
biological activities. Even though the potential applications is evident in situations
like radiation exposures or oxidative stress conditions. Further studies are needed for
the use of phytoceuticals, nutraceuticals and nanoparticle complexes as promising

therapeutic supplements in man.
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The medicinal effects of plants are often ascribed to the antioxidant activity of their
phytochemical contents. Plants with high medicinal values are found to be rich in
phenolics and to own high antioxidant potentials (Akinmoladun et al., 2007). The
antioxidant activity of phenolics attribute to their redox properties, allow them to act
as reducing agents, metal chelators, chain breakers or radical scavengers depending
on their chemical structures (Rice-Evans et al., 1996; Shahidi, 2000). Naturally
occurring phytophenols (eg. Ferulic acid (FA), Gallic acid (GA)) comprise a good
form of compounds divided into several classes that occur in fruits and vegetables,
wine and tea, and chocolate and other cocoa products.

A number of natural agents have been used to ameliorate toxicity induced by
carcinogenic xenobiotics and drugs. These include Vitamin C, E, carotenoids and
extract of some medicinal plants. Plant products have a range of pharmacological

properties and are used for the treatment of varied diseases long years ago.

Therefore, screening of herbal drugs is a vital area for new drug discovery. In this
way, attention has shifted towards the evaluation of plant products as radioprotectors,
hepato protectors, nephro protectors and cardioprotectors for their efficacy and low
toxicity. Compounds with antioxidant activities can neutralize various free radicals
and can be used to alleviate the side effects of xenobiotics like chemotherapeutic
drugs and radiotherapy (Divakaran et al., 2013). The present study developed a
screening method to analyse ferulic acid from various plant sources like wheat bran,

rice bran and bamboo shoot efc.

The use of flavonoids galangin and kaempferide from Alpinia galanga L. as a
radioprotector can be used under situations of radiation exposure. Anti-
inflammatory activity of Ferulic acid and Ascorbic acid 2-glucoside is demonstrated.

Ferulic acid and Ascorbic acid 2-glucoside also offered protection against
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Recommendations

paracetamol induced hepatotoxicity, doxorubicin induced cardiotoxicity and cisplatin
induced nephrotoxicity. The results of our present study gave evidences for the
utilization of phytoceuticals, nutraceuticals and nanoparticle complexes as promising
therapeutic supplements.

Nanoparticle drug delivery may provide a more efficient, solution to beat problems
like poor specificity and dose-limiting toxicities induced by pharmacologically active
cancer drugs. Nanotechnology deals with the planning and engineering of nano
materials smaller than 100 nm in diameter. So they can be correctly manipulated for
the specified applications like imaging, sensing, targeted drug or gene delivery
systems, artificial implants etc. (Salvioni et al., 2019). Due to enhanced
effectiveness, the developing of new age nanoparticle drugs can be employed in

treatment for cancer (Brigger et al., 2002; Stoimenov et al., 2002).

The development of radioprotective agents has been the topic of intense research in
view of their potential to be used within a radiation environment, like space
exploration, radiotherapy and even nuclear war. Nowadays, many man made as well
as natural compounds are investigated for their efficacy to shield against radiation
damage. They include sulthydryl compounds, antioxidants, plant extracts,
immunomodulators, and other agents (Upadhyay et al., 2005; Weiss & Landauer,
2000). However, no ideal, safe synthetic radioprotectors are available to this point,
that the seek for alternative sources, including plants, has been ongoing for several
decades. A scientific screening approach can provide results in identifying potential
new candidate drugs from plant sources, for mitigation of radiation injury. Hence the
work opens a window for research and developing of more phytoceutically based

safe drug against cancer treatment.
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Abstract

Ferulic acid (FA) is an abundant phytophenolic compound present in plant cell wall. Ferulic acid possesses anticancer, antiox-
dant, and anti-aging properties. A simple, sensitive and reproducible spectrophotometric method has been exploited for quanti-
tative estimation of ferulic acid from selected plant materials such as rice bran (Oryza sativa), wheat bran (Triticum aestivum)
and bamboo shoot (Bambusa vulgaris). The blue coloured chromogen obtained after the Folin—Ciocalteu assay was measured
at a wavelength of 718 nm for ferulic acid against the blank reagent. The chromogen obeyed linearity over the range of 1jpg/ml -
8ug/ml. High-Performance Liquid Chromatography (HPLC) method was also developed for the estimation of ferulic acid from
selected plant materials. In HPLC analysis, ferulic acid got eluted and the amount of FA was found to be higher in rice bran
(14.03mg/kg) compared to bamboo shoot (1.92mg/kg) and wheat bran (11.03mg/kg). The method can be used for the routine
analysis of ferulic acid from various plant species and can be applied for nutritional and clinical investigations in a variety of

samples.

Keywords: Bamboo shoot, Ferulic acid, Rice bran, Spectrophotometry, Wheat bran

INTRODUCTION

Antioxidants are compounds needed by most organ-
isms, where they prevent oxidative damage caused by
free radicals. The formation of free radicals causes the
development of various diseases like cancer, cardio-
vascular diseases and cataracts in humans (Zhang et
al., 2007). The antioxidant activities of plants have been
mainly due to their phenolic content, which is one class
of natural antioxidants (Castaneda et al., 2009). Thus,
plants containing a high-level of phenolic acids consid-
ered a source of potent natural antioxidants (Ranusova
et al., 2021). Ferulic acid (FA), together with dihydrofer-
ulic acid, could be a component of lignocelluloses, con-
fers plasma membrane rigidity by cross linking lignin
and polysaccharides. It is commonly found in seeds of
plants like rice, wheat and oats (Buranov and Mazza,
2009). Ferulic acid will be easily absorbed by the body
and stays within the blood longer than the other antioxi-
dant, even longer than vitamin C. Thus FA can be con-
sidered as an important antioxidant and commonly

used in nutrition purposes and food supplements (Silva
and Batista, 2017).

Ferulic acid is found in many vegetable sources and
occurs in particularly high concentration in popcorn and
bamboo shoots. As an antioxidant, FA plays a major
role in the body's defence against carcinogenesis by
inhibiting the formation of N-nitroso compounds
(Kuenzig et al., 1984; Lee et al., 2009; Aarabi et al.,
2016). Ferulic acid possesses anticancer, antioxidant,
and anti-aging potentials and can decrease blood glu-
cose levels. Like other phenolic compounds, FA
showed radioprotective abilities and reduced ionizing
radiation-induced damages to DNA and membranes in
biological systems (Roginsky & Lissi, 2005; Divakaran
et al., 2013; Kumar and Goel, 2019).

Therefore, we exploited a simple, repeatable, sensitive
and cost-effective VIS Spectrophotometric method for
the quantification and determination of FA from various
plant materials. Folin—Ciocalteu assay is used for the
guantification of phenolic acid in the presence of alkali
(15 % sodium carbonate). High-Performance Liquid
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Chromatography (HPLC) method is considered to be
as an appropriate method for estimation of chemical
constituents from plant materials. Therefore, HPLC
analysis has also been used for the quantitative deter-
mination of ferulic acid.

MATERIALS AND METHODS

Instruments

Soxhlet apparatus, VIS spectrophotometer (Systronics),
HPLC (Agilent Technologies 1200 Infinity Series ) were
used.

Chemicals

AR grade chemicals such as ethyl acetate, Folin — Cio-
calteu reagent and Sodium carbonate were obtained
from Nice chemicals. Double distilled water was ob-
tained after purification. Ferulic acid (FA) (Fig. 1) of
98% purity was purchased from NICE.

Plant materials

Plant materials selected such as rice bran (Oryza sati-
va), wheat bran (Triticum aestivum) and Bamboo shoot
(Bambusa vulgaris) were collected from homestead
region. Rice bran and wheat bran as whole and young
bamboo shoot tip were dried, powdered with the help of
blender and kept in sealed containers for future use.

Folin-Ciocalteu assay

Folin-Ciocalteu assay is based on of oxidation-
reduction reaction, containing molybdates, tungstates
as the main components of the reagent. This assay is a
commonly used method for the quantification of phenol-
ic acids in samples. The phenolic compounds reduces
the heteropolyphosphotungstates—molybdates into a
blue coloured chromogen. The reaction is carried out
only under basic conditions in the presence of washing
soda solution. The Phenolate anion formed from phe-
nolic compound reduces Folin—Ciocalteu reagent to
form the blue coloured substance. Spectrophotometer
can be used to measure the colour intensity of blue
chromogen ( Jadhav et al., 2012).

Standard solution of FA preparation (Stock)

The stock solution of FA (1 mg/ml) was prepared by
dissolving 10 mg FA in ethyl acetate, final volume was
made up to 10 ml with ethyl acetate in volumetric flask.
From this stock, 1 ml was taken out and added to 10 ml
volumetric flask, and the volume was adjusted to 10 ml
by adding double distilled water to get 100 pg/ml con-
centration. This solution was used for further analysis
for making calibration curve.

