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ABSTRACT 

Background:  Cervical  and  breast  cancers  remain  a  public  health  concern  in  

South  Africa  with  an  increasing  rate  of  incidences  and  mortalities  globally.  

Current  treatment  options  are  not  only  costly  but  also  present  undesirable  side  

effects,  induce  multidrug  resistance,  and  result  in  high  rates  of  cancer  remissions.  

To  limit  cancer  recurrences,  the  focus  of  anticancer  drug  development  has  been  

on  increasing  sensitivity  of  cancer  cells  to  drug-induced  apoptosis  as  a  

prospective  cancer  therapy.  Apoptosis  and  its  associated  cancer  hallmarks  are  

the  gold  standard  targets  for  the  development  of  conventional  cancer  treatment  

strategies  for  management  of  cancers.  In  view  of  current  challenges  encountered  

in  cancer  treatment  options,  more  target-specific,  less  costly,  and  highly  effective  

inducers  of  apoptosis  are  urgently  required.  Quinoxaline  derivatives  are  synthetic  

small  molecules  that  hold  a  plethora  of  desirable  biological  activities  with  their  

structures  being  constantly  modified  to  improve  their  therapeutic  target  specificity,  

response  rate,  and  accessibility.  Aim  of  study:  Hence,  this  study  primarily  

aimed  at  investigating  the  ability  of  selected  novel  quinoxaline  derivatives  to  

induce  apoptotic  cell  death  in  cervical  cancer  (CaSki)  and  breast  cancer  (MCF-

7)  cells.  Methods:  To  achieve  this  aim,  characterisation  of  the  quinoxaline  

derivatives,  LAM21D  and  LAM29A,  was  performed  to  determine  the  UV-Vis  

absorption  spectrum  utilising  the  UV/Vis  spectrophotometer.  The  antioxidant  

potential  of  the  quinoxaline  derivatives  was  evaluated  using  the  ferric  reducing  

antioxidant  power  (FRAP)  assay    and    2,2-diphenyl-1-picrylhydrazyl  (DPPH)  free  

radical  scavenging  assay  while  the  total  phenolic  content  was  determined  using  

the  Folin  Ciocalteu’s  total  phenolic  content  assay.  The  ability  of  quinoxaline  

derivatives  to  inhibit  the  viability  of  CaSki  cervical  and  MCF-7  breast  cancer  

cells  was  assessed  using  the  3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium  

Bromide  (MTT)  assay.  The  effect  of  the  derivatives  on  morphological  features  

of  the  described  cancer  cells  was  captured  and  analysed  using  the  Ti-E  inverted  

microscope  and  apoptosis  induced  by  the  derivatives  was  quantified  using  the  

Muse™  Annexin-V  and  dead  cell  assay.  The  effect  of  quinoxaline  derivatives  

on  ROS  production  in  the  cells  was  established  using  Muse™  oxidative  stress  

assay.  The  Muse™  Ki67  proliferation  assay  was  carried  out  to  measure  Ki67  

expression  levels  which  correlates  with  the  proliferation  percentages  in  CaSki  

cells.  The  Muse™  cell  cycle  assay  was  performed  to  evaluate  the  effect  of  
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quinoxaline  derivatives  on  cell  cycle  progression.  The  CB-Dock  and  SwissADME  

web-based  softwares  were  used  to  evaluate  the  binding  patterns  of  quinoxaline  

derivative  LAM-21D  and  its  drug-likeness  propensity.    Results:  Preliminary  

screening  showed  that  LAM-21D  exerted  high  selectivity  towards  CaSki  cells  at  

250  µM  with  minimal  cytotoxicity  on  the  noncancerous  HEK-293  cells  while  

LAM-29A  exhibited  high  selectivity  towards  MCF-7  cells.  However,  although  

LAM-21D  induced  apoptosis  in  CaSki  cells,  LAM-29A  did  not  induce  apoptosis  

in  MCF-7  cells.  As  a  result,  assays  on  downstream  pathways  were  conducted  

to  evaluate  the  activity  of  LAM-21D  on  CaSki  cells.  A  reduction  in  Ki67  

expression  which  correlated  with  a  reduction  in  cell  proliferation  was  observed  

when  cells  were  treated  with  LAM-21D.  There  were  insignificant  changes  

observed  in  Ki67  expression  when  MCF-7  cells  were  treated  with  LAM-29A.  

Both  derivatives,  LAM-29A  and  LAM-21D,  induced  minimal  cytotoxicity  on  the  

noncancerous  cells  and  LAM-21D  significantly  reduced  Ki67  expression,  induced  

ROS  production,  S-phase  cell  cycle  arrest,  and  apoptosis  in  Caski  cervical  

cancer  cells.  The  In-silico  studies  revealed  an  interaction  of  the  compound  with  

the  anti-  apoptotic  BCL-2  protein  and  p65  NF-κB  transcription  factor.  The  

compound  also  showed  drug-likeness  properties  as  per  ADMET  studies.  Further  

studies  are  required  to  fully  delineate  the  anticancer  mechanisms  of  this  

compound.  Nonetheless,  this  compound  could  be  a  potential  candidate  to  explore  

in  the  therapeutic  targets  for  cervical  cancer.  Structural  modifications  are  

recommended  on  both  quinoxaline  derivatives  to  improve  their  anticancer  

properties  against  cervical  and  breast  cancer  cells. 
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CHAPTER  1 

INTRODUCTION 

1.1  Background 

Cancer  is  still  a  public  health  concern  with  increasing  cases  of  death  worldwide.  

It  occurs  when  normal  cells  divide  uncontrollably,  undergoes  transformation,  

metastasize,  and  invade  nearby  or  remote  organs  (Ajani  et  al.,  2019).  The  

complexity  of  this  disease  is  due  to  mutations  in  genes,  evasion  of  apoptosis  

and  changes  in  the  signal  pathways  (Prasad,  2022a).  Cancer  ranks  among  the  

world's  leading  causes  of  death  (Ajani  et  al.,  2019).  An  estimate  of  19.3  million  

cancer  cases  was  recorded  in  2020  alongside  the  10  million  deaths  that  

occurred.  It  is  further  expected  that  a  47%  rise  in  cancer  cases  from  2020  to  

2040  might  occur  which  will  account  for  almost  28.4  million  new  cases  (Sung  

et  al.,  2021). 

Breast  and  cervical  cancers  continue  to  be  the  most  prevalent  cancers  in  

women  worldwide,  and  they  are  also  responsible  for  most  cancer-related  deaths  

and  morbidities.  (De  Rose  et  al.,  2022;  Ryzhov  et  al.,  2021.  There  were.3  

million  new  cases  due  to  breast  cancer  in  2020.  (Costa  et  al.,  2020;  Harnden  

et  al.,  2022.  Cervical  cancer  ranked  on  the  fourth  position  with  604,  000  cases  

along  with  342,000  deaths  in  2020.  South  Africa  is  one  of  the  regional  places  

with  most  cervical  cancer  occurrence  and  mortality  rates  recorded  (Sung  et  al.,  

2021.There  has  been  a  slight  decline  in  cervical  cancer  rates  due  to  an  easy  

access  to  early  detection,  effective  screening  testing  services  as  well  as  HPV  

vaccines  however,  illness  and  mortality  rates  remain  high  in  the  developing  

countries  (Vijaya  Rachel  and  Sivaraj,  2021).   

Carcinogenesis  is  a  multistage  process  and  can  be  caused  by  various  factors  

that  can  result  into  a  high  free  radical  production  which  can  damage  the  DNA  

(Gaglia  and  Munger,  2018;  Lagoa  et  al.,  2020;  Lewandowska  et  al.,  2019;  

Vishlaghi  and  Lisse,  2020).  ROS/RNS in  moderate  plays  a  crucial  role  in  

intracellular  signalling.  However,  cancer  cells  constantly  produce  these  species  

in  high  amounts  to  sustain  their  high  metabolic  activities  and  proliferation  which  

can  cause  oxidative  stress  (Hayes  et  al.,  2020)    Increased  oxidative  stress  is  

associated  with  DNA  mutations  that  result  in  cell  proliferation  and  genome  
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instability,  that  frequently  promote  the  growth  and  survival  of  cancer  cells  as  

well  as  their  invasion  and  metastasis.  These  elevated  nitrogen  and  oxygen  

species  in  cancer  can  inactivates  tumour  suppressor  proteins.  Nonetheless,  

cancer  cells  have  evolved  mechanisms  to  alter  the  antioxidants  levels  and  

minimise  ROS/RNS  which  creates  resistance  in  chemotherapy  (Ramalingam  and  

Rajaram,  2021). 

Cancer  prevention  is  at  the  heart  of  apoptosis.  The  rate  of  cell  proliferation  

and  elimination  is  carefully  regulated  and  balanced  by  apoptosis  or  programmed  

cell  death.  Apoptosis-related  intermediates  are  primarily  targeted  in  therapy  

because  of  an  alteration  of  apoptosis  mechanisms  in  cancer  (Jan,  2019).  The  

main  goal  of  many  anticancer  therapies  is  to  induce  cell  death  in  tumour  cells  

(Pfeffer  and  Singh,  2018.  However,  the  major  challenge  is  therapeutic  resistance  

(Cao  and  Tait,  2018).  The  process  of  apoptosis  is  tightly  regulated  by  many  

crucial  proteins  such  as  the  NF-kB,  caspases,  BCL-  2  proteins,  and  p53  to  

name  a  few.  Dysregulation  of  this  process  is  identified  in  majority  of  cancers.  

Effector  caspases  (caspase  3,  6  and  7)  are  downregulated  in  both  breast  and  

cervical  cancers.  Furthermore,  there  is  overexpression  of  anti-  apoptotic  Bcl-2  

family  of  proteins  such  that  cancer  cells  cannot  undergo  apoptosis  (Prasad,  

2022b). 

Loss  of  function  of  some  of  the  components  of  the  extrinsic  pathway  such  as  

Fas/Fas  ligand  is  the  main  driver  of  cervical  cancer  progression.  Furthermore,  

dysregulation  of  the  intrinsic  pathway  creates  an  advantage  to  the  tumour  cells  

since  they  can  thrive  in  the  presence  of  growth  suppressors,  able  to  avoid  

immune  signals  and  render  chemotherapeutic  drugs  unfeasible.  Cancer  is  

characterised  by  unregulated  cell  division,  which  promotes  the  growth  and  

invasion  of  the  tumour  by  mutating  tumour  suppressors  (Nair  and  Yadav,  2022).  

Anticancer  drugs  are  most  likely  to  target  proteins  involved  in  the  mentioned  

pathways.  Hence,  apoptosis  is  primarily  targeted  in  cancer  therapy  since  its  

dysregulation  is  often  associated  with  the  promotion  of  cancer  and  chemo-

resistance  (Prasad,  2022b). 

Despite  efforts  to  improve  cancer  treatment,  the  selection  of  medications  is  

limited  because  cancer  is  often  drug-resistant  therefore  innovative  inducers  of  
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apoptosis  are  urgently  required  (Human-Engelbrecht  et  al.,  2017).  There  is  a  

plethora  of  evidence  which  shows  that  heterocyclic  compounds  bearing  nitrogen  

atoms  holds  important  properties  used  in  medicinal  chemistry  and  

pharmaceuticals.  Majority  of  the  drugs  approved  by  the  FDA,  bears  at  least  

59%  of  the  N-  heterocycle  component.  These  have  a  wide  spectrum  of  biological  

and  pharmaceutical  activities  ranging  from  anti-(microbial,  -cancer,  -diabetic,  -  

viral)  to  name  a  few  (Elgemeie  et  al  .,  2022).  In  many  of  the  drug  discovery  

projects  these  compounds  are  being  exploited  with  which  some  are  still  under  

clinical  trials  (Suthar  et  al    .,  2022).  Quinoxaline  derivatives  are  the  nitrogen  

containing  heterocyclic  compounds  formed  from  the  fusion  of  a  pyrazine  ring  to  

that  of  benzene  ring  (Sibiya  et  al  .,  2019). 

Their  DNA  binding  abilities  distinctively  allows  them  an  opportunity  to  be  explored  

in  the  anticancer  field  as  a  potential  chemotherapeutic  agent.  The  scavenging  

of  free  radicals’  ability  of  the  quinoxalines  owes  to  the  aromatic  group,  which  

allows  them  to  interact  with  several  molecules.  The  pyrazine  ring  allows  them  

to  bind  and  creates  an  interference  in  DNA  replication  (Sibiya  et  al.,  2019).  

This  study  focuses  on  inducing  apoptotic  cell  death  in  cervical  and  breast  

cancer  cells  using  quinoxaline  derivatives.  As  a  result,  a  novel  group  of  

quinoxaline  derivatives  have  been  synthesised  to  determine  their  capacity  as  

anticancer  agents.  The  structures  of  these  compounds  have  different  extinctive  

moieties  added  to  the  core  benzopyrazine  ring  as  demonstrated  on  figure  (1.1  

a-  1.1  b). 

 

 

Figure 1.1 (a) The structure of quinoxaline LAM-29A. Quinoxaline LAM-29A is 

made of the quinoxaline core the pyrazine group with two nitrogen atoms and benzene 

ring attached to the amino group. In addition to the amino group the propanyl and 
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benzoate structures are added to modify the original core structure (Lekgau et al. 

(2022). 

 

Figure 1.1. (b) The structure of quinoxaline LAM-21D. The structure of LAM-21D is 

composed of the dinitrogen oxide group attached to the benzene ring and the octane 

branch to the pyrazine ring (Lekgau et al. (2022). 
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1.2  Cancer 

Human  beings  have  been  plagued  by  cancer  for  ages.  This  illness  arises  

because  of  deviations  from  the  normal  set  points  in  the  cells’  processes  and  

functions.  It  is  best  described  by  (Hausman,  2019)  that  the  human  cells  are  

cancer’s  agents  of  destruction  that  have  somewhat  been  recruited  into  

pathological  organisms  or  tumour  building  blocks.  The  hallmark  of  cancer  

includes  sustained  and  prolonged  proliferative  signalling,  evasion  of  growth  

suppressors,  avoidance  of  cell  death  signals,  replication  immortality,  induction  in  

angiogenesis  and  ability  to  become  invasive  and  metastatic.    Cancer  formation  

starts  with  mutation  on  the  DNA,  these  mutations  can  be  due  to  errors  that  

might  occur  during  DNA  replication  or  rather  some  chemicals  that  damages  the  

DNA  (Yamaguchi  and  Perkins,  2020).  The  main  elements  pertaining  to  the  

pathogenesis  of  this  disease  includes  environmental  (physical  and  chemical),  

biological  and  hereditary  factors  (Vaghari-Tabari  et  al.,  2020:  (Lewandowska  et  

al.,  2019).  Although  these  are  labelled  as  the  major  contributors,  cancer  

development  in  individuals  can  also  be  due  to  an  interaction  between  various  

factors  (Lewandowska  et  al.,  2019. 

1.2.1  Cancer  and  oxidative  stress 

Oxidative  stress  can  be  described  as  a  disparity  in  the  production  of  reactive  

oxygen  species  (ROS)  such  there  are  more  oxidants  and  very  few  antioxidants  

which  creates  a  disruption  in  the  redox  reactions  resulting  in  a  detrimental  

damage  to  the  DNA  and  other  essential  macromolecules.  To  have  a  stable  

redox  system,  a  balance  should  be  maintained  between  reduction  and  oxidation  

reactions.  If  this  balance  is  disrupted  that  can  favour  molecular  changes  which  

will  eventually  damage  tissues  and  cells  of  the  body.  Free  radicals/ROS  are  

those  molecules  lacking  paired  electrons  in  their  outermost  energy  levels  which  

makes  them  highly  reactive  (Singh  et  al.,  2022). 

This  includes  peroxides,  superoxide,  and  hydroxides  radicals,  as  well  as  nitrogen  

and  oxygen  species.  Free  radicals  are  beneficial  to  the  living  systems  only  at  

lower  concentrations  where  they  play  a  crucial  role  in  many  signalling  pathway  

processes.  The  only  detrimental  problem  they  pose  occurs  when  they  are  

overproduced.  Their  sources  can  be  both  internal  and  external.  Their  endogenous  

sources  include  the  mitochondrial  respiratory  enzymes  such  as  xanthine  oxidase,  
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cytochrome  oxidase,  NADPH,  and  other  metal  compounds.  Exogenous  sources  

can  be  poor  diet,  smoking,  radiation,  and  pollution  (Singh  et  al.,  2022)..  In  

normal  metabolic  pathways  hydroxyl radicals are produced as by- product of their 

metabolism, such radicals introduce DNA breaks that can be lessened by the 

presence of antioxidants (Eastman and Barry, 1992). Reactive oxygen species 

damages the DNA and may cause the intrinsic apoptotic cascade to begin which 

eventually activates p53. The activated p53 will in turn activate pro-apoptotic Bcl-2 

proteins which will promote apoptosis (Liao, 2022). These species at high 

concentrations can damage mitochondrial DNA since it is located closer to the free 

radical production sites than the nuclear DNA. The DNA bases: purines and 

pyrimidines are attacked by the hydroxyl radicals which modifies the DNA by inducing 

single or double strand breaks that eventually alters the epigenetics, shorten the 

telomeres and cause mutations in the Y chromosomes (Singh et al ., 2022). 

Accumulation of the reactive oxygen species can give rise to mutated oncogenes or 

tumour suppressor genes (Dasgupta and Klein, 2014).Oncogenic proteins such as 

MEK and Raf ultimately will become overexpressed and tumour suppressors such as 

p53 and p21 will be silenced then causing cellular senescence (Kaushik et al ., 2022). 

