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ABSTRACT 

Palmitic acid, a major saturated fatty acid found in palm oil and other dietary sources, 

plays a crucial role in cellular metabolism, particularly in lipid metabolism, oxidative 

stress, and endoplasmic reticulum (ER) stress. When excessive palmitic acid induces 

ER stress, where protein-folding demands surpass the capacity of ER, it may disrupt 

cellular balance and potentially lead to cell dysfunction or death. Considering the 

evidence linking ER stress to various pathological conditions, understanding the 

mechanistic impact of palmitic acid on ER stress and cellular fate is crucial. This study 

investigates the molecular pathways through which palmitic acid influences ER stress 

and its downstream effects, providing insights into its potential role in disease 

progression and metabolic disorders. Additionally, UPR signalling in metastasised 

tumour-bearing mice administered with palm oil will be analysed.  

In vitro experiments revealed a decline in cell viability dose-dependently across all cell 

lines. Notably, IEC6 cells exhibited greater tolerance (IC₅₀: 342 μM) than cancer cells, 

with IC₅₀ values of 180 μM for HCT116 and 168 μM for CT26. Morphological 

alterations, including cell structure disruption, were minimal at lower concentrations 

but became significant at higher doses. Both normal and cancer cells were found to 

accumulate neutral lipids, indicating the involvement of fatty acid transport proteins. 

Notably, both normal cells and cancer cells showed significant lipid accumulation even 

at lower concentrations and retained the ability to form colonies, indicating resilience 

under metabolic stress. However, at higher concentrations, palmitic acid disrupted lipid 

metabolism and compromised antioxidant defences, ultimately leading to cell death.   

Excess lipid accumulation in cells led to increased ROS and the accumulation of 

misfolded proteins at both low and high doses. The upregulation of ER stress marker 

genes Bip, Chop, and Atf6 further indicated ER stress and misfolded protein 

accumulation. These findings suggest that palmitic acid disrupts protein folding 

mechanisms and ER functionality at higher concentrations, leading to cellular 

dysfunction, while cells can withstand the stress at lower concentrations, indicating that 

oxidative stress-associated metabolic stresses play a crucial role in ER stress in 

pathological and physiological contexts. 

The ER stress-associated UPR pathways, particularly PERK/ATF4, IRE1/XBP1, and 

ATF6, play a crucial role in cell survival under stress. Palmitic acid is found to activate 

the PERK pathway and enhance the antioxidant enzymes like superoxide dismutase 
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(SOD), catalase (CAT) etc, at sub-lethal doses. However, the activity declined to its 

toxic level. The glutathione-based antioxidants were stable at lower doses but dropped 

significantly at toxic concentrations, emphasising their role in detoxifying palmitic acid 

metabolites. Lipid peroxidation level was also increased by palmitic acid, diminishing 

antioxidant defences, compromising membrane integrity, and heightening oxidative 

stress at higher doses. Stress-responsive factors Nrf2, Nqo1and Ho-1, key antioxidant 

defence and autophagy regulators, showed variable expression. The cancer cells, 

HCT116 and CT26, displayed Nrf2 upregulation compared to normal IEC6 cells. This 

highlights the adaptive responses of cancer cells under toxic stress to maintain 

homeostasis. This may lead to cell survival mechanisms.  

Palmitic acid treatment resulted in the formation of acidic vacuoles, indicating an 

autophagic response. Further, acidic vacuoles led to autophagy, as evidenced by MDC 

staining. The expression of autophagy-related genes Beclin 1 and Lc3b1, along with 

UPR markers Ire1 and Xbp1, was upregulated particularly in cancer cells, suggesting 

that palmitic acid enhances cellular resistance to stress through the activation of both 

autophagy and ER stress pathways. This link between autophagy and ER stress is 

critical, as autophagy alleviates ER stress by degrading damaged cellular components, 

while the UPR regulates autophagic flux. This interaction may promote cell survival 

and progression in colon cancer, indicating potential therapeutic strategies for targeting 

these pathways to inhibit cancer survival mechanisms. 

In vivo studies were conducted using a palm oil-rich diet to analyse the impact of 

prolonged intake of heat-treated palm oil (HPO), which is high in palmitic acid, on 

colon cancer metastasis. Using gas chromatography-mass spectrometry/mass 

spectrometry (GC-MS/MS) analysis determined a palmitic acid concentration of 367 

mg/mL in HPO. Over four months, mice received 200 µl of HPO, corresponding to 

73.4 mg of palmitic acid per mouse. HPO consumption caused oxidative stress and 

reduced antioxidant levels in the small intestine, leading to increased lipid peroxidation. 

This oxidative stress was less pronounced in the large intestine due to its limited lipid 

absorption capacity. Histopathological analysis revealed significant alterations in 

goblet cell morphology, inflammation, and ER stress development in the intestinal 

tissues. Prolonged HPO intake led to the upregulation of ER stress markers such as BIP, 

CHOP, and ATF6 and the activation of different UPR pathways, with the PERK/ATF4 
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pathway being more active in the small intestine and the IRE1/XBP1 pathway in the 

large intestine. 

The study investigated the effect of HPO on CT26 cell-induced colon cancer pulmonary 

metastasis. Oral administration of HPO in mice with CT26 inoculated cancer led to 

metastasis along with inflammatory cell infiltration. Consistent with previous findings, 

HPO promoted metastasis through the TLR4/TRIF-Peli1-pNF-κB pathway, while 

CD36 blockade effectively inhibited this process. HPO treatment exhibited significant 

body weight loss, glucose intolerance, and systemic inflammation, accompanied by 

elevated counts of white blood cells, monocytes, neutrophils, lymphocytes, and 

platelets, suggesting immune modulation. Additionally, HPO influenced lipid 

metabolism in cancer progression, as evidenced by increased serum cholesterol, 

triglycerides, and LDL levels. Elevated AST and ALT levels indicated liver 

dysfunction, while increased lung hydroxyproline and collagen deposition suggested a 

potential link between HPO exposure and pulmonary fibrosis. 

The colon cancer pulmonary metastasis further impacted inflammatory responses, 

oxidative stress, ER stress, and associated signalling pathways by HPO. Palmitic acid-

induced inflammation in lung tissues, characterised by elevated levels of IL-6 and TNF-

α, creates a microenvironment favourable for metastatic spread. Increased immune cell 

infiltration and invasion further supported the role of HPO-induced inflammation in 

facilitating cancer cell aggressiveness. Chronic HPO intake disrupted redox 

homeostasis in lung tissues, leading to oxidative damage exacerbated by alterations in 

antioxidant enzymes. Significant changes in glutathione-related enzymes without 

corresponding adjustments in SOD and CAT underscored a dysregulated antioxidant 

defence system, potentiating oxidative stress and inflammation. HPO-induced ER 

stress, evidenced by the upregulation of ER stress markers like Bip, Chop, Atf6, and the 

activation of Perk/Atf4 and Ire1/Xbp1 signalling pathways, contributed to a pro-

tumorigenic microenvironment favouring cancer metastasis. 

In conclusion, palmitic acid-induced oxidative and ER stresses disrupt cellular 

homeostasis, triggering UPR pathways and impairing antioxidant defences. Cancer 

cells exhibit metabolic resistance, with increased lipid accumulation and stress 

adaptation mechanisms. In vivo, prolonged HPO intake led to systemic inflammation, 

immune modulation, and liver dysfunction. HPO-driven ER stress and inflammation in 

lung tissues, characterised by IL-6 and TNF-α elevation, created a tumour-promoting 
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microenvironment, facilitating metastatic progression. The dysregulation of antioxidant 

defence systems further exacerbated oxidative damage. CD36 blockade mitigated 

HPO-induced metastasis, underscoring the potential of targeting fatty acid metabolism 

in cancer therapy. These findings provide mechanistic insights into the interplay 

between lipid metabolism, ER stress, and tumour progression, emphasising the need for 

dietary interventions and therapeutic strategies to counteract palmitic acid-driven 

cancer aggressiveness. 

Keywords: Palmitic Acid, ER Stress, Oxidative Stress, Autophagy, Unfolded Protein 

Response, Cancer Metastasis. 
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സംഗ്രഹം 

പ ാം ഓയിലില ാം മറ്റ ് ഭക്ഷണ സ്ര തസ്സ കളില ാം ക ണപ്പെട ന്ന ഒര  ്പധ ന പൂരിത 

ഫ റ്റി ആരിഡ യ പ ൽമിറ്റിക് ആരിഡ് പ്പരല്ല ല ർ പ്പമറ്റസ  ളിരത്തിൽ, 

്പസതേകിച്ച ് ലിപിഡ് പ്പമറ്റസ  ളിരാം, ഓക്സിസഡറ്റീവ് ര്പ്പ്ടര,് എൻസഡ പ്ല സ്മിക് 

പ്പെറ്റിക്ക ലാം രമ്മർദ്ദാം എന്നിവയിൽ നിർണ യക പങ്ക ് വഹിക്ക ന്ന . അമിതമ യ 

പ ൽമിറ്റിക് ആരിഡ് ഇആർ രമ്മർദ്ദത്തിന് ക രണമ ക സപ ൾ, അവിപ്പട ശരിയ യ 

സ്പ ട്ടീൻ- രൂപികരണാം തകര െില വ ക്കയ ാം തന്മൂലാം ഇആെിന്പ്പെ രവ ഭ വികമ യ 

സശഷി മെികടക്കപ്പെട ക്കയ ാം പ്പെയ്യ ന്ന . ഇത് പ്പരല്ല ല ർ രന്ത ലിത വസ്ഥപ്പയ 

തടസ്സപ്പെട ത്ത കയ ാം പ്പരൽ അപരേ പ്തതയിസലസക്ക  മരണത്തിസലസക്ക  നയിസച്ചക്ക ാം. 

ഇആർ രമ്മർദ്ദപ്പത്ത വിവിധ പ സത്ത ളജിക്കൽ അവസ്ഥകള മ യി  ന്ധിെിക്ക ന്ന 

പ്പതളിവ കൾ കണക്കിപ്പലട ക്ക സപ ൾ, ഇആർ രമ്മർദ്ദത്തില ാം സക ശത്തിൻപ്പറ്റ 

നിലനില്പ മ യി  ന്ധപ്പെട്ട അന്തിമഫലത്തില ാം പ ൽമിറ്റിക ്ആരിഡിന്പ്പെ യ ്ന്തിക 

രവ ധീനാം മനരില ക്ക ന്നത് നിർണ യകമ ണ്. പ ൽമിറ്റിക് ആരിഡ് ഇആർ 

രമ്മർദ്ദപ്പത്തയ ാം അതിന്പ്പെ ഡൗൺര്്ടീാം ഇഫക്റ്റ കപ്പളയ ാം രവ ധീനിക്ക ന്ന 

തന്മ ്ത  പ തകപ്പളക്ക െിച്്ച ഈ പഠനാം അസനവഷിക്ക ന്ന . കൂട പ്പത, പ ാം ഓയിൽ 

ഉപസയ ഗിച്ച് നൽകിയ പ്പമറ്റ സ്റ്റ രിര് ടേൂമർ ഉള്ള എലികളിപ്പല യ പിആർ രിഗ്നലിാംഗ് 

വിശകലനാം പ്പെയ്യ ാം.  

വിവിധ തരാം സക ശങ്ങളിൽ, പ ൽമിറ്റിക് ആരിഡ് ഉസപസയ ഗിച്ച  നടത്തിയ 

പരീക്ഷണങ്ങളിൽ പ്പരൽ വയ ിലിറ്റി സഡ ര്-ആ്ശിതമ യി ക െയ ന്നത യി 

കപ്പെത്തി.  സക ശങ്ങളിൽ സന ർമൽ സക ശങ്ങള യ IEC6 (IC₅₀: 342 μM) ന  കേ ൻരർ 

സക ശങ്ങസളക്ക ൾ HCT116 (180 μM) ആൻഡ് (CT26 168 μM) പ ൽമിറ്റിക് ആരിഡിസന ട് 

കൂട തൽ സട ളെൻര് ഉള്ളത യി ക ണ ാം. ക െഞ്ഞ അളവില ള്ള പ ൽമിറ്റിക് 

ആരിഡിന്പ്പെ ഉപസയ ഗത്തിൽ സക ശ ഘടനയിപ്പല മ റ്റങ്ങൾ വളപ്പര ക െവ യിര ന്ന , 

എന്ന ൽ ഉയർന്ന അളവിൽ ഈ മ റ്റങ്ങൾ ്ശസേയമ യി ക ണപ്പെട്ട . ര ധ രണ 

പ്പരല കള ാം കേ ൻരർ പ്പരല കള ാം നേൂ്ടൽ ലിപിഡ കൾ എക്കേ മ സലറ്റ് പ്പെയ്യ ന്നത് 

കെ , ഇത ് ഫ റ്റി ആരിഡ് ്ട ൻര്സപ ർട്്ട സ്പ ട്ടീന കള പ്പട പങ്ക ് രൂെിെിക്ക ന്ന . 

്പസതേകിച്ച,് സന ർമൽ പ്പരല കള ാം കേ ൻരർ പ്പരല കള ാം ക െഞ്ഞ അളവ കളിൽ 

ഗണേമ യ ലിപിഡ് രമ ഹരണാം ക ണിച്ച , കൂട പ്പത സക ളനി രൂപീകരണത്തിന്പ്പെ 

കഴിവ് നിലനിർത്ത കയ ാം പ്പെയ്ത , ഇത് പ്പമട സ  ലിക് സ  ഷത്തിനിടയിൽ സ്ഥിരത 

ക ണിക്ക ന്നത യി രൂെിെിക്ക ന്ന . എങ്കില ാം, ഉയർന്ന അളവ കളിൽ പ ൽമിറ്റിക ്

ആരിഡ് ലിപിഡ് പ്പമട സ  ളിരാം തകര െില ക്കി ആന്െി-ഓക്സിഡന്െ് 

്പതിസര ധങ്ങപ്പള   ർ ലമ ക്കി, ഒട വിൽ സക ശ മരണാം ഉെ ക്ക ന്നത യി കെ . 

സക ശങ്ങളിൽ ലിപിഡ കള പ്പട അന വശേമ യ രമ ഹ രാം ROS വർധിെിക്ക കയ ാം, 

മിര്സഫ ൾഡഡ് സ്പ ട്ടീന കള പ്പട രമ ഹരണാം ഉെ ക കയ ാം പ്പെയ്ത . 

എന്െ് സെ പ്ല സ്മിക് പ്പെറ്റിക ലാം ര്പ്പ്ടരിന്പ്പെ രൂെകങ്ങള യ Bip, Chop, Atf6 ജീൻകള പ്പട 

ആധികോം മിര്സഫ ൾഡഡ് സ്പ ട്ടീന കള പ്പട രമ ഹരണവ ാം രൂെിെിച്ച . ഈ 

കപ്പെത്തല കൾ ക ണിക്ക ന്നത്, ഉയർന്ന അളവ കളിൽ പ ൽമിറ്റിക് ആരിഡ് 
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സ്പ ട്ടീൻ സഫ ൾഡിങ ് ്പ്കിയകള ാം ER-യ പ്പട ്പവർത്തനവ ാം തകര െില ക്ക കയ ാം 

സക ശ സ  ഷത്തിന് ക രണമ ക കയ ാം പ്പെയ്യ ന്ന . എന്ന ൽ, ത ഴന്്ന അളവ കളിൽ 

സക ശങ്ങൾക്ക് ഈ രമ്മർദ്ദാം ത ങ്ങ ൻ കഴിയ ന്ന , അത യത് ഓക്സിസഡറ്റീവ് ര്പ്പ്ടസ്സാം 

 ന്ധിച്ച പ്പമട സ  ലിക ്രമ്മർദ്ദങ്ങൾ ER സ  ഷത്തിൽ ്പധ ന പങ്ക് വഹിക്ക ന്ന പ്പവന്ന് 

രൂെിെിക്ക ന്ന . 

എന്െ് സെ പ്ല സ്മിക് പ്പെറ്റിക ലാം ര്പ്പ്ടര മ യി  ന്ധപ്പപട്ട UPR പ തകൾ, ്പസതേകിച്ച് 

PERK/ATF4, IRE1/XBP1, ATF6, പ്പക ശ രാംരക്ഷണത്തിൽ ്പധ ന പങ്ക് വഹിക്ക ന്ന . 

പ ൽമിറ്റിക് ആരിഡ് PERK പ തപ്പയ കൂട തൽ രജീവമ ക്ക ന്നത് കെ , കൂട പ്പത 

ഉപജീവനസക ശങ്ങപ്പള രഹ യിക്ക ന്ന ആന്െി-ഓക്സിഡന്െ് എഞ്ചൈമ കള യ രൂെർ 

ഓക്ഞ്ചരഡ് ഡിര് മേൂസട്ടര ്(SOD), ക റ്റ സലര ്(CAT) മ തല യവപ്പയ ത ഴ്ന്ന പ ൽമിറ്റിക ്

ആരിഡിന്പ്പെ അളവ  ഉപസയ ഗിച്ചസെ ൾ വർേിെിക്ക കയ ാം പ്പെയ്ത . 

കൂട തല വ സപ ൾ വിഷ ഭ വത്തിസലക്ക് മ െ ന്നത യ ാം കെ  . ഗ്ല തതസയ ണിന്പ്പെ 

രാം ന്ധിച്ച ആന്െി-ഓക്സിഡന്െ് ്പവർത്തനാം ത ഴ്ന്ന അളവ കളിൽ 

സ്ഥിരമ യിര ന്ന , എന്ന ൽഉയർന്ന അളവ കളിൽ അത് ന ശമ ള്ള നിലയിസലക്ക  

ക െഞ്ഞ , ഇത് പ ൽമിറ്റിക് ആരിഡ് പ്പമറ്റസ  ഞ്ചലറ്റ കൾ ഡീസറ്റ ക്സിഞ്ചഫ 

പ്പെയ്യ ന്നതിൽ അതിന്പ്പെ പങ്ക ് രൂെിെിക്ക ന്ന . പ ൽമിറ്റിക് ആരിഡ് ലിപിഡ് 

പ്പപസെ ക്സിസഡഷൻ നില കൂട്ട കയ ാം, ആന്െി-ഓക്സിഡന്െ് ്പതിസര ധങ്ങപ്പള 

  ർ ലമ ക്ക കയ ാം, പ്പമാംപ്പ് യ്ൻ ഇന്െ്ഗിറ്റിപ്പയ   ധിക്ക കയ ാം, ഓക്സിസഡറ്റീവ് 

പ്പ്സ്റ്റര് വർേിെിക്ക കയ ാം പ്പെയ്ത . പ്പ്സ്റ്റര്-്പതിരന്ധി ഘടകങ്ങള യ Nrf2, Nqo1, Ho-

1,ആന്െി-ഓക്സിഡന്െ് ്പതിസര ധത്തിന്പ്പെ ്പധ ന നിയ്ന്തണകങ്ങളില ാം 

ഓസട്ട ഫജിയ ാം പഠനത്തിൽ കെ . കേ ൻരർ പ്പരല കൾ HCT116, CT26, ര ധ രണ IEC6 

പ്പരല കൾക്ക് അസപക്ഷിച്ച് Nrf2-യ പ്പട അെ്പ്പഡപ്പെഗ സലഷൻ ക ണിച്ച . ഇത് കേ ൻരർ 

സക ശങ്ങള പ്പട അന കൂല്പതിരന്ധി ്പതികരണങ്ങൾ ഞ്ചഹസമ സസ്റ്റരിര് 

നിലനിർത്ത ന്നതിന ള്ള മ ർഗ്ഗങ്ങൾ ക ണിക്ക ന്ന , അതിന ൽ സക ശ രാംരക്ഷണ 

മ ർഗങ്ങളിസലക്ക് നയിക്ക ന്ന   

പ ൽമിറ്റിക് ആരിഡ് ആരിഡിക് വ കേൂസവ ള കള പ്പട രൂപീകരണത്തിന് 

ക രണമ ക ന്ന , ഇത് ഓസട്ട ഫ ഗി ്പതികരണപ്പത്ത രൂെിെിക്ക ന്ന . MDC 

പ്പസ്റ്റയിനിങ്ങിലൂപ്പട ആരിഡിക് വ കേൂസവ ള കൾ ഓസട്ട ഫ ഗി ്പ്കിയയ മ യി 

 ന്ധപ്പെട്ടത ണ് എന്ന ് കപ്പെത്തി. ഓസട്ട ഫ ഗി- ന്ധപ്പപട്ട ജീൻകൾ Beclin 1, Lc3b1, 

കൂട പ്പത ER ര്പ്പ്ടര് മ ർക്കർ Ire1, Xbp1 എന്നിവയ പ്പട ്പകടനാം കേ ൻരർ 

സക ശങ്ങളിൽ കൂട തൽ ഉയർന്ന . ഇത്, പ ൽമിറ്റിക് ആരിഡ് സക ശങ്ങള പ്പട 

എന്സ്െ പ്ല സ്മിക് പ്പെറ്റിക ലാം (ER) ര്പ്പ്ടര് പ തയ ാം ഓസട്ട ഫ ഗി പ തയ ാം 

രജീവമ ക്ക ന്ന , ഇത് സക ശപ്പത്ത ര്പ്പ്ടരിൽ നിന്ന ള്ള രാംരക്ഷണാം 

വർേിെിക്ക ന്ന പ്പവന്ന് രൂെിെിക്ക ന്ന . ഓസട്ട ഫ ഗിയ ാം ER ര്പ്പ്ടര ് പ തയ ാം 

തമ്മില ള്ള  ന്ധാം, ഉെ ്എങ്ങപ്പനഎന്ന ൽ ഡ സമജ്ഡ് സക ശ ഘടകങ്ങപ്പള ഓസട്ട ഫ ഗി 

നശിെിച്ച് ER ര്പ്പ്ടര് ക െയ്ക്ക കയ ാം, UPR ഓസട്ട ഫ ഗി പ തപ്പയ നിയ്ന്തിക്ക കയ ാം 

പ്പെയ്യ ന്ന . ഈ ്പ്കിയകൾ സക സള ൺ കേ ൻരർ രാംരക്ഷണത്തിന ാം പ സര ഗതിക്ക ാം 
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രഹ യകമ ക ൻ ര ധേതയ െ്, അതിന ൽ ഈ പ തകപ്പള ലക്ഷേമിട്ട ള്ള െികിത്സ  

ത്ന്തങ്ങൾ ഉപസയ ഗിച്ച് കേ ൻരർ രാംരക്ഷണ മ ർഗ്ഗങ്ങൾ തടയ ന ള്ള ര ധേത ഉെ.് 

പ ൽമിറ്റിക് ആരിഡ് കൂട തൽ ഉള്ള പ സമ യിൽ (HPO) പ്പെെ ത യി െൂട ക്കിയ ണ ്

എലികളിപ്പല പരീക്ഷണങ്ങളിൽ ഉപസയ ഗിക്ക ന്നത്.ഗേ ര് സ്ക മ സറ്റ ്ഗ ഫി-മ സ്സ് 

ര്പ്പപക്സ്ട പ്പമ്ടി (GC-MS/MS) ഉപസയ ഗിച്ച് HPOയിൽ 367 mg/mL പ ൽമിതിക് 

ആരിഡിന്പ്പെ അളവ ് കപ്പെത്തി. ന ല ് മ രക്ക ലാം, ഓസര  എലിക്ക ാം ഓസര  

 ിവരവ ാം 200 µl HPO നൽകിയസെ ൾ 73.4 mg പ ൽമിതിക ്ആരിഡ് ഉൾപ്പക്ക ള്ള ന്നത് 

കപ്പെത്തി .HPO (heat-treated palm oil) ഉപസയ ഗാം ഓക്സിസഡറ്റീവ് ര്പ്പ്ടര് ഉെ ക്കി, 

ഇതിന്പ്പെ ഫലമ യി പ്പെെിയ ആന്െഞ്ചസ്റ്റൻപ്പെ ആന്െിസയ ക്സിഡന്െ് നില ക െഞ്ഞ , 

എള െത്തിൽ ലിപിഡ് പ്പപസര ക്സിസഡഷൻ വർേിച്ച . വലിയ ആന്െഞ്ചസ്റ്റൻപ്പെ ലിപിഡ് 

ആരവീകരണ സശഷി ക െഞ്ഞിര ന്നതിന ൽ അവിപ്പട ഓക്സിസഡറ്റീവ് ര്പ്പ്ടര ്

ക െവ യിര ന്ന . ഹിസസ്റ്റ പ സത്ത ളജിക്കൽ പരിസശ ധനയിൽ സഗ പ്പെറ്റ് 

സക ശങ്ങള പ്പട രൂപസഭ ാം, അണ   ധ, ER ര്പ്പ്ടസ്്സ എന്നിവപ്പയ കപ്പെത്തി.  ീർഘക ല 

HPO ഉപസയ ഗാം ER ര്പ്പ്ടര് മ ർക്കെ യ BIP, CHOP, ATF6 എന്നിവയ പ്പട ഉയർച്ചക്ക ാം UPR 

പ തകള പ്പട രജീവീകരണത്തിന ാം ക രണമ ക ന്ന . PERK/ATF4 പ ത പ്പെെിയ 

ആന്െഞ്ചസ്റ്റൻ, IRE1/XBP1 പ ത വലിയ ആന്െഞ്ചസ്റ്റൻ പ തയിൽ കൂട തൽ രജീവമ യി 

്പവർത്തിക്ക ന്ന പ്പവന്ന് കെ . ഈ പഠനാം HPO ഉപസയ ഗിച്ച ് CT26 പ്പരൽ-സ്പരിത 

സക സള ൺ ക ൻരർ ഓർഗ ന കളിസലക്ക് എങ്ങപ്പന പ്പമട സ്റ്റ രിര് ഉെ ക്ക ന്ന  

എന്നത് പരിസശ ധിച്ച . 

HPO എലികളിൽ നൽകിയസെ ൾ, ക ൻരർ സക ശങ്ങൾ അവയവങ്ങള്ളിസലക്ക് 

രൈരിക്ക കയ ാം അണ   ധയ ാം ഉെ ക കയ ാം പ്പെയ്ത . HPO, TLR4/TRIF-Peli1-pNF-κB 

വഴിയിലൂപ്പട പ്പമട സ്റ്റ രിരിന് രഹ യിക്ക ന്ന  എന്ന ാം , എന്ന ൽ CD36 

സെ ക്ക പ്പെയ്യ ന്നതിലൂപ്പട ഈ ്പ്കിയ തടഞ്ഞ എന്ന ാം മ പ ള്ള മഠങ്ങൾ പഠനങ്ങൾ 

പ്പതളിയിച്ചിട്ട െ് . HPO ഉപസയ ഗാം ശരീര ഭ രാം ക െയ്ക്ക കയ ാം, ഗ്ലൂസക്ക ര് 

തകര െ ക കയ ാം, ഇൻഫ്ലസമഷൻ വർേിെിക്ക കയ ാം പ്പെയ്ത . ഇതിന ്അന സയ ജേമ യി, 

പ്പവള ത്ത രക്തസക ശങ്ങൾ, പ്പമ സണ ഞ്ചരറ്റ കൾ, നേൂസ്ട ഫില കൾ, 

ലിാംസഫ ഞ്ചരറ്റ കൾ, സപ്ലറ്റ്ലറ്റ കൾ എന്നിവയ പ്പട എണ്ണാം വർേിച്ച് ഇമേൂൺ 

രാംവിധ നപ്പത്ത   ധിച്ച . HPO ഉപസയ ഗാം സക സള ൺ ക ൻരെിൽ ലിപിഡ് 

പ്പമറ്റസ  ളിരത്തിൽ മ റ്റങ്ങൾ ഉെ ക്കി, പ്പക ളര്സ്ട ൾ, ഞ്ച്ടഗ്ലിരഞ്ചെഡ,് LDL 

തലങ്ങൾ ഉയർന്ന . AST, ALT പ്പലവല കൾ ഉയർന്നത് കരളിന്പ്പെ ്പയ രാം രൂെിെിച്ച . 

കൂട പ്പത, ഞ്ചഹസ്ഡ ക്സിസ്പ ളിൻ, സക ളജൻ ്ര വാം എന്നിവയ പ്പട വർേന പ ല്മണെി 

ഞ്ചഫസ്  രിര മ യി  ന്ധപ്പെട്ട . 

HPO (ഹീറ്്റ-്ടീറ്്റ പ്പെയ്ത പ ൽമ യിൽ) ഉപസയ ഗാം സക സള ൺ ക ൻരർ പ ല്മണെി 

പ്പമട സ്റ്റ രിരിപ്പന കൂട തൽ ശക്തമ ക്ക കയ ാം ഇൻഫ്ലസമഷൻ, ഓക്സിസഡറ്റീവ് ര്പ്പ്ടര്, 

ER ര്പ്പ്ടര് എന്നിവപ്പയ   ധിക്ക കയ ാം പ്പെയ്ത . പ ൽമിറ്റിക് ആരിഡ് മൂലമ ള്ള 

ശവ രസക ശ അണ   ധ IL-6, TNF-α പ്പലവല കൾ വർേിെിച്ച,് ക ൻരർ സക ശങ്ങൾ 

വേ പിക്ക ന്നതിന ള്ള അന കൂല ര ഹെരോം ഉെ ക്കി. HPO ഉപസയ ഗാം മൂലാം 

്പതിസര ധ സക ശങ്ങൾ കൂട തൽ ശവ രസക ശത്തിൽ എത്ത കയ ാം, ക ൻരർ 
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സക ശങ്ങള പ്പട ആ്കമണസശഷി വർേിെിക്ക കയ ാം പ്പെയ്ത .  ീർഘക ലമ യി HPO 

ഉപസയ ഗിക്ക ന്നത് ശവ രസക ശത്തിപ്പല ഓക്സിസഡറ്റീവ്   ലൻര് തകർക്ക കയ ാം, 

ആന്െിസയ ക്സിഡന്െ് എൻഞ്ചരമ കളിൽ മ റ്റങ്ങൾ വര ത്ത കയ ാം പ്പെയ്ത . 

ഗ്ലൂട്ടത്തസയ ൺ  ന്ധപ്പെട്ട എൻഞ്ചരമ കളിൽ വലിയ വേതേ രമ െ പ്പയങ്കില ാം SOD, 

CAT എന്നിവയിൽ മ റ്റമില്ല ത്തത് ആന്െിഓക്സിഡന്െ് ്പതിസര ധ രാംവിധ നാം 

തകര െില പ്പണന്ന് രൂെിെിക്ക ന്ന , ഇത് ഓക്സിസഡറ്റീവ് ര്പ്പ്ടരിന ാം ഇൻഫ്ലസമഷന ാം 

ക രണമ യി. കൂട പ്പത, HPO ഉപസയ ഗാം ER ര്പ്പ്ടരിപ്പനയ ാം വർേിെിച്ച . Bip, Chop, Atf6 

എന്നീ മ ർക്കെ കൾ ഉയർന്നത ാം, Perk/Atf4, Ire1/Xbp1 പ തകൾ രജീവമ യത ാം ക ൻരർ 

പ്പമട സ്റ്റ രിരിന് അന കൂലമ യ ഒര  പരിതസ്ഥിതി രൃഷ്ടിച്ച . ഇത മൂലാം, ക ൻരർ 

സക ശങ്ങൾ കൂട തൽ വേ പിക്ക കയ ാം സര ഗാം കൂട തൽ കട ത്തത ക കയ ാം 

പ്പെയ്യ ന്ന . 

പ ൽമിറ്റിക് ആരിഡ് ശരീരത്തിൽ ഓക്സിസഡറ്റീവ് ര്പ്പ്ടസ്സ ാം ER ര്പ്പ്ടസ്സ ാം ഉെ ക്കി, 

സക ശങ്ങള പ്പട രവ ഭ വിക നില തകർക്ക ന്ന . ഇത് ്പതിസര ധ ശക്തി ക െയ്ക്ക കയ ാം, 

ക ൻരർ സക ശങ്ങൾക്ക് കൂട തൽ വളര ൻ അന കൂല ര ഹെരോം രൃഷ്ടിക്ക കയ ാം 

പ്പെയ്യ ന്ന . ഞ്ചമര് സമൽ നടത്തിയ പരീക്ഷണത്തിൽ,  ീർഘക ലാം HPO ഉപസയ ഗിച്ചത് 

ശരീരത്തിൽ അണ   ധ (inflammation), ്പതിസര ധ വേതിയ നാം, കരളിന്പ്പെ 

്പവർത്തനസക്കട കൾ എന്നിവ ഉെ ക്കി. ശവ രസക ശങ്ങളിൽ IL-6, TNF-α എന്ന 

ഇൻഫ്ലസമറ്റെി മൂലകങ്ങൾ കൂടിയസത പ്പട, ക ൻരർ സക ശങ്ങൾ കൂട തൽ 

വേ പിക്ക ന യി അന സയ ജേമ യ അന്തരീക്ഷാം രൃഷ്ടിച്ച . ആന്െിഓക്സിഡന്െ് 

്പതിസര ധാം തകര െില യസത പ്പട, ഓക്സിസഡറ്റീവ് ന ശാം കൂടി. 

CD36 എന്ന ഒര  സ്പ ട്ടീൻ തടഞ്ഞസെ ൾ, HPO മൂലമ െ ക ന്ന ക ൻരർ വേ പനാം 

ക െച്ച . അതിന ൽ, പ്പക ഴ െ് (fat) അന  ന്ധ ക ൻരർ െികിത്സയക്്ക യി പ തിയ 

മ ർഗങ്ങൾ പരിഗണിസക്കെത പ്പെന്ന  മനസ്സില ക്ക ാം. ഈ പഠനാം, ഭക്ഷണ ശീലങ്ങൾ 

മ റ്റി HPO മൂലമ െ ക ന്ന ക ൻരർ അപകടാം ക െയ്ക്ക ൻ രഹ യിക്ക പ്പമന്ന ആശയാം 

ശക്തിപ്പെട ത്ത ന്ന . 

 

പ്രധാന വാക്കുകൾ: പാൽമിറ്റിക് ആസിഡ്, പാാം ഓയിൽ, എന്െ് സെ പ്ല സ്മിക് 

പ്പെറ്റിക ലാം ര്പ്പ്ടര്, ഓക്സിസഡറ്റീവ് ര്പ്പ്ടര്, ഓസട്ട ഫ ഗി, ക ൻരർ പ്പമട സ്റ്റ രിര്. 
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INTRODUCTION 

The role of dietary lipids in cancer development has gained considerable attention in 

recent years, with numerous epidemiological studies highlighting a strong correlation 

between high-fat consumption and an increased risk of malignancies such as breast, 

prostate, and colorectal cancers. Among dietary fats, saturated fatty acids like palmitic 

acid have been extensively studied due to their potential influence on cancer initiation 

and progression. Palmitic acid, a major component of animal fats and processed foods, 

has been implicated in various oncogenic processes, including inflammation, oxidative 

stress, metabolic reprogramming, and modulation of the tumour microenvironment. 

Palmitic acid is a 16-carbon saturated fatty acid, one of the most abundant fatty acids. 

It is a significant component of palm oil, dairy products, and meat and is a key structural 

component of cell membranes and an energy source. Palmitic acid is a fundamental 

component of cell membranes, contributing to membrane fluidity and integrity, and is 

essential for signal transduction and intercellular communication. Palmitic acid is 

primarily synthesised in the liver through de novo lipogenesis and also comes from 

dietary sources, particularly diets high in saturated fats. Despite its physiological roles, 

concerns arise regarding its association with health issues such as obesity, insulin 

resistance, and cardiovascular diseases due to its abundance in diets. Moreover, recent 

studies emphasise the involvement of palmitic acid in cancer cell survival and 

proliferation, where altered lipid metabolism provides energy and building blocks for 

rapid growth (Zeng et al., 2020a, Maly and Hofmann, 2020, Fatima et al., 2019b). 

Palmitic acid reported activating pathways promoting cell survival like the PI3K/Akt 

pathway while inhibiting regulators of cellular energy homeostasis such as AMP-

activated protein kinase (AMPK). 

Endoplasmic reticulum (ER) stress and mitochondrial dysfunction contribute to 

apoptosis, revealing its intricate role in disease pathogenesis. Understanding the 

metabolic effects of palmitic acid, mainly its association with ER stress, is crucial for 

elucidating its diverse roles and identifying potential disruptions in cellular physiology 

and pathology. Hence, exploring the multifaceted functions of palmitic acid emphasises 

its significance in cellular processes and its implications for health and disease. 