Calibration curve of FA
From the stock solution (100 pyg/ml) of FA, 0.1 ml to 0.8
ml aliquots were added to a volumetric flask (10ml). To

this flask, 2ml of sodium carbonate solution (15 %) and
Folin—Ciocalteu reagent (0.5 ml) diluted with double
distilled water (1:2 ratio) were added. The final volume
was added with double distilled water to get a solution
ranging in concentration from 1ug/ml - 8ug/ml of FA.
The mixture showed maximum absorption at 718 nm
when calculated against the blank solution. The ab-
sorbance of all solutions can be measured, and a cali-
bration curve was plotted.

Preparation of ethyl acetate extract of plant materials
Accurately weighed 10 g of maize, wheat bran, rice
bran, and bamboo shoot was extracted separately with
100ml of ethyl acetate with the help of the Soxhlet ap-
paratus. The resulting crude extract was used for fur-
ther analysis.

Preparation of sample solution

The extract solution (1ml) was added to the volumetric
flask (10ml). To the flask, Folin — Ciocalteu reagent (0.5
ml) diluted with double distilled water (1:2 ratio) and 2
ml sodium carbonate solution (15 %) was added, the
final volume was made up to 10ml with double distilled
water. Absorbance was measured at 718 nm with a
Spectrophotometer.

Validation of the proposed method:

Linearity

The linearity was determined by constructing the cali-
bration curve and evaluating it by linear least square
regression analysis.

Chromatography
Column : C18 4.6x250mmx5um

Flow rate : 1.0mL/Minute

Inj.Volume : 20pL

Wave length :319nm

Run time 10 minute

Column temperature: 30°C

Mobile phase: 5% Glacial Acetic acid in HPLC

water : Acetonitrile ( 80:20)

Standard preparation
Ferulic acid Stock solution of 1000ppm was prepared in
Methanol. From this, working standard of 2.5, 5, 10, 15,
20 ppm were prepared by serial dilution of the stock
solution with methanol.

o

CH;0 ™

OH
HO

Fig. 1. Structure of ferulic acid.
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Sample preparation

The ethyl acetate extract of plant samples were con-
centrated, filtered with 0.45pm disposable filter, 20pL
samples were injected to the HPLC system for
the analysis.

RESULTS AND DISCUSSION

Ferulic acid is a strong scavenger of free radicals and it
has been accepted as a food additive to prevent lipid
peroxidation. The selected plant materials such as rice
bran, wheat bran, bamboo shoot are recognized in dif-
ferent systems of traditional medicine for the treatment
of various diseases (Kumar and Pruthi, 2014). The
mixture of ferulic acid along with Folin Ciocalteu rea-
gentin an alkaline medium yielded a maximum absorb-
ance at 718 nm. A linear relationship was obtained
when a graph was plotted for concentration v/s absorb-
ance within the concentration range of 1pg/ml - 8 pg/ml
with a correlation coefficient value r2=0.988 and there-
fore, the rectilinear regression equation was y= 0.094x
—0.001 (Table.1).

The various samples used for the studies yielded differ-
ent concentrations of FA, calculated by using the stand-
ard graph (Fig. 2). The bamboo shoot sample used for
the study contained 1.7 pg/ml of FA, the wheat bran
sample contains 7.3 pg/ml, and the rice bran sample
yielded a maximum amount as 8 pg/ml (Table 2).

as y-oryzanol and ferulic acid (Arumsari et al., 2019;
Tam et al., 2021).

The extraction of Ferulic acid has been found much
attention nowadays because it exhibits a wide variety
of biological activities, including antimicrobial, anti-
inflammatory, anti-thrombosis, anticancer, and antioxi-
dant activities. However, the exiraction procedure of
phenolic acids from biomass is very complicated and
proper methodology is yet to be developed (Zavala-
Lopez and Garcia-Lara, 2017; Zhong et al., 2019).

The extraction and purification of phenolic acid viz.
ferulic acid from rice bran and orange peels by solvent
extraction method was studied by Gogoi et al. (2017).
One of the major drawbacks of this procedure is its
requirement for large quantities of different solvents
and chemicals, which generates a significant quantity
of toxic solvent waste (Acosta-Estrada et al., 2014).
Ideia et al. (2020) reported the use of autoclave to per-
form alkaline hydrolysis and partial purification by ad-
sorption on a synthetic resin to obtain ferulic acid from
brewer's spent grain. The procedure is additionally very
time consuming, making the handling of several sam-
ples without delay a challenging task.

In the present study, the estimation of phenolic acid
viz. ferulic acid from rice bran, wheat bran and bamboo
shoot by spectrophotometric method and the HPLC
technique seems to be simple, sensitive, reproducible

Chromatographic studies

In the HPLC analysis, Ferulic acid got eluted at 6.82
min (Fig. 4) and the peak for the same was found to be
at 6.794 in the bamboo shoot sample (Fig. 5), 6.804 for
the wheat bran sample (Fig. 6) and 6.791 for rice bran
sample (Fig. 7) under the conditions of detection at 319
nm and temperature 30°C. The amount of ferulic acid
in bamboo shoot, wheat bran and rice bran was found
to be 1.92mg/kg, 11.03mg/kg and 14.03mg/kg, respec-
tively, as calculated from the calibration curve of FA
(Fig.3). The present study showed that rice bran yield-
ed a higher amount of FA than bamboo shoot and
wheat bran. Recent studies also unveiled the fact that
rice bran is a rich source of antioxidant molecules such

Absorbance
0.8
% y=0.094x- 0.001
0.7 ’( R*=0.988
06 L2
./
05 ’
b s
§ 04
g i / # Absorbance
ﬁ /‘ ——Linear (Aksorbance)
0.2 E
01 ;./
0
010 2 4 & 8 10

Concentration {pg/ml)

Fig. 2. Calibration curve of ferulic acid.

ez ¥
/5
Table 1. Regression analysis. 307 P
Regression equation y= 0.094x — 0.001 2000 (4/
Range 1pg/ml - 8 pg/ml s
Co-relation coefficient r2 0.988 1500 },"
Slopem 0.094 i '
y-intercept 0.001 1000 b -
Table 2. Concentration of FA from various plant samples. 5004 P % Amount
1/

Sample Unknown yield (ug/ml) #
Bamboo shoot 1.7 R "0
Wheat bran 7.3 Amount/ng/ul]
Rice bran 8.0 Fig. 3. Calibration curve of ferulic acid.
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Fig. 5. HPLC chromatogram of ethyl acetate extract of
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Fig. 6. HPLC chromatogram of ethyl acetate extract of
wheat bran.

with minimum sample quantity, solvent and extraction
time compared to methods proposed by Gogoi et al.
(2017) and Ideia et al. (2020). The result obtained from
the quantitative estimation of FA by Spectrophotometry
and HPLC shows a parallel relationship. The chroma-
togram developed from HPLC also explains the isola-
tion of ferulic acid with minimum impurities; hence can
be recommended as a precise technique for the esti-
mation of ferulic acid from plant samples.

Conclusion

A simple, sensitive and reproducible VIS-
Spectrophotometric method has been exploited to esti-
mate and quantify ferulic acid in various plant materials
like bamboo shoots, rice bran and wheat bran etc., us-
ing Falin Ciocalteu reagent in the presence of an alka-
line medium. The method can be employed for the rou-
tine analysis of ferulic acid from the various plant spe-
cies. Moreover, they can prove to be helpful for nutri-
tional and clinical investigations of ferulic acid levels in
a variety of samples. The method for estimating ferulic
acid in bamboo shoots, rice bran and wheat bran by

Fig.7. HPLC chromatogram of ethyl acetate extract of rice
bran.

