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SYNOPSIS

Unwanted exposure to ionizing radiation depending on its type, energy and absorbed
dose can induce serious health hazards ranging from mutation, radiation syndromes, cancer
and even to death.' In cells, ionizing radiation causes radiolysis of water, the major cellular
component, leading to generation of free radicals like hydroxyl radical (*OH), superoxide
radical (02°7), peroxyl radical (ROO®) collectively termed as reactive oxygen species
(ROS).Z’3 ROS cause oxidation of biomolecules resulting in disturbance of the redox
homeostasis of cells which may ultimately lead to cell death.” Therefore there is a need for
development of agents, termed as radioprotectors that can reduce radiation induced toxicity
to normal cells.” After extensive research on various natural and synthetic compounds,
sulfur compounds were reported to possess potential radioprotective activity due to their
good free radical scavenging ability. The most effective sulfur compound identified till
date for radioprotection is amifostine which is an aminothiol. This has been approved
clinically to reduce radiation induced xerostomia in case of head and neck cancer patients.6
But amifostine has certain limitations and exhibits considerable toxicity at the

radioprotective dose. This warranted search for more effective and non-toxic drugs.’

Most of the initial research on sulfur compounds concluded that an ideal radioprotector
should be able to donate electrons to ROS easily. Selenium and sulfur belong to the same
group of the chalcogens with similar chemical properties. Selenium can scavenge free
radicals more easily as compared to sulfur due to its higher nucleophilicity and lower
ionization potential. Thus selenium compounds are anticipated to be better radioprotectors
than the analogous sulfur compounds.® This led to a world-wide research to evaluate the
radioprotective ability of inorganic and organic selenium compounds from natural as well

as synthetic origins. Till date, an inorganic selenium compound, sodium selenite has been



tested in clinic to prevent radiation induced damage while organic selenium compounds are
still under pre-clinical stage of evaluation. One selenium compound 3, 3’-
diselenodipropionic acid (DSePA), developed from our group has shown promising results

and is under preclinical stage for development as a lung radioprotector.

Having inspired by the outcomes of research with DSePA, we have examined in this
thesis a water soluble cyclic organoselenium compound, trans-3,4-dihydroxyselenolane
(DHS) for its radioprotective activity.9 Further we have also explored the fatty acid / alkyl
derivatives of DHS and a structurally similar monoamine selenolane (MAS) of variable
chain length as a strategy to design a pro-drug to achieve required hydrophobicity such that
it can increase uptake in cells. The chemical structures of DHS, MAS and their fatty acid /

alkyl derivatives used in the present study are presented in Scheme 1.

HO OH NH* CI
Dihydroxy selenolane (DHS) Monoamine selenolane (MAS)
Se Se
JA o,
HO o< Hy*N-C,Hap41Cl"
Ch-1Han-1

n=86,8, 10,12, 14
DHS fatty acid derivatives MAS N-alkyl derivatives

Schemel: Chemical structures of DHS, MAS and their fatty acid / alkyl derivatives
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Organization of the thesis:

The work carried out in the present thesis is divided into six chapters:

(1) Introduction and Review of literature.

(2) Materials and Methods.

(3) Radioprotective effects of DHS against whole body irradiation (WBI) in mice model
system.

(4) Effect of alkyl chain length on the cellular uptake and antioxidant activity of DHS and
MAS.

(5) Comparative radioprotective activity of DHS and DHS-Cg in cells and their mechanism
of their action.

(6) Summary and future scope.

Chapter 1: Introduction and review of literature

This is an introductory chapter and describes the literature related to the present thesis
work. These include preliminary concepts on radiation biology, deleterious effect of
radiation in terms of damage to biomolecules like lipids, proteins and DNA, details of
DNA damage response, intracellular antioxidants, oxidative stress and signaling pathways.
The chapter also describes in detail the need for radioprotectors, their classification and
history of development. A brief overview of the importance of selenium in biology, its
toxicity / essentiality, selenoproteins and the current status of research on selenium based
radioprotectors is also discussed. At the end of the chapter details about the selenium

compounds studied in the present thesis are included.

il



Chapter 2: Materials and Methods

This chapter gives details about chemicals, instruments and methodologies used for the
research work carried out in the thesis. The compound DHS, MAS and their fatty acid /
alkyl derivatives were synthesized by Prof. Michio Iwaoka at Tokai University, Japan. The
in vivo radioprotection studies were done in BALB/c mice with strict adherence to the
ethical guidelines laid down by the institutional animal ethics committee of BARC. For
cellular studies, Chinese Hamster Ovary (CHO) cells obtained from Radiation Physics and
Advisory Division, BARC were used. The irradiation of mice and cells were performed
using a ®®Co Bhabhatron y-source (Department of Atomic Energy, India) with a dose rate
of 1 Gy / min as estimated by Fricke dosimeter. All the biochemical and molecular assays
in cells and tissues were performed following standard methods as reported in literature.
The anti-genotoxic effect of test compounds were investigated by micronuclei, y-H2AX
and comet assay. The mechanism of action was investigated by performing the
pharmacological inhibition experiments. The statistical analysis of the data was done by
student’s t test, one-way ANOVA of Origin software (version 6.0.0). The P values < 0.05

were considered as statistically significant.

Chapter 3: Radioprotective effects of DHS against whole body irradiation (WBI) in

mice model system

This chapter gives details regarding the in vivo radioprotective activity of DHS against
WBI to an absorbed dose of 8 Gy in BALB/c mice. DHS was administered
intraperitoneally (ip) under three different treatment regimes. In the first experiment, single
dose of DHS was administered 30 minutes prior to radiation exposure. In the second
experiment, DHS was administered for 5 consecutive days prior to radiation exposure and

in the third experiment, DHS was administered not only for 5 consecutive days prior to

v



irradiation but also during the post irradiation period for three times a week until the end of
the experiment. The results indicated that DHS offered best protection under the third
treatment condition. DHS at the lowest tested dose of 2 mg/kg body weight showed 40 %
improvement in 30 day survival of mice. Increasing the dosage up to 50 mg/kg body
weight did not increase the protection suggesting saturation. This dosage and treatment
schedule was employed for further studies. Radiation exposure causes tissue injury leading
to hematopoietic and gastrointestinal syndrome.'®'" The effect of DHS supplementation on
the organ specific toxicity and inflammatory responses in BALB/c mice exposed to WBI
was monitored in terms of biochemical / histological changes at 10 and 30 day post
irradiation as the median survival time of radiation treated group was 10 day. The results
indicated that supplementation with DHS did not protect against radiation induced acute
(10 day) hematopoietic and gastrointestinal damage assessed in terms of spleen parameters
(index, cellularity and colony forming units), hematocount and villi structure but showed
restoration of the above parameters in mice surviving till 30 day post irradiation.
Interestingly DHS treated mice ameliorated the radiation induced acute oxidative damage
parameters like lipid peroxidation and inflammatory response marked by an increase in the
expression of pro-inflammatory cytokines like Icam-1, Ccl-2 and iNos-2 in lung and
intestine. In line with these results, DHS administration also reduced the radiation induced
DNA damage in peripheral leukocytes as monitored by comet assay. Further, DHS was
evaluated for its ability to modulate the expression of a selenoenzyme like GPx in lungs,
spleen and intestine. DHS supplementation caused tissue specific induction of all three
GPx isoforms (GPx 1, GPx 2 and GPx 4) in different tissue on 10 and 30 day leading to an
overall increase in GPx activity. DHS also showed higher level of another antioxidant
enzyme SelenoP-1 at both time points which might contribute to its ability to reduce

radiation induced systemic inflammation. Throughout the studies, DHS was compared with



a standard organoselenium compound, selenomethionine (SeM) which is not only a major
dietary source of selenium to humans but has also been evaluated for radioprotection.'?
Additionally, DHS and SeM being cyclic and linear selenium compounds respectively,
such studies are useful to understand the importance of structure if any in their
radioprotective activities. The results indicated that DHS is as good as SeM in improving
survival. Most of the biochemical and histological parameters were comparable, except that
SeM did not alter the expression of GPx 4. Thus in conclusion survival advantage offered
by DHS and SeM may be attributed to the suppression of radiation induced inflammatory
responses and antioxidant effects mediated through GPx. One of the limitations of linear
organoselenium compounds like SeM is its metabolic instability. Compared to linear ones,
cyclic organoselenium are considered to be metabolically stable and thus are expected to
exhibit higher antioxidant effects. Since DHS is highly water soluble, may be poorly bio-
available therefore in the next chapter, DHS and a series of its lipophilic derivatives were
evaluated for bio-availability employing a cellular model. Subsequently the effect of these
derivatives on the induction of antioxidant selenoprotein like GPx was also investigated for

their probable exploration as radioprotective agents.

Chapter 4: Effect of alkyl chain length on the cellular uptake and antioxidant activity

of DHS and MAS

Attaching a fatty acid / alkyl group as a lipophilic unit with a pharmacologically
important hydrophilic moiety is an effective approach to increase its bioavailability.'*"'
Accordingly, a series of lipophilic derivatives of DHS and a structurally related molecule,
MAS, were synthesized by attaching fatty acids or alkyl groups of variable chain length (Cs

- Cy4). All these derivatives were evaluated for cytotoxicity, uptake and antioxidant activity

in CHO cells and the results are discussed in this chapter. The aim of this work is to
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identify the most effective compounds that can be further evaluated for radioprotection.
The cytotoxicity studies at various time points (24 -72 h) indicated that the parent
compounds DHS and MAS were non-toxic, however the cytotoxicity of their fatty acid /
alkyl derivatives increased with an increasing concentration (1 - 50 uM) and chain length
(Ce - Cy14). The cytotoxicity of DHS and MAS derivatives were in the following order C¢<
Cs< Cijo~ Ci2> Cps. Among the DHS and MAS derivatives, the former showed
significantly lesser cytotoxicity than the latter at each chain length and treatment
concentration. The mechanistic investigation revealed that the higher (>Csg) fatty acid /
alkyl derivatives of DHS and MAS led to cell death by necrosis caused by cytolysis or
membrane disintegration as evidenced by the acute mitochondrial depolarization,
propidium iodide staining and leakage of intracellular protein LDH. Since plasma
membrane disruption is also marked by the changes in its fluidity, the effect of the long
(>Cg) chain derivatives of DHS and MAS on membrane disruption was revalidated by
measuring the fluidity parameter in terms of an anisotropy value of a fluorophore, DPH,
known to be localized in the plasma membrane."> Our results indicated that treatment with
parent compounds (DHS and MAS) at 25 pM did not affect the anisotropy value of DPH
even after 4 h of their addition to cells, whereas (>Cg) derivatives of DHS and MAS at
identical concentration showed time dependant decrease in anisotropy. Further DHS and
MAS derivatives with long alkyl chain, being amphiphilic in nature may aggregate causing
non-linear relationship between chain length and cytotoxic effect. Indeed our results
indicated that the higher (>C,,) fatty acid / alkyl derivatives of DHS and MAS formed
aggregates as a function of concentration. Due to this, there was lower availability of free
molecules to interact with the cell membrane causing lesser cytotoxicity at longer chain
length. Subsequently, the cellular uptake of DHS, MAS and their non toxic derivatives like

DHS-Cs and MAS-C¢ was examined. The results indicated that the Cg¢ derivatives

vii



improved the uptake of the parent compound by ~ 2.5-fold. Further, treatments with DHS-
Cs and MAS-Cg showed significantly higher induction of antioxidant selenoenzymes such
as GPx I and TrxR 1 both at mRNA and activity levels as compared to the respective
parent compounds. Additionally, these derivatives also provided better protection against
the AAPH induced lipid peroxidation and protein oxidation than the parent compounds. In
conclusion Cg derivatives of DHS and MAS are better than the parent compounds in terms
of bio-availability exhibiting antioxidant effects in the cell. The study also provided
evidence for the importance of hydrophilic-lipophilic balance (HLB) in regulating
cytotoxicity as well as bioavailability. Based on these studies, in the next chapter we have
performed radioprotection studies of DHS-C¢ and compared with DHS. Due to chemical

instability and slightly higher toxicity of MAS-Cg it was not taken up for further studies.

Chapter 5: Comparative radioprotective activity of DHS and DHS-C¢ in cells and

their mechanism of action

This chapter describes the comparative radioprotective effects of DHS and DHS-Cg
against y-irradiation using cellular model system. Attempts were also made to understand
their mechanism of actions. CHO cells being a model cellular system for radiation-related
research was used for this purpose. These cells were treated with DHS in the concentration
range of 1-100 uM for 16 h, exposed to y-radiation to an absorbed dose of 4 Gy and
evaluated for cell survival by clonogenic assay. Results showed that DHS pre-treatment
prevented the radiation induced cell death in a concentration dependant manner up to 25
UM and increase in concentration to 100 uM showed saturation effect. Further to examine,
how increased cellular uptake can influence the radioprotective activity, studies were
performed with DHS-Ce. The results revealed that at an identical concentration of 25 puM,

DHS-Cg pre-treatment offered significantly higher protection (40 %) against the radiation
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(4 Gy) induced cell death as compared to the parent compound DHS. The radiation dose
response of DHS and DHS-C¢ was evaluated by estimating the survival fraction as a
function of the increasing absorbed dose (1-12 Gy) through clonogenic assay. From this
study, dose modification factor (DMF) for DHS and DHS-C¢ was estimated to be 1.14 and
1.24 respectively. Notably treatment with both DHS and DHS-Cs significantly increased
GPx activity in cells by ~ 2.5 fold. Anticipating the role of GPx in radioprotection, our
investigations revealed that addition of mercaptosuccinic acid, a pharmacological inhibitor
of GPx abrogated the DHS mediated improvement in survival fraction against radiation
exposure. Since CHO cells undergo radiation induced cell death through mitotic
catastrophe mediated through G2 / M cell cycle arrest and chromosomal aberration, it was
anticipated that radioprotective effect of DHS might be related to its effect on cell cycle
arrest and DNA damage / repair. Therefore to address this issue, CHO cells treated with
DHS and/or mercaptosuccinic acid were exposed to radiation and cell cycle analysis was
performed using propidium iodide. The results showed that treatment with DHS resulted in
shift of cells from radiation induced G2/M arrest to Gl and the presence of
mercaptosuccinic acid reversed this effect. Further to study the role of DHS in DNA repair,
comet assay was performed at 0, 15, 30 and 60 minutes following radiation exposure. The
results indicated that DHS and DHS-Cg pre-treatment led to faster repair of DNA compared
to radiation control. At 30 minutes, there was a decrease in all four comet parameters
(percent DNA tail, tail moment, tail length and olive tail moment) by 41 %, 36 %, 35 %,
and 46 % respectively in DHS and by 57 %, 50 %, 52 %, and 66 % respectively in DHS-C¢
treated group compared to radiation control. The radioprotective effect of DHS against
radiation induced DNA damage was also evidenced by y-H2AX and micronuclei assays.
Interestingly, addition of mercaptosuccinic acid abrogated the DHS mediated DNA repair

monitored through comet, y-H2AX and micronuclei assays. Further inhibitors of DNA

X



damage response proteins like check point kinase 1 (CHK 1) and DNA-protein kinase
(DNA-PK) although abrogated the radioprotective effect of DHS or DHS-C¢ separately,
did not show additive effect in combination with GPx inhibitor. All these results together
thus confirmed that DHS or DHS-C¢ induced GPx levels in CHO cells, facilitated DNA
repair through modulating DNA damage response signaling against radiation exposure and
responsible for the observed radioprotective effect. Having understood the radioprotective
action of DHS and DHS-C¢ in CHO cells, it was important to evaluate the effect of these
compounds in radiosensitive cells like lymphocytes. Notably treatment with DHS or DHS-
Ce did not protect lymphocytes from radiation exposure. Lymphocytes undergo transient
Gl arrest and apoptosis after radiation exposure suggesting the inability of above
compounds in preventing the radiation induced early apoptosis. In conclusion, present
study gains significance in view of the fact that late-responding normal tissue cells
involved in chronic syndromes undergo delayed mitotic death following radiation exposure.
Therefore DHS-Cs a lipophilic derivative of DHS showing protection against radiation
induced mitotic death can be a model compound for in vivo evaluation as selenium based

radioprotector to reduce radiation toxicities in late-responding normal cells.

Chapter 6: Summary and future scope

1. DHS, a water soluble, non-toxic organoselenium compound when administered at a
dosage of 2 mg/kg body weight for 5 consecutive days prior to radiation exposure and three
times a week post WBI of 8 Gy improved 30 day survival of mice by 40 %.
Radioprotective activity of DHS was found to be associated with GPx induction, reduction
of lipid peroxidation and inflammation in the radiosensitive organs. The protection offered

by DHS was comparable to that by a natural dietary organoselenium compound SeM.



2. The fatty acid / alkyl conjugation of DHS and MAS (>Cjg) improved the ability of DHS
and MAS to incorporate in the cells but at the same time induced toxicity by necrosis in
CHO cells. An optimum chain length derivative, DHS-C¢ and MAS-C¢ showed the right
hydrophilic-lipophilic balance to increase the availability as well as antioxidant activity in

cells.

3. DHS and DHS-C; protected CHO cells from radiation induced mitotic death with DMF
of 1.14 and 1.24 respectively. It prevented radiation induced DNA damage by augmenting

DNA repair in a GPx dependant manner.

4. As DHS and DHS-Cg led to induction of GPx at mRNA and activity levels, the tissue

specific role of GPx in their radioprotective activities needs to be investigated in future.

5. The ability of DHS and DHS-Cg to prevent radiation induced inflammatory responses
and mitotic death in late-responding cells warrant future experiments to explore them

against chronic syndromes.
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48 h post irradiation by PI staining. (B) Bar graph showing percentage (%) of cells in
pre-G1 phase under different treatment conditions at 48 h post irradiation by PI

staining.
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Chapter 1

Introduction and Review of Literature

This chapter gives a brief introduction of all the important topics related to the present
thesis work. These include preliminary concepts on radiation biology, deleterious effect
of radiation on biomolecules, DNA damage response and various DNA repair pathways.
The chapter also contains details on history and development of radioprotectors,
importance of selenium, its toxicity / essentiality, selenoproteins and recent
developments on selenium radioprotectors. At the end of the chapter details about the

selenium compounds employed for the present thesis are included.



1.1. Radiation

Radiation is the form of energy emitted as particles or electromagnetic waves
from a material or space. Depending on the energy of emitted particles or waves,
radiation can be classified in to either non-ionizing or ionizing'. While the low energy
non ionizing radiations were known to be ubiquitously present in the universe, the
concept of ionizing radiation emerged with the discovery of X-ray in 1895 by a German
physicist William Conrad Roentgen®. In the course of performing experiments with
cathode tube, he discovered that some invisible rays could pass through the screen used
to block the light. He named these rays as X-rays to designate something unknown.
This was followed by another milestone discovery in 1896 by Antoine Henrie
Becquerel that unstable nuclei like uranium salts are capable of emitting similar
radiation naturally which is termed as radioactivity” .

Nuclear radiation has played an important role in human lives ever since its
discovery. While such radiations have been known to induce unwanted and sometimes
irreversible changes to living beings, they became indispensable tools and
revolutionized the field of medicine especially in the treatment and diagnosis of cancer®.
As the name suggests ionizing radiations whether electromagnetic (X-rays, y-rays) or
particulate (a- particles, beta particles etc) have enough energy to eject an electron from
atom or molecule and responsible for most of the biological damage. The energy
transferred by radiation per unit length of the track is termed as linear energy transfer
(LET). It is expressed as kiloelectron volt per micrometer of the material (KeV/um).
Heavy charged particles have high LET as compared to electromagnetic rays. Exposure
to radiation is defined as the measure of intensity of radiation field. The S.I unit of

exposure is coulombs per kilogram (C/kg) i.e the quantitiy of X-ray or y ray that



produces 1 coulomb of charge per kg of air. The amount of energy from a given
radiation source, which is deposited in the material of given mass is termed as absorbed
dose. The S.I unit of absorbed dose is Gray (Gy) which is equal to one joule of energy
deposited in one kilogram of material (1 J/kg). The traditional unit of absorbed dose is

Rad which is equal to 0.01 Gy"*.
1.2. Radiobiology

The first observed effect of radiation exposure on living organism came into
light in 1895 when William Roentgen developed burns on exposure to X-rays. The first
systematic experiment to demonstrate the biological effect of radiation exposure was
performed by Becquerel in 1896, wherein he showed that radium (a radioactive element)
caused skin erythema and ulcer. Later, radium was also found to be the cause of death
of women working at US Radium dial painting factory. After the nuclear accident at
Hiroshima and Nagasaki, 1945 several research laboratories initiated radiation biology

to study the interaction of radiation with cells and living organism.’
1.3. Interaction of radiation with cells

Ionizing radiation while interacting with cells causes primarily ionisation and
excitation of bio-molecules. In general, two different types of effects are seen due to
interaction of ionizing radiation with cells and are recognized as direct and indirect
effects. In direct effect, the absorbed radiation causes direct damage of the
biomolecules, initiating a chain of events leading to biological changes. This type of
effect is mostly seen in high LET radiation (a particles, neutrons, protons etc.). During
indirect effect of radiation in cells, water being a major (70 %) constituent absorbs

maximum radiation dose and undergoes ionisation and excitation (a process known as



radiolysis) producing highly reactive free radical species (Scheme. 1.1) like hydroxyl
radical (*OH), hydrogen radical (H®), superoxide radical (O2°") and peroxyl radical
(ROO®)'*'?. The indirect effect is mostly seen in low LET radiations (X-ray, y ray) and
accounts for 75 % of the total biological damage caused by radiation'. Radiolytically
generated free radicals are termed as reactive oxygen species (ROS). ROS can damage
biomolecules like lipids, proteins and DNA which is responsible for cell death, tissue
injury and ultimately radiation syndromes'®. The consequences of radiation effect to

bio-molecules are described below.
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Scheme 1.1 Radiolysis of water

1.3.1. Damage to lipids

Lipids are amphipathic molecules composed of fatty acids and glycerol or
sterols. It is the constituent of cell membranes and plays an important role in signaling
and energy storage. Lipid peroxidation is described as a process under which ROS
generated during irradiation attack lipids containing carbon-carbon double bonds,
especially polyunsaturated fatty acids (PUFAs). Lipid peroxidation consists of three
steps: initiation, propagation and termination. During initiation, ROS abstracts
hydrogen from a methylene group present in the lipid (LH) molecule resulting in the
formation of lipid radical (L*). L* as a carbon centered radical stabilizes itself by

molecular rearrangement to form conjugated diene. In the propagation step, the lipid



radical reacts with oxygen present in the surrounding environment to form lipid peroxyl
radical (LOO®). This radical is capable of abstracting a hydrogen atom from other lipid
molecule producing new lipid radical (L®) and lipid hydroperoxides (LOOH). The
peroxyl radical generated will continue this chain reaction until the reaction is
terminated by an agent capable of donating an electron to LOO®."” The primary
products of lipid peroxidation are LOOH which is responsible for the formation of
secondary products like malondialdehyde (MDA), propanal and 4 hydroxynonenal (4-
HNE). MDA is mutagenic and generally used as a marker for the lipid peroxidation.
The main consequences of lipid peroxidation are changes in membrane fluidity,
formation of DNA-lipid adducts, modulation in cell signalling pathways, inflammation

and cell death'®.
1.3.2. Damage to proteins

Proteins are one of the important targets for ROS mediated damage due to their
abundance in the cell. Their diverse role as enzymes, transcription factors, growth
hormones and cytokines accounts for their importance in the functioning of the cell.
The sulfur containing amino acids like methionine and cysteine in a polypeptide chain
are more susceptible to ROS mediated oxidation resulting in the formation of
methionine sulfoxide and disulfides’>. The major products of protein oxidation are
carbonyls and aldehydes or ketones. The oxidative modification of proteins results in
protein peroxidation, loss of secondary and tertiary structures, protein fragmentation,
proteolytic degradation and protein-protein cross links. The consequences of protein
damage are loss of enzymatic activity, changes in the cellular redox potential,
inactivation / activation of transcription factors and altered signal transduction

pathways'®'®.



1.3.3. Damage to deoxyribonucleic acid (DNA)

DNA stores all the genetic information necessary for carrying out biological
function. It is a double helical structure with two polynucleotide strands in anti-parallel
direction. Each nucleotide is composed of a nitrogenous base, a deoxyribose sugar and
a phosphate group. The nitrogenous bases of two chains are joined together by
hydrogen bonds. Using DNA as a template, RNA strand is synthesized by a process
called transcription. Each three bases of the RNA code for one amino acid. The process
of synthesis of protein from RNA is termed as translation. The sequence of amino acid
is crucial for the synthesis of a functional protein. If there is damage to the DNA
integrity, it will lead to the loss of the genetic information required for the biological
function. Any error in the DNA sequence will result in the transfer of incorrect
information to the next generation, an event termed as mutation. Thus, DNA is the most
critical target of radiation exposure. Among the ROS, *OH radical is considered to be
primarily responsible for most of the radiation induced DNA damage. It starts with
hydrogen abstraction from the deoxyribose carbon or *OH radical attack on the
unsaturated electron rich bond of nitrogenous bases resulting in several changes
including DNA strand breaks, abasic sites, base modification, DNA-DNA cross links

10,12,19

and DNA-protein cross links (Scheme 1.2) . Some of the products of base
oxidation are 8-oxo guanosine (8-OHdG), thymine glycol, 5-methylcytosine etc. The
reactivity of *OH towards DNA moiety follows the order of pyrimidines > purines >
deoxyribose®?!.

DNA strand breaks can be of two types: single strand breaks (SSBs) and double
strand breaks (DSBs). If the break has occurred in one of the strands of DNA, it is

termed as SSB. SSBs are repaired easily using opposite strand as a template. In contrast,



if the break happens in both the strands of DNA either opposite to one another or
separated by few bases is termed as DSB. Unlike SSBs, DSBs cannot be repaired easily
due to the lack of a template strand and is therefore the most lethal form of DNA

21,22
“. The most common

damage. DSBs can lead to chromosomal aberrations
chromosomal aberrations are dicentrics, translocation, acentric fragments, rings and
anaphase bridge. The acentric / chromosome fragments which are not incorporated in
the daughter cell during cell division are termed as micronuclei (MN) as they are
covered by nuclear membrane and identified as small nuclei in the diving cells. The

chromosomes which are not segregated during cell division due to microtubule or

spindle failure can also form MN’%,
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Scheme 1.2 Radiation induced DNA damage19

1.4. Cellular defense mechanisms

Every cell is equipped with endogenous defense mechanism to take care of the

radiation induced oxidative damages. This includes antioxidants and a network of



interconnected repair pathways. A brief introduction of both is given in the below

sections.
1.4.1. Antioxidants

Antioxidants are the molecules which donate an electron to the free radicals and
convert them to less reactive species. They maintain redox homeostasis in cells by
balancing the concentration of oxidants and reductants. There are two types of
antioxidants, enzymatic and non-enzymatic antioxidants***>. Some of the enzymatic
antioxidants are glutathione peroxidases (GPx), superoxide dismutase (SOD),
thioredoxin reductases (TrxR) and catalase (CAT). GPx catalyses the conversion of
organic hydroperoxides and hydrogen peroxide (H,O,) to alcohol and water
respectively. On the other hand, CAT specifically catalyses the conversion of H,O, to
water. SOD is present in all aerobic organisms and coverts highly reactive O," to less
reactive H,O, molecule. Some of the non-enzymatic antioxidants are glutathione
(GSH), vitamin A, C, E, carotenoids, bilirubin etc. The mechanism of action of non-
enzymatic antioxidants is either by free radical scavenging or by terminating the free

radical chain reaction'**’.

1.4.2. Repair mechanisms
1.4.2.1. Cell cycle

Cellular repair machinery takes care of the radiation induced DNA damage. Before
going in to the detail of the repair process, a brief introduction of the cell division and
checkpoint control is discussed. A eukaryotic cell passes through different steps namely
G1, S, G2/M phases between two successive cell divisions. In Gl phase (first gap

phase), cell prepares itself for cell division. In S phase (synthetic phases), cell



duplicates its DNA content. G2 is the second gap phase during which cell makes
proteins which will be required for mitosis and cytokinesis. In M phase (mitotic phase),
cytoplasm is divided into two parts with both carrying equal copies of DNA. Cell cycle
is regulated by specific protein complexes termed as cyclin dependent protein kinases
(CDKs). CDKs are serine-threonine kinases that phosphorylate proteins involved in
DNA replication and cell cycle progression. There are four types of CDKs: CDK 1, 2, 4
and 6°7. As the name suggests CDKs require specific cyclins to get activated. There
are multiple cyclins depending on the stage of the cell cycle like cyclin D, E, A and B.
All CDKs are present in equal amount throughout the cell cycle while the level of a
cyclins varies with stages of cell cycle. The level of a particular cyclin - CDK complex
drops as the cells move from one phase to the next phase and the cell cycle progresses.
This is caused by the ubiquitin mediated degradation of the cyclins. D type of cyclins
senses the external growth factor or mitogens and after binding with CDK 4 or CDK 6
regulates entry of cells in G1 phase. Cyclin E expression is maximal at the end of the
G1 phase. It complexes with CDK 2 and favours G1/S phase transition. Cyclin E -
CDK 2 complex can phosphorylate proteins which play a role in the process of DNA
replication. Cyclin A binds to CDK 1/2 which regulates the completion of S phase,
Cyclin B - CDK 1 regulates G2/M checkpoint and drives cells toward mitosis™ 2.
They can phosphorylate a large number of proteins like condensins which are
responsible for chromosome condensation and others which regulate microtubule
behavior and chromosome segregation. Therefore, the level of cyclins - CDKs
determines the functioning and the fate the cell division. Cell cycle checkpoint
monitors major events of the cell cycle like cell size, chromosome integrity and allows

cell division to proceed only if DNA replication has occurred properly and all other



conditions are favorable. There are three known checkpoints, G1/S, G2/M and spindle

checkpoint.
1.4.2.2. DNA damage response

For genomic integrity, cell has an inherent ability to detect initial DNA damage,
and relay the signal to the effector molecules to evoke cellular responses including cell
cycle arrest, DNA repair and apoptosis altogether termed as DNA damage response
(DDR). Checkpoint kinase 1 (CHK 1) and checkpoint kinase 2 (CHK 2) are the key

components of the DDR in mammalian cells’®>*

. They are structurally unrelated yet
have similar function. Upon recognition of the DNA damage by sensor proteins Mrel 1,
Rad 50, Nbsl (MRN), it activates ATM (ataxia-telangiectasia-mutated) / ATR (ATM-
and Rad3-Related) kinases which transduces signal to CHK 1/2. CHK 1 is primarily
activated by ATR in response to SSBs while CHK 2 is activated by ATM in response to
DSBs. Again, CHK 1 is active even during unperturbed cell cycle and gets further
activated in response to DNA damage or stalled replication while CHK 2 gets activated
specifically in response to DNA damage™. Upon activation, they pass the signal to a
number of effectors like Cdc25A, Cdc25C, p53, Mdm2, BRCA1, Gadd45 o which can
provoke cell cycle arrest for DNA repair or apoptosis depending on the severity of the
damage. In brief, CHK 2 mediates phosphorylation of Cdc25C rendering it inactive.
Cdc25C is required for the dephosphorylation and activation of the CDK. Thus CDK /
Cyclin complex required for cell cycle progression from G2 to M phase is inhibited and

cell cycle arrest occurs which is required for DNA repair’*>'>*. The pathway for DNA

damage response is represented in scheme 1.3.
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Scheme 1.3 DNA damage response

1.4.2.3. DNA repair

For efficient removal of any damaged DNA, cells have repair system like base
excision repair, nucleotide excision repair, photoreactivation, non homologous end
joining (NHEJ) and homologous recombination (HR). Although cells possess different
types of repair systems, each is relatively specific for a certain type of DNA damage.
For example, when there is a modification or loss of a small sequence of bases in DNA
strand, excision repair occurs during which DNA glycosylases excise the damaged
DNA, polymerases add the original DNA sequence using the undamaged strand as its
template and the double helix is sealed by DNA ligase®®. Tonizing radiation induced

DSBs are generally repaired by NHEJ and HR pathways.
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NHEJ is the major pathway of DSBs repair in eukaryotes. It does not require a
homologous sequence and directly ligates the DNA strands using micro homologies in
the overhangs of the broken DNA segment. It is error prone and not restricted to a
particular phase of cell cycle. It comprises of three steps: DNA end binding, terminal
end processing and ligation. The NHEJ pathway of DNA repair starts with the
recognition and the binding of Ku heterodimers (Ku70/80) to the broken end of the
DNA. Ku heterodimers forms a ring like structure encircling the duplex DNA to
stabilize the overhangs. Ku acts as a scaffold for the recruitment of the catalytic
machinery like DNA protein kinase (DNA-PKcs), X-ray repair cross-complementing
protein 4 (XRCC4), DNA ligase IV of the NHEJ pathway. The next step is to make
ends of the DNA ligatable. It is done with the help of end processing enzymes like
artemis, werner, aprataxin etc. Artemis cleaves the end of the damaged DNA by its 5’
and 3’ endonuclease activity. Werner is a helicase and facilitates cleavage of the DNA
with its 3’to 5’ exonuclease activity. Aprataxin helps in ligation of the blunt ends by

DNA ligase IV and repair the DSBs**’.

HR pathway requires a homologous template for the synthesis of the broken
end. HR is mostly predominant in cells during S phase. HR is the more efficient
mechanism of cell repair and is less error prone. The first step in HR pathway is the
resection of the 5’ to 3’end to generate 3’ single strand tail. The 3’ ends are bound by
replication protein A (RPA) to stabilize the structure and to facilitate the recruitment of
the Rad 51 for homology search. After the homologous sequence is identified, Rad 51
mediates strand invasion wherein the damaged DNA invades the sister chromatid and

form a four-way junction termed as ‘Holliday Junction’. The junction is then resolved

12



either by dissolution or endonuclease activity resulting in error free joining of the

DSBs*®.
1.5. Oxidative stress

When cell’s endogenous antioxidant defense system and repair mechanism are
unable to check the ROS induced damage to biomolecules, it results in a physiological
condition termed as oxidative stress. Radiation also leads to oxidative stress in cells
through ROS generation. In response to radiation induced oxidative stress, various
signalling pathways like MAPK, JNK and p53 are activated which may lead to cell
death®. An irradiated cell can undergo death by three different mechanisms as

described below:

Apoptosis known as programmed cell death is considered to be the major mode
of radiation induced cell death in radiosensitive cells. In response to irradiation,
primarily the intrinsic pathway (mitochondrial release of cytochrome ¢ and subsequent
apoptosome formation) is activated to mediate apoptosis. However, depending on the
absorbed dose and cell type other apoptotic pathways like the extrinsic pathway (death
receptor-mediated caspase activation) or the membrane stress pathway (ceramide
production and subsequent second messenger signalling) may also be activated. The
intrinsic pathway is initiated by DNA damage triggering the activation of p53 and

downstream signalling proteins like Bax, Bid, caspases and nucleases™.

Necrosis is characterized by the early rupture of the plasma membrane,
dilatation of cytoplasmic organelles and uncontrolled release of cytoplasmic contents.
Necrosis typically occurs from a higher magnitude of stress resulting from high dose

radiation exposure. In contrast to apoptosis, necrosis is associated with increased
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inflammation of the surrounding normal tissue. The molecular mechanism leading to
necrotic cell death is not fully understood. It is presumed to occur due to energy (ATP)
depletion resulting in cell swelling, mitochondrial permeability and activation of

receptor interacting proteins 1 and 3 (RIP1/ RIP3)*".

Mitotic catastrophe also termed as reproductive death occurs due to the
improper entry of cells in the mitosis without completion of S phase. It results due to
lack of functional checkpoints, DNA repair and activation of p53. It is the prime mode

of cell death induced by ionizing radiation in epithelial cells*.
1.6. Cellular response to radiation

Cellular response to radiation varies depending on the cell type. For example,
cells which are undifferentiated, immature and actively dividing (stem cells, lymphoid
organs, reproductive organs, stomach mucosa, bone marrow, basal layer of skin and
intestinal crypts) are radiosensitive whereas cells which are differentiated, mature and
not actively dividing (brain, bone, pituitary and liver) are radioresistant™**. The
radiosensitivity of cells also depends on the phase of the cell cycle. S phase is the most
radioresistant as the DNA strands are open for replication and easy for the repair
enzymes to function. M phase is the most radiosensitive as the chromosomes are
condensed and there is no checkpoint after this phase®. Moreover, an equal absorbed
dose of different types of radiation does not produce the same biological effect.
Radiation weighing factor (Wg) defines the effectiveness per unit dose of a particular
type of radiation. The absorbed dose multiplied with W gives equivalent dose and its

S.L unit is Sievert (Sv)"*.

Equivalent Dose = Absorbed Dose (Gy) x Radiation weighing factor (Wg) (1.1)
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The effect of radiation on biological system also depends on the radiosensitivity of
tissues and organs. Thus, a new term effective dose is introduced which considers

tissue sensitivity of different organs and is expressed as:

Effective Dose = Equivalent dose x Tissue weighing factor (Wr) (1.2)
The biological damage also depends on the dose rate of radiation. Dose rate is defined
as the amount of radiation received by an individual in a particular span of time. High
dose rate delivers large amount of radiation in a short span of time leading to acute

damage”*°.
1.6.1. Cell survival curve

The cellular response to radiation dose is described by the cell survival curve
which plots survival fraction on a log scale against radiation dose on a linear scale. The
shape of the survival curve varies for high LET and low LET radiation as shown in
figure 1.1. For high LET radiation like a particles and neutrons, the curve is linear with
survival function as an exponential function of the entire dose range. For low LET
radiation like X or y rays, the curve is linear at low dose, followed by a shoulder region
and then becomes linear again at high dose (Fig 1.1 A).

(4) ®)

0.14

Survival

Figure 1.1 Shape of cell survival curves’
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The linear quadratic model (LQ) is used to describe the shape of the cell
survival curve. According to LQ, cell killing results from the chromosomal aberration
(rings, dicentrics etc) which is caused due to DSBs. The DSBs can occur either by
single event killing or two event killing. At low dose, there is a likelihood of single
particle causing two breaks in the DNA strand and therefore the survival is proportional
to the dose. At high dose, there is a more chance of different charged particles to
produce two breaks in the DNA strand, therefore survival is proportional to the square

of the dose (Fig 1.1 A) and expressed as,

_ ,—(aD+pD?)
S=e (1.3)

Where S is the number of cell surviving, D is dose, o and 3 are constants describing the
initial slope and quadratic component of survival curve. Further, survival curve is used
to estimate parameters like Dj, Dy and n (Fig. 1.1 B). The D; and Dy are the values of
radiation absorbed dose required to reduce survival fraction from 1 to 0.37 and 0.1 to
0.037 respectively. The n known as the extrapolation number defines the shoulder
width. It is obtained by extrapolating the exponential portion of the curve to the Y axis

(survival fraction) and is indicative of cellular radiosensitivity .
1.6.2. Acute radiation syndromes

As described in section 1.6.1, cellular damage is the first event that is
considered to be the origin of organ and tissue damage resulting in acute and chronic
syndrome. Acute radiation syndrome (ARS) occurs after whole body irradiation (WBI)
with absorbed dose exceeding 1 Gy delivered at a relatively high dose rate*’. There are
basically three classes of ARS: Hematopoietic syndrome occurs at a dose ranging
from 2 - 6 Gy48'50. The primary cause of death is the destruction of the lymphocytes,

progenitor cells, bone marrow cells resulting in infection, poor wound healing,
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hemorrhage and ultimately mortality within 30 days’'”*. Gastrointestinal syndrome
becomes visible at radiation dose ranging from 8 - 15 Gy. It results in denudation of
villi, inflammation, loss of intestinal crypt cells and breakage of mucosal barrier. The
clinically visible disorders of GI syndrome are dehydration, electrolyte imbalance,
abdominal pain, diarrhoea, nausea, vomiting and ulcers. Death usually occurs within 2
weeks due to destructive and irrepairable changes in the GI tract. Cerebrovascular
syndrome (20 — 25 Gy) is characterized by damage to the non-dividing cells such as
neurons. It usually results in loss of coordination, convulsions, respiratory distress,
cerebral edema. Death occurs within 3 days as the damage is irrepairable due to

: . . 48,53-55
increased pressure in the cranial vault .

1.6.3. Chronic radiation syndromes

Chronic radiation syndrome (CRS) occurs in a time frame of 6 - 12 months after
a long term exposure to radiation with low dose rate (< 0.1 mGy/min)56. It is mostly
seen in occupational workers who unknowingly are exposed to low dose of radiation.
The mechanism leading to CRS is not clear but is suggested to be triggered by radiation
induced oxidative stress causing a classical inflammatory response characterized by
local leukocyte infiltration and disturbance in cytokine production. The clinical
symptoms of CRS are skin atrophy, cataract, burns, cardiovascular disease, fibrosis and
pneumonitis®. Some of the cytokine known to be upregulated in CRS are inducible
nitric oxide synthase (iNos-2), chemokine (C-C motif) ligand 2 (Ccl-2), intracellular
adhesion molecule (ICAM-1), vascular adhesion molecule (VCAM-1) among others.
All these recruit monocytes, memory T cells and dendritic cells to the sites of
inflammation. iNos-2 is responsible for the synthesis of nitric oxide (NO) which

generates reactive nitrogen species (RNS) and ROS to kill invading pathogens. VCAM-
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1 and ICAM-1 are adhesion molecules which increase the vascular permeability
allowing the attachment of leukocytes to the endothelium and permit their subsequent
transmigration into peripheral tissue>’ . Inflammatory process is amplified by the
activation of resident mast cells both producing pro-inflammatory and pro-fibrosing
mediators such as IL-1p, IL-6, IL-8, TNF-o. and TGF-p***. TGF-p activates the
production of extracellular matrix protein (ECM) and inhibits their degradation. In
normal condition, they help in tissue repair and restore the normal tissue architecture.
However, if the level of TGF-f is uncontrollable it will lead to fibrosis and hamper

tissue functioning®™®.

1.7. Radiation protection

All living beings are continuously exposed to natural background radiation
sources. This includes cosmic rays from outer space, terrestrial radiation from
radioactive material present in the earth and internal radiation from the radioactive
potassium-40 and carbon-14 present in the body. The average effective dose received
from natural background is 2.4 mSv annually. People can get exposed to radiation by
other means also which can be planned or unplanned. Radiation exposure during
radiotherapy, medical diagnosis, space programme is termed as planned exposure
whereas exposure during nuclear accidents and occupational activities is termed as
unplanned exposure. For these exposures, dose limits have been set by international
commission on radiological protection (ICRP) in order to ensure protection and safety
of the individual. The justification of dose limit is that the radiation exposure of an
occupation worker or general public should be limited to as low as reasonably
achievable (ALARA). The dose limits for public exposure is 5 mSv in 5 years and for

occupational worker it is 100 mSv in 5 years with a maximum of 50 mSv in a year.
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Apart from these, additional safety measures like proper radiation shielding, rotation in
the work hours and distant handling of radioactive material are followed in the nuclear
establishments. In spite of all these regulations, there is a possibility of unwanted
exposure. Therefore, to protect normal tissue from toxicities of unwanted radiation

exposure, radioprotectors are employed’.
1.7.1. Radioprotectors

Radioprotectors are agents designed to protect normal cells from radiation
induced damages. These agents can also be used as adjuvants in radiotherapy if they
can increase the tolerance of the normal cells without affecting or increasing the
sensitivity of the tumor. The search for a radioprotector started six decades ago soon
after the Second World War. An ideal radioprotector is one which is i) safe with no
undesirable side effects, ii) easily administrable (oral) with rapid absorption and
uniform distribution throughout the body, iii) chemically stable, iv) inexpensive and v)
does not protect tumor®. The most reliable parameter to assess the efficacy of a
radioprotector is the dose modifying factor (DMF)66’67. It is defined as the ratio of
radiation absorbed dose required to affect a particular end point with and without
radioprotector. In animal studies, the most commonly used end point is 30 day post
irradiation survival. DMF varies depending on type and dose rate of radiation,
biological end point and dosage, time and schedule of drug administration® ",
Radioprotectors can be classified into three types based on time of their
administration’""?.