Understanding the importance of palmitic acid in cancer cell metabolism and signalling 

is critical for developing targeted therapies and dietary interventions for cancer 
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prevention and treatment, while strategies to alter lipid metabolism and fatty acid 

composition offer promising avenues for cancer therapy and prevention. 

The endoplasmic reticulum (ER) is a key organelle orchestrating essential cellular 

processes such as protein synthesis, folding, and lipid metabolism, crucial for 

maintaining cellular homeostasis (Schröder, 2008b, Celik et al., 2023). However, when 

confronted with disruptions in its functions, the ER activates intricate stress response 

pathways, collectively known as the Unfolded Protein Response (UPR), to mitigate 

cellular stress and restore equilibrium. The significance of ER stress transcends 

fundamental cellular dynamics, extending into the realm of disease pathogenesis, 

particularly in the context of cancer. The link between ER stress and cancer biology is 

evident in various facets of tumour initiation, progression, and response to treatment. 

Notably, cancer cells exploit adaptive mechanisms triggered by ER stress to facilitate 

their survival and proliferation, underscoring the Principal role of this process in 

oncogenesis (Oakes, 2020). 

Understanding the molecular mechanisms of ER stress in cancer is crucial due to its 

significant impact on clinical management and therapeutic strategies. The UPR, a 

complex signalling network activated in response to ER stress, comprises three 

principal branches mediated by transmembrane proteins: inositol-requiring enzyme 1 

(IRE1), protein kinase RNA-like ER kinase (PERK), and activating transcription factor 

6 (ATF6). These sensors detect aberrations in protein folding and initiate signalling 

cascades to restore ER homeostasis(Chen et al., 2023b). Understanding the details of 

ER stress in cancer necessitates a comprehensive exploration of its molecular 

underpinnings and functional consequences. This necessitates a thorough investigation 

into the activation and regulation of the IRE1, PERK, and ATF6 pathways and their 

implications for tumour biology and therapeutic targeting. In this study, we aimed to 

analyse the dynamic association between ER stress and cancer progression, focussing 

on the molecular mechanisms driving tumour development and progression. The study 

integrates insights from fundamental research and clinical observations to elucidate the 

basic mechanisms of ER stress pathways to combat cancer effectively. 

Palmitic acid induces ER stress in many pathological contexts, perturbing ER 

membrane composition and integrity and disrupting the redox balance within the ER, 

thus playing a diverse role in triggering and sustaining ER stress, highlighting its 

significance in metabolic disorder development(Celik et al., 2023). Numerous 
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investigations suggest that palmitic acid enhances cancer cell survival and may promote 

metastasis (Altea-Manzano et al., 2023, Maly and Hofmann, 2020). Our investigation 

posits a novel hypothesis that colon cancer cells protect themselves under extreme 

stress induced by palmitic acid, which could contribute to cell survival and metastasis. 

This underscores the importance of exploring how cancer cells overcome extreme 

conditions or cytological perturbations by activating the Unfolded Protein Response. 

Even though the title does not mention colon cancer, this scenario is inherently the 

subject of our inquiry. To better understand palmitic acid-induced ER stress and its 

translational implications, we need to contextualise our findings within colon cancer 

research, as it is considered a better model. Even if our study focused on colon cancer 

cells, the general implications of palmitic acid-induced ER stress can be applied to all 

aspects of cancer biology. This study is significant because it provides insight into the 

molecular mechanisms behind tumour cell adaptability. 

Colorectal cancer remains a significant challenge in oncology due to its global impact 

on morbidity and mortality. The association between high consumption of palmitic 

acid-rich foods and increased colon cancer risk has drawn attention to the molecular 

intricacies involved. Recent studies have elucidated the relationship between excess 

dietary saturated fats, inflammation, alterations in gut microbiota, and the development 

and progression of colon cancer (Yang et al., 2022, Tong et al., 2021, Bojková et al., 

2020). Endoplasmic reticulum (ER) stress adaptation mechanisms in cancer biology are 

vital in promoting cancer cell survival and proliferation. Cancer cells exploit the UPR 

to cope with ER stress, promoting malignant traits and therapeutic resistance. This 

adaptive process encompasses alterations such as enhanced protein folding capacity 

through upregulated chaperone proteins like heat shock proteins (HSPs), increased lipid 

metabolism facilitating membrane biogenesis, and modulation of calcium homeostasis 

to regulate ER stress responses. 

Dysregulation of ER stress responses fuels various facets of cancer progression, 

including tumour growth, invasion, and metastasis, and confers resistance to 

conventional chemotherapy and targeted therapies (Wang et al., 2012, Bonsignore et 

al., 2023, Wang and Mi, 2023). Understanding the association between dietary fat 

intake and colon cancer pathogenesis is crucial. Targeting palmitic acid-induced ER 

stress presents a promising therapeutic approach for colon cancer treatment. By 

disrupting adaptive mechanisms that promote cancer cell survival and proliferation, 
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pharmacological inhibitors of the UPR pathway and dietary interventions offer novel 

strategies to improve patient outcomes and overcome therapeutic resistance. Research 

into metabolic abnormalities contributing to cancer progression, particularly the effects 

of palmitic acid on ER stress in colon cancer cells, provides insights into cancer cell 

survival mechanisms. This exploration contributes to a deeper understanding of colon 

cancer biology and may inform new treatment strategies. 

Elucidating the molecular details underlying ER stress-mediated cancer progression 

offers promising therapeutic strategies targeting vulnerabilities associated with ER 

stress adaptation. Integrating data from epidemiological studies, mechanistic 

investigations, and clinical observations contributes to unravelling the complex link 

between dietary influences, ER stress responses, and colon cancer pathogenesis. 

Continued research into the molecular mechanisms underlying ER stress and its role in 

cancer pathogenesis is essential for developing effective targeted therapies and 

personalised treatment strategies tailored to individual patient profiles. It enhances our 

understanding of the complexities of metabolic changes responsible for colon cancer's 

rapid advancement and contributes to the dynamic field of cancer biology.  
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1.1 Introduction 

Numerous epidemiological studies have consistently found that high-fat diets are linked 

to an increased risk of cancer development and progression (Zhang et al., 2021). In 

addition, certain fats have the potential to facilitate inflammation and oxidative stress, 

thereby establishing a milieu that is favourable for the proliferation of cancer cells. 

There has been an increase in studies on saturated fatty acids, particularly palmitic acid, 

to understand the relationship between lipid metabolism, endoplasmic reticulum stress, 

and survival of cancer cells (Zeng et al., 2020a, Maly and Hofmann, 2020). Since 

palmitic acid is an integral component of cellular membranes, it plays a significant role 

in regulating cellular homeostasis and energy storage. Recent reports suggest the 

involvement of palmitic acid in various cellular pathways of disease progression and 

development (Fatima et al., 2019b). Several studies have demonstrated that the 

development of endoplasmic reticulum (ER) stress can contribute to pathological 

conditions and the molecular response across multiple disorders, indicating a common 

underlying mechanism (Marciniak et al., 2022). In this context, investigating the 

metabolic effects of palmitic acid on cellular processes is significant in revealing its 

diverse roles in various pathological conditions, especially those associated with 

endoplasmic reticulum stress.  

The endoplasmic reticulum plays a key role in protein synthesis, folding, and lipid 

metabolism to maintain cellular homeostasis. When any cellular stress condition 

disrupts homeostasis, the ER activates a response or signalling known as UPR, 

collectively called the ER stress response pathway (Sicari et al., 2020), to resolve the 

stress and maintain homeostasis. However, if the stress remains unresolved, the UPR 

disruption may linked to a wide range of clinical diseases, including cancer. The cells, 

particularly cancer cells, may exploit this as an adaptive mechanism to survive, which 

is crucial in cancer development and progression (Oakes, 2020). Considering this, the 

study emphasises the role of ER stress in cellular health and pathology with palmitic 

acid metabolism. 

Among the leading causes of cancer-related morbidity and mortality, colon cancer is a 

significant challenge. Consuming saturated fats increases the risk of colon cancer and 

progression, demonstrating how dietary choices are significant in susceptibility to the 

disease and progression. Evidence shows that these diets primely promote 

inflammatory response and alter gut microbiota, contributing to colon cancer 
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development and progression (Yang et al., 2022, Tong et al., 2021, Bojková et al., 

2020). An understanding of the complex link between dietary fat intake and colon 

cancer may help with targeted interventions and preventive measures that may reduce 

the burden of this disease. 

For a better understanding of the translational implications and therapeutic potential, 

we selected the palmitic acid-induced ER stress model. Although our study focused on 

colon cancer cells, the findings may apply to various aspects, particularly the molecular 

mechanisms behind tumour cell adaptability. 

Due to the high adaptability nature of cancer cells, particularly in the unique 

environment of the colon, the exploration of metabolic abnormalities that contribute to 

cancer progression is of paramount importance. The role of palmitic acid is traditionally 

known in lipid metabolism, and recent studies have reported its significance in various 

key cellular mechanisms that regulate the survival of colon cancer. Studies into these 

molecular pathways also help to provide a more comprehensive understanding of colon 

cancer biology and to develop new strategies for colon cancer management. Thus, this 

study aims to analyse the effect of palmitic acid on endoplasmic reticulum (ER) stress 

in colon cancer for a deeper understanding of cell survival. By elucidating the metabolic 

changes driving colon cancer progression, this study contributes to the broader field of 

cancer biology. 

1.2 Palmitic acid: A prime saturated fat 

Palmitic acid is a saturated fatty acid with a 16-carbon aliphatic chain, one of the most 

common fatty acids in nature. As a straight-chain saturated fatty acid, its carbon atoms 

are entirely saturated with hydrogen atoms and have no double bonds. C16H32O2 is the 

chemical formula for palmitic acid. Palm oil and animal fats are among the many 

natural fats and oils that are a significant constituent (Loften et al., 2014). Palmitic acid, 

which is frequently esterified to glycerol to produce triglycerides, is the major 

component of many dietary fats and is essential for the production of lipids. Elevated 

levels of palmitic acid in the bloodstream have been linked to cardiovascular diseases 

and insulin resistance, even though it is an essential component for cellular structure 

and energy storage (Simon et al., 1995, Reynoso et al., 2003). Excessive consumption 

of palmitic acid has been associated with adverse health effects. It is an essential 
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constituent of cell membranes, contributing to their fluidity and structural integrity, and 

is vital to cellular activity (Carta et al., 2017). 

In addition, palmitic acid functions as a precursor in synthesising hormones and critical 

signalling molecules. Nevertheless, an overabundance of palmitic acid may potentially 

contribute to the pathogenesis and metabolic imbalances (Qiu et al., 2022). Thus, 

understanding palmitic acid's balance and physiological responsibilities is essential for 

optimal health and avoiding its harmful effects from overconsumption. 

1.2.1 Palmitic acid synthesis, dietary uptake and metabolism 

Palmitic acid (PA), a crucial saturated fatty acid in human physiology, plays a central 

role in essential cellular components like membrane phospholipids and adipose 

triacylglycerols, constituting 20-30% of these structures. It is synthesised through de 

novo lipogenesis, a metabolic pathway involving acetyl-CoA, malonyl-CoA, and fatty 

acid synthase (Wakil, 1962, Song et al., 2018). It can also be derived from various 

sources, highlighting its versatility in maintaining lipid balance in the body. PA in the 

human diet is sourced from palm oil, olive oil, red meat, and dairy products, 

contributing to about 8-10% of total dietary fat intake (Peiretti, 2014).  

Despite dietary fluctuations, tissue PA concentration remains stable, indicating a well-

regulated system involving endogenous biosynthesis via de novo lipogenesis (DNL) 

(Murru et al., 2022). However, under certain physiological conditions and in response 

to specific nutritional factors, DNL can be significantly induced, disrupting tissue PA 

homeostasis (Wilke et al., 2009). Under normal physiological conditions, mechanisms 

exist to prevent excessive PA accumulation in tissues. These mechanisms involve 

increased delta-nine desaturation, leading to the conversion of PA into palmitoleic acid 

or the elongation of PA into stearic acid, which is then converted into oleic acid through 

Δ9 desaturation (Chong et al., 2008). These regulatory processes have been paramount 

due to PA's fundamental role in various biological functions, particularly in infants 

(Strable and Ntambi, 2010, Innis, 2016, Carlisle et al., 2016) (Fig 1.1). 
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Fig 1.1 Synthesis of palmitic acid. Palmitic acid, a 16-carbon saturated fatty acid, is 

produced from acetyl-CoA and malonyl-CoA. A subsequent enzymatic process creates 

palmitoleic acid through double bond introduction and stearate through chain 

extension. Different fatty acids (oleic acid and others ) are synthesised in these 

sequential steps for crucial cellular functions, such as forming cell membranes, acting 

as signalling molecules, and storing energy (Carlisle et al., 2016). 

PA distribution and metabolism within tissues are vital for maintaining and distributing 

specific tissue concentrations among different lipid classes. An earlier study estimated 

that approximately 20-30% of daily PA intake, corresponding to 20-30 grams, 

undergoes beta-oxidation (Mayes et al., 2006). The membrane fatty acid transporter 

CD36, called scavenger receptor B2, is primarily responsible for internalising 

palmitate. Nevertheless, there are additional pathways by which palmitate can enter 

cells, including lipoprotein lipase-mediated absorption, direct membrane contacts, and 

albumin-mediated transfer (Glatz et al., 2010, McArthur et al., 1999). Additionally, it 

has been observed that in both the liver and most bodily tissues, a substantial portion 

of PA (60-70%) is incorporated into phospholipids. This process is centrally controlled 

by the liver, which finely regulates PA level by managing its conversion into palmitoleic 

acid or elongation into stearic acid, followed by subsequent desaturation into oleic acid 

(Carta et al., 2015). 
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Under normal physiological conditions, dietary PA intake does not substantially impact 

plasma PA concentrations. These findings suggest that the liver utilises a sophisticated 

homeostatic control mechanism to manage PA concentrations. This involves its 

production through de novo lipogenesis and subsequent desaturation. This intricate 

regulation ensures that PA level is carefully maintained within a narrow range, 

preventing health implications associated with dysregulation (Innis et al., 1997, Song 

et al., 2017). 

Maintaining the balance between saturated (SAFA) and unsaturated fatty acids (UFA) 

in membrane phospholipids (PL), particularly PA, is a priority. Excess fatty acids in the 

liver are packaged into triglycerides (TAG) within very low-density lipoproteins 

(VLDL), contributing to a coordinated physiological strategy to sustain the homeostatic 

equilibrium essential for vital functions and the physical-chemical properties of 

membrane phospholipids (Abbott et al., 2012). 

1.2.2 PA and health implication 

The unique role of PA in various health issues, including metabolic syndrome, 

cardiovascular disease, type 2 diabetes, obesity, inflammation and cancer, sets it apart 

from other saturated fats (Lee et al., 2015, Siri-Tarino et al., 2010). It has been shown 

that elevated plasma palmitic acid level is associated with metabolic syndrome and 

insulin resistance, particularly in people with diabetes. Palmitic acid increases cellular 

uptake, activating non-oxidative metabolic pathways, inhibiting insulin signalling, and 

ultimately contributing to insulin resistance through downstream effects (Palomer et 

al., 2018). PA-related obesity causes chronic inflammation and metabolic disorders. 

Palmitic acid (PA) induces insulin resistance by activating Toll-like receptor 4 (TLR4) 

and producing reactive oxygen species (ROS) (Franchi et al., 2009, Ting et al., 2008, 

Cani et al., 2007, de Wit et al., 2012). In addition to increasing interleukin-1 production, 

PA promotes insulin resistance through TNF-dependent and TNF-independent 

mechanisms (Cheng et al., 2015). 

Through mechanisms such as autophagic degradation of lipid droplets, ER stress, 

apoptosis, and oxidative stress, PA causes lipotoxicity in non-adipose tissues, causing 

cellular dysfunction, notably in hepatocytes, pancreatic beta cells, muscle cells, and 

endothelial cells (Singh and Cuervo, 2012, Borradaile et al., 2006). Several complex 

processes involve PA-induced lipotoxicity, including increased ceramide production, 
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mitochondrial dysfunction, nitrosative stress, apoptosis and necroptosis (Mancini et al., 

2015a, Cao et al., 2012). PA emerged as a significant factor influencing cancer risk, 

particularly in breast, colorectal, and prostate cancers. A national case-control study in 

Scotland demonstrated a dose-dependent positive association between certain fatty 

acids and colorectal cancer risk (Mancini et al., 2015a). 

Various proteins are regulated by protein palmitoylation, which occurs when palmitic 

acid is covalently bound to proteins; dysregulation of this process results in diseases 

such as cancer, neuronal disorders, and metabolic dysfunction (Thomas and Huganir, 

2013, Chamberlain et al., 2013, Charest and Bouvier, 2003). Altering the dynamics of 

protein palmitoylation, exemplified by disrupting Ras membrane interactions and 

modifying protein trafficking, including protease-activated receptor-2 and metastasis 

suppressor protein KAI1/CD82, has been implicated in the onset of diseases such as 

cancer, neuronal disorders, and metabolic disorders (Lin et al., 2017, Adams et al., 

2011, Zhou et al., 2004, Anderson and Ragan, 2016, Holland and Thomas, 2017, 

Mohammed et al., 2013). 

Even though plasma level of palmitic acid may not differ significantly between obese 

and non-obese individuals, obesity can cause chronic low-grade inflammation by 

accumulating excessive amounts of palmitic acid in white adipocytes, disrupting 

adipocyte function, reducing adiponectin secretion, and releasing pro-inflammatory 

agents, ultimately causing systemic inflammation. Additionally, PA-filled adipocytes 

activate macrophages, triggering NF- kB signalling and MAPK signalling pathways, 

releasing cytokines such as TNF and IL-10. PA induces preadipocyte apoptosis by 

inducing oxidative pathways, cell death, and ER stress (Kennedy et al., 2009, Xi et al., 

2007, Ajuwon and Spurlock, 2005, Bradley et al., 2008). 

PA level is altered in cancer cells due to changes in the metabolism of glucose, lipids, 

and amino acids. Fatty acids are derived from the diet or synthesised from citrate in 

cancer cells, leading to elevated levels of PA due to increased fatty acid synthase activity 

(FAS) (Kwan et al., 2015, Kwan et al., 2013). FAS inhibition induces apoptosis in 

cancer cells, likely by reducing PA availability, and disruption of FAS affects lipid raft 

architecture and inhibits key signalling pathways (Ventura et al., 2015). Furthermore, 

cancer cells may receive fatty acids from adipocytes in the tumour microenvironment, 

with evidence increasingly pointing to specific tumorigenic properties of PA, distinct 

from those of other saturated fatty acids (Laurent et al., 2016). As a signalling molecule, 
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PA has been implicated in the proliferation and invasiveness of cancer cells through Akt 

phosphorylation and the TLR4/ROS/NFκB/MMP9 signalling pathway (Binker-Cosen 

et al., 2017a). 

Conflicting study outcomes may stem from inadequate sample sizes, diverse 

biomarkers for fatty acid intake, and variations in study populations with different 

characteristics and cancer risk factors. While evidence supports the impact of individual 

PA and their ratios on carcinogenesis and its progression, the specific mechanisms by 

which PA contributes to cancer development remain poorly understood, potentially 

involving hormonal changes, cell membrane composition, and cell signalling pathways. 

 

Fig 1.2 The role of palmitic acid in disease progression (Fatima et al., 2019a) 

1.2.3 Palm oil as a prime source of PA 

Despite health concerns, palm oil (PO), a significant source of palmitic acid, is vital to 

the food industry. Other sources of PA include lard, cocoa butter, etc. Most dietary PA 

comes from palm oil, containing 44% of its saturated fatty acids. High-fat diets, mainly 

those high in palm oil, cause gut microbiota alterations that generate pro-inflammatory 

chemicals such as lipopolysaccharides (LPSs). A PO-rich diet also causes weight gain, 
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hepatic fat build-up, and reduced microbial diversity, implicating diet in the 

complicated relationship between obesity, inflammation, and metabolic dysfunction. 

In a population-based case-control study of Costa Rican adults, palm oil consumption 

was associated with an increased risk of acute myocardial infarction (Martínez-Ortiz et 

al., 2006). Further, SFAs in palm oil and palmitic acid have been linked to adverse 

cardiovascular outcomes, with research demonstrating that unsaturated fatty acids are 

more beneficial for cardiovascular health (Fattore and Fanelli, 2013). Studies have 

documented potential adverse health effects of palm oil in recent decades, attributing 

them to its high palmitic acid content. 

According to the data presented in Table 1, PO is composed of the following: 50% 

saturated fatty acids (SFAs), with palmitic acid (44 per cent) and stearic acid (5%) in 

smaller proportions; 40% monounsaturated fatty acids (MUFAs), with oleic acid 

predominately; and 10% polyunsaturated fatty acids (PUFAs), with linoleic acid 

predominately. 

Table 1.1 Fatty acid composition in palm oil 

Adapted from (Rahman et al., 2022) 

 

Free Fattyacids 

Group Trivial Names Symbol Composition of Fatty acids 

SFA 

Caproic acid C6:0 - 

Caprylic acid C8:0 - 

Capric acid C10:0 - 

Lauric acid C12:0 0.10 

Myristic acid C14:0 1.00 

Palmitic acid C16:0 44.00 

Stearic acid C18:0 5.00 

Arachidic acid C20:0 0.10 

MUFA 
Palmitoleic acid C8::1n9 0.10 

Oleic acid C8::1n9 41.20 

PUFA 
Linolenic acid C8:3n3 0.50 

Linoleic acid C8:2n6 8.00 
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1.3 Endoplasmic reticulum stress: Cellular adaptation and pathology 

Through protein synthesis, folding, and trafficking, the endoplasmic reticulum 

maintains cellular homeostasis; however, a variety of physiological and pathological 

factors may result in endoplasmic reticulum stress (ERS), resulting in the accumulation 

of proteins that have been unfolded or misfolded. UPR is a cascade of signalling events 

that restore ER function and maintain cellular integrity through this intricate cellular 

response (Lai et al., 2007). Although the UPR is initially adaptive, prolonged or severe 

ERS can contribute to the pathogenesis of a variety of diseases, including 

neurodegenerative disorders, metabolic disorders, and cancers (Corazzari et al., 2017, 

Ren et al., 2021, Ghemrawi and Khair, 2020). 

1.3.1 Endoplasmic reticulum: Protein folding and homeostasis 

The endoplasmic reticulum (ER) is a network of membrane-bound organelles that 

consists of tubules and sacs within the cytoplasm of eukaryotic cells (Mohan et al., 

2019). The ER plays a vital role in many cellular functions, primarily facilitating 

membrane and secretory protein synthesis, protein folding with post-translational 

modifications, quality control of protein folding, intracellular calcium storage, 

lipid/sterol biosynthesis, calcium storage and detoxification (Schröder, 2008b). Two 

unique forms of endoplasmic reticulum are rough endoplasmic reticulum (RER) and 

smooth endoplasmic reticulum (SER). The SER synthesises lipids, phospholipids, and 

steroids found in organs with active secretion, such as the testes, ovaries, and sebaceous 

glands (Voeltz et al., 2002). In contrast to smooth ER, rough ER is decorated with 

ribosomes, which allows it to support vital functions like protein synthesis and quality 

control of protein folding (Garfield and Cardell, 1987). The precise supervision of 

protein folding is a function of specialised molecular chaperones and folding enzymes 

within the endoplasmic reticulum. The oxidising environment of the ER lumen is 

essential for the proper folding and maturation of secretory proteins. It uses specific 

molecular chaperones and folding enzymes to regulate protein folding precisely. The 

ubiquitin-proteasome system directs proteins that cannot fold correctly within the 

allotted time frame toward ER-associated destruction (ERAD) (Hwang and Qi, 2018). 

Normally, molecular chaperones and cis-trans peptidyl-prolyl isomerases catalyse 

critical processes and avoid aggregation to regulate appropriate protein folding. Folding 

in the ER is driven by the hydrophobic effect, which is affected by the formation of 



 

10 

 

disulphide bonds and glycosylation; PDIs catalyse slow processes. To prevent stress 

and toxicity from incompetent chains, a functional protein-folding mechanism collects 

correctly folded proteins and maintains ER homeostasis (Schröder, 2008a). The three 

primary hierarchical protein-folding machinery: lectin chaperones (calnexin, 

calreticulin, and calmegin), HSP70 molecular chaperones Bip/GRP78/Kar2p and 

Lhs1p/GRP170/ORP150, and HSP90 chaperone GRP94. GRP94 and lectin chaperones 

preferentially act on partially folded proteins, whereas Bip targets fully unfolded 

polypeptide chains in these hierarchical systems (Pobre et al., 2019, Craven et al., 1996, 

Saris et al., 1997, Argon and Simen, 1999, Watanabe et al., 1994, Winter and Jakob, 

2004). Disulphide bond formation and isomerisation occur in the ER through a quasi-

stochastic mechanism that combines oxidative and conformational protein folding. 

Reactive groups randomly come into contact during this process, impacted by 

conformational restrictions and polypeptide chain loop entropies. PDIs have 

thioredoxin-like domains and are involved in redox and chaperone processes. Because 

most PDI in the ER is found in its reduced dithiol state, isomerase activity plays a 

crucial role in oxidative protein folding. Reactive oxygen species (ROS) are produced 

by oxidase activity, which is necessary to create de novo disulphide bonds. FAD-

dependent oxidases, such as Ero1p/ERO1-La, ERO1-Lb, and Erv2p, are responsible for 

this activity and are found in eukaryotic cells (Schröder, 2008a). 

1.3.2 Endoplasmic reticulum stress (ER stress) 

Various cytological conflicts, including hypoxia, oxidative stress, nutrient deprivation, 

cellular redox regulation and immune cell infiltration, can disrupt ER homeostasis, 

accumulating misfolded or unfolded proteins in ER and impairing the protein folding 

machinery. This represents an evolutionarily conserved adaptive response to address 

adverse conditions, triggering the activation of signalling pathways within the ER, 

commonly referred to as the ER stress response pathway or Unfolded Protein Response 

(Chen et al., 2023b, Zhang and Kaufman, 2008b). The length and intensity of ER stress 

determines the cell's fate: if it lasts for a long time, the cell will start the processes that 

lead to programmed cell death. In contrast, the cell will activate processes to restore ER 

equilibrium during brief stress, ultimately increasing cell survival (Xu et al., 2005, 

Boyce and Yuan, 2006). 
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1.3.3 Unfolded protein responses (UPR)  

The UPR is an intracellular signal transduction that monitors protein folding within the 

endoplasmic reticulum lumen and communicates this information to the cytoplasm and 

the nucleus. When unfolded proteins build up in the endoplasmic reticulum, local 

chaperones activate, releasing transmembrane ER proteins essential for initiating the 

unfolded protein response. Normal conditions prevent transmembrane ER proteins 

from aggregating because the ER chaperone Grp78 (Bip) firmly binds these proteins' 

N-termini. But Grp78 loses its grip when misfolded proteins accumulate, making it 

easier for these transmembrane signalling proteins to aggregate and set off the unfolded 

protein response (Xu et al., 2005). These proteins constitute a structural connection that 

smoothly connects the two cellular compartments by spanning ER membranes, with 

their C-terminus in the cytosol and their N-terminus in the ER lumen. Three 

transmembrane proteins located in the endoplasmic reticulum (ER)-Inositol-requiring 

element-1 (IRE-1), PKR-like endoplasmic reticulum kinase (PERK), and activated 

transcription factor 6 become active participants in the Unfolded Protein Response 

(UPR). All three sensors are dormant at the ER membrane when coupled to Bip. 

However, Bip separates from ATF6, IRE1, and PERK in reaction to unfolded or 

misfolded proteins. Misfolded proteins can be handled appropriately thanks to this 

separation, making it possible for one or more of these transducers to activate them (Lai 

et al., 2007). They regulate the expression of various genes that maintain ER 

homeostasis or induce apoptosis if ER stress persists.  

It is widely accepted that the UPR comprises three main mechanisms: transcriptional 

activation of UPR genes, translational attenuation of global protein synthesis, and ER-

associated degradation (ERAD). When unfolded proteins in the ER cannot attain their 

final, proper structure, they are translocated to the cytosol. There, they undergo 

ubiquitination and proteasome-dependent degradation. This process is known as ER-

associated degradation (ERAD). It serves as a critical mechanism for disposing of 

misfolded proteins and alleviating ER stress, contributing to ER homeostasis 

restoration. 

Chronic ER stress, which arises from the inability to manage elevated protein levels 

and misfolded proteins effectively, has been demonstrated to be linked to a range of 

pathological disorders (Rovira-Llopis et al., 2014, Valdés et al., 2014). Furthermore, 

misfolded proteins often lose their regular physiological activity within the ER, making 
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them resistant to degradation or proper folding. As a result, neither apoptosis nor 

internal homeostasis is initiated, ultimately leading to various diseases (Adams et al., 

2019). Substantial evidence indicates that ER stress and the UPR contribute 

significantly to the pathogenesis of numerous diseases. These conditions include 

neurodegenerative diseases, metabolic disorders, malignancies (cancers), 

cardiovascular diseases, and inflammatory disorders. Dysregulation of ER function and 

the UPR can disrupt cellular processes and contribute to the development and 

progression of these diverse pathological conditions (Zeeshan et al., 2016b). 

Understanding and targeting these pathways may hold promise for therapeutic 

interventions 

1.3.3.1 PERK pathway 

PERK, a transmembrane type 1 kinase in the ER, is activated upon ER stress by 

inducing oligomer formation and phosphorylating itself and eIF2α, resulting in eIF2α 

inactivation and subsequent mRNA translation inhibition (Lavoie et al., 2014, Liu et 

al., 2015, Harding et al., 1999b). It is believed that this PERK-driven translation 

inhibition may play a pivotal role in mitigating ER stress by reducing the protein influx 

into the ER, thus contributing to the alleviation of ER stress. eIF2 recruitment is 

facilitated by the dimerization and trans-autophosphorylation of the cytosolic domain 

of PERK in response to endoplasmic reticulum stress. Phosphorylation at Serine 51 

stops eIF2 from being recycled to its active GTP-bound state by inhibiting the 

pentameric guanine exchange factor eIF2B (Harding et al., 1999a). Under conditions 

of eIF2α insufficiency, specific mRNAs featuring upstream open reading frames 

(uORFs) are preferentially translated, notably ATF4, a transcription factor that activates 

genes such as GADD34 and CHOP (Vattem and Wek, 2004). GADD34 encodes a 

regulatory subunit of protein phosphatase PP1C, establishing a negative feedback loop 

by dephosphorylating eIF2α, counteracting translational attenuation of PERK. CHOP, 

activated by ATF4, plays a key role in apoptosis regulation. This underlines the dual 

nature of PERK signalling in pro-survival and pro-apoptotic responses during 

prolonged ER stress (Bhattarai et al., 2021b, Harding et al., 1999a, Novoa et al., 2001, 

Yong et al., 2021, Malhi et al., 2013). Beyond translational control, PERK activates 

Nrf2 and ATF4, influencing common targets, including CHOP, thus impacting redox 

homeostasis and apoptosis regulation. The balance between Nrf2 and ATF4 signalling 
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pathways in response to ER stress can modulate CHOP expression levels, highlighting 

the intricate nature of PERK-mediated cellular reactions (Cullinan and Diehl, 2006). 

1.3.3.2 IRE1 pathway 

IRE-1 is a universally conserved, type 1, bifunctional transmembrane 

kinase/endoribonuclease that serves as a key sensor for ER stress in eukaryotes, 

contains an amino-terminal luminal domain and a carboxy-terminal cytoplasmic region 

containing kinase and RNase domains.  (Tirasophon et al., 1998, Calfon et al., 2002). 

IRE1α and IRE1β are two variants of IRE1, distinguished by their unique substrate 

specificities and RNase domains, which govern their distinct functionalities. IRE1α, 

ubiquitously present, is implicated in UPR signalling via its cytosolic domains of kinase 

and endoribonuclease. On the other hand, IRE1β, which is exclusively expressed in 

intestinal epithelial cells, is hypothesised to be involved in UPR specific to digestive 

tissue via RNA cleavage (Grey et al., 2020, Imagawa et al., 2008).  

When the ER is stressed, IRE1 undergoes self-association of its luminal domain, termed 

Ire1-LD, which forms higher-order oligomers (Karagöz et al., 2017, Amin-Wetzel et 

al., 2017). Initiated by nucleotide binding, this conformational shift serves as a 

molecular switch, activating the RNase domain. These oligomeric assemblies are 

essential for the subsequent activation of its cytoplasmic kinase and RNase domains. It 

is believed that the cytoplasmic domain of IRE1a exhibits endoribonuclease activity 

upon activation and targets mRNAs encoded by X-box-binding protein (XBP) 1 and 

catalyses the cleavage of 26 nucleotides, which forms spliced XBP1s (Karagöz et al., 

2019). XBP1s, which is a transcriptional activator and regulator, is then translocated to 

the nucleus for transactivation of ER chaperones and secretory genes, as well as 

activating ER-associated degradation (ERAD) genes, facilitating efficient removal of 

unfolded and misfolded proteins from the ER for degradation by proteasomes (Calfon 

et al., 2002, Han et al., 2009, Hollien et al., 2009). As XBP1 translocate to the nucleus, 

it activates pro-survival gene expression and increases protein secretion in the ER and 

Golgi compartments (Acosta-Alvear et al., 2007). Additionally, IRE1α activity triggers 

the degradation of other ER-localized mRNAs through regulated IRE1-dependent 

decay (RIDD) (Maurel et al., 2014). Hence, XBP1s are crucial in regulating multiple 

aspects of endoplasmic reticulum (ER) function, including ER expansion, protein 

maturation, folding, export from the ER, and the clearance of misfolded proteins 

(Bertolotti et al., 2000, Jurkin et al., 2014).  
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Despite this, IRE1 engages with TRAF2 to initiate an inflammatory response, activating 

apoptosis-associated protein kinases such as apoptosis signal-regulating kinase 1 

(ASK1), ultimately leading to JNK activation (Kim et al., 2008). Moreover, IRE1–

TRAF2 complexes recruit IκB kinase, inducing the degradation and phosphorylation of 

IκB, facilitating the translocation of nuclear factor-κB (NF-κB) to the nucleus and 

thereby regulating the transcription of inflammatory genes(Malhotra and Kaufman, 

2007, Kaneko et al., 2003). Notably, phosphorylation likely facilitates IRE1 

deactivation by potentially destabilising its oligomeric structure. This is possibly 

through electrostatic repulsion from the localised high concentration of negatively 

charged phosphate groups. Initially, phosphorylation events may promote oligomeric 

complexes (Gardner et al., 2013).  

1.3.3.3 ATF6 pathway  

The 90-kDa ATF6 protein in cells is a type 2 transmembrane protein with a significant 

ER-luminal domain and exhibits a complex response to ER stress  (Zhu et al., 1997). 

Mammalian paralogues ATF6α and ATF6β, both with distinct transcriptional activation 

domains, are related to a function in which ATF6β functions as a repressor, adjusting 

the degree and duration of ATF6α-mediated gene regulation in the Unfolded Protein 

Response (Thuerauf et al., 2004). In contrast to Ire1 and PERK, ATF6 contains a stress-

sensing luminal domain at the C-terminus and a bZip transcription factor domain at the 

amino terminus, which serves as redox sensors. It’s critical to note that Bip release, 

significantly during ER stress, modulates ATF6 activation (Yamamoto et al., 2007). 

Following ER stress, ATF6 undergoes transport to the Golgi apparatus, where a 

carefully orchestrated processing event occurs, guided by S1P and S2P proteases. This 

complex processing results in the release of ATF6's transcription factor domain, ATF6 

(N), which then moves to the nucleus. As soon as ATF6 (N) enters the nucleus, it 

coordinates the activation of genes critical for ER expansion and the upregulation of 

chaperones, foldases, and components of the ER-associated degradation pathway. 

These actions collectively contribute to the cell's response to ER stress. (Haze et al., 

1999, Walter and Ron, 2011, Chen et al., 2023b). ATF6's target genes are crucial ER-

resident proteins contributing to protein folding, such as Bip, GRP94, and PDI. 