HPLC is accurate, precise and reproducible.
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ABSTRACT
KEYWORDS
Cisplatin (Cis) is one of the most widely used cytotoxic therapeutic agents for the treatment of cancer.
LEica Overdose of the drug resulted in various side effects of genotoxicity and nephrotoxicity. The toxicity of
Nephrotoxicity the drug has been attributed to the generation of oxidative free radicals. The current study aims to
explore the effect of Ferulic acid (FA) in ameliorating Cis-induced renal toxicity in tumor bearing Swiss
Oxidative stress albino mice. Nephrotoxicity was induced in tumor bearing mice by a single dose of Cis (12mgkg, i.p).
St Post administration of FA was carried out (100 mgkg p.o and 200 mg/kg p.o) one howr after Cis
administration. Toxicity was measured by analyzing the amount of serum urea, creatinine, and
T antioxidant status of renal and tumor tissues. Treatment of cisplatin-administered tumor animals with the
FA could prevent the dmig-induced oxidative damage as evidenced by the decreased levels of lipid
Anticancer peroxidation and enhanced activities of the antioxidants in the remal tissues. The treatment also
protected the renal tissues from the toxic effects of Cis by reducing the levels of serum wea and
creatinine. FA protected the renal tissues, whereas it enhanced the anticancer efficacy of Cis in tumor
tissues. The histopathological observations support that ferulic acid has a protective effect against
Cisplatin-induced nephrotoxicity and can be used to improve the chemotherapeutic index of Cisplatin
for cancer treatment.
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1 Introduction

Nephrotoxicity arises as a result of direct exposure to drugs and
environmental chemicals to renal tissue (Sales & Foresto, 2020).
Many therapeutic agents such as oxaliplatin, cisplatin, paclitaxel,
carboplatin, doclitaxel, vinorelbine, topotecan, ete. are responsible
for the induction of nephrotoxicity. These agents are used as
chemotherapeutic drugs against different forms of human cancers
(Jagiela et al., 2021). To control neoplastic disorders and distant
metastases, these agents are administered systemically, which
cytotoxicity

adversely affects normal cells,

(Janakiraman & Jayaprakash, 2015).

resulting  in

Cis-Diamminedi chloroplatinum II (Cisplatin or CP or Cis) is one of
the foremost effective cancer therapeutic agents, used in the
treatment of several solid tumors and refractory non-Hodgkin’s
lymphomas (Giaccone, 2000). The therapeutic efficacy of cisplatin is
usually related to nephrotoxicity (George & Anushree, 2014). The
nephrotoxicity by cisplatin is associated with cellular necrosis,
alterations within the mumber and size of the lysosomes,
morphological damage of mtracellular organelles, mitochondrial
vacuolization, loss of microvilli, and fimetional changes as inhibition
of protein synthesis, lipid peroxidation, mitochondrial damage, and
GSH depletion (Awdishu & Mehta, 2017). Several natural agents
like vitamins and/or dietary supplements have the potential to
diminish the physiological side effects of those drugs (Ali &
AMoundhri, 2006; Rad et al., 2017). Such antioxidants protect
normal tissues against the deleterious effects of the drug and may be
safely manipulated without toxic manifestations (Ojha et al, 2016).

The present study envisages the effect of ferulic acid (FA) on CP-
induced nephrotoxicity in tumor bearing Swiss albino mice.
Phenolics are widely distributed in the plant kingdom and are an
integral part of the human diet as an antioxidant, ferulic acid (FA)
or 4-Hydroxy-3-Methoxycinnamic Acid (Figure 1) play a key role
within the body's defense against carcinogenesis by inhibiting the
formation of N-nitroso compounds (Batista, 2014). Moreover, FA
could be a strong scavenger of free radicals and approved in
certain counfries as an additive to stop lipid peroxidation
(Sreenivasan et al., 2007; Panche et al, 2016). FA possesses
radioprotective abilities and reduces ionizing radiation-induced
damages to DNA and membranes in biological systems (Kumar &
Goel, 2019).

o

CH30 X

OH
HO

Figure 1 Ferulic acid (FA)
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2 Materials and Methods
2.1 Animals

Female Swiss albino mice (8 - 10 weeks old) weighing 22 - 25 g,
obtained from the Small Animal Breeding Section (SABS),
Mannuthy, Thrissur, Kerala were used for the study. These
experimental animals were kept under standard conditions of
temperature and humidity within the Centre’s Animal House
Facility. The animals got standard mouse chow (Sai Durga Feeds
and Foods, Bangalore, India) and water ad-libifum. All animal
experiments during this study were carried out with the prior
approval of the Institutional Animal Ethics Committee (IAEC)
by strictly adhering to the rules of the Committee for the aim of
Control and Supervision of Experiments on Animals (CPCSEA)
governed by the Animal Welfare Division of Government of
India.

2.2 Chemicals

Ferulic acid (FA), riboflavin, reduced glutathione (GSH),
Nitroblue tetrazolinm (NBT), 5-5' dithiobis-2- nitro benzoic acid
(DTNB) were bought from Sigma Chemical Company Ine., St
Louis, MO, USA. Hydrogen peroxide (H20,) was purchased from
Merck India Ltd., Mumbai, India. Thiobarbituric acid (TBA) was
from Hi-media Laboratories, Mumbai, India. All chemicals and
reagents utilized in this study were of AR grade from reputed

Indian manufacturers.
2.3 Drug administration to tumor induced mice

Cisplatin (12mg/kg 7.p) was administered as a single dose to tumor

animals.
2.4 Solid tumor in Animals

A solid tumor was induced in the hind limbs of mice by
transferring Dalton’s Lymphoma Ascites (DLA) cells (1 = 10°
cells/animal) through subcutaneous injection. The treatments are
started when the tumor size reached about 1.0 em® on the 13 day
of transplantation of DLA cells.
divided into 4 groups of five animals each and treated as Group — I

The animals were randomly

animals were kept as the untreated control group, provided with
0.1 ml saline 7p and 0.1 ml distilled water p.o; Group — I served
as Cisplatin control group administered with cisplatin 12 mg/kg
b.w (in 0.1 ml saline 7.p as a single dose); Group — III animals were
given Cisplatin (12 mg’kg b.w in 0.1 ml saline) ip as a single
dose with Ferulic acid 100 mgkg bow (in 0.1 ml distilled water
p.0); and Group — IV animals were provided with Cisplatin (12
mg/keg b.w in 0.1 ml saline) 7.p as a single dose with Ferulic acid
200 mg/kg b.w (in 0.1 ml distilled water p.0). FA was administered
to groups IIT and IV, one hour after Cisplatin (12 mgkg b.w)
administration
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2.5 Assessment of nephrotoxicity

Serum creatinine was determined by the alkaline picric acid
method (Allen et al., 1982) using a diagnostic kit (Agappe
Diagnostic Pvt. Ltd; Ernakulam, Kerala, India). Serum urea was
determined by diacetylmonoxime (DAM) reagent using the
Agappe diagnostic kit (Kassirer, 1971). In the case of cisplatin-
treated animals, seventy-two hours after cisplatin treatment (12
mg'kg as an intraperitoneal injection) animals were sacrificed
using ether anesthesia, blood was collected directly from the heart,
Kidneys and

tumors were excised for analyzing the antioxidant status and for

serum separated for urea and creatinine analysis.
histopathological examinations (Divakaran & Nair, 2012).

Reduced glutathione (GSH) level was measured colorimetrically
using DINB as the substrate. The concentrations of
malondialdehyde (MDA) as indices of lipid peroxidation were
assessed according to the method of Buege & Aust (1978).
Superoxide dismutase activity was determined by the nitroblue
tetrazolium reduction method of Mec Cord & Fridovich (1969).
GPx activity was determined by the method of Hafemann et al.
(1974), based on the degradation of H;O; in the presence of GSH.
Tissue protein was studied according to the method of Lowry et al.
(1951) using bovine serum albumin as standard.

2.6 Histopathological studies

Histopathological examinations of kidney and tumers from all the
treated groups were evaluated using light microscopy. The tissues
were fixed in 10% formalin, embedded in paraffin, sectioned at 5
pm, and stained with hematoxylin-eosin. The histopathological
studies were done at Sudharma Metrapolis Pathological
Laboratory, Thrissur, Kerala, India.

2.7 Statistical Analysis

The statistical results are represented as the Mean = SD of the
studied group. All the analyses were subjected to ANOVA with
Tukey- Kramer multiple comparisons test.

3 Results
3.1 Serum Enzyme Levels

Administration of cisplatin to mice is found to induce a marked
renal failure, characterized by a significant increase in serum urea
and creatinine levels. As shown in table 1, the levels of serum
creatinine and urea concentrations were significantly increased
within the cisplatin-treated group when compared with the normal
untreated group. Further, the concentrations of serum creatinine
and urea in the mice treated by FA (200 mgkg body weight)
shows drastic reduction up to 60 % and 65.27 %, respectively,
concerning the cisplatin-treated group.

Divakaran & Anitha

Table 1 Effect of the FA treatment on the serum urea and
creatimine levels m mice treated with cisplatin

Nommal (Untreated) 44,334 04 0.5340.11
Cisplatin 151.66+7.63 2.5£0.45

Cis+FA 100 mg/Kg 120.33+4.50° 1.76+0.15%

Cis+FA 200 mg/Kg 9943 60° 1.540.14"

Values given m the table are the mean of five replicates and are
expressed as mean +SD, ‘a’ represents p< 0.001 vs Cis control

3.2 Biochemical Measurements and Antioxidant Status

MDA (Malondialdehyde) was measured as a marker of lipid
peroxidation and an indicator of oxidative injury. The MDA levels
in nephro tissue were increased significantly within the cisplatin-
treated group compared with the untreated control group. The
increase in MDA by cispaltin was significantly attenuated by the
administration of FA (Figure 2). Different antioxidant enzymes
were examined in the kidney tissue from all the groups. The Cis-
treated mice showed a significant decrease in SOD, GPX, and
GSH activities compared with the untreated control (Table 2). The
decrease in activities of SOD, GPX, and GSH due to cisplatin was
suppressed by the treatment of FA.