 

Majority of cancer treatments work by inducing ROS production in cancer cells. This 

causes oxidative stress which will results in irreversible apoptosis induction. They 

trigger what is commonly referred to as ROS-mediated apoptosis. This will re-activate 

the evaded apoptosis in cancer cells. However, this mechanism plays a double- edged 

sword role since it eliminates cancer cells but it also causes damage to the normal 

cells leading to neurotoxicity and cardiotoxicity. Antioxidants medications are often 

administered to manage the side effects of treatment (Conklin, 2004b). 

1.2.2 Cancer and cell cycle 

Once a cell gets acted on by a mitogenic or anti-mitogenic signal it can either 

proliferate or not. The progression of cell cycle in mammalian cells comprises of four 

distinctive phases, i.e., G0, G1, S and G2 which are tightly regulated by Cyclin-cyclin 

dependent kinase complexes (CDKs). There are also various checkpoints that 

ensures that cells can proceed into a different phase with no DNA damage. If there 

are damaged cells, then they tend to be arrested followed by expression of repair 
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proteins (Besser and Slingerland, 2016).. In the Gap 0 (G0) cells are not dividing and 

outside the cell cycle, (G1), cells get ready for DNA replication, synthesis (S) DNA gets 

synthesized, and (G2) where the size of the cells increase, and they grow further. Cell 

cycle regulators such as the tumour suppressor Retinoblastoma (pRb) plays a role of 

regulating the progression of cells at G1 phase. Once it is phosphorylated by 

CDK/cyclin complexes, it will liberate E2F so it can transcribe genes required for 

transiting G1 to S phase (Nair and Yadav, 2022). 

Cancer cells are characterized by their adamant ability to continue dividing in phases 

were normal cells usually stop dividing (uncontrolled cell division) (Taylor and 

Grabovich, 2009). Once cell cycle regulators get mutated, the process will become 

deregulated and facilitate cancer formation and progression (Nair and Yadav, 2022). 

(Nair and Yadav, 2022). P53 has a role played in the cell cycle by arresting cells post 

DNA damage and downregulating cell cycle genes. This occurs when p53 gets 

phosphorylated by ATM (Ataxia-telangiectasia-mutated) which will decrease its 

binding affinity to MDM2 (Mouse Double Minute-2) ubiquitin ligase (Rivas and 

DeCaprio, 2022). Mutation of the cell checkpoint protein ATM (Ataxia-telangiectasia-

mutated) results in loss of its function which then causes tumour progression (Nair and 

Yadav, 2022).  

1.3  Breast  cancer 

Breast  cancer  increases  mortality  rates  in  women  globally.  It  is  linked  to  genetic  

susceptibility  or  family  history  in  about  10%  of  cases,  with  differences  depending  

on  country  and  race.  There  are  several  genes  which  are  linked  to  breast  

carcinogenesis,  but  BRCA1  and  2  are  the  most  studied  genes  which  are  often  

used  as  markers  for  breast  cancer  testing.  Mutations,  deletions,  and  

rearrangements  in  BRCA  genes  tends  to  yield  the  triple  negative  tumour  

phenotype  (Shiovitz  and  Korde,  2015).  Epigenetic  factors  such  as  Histone  

modifications,  non-coding  RNAs  (ncRNA)  and  DNA  methylation,  and  are  also  

linked  to  breast  cancer  (Natesh  et  al.,  2022.   

There  are  several  attempts  and  literatures  available  that  tried  to  cluster  this  

disease  into  different  respective  groups  according  to  shared  characteristics.  The  

two  breasts  contain  ducts,  fatty  tissues,  and  glands  (American  Cancer  Society,  

2022).  Majority  of  breast  cancers  develops  in  the  epithelial  cells  of  the  terminal  
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duct  lobular  units  (TDLUs)  that  serve  as  the  breasts’  functional  units  which  are  

tiny  channels  that  run  from  the  lobules  to  the  nipple,  carrying  milk  Costa  et  

al.,  2020;  American  Cancer  Society,  2022).  The  breast  cancer  subtypes  are  

based  on  hormone  receptivity,  on  whether  the  oestrogen  receptor  (ER)  and/or  

progesterone  receptor  (PR)  and  the  epidermal  growth  factor  receptor  2  (HER2)  

are  expressed  or  not  Costa  et  al.,  2020). 

1.4  Breast  cancer  subtypes 

1.4.1  Luminal  A 

Luminal  name  of  this  subtype  owes  to  the  similar  immunophenotyping  pattern  

of  the  luminal  epithelial  component  of  the  mammalian  milk  duct  (Horvath,  2021).  

When  looking  at  the  hormone  receptivity  of  this  subtype,  it  is  characterized  by  

the  presence  of  both  oestrogen  and  progesterone  without  HER2  receptors  

(Horvath,  2021).  It  also  has  low  Ki-67  protein  levels,  which  acts  as  a  marker  

for  proliferation.  Luminal  A  cancers  have  a  good  prognosis  and  grows  at  a  

slower  rate  than  other  cancer  types  (Horvath,  2021).  For  this  paper  the  specific  

breast  cancer  cell  line  is  classified  within  this  subtype,  MCF-7. 

1.4.2  Luminal  B 

Luminal  B  cancers  are  identified  by  positive  oestrogen  receptors,  negative  HER2  

and  progesterone  and  grows  at  a  faster  rate  due  to  high  Ki-67  protein  levels.  

Because  Ki-67  is  higher  than  in  Luminal  A,  they  grow  rapidly  and  have  a  

worse  prognosis  (Horvath,  2021. 

1.4.3 HER2 positive 

In majority of the epithelial tumours the HER2 proto-oncogene located on chromosome 

17 is over-expressed and it encodes for a tyrosine kinase protein found in the 

membrane of malignant cells. Tumour cells in this subtype are characterised by an 

additional copy of the HER2 gene that has been linked with the action of altering some 

other genes inclusive of angiogenesis genes. This cancer subtype has high levels of 

the Ki-67 protein and is also associated with inducing mutations in protein responsible 

for executing DNA repair mechanisms and fostering cell death in case the cell, p53. 

With a mutated/altered p53, cancer cells will divide and avoid cell death signals. Due 

to all these alterations, this breast cancer subtype is aggressive. The other two groups 

within this subtype are HER2 luminal and enriched HER2 (Horvath, 2021). 
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1.4.4 Triple negative (TNBC) 

This is named after a phenotypic pattern of tumours that are negative for all the three; 

oestrogen, progesterone and HER2 (Horvath, 2021). About 15–20 percent of all TNBC 

cases are linked to BRCA1 or BRCA2 hereditary mutations (Loibl et al   ., 2021). TNBC 

tumours do not express the HER2 and lacks ER and PR receptors  (Borri and 

Granaglia, 2021; Harbeck et al   ., 2019). This is the most invasive subtype owing to 

high mutation rates of the p53 with poor prognosis and more likely to recur after 

therapy (Horvath, 2021; American cancer Society, 2022). 

1.5 (a) Treatment options available for breast cancer 

1.5.1 Chemotherapy 

This is applicable to tumours that are highly proliferative or expresses more of Ki-67 

antigen, such as Luminal B, Triple negative cancers and HER2 positive (Horvath, 

2021). Chemotherapy uses medications to prevent cancer cells from growing, dividing, 

or surviving. Chemotherapeutic drugs can be used as a single treatment for cancer, 

or in concert with other cancer treatments to shrink tumours and make them easier to 

remove by surgery or radiation therapy (Anisman and Kusnecov, 2022). There are 

different chemotherapeutic drugs that exhibit different mode of actions this includes 

alkylating agents, antibiotics, antimetabolites, corticosteroids, and inhibitors 

(signalling, mitotic and topoisomerase inhibitors) which interferes with the synthesis of 

DNA and its replication (Mathan et al., 2022).  

These drugs primarily target actively dividing cells, but they also harm normal cells, 

resulting in harmful adverse effects. Chemotherapy causes harm to the 

gastrointestinal tract and lead to cardiac toxicity, nausea, vomiting, weight loss, 

anaemia, and diarrhoea (Mathan et al., 2022). Chemoresistance is one of the issues 

with this treatment option. This poses a threat in cancer therapy. There is a need to 

develop/explore new cancer therapy strategies to avoid the issues of drug toxicity and 

resistance. 

1.5.2 Radiation therapy 

The use of high-energy radiation works in such as electrons, protons, gamma, and x-

rays to treat early, or localized, and metastatic tumours (Mathan et al., 2022). 

Radiation therapy works by inducing enormous DNA damage in cancer cell genomes, 

which causes cell death through apoptosis (Makhoul, 2018). This can either be a direct 
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or indirect DNA damaging mechanism. In the direct act, the target DNA within the cell 

is directly affected by a particular radiation particle while with indirect there is 

interaction between the molecules within the cell together with the radiation particles 

mainly the electrons and protons to produce free radicals that will eventually damage 

the DNA (Rodrigues, 2021). 2021). Radiation therapy when used to treat breast cancer 

its often associated with long term side effects such as dermatitis, breast edema, 

shrinkage, pain, and fibrosis (Yazbeck et al., 2022). 

1.5.3 Targeted therapy 

This relies on the use of specific molecules to administer/exhibit a specific action 

towards a certain cell type as the name suggests. Targeted therapies are drugs or 

chemicals that limit the growth and spread of cancer through the interference of 

specific molecules that are involved in the growth of tumour and its progression as 

defined in accordance with National Cancer Institute (NCI) (Desai et al   ., 2019). 

Targeted therapies are a diverse range of drugs used to treat cancer, including 

monoclonal antibodies, tyrosine kinase inhibitors, and other small molecule inhibitors. 

The most studied therapeutic agents include tyrosine kinase inhibitors (TKIs) which 

work on cancer cells by blocking upregulated signal pathways in the cell, resulting in 

reduced cellular growth and proliferation (Reeves, 2016). Some of the side effects 

associated with the usage of TKIs include fatigue, diarrhoea, nausea, and 

hypertension (Reeves, 2016).  

1.5.4 Endocrine therapy 

Endocrine/hormonal therapy is for all patients whose breast cancers expresses 

oestrogen and progesterone receptors at all stages, excluding those with hormone 

receptor negativity. Endocrine therapy is effective in 75 to 80 percent of patients with 

malignancies that are positive for both ER and PR (Harichand-Herdt et al., 2009).  

Endocrine treatment works primarily by inhibiting ER binding using an agonist or 

deprives the tumour of oestrogen (Rasha et al., 2021).Cell division is aided by 

oestrogen and progesterone hormones and these hormones have receptors in some 

breast cancers as already outlined on the previous sections of this literature. The 

presence of these hormones in tumour cells is a clear indication that these are highly 

required to fuel the formation and proliferation of tumour cells (Horvath, 2021).  
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Breast cancers with low levels of progesterone and oestrogen receptors (PR and ER), 

and high KI67 and HER2 expression are less sensitive to hormonal treatment while 

those with high PR and ER, low KI67 and HER2 expression are more sensitive to 

endocrine treatment. Tamoxifen is a common modulator of oestrogen used in 

hormonal therapy has been shown to suppress breast cancer cell proliferation by 

competing with estrogen at the oestrogen receptor (ER). Even though tamoxifen is an 

effective treatment for all phases of hormone receptor–positive disease, it is linked to 

several negative side effects, including thromboembolic events, menopausal-like, and 

endometrial cancer (Harichand-Herdt et al., 2009). Other shortcomings about 

hormonal therapy are the issue of acquired resistance to ER-targeted medications 

which is due to ER mutations that occur on conserved regions of the ER which are 

essential for the activity of ER (Rasha et al., 2021). 

1.5.5 Immunotherapy 

The main target here is not tumour cells per se but the goal of immunotherapy is to 

reactivate the numerous antitumor immunological processes in the host (Horvath, 

2021) Immunotherapies primarily targets immunological checkpoints, which are 

biological mechanisms that tumour cells exploit in suppressing the immune responses 

(Skala et al., 2022). This makes use of  monoclonal antibodies (mAbs) which are  

developed for this treatment and employ a number of mechanisms, including (a) 

eliminating tumour cells directly which can trigger apoptosis or by delivering cytotoxic 

molecules such as drugs, enzymes, radioisotopes and toxins, (b) stimulation of 

immune cells so they can execute tumour cell eradication mediated by the immune 

system, and (c) disruption of the vascular and stromal systems (Barzaman et al., 

2021). 

Commercially available recombinant humanized mAbs for breast therapy include 

Pertuzumab, and Trastuzumab (Jain et al., 2021).The problem with using mAbs is that 

mutations in tumour cells may frequently occur, resulting in monoclonal antibody 

resistance through alternate mechanisms (Barzaman et al., 2021). There are diverse 

approaches that can be exploited for this treatment others includes, cancer vaccines, 

radio immunotherapy, adoptive cell, and oncolytic viral therapies (Barzaman et al., 

2021; Jain et al., 2021; Shahidian et al., 2020; Skala et al., 2022). 



12 | P a g e  
 

1.6 Cervical cancer 

Cervical cancer is ranks on the fourth position among the most common malignancy 

in women worldwide. It primarily affects women in countries with limited access to 

health-care services such as vaccination, screening, and treatment options  (Jalil et 

al., 2021).  Several cross-sectional analyses in South Africa have indicated that 

between 60 and 80% of women test positive for Human papilloma infection, with a 

cervical cancer diagnosis incidence of 30.2 cases per 100 000 women (Burmeister et 

al., 2022). Almost all cervical malignancies are caused by persistent infection with 

forms of human papillomavirus (HPV) (Jalil et al., 2021). These viruses inhibit the 

apoptotic signals and cell cycle checkpoints so they can replicate resulting in 

chromosome instability and genome instabilities generating mutations that can 

ultimately lead to cancer (Krump and You, 2018; Teruel et al., 2019).. In this study 

CaSki cells which are HPV-16 positive cell line are used.  

1.7 Classification of cervical cancer 

The cervix is the region where cervical cancer starts, which is a thin entrance into the 

uterus that is connected to the vaginal canal via the endocervical canal. The cervix is 

separated by two sections: the ectocervix and the endocervix. Stratified squamous 

epithelial cells makes up the ectocervix, whereas the endocervix is coated with simple 

columnar epithelial cells. The "transformation zone," which is made up of metaplastic 

epithelial cells, it is where the two regions meet and at that area it is where cervical 

cancer is most likely to grow and spread. Histologically cervical cancer is divided into 

two major sub-types which are squamous cell carcinoma (SCC) and adenocarcinoma 

(Burmeister et al., 2022). 

1.7.1 Squamous cell carcinoma (SCC) 

SCC arises from squamous cells of the ectocervix and contributes 75% of cervical 

cancer cases and it is the most common subtype of cervical cancer (Burmeister et al., 

2022). In the cervical epithelium, squamous cells go through alterations as cervical 

cancer progresses, which results in lesions known as cervical intraepithelial neoplasia 

(CIN) (Burmeister et al., 2022). This subtype is highly linked with infections by the 

Human Papilloma viruses (Jhingran and Meyer, 2021. SCC of the cervix are 

characterized by high mutation rates of p53 and pathologically (Knottenbelt et al., 

2015). 
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1.7.2 Adenocarcinoma of the cervix (AC) 

Adenocarcinoma arises from glandular cells in the endocervix that produces mucus 

(Burmeister et al., 2022). This carcinoma is identified by abnormal levels of mediators 

involved in the cell cycle that includes p53, cyclin E, p21, p16 and p27 (Hopkins and 

Smith, 2004). This subtype can spread locally around the pelvic regions (Jhingran and 

Meyer, 2021).  

1.8 (b)Treatment options for cervical cancer 

1.8.1 Surgery 

This is used to remove cancers in their early detected stages through the removal of 

a cancerous and metastasized tissue physically. There are several types of surgery 

involved in the treatment of cervical cancer and they rely on the stage of the disease 

and how it has spread (Burmeister et al., 2022). 

1.8.2 Chemotherapy 

This is often administered following surgery treatment when tumour highlights 

recurrence risks. In the treatment of cervical cancer. Chemotherapy makes use of a 

platinum-based cisplatin. To treat tumour that has advanced or spread to the local 

cells, chemotherapy can be combined with radiation therapy which can also help 

mitigating the recurrence of the disease. Chemotherapy lacks specificity in terms of 

which cells to eliminate since it targets both normal and cancerous cells which can 

weaken the body by causing alopecia and anaemia (Burmeister et al., 2022). 

1.8.3 Radiation therapy 

To treat cervical cancer, the commonly used form of radiation therapy is the external 

beam radiation therapy (EBRT) which directs high energy radiant beams to the tumour 

which emanates from outside of the body. Radiotherapy like any other cervical cancer 

treatment options is also associated with several side effects ranging from diarrhoea, 

sexual dysfunction to pelvic pain and abdominal cramps (Burmeister et al., 2022). 

1.8.4 Immunotherapy (HPV vaccines) 

This primarily targets the expression of oncoproteins pertaining to the Human 

Papilloma Virus. HPV vaccines have been created to prevent cervical cancer. To 

provoke or induce an immune/antibody response, HPV vaccines make use of virus-

like particles. This has been shown to offer defence against the high-risk HPV-16 and 
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18 strains that account for nearly 70% of instances of cervical cancer. However, the 

cost of producing these vaccines is high (Fatemi et al., 2022). 

1.8.5 Targeted therapy 

This primarily focuses on eliminating or targeting molecules that are expressed and 

required by the cancer cells to thrive, grow, proliferate, and spread. In terms of cervical 

cancer, the developed therapeutic targets’ potential aims at targeting pathways used 

by oncogenes and drug resistance mechanisms in the cervical cancers. Cell cycle 

components become activated in cancer cells, and they become recognised as the 

targets for therapy. Whenever there is DNA damage, cells are constraint to enter the 

mitosis phase by the Wee1 through the inhibition of cyclin B/CDK1 phosphorylation. 