Furthermore, following cleavage, ATF6p50, the active form of ATF6α, translocate to 

the nucleus to activate UPR target genes and forms heterodimers with XBP1s, 

facilitating the upregulation of ERAD-associated genes (Walter and Ron, 2011). 
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Additionally, ATF6 regulates and activates genes that are targets of UPR, such as CHOP 

and GRP78 (Basseri and Austin, 2012b). 

 

Fig 1.3  UPR arms and unfolded protein response pathways (Bhattarai et al., 

2021a) 

1.3.4 Integration of ER stress with redox homeostasis and lipotoxicity 

The balance between redox homeostasis, lipotoxicity, and ER stress is essential for cell 

function. Misfolded proteins cause ER stress, activating the UPR to restore balance. 

Redox signalling is linked to ER stress, and it can reduce antioxidant defences and 

increase oxidative stress. Lipotoxicity, the accumulation of excess lipids, can amplify 

oxidative stress and cause a feedback loop that worsens cellular dysfunction. 

Understanding ER stress's interaction with redox homeostasis and lipotoxicity is crucial 

for understanding metabolic disorders and neurodegenerative diseases. 

1.3.4.1 ER stress and redox homeostasis 

ER functions are governed by oxidative protein folding (OPF), which generates H2O2 

through proteins such as ERO1 and QSOX. Oxidoreductases such as PRDX4, GPX7/8, 
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and APX, along with GSH, maintain ER redox homeostasis; however, an imbalance 

can result in oxidative stress, disrupting this equilibrium and causing misfolded protein 

accumulation (ER stress) (Zhang et al., 2019). During ER stress, PERK activity inhibits 

both protein synthesis and mRNA translation. Furthermore, PERK-induced synthesis 

of ATF4 and Nrf2 facilitates amino acid metabolism and GSH production, which is 

essential for maintaining redox balance (Cullinan et al., 2003). Upon activation, NRF2 

dissociates from KEAP1 and translocate to the nucleus. Through NRF2, antioxidant 

response elements are activated, promoting the expression of antioxidant factors while 

inhibiting the expression of pro-oxidant proteins. In addition, the NRF2-ATF4 

heterodimer contributes to the induction of heme oxidase-1 gene expression. As a result 

of this PERK-NRF2 signalling pathway within the UPR, a regulated antioxidant 

response has been identified to counterbalance oxidative stress in the ER(Cullinan and 

Diehl, 2004, Ma, 2013, He et al., 2001). PERK-deficient cells exhibit heightened 

vulnerability to hydrogen peroxide and endoplasmic reticulum (ER) stress. This 

underscores the critical function of PERK in cellular stress adaptation by reducing 

reactive oxygen species via GSH synthesis (Zeeshan et al., 2016a). Cells lacking PERK 

exhibit increased oxidative stress due to impaired translation regulation, emphasising 

the importance of maintaining ER redox homeostasis (Harding et al., 2003). The tight 

linkage between oxidative stress response and UPRER suggests their evolution is likely 

due to the ER's role as a major source of ROS production during protein folding. The 

NRF2-UPR axis may serve as a bidirectional signal between the ER and cytoplasm, 

preparing for potential toxic effects during ER stress or promoting protein folding under 

cytoplasmic stress. 

1.3.4.2 ER stress and lipotoxicity 

The ER manages lipids and proteins, with the UPR playing a vital role in maintaining 

metabolic and lipid balance (Kammoun et al., 2009). Lipid metabolism disruptions can 

cause cellular damage due to interactions between altered redox homeostasis, oxidative 

stress, lipotoxicity, and ER stress (Burgos-Morón et al., 2019, Basseri and Austin, 

2012a). Excessive build-up of lipids in the body can lead to metabolic disorders and 

cell death due to lipotoxicity. This is typically associated with long-term endoplasmic 

reticulum (ER) stress and abnormal UPR signalling in the ER. Saturated fatty acids 

such as palmitate activate the UPR-ER, causing harmful effects in pancreatic β-cells, 

liver, adipose tissue, and muscle cells (Han and Kaufman, 2016). 
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Numerous studies suggest that the PERK-eIF2α pathway regulates lipogenesis and 

develops hepatic steatosis (Lauressergues et al., 2012). In primary rat pancreatic β cells, 

exposure to palmitate triggers the activation of PERK, which results in increased 

phosphorylation of eIF2α, splicing of Xbp1s, and activity of ATF4. However, excessive 

palmitate can induce ER stress and caspase activation, leading to cell death due to 

heightened palmitoylation (Cnop et al., 2007, Karaskov et al., 2006). Lipotoxicity and 

ER dysfunction occur due to altered ER membrane composition, increased ceramide 

accumulation, and modified sphingolipid metabolism caused by the excess palmitate 

(Han and Kaufman, 2016, Cunha et al., 2008). 

The stress caused by saturated fatty acids in the endoplasmic reticulum (ER) 

significantly contributed to liver lipotoxicity. In liver cell lines such as HepG2 and L02, 

exposure to saturated fatty acids activates the PERK pathway, which increases the 

expression of downstream targets ATF4 and CHOP (Cao et al., 2012). Reducing ER 

stress by inhibiting PERK activation or overexpressing Bip can help prevent cell death 

caused by palmitate. Palmitic acid alters the metabolism of phospholipids in liver cells, 

which affects ER calcium signalling and leads to abnormal mitochondrial metabolism 

and increased production of reactive oxygen species (ROS). Restoring ER lipid 

composition and calcium homeostasis through enzymatic conversion and protein 

overexpression can help alleviate lipotoxicity (Egnatchik et al., 2014, Listenberger et 

al., 2001). 

Furthermore, Muscle cells are sensitive to endoplasmic reticulum (ER) stress induced 

by lipids. In mice fed a high-fat diet, skeletal muscle showed increased ER stress 

markers. Overexpressing SCD1, a lipid metabolism regulator, improved insulin 

resistance. However, restoring ER homeostasis may not fully regain insulin signalling 

during palmitate-induced ER stress (Peter et al., 2009, Han and Kaufman, 2016).  

IRE1α plays a significant role in lipotoxicity associated with endoplasmic reticulum 

stress, in addition to PERK. Deleting hepatocyte-specific Ire1α increased hepatic lipid 

levels and decreased plasma lipids due to the modulation of lipid metabolism-related 

genes such as C/EBPβ, C/EBPδ, PPARγ, and enzymes involved in triglyceride 

biosynthesis (Lee et al., 2008, Zhang et al., 2011a).  IRE1α is necessary for lipid 

delivery in VLDL assembly. The effects of the IRE1α/XBP1 pathway on lipid 

accumulation and secretion vary due to the hyperactivation of IRE1α in liver-specific 

Xbp1−/− mice. It decreases plasma triglycerides and cholesterol by degrading mRNA 
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related to lipid metabolism. IRE1α/XBP1 also regulates inflammatory cytokines, and 

blocking them has anti-inflammatory effects (Han and Kaufman, 2016, Wang et al., 

2015b). Coming to the ATF6 arm of UPR, the ATF6α pathway inhibits lipid 

accumulation during ER stress. Its deletion leads to prolonged hepatic dysfunction and 

steatosis due to sustained CHOP expression, C/EBPα suppression, and impaired 

ATF6α-mediated induction of chaperone and ERAD genes. In high-fat diets, Atf6α−/− 

mice develop hepatic steatosis and glucose intolerance (Rutkowski et al., 2008, Han 

and Kaufman, 2016, Yamamoto et al., 2010). 

As discussed, stress in the ER and the UPR pathways plays a significant role in lipid 

metabolism and lipotoxicity in various tissues. This stress leads to the modulation of 

critical enzymes involved in lipid synthesis or modification in response to stimuli. 

However, prolonged unresolved ER stress can be fatal. 

1.3.4.3 ER stress and inflammation 

Excessive metabolic factors such as lipids, glucose, cytokines, and neurotransmitters 

can cause inflammation by disrupting the inflammatory and ER-stress responses. This 

triggers a feedback loop that intensifies inflammation, disrupts metabolic functions, and 

can lead to chronic inflammation and other health problems. UPR and inflammatory 

signalling pathways are linked through ROS generation, ER-mediated calcium release, 

and NF-κB/JNK activation. (JUN N-terminal kinase) within the MAPK pathway and 

initiating the acute-phase response (Zhang and Kaufman, 2008a). During protein 

folding, ER stress induces the production of reactive oxygen species (ROS), resulting 

in oxidative stress, inflammation and glutathione depletion (Raha and Robinson, 2000, 

Cuozzo and Kaiser, 1999).  

NF-κB is a key regulator of inflammation activated by signals, leading to the 

phosphorylation and degradation of IκB. When there is an increase in protein folding 

within the Endoplasmic Reticulum (ER), it can cause oxidative stress and the release 

of calcium. This, in turn, can activate the NF-κB signalling pathway through the PERK–

eIF2α pathway, leading to an increase in the ratio of NF-κB to IκB and its translocation 

into the nucleus. This response occurs when ER stressors or exposure to ultraviolet 

radiation (Meyer et al., 1992, Deng et al., 2004, Wu et al., 2004). 

IRE1α is essential for ER stress and inflammatory responses. Autophosphorylation 

changes its conformation, forming the IRE1α–TRAF2 complex (Hu et al., 2006, Urano 
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et al., 2000). This complex attracts IKK, resulting in IκB phosphorylation, NF-κB 

nuclear translocation, and activation. The IRE1α-TRAF2 complex activates JNK, 

affecting inflammatory gene expression through AP1 phosphorylation. Impairment of 

ER stress-induced NF-κB activation and TNF-α generation in IRE1α-deficient mouse 

embryonic fibroblasts highlights the role of the IRE1α–TRAF2 complex in linking ER 

stress to inflammation. Research is needed to understand how JNK and NF-κB 

signalling modulate inflammation, metabolism, cell survival, and apoptosis in response 

to ER stress (Davis, 2000, Hu et al., 2006). 

1.3.5 ER stress and autophagy 

Autophagy is the primary lysosomal degradation mechanism that sequesters damaged 

cytoplasmic components in double-membrane vacuoles (Glick et al., 2010, Mizushima 

et al., 2008). Endoplasmic reticulum stress and autophagy are interrelated processes. 

Autophagy helps restore balance through the breakdown of damaged segments. But, if 

this process continues for a longer time, it can lead to excessive autophagy and 

programmed cell death. To ensure endoplasmic reticulum stability, unfolded protein 

response mechanisms such as PERK, IRE1, and ATF6 come into play. These 

mechanisms facilitate the repair of misfolded proteins and autophagy (Liu et al., 2016, 

Høyer-Hansen et al., 2007).  

Studies have shown a strong link between autophagy and the UPR, with the PERK–

eIF2α pathway being a key factor in initiating autophagy after endoplasmic reticulum 

stress (ERS). CHOP and ATF4 control over a dozen ATG genes, with ATF4-induced 

CHOP being especially significant (B'Chir et al., 2013). During autophagy, alterations 

in precise UPR signalling regulate the transition from survival to cell death signals. 

Increased levels of ATF4-directed CHOP are correlated with cell death, while 

autophagy is a crucial pro-survival mechanism that counteracts excessive UPR 

signalling (Nijholt et al., 2011). In severe endoplasmic reticulum stress cases, 

autophagy can lead to cell death (Luo and Lee, 2013b, Rubiolo et al., 2014, Tomar et 

al., 2013).  

It has been reported that PERK plays an essential role in autophagy induced by 

endoplasmic reticulum stress. This is especially critical in situations involving 

misfolded proteins and polyglutamine repeats. The PERK-eIF2α pathway is crucial for 

this process, as it upregulates Atg12 expression and promotes autophagy. Therefore, ER 
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stress is linked to this mechanism. Furthermore, autophagy is centrally mediated by 

eIF2α, activated by various stressors. This activation may be achieved via ATF4-

induced Atg12 expression (Høyer-Hansen and Jäättelä, 2007). Recent studies have 

shown that PERK can trigger the movement of essential autophagy transcription 

factors, TFEB and TFE3, to the nucleus when the endoplasmic reticulum (ER) is under 

stress. This activation stimulates the expression of autophagy and lysosomal genes, 

enhancing the resistance of ATF4 and CHOP to apoptosis arising from ER stress 

(Martina et al., 2016). 

Recent studies have shown that IRE1, not PERK, is the primary factor responsible for 

LC3-positive vesicle formation in response to endoplasmic reticulum (ER) stress in 

MEFs and PERK-deficient embryonic stem cells. LC3 translocation was reduced in 

TRAF-2-deficient MEFs and with a JNK inhibitor. This suggests that the IRE1-TRAF2-

JNK pathway is crucial for Thapsigargin-induced autophagy. These findings highlight 

the essential role of IRE1 in ER stress-induced autophagy (Høyer-Hansen and Jäättelä, 

2007, Li et al., 2006, Demarchi et al., 2006, Ogata et al., 2006). 

The activation of IRE1 and JNK is dependent on TRAF2, which phosphorylates Bcl-2, 

causing beclin-1 dissociation, activating the PI3K complex and initiating autophagy 

(Deegan et al., 2013). Studies have shown that in the absence of IRE1, JNK regulates 

autophagy in response to oxidative stress (Haberzettl and Hill, 2013). Intestinal 

epithelial cells of rats with ATG-knockout were found to have increased IRE1 activity 

and inflammation dependent on IRE1. Dysregulated autophagy can activate IRE1, 

which activates the sXBP arm of the UPR. This suggests a feedback mechanism in the 

signalling of UPR (Adolph et al., 2013). 

Prolonged activation of XBP1 in endothelial cells increases Beclin1 expression, LC1 

to LC3 conversion, and autophagic vesicle production. On the other hand, in mouse 

endothelial cells, XBP1 deficiency decreases LC3 expression and autophagosome 

formation (Margariti et al., 2013). Recent studies have shown that activating lysosomal 

activity downstream of constitutive UPRER via the overexpression of xbp-1s in 

neurons is crucial for prolonging lifespan. The overexpression of xbp-1s plays a critical 

role in preserving proteostasis by increasing the acidity and activity of the intestinal 

lysosomes (Imanikia et al., 2019). 
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When chemotherapy activates autophagy, tumour cells can become more resistant to 

cell death and reduce the effectiveness of treatment (Luo and Lee, 2013a). Melanoma 

cells that respond to BRAF inhibitor (BRAFi) treatment exhibit autophagy-mediated 

resistance. Overexpression of UPR and autophagy-dependent on protein kinase RNA-

like endoplasmic reticulum kinase (PERK) prevents cell death induced by BRAFi. In 

xenograft models, suppressing autophagy pharmacologically increases BRAFi's 

anticancer efficacy and makes melanoma cells more vulnerable to cell death (Ma et al., 

2014). 

Intestinal epithelial cells that lack the IRE1 transducer XBP-1 undergo autophagy 

dependent on PERK and p-eIF2α. This highlights the critical balance in UPR regulation 

and reveals a feedback loop. Enteritis is caused by paneth cell dysfunction and defective 

autophagy, triggered by XBP-1 knockdown. Co-deletion of ATG genes exacerbates 

Crohn's disease-like inflammation, and ATG16L1 mutants exhibit an ERS-autophagy 

negative feedback loop that adversely regulates the UPR (Adolph et al., 2013). The 

deletion of XBP-1 activates PERK/ATF4, which controls autophagy through FOXO1, 

inducing autophagy and suggesting that the UPR limits it (Vidal et al., 2012). The IRE-

TRAF2-JNK pathway or the PERK-eIF2α pathway mediates ER stress-induced 

autophagy. Disrupting the corresponding pathway reduces the steady-state amount of 

autophagic vesicles (Ogata et al., 2006, Kouroku et al., 2007). 

1.4 Excess palmitic acid intake and ER stress 

High PA intake and cellular accumulation can induce ER stress-related metabolic 

problems. It may increase lipid build-up, especially triglycerides, affecting ER function 

for lipid storage and metabolism. Chronic ER stress from high PA may affect cell 

function and cause diabetes, obesity, and neurodegenerative illnesses. While the cellular 

response restores ER balance, persistent ER stress has adverse effects. Maintaining a 

balanced diet and lifestyle is crucial to prevent excessive PA intake and its potential 

contribution to ER stress-related health issues.  

High PA levels exacerbate dyslipidaemia consequences (Staaf et al., 2016). It was 

evident that Protein palmitoylation promotes ER stress signalling in some cell types 

(Hsiao et al., 2014b, Baldwin et al., 2012). Studies suggest that protein palmitoylation-

mediated PA sensing produces ER stress, which damages the blood testis barrier (BTB) 

(Ge et al., 2022). Furthermore, PA triggers an unfolded protein response in which the 
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ER chaperone immunoglobulin heavy chain binding protein (Bip) and proapoptotic 

transcription factor C/EBP homologous protein increase, indicating that PA produces 

ER stress in podocytes (Sieber et al., 2010).  

ER stress signalling triggered by FFAs significantly contributes to hepatic insulin 

resistance in the progression of NAFLD, underscoring its pivotal role in this metabolic 

disorder (Ozcan et al., 2004). It was found that PA induces apoptosis in Saos-2 cells by 

activating ER stress and autophagy (Yang et al., 2018a). Elevated PA levels, stemming 

from a high-fat diet, exacerbate lung fibrosis by inducing ER stress and lung epithelial 

cell death, with observed mitigating effects through targeting the fatty acid transporter 

CD36, suggesting a potential association between dietary saturated fats and pulmonary 

fibrosis (Chu et al., 2019b). It was found that PA induces cell death and ER stress in 

primary rat hepatocytes, marked by elevated expression of CHOP, GRP78, and GRP94 

(Zhang et al., 2011b). Furthermore, PA contributed to impaired endothelium-dependent 

vasodilatation (EDV) in the thoracic aorta, and this effect was reversed by fenofibrate 

(FF) treatment, which decreased ER stress and increased phosphorylation of endothelial 

nitric oxide synthase (eNOS) (Lu et al., 2015).  

PA-induced apoptosis and necrosis in podocytes, contributing to diabetic nephropathy, 

are associated with ER stress, and the protective effects of monounsaturated palmitoleic 

and oleic acids, as well as CHOP gene silencing, suggest a potential therapeutic strategy 

involving dietary shifts toward unsaturated free fatty acids to delay DN progression 

(Sieber et al., 2010). It was found that PA, a prevalent saturated fatty acid in obesity, 

increased endothelin-1 (ET-1) expression in both in vivo high-fat diet (HFD)--fed mice 

and in vitro cultured human aortic endothelial cells (HAECs). The induction of ET-1 by 

PA was observed in both acute and chronic treatments and was associated with ER 

stress. Furthermore, it was revealed that the PA-induced ET-1 expression was mitigated 

by pre-treatment with the ER stress inhibitor 4-phenylbutyric acid or the protein kinase 

C (PKC) inhibitor Gö 6850. These findings offer novel mechanistic insights into the 

development of obesity-associated hypertension and cardiovascular diseases (Zhang et 

al., 2018a). 

It was evident that PA played a central role in inducing endothelial lipotoxicity, and 

mesenchymal stem cells (MSCs) demonstrated the ability to mitigate this lipotoxicity 

by reducing ER stress and suppressing endothelial-to-mesenchymal transition (EndMT) 

in response to PA stimulation (Luo et al., 2020). It was found that elevated levels of PA 
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in the follicular fluid induced apoptosis in mouse granulosa cells, and melatonin 

exhibited protective effects by mitigating PA-induced cell viability decrease, apoptosis, 

and ER stress, as well as preserving oestrogen and progesterone levels (Chen et al., 

2019b). It was found that O-GlcNAc transferase (OGT) upregulation in non-alcoholic 

fatty liver disease-associated hepatocellular carcinoma (NAFLD-HCC) was linked to 

its induction of PA, which, in turn, led to ER stress and activation of oncogenic JNK/c-

jun/AP-1 and NF-κB cascades. Inhibition of OGT demonstrated a suppressive effect on 

cell proliferation, emphasising the critical role of PA in mediating OGT's oncogenic 

functions in NAFLD-associated HCC (Xu et al., 2017). In addition, the detrimental 

impact of PA on primary rat hepatocytes, revealing its induction of ER stress and cell 

death while also highlighting the therapeutic potential of chlorogenic acid in preventing 

ER stress-mediated apoptosis by reducing key markers, indicating a potential avenue 

for addressing PA-induced hepatocyte damage (Zhang et al., 2018b).  

It was evident that dietary supplementation of PA in mice for two weeks led to 

significantly decreased glucose tolerance, suppressed glucose-stimulated insulin 

secretion (GSIS) during pancreatic perfusion, and increased mRNA expression of ER 

stress markers such as C/EBP homologous protein (CHOP), immunoglobulin heavy-

chain binding protein (BIP), and X-box binding protein (XBP)-1 in isolated islets, 

suggesting that PA may induce early-stage lipotoxicity by influencing GSIS and 

activating the ER stress pathway in pancreatic β-cells (Hirata et al., 2016). Furthermore, 

PA induces apoptosis in testicular Leydig cells through ER stress. Curcumin, a natural 

polyphenol, demonstrated significant protective effects against PA-induced toxicity and 

apoptosis in murine Leydig tumour cell line 1 (MLTC-1) cells. The anti-apoptotic action 

of curcumin was associated with the inhibition of ER stress markers, such as glucose-

regulated protein 78 (GRP78) and CCAAT/enhancer binding protein homologous 

protein (CHOP). Furthermore, in vivo experiments showed that curcumin mitigated the 

decrease in testosterone levels induced by PA exposure in both MLTC-1 cells and rats 

fed a high-fat diet. These findings suggest curcumin's potential as a therapeutic agent 

for addressing obesity-related male infertility by protecting against PA-induced 

apoptosis through ER stress inhibition in Leydig cells (Chen et al., 2019c).  

It was observed that PA-induced cell injury in HepG2 cells resulted in ER stress and 

triggered calcium overflow from the ER to the mitochondria. However, the protective 

effects of augmenter of liver regeneration (ALR) against liver steatosis were associated 
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with its ability to alleviate PA-induced cell injury, downregulate inositol 1,4,5-

trisphosphate receptor (IP3R) expression, and inhibit ER stress. ALR's interference 

with the interaction between BCL-2 and IP3R was identified as a novel mechanism, 

suggesting a role for ALR in resisting ER stress induced by PA in transfected cells (Xiao 

et al., 2018). It was found that PA-induced apoptotic and necrotic cell death, along with 

ER stress markers in the renal proximal tubular cell line NRK-52E. However, the 

unsaturated fatty acids, α-linolenic acid and palmitoleate, significantly reduced cell 

death and levels of ER stress indicators induced by PA, suggesting a potential protective 

mechanism for unsaturated fatty acids in countering the lipotoxic effects of PA in renal 

cells (Katsoulieris et al., 2009). Previously, it was found that PA-induced podocyte 

apoptosis and this effect was mitigated by berberine (BBR) treatment. The results 

suggested that PA mediated podocyte apoptosis through enhancing ER stress and 

reactive oxygen species (ROS) production. The protective effects of BBR were 

associated with the suppression of ROS-dependent ER stress (Katsoulieris et al., 2009).  

It was evident that PA (C16:0) and TLR2 ligand-induced monocyte activation and ER 

stress markers, while docosahexaenoic acid (DHA) inhibited these responses. The 

results suggest that PA-induced ER stress contributes to monocyte activation. DHA's 

anti-inflammatory effects may be mediated, at least in part, by modulating ER 

homeostasis in response to different dietary fats (Snodgrass et al., 2016).  It was found 

that PA-induced endothelial lipotoxicity and upregulated lectin-like oxidised low-

density lipoprotein receptor-1 (LOX-1) in human umbilical vein endothelial cells 

(HUVECs). Curcumin alleviated PA-induced lipotoxicity and inhibited LOX-1 

upregulation, potentially involving the suppression of ER stress (Luo et al., 2021). 

Further, it was found that PA increased the expression of cannabinoid receptor 1 (CB1R) 

in human renal proximal tubular cells (HK-2 cells). PA-induced CB1R activation was 

associated with apoptosis, and CB1R blockade was suggested as a potential therapeutic 

approach for diabetic nephropathy (Lim et al., 2010).  

It was reported that PA treatment disrupted lipid metabolism homeostasis and triggered 

ER stress and inflammation in large yellow croaker's intestine or intestinal cells. The 

decrease in phosphatidylethanolamine (PE) content was identified as contributing to 

the intestinal homeostatic imbalance induced by PA. PE supplementation was suggested 

as a potential nutritional strategy to regulate intestinal homeostasis (Fang et al., 2022b). 

Earlier, it was found that PA-induced cell death in human hepatoma cells (HepG2) 
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through caspase-1 mediated pyroptosis and ER stress. Interestingly, the 

monounsaturated fatty acid oleic acid (OA) protected against hepatic lipotoxicity by 

suppressing PA-induced pyroptosis and ERS in HepG2 cells. The down-regulation of 

gastrin D (GSDMD) expression was identified as a potential mechanism contributing 

to the protective effects of OA against pyroptosis (Zeng et al., 2020b). It was revealed 

that PA-induced ER stress and autophagy in prefrontal cells, contributing to apoptosis 

and a decline in neuroplasticity-related proteins. Inhibition of ER stress reduced 

neuroplasticity-related protein expression, while inhibition of autophagy exacerbated 

apoptosis and enhanced ER stress in PA-treated prefrontal cells, highlighting the 

intricate interplay between ER stress and autophagy in the context of lipotoxicity-

induced cognitive dysfunction (Xue et al., 2021). In a hepatocyte steatosis model with 

HepG2 cells exposed to PA, various polyphenols and berberine exhibited protective 

effects by preventing PA-induced steatosis, intracellular reactive oxygen species (ROS) 

production, and mRNA increase for inducible nitric oxide synthase (iNOS). It was also 

noted that these polyphenols partially inhibited PA-induced markers of ER stress, along 

with reductions in mitochondrial content and membrane potential. This suggests that 

the observed protective mechanisms of polyphenols against PA-induced hepatocyte 

damage are consistent across these compounds (Rafiei et al., 2018).  

In the investigation of PA-induced metabolic and lipotoxic changes in human hepatoma 

cells (Hep3B, Huh7, and HepG2), it was found that PA altered lipid metabolism, 

induced oxidative stress, and disrupted intracellular Ca2+ balance. Previously, it was 

also observed toxic manifestations, such as changes in Ca2+ level, mitochondrial 

dysfunction, and activation of the PERK-eIF2α-CHOP pathway, with variations in 

sensitivity among different hepatoma cell lines, highlighting the complex and cell-type-

specific responses to PA-induced lipotoxicity (Nissar et al., 2015). Moreover, it was 

evident that obesity-related neurodegenerative diseases, it was found that PA, a 

saturated fatty acid, induces significant neuron cell cycle arrest in the G2/M phase in 

SH-SY5Y cells, accompanied by an increase in endoplasmic reticular (ER) stress 

markers. The research further revealed that this G2/M arrest and associated ER stress 

were reversed by treatment with 2-bromopalmitate, a protein palmitoylation inhibitor, 

suggesting a crucial role for protein palmitoylation in PA-induced neuron cell 

dysfunction (Hsiao et al., 2014a). An earlier study reported that on dairy cows during 

the early postpartum period, it was observed that PA-induced lipotoxicity in calf hepatic 
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cells could be mitigated by propionate. Propionate enhanced autophagic activity, as 

evidenced by increased expression of autophagy markers, and suppressed ER stress, 

ultimately improving cell viability. These findings suggest that propionate's protective 

effects involve enhancing autophagy and alleviating ER stress, providing insights into 

potential strategies for addressing liver injury in dairy cows during the transition period 

(Gao et al., 2021). 

In PA-challenged pancreatic β-cells, kaempferol, a natural flavonoid, demonstrated a 

lipid-lowering effect by inducing autophagy, specifically through AMPK/mTOR-

mediated lipophagy. This mechanism was associated with decreased lipid stores, ER 

stress alleviation, and restoration of β-cell function. Kaempferol's potential to prevent 

ectopic lipid accumulation and mitigate ER stress suggests its candidacy as a 

therapeutic agent for addressing obesity-linked diabetic complications (Varshney et al., 

2018). In well-differentiated human colonic goblet cells, eicosapentaenoic acid (EPA) 

and docosahexaenoic acid (DHA) were identified as potential protective agents against 

ER stress-induced alterations in Muc2 secretion caused by PA (PAL). This suggests that 

EPA and DHA may have therapeutic potential in mitigating the detrimental effects of 

saturated fatty acids associated with conditions such as type 2 diabetes, obesity, or 

inflammatory bowel disease. These findings warrant further exploration in in vivo 

studies regarding dietary obesity (Escoula et al., 2019). A previous study showed that 

high-calorie diet-fed mice exhibited adipocyte hypertrophy, inflammation, and ER 

stress in subcutaneous and visceral adipose tissues. Resveratrol treatment alleviated 

insulin resistance and ER stress, increased SIRT1 expression, and reversed the 

expression of adipokines in both adipose tissues. This protective effect of resveratrol 

was also observed in PA-treated adipocytes, suggesting a potential role for resveratrol 

in mitigating ER stress and inflammation induced by high-calorie diets or PA in adipose 

tissues and cells (Chen et al., 2017). 

1.5 Colorectal cancer (CRC) 

CRC originates in the colon or rectum. In 2020, colorectal cancer was the third most 

common cancer worldwide, with 1.9 million diagnoses and 0.9 million deaths. 

Westernization has increased the occurrence of this disease in developing countries and 

industrialised countries, making it a significant public health issue. In addition, early-

stage instances are rising (Xi and Xu, 2021a). GLOBOCAN 2020 estimated 1.15 

million new instances of colon cancer, 0.7 million rectal cancers, and 50,000 anal 
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cancers worldwide in 2020. By 2040, 1.92 million new colon, 1.16 million rectal, and 

78,000 anal cancer cases are estimated. This shows the expected rise of these cancers 

over the next two decades (Table 2) (Sung et al., 2021). Population-based screening 

programmes have been pushed and adopted in industrialised countries for over a decade 

to improve colorectal cancer treatment outcomes by shifting distribution to early stages 

(Arnold et al., 2017, Miller et al., 2022, Ahmed, 2020). 

CRC rates are four times greater in countries with a very high Human Development 

Index (HDI) than in those with a low HDI (Khazaei et al., 2016, Gullickson et al., 

2021). However, the incidence rate is rising in developing nations due to risk factor 

exposure but is constant or declining in wealthy countries. China and the US predicted 

the most CRC cases in 2020. China will have 0.91 million cases in 2040, up 64% from 

2020. CRC is expected to affect 4.4 per cent of males and 4.1 per cent of women in the 

US. Cases are expected to climb from 0.16 million in 2020 to 0.21 million. The top 10 

countries with the most significant CRC incidence in 2020 were Russia, Germany, 

India, Brazil, the UK, Italy, and France, as depicted in figures 1.4 and 1.5 (Siegel et al., 

2020, Bray et al., 2012, Xi and Xu, 2021b). 

 

 

Figure 1.4 Colorectal Cancer Statistics: A Comparison of New Cases and Mortality 

Rates in the Top 10 Countries for 2020 and Projections for 2040 (Right and Left, 

respectively). Adapted from (Xi and Xu, 2021a).            
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Table 1.2 Estimated new colorectal cancers cases  (2020 to 2040) 

 

 

 

 

 

Adapted from (Xi and Xu, 2021b) 

From 2014 to 2021, 74.7 percent of 1028 colorectal cancer patients in India had 

advanced illness, mainly affecting the rectum (50 %). Of 163 patients, 73% had 

advanced anal cancer. Colorectal cancer patients received 37.1 % chemotherapy, and 

anal cancer patients 43.1%. The study found a significant Annual Percentage Change 

in lower GI cancer incidences increasing (Raj et al., 2022). 

CRC incidence and mortality arise from a complex interplay of genetic and modifiable 

factors. Low physical activity, overweight, bad diets, and lifestyle choices, including 

heavy alcohol and smoking, increase CRC risk. Impaired gut flora and intestinal 

inflammatory disease (IBD) also contribute (Snider et al., 2016, Shaw et al., 2018, 

Lukic et al., 2023, Kato and Sun, 2023). Recent research has focused on molecular 

abnormalities that cause CRC, specifically the UPR and IRE1, PERK, and ATF6 - three 

necessary ER transmembrane protein sensors (Kato and Sun, 2023, Lukic et al., 2023). 

Understanding these molecular pathways offers insights into the convergence of various 

risk factors in colorectal cancer development. This makes a holistic approach that 

combines lifestyle changes with molecular understanding essential for CRC prevention 

and management. 

1.5.1 ER stress: A dual-edged sword in colon cancer pathology 

Recent studies indicate that the UPR may significantly impact the progression and 

development of CRC (Huang et al., 2021c). A pro-survival or cell death response is 

typically induced by ER stress to restore cellular homeostasis and prevent cancer 

development. However, Prolonged or severe ER stress may enhance cancer cell 

survival and growth (Siwecka et al., 2019) (Fig 1.5). CRC formation is influenced by 

the UPR, which governs cell survival and adaptation in response to endoplasmic 

reticulum stress via interrelated yet different pathways; IRE1, PERK, and ATF6 are 

Cancer sites 2020 2040 

Colon 1148515 1916781 

Rectum 732210 1160296 

Anus 50865 77597 

Total 1931590 3154674 
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involved in the UPR. Identifying the UPR pathways, which govern the interplay 

between adaptability and apoptosis in the development of colorectal cancer, may 

facilitate the creation of innovative therapeutic and diagnostic approaches. Therefore, 

it is necessary to conduct a more comprehensive analysis of the signal exchanges that 

govern the balance between adaptability and apoptosis in the aetiology of colorectal 

cancer. Furthermore, by acknowledging that ER stress and UPR cause colorectal cancer, 

a unique perspective has been offered on the development of therapeutic, preventative, 

and diagnostic measures (Zhou et al., 2016, Geng et al., 2023).  

 

Fig 1.5 Divergent cellular responses to ER stress: Contrasting activation of the PERK-

dependent UPR signalling pathway in normal epithelial cells and cancer cells (Siwecka 

et al., 2019). 
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1.5.2. UPR’s role in colon cancer progression and drug resistance 

It was shown that overexpression of GRP78, a protein that influences apoptosis and cell 

proliferation, could be a sign of malignant transformation in colorectal cancer (Mhaidat 

et al., 2016, Huang et al., 2021b, Xing et al., 2011, Piton et al., 2016a). Elevated ER 

stress associated with treatment resistance is indicated by enhanced ER labelling, 

increased mitochondrial Ca2+ levels, and increased ER stress-related proteins in colon 

cancer cells. These results suggest that colon cancer treatment resistance is primarily 

caused by ER stress (Kim et al., 2016). Additionally, the PERK-ATF4 pathway 

contributes considerably to CRC cell treatment resistance, suggesting that this system 

may aid metastatic spread, too (Shi et al., 2019). Research has demonstrated that 

autophagy, induced by ER stress, removes polyubiquitinated protein aggregates and 

reduces cellular vacuolisation in colon cancer cells. It results in cell death in embryonic 

fibroblasts and colon cells, highlighting the context-dependent role of autophagy during 

ER stress and its potential implications for tumour-specific therapies that attempt to 

reduce ER-induced cell death (Ding et al., 2007). 

IRE1α, a critical component of the unfolded protein response, has been recognised as a 

crucial element in the progression of colonic tumours. This is supported by its inhibitory 

impact on the growth of intestinal organoids, suppression of proliferation of colon 

cancer cells, inhibition of the stemness of cancer stem cells, and prevention of the 

development of colitis-associated colonic tumours in mice. The development of a 

therapeutic strategy that targets IRE1α selectively with the inhibitor exhibits potential 

for the management of colon cancer (Li et al., 2017). The acceleration of cancer cell 

invasion in response to XBP1 overexpression using small interfering RNA (siRNA) and 

the inhibition of XBP1 indicate that XBP1 IRS expression correlates positively with 

increased tumour invasiveness. Based on these results, XBP1 might emerge as an 

innovative biomarker for invasion and metastasis of colorectal cancer (Mhaidat et al., 

2015). XBP1s, a transcription factor, activates the IRE1α-JNK pathway in colon cancer 

cells by binding to the promoter and activating its expression during ER stress. This 

regulatory cascade modulates mRNA degradation, encouraging colon cancer cell 

proliferation. These data indicate that XBP1s may be a promising colon cancer 

treatment target (Liu et al., 2023). Another study found that the IRE1α-XBP1 pathway 

is crucial for modulating cell proliferation, metastasis, and EMT in CRC. Based on 

tissue microarray research and functional testing, greater IRE1α expression negatively 
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correlates with overall survival rates. IRE1α binding to the cyclin D1 promoter directly 

affects CRC cell mitosis (Jin et al., 2016a). 