In tumor tissues, the MDA levels were increased significantly
within the Cis treated group compared with the untreated control
group. The post administration of FA together with Cis effectively
potentiated the formation of MDA in an exceedingly significant
manner (Figure 3). The antioxidant enzymes such as GPx, SOD,
and GSH activities in the tumor tissues were significantly reduced
within the Cis and ferulic acid treated group compared to the
respective control (Table 3).

18 4
16 -
P * ok ok
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4 _
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0 . . . S
Control Cisplatin ~ Cisplatin+ FA  Cisplatin+ FA
00 200
Treatments

Figure 2 Effect of ferulic acid admmnistration on Cisplatin-induced
lipid peroxidation (MDA formation) n kadney tissues of mice.
(* indicate p<0.05 and *** indicate p<0.001 when compared with
the Cis alone treated group)
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Figure 3 Effect of Ferulic acid admmistration on cisplatm- mduced hpid peroxidation (MDA formation) m tumor tissues of muce.

(*** indicate p<0.001 vs C1s control,

** indicate p< 0.01 vs Cis control)

Table 2 Effect of p.o. administration of FA on cisplatin-induced damages to renal antioxidant enzymes

Treatments GPx (U/mg protein)

GSH (n moles/ mg protem)

SOD (umt/mg protein)

Normal (Untreated) 26.9+1.34 30.08+4.77 14.22+£2.07
Cisplatin 12.61+2.14 1041£1.67 396019

Cis+FA 100 mg'Kg 13.39+1.08™ 13.6+0.33™ 5.36+0.52™

Cis+FA 200 mg/Kg 17.75+1 35 16.08+0.49" 7.6=1.54"

Values given in the table are the mean of five replicates and are expressed as mean +SD, ‘a’ represent p< 0.001 vs Cis control;
‘b’ represent p< 0.01 vs Cis control, ‘ns’ represent p>0.05 vs Cis control

Table 3 Effect of ferulic acid (p.o) administration on the Cisplatin induced depletion of antioxidant levels in tumor tissues of mice

Treatments GPx (U/mg protein) GSH (n moles/ mg protem) SOD (umt/mg protein)
Normal (Untreated) 28.06+2.32 27.89+£2.59 10.68+1.25
Cisplatin 18.60+0.88 16.08+0.77 6.36x0.51
Cis+FA 100 mg/Kg 152622 66° 12 40 28° 52540 5T
Cis+FA 200 mg/Kg 10.71£1.70° 9.06+1.40" 470 26"

Values are expressed as mean + SD (n =5). ‘a’ represent p< 0.001 vs Cis control ; ‘b’ represent p< 0.01 vs Cis control ; ‘c’represent p< 0.05

vs Cis control

3.3 Morphological Study

Histopathological analysis of cisplatin-treated mice kidney showed
a decreased cellularity of the glomeruli, and edema of the epithelial
cells lining in the renal tubules as compared to control (Figure 4A),
and also the interstitial tissue as evident from figure 4B. The renal
tissues of cisplatin treated mice administered with FA showed
normal glomerular, renal tubules, and interstitial tissue appearance.
In tumor bearing mice treated with FA and Cis, shows a significant
reduction in the severity of renal degeneration was observed
(Figure 4 C and D).

The histopathological examination of tumer tissues is detailed in
figure 5. Tumor tissues of control animals showed a compact
arrangement of carcinomatous cells having clear cytoplasm and
hyperchromatic muclei. Whereas the Cis-treated animals showed
many degenerating cells, stroma showed extensive areas of
necrosis and hemorrhage. Tumor bearing animals administered
with FA and Cis showed a significant increase in the number of
degenerating cells. Stroma showed extensive areas of necrosis,
cellular integrity was lost in many regions. The results showed that
FA potentiates the cytotoxic action of cisplatin in tumor cells
(Figure 5 C and D).
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Figure 5 Histopathology study of the represetlve sections of tumor tissue of tumor bearng ce (A) untreated (B) Cisplatin 12 mgkg

(C) Cis+FA 100 mg/kg and (D) Cis+FA 200 mg/kg

4 Discussion

Cisplatin is the most widely used anti-cancer agent, best against
many solid organ tumors. The major side-effect of cisplatin is
nephrotoxicity and its dose is the mamn limiting factor for its
clinical use (Rana et al., 2016). Results of previous studies have
shown that a minimum dose of cisplatin (5 mg/kg body weight, i.p)
was sufficient to induce nephrotoxicity in rats (Boogaard et al.,
1991). The highly reactive platinum complexes of Cisplatin binds

with nucleophilic DNA via inter and intra-strand crosslinking with
guanine nucleotide (Holditch et al., 2019). These events end up in
denaturation of DNA and cell cycle arrest. Cisplatin vie
cytochrome P450 (CYP) in microsome and mitochondrial
dysfunctioning creates reactive oxygen species (ROS) and
damages the renal tissue (Nematbakhsh et al., 2017).

One of the foremost important mechanisms observed in cisplatin
toxicity is oxidative stress (Mohamed & Shenouda, 2021). Under
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normal physiological conditions, production and removal of
reactive oxygen species (ROS) in cells are controlled by the
endogenous scavenging system including catalase, superoxide
disnutase, and reduced glutathione (Pabla, & Dong, 2008). Under
oxidative stress conditions, ROS levels are elevated, and many
cellular structures (proteins, lipids, DNA) can be damaged.
Increased oxidative stress can make cellular injury and necrosis in
the kidney and other tissues. Previous studies (Kim et al., 2012;
Saisruthi & Sreedevi, 2017) suggested the key role of lipid
peroxidation and antioxidant enzymes like SOD and CAT in free
radical metabolisms. These antioxidants enzymes scavenge free
radicals or convert them into non-toxic end products and are
measwed as a first-line cellular defense mechanism against
oxidative damage. The second line of antioxidant defense consists
of the non-enzymatic scavengers such as GSH, which scavenge
remaining free radicals escaping from the primary line of
antioxidant enzymes defense (Mody et al., 2020).

Administration of cisplatin shows a significant increase in blood
creatinine and serum urea concentrations compared to normal,
which mdicates the intrinsic acute renal failwe (Joy & Nair, 2008;
‘Wu & Huang, 2018). The results of the curent study showed that
cisplatin administration to tumor bearing mice significantly raised
the levels of lipid peroxidation and caused depletion of GSH, SOD,
and GPx in renal tissues. The declined antioxidant status partially
explains the mechanism of nephrotoxicity induced by cisplatin.
The renal accumulation of platinum, covalent binding of renal
proten also play a crucial role in nephrotoxicity (Hanigan &
Devarajan, 2003). The decreased concentration of GSH increases
the sensitivity of organs to oxidative and chemical injury.
Treatment of FA (100 & 200 mg'kg body weight, p.o) together
with cisplatin could significantly prevent the depletion of these
renal antioxidant systems. Treatment with FA rendered protection
because of the increase in GSH concentration could keep the renal
cells from oxidants attack. Moreover, the protection of GSH is
additionally by forming the substrate for the GPx activity that may
aldehydes produced from the
peroxidation of membrane lipids. Treatment with FA and cisplatin
enhances the activity of Se-GPx (seleniwm-dependent GPx)
compared to the cisplatin alone-treated animals. Thus the improved

react directly with various

GPx activity partially explained the role in nephro protection. The
decreased activity of SOD and GPx in renal tissues enhanced the
lipid peroxidation in cisplatin treated group (Jia et al., 2011:
Moreno-Gordaliza et al., 2018). Treatment with FA prevented lipid
peroxidation by enhaneing the renal SOD and GPx activities.