In cervical cancer, Wee1 is upregulated, and its action is inhibited by MK-1775 which 

is an identified therapeutic target (Burmeister et al., 2022). 

1.9 Apoptosis 

Death is also an important aspect in the life cycle of cells together with development 

and differentiation. To maintain homeostasis in the living environment, a balance 

needs to be maintained between cell proliferation and cell death (Walia et al., 2021). 

Apoptosis is in fact one of the most important processes for cell survival. Apoptosis is 

defined as a programmed cell death, which is a widespread occurrence that is 

essential to many pathological and bodily processes (Walia et al., 2021). It maintains 

homeostasis by eliminating cells that have a potential to pose danger in the cellular 

environment, this includes surplus lymphocytes, damaged as well as infected cells.  

Apoptosis not only maintains homeostasis it also plays a role during embryonic 

development where it removes unnecessary tissues during morphogenesis and tissue 

organization (Liao, 2022). This form of cell death depends on ATP, and it is 

characterized by condensation of the chromatin, cytoplasmic shrinkage, fragmentation 

of nuclear DNA, blebbing of the plasma membrane, development of apoptotic bodies, 

and eventually dead cells elimination by the phagocytes (Kim-Campbell et al., 2019). 

Apoptosis is considered a non-inflammatory process since cells undergoing apoptosis 

releases metabolites which serves as a signal to be engulfed by phagocytes within the 

neighbouring cells therefore no immunogenic signals are released (Liao, 2022 

2022).This is a tightly regulated process such that it does not cause 

neurodegenerative illnesses if it occurs excessively and also not neoplastic diseases 
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if its inefficient (Matsuura et al., 2016).  There are two pathways apoptosis follows 

based on the origin of the initiating stimuli/signal (Kim-Campbell et al., 2019) of the 

two pathways one interacts with the death receptors together with their corresponding 

ligands including the Fas and TNF-1 (tumour necrosis factor-1) receptor. The other 

pathway involves the mitochondria and is regulated by the members of the BCL-2 

includes the proapoptotic and antiapoptotic proteins. Although these two pathways 

may involve different components, but they ultimately lead to activation of the 

caspases resulting in cleavage of diverse proteins causing metabolic/biochemical and 

morphological changes (Walia et al., 20212021).  

1.10 Biochemical features of apoptosis 

Apoptotic cells may experience protein cross-linking as part of the apoptosis process. 

The DNA can break in fragments of 180-200 base pairs catalysed by Mg2+ -and Ca2+- 

dependent endonucleases. DNA fragmentation can be detected by analysing DNA 

degradation using gel electrophoresis were by the degraded fragments usually appear 

having high molecular weight (HMW) (Khodavirdipour et al., 2021). Additionally, there 

is a production of cell surface markers, which ultimately results in the early phagocytic 

identification of apoptotic cells by nearby cells, enabling quick phagocytosis of the 

nearby tissue. This is accomplished by shifting the cell's normally inward-facing lipid 

bilayer to show itself on the plasma membrane's outer layers. Exposure of the 

phosphatidylserine on the external environment attracts phagocytes on the surface of 

apoptotic cells. Another prominent feature is the recruitment and activation of 

caspases which are a group of intracellular, aspartate-specific, cysteine-dependent 

proteases which plays a role of initiating and executing apoptosis (Kim-Campbell et 

al., 2019; Walia et al., 2021). 

A homodimer is the functional unit of caspases consisting of a bigger and a smaller 

subunit within each monomer. They exist in their procaspase, inactive form that upon 

activation they can stimulate other caspases and accelerate the apoptotic signalling 

which will ultimately lead to cell death due to their proteolytic action. Caspases are 

grouped into three functional classes. Caspase- 2, - 8, - 9, - and -10 are initiators, 

caspase- 3, -6, and 7 are effectors/executioners while caspase- 1-, 4-, -5, -11, and 12 

are inflammatory ones. Initiator caspases can activate effector caspases while 

activation of the initiator caspases can be due to apoptosome for caspase -2, P53- 

Induced Death Domain (PIDD) for caspase -2 and Death Inducing Signalling Complex 
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(DISC) for caspase -8 (Walia et al., 2021).Upon this cascade of proteolysis, apoptotic 

cells then undergo diverse morphologic changes which can cause the cytoskeleton to 

break down and the lipid composition of the cell membrane changes (Elkon and 

Oberst, 2018). 

1.11 Apoptosis signalling pathways. 

1.11.1 Intrinsic pathway 

In this route, signal from the stimuli originate from inside the cell and then mediated 

by the mitochondria as shown on figure 1.2 (a). The series of events that occurs are 

better explained by (MOMP) which is the mitochondrial outer membrane 

permeabilization.  In this process, proteins that are originally attached to the 

intermembrane of the mitochondria gets released whenever there is an interruption to 

the outer mitochondrial membrane (Elkon and Oberst, 2018. There are several cellular 

stresses such as endoplasmic reticulum stress due to unfolded proteins, oxidative 

stress, overloaded calcium in the cytosol, and damaged DNA which can activate the 

intrinsic pathway (Madkour, 2020b). 

Upon DNA damage or any other triggers of this pathway, the levels of Bax increases 

and/or Bcl-2 decreases which result in permeabilization of the mitochondrial 

membrane to release proapoptotic proteins such as cytochrome-c which will 

subsequently activate procaspase-9. The released cytochrome- c then binds to Apaf-

1 which is the (apoptotic protease activating factor) in an ATP- dependent manner to 

form an apoptosome which is a 7-subunit complex apoptosome (Walia et al., 2021). 

Recruitment and dimerization of caspase- 9 occurs through the action of the activated 

apoptosome which will eventually trigger apoptosis by cleaving and activating 

executioner caspases. Smac/Diablo and HtrA2/Omi are a couple of proapoptotic 

proteins that are also released during MOMP. They play a major role of attaching to 

and inactivating apoptosis inhibitors known as (IAPs) (Elkon and Oberst, 2018).  

Other proapoptotic proteins includes Bax, Bak, Puma and Noxa. Both Puma and Noxa 

causes a p53- mediated apoptosis, Puma facilitates cytochrome-c release from the 

mitochondria by increasing the level of Bax while Noxa activates caspase-9 through 

binding to the antiapoptotic proteins. During the later stages of apoptosis other 

proteins such as Endonuclease G (EndoG), Apoptosis- inducing factor (AIF), and 

caspase- activated DNase (CAD) gets to be released (Madkour, 2020), 
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DNA gets to be fragmented into approximately 50 000 kilo base parts by the AIF 

whereas EndoG creates oligo-nucleosomal fragments of DNA from cleaving nuclear 

chromatin. Eventually CAD will enter the nucleus and cause DNA condensation. This 

pathway is strictly regulated by Bcl-2 antiapoptotic proteins by inhibition of the 

cytochrome-c which is the main component for the activation of caspase-9. The Bcl-2 

proteins are also regulated by the tumour suppressor protein, p53 which arrests cells 

in the G1 phase of the cell cycle in case of DNA damage due to cellular stress. It then 

mediates apoptosis if the DNA is beyond repair by downregulating Bcl-2 or 

upregulating Bax (Madkour, 2020). 

 

 

Figure 1.2 (a): A detailed summary of all the events taking place in intrinsic 

pathway of apoptosis. That starts with a signal from either oxidative stress or DNA 

damage due to cancer treatment strategies. This triggers p53 which then upregulated 

the pro-apoptotic proteins in which Bax and Bak forms a complex and binds on the 

mitochondria to trigger MOMP. This membrane permeabilization then releases other 

pro-apoptotic proteins such as Sma/Omi and cytochrome-c that forms a complex with 

Apaf-1. This results in an apoptosome formation of which activates caspase 9. Then 
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Caspase-9 activates executioner caspase-3,6 and 7 which will cause apoptosis. 

AIF/EndoG are also released by the mitochondria to cause DNA fragmentation on the 

cells undergoing apoptosis. The Bcl-2 proteins and IAPs tightly regulate this pathway 

(Nieuwenhuijs-Moeke et al., 2020). 

1.11.2 Extrinsic pathway 

The signal from the stimuli originates from outside the cell. This is based on 

transmembrane receptor- mediated interaction which can be seen on figure 1.2 (b). 

This pathway is inclusive of the death receptors which form part of the superfamily of 

the tumour necrosis factor receptor genes. Death signal from the cell surface is 

transmitted to the intracellular signal pathway through the extrinsic route. For this 

pathway there are several death receptors corresponding to their ligands, these 

includes TNF-α /TNFR1, FasL/FasR, Apo2L with DR4/DR5, and Apo3L/DR3 which 

are the major pairs. However, the extrinsic pathway events are prevalently 

characterised using (Tumour necrosis factor-α with its receptor) TNF-/TNFR1 and 

(Fas ligand with its receptor) FasL/FasR. Once ligand bind to its respective death 

receptor, adapter proteins get recruited from the cytoplasm (Walia et al., 2021). 

When the TNF ligand bind to its receptor, TRADD (TNFR1 associated death domain) 

adaptor protein gets recruited and the binding of Fas ligand to its receptor allows FADD 

(Fas-associated Death Domain) adapter protein. These adapter proteins help in 

bridging death receptors to the procaspases so that a cascade of signalling events 

can begin (Walia et al., 2021). This will allow FADD to interact with the procaspase-8, 

then Procaspase-8 will be auto catalytically activated at this point because of the 

death-inducing signalling complex formation. Ultimately apoptosis gets triggered from 

the activation of caspase 8 (Walia et al., 2021). 
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Figure 1.2 (b): A schematic representation depicting a summary of crucial aspects of 

extrinsic apoptosis. For extrinsic pathway death ligands binds to their corresponding 

receptors. The common models include the ones of TNF-alpha/TNFR1, FAS/FASL 

and DRs/TRAIL. Once an interaction forms among the pairs, adapter proteins FADD 

and TRADD gets recruited to the cytoplasm. This interaction allows procase-8/10 to 

bind, and this will eventually form Death inducing signalling complex (DISC) which will 

allow activation of pro caspases to caspases, then activation of caspase-3,6 and 7. 

This will eventually execute apoptosis (Nieuwenhuijs-Moeke et al., 2020; Thind and 

Arora, 2012). 

1.13 Apoptosis as a therapeutic target for cancer 

Just after the initiation of cancer, apoptosis is the first line of defence to respond to the 

rapid tumour proliferation. Resistance to apoptotic signals presents one of the 

hallmarks of cancerous cells (Kashyap et al., 2021). Defects in apoptosis mechanisms 

protect cancerous cells from hypoxia and oxidative stress, allow time for cancerous 

cells to accumulate genetic changes that suppress cell proliferation, obstruct 

differentiation, supports angiogenesis, and increase cell motility and invasiveness. 
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These genetic changes play important roles in the pathogenesis of tumors by allowing 

cancerous cells to live longer than they would otherwise be expected to (Reed, 2002). 

Moreover, there is high expression of antiapoptotic proteins in cancer which can drive 

apoptosis resistance (Fulda, 2015). Since tumour cells are constantly dividing, they 

become more susceptible to treatment strategies that evokes DNA damage and cause 

an interference in the cell cycle phases (Taylor and Grabovich, 2009). As a result, over 

the last decades the sole focus of drug development was on increasing sensitivity of 

cancer cells to apoptosis. Due to defined molecular activities and structures of major 

regulators of apoptosis large-scale efforts have been made to create small molecule 

compounds to trigger this programmed cell death in cancer cells as prospective cancer 

therapies. (Liao, 2022).  

Therapeutic strategies employed to eliminate cancerous cells via apoptosis can work 

by directly acting on pro-apoptotic proteins, modulate anti-apoptotic proteins, act on 

death receptors, or rather restore the functions of tumour suppressor gene (p53)  

(Fleischer et al., 2006; Fulda, 2015). Apoptosis process can be triggered by enormous 

stimuli in cells this can include cancer treatment strategies such as chemotherapy and 

radiation which damages the DNA and induce the p53- mediated apoptosis in cells 

(Kashyap et al   ., 2021). Anticancer agents that are platinum- based such as cisplatin 

can induce DNA adducts which forms DNA interstrands that would eventually result in 

kinking and unwinding of the DNA (Siddik, 2013).  In case of a mutated p53 mediated 

pathway, therapeutic drugs such as 5-fluorouracil and cisplatin are used to induce 

apoptosis in breast and colorectal cancers. The Bcl-2 proteins engage in the intrinsic 

pathway of apoptosis and when they get mutated, therapeutic drugs such as 

Doxorubicin, Tamoxifen and G3139 assist in inducing apoptosis in cancers where Bax 

is mutated (Prasad, 2022c).  

Again, death receptors are suitable structures for apoptosis target by therapeutic drugs 

since they have an extracellular domain to facilitate binding by antagonistic antibodies 

or recombinant ligands. In a way the surface of cancer cells has death receptors that 

can directly be targeted by these strategies (Fulda, 2015). These antagonist antibodies 

are still in human clinical trials which are designed in case of mutated death receptors 

which are required to transmit signals in extrinsic apoptosis (Prasad, 2022c). Beside 

the side effects of targeting apoptosis in convention cancer therapies, targeting 

apoptosis as a means of killing cancer cells has some critical drawbacks since some 
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apoptotic proteins may develop mutations that cause their production to be 

downregulated or fail to activate in their own wild-type form. For instance, mutations 

in the p53 proapoptotic gene are identified in roughly 50% of human malignancies, 

which reduces the responsiveness to anticancer drugs (Siddik, 2013). 

1.14 Quinoxaline derivatives 

Quinoxaline derivatives are a crucial class of heterocyclic compounds which are 

formed from the fusion between a benzene ring to that of a pyrazine. A couple of 

carbon atoms of the naphthalene ring are replaced by nitrogen atoms. These 

containing compounds can donate and accept electrons hence forming a network of 

interactions with other molecules. Most importantly, the N- containing heterocycles 

forms a crucial part of the pyrimidines and purine bases of the DNA They have a 

chemical formular of C8H6N2 with a molecular weight of 130.15 g/mol. Quinoxalines 

are characterized by their ability to dissolve in water, and they have a low melting point 

of  roughly (29-30) º C with a boiling point of (108-111/12) º C (Elgemeie et al., 2022). 

They are weak bases and tend to form salts when reacting with acids (el Newahie et 

al., 2019). Quinoxalines are synthetic with only few of the compounds occurring in 

nature such as echinomycin. There are various methods of deriving quinoxalines and 

lately the focus has been on those in green technology (Khatoon and Abdulmalek, 

2021a)..  

These group of compounds possess a wide array of biological activities, they are 

effective against neurological disorders, leishmania, depression, cancer, bacterial and 

viral diseases. These outstanding activities are made possible by their core structure 

derivatives’ spectrum of activities depends on the different substitutions of groups on 

the core nucleus. The potential towards cancer relies on substitutions that occur on 

the carbonyl group which has an increasing activity in this order: ethyl < isopropyl < 

tertbutyl < phenyl groups (el Newahie et al., 2016). The structures of quinoxalines can 

be modified to create vast moieties with outstanding pharmacological effect having the 

capacity to fight various diseases with minimal or no side effects (Khatoon and 

Abdulmalek, 2021a). The world is evolving, and chemotherapy would require novel 

anticancer drugs to surpass the associated side effects. There are various known 

quinoxalines that inhibit the growth of neoplastic cells. These includes 

chloroquinoxalinesulfonamide (CQS), and 2-(4-(7-chloroquinoxalin-2-yl) phenoxy] 

propionic acid (XK469) (Fayed et al., 2021). 
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1.15 Mechanism of action as anticancer agents  

There is still a need to develop anticancer treatments that will be specific to the 

cancerous cells which will create very minimal or no side effects as well. The discovery 

of quinoxaline derivatives has attracted so much research interest such that they are 

explored in medicine and in pharmaceuticals. The ability of quinoxalines to bind DNA 

and hinder the replication process is made possible by the pyrazine ring structure of 

the quinoxalines. Then the benzene ring structure allows the quinoxalines to scavenge 

free radicals and additionally grant it the ability to chemically interact with various 

molecules/substances of biological systems (Sibiya et al., 2019). 

Quinoxaline structures are aromatic also known as chromophores; they can intercalate 

in between the base pairs of the DNA forming non- covalent bond with the bases. The 

formation of this complex between the DNA and the compounds affects the structure 

of the DNA by uncoiling it and distorting the shape. The changes in the structure of 

the DNA due to the intercalation have an effect in the DNA recognition as well as its 

interaction with linked proteins, and relative enzymes which plays a crucial role during 

DNA synthesis, transcription and repair processes hence prohibiting the normal 

functions of these systems. Furthermore, the intercalation by the aromatic compounds 

has an impact on the reduction of DNA length as well as its helical twists. A well-

studied quinoxaline analogue which acts as a DNA intercalator is echinomycin and it 

has demonstrated to be having anticancer potential and currently placed under phase 

I and II of clinical trials (El-Adl et al., 2020).  