IRE1α facilitates regulating colon cancer cell metastasis via modulation of fibronectin-

1 (FN1) expression. This is demonstrated by the observation that FN1 expression, 

migration, and invasion are all inhibited upon IRE1α knockdown, an effect attributable 

to a decrease in XBP1s production. The molecular operation of XBP1s involves binding 

to the FN1 promoter, which then regulates signalling pathways associated with the 

metastatic process (Xie et al., 2019). Moreover, EGFR targeting inhibits the activation 

of the IRE1α-XBP1s signalling pathway via the EGFR-MEK-ERK pathway. Still, the 

addition of cetuximab to oxaliplatin enhances its effectiveness by further inhibition of 

the IRE1α-XBP1s pathway. Based on the substantial data supporting combining EGFR 

targeting with chemotherapy for treating colorectal cancer, these findings suggest that 

the signalling pathway involving IRE1α-XBP1s holds great promise as a therapeutic 

target (Huo et al., 2020). 

A comprehensive investigation that identified and verified fifty ERS differentially 

expressed genes and eight ERS model genes related to CRC stage and prognosis 

identified three subtypes of CRC. ATF6 expression was additionally emphasised as a 

diagnostic indicator for distinguishing non-ulcerative colitis individuals with CRC from 

those presenting with low-grade dysplasia (Hanaoka et al., 2018). Furthermore, the 

research study developed a nomogram that incorporated the ER score, age, and CRC 

stage to forecast prognosis across different forms of CRC effectively (Qu et al., 2023). 

It is widely recognised that elevated ATF6 levels in patients with colorectal cancer are 

associated with a decreased rate of disease-free survival. Chronic ATF6 activation in 

the colon has also been connected to dysbiosis and tumour growth mediated by the 

microbiota (Coleman et al., 2018). An alternative inquiry has identified ATF6 as a factor 

that regulates BRCA-1 expression via mTOR activation and protects colon cancer cells 

from ER stress-induced cytotoxicity. Also, Inhibiting ATF6 increases the vulnerability 

of colon cancer cells to DNA-damaging agents like Adriamycin and amplifies the lethal 

effects of endoplasmic reticulum stress inducers, according to research (Benedetti et 

al., 2022).  

In colorectal cancer, the expression of the oncogene CIP2A is upregulated due to ER 

stress-induced activation of ATF6, which creates a direct binding channel between 

ATF6 and the CIP2A promoter. Potentially improving the prognosis of individuals 
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diagnosed with colon cancer, CIP2A targeting could impede the mechanisms behind 

ER stress-mediated survival (Liu et al., 2018). Furthermore, research has revealed that 

GREM1 plays a substantial role in the progression of colorectal cancer through its 

opposition to BMP2 and differential regulation of ATF6 and ATF4 in unfolded protein 

response pathways, which are facilitated by the activation of PI3K/AKT/mTOR (Li et 

al., 2022). The induction of epithelial-mesenchymal transition by different stress 

conditions is supported by an ER-stress response characterised by increased vimentin 

and GRP78. Both EMT and ER stress are inhibited in the absence of ZEB1, and 

reoxygenation reverts both processes depending on ZEB1. An elevated intensity of 

GRP78 in the invasive fronts of colorectal cancer is correlated with the activation of 

ZEB1 via HIF1α and β-catenin. This suggests that cellular stress is arranged 

hierarchically in response to malnutrition or hypoxia, with extracellular matrix stress 

preceding endoplasmic reticulum stress (Huo et al., 2020) (Fig 1.5). 

1.6 Research problem  

Palmitic acid, traditionally known for its involvement in lipid metabolism, has been 

shown to influence various cellular mechanisms that regulate cancer cell survival. 

However, its impact on endoplasmic reticulum (ER) stress, a key pathway that 

maintains cellular homeostasis, remains underexplored in the context of colon cancer. 

ER stress, if unresolved, can lead to cellular dysfunction and has been implicated in the 

survival and adaptation of cancer cells, particularly in response to metabolic stress. This 

study addresses the gap in understanding how palmitic acid induces ER stress in colon 

cancer cells and its role in modulating cellular survival and progression. The study will 

explore the molecular mechanisms through which palmitic acid affects ER stress 

responses to provide insights into cancer cell adaptability and identify potential 

therapeutic targets. By elucidating the complex relationship between palmitic acid 

metabolism, ER stress, and colon cancer progression, this study aims to contribute to 

the broader field of cancer biology and open avenues for targeted interventions to 

mitigate the risk and progression of colon cancer. 

1.7 Objectives 

1. Anlaysis of ER stress satus in normal and cancer cell by the exposure of different 

concentration of palmitic acid. 
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2. Aanalysis of gene alterations  related to ER stress mediated cell survival – death 

pathways 

3. Analysis of ER stress signaling pathays in cancerous and non cancerous tissues of 

CT26 metastsised tumour bearing mice administered with palm oil   
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2.1 Materials  
2.1.1 Chemicals  

Name of chemicals    Manufacturer 

Acetic acid (Glacial 99-100%)  : Merck (New Jersey, United States) 

Acridine orange    : Sisco Research Laboratories (India) 

Acrylamide     : -do- 

Agarose     : -do- 

Ammonium persulfate   : -do- 

β-mercaptoethanol    : Merck (New Jersey, United States) 

Bis-acrylamide    : Sisco Research Laboratories (India) 

Bovine serum albumin (BSA)  : -do- 

Bromophenol blue    : -do- 

CDNB(1-chloro-2,4 di nitro benzene) : -do- 

Chloroform     : Merck (New Jersey, United States) 

Coomassie brilliant blue   : -do- 

Copper sulfate penta hydrate   : -do- 

Dextrose     : Sisco Research Laboratories (India) 

Dichloro-dihydro-fluorescein diacetate : Sisco Research Laboratories (India) 

Diethyl pyro carbonate (DEPC)  : -do- 

Dimethyl sulfoxide                                        : Sisco Research Laboratories (India) 

Dipotassium hydrogen phosphate  : Merck (New Jersey, United States) 

Disodium hydrogen phosphate  : Merck (New Jersey, United States) 

Direct red 80                                                   : Sigma Aldrich Inc. (St Lois, USA)  

Dithiobis (2-nitro benzoic acid) (DTNB) : Sisco Research Laboratories (India) 

Dithiothreitol (DTT)    : -do- 

DPX mountant                                                 : Sisco Research Laboratories (India) 

Dulbecco’s modified eagle medium  : Gibco, Thermo Fisher Scientific, USA 

Ethanol     : Merck (New Jersey, United States) 

Ethidium bromide (ETBR)   : Sisco Research Laboratories (India) 

Ethylene diamine tetra acetic acid (EDTA) : -do- 

Ferric chloride    : Merck (New Jersey, United States) 
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Foetal bovine serum (FBS)   : Merck (New Jersey, United States) 

Folin’s Ciocalteau reagent   : -do- 

Formaldehyde     : -do- 

Four-phenyl butyric acid   : Sisco Research Laboratories (India) 

Gel loading dye    : Promega (Wisconsin, United States) 

Glutathione reduced (GSH)   : -do- 

Glycine     : Sisco Research Laboratories (India) 

Hanks balanced salt solution (HBSS)  : Biovision 

Hematoxylene     : Sigma Aldrich Inc. (St Lois, USA)  

HEPES buffer     : Himedia Laboratories (India) 

Hoechst 34580                                                  : Sigma Aldrich Inc. (St Lois, USA) 

Hydrochloric acid    : Merck (New Jersey, United States) 

Hydrogen peroxide    : -do- 

Isopropanol     : -do- 

Methanol     : Spectrochem (Mumbai, India) 

Monodansyl cadaverine   : Merck (New Jersey, United States) 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,   

5-diphenyl tetrazolium bromide  : Merck (New Jersey, United States)  

N-acetyl-L-cysteine                                         : Sisco Research Laboratories (India)  

Nitrobluetetrazolium (NBT)   : Sisco Research Laboratories (India) 

Non-essential amino acids   : Himedia Laboratories (India) 

Oil red O     : -do- 

Orthophosphoric acid    : Merck (New Jersey, United States) 

Palmitic acid     : Merck (New Jersey, United States) 

Paraformaldehyde                                             : Sigma Aldrich Inc. (St Lois, USA) 

PCR master mix    : Promega (Wisconsin, United States) 

Ponceau stain     : Sisco Research Laboratories (India) 

Potassium chloride (KCl)   : Merck (New Jersey, United States) 

Potassium dihydrogen phosphate  : -do- 

Pricric acid                                                        : Sisco Research Laboratories (India) 

Primers     : Integrated DNA Technologies, IA, USA 

Propidium iodide                                              : Sigma Aldrich Inc. (St Lois, USA) 
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Propylene glycol                                              : Sisco Research Laboratories (India) 

RPMI      : Gibco, Thermo Fisher Scientific, USA 

Sodium acetate    : -do- 

Sodium azide     : -do- 

Sodium bicarbonate    : -do- 

Sodium dihydrogen phosphate dehydrate : -do- 

Sodium dodecyl sulphate   : -do- 

Sodium hydroxide    : -do- 

Sodium potassium tartrate   : -do- 

Sodium pyruvate    : Himedia Laboratories (India) 

Sulforhodamine B    : Sisco Research Laboratories (India) 

Sulfuric acid     : Merck (New Jersey, United States) 

Tetramethylethylenediamine   : Sisco Research Laboratories (India) 

Thiobarbituric acid (TBA)   : -do- 

Thioflavin T     : Sisco Research Laboratories (India) 

Trichloro acetic acid (TCA)   : -do- 

Tris buffer     : -do- 

Tris-HCl     : -do- 

Trizol reagent     : -do- 

Trypsin     : Merck (New Jersey, United States) 

Tunicamycin (TM)    : Merck (New Jersey, United States) 

2.1.2 Diagnostic kits and reagents  

Name of the diagnostic kits    Manufacturer 

Mouse interleukin- 6 (IL-6)   : PeproTech, Germany 

Mouse TNFα     : -do- 

Total RNA isolation kit   : Origin 

CDNA synthesis kit                                     : -do- 

ORIonX 2X RT-PCR smart mix             : -do- 

2.1.3 Instruments  

Name of the instruments    Make 

Deep freezer (-70 & -20ºC)   : Remi Laboratory Instruments, India 
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Double distillation unit (Quartz)  : Borosil, India 

Electronic balance    : Schimadzu, Genzo Shimadzu 

Electrophoresis unit    : Genei, Bangalore, India 

ELISA plate reader    : Thermo Scientific, Waltham, USA 

Fluorescence microscope                               : Leica DMIL, Wetzlar, Germany 

Fluorescence spectrophotometer                   : PerkinElmer, Massachusetts, USA  

FTIR spectrophotometer   : PerkinElmer, Massachusetts, USA 

GC-MS/MS                                                    : Thermo Fisher Scientific, Germany 

Gel documentation system   : Remi Laboratory Instruments, India 

High-speed cooling centrifuge  : Remi Laboratory Instruments, India 

Horizontal laminar flow hood   : Clean Air, Chennai, India 

Hot air oven     : Rotex Instruments Pvt Ltd, India 

Incubator     : Beston Instruments, India 

Inverted microscope    : Magnus INVI, Bangalore, India 

LC-MS/MS     : Agilent biotech, California, USA 

Microcentrifuge    : Tarsons Products Private Limited 

Multi dispenser    : Eppendorf, Hamburg, Germany 

pH meter     : Eutech, Waltham, USA 

PCR (thermal cycler)    : Eppendorf, Hamburg, Germany 

Phase contrast microscope   : Magnus INVI, Bangalore, India 

Quantitative real-time PCR   : Applied Biosystems, Waltham, USA 

Tissue homogenizer    : Yorco Scientific, Chennai, India 

Ultra-low deep freezer (-80ºC)  : New Brunswick, Eppendorf, Germany 

UV/visible spectrophotometer   PG Instruments Ltd; Systronics India 

Vacuum concentrator    : Eppendorf, Hamburg, Germany. 

2.1.4 Softwares  

Name of the software    Purpose 

Adobe photoshop CS 5.0,   : Image processing 

Endnote X5     : Reference manager 

GraphPad Prism 7.0    : Statistics and graph preparation 

GraphPad Instat 3.0    : Statistical analysis 

IS Capture 3.6.6    : Microscope image capture 

Applied Biosystems 7300 software  : Real-time PCR analysis 
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MS Word 2010 : Text preparation 

MS Excel 2010 : Calculation 

MS Power Point 2010  : Presentation and artworks 

Adobe acrobat DC Pro : Preparation and edit PDF files 

Image J 1.48  : Biological image processing 

UV Win spectrophotometer software : Spectroscopic measurement 

2.1.5 Cell lines  

IEC6 (normal rat intestinal cells) and HCT116 (human colon cancer cells) 

were obtained from NCCS Pune. The mouse metastatic colon cancer cell line 

(CT26) was provided as a gift by Dr. Bipasha Bose, Professor, Yenepoya University, 

Manipal. All experimental procedures were performed under sterile conditions. 

2.1.6 Animals  

Male BALB/c mice weighing 24-26 g were purchased from the Kerala Veterinary and 

Animal Sciences University (KVASU), Mannuthy, Thrissur. Polypropylene cages 

were used to house the animals. During their acclimatisation, they were fed non-

purified rat chow and filtered water for two weeks. The animal experiments are 

carried out by the approval of institutional animal ethics committee (IAEC) of 

Amala Cancer Research Centre (No. ACRC/IAEC/21(2)-P11 dt.02-12-2021). All 

protocols were conducted in accordance with the guidelines of the Committee for 

the Purpose of Control and Supervision of Animal Experiments (CPCSEA), under 

the Ministry of Environment, Forest, and Climate Change, Government of India. 

2.1.7 Palm oil  

Palm oil was purchased from a local market  

2.1.7.1 GC-MS/MS analysis  

In accordance with traditional cooking practices, palm oil was subjected to a mild 

heat treatment prior to cooking in order to enhance its palatability.  

2.1.7.2 Direct fame synthesis (O'Fallon et al., 2007) 

To a screw-cap Pyrex culture tube (16 × 125 mm), add 40 µL palm oil, 0.7 mL 10 N 

KOH in water, and 5.3 mL of Methanol were added. For optimal sample 

penetration, dissolution, and hydrolysis, the tube was incubated at 55°C for 1.5 hrs 

with vigorous hand-shaking every 20 min. Add 0.58 mL of 24 N H2SO4 in water 

after cooling in a cold tap water bath. With precipitated K2SO4, the tube was incubated 

for 1.5 hrs at 55°C with hand-shaking every 20 min. The tube was cooled with tap 

water after FAME 

LENOVO
Underline
24-26g
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synthesis. Add three millilitres of hexane and vortex-mix for five minutes on a 

multitube vortex to extract FAME. The FAME-containing hexane layer was carefully 

transferred to a GC vial after 5 min of tabletop centrifugation. The sealed vial was kept 

at -20°C until GC analysis.  

GC-MS analysis was done using an Agilent Technologies GC model-7890A (USA). 

The study used a DB-5 column measuring 30 m x 0.25 mm x 0.25 μm. An Agilent 

5975C Inert XL MSD was employed as the MS detector. A constant injection volume 

of 1.0 L was maintained, with an injection temperature of 250°C. The temperature of 

the column oven was set to 60°C and increased at a rate of 5°C per minute. A constant 

detector temperature of 250°C was maintained for the duration of the study. 

2.1.7.3 Concentration of palmitic acid in palm oil  

According to the GC-MS analysis, the palmitic acid concentration in HPO was 367,000 

µg/mL (367mg/mL)  

2.2 Methods  

2.2.1 Cytology  

2.2.1.1 Cell culture conditions and treatment procedures  

Culturing was performed in DMEM/RPMI at 37°C with 5% CO2.  

Table 2.1 Cell culture media and its components 

Cell line Medium Serum Antibiotics Additives 

IEC6 
DMEM (4.5 mg/mL 

glucose)  
10% FBS 1% P/S 

4 mM 

glutamine 

HCT116 DMEM 10% FBS 1% P/S 

CT26 RPMI 10% FBS 1% P/S 

P/S; Penicillin and streptomycin, FBS; fetal bovine serum, DMEM: Dulbecco's Modified  

Eagle Medium, RPMI: Roswell Park Memorial Institute medium. 

2.2.1.1.1 Thawing of cells  

After cryopreservation, the cells were thawed at 37°C. Centrifugation was performed 

at 2000 rpm for 3 min in 9 mL of DMEM to exclude DMSO from the suspension. The 

pellet was then resuspended in 1 mL of complete media and introduced into a T25 tissue 

culture flask containing 6 mL of media. 
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2.2.1.1.2 Cryopreservation of cells 

The cells were trypsinised, counted, and diluted to 1x105 cells/ml in a cryomedium 

containing 90% FBS and 10% sterile DMSO. The aliquots were stored in cryovials and 

kept in an -80°C freezer. 

2.2.1.1.3 Cell harvesting  

Cells were cultured in a T25 flask with 7 ml of medium. Cell growth was limited to 

70% confluence to maintain differentiation capacity, and passages were limited to 15. 

For passaging, cells were trypsinized with 0.5 mL of trypsin-EDTA after washing with 

1 ml of 1x PBS and then resuspended in 1.5 ml of fresh media. Before plating, 4 x 104 

cells were counted using 0.04% trypan blue and transferred to a T25 flask with 7 ml 

medium. Passaging was carried out every three to four days, involving centrifugation 

at 2000 rpm for three min and resuspension in 10 ml fresh medium. Finally, the cells 

were stored at -80°C after removing the supernatant. 

2.2.1.1.4 Cell seeding density  

Due to the doubling process, the standardised seeding densities for the IEC6, CT26, 

and HCT116 cell lines varied marginally. The table below shows the seeding density 

and maximum media volume used across well plates to optimise cell line growth for 

various experiments. 

Table 2.2 Seeding density and medium volumes for cell lines 

Cell lines Well plates Seeding density Medium/well 

IEC6 

96 10000-15000 0.1 

48 20000-25000 0.25 

24 50000 0.5 

12 1×105 0.7-1.5 

6 1.5×105 1.0-2.0 

CT26 

96 10000-15000 0.1 

48 20000-25000 0.25 

24 50000 0.5 

12 1×105 0.7-1.5 

6 1.5×105 1.0-2.0 

HCT116 

96 5000-10000 0.15 

48 15000-20000 0.35 

24 30000-40000 0.6 

12 0.7 ×105 1 

6 1×105 2 

Seeding densities (cells/well) and medium volumes (mL) may vary with experimental 

conditions and cell line. 
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2.2.1.1.5 Preparation of palmitic acid stock solution (Takahashi et al., 2012) 

A 100 mM palmitic acid stock solution was prepared in absolute alcohol (EtOH). 

IEC6 cells were treated with different doses of palmitic acid ranging from 100 to 

400 µM, while CT26 and HCT116 cells were treated with 50 to 200 µM based on their 

respective IC50 values. The absolute alcohol (vehicle control) concentration was 

maintained at 0.002%. 

2.2.1.2 Cell culture assays  

2.2.1.2.1 MTT assay  (Marshall et al., 1995) 

Principle: The MTT assay is a colorimetric assay based on the reduction of yellow 

tetrazolium salt MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) 

to purple formazan crystals by mitochondrial enzymes, primarily succinate 

dehydrogenase, thus providing a measure of cellular metabolic activity. 

Procedure: The cells were cultured for 24 hrs and then exposed to varying palmitic acid 

concentrations. They were incubated over the following 24 hrs at 37°C with 5% CO2. 

A four-hour treatment with MTT (5 µg/ml) reagent was done on the cells. The formazan 

crystals formed were dissolved using DMSO. Absorbance was taken at 510 nm. Images 

were captured with a phase-contrast microscope (Magnification of 10 X with a scale 

bar of 100 µm). Finally, the endpoint parameters were calculated, including the % cell 

viability and cytotoxicity (CT%). 

Cytotoxicity (CT) % = (OD Control – OD sample) / OD Control × 100 

Viability %     = 100 - cytotoxicity (CT) % 

MTT was used to investigate palmitic acid cytotoxicity against rat intestinal IE-6 cell 

lines and murine metastatic colon cancer cells CT 26. The quantitative assay determined 

the IC50. 

2.2.1.2.2 Sulforhodamine B assay (Skehan et al., 1990) 

Principle: The residues of basic amino acids in cells fixed in trichloroacetic acid, pH-

dependently and electrostatically bound to Sulforhodamine B. 

Procedure: Cells were seeded and exposed to different doses of palmitic acid the 

following day. After treatment, the cells were fixed at 4°C for one hour using 10% 

trichloroacetic acid. They were then stained with 0.4% SRB. The excess stain was 

removed using 1 ml of 1% acetic acid. Following the dissolution of protein-bound dyes 

in 200 µl of 10 mM Tris, optical density at 510 nm was determined using an ELISA 
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plate reader. Additionally, images were captured at 10 X magnification using a phase-

contrast microscope featuring a 100 µm scale bar. Endpoint parameters such as % cell 

viability and % cytotoxicity (CT%) were determined for each cell line.  

        Cytotoxicity (CT) % = (OD Control – OD sample) / OD Control × 100 

                                  Viability %     = 100 - Cytotoxicity (CT) % 

Sulforhodamine B assay measured the IC50 of palmitic acid on HCT116 colon cancer 

cells. Furthermore, it was utilised to standardise fluorescent signals in 

spectrofluorimetric quantification for DCHDA and thioflavin T staining, using cell 

numbers to indicate protein content. 

2.2.1.2.3 Oil red O staining and quantification of neutral lipids  (Kinkel et al., 2004, 

Krishnan et al., 2019) 

Principle: The oil red O dye (ORO) is a diazo dye used to stain neutral lipids and fat 

deposits in cells and tissues. In quantitative photometry, oil red O eluted in isopropanol 

shows maximum absorbance at 510 nm. 

Procedure: Cells were cultured and treated with various doses of palmitic acid at 37°C 

with 5% CO2 for 24 hrs. After PBS wash and 10 min of methanol fixation. The cells 

were rinsed with distilled water, and 100% polyethylene glycol (PEG) was added and 

removed after 2 min. Then 500 µl of Oil Red O was applied for 15 min. Wells were 

then washed in 60% PEG for one minute after stain removal. After washing with 

distilled water, 1 ml of haematoxylin was added for 10 min. The nuclei were stained 

with sodium phosphate for five minutes and washed in distilled water. Air-dried wells 

were mounted on Crystal/MountTM and photographed in an inverted phase-contrast 

microscope at 40X magnification using a 100 µm scale bar. Isopropanol was used to 

elute the dye, and washing was done with 60% PEG after treatment. At 510 nm, 

absorbance was measured and normalised to control. 

Normalisation = Absorbance of the sample at 510 nm/absorbance of the control at 510 nm 

2.2.1.2.4 Trypan blue exclusion method (Strober, 2001) 

Principle: When cell suspension is mixed with trypan blue, it becomes possible to 

differentiate between live and dead cells on a hemacytometer visually. It shows that 

living cells have transparent cytoplasm; dead cells absorb dye and turn blue. 

Procedure: cell grown in 6 well plates incubated at 37oC at 5% CO2. Subsequently, they 

were subjected to specific doses of palmitic acid and incubated for an additional 24 hrs. 

After trypsinization, 100 µl of cell suspension was diluted 1:1 with 0.4 per cent trypan 
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blue. The diluted mixture was then used to count cells using a haemocytometer under 

an inverted microscope. Finally, comparing the treated and untreated cell counts yielded 

a relative cell number. 

𝐶𝑒𝑙𝑙𝑠
𝑚𝑙⁄  = N×D×104 

Viable cells (%) =(
𝑇𝑜𝑡𝑎𝑙 𝑢𝑛𝑠𝑡𝑎𝑖𝑛𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝑇𝑜𝑡𝑎𝑙  𝑐𝑒𝑙𝑙𝑠
)100 

Note: N: mean cell counts per square, D: dilution factor 

2.2.1.2.5 Colony formation assay (Brix et al., 2020) 

Principle: The colony formation assay assesses the proliferative potential of a cell by 

measuring its ability to form a colony or clone. 

Procedure: cultured cells in 6 well plates was treated with varying concentrations of 

palmitic acid for 24 hrs. After trypsinisation, 3000 cells/well were reseeded into 

duplicate 6-well plates following 15 days of incubation period at 37°C. The developed 

colonies were subsequently fixed in methanol and stained with 0.5 per cent crystal 

violet. For calculating the plating efficiency (PE) and survival fraction (SF) colonies 

with 50 or more cells were exclusively counted, and colony images were captured at 10 

X magnification using an inverted phase contrast microscope.  

                                                    PE (%) = (
𝐶𝑜𝑙𝑜𝑛𝑦 𝑐𝑜𝑢𝑛𝑡

Seeded cell number)
)100 

                                            SF=   (
𝐜𝐨𝐥𝐨𝐧𝐢𝐞𝐬 𝐝𝐞𝐯𝐥𝐨𝐩𝐞𝐝 𝐩𝐨𝐬𝐭 𝐭𝐫𝐞𝐚𝐭𝐦𝐧𝐞𝐭)

𝐜𝐨𝐥𝐨𝐧𝐢𝐞𝐬 𝐝𝐞𝐯𝐩𝐞𝐝   𝐟𝐨𝐫 𝐔𝐧𝐭𝐫𝐞𝐚𝐭𝐞𝐝)
) (

𝐏𝐄 (𝐔𝐧𝐭𝐫𝐞𝐚𝐭𝐞𝐝)

𝐏𝐄 (𝐓𝐫𝐞𝐚𝐭𝐞𝐝)
) 

2.2.1.2.6 DCFH-DA assay (Ng and Ooi, 2021) 

Principle: DCFDA is a fluorescent dye that measures hydroxyl and peroxyl activity in 

cells. Once it diffuses into cells, the dye is transformed by a cellular esterase into a non-

fluorescent compound. ROS later oxidizes this compound into DCF, which is highly 

fluorescent. 

Procedure: Two experiments were conducted using different cell lines to measure 

intracellular reactive oxygen species generation. The cells were exposed to varying 

concentrations of palmitic acid (PA) for 24 hrs. One group was pre-treated with either 

a ROS scavenger (N-acetylcysteine, Nac, 1 mM) or positive control (H2O2, 100 µM) 

six hours before signal detection. After treatment, both groups were exposed to 

DCFHDA (10 μM) for 30 min at 37°C. ROS fluorescence was quantified at 485/530 

nm excitation/emission wavelength using a fluorescent spectrometer. In addition, 

images were captured using a Leica DMIL fluorescence microscope (Germany). 

Calculate DCF corrected and SRB corrected: 
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DCF corrected =DCF-average (untreated cell control DCF) 

SRB corrected =SRB-average (untreated cell control SRB) 

Calculate fold change for DCF and SRB 

DCF foldchange (
𝐷𝐶𝐹

Average (Untreated cell control DCF
) 

SRB foldchange = (
𝑆𝑅𝐵

Average (Untreated cell control SRB
) 

Calculate the ratio of DCF to SRB  

DCF: SRB = (
𝐷𝐶𝐹 𝑓𝑜𝑙𝑑𝑐ℎ𝑎𝑛𝑔𝑒

𝑆𝑅𝐵 𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒
) 

2.2.1.2.7 Thioflavin T (ThT) assay (Beriault and Werstuck, 2013, Cuanalo-Contreras 

et al., 2022) 

Principle: When misfolded proteins bind to ThT, a benzothiazole dye displays an 

increase in green fluorescence. The amount of misfolded/unfolded protein aggregates 

and the level of UPR activation are directly proportional to the detected rise in ThT 

fluorescence. 

2.2.1.2.7.1 Determination of misfolded protein aggregates in cells  

Procedure: Misfolded protein aggregates were detected using Thioflavin fluorescence. 

In two independent experiments, cells were seeded, incubated overnight and treated 

with various PA concentrations for 24 hrs. One group received a positive control of 4-

phenyl butyric acid, an ER stress inhibitor (2 mM PBA) or tunicamycin (3µg/mL TM), 

six hours before signal detection. A fixation of 4% paraformaldehyde in cells was 

conducted following treatment, followed by permeabilization with 0.1% Triton X and 

staining with Thioflavin (5 μM) for 40 min. ThT fluorescence microscopic pictures 

were acquired at 485 nm excitation and 535 nm emission. The values were normalised 

sulforhodamine B assay. The data underwent analysis, and the relative fluorescent 

intensity was determined using the following calculation method. 

Calculate ThT corrected and SRB corrected: 

ThT corrected = ThT - average (untreated cell control ThT) 

SRB corrected = SRB - average (untreated cell control SRB) 

Calculate fold change for ThT and SRB 

ThT foldchange = (
ThT

Average (Untreated cell control ThT
) 

SRB foldchange = (
𝑆𝑅𝐵

Average (Untreated cell control SRB
) 

Calculate the ration of ThT to SRB  
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ThT: SRB = (
ThT 𝑓𝑜𝑙𝑑𝑐ℎ𝑎𝑛𝑔𝑒

𝑆𝑅𝐵 𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒
) 

 

2.2.1.2.7.2 Determination of misfolded protein aggregates in tissues  

Procedure: Tissue samples are homogenized in PBS and centrifuged at 20,000 × g for 

1 hour at 4°C to isolate insoluble protein fractions. The supernatant is discarded, and 

the insoluble pellet is carefully resuspended in a detergent buffer containing 20 mM 

TRIS–HCl, 100 mM NaCl, 0.1% SDS, 1% sodium deoxycholate, 1% Igepal, and 1X 

protease inhibitor cocktail. After centrifugation to remove debris, the preparation is 

ready for further analysis. Normalize the concentration of insoluble protein across the 

samples. Prepare a stock solution of thioflavin T (Sigma) at a concentration of 5 μM in 

PBS. Measure the fluorescence signal of the buffer and thioflavin T solution to obtain 

background values. Incubate the insoluble protein fractions with the thioflavin T 

solution at 37°C for 30 min to allow binding. Measure the fluorescence of the samples 

using a spectrofluorometer with excitation at 435 nm and emission at 485 nm. Subtract 

the background fluorescence values obtained in the absence of thioflavin T from the 

sample readings. Analyse the relative fluorescence intensity of thioflavin T-bound 

insoluble protein fractions. Background Correction: Subtract the background 

fluorescence (F_background) from the fluorescence intensity of each sample 

(F_sample) to obtain the corrected fluorescence intensity (corrected). 

Fcorrected=Fsample−Fbackground 

Normalization of fluorescent intensity: Normalize the corrected fluorescence intensity 

to the initial protein concentration of each sample. 

Normalized Fluorescence (X)=  
𝐹corrected

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛(
𝑚𝑔

𝑚𝑙
)
 

2.2.1.2.8 Acridine orange assay – acidic vacuoles (Thomé et al., 2016, 

Klimaszewska-Wisniewska et al., 2016, Lu et al., 2019b, Traganos and Darzynkiewicz, 

1994) 

Principle: In an acidic environment, acridine orange (AO) dye emits bright red 

fluorescence, which is used to stain acidic vacuoles. By staining acidic autophagic 

vacuoles, AO enables the visualization of autophagosomes and highlights the fusion of 

autophagosomes and lysosomes in autophagy. 

Procedure: Cultured cells were subjected to a specific concentration of palmitic acid 

for 24 hours, while a positive control was treated with HBSS (Hanks Balanced Salt 
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Solution) at 37°C with 5% CO2. Subsequently, the cells underwent a post-wash, 

followed by the application of 1μg/ml acridine orange for 30 min under identical 

conditions. Upon removal of the dye, PBS was introduced, and the cells were observed 

using an inverted fluorescence microscope. Spectrofluorimetric analysis was 

conducted, utilizing emission filters for green fluorescence (510–530 nm) and red 

fluorescence (650 nm). The obtained values were normalized against cell proliferation 

determined by suforhodamine B, based on three independent experiments. 

OD corrected= OD sample- OD blank 

Normalised Optical density (OD) = OD corrected value/SRB reading 

2.2.1.2.9  Monodansyl cadaverine assay (Notaro et al., 2023) (Kumari, Kamat et al. 

2023) (Biederbick et al., 1995, Niemann et al., 2000). 

Principle: MDC staining in autophagy relies on the auto fluorescent compound's 

accumulation in the acidic environment of mature autophagic vacuoles, facilitated by 

an ion-trapping mechanism with lipid interaction. Enhanced MDC fluorescence, upon 

cell uptake and localisation to autophagic vacuoles, indicates increased autophagic 

activity.  

Procedure: Cells were subjected to treatment with palmitic acid and HBSS (Hank's 

Balanced Salt Solution) as a positive control for 24 hrs at 37°C with 5% CO2. Following 

this treatment, MDC stain (50 µM in PBS) was added for 30 min. After two PBS 

washes, images were captured with an emission and excitation wavelengths of 340-380 

nm and a barrier filter set at 430 nm. To quantify the autophagic phenomenon, cells 

were washed with Hank’s buffer after staining with MDC, and fluorescence was 

measured using spectrofluorimetric analysis (Ex 340 nm and Em 535 nm). 

Fluorescence values were normalized based on cell proliferation using the 

sulforhodamine B (SRB) assay. Three independent experiments were performed for 

each assay condition. 

OD corrected= OD sample- OD blank 

Normalised Optical density (OD) = OD corrected value/SRB reading 

2.2.1.2.10 Hoechst 33342/propidium iodide double fluorescent staining (Li et al., 

2021) 

Principle: Hoechst stain all cell nuclei blue, while propidium iodide selectively stain 

dead cell nuclei red. Together, they enable the distinction between live (blue) and dead 

(red) cells in a population under fluorescence microscopy. 
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Procedure: Cultured cells were exposed to the selected palmitic acid doses for 24 hrs, 

followed by a PBS wash and fixation in 4% paraformaldehyde, maintaining 37°C with 

5% CO2. Then, Hoechst (10 µg/mL) was added in the dark for 15 min at 37°C, followed 

by propidium iodide (10 µg/mL) incubation for further 15 min in the dark. After 

washing and removing excess dye the cells were observed under fluorescence 

microscopy using excitation/emission wavelengths specific for Hoechst (350/461) and 

PI (493/636). 

2.2.2 Animal experiments  

2.2.2.1 Grouping  

Throughout a 4-month, animals were consistently maintained on their respective diets, 

with unrestricted access to food and water. There were four groups of mice selected at 

random, each group carrying 12 animals represented as follows;        

Table 2.3 Experimental group details 

2.2.2.2 Palm oil administration and CT26- pulmonary metastasis induction 

Group 1 taken as the normal control, Group 2 received oral gavage of palm oil as the 

positive control, Group 3 acted as the CT26 metastasis control, and Group 4 received 

both palm oil oral gavage and CT26 metastasis induction. In groups 2 and 4, 200 µL of 

palm oil (Ghezzal et al., 2020) was administered orally on a daily basis, amounting to 

a total of 73.6µg of palmitic acid per day over the course of 4 months. After one 

month of palm oil oral gavage, BALB/c mice in groups 3 and 4 were subjected to 

intravenous injection with 1×105 CT26 tumour cells (in 200 µL PBS via the tail 

vein) to initiate pulmonary metastases (Chang et al., 2004).  

At the end of 4 months, animals fasted overnight, oral glucose tolerance test was 

carried out. The next day, animals were euthanised under CO2 anaesthesia. The 

blood was collected; the lung and intestinal tissues were excised and washed in ice-

cold saline, a portion was cut immediately and preserved in buffered formalin (8%) 

for histological analysis, and the remaining tissues were frozen under -80oC until use. 

Group Diet Type Inoculation 

Group 1 Normal chow None 

Group 2 Normal chow + HPO None 

Group 3 Normal chow CT26 Cells 

Group 4 Normal chow + HPO CT26 Cells 
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Figure 2.1 HPO administration and CT26 cell inoculation in BALB/c mice. 