The main prerequisite for any compound to be used as a
nephroprotective agent during the treatment of cancer is that it
should not with the antitumor
chemotherapy (Fang et al., 2021). Various studies in animals and

interfere activity of the

humans confirmed that FA could demonstrate anticancer properties
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(Divakaran & Nair, 2012). Ferulic acid is effective in protecting
against oxidative damage in tissues, and also suppresses the
formation of carcinogens like nitrosamines. The MDA levels of
tumor tissues in FA and Cis-treated animals showed an increase in
the level when compared to the untreated control animals. The
found to be
significantly reduced by the administration of cisplatin and ferulic
acid. The results significantly showed the antitumor potential of
the combination treatment (Humanes et al., 2012). Moreover, the
histopathological reports suggest that post-treatment of FA greatly
inhibited the Cis-induced changes in kidney tissue supporting the
protective action of FA against Cis-induced nephrotoxicity and
offer maximum destruction to tumor tissues (Zhao & Dai, 2020).

antioxidant levels in tumor tissues were also

Conclusion

The results of this study can be concluded that ferulic acid (100
&200 mg/kg body weight) rendered significant protection against
cisplatin-induced oxidative renal damage. FA offers renal
protection by preventing the cisplatin-induced decline of renal
antioxidant status. The protective effect may result to divect
scavenging of the electrophilic free radicals by antioxidant FA.
Thus, the present study indicates the potential antitumor use of FA
in preventing cisplatin-induced renal toxicity in clinical practice.
The combination treatment of ferulic acid and cisplatin in tumor
bearing mice restored all the biochemical parameters altered by the
cytotoxic drug nearer to normal levels m renal tissues. FA
protected the kidney tissues from Cis-induced renal toxicity by
enhancing the endogenous antioxidant levels, lowering the serum
urea and creatinine levels. Thus prevents the damages of renal
tissues. The combined strategy showed high antitumor activity as
evident from MDA formation, antioxidant enzyme levels, and
histopathological examination. The strategy ensures a secure and
efficient anticancer treatment modality. Thus, the combination
treatment improves the chemotherapeutic index of cytotoxic
anticancer drug, Cisplatin
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Abstract— Paracetamol (PAR) is a widely used analgesic used in therapeutic purposes but its use is limited by hepatotoxicity. The present work con-
cems on the ability of ferulic acic (FA) to offer protection against acute hepatotoxicity induced by paracetamol (150 mg/kg) in Swiss albino mice. Oral
administration of FA (100 mg/kg p.o and 200 mg/kg p.o) offered a significant dose dependent protection against paracetamol induced hepatotoxicity as
assessed in terms of biochemical and histopathological parameters. The paracetamol induced elevated levels of serum marker enzymes such as serum
glutamate pyruvate transaminase (GPT), serum glutamate oxaloacetate transaminase (GOT), alkaline phosphatase (ALP), and bilirubin in peripheral
blood serum and deformed hepatic tissue architecture along with increased levels of lipid peroxides (LPO) and reduction of superoxide dismutase
(SOD), catalase, reduced glutathione (GSH) and glutathione peroxidase (GPx) in liver tissue. Post administration of the FA after paracetamol insult re-

stored the levels of these parameters to control (untreated) levels. Thus the present study revealed that FA offered protection against hepatotoxicity

induced by paracetamol.

Keywords - Hepatotoxicity, Paracetamol, antioxidant, lipid peroxidation

1 INTRODUCTION

Liver is a very important organ in maintaining homeostasis of
the body. It involved in almost every biochemical pathways
connected to growth, to fight against disease, nutrient supply,
energy provision and reproduction. It plays a pivotal role in
regulating metabolism of endogenous as well as xenobiotic
substances, secretion and storage. Liver has got the capacity to
detoxicate toxic substances and manufacture useful chemical
principles. Liver disease is a worldwide health problem. Liver
diseases are mainly caused by toxic chemicals, excess con-
sumption of alcohol, infections and autoimmune disorders [1].
Most of the hepatotoxic chemicals harm liver cells mainly by
producing reactive species which form covalent bond with the
lipids of the tissue. Due to excessive exposure to hazardous
chemicals, sometimes the free radicals generated are so high
that they overpower the natural defencive system leading to
hepatic damage and cause jaundice, cirrhosis and fatty liver
[2]. Production of the reactive spedies manifest in tissue thiol

depletion, lipid peroxidation, plasma membrane damage etc.,

leading into severe hepatic injury [3].

Acetaminophen or paracetamol (PAR) is one of the most wide-
ly used analgesics with few side effects when taken in thera-
peutic doses [4] and hepatotoxicity is a common consequence
of acetaminophen overdose [5],[6]. A number of reports indi-
cate that overdose of paracetamol can produce centrizonal
hemorrhagic hepatic necrosis in humans and experimental
animals [1]. Acetaminophen toxicity is caused by the reaction
metabolite N-acetyl-p-benzoquinoneimine (NAPQI), which is
partly metabolized by cytochrome P-450 [7]. This species
causes severe oxidative damage and glutathione depletion
leading to liver necrosis. An overdose of acetaminophen, caus-
es elevated levels of toxic NAPQI metabolite, which can exten-
sively deplete hepatocellular GSH and covalently modity cel-
lular proteins resulting in hepatocyte death. It is generally rec-
ognized that at higher doses the drug induces lipid peroxida-
tion and oxidative stress, each contributing to hepatocellular
damage and also produces hepatic necrosis. Introduction of
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cytochrome or depletion of hepatic glutathione is a prerequi-
site for acetaminophen -induced hepatotoxicity [8], [9].

Liver dysfunction is a clinically significant problem, for people
of all the reported cases of acute liver failure [10]. Therefore
very often hepatoprotective drugs are recommended to ame-
liorate liver problems. Herbal drugs are often used widely
because of their effectiveness, fewer side effects and relatively
low cost [11]. It has been reported that about 160 phyto con-
stituents like phenols, coumarins, lignans, essential oil, mono-
terpenes, carotenoids, glycosides, flavanoids, organic adds,
lipids, alkaloids and xanthenes from 101 plants have hepato-
protective activity [12], [13].

Phenolics are widely distributed in the plant kingdom and are
integral part of human diet [14]. As a phenolic compound,
Ferulic acid (FA or 4-Hydroxy-3-Methoxycinnamic Add) (Fig-
ure. 1) play a major role in the body's defense against carcino-
genesis by inhibiting the formation of N-nitroso compounds
[15]. Moreover, FA is a strong scavenger of free radicals and it
has been approved in certain countries as food additive to
prevent lipid peroxidation [16]. FA is shown to preserve phys-
iological integrity of the cells exposed to various stress. This
can be attributed to the effective antioxidant property of FA.
Usually phenolic compounds acts by scavenging free radicals
and quenching the lipid peroxidative side chain. Phenolic com-
pounds can act as free radical scavengers by virtue of their hy-
drogen donating ability and forming aryloxyl radicals [17]. Thus
the present chapter concerns, prevention of paracetamol induced

hepatotoxicity in mice by Ferulic acid.

0

CH;0 A

OH
HO

Figure. 1 Ferulic acid (FA)
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2 MATERIALS AND METHODS

2.1 Animals

Female Swiss albino mice of 8-10 week old weighing 26-28g, se-
lected from inbred group was used for hepatototoxicity studies
and were kept under standard conditions of tempera-ture (25 +
5°C) and humidity in the Centre’s Animal House Facility. The an-
imals were given standard mouse chow (Sai Durga Feeds and
Foods, Bangalore, India) and water ad libitum. All experiments in
this study were carried out with the prior approval of the Institu-
tional Animal Ethics Committee (IAEC) and were conducted
strictly adhering to the guidelines of Committee for the Purpose
of Control and Supervision of Experiments on Animals (CPCSEA)
consti-tuted by the Animal Welfare Division of Government of
India.

2.2 Chemicals

Ferulic acid (FA), Nitroblue tetrazolium (NBT), riboflavin, re-
duced glutathione (GSH), 5-5' dithiobis-2- nitro benzoic acid
(DTNB) were purchased from Sigma Chemical Company Inc., St.
Louis, MO, USA. Paracetamol was obtained from Variety Phar-
maceuticals (P) Ltd., Shornur, Kerala, India. EDTA was from Sisco
Research Laboratories Pvt. Ltd., Mumbai, India. H202 was from
Merck India Ltd., Mumbai, India. Thiobarbituric acid (TBA) was
purchased from Hi-media Laboratories, Mumbai, India. All other
chemicals and reagents used in this study were of analytical grade
procured from reputed Indian manufacturers.

2.3 Administration of Drugs

The animals were randomly divided into 5 groups of five each
and treated as follows.

GroupI - Untreated Control
Group II - Paracetamol control, administered with paracetamol
(150 mg/kg) as single dose after 18 h starvation.

Group III - Silymarin (75 mg/kg body weight) one hour after
paracetamol administration

Group IV-  Ferulic acid 100 mg/kg b.w (in 0.1 ml distilled water
p.o) one hour after paracetamol administration

Group V- Ferulic acid 200 mg/kg b.w (in 0.1 ml distilled water

1ISER ® 2020
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p.0) one hour after paracetamol administration

Group I administered with distilled water alone was kept as un-
treated control. Group II was given acetaminophen (150 mgrkg
body weight) as single dose orally after 18 h starvation and kept
as control. Group III served as reference control, received Si-
lymarin (75mg/kg body weight), a clinically used hepatoprotec-
tive drug, one hour after paracetamol administration. Ferulic acid
was administered to Group IV and V animals, one hour after pa-
racetamol (150 mg/kg) administration. The test drugs and parace-
tamol were administered orally to all animals. After 24 hours of
paracetamol feeding, the animals were sacrificed and blood was
collected by direct cardiac puncture under light ether anesthesia
and serum was separated for the biochemical estimations. The
liver was removed, washed with ice-cold PBS, weighed and mor-
phological changes were observed. Then liver homogenates (10%

w/v) was analyzed for antioxidant status.