Majority  of  the  chemotherapeutic  agents  are  known  to  create  breaks  in  the  

DNA  that  is  sufficient  to  induce  apoptosis  in  the  cells  (Eastman  and  Barry,  

1992).  Quinoxaline  derivatives  have  the  capacity  to  induce  apoptosis  in  cancer  

cells  as  one  of  their  modes  of  action  (el  Newahie  et  al.,  2019).  Recently  

synthesized  quinoxalines  such  as  8-chloro-4-(4-chlorophenyl)pyrrolo[1,2-

a]quinoxaline  was  found  to  selectively  inhibit  the  proliferation  of  breast  cancer  

cell  lines  and  had  a  regulation  of  the  cell  cycle  proteins  such  as  p21  and  p21  

(Sibiya  et  al.,  2019).  Other  novel  synthesized  quinoxalines  such  as  Grazoprevir  

have  been  approved  to  treat  several  resistant  strains  of  Hepatitis-  C  virus  

(Elgemeie  et  al.,  2022).  Brimodine  has  been  approved  to  treat  glaucoma,  and  

Erdafitinib  to  treat  bladder  cancer.    Those  that  are  still  under  clinical  trials  

includes  Chloroquinoxaline  Sulphonamide  (CQS)  which  has  been  assessed  to  
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treat  small  cell  lung  cancer  and  stage  IV  colorectal  cancer  (Montero  et  al.,  

2022).  There  are  enormous  structures  of  quinoxalines  that  are  synthesized  to  

explore  their  potential  in  inducing  cell  death  in  various  cancer  cell  lines.  The  

research  on  quinoxalines  has  drawn  attention  in  exploring  the  potential  of  these  

remarkable  group  of  compounds  that  might  create  breakthroughs  in  medicinal  

and  pharmaceutical  research. 

1.16  Aim,  objectives,  and  hypothesis  of  the  study 

AIM   

To  investigate  the  ability  of  quinoxaline  derivatives  to  induce  apoptotic  cell  death  

in  cervical  and  breast  cancer  cell  lines. 

OBJECTIVES 

The  objectives  of  the  study  are  to: 

i. determine  the  maximum  spectral  wavelengths  and  the  antioxidant  potential  

of  the  quinoxaline  derivatives  using  absorbance  spectra,  DPPH,  ferric  

reducing  power,  and  total  phenolic  content  assays. 

ii. determine  the  effect  of  quinoxaline  derivatives  on  cell  viability  of  MCF-7  

breast  cancer,  CaSki  cervical  cancer  and  Hek  293  kidney  cells  using  

MTT  assay.   

iii. assess  the  morphological  changes  of  CaSki  and  MCF-7  cells  after  

treatment  with  quinoxaline  derivatives. 

iv. analyse  the  apoptotic  inducing  effects  of  quinoxaline  derivatives  on  CaSki  

and  MCF-7  cells  using  MuseTM  Annexin-V  and  dead  cell  assay.   

v. evaluate  the  effect  of  the  quinoxaline  derivative  on  production  of  reactive  

oxygen  species  in  CaSki  cells. 

vi. determine  the  effect  of  quinoxaline  derivatives  on  the  proliferation  of  

cancer  cells  using  MuseTM  KI67  proliferation  assay. 

vii. assess  the  effect  of  quinoxaline  derivatives  on  the  cell  division  cycle  in  

CaSki  cells. 

HYPOTHESIS 

The  novel  synthesized  quinoxaline  derivatives  have  anticancer,  free  radical  

scavenging  and  reducing  power  properties  that  can  induce  cell  death  through  

apoptosis  against  cancer  cells  of  the  breast  (MCF-7)  and  cervix  (CaSki). 
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CHAPTER  2 

METHODS  AND  MATERIALS 

2.1  Materials,  equipment,  and  cell  lines 

Quinoxaline  derivatives  (LAM-29A  and  LAM-21D)  were  synthesized  from  

department  of  Chemistry  at  University  of  Limpopo,  DU®  730  Life  Sciences  

UV/Vis  spectrophotometer  (Beckman  Coulter,  South  San  Francisco,  California,  

USA),  Multiskansky  plate  reader  (Thermofisher  Scientific,  USA),  DMEM  

(Dulbecco’s  Modified  Eagle  Medium)  (Hyclone,  USA),  RPMI  (Roswell  Park  

Memorial  Institute)  medium)  (Hyclone,  USA),  L-glutamine  (Sigma-Aldrich,  

Germany),  PSN  (Penicillin,  Streptomycin  and  Neomycin)  (Sigma-Aldrich,  

Germany),  FBS  (Foetal  Bovine  Serum)  (Sigma-Aldrich,  Germany),  Life  

Technologies  countess  II  FL  automated  cell  counter  (Thermofisher  Scientific,  

USA),  Trypan  blue  dye  (Thermofisher  Scientific,  USA),  MTT  (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium  bromide)  solution  (Thermofisher  

Scientific,  RSA),  DMSO  (Dimethyl  sulfoxide)  (Saarchem,  South  Africa),  Muse™  

assay  kits  (Ki67  proliferation  kit,    Annexin  V  and  dead  cell  kit,  oxidative  stress  

kit  and  cell  cycle  kit)  (Luminex  corporation  in  Austin,  U.S.A),  Trypsin  (Lonza,  

USA),  Curcumin  (Sigma-Aldrich,  Germany),  PBS  (Phosphate  buffered  Saline)  

(Sigma-Aldrich,  Germany),  MCF-7  cells  (ATCC  HTB-22),  CASKI  cells  (ATCC  

CRM-CRL-1550),  HEK-293  cells  (ATCC  CRL-1573),  Guava®  Muse™  Cell  

analyser,  CO2  incubator  (NAPCO  model,  Instrulab  cc,  Johannesburg,  RSA),  and  

Fluorescence  microscope  and  inverted  microscopes  (Nikon,  Japan). 

2.2  Drug  preparation 

Synthesis of 6-nitro-2-(oct-1-ynyl) quinoxaline (LAM-21D) Lekgau et al, (2022). 

Compound LAM-21D (300 mg, 0.9 mmol) was treated with 1-octyne (0.15 mL, 1 mmol, 

1.2 eq.). Purification on flash silica, eluting with 1:9 EtOAc: n-hexane afforded 6-nitro-

2-(oct-1-ynyl) quinoxaline as a brown solid (172 mg, 67 %). M.p 200.5-202.5 °C; 1H 

NMR (400 MHz, CDCl3, ppm) 0.88 (t, 3H, J = 6.8 Hz), 1.31 (m, 4H), 1.47 (quin, 2H, J 

= 7.2 Hz), 1.68 (quin, 2H, J = 7.2 Hz), 2.55 (t, 2H, J = 7.2 Hz), 8.15 (d, 1H, J = 9.2 Hz), 

8.50 (dd, 1H, J = 9.2 Hz and 2.4 Hz), 8.91 (s, 1H), 8.93 (d, 1H, J =2.4 Hz); 13C NMR 

(100 MHz, CDCl3, ppm) 14.0, 19.7, 22.5, 28.0, 28.6, 31.2, 78.8,99.9, 123.9, 125.5, 
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130.6, 139.4, 142.9, 144.5, 147.6, 149.4; Vmax (FTIR) 538, 742, 741, 1072, 1182, 

1337, 1516, 2214, 2923, 3037 cm-1; HRMS (ESI) [M + H+]: m/z 284.1404. 

Synthesis of 3-(6-aminoquinoxalin-2-yl)prop-2-ynyl benzoate (LAM-29A) Lekgau 

et al, (2022).  

To a suspension of compound LAM-29A (60 mg, 0.18 mmol) in EtOAc (10 mL) was 

added SnCl2 (171 mg, 0.9 mmol, 5 eq.) according to procedure of reduction reaction. 

Purification on prep TLC with EtOAc: n-hexane (1:1) afforded 3-(6- aminoquinoxalin-

2-yl)prop-2-ynyl benzoate as yellow solid (41 mg, 75 %). M.p 199.3- 201.5 °C. 1H 

NMR (400 MHz, CDCl3, ppm) 4.35 (brs, 2H), 5.22 (s, 2H), 7 .08 (d, 1H, J = 2.5 Hz), 

7.18 (dd, 1H, J = 9.0 and 2.6 Hz), 7.43-7.47 (m, 2H), 7.55-7.60 (m, 1H), 7.82 (d, 1H, 

J = 9.0 Hz), 8.08-8.10 (m, 2H), 8.73 (s, 1H); 13C NMR (100 MHz, CDCl3, ppm) 52.9, 

84.3, 85.7, 107.6, 122.7, 128.4, 129.3, 129.9, 130.4, 133.4, 133.9, 137.1, 143.3, 147.3, 

148.9, 165.8; Vmax (FTIR) 546, 705, 1096, 1260, 1476,1614, 1708, 2087, 2919, 3221, 

3335 cm-1; HRMS (ESI) [M + H]+ :m/z 304.1094. 

 

Quinoxaline  LAM-21D  with  a  mass  of  240  mg,  and  molecular  weight  =  283  

g/mol  was  dissolved  in  20  mL  (100%)  DMSO  to  make  final  concentration  of  

42.5  mM.  The  stock  solution  of  42.5  mM  was  diluted  with  DMEM/RPMI-free  

FBS  to  2  mM  to  be  used  in  cell  culture  assays.  LAM-29A  with  a  mass  of  22.3  

mg,  and  molecular  weight  of  303  g/ml  was  suspended  in  5  mL  DMSO  to  a  

final  concentration  of  14.8  mM.  This  stock  solution  of  LAM-29A  was  further  re-

suspended  in  DMEM/RPMI-free  FBS  to  a  final  working  concentration  of  2  mM.  

For  the  non-cell-based  assays  the  compounds  were  re-suspended  in  distilled  

water. 

2.3  non-cell-based  assays. 

2.3.1  Wavelength  determination 

To  measure  the  spectral  wavelength  of  LAM  29A  and  LAM  21D,  10  µL  of  the  

compounds  were  diluted  with  990  µL  of  distilled  water  in  micro  centrifuge  tubes  

and  the  solution  was  transferred  to  cuvettes.  Distilled  water  was  used  as  a  

blank.  Optical  properties  of  LAM-29A  and  LAM-21D  were  measured  using  the  

DU®  730  Life  Sciences  UV/Vis  spectrophotometer  at  broad  wavelength  (200  

nm-700  nm).   
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2.3.2  Reducing  power  assay. 

Ferric  reducing  antioxidant  power  (FRAP)  assay. 

The  ferric  reduction  potential  of  quinoxaline  LAM  29A  and  LAM  21D  was  

determined  using  FRAP  assay.  This  is  based  on  the  conversion  of  the  colourless  

Fe3+/  tripyridyltriazine  complex  into  a  vivid  blue  Fe2+/  tripyridyltriazine  complex  

once  there  is  presence  of  antioxidants  in  the  quinoxalines  (Spiegel  et  al.,  2020).  

An  increase  in  absorbance  measurement  correlates  with  the  antioxidants  present  

in  the  quinoxaline  derivatives.  Quinoxalines  and  (1%)  ascorbic  acid  in  varying  

concentrations  ranging  from  (0.0125,  0.025,  0.2  and  1  mM)  were  suspended  in  

100  µL  of  distilled  water  together  with  250  µL  of  both  phosphate  buffer  (0.2  

M,  pH  6.6)  of  and  (1%)  of  potassium  ferricyanide  then  incubated  at  50  ºC  for  

20  minutes.  To  add  to  the  mixture,  (250  µL)  of  (10%)  trichloroacetic  acid  was  

transferred.  The  upper  layer  of  the  solution  (250  µL)  was  mixed  with  distilled  

water  (250  µL)  and  (0.1%)  ferric  chloride  solution  of  50  µL.  Blank  was  prepared  

with  the  same  reagents  except  the  addition  of  quinoxalines.  Absorbance  was  

measured  at  700  nm. 

2.3.3  Free  radical  scavenging  activity 

2.2-diphenyl-1-(2,4,6-trinitrophenyl)  hydrazyl  (DPPH)  assay 

To  further  analyse  the  antioxidant  activity,  2.2-diphenyl-1-(2,4,6-trinitrophenyl)  

hydrazyl  (DPPH)  radical  scavenging  activity  assay  was  used.  The  DPPH  radical  

is  reduced  in  the  presence  of  an  antioxidants-containing  compound  through  the  

transfer  of  hydrogens  that  will  ultimately  lead  to  a  colour  transformation  of  the  

purple  DPPH  to  a  yellow  DPPH  molecule  (Kitima  et  al.,  2018).  This  can  be  

quantified  by  measuring  the  absorbance  at  517  nm  wavelength. 

a)  Qualitative  DPPH 

The  0.4  mM  DPPH  solution,  Mw=  394,32  g/mol  was  prepared  by  weighing  7.88  

mg  of  the  powdered  form  of  DPPH  and  dissolved  in  50  mL  methanol.  Both  

the  drugs  and  the  standard  solution  were  prepared  with  similar  concentrations  

of  1  mM.  The  volumes  of  10  µL  per  drug  were  dot  blotted  on  the  Merc  Silica  

gel  F284  plates.  Similar  volumes  (10  µL)  of  ascorbic  acid  and  water  were  dot  

blotted  and  the  plates  were  allowed  to  dry  at  room  temperature.  The  plates  

were  sprayed  with  the  0.4  mM  DPPH  solution  after  they  were  completely  dry  

to  observe  the  colour  transformation  on  the  purple  background. 
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b)  Quantitative  DPPH 

To  determine  the  percentages  of  the  free  radicals  scavenged  by  the  quinoxalines,  

the  drugs  were  prepared  in  1  mL  with  a  concentration  range  of  0,125;  0.2;  

0.4;  and  1  mM.  These  were  dissolved  in  dH2O.  Similar  concentrations  of  

ascorbic  acid  were  prepared  (standard).  DPPH  solution  of  0.1  mM  in  10  mL  

was  prepared  from  the  0.4  mM  stock  solution  and  dissolved  in  ethanol.  The  

control  was  prepared  by  mixing  methanol  with  DPPH  whereas  blank  contained  

methanol  with  distilled  H2O.    Then  1mL  of  the  DPPH  was  added  in  the  

Eppendorf  tubes  containing  the  samples  and  were  incubated  in  a  dark  place  

for  30  minutes.  Post  the  incubation  period,  200  µL  of  the  samples  were  

transferred  in  48  well  plates  (triplicates)  and  absorbance  were  recorded  at  517  

nm  using  the  spectrophotometer.  The  free  radical  scavenging  activity  was  

calculated  using  the  equation  below. 

%  scavenging  activity=  (Abs  Control-Abs  test)/  (Abs  control)  x  100.   

2.3.4.  Determination  of  the  total  phenolic  content 

The  total  phenolic  content  of  LAM-29A  and  LAM-21D  were  evaluated  using  the  

Folin-Ciocalteu’s  reagent.  Compounds  with  phenolics  reacts  with  the  folin  reagent  

which  has  a  mix  of  heteropolyphosphotungstate-molybdate  that  forms  a  coloured  

blue  complex  when  sodium  carbonate  is  added  (Kupina  et  al.,  2018).  The  

phenolic  content  of  the  quinoxalines  was  evaluated  by  comparing  their  

absorbance  at  750  nm  to  a  calibration  curve  using  gallic  acid  as  a  standard.  

Briefly  concentrations  of  1  mg/ml  of  LAM-21D,  LAM-29A  and  quercetin  were  

prepared  which  served  as  a  standard.  Gallic  acid  concentrations  ranging  from  

(0-  0.5  mg/ml)  were  prepared.  Weighed  3.75  g  of  sodium  carbonate  and  

dissolved  in  50  mL  distilled  water.  The  Folin  reagent  was  prepared  by  diluting  

it  tenfold  of  the  original  concentration,  2.5  mL  of  this  reagent  was  transferred  

in  each  test  tube.  Then  2  mL  of  the  sodium  carbonate  was  added  to  the  

mixture  after  five  minutes.  The  samples  were  incubated  and  left  in  the  dark  for  

a  duration  of  30  minutes.  Post  the  incubation  period,  absorbances  of  the  

mixtures  were  measured  at  750  nm.  A  standard  curve  was  then  constructed  

using  gallic  acid.  The  experiment  was  performed  in  sextuplicate.  The  total  

phenolic  content  was  expressed  as  mg  of  GAE/g  of  the  compounds  and  

calculated  using  the  formula  below. 
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𝑇𝑃𝐶=𝐶V/M 

On  the  equation,  ´C´  is  the  concentration  of  gallic  acid  mg/ml,  ´V´  is  the  volume  

of  compound  in  ml  and  the  weight  of  the  compound  in  grams  is  denoted  as  

´M´. 

2.4  Cell  culture 

Cervical  CaSki,  breast  MCF-7,  and  Hek-293  kidney  cells  were  obtained  from  

ATCC,  (ATCC  CRM-CRL-1550,  ATCC  HTB-22  and  ATCC  CRL-1573).  The  cells  

were  incubated  at  37°C,  with  a  humidified  95%  air  and  5%  CO2  in  cell  culture  

flasks.  The  cells  were  propagated  in  RPMI  (Roswell  Park  Memorial  Institute)  

medium  for  CaSki  and  DMEM  (Dulbecco’s  Modified  Eagle  Medium)  for  MCF-7  

and  HEK-293  cells,  which  were  supplemented  with  2  mM  L-glutamine,  1×  

(penicillin,  streptomycin,  and  neomycin,  PSN)  and  10%  Foetal  Bovine  Serum  

(FBS).  Cell  densities  were  calculated  using  a  Life  Technologies  countess  II  FL  

automated  cell  counter  after  diluting  and  staining  cells  with  10×  trypan  blue  

dye. 