1. Prophylactic agent — They are given prior to radiation exposure and are useful during

planned exposure such as radiotherapy.
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2. Mitigators — They are given after the radiation exposure but before the development
of the clinical symptoms of radiation induced damage to tissues.
3. Therapeutic agent — They are given after irradiation to treat the symptoms of

radiation sickness in the individual.
1.7.2. Strategies to develop radioprotectors

As radiation induced damage is mediated through generation of ROS,
compounds which can scavenge ROS have been the first choice of researchers for
evaluation as radioprotectors’’. Accordingly, studies on free radical scavengers like
GSH, flavonoids, vitamin A, C and E were reported to protect mice against radiation
induced lethality. Endogenous antioxidants such as GPx, SOD and catalase were also
reported to reduce the radiation induced mortality, hematopoietic syndrome and
chromosomal damage in mice model system®’. In the next section, thiols which are

excellent free radical scavengers present in the cells are discussed in detail.
1.7.2.1. Sulfhydryl compounds as radioprotectors

Thiols (sulfur based compounds) present in the body can donate electron to the
unstable molecules and convert them to less reactive species. The first study on the
protective effect of a sulfur compound against ionizing radiation was performed half
century ago by Patt et al. in 19497, They reported that cysteine, a thiol amino acid,
protected rats from a lethal dose of X-rays. This prompted department of Atomic
Energy, USA to initiate an Antiradiation Drug Development Program at Walter Reed
Army Institute of Research (WRAIR). Under this programme, more than 4000 sulfur
compounds were screened for their ability to improve the survival of mice exposed to

lethal dose of irradiation; among these the only compound WR-2721 later known as
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amifostine showed promising result with acceptable toxicity’*. After clinical trial in
1980, amifostine was approved by FDA for use as a protectant against radiation
induced xerostomia in head and neck cancer patients. It was also found to protect
against cisplatin induced nephrotoxicity, bleomycin-induced toxicity and toxicity
induced by doxorubicin. Amifostine principally works by free radical scavenging and
DNA repair’”. Amifostine though approved clinically is not used as a general
radioprotector due to its toxicity at the radioprotective dose warranting research for
effective and non-toxic radioprotectors’®. Accordingly, researchers have explored other
strategies to develop radioprotective agents like growth factors, cytokines, interleukins

and cell cycle modulators as discussed below® 7”78,

1.7.2.2. Other radioprotectors

Basic fibroblast growth factor (bFGF) has been shown to protect against
radiation induced lethality by promoting recovery of all cell lineages and
megakaryocytes of the irradiated mice. Similarly, keratinocyte growth factor (KGF) is a
prophylactic and therapeutic agent that has been shown to facilitate DNA repair and
scavenge ROS. KGF is also approved by FDA to treat radiation induced oral mucositis
in cancer patients undergoing radiation and chemotherapy® . A large number of
cytokines like IL-1, IL-3, IL-4, G-CSF, GM-CSF, erythropoietin (EPO) have been
shown to accelerate bone marrow recovery after radiation exposure by increasing the
proliferation of hematopoietic stem cells. Some of them like G-CSF, GM-CSF and IL-1
are approved by FDA to treat radiation induced myelosuppression in cancer patients®.
Genistein, an isoflavone has also been shown to exhibit radioprotective effects through
antioxidant action and by modulating cell cycleG7. Genistein offered protection to

normal cells while promoting G2/M cell cycle arrest in cancer cells®”. The currently
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available agents still under investigation to develop as a radioprotector is given in table
1.1.

Table 1.1: List of promising radioprotectors

Compound Mode of action Beneficial use
Amifostine Protects form DNA damage, free Approved by FDA to treat radiation induced
radical scavenger xerostomia in head and neck cancer patients’"”
Genistein Cell cycle modulator Reduces pain / diarrhoea in patients undergoing

radiotherapy of the abdomen®””

KGF (Palifermin) Growth factor Approved by FDA to reduce mucositis in
patients undergoing radiotherapy’**°
Halofuginone TGF-B inhibitor Reduces fibrosis in patient undergoing
radiotherapy”"

G-CSF Cytoprotectant Approved by FDA for regeneration of

(Filgrastim) neutrophils and platelets in patients undergoing
radiotherapy®>®*
Synthokine IL-3 agonist Reduces thrombocytopenia in patients

undergoing radiotherapy®*®*

IL-6 Cytokine Therapeutic administration accelerates
hematopoietic
recovery, enhances regeneration of platelets

after radiotherapy™

Tempol Cytoprotectant, free radical Mitigate radiation induced acute injury™®
quencher
Granisetron Anti-emetic; 5-HT3 inhibitor Approved by FDA for control of
(Kytril) gastrointestinal disturbances in patients

undergoing radiotherapy

1.7.3. Limitations of existing radioprotectors

Unfortunately, none of the radioprotectors available till date possess all the
properties of an ideal radioprotector. For example, the antioxidant radioprotectors
provide protection by free radical scavenging for which they must be present in
sufficient concentration inside each and every cell at the time of irradiation which may

87,88

not be possible due to their poor bio-availability” ™. Additionally, most of them

provide protection at low dose of radiation and have low DMF. All these are the major
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drawbacks in the development of antioxidants as clinical radioprotectors. Further,
cytokine radioprotectors help in recovery of hematopoietic stem cells by stimulating
their regeneration in bone marrow and therefore are useful only in case of
hematopoietic syndromes. Moreover, due to pleiotropic nature of cytokines, they can

lead to undesirable side effects®™. The other limitations of available radioprotectors are:
1. Unfavorable route of administration.

2. Lack of differential toxicity between normal and tumor cells.

3. Slow clearance of the metabolic products from the body.

4. High cost of treatment.

Therefore, the need of the hour is to develop an agent which can prevent from
acute radiation syndrome and organ specific toxicity. In the present era, selenium
compounds are gaining importance as radioprotective agents. The present thesis deals
with the evaluation of selenium compounds as radioprotectors. Therefore, a brief

introduction about selenium is given in subsequent sections.
1.8. Selenium

Selenium was discovered by a Swedish Chemist Jons Jacob Berzelius in 1817
and named after the Greek Goddess of the moon Selene®. Selenium belongs to the 16™
group of the periodic table or the group of chalcogens along with oxygen, sulfur,
tellurium and polonium®. Its atomic number is 34 and atomic weight is 78.96. In 13
century, selenium toxicity was first observed by Marco polo in North West China. In
1856, Madison observed severe loss of weight, lack of hair, emaciation in horses

grazing near Fort Randall in USA which was termed as alkali disease’ "% In 1934,
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Franke and collaborators found selenium as the etiological agent of alkali disease’™’’.

Later in 1967, Magg and co-workers found that high dietary intake of selenium can
lead to a disease termed as ‘blind stagger’ due to accumulation of selenium in the
tissues’™. This was characterized by impaired vision, lower appetite and shedding of
hooves creating ‘selenophobia’ among people”. For the first time in 1957, Schwartz
and Foltz demonstrated the nutritional essentiality of selenium in prokaryotesloo. In the
same year, selenium was found to be an essential nutrient for rats. Selenium deficiency
was found to be linked to several diseases like white muscle disease in sheep, mulberry
heart disease in swine, Keshan disease (heart disease) and Kashin-Beck disease
(theumatoid condition) in humans'®" ™' In 1973, selenium was reported to be present
in some bacterial enzymes like formate dehydrogenase and glycine reductase'**'*. It
was also found to be present at the active site of the redox regulatory enzymes like GPx,
TrxR, selenoproein P (SelenoP) and iodothyronine deiodinase (DIO)'**''° Further
studies indicated that selenium supplementation at supra-nutritional level prevented
initiation of cancer in animals and human'''. Due to the increasing evidences on
selenium essentiality and toxicity, it started to be known as an ‘essential poison’

demanding strict regulation on the dietary levels of selenium””.

1.8.1. Selenium as a micronutrient

Selenium is an essential micronutrient with a minimum daily requirement of 50
pg Se / per daylm. The major source of selenium to animal is from diet i.e. plant and
meat products. Some selenium rich foods are broccoli, mushrooms, radishes etc. Plants
absorb selenium from soil which gets converted into organic forms like
12,113

selenomethionine (SeM), selenocysteine (SeC) and methylselenocysteine

Animals receive selenium from plants mainly in the form of SeM. In cells, SeM either

24



gets non-specifically incorporated into proteins in place of methionine or is metabolised
to hydrogen selenide (H,Se) which gets incorporated into selenoproteins. The
biosynthetic pathway for SeC is complex and requires several enzymatic steps. SeC
tRNA is initially charged with serine by seryl-tRNA synthetase to form seryl-tRNA.
The seryl moiety is converted to O-phosphoseryl-tRNAS** by a phosphokinase. SeC
synthase (SecS) replaces oxygen in the O-phosphoseryl-tRNASS by a selenium
atom generating selenocysteyl-tRNASS The SeC tRNA is used in translating
mRNA for selenoproteins. SeC is regarded as the 21% amino acid and has specific
genetic codon UGA'"'*'®. SeC is the only known amino acid in eukaryotes whose

biosynthesis occurs on its tRNA.
1.8.2. Selenium metabolism

Selenium whether organic (SeM, SeC etc) or inorganic (selenite, selenite etc)
undergoes metabolism to produce selenoproteins or methylated selenium intermediates.
Selenite (Na;SeOs) and selenate (Na,SeO,) form selenodiglutathione (GSSeSG) which
undergoes reduction by thiols or NADPH dependant reductases to generate hydrogen
selenide (H,Se). Selenophosphate synthetase converts H,Se to selenophosphate which
gets incorporated into selenoproteins. H,Se can also undergo methylation using thiol S-
methyltransferases to generate methylselenol and dimethylselenide which are exhaled
via breath or excreted in the urine. Selenium is also excreted in the urine as
trimethylselenonium ion and selenosugars. The methylated intermediates of selenium
are considered to be non-toxic''’. The pathway of selenium metabolism is given in

scheme 1.4.
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Selenite/Selenate

|

SeM GS-Se-SG Selenodiglutathione
Trans GSH l'
sulfuration GS-SeH
SeC B lyase l’ Selenophosphate —» Selenoproteins
H,Se
Methionine Selenosugars
lyase CH,SeH
Methylselenol Exhaled in breath or
‘1: L excreted into urine
(CH,),SeH
Dimethylselenide

(CH,),SeH* —

Trimethylselenonium ion
. : 214
Scheme 1.4 In vivo metabolism of selenium

1.8.3. Selenoproteins

The proteins which contain selenocysteine at the active site are termed as

selenoproteins“g. They are present in all classes of living beings including algae,

bacteria, archaea, except plants and fungus. Till now 25 selenoproteins are known to be

present in mammals having unique physiological functions''®. The properties of some

of the selenoproteins are listed below.

1.8.3.1. TrxR

The classical thioredoxin (Trx) system consists of TrxR, NADPH and Trx. Trx

R plays an important role in maintaining cellular redox homeostasis through its

disulfide reductase activity. In mammalian cells, TrxR exists in three different isoforms:

TrxR1 is cytosolic or nuclear. TrxR 2 is present in mitochondria and TrxR 3 or TGR
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(thioredoxin-glutathione reductase) is testis specific. The main function of TrxR is to
regenerate reduced Trx within cells'®. Trx is critical for redox regulation of protein
function and signalling. For example, it is required for the DNA binding of NF-kB, a
transcription factor which controls the expression of cytokines and genes involved in

regulation of cell growth and apoptosis'*".
1.8.3.2. Deiodinases

The iodothyronine deiodinases (DIO) 1is essential for thyroid hormone
metabolism. There are three types of deiodinases (DIO 1, DIO 2 and DIO 3) which play
an important role in the activation and deactivation of thyroid hormones. Deiodinases
are homodimeric integral membrane proteins. DIO 1 and DIO 2 are present in plasma
membrane whereas DIO 3 is located in endoplasmic reticulum membrane. They contain
selenium in active site as selenocysteine. DIO 1 and DIO 2 catalyse the conversion of
thyroxine (T4) to biologically active T3 hormone. DIO 3 inactivates T3 and prevents
T4 activation. The thyroid hormone is essential for the development and differentiation
of cells, regulation of basal metabolism and protein synthesis122 .
1.8.3.3. SelenoP

SelenoP is an extracellular glycoprotein and contains most of the selenium
present in the plasma (“P” illustrates the plasma localization of this protein). It contains
10 SeC residues per polypeptide chain and accounts for 50 % of the total plasma
selenium level. It is produced in the liver and then secreted in the plasma and therefore
considered to be the source of selenium supply for most tissues. Some of the in vitro
studies have shown that incubation of rat serum with mercuric chloride (HgCly)
resulted in formation of Hg-SelenoP complex. This suggested that SelenoP might have

a role in heavy metal detoxification. This assumption is also supported by the presence
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of a metal responsive element (MRE) in murine SelenoP promoter. Another important
function of SelenoP is to act as an antioxidant. Some literature reports indicate that
administration of SelenoP protects tissues from oxidative injury and subsequent

. . 123,124
inflammation = ~".

1.8.3.4. GPx

GPx is a family of isozymes that protects biomembranes and other cellular
components from oxidative damage. It catalyses the reduction of H,O, and organic
hydroperoxides to water or corresponding alcohols using GSH as the reductant. Till
now, 8 different GPx isoforms (GPx 1 - GPx 8) have been identified in mammals.
Among these, GPx 1-4 and GPx 6 are selenoproteins containing SeC at its active site.
GPx 6 is a selenoprotein in human but not in rats and mice. The other three GPx
isoforms GPx - 5, 7 and 8 are selenium independent and do not require SeC for
catalytic activity. GPx 5, 7 and 8 with cysteine at its active site exhibit low GPx
activity'>. Here only selenium containing GPxs are explained in detail.

GPx 1 was the first selenoprotein identified in 1973 by Flohe et al'®. It is a
homotetramer ubiquitously present in the cytosol and mitochondria and accounts for
90 % of total GPx present in the cell. GPx 1 is involved in preventing the harmful
accumulation of intracellular H,O,. The genetic deletion of GPx 1 in mice model leads
to lethality in embryonic stage suggesting it to be an essential antioxidant enzyme. GPx
1 has also been shown to play a role in cancer prevention by preventing oxidative DNA

modification in the initiation phase of cancer development'?’.

GPx 2 is mainly expressed in the intestine and therefore called as gastrointestinal GPx

(GPx-GI). GPx 2 is a homotetramer closely related to GPx 1. It protects intestinal
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epithelium from absorption of the food borne hydroperoxides. GPx 2 is mainly found in
the crypt cells of the colon where intestinal stem cells reside. Wnt signalling pathway
controls the growth and differentiation of intestinal stem cells. Interestingly the same
signalling pathways also regulate the expression of GPx 2 suggesting biosynthesis of
GPx 2 via Wnt pathway may have a role in the self renewal of the intestinal epithelial
cells and maintenance of mucosal lininglzs. GPx 2 also suppresses cyclooxygenase 2
(COX2) expressions and subsequent prostaglandin (PGE,) production and therefore is

expected to play anti-inflammatory role'*’.

GPx 3 a homotetramer is synthesized in the cells of proximal convoluted tubules of the
kidney and secreted in the plasma. It is the only extracellular form of GPx known as
plasma GPx (pGPx). Together with SelenoP, GPx 3 accounts for 97 % of the plasma
selenium. It is also present in the basement membrane of epithelial cells of intestine,
bronchi and cortex tubule of kidney. Like other GPxs, GPx 3 prevents from

hydroperoxide mediated inflammation.

GPx 4 also known as phospholipid hydroperoxide GPx (pHGPx) is an intracellular
enzyme and reduces phospholipid and cholesterol ester hydroperoxides. In contrast to
other GPxs, it is a monomer having three different isoforms, cytosolic (cGPx4),

125,130. It can use either GSH or

mitochondrial (mGPx4) and sperm nuclear (snGPx4)
thiol as a reductant depending on the availability and thus functions as GSH peroxidase

or thiol peroxidase. GPx 4 is expressed in the neuronal cells in the brain and plays a

pivotal role in brain development and function.
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GPx 6 a close homologue of GPx 3, is present in the olfactory epithelium. It is a
selenoprotein in humans but contains cysteine residue in rats and mice. Its function is

not fully known.
1.8.4. Catalytic mechanism of selenium containing GPx

The selenol (E-SeH) present in SeCys residue plays a crucial role in the
catalytic activity of GPx. It reacts in the form of selnolate ion (E-Se-) with H,O, and
gets converted to selenenic acid (E-SeOH). By using GSH as a reductant, E-SeOH gets
converted to selenenyl sulfide (E-Se-SG). A second GSH molecule regenerates the
original selenol form by reducing E-Se-SG through a thiol-disulfide exchange. In the
process, GSH gets converted to GSSG which is reduced back to GSH in presence of
glutathione reductase (GR) using NADPH as a reducing equivalent'>' The regenerated

E-SeH form is now available for the next cycle of reaction (Scheme 1.5).

ROOH
E-SeH
NADPH  GSSG e
ROH
X E-SeOH
NADP* E SGSJ

Scheme 1.5 Catalytic cycle of glutathione peroxidase'*®

1.8.5. Selenium as radioprotectors

As discussed in section 1.7.2.1, sulfur compounds are reported in literature for
radioprotective activity, while similar reports on selenium were very few. Selenium

being more nucleophilic with higher free radical scavenging activity than sulfur was
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expected to be a better candidate for evaluation as a radioprotector. Additionally, as
discussed in previous section selenium has advantage of being a micronutrient and a
constituent of antioxidant selenoenzymes like GPx, TrxR and SelenoP"""'"1% 1n this
regard, inorganic selenium compounds like sodium selenite have been extensively
studied for radioprotection in pre-clinical models. These studies in general have
indicated the beneficial effect of sodium selenite administration (100 ug to 1 mg/kg
b.wt) in improving the 30 days survival as well reducing the organ specific toxicities'**.
Based on these observations, sodium selenite has even been tested in clinics to reduce
radiotherapy induced side effects like mucositis, xerostomia, lymphedema and
diarrhoea. As of today, as many as 17 clinical trials have been conducted involving
sodium selenite and radiotherapy. These trials have concluded that sodium selenite
supplementation neither reduced the effectiveness of radiotherapy nor caused any
toxicity at the administered doses and at same time improved the quality of life of
cancer patients'>>"*°. Unlike inorganic selenium, organoselenium compounds are still

under pre-clinical stage of evaluation and needs further studies.
1.8.5.1. Organoselenium compounds as radioprotectors

As organic form of selenium is considered to be lesser toxic than inorganic form
due to the faster clearance of the selenide intermediates formed during selenium
metabolism, researchers are focussing on the design and development of non-toxic
organic selenium drugs as pharmacological agents. In 1964, Shimazu and Tappel for
the first time showed that SeM protected amino acid and proteins from radiation
damage. In a cell free system, different amino acids were exposed to y-radiation with
dose ranging up to 10> Gy and the half destruction dose (Dy;) was calculated. SeM

showed significantly higher D1, values compared to analogous sulfur amino acids'*"'**.

31



Based on these early observations, various natural and synthetic organic selenium
compounds were evaluated for their radioprotective activity in cellular and mice model
systems. In brief, administration of SeM (0.8 to 4 mg/kg b.wt) either before (-24 hr and
- 1 hr) or shortly after (+ 15 minute) WBI (6 - 9 Gy) increased the 30 day survival of
mice in the range of 60 to 90 % depending on dosage of administration and the
absorbed radiation dose''”'*. In another study, SeM rich diet was shown to decrease
the incidence of leukemia and other malignancies in mice exposed to WBI of 1.4 Gy'*.
Although SeM showed promising results in animal models, it was not found to be
effective in recently concluded clinical trial which was aimed to investigate the effect
of SeM supplementation on reducing the radiotherapy induced mucositis in patients
with head and neck cancer'*'.

With regard to synthetic organoselenium compounds, linear and cyclic /
aromatic compounds have been evaluated for radioprotection. Some of the linear
organoselenium compounds evaluated for radioprotection include SeC derivatives like
selenocysteamine, selenocystamine, selenourea, selenoxanthone and
selenochromone'*'**. Among these the most successful compound was selenourea
although it showed considerable toxicity at the radioprotective dosagel45. The cyclic
compounds included 2-amino-selenazoles, 2-benzylidene-1,3,4-selenadiazolines and 2-
arylidene-1,3-diselenols. All these compounds were the analogs of sulthydryl
compounds and were synthesized by replacing sulfur with selenium in the five
membered ring structures. When examined for radioprotection, all these were found to
be toxic. In recent years with increasing understanding that organoselenium compounds
can mimic the activity of GPx enzyme, a few of such compounds have also been
evaluated for radioprotection. For example, ebselen a synthetic cyclic organoselenium

146

compound and a GPx mimic ™ showed inhibition of radiation induced cell killing and
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oxidative damage in radiosensitive organs when administered at a dose of 10 mg/kg
b.wt for 14 days prior to WBI of 8 Gy'*’. Our group has also been working on
developing synthetic organoselenium compounds as radioprotectors and in this context,
the radioprotective activity of diselenodipropionic acid (DSePA) was reported. This
compound is a water-soluble derivative of SeC exhibiting GPx like activity'**. When
administered at a dose of 2 mg/kg b.wt in BALB/c for 5 days prior to WBI of 10 Gy, it
showed 35 % improvement in 30 days survival of mice'”. DSePA also prevented
radiation induced hematopoietic and gastrointestinal syndrome in mice model system
by reducing radiation induced oxidative damage and inflammatory response in the
tissue'**"*’. The toxicological study in Chinese Hamster Ovary (CHO) cells showed
DSePA to be anti-genotoxic against radiation exposure''. Further, DSePA was also
reported for its ability to mitigate radiation induced lung toxicities in mice model'>*.
Based on these results, currently DSePA is under pre-clinical examination as a lung

radioprotector against thoracic irradiation through different modes of administration'>>.
1.8.5.2. Mechanisms of action of selenium compounds

Selenium exerts its radioprotective effect mainly by the induction of antioxidant
enzymes like GPx, TrxR and SelenoP. They scavenge ROS and prevent initial DNA
damage from occurring. For example, Baliga et al also showed that GPx 1 expression
protected cells from ultraviolet induced cell death by DNA repair and preventing
chromosomal damagem. In another study, the over expression of SelenoP in fibroblasts
is shown to suppress the radiation-induced ROS accumulation'®. Selenium
supplementation is also shown to exert its benefit by enhancing DNA repair response.
Selenoproteins like GPx and TrxR have been reported to play roles in redox regulation

of DNA damage response proteins like p53, 8-oxoguanine DNA glycosylase, Gadd45 a
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and others. For example, radiation induced oxidation generates a modified nitrogenous
base 8-OHdG in polynucleotide chain, which is repaired with the help of 8-oxoguanine
DNA glycosylase (OGG1). OGGI contains redox sensitive cysteine residue which is
important for its activity>*'*®. The induction of selenoproteins can enhance the repair
of oxidative DNA lesions by maintaining cysteine residue of OGGI in reduced state.
Similar kind of regulation has been reported in case of p53 and BRCAI. In addition to
these, selenium may affect the activity of glycosylase also by regulating the post-
translational modifications (acetylation or phosphorylation)'*®. Thus, multiple
mechanisms contribute to the radioprotective action of selenium and are represented in

scheme 1.6.

a N

GPx, TrxR, SelP GPx. TrxR GPx 1 Post translational
Antioxidant activity ’ modification

ROS scavenging Activation of p53 Gadd 45a Glyco§y.lases
activity

Reduced DNA Cell cycle ; .
vamage arrest Apoptosis DNA repair /

Scheme 1.6 Role of selenium in DNA repair'™®

1.8.6. Dihydroxyselenolane (DHS)

The present thesis deals with the in vivo and in vitro evaluation of a water
soluble cyclic selenolane, DHS for the radioprotective activity. It contains two axial

hydroxyl groups on a five membered ring structure. It was synthesised with an aim of
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exploring as a redox modulator of cellular proteins containing a disulfide moiety'™.
The results showed that DHS was better than sulfur compounds like GSH, dithiothreitol
(DTT) in maintaining proteins in reduced state. Further studies showed that DHS acted
as a GPx mimic wherein it reduced H,O; in the presence of NADPH and GSH to

159,160
water ~

. In liposomal system, DHS was found to reduce lipid hydroperoxides
(LOOH) generated by a free radical inducer 2,2'-azobis (2-amidinopropane)
dihydrochloride (AAPH)'®'. Later the fatty acid derivatives of DHS were synthesized
with an aim to increase their affinity as well as antioxidant activity towards
biomembrane'®. Indeed, studies in cell free systems indicated increase in antioxidant
activity of the derivatives with increasing alkyl chain lengthléz. In subsequent studies,
DHS was shown to accelerate healing of indomethacin-induced stomach ulceration in
mice model by inhibiting inflammatory responses. The therapeutic response of DHS
was better than omeprazole (a commercially available non-steroidal anti-ulcer drug) in
preventing stomach ulcers at a dose of 2.5 mg/kg b.wt'®'®*. Mechanistically DHS was
found to modulate arginine metabolism, reduce oxidative damage parameters like lipid
peroxidation and protein carbonylation and to increase total antioxidant status (TAS) in
mice'*1%, Recently DHS was also reported to protect CHO cells from peroxynitire
induced toxicity. This was attributed to high yield and stability of selenoxide which can
regenerate the parent compound DHS using thiols as reductant'®®. The conjugate of
DHS and gold nanoparticle showed higher free radical scavenging compared to DHS
alone in cell free system'®. All these studies together prompted us to investigate
whether DHS being GPx active, free radical scavenger, redox modulator and anti-
inflammatory compound can exhibit radioprotective activity. Additionally, the effect of
structural modulation and alkyl chain length on the antioxidant and radioprotective

activities of DHS was studied. For comparison, a few studies were undertaken with
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MAS and alkyl derivatives. However no detailed radioprotection studies were
undertaken for MAS derivatives because they were relatively unstable unlike DHS and
its derivatives. The chemical structure of DHS, MAS and their derivatives used in the

present study are presented in scheme 1.7.

HO  OH NH,* CI
Dihydroxy selenolane (DHS) Monoamine selenolane (MAS)
Se Se
g i,
HO O—< H2+N‘CnH2n+1C|-
Cn-1H2n1

n=6,8,10,12, 14
DHS fatty acid derivatives MAS N-alkyl derivatives
Scheme 1.7 Chemical structures of DHS, MAS and their fatty acid / alkyl derivatives

1.9. Rationale and objectives of the thesis

There is a significant interest in the recent past on development of
functionalized organoselenium compounds to mimic GPx-like enzyme. GPx being an
antioxidant enzyme, such compounds can have a potential to be developed as
radioprotectors, to be used to minimize radiation induced oxidative stress and thereby
minimize the side effects of radiation. Research work in this regard has started very
recently and most of the initial work was undertaken with inorganic selenium
compounds. Later on, it was understood that selenium in organic form has much better
acceptability, in terms of toxicity than the inorganic form. With advancement of new
synthetic methods, researchers have been designing several complex organoselenium

compounds to fine tune the antioxidant activity, however bioavailability of such
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compounds has become a problem. Later on, it was proposed that simple water soluble
selenium compounds have faster clearance in the body and therefore can be employed
as therapeutic antioxidants. With this aim, in the present thesis, investigations on in
vivo radioprotection by DHS, a water soluble cyclic selenium compound was
undertaken in detail. Further to modulate its activity, studies have been undertaken with
DHS-Csg, a fatty acid derivative of DHS (having 6 carbon chain). This modification has
not only provided the optimum lipophilicity required to improve the bioavailability, but
also increased the antioxidant activity of DHS. Further, attempts were made to
understand the mechanism responsible for the observed radioprotection with these
compounds. All these studies are expected to be useful in the design of new selenium

compounds with improved efficacy as radioprotectors. The thesis has three objectives:

1. To study the radioprotective effects of DHS against WBI in mice model system.

2. To investigate the effect of alkyl chain length on the cellular uptake and antioxidant

activity of DHS and MAS.

3. To compare the radioprotective activity of DHS and DHS-C¢ in cells and to

understand their mechanism of action.
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Chapter 2

Materials and Methods

This chapter describes different techniques used in the research study. It also provides
details of the materials and the experimental conditions employed for different

biochemical and molecular assays.
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2.1. Chemicals

The test compounds DHS, MAS and their fatty acid / alkyl derivatives were
synthesized, purified and characterised in the laboratory of Prof. Michio Iwaoka, Tokai
University, Japan. Details of the synthesis and characterisation of these compounds
have been reported previously'*”'*"1%167 In brief, DHS was synthesized as a product
of the reaction between racemic mixtures of 1, 3-butadiene diepoxide and sodium
hydrogen selenide (NaHSe). The fatty acid derivatives of DHS and MAS were
synthesized by esterification with acid chloride of varying chain lengths'>*'*>'*" All
synthesized compounds were characterized by NMR, mass and IR spectroscopy.
Selenomethionine (SeM), sodium chloride (NaCl), potassium dihydrogen phosphate
(KH,PQO,4), dipotassium hydrogen phosphate (K,HPO,), potassium chloride (KCI),
butylated hydroxy toluene (BHT), trichloroacetic acid (TCA), thiobarbituric acid
(TBA), 2,2’-dinitrophenyl hydrazine (DNPH), guanidine hydrochloride, 2,2’-azobis (2-
amidinopropane) dihydrochloride (AAPH), 1,6-diphenyl-1,3,5-hexatriene (DPH),
dimethyl sulfoxide (DMSO), formaldehyde, triton X-100, phenylmethylsulphonyl
fluoride (PMSF), low melting point agarose (LMPA), high melting point agarose
(HMPA), ethidium bromide (EtBr), cytochalasin B, 2,7 dichlorodihydro fluorescein-
diacetate (DCFDA), acridine orange, glutathione (GSH), glutathione disulfide (GSSG),
B-nicotinamide adenine dinucleotide 2’-phosphate reduced tetrasodium salt hydrate
(NADPH), glutathione reductase (GR), cumene hydroperoxide (CuOOH), (4,5-
dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide (MTT), tris base, propidium
iodide (PI), mercaptosuccinic acid (MS), bovine serum albumin (BSA), sodium citrate,
diethyl pyrocarbonate (DEPC), cell lytic® M reagent, 1X protease inhibitor cocktail,

trizol for RNA isolation, tween-20, thioredoxin reductase (TrxR) assay Kkit,

39



metaphosphoric acid (HPO;), phthaldialdehyde (OPT), N-ethylmaleimide (NEM),
sodium hydroxide (NaOH) and amplification grade DNase were purchased from Sigma
Chemical Company (St. Louis, MO,USA). 5, 5, 6, 6'-tetrachloro-1,1',3,3'-
tetraethylbenzimidazolo-carbocyanine iodide (JC-1) was obtained from Molecular
Probes, USA. LightCycler®480 SYBR Green I Master Mix (2X) and lactate
dehydrogenase (LDH) assay kit were obtained from Roche, Switzerland through local
agents. Dulbecco Modified Eagle Medium (DMEM), Roswell Park Memorial Institute
Medium-1640 (RPMI-1640), fetal calf serum (FCS), penicillin and streptomycin,
trypsin—EDTA (0.5%) and crystal violet were purchased from Himedia, India. The
Bradford protein assay kit was purchased from Bangalore Genei. India. ¢cDNA
synthesis kit, SYBR Green-II dye and ProLong” Gold antifade mountant with DAPI
were obtained from Thermo Scientific, USA. Annexin V labeling assay kit and
cytokine ELISA kits were purchased from Abcam, (Cambridge, USA). Anti phospho-
histone H2AX (ser-139) human monoclonal IgG and Alexa Fluor 488 rabbit antihuman
IgG were purchased from Upstate, USA and Invitrogen, USA respectively. 7-hydroxy
staurosporine (UCN-01), 7-nitro-1H-indole-2-carboxylic acid {4-[1-
(guanidinohydrazone)-ethyl]-phenyl}-amide (PV1091), 2-(Morpholin-4-yl)-
benzo[h]chomen-4-one (NU7026) were purchased from Calbiochem (Switzerland). The
gene specific primers for RT-PCR were custom synthesized from local agents. All

other chemicals of highest purity were purchased from reputed local manufacturers.
2.2. Instruments

The cells were cultured in Sanyo CO; incubator (MCO-17 AIC, Japan). The
absorbance and fluorescence of samples were recorded on multimode plate reader

(Synergy H1, BioTek, USA) and Jasco FR-6300 spectrofluorometer respectively. The
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bright field, phase contrast and fluorescence images were captured using Olympus
fluorescence microscope (model no - BX 53, Japan) attached to ProgRes® digital
camera. The y-H2AX images were captured using automated slide scanning Metacyte
software module of the Metafer 4 scanning system (Meta Systems, Altlussheim,
Germany). Real Time-Polymerase Chain reaction (RT-PCR) was carried out in Rotor-
Gene Q machine (QIAGEN, Germany). The bands in DNA ladder assay were
visualized and photographed under UV light using Geldoc (Syngene, UK). The cells
labeled with PI or Annexin V were acquired on Partec PASII flow cytometer
(Germany) and analyzed for the distribution of cells in different phases of cell cycle
(pre-G, GI1, S, G2/M) using FlowJO software. The selenium uptake in cells was
estimated using graphite furnace atomic absorption spectrometry 3000 (906AA with
PAL, GBC Scientific Equipment, Australia). The other instruments used in the
experimental work were stereomicroscope, tissue ruptor, hemocytometer and

autoanalyzer.

2.3. Animal maintenance

For in vivo experiments, seven to eight weeks old male BALB/c mice weighing
approximately 20 — 25 g and maintained under standard environment (temperature,
pressure and humidity) of the animal house facility of Bhabha Atomic Research Centre,
Mumbai were used. The temperature of the room was 20 + 2 °C with 65 — 70 %
humidity and 12 h/12 h light/dark cycle. The animals were fed with normal mouse
chow and water ad libitum and kept in polypropylene cage containing sterile paddy
husk as bedding. The experiments were conducted following the ethical guidelines of

the Animal Ethics Committee of BARC with prior approval.
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2.4. Maintenance of cell lines

Chinese Hamster Ovary (CHO) cells were obtained from Radiation Physics and
Advisory Division, BARC, India. The cells were cultured in RPMI-1640 medium
supplemented with 10 % FCS and antibiotics (100 U/ml penicillin and 100 pg/ml
streptomycin) at 37 °C in a humidified atmosphere with 5 % CO,. The cells were sub-
cultured at regular intervals and experiments were performed upon attaining 70 % to

80 % confluence.
2.5. Radiation source and irradiation

All irradiation experiments were performed using blood irradiator - 2000 and
Bhabhatron (Department of Atomic Energy, India) which contains cobalt-60 (*°Co) as
the radiation source. “®Co undergoes nuclear disintegration to form stable “Ni by
emitting two y-rays of energy 1.17 MeV and 1.33 MeV. ®Co is generated in nuclear

reactor by irradiating °Co with neutron and has a half life of 5.27 years.

*Co + n > %Co
B (~100%)

GOmNi

" 60
Scheme 2.1 Decay of *’Co
The absorbed dose rate of the source was estimated using Fricke dosimeter
which is based on the radiation induced oxidation of the ferrous ion (Fe*") to ferric ion
(Fe3+) at low pH in the presence of the oxygen. The Fricke solution contains 1 mM

ferrous ammonium sulfate and 1 mM NaCl in 0.4 M H,SO4. The primary radicals
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generated due to radiolysis of water cause oxidation of Fe*" ion to Fe’" ion. The

reactions involved are as follows:

H,0—'0H,H" ¢, ,H,0,, H, Q2.1

aq’

H®+0,—> HO, 2.2)

Fe’* + HO,—~ 5 Fe* + H,0,

(2.3)
Fe” + H,0,—>Fe’ +OH +" OH (2.4)
2+ o 3+ —
Fe” +°OH —— Fe™ + OH 2.5)
The G-value of Fe’" ions is estimated using the below given equation:
G(Fe’ ) =3g(H * )+ g('OH)+ 2g(H,0, ) (2.6)

Where, g is radiation chemical yield of primary radical species and G is the radiation
chemical yield of the secondary species generated due to reaction between primary
radicals and solute molecules. The G value of Fe’* estimated using the above equation
(2.6) corresponds to 15.5 (number per 100 eV) for “Co y rays. The amount of Fe**
formed is estimated by taking absorbance at 304 nm. The absorbed dose is calculated

using the following formula:

9.684 x10°x AA
Dose= G
elpG Y 2.7
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where, AA is the change in absorbance of the Fricke dosimeter solution before and after
irradiation, e is the extinction coefficient (2201 M'cm™) of Fe’* at the 304 nm, p is
the density of dosimeter solution (1.024 g cm™) and / is the path length in cm.

For irradiation, the mice were placed in a ventilated perspex box and exposed to
whole body irradiation (WBI) using Bhabhatron at a dose rate of 1 Gy/min and a source
to sample distance of 60 cm. After irradiation, mice were housed under normal
laboratory conditions until sacrificed at desired time points. For irradiation of cells,
they were supplemented with fresh serum free medium and then exposed to varying
doses of y-radiation using “°Co blood irradiator at a dose rate of 1 Gy/min. Following
this, cells were supplemented with 10 % FCS and cultured at 37 °C in 5 % CO,

atmosphere for desired time point prior to assay.
2.6. Methods for evaluating in vivo parameters
2.6.1. Bronchoalveolar lavage fluid (BALF) collection and analysis

Prior to sacrifice, mice were paralysed with an overdose of chloroform, a
tracheotomy was performed and a cannula was inserted and tied. The lungs were
infused with 1 ml PBS, and then the infusate was aspirated back, collected into a sterile
eppendorf tube and centrifuged at 400 x g for 5 minutes at 4 °C. Cell free supernatant
or BALF was used for protein concentration determination using a protein assay kit
(Bangalore Genie, India) and stored at -70 °C until cytokine assessment. The cell pellet
was resuspended in 0.25 ml PBS, total cell numbers were counted using a
hemocytometer, and cytospins were prepared (5 x 10* cells / slide). The cytospins were

stained with hematoxylin and eosin and viewed under Olympus microscope to identify
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different cell types based on morphological characteristics. The differential cell counts

were reported as the percentage of 500 cells counted from one cytospin per mouse'*%.
2.6.2. Estimation of cytokines like IL-6 and TNF-a in serum

Following BALF collection, blood was collected in the centrifuge vials by
intracardic puncture, incubated at 4 °C overnight and centrifuged at 1,000 x g for 5
minutes to furnish serum as supernatant. The serum was stored at -70 °C until analyzed

for cytokines using ELISA kits according to manufacturer’s instruction.
2.6.3. Splenocytes preparation, spleen index and cellularity

Spleen index and cellularity are considered as important parameters to monitor
damage to the hematopoietic system. After sacrificing the mice, spleen was aseptically
isolated, blotted free of blood and weighed to calculate spleen index (spleen weight /
body weight). Following this, single cell suspension was prepared by teasing the spleen
on a sterile nylon mesh placed in the dish. Red blood cells (RBCs) in the cell
suspension were lysed by hypotonic shock using sterile water (5 ml, 10 sec) followed
by the addition of 2X PBS (5 ml). The ghost RBCs were allowed to settle down after
centrifugation at 1000 rpm for 15 - 30 seconds. The supernatant rich in lymphocytes
were transferred to a fresh tube and checked for viability by trypan blue dye exclusion.

This preparation was referred to as splenocytes and used for various molecular assays.
2.6.4. Endogenous spleen colony formation assay

Endogenous spleen colony formation assay is used to study the proliferative
ability of hematopoietic stem cells (HSCs) present in the bone marrow. When there is a

loss of lymphocytes in hematopoietic organ like spleen, the residual HSCs migrate to
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the damaged site, proliferate and form colonies'®. In general, such macroscopic
colonies can be seen in the spleen after 10 - 12 days of WBI. Therefore, mice were
sacrificed on 11" day post irradiation and spleen was collected. The spleen was fixed in
10 % neutral buffered formalin. After 8 - 10 days of fixation, colonies became visible

on the surface of the spleen, which were counted with naked eye'®’.
2.6.5. Hematocount

The counts of leukocytes, RBCs, platelets and hemoglobin in the whole blood
are defined as the hematocount of an individual. To estimate the hematocount, about 50
ul of peripheral blood was collected from mice tail in heparinised tubes and analysed

by an autoanalyzer.
2.6.6. Histopathological study

After sacrificing mice at desired time point, portions of tissues (lung, liver,
jejunum) were washed and perfused with ice cold PBS. The tissues were fixed in 10 %
formalin, dehydrated by passing through a graded series of alcohol and embedded into
paraffin blocks. Tissue sections of 5 um thickness were cut stained with hematoxylin

and eosin and imaged using fluorescence microscope.
2.7. Methods of cytotoxicity studies in cells
2.7.1. MTT assay

This is a colorimetric assay widely used for the estimation of the viability of the
cell. The principle of this assay is based on the reduction of MTT by the mitochondrial
reductases of viable cell to a blue colored insoluble formazan crystal, which is

solubilized with SDS and measured spectrophotometrically at 570 nm'”’. In brief, cells
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(1.0, 0.5 and 0.2x10% following treatment with test compounds and or irradiation were
incubated for 24, 48 and 72 h respectively in culture medium in quadruplicates.
Following this, MTT solution (0.5 mg/ml in PBS) was added to cells and incubated at
37 °C for 4 h. The formazan metabolites formed from the reduction of MTT by the
living cells were solubilized using 10 % SDS in 0.01 N HCI and detected by measuring
the absorbance at 570 nm. The percentage (%) cytotoxicity of the compound was

calculated with respect to control.
2.7.2. Clonogenic assay

Clonogenic assay or colony formation assay is an in vitro cell survival assay
based on the ability of a single cell to grow into a colony. The colony consists of at
least 25 - 50 cells. Clonogenic assay is the method of choice to determine cell
reproductive death after treatment with ionizing radiation. In brief, cells were seeded in
30 mm culture dish and left overnight for attachment at 37 °C and 5 % CO,. Following
this, cells were treated with test compounds and / or exposed to varying doses of
radiation. After 7 days, the colonies were fixed in 100 % methanol, stained with 0.5 %
crystal violet for 10 - 15 minutes and the excess stain was removed by slowly rinsing
the dish with tap water. The colonies were dried and counted manually using a
stereomicroscope' . The plating efficiency and the survival fraction (SF) were
determined using equation 2.8 and 2.9 respectively.

Plating Efficiency (P.E) = [No. of colonies / No. of cells plated] x 100 (2.8)

Survival fraction (SF) = [No. of colonies / (No. of cells plated x (P.E / 100)] (2.9)
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2.7.3. Estimation of apoptosis by DNA ladder assay

During apoptosis, endonucleases cause breakdown of nuclear DNA into small
fragments which can be visualized on agarose gel electrophoresis as a ladder'*'”. In
brief, cells at desired time points were suspended in 25 pl of lysis buffer (50 mM Tris
HCI, pH 8.0, 10 mM EDTA, 0.5 % SDS, 0.5 mg/ml proteinase K) and incubated at
55 °C for 1 h followed by addition of 5 pl of RNase (1 mg/ml) and further incubation at
65 °C for 1 h. After the lysis, the crude DNA sample (10 pl) was mixed with 3 pl gel
loading buffer and electrophoresed on 1.8 % agarose gel in TAE buffer (pH 8.0)

containing EtBr. The bands were visualized and photographed using geldoc.
2.7.4. Estimation of apoptosis and cell cycle distribution by PI staining

The principle of this assay is that cells stained with PI are analyzed for PI
fluorescence after excitation at 580 nm using flow cytometer. The fluorescence
intensity of PI from the cells represents the DNA content because PI binds to DNA in a
stoichiometric manner. Live cells due to the presence of the intact DNA (n or 2n DNA
content depending on the cell cycle stages such as G1, S, and G2) give higher PI
fluorescence than the dead cells, which are known to have fragmented DNA (< n DNA
content). Thus, cellular population representing pre-G1 peak was considered as dead
cells. For the assay, cells at desired time points were stained with a solution containing
50 pg/ml PL, 0.1 % sodium citrate and 0.1 % Triton X-100 and kept overnight at 4 °C in
dark'’. The labeled cells were acquired in flow cytometer and analyzed for the
distribution of cells in different phases of cell cycle (pre G1, G1, S, G2/M) using

FlowJO software.
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2.7.5. Characterization of cell death by Annexin V-PI staining

During apoptosis, phosphatidylserine (PS) present in the internal part of the cell
membrane gets translocated to the external portion of the membrane. Annexin-V binds
to the PS and represents cells undergoing apoptosis. For quantifying the cell death types,
cells (1 x 10° cells/ml) following treatments with test compounds and / or irradiation
were labeled using Annexin V-PI assay kit as per the manufacturer’s instructions. The
labeled cells were acquired on flow cytometer and analysed using FlowJo software into
four groups: healthy, early apoptotic, late apoptotic and necrotic cells. The following
staining criterion was adopted for characterization: cells that did not stain for either
Annexin V or PI as healthy, which stained only with Annexin V as apoptotic, both PI

and Annexin V as necrotic and only PI as dead cells with ruptured plasma membrane.
2.7.6. Estimation of mitochondrial membrane potential (MMP)

MMP is an important parameter of the mitochondrial function. JC-1 is a
mitochondrial specific fluorescent dye. In healthy cells, JC-1 concentrates and forms
aggregates into mitochondria emitting red fluorescence (610 nm) upon excitation at 565
nm. During apoptosis, mitochondrion loses its integrity and due to this, JC-1 staining
results in to its uniform distribution throughout the cells as monomer. The monomeric
form of JC-1 emits green fluorescence (535 nm) upon excitation at 485 nm'”. Thus, the
ratio of green (535 nm) and red (610 nm) fluorescence intensity is used as an indicator
of loss of MMP and cell death. For the assay, cells at desired time points were labeled
with JC-1 (10 pg/ml, final concentration) for 20 minutes at 37 °C in the dark and the

fluorescence emission was recorded at 535 nm and 610 nm after excitation at 485 nm
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and 565 nm respectively using the multimode plate reader. The images showing green

emission and red emission were captured using fluorescence microscope.
2.7.7. Estimation of LDH release from cells

LDH is an intracellular enzyme which catalyzes the conversion of lactate to
pyruvic acid. During necrosis, plasma membrane gets damaged resulting in to the
release of LDH in the extracellular medium'’®. The percentage (%) release of LDH
from the cells in to culture medium was measured using LDH detection kit according to
manufacturer’s instruction. The kit contains tetrazolium salt (INT) and a catalyst
diaphorase / NAD" mixture. LDH will catalyse the reduction of NAD" to NADH/H". In
the next step, diaphorase will transfer H from NADH/H" to INT which is converted to
a red colored formazon and is measured at 500 nm. For reference, cells were treated

with distilled water and the absorbance at 500 nm was used as 100 % LDH release.
2.7.8. Measurement of membrane fluidity

Membrane fluidity is an important parameter which depends on the lipophilicity
of the cell membranes. Cell membrane fluidity was measured by estimating
fluorescence anisotropy value of a lipophilic fluorophore DPH'""' The decrease in
anisotropy is indicative of the loss of membrane integrity'"”. For the assay, cells (5%10°)
grown in culture flask were labeled with DPH at a final concentration of 1 uM at 37 °C
for 30 minutes. Following this, test compounds were added to the cells at a
concentration of 25 pM and cultured for 2 and 4 h in humidified incubator at 37 °C
with 5 % CO,. Upon incubation, cells were harvested by scraping, washed twice with
1X PBS and resuspended in to 1 ml of 1X PBS. Steady-state fluorescence anisotropy

measurements were performed on a fluorimeter. Excitation and emission wavelengths
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were set at 365 nm and 430 nm respectively'™. Fluorescence anisotropy (r) was
calculated using equation (2.10)

po dw =Gl (2.10)
I, +2Gl,

Where Iyy and Iyy are the fluorescence intensities determined at vertical and horizontal
orientations of the emission polarizer respectively when the excitation polarizer is set in
the vertical position. The G factor, which compensates for differences in detection
efficiency for vertically and horizontally polarized light was calculated from the
fluorescence intensity ratio of vertical and horizontal emissions when the excitation

polarizer is set in the horizontal position (Igy/ Iyp).
2.8. Methods of biochemical assays in cell lysate and tissue homogenate
2.8.1. Preparation of tissue homogenate and cell lysate

The tissues collected from in vivo experiments were weighed and homogenized
(10 % weight / volume) in 10 mM tris buffer (pH 7.4), containing 0.5 % Triton X-100,
5 mM BHT and 100 puM PMSF using a tissue ruptor. Similarly, cells (5x10°) harvested
at desired time points were lysed using cellytic M® containing protease inhibitor
cocktail. The resulting tissue or cell extract were centrifuged at 13,000 rpm for 10
minutes to yield supernatant termed as tissue homogenate or cell lysate and stored at -

20 °C until used for biochemical assays.
2.8.2. Estimation of protein content

The protein in the tissue homogenate or cell lysate was estimated using
Bradford assay'®'. It is a colorimetric assay based on the non covalent binding of the

coomassie brilliant blue dye with the carboxyl and amino group of the amino acids
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present in the protein. After binding with the protein, the color of the dye is changed to
blue color which can be measured by recording absorbance at 595 nm. Amount of
protein in the unknown sample was estimated by plotting a standard curve using known
concentration of protein (BSA) under identical condition. A minimum of 100 pg of

protein was used for all the biochemical assays.
2.8.3. Estimation of GPx activity

GPx activity was determined by NADPH assay coupled with GSH-GSSG.
Briefly, cell lysate / tissue homogenate was mixed with an assay buffer containing 50
mM of Tris-HCI (pH 7.5), 1 mM EDTA, 250 uM NADPH, 2.1 mM GSH and 0.5 Units
GR. The reaction was initiated with the addition of 300 uM of CuOOH in a total
reaction volume of 1ml. GPx will catalyze the reduction of hydroperoxide to
corresponding alcohol using GSH as a reducing equivalent. During this process GSH is
oxidized to GSSG which is recycled back to GSH using NADPH. It is an indirect
method which monitors the decrease in the absorbance of NADPH at 340 nm. The
change in the absorbance was recorded till 5 minutes. The GPx activity was calculated
and expressed as Units/mg of protein. One unit is defined as the enzyme that catalyses

the formation of 1 umol of NADP" from NADPH per minute.