2.4 Evaluation of liver function enzymes in serum

Serum was used for the determination of glutamate oxaloacetate
transaminase (GOT) and glutamate pyruvate transaminase (GPT),

alkaline phosphatase (ALP), Serum albumin and serum Bilirubin.

2.5 Determination of antioxidant status in the liver

Liver was excised after sacrificing the animals and washed with
ice-cold PBS and 10% homogenate was prepared in PBS (pH 7). A
part of this homogenate was used for the determination of re-
duced glutathione (GSH). Rest of the homogenate was centri-
fuged at 1,000 rpm for 10 min for removing the cell debris, un-
broken cells, nuclei, erythrocytes and mitochondria. The superna-
tant was used for the estimation of superoxide dismutase (SOD),
glutathione peroxidise (GPx) and malondialdehyde (MDA). The
protein was estimated by Lowry’s method.

2.6 Histopathological studies

Small sections taken from each lobe of the liver were fixed imme-
diately in 10% neutral formalin for a period of at least 24 hr, and
embedded in paraffin wax. Thin sections of 5 micron thickness

were made using a microtome and later stained with haematoxy-
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lin-eosin. The histopathological examinations were carried out at
Sudharma Metropolis Pathological Laboratory, Thrissur, Kerala,
India.

2.7 Statistical Analysis

The results are presented as Mean + SD of the studied group. Sta-
tistical analyses of the results were performed using ANOVA with
Tukey-Kramer multiple comparisons test.

3 RESULTS

3.1 Evaluation of liver function enzymes in serum

Administration of acetaminophen (150 mg/kg body weight) re-
sults in manifestation of hepatotoxicity as can be revealed from
the elevated levels of serum marker enzymes (Table.1). The levels
of serum GOT (46.06+9.4), GPT (45.5+ 10.35), ALP (110.26 + 22.16),
bilirubin (0.72+0.04) and albumin (3.27+0.27) were elevated in ac-
GOT GPT

etaminophen treated animals

(258.5+12.60), ALP (213.6 + 22.35), bilirubin (1.67+0.88) and albu-

(250.75+11.78),

min (4.91+0.12)] when compared to control, indicating liver dam-
age. Silymarin is a known hepatoprotective agent and administra-
ton of this compound at a dose rate of 75 mg/kg body weight
prevented the onset of hepatotoxicity induced by acetaminophen.
Administration of FA after paracetamol treatment prevented ele-
vated levels of serum marker enzymes in a dose dependent man-
ner. Post treatment of FA significantly reversed the levels of GOT,
GPT, ALP, bilirubin and albumin when compared to acetamino-

phen alone treated mice.
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Table 1. Effect of ferulic acid on serum marker enzymes in paracetamol
induced hepato toxicity in mice. values are expressed as mean + sd (n =
9). Data were analyzed by using one-way anova followed by Tukey multi-
ple comparison test. “a’ represents p< 0.001 vs PAR control; ‘b’ represents
p< 0.01 vs PAR control

September-2020 411

Generation of malondialdehyde (MDA) was measured as a mark-
er of lipid peroxidation (LPO) and an indicator of oxidative injury.
Analysis of LPO levels by thiobarbituric acid reaction showed a

significant increase in the acetaminophen treated mice. The

Treatments | SGOT SGFT(U/L) | ALP(UL) | BILIRUBIN | ALBUMINigidD
post treatment with FA (100 and 200 mg/kg) significantly pre-
W tmg/dl)
vented the increase in LPO level which was brought to near
Control 1606:94 | 455=1035 | 110262216 | 072004 | 327027
normal level. The effect of FA was comparable with that of
PAR(I50mg/Kg) | 25075:1178 | 2385=1260 | 2136=235 | 1672085 | 491012
standard drug silymarin (Figure.2 ).
PAR 5yl | 805226k | 8225:630 | 162622460 | 095=01 362016+
PARFA(IO) | 732529+ | 685=lld | 152622040 | 073011 | 362002
7
mgfkg)
6
PARFAQOD | 6625434 | 605=1020- | 1343+1006 | 065201 33:01-
5 ox % * s
&
mg/kg) g
o
54
w
£
3.2 Biochemical Measurements and Antioxidant Status L
£,
The total antioxidant activity, as a measure of antioxidant status,
was significantly decreased in the liver tissue of the acetamino- -
phen treated group (Table.2). Acetaminophen treatment caused a 0 ' '
Control ~ PAR{150mg/kg) PAR+Syl  PAR+FA100 PAR+FA200
significant decrease in the level of SOD, GPx and GSH in liver Treatments

tissue when compared with control group. The activities of all the
antioxidant enzymes were significantly enhanced in the animals
treated with FA. The post-treatment with FA (100 and 200
mg/kg) resulted in significant increase of SOD, GPx and GSH in a
dose dependent manner.  The silymarin treated animals also

showed a significant increase in antioxidant enzymes levels com-

pared to acetaminophen treated animals.

Figure 2. Effect of administration of ferulic acid on paracetamaol-
induced lipid peroxidation (MDA formation) in liver tissues of
mice. (* indicate p<0.05 and *** indicate p<0.001 when compared
with the PAR alone treated group)

3.3 Morphological Study

Histological analysis was performed to confirm FA mediated
hepatoprotection. In the untreated control animals the morpho-
logical observations of liver tissues showed normal architecture of
hepatic cells with dear cytoplasm and slightly dilated central
veins. Here the kupffer cells are appeared normal and all cells
having normal large nuclei (Figure.3[A]). In acetaminophen
treated animals the liver tissue shows distorted architecture. Cen-
tral veins are markedly congested. There are extensive area of
necrosis and haemorrhage. Nuclei are distorted and some of the
hepatocytes contain vacuolated cytoplasm (Figure.3[B]). The si-
Iymarin treated animals also showed similar results as that of FA

but here the sinusoidal spaces are compressed. And some areas
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showed minimal nuclear pleomorphism (Figure 3.[C]). In the
extract post-treated animals with FA (100 and 200 mg/kg), the
normal architecture of the liver tissue can be seen (Figure3.
[D&E]). Here central veins are slightly dilated and hepatocytes
are slightly pleomorphic of them have larger nuclei. Sinusoidal
space appears normal, and also the kupffer cells. Thus the histo-
logical observations supported the results obtained from liver
enzyme assays.

Table 2. Effect of post administration of FA on paracetamol induced deple-
tion of GPx, GSH, and SOD levels in liver fissue of mice. Values are ex-
pressed as mean £ sd (n = 5). Data were analyzed by using one-way ano-

va followed by Tukey multiple comparison test. ‘@’ represents p< 0.001 vs
PAR control; ‘b’ represents p< 0.01 vs PAR control

42

hepatocellular GSH and covalently modify cellular proteins re-
sulting in hepatocyte death. Assessment of liver function is made
by estimating the activities of serum GPT, GOT and bilirubin
which are present higher concentration in cytoplasm. When there
is hepatopathy, these molecules leak into the blood stream in
compliance with the extent of liver damage [18], [19]. Bilirubin is
one of the most useful clinical clues to the level of damage of ne-
crosis and its increase is a measure of binding, conjugation and
excretory capacity of hepatocyte.

Paracetamol overdose result in toxic liver damage leading to po-
tentially fatal, hepatic centrilobular necrosis and liver failure [8]

associated with metabolic activation by the P-450 system to form a

quinine  imine  metabolite, N-acetyl-p-benzoquinoneimine

(NAPQI), which covalently binds to proteins and other macro-

molecules to cause cellular damage. At low doses, NAPQI is well

detoxified, mainly by conjugation with glutathione. At higher

Treatments GPx(Unitimg  pro- | GSH(n molesimg | SODUntimg  pro-
ten)) protein) tem)

Control 2542139 24162233 152618

PAR(150mg/Kg) 9.56+263 83%+11 5.75+02

PAR +5y1 1238+1.04+ 12.6:0.08* 873017

PAR+FA(100 mg/kg) 16.3x152 17.87+0.8> 9.75:1.70

PAR+FA(200 mg/kg) 1925170+ 20.33x1 .52 113115

Figure.3 Histopathology. Representative sections of liver tissue of
mice (A) untreated (B) PAR(150mg/kg) (C) PAR+Syl and (D) PAR
+FA 100 mg/kg (E) PAR +FA 200 mg/kg

4 DISCUSSION

After an overdose of paracetamol, elevated levels of the toxic

NAPQI metabolite are generated, which can extensively deplete

doses glutathione becomes depleted and the excess of NAPQI
arylates and oxidizes hepatic proteins [20]. Oxidative stress is also
a mechanism that has been postulated to be important in the de-
velopment of paracetamol toxicity. Toxicity begins with the
change in endoplasmic reticulum, which results in the loss of
metabolic enzymes located in the intracellular structures [21].
Assessment of liver function can be made by estimating the activi-
ties of serum Alanine amino transferase (ALT), Aspartate Amino
transferase (AST) and Bilirubin which are originally present high-
er concentration in cytoplasm. When there is heaptopathy, these
leaks into the blood stream in conformity with the extent of liver
damage [18], [22]. The elevated level of marker enzymes seen in
the group II, paracetamol treated mice shows the extensive liver
damage induced by toxin.