2.5  Cell  viability  analysis 

MTT  (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium  bromide)  assay 

The  cytotoxicity  of  the  compounds  was  measured  by  using  the  MTT  (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium  bromide)  assay.  This  is  based  on  

the  ability  of  the  mitochondria  in  viable  cells  to  actively  secrete  the  NADPH-

dependent  oxidoreductase  that  can  convert  the  tetrazolium  salt  to  yield  an  

insoluble  purple  formazan  product.  The  outcomes  are  quantified  by  reading  the  

absorbance  at  570  nm  (Ghasemi  et  al.,  2021).  Briefly  (MCF-7  and  CaSki  cells)  

were  seeded  with  a  density  of  5000/well,  (HEK-293  cells,  4000/well)  using  a  

96  well  plate  overnight.  These  were  treated  with  the  compounds  (LAM-29A  and  

LAM-21D),  DMSO-media,  and  Curcumin  followed  by  an  incubation  period  of  24  

hours.  MTT  reagent  (5  mg/ml)  was  then  added  to  the  wells  making  a  final  

concentration  of  0.5  mg/ml.  This  was  incubated  for  3  hours.  Upon  the  incubated  

period,  the  formazan  salts  were  solubilised  by  adding  100  µL  of  DMSO  which  

led  to  a  further  30  minutes’  incubation  in  a  photosensitive  area.  Quantification  

of  the  outcomes  was  successfully  done  by  recording  the  OD  values  at  570  nm  
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using  the  MultiskanSky  plate  reader.  The  viability  percentage  were  expressed  

by  the  formula:   

%  Viability =
Absorbance  of  treated  cells

The  absorbance  of  untreated  cells
˟  100 

2.6  Morphological  analysis   

The  effect  of  the  treatment  on  the  morphology  of  cancer  cells  was  conducted  

using  the  Ti-E  inverted  microscope.  Cells  were  seeded  in  48  well  plates  

overnight.  Then  treated  with  the  controls  and  compounds  for  24  hours.  Post  

treatment,  images  of  the  cells  were  captured  on  Ti-E  inverted  microscope  

connected  to  a  computer. 

2.7  Proliferation  analysis 

MuseTM  Ki67  proliferation  assay 

The  tumour  Ki67  antigen  was  used  as  a  marker  to  assess  the  percentages  of  

proliferating  and  non-proliferating  cells.  Its  expression  assessment  was  done  

using  Muse™Muse™Ki67  proliferation  kit  (Luminex  corporation  in  Austin,  U.S.A).  

Protocol  was  conducted  according  to  the  manufacturer’s  instructions.  MCF-7  and  

CaSki  cells  were  seeded  in  46  well  plate  with  a  density  of  2×104/well  overnight.  

Various  concentrations  of  quinoxaline  LAM-29A  (62.5  and  125  µM)  and  LAM-

21D  (125  and  250  µM)  DMSO  was  used  as  a  negative  control,  whilst  the  

positive  control  was  curcumin.  Briefly,  cells  were  washed  with  PBS  and  harvested  

post  24-hour  treatment  with  1×  trypsin.  Then  centrifuged,  fixed  and  

permeabilised.  The  Muse™  Hu  Ki67-PE  was  added,  and  samples  were  incubated  

in  a  dark  place  at  room  temperature  for  30  minutes.  Post  incubation  1×  assay  

buffer  was  added  then  samples  were  run  on  Guava®  Muse™  Cell  analyser. 

2.8  Apoptosis  analysis   

MuseTM  Annexin  V  and  Dead  Cell  assay 

To  analyse  the  apoptotic  inducing  effects  of  LAM-29A  and  LAM-21D  on  CaSki  

and  MCF-7  cells,  Muse™  Annexin  V  and  dead  cell  assay  was  used.  Annexin  

V  reagent  binds  strongly  to  the  phospholipid  layer  of  a  plasma  membrane.  For  

cells  that  are  undergoing  apoptosis,  the  plasma  membrane  becomes  

compromised,  and  the  phospholipid  layer  becomes  externalized  and  susceptible  

to  the  annexin  which  will  bind  with  high  affinity.  This  was  be  detected  using  
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flow  cytometry.  To  quantify  that,  cells  were  seeded  with  a  density  of  2×104/well  

overnight.  The  following  concentrations  of  LAM-21D  were  used  to  treat  CaSki  

cells;  0,  125  µM,  250µM,  0.6%  DMSO  and  250  µM  Curcumin.  MCF-7  cells  

were  treated  with  LAM-29A  with  62.5  µM,  125  µM,  DMSO  and  125  µM  

Curcumin.  Post  24-hour  treatment  cells  were  harvested  by  washing  with  1×  

PBS  and  trypsinised  then  followed  by  centrifugation  at  300  rpm  for  5  minutes.  

Cells were  resuspended  with  50  µL.  Within  the  resuspended  cells,  50  µL  of  

Annexin  V  reagent  was  added.  The  samples  were  then  incubated  in  the  dark  

for  20  minutes  then  analysed  using  Muse™. 

2.9  Oxidative  stress  analysis 

Muse™  oxidative  stress  assay  was  employed  to  determine  the  percentages  of  

ROS  positive,  and  ROS  negative  cells  post  treatment  with  quinoxaline  LAM-

21D.  CasKi  cells  were  seeded  at  a  density  of  20000  cells/well  overnight.  The  

cells  were  pre-treated  with  LAM-21D;  125  µM  and  250  µM,  DMSO  and  curcumin  

for  20  hours,  then  exposed  to  Hydrogen  peroxide  for  4  hours  before  harvesting.  

Post  treatment  cells  were  washed  and  trypsinised.  Then  centrifuged  at  300  rpm  

for  5  minutes.  The  cells  were  washed  again,  then  10  µL  of  the  cells  and  190  

µL  of  Muse™  oxidative  stress  working  solution  then  mixed.  This  was  followed  

by  incubation  at  37°C  for  30  minutes and samples  were  analysed  on  the  Muse™  

cell  analyser. 

2.10  Cell  cycle  analysis 

To  determine  the  effect  of  the  compounds  on  cell  cycle,  Muse™  cell  cycle  

assay  was  conducted  were  by  percentages  of  DNA  in  various  cell  cycle  phases  

was  determined.  CaSki  cells  were  seeded  at  a  density  of  2  x  105  cells/flask  

overnight.  The  cells  were  then  synchronized  by  adding  media  without  FBS  

overnight.  Following  synchronization,  the  cells  were  treated  with  curcumin,  0.6%  

DMSO,  and  LAM-21D  (125  µM  and  250  µM).  After  24  hours  the  cells  were  

washed  with  PBS,  trypsinised,  and  centrifuged  at  300  x  g  for  5  minutes.  The  

cells  were  then  washed  with  PBS  and  centrifuged  at  300  x  g  for  5  minutes.  

The  supernatant  was  discarded,  and  the  cells  were  re-suspended  in  50  µL  

PBS.  Within  the  tubes  containing  the  cells,  200  µL  drops  of  70%  ethanol  was  

added  while  gently  vortexing  the  cell  suspension.  The  cells  were  then  placed  
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in  -20°C  for  3  hours.  The  ethanol  fixed  cells  were  then  centrifuged  at  300  x  g  

for  5  minutes.  The  supernatant  was  discarded,  and  cells  were  re-suspended  in  

250  µL  of  PBS  and  centrifuged  again  for  5  minutes.  The  pellet  was  then  re-

suspended  in  200  µL  of  Muse™  cell  cycle  reagent  and  incubated  at  room  

temperature  for  30  minutes  in  a  light-sensitive  area samples  were  analysed  on  

Muse™  cell  cycle  analyser. 

2.11  In  silico  analysis  of  the  compounds 

 

2.11.1  Molecular  docking 

The  molecular  mechanisms  linked  to  the  antiproliferative  activity  of  the  

compounds  were  predicted.  Molecular  docking  was  performed  on  quinoxaline  

derivative  LAM-21D  and  curcumin  structures  drawn  from  ChemSpider  against  

the  BCL-2  and  p65  NF-KB  structures  which  were  obtained  from  Protein  Data  

Bank.  To  perform  the  molecular  docking,  the  binding  affinities  of  the  compounds  

on  the  target  proteins  NF-kB  and  BCL-2  was  performed  using  CB  dock.  The  

entire  protein  was  docked  to  determine  the  probable  binding  sites.  This  

performed  blind  docking  at  only  predicted  sites.  The  yielded  bound  poses  were  

ranked  in  a  docking  score.  The  highest  negative  vina  score  gave  the  best  

binding  pose.  The  optimal  binding  site  was  ranked  first.  Then  the  

pharmacokinetics  ADME  (Absorption,  Distribution,  Metabolism  and  Excretion)  

properties  of  the  compounds  were  studied  on  SwissADME  web-based  software.  

In  SwissADME,  the  2D  structures  of  the  compounds  were  imported  and  

converted  into  SMILES  (Simplified  Molecular  Input  Line  Entry  Systems).  This  

gave  pharmacokinetic  properties  of  ligands  and  BOILED  egg  simulations  to  show  

absorption  destination  of  the  ligands  within  the  human  body. 

2.12  Statistical  analysis 

The  determination  of  the  samples’  statistical  differences  was  conducted  by  

statistical  analysis.  The  results  were  expressed  as  mean  ±  SEM  from  three  

independent  experiments  performed  in  triplicates.  Differences  were  considered  

significant  at,  *  p≤0.05;  **  p≤0.01;  ***  p≤0.001  and  ****p≤0.0001.  The  analysis  

of  two  way  (ANOVA)  or  mixed  models  were  used  to  make  comparisons  using  

Graphpad  prism  version  8.4.2. 
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CHAPTER  3 

RESULTS 

3.1  Spectral  analysis  of  quinoxaline  LAM-21D  and  LAM-29A 

Characterisation  of  Quinoxaline  derivatives  was  conducted  using  the  UV-Vis  

spectroscopy.  Looking  at  the  results  in  Figure  3.1  LAM-29A  has  two  broad  

peaks  that  shifted  to  the  right  side.  The  first  band  is  at  285  nm,  with  absorption  

of  0,312while  the  second  one  is  found  at  410  nm  and  0.241  absorption.  LAM-

21D  has  the  first  peak  at  280  nm  at  0.513  followed  by  a  peak  at  380  nm  at  

0,523.  The  combined  spectra  clearly  show  that  LAM-  21D  has  higher  absorbance  

due  to  high  energy  available  for  molecules  to  create  a  transition  hence  the  

presence  of  shorter  wavelength.  On  LAM-29A,  the  electronic  energy  levels  are  

closer  together  due  to  the  presence  of  the  above-mentioned  groups  as  a  result  

less  energy  is  required  to  make  a  transition  from  the  ground  to  the  excited  

state  which  explains  the  longer  wavelength  and  less  absorption  intensity.   
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Figure  3.1:  Ultraviolet-visible  absorption  spectra  of  quinoxaline  LAM-29A  

and  LAM-21D.  LAM-29A  and  LAM-21D  were  diluted  in  distilled  water  and  the  

absorbance  was  measured  using  the  DU®  730  Life  Sciences  UV/Vis  

spectrophotometer.  Wavelength  detection  was  conducted  from  200-  900  nm.   

 

3.2  Antioxidants  assays 

3.2.1.  Ferric  Reducing  Antioxidant  Power  (FRAP)  Assay   

In  the  FRAP  assay  an  increase  in  absorbance  signifies  an  increasing  antioxidants  

activity.  The  antioxidant  power  was  quantified  by  measuring  an  increase  in  

absorbance  at  593  nm  using  a  spectrophotometer.  The  three  lower  

concentrations  (0,125-  0.5)  mM  for  both  compounds  exhibited  lower  absorbance  

values  ranging  from  0,10  –  0.18  (Figure  3.2.1).  It  can  be  observed  that  the  

absorbance  gradually  increased  to  0.5  and  0.8  at  higher  concentrations  of  1  

mM  and  2  mM.  This  is  an  indicative  of  an  increased  reducing  powers  and  

more  antioxidant  activity  in  these  concentrations  respectively. 
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Figure  3.2.1:  Ferric  reducing  potential  of  LAM-29A  and  LAM-21D.    LAM-29A  

and  LAM-21D  at  different  concentrations  ranging  from  (0.125-2  mM)  were  

prepared  with  ascorbic  acid  as  a  standard.  Following  incubation  of  the  samples  

with  (0.1%)  ferric  chloride  solution,  the  absorbance  was  measured  at  700  nm  

using  spectrophotometer.  An  increase  in  absorbance  at  700  nm  from  (0.125-  2  

mM)  correlate  with  the  antioxidants  present. 
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3.2.2  Free  radical  scavenging  activity  assay 

For  compounds  to  effectively  scavenge  the  DPPH  free  radical,  they  should  have  

a  certain  level  of  antioxidants  potential.  This  assay  aided  in  testing  the  

antioxidant  capacity  of  the  compounds.  A  qualitative  observation  was  obtained  

on  Figure  3.2.2.1  where,  the  compounds,  water  and  ascorbic  acid  were  dot  

blotted  against  the  DPPH  solution.  The  blotted  spots  of  both  compounds  against  

the  ascorbic  acid  appears  to  be  having  even  colour  intensities.  The  degree  of  

the  paleness  of  the  spots  implies  that  both  compounds  might  be  having  

somehow  similar  free  radical  scavenging  activities.  From  the  quantitative  

outcomes  (Figure  3.2.2.2)  it  can  be  observed  that  across  all  concentrations  

ranging  from  (0.125  –  2  mM),  LAM-29A  and  LAM-21D  were  able  to  scavenge  

80%  of  the  DPPH  free  radical.  Whereas  the  positive  control  had  percentages  

below  80%  in  the  two  lowest  concentrations.  Highest  scavenging  activity  of  91%  

is  observed  with  LAM-21D  at  2  mM  concentration.  The  outcome  of  the  latter  

analysis  correlates  with  those  of  the  qualitative  DPPH  radical  evaluation. 
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Figure  3.2.2.1:  Qualitative  antioxidants  scavenging  activity  of  Ascorbic  acid,  

LAM-29A  and  LAM-21D.  Similar  concentrations  of  0.5  mM  for  LAM-29A,  LAM-

21D  and  ascorbic  acid  were  dissolved  in  water  then  were  dot  blotted  against  

the  0.4  mM  DPPH  solution  on  the  Merc  Silica  gel  F284  plates. 
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Figure  3.2.2.2:  DPPH  free  radical  scavenging  activity  of  both  LAM-29A  and  

LAM-21D  at  varying  concentrations.  Ascorbic  acid  served  as  a  standard.  

DPPH  solution  of  0.1  mM  was  added  into  the  samples,  incubated  for  thirty  

minutes.  Then  absorbance  was  measured  absorbance  at  700  nm  using  a  

spectrophotometer.  The  %  DPPH  scavenging  activity  was  then  calculated. 
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3.2.3  Total  phenolic  content 

The  quantification  of  the  phenolic  content  using  Folin  Ciocalteu  relies  on  the  

reaction  of  phenols  with  a  mixture  of  sodium  molybdate,  sodium  tungstate  within  

the  Folin  Ciocalteu’s  reagent  which  then  produces  a  blue  coloured  complex  

which  absorbs  at  765  nm.  When  comparing  the  phenolic  content  of  the  

compounds  using  Quercetin  as  reference,  LAM-29A  had  more  phenolic  content  

of  51.70  mg/g  of  GAE  compared  to  LAM-21D  which  only  had  10.31  mg/g  of  

GAE  (Figure  3.2.3).  This  results  from  the  presence  of  phenolic  group  on  the  

main  quinoxaline  core.  These  results  suggest  that  both  compounds  exhibit  a  

certain  level  of  antioxidants  due  to  the  presence  of  the  phenols.  However,  LAM-

29A  exhibited  more  phenolic  content  compared  to  LAM-21D  in  relation  to  the  

positive  control  (quercitin). 
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Figure  3.2.3:  The  phenolic  content  analysis  of  quinoxaline  LAM-21D  and  

LAM-29A.  After  the  addition  of  the  Folic  Ciocalteu’s  reagent  in  samples,  they  

were  incubated  in  a  light-sensitive  room  for  thirty  minutes.  Quercetin  was  used  

as  a  positive  control.  The  phenols  in  each  sample  were  quantified  by  measuring  

the  absorbance  values  at  750  nm.  The  results  were  obtained  from  three  

independent  repeats  which  were  performed  in  sextuplicate,  with  ****  p≤  0.0001  

between  the  compounds  showing  a  significant  difference. 
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3.3  The  effects  of  LAM-29A  and  LAM-21D  on  viability  of  MCF-7  and  

CaSki   

For  preliminary  screening  of  quinoxaline  derivatives  (LAM-21D  and  LAM-29A).  

MTT  assay  was  carried  out  using  CaSki  and  MCF-7  cells.  CaSki  cells  were  

treated  with  concentrations  ranging  from  31.25-  500  µM,  DMSO  and  Curcumin.  

On  Figure  3.3.1  (A),  there  was  an  observed  dose-dependent  decrease  in  cell  

viability  when  CaSki  cells  were  treated  with  LAM-21D.  At  concentration  of  250  

µM,  53%  of  cells  were  viable.  CaSki  cells  treated  with  LAM-29A  (Figure  3.3.1  

(B))  has  not  shown  any  significant  variation  in  cell  viability  except  at  500  µM  

where  only  78%  of  the  cells  were  viable.  The  DMSO  content  of  LAM-29A  had  

a  significant  contribution  in  the  reduction  of  the  viability  of  CaSki  cells,  where  

only  62%  of  the  cells  where  viable,  hence  LAM-29A  could  not  be  used  to  treat  

CaSki  cells.  With  regards  to  MCF-7  cells,  LAM-21D  (Figure  3.3.2  (A))  was  very  

cytotoxic  at  500  µM  whereas  LAM-29A  Figure  3.3.2  B  showed  a  high  selectivity  

towards  MCF-7  cells  at  the  lowest  concentration  of  125  µM.  The  effective  

concentrations  of  LAM-21D  (125  and  250  µM)  were  used  to  investigate  apoptosis  

in  CaSki  cells  for  the  downstream  assays,  while  62.5  µM  and  125  µM  LAM-

29A  were  investigated  in  MCF-7  cells. 
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Figure  3.3.1:  The  effect  of  LAM-21D  and  LAM-29A  on  the  viability  of  

cervical  CaSki  cells.  CaSki  cells  were  seeded  overnight  and  treated  with  

different  concentrations  of  LAM-21D  (31.25-500  µM)  and  LAM-29A  ((31.25-500  

µM))  for  24  hours.  MTT  was  added  and  cells  were  quantified  by  measuring  

absorbance  at  570  nm  using  MultiskyScan,  after  which  MTT  was  carried  out.  