After 1
st

 month of palm oil administration CT26 cells were inoculated in 4
th 

group 

animals via tail vein for developing pulmonary metastasis.  

2.2.2.3  Analysis of body weight, food, and water intake (Yang et al., 2014)   

Body weight was assessed on a weekly basis for the duration of the four-month study. 

The mice were weighed for every week at the beginning and end at the same ours. The 

average body weight was calculated as follows. 

Average body weight (g) = 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑏𝑜𝑑𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑓𝑜𝑟 16 𝑤𝑒𝑒𝑘𝑠 𝑝𝑒𝑟𝑔𝑟𝑜𝑢𝑝

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑛𝐼𝑚𝑎𝑙𝑠 𝑝𝑒𝑟𝑔𝑟𝑜𝑢𝑝
 

The average food/water intake for each group was calculated weekly by recording it 

twice a week. Average food/water intake each group was calculated weekly by 

recording biweekly. Weekly values for each group were added to calculate cumulative 

consumption. Average food/water intake per group was calculated by dividing total 

intake by study period. 

Average food/water intake per group (G) at Week (W) = 
Food/water intake biweekly

2
 

Cumulative food intake/water for group (G) over the 16-week period: = Sum of 

food/water intake at each week 

Overall average food intake per group (G) across the 16 weeks = 

Cumulative food/water intake

16
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2.2.2.4 Blood, serum, tissue sample collection and storage (Wang et al., 2015a, Sales 

et al., 2019) 

Following sacrifice, blood samples were collected and fractionated: 1 mL was 

transferred to an EDTA-coated haematology tube and gently homogenised. The 

remaining blood, for serum biochemistry, was dispensed into a 2 mL microtube. 0.5 mL 

of supernatant was collected from the serum by centrifugation at 4000 rpm for 20 min. 

Blood and serum were analysed for haematological and biochemical factors (detailed 

in the biochemistry section). After excising and washing the lung and intestinal tissues 

with ice-cold saline, a section was taken and preserved in 8% buffered formalin for 

histological examination. The remaining tissues were stored for biochemical and 

molecular analysis at a temperature of -80oC. 

2.2.2.5 Glucose tolerance test (Rekha et al., 2018) 

The initial fasting glucose levels of the mice were determined using commercially 

available strips after they had fasted overnight (One Touch Select, India). Oral glucose 

concentrations of 1.5 g/kg were supplied to the animals, and blood glucose levels were 

monitored at intervals of 30, 60, 90, and 120 min. The blood glucose level vs time was 

used to generate the graph, and the area under the curve was computed using Microsoft 

Office Excel 2010. 

2.2.2.6 Analysis of lung and intestine histopathology (Elbakary et al., 2018, Clarke 

et al., 2000) 

The lung and intestinal tissue samples were fixed in 8% buffered formalin after a PBS 

wash. The fixed tissue was dehydrated using an ascending series of alcohol solutions 

(10-100 per cent). The clearing was done in xylene and impregnated with molten wax. 

Serial sections of blocks, each with a thickness of 5 μM, were obtained utilising an 

automated microtome. In order to rehydrate the serial sections, decreasing grades of 

alcohol were applied to fresh glass slides containing the sections. The tissue sections 

were stained with Haematoxylin-Eosin (H & E). After re-hydrating, DPX mountant was 

added. A pathologist affiliated with the Amala Institute of Medical Science assisted in 

the pathologic examination of the dried slides, which were observed using a Magnus 

INVI microscope. 

2.2.2.7. Collagen specific studies (Pick et al., 1989, Cheng et al., 2014) 

Collagens in lung sections were locally analysed using picrosirius red staining. Tissue 

sections were stained with Sirius red at a thickness of 3 µm in order to distinguish 
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collagen fibres using a phase contrast microscope. To prepare the staining solution, 

Sirius red was dissolved in a saturated solution of picric acid (0.1%). Collagen deposits 

were yellow to orange when observed under a microscope. 

2.2.3 Biochemistry  

2.2.3.1. Preparation of cell lysates (Tangjitjaroenkun et al., 2012, Duranti et al., 2021)  

After decanting the medium, 2×106 cells/ml were washed in 3-5 mL of PBS. Later a brief 

trypsinisation, the cells were harvested. After five minutes of centrifugation at 200 g, the 

cell suspensions were rinsed twice with 5 mL of PBS. Discarded the supernatant and 

resuspended the cell pellet in 1 ml PBS, iced at 4°C. Cells were lysed using four to five 

freeze-thaw cycles. Lipid peroxidation analysis was performed on 200 µl of the cell-

pelleted lysate. The supernatants obtained from centrifuging 800 µl of cell lysate at 

10,000 g for 15 min at 4°C were examined for antioxidant activity. 

 2.2.3.2. Preparation of tissue homogenate (Kaushik and Kaur, 2003) 

A 10 per cent (w/v) 5 ml separate tissue homogenate of the lung, intestine, and colon were 

prepared immediately with ice-cold 50 mM Tris-HCl (pH 7.3). The homogenate was 

divided into two: 1 ml for lipid peroxidation analysis and 4 ml centrifuged at 1000 g for 

10 min at 4°C. In order to get the post-mitochondrial supernatant, the acquired 

supernatant was subjected to an additional 20 min of centrifugation at 4oC at 12,000 Η g. 

Biochemical analyses were conducted on the collected homogenate and supernatant. 

2.2.3.3. Biochemical assays for total protein and oxidative stress parameters  

Several biochemical analyses were conducted on tissue homogenate and cell lysate, 

including determination of total protein, analysis of enzymatic antioxidants, like  catalase 

(Beers and Sizer, 1952), superoxide dismutase (McCord and Fridovich, 1969), 

glutathione s transferase (Habig et al., 1974) glutathione reductase (Racker, 1955), 

glutathione peroxidase (Thompson et al., 1976, Hafeman et al., 1974) and non-enzymatic 

antioxidant reduced glutathione (Moron et al., 1979). A detection  of MDA concentration 

(Ohkawa et al., 1979) was also conducted for lipid peroxidation analysis. Lowry (Lowry 

et al., 1951), BCA (Smith et al., 1985) , and Biuret methods (Kingsley et al., 1972) were 

used to determine the total protein in lysates and homogenates. 

2.2.3.3.1. Total protein measurement by lowry method (Lowry et al., 1951) 

Principle: Copper sulphate and –CO-NH- bond in a polypeptide chain reacts to form a 

blue coloured complex in alkaline medium. Tyrosine and tryptophan residues in proteins 



 

51 

 

reduce phosphomolybdate and phosphotungstate in Folin-Ciocalteau assays, improving 

detection sensitivity.  

Procedure. Initially, 2% sodium carbonate was dissolved in 0.1 N sodium hydroxide to 

prepare reagent A, while 0.5% copper sulfate (CuSO4.5H2O) was dissolved in 1% 

potassium sodium tartrate to prepare reagent B. The final reagent 1 was obtained by 

combining reagent A and reagent B in a precise ratio of 50:1. For reagent 2, Folin-

Ciocalteau was diluted 1:1 in water. Next, 200 µl samples were added to the test tube, 

followed by 1 ml reagent 1. Solutions were incubated at 37oC in the dark for 10 min after 

vigorous vertexing. Then incubated the solutions by adding 100 µl of reagent 2 at 37oC 

for 30 min in the dark. With a UV-visible spectrophotometer at 660 nm, the absorbance 

was determined. 

BSA (1 mg/ml) standard, serially diluted to determine absorbances at 0, 10, 20, 30, 40 

and 50 µg/ml. The absorbance at 660 nm was then plotted along the Y-axis and the protein 

concentration was used to figure the standard curve. The standard curve was created using 

graph software (excel) and calculates the protein concentration in the given sample as 

following method. 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑢𝑟𝑣𝑒 ∶  𝑦 = 𝑎𝑥 + 𝑏 

                                  𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(𝑚𝑔/𝑚𝑙) = [∆𝐴660) −  𝑏] ÷ [𝑎 × 𝑓] 

ΔA660 is the standard's optical density, calculated by subtracting the blank's OD from 

the sample's OD. In this context, y is the standard's optical density, x is its concentration, 

and the standard curve is defined by slope (a) and intercept (b). The dilution factor (f) 

adjusts concentrations for sample dilutions. 

2.2.3.3.2. Total protein measurement by BCA method (Smith et al., 1985)     

Principle: In an alkaline medium, Cu2+ can be reduced to Cu+ by proteins. Cu+ can form 

a water-soluble purple complex with a maximum absorption peak at 560 nm when 

combined with BCA reagent. Protein concentration is directly proportional to the 

absorbance value.  

Procedure:  BCA working reagent constitute reagent A and reagent B in 50:1 ratio. To a 

98-well plate, 200 µl of BCA Working reagent were added (8:1) for 25 µl of sample and 

incubated for 30 min at 37°C in the dark. Following a 10 min equilibration at room 

temperature, optical density at 562 nm was measured using UV-vis spectrophotometry. 

BSA standard at 1 mg/ml was serially diluted to 0, 0.2, 0.4, 0.6, 0.8, 1.0 mg/ml and a 

duplicate reaction was carried out for each gradient. In order to plot a standard curve, 
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the various concentration of proteins in the serially diluted standard solutions was 

plotted on the X-axis, and the absorbance at 562 nm was plotted on the Y-axis, using 

graph software (excel). The formula for finding standard curve and protein 

concentration as follows; 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑢𝑟𝑣𝑒 ∶  𝑦 = 𝑎𝑥 + 𝑏 

                                  𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(𝑚𝑔/𝑚𝑙) = [∆𝐴562) −  𝑏] ÷ [𝑎 × 𝑓] 

ΔA562, the absolute optical density of the standard, is obtained by subtracting its OD 

from the blank sample's OD. Here, y represents the standard's absolute OD, x is its 

concentration, and the standard curve is defined by slope (a) and intercept (b). The 

dilution factor (f) adjusts concentrations for sample dilutions. 

Note: (Reagent A contains 1% BCA-Na2, 2% Na2CO3·H2O, 0.16% Na2 

tartrate, 0.4% NaOH, and 0.95% NaHCO3.Reagent B is 4% w/v CuSO4·5H2) 

2.2.3.3.3. Determination of total protein by biuret method (Kingsley et al., 1972)      

Principle: In alkaline solutions, proteins and copper ions react to form a blue-violet 

complex. In alkaline solutions, proteins form a blue-violet complex with copper ions. The 

amount of total proteins present in the sample is reflected by the intensity of the formed 

colour. 

Procedure: Test and standard reaction system was prepared by adding 1 mL of Biuret 

reagent, to10 μL of sample (serum or tissue sample) and 10 μL of protein standard (6 

g/dL), respectively. It was thoroughly mixed and incubated at 37⁰C for 5 min. The 

optical density was measured within 60 min at 555 nm. The quantity of protein in the 

sample was measured as follows: 

                   Total protein (g/dl) =(
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑒𝑠𝑡

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡𝑒 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 
) (𝐶𝑜𝑛𝑐. 𝑜𝑓𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑) 

2.2.3.3.4 Determination of SOD (superoxide dismutase) activity (McCord and 

Fridovich, 1969) 

Principle: Superoxide radicals were produced through the interaction of photoactivated 

riboflavin and oxygen-reduced nitro blue tetrazolium (NBT). SOD, in turn, inhibited 

the reduction of nitro blue tetrazolium (NBT). 

Procedure: To 2550 µl of 67 mM phosphate buffer (pH 7.8), 100 µl tissue or cell lysate 

sample was introduced. Next, 100 µl of NBT (0.15 mM) and 200 µl of KCN (0.0015%) 

were added. The initial absorbance at 560 nm was measured after adding 50 µl of 

riboflavin (0.12 mM) to the above mixture. Under an incandescent lamp all the test 

tubes were subjected to uniform illumination for 15 min and final absorbance were 
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taken at 560 nm. The phosphate buffer served as the blank solution, while a 3 ml 

mixture containing phosphate buffer, NBT, and KCN was utilized as the control 

solution. 

The percentage inhibition was determined by comparing the absorbance changes 

between the sample and the control. The enzyme activity was measured as 1 unit, which 

corresponds to the concentration of sample used to remove 50% of the superoxide anion 

from the solution and is expressed as U/mg protein. 

Inhibition of SOD (%) = (
𝑂𝐷 𝑣𝑎𝑙𝑢𝑒𝑜𝑓  𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑂𝐷 𝑣𝑎𝑙𝑢𝑒  𝑜𝑓 𝑡ℎ𝑒 𝑆𝑎𝑚𝑝𝑙𝑒

𝑂𝐷 𝑣𝑎𝑙𝑢𝑒  𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
) × 100 

SOD activity (U/mg Protein) =(
𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛𝑜𝑓𝑆𝑂𝐷(%)

50%
) (

1000

100
) (

𝑓

𝐶𝑃𝑟
) 

2.2.3.3.5 Determination of CAT (catalase) activity (Beers and Sizer, 1952) 

Principle: Detection of catalase activity involves measuring the decrease in H2O2 

concentration that occurs when standard H2O2 solution is added to the analyte sample. 

Procedure: To 2.8 mL of 0.1 M phosphate buffer (pH 7.4), cell lysate or tissue 

homogenate was added. The reaction was initiated by adding 0.3% H2O2 solution. A 

decline in absorbance at 240 nm was observed at 30 sec intervals over a 3 min period. 

Finally, the molar extinction coefficient of hydrogen peroxide (43.6 mM 1 cm-1) was 

used to calculate catalase activity. Specific activity was quantified as hydrogen peroxide 

consumption per gram of protein per minute at 25°C. 

Specific activity of catalyse = (
(

∆𝐴𝑏

𝑚𝑖𝑛
)1000

(𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛)43.6
) 

Unit activity of catalase = (
(

∆𝐴𝑏

𝑚𝑖𝑛
)[𝑉1]1000

(43.6×1×𝑉2)(𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒)
) 

The change in absorbance (ΔAb) is determined by subtracting the initial optical density 

(OD Initial) from the final optical density (OD Final). The molar extinction coefficient 

for 30 mM H2O2 at 240 nm in a 1 cm quartz cuvette is 43.6 L/(mmol·cm). The reaction 

time is 't' (2 min) with optical path length 1 cm. V1 represents the sample volume in 

definition, and V2 is the sample volume added to the reaction. The dilution factor of 

the sample before the test is calculated as df = V1/V2. The result is expressed in mg/ml 

protein. 

2.2.3.3.6 Estimation of GSH (reduced glutathione) content (Moron et al., 1979) 

Principle: The yellow-coloured complex formed during the interaction between DTNB 

and GSH showed a maximum absorption at 412 nm. 
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Procedure: To 50 μL of 25% TCA (final concentration of 5% or less), 200 μL of tissue 

supernatant was added and kept at 25oC for 5 min. Following, centrifugation for 10 min 

at 3000 g, 100 µl of supernatant was introduced to 900 µl of 0.2 M sodium phosphate 

buffer (pH 8.0). Subsequently, the mixture received the addition of 2.0 mL of DTNB 

(0.6 mM) and underwent a 20-min incubation period, followed by measuring the 

absorbance at 412 nm. The GSH content was represented as nmol/mg protein by 

calculating from the standard curve for reduced glutathione using its slope. 

The working solution (1 mM) was prepared from a stock standard of 10 nM GSH. The 

recommended concentrations were 0.10,20,30,40,50 and 60 µM. The standard curve was 

generated in Microsoft Excel by plotting GSH concentration on the X-axis against 

absorbance at 412 nm on the Y-axis. The protein content in the sample was then calculated 

using the relevant formula. 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑢𝑟𝑣𝑒 ∶  𝑦 = 𝑎𝑥 + 𝑏 

GSH content (concentration/mg protein) =(

(∆𝐴412)−𝑏

𝑎×𝑓

𝐶𝑃𝑟
) 

For the standard, the absolute OD measurement (y) is linked to the concentration 

measurement (x) by using a standard curve with slope (a) and intercept (b). The dilution 

factor is denoted as (f). The calculation of ΔA412 involves determining the difference 

between the optical density of the sample and the blank. CPr represents the concentration 

of the protein. 

2.2.3.3.7 Determination of GST (Habig et al., 1974, Simons and Vander Jagt, 1977) 

Principle: The GST catalyses the binding of reduced glutathione (GSH) to 

dinitrobenzene (CDNB), resulting in an absorption peak of 340 nm. GSH-ST activity 

can be calculated by measuring the increasing rate of absorbance at 340 nm.  

                                                                       GST 

                                                G-SH+CDNB→   G-SDNB conjugate + HCl 

Procedure: The 10 ml reaction cocktail consists of 9.8 ml PBS, 0.1 ml CDNB (100 

nM), 0.1 ml GSH (100 mM). PBS was used as a blank and the reaction cocktail was the 

control. To a 3 ml quartz cuvette 2.95 µl of reaction cocktail was added. Later, 50 µL 

of the sample was introduced into the cuvette, and the rise in absorbance was observed 

at 340 nm over a 5-min duration with 2 min intervals. The activity of GST was 

quantified by taking the molar extinction coefficient of 9.6 x103 L/mol/cm and 

expressed in nanomoles per milligram of protein consumed each minute. 
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                     Enzyme activity (U/mg protein) = (

∆𝐴

ꞓ ×𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔ℎ𝑡ℎ

𝑡
) (

(
𝑉1

𝑉2
)𝑑𝑓

𝐶𝑝𝑟
) OR 

                                 GST activity U/mg protein = (
∆𝐴

9.6×1

2
) (

(
3000

100
)𝑑𝑓

𝐶𝑃𝑟
) 

The change in absorbance (ΔA) is calculated as the subtracting the final absorbance and 

the initial absorbance. The molar extinction coefficient for 100 mM CDNB at 340 nm 

in a 1 cm quartz cuvette. The reaction time is 't' (2 min) and the optical path length is 

1cm. V1 represents the sample volume in the definition (1 ml = 3000 µl), and V2 is the 

sample volume (100 µl). The dilution factor of the sample is 'df'. The sample protein 

concentration is expressed as Cpr (mg protein/ml). 

2.2.3.3.8 Determination of GR (glutathione reductase) activity (Racker, 1955, Mavis 

and Stellwagen, 1968) 

Principle: Quantification of GR activity involves assessing NADPH consumption 

during the conversion of oxidized glutathione (GSSG) to reduced glutathione (GSH). 

The catalysed reaction by GR is represented as follows: 

𝐺𝑆𝑆𝐺+𝑁𝐴𝐷𝑃𝐻+𝐻+→2𝐺𝑆𝐻+𝑁𝐴𝐷𝑃+ 

Procedure: In a 3 ml cuvette, 1.5 ml of phosphate buffer (0.1 M) with EDTA (1 mM), 

100 μl of glutathione oxidized (30 mM), 350 μl of NADPH (0.8 mM), 300 μl of BSA 

(1%), and 2.9 ml of deionized water were added. To initiate the reaction the enzyme 

was added and absorbance reduction at 340 nm was monitored over a 5 min duration 

with 2 min intervals. The calculation of GR activity utilized a molar extinction 

coefficient of 6.22 mm^-1cm^-1, and the results were reported in terms of nanomoles 

of NADPH consumed per minute per milligram of protein. As a blank solution, 

phosphate buffer was used. The control solution mixture contains phosphate buffer 

(0.1M) with EDTA (1 mM), 100 μl of oxidized glutathione or GSSG (30 μl), 350 μl of 

NADPH (0.8 ml), 400 μl of BSA (1%), and 2.9 ml of deionized water, giving a total 

volume of 2.9 ml. 

Enzyme activity (U/mg protein) = (

∆𝐴

ꞓ ×𝑝𝑎𝑡ℎ 𝑙𝑒𝑛𝑔ℎ𝑡ℎ

𝑡
) (

(
𝑉1

𝑉2
)𝑑𝑓

𝐶𝑝𝑟
) OR 

GR activity (U/mg protein) = (
∆𝐴

6.22 ×1

2
) (

(
3000

100
)𝑑𝑓

𝐶𝑃𝑟
) 

The change in absorbance (ΔA) is calculated as the difference between the initial optical 

density (OD initial) and the final optical density (OD final). The molar extinction 

coefficient for 1 mM NADPH at 340 nm in a 1 cm quartz cuvette is 6.22 L/(mmol·cm). 
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The optical path length is 1 cm. The reaction time is 't' (2 min). V1 represents the sample 

volume in definition (1 ml = 3000 µl), and V2 is the sample volume added to the 

reaction (0.100 µl). The dilution factor of the sample before the test is denoted as 'df'. 

The protein concentration in the sample is expressed as Cpr (mg protein/ml). 

2.2.3.3.9 Glutathione peroxidase (GPx) activity assay (Thompson et al., 1976, 

Hafeman et al., 1974) 

Principle: With GSH, GPx catalyses the reduction of hydrogen peroxide (H2O2), and the 

quantification of the remaining GSH is accomplished using DTNB (dithiol-2-

nitrobenzoic acid).                

Reaction: H2O2+2GSH→GSSG+2H2OH2O2+2GSH→GSSG+2H2O 

Procedure: The assay reaction mixture was prepared by adding 100 µM, 0.1 M phosphate 

buffer (pH 7.0),100 µM (5 mM) glutathione (GSH), 100 µM 25 mM sodium azide, 100 

µM tissue homogenate/cell lysate, and 100 µM 1.2 mM hydrogen peroxide. After a 6 min 

incubation at 37°C, 2.0 mL of 1.67% meta-phosphoric acid was introduced, and 

subsequent to a 15 min centrifugation at 2500 rpm, the procedure continued. Following 

supernatant separation, 2 mL of 0.1 M phosphate buffer with 1 mM DTNB was added, 

and the mixture was incubated at 37°C for 10 min. A measurement of the optical density 

at 412 nm was then conducted. A blank sample without tissue was also processed parallel 

to account for background levels. Enzyme activity, expressed as the decrease in log GSH 

by 0.001/min, was calculated by subtracting the non-enzymatic reaction's decrease in log 

GSH per minute. The activity is expressed in U/mg protein. 

GPx activity (U/mg protein) =      
(𝐵𝑙𝑎𝑛𝑘 𝑂𝐷  𝑣𝑎𝑙𝑢𝑒−𝑂𝐷 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒)1000

𝑚𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 ×10
 

2.2.3.3.10 Determination of lipid peroxidation by TBARS (Ohkawa et al., 1979) 

Principle: A pink-coloured complex arises as a result of the reaction between 

malondialdehyde (MDA), a lipid peroxidation by-product, and the thiobarbituric acid 

(TBA) reagent, with an absorption maximum at 532 nm. 

Procedure: A combined volume of 200 μL tissue homogenate was reacted with 600 μL 

distilled water, 200 μL sodium lauryl sulfate (8%), and 1.5 mL each of 20% acetic acid 

(pH 3.5) and Thiobarbituric acid (0.8%). Following incubation at 95°C for 1 hr in a 

boiling water bath, the samples underwent cooling and subsequent centrifugation at 

3000 rpm for 10 min. The clarified supernatant was gathered, and its absorbance at 532 

nm was measured against a reagent blank to calculate the concentration of lipid 

peroxidation products.  
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From a stock standard solution of 238 g/ml, a 10 g/ml working solution was prepared. 

For plotting standard graphs, the recommended concentrations are 0.10,20,30,40,50,60 

µg/ml. The standard curve was generated by plotting MDA concentration on the X-axis 

and absorbance at 562 nm on the Y-axis using software, specifically excel. 

The protein concentration in an unknown sample was calculated using the following 

formula. 

𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑢𝑟𝑣𝑒 ∶  𝑦 = 𝑎𝑥 + 𝑏 

TBARS (µ𝑚𝑜𝑙𝑒𝑠/𝑔 𝑝𝑟𝑜𝑡𝑒𝑖𝑛) = [([∆𝐴562) −  𝑏] ÷ [𝑎 × 𝑓])/CPr 

The absolute OD value of the standard (y) is related to the concentration of the standard 

(x) through the standard curve, characterised by the slope (a) and intercept (b). The 

dilution factor is denoted as (f). ΔA562 is calculated as the difference between the 

sample's OD value and the blank's OD value. Cpr represents the concentration of 

protein in the sample. 

2.2.3.4 Analysis of haematological parameters  

The blood samples collected underwent haematological analysis the same day 

following the sacrifice. The samples were kept in EDTA-coated vials and proper mixing 

was ensured by shaking. The analysis was performed in fully automated analyser, BC-

20 (Mindray). Analysis included RBC, WBC, Hb, HCT, MCH, MCHC, MCV, LYM, 

PLT, RDW, and haemoglobin level. 

RBC/ WBC count: The analyser measures the electrical resistance as red blood cells 

pass through a sensor zone for examination using impedance-based technology. IT was 

detected by using the equation  

RBC= N ×1012/L: 

WBC= N×109/L; 

(Note: N is the number of red blood cells per litre of blood) 

Absolute count: Multiplying the overall white blood cell count by the proportion of that 

cell type yields the absolute count for each specific kind of white blood cell. 

Absolute count = 𝑇𝑜𝑡𝑎𝑙 𝑊𝐵𝐶 𝑐𝑜𝑢𝑛 𝑡 (
% 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐  𝑐𝑒𝑙𝑙 𝑡𝑦𝑝𝑒

100
) 

Determination of Hb: The colour shift that occurs when haemoglobin reacts with a 

reagent is often measured by spectrophotometry at 525 nm.It was measured as  

Hb = x g/dL (where x is the haemoglobin concentration). 



 

58 

 

Haematocrit (HCT) %: The volume of red blood cells can be determined by the 

automated analysers as a proportion of the overall volume of blood and it represented 

as 

HCT=x% 

MCH (Mean corpuscular haemoglobin): MCH is derived by dividing the quantity of 

red blood cells by the total haemoglobin and expressed in pg. 

             MCH = Hb/RBC (where Hb is haemoglobin and RBC is red blood cell count) 

Mean corpuscular haemoglobin concentration (MCHC): It is the mean haemoglobin 

concentration in red blood cells and was computed using the formula provided. 

MCHC = (
𝐻𝑏

𝐻𝐶𝑇%
) 100 

MCV (Mean corpuscular volume): It is the mean volume or size of a single red blood 

cell expressed in femtoliters (fL). 

MCV=(
𝐻𝐶𝑇

𝑅𝐵𝐶
) 10 

2.2.3.5 Analysis of serum biochemistry  

The serum biochemistry test evaluated crucial metabolic and organ function 

parameters, encompassing glucose (mg/dL) for blood sugar levels, urea (mg/dL) for 

kidney function, total protein (g/L) indicating overall protein status, cholesterol 

(mg/dL) as a key cardiovascular marker, triglycerides (mg/dL) for lipid metabolism, 

and enzyme activities such as aspartate aminotransferase (AST), alanine 

aminotransferase (ALT), and alkaline phosphatase (ALP) in IU/L, reflecting liver and 

bone health. Additionally, ureic nitrogen (mg/dL), creatine kinase (CK) in IU/L, lactate 

dehydrogenase (LDH) in IU/L, creatinine (mg/dL), and bilirubin (mg/dL) were 

analysed to provide insights into kidney function, muscle health, tissue damage, and 

liver-bile duct health, respectively. 

2.2.3.5.1 Estimation of serum lipid profile 

2.2.3.5.1.1 Detection of serum total cholesterol  

Principle: Cholesterase (CHE) hydrolyses cholesterol esters in the bloodstream, 

releasing free cholesterol and fatty acids. In the presence of cholesterol oxidase, free 

cholesterol is oxidised, yielding hydrogen peroxide and cholest-4-en-3-one (H2O2). A 

red chromophore is produced when hydrogen peroxide reacts with 4-amino antipyrine 

(4-AP) and phenol in the presence of peroxidase (POD). This colorimetric 

transformation means cholesterol metabolism enzyme activities can be measured. 

Reactions: 
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1. Cholesterol ester + H2O → free cholesterol + fatty acid 

2. Cholesterol + O2 → cholest-4-en-3-one + H2O2 

3. H2O2 + phenol + 4AP → quinonimine + 4H2O 

Procedure: In a 90 mmol/L PIPES buffer (pH 6.9), unhemolysed serum was combined 

with a 1 mL reaction mixture containing phenol (26 mmol/L), cholesterol esterase 

(1000 U/L), cholesterol oxidase (300 U/L), and 4-aminophenazone (0.4 mmol/L). After 

thorough mixing, incubation was performed at 37°C for 5 min, followed by a reagent 

blank measurement at 505 nm. 

Cholesterol concentration (mg/dl) =(
𝑆𝑎𝑚𝑝𝑙𝑒 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒

𝐵𝑙𝑎𝑛𝑘 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒
)Concentration standard 

2.2.3.5.1.2 Analysis of serum triglycerides  

Principle: When incubated with lipoprotein lipase (LPL), Triglycerides in the sample 

undergo hydrolysis to liberate glycerol and free fatty acids. Glycerol kinase and ATP 

are responsible for converting glycerol into glycerol-3-phosphate (G3P) and adenosine-

5-diphosphate (ADP). Glycerol phosphate dehydrogenase (GPO) catalyses the further 

conversion of glycerol-3-phosphate (G3P) to dihydroxyacetone phosphate (DAP) and 

hydrogen peroxide (H2O2). A red dye is produced when the hydrogen peroxide 

combines with 4-aminophenazone (4-AP) and p-chlorophenol in the presence of 

peroxidase (POD). 

Reactions: 

1. Triglycerides + H2O → glycerol + fatty acid 

2. Glycerol + ATP → glycerol 3 phosphate + ADP 

3. G3P + O2 → DAP + H2O2 

4. H2O2 + p-chlorophenol + 4AP → quinone + H2O 

Procedure: One millilitre of a reagent comprising lipoprotein lipase (150,000 U/L), p-

chlorophenol (2 mmol/L), glycerol kinase (500 U/L), glycerol 3-oxidase (3500 U/L), 

ATP (0.1 mmol/L), and 4-aminophenazone (0.1 mmol/L) was mixed with a 10 µl 

aliquot of un-hemolyzed blood sample. The solution was mixed exhaustively, incubated 

at 37°C for 5 min and subsequently analysed at 505 nm against a reagent blank. 

Triglycerides (mg/dl) =(
𝑆𝑎𝑚𝑝𝑙𝑒 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒

𝐵𝑙𝑎𝑛𝑘 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒
)Concentration standard 

2.2.3.5.1.3 Detection of serum HDL (high-density lipoprotein) 

Principle: A detergent that solubilises HDL, particularly, is utilized to isolate HDL-c. 

Colour production results from the interaction between HDL-c and cholesterol esterase, 

cholesterol oxidase, and chromogens. The reaction of non-HDL lipoproteins, including 
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chylomicrons, VLDL, and LDL, is impeded due to detergent absorption into their 

surfaces. 

Procedure: From a serum sample, 10 μL was added to 450 μL of reagent 1 containing 

DSB mT (1 mM) and cholesterol oxidase (1000 U/L) in GOOD buffer (pH 7). The 

mixture was incubated for 5 min at 37°C. Subsequently, 150 μL of reagent 2, consisting 

of cholesterol esterase (1500 U/L), detergent (2%), ascorbic oxidase (3000 U/L), 

peroxidase (1300 U/L), and 4-aminoantipyrine (1 mM) in GOOD buffer (pH 7), was 

added. After thorough mixing, the solution was incubated at 37°C for 5 min and then 

measured against a reagent blank at 650 nm. 

HDL Cholesterol (mg/dl) = (
𝑆𝑎𝑚𝑝𝑙𝑒 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒

𝐵𝑙𝑎𝑛𝑘 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒
)Concentration standard 

2.2.3.5.1.4 Detection of serum LDL (low-density lipoprotein) 

The Friedewald formula is a widely used equation for estimating low-density 

lipoprotein cholesterol (LDL-C) levels in the blood. It was introduced in 1972 by 

William T. Friedewald, Robert I. Levy, and Donald S. Fredrickson. The formula is as 

follows: 

LDL cholesterol = (𝑇𝑜𝑡𝑎𝑙 𝑐ℎ𝑜𝑙𝑒𝑠𝑡𝑒𝑟𝑜𝑙 − 𝐻𝐷𝐿 𝐶ℎ𝑜𝑙𝑒𝑠𝑡𝑒𝑟𝑜𝑙 − (
𝑇𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒𝑠

5
) ) 

2.2.3.5.2 Analysis of liver function markers  

2.2.3.5.2.1 Aspartate Transaminase (AST) Activity (Reitman and Frankel, 1957) 

Principle: AST facilitates the conversion between L-aspartate and α-ketoglutarate, 

producing oxaloacetate and L-glutamate. The resulting oxaloacetate reacts with 2,4-

dinitrophenylhydrazine (2,4-DNPH) colour reagent, forming a brown-coloured 

complex. 

Procedure: Four reaction systems were maintained, including blank, standard, test, and 

control. In each test tube, 250 μL of buffered aspartate-α-ketoglutarate substrate (pH 

7.4) was added. The tubes were then incubated at 37ºC for 60 min. Subsequently, 250 

μL of 2,4-DNPH colour reagent was added, followed by the addition of 2.5 mL of 

NaOH solution (0.4 N). The absorbance was measured at 505 nm. 

AST enzyme activity (IU/L)  

= 

(
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑒𝑠𝑡−𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑎𝑛𝑑𝑟𝑒𝑑−𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝐵𝑙𝑎𝑛𝑘
) (𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑎𝑛𝑑𝑟𝑒𝑑) 
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2.2.3.5.2.2 Alanine transaminase (ALT) activity (Reitman and Frankel, 1957) 

Principle: ALT facilitates the synthesis of pyruvate and L-glutamate through the 

transamination of L-alanine and α-ketoglutarate. Pyruvate reacts with 2,4-

dinitrophenylhydrazine (2,4-DNPH) colour reagent, resulting in the formation of a 

brown-coloured complex. 

Procedure: Four reaction systems were maintained, comprising blank, standard, test, 

and control. In each test tube, 250 μL of buffered alanine-α-ketoglutarate substrate (pH 

7.4) was added. The tubes were then incubated at 37ºC for 30 min. Subsequently, 250 

μL of 2,4-DNPH colour reagent was added, followed by the addition of 2.5 mL of 

NaOH solution (0.4 N). Absorbance was measured at 505 nm. 

ALT enzyme activity (IU/L) = 

(
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑒𝑠𝑡 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑎𝑛𝑑𝑟𝑒𝑑 − 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝐵𝑙𝑎𝑛𝑘
) (𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑎𝑛𝑑𝑟𝑒𝑑) 

2.2.3.5.2.3 Alkaline phosphatase (ALP) activity (Reitman and Frankel, 1957) 

Principle: Within serum, ALP facilitates the conversion of phenyl phosphate into 

inorganic phosphate and phenol under pH 10.0 conditions. The generated phenol 

subsequently reacts with 4-amino antipyrine in the presence of the oxidizing agent 

potassium ferricyanide, resulting in the formation of an orange-red coloured complex. 

Procedure: A working solution for the substrate was prepared. Four reaction systems 

were maintained, including blank, standard, test, and control. To all test tubes, 0.5 mL 

of the working buffered substrate and 1.5 mL of distilled water were added. Incubation 

took place at 37ºC for 3 min. Following this, 50 μL of serum and 50 μL of phenol 

standard were added to the test and standard tubes, respectively. Incubation continued 

for 15 min at 37ºC. Subsequently, 1 mL of chromogen reagent was added, and 

absorbance was measured at 510 nm. 

ALT enzyme activity (IU/L) = (
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑒𝑠𝑡−𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑎𝑛𝑑𝑟𝑒𝑑−𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝐵𝑙𝑎𝑛𝑘
) (10 ×

7.1) 

2.2.3.5.3 ELISA  

2.2.3.5.3.1 Determination of IL-6 

Principle: The process relies on the specific binding of IL-6 to its immobilized antibody 

on the ELISA plate, followed by the quantification of the bound IL-6 utilizing the ABTS 

kit. 
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Procedure: IL-6 level was determined using a PeproTech ELISA kit according to the 

manufacturer's instructions. Capture antibody (1µg/ml) was applied to each well, and the 

plate was incubated overnight at room temperature. After four washes with 300 µl of 

wash buffer, block buffer (1% BSA in PBS) was added for 1 hour at room temperature. 

Following aspiration and four washes, standard or sample (100 µl) was added to each 

well, incubated for 2 hrs, and washed four times. Subsequently, detection antibody (0.25 

µg/ml) was added for 2 hrs, followed by aspiration and four washes. Avidin HRP 

conjugate (100 µl) was added, incubated for 30 min, and the plate was washed four times. 