The experimental results indicate that FA were able to delimit the
liver damage induced by acetaminophen. The protective effect
was found to be significant and can be compared with the stand-
ard hepatoprotective drug silymarin [23]. Accidental or incidental
acetaminophen overdose may be assodated with toxic liver dam-
age leading to potentially fatal, hepatic centrilobular necrosis and
liver failure. Oxidative stress is another mechanism that is said to
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be important in the progress of acetaminophen toxicity. It was
observed that the levels of cellular antioxidant enzymes and mol-
ecules are decreased significantly in paracetamol treated animals.
This further results in the peroxidative damage to membranes
results in the leakage of enzymes, and metabolites to circulation.
In the present study, it was observed that, the animals treated
with paracetamol showed elevated levels of serum markers such
as SGPT, SGOT, ALP and bilirubin. Normally, a higher concentra-
tions of SGOT and ALP are present in liver. Due to hepatocyte
necrosis or abnormal membrane permeability, these enzymes are
released from the cells and their levels in the blood increases.
SGPT is a sensitive indicator of severe liver damage and increased
level of this enzyme in non hepatic diseases is unusual [22].

Oral administration of FA exhibited a significant reduction in ac-
etaminophen induced levels of serum GOT, GPT, ALP, and biliru-
bin which is an indication of stabilization of plasma membrane as
well as repair of hepatic tissue damage. This could be an evi-
dence for the protective effect of FA which helps to maintain the
functional integrity of hepatic cells. More over the decrease in
serum bilirubin after treatment with the FA in liver damaged
mice induced by acetaminophen indicated their effectiveness in
normal functional status of the liver. Thus above alterations can
be considered as an expression of the functional improvement of
hepatocytes, which may be caused by an accelerated regeneration
of parenchyma cells. The silymarin with a dose of 75 mg/kg, body
weight has also provided a better inhibition of the elevated level
of SGOT, SGPT, ALP, and serum bilirubin content. Thus the data
obtained from the serum parameters of the present study clearly
indicates that the antihepatotoxic activity of the FA probably
through the correction of cellular integrity of hepatic cell and its
regeneration.

Oxidative stress is considered to be associated with many diseas-
es, including cell damage. Glutathione is one of the most abun-
dant tripeptide, a non-enzymatic biological antioxidant present in
the liver. Its functions are concerned with the removal of free rad-
ical species such as hydrogen peroxide, superoxide radicals,

alkoxy radicals and maintenance of membrane protein thiols and
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as a substrate for glutathione peroxidase (GPx) and GST [24]. We
observed that the level of GSH was decreased in association with
acetaminophen treatment and administration of FA significantly
increased (P< 0.001) the level of glutathione in a dose dependent
manner.

The increase in MDA level in liver of acetaminophen treated mice
suggests provoked lipid peroxidation leading to tissue damage
and failure of antioxidant defense mechanisms to prevent for-
mation of excessive free radicals. Lipid peroxidation has been
postulated as being a destructive process in liver injury caused by
acetaminophen administration [25], [26], [9]. The post treatment
with FA reversed the increase in MDA levels more significantly
(P<0.001). The coincidence of antioxidant activity and protective
effect on liver tissues after acetaminophen administration suggest
that both free radical generation and lipid peroxidation may be
involved in this type of drug injury process.

SOD and GPx enzymes are important scavengers of superoxide
ion and hydrogen peroxide. These enzymes prevent generation of
hydroxyl radical and protect the cellular constituents from oxida-
tive damage [27], [13]. In the present study, it was observed that
FA significantly increased the hepatic SOD activity in acetamino-
phen treated mice.

In conclusion, the results of this study suggest that in mice, post
administration of FA possesses ameliorating effects on paraceta-
mol induced hepatotoxicity. This shows that administration of FA
can reduce reactive free radicals there for cause lesser oxidative
damage to the tissues and improve the activities of the hepatic
antioxidant enzyme. Hence it may be possible that the mechanism
of hepatoprotection of FA is due to its antioxidant effect.
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Abstract: The anti-inflammatory activity of ferulic acid (FA) was evaluated using carrageenan and formalin-induced paw edema
madels in Swiss albinoe mice. The anti-inflammatory activity was found to be dose dependent in both paw edema model. Administration
of the FA  showed significant (p<0.001) inhibition of paw edema, 28% and 37.5% on 6™ hour at the doses of 100 and 200 mg/kg body
weight respectively in Carrageenan induced paw edema model. Similar pattern of pww edema inhibition was seen in formalin-induced
paw edema model. The maximum percentage inhibition in pww edema was 31.4 % and 46.87 % on 6™ day at the doses of 100 and 200
mg/kg, respectively. The resulfs of present study demonstrate that FA possess significant anfi-inflammatory potential.

Keywords: anti-inflanmatory activity, paw edema, carrageenan, formalin

1. Introduction

Inflammation is a reaction of living tissues towards injury
and it comprises systemic and local responses (Joel et
al.,1998). The generation of free radicals, particularly
reactive oxygen species and their high activity plays an
important role in the progression of a great number of
pathological disturbances like inflammation, atherosclerosis,
stroke, heart disease, diabetes mellitus, multiple sclerosis,
cancer, Parkinson’s disease, Alzheimer’s disease, etc
(Nickavar et al., 2007; Hafeez ef al., 2013). Many present
day diseases are reported to be due to the shift in balance of
pro-oxidant and antioxidant homeostasis in the body (Schulz
et al., 2000). Reactive oxygen species (ROS), which include
superoxide radical, hydrogen peroxide (H,O,) and the
hydroxyl radical (-OH) are well documented as cytotoxic
mtermediates. These ROS differ significantly in their
mteractions and can cause extensive cellular damage such as
nucleic acid strand scission (Adelman ef al.,1988; Mohantya
et al, 2015), modification of polypeptides, lipid
peroxidation etc leading to cell membrane disintegration,
membrane protein damage and DNA mutation.

Inflammation activates a range of inflammatory cells that
induce and trigger several oxidant generating enzymes such
as NADPH oxidase, nitric oxide synthase, myeloperoxidase
and eosinophil peroxidise etc. These enzymes generate high
concentrations of different free radicals and oxidants such as
superoxide anion, nitric oxide, nitroxyl, nitrogen dioxide,
hydrogen peroxide etc, which react with each other to
produce more potent reactive oxygen and nitrogen species
that can damage DNA, RNA, lipids and proteins and also
leads to multistage carcinogenesis (Ohshima et al., 2003).
Therefore much attention has been focused on the use of
antioxidants, especially natural antioxidants to inhibit
peroxidation and to protect DNA and other macromolecules
from damage due to free radicals (Wu et al., 2017).

In spite of our dependence on modern medicine and the
tremendous advances in synthetic drugs, a large number of
world populations cannot afford the products of the western
pharmaceutical industry and have to rely upon the use of
traditional medicines, which are mainly derived from plant
materials. A large mumber of aromatic, spicy, medicinal and
other plants have chemical compounds, -exhibiting
antioxidant properties. Well known source of natural
antioxidants are mainly, plant phenolics that may seen in all
parts of plants such as fiuits, vegetables, nuts, seeds, leaves,
roots and barks (Naik and Krishnamurthy, 2018). These
antioxidant compounds hold anti-inflammatory,
antiatherosclerotic, antitumor, anticarcinogenic, antibacterial
or antiviral activities to a greater or lesser extent (Sala et al.,
2002). Many anti-inflammatory, digestive, anti-necrotic,
neuroprotective, and hepatoprotective drugs have recently
known to have an antioxidant and/or radical scavenging
mechanism as part of their activity (Lin ef al., 2000; Repetto
and Lesuy, 2002). Crude extracts of fiuits, herbs, vegetables,
cereals and other plant materials rich in phenolic are
increasingly of interest in the food industry, because they
retard oxidative degradation of lipids and thereby improve
the quality and nutritive value of food (Sevgi et al., 2015).
Hence interest in natural antioxidants, especially
phytochemicals has greatly increased in recent years (Kumar
et al., 2010).