The  data  is  a  representation  of  three  independent  experiments,  (percentages  

mean  ±  SEM).  Statistical  differences  were  established  with  p  values  of  (*p≤  

0.05,  **p≤  0.01  and  ****p≤  0.0001). 
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Figure  3.3.2:  The  effect  of  LAM-21D  and  LAM-29A  on  MCF-7  breast  cells  

cancer  cells  over  24-hour  treatment.  MCF-7  cells  were  also  seeded  overnight  

and  treated  with  different  concentrations  of  LAM-21D  (31.25-500  µM)  and  LAM-

29A  (16.62-125  µM)  for  24  hours.  Following  MTT  addition,  cells  were  quantified  

by  measuring  absorbance  at  570  nm  using.  The  data  represents  three  

independent  experiments  with  percentage  mean  ±  SEM.  The  differences  were  

statistically  significant  with  p  values  of  (*p≤  0.05,  **p≤0.01,  ***p≤  0.0005,  and  

****p≤  0.0001). 
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3.4  Effect  of  LAM-21D  and  LAM-29A  on  viability  of  HEK-293  cells 

A  promising  anticancer  agent  must  effectively  inhibit  the  growth  of  cancerous  

cells  without  harming  the  normal  cells.  To  show  the  effect  of  the  derivatives  on  

the  viability  of  the  non-cancerous  cells,  MTT  assay  was  carried  out  on  Hek  

293  cells.  LAM-29A  (Figure  3.4  B)  had  negligible  toxicity  towards  HEK293  cells  

at  IC50=125  µM  where  viability  percentages  were  maintained  at  84%.  LAM-21D  

(figure  3.4  A)  also  had  minimal  toxicity  towards  the  kidney  cells  at  IC50=250  

µM,  where  72%  of  the  cells  where  viable.  Concentrations  above  250  µM  for  

both  drugs  were  found  to  be  highly  toxic  towards  the  kidney  cells.  The  toxicity  

of  these  compounds  on  HEK-293  cells  increases  with  an  increase  in  the  

concentration. 
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Figure  3.4:  The  effect  of  LAM-21D  and  LAM-29A  on  HEK-293  embryonic  

kidney  cells  over  24-hour  treatment.  HEK-293  cells  were  seeded  overnight  

and  treated  with  similar  concentrations  of  the  compounds  as  used  in  cancer  

cells.  MTT  was  added  and  cells  were  quantified  by  measuring  absorbance  at  

570  nm  using  MultiskyScan.Hek-293  embryonic  kidney  cells  were  utilized  as  the  

toxicity  model  to  assess  how  these  compounds  will  affect  a  human  body.  Similar  

doses  to  those  used  on  the  cancerous  cells  were  also  used.   
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3.5  Morphological  analysis  of  CaSki  and  MCF-7  cells 

3.5.1  The  effect  of  LAM-21D  on  morphology  of  CaSki  cells 

The  effect  of  LAM-21D  on  the  morphology  of  CaSki  cells  was  assessed  post  

24-hour  treatment  with  the  compound.  Looking  at  Figure  3.5.1  it  can  be  observed  

that  the  morphology  of  the  cells  in  0.6%  DMSO  and  untreated  groups  remained  

intact,  cells  were  still  attached  to  their  binding  surfaces  and  maintained  contact  

with  one  another.  When  cells  were  treated  with  both  concentrations  of  LAM-

21D  and  curcumin;  cell  shrinkage  was  observed,  confluency  decreased,  and  

cells  were  round.  There  was  condensation  of  the  cytoplasm,  cells  detached  

from  the  cell  surface,  and  they  lost  contact  from  their  neighbouring  parts.   
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Figure  3.5.1:  Morphological  analysis  of  CaSki  cells.  Post  treatment  of  CaSki  

cells  with  LAM-21D  and  Curcumin  in  48  well  plates.  The  images  of  the  cells  

were  captured  on  Ti-E  inverted  microscope  connected  to  an  LC-microscope  

software  on  the  computer.  This  allowed  visualization  of  the  changes  in  the  

morphology  of  the  cells  after  treatment. 
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3.5.2  The  effect  of  LAM-29A  on  the  morphology  of  MCF-7  cells 

The  effect  of  LAM-29A  on  the  morphology  of  MCF-7  cells  was  assessed  post  

24-hour  treatment  with  the  compound.  Looking  at  figure  3.4.2  it  can  be  observed  

that  the  morphology  of  the  cells  in  0.6%  DMSO  and  untreated  groups  remained  

intact.  Under  normal  circumstances  MCF-7  cells  possesses  an  epithelial-like  

structures.  When  cells  were  treated  with  both  concentrations  of  LAM-29A  and  

curcumin  the  morphology  changed  such  that  there  was;  cell  shrinkage,  cells  

became  round,  loss  of  cellular  contact,  cells  detached  from  their  binding  surfaces  

and  their  confluency  decreased.  There  was  condensation  of  the  cytoplasm,  cells  

detached  from  the  cell  surface,  and  they  lost  contact  from  their  neighbouring  

parts. 
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Figure  3.5.2:  Morphological  analysis  of  MCF-7  cells.  Following  treatment  of  

MCF-7  cells  with  LAM-29A  and  Curcumin  in  48  well  plates.  The  images  of  the  

cells  were  captured  on  Ti-E  inverted  microscope  connected  to  an  LC-microscope  

software  on  the  computer.  This  allowed  visualization  of  the  changes  in  the  

morphology  of  the  MCF-7  cells  after  treatment.   
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3.6  Effect  of  the  quinoxaline  derivatives  on  the  proliferation  of  cancer  

cells 

3.6.1  Assessment  of  the  effect  of  LAM-21D  on  the  proliferation  of  CaSki  

cells 

The  effect  of  LAM-21D  on  the  proliferation  of  actively  dividing  CaSki  cells  was  

investigated  on  Muse™  KI67  proliferation  marker.  This  allows  differentiation  of  

proliferating  cells  from  the  non-proliferating  cells  based  on  the  KI67  expression.  

On  figure  3.6.1  A,  the  histograms  show  how  the  two  populations  of  KI67  

positive  and  KI67  negative  cells  are  distributed  across  different  concentrations  

of  LAM-21D  and  the  controls.  A  decline  in  the  expression  of  KI67  is  observed  

as  concentrations  increases.  A  lower  concentration  of  the  compound  did  not  

evoke  any  change  in  the  reducing  the  KI67  expression.  Nonetheless,  a  significant  

decrease  in  cell  proliferation  due  to  a  decrease  in  the  expression  of  KI67  from  

76%  in  the  negative  control  to  54%  in  250  µM  of  LAM-21D  was  observed. 
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Figure  3.6.1:  Analysis  of  the  KI67  proliferation  of  the  CaSki  cells.  KI67  

expression  in  CaSki  cells  post  treatment  with  LAM-21D.  The  results  were  

obtained  from  the  muse  cell  analyser  after  incubation  of  the  samples  with  the  

KI67  reagents.  The  histogram  in  A  clearly  depicts  the  differences  in  the  KI67  

populations  across  the  various  concentrations.  (B)  CaSki  cells  treated  with  125  

µM  of  the  compound  did  not  show  any  significant  effect  on  proliferation.  At  250  

µM  the  KI67  expression  of  the  CaSki  cells  decreased  (KI67  +  population).  The  

graphical  data  is  a  representation  of  three  independent  experiments  performed  

in  triplicates  with  percentage  mean  ±  SEM.  The  differences  were  statistically  

significant  with  p  values  of  (****p≤  0.05). 
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3.6.2  Effect  of  LAM-29A  on  the  proliferation  of  MCF-7  cells 

The  effect  of  LAM-29A  on  the  proliferation  pf  MCF-7  cells  was  also  investigated  

using  Muse™™  KI67  proliferation  marker.  This  compound  did  not  exert  any  

anti-proliferative  activity  towards  the  MCF-7  cells  as  can  be  seen  across  all  the  

concentrations  (figure  3.5.2).  The  effect  of  LAM-29A  on  the  proliferation  of  MCF-

7  cells  was  investigated  on  Muse™  KI67  proliferation  marker.  This  allows  

differentiation  of  proliferating  cells  from  the  non-proliferating  cells  based  on  the  

KI67  expression.  The  distribution  of  KI67  positive  and  KI67  negative  cells  are  

shown  by  histograms  on  figure  3.6.2  A  and  B,  it  can  be  noted  that  the  

concentrations  of  LAM-29A  did  not  evoke  any  change  in  reducing  the  KI67  

expression.   
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Figure  3.6.2:  Assessment  of  the  KI67  proliferation  of  the  MCF-7  cells.  KI67  

expression  in  MCF-7  cells  post  treatment  with  LAM-29A.  The  histogram  above  

the  graphical  data  (A)  shows  the  populations  of  gated  cells  that  fall  on  either  

KI67(+)  or  KI67  (-).  (B)  When  comparing  the  results  with  the  vehicle  control,  

LAM  29A  may have only evoked a non-significant change on  the  expression  of  

KI67  in  MCF-7  cells  however  there  is  a  significant  reduction  in  the  KI67  

expression  within  the  positive  control  (**p≤  0.05).  The  graphical  data  is  a  

representation  of  three  independent  experiments  performed  in  duplicates  with  

percentage  mean  ±  SEM.   
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3.7  Analysis  of  the  apoptotic  inducing  effects  of  quinoxaline  derivatives  

on  CaSki  and  MCF-7  cells 

Cellular  apoptosis  detection  and  quantification  was  performed  using  flow  

cytometry.  Apoptosis  plays  a  major  role  in  various  physiological  processes.  It’s  

one  of  the  pathways  targeted  for  drug  discoveries.  Muse™  Annexin  V  and  PI  

was  used  to  stain  cells  undergoing  apoptosis  and  to  distinguish  between  different  

populations  of  live  cells  and  those  undergoing  programmed  cell  death/necrosis.  

For  the  detection  of  apoptosis,  a  conjugated  Annexin  preferably  binds  to  the  

negatively  charged  phosphotidylserine  residues.  Another  defined  feature  of  

plasma  membrane  of  live  cells  is  that  they  can  repel  charged  cationic  molecules  

such  as  propidium  iodide  (PI)  and  7-aminomycin-D  (7-AAD)  so  cells  with  

disintegrated  and  ruptured  membranes  will  take  up  PI  in  the  late  stages  of  

apoptosis  (Nunes-Santos  et  al.,  2022).  Post  twenty-four-hour  treatment  of  CaSki  

(Figure:  3.6.1)  and  MCF-7  (Figure  3.6.2)  cells  with  the  quinoxaline  derivative  

LAM-21D  and  29A,  Curcumin  and  the  vehicle  control;  it  was  observed  with  

untreated  and  vehicle  control  groups  that  over  95%  of  cells  were  localized  

within  the  live  quadrant  where  they  still  have  their  phospholipids  distributed  

within  the  inner  and  outer  membrane  of  the  plasma  membrane  while  

phosphotidylserine  (PS)  on  the  inner  side.  In  125  µM  of  LAM-21D  almost  similar  

proportion  of  the  cells  where  evenly  distributed  within  the  early  stages  of  

apoptosis  where  cells  expose  the  PS  on  the  outside,  there  was  a  total  

percentage  of  43%.  When  the  concentration  increased  to  250  µM  the  total  

percentage  reached  59%.  The  percentages  of  apoptosis  induced  by  LAM-29A  

in  MCF-7  cells  were  relatively  insignificant. 
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Quantitative  apoptosis  analysis  in  CaSki  cells  using  Muse™  Annexin-V  

assay
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Figure  3.7.1:  Apoptosis  analysis  of  CaSki  cells  post  treatment.  CaSki  cells  

were  treated  with  LAM-21D  (125  µM  and  250  µM),  250  µM  Curcumin  and  

DMSO-media.  Post  30  minutes  incubation  of  the  samples  with  annexin  V  

reagent.  Apoptosis  percentages  were  quantified.  (figure  3.7.1  A)  shows  the  

Apoptosis  profiles,  highlighting  the  distribution  of  cells  across  different  quadrants;  

live,  early,  and  late  apoptosis  and  necrosis.  The  graphical  data  is  a  

representation  of  three  independent  experiments  performed  in  duplicates  with  

percentage  mean  ±  SEM.  The  differences  were  statistically  significant  with  p  

values  of  (*p≤  0.05,  **p≤0.01,  ***p≤  0.0005,  and  ****p≤  0.0001). 
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Quantitative  apoptosis  analysis  in  MCF-7  cells  using  Muse™  Annexin  V  

assay. 

 

 

 

A 
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Figure  3.7.2:  Apoptosis  inducing  potential  of  LAM-29A  in  MCF-7  cells.  Post  

treatment  of  the  cells  with  the  compound  for  24-hourscells  were  trypsinised,  

washed  and  the  Muse™  reagent  was  added.  The  population  of  the  cells  were  

quantified  on  Muse™  analyser.  LAM-29A  did  not  exhibit  any  apoptotic  effect  on  

the  cells,  as  can  be  seen  by  both  the  histograms  (A)  and  graphical  data (B).  

The  data  represents  three  independent  experiments  with  percentage  mean  ±  

SD.  The  differences  were  statistically  significant  with  p  values  of  (****p≤  0.0001).  
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3.8  Reactive  oxygen  species  production  analysis 

The  capacity  of  LAM-21D  to  induce  ROS  production  in  CaSki  cells  was  analysed  

using  the  Muse™  oxidative  stress  analysis  following  a  24-hour  treatment.    The  

detection  of  ROS  levels  was  made  possible  by  using  the  ROS  reagent,  

dihydroethidium  (DHE).  Upon  an  encounter/reaction  of  this  reagent  with  

superoxide  anions,  oxidation  reactions  take  place  and  DNA-binding  fluorophore  

(ethidium  bromide)  will  intercalate  with  the  DNA  and  fluoresce.  This  will  then  

allow  differentiation  of  the  two  populations  of  cells,  ROS  (-)  which  are  live  cells,  

and  ROS  (+)  which  are  those  exhibiting  ROS.  CaSki  cells  were  treated  with  

the  vehicle  control,  two  concentrations  of  the  LAM-21D  (125  µM  and  250  µM)  

and  curcumin  (figure  3.8  B).  From the averages of the three independent 

experiments.  There were 28% of ROS positive cells in the lower concentration of the 

drug and the percentage increased significantly to 46% in higher concentration. The 

ROS profiles are also depicted in (figure 3.8 A) which clearly shows the two 

populations of the cells. 
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Figure  3.8:  Oxidative  stress  analysis  of  CaSki.  Post  treatment  of  CaSki  cells.  

The  muse  working  reagent  was  added  followed  by  a  30-minute  incubation.  The  

different  ROS  populations  were  then  detected  and  analysed  on  Muse™  cell  

analyser.    The  data  is  accumulated  from  three  independent  experiments  which  

were  performed  in  duplicates,  with  percentage  mean  ±  SEM.  The  differences  

were  statistically  significant  with  p  values  of  (****p≤  0.0001).   
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3.9  Analysis  of  CaSki  cell  cycle  progression 

The  effect  of  LAM-21D  on  the  progression  of  CaSki  cells  throughout  the  cell  

cycle  phases  was  assessed  using  Muse™  cell  cycle  analysis.  Measurement  of  

the  percentages  of  the  DNA  content  in  all  the  three  phases  (G0/G1,  S  and  

G2/M)  is  made  possible  using  DNA-based  Propidium  iodide  and  RNAse  A  to  

increase  the  DNA  staining  specificity.  From  the  quinoxaline-  treated  cells  (Figure  

3.9)  in  125  µM  there  was  insignificant  changes  made  to  the  percentages  of  

the  DNA  content  of  the  cells  across  the  different  phases  of  the  cell  cycle  when  

comparing  to  the  negative  control.  When  the  concentration  increased  to  250  

µM  significant  changes  were  observed  in  the  G0/G1  cells  as  they  decreased  

from  48.15%  in  the  negative  control  to  12.2%.  Majority  of  the  cells  convocated  

within  the  S-phase,  from  12.55%  in  the  negative  control  to  28.1%.  Curcumin  

treated  cells  demonstrated  the  highest  percentage  of  cells  in  the  G2/M  with  

89%  of  cells. 
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Figure  3.9:  Cell  cycle  assessment  of  the  CaSki  cells  across  G0/G1,  S,  and  

G2/M  phases  obtained  by  treating  the  cells.  The  cells  were  fixed  in  ethanol  

and  incubated  with  the  cell  cycle  reagent.  Analysis  was  carried  out  utilizing  the  

Muse™  cell  analyser.    Notably,  high  dose  of  LAM-21D  has  significantly  

influenced  the  cell  cycle  at  synthesis  phase.  The  was  also  a  significant  decrease  

of  cells  in  the  G0/G1.Lowerr  doses  did  not  have  any  significant  effect.  The  

histograms  in  (A)  also  shows  the  distribution  of  the  DNA  content  of  the  cells  

across  G0/G1,  S,  and  G2/M.  The  statistical  data  correlates  with  the  percentages  

mean  ±  SEM.  The  differences  were  statistically  significant  with  p  values  of  (*p≤  

0.05  and  ****p≤  0.0001). 
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3.10  In  silico  evaluations  of  quinoxalines  LAM-21D 

To  comprehend  the  molecular  mechanisms  that  are  involved  in  the  

antiproliferative  and  anti-cancer  activities  of  compound  LAM-21D,  CB-  Dock  web-

based  binding  predictor  was  utilized.  The  3D  structures  of  the  ligand  and  protein  

were  used  to  anticipate  the  binding  affinities.  The  ligands  styles  were  set  as  

licorice  and  the  protein  receptors  were  set  as  cartoon  (figure  3.10).  The  ligands  

interact  with  the  receptor  proteins  at  depicted  amino  acids  residues  within  the  

core  structures  and  the  binding  scores  are  also  shown  on  table  1.  The  

knowledge  on  the  pharmacokinetics  fate  of  the  compounds  in  the  organisms  

are  also  conducted  using  the  SwissADME  software  were  by  physicochemical,  

pharmacokinetic,  and  lipophilicity  properties  are  studied  table  2  and  3).  The  

Human  intestinal  absorption  (HIA)  and  BBB  (blood  brain  barrier  permeation  was  

visualized  on  BOILED  egg  simulation  model  (figure  3.11). 
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Figure  3.10:    The  molecular  binding  predictions  between  ligand  A  

(Curcumin  and  BCL-2  receptor),  B  (LAM-21D  and  p53  receptor)  C  (Curcumin  

and  NF-kB),  and  D  (LAM-21D  and  NF-kB).  The  figures  represent  the  best  

binding  modes  between  curcumin  and  LAM-21D  ligands  with  the  BCL-2  and  

NF-kB  active  cavity  sites  which  were  predicted  by  the  CB  dock  software.  The  

ligands  are  shown  within  the  interior  of  the  receptor  conformational  structure  in  

licorice  style  whereas  the  receptors  are  depicted  as  cartoon  structures.  The  

amino  acids  involved  in  the  interactions  are  also  shown. 
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Table  1:  Predicted  molecular  binding  poses  for  ligands  and  the  protein  targets. 