(A Abs340(sump1e ) )

GPx activity (Units/ml) =
6.22 xVolume of sample (ml) @2.11)

Where, AA is the change in absorbance of NADPH at 340 nm.

2.8.4. Estimation of ROS

Intracellular ROS levels were estimated using a cell permeable oxidation

sensitive probe DCFDA. This probe is deacetylated by cellular esterases to a non-
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fluorescent compound, which is oxidized by ROS into fluorescent molecule 2°,7°—
dichlorofluorescein (DCF). The fluorescence intensity of DCF is the indicative of
intracellular ROS level'**. For the assay, cells were labeled with 10 pM of DCFDA at
37 °C for 20 minutes. The fluorescence intensity at 530 nm was recorded after
excitation at 488 nm on a multimode plate reader. The mean fluorescence intensity of
three measurements was presented as ROS level. The representative images showing

DCF fluorescence were captured using fluorescence microscope.
2.8.5. Estimation of GSH and GSSG

GSH and GSSG were estimated in tissue homogenate or cell lysate using OPT
as a detection probe. The principle of this assay is that OPT binds to GSH and GSSG at
different pH of 8 and 12 respectively. OPT covalently binds to SH group of GSH to
form a fluorescent conjugate (GS-OPT) which can be measured by recording
fluorescence at 420 nm after excitation at 350 nm'®. For the assay, protein in the cell
lysate or tissue homogenate was precipitated using 25 % HPO; and centrifuged at
13000 rpm for 15 minutes to yield supernatant containing GSH and GSSG. For GSH
estimation, the supernatant was incubated with OPT for 15 minutes at pH 8 and
emission was recorded at 420 nm after excitation at 350 nm on a multimode plate
reader. For GSSG estimation, similar method was used except that the supernatant was
first incubated with NEM for 30 minutes to block GSH and then incubated with OPT in
the presence of 0.1 M NaOH. The ratio of the fluorescence of OPT at pH 8 and pH 12

is presented as the ratio of GSH and GSSG.
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2.8.6. Estimation of lipid peroxidation

Thiobarbituric acid reactive substances (TBARS) method was used to estimate
lipid peroxidation in tissue homogenate or cell lysate. During lipid peroxidation
membrane lipids break down into number of products such as hydroperoxides,
alkadienal, MDA, 4-HNE etc". The principle of TBARS method is that MDA reacts
with two molecules of TBA at 90 °C to form a pink colored MDA-TBA adduct which
can be quantitatively measured by recording absorbance at 532 nm. As TBA reacts with
other lipid peroxidation products also, the products formed are collectively termed as
TBA reactive substance (TBARS)184.

For the assay, 300 pl of tissue homogenate or cell lyaste containing minimum of
100 - 200 pg of protein was mixed with TBA reagent (0.375 % TBA, 0.25 M HCI,
15 % TCA and 6 mM EDTA), heated in water bath at 90 °C for 30 minutes and cooled
at room temperature. The samples were then centrifuged at 13000 rpm for 10 minutes
and TBARS was estimated in the supernatant by measuring the absorbance at 532 nm.
Amount of TBARS in the sample was estimated by plotting a standard curve using
known amount of 1, 1, 3, 3' tetra-ethoxy propane and expressed as nmols of TBARS

per mg of protein.
2.8.7. Estimation of protein carbonylation

The protein carbonyl content in tissue homogenate or cell lysate was measured
by DNPH assay. The principle of the assay is that DNPH reacts with carbonyls forming
the Schiff base to produce a hydrazone'®. The amount of hydrazone can be measured
spectrophotometrically at 370 nm. For the assay, a minimum of 100 pg of protein was

precipitated using ice-chilled 10 % TCA for 20 minutes at 4 °C. It was followed by
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centrifugation at 12000 rpm for 10 minutes. To the pellet, 100 pl of 0.2 % DNPH in 2
N HCI was added and incubated at 37 °C for 2 h. Protein was reprecipitated using 10 %
TCA. Excess DNPH was removed by washing 3 times with 50 % ethyl acetate in
ethanol. Finally, pellet was dissolved in 100 pl of 6M guanidine hydrochloride and the
absorbance was recorded at 370 nm. The amount of protein carbonyls was determined
by using an extinction coefficient of 2.1 x 10* M c¢cm™ at 370 nm and expressed as

nanomoles of protein carbonyls/mg of protein.
2.9. Methods for genotoxicity assessment in cells
2.9.1. Estimation of DNA damage by alkaline single cell gel electrophoresis

The alkaline single cell gel electrophoresis or comet assay is a technique used to
know the extent of DNA damage caused by an agent. For this assay, 50 ul of whole
blood or cell suspension carrying 15000 cells was mixed with 0.8 % LMPA and layered
on a slide pre-coated with 1 % HMPA. Immediately, cover slip was placed on the slide
and kept at 4 °C for 5 - 10 minutes, After the solidification of LMPA, cover slip was
removed and the slides were kept in a lysis solution containing 2.5 M NaCl, 100 mM
EDTA, 10 mM Tris—HCI (pH 10), 1 % DMSO and 1 % Triton X-100 overnight at 4 °C.
The next day, slides were removed carefully from the lysis solution, rinsed with
alkaline solution containing 300 mM NaOH, 1 mM EDTA and 0.2 % DMSO, pH >13.0
and placed for 20 minutes on horizontal electrophoresis in a tank filled with freshly
prepared alkaline solution for equilibration. The electrophoresis was carried out at 22 V,
299 mA in the alkaline solution for 30 minutes. After the completion of electrophoresis,
the slides were kept in a neutralization buffer (0.4 M Tris-HCI buffer, pH 7.5 to remove

any alkali present) and kept at 4 °C. The slides were stained with 50 pl of SYBR Green-
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IT and at least fifty images were grabbed per slide using fluorescence microscope'*’.
The images were analysed using CASP software version 1.2.0 (www.casplab.com) to
calculate DNA damage parameters such as percent % tail DNA (% TDNA) and olive

tail moment (OTM).
2.9.2. Micronuclei assay

Micronuclei are small chromosomal bodies formed after exposure to radiation.
They can be seen in dividing cells due to their inability to incorporate in the daughter
cells. For the assay, cells treated with test compounds and / or exposed to radiation
were incubated with cytochalasin-B (4 pg/ml in culture medium) to block cytokinesis
and to induce micronuclei formation. Following this, cells were treated with hypotonic
solution (0.9 % ammonium oxalate) and fixed in a methanol: acetic acid (5:1)
solution'""®® Finally, cells were stained with acridine orange (10 mg/ml) and a total of
500 binucletae cells were counted using fluorescence microscope and analyzed for the

presence of micronuclei per treatment condition.
2.9.3. y-H2AX assay

Genotoxic stress induces formation of DSBs in DNA. An early event after
generation of DSBs is the phosphorylation at y - carbon of serine present at 139
position of H2AX protein. The phosphorylated protein termed as y-H2AX, acts as a
signal for the recruitment of the repair proteins at the site of the damage. Briefly, cells
at desired time points were fixed using 2 % paraformaldehyde, permeabilized with
0.5 % Triton X-100, blocked with 5 % BSA for 1 h and stained with anti-p (ser139)-
YyH2AX (1:300 dilution for 1 h). Afterwards, cells were incubated with Alexa Fluor 488

rabbit antimouse [gG (1:300 dilutions for 1 h) and mounted on the slides with antifade
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containing DAPI. The images were acquired using Metafer 4 scanning system'**"*. At

least 50 cells were counted for the presence of y-H2AX foci per treatment group to

calculate the average number of foci per cell.
2.10. Gene expression analysis in cells and tissues by RT-PCR

RT-PCR is a method of choice to quantify messenger RNA (mRNA) in cells.
Unlike traditional PCR, it monitors the amplified DNA in real time and not at the end.
For the detection of amplified product, SYBR Green I dye (DNA binding dye) is used.
An increase in DNA product with each cycle of PCR leads to an increase in
fluorescence intensity thus allowing DNA concentrations to be quantified on line.

Isolation of RNA is the first and the most critical step for the RT-PCR. Total
RNA was isolated from tissue or cells using Trizol reagent as per the manufacturer’s
instructions and dissolved in 20 ul of DEPC treated water. The RNA content in the
sample was quantified taking absorbance at 260 nm. About 2 pg of total RNA was used
to make cDNA by using reverse transcriptase cDNA synthesis kit and kept at -70°C
until use. The RT-PCR was carried out in a 10 pl reaction mixture containing 5 pl of
2X SYBR green PCR master mix, 1 pl of forward and reverse primer (10 picomoles
each) and 4 pl of diluted (10 times) cDNA using the Rotor Gene Q machine. The
amplification steps were: step 1- denaturation at 95 °C for 5 minutes; step 2 -
denaturation at 95 °C for 15 sec; step 3 - annealing at 58 °C for 15 sec; step 4 -
extension at 72 °C for 20 sec; step 5 - melt curve analysis. Steps 2 — 4 were repeated for
40 cycles. The threshold cycle (the cycle at which the amplification enters into
exponential phase) values (C; value) obtained from above runs were used for
calculating the expression levels using double delta (AACT) method"". The expression

of genes was normalized against a house keeping gene B-actin and plotted as relative
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change in the expression with respect to control. The list

PCR in the present thesis is given in table 2.1.

Table 2.1: List of primers

of primers used for the RT-

Name of gene Primer sequence Gene Bank Accession No.
p actin 5’- GGCTGTATTCCCCTCCATCG -3’ NM_007393
5’- CCAGTTGGTAACAATGCCATGT -3’
Icam-1 5’- GTGATGCTCAGGTATCCATCCA -3’ NM_010493
5’- CACAGTTCTCAAAGCACAGCG -3’
Ccl-2 5’- TAAAAACCTGGATCGGAACCAAA -3’ NM_011333
5’- GCATTAGCTTCAGATTTACGGGT -3’
Csf-3 5’- ATGGCTCAACTTTCTGCCCAG -3’ NM_009971
5’- CTGACAGTGACCAGGGGAAC -3’
iNos-2 5’- GTTCTCAGCCCAACAATACAAGA -3’ NM_010927
5’- GTGGACGGGTCGATGTCAC -3’
SelenoP-1 5’- AGCTCTGCTTGTTACAAAGCC -3’ NM_001042613
5’- CAGGTCTTCCAATCTGGATGC -3’
GPx 1 5’- AGTCCACCGTGTATGCCTTCT -3’ NM_008160
5’- GAGACGCGACATTCTCAATGA -3’
GPx 2 5’- GCCTCAAGTATGTCCGACCTG -3’ NM_030677
5’- GGAGAACGGGTCATCATAAGGG -3’
GPx 4 5’- TGTGCATCCCGCGATGATT -3’ NM_008162
5’- CCCTGTACTTATCCAGGCAGA -3’
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Chapter 3
Radioprotective effect of DHS against whole

body irradiation in mice

In this chapter, the in vivo radioprotective effect of DHS in mice against whole body
irradiation was evaluated in terms of 30 day survival, biochemical and histological
changes in radiosensitive organs like spleen, intestine and lungs. The results for DHS

were compared with a dietary organoselenium compound SeM.
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3.1. Introduction

As discussed in chapter 1, organoselenium compounds both in linear and cyclic
forms have been evaluated for antioxidant activity. Among the linear compounds, it
was observed that diselenides are better than monoselenides in exhibiting antioxidant
activity. Compared to linear compounds, cyclic compounds are advantageous with
respect to overall stability. In our laboratory, it has been shown that compared to linear

165,192 .
72, Such GPx active

compounds, the cyclic isomer shows higher GPx activity
antioxidants can be explored as radioprotectors. Agreeing this hypothesis, ebselen a
cyclic organoselenium compound and stable GPx mimic has been reported for potential
radioprotective activity in cells and in vivo model systemsm. Recently our group has
reported the synthesis of DHS, a water-soluble cyclic selenium compound structurally
closer to a known sulfur compound'®’. Subsequently this compound was reported for
wide range of biological activities like free radical scavenging, mimicking the function
of GPx, catalyzing the oxidative folding of denatured proteins and anti-inflammatory

. 160,162-165,167
action ’

. Encouraged by these results, it was hypothesized that DHS might
also protect against radiation injuries which is linked with oxidative stress. Therefore,
in the present study, DHS has been evaluated for radioprotection using mice model
system. The radioprotective effect of DHS was monitored in terms of improvement in
30 day post irradiation survival and the biochemical, histological and inflammatory
changes in radiosensitive organs like spleen, intestine and lungs after whole body
irradiation (WBI). We also studied the effect of DHS administration on the radiation
induced DNA damage in peripheral leukocytes and on the tissue specific expression of

GPx and pro-inflammatory genes like [Icam-1, Ccl-2 and iNOS-2. Further,

radioprotective effect of DHS was compared with selenomethionine (SeM) which is not
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only a major dietary source of selenium to humans but has also been evaluated for
radioprotection. Additionally, DHS and SeM being cyclic and linear selenium
compounds respectively, such studies are useful to understand the importance of

structure in their radioprotective activities.

3.2. Materials and Methods

The solutions of DHS and SeM were prepared in sterile phosphate buffered
saline (PBS) immediately before the experiment. The dosage of DHS was selected

7 The mice were randomized and segregated in to four

based on previous studies
groups: sham control, drug control, radiation control and drug plus radiation treatment
groups. The irradiated groups received PBS (radiation control) or the drug (DHS or
SeM) through intraperitoneal (ip) mode of administration and subjected to WBI at an
absorbed dose of 8 Gy to monitor survival and other mechanistic studies. The sham and
drug control mice were not irradiated and received treatment either with PBS or drug
(DHS or SeM) similar to the respective irradiated groups until sacrificed at the desired
time point (30 day post irradiation). After irradiation, the mice were monitored daily for
30 days by recording body weight (b. wt) on regular interval and mortality (if any).
Kaplan-Meier survival curves were drawn using Graph Pad Prism® (version 3.2). For
mechanistic study, the irradiated mice were euthanized by cervical dislocation at an
identical/common time point of 10 day post irradiation. Prior to sacrifice, tracheotomy
was performed on the mice to collect BALF. Following this, mice were sacrificed by
cardiac puncture and blood and tissues like spleen, lungs, liver, and jejunum were
collected. The tissues were immediately washed and per-fused with ice cold PBS to

remove trapped blood. A small portion of tissue was fixed in 10 % formalin for

histopathological study, another in Trizol for RNA isolation and the remaining
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homogenized (10 % weight / volume) for biochemical studies. In order to study the
survival or 30 day post irradiation parameters, ten mice per group and for early data
point (10 day post irradiation), five mice per group were analysed. In order to
determine the protective effect of DHS and / or SeM against radiation induced
genotoxicity (DNA damage), mice were randomized, grouped (n = 5) as described
above, administered with PBS or drugs (DHS or SeM) and subjected to WBI at 5 Gy.
The blood samples were taken from the tail vein at 15 and 30 minutes post irradiation
and processed for the alkaline single cell gel electrophoresis or comet assay. The results
are presented as mean = SEM (n = 3 - 5). Statistical significance (p < 0.05) of the
difference between the means of treatment groups was assessed by one-way ANOVA.
A two-tailed student’s t-test was used for the comparisons between the means of two
groups and p values < 0.05 were considered as statistically significant. Kaplan-Meier
survival curves were analyzed for statistical significance (p < 0.05) using Mantel-Cox

log-rank test of Graph Pad Prism® (version 3.02).
3.3. Results
3.3.1. Dosage optimization of DHS to improve the 30 day post irradiation survival

In order to find the effective dose of DHS, two experiments were performed. In the first
experiment, DHS was administered in a dose range of 2 mg, 25 mg and 50 mg/kg b.wt
into mice, 30 minutes prior to radiation exposure (8 Gy) and following this the survival
of animals was monitored for 30 days. The exposure to radiation caused sickness, loss
of appetite, lethargy, ruffling of hair, weight loss and diarrhea in mice. The median

survival of radiation control group was found to be 10 day with complete mortality by
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12t day. The pre-administration of DHS did not show any protection from radiation

induced mortality as shown in figure 3.1 A.
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Figure 3.1 Kalpan-Meier survival curve representing the effect of DHS (2 - 50 mg/kg
b.wt) administration (ip) on 30 day survival of mice exposed to WBI of 8 Gy. (4) Single
ip administration of DHS at 30 minutes prior to radiation exposure. (B) DHS was
administered for five consecutive days and 30 minutes after the last dose, mice were
irradiated (C) DHS was administered for five consecutive days prior to irradiation and
continued during the post irradiation period for three times per week till 30 days. *p <

0.05 as compared to the radiation control.
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In the second experiment, DHS was administered at similar dosages but for five
consecutive days prior to radiation exposure. Interestingly under this treatment
schedule, DHS showed significant protection against radiation induced mortality
compared with single administration. For example, DHS at a dosage of 2, 25 and 50
mg/kg b.wt increased the median survival time to 13, 21 and 24 days respectively.
However, in terms of 30 day survival only the highest tested dosage of 50 mg/kg b.wt
was effective by 20 % (Fig. 3.1 B). This suggested that DHS may work better if
administered as a supplement. Accordingly, in another experiment, DHS was
administered not only for five consecutive days prior to radiation exposure but also
during the post irradiation period for three days in a week till the end of experiment (30
day post irradiation) and the survival of animals was monitored. Our results indicated
that under this treatment regime, DHS showed improvement by 40 % in 30 day survival
even at the lowest tested dose of 2 mg/kg b.wt. Increasing the dose to 50 mg/kg b.wt
did not increase protection (Fig. 3.1 C). The DHS control group did not show mortality
or any other visible toxicity symptoms throughout the experiment. Based on these
results, in all of our further studies, DHS was administered at a dosage of 2 mg/kg b.wt
in the combined treatment regime of pre (5 days) and post (3 days in a week)

administration until sacrificed at desired time point.

3.3.2. Effect of DHS and SeM on the 30 day post irradiation survival

The radioprotective effect of DHS was compared with SeM at an identical dose
(2 mg/kg b.wt) and treatment schedule. The survival curves comparing the effect of
DHS and SeM on 30 day survival following WBI of 8 Gy are shown in figure 3.2 A. It
can be seen from the figure that SeM significantly improved the 30 day survival of

irradiated mice by 30 % which is comparable to that of DHS (40 %). The improvement
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in 30 day survival by both DHS and SeM was also supported by their abilities to
favorably increase the relative body weights as compared to radiation control group
(Fig. 3.2 B). Like DHS, SeM control group did not show mortality or any other visible

toxicity symptoms till 30 day. (Fig. 3.2 A & 3.2 B).

(A) (B)
100 % | b=
o)
'g 1.2 i/*
80- e
T g 14 - /%i/i/;}
> - 7%4 1 A
.E 60_ £ %/;/ —— ¥ —
o 1046—%
t?) 40 * =2 \
- J 3y 4 ©
* = 5% 0y it
[ AT (A ’lﬂl
20- 2 : 4\174}4% :
© 0.8 \é
o
14
0 T TV T T T T 0-7 T T T T T T
0 5 10 15 20 25 30 0 5 10 15 2 2 N

Days Days

—a—Sham control
—3-DHS (2 mg/kg b.wt)
—o—SeM (2 mg/kg b.wt)

—0~— Radiation control (8 Gy)
—— DHS (2 mg/kg b.wt) + Radiation
—— SeM (2 mg/kg b.wt) + Radiation

Figure 3.2 (A) Comparative effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt)
administration (ip) on the 30 day survival of mice exposed to WBI at an absorbed dose
of 8 Gy. Both drugs were administered for five consecutive days prior to irradiation
and continued during the post irradiation period for three times a week till the end of
experiment. *p < 0.05 as compared to the radiation control. (B) Relative change in

body weight for different treatment groups plotted as a function of time in days.

3.3.3. Effect of DHS and SeM on the radiation induced genotoxicity

Genomic DNA is the most critical target of radiation exposure. Therefore, the
effects of DHS and SeM administration on radiation induced genotoxicity was
monitored in peripheral lymphocytes by comet assay as a function of time (15 and 60

minutes). The DNA damage parameters such as % TDNA and OTM and the
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representative fluorescence images indicating the extent of DNA damage under

different treatment conditions are shown in figure 3.3 A and 3.3. B.
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Figure 3.3 Effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt) administration (ip) on

the radiation (5 Gy) induced DNA strand breaks in peripheral lymphocytes as assayed
by comet assay. DHS and SeM were given for five consecutive days prior to irradiation
and peripheral blood was drawn at 15 and 60 minutes post irradiation from the tail
vein of mice. The blood containing peripheral lymphocytes were subjected to single cell
gel electrophoresis. (A) Bar graphs shows % TDNA and OTM in various treatment
groups. The results are presented as mean £ SEM (n = 5). *p < 0.05 as compared to
the sham control group. "p < 0.05 as compared to the radiation control group. (B)
Representative fluorescent images shows nuclei stained with SYBR Green-1I dye 15
minutes post irradiation under different treatment groups following electrophoresis.

CN — Sham control, IR — Irradiation
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Exposure to sub-lethal dose of y-radiation (5 Gy) led to significant increase
in % TDNA and OTM. As time progressed to 60 minutes, the extent of radiation
induced DNA damage reduced considerably in the radiation control group. This is
expected due to the activation of various inherent DNA repair pathways. Treatment
with DHS and SeM showed significant reduction in the extent of radiation induced
DNA damage at each time point compared to the radiation control group. However, the
levels of residual DNA damage in DHS and SeM treated groups at the end of 60
minutes after radiation exposure was significantly higher than that of the control levels.
The efficacy of both DHS and SeM was comparable. The drug control groups (DHS
and SeM) did not show any induction of DNA damage at the evaluated dosage of 2

mg/kg b.wt.

3.3.4. Effect of DHS and SeM on the radiation induced hematopoietic toxicity

The ability of DHS and SeM to protect hematopoietic system from radiation
exposure was evaluated by monitoring the spleen parameters and the hematocount in
peripheral circulation. The changes in spleen parameters such as index and cellularity
under the radiation and drug treated conditions are shown in figure 3.4 A and 3.4 B.
Irradiation led to decrease in spleen index (0.0017 + .0003) as compared to sham
control (0.0043 + 0.0002) at 10 day suggesting acute hematopoietic damage / syndrome.
Treatment with either DHS or SeM did not show any significant improvement in the
spleen index at 10 day while improving it to 0.0059 and 0.0053 respectively in the mice

surviving till 30 day post irradiation as compared to radiation control.
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Figure 3.4 Bar graph shows effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt)
supplementation (ip) on (A) spleen index (spleen weight/body weight) and (B) spleen
cellularity against WBI of 8 Gy. The results are presented as mean + SEM (n = 3 - 5).
*p<0.05 as compared to the sham control group, *p<0.05 as compared to respective
drug (DHS or SeM) plus radiation treated group evaluated at 10 day post irradiation.
CN — Sham control, IR — Irradiation.

The spleen cellularties in mice under different treatment conditions were
examined by counting number of viable cells using hemocytometer. The results showed
similar trend as observed in case of spleen index. Irradiation led to a decrease in spleen
cellularity (12.4 + 2.9 x 10°) as compared to sham control (31.9 + 2.9 x 10°) whereas
pretreatment with DHS and SeM showed improvement in spleen cellularity (37.04 +

5.70 x 10° and 42.8 + 7.00 x 10° respectively) on 30 day post irradiation.

The renewal of hematopoietic system also depends on the proliferation of the
clonogenic stem cells in the spleen. Therefore, effect of DHS and SeM on the
proliferation of clonogenic stem cells was investigated by monitoring the spleen colony
forming unit (CFU) and the mRNA expression of colony stimulating factor -3 (Csf-3).

The results are shown in figures 3.5 (A - C).
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Figure 3.5 (A) Bar graph shows effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt)
supplementation (ip) on spleen colonies against WBI of 8 Gy. (B) Images of spleen
colonies under different treatment conditions. The spleen colony forming assay was
performed only at 10 day post irradiation. (C) mRNA expression of Csf-3 as monitored
by RT-PCR. The expression of above gene in different treatment groups was
normalized against the sham control group and the relative expression changes have
been plotted. The results are presented as mean = SEM (n = 3 - 5). *p<0.05 as
compared to the sham control group, $p<0. 05 as compared to respective drug (DHS or
SeM) plus radiation treated group evaluated at 10 day post irradiation. CN — Sham

control, IR — Irradiation.
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It can be seen that irradiation induced the proliferation of clonogenic stem cells
which was evidenced by the increase in the number of CFU in radiation control group
compared to the sham control group at 10 day post irradiation. Treatment with DHS or
SeM in irradiated mice did not alter this parameter significantly as compared to the
radiation control. In agreement with the above results, DHS or SeM treated groups did
not show any significant change in the expression of Csf-3 at 10 day, however
increased its expression significantly at 30 day post irradiation by 2.5 and 2.9-folds

respectively (Fig. 3.5 C).

In addition to spleen parameters, the count of various cell types in peripheral
circulation (hematocount) is important to know the status of the hematopoietic system.
The effect of radiation and treatments of DHS and SeM on hematocount is presented in
table 3.1. As expected, irradiation led to significant decrease in counts of neutrophils,
lymphocytes, platelets and total white blood cells (WBC) at 10 day post irradiation as
compared to the sham control group. Treatment with DHS or SeM in irradiated mice
did not show any improvement in hematocount at 10 day post irradiation as compared
to the radiation control. However, these parameters improved close to sham control
levels at 30 day post irradiation in the surviving mice treated with DHS or SeM. The
compounds DHS and SeM did not show any significant difference between the two in
affecting the radiation induced hematopoietic changes. DHS and SeM control groups
showed spleen parameters like spleen index, spleen cellularity, CFU and the expression

of Csf-3 and hematocount in peripheral circulation similar to that of sham control.
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Table 3.1 Hematocount under different treatment conditions.

Treatment groups Total WBC Neutrophils | Lymphocytes Platelets Hemoglobin
(10%/ 1) (10%/ u1 (10%/ ) 10% 1) (% gm)
Sham control 435+6.50 0.83 +0.02 3.33+0.56 447 +058 14.45 +0.55
DHS control 3.55+0.65 0.71 £0.04 2.59+0.51 375+035 13.55+0.55
SeM control 3.25+0.35 0.69 +0.15 232+0.55 295+ 0 60 14.5+1.50
IR (8 Gy) 0.30 + 0.02* 0.03£0.01* | 0.22+0.02*% 48 £021%* 9.4 +1.35%
DHS + IR (10 day) 0.31+0.08 0.07 +0.04 0.23 +0.04 85+0.46 8.25+0.92
DHS + IR (30 day) | 2.60+0.90° 1.11+0.42% 1.28 £0.39° 305 +0.55% 142 +2.00
SeM+1IR (10 day) | 042+0.117 0.10 +0.06 0.28 + 0.05 99 +0.37 8.97 +0.79
SeM +1R (30 day) | 3.05+1.15° 1.13+0.33% 1.80 £0.75° 289 +0.19° 14.15 + 0.85°

The results are presented as mean + SEM (3 - 5 mice). * p<0.05 as compared to the
control group, "'p<0.05 as compared to the radiation control group, $p<0. 05 as
compared to respective drug (DHS or SeM) plus radiation treated group evaluated at

10 day post irradiation.

3.3.5. Effect of DHS and SeM on the radiation induced intestinal toxicity and

inflammatory responses

The small intestine is also an important radiosensitive organ. WBI of 8 Gy is
known to cause damage to the gastrointestinal system resulting in GI syndrome. It is
characterized by denudation of villi, decrease in number of crypt cells and infiltration
of inflammatory cells. The protective effect of DHS and SeM on the radiation induced
intestinal toxicity was evaluated through histological examination, monitoring the level
of lipid peroxidation and mRNA expression of pro-inflammatory genes (Icam-1, Ccl-2,
iNOS-2). The microvilli height in micrometer and hematoxylin and eosin stained slides

of intestinal tissue section are shown in figures 3.6 and 3.7 respectively.
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Figure 3.6 Bar graph shows the effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt)
supplementation (ip) on microvilli height against WBI of 8 Gy. The results are
presented as mean + SEM (n = 3 - 5). *p<0.05 as compared to the sham control group,
$p<0. 05 as compared to respective drug (DHS or SeM) plus radiation treated group

evaluated at 10 day post irradiation. CN — Sham control, IR — Irradiation.

It can be seen from figure 3.7 that DHS and SeM control groups did not show
any adverse effect with respect to the intestinal structure. WBI of 8 Gy led to acute
intestinal toxicity characterized by shortening and destruction of the villi structure.
Irradiated mice treated with DHS or SeM did not show any significant protection in
microvilli height as compared to radiation control at a common time point of 10 day.
However, the mice surviving till 30 day post irradiation from this group showed

maintenance in villi height.
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Figure 3.7 Effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt) supplementation (ip)
on the radiation (8 Gy) induced intestinal toxicity. Images of representative tissue
section of jejunum excised from the mice of the various groups and stained with
hematoxylin and eosin. Magnification — 10 X. CN — Sham control, IR — Irradiation, C -
Cryptic cell, G — Goblet cell, V — Villi.

The level of lipid peroxidation and the expression of pro - inflammatory genes
in intestine as an indicator of oxidative damage are shown in figure 3.8. It indicates that
the content of lipid peroxides increased by 4-fold at 10 day post irradiation as compared
to the control groups. Irradiated mice treated with DHS and SeM showed significant
reduction in the levels of lipid peroxidation by 3.1 and 3.7-folds respectively at 10 day

and 1.9 and 2.8-folds respectively at 30 post irradiation.
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Figure 3.8 Effect of DHS (2 mg/kg b.wt) and SeM (2 mg kg b.wt) supplementation (ip)
on the radiation (8 Gy) induced intestinal inflammatory responses. (A) Level of lipid
peroxidation in the jejunum excised from the mice of various groups. (B), (C) and (D)
mRNA expressions of Icam-1, Ccl-2 and iNOS-2 respectively as monitored by RT-PCR.
The expression of above genes in different treatment groups was normalized against the
sham control group and the relative expression changes have been plotted. Actin
expression was used as internal control. The results are presented as mean £ SEM (n =
3 - 5). *p<0.05 as compared to the sham control group, "p<0.05 as compared to the
radiation control group, @p<0. 05 as compared to DHS treated group evaluated. CN —

Sham control, IR — Irradiation.

The similar trend was observed in case of the expression of pro-inflammatory
genes. WBI of 8 Gy led to an increase in the expression of these genes compared to
control groups. Treatment with DHS or SeM showed significant reduction in the
expression of pro-inflammatory genes at 10 day post irradiation. However, the mice

surviving till 30 day post irradiation from this group showed unaltered expression of
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pro-inflammatory genes (Icam-1, Ccl-2 and iNOS-2) as compared to those evaluated at
10 day post irradiation (Fig. 3.8 B — D). Both DHS and SeM were comparable in
protecting the intestine from radiation induced toxicities. DHS and SeM control groups
did not show any adverse effect with respect to pro-inflammatory gene expressions

except that the expression of iNos-2 was significantly lower in SeM treated mice.

3.3.6. Effect of DHS and SeM on the radiation induced oxidative damage and

inflammatory responses in the lung

The effect of DHS and SeM on the radiation induced inflammatory responses in
the lung was evaluated by histologically assessing the infiltration of inflammatory cells
in lung tissue and BAL. The inflammatory scores based on the semi quantitative
examination and the representative lung tissue sections from different groups stained

with hematoxylin and eosin are shown in figures 3.9 and 3.10 respectively.
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Figure 3.9 Effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt) supplementation (ip)
on the radiation (8 Gy) induced lung inflammatory responses. Bar graph shows the
inflammatory scores under different treatment conditions. The results are presented as
mean + SEM (3 - 5 mice). * p<0.05 as compared to the control group. "p<0.05 as
compared to the radiation control group, ®p<0.05 as compared to DHS plus radiation
treated group evaluated at 10 / 30 day post irradiation. CN — Sham Control, IR -

Irradiation
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The scoring was given on a scale of 0 — 6; 0 being clear lung and 6 being
maximally inflamed lung (characterized by excessive thickening of the alveolar walls
with cellular infiltrate and exudates present in the alveolar space of the entire lung
section). Further, the presence of different types of cells in the BAL is presented in

table 3.2.

B 10 days post IR

SeM + IR (8 Gy)

Figure 3.10 Representative tissue section of right lung stained with hematoxylin and
eosin shows the effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt) supplementation
(ip) on the radiation (8 Gy) induced lung damage. Magnification — 10 X. CN — Sham
Control, IR - Irradiation
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Table 3.2 Count of immune cell types in BALF cell under different treatment conditions

Treatment groups Total BAL BAL BAL BAL ciliary BAL
cellularity macrophages | lymphocytes epithelial neutrophils
(103/ ml) (% of total (% of total (% of total cells) (% of total
cells) cells) cells)
Sham control 74.72 £ 14.44 89.00 £ 0.60 6.80+£2.0 420+ 1.40 -
DHS control 63.50 + 6.50 85.00£2.30 9.60 +1.20 5.40+0.81 -
SeM control 66.35+£20.12 88.36£1.50 7.46 +1.89 4.18£01.20 -
IR (8 Gy) 149 + 14.97* 86.99 £391 10.20 +£3.17 3.20+1.07 0.38 +£0.11
DHS + IR (10 day) 68.75 +21.25 84.90+1.70 11.3+1.70 3.00+0.20 0.80+0.20
DHS + IR (30 day) 167.50 £26.16% | 80.37+3.74 14.98 £2.67 4.40+2.83 0.20 £ 0.05
SeM + IR (10 day) 108.75 + 13.65 80.9 +3.60 12.33+£2.10 6.27+1.30 0.50 +0.20
SeM + IR (30 day) 202.77 £80.53% | 77.53+1.87 15.27 £3.20 7.00 £ 1.62 0.20+0.10

The results are presented as mean = SEM (3 - 5 mice). * p<0.05 as compared to the
control group. "'p<0.05 as compared to the radiation control group, $p<0. 05 as
compared to respective drug (DHS or SeM) plus radiation treated group evaluated at

10 day post irradiation.

The results indicated that WBI led to acute inflammatory response in the lung as
evidenced by the presence of inflammatory cell infiltrates in lung parenchyma and BAL
and the thickening of alveolar wall as compared to sham control group at 10 day post
irradiation. It was also noted that WBI significantly increased the total BAL cellularity,
did not alter the cell differentials (percentage of macrophages, neutrophils, lymphocytes
and cilliary epithelial cells) compared to sham control group (Table 3.2). Treatment
with DHS and SeM in irradiated mice showed significant protection from radiation
induced inflammatory response as evidenced by the clear lung parenchyma and
decrease in the BAL cellularity at the common time point of 10 day post irradiation.
The irradiated mice treated with DHS was significantly better than SeM treated mice in
reducing radiation induced nflammation.

We also analyzed the lung tissue for lipid peroxidation and BAL fluid for

leaked proteins as indications of lung damage. The data are presented in figure 3.11 A
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and 3.11 B. Irradiation led to an increase in the lipid peroxidation whereas pre-
treatment with DHS showed reduction in the level of lipid peroxidation both at 10 and
30 day post irradiation by 70 % and 40 % respectively. SeM also resulted in decrease in
the level of lipid peroxidation by 65 % and 42 % at 10 and 30 day post irradiation
respectively. In agreement with the above results, significant reduction in radiation
induced protein leakage in BAL was observed at 10 day post irradiation by 80 % and

75 % on treatment with DHS and SeM respectively.
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Figure 3.11 Effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt) supplementation (ip)
on the radiation (8 Gy) induced changes in the level of (A) lipid peroxidation and (B)
BAL protein in the lung. The results are presented as mean = SEM (n = 3-5). *p<0.05
as compared to the sham control group, *p<0.05 as compared to the radiation control
group, $p<0. 05 as compared to respective drug (DHS or SeM) plus radiation treated
group evaluated at 10 day post irradiation. CN — Sham control, IR — Irradiation.

Further, radiation dose of 8 Gy caused an increase in the mRNA expression of
pro-inflammatory genes like Icam-1 (4.82 £ 0.84 folds) and Ccl-2 (5.46 £ 1.27 folds) as

shown in figures 3.12 A and 3.12 B.
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Figure 3.12 Bar graph shows effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt)
supplementation (ip) against WBI of 8 Gy on pro-inflammatory gene expression (A)
Icam-1 and (B) Ccl-2 in the lung. The expression of above genes in different treatment
groups was normalized against the sham control group and the relative expression
changes have been plotted. Actin expression was used as internal control. The results
are presented as mean = SEM (n = 3-5). *p<0.05 as compared to the sham control
group, 'p<0.05 as compared to the radiation control group. CN — Sham control, IR —

Irradiation.

Treatment with DHS and SeM in irradiated mice caused reduction in the
expression of above genes as compared to the radiation control group. The expression
of Icam-1 at 10 day post irradiation in case of DHS and SeM treated mice were (1.10 +
0.15-folds) and (1.19 £ 0.08-folds) respectively whereas the expression was (2.71 +
0.53-folds) and (3.56 £ 1.17-folds) respectively in case of Cc/-2. Notably, mice from
this group showed marginal elevation in lung inflammatory response marked by the
influx of inflammatory cells in to lung and BAL, lung damage parameters (like lipid
peroxidation and BAL protein content) and the expression of pro-inflammatory genes
(Icam-1 and Ccl-2) at 30 day post irradiation as compared to those evaluated at 10 day

post irradiation. (Figs. 3.9 - 3.12, Table 3.2)
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All the above results suggested the role of both DHS and SeM in suppressing
inflammatory response in the lung. DHS and SeM did not differ significantly in
affecting the radiation induced inflammatory response in the lung. The respective
control groups did not show any adverse effect with respect to the lung toxicity
parameters like histological changes, BAL cellularity, lipid peroxidation, BAL protein

content and gene expression. (Figs. 3.9 - 3.12, Table 3.2)

3.3.7. Effect of DHS and SeM on the radiation induced systemic inflammation

The effect of DHS and SeM on the radiation induced systemic inflammation
was examined by monitoring the circulatory levels of pro-inflammatory cytokines like
TNF-a and IL-6 in the serum at 10 day post radiation. The results presented in figure
3.13 indicate that WBI led to significant increase in the levels of TNF-a and IL-6 in
circulation. Treatment with DHS or SeM in irradiated mice showed reduction in the
levels of TNF-a by 35 % and 50 % respectively as compared to radiation control.
Similarly, the decrease in IL-6 level in irradiated mice treated with DHS and SeM was
45 % and 42 % respectively as compared to radiation control. The mice which survived
from these groups till 30 day post irradiation showed marginal increase in the levels of
above cytokines as compared to those evaluated at 10 day. The drug and sham control

groups showed comparable levels of TNF-a and IL-6 in serum.
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Figure 3.13 Bar graph shows effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt)
supplementation (ip) on the radiation (8 Gy) induced systemic inflammation. Levels of
(A) IL-6 & (B) TNF-o monitored in the serum using ELISA kit. The results are
presented as mean + SEM (n = 3 - 5). *p<0.05 as compared to the sham control group,
*p<0.05 as compared to the radiation control group, $p<0. 05 as compared to
respective drug (DHS or SeM) plus radiation treated group evaluated at 10 day post

irradiation. CN — Sham control, IR — Irradiation

3.3.8. Effect of DHS and SeM on hepatic architecture

Further to determine hepatoxicity if any, associated with DHS or SeM liver was
evaluated histologically. The representative liver tissue sections stained with
hematoxylin and eosin and the number of binucleate cells is shown in figures 3.14 and
3.15 respectively. It can be seen that WBI of 8§ Gy led to an increase in the number of
binucleate cells which are the major cell types in the regenerating liver. The number of
binucleate cells was comparable between DHS / SeM treated and radiation control
mice. Between DHS and SeM, the former induced significantly higher number of
binucleate cells both under irradiated and unirradiated conditions at all the time points.
However, neither of these treatments altered hepatic architecture as compared to the

sham control at all time points.
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Figure 3.14 Representative tissue section stained with hematoxylin and eosin shows the
effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt) supplementation (ip) on the
radiation (8 Gy) induced changes in hepatic architecture. Magnification — 20 X. CV-

Central vein. Arrow indicates binucleate cells. CN — Sham control, IR — Irradiation.
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Figure 3.15 Bar graph shows the effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt)
supplementation (ip) on the counts of binucleate cells in liver tissue section. *p<0.05 as
compared to the sham control group, $p<0.05 as compared to respective drug (DHS or
SeM) plus radiation treated group evaluated at 10 day post irradiation, “p<0.05 as
compared to DHS plus radiation treated group evaluated at 10 / 30 day post

irradiation .CN — Sham control, IR — IrradiationCN — Sham control, IR — Irradiation.

3.3.9. Effect of DHS and SeM on SelenoP-1 expression in the liver

The antioxidant effect of DHS and SeM in response to radiation exposure was
evaluated in terms of the mRNA expression of SelenoP-1 in liver. The result shown in
figure 3.16 clearly indicated that WBI of 8 Gy led to significant induction of SelenoP-1
in liver (2.3-folds) at 10 day post irradiation as compared to the sham control. DHS and
SeM control groups also showed significant induction in SelenoP-1 level by 2.2 and
1.4-folds respectively as compared to the sham control. In irradiated mice their
treatment showed higher level of SelenoP-1 in liver than the radiation control group at
10 and 30 day. DHS was better than SeM in inducing SelenoP-1 both under irradiated

and un-irradiated conditions.
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Figure 3.16 Effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt) supplementation (ip)
on mRNA expression of SelenoP-1 in hepatic tissue against WBI of 8 Gy under different
treatment conditions. The expression of geme in different treatment groups was
normalized against the sham control group and the relative expression changes have
been plotted. Actin expression was used as internal control. The results are presented
as mean + SEM (n = 3 - 5). *p<0.05 as compared to the sham control group, *p<0.05

as compared to the radiation control group. CN — Sham control, IR — Irradiation

3.3.10. Effect of DHS and SeM on total GPx activity

As selenium compounds are known to exhibit their action by modulating the
level of another important selenoenzyme GPx, herein we evaluated the total GPx
activity in lungs, liver and spleen under different treatment conditions. The effect of
DHS and SeM supplementation on GPx activity is shown in figure 3.17. It can be seen
that irradiation led to significant increase in total GPx activity in spleen and lungs by ~
2-folds whereas it did not cause any significant change in the intestine. DHS and SeM
control groups also showed induction in GPx activity in all the three organs and their
levels were comparable in the range of 1.5 to 2-folds (Fig. 3.17). In irradiated mice,

pre-treatment with DHS or SeM caused either the augmentation or comparable effect in
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GPx activity in intestine and spleen both at 10 and 30 day post irradiation. The

induction of GPx in DHS treated irradiated mice was significantly more in lungs as

compared to SeM both at 10 and 30 day post irradiation.
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Figure 3.17 Effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt) supplementation (ip)

on the radiation (8 Gy) induced changes in total GPx activity in (A) lung, (B) intestine

and (C) spleen. The results are presented as mean £ SEM (n = 3-5). *p<0.05 as

compared to the sham control group, *p<0.05 as compared to the radiation control

group, ®p<0.05 as compared to DHS plus radiation treated group evaluated at 10/ 30

day post irradiation CN — Sham control, IR — Irradiation.