Finally, ABTS substrate solution (100 µl) was added for colour development, and the 

resulting colour was measured at 405 nm using an ELISA plate reader.  

Concentration of IL6 (Pg/ml) =(
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑎𝑛𝑑𝑟𝑒𝑑 𝑐𝑢𝑟𝑣𝑒
) 

2.2.3.5.3.2 Determination of TNFα  

Principle: The reaction relies on the specific binding of TNFα to its immobilized 

antibody on the ELISA plate, followed by the quantification of the bound TNF-alpha 

using the ABTS kit. 

Procedure: TNFα was assessed using a PeproTech ELISA kit per the manufacturer's 

guidelines. Capture antibody (1 µg/ml) was added (100 µl) to each well on an ELISA 

plate, which was then sealed and left overnight at room temperature. After removing 

the liquid, the plate was washed four times with 300 µl of wash buffer (0.05% Tween 

20 in PBS). Subsequently, 300 µl of block buffer (1% BSA in PBS) was added and 

incubated for 1 hour at room temperature, followed by four washes. 

Each well received 100 µl of standard or hemolysate-free sample, followed by a 2 hr 

incubation at room temperature. After aspirating and washing the plate four times, 100 

µl of detection antibody (0.5 µg/ml) was added to each well and incubated for 2 hrs. 

The liquid was aspirated, and the plate was washed four times. Avidin HRP conjugate 

(100 µl) was added per well, incubated for 30 min at room temperature, aspirated, and 

the plate was washed four times. Finally, 100 µl of ABTS substrate solution was added 

to each well and incubated at room temperature for colour development. The 

absorbance at 405 nm was measured using an ELISA plate reader. 

2.2.4 Molecular biology  

2.2.4.1 Gene expression profiling  

To isolate RNA and synthesize cDNA, glass and plasticware were treated with 

diethylpyrocarbonate (DEPC). RNA isolation (ORIonX total RNA isolation kit, spin 
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column: Cat No: ODP419), cDNA synthesis (Thermo Fisher Scientific, US) and RT-

qPCR (ORIonX 2X RT-PCR Smart Mix with SYBR Green) were performed using the 

kit method 

2.2.4.1.1 RNA isolation  

The RNA was extracted from IEC6, HCT116, and CT26 cells treated with palmitic acid, 

as well as from lung and intestinal tissues obtained from BALB/c mice. The isolated 

RNA was then used for gene expression profiling. The following components are 

included in the RNA extraction kit (ORIonX total RNA isolation kit, spin column: Cat 

No: ODP419). 

Table 2.4 Components for RNA isolation 

 

2.2.4.1.1.1 Homogenization/lysate preparation and phase separation  

2.2.4.1.1.1.1 Tissue homogenization  

Using a power homogeniser, 50 mg of lung tissue was homogenised with 1 ml of buffer 

RZ. The homogenate was incubated at 37°C for five min to completely dissociate the 

nucleoprotein complex. 

2.2.4.1.1.1.2 Cell harvesting and lysate preparation  

Cells were grown and treated as appropriate in a cell culture flask. A total of 10 million 

cells were trypsinized and collected as pellets prior to extraction. The cells were lysed 

directly by pipetting up and down several times in 1ml buffer RZ. The lysate was 

incubated at 370C for 5 min in order to dissociate the nucleoprotein complex completely. 

2.2.4.1.1.2 Phase separation  

To 1 ml of RZ buffer with tissue homogenate/ cell lysate, 200 µl of chloroform was added 

and vortexed for 15 sec as per manufacturer protocol. After a 3 min room temperature 

incubation, centrifugation at 12,000 rpm (13,400 g) and 40°C yielded an interphase 

between the upper aqueous phase and the lower yellow phenol-chloroform layer. 

SI No. Component  Quantity  

1 Buffer RZ 52 ml 

2 Buffer RD 13 ml 

3 Buffer RW 15 ml 

4 RNase free ddH2O 10 ml 

5 RNase free Spin column CR3 50 nos 

6 Collection Tube (2ml) 50 nos 

7 Handbook  1 
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2.2.4.1.1.3 Precipitation  

The aqueous phase was carefully pipetted in a new 1 ml eppendorf tube, and then half 

the volume of 96-100% ethanol was added. The contents were mixed thoroughly. 

Subsequently, the solution was transferred to a spin column within a 2 ml collection tube 

and centrifuged at 12000 rpm (13,400 g) for 30 seconds at 4°C. Finally, the flow-through 

was discarded. 

2.2.4.1.1.4 Washing and separation and storage of RNA  

Added 500 µl RD buffer to CR3, centrifuged at 12,000 rpm (13,400 g) for 30 s at 40°C, 

discarded flow-through. Added 700 µl RW buffer, centrifuged at 12,000 rpm (13,400 Xg) 

for 30 s at 40°C, and discarded flow-through. Added 500 µl RW buffer, closed the lid, 

centrifuged at 12,000 rpm (13,400 Xg) for 30 s at 40°C. Returned RNAase-free CR3 to 

the collection tube and centrifuged at 12,000 rpm (13,400 Xg) for 2 min at 40°C to dry 

the spin column membrane. Placed CR3 spin column in a 1.5 ml RNAase-free collection 

tube, added 30 to 100 µl RNAase-free DDW to the spin column membrane. Incubated at 

room temperature (15-25°C) for 2 min, then centrifuged at 12,000 rpm (13,400 g) for 2 

min. Eluted RNA at 40°C and stored purified RNA at -80°C. 

2.2.4.1.1.5 Quantifying and checking the integrity of RNA  

RNA integrity was assessed by gel- electrophoresis and quantified using the 

QuantusTM fluorometer kit method consisting of the following components. 

2.2.4.1.1.5.1 Quantifying RNA  

Table 2.5 Components for RNA quantification  

 

To 200 µl 1X TE buffer, 0.5 µl QuantiFluor® RNA Dye with 1µl of RNA extracted was 

added to a 500 µl PCR tube. A QuantusTM Fluorometer was used to measure RNA 

after vertexing and incubating in the dark for 5 min at room temperature. 

2.2.4.1.1.5.2 Detection of RNA integrity 

 Initially, the electrophoresis setup ensured a leak-free environment, with a carefully 

placed gel comb for subsequent gel preparation. A 1.2% agarose gel in TAE buffer with 

0.5 μg/mL ethidium bromide (1 μL) was made, poured into the tray without trapping 

air bubbles and allowed to solidify. Next, the electrophoretic tank was filled with 1X 

SI No. Component Quantity 

1 20X TE buffer (PH 7.4) 25 ml 

2 QuantiFluor® RNA Dye 1 ml 

3 RNA Standard, (100mg) 1 ml 
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TAE buffer. After removing the comb, 10 samples were added, each with 2μL gel 

loading dye, and electrophoresis was conducted at 60V. Subsequently, the gel 

underwent observation under a UV/Vis gel documentation system. 

Reagents: To prepare TAE buffer, 48.4 g of tris-base was dissolved in 20 ml of 0.5 M 

EDTA, 11.42 mL of glacial acetic acid and added nuclease-free double-distilled water 

to make up to IL. To prepare 1.2% agarose gel 0.9 g of agarose was dissolved in TAE 

buffer. 

2.2.4.1.2 cDNA synthesis  

To synthesise cDNA, 1 µg of RNA was used with the Verso first strand cDNA synthesis 

Kit. The reaction mixture consisted of the following components; 

Table 2.6 Components for cDNA synthesis  

 

In order to synthesize cDNA, a thermal cycler was set at 42°C for 45 min. The enzymes 

were inactivated by cycling at 65°C for one minute and immediately placed on ice 

following inactivation.  

2.2.4.1.3 Real-time quantitative PCR  

Applied Biosystems 7300 qPCR was used to selectively amplify the target genes. 

ORIonX 2X real time PCR smart mix with SYBR Green contains the following 

components. 

 

 

 

 

 

 

SI No. Components Quantity (µl) 

1 5X cDNA synthesis buffer 4 

2 dNTP Mix 2 

3 Anchored oligo dT 1 

4 RT Enhancer 1 

5 Verso Enzyme Mix 1 

6 Template (RNA) 5 

7 Water, nuclease-free 6 

  Total 20 
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Table 2.7 Components for real-time quantitative PCR  

Amplification of the master mix with the above components was performed using an 

Applied Biosystems 7300 qPCR system at the following temperatures. 

Table 2.8 PCR Amplification conditions  

 

Using the Applied Biosystems real-time PCR software package, the Ct values were 

measured to determine the fold change in expression (Livak and Schmittgen, 2001). Both 

β-actin (mouse and rat) and GAPDH (human) were taken as the reference gene. 

Specifically, negative and positive ΔΔCT values separately indicate corresponding down 

and up-regulation respectively (Yuan et al., 2008). Normalisation: ΔCT = CT (Gene of interest) 

- CT (Housekeeping gene). After finding the average of the ΔCT of the control, calculated the 

ΔΔCT relative to the average of the ΔCT of the control as follows:  

ΔΔCT = ΔCT (Gene of interest) – ΔCT (Control average). 

Fold gene expression = 2ʌ-(ΔΔCT) 

 

 

 

 

 

SI No. Component Quantity (µl) 

1 2X Real-time PCR master mix with SYBR green 10 

2 Forward primer 1 

3 Reverse primer 1 

4 Template DNA 1 

5 Nuclease-free water 7 

  Total 20 

Steps Temperature Time 

Step 1 950C 5 min 

Step 2 950C 30 sec 

Step 3 520C-630C 40 sec 

Step 4 Go to step 2 and repeat 39 cycles 

Step 5 720C 30 sec 

Step 6 720C 5 min 

Step7 40C 10 min 
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2.2.4.1.4 Primers  

Table 2.9 Human primer sequences 

Gene Forwarded primer Reverse primer Product size 

PERK 5’ATTGCATCTGCCTGGTTAC3’ 5’GACTCCTTCCTTTGCCTGT3’ 650 

ATF4 5’CCAGCAAAGCACCGCAACA3’ 5’CCATCCACAGCCAGCCATT3’ 215 

NRF2 5’AGACAAACATTCAAGCCGCT3’ 5’CCATCTCTTGTTTGCTGCAG3’ 438 

NQO1 5’AAGGATGGAAGAAACGCCTGGAGA3’ 5’GGCCCACAGAAAGGCCAAATTTCT3’ 156 

HO1 5’ACGCGTTGTAATTAAGCCTCGCAC3’ 5’TTCCGCTGGTCATTAAGGCTGAGT3’ 176 

IRE1 5’TGCGGCAACGCGTCCAGTAA3’ 5’GCAGCGCCGGTTCATCCAGT3’ 110 

XBP1 5’CGCTTGGGGATGGATGCCCTG3’ 5’CCTGCACCTGCTGCGGACT3’ 75(u)/101(s) 

BECLIN1 5’CAA GAT CCT GGA CCG TGT CA3’ 5TGG CAC TTT CTG TGG ACA TCA 191 

LC3B1 5’AAGGCGCTTACAGCTCAATG3’ 5’CTGGGAGGCATAGACCATGT3’ 145 

ATF6 5’CAGGGAGAAGGAACTTGTGA3’ 5’ ACTGACCGAGGAGACGAGA3’ 344 

BIP 5'CACAGTGGTGCCTACCAAGA 3' 5'TGTCTTTTGTCAGGGGTCTTT 3' 107 

CHOP 5’AAGGCACTGAGCGTATCATGT3’ 5’TGAAGATACACTTCCTTCTTGAACA3’ 105 

GAPDH 5’GACATGCCGCCTGGAGAAAC3’ 5'AGCCCAGGATGCCCTTTAGT3' 92 
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Table 2.10 Mouse primer sequences 

Gene Forwarded primer Reverse primer Product Size 

Perk 5’TGCGGCAACGCGTCCAGTAA3’ 5’GCAGCGCCGGTTCATCCAGT3’ 279 

Atf4 5’CCTTCGACCAGTCGGGTTTG3’ 5CTGTCCCGGAAAAGGCATCC3′ 189 

Nrf2 5’CTGAACTCCTGGACGGGACTA3’ 5’CGGTGGGTCTCCGTAAATGG3’ 182 

Nqo1 5’AGGATGGGAGGTACTCGAATC3’ 5'TGCTAGAGATGACTCGGAAGG3' 127 

Ho1 5’GGTGATGGCTTCCTTGTACC3’ 5’AGTGAGGCCCATACCAGAAG3’ 155 

Ire1 5’CTGTGGTCAAGATGGACTGG3’ 5’GAAGCGGGAAGTGAAGTAGC3’ 209 

Xbp1 5’GAACACGCTTGGGAATGGACAC3’ 5’AGAAAGGGAGGCTGGTAAGGAAC3’ 343(u)/317(s) 

Beclin 1 5'ATACTGTTCTGGGGGTTTGCG3' 5'GTCTCTCCTTTTTCCACCTCTTC3' 111 

Lc3b1 5'TTATAGAGCGATACAAGGGGGAG3' 5'CGCCGTCTGATTATCTTGATGAG3' 109 

Atf6 5'GCCGACTGTGGTTCAACTTC3' 5'TCCTCAGCACAGCGATATCC3' 215 

Bip 5'CTGGGTACATTTGATCTGACTGG3' 5'GCATCCTGGTGGCTTTCCAGCCATTC3' 398 

Chop 5’CTGGAAGCCTGGTATGAGGA3’ 5’AGGTGCTTGTGACCTCTGCT3’ 175 

ß-Actin 5’CTGCCTGACGGCCAGGT3’ 5’TGGATGCCACAGGATTCCAT3’ 101 
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Table 2.11 Rat primer sequences 

Gene Forward primer Reverse primer 
Product size 

(kb) 

Perk 5'AAGATGGTACAGTGGACGGC3' 5'CCGTGTTCCTGGTGAAATCT3' 300 

Atf4 5'GCTGCTGTCTTGTTTTGCTCC3' 5'AGGTGTTCCTCGTGGTTCTCG3' 123 

Nrf2 5'GCAACTCCAGAAGGAACAGG3' 5'TCTCTGCCAAAAGCTGCATA3' 197 

Nqo1 5'ACTCGGAGAACTTTCAGTACC3' 5'TTGGAGCAAAGTAGAGTGGT3' 492 

Ho1 5'AGGAGATAGAGCGAAACAAGCAGAAC3' 5'GCTGTGTGGCTGGTGTGTGTAAGG3' 150 

Ire1 5'AAGTTTTGGAAGAGCCAGCA3' 5'TGTTCTTGCCTCCAAGTGTG3' 215 

Xbp1 5'AAACAGAGTAGCAGCACAGACTGC3' 5'TCCTTCTGGGTAGACCTCTGGGAC3' 454(u)/428(s) 

Beclin1 5'AGCACGCCATGTATAGCAAAGA3' 5'GGAAGAGGGAAAGGACAGCAT3' 69 

Lc3b1 5'GGTCCAGTTGTGCCTTTATTGA3' 5'GTGTGTGGGTTGTGTACGTCG3' 153 

Atf6 5'TGCAGGTGTATTACGCTTCGC3' 5'GCAGGTGATCCCTTCGAAATG3' 98 

Bip 5'GCGAGGATTGAATTGAGTCCTTC3' 5'GAGCGGAACAGGTCCATGTTCA3' 97 

Chop 5'CCAGCAGGGTCACAAGCAC3' 5'CGCACTGACCACTCTGTTTC3' 127 

β-actin 5'AAGTCCCTCACCCTCCCAAAAG3' 5'AAGCAATGCTGTCACCTTCCC3' 105 
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2.2.5 Statistical analysis 

The data analysis was performed using Mean ± SEM (standard error of the mean) with 

GraphPad Prism 8.3.8 (San Diego, CA, USA). For three independent in vitro 

experiments, we conducted a one-way ANOVA for multiple comparisons, followed by 

Tukey's post-hoc test. In analysing antioxidant levels, lipid peroxidation, and gene 

expression profiling across HPO and tissue types one-way and a two-way ANOVA 

followed by post hoc Tukey's test was applied (n=6). Statistically significant results 

were denoted by P values of * for < 0.05, ** for < 0.01, and *** for < 0.001 
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3.1 Introduction 

Palmitic acid (PA), holds significant implications in gastrointestinal health. This saturated 

fatty acid is synthesized de novo in the cytoplasm from acetyl-CoA and malonyl-CoA with 

the help of enzymes such as fatty acid synthase (FASN). Then, it undergoes elongation to 

generate other fatty acid species (>C16). In addition, the palmitic acid is obtained through 

the diet, and uptake is carried out via the fatty acid translocase (CD36). Palmitic acid serves 

as a crucial component of cell membranes and plays a significant role in energy production, 

signal transduction, and gene expression regulation. However, excessive intake of palmitic 

acid has been linked to adverse effects, including insulin resistance, inflammation, 

cardiovascular diseases, and cancer. Palmitic acid has gained considerable attention due to 

its potential adverse effects on human health when consumed in excess (Westheim et al., 

2023). However, there remains a substantial gap in understanding the specific effects of 

palmitic acid on gastrointestinal cells, particularly concerning cancer development and 

progression. Investigating these mechanisms could provide valuable insights into potential 

preventive or therapeutic strategies for gastrointestinal cancers. 

Understanding the uptake of palmitic acid in gastrointestinal cells is crucial for 

comprehending its potential toxic effects. Previous reports have emphasized the 

detrimental effects of elevated palmitic acid levels on cellular stress, mitochondrial 

function, and lipid accumulation (Murru et al., 2022). For instance, studies have shown that 

increased palmitic acid exposure can induce endoplasmic reticulum stress (ER stress) and 

impair mitochondrial respiration, leading to cellular dysfunction and apoptosis (Zhang et 

al., 2012a). Moreover, palmitic acid overload has been associated with aberrant lipid 

metabolism, contributing to the progression of gastrointestinal cancers (Zhang et al., 2023). 

Despite these findings, a significant gap exists in understanding the molecular pathways 

underlying palmitic acid-induced toxicity and lipid metabolism dysregulation. In this 

chapter, we aim to investigate the complex association between the uptake of palmitic acid, 

its potential toxic effects, and the resulting lipid accumulation in normal and cancerous 

gastrointestinal cells. We also aimed to understand how palmitic acid uptake affects lipid 

metabolism and cellular behaviours.  

As cancer cells have diverse mutations in various oncogenic/tumour suppressor genes, 

there may be a potential for metabolic rerouting compared to their normal counterparts. 
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Studies have demonstrated that excess palmitic acid uptake impacts both normal and cancer 

cells. However, cancer cells demonstrate an increased intake of free fatty acids and exhibit 

dysregulated lipid metabolism, leading to distinct metabolic pathways contributing to their 

survival mechanism (Young et al., 2022). Also, the cancer cells, for instance, exhibit higher 

levels of neutral lipids and lipid droplets (LD) (Lung et al., 2022). This lipid accumulation 

supports the cancer cell survival by providing additional lipid substrates and energy, which 

are crucial for meeting the metabolic demands of rapidly proliferating cancer cells and 

initiating metastatic processes. Moreover, the storage of excess fatty acids and cholesterol 

in LD helps to mitigate lipo-toxicity and oxidative stress, thereby promoting proliferation, 

invasion, metastasis, and resistance to chemotherapy in various cancer types (Jin et al., 

2023, Petan, 2023b, Raeisi et al., 2022). Apart from sustaining cancer cell survival by 

providing lipid substrates and metabolic resources, it contributes to metastatic spread and 

therapy resistance, facilitated by the interaction between palmitic acid and CD36 (Pascual 

et al., 2017, Jiang et al., 2019). This dysregulation is driven by alterations in key signalling 

pathways, including those involving oncogenes such as PI3K/AKT/mTOR and 

transcription factors like SREBPs are reported (Wagner et al., 2017, Rizzo et al., 2021).  

Based on existing literature and significant advancements, the study hypothesizes that in 

response to palmitic acid overload, cancerous cells will exhibit adaptive metabolic 

rerouting to support cell survival. Additionally, we anticipate comparing resistance to 

palmitic acid cytotoxicity in cancer cells to normal intestinal cells. To test these hypotheses, 

we conducted cell viability assays using normal and gastric cancer cells in response to 

palmitic acid. Colony formation assays were carried out to evaluate proliferation rates, 

while Oil Red O staining was employed to quantify lipid accumulation.  

3.2 Materials and methods  

3.2.1 Preparation of palmitic acid stock solution and treatment 

Palmitic acid stock solution was prepared as described in Chapter 2, Materials and methods, 

Section 2.2.1.1. 5. Briefly, IEC6 (normal rat intestinal cells), HCT116 (human colon cancer 

cells) and CT26 (murine metastatic colon cancer cells) were exposed to different 

concentrations of palmitic acid. The highest vehicle control (ethanol) concentration volume 

did not exceed 0.02%.  
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3.2.2 MTT assay 

To assess cytotoxicity, MTT assay was conducted with IEC6, HCT116, and CT26 cells, 

following the procedure outlined in Chapter 2, Materials and methods section 2.2.1.2.1. 

3.2.3 Trypan blue exclusion analysis  

Trypan blue exclusion cell viability assay was conducted with IEC6, HCT116, and CT26 

cells, following the methodology outlined in Chapter 2, Materials and methods section 

2.2.1.2.4. 

3.2.4 Morphological assessment  

The morphology of palmitic acid-treated normal and colon cancer cells was analysed by 

phase-contrast microscope. 

3.2.5 Neutral lipid accumulation 

Palmitic acid uptake and neutral lipid accumulation in cells were analysed using phase-

contrast microscopy. The quantity of the lipid accumulation was measured in a 

spectrophotometer by staining with Oil Red O as the procedure outlined in Chapter 2, 

Materials and methods, Section 2.2.1.2.3. 

3.2.6 Cell death 

Cell death was determined by propidium iodide and Hoechst (PI/H) double staining, and 

images were captured with a fluorescent microscope, following the procedures outlined in 

Chapter 2, Materials and methods, Section 2.2.1.2.10 

3.2.7 Colony formation assay 

The colony forming ability of palmitic acid-treated cells was evaluated post-treatment. 

Subsequently, the plating efficiency and surviving fractions associated with developed 

colonies were also determined, as the protocols outlined in Chapter 2, Materials and 

methods, Section 2.2.1.2.5. Images were captured using a phase-contrast microscope. 

3.2.8 Statistical analysis 

The data were presented as mean ± standard deviation (SD) from triplicate measurements. 

Statistical analysis was conducted using GraphPad Prism software version 9. Significance 

was determined using one-way ANOVA followed by Tukey's post hoc test. A p-value of 

*<0.05, **<0.01, and ***<0.001 was considered statistically significant. 
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3.3 Results 

3.3.1 Effect of palmitic acid on cell viability  

In MTT assay, the growth of IEC6 normal cells was inhibited to 16 ±1.2%, 31 ±1.9%, 43 

± 3.2%, and 56 ± 3.7% at 100, 200, 300, and 400 µM concentrations, respectively. The IC50 

value was calculated at 342 µM (Fig. 3.1 A). Similarly, in the trypan blue exclusion assay, 

the viability of IEC6 cells found declined to 79.6 ± 6.72%, 68.7 ± 8.4%, 57.8 ± 9.01%, and 

47.2 ± 8.7% at the same concentrations relative to the untreated control or vehicle (Fig. 3.1 

B).  

For HCT116 colon cancer cells, the MTT assay revealed growth inhibition by 19 ± 2.3%, 

34 ± 2.1%, 55 ± 3.3%, and 49 ± 3.1% at 50, 100, 150, and 200 µM concentrations, 

respectively, and the IC50 calculated is 180 µM (Fig. 3.1 C). In the trypan blue exclusion 

assay, the viability of HCT116 cells decreased to 90.94 ± 3.17% at 50 µM, 79.10 ± 4.54% 

at 100 µM, 63.35 ± 4.78% at 150 µM, and 44.91 ± 3.32% at 200 µM (Fig. 3.1 D). 

Similarly, for CT26 murine metastatic colon cancer cells, the MTT assay showed growth 

inhibition by 15 ± 0.9%, 31 ± 1.7%, 49 ± 1.1%, and 60± 2.3% at 50, 100, 150, and 200 µM 

concentrations, respectively, with an IC50 value of 168 µM (Fig. 3.1 E). In the trypan blue 

exclusion assay, CT26 cell viability was reduced to 82.61 ± 2.3% at 50 µM, 66.61 ± 7.1% 

at 100 µM, 57.20 ± 6.67% at 150 µM, and 43.25 ± 5.66% at 200 µM (Fig. 3.1 F). 

Based on these cell viability assays, the sublethal doses of palmitic acid were determined 

to be 100 and 200 µM in IEC6 cells and 50 and 100 µM for HCT116 and CT26 cancer 

cells. Doses exceeding the IC50 values were considered toxic concentrations. 
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3.3.2 Morphological alterations   

The morphology of the cells was assessed after 24 hrs of treatment. IEC6 and HCT116 cells 

exhibited typical epithelial morphology characterized by tight cell-cell contacts in their 

untreated state. When exposed to sub-lethal doses of palmitic acid, the cells were observed 

to be less tightly packed, and the effect became more pronounced as the doses approached 

toxic concentrations. In addition, these cells displayed elongated cell extrusions and 

weakened cell-cell contacts (Fig. 3.2 & 3.3). In contrast, CT26 cells consistently exhibited 

a fibroblast-like morphology characterized by loose intercellular connections under all 

treatment conditions. Upon exposure to high palmitic acid, these cells transitioned to a fully 

rounded phenotype. Remarkably, they could sustain this rounded state for an extended 

period before eventual detachment from the substratum (Fig. 3.4). Notably, when the cells 

are treated with palmitic acid, they exhibited increased extracellular secretion onto the 

substratum. This secretion intensified as the concentration of palmitic acid increased. The 

findings suggest that palmitic acid alters cellular morphology at higher concentrations. This 

morphological change aligns with the cytotoxic effects observed in previous assessments, 

further emphasizing the impact of palmitic acid on the studied cell lines. 

The cells were also stained with Hoechst 33342 and propidium iodide (PI). Normally, the 

cells exhibited Hoechst-positive nuclei characterized by uniform and faint blue 

fluorescence, but the cells emitting red fluorescence indicate the dead cells. However, more 

cells displayed red fluorescence at 300-400 µM concentrations in IEC6 cells and 150-200 

µM in HCT116 and CT26 cells (Fig. 3.5, 3.6 & 3.7). This increase in red fluorescent cells 

was observed in higher doses, suggesting that palmitic acid leads to increased cell death.  
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Figure 3.2 Morphology of IEC6 cells. Microscopic images of control, vehicle-treated, and 

IEC6 cells exposed to 100–400 µM of PA. Scale bar: 100 µm; magnification: 100 X. 
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Figure 3.3 Morphology of HCT116 Cells. Microscopic images depict control, vehicle-treated, 

and HCT116 cells treated with 150–100 µM of PA. Images were captured at 100X 

magnification with a 100 µm scale bar. 
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Figure 3.4 Morphology of CT26 Cells. Control, vehicle-treated, and CT26 cells treated 

with 150–100 µM of PA. Magnification: 100 X; scale bar: 100 µm. 
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Figure 3.5 Microscopic images of IEC6 cells stained with PI and Hoechst in control vehicle 

and PA-treated groups (100, 200, 300 and 400 µm). Images were captured at 400 X 

magnification with a 100 µm scale bar. The white arrow indicates live cells, and the yellow 

arrow indicate dead cells 
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Figure 3.6 Microscopic images of HCT116 cells stained with PI and Hoechst in control 

vehicle and PA-treated groups (50,100,150 and 200 µm). Images were captured at 400X 

magnification with a 200 µm scale bar. The white arrow indicates live cells, and the yellow 

arrow indicates dead cell 
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Figure 3.7 Microscopic images of CT26 cells stained with PI and Hoechst in control 

vehicle and PA-treated groups (50,100,150 and 200 µm). Images were captured at 400X 

magnification with a 100 µm scale bar. The white arrow indicates live cells, and the yellow 

arrow indicate dead cells 
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3.3.3 Uptake of palmitic acid and neutral lipid accumulation  

The lipid droplets were analysed by Oil Red O staining and measuring the absorbance at 

550 nm (Fig. 3.8). In IEC6 cells, the relative absorbance values were 0.125 ± 0.0012, 0.119 

± 0.0011, 0.280 ± 0.00151, 0.360 ± 0.00139, 0.414 ± 0.00122, and 0.178 ± 0.00169 for the 

control, vehicle, and 100, 200, 300, and 400 µM palmitic acid, respectively (Fig. 3. 8A & 

3.9). The size of the lipid droplets increased with palmitic acid concentration. 

In HCT116 cells, the relative absorbance values were 0.098 ± 0.00164, 0.109 ± 0.00157, 

0.182 ± 0.00162, 0.261 ± 0.0029, 0.382 ± 0.0031, and 0.204 ± 0.0020 for the control, 

vehicle, and 50, 100, 150, and 200 µM palmitic acid, respectively (Fig. 3.8 B & 3.10). 

Unlike IEC6 cells, the size of lipid droplets remained relatively constant, while the number 

of lipid droplets increased with palmitic acid concentration. 

Similarly, in CT26 cells, the relative absorbance values were 0.087 ± 0.0017, 0.092 ± 

0.0014, 0.159 ± 0.0036, 0.239 ± 0.0039, 0.337 ± 0.0082, and 0.208 ± 0.0031 for the control, 

vehicle, and 50, 100, 150, and 200 µM palmitic acid, respectively (Fig. 3.8C & 3.11). As 

observed in HCT116 cells, the size of lipid droplets remained relatively constant, while the 

number of lipid droplets increased with increasing palmitic acid concentrations. 
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Figure 3.9 Microscopic images of IEC6 cells stained with Oil Red O showing neutral lipid 

accumulation in the control, vehicle, and PA-treated groups (100, 200, 300 and 400 µM). 

Images were captured at 400X magnification with a 100 µm scale bar. 
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Figure 3.10 Microscopic images of neutral lipid accumulation in HCT116 cells stained 

with Oil Red O. Control, vehicle, and PA-treated groups (50,100,150 and 200 µM) are 

shown at 400× magnification with a 100µm scale bar. 
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Figure 3.11 Neutral lipid accumulation in CT26 cells at 400X magnification, scale bar 100 

µm. Images represent control, vehicle, and PA treated groups (50, 100, 150, and 200 µM). 
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3.3.4 Effect of palmitic acid on colony formation  

The study investigated the impact of palmitic acid on colony formation in cell lines.  In all 

tested cell lines, the study observed a significant reduction in colony formation with 

increasing concentrations of palmitic acid. This effect was pronounced at specific 

concentrations ranging from 300 to 400 µM for IEC6 cells and from 150 to 200 µM for 

HCT116 and CT26 cells. In sublethal doses, the viable colonies of cells were observed (Fig. 

3.12- 3.17). 

The plating efficiency of IEC6 cells decreased at higher concentrations of palmitic acid. 

The values determined were 31.7±1.5, 32.1±2.07, 27.66±2.5, 23.16±1.6, 2.8±0.25, and 0.6 

± 0.051 for control, vehicle, 100, 200, 300, and 400 µM, respectively (Fig. 3.12B). The 

survival fraction was 0.88 ± 0.03, 0.73 ± 0.027, 0.08 ± 0.003, and 0.018 ± 0.002 at the 

respective palmitic acid concentrations (Fig. 3.12C). 

Similarly, HCT116 and CT26 cell lines responded similarly to palmitic acid treatment. The 

plating efficiency in HCT116 cells decreased with increasing palmitic acid concentrations 

(50, 100, 150, and 200 µM), with values of 18.56±0.7 for control, 18.27±0.9 for vehicle, 

15.53±1.81 for 50 µM, 13.85±0.53 for 100 µM, 0.79±0.050 for 150 µM, and 0.12±0.003 

for 200 µM (Fig. 3.14B). Additionally, the survival fraction of HCT116 cells exhibited a 

similar decreasing trend, with values of 0.76±0.017, 0.718±0.22, 0.042±0.01, and 

0.006±0.03 at the corresponding palmitic acid concentrations (Fig. 3.14C). 

The plating efficiency in CT26 cells was as follows: control-16.66 ± 1.19, vehicle-16.56 ± 

0.7, 50 µM-12.23 ± 1.6, 100 µM-11.4 ± 1.15, 200 µM-11.36 ± 1.09, and 400 µM-0.2 ± 

0.030, in comparison to the control and vehicle groups (Fig. 3.16B). Correspondingly, the 

survival fraction of CT26 cells exhibited a similar decreasing trend, with values of 0.779 ± 

0.071, 0.70 ± 0.22, 0.33 ± 0.0062, and 0.008 ± 0.0010 at the respective palmitic acid 

concentrations (Fig. 3.16C). 

This study highlights that palmitic acid treatment exerts a concentration-dependent 

influence on colony formation in IEC6, HCT116, and CT26 cell lines. The sub-lethal doses 

of palmitic acid, specifically 100 and 200 µM in IEC6 cells and 50 and 100 µM in HCT116 

and CT26 cells, demonstrate a degree of tolerance to the toxic effect of palmitic acid 

exposure. These sub-lethal doses enable the cell survival, allowing them to form colonies 

(Fig. 3.13,3.15& 3.17).  
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Figure. 3.12 Effect of PA on colony formation in IEC6 cells. Cells were treated with 

varying PA concentrations (100, 200, 300, 400 µM) or vehicle control for 24 hrs, and colony 

formation was assessed after 14 days. Colonies were fixed in methanol, stained with crystal 

violet, and counted. (A) Representative images of colonies on a 6-well plate. (B) Plating 

efficiency and (C) survival fraction was calculated. Data are mean ± SD (n=3). (*p < 0.05, 

**p < 0.01, ***p < 0.001) compared to the control group. 
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Figure 3.13 Microscopic images of IEC6 colonies in control, vehicle, and palmitic acid-

treated groups at 100X magnification. Scale bar: 100 µm.  
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Figure 3.14 Effect of PA on colony formation in HCT116 cells. Cells were treated with 

PA or vehicle control for 24 hrs, and colonies were assessed after 14 days. (A) 

Representative images, (B) plating efficiency, and (C) survival fraction were calculated. 

Data are mean ± SD (n=3). (*p < 0.05, **p < 0.01, ***p < 0.001). vs. control. 
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Figure 3.15 Microscopic images of HCT116 colonies in control, vehicle, and palmitic acid-

treated groups at 100X magnification. Scale bar: 100 µm. 
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Figure 3.16 Effect of PA on colony formation in CT26 cells. Cells were treated with PA or 

vehicle for 24 hours, and colonies were assessed after 14 days. (A) Representative images 

in 6 well plates (B) plating efficiency, and (C) survival fraction. Data are mean ± SEM 

(n=3). **p < 0.01, ***p < 0.001 vs. control. 
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Figure 3. 17. Representative images of CT26 cell colonies in control, vehicle, and palmitic 

acid-treated groups (50-200 µM) at 100x magnification. Scale bar: 100 µm. 

 

 



 

95 

 

3.4 Discussion 

Palmitic acid influences the cellular responses and metabolic pathways in gastrointestinal 

cells (Gori et al., 2020, Ghezzal et al., 2020, Kunisawa et al., 2014). Several investigations 

suggested the role of lipid metabolism in cancer progression, especially in gastrointestinal 

malignancies (Martin-Perez et al., 2022, Corn et al., 2020, Fu et al., 2021). Excess palmitic 

acid drives metabolic reprogramming and alters the nutrient composition in the tumour 

microenvironment (Maly and Hofmann, 2020, Binker-Cosen et al., 2017b, Kim et al., 

2019). Hence, understanding the uptake of palmitic acid, toxicity, and consequent 

accumulation is crucial for understanding the molecular mechanisms of gastrointestinal 

cancer and discovering innovative therapeutic avenues. Therefore, studying palmitic acid 

uptake, toxicity, and lipid accumulation in normal and cancer gastrointestinal cells reveals 

valuable insights into metabolic responses and potential therapeutic targets in these cell 

lines. 