Ferulic acid (FA) or 4-Hydroxy-3-Methoxycinnamic Acid,
derivative of cinnamic acid with molecular formula
CyoH;¢04, a ubiquitous natural phenolic phyto chemical
present in seeds, leaves, its free form and covalently
conjugated to the plant cell wall polysaccharides,
glycoprotein, polyamines, lignin and hydroxyl fatty acids
(Figure. 1). As an antioxidant, FA play a major role in the
body's defense against carcinogenesis by inhibiting the
formation of N-nitroso compounds (Dai and Mumper,
2010). Moreover, FA is a strong scavenger of fiee radicals
and it has been approved in certain countries as food
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additive to prevent lipid peroxidation (Roginsky & Lissi,
2005; Balasubashini ef a/., 2004 ). The present paper reports
the investigation on the anti-inflammatory properties of FA.

o]

CHsO Y OH

HO
Figure 1: Ferulic acid (FA)
2. Materials and Methods

Animals

Female Swiss albino mice weighing 22- 25 g were obtained
from the Small Animal Breeding Section (SABS),
Manmuthy, Thrissur, Kerala. They were maintained under
standard conditions of temperature and humidity in the
Centre’s Animal House Facility. The animals were given
standard mouse chow (Sai Durga Feeds and Foods,
Bangalore, India) and water ad [libitum. All animal
experiments in this study were carried out with the prior
approval of the Institutional Animal Ethics Committee
(IAEC) and were conducted strictly adhering to the
guidelines of the Committee for the Purpose of Control and
Supervision of Experiments on Amnimals (CPCSEA)
constituted by the Animal Welfare Division of Government
of India.

Studies on anti-inflimmatory activity

Carrageenan induced acute paw edema

Amnimals were divided into 4 groups comprising of 5 animals
in each group. For all groups acute mflammation was
induced by sub plantar injection of 0.02 ml freshly prepared
1% of carrageenan in normal saline in the right hind paw of
mice (Winter et al., 1962). The administration of FA and
diclofenac and induction of paw edema is described below.
Group I- Distilled water (0.lml) + 0.02 ml of 1%
carrageenan injection

Group II- Ferulic acid 100 mg/kg (in 0.1 ml distilled water
p.0)+0.02 ml of 1% carrageenan injection

Group III - Ferulic acid 200 mg/kg (in 0.1 ml distilled water
p.0)+0.02 ml of 1% carrageenan injection

Group IV- Diclofenac 10 mg/kg body weight (in 0.1 ml
distilled water p.o) + 0.02 ml of 1% carrageenan injection

Animals which received carrageenan injection alone were
kept as control. Diclofenac (10 mg/kg body weight) served
as standard reference dmg. FA and diclofenac were
administered one hour prior to the sub plantar injection of
carrageenan. The paw thickness was measured using vernier
callipers at one hour intervals for 6 hours following
carrageenan injection.

Formalin induced chronic paw edema

The animals were treated in the same way as in the above
models; except formalin (20 pl of freshly prepared 2%
formalin) was used as the edematogenic agent instead of
carrageenan. The dmg treatment was continued for 6
consecutive days. Diclofenac (10 mg/kg body weight) was
used as the reference drug.

In all the above models, the degree of edema formation was
determined as increase in paw thickness. The increase in
paw thickness and percent inhibition were calculated as
follows.

Increase in paw thickness in control (P¢) or treatment (Py) =
PP,
Pe-Pp X 100
Pc
Where P; indicates paw thickness at time t, P is initial paw

Percent mhibition =

thickness, P represents increase in paw thickness of the
control group and P is the increase in paw thickness of the

freatment groups.

3. Results

Carrageenan induced paw edema

The sub plantar injection of carrageenan in Swiss albino
mice produced a local inflammatory response. The paw
edema found to reach the peak at 2™ hour and after that it
was found to reduce. Administration of the ferulic acid
produced 28 % inhibition in the paw thickness at a dose of
100 mg/kg body weight at 6 hour and 37.5% inhibition in
paw thickness at a dose of 200 mg/kg at 6% hour (p<0.001)
(Figure .2 ).
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Figure 2: Effect of Ferulic acid (100mg/kg &200 mg/kg) on carrageenan induced paw edema in mice. All values expressed as
Mean £+ S.D, (n=5).

Formalin induced paw edema

In the formalin-induced paw edema test for chronic
inflammation, the sub plantar injection of formalin in Swiss
Albino mice produced a local inflammatory response which
reached a maximum intensity of edema at the 3 day.

0.6 =+—Formalin
0.5
0.4
0.3

0.2

Increase in pawthickness(Cm)

0.1

Initial

Day 1

Day 2

=&~ Diclofenac

Administration of ferulic acid at doses of 100 mg/'kg body
weight showed 31.4 % inhibition of edema on 6% day,
where as ferulic acid exhibited 46.87 % inhibition at a dose
of 200 mg/kg on 6% day (p<0.001) (Figure. 3).

~&—FA 100 =—==FA 200

Day 3 Day 4 Day 5 Day 6

Time (Days)
Figure 3: Effect of Ferulic acid (100mg/kg &200 mg/kg) on formalin induced paw edema in mice. All values expressed as
Mean £+ S.D, (n=5).

4, Discussion

Various studies suggest that the inflammatory tissue
damages are due to the liberation of reactive oxygen species
from phagocytes invading the inflammation sites (Cross et
al., 1987; Winrow et al., 1993). In addition to this, nitric
oxide is also implicated in inflammation, cancer, and other
pathological conditions (Hemmani and Parihar, 1998).
Interactions between superoxide and nitric oxide regulate the
vascular tone or inflammation (Conner and Grisham, 1996).

Inflammation is a complex process and ROS plays an
important role in the pathogenesis of inflammatory reactions
(Halliwell and Gutteridge, 1985). As the inflammation is
mainly produced by the oxidative burst of macrophages,
antioxidants which can scavenge ROS may be effective to
reduce inflammatory disorders. Inflammation, which is a
pattern of response to injury, involves the accumulation of
cells and exudates in irritated tissues that allows protection
from further damage (Azab et al., 2016). Significant
ameliorative activity against carrageenan and formalin
mduced anti-inflammation was shown by FA.
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Carrageenan induced acute inflammation in animals is said
to be the most suitable test procedures to monitor anti-
inflammatory agents. The carrageenan induced edema is
mediated by activation of platelet activating factor (PAF),
prostaglandins and other inflammatory mediators (Hwang et
al., 1986; Mansouri ef al., 2015). Carrageenan-induced
edema is a biphasic response in which the mvolvement of
the cyclo-oxygenase products of arachidonic acid
metabolism and the production of reactive oxygen species
are well established (Madhuri ef al., 2016). The first phase
is mediated through the release of histamine, serotonin, and
kinins, whereas the second phase is related to the release of
prostaglandin oxygen-derived free radicals and production
of inducible cyclo-oxygenase which peak at 2-3 hours
(Panthong ef al., 2004). Carrageenan also induces a protein
rich exudates containing large number of neutrophills (Lo et
al., 1982; Naik and Krishnamurthy, 2018). The ferulic acid
produced considerable inhibition of carrageenan-induced
paw edema comparable in magnitude with the inhibitory
action of the standard drug diclofenac.

Formalin induced paw edema is also one of the most suitable
test procedure to screen chronic anti-inflammatory agents as
it closely resembled human arthritis (Greenwald, 1991). The
nociceptive effect of formalin is also biphasic, an early
neurogenic component followed by tissue mediated response
(Zhao et al., 2018). The ferulic acid showed significant anti-
inflammatory activity against formalin induced paw edema
and thus found to be effective in chronic inflammatory
conditions. Ferulic acid released from wheat bran by a new
strain of A. niger showed good anti-inflammatory activity
and better antioxidant ability (Yin et al., 2019)

There is a strong relationship between antioxidants and
inflammation (Ma and Huang, 2014). Chronic inflammation
is accompanied by increased production of tissue reactive
oxygen and nitrogen intermediates. Oxygen free radicals and
non radical reactive oxygen intermediates released by
neutrophils and other phagocytes have been increasingly
implicated  in  inflammation/  immune  disorders.
Inflammation also facilitates the initiation of normal cells
and their progression to malignancy through the production
of inflammatory oxidants (Dhingra ef al., 2018). Appropriate
treatment of inflammation with anti-inflammatory agents,
inhibitors, inhibitors of oxidant generating enzymes, and
scavengers of oxidants should be explored to prevent
development of human cancers associated with chronic
mflammation (Ohshima ef al, 2003).

In conclusion, the present study reveals the profound anti-
inflammatory activity of ferulic acid and the effect showed
by them might probably due to its significant antioxidant
power.
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