3.3.11. Effect of DHS and SeM on the tissue specific expressions of GPx isoforms

Since GPx activity in cells is contributed by the expression of GPx isoforms,

our next aim was to evaluate the mRNA expression of three major intracellular

85



isoforms such as GPx 1, GPx 2 and GPx 4 in lung, intestine and spleen. The expression
of GPx isoforms under different treatment conditions are presented in figure 3.18. As
shown, irradiation led to induction of all the three GP x isoforms in spleen, GPx 2 and
GPx 4 in the intestine and GPx [ in the lung at 10 day post irradiation. DHS or SeM
control groups also showed induction of all the three GPx isoforms, however differed in
their tissue specific expressions. For example, DHS control group showed increase in
the expression of GPx I and GPx 4 in spleen by ~2 and ~8-folds respectively. Similar
treatment increased the expressions of GPx [ and GPx 4 in intestine by ~4 and ~6-folds
respectively. With regard to GPx 2, DHS administration increased its level only in
intestine by ~ 2 folds. On the other hand, SeM control group increased the expression
of GPx I in the intestine by 4-folds and that of GPx 2 in spleen and intestine by ~7 and
~4-folds respectively. SeM did not alter the level of GPx 4 in any of the three tissues
investigated (Fig. 3.18). In line with these results, treatments with DHS and SeM in
irradiated mice although differed in their response, significantly augmented the
radiation induced expression of GPx isoforms in different tissues at 10 and 30 day post
irradiation. Interestingly, DHS significantly increased the radiation induced expression
of GPx [ in all three organs and those of GPx 2 and GPx 4 in intestine and spleen
respectively. Whereas, SeM treatment increased the radiation induced expression of
GPx 1 in intestine, of GPx 2 in spleen and intestine and did not affect the expression of
GPx 4 (Fig. 3.18). These results confirmed the abilities of DHS and SeM to modulate
the expression of GPx I, GPx 2 and GPx 4 in radiosensitive organs of spleen, intestine
and lung leading to an increase in total GPx activity which might favor protection from

radiation induced oxidative damage and subsequent inflammatory response.
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Figure 3.18 Effect of DHS (2 mg/kg b.wt) and SeM (2 mg/kg b.wt) supplementation (ip)
on the mRNA expression of GPx 1, GPx 2 and GPx 4 in lung, intestine and spleen
against WBI of 8 Gy. The expression of gene in different treatment groups was
normalized against the sham control group and the relative expression changes have
been plotted. Actin expression was used as internal control. The results are presented
as mean + SEM (n = 3 - 5). *p<0.05 as compared to the sham control group, *p<0.05
as compared to the radiation control group, “p<0.05 as compared to DHS / DHS plus

radiation treated group. CN — Sham control, IR — Irradiation.
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3.4. Discussion

Exposure of animals to lethal dose of radiation (>6 Gy) is known to induce
hematopoietic and gastrointestinal syndromes accompanied with systemic as well as
organ specific inflammatory responses leading to multi-organ failure and ultimately the
mortality'”> . For an ideal radioprotector to be used under radiation emergencies, the
most important property that it should possess is the ability to provide survival

advantage against the lethal absorbed doses of WBI'*®

. Accordingly, we have examined
DHS for in vivo radioprotection by monitoring its ability to improve the 30 day post
irradiation survival and to prevent organ specific toxicities in mice model system
exposed to WBI (5 - 8 Gy).

DHS administration for five consecutive days before WBI in mice significantly
prevented DNA damage but did not provide significant improvement in 30 day survival.
However, when DHS was administered as a supplement i.e. for 5 consecutive days
prior to radiation exposure and continued for three times per week till the end of the
experiment improved the 30 day survival of mice by 40 % at the lowest dose of 2
mg/kg b.wt. These results suggested that the availability of DHS during the post
irradiation period (when organ toxicity is induced) is important. In subsequent studies,
we focused on examining the effect of DHS supplementation (pre and post-irradiation)
on organ-specific toxicity and inflammatory responses.

Hematopoietic stem cells and bone marrow cells are highly sensitive to
radiation exposure'”*'” 2!, These stem cells undergo differentiation to form mature
blood cells like lymphocytes and platelets. Due to the damaging effect of ionizing
radiation on stem cells, there is an acute loss of hematopoietic cells in the circulation

202-204

and spleen characterised as leucopoenia . The deficiency in the number of
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lymphocytes weakens the immune system of the individual resulting in haemorrhage
and increased chance of infection, which in case of no supportive care may lead to
mortality within 1 - 3 day556’204. Protection from hematopoietic syndrome by an agent
depends on its ability to protect hematopoietic cells from undergoing radiation induced
cell death or apoptosis as well as to renew the hematopoietic system by inducing
proliferation of surviving stem cells®'*®. Spleen index and cellularity are important
parameters to monitor damage to the hematopoietic system. WBI to 8 Gy led to
hematopoietic toxicity which was evidenced as decrease in spleen index, cellularity and
CFU*™. Treatment with DHS, although did not show any protection from radiation-
induced acute hematopoietic toxicity but showed restoration of the spleen index,
cellularity and CFU at late time point (30 day). This was further confirmed by the
delayed proliferation of clonogenic stem cells, as marked by the remarkable increase in
hematocount in circulation and the expression of Csf-3 in spleen of animals surviving
to irradiation until 30 day.

Like the hematopoietic system, the small intestine is also a highly radiosensitive
organ">>'" The lining of small intestine is occupied by highly absorptive epithelial
cells or the enterocytes in the form of special structures called villi. At the base of villi,
intestinal stem cells (ISC) are located, which are radiosensitive due to their hyper
proliferative capability®®* 2%, ISC provide a constant supply of differentiated cells like
enterocytes and epithelial cells which move up to the surface of the villi to form a

.. 206
mucosal lining

. At the lethal dosage of irradiation, these epithelial cells undergo
oxidative damages and cell death resulting in to disruption of villi and mounting of
- 206,207,209 . - o

inflammatory responses . The lung is another radiosensitive organ known to be
the target of radiation induced oxidative damages and inflammatory responses197’152.

Treatment with DHS showed delayed restoration of villi structure and significantly
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prevented radiation induced acute infiltration of inflammatory cells in lungs and
intestine. The inhibition of inflammatory responses in intestine and lung by DHS was
associated with its ability to prevent lipid peroxidation, an initiator of inflammatory
responses, and to reduce the expression of genes like Icam-1, Ccl-2, and iNos-2 known
to be involved in the recruitment of inflammatory cells to the damaged tissues>" .
Further irradiation is also known to increase the circulatory level of cytokines like IL-6
and TNF-a?''. These cytokines may play role in radioprotection as well as
inflammatory responses by stimulating the proliferation of lymphocytes. For example,
IL-6 level induced immediately after radiation exposure is expected to prevent
leucopoenia, however its sustained elevation for a long period leads to inflammatory
responses. In present study, the levels of IL-6 and TNF-a were measured at 10 and 30
day post irradiation to monitor the effect of DHS treatment on systemic inflammatory
responses and the results showed significant decrease in the levels of above cytokines
by DHS. Further, it also prevented systemic inflammation marked by the decrease in
the concentration of pro-inflammatory cytokine like IL-6 and TNF-a in the serum. The
anti-inflammatory actions of DHS are in line with the previous report wherein, it has
been shown to reduce the indomethacin induced gastric ulcers in mice model
system.'®*'® Notably the above histological and biochemical analysis revealed that
there was a marginal increase in inflammatory responses in the intestine, lung and
circulation of DHS treated mice examined from 10 to 30 day of radiation exposure. The
delayed increase in spleen cellularity and hematocount in circulation of these mice
could also occur because of the inflammatory responses within body. Together these
results suggested the delaying of radiation induced inflammatory responses in DHS
treated mice and this could be attributed to its anti-inflammatory activity as reported in

previous studies.
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Considering the fact that DHS was able to prevent the radiation induced
oxidative damages and inflammatory responses in radiosensitive organs, we thought to
monitor the modulation in the tissue specific expression of genes involved in the
antioxidant actions of selenium compounds such as GPx and SelenoP-]"'312#147:213215
There are eight different isoforms of GPx known till date, of which GPx I, GPx 2 and
GPx 4 have been reported for antioxidant and anti-inflammatory roles*'®2". GPx I is
the major cytosolic isoform accounting for the GPx activity and catalyses the reduction
of hydroperoxides™’. The other isoform, GPx 2 is also localized in the cytoplasm and
performs the same function as that of GPx [ but is mainly expressed in the

gastrointestinal system126

. On the other hand, GPx 4 localizes in the cytosol, possesses
the substrate specificity towards phosphoplipid hydroperoxide and thus plays a role in
preventing the lipid peroxidation'***"". Treatment with DHS led to tissue-specific
induction of GPx isoforms and the overall GPx activity in lung, intestine and spleen.
This suggested that one of the mechanisms responsible for the ability of DHS to inhibit
the radiation induced lipid peroxidation and subsequent inflammatory responses in the
intestine and lung might be due to the induction of GPx isoforms®'**'®% Further, it is
also possible that above GPx isoforms may be playing a tissue-specific role in
protection. Earlier Mansur et al has reported that supplementation of human
lymphoblast cell line Sup-T1 with 30 nM sodium selenite increased GPx activity by 8-
fold but did not confer any radioprotection”'***. This explains the inability of DHS to
provide significant protection against radiation induced acute hematopoietic toxicity.
We also examined the effect of DHS administration on another important antioxidant
selenoprotein, SelenoP**. SelenoP is synthesized in the liver and secreted in the plasma.

It plays a role in maintaining selenium homeostasis in the body and is also reported for

antioxidant effects in tissue through ROS / RNS scavenging.'*>'**. The ability of DHS
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to reduce the systemic inflammation could be attributed to the increase in the
expression of SelenoP-1 in liver.

One of the notable aspects of present investigation is that the radioprotective
effect of DHS is comparable to SeM, a standard organoselenium compound shown to
exhibit chemopreventive as well as radioprotective effects as a supplement®'****. Our
results indicated that DHS is as good as SeM or marginally better in improving the 30
day survival of mice post irradiation under identical dosage and treatment condition.
Most of the biochemical and histological parameters evaluated to monitor the
radioprotective effect of DHS and SeM in irradiated mice were comparable. The most
common mechanism by which a linear organoselenium compound like SeM could
induce the expression of GPx isoforms is through its incorporation in to selenium pool

"7 However, DHS being a cyclic organoselenium compound is expected

by metabolism
to be metabolically stable and therefore its ability to induce GPx could be primarily due
to alteration in cell signaling pathways which require further investigations. The most
successful sulfur based radioprotector, amifostine, is reported to enhance the 30 day
survival of y-irradiated mice with a DMF of 2.7. However, the dosage of amifostine
needed to achieve this is 900 mg/kg b.wt and is associated with severe side effects like

77381 Due to the differential

like nausea, vomiting and bone marrow suppression.
reactivity of sulfur and selenium compounds, we have not compared the radioprotective
efficacy of DHS with that of amifostine in the present study. However, such study will
be useful in later stage after thorough evaluation of the toxicity and pharmacokinetics
of DHS in vivo. Further, DHS is highly water soluble and may be poorly bio-available.
Therefore, in subsequent chapters, lipophilic derivatives of DHS were evaluated for

bio-availability, antioxidant activity and radioprotective effect. The summary of the

above studies is given below.
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3.5. Summary

1. DHS administration in mice at a non-toxic dose of 2 mg/kg b.wt for five consecutive
days prior to WBI of 8 Gy and continued for three times a week during the post
irradiation period improved 30 day survival by 40 %.

2. DHS reduced DNA damage in peripheral leukocytes of irradiated mice.

3. DHS showed delayed restoration of hematopoietic system in irradiated mice by
elevating parameters like spleen index, cellularity and colony forming units.

4. DHS led to an increase in the expression of GPx isoforms (GPx I, GPx 2, GPx 4)
and overall GPx activity in radiosensitive organs like lung, spleen and intestine. It also
increased the expression of SelenoP-1 in liver.

5. DHS suppressed inflammatory responses and oxidative damages in lung and
intestine of irradiated mice.

6. DHS reduced systemic inflammation in irradiated mice by lowering the level of IL-6
and TNF-a in the serum.

7. DHS may be explored as an organ specific radioprotector.
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Chapter 4
Effect of alkyl chain length on the cellular uptake

and antioxidant activity of DHS and MAS

Attaching a fatty acid / alkyl group as a lipophilic unit with a pharmacologically
important hydrophilic moiety is an effective approach to increase its bioavailability.
Accordingly, a series of lipophilic derivatives of DHS and a structurally related
molecule, MAS, were synthesized by attaching fatty acids or alkyl groups of variable
chain length (C¢ - Cy4). All these derivatives were evaluated for cytotoxicity, uptake
and antioxidant activity in Chinese Hamster Ovary (CHO) cells and the results are

discussed in this chapter.
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4.1. Introduction

Previous studies established that DHS exhibited a wide range of
pharmacological activities including radioprotectionl60’163_165’167. One of the factors
which can further enhance the biological activity of DHS is its improved cellular
uptake. For a compound to be optimally bio-available, it should possess the right
balance of hydrophilicity and lipophilicity. DHS being an extremely hydrophilic
molecule (log P = - 0.48)'? is expected to be cleared very fast from the body. This
necessitates the need to develop a strategy to impart lipophilicity in its structure.
Interestingly, a number of studies have indicated that conjugation of a drug molecule
containing alcohol functional group with a fatty acid / alkyl group imparts required
hydrophobicity to the drug for its entry in the cell. Additionally, Lambert et al proposed
that such drug-fatty acid conjugate can take advantage of the metabolic enzymes (like
esterase, lipases) involved in lipid metabolism to increase membrane affinity, uptake
and bioactivity of the principle drug”>***. For example, Geurts et al showed that an
ester derivative of glycine, N-(benzyloxycarbonyl) glycine benzylamide showed higher
anticonvulsant activity compared to that of the parent compound through increased
uptake®®. In another study, Jacob et al showed that esterase present in the brain tissue
cleaved fatty acid derivatives of y-aminobutyric acid (GABA) releasing GABA in the
tissue whereas free GABA was not able to cross the blood brain barrier due to poor
hydrophobicity226. On similar lines, it was hypothesised that incorporating lipophilicity
in the structure of DHS might allow it to localize in the membranes and thereby

increase its cellular availability'®'-'**'%7

. Indeed, employing cell free system, our group
had previously shown that the conjugation of a fatty acid of increasing alkyl chain

length (Cg to Ci4) to parent molecule DHS not only increased its specificity towards the
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liposomal membranes but also improved its ability to inhibit lipid peroxidation in a
chain length dependant manner'®'®. Therefore, such derivatives were projected as
better antioxidants compared to the parent compound DHS'®M16217 11 addition to DHS,
monoamine selenolane (MAS) a structurally related organoselenium compound has
also been reported for similar biological activities in vitro. In fact, MAS is reported to
be a better redox modulator than DHS in maintaining proteins in reduced state'®’.
Keeping these considerations in view, this chapter explores the possibilities of
derivatization of DHS / MAS with alkyl chain of variable length as a strategy to
improve hydrophobicity in such a way that it increases cell uptake. Further all these
derivatives were evaluated for cytotoxicity and antioxidant effects in cells in order to
identify the most effective compound that can be further evaluated for radioprotection.

The chemical structures of DHS, MAS and their fatty acid / alkyl derivatives used in

the present study are given in Scheme 1.7.
4.2. Materials and Methods

The stock solutions of DHS and MAS were prepared in culture medium and the
solution of alkyl derivatives of DHS and MAS were prepared in DMSO and then added
to the culture medium to obtain the desired concentrations. The concentration of
DMSO was kept constant within permissible limits of toxicity (0.25 %). The cells
treated with selenium compounds were incubated in a humidified atmosphere with 5 %
CO; at 37 °C for the desired time points prior to assay. The cytotoxicity was estimated
by MTT assay, JC-1 staining, LDH release and Annexin V-PI staining. The interaction
of the selenium compounds with cellular membrane and the subsequent changes in
integrity and fluidity of membrane was estimated by following changes in the

fluorescence intensity of DPH. The uptake / loading of DHS, MAS and their fatty acid /
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alkyl derivatives into cells was estimated in terms of selenium level using graphite
furnace atomic absorption spectrometry. The effect of selenium compounds on the
mRNA expression of GPx was monitored by RT-PCR. The GPx activity was measured
by NADPH assay coupled with GSH-GSSG. The level of lipid peroxidation and protein
carbonylation were assessed by TBARS and DNPH assays respectively. All the
experiments were carried out in triplicate and repeated at least two times. Data are
presented as mean = SEM, n = 3 from an independent experiment. The data were
analyzed by one-way ANOVA using Origin (version 6.1) software to confirm the

variability of the data. The P values < 0.05 were considered as statistically significant.

4.3. Results

4.3.1. Effect of DHS, MAS and their fatty acid / alkyl derivatives on cytotoxicity in

CHO cells

The cytotoxic effects of DHS, MAS and their fatty acid / alkyl derivatives (C¢—
14) in CHO cells were evaluated using MTT assay at 24, 48 and 72 h in a concentration
range of 1 - 50 uM. The derivatives with carbon chain length lower than C4 were not
stable and therefore not included in the study. The results indicated that the parent
compounds (DHS, MAS) in the concentration range of 1 - 50 pM did not exhibit any
significant cytotoxicity even after 72 h of their addition into the cells. The shorter chain
(C¢) derivatives of DHS and MAS did not show cytotoxicity up to the treatment
concentration of 30 uM. Further increase in treatment concentration up to 50 pM
showed a concentration and time dependency with marginal increase (~8 - 15 %) in the
cytotoxicity. Longer chain (>Cg) derivatives of DHS and MAS exhibited significantly

higher cytotoxicity compared to the parent compound or Ce derivatives at all treatment
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concentrations and time point as shown in figure 4.1. At an identical treatment
concentration of 25 uM, the cytotoxicity effects of DHS derivatives followed the order
Ce < Cg <Cyp~ Cyp > Ciywith 7 %, 44 %, 58 %, 56 % and 37 % toxicity respectively
at 72 h. Whereas MAS derivatives followed the order of Cs < Cs < Cjg ~ Cjz ~ Cy4
with 9 %, 70 %, 78 %, 80 % and 81 % toxicity respectively at 72 h. Between DHS and
MAS derivatives, the former showed significantly lesser cytotoxicity than the latter at

each chain length and treatment concentration, evaluated up to 48 h time point.
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Figure 4.1 Cytotoxic effect of DHS, MAS and their derivatives (Cs.14) in the
concentration range of (1 - 50 uM) by MTT assay at different time points (24, 48 and
72 h) after their addition to CHO cells. Cytotoxicity is expressed as percentage of the
control cells (DMSO, 0.25 %). Results are presented as mean + SEM, n = 3.

In order to understand, whether the cytotoxic effect was due to the selenium or

the alkyl chain, a control experiment was performed in which cells were treated with
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linear fatty acids of variable carbon chain length (Cs to Cy4) without any selenide
moiety for 72 h in the concentration range from 1 - 50 uM. The results showed that
these fatty acids did not induce any significant (~ 4 %) toxicity in CHO cells as shown
in figure 4.2.
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Figure 4.2 Cytotoxic effect of free fatty acids (Cg.9 to Cjz9) in CHO cells. Cells were
treated with increasing concentration of fatty acids for 72 h and the cytotoxicity was
determined by MTT assay. Cytotoxicity is expressed as percentage of the control cells
(DMSO, 0.25%). Results are presented as mean + SEM, n = 3.

4.3.2. Effect of DHS, MAS and their fatty acid / alkyl derivatives on LDH release

in CHO cells

LDH is metabolic enzymes present in the cytosol which catalyses the
conversion of lactate to pyruvic acid. During membrane disruption, LDH is released in
the extracellular space. As, LDH is a stable enzyme and does not lose its activity during
cell death process, the presence of LDH in the culture medium is used as a marker for
membrane toxicity and cell death'’**?. Since the lipophilic compounds may cause
membrane disruption, treatment of cells with DHS, MAS and their derivatives was

expected to cause the release of LDH. However before performing such assay, it was
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important to know the suitability of LDH assay to be used, as organochalcogens are
known to inhibit LDH by themselves™’. In order to address this, the effect of the
treatment with DHS or MAS on the activity of LDH freshly isolated from the cells, was
evaluated. The results as shown in figure 4.3 indicated that neither DHS nor MAS

affected the activity of LDH.

4.04{— Cell lysate
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3.51{_a—cCell lysate + MAS
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Figure 4.3 Effect of DHS and MAS treatment on LDH activity in cell lysate. The control
sample represents untreated cell lysate subjected to LDH determination. Results are

presented as mean = SEM, n = 3.

Based on this, the effect of DHS, MAS and their fatty acid / alkyl derivatives
treatment at 25 uM on plasma membrane integrity was evaluated by monitoring the
leakage of LDH from cells to the culture medium in a time dependent manner (2 — 24
h). It can be seen from the figure 4.4 A and 4.4 B that the parent compound DHS and
MAS did not induce much leakage of LDH from the cells (~1.5 %). Treatment with
derivatives (Ce_14) of DHS and MAS led to the time dependent increase in the leakage
of LDH from the cells compared to the respective parent compound and this effect was
significant for derivatives with chain lengths longer than C4 suggesting their ability to

cause plasma membrane disruption. DHS derivatives showed a non-linear response
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with regard to the effect of chain length on LDH leakage at each time point. For
example, LDH leakage increased with increasing chain lengths from Cg¢ to Ciy,
saturated at C;, and then decreased at Cj4. In comparison, MAS derivatives exhibited a
chain length dependent increase in LDH release until C;, and the saturation effect at
Ci4 at each time point. Among the DHS and MAS derivatives, the former was less
effective in causing LDH leakage than the latter at each chain length. The percentage
release of LDH with respect to control in Cy4 derivatives of DHS and MAS were 18 %

and 65 % respectively at a common time point of 6 h.
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Figure 4.4 Effect of treatments (25 uM) with (A) DHS and its derivatives and (B) MAS
and its derivatives on LDH release compared to control at 2, 4, 6 and 24 h after their
addition to cells. Results are presented as mean £ SEM, n = 3. *p<0.05 as compared to

DHS / MAS treated groups.

4.3.3. Characterization of cell death by DHS, MAS and their fatty acid / alkyl

derivatives in CHO cells

A compound can induce cell death through different mechanisms like apoptosis,
necrosis and mitotic catastrophe as discussed in section 1.5 of chapter 17! In general,

synthetic organoselenium compounds have been shown to induce cell death by
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apoptosis™>. In contrast, lipophilic compounds are known to cause membrane
disruption leading to necrotic death. As the alkyl derivatives of DHS and MAS are
amphiphilic selenides, it was important to understand the mechanism of cell death
induced by these compounds. In order to address this, only the shortest (Cg) and longest
(Ci4) chain derivatives of DHS and MAS were examined for cell death mechanism
because of their contrasting behavior and toxicities. In brief, CHO cells treated with C¢
and Cj4 derivatives of DHS and MAS for 16 h at an identical concentration of 25 pM
were subjected to Annexin V—PI staining. The representative dot plots and bar graphs

are shown in figures 4.5 and 4.6 respectively.
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Figure 4.5 Characterization of cell death induced by the Cs and C)4 derivatives of DHS
and MAS by Annexin V-PI staining at 16 h after their addition to CHO cells.
Representative dot plots acquired from flow cytometry shows distribution of cells under

different treatment conditions. CN — Control.

The results indicated that the parent compound DHS, MAS and their Cq
derivatives neither induced apoptosis nor necrosis confirming the non-toxic nature of
these compounds. The number of healthy cells (Annexin V™ PI™) in the groups

treated with parent compounds (DHS and MAS) and their Cg derivatives were
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approximately ~ 94 %. However, the C,4 derivatives of DHS and MAS showed a
significant decrease in the counts of healthy cells to 88 % and 55 % respectively. The

decrease in the number of healthy cells in MAS-Cy4 treated group was seen as a

. . . . . +
subsequent increase in the number of necrotic cells (combined counts of Annexin V™"

PI"'** and Annexin V" PI " "¢ cells) to ~ 45 % compared to its Cg derivative (~2 %).

Therefore, the major mode of cell death was confirmed to be necrosis.
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Figure 4.6 Bar graph shows percentage (%) live, apoptotic and necrotic cells after
treatment with Cs and Cyy4 derivatives of DHS and MAS for 16 h in CHO cells by
Annexin V-PI staining. Results are presented as mean + SEM, n = 3. *p<0.05 as
compared to the DHS control group, #p<0.05 as compared to the DHS-C) treated
cells. CN — Control.

4.3.4. Effect of DHS, MAS and their fatty acid / alkyl derivatives on MMP in CHO

cells

Since necrosis is also marked by acute mitochondrial depolarization, we
monitored the integrity of mitochondria using a fluorescent probe JC-1. It is known to

accumulate in the mitochondria of healthy cells and forms J aggregates which upon
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excitation at 565 nm emit red fluorescence. However, in dying cells mitochondria lose
integrity and due to this JC-1 remains as monomer in the cytoplasm and emits green
fluorescence. Therefore the ratio of red and green fluorescence is used as indicative of
mitochondrial depolarization. The bar graph showing the ratio of red to green
fluorescence and the fluorescent images of CHO cells stained with JC-1 are shown in

figures 4.7 and 4.8 respectively.
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Figure 4.7 Bar graph shows the ratio of red (J.om = 610 nm) and green (Ao = 535 nm)
Sfluorescence intensity of JC-1 staining at 2, 4 and 8 h after treatment with 25 uM of Cs
and Cyy derivatives of DHS and MAS. Results are presented as mean = SEM, n = 3.
*0<0.05 as compared to the DMSO control group, #p<0. 05 as compared to the DHS-
Cy4 treated cells. CN — Control.

The results indicated that control cells did not show much change in the ratio of
red and green fluorescence as a function of time from 2 — 8 h, suggesting their
mitochondria to be intact. Treatment of cells with Cy4 derivatives of DHS and MAS led
to a much faster decrease in the ratio of red and green fluorescence as a function of
time compared to C¢ derivatives or the parent compounds (DHS and MAS) and vehicle

control (DMSO) indicating acute mitochondrial depolarization by C;4 derivatives
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leading to necrosis. The ratio of the red and green fluorescence emission of JC-1 for
control, DHS-C,4 and MAS-C1, treated cells at 8 h were 1.214, 0.136 and 0.013

respectively (Fig. 4.7.)
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Figure 4.8 Representative photographs of red (J.o, = 610 nm) and green (A, = 535 nm)
Sfluorescence emission of JC-1 staining at 8 h after treatment with 25 uM of Cs and Cj4
derivatives of DHS and MAS. CN — Control.

4.3.5. Effect of DHS, MAS and their fatty acid / alkyl derivatives on plasma

membrane fluidity in CHO cells

Since plasma membrane disruption is marked by the changes in its fluidity, the
effect of DHS, MAS and their derivatives on membrane fluidity was evaluated as an
anisotropy value of a fluorophore DPH which is known to be localized in the plasma
membrane' &', For this, cells were labelled with DPH, treated with derivatives (Cg

and C;4) of DHS and MAS for 4 h and the fluorescence polarization or anisotropy (r) of
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DPH was monitored after exciting using a polarized light at 365 nm and recording
polarized emission at 430 nm. The change in anisotropy value of DPH with time is
shown in figure 4.9. Our results indicated that the control cells exhibited maximum
anisotropy value of 0.17. Treatment with parent compounds (DHS and MAS) at 25 pM
did not affect the anisotropy value of DPH even after 4 h of their addition to cell
suggesting that these compounds did not cause change in the fluidity of the plasma
membrane. Treatments with C¢ and C;4 derivatives of DHS and MAS at identical
concentration showed time dependent decrease in anisotropy of DPH and this effect
was more prominent at longer chain length (C,4). The anisotropy value of DPH in cells
treated with DHS-C4 and MAS-Cy4 for 4 h was 0.13 and 0.09 respectively (Fig. 4.9).
These results thus confirmed that the long chain (C,4) derivatives of DHS and MAS

caused membrane disruption resulting in to increase in membrane fluidity.
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Figure 4.9 (A & B) Effect of treatment (25 uM) with Cs and C,4 derivatives of DHS and
MAS respectively on plasma membrane fluidity measured as the change in the
anisotropy value of a membrane bound flurophore, DPH at 2 and 4 h after their
addition to CHO cells, Aey = 365 nm, Aem = 430 nm. Results are presented as mean +
SEM, n = 3. *p<0.05 as compared to the DMSO control group, "p<0.05 as compared
to the DHS-C 4 treated cells.
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4.3.6. Effect of alkyl chain length on the uptake of DHS and MAS derivatives in

CHO cells

From the above studies, it is anticipated that the conjugation of alkyl chain of
variable length (Ces—14) with DHS and MAS might be affecting its lipophilicity and
thereby influencing their ability to incorporate within membranes and / or cells. For this,
cells were treated with 25 uM of compounds and selenium level after 1 h of treatment
was estimated. The bar graph representing the percent loading / uptake under different
treatment conditions is shown in figure 4.10. From the figure, it is clear that the basal
selenium level in control cells and those treated with parent compounds such as DHS
and MAS was not within detectable limits (<10 ng). Treatment with the derivatives of
DHS and MAS led to a significant increase in the percent of selenium incorporated into
the cells compared to that of the amount present in the control cells. The MAS
derivatives showed significantly higher loading compared to the DHS derivatives at
each chain length (Fig. 4.10). The effect of lipophilic chain length on the cellular
uptake of DHS and MAS derivatives was not observed to be correlated. For example,
the percent incorporation increased with increasing chain length up to C;; and a further
increase in chain length to Cj4 led to a decrease in loading (Fig. 4.10). The uptake
studies performed at an early time point (1 h) may be indicative of the incorporation of
derivatives mainly into the plasma membrane of cells. In order to determine the cellular
uptake, cells were treated with DHS, MAS and their Cg derivatives at a concentration of
25 puM for a longer time point i.e., 16 h and following this cell lysate was subjected to
selenium estimation. The higher derivatives (>C¢) were not used for the study as they
were toxic. The results revealed that the uptake of DHS and MAS by cells were in

nanograms only, which corresponded to about 0.15 + 0.01 % and 0.23 + 0.01 %
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respectively of the amount added to cells. In contrast, the Cq derivatives improved the
uptake of DHS and MAS by 2.3 and 2.5-folds respectively. The above studies thus
suggested that between DHS and MAS derivatives the latter exhibited greater affinity
for cellular membranes and for each of these two series of compounds, such affinity

increased up to a length of Cy».
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Figure 4.10 Effect of alkyl chain length (Cs.14) on the uptake of DHS and MAS
derivatives into membranes / cells following their addition to CHO cells at 25 uM for
an hour. Results are presented as mean £ SEM, n = 3. *p<0.05 as compared to the
DMSO control group, "p<0.05 as compared to the DHS derivatives at each chain
length. CN — Control cells, ND - Not detectable.

In order to revalidate the above conclusion, the binding / interaction of the
longest Ci4 derivatives of DHS and MAS to the plasma membrane of CHO cells was
studied employing DPH as a probe. The fluorescence of DPH is highly sensitive to the
changes in polarity of the membrane microenvironment'’”'7*'® Earlier it has been
shown by Carfagna et al that time resolved changes in the fluorescence intensity of
DPH can be used as a method to understand the binding of a hydrophobic drug to the

233

plasma membrane of cells™. Such a binding is expected to increase the hydrophobic
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environment around the DPH molecules resulting in the increase in its fluorescence
intensity. However, membrane disruption by the derivatives can cause a decrease in
DPH fluorescence. In the present study, addition of DHS-C4 to the cells at 25 uM did
not cause much change in the fluorescence intensity of DPH during the initial 30

minutes of interaction but decreased at later time. (Fig. 4.11)
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Figure 4.11 (A) Overlapped fluorescence spectra of CHO cells stained with a
membrane bound flurophore, DPH recorded soon after the addition of DHS-C 4 to the
cell suspension in a time course manner (0 — 45 min). The excitation was performed at
365 nm. (B) Graph shows the interaction / binding of DHS-C;, with the plasma
membrane monitored in terms of the changes in the fluorescence intensity (e, = 430

nm) of DPH.

Whereas treatment with MAS-Cy4 at identical concentration led to a sharp
increase in DPH fluorescence in 10 minutes and then decreased in a time dependent
manner as shown in figure 4.12. Therefore, our results confirmed that DHS-C;4 caused

lesser disruption of cell membrane compared to MAS-C 4.
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Figure 4.12 (A) Overlapped fluorescence spectra of CHO cells stained with a
membrane bound flurophore, DPH recorded soon after the addition of MAS-Cy4 to the
cell suspension in a time course manner (0 — 45 min). The excitation was performed at
365 nm. (B) Graph shows the interaction / binding of MAS-C;, with the plasma
membrane monitored in terms of the changes in the fluorescence intensity (A, = 430
nm) of DPH.

4.3.7. Effect of alkyl chain length on the self-aggregation properties of DHS and

MAS derivatives

To further validate the above observation, the self aggregation behaviour of
these compounds was studied. DHS and MAS derivatives being amphipathic in nature
are expected to form aggregates or micelle structures which may explain their cytotoxic
behaviour. Accordingly, the self-aggregation behaviour of the derivatives (Cg - Ci4) of
DHS and MAS were monitored by measuring the fluorescence of DPH in the presence
of their increasing concentrations (2 - 50 uM) in aqueous solution. DPH shows weak
fluorescence (Aem = 430 nm) in aqueous solution, however once it goes in to micellar
structure or the aggregates, its fluorescence increases significantly'®’. The fluorescence
spectra and fluorescence enhancement after addition of selenium compound in CHO

cells is shown in figures 4.13 and 4.14.
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Figure 4.13 Aggregation studies of fatty acid derivatives of DHS (Cg.14) using
fluorescence enhancement of a lipophilic fluorophore DPH. (A) Representative
Sfluorescence spectra of DPH in 50 uM aqueous solution of DHS (Cg.14) containing 0.25
% DMSO. (B) Line graph shows enhancement in the fluorescence intensity of DPH by
DHS (Cs.14) at their increasing concentrations of 2 to 50 uM. Iy — Fluorescence
intensity in presence of selenium compounds. I, - Fluorescence intensity in absence of

selenium compounds. lex = 365 nm, Aey = 430 nm. Results are presented as mean +

SEM, n = 3.

The addition of selenium compounds did not cause any shift in the peak
position of the fluorescence spectra of DPH, however affected the fluorescence
intensity. For example, the fluorescence intensity of DPH did not change much as a
function of concentration for DHS and MAS derivatives up to a chain length of Cg and
Cyo respectively. However, Cj¢.14 derivatives of DHS and Ci, 14 derivatives of MAS
exhibited concentration and chain length dependent increase in the fluorescence
intensity of DPH suggesting formation of aggregates by the long chain derivatives at
higher concentration. When the derivatives of DHS and MAS of identical chain length
and concentration were compared, the former showed significantly higher enhancement
in the fluorescence emission of DPH compared to the latter. For example, at a

concentration of 25 puM, the longest chain derivatives; DHS-C,4 and MAS-C;4 showed

111



enhancement in the fluorescence intensity of DPH by ~ 20 and ~8 folds respectively
(Figs. 4.13 and 4.14). This confirmed that longer chain (> Cjo) derivatives of DHS
exhibited higher tendency of forming aggregates compared to MAS derivatives of

identical chain length.
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Figure 4.14 Aggregation studies of alkyl derivatives of MAS (Ce.14) using fluorescence
enhancement of a lipophilic fluorophore DPH. (A) Representative fluorescence spectra
of DPH in 50 uM aqueous solution of MAS (Ce.14) containing 0.25 % DMSO. (B) Line
graph shows enhancement in the fluorescence intensity of DPH by MAS (Ce.14) in the
increasing concentration (2 - 50 uM). Iy — Fluorescence intensity in presence of
selenium compounds. 1, - Fluorescence intensity in absence of selenium compounds. 7.y

=365 nm, Aew = 430 nm. Results are presented as mean £ SEM, n = 3.

4.3.8. Effect of DHS, MAS and their C4 derivatives on the antioxidant activity in

CHO cells

The non-toxic Cg derivatives of DHS and MAS screened from above studies
were evaluated for their ability to modulate the expression of antioxidant selenoenzyme
GPx and to protect from the AAPH (a free radical generator) induced oxidative
damages in CHO cells. The results were compared with those of the parent compounds

(DHS and MAS). For this, CHO cells were pre-treated with DHS, MAS and their Cg
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derivatives for 16 h. The GPx activity and relative expression of GPx isoform are
shown in figure 4.15. The results indicated that treatment with DHS and MAS led to a
significant increase in GPx activity. The compound MAS was more effective than DHS
in inducing GPx activity. The value of GPx activity from the DHS and MAS treated
cells was 0.049 and 0.059 Units/mg of protein respectively (Fig. 4.15 A). Supporting
these observations, DHS and MAS treatment also showed significantly higher
induction in the expressions of GPx isoforms (GPx [ and GPx 4) at the mRNA level.
The relative expression of GPx I and GPx 4 in DHS treated cells were 1.30 £ 0.08 and
3.60 = 0.21 respectively, whereas in MAS treated cells were 1.72 £ 0.11 and 2.45 +
0.14-folds respectively. The Cg derivatives of DHS and MAS showed marginally
higher induction in the expressions of GPx at mRNA and activity levels compared to
the parent compounds DHS and MAS (Fig. 4.15). Further to examine antioxidant effect,
CHO cells pre-treated with DHS, MAS and their Cq derivatives for 16 h were subjected
to AAPH exposure for 6 h and the levels of oxidative damage markers like lipid
peroxidation and protein carbonylation was monitored and the results are shown in
figure 4.16. The results indicated that AAPH treatment led to an increase in the level of
malondialdehyde to 831 + 141 nmoles / mg of protein as compared to the control level
of 186 + 29 nmoles / mg of protein. Treatment with DHS and MAS caused significant
reduction in the level of malondialdehyde to 457 + 122 and 427 + 81 nmoles / mg
protein respectively in cells indicating their ability to protect from AAPH induced lipid

peroxidation
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Figure 4.15 Effect of pre-treatment (25 uM for 16 h) with DHS, MAS and their Cs
derivatives on (A) GPx activity and (B) expression of genes such as GPx 1 and GPx 4.
The expression of above genes in different treatment groups was normalized against
control group and the relative expression changes have been plotted. Actin expression
was used as internal control. Results are presented as mean = SEM, n=3. *p<0.05 as

compared to the control group, "p<0.05 as compared to respective parent compound

DHS and / or MAS. CN — Control.

Similarly, pre-treatment with DHS and MAS caused reduction in the level of
protein carbonyls. The level of protein carbonyls in control cells and AAPH treated
cells were 1.09 + 0.04 and 2.01 £ 0.15 nmoles / mg whereas pre-treatment with DHS
and MAS resulted in a decrease in the level of protein carbonyls to 1.44 = 0.10 and 1.27
+ 0.08 nmoles / mg respectively. The C¢ derivatives of DHS and MAS showed better
protection of cells from AAPH induced lipid peroxidation and protein carbonylation
compared to the parent compound DHS and MAS (Fig. 4.16). For example, the level of
malondialdehyde in DHS-C4 and MAS-C; treated cells exposed to AAPH were 304 +
65 and 167 + 48 nmoles / mg respectively and those of protein carbonyls were 1.31 +
0.04 and 1.13 + 0.08 nmoles / mg respectively. Taken together, these results suggested
that C¢ derivatives are better than the parent compounds in exhibiting antioxidant

effects in cells.
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Figure 4.16 Effect of pre-treatment (25 uM for 16h) with DHS, MAS and their Cs
derivatives against AAPH (30 mM) induced lipid peroxidation and protein
carbonylation estimated at 6 h post exposure by TBARS and DNPH assays respectively.
Results are presented as mean £ SE, n = 3. *p<0.05 as compared to the control group,
#p<0. 05 as compared to respective parent compound DHS and / or MAS, $p<0. 05 as
compared to AAPH alone group. CN — Control.

4.4. Discussion

The present study was performed to evaluate the potential of attaching a fatty
acid / alkyl group as a lipophilic unit with the redox active hydrophilic selenide moiety
such as DHS and MAS as a strategy to increase their cellular interactions. Since the
lipophilicity of a compound is often associated with biological functions as well as the
toxicity™***, the first parameter that was necessary to be evaluated prior to biological
application of the derivatives of DHS and MAS is their toxicity to the cells. In order to
address this, we used CHO cells representing the normal cell type. Our results indicated
that neither the parent compounds (DHS and MAS) nor the free fatty acids (Ce to Cy4)

in the concentration range of 1 — 50 pM were toxic to CHO cells. However, the long

chain derivatives (>Cg) of DHS and MAS in a similar concentration range were
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significantly toxic to the cells. Interestingly, the fatty acid derivatives of similar cyclic
compounds containing oxygen in place of selenium in the ring structure (furan fatty
acids) have been reported to be antioxidants and non-toxic to cells™®*_ This prompted
us to believe that the amphiphilic character resulting from the combination of a
hydrophilic head as selenide and lipophilic tail as a fatty acid / alkyl group makes the
derivatives membrane active, which finally dictates the cytotoxicity™>*** In general,
amphipathic compounds through their insertion in to plasma membrane establish
hydrophobic interactions with the membrane lipids to form microcluster or
aggregates™ **#_ Such aggregates can cause local disturbance in the dynamics and
packing order of lipids and proteins in the membrane, resulting in disintegration or pore
formation followed by leakage of intracellular constituents, acute depolarization of

242-246

mitochondria (the power house of cell) and necrosis . Supporting this hypothesis,
the derivatives of DHS and MAS were observed to cause an increase in the fluidity of
plasma membrane, leakage of intracellular proteins like LDH and membrane

"¢ cells). These findings are in agreement with the previous studies

disintegration (PI
wherein similar mechanism of membrane disintegration and subsequent cytotoxicity
has been proposed for surface active amphipathic drugs like N-alkylated iminosugars
and antimicrobial peptides such as magainin and cecropins®>*****¥_For example,
Mellor et al showed that alkylation of an iminosugar deoxynojirimycin (DNJ) although
increased its bioactivity and uptake in cells®*®, caused cytotoxicity in a chain length
dependant manner **’. Subsequent experiments by the same group revealed that the
major mechanism of cell death induced by alkylated DNJ was through interaction of
their alkyl chain with the membrane leading to fragmentation, pore formation and the

leakage of intracellular componentsz47’248. Similarly, Westerhoff and Bechinger showed

that magainins and cercopins induced their anti microbial activities by disturbing the
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lipid bilayer integrity and electrochemical gradient across the membrane of bacterial
cells*™**. Further, MAS derivatives exhibited significantly higher toxicity than DHS
derivatives at each chain length. It is well known that the plasma membranes of the
mammalian cells are negatively charged™". Since the derivatives of MAS and DHS are
cationic and neutral in nature respectively, the electrostatic affinity of the former for the
plasma membranes is expected to be higher compared to the latter and this may account
for their differential toxicity. This is in concurrence with previous reports wherein
cationic surface-active drugs have been shown to be more toxic than the neutral ones
243251

Further, the effect of chain length (Cs_14) on the cytotoxicity of the derivatives
of DHS and MAS was found to be non-linear, where the maximum toxicity was seen at
Cio and decreased beyond. These results can be correlated with an earlier report
wherein Kikuzaki et al showed that lipophilization of the phenolic compounds with
aliphatic group of varying chain lengths improved the bioavailability of the compound

with increase in the alkyl chain length®’*>

. In this study, the increase in the activity
was found to be non-linear. For example, with the increase in alkyl chain, the activity
increased up to a certain chain length beyond which there was a drastic decrease in the
activity and this phenomenon was called as the cut-off effect’”’*>*. The mechanism
proposed by the authors to describe this effect was that the higher alkyl chain length
caused self-aggregation (micelle formation) of the molecule making it bulkier and
difficult to cross the cell membrane barrier. Anticipating similar mechanism, our results
indicated that the long chain (>C,) derivatives of DHS and MAS formed aggregates as
a function of concentration and this effect was prominent in the case of the DHS

227,253

derivatives . Such differences can be justified by the explanation that the

aggregation of MAS derivatives being cationic in nature would be less favourable due
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to repulsive forces. Since DHS derivatives showed higher aggregation behaviour, it can
be understood that due to this supramolecular formation there would be lesser
availability of free molecules to interact with the cell membrane causing lesser
cytotoxicity. This was indeed supported by the uptake study wherein DHS and MAS
derivatives showed increased incorporation in the cells with the increase in chain length
up to Cjp and Cy; respectively and decreased beyond. Further, in all our studies the Cj4
derivatives of DHS and MAS exhibited most notable differences in terms of cellular
effects (such as cytotoxicity, membrane disruption, incorporation).