The present chapter assessed the tolerance of palmitic acid and level of toxicity in normal 

rat intestinal (IEC6) and colon cancer (HCT116 and CT26) cell lines.  The trypan blue and 

MTT assay results indicate a dose-dependent decrease in the viability of cells following the 

treatment of palmitic acid. Compared to the colon cancer cells, HCT116 and CT26, the 

normal intestinal cells have a higher tolerance to palmitic acid. Hence, in each case, the 

doses below the IC50 value can withstand induction of cell death. The IC50 values for 

palmitic acid treatment were determined as 342 µM for IEC6 cells, 180 µM for HCT116 

cells, and 168 µM for CT26 cells. 

The results were consistent with previous findings in normal rat pancreatic beta cells, RIN-

5F, demonstrating an IC50 range between 0.3-0.5 mM against palmitic acid (Alnahdi et al., 

2019b). Previous studies have reported that treating various cancer cells with palmitic acid 

leads to a 50% reduction in viability within the 100 – 800 µM range. The present study 

observed that the concentration range narrowed to 160-175 µM for HCT116 and CT26 

cells. This variability suggests that the specificity of cell response to palmitic acid varies 

among different cancer cell types (Chen et al., 2019a, Aggarwal et al., 2022, Ouyang et al., 

2022, Lu et al., 2019a). 

Upon analysing the treated cells, including both normal (IEC 6) and colon cancer (HCT116 

and CT26) cells, distinct observations were made regarding their morphological changes. 
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At lower concentrations (100 and 200 µM), minimal disparity was determined in IEC6 

cells, whereas pronounced alterations were evident at higher concentrations (300 and 400 

µM), characterized by the loss of spindle-shaped morphology. Similarly, in HCT116 and 

CT26 cells, analogous trends were observed: minimal changes at lower concentrations (50 

and 100 µM) contrasted with notable morphological disruptions at higher concentrations 

(150 and 200 µM), culminating in the loss of cellular morphology. Elevated palmitic acid 

concentrations increased normal and colon cancer cell secretions, indicating a potential 

response to palmitic acid uptake. This phenomenon is consistent with the anticipated 

expulsion of excess palmitic acid, which accumulates due to metabolic constraints, thereby 

necessitating its extracellular elimination. Lipogenic cells, such as adipocytes and non-

adipocytes, release free fatty acids into the tissue microenvironment, as evidenced by 

studies (Figard et al., 1988, Van Harmelen et al., 1999), and tumour cells are also known 

to contribute to this phenomenon as an adaptive response (Spector and Steinberg, 1966, 

Kleinfeld and Okada, 2005). Consistent with previous studies, palmitic acid is implicated 

in inducing extracellular vesicle secretion in epithelial cells. Elevated levels of these 

extracellular vesicles may indicate the activation of apoptotic induction pathways (Cobbs 

et al., 2019). The present findings support previous research, suggesting that at lethal doses 

of palmitic acid, excess secretion correlates with increased cell death compared to non-

lethal doses. 

Palmitic acid, while showing potential in sensitizing breast cancer cells to apoptosis and 

serving as a therapeutic candidate for breast and prostate cancers, is primarily an essential 

saturated fatty acid obtained through the diet and crucial for cellular survival (Zhu et al., 

2021, Wang et al., 2023a, Yu et al., 2023). The paradox of developing a cytotoxic 

compound from a metabolically essential component raises questions about its therapeutic 

application. Regardless, studies examining the consequences of palmitic acid excess and 

its effects on cell signalling mechanisms for pathological transformation become pertinent 

in this context (Park et al., 2014, Ng and Say, 2018, Sergi et al., 2022, Alnahdi et al., 2019a, 

Fatima et al., 2019a). Furthermore, various investigations indicate that tumours exploit 

fatty acids, including palmitic acid, to reprogram cancer cells through histone methylation, 

fostering a neural-like phenotype conducive to tumour innervation and metastasis 

formation (Pascual et al., 2021a, Liu et al., 2022, Altea-Manzano et al., 2023, Zhang et al., 

2022b).  
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It was evident that lipogenic cells tend to accumulate lipids due to their functional 

specificity, whereas non-lipogenic cells exhibit restricted absorption or metabolize lipids 

promptly upon absorption (Zhang et al., 2016, Suganami et al., 2012, van Herpen and 

Schrauwen-Hinderling, 2008, Granlund et al., 2005). Moreover, non-adipogenic cells, such 

as muscle cells and certain types of epithelial cells, do not have the same capacity for lipid 

accumulation, as they may be altered or impaired due to various diseases such as diabetes 

(Fazolini et al., 2015). Consistent with the above findings, our study revealed that both 

normal and colon cancer cells uptake palmitic acid, as confirmed by Oil Red O staining.  

We also found that palmitic acid in excess induced a significant increase in the 

accumulation of neutral lipids and the formation of lipid droplets in IEC6, HCT116, and 

CT26 cells. The uptake of palmitic acid represents a crucial aspect of lipid metabolism, as 

it serves as a precursor for various cellular processes, including energy production and 

membrane synthesis. The observed dose-dependent uptake of palmitic acid from the 

present study hence highlights the regulatory mechanisms governing fatty acid transport in 

gastrointestinal cells. In many studies, it has been evident that fatty acid transport proteins 

(FATPs) and fatty acid translocase (FAT/CD36) play crucial roles in mediating the cellular 

uptake of palmitic acids (Urso and Zhou, 2021, Hua et al., 2015, Zhao et al., 2018). In our 

study, lower concentrations (100 and 200 µM for IEC6 and 50 and 100 µM for HCT116 

and CT26) resulted in significant lipid droplet formation without affecting the survival of 

the cells. However, at higher concentrations, cell death occurs. The dose-dependent nature 

of palmitic acid uptake suggests the existence of saturation kinetics, wherein the 

transporters exhibit maximal rates of transport at higher concentrations of palmitic acid, 

which may lead to lipotoxicity. 

It has been suggested that lipid droplets have protective properties against various types of 

cellular stress, including lipotoxic stress, as they play a central role in lipid metabolism 

(Jarc and Petan, 2019, Listenberger et al., 2003). It has been reported that lipid droplets 

play a crucial role in cancer cells by consolidating lipid acquisition and trafficking 

pathways, thereby ensuring survival, growth, and metastasis through energy production, 

redox balance, membrane synthesis, and modulation of autophagy (Petan, 2023a, Jin et al., 

2023, Koizume and Miyagi, 2016). Moreover, lipid droplets provide metabolic flexibility 

in cancer cells by efficiently converting excess lipids entering the cells into lipid droplets, 

thereby regulating lipid storage and utilization to support various cellular functions and 
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adapt to fluctuating nutrient and energy conditions (Safi et al., 2024, Munir et al., 2019). 

The study demonstrates that the non-lipogenic IEC6 cells uptake palmitic acid, forming 

neutral lipid droplets similar to HCT116 and CT26 cells. Excessive palmitic acid exposure 

prompts neutral lipid formation in IEC6 cells parallel to lipogenic cells. This emphasizes 

the potential for metabolic fluctuations in normal cells, leading to pathological shifts if 

deviations from normal lipid metabolism occur. The findings were consistent with 

numerous studies indicating that IEC6 cells accumulate neutral lipids in response to 

abnormal cytological perturbations associated with lipid metabolism, inflammatory 

responses, and other pathological factors (Moreira et al., 2009). Moreover, it was evident 

that palmitic acid serves as a substrate for de novo lipogenesis, wherein it undergoes 

esterification to form triglycerides and phospholipids within cellular lipid droplets 

(Ramakrishnan et al., 2023). The enhanced lipid accumulation in cancer gastrointestinal 

cells may be attributed to the upregulation of lipogenic enzymes, such as fatty acid synthase 

(FASN) and acetyl-CoA carboxylase (ACC), which are frequently dysregulated in cancer 

to meet the increased demand for membrane biogenesis and energy production (Wang et 

al., 2020, Menendez and Lupu, 2007, Montesdeoca et al., 2020).  

In the present study, palmitic acid induces lipotoxicity in gastrointestinal cells, resulting in 

cell death characterized by red staining in PI-HOE assays. This staining indicates apoptosis 

or necrosis due to lipotoxic effects observed at 300 and 400 µM concentrations in IEC6 

cells and 150 and 200 µM in HCT116 and CT26 cells, respectively. The differential 

susceptibility of normal and cancer gastrointestinal cells to palmitic acid-induced toxicity 

may arise from variations in lipid metabolism and antioxidant defence mechanisms 

(Swinnen et al., 2006). Cancer cells often exhibit heightened lipogenic activity and altered 

antioxidant activity, rendering them more susceptible to lipotoxic insults (George and 

Abrahamse, 2020) (Manoharan et al., 2005, Sharma et al., 2009, Rysman et al., 2010).  

The cellular resilience and the proliferative potential of the cells after the palmitic acid 

treatment were tested via colony formation assay. The results indicate that concentrations 

of 100 and 200 µM of palmitic acid support the formation of healthy colonies in IEC6 cells, 

while concentrations of 50 and 100 µM are conducive to colony formation in HCT116 and 

CT26 cells. The study aligns with previous findings, demonstrating palmitic acid's role in 

promoting cancer cell survival through diverse mechanisms (Binker-Cosen et al., 2017b, 

Maly and Hofmann, 2020, Kim et al., 2019). In our investigation, concentrations of 50 and 
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100 µM palmitic acid in both HCT116 and CT26 cells showed resilience to excessive 

exposure, forming efficient colonies post-treatment. Additionally, normal IEC6 cells 

tolerated concentrations of 100 and 200 µM, implying metabolic adaptability in normal 

cells under extreme conditions. The study suggests that cancer cells effectively mimic 

normal cells to survive despite lacking several functional cell signalling mechanisms due 

to various mutations. Therefore, these concentrations represent the survival threshold 

suitable for further analysis of cell signalling pathways related to cell survival. 

In conclusion, the study revealed the uptake, toxicity, and accumulation of palmitic acid in 

normal and cancer gastrointestinal cells. Targeting fatty acid metabolism, supported by 

developing inhibitors against key lipid biosynthesis enzymes, holds promise for cancer 

therapy. Modulating fatty acid uptake and utilization presents a therapeutic strategy to 

mitigate palmitic acid-induced metabolic flexibility, attenuating cancer progression and 

offering significant implications for understanding metabolic alterations in gastrointestinal 

cancer. 
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4.1 Introduction  

Multiple studies have identified that excess palmitic acid uptake induces oxidative 

stress and subsequent lipotoxicity in the colon (Mansuri et al., 2021, Xu et al., 2020). 

The role of palmitic acid in metabolic diseases like obesity, insulin resistance, and 

cardiovascular diseases has been well-documented. However, its involvement in cancer 

pathogenesis is less extensively documented (Binker-Cosen et al., 2017b, Liu et al., 

2022). Palmitic acid has been known to induce ER stress, a condition of 

misfolded/unfolded protein accumulation in the endoplasmic reticulum, leading to 

UPR, which is crucial in various cellular processes, including apoptosis, inflammation, 

and carcinogenesis (Lin et al., 2019). In addition, oxidative and ER stresses are critical 

cellular processes that significantly impact cell function and survival in normal and 

cancer cells. This chapter investigates how palmitic acid induces oxidative stress and 

the subsequent accumulation of misfolded proteins, leading to ER stress and UPR in 

normal and colon cancer cells. 

Many physiological or pathological perturbations contribute to disruptions in ER 

homeostasis. One such distress is oxidative stress, a condition characterised by the 

excessive production of reactive oxygen species (ROS). These ROS can damage 

cellular components such as lipids, proteins, and DNA, causing significant harm. In 

cells, the endoplasmic reticulum (ER) is particularly sensitive to oxidative stress due to 

its critical role in protein folding and processing. This sensitivity disrupts protein 

folding, post-translational modifications, and calcium homeostasis. Consequently, the 

accumulation of misfolded proteins in the lumen of ER causes stress (ER stress) and 

activates the UPR. The UPR aims to restore ER function by increasing the expression 

of chaperones, attenuating protein translation, and promoting the degradation of 

misfolded or unfolded proteins  (Pham et al., 2023). However, sustained ER stress can 

activate pro-apoptotic signalling pathways, contributing to cell death. Three canonical 

branches of the UPR, mediated by protein kinase RNA-like ER kinase (PERK), 

activating transcription factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE1), 

pathways are reported as the critical mediators of ER stress-induced survival and 

apoptosis. 

Previous studies have demonstrated the involvement of ER stress and the UPR in the 

pathogenesis of various cancers, including colon, hepatic, lung, pancreas, and prostate 
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(Cherubini and Zito, 2022, Luna-Marco et al., 2023, Wang et al., 2023b, Chen et al., 

2023a, Cen et al., 2023). However, the specific mechanisms underlying palmitic acid-

induced ER stress and its consequences in normal and colon cancer remain poorly 

understood. While some studies have investigated the role of ER stress in response to 

lipid overload and obesity-associated inflammation, few have explicitly focused on the 

contribution to the development of colon cancer and progression (Ajoolabady et al., 

2023). Moreover, existing literature predominantly focuses on the UPR pathway in the 

context of ER stress induced by pharmacological agents or environmental toxins, with 

limited research exploring its role in response to dietary factors such as palmitic acid. 

Therefore, there is a significant gap regarding the molecular mechanisms linking 

palmitic acid-induced oxidative stress to the activation of the ER stress and associated 

UPR pathway in normal and cancerous colon cells. 

Evidence indicates that palmitic acid induces various cytological perturbations in 

intestinal tissues and plays a significant role in colon cancer cell progression (Ghezzal 

et al., 2020, Gori et al., 2020, Zhang et al., 2023). Our study aims to investigate the 

palmitic acid-induced oxidative stress and its activation of the ER stress and UPR 

pathway in both normal colon cells and colon cancer cells. We hypothesize that 

exposure to palmitic acid initiates oxidative stress, which induces endoplasmic 

reticulum stress and activates the UPR pathway. Although previous research has 

explored the involvement of ER stress and UPR activation in various cancers, the 

specific impact of palmitic acid-induced ER stress on colon cancer cells remains poorly 

understood. Furthermore, the distinct response of normal colon and colon cancer cells 

to palmitic acid-induced ER stress, primarily through the UPR pathway, requires further 

exploration. This study proposes that colon cancer cells may exhibit an altered response 

to palmitic acid-induced ER stress compared to normal colon cells, potentially 

promoting cancer cell survival. Addressing this issue is crucial for identifying potential 

therapeutic targets and developing strategies to mitigate the influence of dietary factors 

on colon cancer development and progression. By exploring these gaps, the present 

chapter aims to provide deeper insights into the relationship between oxidative stress, 

ER stress, and UPR activation in normal versus colon cancer cells. 
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4.2 Materials and Methods  

4.2.1 Analysis of reactive oxygen species 

DCFH-DA was used to detect and measure the intracellular ROS level in cultured cells. 

Hydrogen peroxide (H2O2) served as a positive control, and N-acetyl cysteine (NAC) 

is used as an inhibitor of ROS production. Images were captured with a fluorescent 

microscope. Detailed procedures are provided in Chapter 2, Section 2.2.1.2.6. 

4.2.2 Analysis of misfolded protein accumulation 

Palmitic acid-induced misfolded protein aggregates (ER stress) in the cells were 

detected by thioflavin (ThT) staining. The fluorescence level was measured post-

staining. Tunicamycin™, an ER stress inducer, was used as a positive control, while 4-

phenyl butyric acid (PBA) served as an ER stress inhibitor. The images were obtained 

using a fluorescence microscope. Detailed experimental protocols and calculations are 

provided in Chapter 2, Section 2.2.1.2.7.1. 

4.2.3 Analysis of oxidative stress and lipid peroxidation 

The activities of antioxidant enzymes such as superoxide dismutase (SOD), catalase 

(CAT), glutathione reductase (GR), glutathione S-transferase (GST), and glutathione 

peroxidase (GPx), and the level of glutathione (GSH) and lipid peroxidation were 

assessed. Detailed protocol is described in Chapter 2, Sections 2.2.3.3. 

4.2.4 Analysis of the acidic vacuoles 

Acidic vesicular organelles (AVOs), indicating early-phase autophagy, were identified 

by acridine orange staining. Following specific treatments, the cells underwent staining 

with 1 µg/mL acridine orange for 30 min at 37°C and measured excitation/emissions in 

green (510–530 nm) and red (650 nm) fluorescence filters by fluorescent spectroscopy. 

The procedures and calculations are explained in detail in Section 2.2.1.2.8 of Chapter 

2. 

4.2.5 Analysis of autophagic flux  

To analyse autophagy, the cells were exposed to palmitic acid and treated with a 

Monodansylcadverine (MDC), which selectively stains acidic vesicular organelles, 

including autophagic vacuoles and auto phagolysosomes. Briefly, the cells were stained 

with 50 µM MDC at 37°C for 15 min, washed with Hanks' buffer, and fluorescence was 
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measured at Ex 340 nm and Em 535 nm. The values were normalised against cell 

proliferation using the sulforhodamine B assay. Each condition underwent three 

independent experiments. The complete procedure is cited in Chapter 2, Section 

2.2.1.2.9. 

4.2.6 RT- qPCR analysis 

Total RNA was isolated from palmitic acid-treated normal and cancer cells. cDNA was 

synthesised using 10 µg of RNA by cDNA synthesis kit. PCR reactions were performed 

in triplicate for each sample using specific primers targeting Bip, Chop, Atf6, Perk, Atf4, 

Nrf2, Nqo-1, and Ho-1 genes. The fold changes of the target genes were normalised to 

β-actin expression, and gene expression levels were determined using the Livak method 

(2^(-ΔΔCt) method). Detailed procedures and corresponding primer sequences are 

provided in Chapter 2, Section 2.2.4 

4.2.7 Statistical analysis  

The results are expressed as mean ± SD from three independent samples. Statistical 

analysis was performed using one-way ANOVA, followed by Tukey’s multiple 

comparison test for comparisons among all groups or Dunnett’s test against a control 

group. Statistical significance was defined as p < 0.05, with significance levels 

indicated as *p < 0.05, **p < 0.01, and ***p < 0.001 

4.3 Results 

4.3.1 Palmitic acid-induced ROS production in normal and colon cancer cells 

Exposure to PA increased ROS production in IEC6, HCT116, and CT26 cells over 24 

hrs, as determined by DCF fluorescence staining. By Nac treatment, ROS generation 

declined, confirming reduced ROS production. In all three cell lines, PA concentrations 

above the IC50 values (IEC6: 342 µM, HCT116: 180 µM, CT26: 168 µM) did not 

significantly reduce ROS level following Nac treatment. This absence of a reduction in 

ROS level was attributed to the cytotoxic effects of PA (Fig. 4.1-4.6). 

The relative fold change of ROS in IEC6 cells was found to be 1.99 ± 0.053, 2.18 ± 

0.094, 2.55 ± 0.0754, and 1.92 ± 0.094 for 100, 200, 300, and 400 µM of PA, 

respectively. When treated with Nac, the ROS levels reduced to 1.49 ± 0.058, 1.64 ± 
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0.144, 2.42 ± 0.136, and 1.71 ± 0.225 for the respective concentrations. The fold change 

for the positive control (H2O2) was 3.57 ± 0.242 for the IEC6 ROS level (Fig 4.2). 

Similarly, the relative fold change in HCT116 and CT26 cells for 50, 100, 150, and 200 

µM concentrations were 1.751 ± 0.1821 and 1.681 ± 0.181, 1.952 ± 0.1704 and 1.971 

± 0.154, 2.621 ± 0.1893 and 2.75 ± 0.1953, and 1.857 ± 0.158 and 1.857 ± 0.148, 

respectively. The Nac treatment caused a reduction in relative fold change for the 

aforementioned concentrations in HCT116 and CT26 cells as follows: 1.42 ± 0.1528 

and 1.37 ± 0.11, 1.65 ± 0.1594 and 1.603 ± 0.144, 2.54 ± 0.2119 and 2.699 ± 0.129, 

and 1.736 ± 0.16 and 1.735 ± 0.152, respectively. The relative fold change for H2O2 

was 2.84 ± 0.248 and 3.319 ± 0.271 in HCT116 and CT26 cells, respectively (Fig 4.4 

& Fig 4.6). 

The fluorescent images illustrate DCF fluorescence in PA-treated IEC6, HCT116, and 

CT26 cells with and without Nac, showing a dose-dependent response compared to the 

control. Nac effectively reduced ROS levels in IEC6 cells treated with 100 and 200 µM 

PA and HCT116 and CT26 cells exposed to 50 and and100 µM concentrations. 

However, at concentrations of 300 and 400 µM in IEC6 cells and 150 and 200 µM in 

HCT116 and CT26 cells, an observable increase in ROS production was noted 

compared to the control, which Nac supplementation less effectively mitigated (Fig. 

4.1, Fig. 4.3, & Fig. 4.5). 
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4.3.2 Effects of palmitic acid on misfolded protein aggregation  

Fluorescence microscopy and spectrofluorimetric analysis revealed increased 

misfolded protein aggregates (ER stress) in PA-treated cells. Tunicamycin™ (positive 

control) elevated misfolded protein levels, while PBA, an ER stress inhibitor, reduced 

PA-induced ER stress. The relative fold change in ThT fluorescence in IEC6 cells, 

indicating misfolded protein aggregate accumulation, was 1.8 ± 192, 2.03 ± 0.211, 2.19 

± 0.23, and 1.68 ± 0.18 for 100, 200, 300, and 400 µM of PA, respectively. The addition 

of PBA reduced these values to 1.57 ± 0.141, 1.71 ± 0.134, 2.12 ± 0.198, and 1.57 ± 

0.141, respectively. For TM treatment, the fold change was 2.9 ± 0.24 relative to the 

control (Fig. 4.8). 

The relative fold change for HCT116 and CT26 cells treated with 50, 100, 150, and 200 

µM PA was determined. For HCT116 cells, the fold change was 1.931 ± 0.186, 2.360 

± 0.213, 2.743 ± 0.239, and 1.712 ± 0.143, respectively. For CT26 cells, the 

corresponding values were 1.627 ± 0.139, 2.113 ± 0.211, 2.307 ± 0.204, and 1.433 ± 

0.091. Additionally, the fold change for TM treatment was 3.170 ± 0.340 in HCT116 

cells and 2.530 ± 0.237 in CT26 cells. In HCT116 cells, PBA reduced the fold change 

to 1.647 ± 0.280, 2.109 ± 0.230, 2.661 ± 0.216, and 1.579 ± 0.102 for 50, 100, 150, and 

200 µM PA, respectively. In CT26 cells, the fold change declined to 1.389 ± 0.121, 

1.780 ± 0.165, 2.250 ± 0.198, and 1.360 ± 0.091 for the same PA concentrations (Fig.10 

&12). 

Fluorescent images show ThT fluorescence in PA-treated IEC6, HCT116, and CT26 

cells, with and without PBA treatment, demonstrating a dose-dependent relationship 

compared to the control. PBA reduced misfolded protein levels in IEC6 cells at 100 and 

200 µM PA and HCT116 and CT26 cells at 50 and 100 µM PA. However, at higher 

concentrations (300 and 400 µM PA in IEC6 cells and 150 and 200 µM in HCT116 and 

CT26 cells), an increase in misfolded protein levels was observed, with PBA being less 

effective in reducing this increase (Fig 4.7,4.9 &4.11). 
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4.3.3 Effect of palmitic acid on antioxidant enzyme activity 

The levels of antioxidant enzymes SOD, CAT, GST, GR, GPX, and GSH varied in PA-

treated IEC6, HCT116, and CT26 cells. SOD and CAT activity increased up to 100-200 

µM in IEC6 cells, then declined at 300-400 µM. A similar trend was observed in 

HCT116 and CT26 cells, with elevations up to 50-100 µM and declines at 150-200 µM 

compared to untreated or vehicle control cells. In contrast, the levels of glutathione-

related antioxidants GST, GR, GPX, and GSH remained stable up to 100-200 µM in 

IEC6 cells and 50-100 µM in HCT116 and CT26 cells. However, once concentrations 

exceeded sub-lethal doses or reached their respective IC50 values, antioxidant levels 

drastically declined in all cell types (Fig. 13, 14 & 15, Table 4.1). 

4.3.4 Effect of palmitic acid on lipid peroxidation 

In all PA-treated cell lines, MDA levels remained stable at sub-lethal doses—100-200 

µM for IEC6 cells and 50-100 µM for HCT116 and CT26 cells - indicating no 

significant lipid peroxidation at these concentrations. However, MDA levels increased 

substantially at 300 µM in IEC6 cells and 150 µM in HCT116 and CT26 cells. At 

concentrations above the IC50, MDA levels declined at 400 µM in IEC6 cells and 200 

µM in HCT116 and CT26 cells due to extreme toxicity at these higher doses (Fig 4.16). 

In untreated and vehicle control IEC6 cells, MDA levels were measured at 22.699 ± 

2.305 and 19.679 ± 2.055 nanomoles/mg protein, respectively. At concentrations of 

100, 200, 300, and 400 µM, MDA levels were found to be 21.809 ± 1.807, 22.749 ± 

2.4, 32.217 ± 2.080, and 15.803 ± 2.301 nanomoles/mg protein, respectively (Fig 4.16 

A). 

For HCT116 cells, the MDA levels in untreated and vehicle control cells were 27.86 ± 

2.28 and 28.51 ± 2.59 nanomoles/mg protein, respectively. After treatment with PA, 

MDA levels remained stable at 31.04 ± 2.87 and 33.57 ± 2.79 nanomoles/mg protein 

for 50 and 100 µM concentrations, respectively. However, MDA levels increased to 

41.39 ± 4.20 nanomoles/mg protein at 150 µM, then decreased to 17.93 ± 2.92 

nanomoles/mg protein at 200 µM (Fig 4.16 B). 

Similar trends were observed in CT26 cells, with the control and vehicle-treated MDA 

levels measured at 38.35 ± 3.10 and 37.82 ± 3.07 nanomoles/mg protein, respectively. 

At 50 and 100 µM concentrations, MDA levels remained stable at 39.99 ± 3.12 and 
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41.29 ± 2.91 nanomoles/mg protein, respectively, similar to the baseline levels. 

However, significant lipid peroxidation occurred at 150 µM and 200 µM 

concentrations, with MDA levels increasing substantially to 49.67 ± 2.03 and 23.17 ± 

1.09 nanomoles/mg protein, respectively (Fig 4.16 C). 
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Table 4.1 The level of antioxidants in IEC6, HCT116 and CT26 cells against palmitic acid 

 
 Sample SOD CAT GST GR GPX GSH 

 

 

IEC 6 

 Control 12.5±1.18 10±1.489 23.39±3.18 11.5±1.23 20.38±1.8 38.1±3.5 

 Vehicle 12.08±1.65 9.85±1.65 23.62±2.929 11.27±1.21 19.62±1.28 38.65±2.8 

 100µM 19.54±1.92 16.02±1.776 23.23±2.76 10.49±0.83 17.56±2.59 36.94±3.5 

 200µM 21.21±2.19 18.44±1.44 22.8±1.89 10.3±0.95 18.46±1.8 33.19±2.7 

 300µM 17.8±1.16 14.32±1.13 16.65±1.99 7.08±0.87 14.31±1.54 27.74±3.4 

 400µM 8.85±1.33 6.25±0.99 14.34±1.02 5.81±0.92 7.66±1.9 19.29±4.39 

HCT116  

 Control 16.13±1.8 12.5±1.25 15.55±2.12 17.9±1.02 23.26±2.34 94.25±11.07 

 Vehicle 17.87±1.93 13.06±1.1 15.01±1.9 17.03±2.5 23.02±2.67 90.05±13.08 

 50µM 26.79±2.43 17.62±1.4 16.24±2.25 17.28±2.7 27.97±2.98 94.25±15.93 

 100µM 28.61±2.9 19.41±1.77 16.27±2.38 18.21±2.19 30.28±2.43 95.24±15.05 

 150µM 22.62±2.54 7.03±2.67 9.24±1.92 10.28±2.28 15.27±2.56 58.74±6.5 

 200µM 7.29±2.18 5.46±2.33 5.23±3.02 6.28±2.92 9.27±3.12 28.49±5.95 

CT26 

  

 Control 15.57±1.63 12.02±1.39 26.37±2.48 23.19±1.28 29.37±3.48 56.974±4.461 

 Vehicle 16.67±2.13 11.92±1.79 26.61±2.39 23.63±2.61 28.6±2.39 57.825±3.85 

 50µM 21.26±1.53 18.59±1.46 25.76±2.29 23.08±2.45 26.75±2.29 55.787±4.8 

 100µM 22.68±2.09 19.84±2.15 24.97±2.48 22.51±2.74 27.97±2.47 53.509±4.15 

 150µM 9.52±1.65 7.24±1.13 20.01±1.4 16.96±1.94 21.91±2.47 42.324±3.98 

 200µM 4.21±1.17 3.98±1.64 9.68±0.88 12.72±1.77 15.68±2.89 11.243±2.43 
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4.3.5 Effects of palmitic acid on the expression of antioxidant genes 

Nrf2 expression was up-regulated in IEC6 cells by 2.67 ± 0.31 and 3.31 ± 0.25-fold with 

100 and 200 µM of PA, respectively, compared to the control. In HCT116 cells, the 

expression increased to 8.36 ± 0.14 and 11.00 ± 0.20-fold with 50 and 100 µM of PA. In 

CT26 cells, the expression was 4.95 ± 0.15 and 5.80 ± 0.10-fold with the same 

concentrations of PA as in HCT116 (Fig 4.17A-C). 

Similarly, the expression of the Nqo1 gene in IEC6 cells was enhanced by 1.82 ± 0.10 and 

2.26 ± 0.09-fold with 100 and 200 µM of PA, respectively. In HCT116 and CT26 cells, 

Nqo1 gene expression increased to 5.92 ± 0.16 and 3.4 ± 0.012-fold at 50 µM, but decreased 

to 5.038 ± 0.075 and 4.17 ± 0.12-fold at 100 µM of PA, compared to the control, 

respectively (Fig 4.17D-E). 

In IEC6 cells, the expression of Ho-1 increased by 1.95 ± 0.05 and 2.53 ± 0.03-fold with 

100 and 200 µM of PA, respectively. In HCT116 cells, the fold change increased to 3.60 ± 

0.05 for 50 µM and 2.87 ± 0.03 for 100 µM of PA. In CT26 cells, the fold change rose to 

3.88 ± 0.16 for 50 µM and then decreased to 5.77 ± 0.35 for 100 µM of PA compared to 

the control (Fig 4.17 F-H). 

4.3.6. Upregulation of ERS markers Bip, chop, and Atf6 

In IEC6 cells, exposure to PA at 100 and 200 µM concentrations led to a respective increase 

in Bip expression by approximately 1.71 ± 0.07 and 2.60 ± 0.05-fold. Similarly, HCT116 

cells showed elevated Bip expression of 2.92 ± 0.15 and 3.65 ± 0.05-fold with 50 and 100 

µM PA concentrations. CT26 cells exhibited similar trends with fold changes of 2.06 ± 0.07 

and 3.09 ± 0.12-fold compared to the control (Fig. 4.18A-C). 

Chop gene expression in IEC6 cells increased by 1.78 ± 0.03 and 2.08 ± 0.08-fold under 

100 and 200 µM of PA, respectively. Similarly, HCT116 and CT26 cells showed increases 

of 2.33 ± 0.08 and 1.99 ± 0.02-fold at 50 µM and 3.12 ± 0.13 and 2.90 ± 0.19-fold at 100 

µM of PA, respectively, compared to the control (Fig 4.18 D-F). 

Furthermore, Atf6 expression in IEC6 cells was up-regulated by approximately 1.57 ± 0.12 

and 1.84 ± 0.07-fold under 100 and 200 µM of PA, respectively. In HCT116 and CT26 

cells, similar increases were observed, with fold changes of 2.34 ± 0.12 and 2.63 ± 0.08 for 

50 µM and 3.01 ± 0.16 and 3.16 ± 0.17 for 100 µM of PA, respectively (Fig 4.18 G-H). 
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4.3.7 Activation of Perk/Atf4 arm of UPR 

In IEC6 cells, Perk expression increased by 2.66 ± 0.14-fold with 100 µM of PA 

and  decreased at 2.10 ± 0.15-fold with 200 µM compared to the control. In HCT116 

cells, Perk expression rose to 3.66 ± 0.16-fold with 50 µM and 4.48 ± 1.17-fold with 

100 µM of PA. Similarly, in CT26 cells, Perk expression levels were 3.11 ± 0.15-

fold with 50 µM and 4.20 ± 0.51-fold with 100 µM of PA (Fig 4.19A-C). 

Additionally, Atf4 gene expression in IEC6 cells increased by approximately 

2.26 ± 0.15-fold with 100 µM and decreased by 1.87 ± 0.13-fold with 200 µM of PA. In 

HCT116 and CT26 cells, Atf4 gene expression rose to 3.39 ± 0.51-fold and 3.15 ± 0.36-

fold with 50 µM, and 4.10 ± 0.40-fold and 4.30 ± 0.45-fold with 100 µM of PA, 

respectively (Fig 4.19 D-F). 
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4.3.8 Palmitic acid-induced acidic vacuoles  

This investigation examined the effect of PA on the formation of acidic vacuoles IEC6 

HCT116 and CT26 cells as a marker of early-phase autophagic responses. Acridine orange 

was employed for spectrofluorimetric analysis and fluorescent microscopy, which allowed 

for detecting the wavelength characteristic of acidic autolysosomes. HBSS treatment 

served as a positive control to confirm starvation-induced autophagic responses across all 

cell lines. 

In IEC6 cells, the normalized fluorescent intensity in response to various concentrations of 

PA exhibited a dose-dependent increase. The recorded intensities were as follows: 1.90 ± 

0.02 for 100 µM, 2.35 ± 0.03 for 200 µM, 3.10 ± 0.03 for 300 µM, 1.23 ± 0.03 for 400 µM 

PA, and 4.20 ± 0.02 for HBSS treatment (Fig. 4.20B).In HCT116 cells, the normalized 

fluorescent intensity across various concentrations of PA was measured as follows: 1.57 ± 

0.02 for 50 µM, 1.93 ± 0.02 for 100 µM, 2.16 ± 0.03 for 150 µM, 1.35 ± 0.02 for 200 µM 

PA concentration, and notably, 3.93 ± 0.03 for HBSS (Fig. 14.21B).In CT26 cells, the 

normalized fluorescent intensities across various concentrations of PA were recorded as 

follows: 1.42 ± 0.01 for 50 µM, 1.72 ± 0.02 for 100 µM, 2.04 ± 0.01 for 150 µM, 1.26 ± 

0.02 for 200 µM PA concentration, and 2.53 ± 0.02 for HBSS (Fig. 14.22B). 

Fluorescent imaging substantiated the dose-dependent trend observed in the 

spectrofluorimetric analysis. In IEC6 cells, acidic vacuoles were distributed consistently up 

to 200 µM, whereas in HCT116 and CT26 cells, the distribution was evident up to 100 µM. 

At higher concentrations, substantial fused autolysosomes became apparent. These findings 

collectively indicate that PA affects the formation of acidic vacuoles in both normal 

intestinal and colon cancer cells in a dose-dependent manner, with higher concentrations 

leading to the formation of larger fused autolysosomes (Fig. 14.20A,14.21A, & 14.22A). 

4.3.9 Effect of palmitic acid on autophagic flux 

PA treatment triggered autophagic flux in both IEC6 and HCT116 and CT26 cells, which 

was confirmed through spectrofluorimetric analysis and fluorescent microscopy using 

Monodansyl-cadaverine as a marker. Treatment with HBSS served as a positive control, 

resulting in starvation-induced elevation of autophagic flux in the cells. This further 

supports the role of PA in modulating autophagy in these cells. 
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The investigation assessed the normalized fluorescent intensity across various 

concentrations of PA in IEC6 cells. The measured intensities were as follows: 1.65 ± 0.019 

for 100 µM, 2.34 ± 0.014 for 200 µM, 2.76 ± 0.013 for 300 µM, 1.76 ± 0.011 for 400 µM, 

and 3.13 ± 0.033 for HBSS treatment (Fig. 4.14 H). These results demonstrate a dose-

dependent increase in fluorescent intensity up to 300 µM PA, followed by a decrease at the 

highest concentration of 400 µM. HBSS treatment shows the highest intensity (Fig.4.23B). 