Ligands Protein  

targets 

Vina  Score Cavity  volume Types  of  

bonds 

 BCL-2 -7.0 124 Hydrogen  

bonds 

Curcumin p65  NF-kB -9.3 11647 Hydrogen  

bonds 

LAM-21D BCL-2 -6.0 124 Hydrogen  

bonds 

 p65  NF-kB -7.3 1389 Hydrogen  

bonds 

 

Table  2:  Physicochemical  properties  of  LAM-21D  and  Curcumin 

Property Curcumin LAM-21D 

Formula C21H20O6 C16H17N3O2 

Molecular  weight 368.38  g/mol 283.33  g/mol 

Num.  rotatable  bonds 8 5 

Num  H-bond  acceptors 6 4 

Num.  H-bond  donors 2 0 

Num.  heavy  atoms 27 21 

   

 

Table  3:  Pharmacokinetics,  and  lipophilicity  properties  of  LAM-21D  and  

Curcumin 

Property Curcumin LAM-21D 

GI  absorption High High 

BBB  permeant No Yes 

Log  Kp  (skin  

permeation) 

-6.28  cm/s -4.88  cm/s 

CYP1A2  inhibitor No Yes 

CYP2C19  inhibitor No Yes 

CYP2C9  inhibitor   Yes Yes 

CYP2D6  inhibitor No Yes 

CYP3A4  inhibitor Yes No 

Log  PO/W 3.03 3.18 

Lipinski  rule  of  5 Yes,  0  Violation Yes,  0  Violation 
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Figure  3.11:  Predicted  BOILED-  egg  model  of  A  (Curcumin)  and  B  (LAM-

21D)  from  SwissADME  web  tool.  This  shows  the  dotted  areas  where  the  

compounds  are  most  likely  to  be  absorbed.  The  yellow  part  (yolk)  is  for  

penetration  of  the  compound  within  the  BBB  while  the  white  part  is  passive  

absorption  within  the  GI  tract.  Curcumin  is  predicted  to  be  absorbed  within  the  

human  intestinal  tract  and  LAM-21D  in  the  Blood  Brain  Barrier. 
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CHAPTER  4 

DISCUSSION 

 

Programmed  cell  death  or  apoptosis  plays  a  crucial  role  in  maintaining  

multicellular  homeostasis  by  balancing  the  rate  of  cell  proliferation  with  that  of  

elimination.  This  process  occurs  in  a  carefully  orchestrated  manner  to  avoid  it  

occurring  in  excess  and  triggering  onset  of  degenerative  diseases  or  it  being  

insufficient  and  resulting  in  cancer  or  autoimmune  diseases.  Understanding  

apoptosis  mechanisms  has  prompted  the  development  of  novel  therapeutic  

approaches  for  the  treatment  of  cancer,  the  majority  of  which  trigger  apoptosis  

to  impede  the  growth  and  spread  of  the  disease.  There  are  several  ways  to  

trigger  this  process,  and  one  of  them  is  by  producing  ROS,  which  is  how  most  

FDA-approved  anticancer  drugs  such  as  doxorubicin  and  paclitaxel,  and  cisplatin  

inhibit  cancer  growth  (Choi  et  al.,  2015;  Mohiuddin  and  Kasahara,  2021;  Ren  

et  al.,  2018)  .  The  current  study  uses  the  Caski  cervical  cancer  and  MCF-7  

breast  cancer  models  to  primarily  evaluate  the  in  vitro  apoptosis-inducing  ability  

of  selected  novel  synthetic  compounds  in  the  form  of  newly  synthesised  

quinoxaline  derivatives,  LAM-21D  and  LAM-29A.   

Numerous  experiments  were  carried  out  in  this  work  to  investigate  the  anticancer  

properties  of  these  novel  quinoxalines.  Firstly,  to  characterise  the  compounds,  

Ultraviolet-Visible  (UV-Vis)  light  spectroscopy  was  used.  This  assay  is  widely  

used  to  demonstrate  and  highlight  the  interactions  that  occurs  between  

electromagnetic  radiations  with  the  matter  (Picollo  et  al.,  2019).  Since  many  

compounds  are  largely  labile,  sensitive,  and  responsive  to  energy  changes  at  

their  maximum  wavelengths  it  is  important  to  characterise  them  using  this  UV-

Vis  method.  When  compounds  receive  a  suitable  amount  of  ultraviolet  or  visible  

light  radiation,  with  sufficient  energy,  triggering  electronic  transitions  that  

ultimately  lead  to  promotion  of  electrons  from  the  ground  to  the  excited  state  

(Picollo  et  al.,  2019).  Electrons  found  in  the  π  –  orbitals  are  the  ones  responsible  

for  the  absorption  of  light  in  the  visible  and  ultraviolet  spectrum  (Huillet,  1953).  

Quinoxaline  cores  exhibit  high  absorption  at  two  broad  bands  (Fagour  et  al.,  

2017).  The  first  one  is  at  270  nm  and  the  other  bigger  peak  is  found  at  370  

nm  (Hirt  et  al.,  1956;  Linstrom  and  Mallard,  2023).  These  findings  are  in  
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alignment  with  those  of  this  current  study  although  there  is  variation  that  is  

brought  by  functional  groups/substituents  added  to  the  core  structures.  Results  

from  the  current  study  show  that  both  quinoxaline  derivatives  experienced  a  

bathochromic  shift  wherein  the  λmax  increased  towards  the  longer  red  wavelength  

region.  As  depicted  in  figure  3.1,  LAM-29A  displayed  two  broad  peaks  that  

shifted  to  the  right  side.  The  first  band  was  observed  at  285  nm  while  the  

second  one  was  located  at  410  nm.    LAM-21D  displayed  the  first  peak  at  280  

nm  followed  by  a  subsequent  peak  at  380  nm.  There  were  several  factors  that  

could  be  responsible  for  the  observed  shifts  in  wavelengths.  These  include  but  

not  limited  to  the  presence  of  chromophores  which  are  group  of  atoms  that  

have  more  localised  electronic  transitions  responsible  for  absorbing  intense  light  

in  the  UV-Vis  spectrum.  Quinoxaline  structures  having  double  symmetrical  

substitutions  on  the  second  and  third  carbons  experienced  an  increase  in  the  

Bathochromic  shift  in  this  order;  H<  CH3  <  C6H5<  C6H4OCH3  <  C6H3O2<  

C6H3O2CH2  <  CH  ═  CH—  C6H5  <  (CH  ═  CH)2C6H5  <  (CH  ═  CH)3C6H5.  Electron  

donor  groups  that  can  be  substituted  at  position  2,  3,  4,  5,  6,  and  7  would  

ultimately  propel  the  compounds  to  absorb  light  at  longer  wavelengths  (Sawicki  

et  al.,  1957).   

This  longer  wavelength  absorption  effect  was  observed  with  quinoxaline  LAM-

29A  which  has  an  amino  group  (auxochrome)  substituted  at  carbon  6  and  2-  

propynyl  benzoate  group  at  position  2.  Both  the  propynyl  group,  with  a  triple  

bond,  and  benzoic  acid  strongly  contributed  to  the  shift  of  wavelengths  to  longer  

wavelengths.  On  the  other  hand,  LAM-21D  contains  electron  accepting  NO2  

group  at  position  6  and  a  branched  chain  6  carbon  aliphatic  group  at  position  

2  which  give  rise  to  the  observed  shorter  wavelengths.  In  addition,  the  absence  

of  suitable  substituent  groups  in  LAM-21D  could  be  attributed  the  shorter  

wavelengths  that  were  recorded.  With  regards  to  the  spectral  absorption,  LAM-  

21D  recorded  higher  absorbance  values  due  to  high  energy  available  for  

molecules  to  create  a  transition  state,  hence  the  presence  of  shorter  

wavelengths.  In  LAM-29A,  the  electronic  energy  levels  were  in  closer  proximity  

due  to  the  presence  of  the  above-mentioned  groups  as  a  result  less  energy  

was  required  to  make  a  transition  from  the  ground  state  to  the  excited  state  
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which  explains  the  longer  wavelength  and  less  absorption  intensity  (Huillet,  

1953).   

Heterocyclic  rings  rich  in  nitrogen  atoms  are  important  organic  compounds  with  

abilities  to  interact  with  DNA-binding  transcription  factors  and  DNA-associated  

proteins.  Not  only  do  they  exist  in  synthesised  molecules  and  natural  products,  

but  these  rings  are  also  present  in  RNA,  DNA  as  well  as  GTP  and  ATP  energy  

molecules  (Samir  et  al.,  2020).  Structural  modifications  on  the  quinoxaline  core  

structure  are  constantly  performed  to  introduce  or  attenuate  various  structural  

moieties  with  a  potential  to  improve  therapeutic  efficacy  in  managing  various  

disease  conditions  while  inducing  minimal  or  no  side  effects  (Khatoon  and  

Abdulmalek,  2021;  Pereira  et  al.,  2015).   

Antioxidant-producing  substances  are  essential  for  regulating  the  production  of  

highly  reactive  oxygen  and  nitrogen  species.  The  Ferric  Reducing  Antioxidant  

Power  (FRAP)  assay  measures  the  reduction  of  the  ferric  ions  complex,  2,4,6-  

tripyridyl-  s-  triazine  complex  [Fe3+  (TPTZ)2]3+  to  a  blue  coloured  ferrous  ions  

complex  [Fe2+  (TPTZ)2]2+.  Reduction  power of  a  reaction  mixture  would  then  

positively  correlate  with  an  increase  in  absorbance  at  593  nm  to  signify  an  

increase  in  antioxidants  activity  (Gulcin,  2020).  This demonstration  is  observed  

on  figure  3.2.  The  three  lower  concentrations  (0.125;  0.25;  and  0.5)  for  both  

compounds  exhibited  lower  absorbance  values  ranging  from  0.10  –  0.18.  

However,  only  a  few  antioxidants  are  required  to  neutralise  many  free  radicals  

(Zeb,  2020).  Absorbance  values  then  gradually  increased  to  0.5  and  0.8  at  

higher  concentrations  of  1  mM  and  2  mM,  this  is  indicative  of  an  increased  

reducing  power  and  more  antioxidant  activity  in  these  concentrations,  respectively  

(Lim  and  Lim,  2013;  Takatsuka  et  al.,  2022).    Additionally,  the  2,2-

diphenylpicrylhydrazyl  (DPPH)  assay  was  used  to  measure  an  antioxidant's  

capacity  to  scavenge  free  radicals  by  using  a  free  radical  DPPH  solution  which  

absorbs  maximally  at  517  nm.  (Gulcin,  2020).  Both  the  qualitative  and  

quantitative  studies  were  obtained  on  figures  3.2.1  and  3.2.2.  The  evenness  of  

the  dot  blotted  spots  for  both  compounds  may  imply  that  these  compounds  

scavenge  the  DPPH  radical  at  similar  proportions.  Across  all  the  concentrations,  

LAM-29A  and  LAM-21D  were  able  to  scavenge  80%  of  the  DPPH  free  radical.  
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The  results  for  both  studies  showed  a  positive  correlation  between  quinoxaline  

concentration  and  free  radical  scavenging  activity.   

Since  most  antioxidants  are  phenolic  in  nature,  a  total  phenol  quantification  

assay  was  carried  out  on  the  quinoxaline  derivatives  with  the  purpose  of  

characterising  its  phenolic  status.  Phenols  are  an  important  component  of  

antioxidants  with  one  or  more  hydroxyl  groups  that  are  mostly  present  in  plants  

and  are  easily  regenerable.  In  the  Folin  Ciocalteu  assay,  phenolic  compounds  

can  reduce  the  Folin  reagent  composed  of  a  mixture  of  phosphotungstic  acid  

complexes  to  produce  a  blue  coloured  complex  that  absorbs  maximally  at  745  

-  750  nm.  This  is  due  to  the  electrons  transferred  from  phenolic  compounds  to  

the  phosphotungstic  acid  complexes  under  alkaline  solution  or  medium  (Gulcin,  

2020).  The  majority  of  phenolics  are  measured  in  various  plant  species  and  

since  quinoxaline  derivatives  have  comparable  structures,  their  phenolic  

constituents  can  also  be  assessed  using  the  same  assay.  The  antioxidant  

properties  of  phenolic  compounds  are  granted  by  the  presence  of  the  benzene  

ring  and  several  hydroxyl  groups  on  the  benzene  ring.  The  benzene  ring  serves  

to  stabilise  antioxidants  whenever  they  interact  with  free  radicals. LAM-21D 

recorded a  higher  phenolic  content  of  27.5  mg/g  of  GAE  compared  to  that  of  

LAM-29A  at  3.4  mg/g  of  GAE.  This has marked a significant structural difference 

between these two compounds with regards to phenolic composition. 

Furthermore, the viability inhibitory effect of quinoxaline LAM-29A on MCF-7 cells and 

LAM-21D on CaSki cells was determined by using MTT (3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl tetrazolium bromide) assay.  The  results  showed  a  concentration-  

dependent  decrease  in  cell  viability  in  response  to  an  increase  in  the  

concentration  of  the  compounds  over  24-hour  period,  with  curcumin  used  as  a  

positive  control  (figure  3.3.1  and  2).  The  IC50  value,  which  is  the  concentration  

required  to  inhibit  50%  of  the  cell  viability,  for  CaSki  cells  was  at  250  µM  and  

in  MCF-7  it  was  125  µM,  suggesting  that  MCF-7  breast  cancer  cells  are  more  

sensitive  to  LAM-29A  compared  to  Caski  cervical  cancer  cells.  These  findings  

on  LAM-29A  correlate  with  those  of  a  study  by  (Lekgau  et  al.,  2022)  conducted  

on  the  inhibitory  role  of  6-amino-quinoxaline-  alkynyl  groups  in  inhibiting  

aromatase  activity  on  MCF-7  cells  using  LAM-29A.  The  decrease  in  MCF-7  cell  

viability  in  response  to  LAM-29A  was  in  line  with  those  of  the  previous  studies  
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albeit  at  slightly  high  doses.  However,  no  previous  data  from  other  studies  was  

available  on  the  activity  of  LAM-21D  in  any  of  the  current  cancer  cell  lines  due  

to  its  novelty.  It  is  worth  noting  that  the  cytotoxic  activity  of  these  compounds  

was  specific  to  the  cell  lines  used  in  this  study.  It  was  observed  that  when  

LAM-29A  was  used  to  treat  CaSki  cells  little  to  no  activity  was  found  and  so  

is  LAM-21D  on  MCF-7  cells  (figure  3.3.1  and  2).  Hence,  Caski  cells  were  

observed  to  be  more  sensitive  to  LAM-21D  compared  to  LAM-29A.  These  

variations  might  be  explained  by  the  specific  origin  of  the  tumour,  various  

receptors,  and  signalling  mechanisms  (Mirabelli  et  al.,  2019).  The activity might  

also vary  in  other  cell  lines.  There  was  minimal  cytotoxic  activity  observed  at  

IC50  values  in  non-  cancerous  HEK-293  cells.  Nonetheless,  concentrations  above  

250  µM  were  found  to  be  lethal  (figure  3.4).   

 

Since  LAM-29A  and  LAM-21D  affected  viability  of  Caski  and  MCF-7  cells,  a  

morphology  evaluation  was  carried  using  a  Ti-inverted  microscope  to  track  the  

changes  that  might  have  occurred  on  the  morphology  of  the  cancer  cells  after  

treatment  with  the  two  quinoxaline  compounds.  As  depicted  in  figure  3.4.1,  the  

untreated  and  vehicle  control  cells  appear  elongated  in  their  usual  characteristic  

spindle-like  conformation.  The CasKi cells were spherical and lost their characteristic 

spindle shape.  A  similar  pattern  was  observed  in  figure  3.4.2  with  MCF-7  cells.  