Among the derivatives of DHS and MAS, the shortest chain length derivatives
DHS-Cs and MAS-Cg showed extremely low toxicity, making them suitable prototypes
for new drug design. At this stage, it was felt necessary to evaluate the antioxidant
effect of the parent compounds DHS, MAS and their Cq derivatives in normal CHO
cells. The antioxidant effect of compounds was examined in terms of their abilities to
induce the expression of GPx and to inhibit the oxidative stress against a known
stressor AAPH. The results indicated that, the parent compounds DHS and MAS
significantly induced the expressions of GPx isoforms (GPx [ and GPx 4) and also
provided protection against AAPH induced lipid peroxidation and protein
carbonylation. Interestingly, the Cq derivatives of DHS and MAS were even better than
the parent compounds in imparting the above activities confirming the role of
hydrophobic-lipophilic balance (HLB) in improving the antioxidant activity. It is also
worth mentioning here that DHS-C¢ was less active than MAS-Cg in inducing GPx and
in protecting from AAPH mediated oxidative stress. However, DHS-Cs being a
chemically more stable compound than MAS-C¢ would be an ideal candidate for future
exploration as radioprotector. Accordingly, in the next chapter we have performed

radioprotection studies of DHS-C¢ and compared with parent compound DHS.
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4.5. Summary

1. The fatty acid / alkyl group of variable chain length (Ce.14) of DHS and MAS not
only improved their ability to incorporate within cells but also modulated their
cytotoxicity.

2. The major mechanism of cell death for long chain derivatives (>Cg) was found to be
necrosis and plasma membrane disruption.

3. C¢ derivatives of DHS and MAS exhibited better antioxidant activity compared to
parent compounds by protecting cells from AAPH induced oxidative stress.

4. Cq derivatives of DHS and MAS appeared to possess the right hydrophilic —
lipophilic balance (HLB) allowing them to pass through plasma membrane without
causing any disintegration and thus suggested the importance of HLB in design of

lipophilic antioxidants.
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Chapter 5
Comparative radioprotective activity of DHS and

DHS-Cq in cells and their mechanism of action

In this chapter, the radioprotective effect of DHS and DHS-Cs in Chinese Hamster
Ovary (CHO) cells have been investigated by monitoring clonogenic survival against
the increasing radiation absorbed doses (1 - 12 Gy). Further experiments were also
performed to understand the mechanism of action of these compounds by monitoring

GPx level, DNA repair kinetics, cell cycle analysis and oxidative stress.
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5.1 Introduction

In chapter 3, it has been shown that DHS administration in mice provided
survival advantage against the lethal dose of y-radiation suggesting its radioprotective
activity. Subsequently it was reported that Cs derivative of DHS had the right HLB
value that allowed for an increased uptake of DHS in CHO cells (Chapter 4). Therefore
it has been proposed to examine how the increased cellular uptake can influence the
radioprotective activity of DHS. Further observations in chapter 4, also indicated that
both DHS and DHS-Cg could induce GPx level in cells by ~ 2.5-fold. Interestingly
there are several reports in the literature suggesting the involvement of GPx in
protecting cells from radiation induced DNA damage as well as from various other
sources of oxidative stress'>******>. For example, Baliga et al showed that GPx 1
overexpression prevented MCF 7 cells from radiation induced DNA damage as
assessed by micronuclei assay154. In this study, the DNA repair activity of GPx was
found to be dependent on BRCA1 gene which activates the p53 dependant DNA repair

8 In another study, Morais et al showed that over expression of GPx 1

pathway
increased viability of MCF 7 cells following genotoxic stress by elevating the levels of
phosphorylated CHK 1 and CHK 2***. This raised a question whether GPx plays any
role in DHS mediated-radioprotection. The present study is therefore aimed to evaluate
whether DHS-Cg, a lipophilic derivative could be a better agent than DHS to achieve
radioprotection. Subsequently, the role of GPx induced by DHS or DHS-Cs on DNA
repair kinetics, cell cycle progression and the radioprotective activity was investigated

using a pharmacological inhibitor, mercaptosuccinic acid. The chemical structures of

DHS and DHS-Cg¢ used in the present study are given in Scheme 1.7.
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5.2. Materials and Methods

The stock solution of DHS was prepared in culture medium and DHS-C¢ was
first dissolved in DMSO and then added to the culture medium to obtain the desired
concentrations. The concentration of DMSO was kept constant within permissible
limits of toxicity (0.25 %). In brief, CHO cells were treated with DHS or DHS-Cs for
16 h, washed with 1X PBS and exposed to increasing absorbed doses (1 - 12 Gy) of y-
radiation using ®*Co Blood Irradiator 2000 (BRIT, India) at a dose rate of 1 Gy/min.
Clonogenic assay was used to determine the survival fraction under different treatment
conditions. For this assay about 250 cells were seeded for control groups whereas for
irradiated groups the cell numbers were varied depending on the absorbed dose (250
cells - 1 Gy, 300 cells - 2 Gy, 400 cells - 3 Gy, 500 cells - 4 Gy, 750 cells - 5 Gy, 1000
cells - 6 Gy, 1500 cells - 7 Gy, 2000 cells - 8 Gy, 3000 cells - 9 Gy, 4000 cells - 10 Gy,
5000 cells - 11 Gy, 6000 cells - 12 Gy). The effect of DHS or DHS-Cg treatment on cell
cycle progression was studied by PI assay. The anti-genotoxic effect of DHS or DHS-
Cs was evaluated by micronuclei, y-H2AX and comet assays. In order to block the
target molecules like GPx and DNA-PK, cells pre-treated with DHS / DHS-C¢ were
exposed to inhibitors like MS (10 mM) and NU7026 (10 uM) respectively for 2 h and
then irradiated. Similarly, to block CHK 1 and CHK 2, cells were incubated with
inhibitors such as UCN-01 (25 nM) and PV-1091 (400 nM) respectively for 16 h along
with DHS / DHS-Cg and then irradiated. The concentrations and the incubation times of
inhibitors used in the study were taken as per the reported data®®*’. All the
experiments were carried out in triplicate and repeated at least two times. Data are

presented as mean + SEM, n = 3 from an independent experiment. The data were
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analyzed by one-way ANOVA using Origin (version 6.1) software to confirm the

variability of data. The P values < 0.05 were considered as statistically significant.

5.3. Results

5.3.1. Effect of DHS pre-treatment on toxicity in CHO cells by clonogenic assay

In order to evaluate the safe dose range of DHS for radioprotection study, a
toxicity study was performed wherein cells were treated with DHS in a concentration
range of 0.1 - 100 uM for 16 h and the survival fraction was estimated using clonogenic
assay. The concentration effect of DHS on the survival fraction of CHO cells is

presented and the representative images are shown in figure 5.1.

(A) (B)

Survival fraction

0.5-

16 h
T CN DHS 100pM

01 1 5 10 25 50 75 100
Concentration of DHS (V)

Figure 5.1 (A) Bar graph shows the cytotoxic effect of DHS in CHO cells by clonogenic
assay. (B) Representative images show colonies of CHO cells. Cells were pre-treated
with DHS in a concentration ranging from 0.1 - 100 uM for 16 h, washed with 1X PBS,
supplemented with fresh culture medium and cultured for 7 days to form colonies.

Results are presented as mean £ SEM, n = 3.
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It can be clearly seen that DHS pre-treatment up to a concentration of 100 uM
did not cause any decrease in survival fraction of CHO cells. Thus DHS concentrations
up to 100 uM appeared to be safe for exploring radioprotective activity. This result is
also in line with our previous study (Chapter 4) by MTT assay showing that DHS
treatment for 72 h in the concentration range of 1 - 50 uM did not cause any toxicity in

CHO cells.

5.3.2. Effect of DHS pre-treatment on the radiation induced cell death in CHO

cells

Since DHS treatment for 16 h did not show any toxicity in CHO cells by
clonogenic assay, similar concentration range was employed to evaluate the effect of
DHS pre-treatment on the radiation-induced cell death. For this, CHO cells were pre-
treated with DHS in a concentration range of 0.1 uM to 100 uM for 16 h, subjected to
y-irradiation at 4 Gy and cell viability was determined by clonogenic assay (Fig 5.2).
The results obtained by clonogenic assay showed a significant decrease in the survival
fraction of irradiated cells (0.3 £ 0.1) compared to the control cells (1.00 + 0.01). DHS
pre-treatment up to a concentration of 1 pM did not show any improvement in the
survival fraction as compared to radiation control. As the concentration of DHS is
increased, there is an increase in the survival fraction with maximum protection of
24 % at 25 puM. Further increase in the concentration up to 100 pM led to saturation

effect (Fig. 5.2).
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Figure 5.2 Bar graph shows the effect of the varying concentration (0.1 - 100 uM) of
DHS pre-treatment for 16 h on the survival fraction in CHO cells against y-irradiation
(4 Gy) as estimated by clonogenic assay. Results are presented as mean £ SEM, n = 3.
*p < 0.05 as compared to control group, "p < 0.05 as compared to radiation control

group. CN - Control, IR — Radiation.

5.3.3. Comparative effect of DHS and DHS-C¢ pre-treatment on the radiation

induced cell death in CHO cells

Based on the above results, a pre-treatment concentration of 25 M was chosen
to compare the radioprotective effect of DHS with DHS-Cs. Since DMSO was used as
carrier, the vehicle control was also included in the study. The survival fractions
recorded under different treatment conditions are represented in figure 5.3. The results
revealed that at an identical concentration of 25 pM, DHS-C¢ pre-treatment for 16 h
significantly increased the survival fraction of irradiated (4 Gy) cells by 75 % as
compared to 50 % by the parent compound DHS. DMSO (0.25 %) treatment did not
affect the survival fraction of control and the irradiated cells. DHS and DHS-Cg control

groups showed survival fractions comparable to that of control cells.
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Figure 5.3 Bar graph shows the effect of DHS and DHS-Cgs pre-treatment (25 uM for
16 h) on survival fraction against radiation exposure of 4 Gy. Results are presented as
mean = SEM, n = 3. *p < 0.05 as compared to control group, #p < 0.05 as compared to

respective radiation control groups. CN - Control, IR — Radiation.

Encouraged by above results, we investigated the radiation dose response of
DHS and DHS-Cg¢ by evaluating SF at different absorbed doses (1 - 12 Gy) of radiation
exposure through clonogenic assay. The survival curves were plotted by fitting the data
of survival fraction (log scale) against the radiation absorbed dose (D) (linear scale)
with the quadratic dose response equation (SF = aD+PD?). Survival curve and the
representative images of colonies under different treatment conditions are presented in
figures 5.4 A and 5.4 B respectively. It can be seen that irradiation led to dose
dependent decrease in survival fraction. Pre-treatment with DHS or DHS-Cg improved
the survival fraction at all irradiation doses studied. From the survival curves, Dy (the
dose which decreased survival fraction from 0.1 to 0.037) values under drug pre-

treatment and untreated conditions were estimated.
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From this, DMF was calculated using equation 5.1.

DMF = D()(DHZDHS—C6+Radiatian) Eq 51

0( Radiation)

Using Dy values, DMF for DHS and DHS-C¢ was determined to be 1.14 and 1.24

respectively.
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Figure 5.4 (4) Semi log plot shows radiation dose (I - 12 Gy) response curve of DHS
and DHS-Cy pre-treatment (25 uM for 16 h) in CHO cells by clonogenic assay. (B)
Representative images shows colonies of CHO cells under different treatment

conditions. Results are presented as mean £ SEM, n = 3. CN — Control, IR — Radiation.

5.3.4. Effect of DHS and DHS-C¢ treatment on GPx level in CHO cells

As described in chapter 3, the radioprotective effect of DHS in BALB/c mice
was associated with its ability to induce GPx levels in a tissue specific manner.
Similarly, in chapter 4, DHS and DHS-Cg treatment showed an increase in GPx activity
and protection from AAPH induced oxidative damage in CHO cells. These results
prompted us to speculate the role of GPx in the radioprotective effect of DHS or DHS-
Cs. In order to address this issue, an inhibitor study was performed employing

mercaptosuccinic acid (MS), a pharmacological inhibitor of GPx***® 1In this
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experiment firstly, we established the extent of GPx inhibition by incubating CHO cells
pre-treated with DHS and DHS-Cs (25 pM for 16 h) with MS for 2 h and then
monitoring the level of GPx activity. The results of this treatment condition on GPx

activity is shown in figure 5.5.
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Figure 5.5 Effect of pre-treatment with DHS, DHS-Cg (25 uM for 16 h) on GPx activity
and its modulation by MS (10 mM for 2 h) in CHO cells. Results are presented as mean
+ SEM, n = 3. *p < 0.05 as compared to respective control group. CN — Control, MS -
Mercaptosuccinic acid.

It can be seen that treatment with DHS and DHS-Cg increased GPx activity
level in cells to 0.061 + 0.003 Units/mg protein and 0.071 £ 0.003 Units/mg protein
respectively as compared to control level of 0.021 + 0.003 Units/mg protein. Incubation
with MS decreased the GPx activity in cells by ~ 55 % as compared to control. Further,
MS treatment significantly inhibited the DHS and DHS-Cs mediated increase in GPx
activity by 32 % and 33 % respectively. Based on these results, CHO cells pre-treated
with DHS or DHS-Cg (25 uM for 16 h) were incubated with MS, exposed to y radiation
dose of 4 Gy and 11 Gy and monitored for cell survival by clonogenic assay.

Further, to know the effect of GPx inhibition on the radioprotective activity of

DHS and DHS-Cg, cells were subjected to similar treatment conditions as discussed

128



above, exposed to y-radiation of 4 Gy and 11 Gy and evaluated for cell survival by
clonogenic assay. The survival fractions and the representative images of colonies are

presented in figures 5.6 (A - C).
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Figure 5.6 (A & B) Effect of MS (10 mM) on radioprotective activity of DHS and DHS-
Cs (25 uM for 16 h) against radiation dose of 4 Gy and 11 Gy respectively in terms of
survival fraction estimated by clonogenic assay in CHO cells. (C) Representative
images shows colonies of CHO cells under different treatment conditions at 11 Gy.
Results are presented as mean + SEM, n = 3. $p < 0.05 as compared to DHS or DHS-
Cs plus radiation treated groups. CN - Control, IR — Radiation, MS - Mercaptosuccinic

acid.

It can be seen that irradiation led to a decrease in the survival fraction as
compared to control. The inhibitor (MS) treatment did not show any significant change
in the survival fraction both under irradiated and un-irradiated conditions. As expected

pre-treatments with both DHS and DHS-Cg showed increase in the survival fraction
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compared to the radiation control. The addition of MS abrogated the radioprotective
ability of DHS and DHS-C¢ by 20 % and 40 % respectively at 4 Gy and by 70 % and
60 % respectively at 11 Gy (Fig. 5.6 (A - C). This confirmed the involvement of GPx in

the radioprotection offered by DHS and DHS-Cs.

5.3.5. Effect of DHS and DHS-C¢ pre-treatment on the radiation induced G2/M

arrest in CHO cells

Further to understand the cause of radiation-induced cell death in CHO cells, we
performed cell cycle analysis through PI assay in a time dependant manner starting
from 48 h to 96 h. The distribution of cells in to different phases of cell cycle and their
modulation by various treatment conditions is presented in figure 5.7. The results
indicated that exposure of cells to radiation dose of 4 Gy led to time dependant increase
in G2/M arrest from 25 % at 48 h to 36 % at 96 h. (Fig. 5.7 A, 5.7 B). Pre-treatment (25
pM for 16 h) with DHS and DHS-C¢ showed significant inhibition of G2/M arrest in
irradiated cells as compared to radiation control cells. For example, the percentage of
cells in G2/M phase of DHS and DHS-Cs plus radiation treated groups was 23 % and
21 % respectively. Incubation with MS (GPx inhibitor) showed partial restoration of
G2/M arrest in cells pre-treated with DHS or DHS-Cg and exposed to radiation (Fig. 5.7
C and 5.7 D). The inhibitor (MS), DMSO and drug (DHS or DHS-Cg) control groups
showed cell cycle phases similar to those of control cells both under irradiated and un-

irradiated conditions.
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Figure 5.7 (A & B) Representative figure and bar graph respectively shows distribution
of cells in different phases of cell cycle (G1, S, and G2/M) at 48 h, 72 h and 96 h
following radiation exposure of 4 Gy by PI staining in CHO cells. (C & D)
Representative figure and bar graph respectively shows distribution of cells in different
phases of cell cycle (G1, S and G2/M) at 96 h post irradiation (4 Gy) under different
treatment conditions. Results are presented as mean + SEM, n = 3. *» < 0.05 as
compared to respective control groups. 'p < 0.05 compared to radiation control groups,
$p < 0.05 as compared to DHS / DHS-Cg plus radiation treated groups. CN - Control,

IR — Radiation, MS - Mercaptosuccinic acid.
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5.3.6. Effect of DHS and DHS-C¢ pre-treatment on the radiation induced DNA

damage in CHO cells

Since radiation-induced G2/M arrest and the cell death are the consequences of
DNA damage, it was hypothesized that DHS or DHS-C¢ mediated increase in survival
fraction against radiation exposure might be due to their abilities to inhibit DNA
damage in a GPx dependant manner. Therefore, the ability of DHS and DHS-Cg to
protect cells from radiation-induced DSBs was evaluated through y-H2AX assay at 30
minutes post-irradiation. The cells pre-treated with DHS and DHS-C¢ (25 uM for 16 h)
were exposed to radiation dose of 2 Gy and processed for y-H2AX assay. The radiation
dose of 2 Gy was used as high radiation dose will cause generation of a large number of
v-H2AX foci which cannot be easily counted. The results as presented in figures 5.8 A
and 5.8 B indicated that number of y-H2AX foci in various treatment controls such as
DMSO, DHS, DHS-C¢, and MS were comparable to that of control cells (~5.0 + 0.7
foci per cell). Exposure to radiation (2 Gy) led to 10 - fold increase in the number of y-
H2AX foci in the nucleus of the cells (55.0 + 1.8 foci/cell). The pre -treatment with
DMSO did not affect the number of y-H2AX foci in irradiated cells whereas MS pre-
treatment marginally increased the number of y-H2AX foci to 64.0 + 3.4 foci per cell.
Further, pre-treatment with DHS and DHS-Cg significantly reduced the number of -
H2AX foci in the irradiated cells to (34.0 £ 1.6 foci per cell) and (24.0 = 1.2 foci per
cell) respectively suggesting the effect of above compounds in preventing the radiation-
induced DSBs. The compound DHS-Cg was better than DHS in reducing the radiation-
induced DSBs (Fig. 5.8 A and 5.8 B). Interestingly the presence of MS abrogated the

abilities of DHS or DHS-Cg to protect from DSBs by 20 % and 50 % respectively.
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Figure 5.8 Effect of DHS and DHS-Cgs pre-treatment (25 uM for 16 h) on y-H2AX foci
after radiation (2 Gy) exposure in CHO cells. (A) Bar graph shows the number of
radiation (2 Gy) induced y-H2AX foci at 30 minutes post irradiation. (B)
Representative fluorescent images under different treatment conditions in CHO cells.
Magnification — 63 X. Results are presented as mean £ SEM, n = 3. *p < 0.05 as
compared to respective control groups, 'p < 0.05 as compared to radiation control
groups, °p < 0.05 as compared to DHS or DHS-Cj plus radiation treated groups. CN -
Control, IR - Radiation, MS - Mercaptosuccinic acid.

DSBs, if remain un-repaired leads to chromosomal fragmentation, which can be
seen as micronuclei in dividing cells. Any compound which protects cells from
radiation-induced DNA damage should also reduce the number of micronuclei formed
post-radiation exposure. Accordingly, DHS and DHS-C¢ were investigated for their
abilities to prevent radiation (4 Gy) induced micronuclei formation. The micronuclei
frequency under different treatment conditions is shown in figure 5.9. According to the
figure, cells treated with DMSO, DHS, DHS-C¢s and MS showed basal level of
micronuclei (7.0 £ 1.0 per 500 binucleate cells). Irradiation at a dose of 4 Gy led to an
increase in the micronuclei frequency by ~ 11 folds. The effect of DMSO and MS in

irradiated cells was comparable to that of radiation control. Pre-treatment with DHS
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and DHS-Cg significantly reduced the number of micronuclei in irradiated cells by
40 % and 56 % respectively. Interestingly, the addition of a GPx inhibitor, MS in cells
pre-treated with DHS and DHS-Cs, significantly abrogated their ability in terms of

protection from micronuclei formation.
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Figure 5.9 Effect of DHS and DHS-Cg pre-treatment (25 uM for 16 h) on radiation (4
Gy) induced micronuclei frequency in CHO cells. Bar graph shows counts of radiation
(4 Gy) induced micronuclei under different treatment conditions. Results are presented
as mean £ SEM, n = 3. *p < 0.05 as compared to respective control groups. #p <0.05
as compared to radiation control groups, $p < 0.05 as compared to DHS or DHS-Cy
plus radiation treated groups. CN - Control, IR - Radiation, MS - Mercaptosuccinic
acid.

5.3.7. Effect of DHS and DHS-C¢ pre-treatment on DNA repair Kinetics in CHO

cells following radiation exposure

In continuation to the above study, we investigated the effect of pre-treatment
with DHS and DHS-C¢ on DNA repair kinetics after radiation exposure (4 Gy) by

monitoring the levels of DNA damage as a function of post irradiation time ranging
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from 0 to 60 minutes through comet assay. The comet parameters such as % TDNA and

OTM and their representative fluorescent images are shown in figure 5.10 and 5.11.
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Figure 5.10 (A & B) Effect of DHS and DHS-Cg pre-treatment (25 uM for 16 h) on
DNA repair kinetics in CHO cells after radiation (4 Gy) exposure and its modulation
by mercaptosuccinic acid (10 mM) in terms of % TDNA and OTM respectively. DNA

repair was monitored by comet assay as a function of post irradiation time (0 - 60

minutes). Results are presented as mean £+ SEM, n = 3. *p < 0.05 as compared to

respective control groups. 'p < 0.05 as compared to radiation control groups, $p <

0.05 as compared to DHS / DHS-Cg plus radiation treated groups. CN - Control, IR —

Radiation, MS - Mercaptosuccinic acid.

135



It can be seen from the figure that the control groups treated with DHS, DMSO,
DHS-Cg and MS did not show any increase in comet parameters as a function time. The
irradiation dose of 4 Gy led to increase in % TDNA and OTM by 4.1 and 4.2-fold
respectively as compared to control at a common time point of 30 minutes. These
parameters decreased with time suggesting the normal DNA repair process of cells but
did not reach to the control level. It can be seen from the figure that the control groups
treated with DHS, DMSO, DHS-Cgs and MS did not show any increase in comet
parameters as a function time. The irradiation dose of 4 Gy led to increase in % TDNA
and OTM by 4.1 and 4.2-fold respectively as compared to control at a common time
point of 30 minutes. These parameters decreased with time suggesting the normal DNA
repair process of cells but did not reach to the control level. The % TDNA and OTM in
DMSO treated and irradiated cell is comparable to that of radiation control. The MS
treated and irradiated cells showed marginally higher level of % TDNA and OTM
compared to irradiated cells. Interestingly, pre-treatment with DHS and DHS-Cs led to
faster repair of DNA compared to radiation control. At 30 minutes, there was a
decrease in % TDNA and OTM by 1.7 and 1.8-fold respectively in DHS and by 1.8 and
2.8-fols respectively in DHS-C¢ pre-treated group compared to respective radiation
control groups. DHS-Cg appeared to be better than DHS in augmenting the DNA repair
after radiation exposure. Blocking or inhibiting GPx through MS reversed the effects of
DHS and DHS-C; with respect to DNA repair and showed level of % TDNA and OTM
almost same to that of the radiation control. (Figs. 5.10 and 5.11). This suggested the

role of DHS or DHS-Cg in DNA repair through GPx induction.
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Figure 5.11 Representative fluorescent images of cells stained with SYBR-Green-II at

30 minutes post irradiation under different treatment conditions by comet assay. CN -

Control, IR — Radiation, MS - Mercaptosuccinic acid.

5.3.8. Effect of DHS and DHS-C¢ pre-treatment on DNA repair and cell cycle

checkpoint pathways in CHO cells following radiation exposure

Since above results indicated a GPx-mediated role of DHS or DHS-C¢ in
affecting the cell cycle arrest (G2/M) and DNA repair, experiments were performed to
validate the crosstalk between GPx induction by DHS or DHS-C4 and the signalling
mediators of repair pathways as well as cell cycle points by using combinatorial
inhibition approach. The signalling proteins chosen for this study were DNA-PK of non
homologous end joining (NHEJ) pathway and CHK 1 and CHK 2 of cell cycle arrest
pathways. In first experiment, CHO cells pre-treated with DHS or DHS-Cs were
incubated with inhibitors NU-7026 (of DNA-PK) / UCN-01 (of CHK 1) / PV1019 (of
CHK 2) and MS (of GPx) both separately and in combination, irradiated (4 Gy and 11

Gy) and analysed for cell viability by clonogenic assay.

137



A) 1] (B)
c
£ S
2 3
G g
£ 05 =
3 2
]
--ﬁ - .
0.01 -
o‘f\q‘? o,\@*’&&\?‘\?‘@& & @
é\) @Q\S &"9 Qrﬁ) \‘{o \f @6 *9
& o
N \X °§\5‘° 2@’&%’0 S°
Q o Qfo o~
O ‘8'9'0
O
©
DHS DHS + DHS + DHS -Cé6 DHS-C6 DHS-C6 +
25 M NU7026 NU7026 + 25 uM +NU7026 NU7026 +
MS MS
A\ ; \‘ N ; \
& . \ N
= | ]
& ) /
— R Z ¥ -
>
Q
-
=

Figure 5.12 (A & B) Effect of NU-7026 (10 uM) and MS (10 mM) on the
radioprotective activity of DHS and DHS-Cg pre-treatment at 25 uM for 16 h in CHO
cells against radiation dose of 4 Gy and 11 Gy respectively by clonogenic assay. (C)
Representative images show colonies of CHO cells under different treatment
combinations. *p < 0.05 compared to control groups. Results are presented as mean +
SEM, n = 3. 'p < 0.05 compared to radiation control groups, $p < 0.05 compared to
DHS or DHS-Cs plus radiation treated groups, @p < 0.05 compared to DHS plus
inhibitor plus radiation treated group. CN - Control, IR - Radiation, MS -

Mercaptosuccinic acid.

The survival fractions and the representative images of colonies under the
combinatorial inhibitions of GPx (MS) with DNA-PK (NU-7026), CHK 1 (UCN-01),

CHK 2 (PV1019) are presented in figures 5.12, 5.13 and 5.14 respectively. According
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to figures, the controls groups of the inhibitors of DNA-PK (NU-7026), CHK 1 (UCN-
01), CHK 2 (PV1019) and GPx (MS) did not show much change in the survival
fraction under un-irradiated condition compared to control group. Exposure of radiation
led to a dose (4 Gy and 11 Gy) dependant decrease in survival fraction. The inhibitors
of DNA-PK, CHK 1 and GPx showed a marginal decrease in the survival fraction
compared to radiation control. As expected pre-treatment with DHS or DHS-Cs showed
significant increase in survival fraction compared to radiation control groups. The
presence of inhibitor of DNA-PK (NU-7026) in cells pre-treated with DHS and DHS-
Ce caused abrogation in their abilities to increase survival fraction by 22 % and 17 %
respectively at 4 Gy and by 52 % and 48 % respectively at 11 Gy. Similarly, the
inhibitor of GPx (MS) showed abrogation of DHS and DHS-C¢ mediated increase in
survival fraction by 19 % and 30% respectively at 4 Gy and by 53 % and 40%
respectively at 11 Gy. However, the presence of above two inhibitors together showed
the higher abrogation of DHS and DHS-C¢ mediated increase in survival fraction by

30 % and 41% respectively at 4 Gy and by 72 % and 75 % respectively at 11 Gy.

With regard to checkpoint proteins, inhibition of CHK 1 (UCN-01) individually
led to abrogation of DHS and DHS-C¢ mediated increase in survival fraction by 23 %
and 25% respectively at 4 Gy and by 48 % and 46% respectively at 11 Gy. The
inhibitor of CHK 2 (PV1019) per se did not affect the radioprotective effect of DHS
and DHS-C¢. Further combinatorial inhibitions of GPx (MS) and CHK 2 (PV1019)
showed the same level of abrogation as that observed with only GPx inhibitor. In
contrast, inhibitors of CHK 1 (UCN-01) and GPx (MS) together showed higher
abrogation of 35 % and 42% respectively at 4 Gy and of 68 % and 78% respectively at

11 Gy.
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Figure 5.13 (A & B) Effect of UCN-01 (25 nM) and MS (10 mM) on the radioprotective
activity of DHS and DHS-Cs pre-treatment at 25 uM for 16 h in CHO cells against
radiation dose of 4 Gy and 11 Gy respectively by clonogenic assay. (C) Representative
images show colonies of CHO cells under different treatment combinations. *p < 0.05
compared to control groups. Results are presented as mean + SEM, n = 3. #p < 0.05
compared to radiation control groups, $p < 0.05 compared to DHS or DHS-Cg plus
radiation treated groups, @p < 0.05 compared to DHS plus inhibitor plus radiation
treated group. CN - Control, IR - Radiation, MS - Mercaptosuccinic acid.
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Figure 5.14 (A & B) Effect of PV-1019 (400 nM) and MS (10 mM) on the
radioprotective activity of DHS and DHS-Cgs pre-treatment at 25 uM for 16 h in CHO
cells against radiation dose of 4 Gy and 11 Gy respectively by clonogenic assay. (C)
Representative images show colonies of CHO cells under different treatment
combinations. *p < 0.05 compared to control groups. Results are presented as mean +
SEM, n = 3. 'p < 0.05 compared to radiation control groups, $p < 0.05 compared to
DHS or DHS-Cg plus radiation treated groups, @p < 0.05 compared to DHS plus
inhibitor plus radiation treated group. CN - Control, IR - Radiation, MS -

Mercaptosuccinic acid.

Above results together suggested that the abrogations by the inhibitors of CHK

1 (UCN-01) or DNA-PK (NU-7026) on the radioprotective effect of DHS or DHS-Cq
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was increased in combination with the inhibitor of GPx, however the extent was less
than additive when above proteins were inhibited individually. Thus it appears that GPx
level induced by DHS or DHS-Cg contributes to radioprotection through DNA-PK and

CHK 1 mediated cell cycle arrest and DNA repair.

5.3.9. Effect of DHS and DHS-C pre-treatment on the radiation induced oxidative

stress in CHO cells

Having understood the effect of DHS or DHS-Cg on the radiation induced DNA
damage and cell cycle arrest, it was thought that these two compounds previously
reported for antioxidant activity might also modulate the intracellular redox state in
favour of radioprotection. In order to address this, CHO cells pre-treated with DHS or
DHS-C¢ were exposed to radiation and following this the level of ROS and ratio of
GSH and GSSG were monitored at 30 minutes and 6 h respectively. GSH is a non-
enzymatic antioxidant enzyme present in the cells which scavenges ROS and gets
converted to GSSG. Thus, the ratio of GSH to GSSG is used as a marker of the
oxidative stress in the cells. The mean fluorescence intensity of DCF and representative
images indicating ROS level and the ratio of GSH and GSSG are presented in figure

5.15.
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Figure 5.15 (A) Effect of DHS or DHS-Cys pre-treatment (25 uM for 16 h) on
intracellular ROS production at 30 minutes post irradiation (4 Gy) in CHO cells. (B)
Representative images of DCFDA stained cells under different treatment conditions at
30 minutes post irradiation (4 Gy). (C) Effect of DHS and DHS-Cg pre-treatment (25
uM for 16 h) on GSH/GSSG ratio at 6 h post y-irvadiation (4 Gy). Results are presented
as mean £ SEM, n = 3. *p < 0.05 as compared to control groups, #p < 0.05 as

compared to respective radiation control groups.CN — Control, IR - Radiation.

The results indicated that DHS and DHS-C¢ treatment themselves did not
change ROS levels in cells as compared to control. Exposure to radiation at a dose of 4
Gy led to a significant increase in the ROS level by ~10 fold. Pre-treatment with DHS
and DHS-Cg resulted in reduction of ROS by 5 and 7-fold respectively as compared to
radiation control. The similar effect was observed in case of GSH/GSSG ratio. The

radiation exposure of 4 Gy in CHO cells decreased GSH/GSSG by 32 % whereas DHS
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and DHS-Cg¢ pre-treatment increased GSH / GSSG ratio by 21 % and 35 % respectively
suggesting partial restoration of GSH level in cells 5.12 (A — C). In all above
observations, DHS-C¢ was found to be better than DHS in preventing radiation-induced

oxidative stress.

5.3.10. Effect of DHS and DHS-C; pre-treatment on SelenoP-1 expression in CHO

cells

In continuation to above studies DHS and DHS-C¢ were also evaluated for their
effects on the expression of Se/-PI. Like GPx, it is an important selenoprotein reported
for antioxidant activity in literature'*'**. The expression of SelenoP-1 was monitored

at mRNA transcript level by RT-PCR and the results are presented in figure 5.16.
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Figure 5.16 Effect of DHS and DHS-Cg pre-treatment (25 uM for 16 h) on mRNA
expressions of SelenoP-1 in CHO cells at 6 h post irradiation (4 Gy) as estimated by
RT-PCR. The expression of above genes in different treatment groups was normalized
against control group and the relative expression changes have been plotted. Actin
expression was used as internal control. Results are presented as mean + SEM, n = 3.

*p < 0.05 compared to control groups, 'p < 0.05 compared to radiation control groups.

CN - Control, IR - Radiation.
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It can be seen that DHS and DHS-Cg treatment themselves led to an increase in
the expression of SelenoP-1 by 4 and 3-fold respectively compared to their respective
controls. Exposure to radiation at a dose of 4 Gy also induced the expression of
SelenoP-1 but that was less than that of DHS and DHS-Cg¢ treatment. Further, pre-
treatment with DHS and DHS-Cy in irradiated cells augmented this level by 2.1-fold

and 3-fold respectively.

5.3.11. Effect of DHS and DHS-Cg pre-treatment on the radiation induced

apoptosis in splenic lymphocytes and CHO cells

Above results from CHO cells prompted us to evaluate the radioprotective
effect of DHS and DHS-Cg in other cell type like lymphocytes which are known to be

173:239 " For this,

the most radiosensitive and undergo apoptosis after radiation exposure
spleen lymphocytes were freshly isolated from BALB/C mice under aseptic condition,
treated with 25 uM of DHS or DHS-C¢ for 16 h, exposed to y-radiation at 4 Gy and
then evaluated for apoptotic parameters at 48 h. The histogram and bar graphs
presented in figures 5.17 A and 5.17 B show the distribution of cells in different phases
of cell cycle by PI assay. According to the results, irradiation (4 Gy) led to a significant
increase in pre-G1 population (85.5 + 1.3 %) as compared to control cells (28.1 + 0.2 %)
indicative of apoptosis and pre-treatment with DHS or DHS-Cg did not reduce the
percentage of cells in pre-G1 phase. This clearly suggested that DHS or DHS-Cs did
not protect lymphocytes from the radiation-induced apoptosis. The results of other

apoptotic markers such as DNA ladder and mitochondrial membrane potential (using

JC-1) are presented in figures 5.18 A and 5.18 B and indicated similar results.
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Figure 5.17 Effect of DHS and DHS-Cgs pre-treatment (25 uM for 16 h) on the
radiation (4 Gy) induced apoptosis in lymphocytes. (A) Representative figure showing
pre-Gl population at 48 h post irradiation by PI staining. (B) Bar graph shows
percentage (%) of cells in pre-GI phase under different treatment conditions at 48 h
post irradiation by PI staining. Results are presented as mean = SEM, n = 3. *p < 0.05

compared to control groups. CN - Control, IR — Radiation.
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Figure 5.18 Effect of DHS and DHS-Cg pre-treatment (25 uM for 16 h) on the
radiation (4 Gy) induced apoptosis in lymphocytes. (A) DNA ladder assay at 24 h post
irradiation (4 Gy) under different treatment conditions. (B) Effect on MMP estimated
as ratio of red (Aem = 610 nm) and green (Aeym, = 535 nm) fluorescence intensity of JC-1
staining at 18 h post irradiation under different treatment conditions. Results are
presented as mean £ SEM, n = 3. *p < 0.05 compared to control groups. CN - Control,
IR — Radiation.
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Further to know whether DHS and DHS-Cg¢ protect CHO cells from apoptosis,
CHO cells pre-treated with DHS or DHS-C¢ (25 uM for 16 h) were subjected to
irradiation at very high acute dose of 15 Gy26° for induction of apoptotic death pathway
and examined for pre-G1 population by PI assay. The results as presented in figures
5.19 clearly indicated that 15 Gy led to significant increase in pre-Gl population.
However, pre-treatment with DHS and DHS-Cs did not reduce the apoptotic population.
Taken together, these results suggested that DHS and DHS-Cg treatment did not protect

cells from radiation-induced early apoptosis irrespective of the cell type.
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Figure 5.19 Effect of DHS and DHS-Cg pre-treatment (25 uM for 16 h) on the radiation
(15 Gy) induced apoptosis in CHO cells. (A) Representative figure shows pre-Gl
population at 48 h post irradiation by PI staining. (B) Bar graph showing percentage
(%) of cells in pre-G1 phase under different treatment conditions at 48 h post

irradiation by PI staining Results are presented as mean + SEM, n = 3. CN - Control,
IR — Radiation.
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5.4. Discussion

In this chapter, DHS (a water soluble organoselenium compound) which has
been shown to improve 30 day survival of mice and prevent radiation induced organ
toxicity as discussed in chapter 3 is studied in cellular model system to investigate its
mechanism of action. Additionally, we also investigated whether DHS-C, a pro-drug
previously reported to increase the cellular uptake of DHS could be a better agent than
DHS to achieve radioprotection. For the study, CHO cell of epithelial origin was
employed as they have been widely used in radiation related research work and are well
characterised with respect to radiation response’. For example, CHO cells exposed to
radiation accumulate DNA damage leading to G2/M arrest and delayed mitotic
death”?¢!, Therefore, radioprotective effect of DHS and DHS-Cs in CHO cells was
evaluated by monitoring cell survival, DNA damage and cell cycle progression.
Analysis of these parameters revealed that treatment with DHS or DHS-C¢ at 25 uM
for 16 h prior to radiation exposure augmented DNA repair leading to inhibition of
G2/M arrest and mitotic death. The pro-drug DHS-C¢ showed better efficacy than DHS
with a DMF value of 1.24.

Previously we had observed that in vivo radioprotective activity of DHS was
associated with its ability to cause tissue specific induction of GPx when monitored at
activity and mRNA levels. Supporting this observation, here in the present study, we
observed that DHS treatment induced GPx activity in CHO cells. However, DHS-Cq
showed only a marginal increase in GPx activity compared to DHS. It is well
documented in literature suggesting that selenium is essential for GPx activity but
afterwards it reaches saturation with the increasing availability of selenium and this
could be the reason for the above observed effect’®**®. Further selenium compounds in

general are known to regulate the expression of selenoproteins including GPx by
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modulating mRNA stability and activating transcription factors such as Nrf2 and
p532*2%7 Tan et al showed the presence of p53 binding site at the promoter region of
GPx and selenium compounds are known to regulate the p53 activity by modulating
redox active cysteine residues (275/277). In another study, Banning et al showed that

27 The exact mechanism through which DHS or

gastrointestinal GPx is target of Nrf2.
DHS-Cs induces GPx activity is not clear to us at this stage and this will be addressed
in future studies. Nevertheless above results prompted us to investigate the role of GPx
in DHS or DHS-Cg-mediated radioprotection. In order to address this issue, we
employed MS known to inhibit GPx through non-covalent interactions and evaluated
its effect on the radiation response of DHS or DHS-Cs in CHO cells®®. Importantly,
treatment with MS blocked the DNA repair and radioprotective activity shown by DHS
or DHS-Cq. Thus, it is confirmed that GPx indeed played a role in radioprotective effect
of DHS or DHS-Cg through modulating DNA repair. Further to get more insight in to
this mechanism, the involvement of the signalling proteins of DNA repair pathways
were investigated. In general, mammalian cells assess for any DNA damage induced by
radiation exposure through checkpoints (such as G1/S and G2/M) regulated by CHK 1
and CHK 2 and activate DNA repair mechanisms through DNA protein kinase (DNA-
PK)*72%%27 Therefore to establish the crosstalk if any of the above signalling proteins
with the GPx level induced by DHS or DHS-Cs, we employed combinatorial inhibition
approach. If there was cross talk between the GPx and CHK 1/CHK 2/DNA-PK, their
combined inhibitions would not cause any additive effect with respect to affecting the
cell survival against radiation exposure. Interestingly our results showed that
inhibitions of CHK 1 and DNA-PK abrogated the radioprotective ability of DHS or
DHS-Cg separately but did not result in additive effect in combination with inhibitor of

GPx. Taken together, it is confirmed that GPx level induced by DHS and DHS-Cq
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influenced DNA repair by involving CHK 1 and DNA-PK. These results are consistent
with growing evidences in literature suggesting the role of GPx in DNA repair and
maintaining the genome stabili‘[y158’254’271

In the past, various other research groups have also evaluated GPx for reducing
the radiation-induced cell killing employing cellular models. The results are mostly
incongruent with some studies suggesting that GPx is an important factor in cellular

. e 272221
radio sensitivity”'~

, while others indicating that cells treated with sodium selenite or
genetically engineered to over express cytosolic GPx prior to radiation exposure did not
show any improvement in the survival”?’?”. In the present investigation, DHS-Cy
treatment although showed similar elevation in GPx level, resulted in higher
radioprotection compared to DHS. This suggested that GPx may not be the only factor
contributing to the radioprotective effect of DHS and DHS-Cq. Justifying this
assumption, DHS or DHS-C¢ treatment showed lowering of oxidative stress in
irradiated CHO cells and DHS-C¢ was more effective than DHS in this respect.
Previously, Beena et al showed that DHS scavenges ROS>’* and therefore DHS-Cg
through increasing the cellular uptake may contribute to higher ROS scavenging'®®'®.
Further both DHS and DHS-Cg were also observed to up-regulate other antioxidant
selenoprotein like SelenoP-1 which can be linked to antioxidant effects. Thus, the
abilities of DHS and DHS-C¢ to augment DNA repair and reduce the oxidative stress
appeared to be contributing towards radioprotective activity.

Having understood the radioprotective action of DHS and DHS-C¢ in CHO
cells, it was important to evaluate the effect of these compounds in radiosensitive cells
like lymphocytes®™. Notably treatment with DHS or DHS-Cs did not protect

lymphocytes from radiation exposure. Lymphocytes undergo transient G1 arrest and

apoptosis after radiation exposure suggesting the inability of above compounds in
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preventing the radiation-induced early apoptosis. Collectively, the present study gains
significance in view of the fact that late-responding normal tissue involved in the
radiotherapy side effects undergo delayed mitotic death following radiation exposure.
DHS-Cs a lipophilic conjugate of DHS showing potent protection against radiation-
induced mitotic death can be a model compound for in vivo evaluation as selenium

based radioprotector.

5.5. Summary

1. DHS and DHS-C¢ protected CHO cells of epithelial origin from radiation induced
mitotic death.

2. DMF of DHS and DHS-C¢ for preventing the radiation induced mitotic death in
CHO cells was estimated to be 1.14 and 1.24 respectively at 25 puM.

3. Pre-treatment with DHS and DHS-Cs reduced oxidative stress in irradiated CHO
cells as seen by reduction in ROS level with a concurrent increase in GSH/GSSG ratio.
4. DHS and DHS-C¢ pre-treatment augmented DNA repair and prevented G2/M arrest
in irradiated CHO cells through cross talk between GPx and CHK 1 or DNA-PK.

5. DHS-Cg is better than DHS as a radioprotector which has been attributed to the

higher uptake of DHS due to its increased lipophilicity.
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Chapter 6

Summary and future scope

This chapter gives summary of the results described in different chapters of the thesis

along with the future scope.
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Exposure of living cells to ionizing radiation results in the production of highly
reactive free radical and molecular species like *OH, O,°", and H,O, termed as ROS.
ROS cause damage to bio-molecules like DNA, lipids and proteins which are essential

for the functioning of the cells'**!

. The cellular internal defense system plays an
important role in preventing ROS induced damage. For example, endogenous
antioxidants like thiols, SOD, GPx and catalase are capable of donating an electron to
the ROS thus terminating a free radical initiated chain reaction®***. Cells also have an
internal DNA repair pathway to minimize damage to DNA in order to prevent transfer
of genomic alterations to the daughter cells®' ", If the generation of ROS exceeds the
capacity of the cells defense machinery to neutralize, it results in a pathological
condition termed as oxidative stress which may lead to cell death®. Exposure to
radiation is also known to induce oxidative stress through ROS generation. Such
exposure is a matter of concern during radiotherapy, which is a common modality to
treat malignant tumors’. The major limiting factor in the use of radiation is that apart
from killing tumor cells it also kills the nearby healthy cells which results in the

deterioration of the health condition of an individual. This needs for the development of

an agent which can prevent cells from harmful effects of radiation.

Traditionally used sulfur compounds for radioprotection, suffer from dose
limiting toxicity, warranting search for new class of radioprotectors. In this context,
selenium compounds are gaining importance in the present days for the development as
radioprotectors due to their similarity with sulfur compounds. Moreover, selenium is an
essential micronutrient and a constituent of redox regulating selenoenzymes like
GPx''%?'7 which catalyses the reduction of H,0, or organic hydroperoxides to water or

alcohols'?****. In the past two decades, there is a lot of interest among researchers to
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develop selenium compounds mimicking GPx like activity to be explored as
antioxidants / radioprotectors. For example, ebselen, an organoselenium compound and
a GPx mimic has been reported in the literature to inhibit radiation induced killing and
oxidative damage in the cells'**'*". Similarly, diselenodipropionic acid, a water soluble
selenium compound with GPx activity showed potent radioprotection in mice
model'**'*2. In contrast, there are some reports in the literature which showed that there
is no effect of GPx overexpression in protecting cells form radiation induced cell
damage®**”. Therefore, the motivation behind the present thesis is to find a correlation
between the GPx activity and the radioprotective activity of selected organoselenium
compounds. As a part of this work, an attempt was also made to know the effect of
structural modification on the radioprotective activity of the selenium compounds. The
compounds studied in the present thesis are dihydroxyselenolane (DHS) and
monoamine selenolane (MAS) which are, water soluble cyclic selenium
compounds'™*'®’. The results of the thesis are divided into three parts and presented in
chapter 3, chapter 4 and chapter 5. In chapter 3, radioprotective effect of DHS is
studied in detail in mice model system. In chapter 4, role of lipophilicity and structural
modification in the uptake and the antioxidant effect of selenium compounds are
studied in cellular model system. In chapter 5, role of GPx level on cell cycle
progression, DNA repair kinetics, redox state and overall radioprotective efficacy of
DHS and its fatty acid derivative is studied. Highlights of these chapters are discussed
briefly.

In chapter 3, it was observed that DHS supplementation at a non-toxic dose of 2
mg/kg b.wt for five consecutive days prior to WBI of 8 Gy and continued for three
times a week during the post irradiation period improved the 30 day survival of

BALB/c mice by 40 %. The improvement was related with the ability of DHS to
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prevent the mice from radiation induced oxidative damage in radiosensitive organs.
Subsequent studies indicated that DHS supplementation led to delayed recovery of the
radiation induced hematopoietic toxicity by restoring spleen parameters like index,
cellularity, spleen colonies and expression of Csf~-3. DHS also protected mice from
radiation induced inflammation by decreasing the level of pro-inflammatory cytokines
like IL-6 and TNF-a in the serum and the expression of the inflammatory genes like
Icam-1, Ccl-2 and iNos-2 in lungs and intestine. Moreover, DHS supplementation
caused an increase in the expression of a selenoenzyme SelenoP-1 and induction in
overall GPx activity in a tissue specific manner. This chapter confirms in vivo
radioprotective effect of DHS and it also indicates that GPx activation has some role in
radioprotection.

The aim of chapter 4 is to investigate the effect of alkylation and lipophilicity of
DHS on its uptake and antioxidant activity in CHO cells. For the study, DHS, and its
fatty acid derivatives (Cq.C4) were used. Toxicity evaluation studies indicated that the
derivatives greater than Cg improved the ability of DHS to incorporate in the cells but
at the same time exhibited toxicity which is directly related with the length of the alkyl
chain. Further studies revealed that the major mechanism of cytotoxicity was plasma
membrane disintegration leading to necrosis. When these studies were compared with
MAS, an amino substituted analogue of DHS and its alkyl derivatives with varying
chain length, the results substantiated the observations from DHS. Overall, it was
confirmed that Cg derivatives of DHS and MAS possess the right balance of
hydrophilicity and lipophilicity allowing the parent molecule to cross the cell
membrane exhibiting higher antioxidant activity in cells.

Based on the results from chapters 3 and 4, chapter 5 is designed to address two

specific problems. First to compare the cellular radioprotective effect of DHS and
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DHS-Cg and second to affirmatively conclude the role of GPx in the radioprotective
activity. In CHO cells, DHS or DHS-C4 pre-treatment prevented radiation induced
delayed mitotic cell death along with increase in GPx activity. In contrast DHS or
DHS-Cg although increased the GPx level in lymphocytes (radiosensitive cells) did not
protect them from the radiation induced apoptosis. Studies involving pharmacological
inhibitors, established that the radioprotective effect of DHS or DHS-Cg is due to their
abilities to augment DNA repair and prevent G2/M cell cycle arrest in a GPx dependent
pathway. Overall in all these studies, DHS-C¢ was better than DHS as a radioprotector
and restoration of redox homeostasis in cells.

In conclusion, DHS and DHS-Cs showed pleiotropy involving mechanisms like
induction of selenoproteins (GPx, SelenoP-1), ROS scavenging, restoration of redox
homoeostasis and suppression of inflammatory cytokines to facilitate radioprotection.
The overall mechanisms of radioprotection by DHS or DHS-C¢ are summarized in

scheme 6.1.
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Future scope

One of the major findings of the present thesis is that the lipophilic analogue,
DHS-Cg is more active than DHS in protecting the cellular model from radiation
exposure. However in order to appreciate the potential of DHS-Cg as a radioprotector, it
is necessary to understand its toxicity, dosage, time and the mode of administration in
detail employing in vivo model system. In addition, pharmacokinetics studies are
needed to correlate the tissue availability / distribution of DHS-C¢ with its improved
radioprotective effect over parent compound DHS. Further if DHS or DHS-Cg has to be
used against radiotherapy it should not protect tumor cells. Therefore DHS or DHS-Cs
should be evaluated for their effects on radiation response of tumor cells. Further, it
was shown that the in vivo radioprotective effect of DHS was associated with tissue
specific increase in the expressions of the GPx isoforms (GPx I, GPx 2, GPx 4).
Considering this, it is required to investigate whether GPx plays any tissue specific role
in radioprotection. It is also important to understand the mechanisms through which
DHS or DHS-Cs up-regulates GPx level in cells. Finally, all these studies needs be
compared with sodium selenite and other selenium radioprotectors which will provide
an insight for the design of synthetic organoselenium compounds as an antioxidant /

radioprotector.
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ABSTRACT

Dihydroxy-1-selenolane (DHS) previously reported to exhibit radioprotective activity was investigated to
understand its mechanism of action in CHO cells of epithelial origin. DHS pre-treatment at 25 pM for 16 h
significantly protected CHO cells from radiation (4—11 Gy)-induced delayed mitotic cell death. Further to
examine, how increased cellular uptake can influence this mechanism, studies have been performed with
DHS-Cg, a lipophilic conjugate of DHS. Accordingly CHO cells pre-treated with DHS-Cg, showed increased
survival against radiation exposure. Notably treatment with both DHS and DHS-Cg significantly increased
glutathione peroxidase (GPx) activity in cells by ~ 2.5 fold. Additionally, the compound DHS or DHS-Cg
led to faster repair of DNA in irradiated cells and subsequently inhibited the G2/M arrest. Anticipating the
role of GPx in radioprotection, our investigations revealed that addition of mercaptosuccinic acid, a
pharmacological inhibitor of GPx reversed all the above effects of DHS or DHS-Ce. Further inhibitors of
check point kinase 1 (CHK1) and DNA-protein kinase (DNA-PK) although abrogated the radioprotective
effect of DHS or DHS-Cg separately, did not show additive effect in combination with GPx inhibitor,
suggesting their cross talk. In contrast to these results, both DHS and DHS-Cg treatment did not protect
spleen lymphocytes from the radiation-induced apoptosis. Thus results confirmed that both DHS and
DHS-Cs protected cells from radiation-induced mitotic death by augmenting DNA repair in a GPx

dependant manner.
© 2017 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.

1. Introduction

cells from such radiation toxicities [7,8]. This has led to the
continued interest in developing radioprotectors from natural as

Radiation exposure depending on its type, energy and absorbed
dose can induce serious health hazards ranging from mutation,
radiation syndromes and cancer to even death [1—3]. The primary
event during the interaction of radiation with a cell is radiolysis of
cellular water leading to generation of reactive oxygen species
(ROS) followed by damage to bio-molecules (such as DNA, protein
and lipid) and cell death [4—6]. In spite of the extensive research,
there is no ideal radioprotector available till today to protect normal

* Corresponding author. Radiation and Photochemistry Division, Bhabha Atomic
Research Centre, Mumbai, 400085, India.
E-mail address: kamit@barc.gov.in (A. Kunwar).

https://doi.org/10.1016/j.biochi.2017.10.021

well as synthetic origins [8].

Selenium is a micronutrient and the constituent of redox reg-
ulatory selenoproteins such as glutathione peroxidase (GPx), thio-
redoxin reductase (TrxR) and selenoprotein P (SelP) among others,
which play a very important role in maintaining cellular redox
homeostasis [9—11]. Synthetic selenium compounds in different
chemical forms have been explored for various pharmacological
actions like antioxidant, immune-modulatory, chemo-preventive,
anti-inflammatory and radioprotective activities [12—18]. For
example, ebselen, an organoselenium and a GPx mimic, has been
tested in clinic to prevent neurological and inflammatory disorders
[19]. Another organoselenium compound 3, 3’-diselenodipropionic

0300-9084/© 2017 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights reserved.
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acid (DSePA) is reported for potential radioprotective activity in
cells and in vivo model system [17,18]. On similar lines, dihydroxy-
1-selenolane (DHS) a water soluble cyclic monoselenide has been
recently studied for different biological activities. It shows GPx like
activity, inhibits lipid peroxidation and catalyses oxidative folding
of denatured proteins in cell free systems [20—25]. Further DHS was
also found to be nontoxic and induced GPx level in cells [26]. It is
reported to accelerate the healing of indomethacin-induced
stomach ulceration in mice by modulating arginine metabolism
and anti-inflammatory pathways [27,28]. Encouraged by these re-
sults, DHS has been evaluated for radioprotection in mice model
system. These studies revealed that intraperitoneal (i.p.) injection
of DHS at a dosage of 2 mg/kg body weight for five consecutive days
prior whole body irradiation (WBI) of 8 Gy and subsequently
continued at the same dosage for three times per week during the
post-irradiation period, improved the 30 day survival by 40% [29].
In irradiated mice, DHS treatment prevented oxidative damage
(such as lipid peroxidation and DNA damage) and inflammatory
response in radiosensitive organs like hematopoietic and gastro-
intestinal system. The radioprotective effect of DHS in mice was
found to be associated with tissue specific induction in GPx level
[29]. Subsequent studies using in vitro models reported that DHS-
Cg, a fatty acid conjugate of DHS showed higher cellular uptake (~by
2 folds) as well as increased antioxidant activity [23,24,26]. For
example DHS-Cg was better than DHS in preventing the AAPH-
induced lipid peroxidation in liposome and CHO cells [23,24,26].
Based on all these reports, the present study was aimed to evaluate
the detailed radioprotective effect of DHS-Cg and DHS employing
cellular models. Further we also examined the mechanism of action
of these compounds by monitoring GPx level, DNA repair kinetics
and cell cycle analysis. The chemical structures of the compounds
studied are presented in Scheme 1.

2. Materials and methods
2.1. Chemicals

DL-trans-3,4-dihydroxy-1-selenolane (DHS) and its fatty acid
derivative (DHS-Cg) were synthesized, purified and characterized
as reported previously [20,23]. Dimethyl sulfoxide (DMSO), gluta-
thione (GSH), B-nicotinamide adenine dinucleotide 2’-phosphate
reduced tetra sodium salt hydrate (NADPH), glutathione reductase,
cumene hydroperoxide, cytochalasin B, diethyl pyrocarbonate
(DEPC), 2/,7'-dichlorofluorescin diacetate (DCFDA), cellytic-® re-
agent, paraformaldehyde, o-phthalaldehyde (OPT), N-ethyl-
maleimide (NEM), meta-phosphoric acid, mercaptosuccinic acid, tri
reagent, 2-(morpholin-4-yl)-benzo[h]chomen-4-one (NU7026),
high and low melting point agarose, SYBR Green-II dye, protease
inhibitor cocktail, and amplification grade DNase from Sigma
Chemical Company (St. Louis, MO, USA) were purchased from local
agents. The cDNA synthesis kit and ProLong® Gold antifade
mountant with DAPI from Thermo Scientific (USA), 2X SYBR green
polymerase chain reactions (PCR) mix from Roche Chemical Co

CsHqq

DHS DHS-C,

Scheme 1. Chemical structures of dihydroxy selenolane and C-¢ derivative of dihy-
droxy selenolane.

(Indianapolis, USA) and 5,5,6,6'-tetrachloro-1,1’3,3'-tetrae-
thylbenzimidazolo-carbocyanineiodide (JC-1) from Molecular
Probes (USA) were procured through local agents. Roswell Park
Memorial Institute Medium-1640 (RPMI-1640), fetal bovine serum
(FBS), penicillin and streptomycin were purchased from Himedia,
India. Anti phospho-histone H2AX (ser-139) human monoclonal
IgG were purchased from Upstate, USA. Alexa fluor 488 rabbit
antihuman IgG, propidium iodide (PI) and trypsin-EDTA from
Invitrogen (USA) were purchased through local agents. The in-
hibitors like 7-hydroxy staurosporine (UCN-01), 7-nitro-1H-indole-
2-carboxylic acid {4-[1-(guanidinohydrazone)-ethyl]-phenyl}-
amide (PV 1091) were purchased from Calbiochem (Switzerland).
The Bradford protein assay kit was purchased from Bangalore
Genei, India. The gene specific primers for RT-PCR were custom
synthesized from local agents. All other chemicals with maximum
available purity were purchased from reputed local manufacturers/
suppliers.

2.2. Cell culture, drug treatment and irradiation

Chinese Hamster Ovary epithelial (CHO) cells were obtained
from National Centre for Cell Sciences (NCCS), Pune, India. Splenic
lymphocytes were freshly isolated from BALB/C mice under aseptic
condition according to the method described earlier [30]. Cells
were cultured in RPMI-1640 medium supplemented with 10% FBS,
100 Units/ml penicillin and 100 pg/ml streptomycin in a humidified
atmosphere with 5% CO, at 37 °C. The stock solution of DHS was
prepared in RPMI-1640 medium while that of DHS-Cg was prepared
in DMSO. The concentration of DMSO was fixed at 0.25% which is
within the acceptable limit of toxicity. For radioprotection studies,
cells were incubated with DHS or DHS-Cg for 16 h as per previous
reports [26], washed with phosphate buffered saline (1X PBS, pH
7.4), supplemented with serum free medium and irradiated using
60Co Blood Irradiator 2000 (BRIT, India) at a dose rate of 1 Gy/min.
Following this, 10% serum was added to the culture medium and
cells were incubated in humidified atmosphere with 5% CO, at
37 °C for desired time points prior to any assay. In order to block the
target molecules like GPx and DNA-protein kinase (DNA-PK), cells
pre-treated with DHS or DHS-Cg for 16 h were exposed to inhibitors
like mercaptosuccinic acid and NU7026 respectively for 2 h and
then irradiated. Similarly to block the check point kinase 1 (CHK1)
and check point kinase 2 (CHK2), cells were incubated with in-
hibitors such as UCN-01 and PV-1091 respectively for 16 h along
with DHS or DHS-Cg and then irradiated. The concentrations and
the incubation times of inhibitors used in the study were taken
from previous reports [31—-33].

2.3. Clonogenic assay

Following radiation and/or drug treatment, cells were cultured
for 7 days for the development of macroscopic colonies and pro-
cessed for clonogenic assay as reported previously without any
modification [34]. The plating and survival fractions were deter-
mined using following equations:

Plating Efficiency = [No. of colonies/No. of cells plated] x 100

Survival fraction = [No. of colonies/(No. of cells plated x (plating
efficiency/100)]

2.4. Dose modification factor (DMF)

Survival fractions of the control and drug pre-treated cells were
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determined through clonogenic assay at varying absorbed doses of
y-radiation ranging from 1 to 12 Gy. The survival curves were
plotted by fitting the data of survival fraction (log scale) against the
radiation absorbed dose (D) (linear scale) with the quadratic dose
response equation (SF = aD+pD2). From the survival curves, Dg (the
dose which decreased survival fraction from 0.1 to 0.037) values
under drug pre-treatment and untreated conditions were esti-
mated. From this, DMF was calculated as (DMF = DgpHs/DHs-
CG+Radiation)/DO(Radiation))~

2.5. GPx activity and GSH assays

Following irradiation and/or drug treatment, cell lysate was
prepared in cellytic-M® containing protease inhibitor cocktail as
per manufacturer's instruction. The protein content of cell lysate
was estimated using Bradford reagent and about 100 pg of protein
content was taken to measure GPx activity and GSH/GSSG ratio as
per the methods reported previously [30,35].

2.6. DNA ladder assay

To assess apoptosis, DNA ladder assay was performed at 24 h
after radiation exposure of cells. In brief, DNA was extracted from
the cells (1 x 10°) of various treatment groups and analysed on an
agarose gel as described previously [36].

2.7. Mitochondrial membrane potential (MMP)

MMP as a marker of cell death was determined at 18 h after
radiation exposure of cells using a mitochondrial-specific fluores-
cent probe JC-1 according to the method reported earlier [37].

2.8. Cell cycle analysis by PI staining

The cells cycle analysis was performed at 48, 72 and 96 h after
radiation exposure of cells. In brief, cells were stained with a so-
lution containing 50 pg/ml PI, 0.1% sodium citrate and 0.1% Triton X-
100 and kept overnight at 4 °C in dark. The labelled cells were
acquired in Partec PASIII flow cytometer and analysed for the dis-
tribution of cells in different phases of cell cycle (G1, S, G2/M) using
Flow]O software. The pre-G1 phase population represented the
apoptotic cells [30].

2.9. Micronuclei assay

In brief, cells following irradiation were incubated with cyto-
chalasin-B (4 ug/ml in culture medium) for 18 h to block cytokinesis
and processed for micronuclei detection using acridine orange ac-
cording to previously reported method [38,39]. A total of 500
binucleated cells were analysed for the presence of micronuclei per
treatment condition.

2.10. y-H2AX assay

The y-H2AX foci analysis was carried out at 30 min post irra-
diation of cells using immunofluorescence method as reported
previously [39]. The images were acquired using automated slide
scanning Metacyte software module of the Metafer 4 scanning
system (MetaSys-tems, Altlussheim, Germany). At least 50 cells
were counted per treatment group to calculate the average number
of foci per cell.

2.11. Alkaline single cell gel electrophoresis

Alkaline single cell gel electrophoresis or comet assay was

performed to study the DNA repair kinetics by following the
extent of DNA damage as a function of time ranging from 0 to
60 min after radiation exposure of cells. In brief ~15000 cells in
50 ul of cell culture medium were mixed with 0.8% low melting
point agarose and layered on a slide pre-coated with 1% high
melting point agarose and processed for comet assay as described
previously [40]. The slides were stained with SYBR Green-II and at
least fifty images were grabbed per slide using a Carl Zeiss Axio-
plan fluorescence microscope (Germany). The images were ana-
lysed using CASP software version 1.2.0 (www.Casplab.com) to
calculate DNA damage parameters such as percent (%) DNA in
tail, tail length (TL), tail moment (TM) and olive tail moment
(OTM).

2.12. Quantitative real-time PCR

In brief, cells from different treatment groups were subjected to
total RNA isolation using tri reagent according to the manufac-
turer's instruction. About 4 pg of total RNA was reverse transcribed
using cDNA synthesis kit (Thermo Scientific, USA) and real time PCR
was carried out using the template (~90—100 ng of cDNA), SYBR
green master mix (Roche Applied Science, Germany) and gene
specific primers in a Rotor-Gene Q (QIAGEN, Germany) machine as
described previously [26,29]. The relative expression was calcu-
lated from the threshold cycle (CT) values obtained from above runs
using the method as described earlier [41]. The expressions of
genes were normalized against a house keeping gene,  actin. The
primers (forward and reverse) used for cDNA amplification are
included in Table 1.

2.13. Assessment of ROS

The intracellular ROS level was determined at 30 min after
radiation exposure of cells using a cell permeable and oxidation
sensitive fluorescence probe, DCFDA. In brief, irradiated cells
were labelled with 10 uM of DCFDA at 37 °C for 30 min and the
increase in fluorescence resulting from the oxidation of DCFDA to
DCF was detected by monitoring the emission at 530 nm after
excitation at 488 nm on a multimode plate reader (Synergy H1,
Biotek, Germany) [42]. The representative images showing DCF
fluorescence was captured using an Olympus fluorescence mi-
croscope (Model no. CKX41, Japan) equipped with ProgRes®
camera.

2.14. Statistical analysis

All the experiments were carried out in triplicate and repeated
at least two times. Data were presented as mean + SEM, n = 3 from
an independent experiment. The data were analysed by one-way
ANOVA using Origin (version 6.1) software to confirm the vari-
ability of the data. The P values < 0.05 were considered as statis-
tically significant.

Table 1
List of gene specific primers used in the study.

Name of gene Primer sequence Gen Bank Accession No.

B-actin 5'-GGCTGTATTCCCCTCCATCG-3' NM_007393
5'-CCAGTTGGTAACAATGCCATGT-3’

Rad 51 5'-AAGTTTTGGTCCACAGCCTATTT-3' NM_011234
5'-CGGTGCATAAGCAACAGCC-3’

Gadd 45« 5'-CCGAAAGGATGGACACGGTG-3' NM_007836

5'-TTATCGGGGTCTACGTTGAGC-3’
SelP 1 5'-AGCTCTGCTTGTTACAAAGCC-3'
5'-CAGGTCTTCCAATCTGGATGC-3'

NM_001042613
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3. Results

3.1. Effect of DHS or DHS-Cg pre-treatment on the radiation-
induced cell death in CHO cells

DHS treatment of CHO cells for 16 h up to a concentration of
100 puM did not reduce the survival fraction as estimated by clo-
nogenic assay (Fig. S1). Thus DHS concentrations up to 100 uM
appeared to be safe for exploring radioprotective activity. Accord-
ingly, CHO cells were pre-treated with DHS in a concentration
range of 0.1 pM—100 uM for 16 h and subjected to y-irradiation at
4 Gy. The results of clonogenic assay showed a significant decrease
in survival fraction of irradiated cells compared to control cells
(Fig. 1A). DHS pre-treatment up to a concentration of 1 pM did not
show any improvement in the survival fraction as compared to
radiation control (Fig. 1A). Increasing DHS concentration up to
25 uM showed a concentration dependant improvement in survival
fraction and further increase in concentration up to 100 pM led to
saturation effect (Fig. 1A). The percent protection offered by DHS at
the most effective treatment concentration of 25 pM was 24%.
Based on these results, we also evaluated the radioprotective effect
of DHS-Cg (a lipophilic conjugate previously shown to increase the
cellular uptake of DHS in CHO cells) [25]. Our results revealed that
at an identical concentration of 25 pM, DHS-Cg pre-treatment
offered significantly higher protection (40%) against the radiation
(4 Gy)-induced cell death as compared to the parent compound
DHS (Fig. S2). Encouraged by these results, we studied the radiation
dose response of DHS and DHS-Cg by evaluating survival fractions
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at different absorbed doses (1—12 Gy) of radiation exposure
through clonogenic assay. Survival curve and the representative
images of colonies under different treatment conditions are shown
in Fig. 1B and C respectively. Using Do values, DMF for DHS and
DHS-Cs was determined to be 1.14 and 1.24 respectively.

3.2. Effect of GPx inhibition on the radioprotective effect of DHS or
DHS-Cg in CHO cells

In line with previous reports [26,29], treatment (25 uM for 16 h)
with DHS or DHS-Cg significantly elevated (~2.5 fold) GPx activity
level in CHO cells (Fig. 2A). The cells treated with DHS-Cg showed
marginally higher GPx activity compared to those treated with DHS
(Fig. 2A). Further to know whether GPx plays any role in radio-
protective actions of DHS and DHS-Cg, CHO cells pre-treated with
these compounds were incubated with mercaptosuccinic acid (a
pharmacological inhibitor of GPx), exposed to y-radiation (4 Gy and
11 Gy) and evaluated for cell survival (by clonogenic assays). The
results indicated that incubation with mercaptosuccinic acid
significantly inhibited DHS or DHS-Cg mediated increase in GPx
activity (Fig. 2A). Further this treatment condition showed decrease
in survival fraction compared to respective selenium compound
(DHS or DHS-Cg) plus radiation (4 Gy and 11 Gy) treated cells
(Fig. 2B, C and Fig. S2). This suggested that inhibiting/blocking the
GPx activity abrogated the radioprotective effect of DHS or DHS-Cg.
The inhibitor (mercaptosuccinic acid) treatment per se did not
show any significant change in survival fraction both under irra-
diated and un-irradiated conditions (Fig. 2B, C and Fig. S2). Above

(B)
1
c
i)
5 0.14
©
=
I
2 m Radiation
€ 0.01, © DMSO+ Radiation
n = + DHS 25uM + Radiation
A DHS-C6 25uM + Radiation

Dose (Gy)

DMSO (0.25%) DHS (25pM) DHS-C6 (25pM)

P s - 0.

te

Fig. 1. (A) Bar graph showing the effect of the varying concentrations (0.1 - 100 uM) of DHS pre-treatment for 16 h on the survival fraction in CHO cells against y-irradiation (4 Gy)
as estimated by clonogenic assay. (B) Semi log plot showing radiation dose (1—12 Gy) response curve of DHS or DHS-Cg pre-treatment (25 pM for 16 h) in CHO cells by clonogenic
assay. (C) Representative images showing colonies of CHO cells under different treatment conditions. The cell numbers were varied depending on the absorbed dose. (250 - 1 Gy,
300 - 2 Gy, 400 - 3 Gy, 500 - 4 Gy, 750 - 5 Gy, 1000 - 6 Gy, 1500 - 7 Gy, 2000 - 8 Gy, 3000 - 9 Gy, 4000 - 10 Gy, 5000 - 11 Gy, 6000 - 12 Gy). Results are presented as means + SEM,
n = 3."p < 0.05 as compared to control group, *p < 0.05 as compared to radiation control group. CN — Control, IR — Radiation.
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Fig. 2. (A) Effect of mercaptosuccinic acid (10 mM) on the GPx activity of DHS or DHS-C¢ pre-treatment (25 pM for 16 h) in CHO cells. One unit of GPx is the amount of enzyme that
catalyses the oxidation of 1 pmol of NADPH to NADP* per minute. (B) Effect of mercaptosuccinic acid (10 mM) on the radioprotective activity of DHS or DHS-Cg against radiation
dose of 11 Gy in terms of survival fraction estimated by clonogenic assay in CHO cells. (C) Representative image showing colonies of CHO cells under different treatment com-
bination. Results are presented as means + SEM, n = 3. *p < 0.05 as compared to respective control group/MS control group, *p < 0.05 as compared to DHS or DHS-Cg plus radiation

treated groups. CN - Control, IR — Radiation, MS - Mercaptosuccinic acid.

results together confirmed the involvement of GPx induced by DHS
or DHS-Cg in preventing the radiation-induced cell death in CHO
cells.

3.3. Effect of DHS or DHS-Cgs treatment on radiation-induced G2/M
arrest in CHO cells

Further to understand the cause of radiation-induced cell death
in CHO cells, we performed cell cycle analysis through PI assay in a
time dependant manner starting from 48 h to 96 h. The results
indicated that exposure to radiation (4 Gy) led to G2/M arrest with
increasing time of incubation (Fig. S3). This suggested the partici-
pation of G2/M arrest-mediated delayed mitotic cell death in irra-
diated CHO cells, which is in agreement with previous reports
[43,44]. Pre-treatment (25 uM for 16 h) with DHS or DHS-Cg
showed significant inhibition of G2/M arrest in irradiated cells
compared to control cells (Fig. 3A and B). DHS-Cg was better than
DHS in this respect. Incubation with mercaptosuccinic acid (GPx
inhibitor) showed partial restoration of G2/M arrest in cells pre-
treated with DHS or DHS-Cg and exposed to radiation (Fig. 3A and
B). The inhibitor and drug control groups showed cell cycle phases
similar to those of control cells.

3.4. Effect of DHS or DHS-Cs treatment on radiation-induced DNA
damage in CHO cells

Radiation-induced G2/M arrest is a consequence of DNA dam-
age. Therefore the ability of DHS or DHS-Cg to protect cells from
radiation-induced double strand breaks (DSBs) was evaluated
through y-H2AX assay at 30 min post-irradiation. The results as
presented in Fig. 4A and B indicated that irradiation (2 Gy) led to 10

fold increase in the number of y-H2AX foci in the nucleus of the
cells. However pre-treatment (25 pM for 16 h) with DHS or DHS-Cg
significantly reduced the number of y-H2AX foci in the irradiated
cells suggesting their role in preventing the radiation-induced
DSBs. The compound DHS-Cg was better than DHS in reducing the
radiation-induced DSBs (Fig. 4A and B). Further, DSBs if remain un-
repaired leads to chromosomal fragmentation which can be seen as
micronuclei in dividing cells. Any compound which protects cells
from radiation-induced DNA damage will also reduce the number
of micronuclei formed post-radiation exposure. Accordingly DHS or
DHS-Cg were investigated for their abilities to prevent the radiation
(4 Gy) induced micronuclei formation. The results clearly indicated
that pre-treatment (25 uM for 16 h) with DHS or DHS-Cg signifi-
cantly reduced the number of micronuclei in irradiated cells
compared to the radiation control group (Fig. 4C). The percent
reduction offered by DHS and DHS-Cg with respect to radiation-
induced micronuclei formation was 40% and 56% respectively.
Interestingly, the addition of a GPx inhibitor, mercaptosuccinic acid
in cells pre-treated with DHS or DHS-Cg significantly abrogated
their anti-genotoxic effect against radiation exposure (Fig. 4A-C).
Groups treated with DHS or DHS-Cg and inhibitor control showed
basal level of y-H2AX foci and micronuclei formation. Mercapto-
succinic acid treatment showed marginal increase in DNA damage
in irradiated cells (Fig. 4A-C).

3.5. Effect of DHS or DHS-Cgs treatment on DNA repair kinetics in
CHO cells following radiation exposure

In continuation to the above study, we investigated the effect of
pre-treatment with DHS and DHS-Cg on DNA repair kinetics after
radiation exposure (4 Gy) by monitoring the levels of DNA damage
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Fig. 3. Effect of pre-treatment with DHS or DHS-Cg (25 uM for 16 h) on the cell cycle distribution in CHO cells as estimated by PI staining and its modulation by mercaptosuccinic
acid (10 mM). (A) Representative figure showing distribution of cells in different phase of cell cycle (G1, S, and G2/M) at 96 h post irradiation (4 Gy) (B) Bar graph showing the
percentage (%) of cells in G1 and G2/M phases of cell cycle. Results are presented as mean + SEM, n = 3. *p < 0.05 as compared to respective control groups. *p < 0.05 compared to
radiation control groups, *p < 0.05 as compared to DHS or DHS-Cg plus radiation treated groups. CN - Control, IR — Radiation, MS - Mercaptosuccinic acid.

as a function of post irradiation time ranging from 0 to 60 min parameters such as % tail DNA, TM, TL and OTM which decreased
through alkaline single cell gel electrophoresis. As shown in Fig. 5, with time suggesting the normal DNA repair process of cells.
irradiation dose of 4 Gy led to a significant increase in the comet Interestingly, pre-treatment (25 pM for 16 h) with DHS and DHS-Cg
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Fig. 4. Protective effect of DHS or DHS-Cg pre-treatment (25 uM for 16 h) against radiation-induced DNA damage in CHO cells and its modulation by mercaptosuccinic acid (10 mM).
(A) Bar graph showing the number of radiation (2 Gy)-induced y-H2AX foci under different treatment conditions. (B) Representative fluorescent images showing y-H2AX foci
formed under different treatment conditions. The cells were labelled with primary anti-phospho-histone H2AX human monoclonal IgG antibody followed by secondary antibody
labelled with FITC. Magnification — 63X. (C) Bar graph showing counts of radiation (4 Gy)-induced micronuclei under different treatment conditions. Results are presented as
mean + SEM, n = 3. *p < 0.05 as compared to respective control groups, *p < 0.05 compared to radiation control groups, *p < 0.05 as compared to DHS/DHS-Cg plus radiation treated
groups. CN - Control, IR - Radiation, MS - Mercaptosuccinic acid.
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Fig. 5. (A) Effect of DHS or DHS-Cg pre-treatment (25 uM for 16 h) on DNA repair kinetics in CHO cells after radiation (4 Gy) exposure and its modulation by mercaptosuccinic acid
(10 mM). DNA repair was monitored by comet assay as a function of post irradiation time (0—60 min) (B) Representative fluorescent images of cells stained with SYBR-Green-II at
30 min post-irradiation. Results are presented as mean + SEM, n = 3. *p < 0.05 as compared to respective control groups. *p < 0.05 compared to radiation control groups, *p < 0.05
as compared to DHS/DHS-Cg plus radiation treated groups. CN - Control, IR — Radiation, MS - Mercaptosuccinic acid.

led to faster repair of DNA compared to radiation control. At 30 min,
there was a decrease in all four comet parameters (% DNA tail, TM,
TL and OTM) by 41%, 36%, 35% and 46% respectively in DHS and by
57%, 50%, 52% and 66% respectively in DHS-Cg pre-treated group
compared to radiation control. DHS-Cg appeared to be better than
DHS in augmenting the DNA repair after radiation exposure.
Blocking or inhibiting GPx through mercaptosuccinic acid reversed
the effects of DHS and DHS-Cg with respect to DNA repair (Fig. 5).
Groups treated with DHS or DHS-Cg and inhibitor showed comet
parameters comparable to sham control group.

Above results confirmed the role of DHS or DHS-Cg in DNA
repair through GPx induction which in turn may influence the cell
viability after radiation exposure. In order to validate this, CHO cells
pre-treated with DHS or DHS-Cg were incubated with NU-7026 (an
inhibitor of DNA-PK of non homologous end joining (NHE])
pathway) and mercaptosuccinic acid both separately or in combi-
nation, irradiated (4 Gy and 11 Gy) and analysed for cell viability by
clonogenic assay. It was evidenced that inhibitors of DNA-PK and
GPx individually led to partial abrogation of DHS or DHS-Cg
mediated radioprotective effect (Fig. 6A, Figs. S4A and S5A). How-
ever combinatorial inhibitions of DNA-PK and GPx showed com-
plete abrogation establishing that the radioprotective activity of
DHS and DHS-Cg was due to the GPx induction and DNA repair
(Fig. 6A, Figs. S4A and S5A). Further to know whether DHS or DHS-
Cs plays any role in homologous recombination (HR) repair
pathway, their effects on the mRNA expression of genes such as Rad
51 and GADD 45« were investigated by RT-PCR. The bar graph
showing relative expression of above genes under different

treatment conditions is given in Fig. 6B. It can be seen that irradi-
ation led to significant suppression of Rad 51 and GADD 45«
compared to sham control group. The compound DHS significantly
induced the expression of above genes both under irradiated as
well as un-irradiated conditions compared to respective controls.
As expected DHS-Cg showed similar trend however the effects were
more pronounced. Thus it suggests the possible role of DHS and
DHS-Cg in homologous recombination repair post radiation
exposure.

3.6. Effect of inhibition of CHK1 and CHK2 on the radioprotective
effect of DHS or DHS-Cs in CHO cells

Based on the above results, experiments were performed to
understand whether DHS and DHS-Cg modulates checkpoint kinase
(CHK1/2) involved in DNA repair to facilitate its radioprotective
activity. For this CHO cells treated with DHS or DHS-Cg were
incubated with inhibitors UCN-01 (CHK1)/PV 1019 (CHK2) and
mercaptosuccinic acid both separately or in combination, irradiated
(4 Gy and 11 Gy) and analysed for cell viability by clonogenic assay.
The results showed that the inhibition of CHK2 did not affect the
radioprotective effect of DHS or DHS-Cg (Fig. 7A, Figs. S4B and S5B).
Further combinatorial inhibitions of GPx and CHK2 showed the
same level of abrogation as that observed with only GPx inhibitor.
Together these observations indicated that treatment with DHS or
DHS-Cg did not influence CHK2. In contrast, inhibitors of CHK1 and
GPx together although showed abrogation of DHS or DHS-Cg-
mediated radioprotection, the response was not the additive of
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Fig. 6. (A) Effect of NU-7026 (10 pM), inhibitor of DNA-PK and mercaptosuccinic acid (10 mM) on the radioprotective activity of DHS or DHS-Cg in CHO cells against radiation dose of
11 Gy by clonogenic assay. (B) Effect of DHS or DHS-Cg pre-treatment (25 pM for 16 h) on the mRNA expressions of GADD45« and Rad 51in CHO cells at 72 h after exposure to y
-radiation (4 Gy) as estimated by real-time PCR. Plot represents the expression of above genes normalized with respective control groups. Expression of B-actin mRNA was used as
internal control. Results are presented as mean + SEM, n = 3. *p < 0.05 compared to control groups. *p < 0.05 compared to radiation control groups, *p < 0.05 compared to DHS or

DHS-Cg plus radiation treated groups,

individual inhibitor effect (Fig. 7B, Figs. S4C and S5C). Thus it ap-
pears that GPx level induced by DHS or DHS-Cg contributes to
radioprotection at least through CHK1-mediated cell cycle arrest
and DNA repair.

3.7. Effect of DHS or DHS-Cg treatment on radiation-induced
oxidative stress in CHO cells

Radiation is known to induce oxidative stress in cells through
ROS generation and subsequent depletion of GSH levels. Thus, we
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evaluated the effect of DHS and DHS-Cg on radiation-induced
changes in ROS and GSH/GSSG levels at 30 min and 6 h post irra-
diation respectively as given in Fig. 8 (A-C). It can be seen that pre-
treatment (25 uM for 16 h) with DHS and DHS-Cg significantly
reduced the ROS generation and increased the ratio of GSH and
GSSG in irradiated cells compared to radiation control. On similar
lines, DHS and DHS-Cg treatment itself led to an increase in the
expression of an antioxidant selenoprotein SelP-1 (Fig. 8D). Expo-
sure to radiation induced the expression of SelP-1 and pre-treat-
ment with DHS or DHS-Cg augmented this level. In all above
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Fig. 7. (A) Effect of PV1091 (400 nM), inhibitor of CHK2 and mercaptosuccinic acid (10 mM) on the radioprotective activity of DHS or DHS-Cg in CHO cells against radiation dose of
11 Gy by clonogenic assay. (B) Effect of UCN-01 (25 nM), inhibitor of CHK1 and mercaptosuccinic acid (10 mM) on the radioprotective activity of DHS or DHS-Cg in CHO cells against
radiation dose of 11 Gy by clonogenic assay. *p < 0.05 compared to control groups. #p < 0.05 compared to radiation treated groups, 5p < 0.05 compared to DHS/DHS-Cg plus radiation

treated groups,

®p < 0.05 compared to. DHS plus inhibitor plus radiation treated group. CN - Control, IR - Radiation, MS-Mercaptosuccinic acid.
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Fig. 8. (A) Effect of DHS or DHS-Cg pre-treatment (25 pM for 16 h) on intracellular ROS production at 30 min post irradiation (4 Gy) in CHO cells estimated using an oxidation
sensitive fluorophore DCFDA (. - 488 nm). (B) Representative images of DCFDA stained cells under different treatment conditions at 30 min post irradiation (4Gy). (C) Effect of DHS
and DHS-Cg pre-treatment on GSH/GSSG ratio at 6 h post y-irradiation of 4 Gy (D) Effect of DHS and DHS-Cg pre-treatment on mRNA expressions of Selp-1 in CHO cells at 6 h after
exposure to y-radiation (4 Gy) as estimated by real-time PCR. Plot represents the expression of above gene normalized with respective control group. Expression of f-actin mRNA
was used as internal control. Results are presented as mean + SEM, n = 3. *p < 0.05 compared to control groups, *p < 0.05 compared to radiation control groups. CN - Control, IR -

Radiation.

observations, DHS-Cg was found to be better than DHS in pre-
venting radiation-induced oxidative stress.

3.8. Effect of DHS or DHS-Cg pre-treatment on radiation-induced
apoptosis in splenic lymphocytes and CHO cells

Lymphocytes are the most radiosensitive cell types and are
known to undergo apoptosis after radiation exposure [45]. Thus
the effect of DHS or DHS-Cg pre-treatment on preventing the
radiation-induced apoptosis was evaluated in spleen lymphocytes
using PI assay. The results as presented in Fig. 9A and B indicated
that irradiation (4 Gy) led to significant increase in pre-G1 pop-
ulation indicative of apoptosis and pre-treatment (25 pM for 16 h)
with DHS or DHS-Cg did not protect lymphocytes from radiation-
induced apoptosis. The evaluation of other apoptotic markers
such as DNA ladder and mitochondrial membrane potential (us-
ing JC-1) showed similar result (Fig. 9C and D). Further we also
studied the effect of DHS or DHS-Cg treatment on the radiation-
induced apoptosis in CHO cells. For this CHO cells pre-treated
(25 uM for 16 h) with DHS or DHS-Cg were subjected to irradia-
tion at very high acute dose of 15 Gy and examined for pre-G1
population by PI assay. The results clearly indicated that irradi-
ation at 15 Gy led to significant increase in pre-G1 population
(Fig. S6). However, pre-treatment with DHS or DHS-Cs did not
reduce the apoptotic population (Fig. S6). Taken together, these
results suggested that DHS or DHS-Cg treatment did not protect
from radiation-induced early apoptosis irrespective of the cell
type.

4. Discussion

Having known that DHS, a water soluble organoselenium
compound, exhibited potential in vivo radioprotection, the present
study was focused to understand the mechanism of its action [29].
Additionally, we also investigated whether DHS-Cg, a pro-drug
previously reported to increase the cellular uptake of DHS could be
a better agent to achieve radioprotection [26]. To address these
issues, we employed CHO cells of epithelial origin. These cells have
been widely used in radiation-related research work and are well
characterized with respect to radiation response [44]. For example
CHO cells under irradiated condition show tendency to accumulate
DNA damage, which in turn leads to G2/M arrest and delayed
mitotic death [43,44]. The results from our experiments indicated
that pre-treatment with both DHS and DHS-Cg protected CHO cells
from radiation-induced mitotic death. The pro-drug DHS-Cg
showed better efficacy than DHS with a DMF value of 1.24. Since
DNA is the most critical target of radiation exposure to cells [4—6], it
was anticipated that radioprotective effect of DHS or DHS-Cg might
be related to its effect on DNA damage/repair and cell cycle arrest.
Analysis of these parameters revealed that DHS or DHS-Cg treat-
ment prior to radiation exposure augmented DNA repair leading to
inhibition of G2/M arrest and mitotic death.

Previously we had observed that in vivo radioprotective activity
of DHS was associated with its ability to cause tissue specific in-
duction of GPx at activity and mRNA levels [29]. Supporting this
observation, here in present study DHS treatment induced GPx
activity in CHO cells. Notably DHS-Cg showed only a marginal in-
crease in GPx activity compared to DHS. It is well documented in
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literature that GPx activity reaches saturation with the increasing
availability of selenium and this could be the reason for the above
observed effect [46,47]. Further, selenium compounds in general
are known to regulate the expression levels of selenoproteins
including GPx by modulating mRNA stability and activating tran-
scription factors such as Nrf2 and p53 [48—50]. The exact mecha-
nism through which DHS or DHS-Cg induces GPx activity is not
clear to us at this stage and this will be addressed in future studies.
Nevertheless above results prompted us to ask a question whether
GPx plays any role in DHS or DHS-Cg-mediated radioprotection. In
order to address this issue, we employed mercaptosuccinic acid
which is known to inhibit GPx through non-covalent interactions
and evaluated the radiation response of DHS or DHS-Cg in CHO cells
[51]. Importantly, treatment with mercaptosuccinic acid blocked
the DNA repair and radioprotective activity shown by DHS or DHS-
Cg. Thus it is confirmed that GPx indeed played a role in radio-
protective effect of DHS or DHS-Cg through modulating DNA repair.
Now GPx being a cytoplasmic enzyme is unlikely to play a role in
preventing the DNA damage induced mainly by the hydroxyl rad-
icals generated within the nucleus of a cell through ROS scavenging
mechanism [52,53]. Therefore, it was obvious to presume that GPx
level induced by DHS or DHS-Cg might be influencing DNA repair
machinery. Mammalian cells assess for any DNA damage induced
by radiation exposure through the checkpoints (such as G1/S and
G2/M) regulated by CHK1 and CHK2 and activate repair mecha-
nisms like NHEJ and HR to facilitate DNA repair [54—57]. If GPX has
to modulate DNA repair through these checkpoints or the repair
pathways their combinatorial inhibition is expected not to show
additive effect in reducing survival against radiation exposure. Our

results revealed that inhibitors of DNA-PK (NHE] pathway) and
CHK1 (HR pathway) when used in combination with GPx inhibitor
caused complete abrogation of the radioprotective effect of DHS
and DHS-Cg. However, the effect of above combinatorial inhibition
on survival fraction was less than additive, when these two proteins
(DNA-PK/CHK1 and GPx) were inhibited individually. Additionally,
treatment with DHS or DHS-Cg induced the expression of genes like
Gadd 45« and Rad 51 of HR pathway. Taken together, it appeared
that GPx level induced by DHS and DHS-Cg influenced DNA repair
by involving both NHE]J and HR pathways. These results are
consistent with growing evidences in literature suggesting the role
of GPx in DNA repair and maintaining the genome stability
[58—60].