They assumed their epithelial-like structures in their normal untreated conformation.  

The treated cells were less confluent, spherical and had lost contact with the 

neighbouring cells.  Modifications  in  biological  structures  may  lead  to  termination  

of  regular  activities,  particularly  those  involving  the  synthesis  of  proteins,  whose  

binding  conformations  are  extremely  sensitive  to  even  the  slightest  modifications  

in  structures  (Guo  et  al.,  2021).  Hence,  the  observed  changes  in  the  morphology  

correlate  with  the  reduction  in  the  viability  of  both  Caski  and  MCF-7  cancer  

cells  upon  treatment  with  LAM-29A  and  LAM-21D.   

Fluorescence  dyes  can  be  utilised  to  assess  nuclear  and  chromatin  integrity.  

Since  there  was  a  reduction  in  cell  viability  and  notable  morphological  changes  

after  treatment  of  the  cells  with  LAM-29A  and  LAM-21D,  the  effect  of  these  

quinoxaline  derivatives  on  the  proliferation  of  cancer  cells  was  evaluated  by  the  
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nucleus-specific  Ki67  proliferation  assay.  The  Ki67  nuclear  protein  serves  as  a  

gold  standard  marker  for  cell  proliferation.  This  protein  is  highly  expressed  in  

tumour  cells  and  is  associated  with  growth  and  proliferation.  There  is  a  lower  

level  of  expression  of  Ki67  nuclear  protein  in  normal  cells  (Li  et  al.,  2015;  

Urruticoechea  et  al.,  2005).  The  MTT  results  have  revealed  a  reduction  in  the  

cell  viability  of  the  cancer  cells  following  treatment  with  the  compounds  in  

respective  cells.    A  previous  study  has  reported  a  decrease  in  expression  of  

Ki67  after  treatment  of  oral  squamous  cell  carcinomas  with  a  novel  quinoxaline  

molecule  (Wang  et  al.,  2019). 

 

Since  CaSki  cervical  cancer  cells  and  MCF-7  breast  cancer  cells  displayed  

sensitivity  towards  LAM-21D  and  LAM-29A,  respectively,  the  effect  of  LAM-21D  

on  growth  and  proliferation  of  CaSki  cells,  and  LAM-29A  on  MCF-7  cells  was  

studied  using  the  Muse™  Ki67  proliferation  assay.  As  represented  in  figure  

3.5.1,  there  was  a  significant  reduction  in  the  expression  levels  of  Ki67  when  

CaSki  cells  were  treated  with  250  µM  of  LAM-21D  and  curcumin,  implying  that  

LAM-21D  modulated  proliferation  of  CaSki  cells.  It  is  worth  noting  that  Ki67-

depleted  cells  experience  challenges  during  mitotic  division,  mitotic  delays  are  

experienced,  and  apoptosis  occur  (Juríková  et  al.,  2016).  MCF-7  treated  cells  

did  not  show  any  significant  reduction  in  Ki67  expression,  suggesting  that  LAM-

29A  may  have  minimal  effect  on  the  proliferation  and  cell  cycle  progression  of  

the  MCF-7  cells.  Elevated  levels  of  Ki67  are  associated  with  high  grade  lesions,  

hence  it  is  used  in  the  prognosis  and  diagnosis  of  breast  cancer  (Yerushalmi  

et  al.,  2010).   

In  addition  to  the  Ki67  expression-based  assay,  Muse™  Annexin  V  and  dead  

cell  marker  assay  was  used  to  confirm  apoptosis  as  the  cell  death  mode  

induced  by  the  quinoxaline  derivatives.  One  of  the  prominent  biochemical  

features  of  apoptosis  includes  the  externalisation  of  phosphotidylserine  residues  

during  early  stages  and  compromised  membrane  integrity  that  is  observed  in  

later  stages  of  apoptosis  (Liao,  2022).  This  current  study  investigated  the  

apoptosis-inducing  ability  of  LAM-21D  in  CaSki  cells  and  LAM-29A  in  MCF-7  

cells.  Using  this  flow  cytometry-based  assay,  it  was  demonstrated  that  the  

percentage  of  CaSki  cells  undergoing  apoptosis  significantly  increased  with  an  
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increase  in  the  concentration  of  LAM-21D  quinoxaline  derivative  (figure  3.6.1).  

There  was  insignificant  apoptosis  induced  by  LAM-29A  in  MCF-7  cells  (figure  

3.6.2).  The  results  are  in  alignment  with  those  of  the  previous  studies  where  

quinoxaline  derivative  molecule  selectively  induced  apoptosis  in  cervical  cancer  

cells  inclusive  of  CaSki  cells  and  colon  cancer  cells  (Sheaffer  et  al.,  2016).   

Several  quinoxaline  derivatives  were  found  to  be  possessing  anticancer  activity  

against  MCF-7  cells  through  apoptosis  induction  (Ezz  Eldin  et  al.,  2022;  Ghattass  

et  al.,  2014).  The  selective  activity  of  quinoxaline  derivatives  across  different  

cancer  cell  lines  highlights  their  potency  to  be  considered  as  anticancer  drug  

candidates  (Khatoon  and  Abdulmalek,  2021).  Previous  studies  conducted  on  the  

activity  of  quinoxaline  derivatives  such  as  2-benzoyl-3-phenyl-6,7  

dichloroquinoxaline  1,4-dioxide  (DCQ)  in  MCF-7  cells  by  (Choi  et  al.,  2015;  

Mohiuddin  and  Kasahara,  2021;  Ren  et  al.,  2018)  has  shown  a  significant  

amount  of  apoptosis  induced  by  this  compound.  This  can  be  due  to  several  

side  chains  substituted  on  the  quinoxaline  core  increasing  its  apoptotic  activity.  

LAM-29A  exhibited  cytotoxicity  towards  the  MCF-7  cells  although  the  mode  of  

cell  death  might  not  be  apoptosis  since  Ki67  and  Annexin  V  assays  were  not  

affirmative.  The  different  mode  of  cell  death  induced  by  LAM-29A  in  MCF-7  

cells  can  still  be  investigated.  The  potency  of  LAM-21D  was  also  evidenced  by  

the  elevated  number  of  cells  in  the  late  apoptosis  wherein  membrane  integrity  

of  the  CaSki  cells  was  severely  compromised,  allowing  larger  dyes  to  filter  

through  the  cells.  This  suggest  that  these  quinoxaline  derivatives  can  disrupt  

the  cellular  and  nuclear  membrane  integrity  of  the  cancer  cells.  Apoptosis  

alterations  in  cancer  cells  has  created  a  foundation  for  drug  discoveries  targeting  

this  cellular  process  (Kim-Campbell  et  al.,  2019;  Walia  et  al.,  2021).  A  majority  

of  the  known  chemotherapeutic  agents  used  in  the  treatment  of  breast  and  

cervical  cancers  such  as  cisplatin,  carboplatin,  doxorubicin  and  paclitaxel  exerts  

their  anticancer  activities  through  apoptosis  induction  (Choi  et  al.,  2015;  

Mohiuddin  and  Kasahara,  2021;  Ren  et  al.,  2018).  The  structures  of  quinoxalines  

are  constantly  modified  to  enhance  their  pharmacological  activities  and  provide  

alternative  means  of  treatment  with  less  severe  side  effects  as  opposed  to  the  

conventional  methods  (Khatoon  and  Abdulmalek,  2021).  Therefore,  novel  
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quinoxaline  structures  such  as  LAM-21D  have  been  synthesized  so  their  capacity  

to  eliminate  cancer  cells  can  be  assessed  and  improved  based  on  the  outcomes.   

 

Following  an  observed  effectiveness  of  LAM-21D  in  reducing  the  viability,  

inhibiting  proliferation  and  inducing  apoptosis  in  CaSki  cells,  the  effect  of  this  

derivative  on  ROS  production  was  evaluated.  ROS  are  highly  reactive  molecules  

engaged  in  a  variety  of  metabolic  processes  in  both  normal  physiology  and  

implicated  in  numerous  diseases.  In  gene  regulation  and  signal  transduction  

pathways,  ROS  products  act  as  second  messengers  albeit  at  lower  

concentrations.  The  ability  of  a  treatment  to  induce  ROS  production  in  cancer  

cells  has  long  been  utilised  as  a  hallmark  in  cancer  therapy  (Conklin,  2004a).  

In  figure  3.7,  a  population  of  ROS  positive  cells  increased  two-fold  when  

concentrations  of  LAM-21D  were  doubled.  Increase  in  ROS  production  was  

significantly  noticeable  across  all  these  concentrations.  Commonly  used  

chemotherapeutic  drugs  exerts  their  anticancer  activities  through  ROS  generation  

in  cancer  cells  (Mohiuddin  and  Kasahara,  2021b).  In  another  study,  suppression  

of  cervical  cancer  growth  by  quinoxaline  derivatives  was  linked  to  oxidative  

stress  as  a  result  elevated  ROS  levels.  Although  beneficial  in  acute  inflammation,  

ROS  production  plays  a  double-edged  sword  role  in  cancer  treatment;  its  ability  

to  induce  cancer  cell  cycle  arrest  and  apoptosis  are  advantageous  in  eliminating  

cancer  cells  but  they  can  cause  damage  to  the  normal  cells  hence  causing  

severe  side  effects  such  as  neurotoxicity  and  cardiotoxicity  associated  with  the  

conventional  cancer  treatment.  Even  though  there  are  certain  antioxidant-based  

medications  administered  to  prevent  the  development  of  the  side  effects  induced  

by  cancer  treatments,  cancer  treatments  need  to  be  improved  to  minimise  the  

occurrence  of  severe  side  effects  (Conklin,  2004b).   

Although  LAM-21D  does  not  counteract  ROS  production  to  inhibit  the  cancer  

cell  growth,  it  has  shown  to  have  antioxidant  properties  which  can  assist  in  

counteracting  some  of  the  negative  side  effects  of  treatment.  This  dual  property  

of  LAM-21D  can  be  of  a  great  importance  in  cancer  therapeutics.  Therefore,  

cancer  therapies  that  rely  on  ROS  production  can  still  be  improved  to  increase  

specificity  in  an  attempt  to  minimise  side  effects  (Conklin,  2004b). 
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Since  induction  of  apoptosis  is  a  tightly  regulated  process  linked  to  cell  cycle  

progression,  a  flow  cytometry-based  cell  cycle  analysis  of  cancer  cells  treated  

with  LAM-21D  quinoxaline  derivative  was  conducted  to  investigate  the  stage  in  

cell  cycle  contributing  to  the  observed  reduction  in  cell  proliferation.  All  eukaryotic  

cell  division  is  accompanied  by  a  series  of  phases  known  as  cell  cycle  that  

includes  G1,  S,  G2  and  M  phases.    There  are  four  cell  cycle  checkpoints  which  

regulates  the  cell  cycle  to  ensure  that  the  genomic  integrity  is  maintained  

throughout  the  cell  progression  cycle.  Progression  to  the  next  phase  can  only  

occur  if  the  previous  phase  was  executed  appropriately  in  healthy  cells  (Yılmaz  

Sarıaltın  et  al.,  2022).   

Among  others,  cell  cycle  will  be  arrested  if  DNA  damage  is  detected  at  the  G1  

and  G2  checkpoints,  if  errors  with  DNA  replication  are  encountered,  if  the  S  

phase  checkpoint  is  activated,  and  the  M  phase  checkpoint  or  irregularities  in  

the  assembly  of  the  mitotic  spindles.  An  arrest  at  any  of  the  checkpoints  implies  

that  the  detected  defect  needs  repair,  or  the  cell  would  undergo  apoptosis  if  

the  damage  is  beyond  the  repair  capacity  (Conklin,  2004a;  Ismail  et  al.,  2023).  

In  a  recent  study  conducted  to  analyse  the  cell  cycle  in  three  cancer  cell  lines  

which  included  MCF-7  cells  it  was  found  that  cell  cycle  was  arrested  at  the  S  

phase  with  DNA  content  percentages  of  48.16%  compared  with  untreated  control  

at  29.79%,  after  treating  the  cells  with  dithiolo[4,5-b]quinoxaline  derivative  (Ismail  

et  al  .,  2023).  In  another  study  using  the  CaSki  cell  model,  quinoxaline  QW1–

24  induced  cell  cycle  arrest  in  the  S  phase  (Fan  et  al.,  2022).  The  outcomes  

of  these  studies  are  comparable  with  those  of  this  current  study.  Quinoxaline  

LAM-21D  exerted  minimal  effects  on  the  cell  cycle  at  a  lower  concentration  of  

125  µM  but  when  the  concentration  increased  to  250  µM  the  cell  cycle  was  

arrested  at  S  phase  where  the  cell  population  increased  significantly  (figure  

3.8).  Simultaneously  the  population  of  cells  in  the  G0/G1  significantly  decreased  

with  ****p≤  0.0001,  signifying  progression  of  the  cell  cycle  through  the  G0/G1  

checkpoint.  It  can  be  noted  that  the  reduction  in  Ki67  expression  and  production  

of  ROS  by  LAM-21D  could  account  for  the  slow  progression  through  the  S  

phase  (Conklin,  2004).   

In  silico  techniques,  have  gained  prominence  recently,  and  are  being  used  in  

the  field  of  small  molecule  drug  development  to  study  molecular  interactions  ad  
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pharmacokinetic  profiles  of  candidate  therapeutics.  The  expression  of  the  

antiapoptotic  genes  such  as  BCL-2  is  induced  by  NF-kB  p65  transcriptional  

factor.  Anti-apoptotic  BCL-2  overexpression  encourages  cancer  survival,  which  

results  in  the  development,  growth,  and  maintenance  of  tumours  as  well  as  

further  chemoresistance  (Dey  et  al.,  2023).  Upon  activation  of  NF-kB  p65,  ROS  

accumulation  is  inhibited  which  then  suppresses  the  programmed  cell  death.  

Hence  inhibition  of  this  protein  promotes  apoptosis  induction  (Luo  et  al.,  2005).  

As  a  result,  LAM-21D  was  docked  against  NF-kB  p65  and  BCL-2  and  CB  dock  

revealed  interactions  of  the  ligand,  with  NF-kB  and  BCL-2  protein  on  several  

contact  residues  which  are  depicted  on  figure  3.10  and  table  1.  In  addition  to  

avoid  the  pharmacokinetics  failure  of  the  drugs  during  clinical  trials  their  ADME  

properties  should  be  studied.  For  compounds  to  be  considered  as  drugs  they  

need  to  satisfy  Lipinski’s  rules.  These  includes  MW  <  500,  HBA  (Hydrogen  

bond  acceptors)  ≤5,  HBD  (hydrogen  bond  donors)  ≤10  and  Log  PO/W  (predicted  

octanol/water  partition  coefficient)  =  (−2.0  to  6.50)  (Bakchi  et  al.,  2022;  Flores-

Holguín  et  al.,  2021).  Therefore,  LAM-21D  did  not  violate  the  rules  (tables  2  

and  3).  How  molecules/compounds  interact  with  the  cytochrome  P450  superfamily  

of  proteins  is  crucial  since  these  play  central  roles  in  drug  metabolism  and  

clearance,  so  inhibition  of  these  isoenzymes  can  result  in  adverse  side  effects  

of  drugs.  LAM-21D  does  affect  any  of  the  different  isoforms  of  the  proteins  

unlike  the  control  which  only  showed  selectivity  towards  few  isoforms  (table  2).  

The  results  show  that  the  quinoxaline  derivatives  can  interact  with  intermediates  

of  apoptosis  and  inflammation  to  regulate  cell  proliferation  and  cell  survival. 
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CHAPTER  5 

CONCLUSION 

 

In  conclusion,  the  outcomes  of  this  study  have  clearly  demonstrated  the  

anticancer  potentials  of  LAM-21D  and  LAM-29A  against  CaSki  cervical  cancer  

cells  and  MCF-7  breast  cancer  cells,  respectively.  Some  of  the  features  of  an 

anticancer agent is  its  ability  to  generate  antioxidants  which  are  important  in  

stabilising  the  highly  reactive  free  radicals.  Both  compounds  were  able  to  reduce  

the  ferric  reagents  and  scavenged  the  DPPH  free  radical,  demonstrating  their  

antioxidant  potential.  LAM-29A  selectively  inhibited  the  viability  of  MCF-7  cells  

albeit  with  minimal  effect  on  induction  of  apoptosis.  However,  the  structure  of  

LAM-29A  can  be  repurposed  and  improved  to  target  other  cell  deaths  forms  

LAM-21D  selectively  inhibited  the  viability  and  proliferation  of  CaSki  cells  via  a  

reduction  of  Ki67  expression  and  induced  ROS  production  which  altogether  

halted  the  CaSki  cell’s  cycle  progression  at  the  S-phase.  The  In-silico  studies  

have  also  revealed  interaction  of  the  compound  with  anti-  apoptotic  protein  Bcl-

2.  The  compound  also  showed  drug-likeness  properties  with  plausible  biological  

and  pharmacokinetic  properties.  This  is  the  first  report  describing  the  anticancer  

potential  of  the  novel  synthesised  quinoxaline  derivative  LAM-21D  (6-nitro-2-(oct-

1-ynyl)  quinoxaline).  Of  the  two  quinoxaline  derivatives  studied,  LAM-21D  (6-

nitro-2-(oct-1-ynyl)  quinoxaline)  has  been  demonstrated  to  be  a  potential  

candidate  to  be  explored  in  the  treatment  of  cervical  cancer  cells,  especially  

the  HPV  16  and  18  positive  cells  characterising  CaSki  cervical  cancer  cells. 
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