In past, GPx has been evaluated for reducing the radiation-
induced cell killing employing cellular models. The results are
mostly incongruent: some suggesting that GPx is an important
factor in cellular radio sensitivity [61,62] while others indicating
that cells treated with sodium selenite or genetically engineered to
overexpress cytosolic GPx prior to radiation exposure did not show
any improvement in the survival [63,64]. In the present investiga-
tion, DHS and DHS-Cg treatment although showed similar elevation
in GPx level, resulted in varied extent of radioprotection in CHO
cells. This suggested that GPx may not be the only factor contrib-
uting to the radioprotective effect of DHS and DHS-Cg. Justifying
this assumption, DHS or DHS-Cg treatment showed lowering of
oxidative stress in irradiated CHO cells and DHS-Cg was more
effective than DHS in this respect. Previously DHS was reported to
scavenge ROS and therefore DHS-Cg through increasing the cellular
uptake may contribute to higher ROS scavenging [22,26]. Further
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DHS and DHS-Cg were also observed to up-regulate other antioxi-
dant selenoproteins like SelP-1 and TrxR which can be linked to
antioxidant effects [26,29]. Thus the abilities of DHS or DHS-Cg to
augment DNA repair and reduce the oxidative stress appeared to be
contributing towards radioprotective activity.

Having understood the radioprotective action of DHS and DHS-
Cg in CHO cells, it was important to evaluate the effect of these
compounds in radiosensitive cells like lymphocytes. Notably,
treatment with DHS and DHS-Cg did not protect lymphocytes from
radiation exposure. Lymphocytes undergo transient G1 arrest and
apoptosis after radiation exposure [36,45] suggesting the inability
of above compounds in preventing the radiation-induced early
apoptosis.

5. Conclusions

The present study gains significance in a view of the fact that
late-responding normal tissue cells involved in the radiotherapy
side effects undergo delayed mitotic death following radiation
exposure. Therefore DHS-Cg a lipophilic conjugate of DHS showing
potent protection against radiation-induced mitotic death can be a
model compound for in vivo evaluation as selenium based radio-
protector to reduce radiation toxicities in late-responding normal
cells during radiotherapy. The mechanistic investigation confirmed
the role of GPx in DHS-Cg-mediated radioprotection through taking
part in DNA repair.
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Alkyl chain modulated cytotoxicity and antioxidant
activity of bioinspired amphiphilic selenolanesf

Prachi Verma,®® Amit Kunwar,*? Kenta Arai, Michio lwaoka® and
K. Indira Priyadarsini®®

A series of amphiphilic conjugates of dihydroxy selenolane (DHS) and monoamine selenolane (MAS),
which we had previously reported to inhibit lipid peroxidation and assist the oxidative protein folding reac-
tion respectively in cell free systems, were evaluated for cytotoxicity, associated mechanisms and anti-
oxidant effects in cells. Our results indicated that a fatty acid/alkyl group of variable chain lengths (Cg_14)
as a lipophilic moiety of the DHS/MAS conjugates not only improved their ability to incorporate within the
plasma membrane of cells but also modulated their cytotoxicity. In the concentration range of 1-50 puM,
Ce conjugates were non-toxic whereas the long chain (>Cg) conjugates showed significant cytotoxicity.
The induction of toxicity investigated by the changes in membrane leakage, fluidity, mitochondrial mem-
brane potential and annexin-V—-propidium iodide (Pl) staining by using flow cytometry revealed plasma
membrane disintegration and subsequent induction of necrosis as the major mechanism. Further, the
conjugates of DHS and MAS also showed differential as well as nonlinear tendency in cytotoxicity with
respect to chain lengths and this effect was attributed to their self-aggregation properties. Compared
with the parent compounds, Cg conjugates not only exhibited better antioxidant activity in terms of the
induction of selenoproteins such as glutathione peroxidase 1 (GPx1), GPx4 and thioredoxin reductase
1 (TrxR1) but also protected cells from the AAPH induced oxidative stress. In conclusion, the present study
suggests the importance of hydrophilic-lipophilic balance (HLB) in fine tuning the toxicity and activity of

www.rsc.org/toxicology

Introduction

Design, synthesis and development of intracellular enzyme
mimics have been the major thrust area of research for bio-
chemists over the years and the latest among these are the
glutathione peroxidases (GPx 1, 4 and 7) and protein disulfide
isomerase (PDI) models."” GPx is an important antioxidant
enzyme, whose major function is to protect the cells from oxi-
dative stress.®> To date seven different isoforms of this enzyme
have been reported of which GPx1-4 and GPx6 are seleno-
enzymes, whereas GPx5 and GPx7 are sulfur containing
enzymes.> These isoforms also vary in their subcellular locali-
zation, tissue distribution, substrate specificity and apparent
biological function.** Among these, GPx1 is the major cytoso-
lic enzyme accounting for most of the cellular GPx activity,
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bioinspired amphiphilic antioxidants.

which catalyses the reduction of hydroperoxide.” GPx4 is
another cytosolic GPx isoform, which specifically neutralizes
the phospholipid hydroperoxides, the chain initiator of lipid
peroxidation process.® However, GPx7 is localized in the endo-
plasmic reticulum and cooperates with PDI in catalysing the
oxidative folding of newly synthesized polypeptide chains
using hydroperoxides as a cofactor.”” Considering the impor-
tant functions played by the above enzymes in physiological
protection against reactive oxygen species (ROS) and protein
folding, it is believed that imitating their functions by using a
synthetic molecule will be useful in developing drugs for both
antioxidant therapy and protein misfolding induced dis-
eases.”” Anticipating this, much effort has been made in the
past few decades on the design and synthesis of functionalized
organoselenium compounds to mimic GPx-like enzyme and to
assist the oxidative protein folding reaction.®™

Currently, our group is working on a similar research area
and has reported the synthesis of simple water-soluble cyclic
organoselenium compounds such as dihydroxy selenolane
(DHS) and monoamine selenolane (MAS).'°™** Both DHS and
MAS were shown to exhibit a wide range of biological activities
such as free radical scavenging, mimicking the function of
GPx1 and catalysing the oxidative protein folding reaction.'®™®
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Scheme 1 Chemical structures of DHS, MAS and their fatty acid/alkyl
conjugates.

Interestingly, a number of studies have indicated that conju-
gation of a drug molecule containing alcohol or amino func-
tional group with a fatty acid/alkyl group to yield an ester and/
or amide as a pro-drug can be used as a strategy to take advan-
tage of the metabolic enzymes (like esterase) involved in lipid
metabolism to increase the membrane affinity, uptake and
bioactivity of active principle or the drug."®”>" On similar lines,
it was hypothesised that incorporating lipophilicity into the
structures of DHS and MAS might allow them to localize in the
membranes and catalyse the reduction of lipid hydroperoxide
as a GPx4 mimic."””'® Additionally, such structural modu-
lations can increase their specificity towards the hydrophobic
domain of denatured proteins in catalysing oxidative folding
reactions like a PDI-GPx7 hybrid system of the cells."® Keeping
these considerations in view, attaching DHS or MAS to a lipo-
philic moiety such as fatty acids or alkyl groups of variable
chain lengths, hereafter referred as the conjugates of DHS or
MAS, appeared to be the right strategy to achieve this."*™?
Indeed employing cell free systems, we showed that these
conjugates of DHS and MAS could inhibit the accumulation
of lipid hydroperoxide and catalyse the folding of denatured
proteins respectively.'>'”'® Therefore, such conjugates were
projected as better antioxidants compared to the parent com-
pounds such as DHS and MAS."*'”'® In continuation to these
studies, herein DHS and MAS conjugates were evaluated for
cytotoxicity, associated mechanisms and antioxidant effects in
cells in order to explore them for future biological appli-
cations. The chemical structures of DHS, MAS and their conju-
gates used in the present study are presented in Scheme 1.

Materials and methods
Chemicals

The synthesis and characterisation of parent compounds (DHS
and MAS) and their conjugates of varying chain lengths (Ce_14)
were reported previously,"”"*"”'® except for MAS-C, conjugate,
which was synthesized from MAS and hexanoic acid by follow-
ing the similar scheme applied for the synthesis of other con-
jugates of MAS. Spectral data of MAS-Cs are provided as
Methods S1.f Butylated hydroxytoluene (BHT), 2,2-dinitro-
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phenyl hydrazine (DNPH), 1,6-diphenyl-1,3,5-hexatriene (DPH),
dimethyl sulfoxide (DMSO), glutathione (GSH), f-nicotinamide
adenine dinucleotide 2'-phosphate reduced tetrasodium salt
hydrate (NADPH), glutathione reductase, cumene hydroperox-
ide, guanidine hydrochloride, (4,5-dimethylthiazol-2yl)-2,5-
diphenyltetrazolium bromide (MTT), thiobarbituric acid (TBA),
trichloroacetic acid (TCA), diethyl pyrocarbonate (DEPC), 2,2
azobis (2-amidinopropane) dihydrochloride (AAPH), Cellytic M
reagent, Tri reagent, 10x SYBR green polymerase chain reac-
tion (PCR) mix, thioredoxin reductase (TrxR) assay kit, protease
inhibitor cocktail, and amplification grade DNase were pur-
chased from Sigma Chemical Company (St. Louis, MO, USA).
5,5',6,6"-Tetrachloro-1,1',3,3"-tetraethylbenzimidazolo-carbocya-
nine iodide (JC-1) was obtained from Molecular Probes, USA.
The lactate dehydrogenase (LDH) assay kit was obtained from
Roche, Switzerland. Dulbecco modified Eagle’s medium
(DMEM), fetal calf serum (FCS), penicillin and streptomycin
were purchased from Himedia, India. cDNA synthesis kit was
obtained from Thermo Scientific, USA. Annexin-V labeling
assay kit was purchased from Abcam, USA. The Bradford
protein assay kit was purchased from Bangalore Genei, India.
The gene specific primers for RT-PCR were custom synthesized
from local agents. All other chemicals with maximum available
purity were purchased from reputed local manufacturers/
suppliers.

Cell culture and treatment with selenium compounds

Chinese hamster ovary (CHO) and human breast carcinoma
(MCF?7) cells obtained from National Centre for Cell Sciences
(Pune, India) were cultured in DMEM medium supplemented
with 10% fetal calf serum, 100 pg ml™" streptomycin and 100
U ml™" penicillin and maintained at 37 °C under 5% CO, and
humidified air. The stock solutions of DHS and MAS were pre-
pared in DMEM culture medium and their conjugates in
DMSO and then added to the culture medium to obtain the
desired concentrations. The hydrolytic stability of the conju-
gates was confirmed by recording '"H NMR spectra of DHS-Cy4
(a representative molecule) in deuterated water as a function of
time (Fig. S1t). The concentration of DMSO was kept constant
within permissible limits of toxicity (0.25%). The cells treated
with selenium compounds were incubated under a humidified
atmosphere with 5% CO, for the desired time points prior to
assay.

Cytotoxicity assay

Cytotoxicity was estimated by a colorimetric MTT assay as
described previously.>* Briefly, cells (0.2, 0.5 and 1 x 10%) incu-
bated with increasing concentrations of selenium compounds
for 24, 48 and 72 h respectively in triplicates were treated with
MTT solution (0.5 mg mI~" in PBS) for 4 h at 37 °C. The forma-
zan metabolites formed from the reduction of MTT by the
living cells were solubilized using 10% SDS in 0.01 N HCI and
detected by measuring the absorbance at 550 nm. The percen-
tage (%) cytotoxicity was calculated from the decrease in absor-
bance of treated samples as compared to that of control cells.
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Cell death characterization

For quantifying the cell death types, cells (1 x 10> cells per ml)
treated with selenium compounds for 16 h were labeled using
an apoptosis assay kit (Abcam, USA) as per the manufacturer’s
instructions. The labeled cells were acquired on flow cytometer
and characterized using FlowJo® software into four groups:
healthy, dead due to loss of membrane integrity, apoptotic
and necrotic cells. The following staining criteria were adopted
for characterization: cells that did not stain for either Annexin-V
or Propidium Iodide (PI) as healthy, which stained only with
Annexin-V as apoptotic, both PI and Annexin-V as necrotic and
only PI as dead cells with ruptured plasma membrane.*

Mitochondrial membrane potential (MMP) assay

MMP was analyzed using an aggregate-forming lipophilic dye
JC-1 as described previously.?® In brief, cells (1 x 10*) treated
with selenium compounds for 2, 4 and 8 h in quadruplicates
were incubated with JC-1 (10 pg ml™, final concentration) for
20 min at 37 °C in the dark. Further, the cells were rinsed
twice with ice cold PBS and fluorescence emission at 535 and
610 nm was recorded after excitation at 485 and 565 nm
respectively using the multimode microplate reader (Synergy
H1, BioTek, USA). The representative images showing green
emission and red emission were captured using an Olympus
fluorescence microscope (Model no. CKX41, Japan) equipped
with ProgRes® camera.

Membrane leakage

Cells (1 x 10%) cultured in 96-well plates with selenium com-
pounds for 2, 4, 6 and 24 h in quadruplicates were assayed for
membrane leakage by determining the activity of LDH leaking
out of the cells into the culture medium, according to the
manufacturer’s instructions (LDH detection Kkit, Roche,
Switzerland).

Measurement of hemolysis

Blood was collected in heparinised tube by venipuncture from
healthy volunteers with strict adherence to the ethical guide-
lines laid down by the institutional ethics committee of
Bhabha Atomic Research Centre. The subject completed the
informed consent process prior to participation. The blood
samples were processed to obtain a hematocrit or RBCs sus-
pension of 5% in PBS as described previously,*’ stored at 4° C
and was used within 6 h. The effect of selenium compounds
on hemolysis was evaluated by mixing their varying concen-
trations with the 5% suspension of RBCs in PBS and incubat-
ing this reaction mixture at 37 °C with gentle shaking. The
aliquots from this reaction mixture were used in a time course
manner for a total time of 2.5 h to determine hemolysis by
measuring the absorbance at 540 nm. For reference, RBCs
were treated with distilled water and the absorbance of the
hemolysate at 540 nm was used as 100% hemolysis.

This journal is © The Royal Society of Chemistry 2015
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Measurement of membrane fluidity

Cell membrane fluidity was measured by estimating the
fluorescence anisotropy value of a lipophilic fluorophore,
DPH.>®?° The decrease in anisotropy is indicative of the loss of
membrane integrity and/or increase in membrane fluidity.**~"
In brief cells (5 x 10°) grown in a culture flask were labeled
with DPH at a final concentration of 1 pM at 37 °C for
30 min.*” Following this, selenium compounds were added to
the cells and cultured for 2 and 4 h in a humidified incubator
at 37 °C with 5% CO,. Upon incubation, cells were harvested
by scraping, washing twice with PBS, and then suspending
into 1 ml of PBS. Steady-state fluorescence anisotropy
measurements were performed on a Jasco FR-6300 spectro-
fluorometer equipped with excitation and emission polarizers.
The excitation and emission wavelengths were set at 365 and
430 nm, respectively.’> Fluorescence anisotropy (r) was calcu-
lated using eqn (1):

. hw—Ghu
" Iy + 2Gkyg

(1)

where Iy and Iy are the fluorescence intensities determined
at vertical and horizontal orientations of the emission polari-
zer, respectively, when the excitation polarizer is set in the ver-
tical position. The G factor, which compensates for differences
in detection efficiency for vertically and horizontally polarized
light, was calculated from the fluorescence intensity ratio of
vertical and horizontal emissions when the excitation polarizer
is set in the horizontal position (Iyv/Ii). The spectral band-
width of the excitation and emission monochromator was set
at 2.5 nm.

Estimation of selenium incorporation/uptake by cells

Cells (5 x 10°) in 5 ml of culture medium were treated with sele-
nium compounds (25 uM) for 1 h and/or 16 h, harvested by
scraping, washing three times with PBS, and suspending into
one ml of PBS (pH 7.4). The cell lysate was prepared by dis-
rupting cells five times using Branson Sonifier® (Branson
Ultrasonics, USA) at 20% amplitude for 2 seconds each.
Further the cell lysate was digested with concentrated nitric
acid which oxidises selenide (Se™?) to selenite ion Se™ and the
amount of selenium was estimated by graphite furnace atomic
absorption spectrometry (906AA with PAL 3000, GBC Scientific
Equipment, Australia) at 197 nm.** The total amount (mem-
brane + cellular) of selenium quantified from the cell lysate was
normalized with respect to the amount of selenium added to
the cells and expressed as percent (%) incorporation/uptake.

Monitoring interaction of DHS and MAS conjugates with cells

For this, cells (5 x 10°) in one ml of PBS were labeled with
DPH (1 pM, final concentration) as described in previous sec-
tions.>? In order to remove the unbound DPH molecules, the
cells were centrifuged at 2000 rpm for 5 min, washed twice
with PBS, and resuspended into 1 ml of PBS. To this long
chain (C,4) conjugates of DHS and MAS were added at desired
concentration and their interaction with the plasma mem-
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brane of the cells was monitored by following the changes in
the fluorescence emission intensity of DPH (4, = 430 nm) as
a function of time (0-45 min) on a Jasco FR-6300 spectrofluoro-
meter after excitation at 365nm. The spectral bandwidth of the
excitation and emission monochromator was similar to that of
anisotropy studies.

Measurement of aggregation properties

The aggregation properties of the conjugates of DHS and MAS
were studied using fluorescence enhancement®*?® of DPH.
The aqueous solutions of selenium compounds of varying con-
centrations were incubated with DPH (1 uM, final con-
centration) for 30 min at 37 °C. Following this, fluorescence
spectra of the above solutions were recorded. The fluorescence
enhancement was calculated as the ratio of the fluorescence
emission intensity of DPH at A, = 430 nm in the presence (If)
and absence (I,) of the selenium compounds. The spectral
bandwidth of the excitation and emission monochromator was
similar to that of anisotropy studies. It should also be noted
here that in the above system DPH molecules will be
exclusively excited at 365 nm, because selenium compounds
used in the study show negligible absorption at this
wavelength.

Measurement of GPx and TrxR activities in cells

Cells (5 x 10°) in DMEM were treated with selenium com-
pounds for 16 h in a humidified incubator at 37 °C with 5%
CO,, harvested by trypsinization, washed twice with PBS and
lysed in cellytic M® containing protease inhibitors cocktail.
The lysate was subjected to centrifugation at 10000g for
10 min and the supernatant obtained was estimated for TrxR
activity using a commercially available kit as per the manufac-
turer’s instructions and GPx activity was estimated according
to a method described previously.®® The protein content in the
cell lysate was determined using the Bradford protein assay kit
according to the manufacturer’s instructions and results are
presented as U mg ™" of protein.

Gene expression studies

Following treatment with selenium compounds for 16 h as in
the case of antioxidant enzyme studies, total RNA was isolated
from the cells (1 x 10°) using TRI reagent (Sigma Chemical
Company, St. Louis, MO, USA) according to the manufacturer’s
instructions. Four micrograms of total RNA was used for the
synthesis of cDNA by reverse transcription (cDNA synthesis kit,
Thermo Scientific, USA) and real-time PCR was carried out
using the template (cDNA), SYBR green master mix and gene
specific primers in a Rotor Gene 3000 (Corbett Life Science)
machine as described previously. The threshold cycle (CT)
values obtained from the above runs were used for calculating
the relative expression levels of genes as per the method
described previously.’” The expressions of genes were normal-
ized against a housekeeping gene, p-actin. The primers
(forward and reverse) used for cDNA amplification are shown
in Table 1.
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Table 1 List of RT-PCR primers used in the gene expression studies

Name of gene Primer sequence

p-actin 5-GGCTGTATTCCCCTCCATCG-3'
5-CCAGTTGGTAACAATGCCATGT-3'
GPx1 5-AGTCCACCGTGTATGCCTTCT-3'
5-GAGACGCGACATTCTCAATGA-3'
GPx4 5-TGTGCATCCCGCGATGATT-3’
5-CCCTGTACTTATCCAGGCAGA-3’
TrxR1 5-CCCACTTGCCCCAACTGTT-3’

5-GGGAGTGTCTTGGAGGGAC-3'

AAPH induced lipid peroxidation and protein carbonylation

Cells (5 x 10°) treated with selenium compounds for 16 h were
further incubated with AAPH (30 mM) for 6 h in a humidified
incubator at 37 °C with 5% CO, and the cell lysate was pre-
pared as described in the previous section. Lipid peroxidation
and protein carbonylation in the cell lysate were assayed
according to TBARS and DNPH methods as described pre-
viously.*® The amount of TBARS was calculated from a stan-
dard plot generated using 1,1,3,3-tetraethoxypropane and
expressed as nmol of TBARS per mg of protein. The amount of
protein carbonyls was calculated using the extinction coeffi-
cient of DNPH (370 = 22 000 M~ cm™") and expressed as nmol
carbonyls per mg of protein.

Statistical analysis

All the experiments were carried out in triplicate and repeated
at least two times. The results are presented as means + SEM,
n = 3 from an independent experiment. The data were analyzed
by one-way ANOVA using Origin (version 6.1) software to
confirm the variability of the data. The P values <0.05 were
considered as statistically significant.

Results

Effect of chain length on the cytotoxicity of DHS & MAS
conjugates

The cytotoxic effects of DHS, MAS and their conjugates (Ce_14)
in CHO cells evaluated using the MTT assay are shown in
Fig. 1. The results indicate that the parent compounds, DHS
and MAS in the concentration range (1-50 uM) did not exhibit
significant cytotoxicity even after 72 hours of their addition
into the cells. The shortest chain (Cs) conjugates of DHS and
MAS did not show cytotoxicity up to a treatment concentration
of 30 pM. Further increase in treatment concentration up to
50 pM showed a concentration and time dependent marginal
increase (~8-15%) in the cytotoxicity. Longer chain (>Ce) con-
jugates of DHS and MAS exhibited significantly higher cyto-
toxicity compared to the parent compounds or Cs conjugates
at all treatment concentrations and time points (Fig. 1). At an
identical treatment concentration, the cytotoxicity effects of
DHS conjugates followed the order C4 < Cg < C19 ~ Cy > Cyy,
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Fig. 1 Cytotoxic effects of DHS, MAS and their conjugates (Cg_14) in
CHO cells. Cytotoxicity was evaluated by the MTT assay at different time
points (24, 48 and 72 h) after the addition of the varying concentrations
(1-50 pM) of DHS, MAS and their conjugates (Cg_14). Cytotoxicity is
expressed as percentage of the control cells (DMSO, 0.25%). Results are
presented as mean + SEM, n = 3.

whereas for MAS conjugates it was seen as Cg < Cg < C19 ~ Cyp
~ Cy4 (Fig. S2A and S2Bf). The conjugates of intermediate
chain lengths (Cg 4, of DHS and Cg of MAS) exhibited a con-
centration (1-50 uM) and time (24-72 h) dependent increase
in cytotoxicity. However, the conjugates of longer chain
lengths (Cy,-14 of DHS and C;4_14 of MAS) showed a saturation
effect (Fig. 1). Between the DHS and MAS conjugates, the
former showed significantly lesser cytotoxicity than the latter
at each chain length, treatment concentration, when evaluated
up to 48 h time point (Fig. 1).

In continuation to this study, the cytotoxic effects of the
above compounds were also evaluated in a tumor cell type,
MCF7. As in the case of CHO cells, the parent compounds
DHS and MAS were not toxic to MCF7 cells in the concen-
tration range (1-50 uM) tested (Fig. S3t). However, the conju-
gates exhibited similar trends of cytotoxicity with respect to
the lipophilic chain lengths (Ce_14), treatment concentrations
(1-50 M) and time points (24-72 h) (Fig. S3). Additionally at
an identical treatment concentration, DHS conjugates exhibi-
ted comparable toxicity between the CHO and MCF7 cells,
whereas MAS conjugates showed marginally higher toxicity in
MCF7 cells compared to CHO cells (Fig. 1, S2 and S3t). In a
control experiment, treatment with the fatty acids of variable
chain lengths (C¢ to C,4) without any selenide moiety for
72 hours in the 1-50 pM concentration range did not induce
significant toxicity in either of the cell types (Fig. S47).

Further to characterize the nature of cell death induced by
the conjugates, CHO cells treated with the shortest (C) and
longest (Cy4) chain conjugates of DHS and MAS at an identical
concentration of 25 uM were subjected to Annexin-V-PI stain-
ing. The representative dot plots and bar graphs are shown in

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Characterization of cell death induced by the conjugates (Cg and
Cy4) of DHS and MAS by Annexin-V and PI staining in CHO cells. The
assay was performed at 16 h after addition of the conjugates (Cg and
Cy4) of DHS and MAS to CHO cells at a concentration of 25 pM. (A)
Representative dot plots showing distribution of cells under different
treatment conditions after flow cytometry acquisition. (B) Bar graph
showing percentage (%) live, apoptotic, necrotic and dead cells (mem-
brane disintegration) under different treatment conditions. Results are
presented as mean + SEM, n = 3. *p < 0.05 as compared to the DMSO
control group and #p < 0.05 as compared to the DHS-Cy, treated
group.

Fig. 2A and B respectively. The results indicated that the
parent compounds DHS and MAS and their Cq conjugates
neither induced apoptosis nor necrosis confirming the non-
toxic nature of these compounds. However, the C,4 conjugates
of DHS and MAS showed a significant decrease in the counts
of viable cells. The major mechanism of cell death was identi-
fied to be membrane disruption leading to necrosis as seen by
the significant increase in the number of AnnexinV~"*PI"* and
Annexin V™YPI™ cells in these groups (Fig. 2A and B). In line
with previous results, the number of viable cells was signifi-
cantly lower in the MAS-C,, treated group as compared to
DHS-Cy4 suggesting the higher toxicity of former than the
latter (Fig. 2A and B).

Since necrosis is also marked by the acute mitochondrial
depolarization, the MMP was estimated using a fluorescent
probe, JC-1 under similar experimental conditions and the
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Fig. 3 Effect of the treatment of 25 pM of the conjugates (Cg and Cy4)
of DHS and MAS on the mitochondrial membrane depolarization in CHO
cells. The mitochondrial membrane potential was determined by JC-1
staining in CHO cells: (A) Quantitative analysis of red and green fluor-
escence intensity ratio at 2, 4 and 8 h after addition of selenium com-
pounds to cells. (B) Representative photographs of red and green
fluorescence emission at 8 h after addition of selenium compounds to
cells. Results are presented as mean + SEM, n = 3. *p < 0.05 as com-
pared to the DMSO control group and #p < 0.05 as compared to the
DHS-Cy4 treated group.

results are shown in Fig. 3A and B. Treatment of cells with Cy,4
conjugates of DHS and MAS showed a much faster decrease in
MMP (estimated as the ratio of red and green fluorescence
emission of JC-1 at 535 and 610 nm respectively) as a function
of time compared to Cs conjugates or the parent compounds
(DHS and MAS) and vehicle (DMSO) control, suggesting acute
mitochondrial depolarization by C,; conjugates leading to
necrosis (Fig. 3A and B). Here also, MAS-C,, in comparison
with DHS-C;, was more effective in reducing the MMP in a
time dependent manner (Fig. 3A and B). For example at the
end of 8 h, the ratios of red and green fluorescence emission
intensity were observed to be 0.13 and 0.01 respectively for
cells treated with C,4 conjugates of DHS and MAS as compared
to 1.21 of control cells (Fig. 3A).
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Effect of chain length on membrane disruption/integrity by
DHS & MAS conjugates

The leakage of the intracellular enzyme LDH from cells is con-
sidered as a marker of membrane disruption/toxicity. Organo-
chalcogens are known to inhibit LDH,*® therefore it is
important to know the suitability of LDH assay to be used in
the present study. In order to address this, the effect of the
treatment with DHS or MAS on the activity of LDH, freshly iso-
lated from the cells, was evaluated. The results indicated that
neither DHS nor MAS affected the activity of LDH (Fig. S57).
Based on this, the effect of DHS, MAS and their conjugates on
the plasma membrane integrity was evaluated at an identical
treatment concentration of 25 pM by monitoring the leakage
of an intracellular enzyme LDH from cells to the culture
medium. The results are shown in Fig. 4A and B. It can be
seen from the figure that parent compounds DHS and MAS
did not induce much leakage of LDH from the cells. Treatment
with conjugates (C4_14) of DHS and MAS led to the time depen-
dent increase in the leakage of LDH from the cells compared
to the respective parent compounds, and this effect was sig-
nificant for conjugates with chain lengths longer than Cg
suggesting their ability to cause plasma membrane disruption
(Fig. 4A and B). DHS conjugates showed a biphasic response
with regard to the effect of chain length on LDH leakage at
each time point. For example, LDH leakage increased with
increasing chain lengths from Cg to Cj, saturated at C;, and
then decreased at C;,. In comparison, MAS conjugates exhibi-
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Fig. 4 Effect of the treatment of DHS, MAS and their conjugates (Cg_14)
on membrane integrity in CHO cells. (A) & (B) Membrane leakage
measured as % LDH release induced by the DHS and MAS series of com-
pounds (1-50 puM) respectively at 2, 4, 6 and 24 h after their addition to
the cells. *p < 0.05 as compared to the DHS or MAS treated group (C)
percent (%) hemolysis in human RBCs induced under different treatment
conditions for a total time of 2.5 h. (D) Plasma membrane fluidity
measured as the changes in the anisotropy value of a membrane bound
fluorophore, DPH at 2 and 4 h after addition of different selenium com-
pounds at 25 puM to the cells. lex = 365 NM, dem = 430 Nnm. Results are
presented as mean + SEM, n = 3. *p < 0.05 as compared to the DMSO
control group and #p < 0.05 as compared to DHS-Cy4.
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ted a chain length dependent increase in LDH release until
C;, and the saturation effect at C,,4 at each time point.

Among the DHS and MAS conjugates the former was less
effective in causing LDH leakage than the latter at each chain
length.

The effect of lipophilic chain length on plasma membrane
disruption was revalidated using RBC hemolysis as a model
system wherein treatments with 25 pM of parent compounds
(DHS and MAS) and their Cs conjugates did not cause hemo-
lysis as time progressed(0.5 to 2.5 h) (Fig. 4C). Whereas treat-
ments with longest conjugates (DHS-C;, and MAS-C,,) at
identical concentration showed a time dependent increase in
hemolysis and this effect was found to be significant for
MAS-C,, compared to DHS-C,, supporting our earlier obser-
vations of differential effects by these two compounds
(Fig. 4C).

Since plasma membrane disruption is marked by the
changes in its fluidity, this parameter was evaluated in CHO
cells as an anisotropy value of a fluorophore, DPH is known to
be localized in the plasma membrane.”*** The results shown
in Fig. 4D indicate that the control cells exhibited a maximum
anisotropy value of 0.17. Treatments with parent compounds
(DHS and MAS) at 25 pM did not affect the anisotropy value of
DPH even after 4 h of their addition to cells, suggesting that
these compounds did not cause change in fluidity of the
plasma membrane (Fig. 4D). Treatments with C¢ and C;4 con-
jugates of DHS and MAS at identical concentration showed a
time dependent decrease in anisotropy of DPH and this effect
was more prominent at longer chain lengths (Cy,). The an-
isotropy value of DPH in cells treated with DHS-C;;, and
MAS-C,, for 4 h was 0.13 and 0.09 respectively (Fig. 4D). These
results thus suggested that the conjugates of DHS and MAS
caused membrane disruption resulting in increase in mem-
brane fluidity.

Effect of chain length on the incorporation of DHS & MAS
conjugates within membranes

From the above studies, it was anticipated that the conjugation
of the lipophilic moiety of variable chain lengths (Ce_14) with
DHS and MAS might be affecting their ability to incorporate
within membranes and/or cells. In order to address this, the
incorporation of DHS, MAS and their conjugates within 1 h
after addition to cells (CHO) at a treatment concentration of
25 pM was estimated in terms of the selenium level. The bar
graph representing the percent loading under different treat-
ment conditions is shown in Fig. 5A. From the figure, it is
clear that the basal selenium level in control cells and those
treated with parent compounds such as DHS and MAS was
undetectable (<10 ng). Treatment with the conjugates of DHS
and MAS led to a significant increase in the percent of
selenium incorporated into the cells compared to that of the
amount present in the control cells (Fig. 5A). The MAS conju-
gates showed significantly higher loading compared to the
DHS conjugates at each chain length (Fig. 5A). The effect of
lipophilic chain length on the cellular incorporation of both
DHS and MAS conjugates was observed to be biphasic. For

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper
(A)
2
Sz
25
=g
>
£
58
5
$E 3 3
33 g 8
£ ' ¢
E] E
CN C=0 C=6 C=8 C=10 C=12 C=14
Chain length
B
B ol —omn g ©  pol—omn g
5min 5 mo S 2
10 A 10 min .
2700 b sm j ol _ 2700 15 min ;_:m
5 30 £ 2008 o 3 30 min S
< ‘2400 45 x: £ s < 2400 45 min é““"
2 2100 b Bt 2 2100 E-m‘- >
2 N2 H L
§ 1800 \ i iwunsnsaes £ 1800 \J M o
= =N Time (min) e \\_ )
= 1500 = 1500 \(\\\
1200{ /7 12004 J \
9004 / N 900 /

400 420 440 460 480 500 520
Wavelength (nm)

400 420 440 460 480 500 520
Wavelength, (nm)

Fig. 5 Studies on the affinity of DHS, MAS and their conjugates towards
plasma membrane in CHO cells. (A) Effect of alkyl chain length on the
incorporation/uptake of selenium into membranes/cells following treat-
ment with DHS, MAS and their conjugates (Cg_14) at 25 uM for an hour.
The amount of selenium in the cells was determined as described in the
materials and methods section and normalized with respect to the
treated amount of selenium. Results are presented as mean + SEM, n =
3. CN - untreated control cells. *p < 0.05 as compared to the DMSO
control group and #p < 0.05 as compared to the DHS conjugates at
each chain length. (B) & (C) Overlapped fluorescence spectra of CHO
cells stained with a membrane bound fluorophore, DPH recorded soon
after the addition of DHS-C;4 and MAS-C,4 respectively to the cell sus-
pension in a time course manner (0—-45 min). The excitation was per-
formed at 365 nm. Insets of (B) & (C) show the interaction/binding of
DHS-Cy4 and MAS-C,4 respectively with the plasma membrane moni-
tored in terms of the changes in the fluorescence emission (ley =
430 nm) intensity of DPH.

example the percent incorporation increased with increasing
chain length up to C;, and a further increase in chain length
to Cy4 led to the decrease in loading. The uptake studies per-
formed at an early time point (1 h) may be indicative of the
incorporation of conjugates mainly into the plasma membrane
of cells. Therefore, the above studies suggested that between
DHS and MAS conjugates the latter exhibited greater affinity
for cellular membranes and for each of these two series of
compounds, such affinity increased up to a length of Cj,.

In order to revalidate the above conclusion, the binding/
interaction of the longest C;, conjugates of DHS and MAS to
the plasma membrane of CHO cells was studied employing
DPH as a probe. The fluorescence of DPH is highly sensitive to
the changes in polarity of the membrane microenviron-
ment.”®?**?> Earlier it has been shown that time resolved
changes in the fluorescence intensity of DPH can be used as a
means to understand the binding of a hydrophobic drug to
the plasma membrane of cells.>® In the present study, addition
of DHS-C,4 to the cells at 25 pM did not cause much change in
the fluorescence intensity of DPH during the initial 30 min of
interaction but decreased at later time points (Fig. 5B).
Whereas treatment with MAS-C,, at identical concentration
led to a sharp increase in DPH fluorescence by 15 min and
then decreased in a time dependent manner (Fig. 5C).
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The binding of a lipophilic conjugate to plasma membrane
is expected to increase the hydrophobic environment around
the DPH molecules resulting in the increase in its fluorescence
intensity. However, membrane disruption by the conjugates
can cause a decrease in DPH fluorescence. Therefore, our
results confirmed that DHS-C,;, exhibited lesser affinity
towards cells membranes compared to MAS-Cy,.

Effect of chain length on the self-aggregation properties of
DHS and MAS conjugates

The self-aggregation behaviour of the conjugates (C¢ 44) Of
DHS and MAS was monitored by measuring the fluorescence
intensity (dem = 430 nm) of DPH as a function of their increas-
ing concentrations (2-50 pM) in aqueous solution. DPH shows
weak fluorescence in aqueous solution, however incorporation
of this molecule into micellar structure or the aggregates,
causes a significant increase in the fluorescence intensity.*>
The representative emission spectrum and fluorescence
enhancement ratio of DPH under different treatment con-
ditions are shown in Fig. 6A-D.

Our results indicated that the fluorescence intensity of DPH
did not change much as a function of concentration of DHS or
MAS conjugates up to a chain length of Cg and C,, respectively
(Fig. 6A-D). However, C;y_14 conjugates of DHS and C,,_14 con-
jugates of MAS exhibited a concentration and chain length
dependent increase in the fluorescence intensity of DPH
suggesting formation of aggregates by the long chain conju-
gates at higher concentrations (Fig. 6A-D). Between the longer
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Fig. 6 Aggregation studies of DHS, MAS and their conjugates (Cg_14)
using fluorescence enhancement of a lipophilic fluorophore DPH. (A) &
(B) Overlapped fluorescence spectra of DPH in aqueous solutions of the
increasing concentrations (2-50 pM) of DHS and MAS series of com-
pounds respectively containing 0.25% DMSO. (C) & (D) Enhancement in
the fluorescence intensity of DPH induced by DHS and MAS series of
compounds respectively. /¢ — Fluorescence intensity in the presence of
selenium compounds. I, — Fluorescence intensity in the absence of
selenium compounds. lex = 365 nNm, lem = 430 nm. Results are
presented as mean + SEM, n = 3.
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conjugates (>C;,) of DHS and MAS of identical chain length
and concentration, the former showed significantly higher
enhancement in the fluorescence emission of DPH compared
to the latter. For example at a concentration of 25 pM, the
longest chain conjugates, DHS-C;; and MAS-C;; showed
enhancement in the fluorescence intensity of DPH by ~20 and
~8 folds respectively (Fig. 6A-D). This confirmed that longer
chain (>C,) conjugates of DHS exhibited higher tendency of
forming aggregates compared to MAS conjugates of identical
chain length.

Effect of chain length on the antioxidant activity of DHS &
MAS conjugates in the cells

The nontoxic Cs conjugates of DHS and MAS screened from
the above experiments were further evaluated for antioxidant
effects in CHO cells in terms of their ability to modulate the
expression of important antioxidant selenoenzymes (such as
GPx1, GPx4 and TrxR1) and also to protect the cells from
AAPH induced oxidative damage like lipid peroxidation and
protein carbonylation. The results were compared with those
of the parent compounds (DHS and MAS). Since the incorpo-
ration/uptake of parent compounds into cells was undetectable
for a treatment time of 1 h, we increased the treatment time to
16 h and then estimated the uptake. The results indicated that
the uptake of DHS and MAS increased only in nanograms,
which corresponded to 0.15 + 0.01% and 0.23 + 0.01% respect-
ively. The uptake of Cs conjugates of DHS and MAS at 16 h was
higher in comparison with parent compounds and showed a
saturation effect with respect to early detection (1 h). Further-
more, the results on the antioxidant activities as shown in
Fig. 7A revealed that treatments with DHS and MAS at a con-
centration of 25 uM led to a moderate increase in TrxR activity
but a significant increase in GPx activity. The compound MAS
was more effective than DHS in inducing the GPx activity. In
agreement with the above results, DHS and MAS showed sig-
nificantly higher induction in the expressions of GPx isoforms
(GPx1 and GPx4) than TrxR1 at the mRNA level (Fig. 7B).
Whereas the expression of GPx1 was higher in MAS treated
cells, another important isoform GPx4 was induced more with
DHS (Fig. 7B). The Cs conjugates of DHS and MAS showed
even higher induction in the expressions of GPx and TrxR both
at mRNA and activity levels compared to their respective
parent compounds (Fig. 7A and B). Further, pretreatment of
cells with DHS or MAS caused significant reduction in the
levels of malondialdehyde in cells exposed to AAPH indicating
their ability to protect from the lipid peroxidation (Fig. 7C).
The C, conjugates of DHS and MAS showed an increase in the
protection of cells from AAPH induced lipid peroxidation and
protein carbonylation compared to the respective parent com-
pounds (Fig. 7C). With regard to the antioxidant enzymes, the
exposure of cells to AAPH did not affect the activity of GPx, but
led to a significant increase in the activity of TrxR (Fig. 7D).
The pretreatment with DHS or MAS did not show much
change in the activities of GPx and TrxR compared to the
AAPH group (Fig. 7D). On contrary pretreatment with Ce conju-
gates of DHS and MAS showed significantly elevated GPx
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Fig. 7 Antioxidant effects of 25 uM of DHS, MAS and their C¢ conju-
gates in CHO cells. (A) Modulation in the activities of GPx and TrxR at
16 h after addition of the compounds. (B) Modulation in the expression
of genes such as GPx1, GPx4, and TrxR1 at 16 h after addition of the
compounds. The expressions of above genes in different treatment
groups were normalized against the control group and the relative
expression changes have been plotted. Actin expression was used as
internal control for all the genes. (C) Protective effect of the pretreat-
ment with compounds against the AAPH (30 mM) induced lipid peroxi-
dation and protein carbonylation estimated at 6 h post exposure by
TBARS and DNPH assays respectively. (D) Effect of the pretreatment
with compounds on activities of GPx and TrxR at 6 h post exposure of
AAPH (30 mM). Results are presented as means + SEM, n = 3. *p < 0.05
as compared to the control group, #p < 0.05 as compared to respective
parent compounds DHS and/or MAS, $ p < 0.05 as compared to the
AAPH alone group.

activity and no change in TrxR activity compared to the AAPH
group (Fig. 7D). Taken together, these results suggested that
Ce conjugates are better than the parent compounds in exhi-
biting antioxidant effects in the cell.

Discussion

With an aim of designing new selenium based antioxidants we
had earlier established that combining the fatty acid/alkyl
group as a lipophilic unit with the redox active hydrophilic
selenide moiety such as DHS and MAS is an effective
approach.”'”*® For example, the amphiphilic fatty acid conju-
gates of DHS were shown to inhibit the lipid peroxidation in
the liposomal model system through the GPx4 like catalytic
mechanism involving 2e~ reduction, whereas the N-alkylated
conjugates of MAS catalysed the oxidative folding of
misfolded/denatured proteins like a PDI-GPx7 hybrid
model.">'”'® These different activities of the conjugates of
DHS and MAS were also reported to be dependent on the
chain length of the lipophilic moiety. Since the lipophilicity of
a compound is often associated with biological functions as
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well as the toxicity,’®™*? the first parameter that is necessary to
be evaluated prior to biological application of the conjugates
of DHS and MAS as GPx4 and PDI-GPx7 mimics respectively is
their toxicity to the cells.

In order to address this, in the present study, we used two
different cell lines CHO and MCF?7 representing the normal
model and tumor cell type respectively for the cytotoxicity
evaluation.*®™** Our results indicated that neither the parent
compounds (DHS and MAS) nor the free fatty acids (C¢ to Cq4)
in the concentration range of 1-50 pM were toxic to CHO and
MCF?7 cells. However, the conjugates (>Cg) of DHS and MAS in
a similar concentration range were significantly toxic to both
the cell types. This prompted us to believe that the amphi-
pathic character resulting from the combination of a hydro-
philic head as selenide and lipophilic tail as a fatty acid/alkyl
group makes the conjugates membrane active, which finally
dictates the cytotoxicity.*"**~*® Interestingly, the fatty acid con-
jugates of similar chain length containing oxygen in place of
selenium in the ring structure (furan fatty acids) have been
reported to be antioxidants and non-toxic to cells, confirming
that the observed cytotoxicity is indeed due to the selenium
moiety.*>*® Further, a recent report indicated that the polarity
of the hydrophilic head group affects the surface properties
of the amphipathic surfactants.”® Taken together, it can be
inferred that selenium by influencing the polarity of the hydro-
philic head might be controlling the surface properties and in
turn the cytotoxicity of DHS and MAS conjugates. As expected
the affinity of the conjugates of DHS and MAS for the plasma
membrane was evidenced in terms of their ability to enhance
the incorporation of selenium in the membranes per cell
within 1 h of the treatment. The nature of cell death induced
by the conjugates of DHS and MAS was identified to be necro-
sis as supported by the increase in the number of
PI™"AnnxinV*™*® stained cells through flow cytometry.”® The
plausible mechanisms of cytotoxicity could be the vertical
insertion of the conjugates of DHS and MAS into plasma mem-
brane with their selenide and fatty acid/alkyl chain groups
facing towards the polar head and hydrophobic tail of lipid
bilayer respectively.*>*® Since the lipophilic chains in conju-
gates are saturated, it may further allow them to pack together
with the hydrophobic tails of the lipids in membrane through
hydrophobic interactions to form microcluster or aggre-
gates."®*®* Such aggregates can finally cause local disturb-
ance in the dynamics and packing order of lipids and proteins
in the membrane resulting in disintegration or pore formation
followed by leakage of intracellular constituents, acute depolar-
isation of mitochondria (the power house of cell) and
necrosis.””*®>>* supporting this hypothesis, the conjugates
of DHS and MAS were observed to cause an increase in the
fluidity (as a drop in anisotropy value of DPH) of plasma mem-
brane, leakage of intracellular proteins like LDH in CHO cells
and haemoglobin in RBCs and finally membrane disinte-
gration (PI' cells). These findings are also in agreement with
the previous studies wherein similar mechanism of membrane
disintegration and subsequent cytotoxicity has been proposed
for surface active amphipathic drugs like N-alkylated imino
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sugars and antimicrobial peptides such as magainin and
cecropins.**748

Further, MAS conjugates exhibited significantly higher toxi-
city than DHS conjugates at each chain length. Additionally,
the effect of chain length (C4_14) on the cytotoxic effect of the
conjugates of DHS and MAS were observed to be nonlinear,
where the maximum toxicity was seen at Cy,. It is well known
that the plasma membranes of the mammalian cells are nega-
tively charged.® Since the conjugates of MAS and DHS are cat-
ionic and neutral in nature respectively, the insertion of the
former into the plasma membranes is expected to be higher
compared to the latter and thus accounting for their differen-
tial toxicity. This is in concurrence with previous reports
wherein cationic surface active drugs have been shown to be
more toxic than the neutral ones.*®>® Moreover, the mem-
branes of transformed (tumor) cells have been shown to be
more negatively charged than that of normal cells®® and that is
why we observed MAS conjugates but not the DHS conjugates
exhibiting higher toxicity in MCF7 compared to CHO cells. In
addition to the charge differences, DHS and MAS conjugates
being amphiphilic in nature may also differ in their surface
properties contributing to their differential cytotoxicity.*”*® In
line with this, our results on fluorescence enhancement of
DPH indicated that the long chain (>C;,) conjugates of DHS
and MAS formed aggregates as a function of concentration
and this effect was prominent in the case of the DHS conju-
gates. Such differences can be justified by the explanation that
the aggregation of MAS conjugates being cationic in nature
would be less favorable due to repulsive forces. Since DHS con-
jugates showed higher aggregation behavior, it can be under-
stood that due to this supramolecular formation there would
be lesser availability of free molecules to interact with the cell
membrane causing lesser cytotoxicity.’® This was indeed sup-
ported by the fact that in all our studies, the C,4 conjugates of
DHS and MAS exhibited most notable differences in terms of
cellular effects (such as cytotoxicity, membrane disruption,
incorporation). Further, the nonlinear relationship observed
between the cytotoxicity and chain length (C¢_44) of the lipo-
philic moiety of DHS and MAS conjugates could also be attri-
buted to their self-aggregation properties.*® It is important to
note here that the conjugates of DHS and MAS in the concen-
tration range of 1-50 uM did not exhibit the point of inflection
(concentration of the compound at which a dramatic increase
in DPH fluorescence occurred) suggesting that concentrations
at which these compounds evoked significant toxicity were
much lower than their critical micelle concentrations
(CMCs).**?>*! This is in agreement with our observation on
the mechanism of cell death induced by these compounds
through necrosis as amphiphilic compounds at concentrations
higher than the CMC cause solubilization of cellular lipids
and proteins instead of membrane disintegration.*

The results of the present study and those of our previous
studies are in agreement that increasing the lipophilicity of
DHS and MAS through long chain alkylation increased their
affinity for the membrane beyond any doubt.”®'”'® In these
studies, increased membrane affinity was attributed to be
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reason for the ability of the conjugates of DHS and MAS to
mimic the functionality of GPx4 and PDI-GPx7 respectively in a
cell free system.""”'® However, the same very reason of mem-
brane affinity became the cause of toxicity and thus a major
concern in the biological applications of long chain conjugates
of DHS and MAS. Taken together, the cytotoxic effects of DHS
and MAS conjugates appear to be independent of their abili-
ties to act as GPx4 and PDI-GPx7 mimics in cell free systems.
It is also important to note here that the toxicity of DHS, MAS
and their C¢ conjugate is extremely low when compared to
other known organochalcogens,”” making them suitable proto-
types for new drug design.

At this stage it was felt necessary to evaluate the antioxidant
effect of parent compounds and the nontoxic Cs conjugates in
normal CHO cells. We restricted our study to the estimation of
the levels of selenoproteins exhibiting antioxidant activities in
the cells such as GPx1, GPx4 and TrxR1. Like the above GPx
isoforms, TrxR1 is also an important cytosolic selenoenzyme
that is required to maintain thioredoxin (endogenous antioxi-
dant) in the reduced state.’® In this study parent compounds
DHS and MAS significantly induced the expressions of all the
above antioxidant selenoenzymes both at mRNA and activity
levels and also provided protection against AAPH induced
lipid peroxidation.?”*® Interestingly, the Cq conjugates of DHS
and MAS were even better than the respective parent com-
pounds in imparting the above activities confirming the role
of HLB in improving the antioxidant activity. The mechanisms
by which DHS and MAS led to the induction of selenoproteins
remain to be understood. Interestingly, the antioxidant genes
like GPx1, GPx4 and TrxR1 are the transcriptional targets of a
redox sensitive transcription factor, Nrf2 (nuclear factor-E2-
related factor 2), which has been shown to be induced by organo-
chalcogens including ebselen and diphenyl diselenide.>*™**
Therefore similar mechanisms may also account for the anti-
oxidant activity of DHS, MAS and their Cs conjugates in cells.
It is also worth mentioning here that DHS-Cs was less active
than MAS-Cg in inducing the selenoenzymes and in protecting
from AAPH mediated oxidative stress. The reason for this
could be the probable cleavage of DHS-Cs (which contains an
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ester linkage) into the parent compound by the esterase
present in the plasma membrane of the cells. In the absence
of any evidence for this cleavage, we can conclude based on
the fact that DHS-C¢ could significantly increase the incorpo-
ration of selenium into the membranes per cell justifies its
application as a pro-drug.”®>' In contrast MAS-Cs, which
contains an amide linkage may be a model compound for
fine-tuning the toxicity and other biological application. The
observed cellular effects of the conjugates of DHS and MAS are
summarized in Scheme 2.

Conclusions

In conclusion the amphiphilic conjugates of DHS and MAS
mimicked surface active compounds in causing cytotoxicity
through membrane disintegration and necrosis. Conjugating a
fatty acid/alky group as a lipophilic unit with a hydrophilic
antioxidant moiety has been an effective approach to enhance
the antioxidant activities. However, HLB is the important con-
sideration in converting a nontoxic compound to a toxic one.
Among DHS and MAS conjugates of varying chain lengths, Cg
conjugates appear to be the appropriate bioinspired prototypes
of selenium antioxidants.
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Dihydroxyselenolane (DHS), a simple water-soluble organoselenium compound, was evaluated for radio-
protection in BALB/c mice after whole-body irradiation (WBI) (8 Gy 6°Co, 1 Gy/min), by monitoring 30-d
post-irradiation survival and biochemical/histological changes in radiosensitive organs. Intraperitoneal
administration of DHS at 2 mg/kg for five consecutive days before irradiation and three times per week
during the post-irradiation period showed maximum benefit (40% improvement in 30 d post-irradiation
survival). DHS treatment, despite inducing expression of glutathione peroxidases (GPx1, GPx2, and GPx4)

g‘iaﬁ;v(;)rrg;;selenolane in spleen and intestine, did not protect against radiation-induced acute (10-day) haematopoietic and gas-
Radioprotector trointestinal toxicities. DHS treatment significantly reduced radiation-induced DNA damage in peripheral

leukocytes and inflammatory responses in intestine, lung, and circulation. The anti-inflammatory effect
of DHS was associated with reductions in lipid peroxidation, expression of pro-inflammatory genes such
as Icam-1, Ccl-2, and iNos-2, and subsequent infiltration of inflammatory cells. Irradiated mice treated
with DHS survived until day 30 post-irradiation and showed restoration of spleen cellularity and intesti-
nal villi, but had moderately increased systemic and tissue-specific inflammatory responses. Another
organoselenium compound, selenomethionine, evaluated in parallel with DHS at the same dose and
treatment schedule, showed comparable radioprotective effects. The mechanism of radioprotection by
DHS is mainly via suppression of inflammatory responses.

Glutathione peroxidase
Inflammation
Selenomethionine

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The application of ionizing radiation in industry, defense,
medicine, and agriculture presents the risk of unwanted expo-
sure [1,2] leading to mutations, cell death, and acute syndromes
involving the hematopoietic and gastrointestinal systems [3-7].
Radioprotectors are agents that can provide a survival advan-
tage against high-dose acute radiation injury, in cases of radiation
emergency and also to protect normal cells during cancer radio-
therapy. The search for an ideal radioprotector started soon after
World War II. However, the only compound available for clini-
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cal use is amifostine, a sulfhydryl agent discovered by screening
almost 4000 sulphur compounds [8-10]. Amifostine is approved
for treatment of mucositis and xerostomia in head-and-neck can-
cer patients undergoing radiotherapy but not for use in cases of
radiation emergency [10,11]. Furthermore, amifostine can cause
behavioural toxicity and other side effects, including nausea and
vomiting. Therefore, development of new radioprotectors is desir-
able [8-11].

Considering the similarities in the properties of sulphur and
selenium, it was anticipated that selenium compounds act as radio-
protectors [12]. Selenium is a micronutrient and a constituent
of important antioxidant enzymes, including glutathione perox-
idase (GPx), thioredoxin reductase (TrxR), and selenoprotein P
(SelP) [13-16]. Several selenium compounds (organic and inor-
ganic) have been evaluated [17-21] and induction of GPx has
been considered to be the mechanism of action of such com-
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Scheme 1. Chemical structures of dihydroxy selenolane and selenomethionine.

pounds. We have been screening organoselenium compounds for
in vivo radioprotective activity [22-26] and have initiated studies
on a simple water-soluble organoselenium compound, dihydrox-
yselenolane (DHS) [27]. DHS exhibits a wide range of biological
activities, such as free radical scavenging, mimicking the function
of GPx, and catalysing the oxidative folding of misfolded and/or
denatured proteins [27-29]. DHS induces GPx and accelerates the
healing of indomethacin-induced stomach ulceration in mice, by
modulating arginine metabolism and anti-inflammatory pathways
[30-32]. Encouraged by these results, in the present study, DHS
has been evaluated for radioprotection in a mouse model, by mon-
itoring the improvement in 30-d post-irradiation survival and
biochemical, histological, and inflammatory changes in radiosen-
sitive organs, such as spleen, intestine and lung, after whole-body
irradiation (WBI) at a lethal absorbed dose of 8 Gy. We also studied
the effect of DHS administration on radiation-induced DNA damage
in peripheral leukocytes and on tissue-specific expression of GPx
and pro-inflammatory genes such as Icam-1, CCI-2, and iNOS-2. The
radioprotective effect of DHS was compared with selenomethio-
nine (SeM), a dietary selenium supplement (18,33). The chemical
structures of DHS and SeM are presented in Scheme 1.

2. Materials and methods
2.1. Chemicals

DHS was synthesized and purified as reported previously [30].
Diethyl pyrocarbonate (DEPC), SeM, SYBR Green-II dye, Trizol
reagent, cell lytic M, dimethyl sulfoxide (DMSO), glutathione
(GSH), NADPH, glutathione reductase, cumene hydroperoxide,
NaCl, KH,PO4, K;HPO4, formaldehyde, triton X-100, phenyl-
methylsulphonyl fluoride (PMSF), protease inhibitor cocktail (1X),
high- and low-melting-point agarose, thiobarbituric acid (TBA),
butylated hydroxyl toluene (BHT), trichloroacetic acid (TCA),
ethylenediaminetetraacetic acid (EDTA), and amplification grade
DNase (Sigma Chemical Co., St. Louis, MO, USA) were purchased
from local suppliers. SYBR green polymerase chain reaction (PCR)
mix (2X) from Roche (Indianapolis, IN, USA) and cDNA synthesis kit
from Thermo Scientific, (Waltham, MA, USA) were also purchased
from local suppliers. Culture medium (RPMI-1640), fetal calf serum,
and tris base were purchased from Himedia, India. Cytokine ELISA
kits were obtained from Abcam (Cambridge, MA, USA) through the
local supplier. Gene-specific primers were custom synthesized by
local suppliers. The protein estimation kit was purchased from M/s
Bangalore Genei, India. All other chemicals, of highest purity, were
procured from local manufacturers/suppliers.

2.2. Animals

Male BALB/c mice (7-8 weeks old, 20-25 g) were maintained
under standard conditions (2042 °C, 65-70% humidity, 12h/12h
day/night cycle, balanced laboratory diet, and tap water ad libi-
tum)in the animal house facility of Bhabha Atomic Research Centre,
Mumbai. The experiments were conducted according to the guide-
lines of the Institutional Animal Ethics Committee.

2.3. Experimental design and WBI

DHS and SeM solutions were prepared in sterile phosphate-
buffered saline (PBS) immediately before the experiment. DHS dose
was selected based on previous studies [31,32]. Mice were ran-
domized into four groups: sham control, drug control, radiation
control, and drug+radiation. The irradiated groups received PBS
(control) or drug (DHS or SeM) intraperitoneally (i.p.) for five con-
secutive days prior to irradiation, and dosing was continued during
the post-irradiation period, three times weekly until the end of
the experiment. The sham and drug control mice were not irra-
diated and received treatment either with PBS or drug (DHS or
SeM), similar to the irradiated groups, until they were sacrificed
at the desired time point (day 30 post-irradiation). For irradiation,
mice were placed in ventilated perspex containers and subjected
to WBI, absorbed dose 8 Gy, using a 60Co Bhabhatron -y-source
(Department of Atomic Energy, India) at dose rate 1 Gy/min and
source-to-sample distance = 60 cm. After irradiation, the mice were
housed under normal laboratory conditions and monitored daily
for 30 d by recording body weights on regular interval and mortality
(if any). Kaplan-Meier survival curves were drawn using Graph-
Pad Prism® (version 3.2). For mechanistic study, irradiated mice
were housed under normal laboratory conditions and euthanized
by cervical dislocation 10 or 30 d post- irradiation; only the drug-
treated mice survived to 30 d. In order to study survival or 30-d
post-irradiation parameters, ten mice per group were analysed;
for the early data point (10 d), five mice per group were analysed.
Results are presented as mean & SEM (n=3-5).

2.4. Bronchoalveolar lavage fluid (BALF) and serum analysis

Prior to sacrifice, mice were paralysed with an overdose of
chloroform, a tracheotomy was performed, and a cannula was
inserted and tied. The lungs were infused with 1 ml PBS, and then
the infusate was aspirated back, collected into a sterile eppendorf
tube and centrifuged at 400 x g for 5min at 4°C. Cell-free super-
natant or BALF was used for protein concentration determination
using a protein assay kit (Bangalore Genie, India). The cell pellet
was resuspended in 0.25 ml PBS, total cell numbers were counted
using a haemocytometer, and cytospins were prepared (5 x 10%
cells/slide). Following BALF collection, blood was collected in the
centrifuge vials by intracardic puncture, incubated at 4 °C overnight
and centrifuged at 1,000 x g for 5min to furnish serum as super-
natant. The serum was stored at —20 °C until analysed for cytokines
using ELISA kits according to manufacturer’s instruction.

2.5. Estimation of hematopoietic parameters

The spleen was removed immediately after sacrificing ani-
mal and the spleen parameters like index (spleen weight/body
weight), cellularity and colony forming units (CFU) were deter-
mined as described previously [23,34]. The splenocytes (5 x 106)
were homogenized in 1 ml Trizol reagent using a tissue disrup-
tor (Qiagen, Germany) and stored at —70°C until used for mRNA
expression analysis by quantitative real-time PCR. Similarly spleno-
cytes (10 x 10%) were lysed in 10 mM tris buffer, pH 7.4, containing
0.5% Triton X-100, 5mM BHT and 100 wM PMSF and 100 pg of
protein equivalent was for determination of GPx activity. The
hematocount in each group was performed by an auto analyzer
using peripheral blood (50 1), collected in heparinised tubes from
the mice tails.

2.6. Estimation of intestinal and lung toxicity parameters

Upon euthanasia, a portion of jejunum and right lung was
excised, washed thrice with ice cold PBS, fixed in 10% buffered for-
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malin, dehydrated by passing through a graded series of alcohol,
embedded into paraffin blocks, and sections of 5 um thickness were
cut. The tissue sections stained with hematoxylin and eosin and
imaged using an inverted microscope (Olympus CKX41)attached to
ProgRes® digital camera. Lung inflammatory response was scored
on a scale of 0-6; 0 being clear lung and 6 being extremely inflamed
(characterized by excessive thickening of the alveolar walls with
cellular infiltrate and exudates present in the alveolar space of the
entire lung section) [35]. Another small portion of the jejunum
and the left lung was homogenized in 1 ml Trizol reagent using
a tissue disruptor and stored at —70 °C until used for gene expres-
sion assessment by quantitative real-time PCR. The remainder of
jejunum and left lung tissue perfused thrice each with 1 ml cold PBS
to wash out any trapped blood volume and edema fluid, homoge-
nized (10% weight/volume) in 10 mM tris buffer, pH 7.4, containing
0.5% Triton X-100, 5mM BHT and 100 M PMSF using a tissue
disruptor, centrifuged at 10,000 x g for 5 min and the supernatant
(tissue extract) was used for the estimation of lipid peroxidation
as thiobarbituric acid reactive substances (TBARS) and GPx activity
analysis [30,36]. The protein content in the tissue homogenate was
estimated using protein assay kit (Bangalore Genei, India).

2.7. BALF cellular analysis

The cytospins were stained with hematoxylin and eosin and
viewed under Olympus fluorescence microscope CKX41, Japan
attached to ProgRes® digital camera and differential cell counts
were reported as the percentage of 500 cells counted from one
cytospin per mouse [25].

2.8. Gene expression studies

Trizol homogenates were processed to isoate the mRNA accord-
ing to manufacturer’s instruction. About 2 g total RNA was reverse
transcribed using cDNA synthesis kit (Thermo Scientific, USA). The
real time PCR was carried out in a 10 ul reaction mixture con-
taining 5wl 2X SYBR green PCR master mix, 1l forward and
reverse primer and 4 pl diluted (10 x) cDNA, using the Rotor Gene Q
(Qiagen, Germany) machine. The amplification steps were: denat-
uration at 95 °C for 5 min; denaturation at 95 °C for 15 s; annealing
at 58°C for 15s; extension at 72 °C for 20s; and melt curve analy-
sis. Steps 2-4 were repeated for 35 cycles. The relative expression
levels of genes was calculated using the threshold cycle (CT) values
obtained from above runs as per the method described previously
[37]. The expressions of genes were normalized against the house-
keeping gene [3-actin. The sequences of the primers (forward and
reverse) used for cDNA amplification are included in Table 1.

2.9. Estimation of hepatic parameters

Upon euthanasia hepatic tissue perfused with cold PBS, a
portion homogenized in Trizol reagent using a tissue ruptor (Qia-
gen, Germany) and gene expression analysis was performed as
described in previous section. The remainder of hepatic tissue was
fixed in to 10% buffered formalin and used for histopathology as
described previously.

2.10. Alkaline single cell gel electrophoresis

Mice were randomized, grouped (n=>5) as described in the pre-
vious section, administered with PBS or drugs (DHS or SeM) and
irradiated at 5 Gy (°°Co, 1 Gy/min). The blood samples were taken
from the tail vein 15 and 60 min post-irradiation and processed
for the alkaline single-cell gel electrophoresis (comet) assay, as
described previously [38]. Two microscope slides were prepared
from each mouse and fifty images were grabbed per slide using a

Table 1
List of primers used in gene expression analysis by RT-PCR is presented.

Name of gene  Primer sequence Gene Bank Accession No.

PBActin GGCTGTATTCCCCTCCATCG NM_007393
CCAGTTGGTAACAATGCCATGT

Icam GTGATGCTCAGGTATCCATCCA NM_010493

1 CACAGTTCTCAAAGCACAGCG

Ccl2 TAAAAACCTGGATCGGAACCAAA  NM.011333
GCATTAGCTTCAGATTTACGGGT

Csf3 ATGGCTCAACTTTCTGCCCAG NM_009971
CTGACAGTGACCAGGGGAAC

Nos2 GTTCTCAGCCCAACAATACAAGA NM.010927
GTGGACGGGTCGATGTCAC

SelP1 AGCTCTGCTTGTTACAAAGCC NM_001042613
CAGGTCTTCCAATCTGGATGC

GPx1 AGTCCACCGTGTATGCCTTCT NM_008160
GAGACGCGACATTCTCAATGA

GPx2 GCCTCAAGTATGTCCGACCTG NM_.030677
GGAGAACGGGTCATCATAAGGG

GPx4 TGTGCATCCCGCGATGATT NM_008162
CCCTGTACTTATCCAGGCAGA

Carl Zeiss Axioplan fluorescent microscope (Germany). The images
were analysed using CASP software version 1.2.0 (www.Casplab.
com) to calculate percent (%) DNA in tail, tail length (TL), tail
moment (TM), and olive tail moment (OTM). The results are pre-
sented as mean+SEM (n=5).

2.11. Statistical analysis

Statistical significance (p <0.05) of the difference between the
means of treatment groups was determined by one way ANOVA. A
two-tailed Student’s t-test was used for the comparisons between
the means of two groups and p values < 0.05 were considered as sta-
tistically significant. Kaplan-Meier survival curves were analysed
for statistical significance (p <0.05) using Mantel-Cox log-rank test
of Graph Pad Prism® (version 3.02).

3. Results
3.1. DHS dose optimization

The radioprotective effect of DHS against the lethal dose (8 Gy)
of WBI was evaluated in terms of enhancement of 30-d post-
irradiation survival. For this, single i.p. doses of DHS, 2-50 mg/kg
body weight, were administered 30 min before radiation exposure;
following this, survival of animals was monitored for 30 d. Irradi-
ation induced symptoms of radiation sickness in the mice: loss of
appetite, irritability, lethargy, ruffling of hair, weight loss, and diar-
rhea. The radiation control group showed median survival of 10 d
and complete mortality by 12 d (Fig. 1A & B). Pre-administration
of DHS at a single i.p. dose 2-50 mg/kg body weight did not show
any protection from radiation-induced mortality (data not shown).
Increasing the administration of DHS to 5 consecutive days in a
similar dose range showed better protection. Although DHS at 2,
25, and 50 mg/kg body weight significantly increased median sur-
vival time (to 13, 21 and 24 d, respectively), its ability to improve
survival to 30 d was seen only at 50 mg/kg body weight (by 20%)
(Fig. 1A). This suggested that DHS may work better if adminis-
tered as a supplement. Accordingly, in another experiment, DHS
was administered not only for five consecutive days prior to radia-
tion exposure but also during the post-irradiation period, for three
days per week until the end of the experiment, and survival of
the mice was monitored. Interestingly, our results indicated that
under above treatment regime, DHS provided significant radiopro-
tection; 30-d survival was improved by 40% even at the lowest dose
(2 mg/kg) tested (Fig. 1B). Increasing the dose to 50 mg/kg did not
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Fig. 1. Effect of DHS (2-50 mg/kg) administration (ip) on the 30 days survival of mice exposed to WBI at an absorbed dose of 8 Gy. The mice survival data as a function of
post-irradiation time (30 days) was plotted using Graph Pad Prism® to obtain Kaplan-Meier survival curves (A) DHS was administered for five consecutive days and 30 min
after the last dose, mice were irradiated (B) DHS was administered for five consecutive days prior to irradiation and continued during the post irradiation period for three

times a week till end of experiment. *p <0.05 as compared to the radiation control.

increase protection (Fig. 1B). The DHS control group did not show
mortality or any other visible toxicity symptoms throughout the
experiment (30 d), suggesting the low toxicity of DHS (Fig. 1A & B).
In all of our further studies, DHS was administered at 2 mg/kg in the
combined treatment regime of pre- (5 d) and post- (3 d per week)
irradiation. The radioprotective effect of DHS was compared with
SeM at an identical dose (2 mg/kg) and treatment schedule.

3.2. Effect of DHS and SeM on 30-d post-irradiation survival

The 30-d survival curves following WBI are shown in Fig. 2A.
SeM significantly improved survival, by 30%, comparable to the
effect of DHS (40%). The improvement by both DHS and SeM was
also supported by their abilities to increase relative body weights
as compared to the radiation control group (Fig. 2B). As with DHS,
the SeM control group too did not show mortality or any other vis-
ible toxicity symptoms throughout the experiment (30 d) (Fig. 2A
& B).

3.3. Effect of DHS and SeM on radiation induced genotoxicity

Radiation-induced genotoxicity was evaluated in peripheral
lymphocytes by the comet assay as a function of time (15 and
60 min) following radiation exposure. DNA damage parameters are
shown in Fig. 3A. Representative fluorescence images are shown
in Fig. 3B. As expected, irradiation led to a significant increase in
DNA damage at 15 min post-irradiation. At 60 min post-irradiation,
radiation-induced DNA damage was reduced considerably in the
radiation control group, suggesting the normal repair process. The
treatments with DHS and SeM showed significant reductions in
the extent of radiation-induced DNA damage. Levels of residual
DNA damage in DHS- and SeM-treated groups 60 min after radi-
ation exposure were significantly higher than control levels. The
efficacies of both DHS and SeM were comparable. The drug control
groups (DHS and SeM) did not show any induction of DNA damage
at 2 mg/kg.

3.4. Effect of DHS and SeM on the radiation induced
hematopoietic toxicity

The abilities of DHS and SeM to protect the hematopoietic sys-
tem were evaluated by monitoring the spleen parameters and
hematocount in peripheral circulation. The changes in spleen
markers such as index and cellularity under the radiation- and
drug-treated conditions are shown in Fig. 4A. Exposure to radia-
tion led to a significant decrease in spleen index and cellularity by d
10, suggesting acute hematopoietic damage/syndrome. Treatment
with either DHS or SeM did not show any significant improvement.
However, these parameters remarkably increased in irradiated
mice treated with DHS or SeM and surviving until 30 d post-
irradiation. The renewal of hematopoietic system also depends on
the proliferation of clonogenic stem cells in the spleen. Therefore,
effects of DHS and SeM on such proliferation were investigated by
the spleen CFU assay and by monitoring the expression of colony
stimulating factor Csf-3 at mRNA level. As shown in Figs. 4B and
C, irradiation induced the proliferation of clonogenic stem cells, as
evidenced by the increase in the number of CFU in the radiation
control group compared to the sham control group on d 10 post-
irradiation. Treatment with DHS or SeM in irradiated mice did not
alter this parameter significantly compared to the radiation con-
trol. In agreement with above results, DHS or SeM treated groups,
although did not show any significant change in the expression of
Csf-3 ond 10, increased significantly on d 30 in the surviving mice
(Fig. 4D).

In addition to spleen parameters, the counts of various cell types
in peripheral circulation also constitute the hematopoietic sys-
tem. The effects of radiation and treatments with DHS and SeM
on hematocount are presented in Table 2. As expected, irradiation
led to significant decrease in counts of neutrophils, lymphocytes,
platelets, and total white blood cells (WBC) by d 10 post-irradiation
as compared to the sham control group. Treatment with DHS or
SeM in irradiated mice did not show any improvement in hemato-
countond 10 post irradiation as compared to the radiation control.
However, these parameters improved, close to sham control lev-
els, on d 30 post-irradiation in the surviving mice treated with
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Table 2

Hematocount under different treatment conditions is presented. The results are presented as mean 4 SEM (3-5 mice). * p<0.05 as compared to the sham control group. #
p<0.05 as compared to the radiation control group. *p < 0.05 as compared to respective drug (DHS or SeM) plus radiation treated group evaluated on 10th day post irradiation.

Treatment groups Total WBC (103/pl) Neutrophile (103 /ul) Lymphocytes (103 /ul) Platlets (10%/u.l) Haemoglobin (% gm)
Sham control 4.35+0.50 0.83+0.02 3.33+£0.56 447 + 58 14.45 £0.55

DHS control 3.55+0.65 0.71+0.04 2.59+0.51 375+35 13.55+0.55

SeM control 3.25+0.35 0.69+0.15 2.32+0.55 295+6 145+1.5

Radiation (8 Gy) (~10days post irradiation) 0.30+0.02" 0.03+0.01" 0.2240.02" 48+21" 944135
Radiation + DHS (~10 days post-irradiation) 0.31+0.08 0.07 +£0.04 0.23+0.04 85+46 8.25+0.92
Radiation + DHS (30 days post irradiation) 2.60+0.90% 1.11+£0.42°% 1.28+£0.39% 305 +55% 142+2
Radiation + SeM (~10 days post-irradiation) 0.42+0.11* 0.10+0.06 0.28 £0.05 99437 8.97+£0.79
Radiation + SeM (30 days post irradiation) 3.05+1.15% 1.13+0.33% 1.80+0.75% 2894198 14.15+0.85%

drug DHS or SeM and irradiated. The compounds DHS and SeM
did not show any significant difference in affecting the radiation-
induced hematopoietic changes. DHS and SeM control groups
showed spleen parameters such as spleen index, spleen cellular-
ity, CFU, and the expression of Csf-3 and hematocount in peripheral
circulation similar to those of the sham control (Fig. 4A-D, Table 2).

3.5. Radiation-induced intestinal toxicity and inflammatory
responses

The small intestine is also an important radiosensitive organ.
The protective effects of DHS and SeM on radiation-induced intesti-
nal toxicity and inflammatory responses were evaluated through
histological examination and by monitoring the levels of lipid per-
oxidation and mRNA of pro-inflammatory genes (Icam-1, CCl-2 and
iNOS-2). As shown in Figs. 5 and 6 A, irradiation led to acute intesti-

nal toxicity characterized by shortening and destruction of the villi
structure and increase in the level of oxidative damage marker lipid
peroxidation on d 10 post-irradiation. Further, the radiation con-
trol group showed an increase in expression of pro-inflammatory
genes (Icam-1, CCl-2 and iNOS-2) (Fig. 6B-D). The treatments with
DHS and SeM in irradiated mice did not result in any significant pro-
tection with respect to villi structure but significantly reduced the
levels of lipid peroxidation and pro-inflammatory genes (Icam-1,
CCl-2 and iNOS-2) as compared to radiation control at the common
time point (d 10 post-irradiation) (Fig. 5 and Fig. 6A-D). Interest-
ingly, mice surviving to d 30 showed maintenance in villi structure
and unaltered levels of lipid peroxidation and pro-inflammatory
genes (Icam-1, CCl-2 and iNOS-2) as compared to those evaluated on
d 10 (Fig. 5 and Fig. 6A-D). Both DHS and SeM were comparable in
protecting the intestine from radiation-induced toxicities. DHS and
SeM control groups did not show any adverse effect with respect
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Fig. 5. Effect of DHS (2 mg/kg) and SeM (2 mg/kg) supplementation (ip) on the radiation (8 Gy) induced intestinal toxicity. Images of representative tissue section of jejunum
excised from the mice of the various groups and stained with hematoxylin and eosin are presented. Magnification — 10x. The inset of the figure shows the length of villi
under different treatment conditions. The results are presented as mean = SEM (n=3-5). *p<0.05 as compared to the sham control group *p < 0.05 as compared to respective
drug (DHS or SeM) plus radiation treated group evaluated on 10th day post irradiation. CN — Sham control, IR — Irradiation, C - Cryptic cell, G - Goblet cell, V - Villi.

to intestinal structure or pro-inflammatory gene expression (Fig. 5
and Fig. 6A-D).

3.6. Radiation-induced inflammatory responses in the lung

The effects of DHS and SeM on radiation-induced inflamma-
tory responses in lung were evaluated by histologically assessing
the infiltration of inflammatory cells in lung tissue and BAL. The
representative lung tissue sections from different groups stained
with hematoxylin and eosin and the inflammatory scores based
on the semi quantitative examination are shown in Fig. 7 and the
BAL cell differentials are presented in Table 3. These results indi-
cate that WBI led to acute inflammatory response in the lung,
as evidenced by the presence of inflammatory cell infiltrates in
lung parenchyma and BAL and the thickening of alveolar wall as
compared to the sham control group on d 10. WBI significantly
increased total BAL cellularity but did not alter the cell differentials
(percentage of macrophages, neutrophiles, lymphocytes and cil-
liary epithelial cells), compared to the sham control group (Table 3).
Treatments with DHS and SeM in irradiated mice showed signifi-
cant protection from radiation-induced inflammatory response as
evidenced by the clear lung parenchyma and decrease in the BAL
cellularity at the common time point (d 10). We also analysed the
lung tissue for lipid peroxidation and BAL fluid for leaked proteins
as indications of lung damage (Fig. 8A and B). In agreement with
the above results, treatments with DHS and SeM showed significant
reduction in radiation-induced lipid peroxidation in lung tissue and
protein leakage in BALon d 10 (Fig. 8A and B). Irradiation caused an

increase in pulmonary expressions of the Icam-1 and CCI-2 genes
involved in the recruitment of inflammatory cells to the damaged
tissues (Fig. 8C and D). Treatments with DHS and SeM in irradi-
ated mice caused reduction in the expression of the above genes
on d 10 compared to the radiation control group (Fig. 8C and D).
Notably, mice from this group showed marginal elevation in lung
inflammatory response marked by the influx of inflammatory cells
in to lung and BAL, lung damage parameters (like lipid peroxidation
and BAL protein content) and the expression of pro-inflammatory
genes (Icam-1 and CCI-2) on d 30 as compared to those evaluated
on d 10 (Fig. 7, Fig. 8 and Table 3). All the above results suggest
the role of DHS and SeM in suppressing inflammatory response in
the lung by inhibiting oxidative damage and subsequent influx of
inflammatory cells. Both DHS and SeM did not differ significantly in
affecting the radiation induced inflammatory response in the lung
(Fig. 7, Fig. 8 and Table 3). DHS and SeM control groups did not
show any adverse effect with respect to the lung toxicity parame-
ters such as histological changes, BAL cellularity, lipid peroxidation,
BAL protein content and gene expression (Fig. 7, Fig. 8 and Table 3).

3.7. Radiation-induced systemic inflammation

The effects of DHS and SeM on radiation-induced systemic
inflammation were examined by monitoring the circulatory lev-
els of pro-inflammatory cytokines like TNFa and IL6 in the serum
on d 10. The results presented in Fig. 9 indicate that WBI led to
significant increase in the levels of TNFa and IL6 in circulation.
Treatments with DHS and SeM in irradiated mice showed signif-
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Table 3

BAL cell differential under different treatment conditions is presented. The results are presented as mean + SEM (3-5 mice). * p<0.05 as compared to the sham control
group. # p<0.05 as compared to the radiation control group. ¥p <0.05 as compared to respective drug (DHS or SeM) plus radiation treated group evaluated on 10th day post

irradiation.
Treatment groups Total BAL cellularity BAL macrophages BAL lymphocytes BAL ciliary BAL neutrophils
(103/ml) (% of total cells) (% of total cells) epithelial (% of (% of total cells)
total cells)
Sham control 74.72 £14.44 89.00+£0.60 6.80+2.0 4.20+1.40 -
DHS control 63.50+6.50 85.00+2.30 9.60+1.20 5.40+0.81 -
SeM control 66.35+20.12 88.36+1.50 7.46+1.89 4.18+01.20 -
Radiation (8 Gy) (~10days post 149+14.97 86.99+3.91 10.20+3.17 3.20+1.07 0.38+0.11
irradiation)
Radiation + DHS (~10days 68.75 +21.25* 84.90+1.7 11.3+1.70 3.00+£0.20 0.80+0.20
post-irradiation)
Radiation + DHS (30 days post 167.50 +26.16% 80.37+3.74 14.98 +2.67 4.40+2.83 0.20+0.05
irradiation)
Radiation +SeM (~10 days 108.75+13.65 80.9+3.6 12.33+2.10 6.27+1.30 0.50+0.20
post-irradiation)
Radiation +SeM (30 days post 202.77 + 80.53% 77.53 £1.87 15.27+£3.20 7.00+1.62 0.20+£0.10
irradiation)
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Fig. 8. Effect of DHS (2 mg/kg) and SeM (2 mg/kg) supplementation (ip) on the radiation (8 Gy) induced oxidative damage and pro-inflammatory gene expression in the left
lung. (A) Level of BAL protein (B) Level of lipid peroxidation (C) and (D) mRNA expressions of Icam1 and CCI2 respectively as monitored by RT-PCR. The results are presented
as mean & SEM (n=3-5). The expression of above gene in different treatment groups was normalized against the sham control group and the relative expression changes
have been plotted. Actin expression was used as internal control. *p<0.05 as compared to the sham control group, #p<0.05 as compared to the radiation control group,
$p<0.05 as compared to respective drug (DHS or SeM) plus radiation treated group evaluated on 10th day post irradiation. CN — Sham control, IR — Irradiation.

icant reduction in the levels of TNFa and IL6 as compared to the
radiation control. The mice that survived from this group to d 30
showed a marginal increase in the levels of the above cytokines as
compared to those evaluated on d 10. The drug and sham control
groups showed comparable levels of TNFa and IL6 in serum.

3.8. Seleoprotein P (SelP) production in the liver

The antioxidant effects of DHS and SeM in response to radiation
exposure were evaluated in terms of the mRNA expression of SelP-
1 in the liver. The result shown in Fig. 10A clearly indicates that
irradiation led to significant induction of SelP-1 in the liver on d
10 as compared to the sham control. DHS and SeM control groups
also showed significant induction in SelP-1 level as compared to

the sham control. Treatments with DHS and SeM in irradiated mice
showed higher levels of SelP-1 in liver than the radiation control
on d 10 and on d 30; the levels were comparable to those of the
respective drug control groups. DHS was better than SeM in induc-
ing SelP-1, both under irradiated and unirradiated conditions. Liver
was also evaluated histologically to determine hepatotoxicity, if
any, associated with DHS or SeM. Fig. 10B, showing representative
liver tissue sections, indicates that although there were significant
increases in the numbers of binucleate cells following irradiation or
drug (DHS and SeM) treatments, neither of these treatments altered
hepatic architecture as compared to the sham control at any time
points. DHS induced higher numbers of binucleate cells than SelM,
under irradiated and unirradiated conditions.
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Fig. 9. Effect of DHS (2 mg/kg) and SeM (2 mg/kg) supplementation (ip) on the radiation (8 Gy) induced systemic inflammation. (A) & (B) Levels of IL6 and TNFa monitored in
the serum using ELISA kit. The results are presented as mean 4+ SEM (n =3-5). *p <0.05 as compared to the sham control group, #p <0.05 as compared to the radiation control
group, $p <0.05 as compared to respective drug (DHS or SeM) plus radiation treated group evaluated on 10th day post irradiation. CN — Sham control, IR — Irradiation.

3.9. Tissue-specific expression of GPx enzymes

DHS has been reported to affect the expression of another
important antioxidant selenoprotein, GPx. Thus, total activities and
mRNA expressions of different enzymes, GPx1, GPx2, and GPx4, were
monitored in lung, intestine and spleen. The results are presented
in Fig. 11. Irradiation led to significant increase in total GPx activity
in spleen and lung (Fig. 11A). DHS and SeM showed comparable
induction in GPx activity in all three organs under irradiated and
un-irradiated conditions (Fig. 11A). With regard to mRNA expres-
sions, irradiation led to induction of all three GPx isoforms in spleen,
GPx2 and GPx4 in the intestine, and only GPx1 in the lung on d
10 (Fig. 11B). DHS or SeM control groups also showed induction
of all three GPx isoforms. However, they differed in their tissue-
specific expressions. For example, the DHS control group showed
a significant increase in expression of GPx1 and GPx4 in the spleen
and intestine and that of GPx2 only in the intestine (Fig. 11B). On
the other hand, SeM control group showed increased expression
of GPx1 in the intestine and of GPx2 in spleen and intestine and
did not alter the level of GPx4 in any of the three tissues investi-
gated (Fig. 11B). In line with these results, treatments with DHS
and SeM in irradiated mice, although distinct in their responses,
significantly augmented the radiation-induced expression of GPx
enzymes in different tissues on d 10, d 30, or both time points. DHS
significantly increased the radiation-induced expression of GPx1
in all three organs and of GPx2 and GPx4 in intestine and spleen,
respectively (Fig. 11B). SeM treatment increased radiation-induced
expression of GPx1 in intestine, GPx2 in spleen and intestine, and
did not affect expression of GPx4 (Fig. 11B). Together, these results
confirm the abilities of DHS and SeM to induce expressions of GPx1,
GPx2, and GPx4 in radiosensitive organs spleen, intestine and lung
leading to an increase in total GPx activity, which might favor pro-
tection from radiation-induced oxidative damage and subsequent
inflammatory response.

4. Discussion

Exposure of animals to a lethal dose of radiation (>6 Gy) induces
hematopoietic and gastrointestinal syndromes accompanied with
systemic as well as organ-specific inflammatory responses leading
to multi-organ failure and death [4-7,39]. Here, a water-soluble
selenium compound, DHS, was evaluated as a radioprotector. Our

results indicate that five consecutive days of administration of
DHS before radiation exposure in mice significantly prevented
radiation-induced DNA damage but did not provide a significant
improvement in 30 d survival. Supplementation with DHS at a
similar dose continued for three times weekly during the post-
irradiation period showed significant improvement in survival.
These results suggest that the availability of DHS during the post-
irradiation period (when organ toxicity is induced) is important
[25]. In subsequent studies, we focused on examining the effect of
DHS supplementation (pre and post-irradiation) on organ-specific
toxicity and inflammatory responses.

Radiation-induced hematopoietic syndrome in mice is charac-
terized by acute loss of hematopoietic cells in the circulation and
spleen [5,40]. Protection from hematopoietic syndrome by an agent
depends not only on its ability to protect hematopoietic cells from
undergoing radiation-induced cell death or apoptosis but also to
renew the hematopoietic system by inducing proliferation of sur-
viving stem cells [40,41]. Treatment with DHS, although did not
show any protection from radiation-induced acute hematopoietic
toxicity, delayed the proliferation of clonogenic stem cells, as evi-
denced by the remarkable increase in hematocount in circulation
and the expression of Csf-3 in spleens of animals surviving to irradi-
ation until d 30. Like the hematopoietic system, the small intestine
is also a highly radiosensitive organ [6,24]; epithelial cells undergo
oxidative damages and cell death resulting in disruption of villi and
mounting of inflammatory responses. The lung is another radiosen-
sitive organ, shown to be the target of radiation-induced oxidative
damages and inflammatory responses [25,39]. Treatment with DHS
showed delayed restoration of villi structure and significantly pre-
vented radiation induced acute infiltration of inflammatory cells.
The inhibition of inflammatory responses in intestine and lung by
DHS was associated with its ability to prevent lipid peroxidation,
an initiator of inflammatory responses, and to reduce the expres-
sion of genes involved in the recruitment of inflammatory cells to
the damaged tissues [42-44]. Treatment with DHS also prevented
systemic inflammation [24].

Further, DHS was evaluated for its ability to modulate tissue-
specific expression of antioxidant genes [18-20,23,25,30,45-48].
Of seven GPx enzymes known, GPx1, GPx2, and GPx4 have esta-
bilished antioxidant and anti-inflammatory roles [49-52]. GPx1 is
the major cytosolic enzyme accounting for GPx activity and cataly-
ses the reduction of hydroperoxides [49]. GPx2 performs the same
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Fig. 10. Effect of DHS (2 mg/kg) and SeM (2 mg/kg) supplementation (ip) on the radiation (8 Gy) induced changes in hepatic parameters. (A) mRNA expression level of SelP-1
in hepatic tissue under different treatment conditions. The results are presented as mean + SEM (n=3-5).The expression of above gene in different treatment groups was
normalized against the sham control group and the relative expression changes have been plotted. Actin expression was used as internal control. (B) Images of representative
hepatic tissue section from various groups stained with hematoxylin and eosin are presented. Magnification — 20x. The inset of the figure shows the counts of binucleate
cells under different treatment conditions. CV- Central vein. Arrow indicates binucleate cells. *p <0.05 as compared to the sham control group, #p <0.05 as compared to the

radiation control group. CN — Sham control, IR — Irradiation.

function butis expressed mainly in the gastrointestinal system [49].
GPx4 has substrate specificity towards phospholipid hydroperox-
ides and plays a role in preventing lipid peroxidation [49]. Thus
one of the mechanisms responsible for the ability of DHS to inhibit
radiation-induced lipid peroxidation might be the induction of GPx
[45,46,50-52,53]. Further, it is also possible that GPx may play a
tissue-specific role in protection. Another important antioxidant
selenoprotein, SelP, is synthesized mainly in the liver in response to
intracellular selenium status and is secreted in the plasma [47,48].
The ability of DHS to reduce the systemic inflammation could be
attributed to the increase in the expression of SelP-1. Increase in
intracellular GPx level does not contribute much to the protection
of lymphocytes against radiation-induced apoptosis [54,55] and

this could be the reason for the observed effect of DHS on spleen
parameters.

Histological and biochemical analysis revealed an increase in
inflammatory responses in the intestine, lung and circulation of
DHS and radiation treated group by d 30. The delayed increase in
spleen cellularity and hematocounts in circulation of these mice
could also occur because of the inflammatory responses. These
results thus suggest that the survival advantage offered by DHS
was mainly due to suppression of radiation-induced inflammatory
responses at early time point (d 10) in the radiosensitive organs.
The mechanisms of action of DHS are summarized in Scheme 2.

Interestingly, radioprotective effect of DHS is comparable to
SeM [18,26,33]. Our results indicate that DHS is as good as SeM,
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or marginally better in improving survival. Most of the biochemi-
cal and histological parameters were comparable, except that SeM
did not alter the expression of GPx4. We and others have evalu-
ated many organic and inorganic selenium compounds for in vivo
radioprotection and the survival advantages reported in those
studies are similar to that of DHS [17,18,20,23]. Thus, both DHS

and SeM, showing remarkable protection against the radiation-
induced inflammatory response, warrant evaluation as agents for
treatments of radiotherapy-associated inflammatory side effects.
Designing selenium compounds to induce intracellular GPx may
not be the only strategy to find better radioprotectors. It would be
interesting to design new selenium compounds which could help
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Scheme 2. Proposed activities of DHS in mice model against WBIL.

in haematopoietic and gastrointestinal renewal by stimulating the
proliferation of stem cells [40].

5. Conclusions

DHS and SeM showed comparable effects on survival follow-
ing WBI. The protective effects of both compounds appear to be
mediated through induction of GPx, reduction of lipid peroxidation,
and inhibition of infiltration of inflammatory cells in radiosensi-
tive organs, leading to suppression of the inflammatory response.
Compounds like DHS should be explored for use as selenium sup-
plements.
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