For HCT116 cells, the normalized fluorescent intensity was measured and recorded as 

follows: 1.57 ± 0.015 for 50 µM, 1.97 ± 0.012 for 100 µM, 2.59 ± 0.010 for 150 µM, 1.64 

± 0.010 for 200 µM PA, and 2.87 ± 0.012 for HBSS treatment (Fig. 4.24B). Similarly, for 

CT26 cells, the normalized fluorescent intensity measurements were as follows: 1.43 ± 

0.014 for 50 µM PA, 1.81 ± 0.012 for 100 µM, 2.26 ± 0.013 for 150 µM, 1.42 ± 0.013 for 

200 µM, and 2.63 ± 0.016 for HBSS treatment (Fig. 4.25B). 

Fluorescent imaging substantiated the dose-dependent trend observed in the 

spectrofluorimetric analysis. Greyscale intensity plot profiles of fluorescent images 

indicate the corresponding green and red fluorescence in IEC6, HCT116, and CT26 cells 

associated with acidic vacuole generation in response to PA treatment (Fig. 4.21, 4.23, & 

4.25). In IEC6 cells, acidic vacuoles were distributed consistently up to 200 µM, whereas 

in HCT116 and CT26 cells, the distribution was evident up to 100 µM. At higher 

concentrations, substantial fused autolysosomes became apparent. These findings 

collectively indicate that PA affects the formation of acidic vacuoles in both normal 

intestinal and colon cancer cells in a dose-dependent manner, with higher concentrations 

leading to the formation of larger fused autolysosomes (Fig. 14.20A,14.21A, & 14.22A). 

4.3.10 Effect of PA on Beclin 1 and Lc3b1 expression 

The study explored the expression of Beclin 1 and Lc3b1 genes, key markers for autophagic 

responses, in IEC6, HCT116, and CT26 cells treated with sublethal doses of PA. IEC6 cells 

were treated with 100 and 200 µM, while HCT116 and CT26 cells were treated with 50 

and 100 µM of PA. The impact of these treatments on the autophagic pathways was 

assessed by measuring the expression levels of Beclin 1 and Lc3b1, which are associated 

with the initiation and progression of autophagy, respectively. 

The expression of Beclin 1 in IEC6 cells showed a dose-dependent up-regulation with 100 

and 200 µM of PA, increasing by 1.84 ± 0.13 and 2.36 ± 0.21423-fold, respectively, 
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compared to the control. In HCT116 cells, Beclin 1 expression rose to 2.077 ± 0.2081 and 

2.853 ± 0.240-fold with 50 and 100 µM of PA, respectively. Similarly, in CT26 cells, the 

expression of Beclin 1 increased by 1.9 ± 0.1932 and 2.8 ± 0.274-fold at the same 

concentrations of PA as observed in HCT116 cells (Fig. 4.26 A, B& C). The expression of 

the Lc3b1 gene in IEC6 cells increased by 1.93 ± 0.135 and 2.9474 ± 0.2053-fold with 100 

and 200 µM of PA, respectively. In HCT116 and CT26 cells, Lc3b1 gene expression rose 

to 2.51 ± 0.227 and 3.436 ± 0.158-fold for 50 µM, and 3.13 ± 0.3743 and 3.74 ± 0.27874-

fold for 100 µM of PA, compared to the control, respectively (Fig. 4.26 D, E& F). 

4.3.11 Influence of palmitic acid on the expression of Ire1 /Xbp1  

The study examined the expression of Ire1 and Xbp1, key UPR (unfolded protein response) 

genes, and their associated endoplasmic reticulum (ER) stress responses in IEC6, HCT116, 

and CT26 cells exposed to sublethal doses of PA. Specifically, IEC6 cells were treated with 

100 and 200 µM, while HCT116 and CT26 cells were treated with 50 and 100 µM of PA. 

The goal was to assess how PA treatment influences the UPR pathway and ER stress 

markers across different cell types. 

The study observed that IRE1 expression in IEC6 cells was significantly up-regulated by 

2.88 ± 0.362-fold and 3.7 ± 0.387-fold when treated with 100 and 200 µM of PA, 

respectively, compared to the control. In HCT116 cells, Ire1 expression increased to 3.967 

± 0.363-fold and 4.693 ± 0.24-fold with 50 and 100 µM of PA, respectively. Similarly, 

CT26 cells showed an increase in Ire1 expression by 3.497 ± 0.361-fold and 4.127 ± 

0.16250-fold with the same concentrations of PA (Fig.4.27A, B&C). 

The expression of the Xbp1 gene in IEC6 cells was significantly enhanced by 1.81 ± 0.139-

fold and 2.332 ± 0.242-fold with 100 and 200 µM of PA, respectively. In HCT116 cells, 

Xbp1 gene expression increased to 2.343 ± 0.351-fold with 50 µM and 3.19 ± 0.344-fold 

with 100 µM of PA. Similarly, in CT26 cells, Xbp1 gene expression rose to 2.897 ± 0.215-

fold with 50 µM and 3.980 ± 0.2-fold with 100 µM of PA compared to the control 

(Fig.4.27D, E&F). 
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4.4 Discussion 

Cancer cells exhibit remarkable adaptability and resilience against stressors such as 

hypoxia, nutrient deprivation, and immune cell infiltration, posing significant challenges in 

their clinical management. A key adaptive mechanism employed by these cells involves 

ER stress and the associated UPR, which enable cells to withstand such stressors. These 

responses are activated in pathological and physiological conditions, with cancer cells 

exploiting these mechanisms to survive under extreme conditions. Understanding these 

adaptive mechanisms is crucial for developing effective therapeutic strategies. This study 

explored the effects of palmitic acid-induced oxidative stress and the subsequent 

accumulation of misfolded proteins in normal and colon cancer cells. Specifically, we 

investigated the role of ER stress and the UPR in mediating cellular responses to these 

conditions. Our results reveal a significant contribution of the UPR signalling pathway in 

enhancing cell survival under palmitic acid-induced stress, as palmitic acid significantly 

contributes to various health impacts. Moreover, palmitic acid promotes β-catenin 

palmitoylation, driving colorectal cancer progression by enhancing β-catenin signalling. 

This insight underscores the importance of targeting palmitic acid-induced ER stress and 

UPR pathways in developing therapeutic strategies for colon cancer. 

Colon cancer cells exhibit substantial flexibility, allowing them to withstand extreme 

conditions, evade apoptosis, and develop treatment resistance. Endoplasmic reticulum 

stress is a primary adaptive response in many cancer cells that is effectively exploited to 

avoid cell death(Wang et al., 2014). Previous findings indicate that both ER stress and the 

UPR are implicated in the development of tumours, including human colon 

adenocarcinoma(Xing et al., 2006, Piton et al., 2016b). Tumours with activated UPR 

exhibit greater resistance to treatment, increased aggressiveness, and a higher tendency to 

relapse (Chipurupalli et al., 2019). Additionally, ER stress is suspected of triggering 

epithelial-to-mesenchymal transition (EMT), a phenomenon implicated in cancer 

pathophysiology(Zhong et al., 2011).  

Palmitic acid, known for its involvement in diverse cellular mechanisms, has garnered 

attention for its role in oxidative stress and ER stress/unfolded protein responses. It can 

induce reactive oxygen species production in normal and cancer cells (Chu et al., 2019b, 

Zeng et al., 2020a). The current investigation demonstrates a dose-dependent induction of 

reactive oxygen species (ROS) by palmitic acid in both normal rat intestinal cells (IEC6) 
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and colon cancer cells (HCT116 and CT26). The study additionally confirmed that in IEC6 

cells, the induction of ROS by palmitic acid was effectively attenuated by N-acetylcysteine 

(NAC) at concentrations ranging from 100 to 200 µM. However, NAC could not alleviate 

the elevated ROS levels induced by palmitic acid concentrations of 300 to 400 µM as it 

approached toxic concentrations. Likewise, In HCT116 and CT26 cells, NAC effectively 

scavenged ROS induced by palmitic acid at concentrations of 50-100 µM but was 

ineffective at reducing ROS production at 150-200 µM due to toxicity. This elevation in 

ROS levels disrupts cellular redox equilibrium, leading to oxidative stress. Furthermore, 

the production of ROS in response to palmitic acid originates from various sources, such 

as mitochondrial dysfunction, NADPH oxidase activation, and excessive accumulation of 

lipid droplets, aligning with previous findings (Ohtsu et al., 2017, Xu et al., 2016, Sato et 

al., 2014). This highlights palmitic acid's ability to induce oxidative stress, a process 

associated with developing numerous diseases, particularly concerning cancer 

pathogenesis and progression (Toyokuni, 2008, Mahalingaiah and Singh, 2014). 

Palmitic acid's influence extends to modulating misfolded protein aggregate formation 

within cells, exacerbating ER stress and initiating the UPR (Park et al., 2014, Pardo et al., 

2015). This accumulation of misfolded proteins is a cellular reaction to proteotoxic stress, 

instigating signalling cascades to regain protein homeostasis. The heightened presence of 

misfolded protein aggregates after palmitic acid exposure highlights its capacity to disrupt 

protein folding mechanisms and ER functionality, consequently fostering cellular 

dysfunction (Lu et al., 2015, Zeng et al., 2020a). The study demonstrated that palmitic acid 

induces the formation of misfolded protein aggregates or ER stress in IEC6, HCT116, and 

CT26 cells in a dose-dependent manner across specified concentrations. Additionally, 

treatment with 4-phenyl butyric acid (4-PBA) in palmitic acid-treated cells reduced ERS at 

100 to 200 µM concentrations. However, this reduction in ERS was not observed at 

concentrations of 300 to 400 µM in IEC6 cells. Similarly, in HCT116 and CT26 cells, a 

decrease in ERS was observed at concentrations of 50 to 100 µM, whereas concentrations 

of 150 to 200 µM did not exhibit the same effect. The study indicated that the inability of 

4-PBA to mitigate stress at higher concentrations may be attributed to cells being unable to 

tolerate the stress, potentially leading to the activation of apoptotic or necrotic pathways 

resulting from ERS stress. Overall, this investigation elucidates the effects of palmitic acid 
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on misfolded protein aggregates, revealing its potential role in disrupting protein 

homeostasis. 

ROS-triggered UPR activates adaptive responses and restores protein-folding homeostasis 

(Santos et al., 2009). The UPR response to oxidative stress involves activating antioxidant 

defence systems, characterized by the upregulation of enzymes designed to neutralize ROS 

and counteract potential cellular damage (Ong and Logue, 2023). Palmitic acid exposure 

influences the activity of antioxidant enzymes, crucial in mitigating oxidative damage and 

maintaining cellular redox balance (Alnahdi et al., 2019b). The observed alterations in 

antioxidant enzyme activity, such as superoxide dismutase, catalase, and glutathione-

related enzymes, suggest a dysregulation of antioxidant defence mechanisms in response 

to palmitic acid-induced oxidative stress. This dysregulation may compromise the cell's 

ability to neutralize ROS, exacerbating oxidative damage and contributing to disease 

progression (Li et al., 2019, Palomino et al., 2022). The present study observed elevated 

superoxide dismutase (SOD) and catalase (CAT) enzyme activity up to sub-lethal doses in 

IEC6 cells (100-200 µM) and HCT116/CT26 cells (50-100 µM). However, enzyme activity 

was found to decline upon exposure to toxic concentrations. It was evident that SOD 

primarily converts superoxide radicals into hydrogen peroxide, while catalase decomposes 

hydrogen peroxide into water and oxygen (Buettner, 2011).  

Furthermore, the study revealed that the glutathione-related antioxidants (GST, GR, GPX, 

and GSH) remain stable in sublethal doses in all cell lines and are found to decline at toxic 

concentrations. GST aids in the detoxification of palmitic acid metabolites, GR maintains 

GSH levels for antioxidant regeneration, GPX directly scavenges ROS using GSH as a 

cofactor, and GSH acts as a primary cellular antioxidant, collectively safeguarding cells 

against oxidative damage caused by palmitic acid-induced ROS (Deponte, 2013). In 

addition, lipid peroxidation, a hallmark of oxidative stress, is exacerbated upon exposure 

to palmitic acid. The unsaturated fatty acid composition of cellular membranes renders 

them susceptible to attack by ROS, leading to lipid peroxidation and subsequent membrane 

damage. Palmitic acid-induced lipid peroxidation compromises membrane integrity and 

amplifies oxidative stress by generating lipid peroxidation by-products, further 

perpetuating cellular damage and dysfunction (Oh et al., 2012, Yan et al., 2017). The 

present study demonstrates that sublethal doses do not lead to a significant elevation in 

MDA levels. However, MDA levels were significantly elevated at toxic concentrations, 
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indicating a heightened oxidative stress response. As mentioned in the previous chapter, 

cells exposed to sublethal doses survived oxidative stress, as evidenced by forming viable 

colonies even after treatment with palmitic acid. Additionally, stress-responsive 

transcription factors like Nrf2 and NF-κB regulate the expression of genes involved in 

antioxidant defence, inflammation, and apoptosis to maintain cellular homeostasis and 

ensure cell viability (Bryan et al., 2013, Choudhury et al., 2015).  

Palmitic acid modulates the expression of antioxidant genes, critical components of the 

cellular defence against oxidative stress (Kuda et al., 2018). The observed alterations in the 

expression of antioxidant genes, such as Nrf2, Ho-1, and Nqo1, reflect the adaptive 

response of cells to palmitic acid-induced oxidative stress. However, the precise 

mechanisms underlying the transcriptional regulation of antioxidant genes by palmitic acid 

warrant further investigation to elucidate their role in cellular adaptation and survival. 

Based on the current findings, it is evident that HCT116 and CT26 cells exhibited higher 

upregulation of Nrf2 compared to IEC6 cells, with HCT116 demonstrating the highest 

expression. Regarding Nqo1 and Ho-1 expression, both IEC6 cells and CT26 showed 

elevated levels. However, in HCT116 cells, expression initially increased and then 

decreased within the range of sublethal doses. 

Studies have shown that activation of the UPR pathway has been linked to cancer cell 

survival (Patel et al., 2021). Palmitic acid's induction of ER stress highlights its role in 

perturbing ER homeostasis and protein folding machinery, which may affect cellular 

function and viability (Zhang et al., 2012b, Pardo et al., 2015). Palmitic acid elicits ER 

stress, as evidenced by the upregulation of ER stress markers, including Bip, CHOP, and 

ATF6 (Xiang et al., 2021). ER stress represents a cellular response to the accumulation of 

misfolded proteins within the ER lumen, triggering the activation of the UPR (Schröder, 

2008b). The study revealed that Bip, Chop, and Atf6 expression was relatively higher in 

HCT116 and CT26 compared to IEC6 cells. It was evident that the chaperone protein Bip, 

induced by UPR, is crucial for the growth and proliferation of cancer cells (Banach et al., 

2019). Additionally, the PERK pathway activation is essential for cancer cells undergoing 

epithelial-mesenchymal transition (EMT), primarily mediated by the Nrf2 cascade(Feng et 

al., 2017). Recent findings suggest that the PERK-NRF2 pathway is activated in colorectal 

cancer (CRC) cells under ER stress(Shi et al., 2019).  
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The study revealed that Perk expression increased to 100 µm and was relatively stable as 

it approached 200 µm in IEC6 cells. Conversely, in HCT116 and CT26 cells, a consistent 

increasing trend in Perk gene expression was observed. A similar pattern was noted in the 

Atf4 mechanism across the cell lines. These findings suggest a feedback mechanism 

regulating Perk activity in normal cells. However, unresolved ER stress triggers persistent 

Perk activation in cancer cells such as HCT116 and CT26. The study also found that 

expression of Atf4, a canonical downstream factor of the Perk kinase, is up-regulated in 

CRC cells that hold heightened survival possibility in palmitic acid-induced stress. The 

study further showed that Perk and Atf4 are functionally required for cell survival through 

palmitic acid-induced stress. Palmitic acid activates the PERK/ATF4 arm of the UPR, 

leading to the transcriptional upregulation of downstream target genes involved in protein 

folding, antioxidant defence, and apoptosis. PERK/ATF4 signalling activation represents a 

cellular attempt to restore protein homeostasis and alleviate ER stress. However, sustained 

activation of this pathway may contribute to cell death via apoptotic mechanisms, 

highlighting the dual role of UPR signalling in cell survival and death decisions. The 

activation of the Perk/Atf4 arm of the UPR by palmitic acid is particularly interesting, 

leading to the transcriptional upregulation of downstream target genes involved in protein 

folding, antioxidant defence, and apoptosis. Perk/Atf4 signalling activation represents a 

cellular attempt to restore protein homeostasis and alleviate ER stress. However, prolonged 

activation of this pathway may contribute to cell death via apoptotic mechanisms, 

highlighting the dual role of UPR signalling in cell survival and death decisions. 

Furthermore, the study investigated the role of palmitic acid-induced Ire1/Xbp1 arm of 

UPR pathway activation in normal intestinal cells and colon cancer cell survival through 

autophagic flux modulation, unveiling intricate cellular responses to lipid-induced 

signalling rerouting. The study elucidated how survival pathways are implicated in both 

cancer and normal cells in response to palmitic acid-induced endoplasmic reticulum stress 

through autophagic responses. 

The findings revealed that palmitic acid treatment led to a dose-dependent increase in the 

formation of acidic vacuoles, indicating early-phase autophagic responses in normal and 

cancerous intestinal cells with acridine orange staining. Acridine Orange stains acidic 

vacuoles red, typically showing green fluorescence in the cytoplasm or nucleus. Red 

fluorescence intensity correlates with acidity, allowing quantification of acidic 
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compartments. This observation suggests that palmitic acid can initiate autophagy, a 

cellular process crucial for maintaining homeostasis by degrading damaged organelles and 

proteins(Chatterjee et al., 2019). The observation revealed that HCT116 cells accumulated 

more acidic vacuoles than HCT116 and IEC6 cells. Palmitic acid triggers acidic vacuoles 

as a cellular adaptation mechanism. However, a saturation effect was noted beyond specific 

concentrations, highlighting the complexity of cellular responses to lipotoxicity. Moreover, 

Monodansylcadaverine (MDC) selectively labels autophagic vacuoles. 

Additionally, palmitic acid-induced autophagic flux, as evidenced by the dose-dependent 

increase in normalized fluorescent intensity of mono dansyl-cadaverine, a marker for 

autophagosomes. The study observed that the normalized fluorescent intensity of MDC in 

palmitic acid-treated IEC6 cells was higher than in HCT116 cells and CT26 cells. Hence, 

the study indicates that not all acidic vacuoles end up in autophagy.  

The study revealed that the up-regulation of autophagy-related genes Beclin 1 and Lc3b1 

further supports the induction of autophagy by sublethal doses of palmitic acid. It was 

evident from Chapter 1 that the sublethal doses form viable colonies after palmitic acid 

treatment. The expression levels of both genes were higher in HCT116 and CT26 than in 

IEC6 cells. These findings suggest that palmitic acid modulates autophagic processes by 

activating vital regulatory genes involved in autophagosome formation and maturation, 

thereby enhancing cellular resistance to palmitic acid-induced stress. In addition, palmitic 

acid treatment also induced ER stress, as demonstrated by the upregulation of Ire1 and 

Xbp1 genes. The IRE1/XBP1 pathway is a critical component of the unfolded protein 

response (UPR), which is activated in response to ER stress to restore cellular homeostasis. 

Our findings suggest that palmitic acid-induced ER stress may contribute to cellular 

adaptation and survival under conditions of lipid-induced stress. The study revealed that 

both IEC6 cells and CT26 cells exhibited a comparable upregulation of the Ire1 gene, 

mirroring the high expression observed in HCT116 cells. However, the downstream 

activator of Ire1, Xbp1, was found to be highly expressed in HCT116 and CT26 cells 

compared to IEC6 cells. The study findings are consistent with previous research 

demonstrating that Xbp1 mRNA splicing plays a pivotal role in coordinating autophagic 

responses through the transcriptional regulation of Beclin-1, which is essential for the 

initiation of autophagy (Margariti et al., 2013). 



 

144 

 

Previous studies have revealed that the IRE1/XBP1 arm of the unfolded protein response 

(UPR) activates cell survival mechanisms via autophagy (Ogata et al., 2006). Interestingly, 

we observed an interconnection between autophagy and ER stress in response to palmitic 

acid treatment. Autophagy serves as a mechanism to alleviate ER stress by removing 

misfolded proteins and damaged organelles, thus reducing the burden on the ER. 

Conversely, the UPR can regulate autophagic flux by modulating the expression of 

autophagy-related genes. This crosstalk between autophagy and ER stress highlights the 

complexity of cellular responses to lipid-induced stress. In colon cancer, our findings 

suggest that palmitic acid-induced activation of the IRE1/XBP1 pathway and modulation 

of autophagic flux may contribute to cancer cell survival and progression. It was clear from 

the study that colon cancer cells mimic the survival strategy of normal cells. Targeting these 

pathways pharmacologically may offer promising therapeutic approaches for combating 

colon cancer by restoring cellular homeostasis and inhibiting cancer cell survival 

mechanisms. 

In conclusion, our study provides valuable insights into the molecular mechanisms 

underlying palmitic acid-induced activation of the IRE1/XBP1 pathway and modulation of 

autophagic flux in normal intestinal and colon cancer cells. Further research is needed to 

elucidate the specific molecular targets within these pathways and optimize therapeutic 

interventions for clinical applications in colon cancer treatment. 

Palmitic acid-induced oxidative stress profoundly affects cellular homeostasis, influencing 

ROS production, protein folding dynamics, antioxidant defence mechanisms, and ER stress 

response pathways. Understanding the molecular mechanisms underlying these effects is 

crucial for elucidating the pathophysiological implications of palmitic acid in normal and 

cancerous colon cells. It may provide insights into potential therapeutic strategies for 

mitigating palmitic acid-induced cellular dysfunction and disease progression. In summary, 

this study indicates that palmitic acid can induce oxidative stress without causing 

lipotoxicity up to a specific concentration, and it can activate the PERK/ATF4 pathway to 

counteract the ER stress developed by palmitic acid in both normal and colon cancer cells. 

In addition, our study provides valuable insights into the molecular mechanisms underlying 

palmitic acid-induced activation of the IRE1/XBP1 pathway and modulation of autophagic 

flux in normal intestinal and colon cancer cells.  
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These findings contribute to our scientific comprehension of cancer cells' survival-

promoting metabolic and cellular adaptations. Additionally, this study establishes a novel 

connection between saturated fat and ER stress in both normal and colon cancer cells. Such 

insights shed light on potential therapeutic targets and strategies for combating the 

deleterious effects of palmitic acid and enhancing cellular resilience against ER stress in 

cancer contexts. Further research is needed to elucidate the specific molecular targets 

within these pathways and optimize therapeutic interventions for clinical applications in 

colon cancer treatment. 

 

  



 

 

 

 

 

 

 

 

 

 

Chapter 5 

Effects of excess palm oil intake on the 

development of ERS and UPR in murine 

intestinal tissues  
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5.1 Introduction  

Lipids are essential dietary components that provide various nutritional benefits, but 

excessive consumption may lead to potential toxicity especially from the saturated fatty 

acids of dietary lipids. Additionally, these lipids can trigger degenerative 

pathophysiology  processes by producing excessive oxygen radicals and subsequent 

lipid peroxidation. Ultimately, they can cause damage on organ systems, causing 

inflammation, lipid-associated diseases, and other degenerative conditions, including 

cancer. Palm oil is a widely consumed vegetable oil primarily composed of 

triglycerides, with approximately 50% saturated fats, mainly palmitic acid, 40% 

monounsaturated fats, predominantly oleic acid, and 10% polyunsaturated fats. Palm 

oil consumption has expanded significantly in recent decades due to its adaptability, 

economic feasibility, and extensive use in the food industry. Despite being a substantial 

energy source and vital fatty acids, palm oil has generated considerable interest due to 

its potential adverse health impacts, especially when it comes to chronic intake and its 

effects on physiological systems. Further, it is critical to determine whether 

endoplasmic reticulum stress in stomach tissue is connected with high palm oil 

consumption, which could affect cellular activities. 

Palm oil, widely used in processed foods for its ability to enhance texture, flavor 

stability, and shelf life, contains high levels of saturated fat, particularly palmitic acid, 

which has been linked to various lipid-associated diseases when consumed excessively. 

This raises concerns about chronic palm oil consumption on health implications, 

particularly its effects on different cellular processes within the body. Many studies 

have shown that the diets with palm oil induces endothelial dysfunction, arterial 

stiffness, and hypertrophic inward remodelling, exacerbating obesity-related vascular 

alterations compared to monounsaturated fat diets in mice (Vega-Martín et al., 2021). 

Furthermore, prolonged palm oil consumption induces destructive enteritis, reduced 

enterocyte proliferation, decreased serum proteins, and altered lipid profile, leading to 

minor intestine dysfunction and structural damage (Singh et al., 2021b). Some studies 

have highlighted the involvement of palmitic acid-rich diet in chronic liver disease, 

diabetes, and Crohn’s disease, conditions characterized by compromised intestinal 

permeability. Extensive evidence from both human studies and animal models indicates 

that the integrity of the intestinal barrier is highly susceptible to alterations caused by 

stress, dietary factors, and changes in the microbiota. 
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Studies have demonstrated that diets high in saturated fats can induce ER stress in 

various tissues, including the liver and adipose tissue, leading to insulin resistance and 

inflammation (Kim et al., 2015, Ahmed et al., 2021). The rationale for investigating the 

effects of chronic palm oil intake on ER stress in murine intestinal tissues stems from 

several key considerations. Firstly, palm oil is extensively consumed worldwide, 

particularly in processed foods, contributing significantly to dietary fat intake. 

However, despite its widespread use, there remains a gap in understanding the specific 

impacts of chronic palm oil consumption on cellular processes within the intestine, 

including ER stress. ER stress occurs when the protein-folding capacity is 

overwhelmed, accumulating misfolded proteins and activating the UPR. Chronic ER 

stress has been implicated in the pathogenesis of various diseases, including metabolic 

disorders and inflammatory conditions. Given that the intestine is a primary site of 

nutrient absorption and plays a crucial role in metabolic homeostasis and immune 

function, investigating the effects of palm oil on ER stress in intestinal tissues is 

pertinent. 

With a rapid cell turnover rate, intestinal epithelium is a dynamic tissue continually 

adapting to dietary changes. As a primary site of nutritional absorption, the intestine 

takes in dietary components, such as fatty acids from palm oil. A limited study has been 

undertaken to investigate the impact of chronic palm oil consumption on ER stress in 

the intestinal tissues of mice. Understanding the molecular pathways that cause ER 

stress in response to palm oil consumption could shed light on potential dietary-gut 

health associations. 

The primary objective of this study is to evaluate the impact of palm oil consumption 

on ER stress markers in murine intestinal tissues. Specifically, the study aims to 

investigate whether prolonged intake of palm oil leads to increased ER stress in the 

intestine and to elucidate the underlying mechanisms contributing to any observed 

effects. By examining ER stress markers and related pathways in murine models 

following palm oil consumption, it seeks to understand better the potential implications 

of palm oil on intestinal health and its role in the development of metabolic and 

inflammatory disorders. This study will provide valuable insights into the relationship 

between palm oil consumption and ER stress in the intestine, contributing to our 

understanding of the health effects of dietary fats and informing future dietary 

recommendations and interventions aimed at promoting intestinal health. 
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Assessing ER stress markers in intestinal tissues employed molecular and histological 

techniques. It utilized a murine model, typically C57BL/6 mice, which were randomly 

assigned to a palm oil-fed (palm oil (200 µl) + normal chow) group and a control group 

receiving a standard diet (normal chow) for four months to mimic chronic dietary 

exposure. Initially, intestinal tissue samples from the palm oil-fed and control groups 

followed the designated feeding period. These tissue samples were then subjected to 

various analyses. Histopathological analysis was conducted to examine tissue 

morphology and structural changes. Gene expression analysis was also performed using 

quantitative real-time polymerase chain reaction (RT-qPCR) to quantify the mRNA 

levels of key ER stress markers and UPR genes. Furthermore, we evaluated antioxidant 

levels, lipid peroxidation, and the expression of other relevant genes involved in 

antioxidant response, autophagy, and inflammation in both the small and large 

intestines. 

5.2  Materials and methods 

5.2.1  Palm oil 

Following traditional cooking practices, the palm oil was subjected to mild heat 

treatment at 75°C for 30 minutes to enhance its palatability before being administered 

to mice via oral gavage. The detailed procedures are described in Chapter 2, Materials 

and Methods, Section 2.1.7. 

5.2.2  Animals  

Chapter 2, Materials and methods, section 2.2.2.1 &2.2.2.2, gave a detailed description 

of the experiment and procedures. Accordingly, as part of the study mentioned, male 

BALB/c mice were selected for the study. In group Ⅰ, which represents the control 

group, normal chow was provided. For group Ⅱ, 200 µl of heated palm oil (HPO) was 

administered orally daily, with normal chow providing 73.6 mg  of palmitic acid per 

day over four monthsz. Tissues from the small intestine and colon were collected from 

group Ⅰ and  Ⅱ.  

5.2.3  Histopathological analysis of small and large intestine and colon  

After sacrifice, the intestine was located, and by cutting the cecum, the small intestine 

was separated from the large intestine. Following flushing with cold PBS, the small 
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intestine and colon were longitudinally sectioned . A detailed description of the 

experiment was given in Chapter 2, Materials and methods, Section 2.2.2.6 

5.2.4  Analysis of lipid peroxidation and antioxidants in intestinal tissues 

The presence of MDA for detecting lipid peroxidation and the levels of different 

antioxidants (SOD, CAT, GST, GR, GPx and GSH) were analysed in the small intestine 

and colon of the tissue collected. Tissue homogenate was prepared as per the protocol 

described in Chapter 2, Materials and methods, Section 2.2.3.2, 2.2.3.3.3-2.2.3.3.10 

5.2.5  Analysis of inflammatory cytokines in intestinal tissues 

The inflammatory cytokines IL 6 and TNF α were analysed in small and large intestine 

tissues. The detailed protocols were described in the chapter section 2.2.3.5.3 

5.2.6 Quantitative real-time PCR 

Total RNA was extracted from a longitudinal section of the small intestine and colon 

tissues. cDNA preparation, purity assessment quantitation, and RT-qPCR were also 

performed using the kit method. The expression of target genes was normalized to the 

expression of β-actin and shown as a fold change relative to the control group based on 

the 2−△△Ct method. All the procedures were carried out accordingly, as explained in 

Chapter 2, Materials and methods, Section 2.2.4. Primers used for the study are 

mentioned in Chapter 2.  

5.2.7  Statistical analysis  

The data analysis was performed using Mean ± SD (Standard deviation) with GraphPad 

Prism 8.3.8 (San Diego, CA, USA). To analyse antioxidant levels and lipid peroxidation 

across HPO treatment and tissue types (small intestine and colon), a two-way ANOVA 

followed by post hoc Tukey's test was applied (n=6). Gene expression profiling was 

analysed using the student’s t-test. Statistically significant results were indicated by P 

values of *<0.05, **<0.01, and ***<0.001. 

5.3 Results  

5.3.1 Palmitic acid concentration in heat-treated palm oil 

In the GC-MS analysis, the chromatogram identified the characteristic peak of palmitic 

acid in heat-treated palm oil (HPO) (Fig. 5.1). The analysis revealed a concentration of 
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367,000 µg/mL (367mg/ml) of palmitic acid in HPO. This corresponds to a quantity of 

73.4 mg of palmitic acid in a 200 µL sample of HPO (Fig. 5.1).  

 

5.3.2  HPO alters tissue architecture of mouse intestines 

H&E staining revealed mucosal architecture of intestinal tissue in the control group as 

intact. While, HPO-treated mice exhibited significant inflammatory cell infiltration and 

disrupted tissue integrity. Specifically, an enlargement goblet cells was predominantly 

observed in small intestine by HPO (Fig. 5.2).  
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5.3.3  IL-6 and TNFα levels in mouse intestine after HPO treatment 

HPO administration significantly elevated IL6 and TNFα levels in the small and large 

intestines. In the large intestine, IL6 increased from 15.8 ± 2.1 pg/ml to 121.75 ± 8.26 

pg/ml, and TNFα rose from 16.5± 2.11 pg/ml to 145.75 ± 6.87 pg/ml. In the small 

intestine, IL6 levels increased from 12.3 ± 1.9 pg/ml to 98.25 ± 6.12 pg/ml, and TNFα 

rose from 14.8 ± 1.96 pg/ml to 119 ± 9.9 pg/ml (Fig. 5.3& Tab 5.1). HPO administration 

significantly elevated IL6 and TNFα levels in both intestinal regions, with a more 

pronounced increase in the large intestine, indicating a stronger inflammatory response 

in this tissue. Two-way ANOVA showed that HPO treatment and tissue type 
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significantly affected IL-6 and TNFα levels, with significant interactions indicating 

interdependence (Tab 5.1). 

Table 5.1 Two-way ANOVA of HPO treatment and tissue type on IL-6 and TNFα 

Cytokine

s  HPO Treatment (F, p) Tissue Type (F, p) Interaction 

IL6 

(F1, 12 = 25.80, p = 

0.0003) 

(F1,12 = 1303.9, p < 

0.0001) 

(F1,12 = 14.16, p < 

0.0027) 

TNFα 

(F1, 20 = 30.77, p < 

0.0001) (F1,20 = 2104, p < 0.0001) 

(F1,20 = 23.79, p < 

0.0001) 

The table presents the F-values and associated p-values for cytokines IL-6 and TNFα 

in HPO-treated small and large intestines. 

5.3.4  HPO alters antioxidant activity, GSH level, and lipid peroxidation  

HPO treatment had distinct effects on antioxidant activity and oxidative stress markers 

in the intestinal regions. Under normal conditions, SOD activity was greater in the large 

intestine compared to the small intestine. However, HPO treatment led to a significant 

reduction in SOD activity in the large intestine, while levels in the small intestine 

remained unchanged, highlighting a tissue-specific response. Two-way ANOVA 

confirmed significant main effects of both HPO treatment and intestinal region on SOD 

activity, with no significant interaction. 

In contrast, CAT activity was naturally higher in the small intestine than in the large 

intestine. HPO treatment resulted in a significant decrease in CAT activity in both 

regions. Two-way ANOVA confirmed significant main effects of treatment and 

intestinal region, again without interaction’s, GR, GPX, and GSH levels were 

significantly reduced in the small intestine following HPO exposure, whereas no 

significant changes were observed in the large intestine. Two-way ANOVA revealed 

significant effects of both HPO treatment and intestinal region on GST, GSH, and GPX, 

while GR was influenced solely by HPO treatment. Notably, GPX exhibited a 

significant interaction between tissue type and HPO treatment. Under normal 

conditions, MDA levels were naturally higher in the small intestine compared to the 

large intestine. HPO treatment further elevated lipid peroxidation in the small intestine, 

whereas no significant changes were observed in the large intestine, indicating a tissue-

specific effect on oxidative damage (Fig. 5.4 Tab 5.2 & Tab 5.3 ). 
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Table 5.2 Levels of antioxidants and MDA in the intestines following HPO gavage. 

 Sample 

SOD 

(IU/mg P) 

CAT 

(IU/mg P) 

GST 

(IU/mg P) 

GR 

(IU/mg P) 

GPX 

(IU/mg P) 

GSH 

(nmoles/mgP) 

MDA 

(nmoles/mgP) 

SI 
Normal 12.7±1.5 30.8±1.5 16.6±1.6 16.6±2.1 16.8±1.8 15.6±2.1 26.3±2.4 

HPO 10.7±1.65 24.9±2.4 13.13±1.2 13.5±1.6 12.4±1.4 13.1±1.1 35.2±4.8 

LI 
Normal 16.7±2.07 25.4±2.9 12.6±1.3 15.6±1.8 20.1±1.8 19.7±1.3 18.6±2.38 

HPO 12.8.6±1.2 18.4±2.15 10.2±1.39 13.7±1.6 19.7±1.4 18.3±1.8 20.6±1.6 

Enzyme activities in the small and large intestines (SI: Small intestine, LI: Large intestine) after HPO gavage, including SOD, CAT, GST, GR, and GPX 

(IU/mg protein), reduced glutathione (nmol/mg protein), and MDA levels (nmol/mg protein) as indicators of lipid peroxidation. 

Table 5.3 Two-way ANOVA of HPO treatment and tissue type on antioxidant activities and MDA levels. 

Enzymes  HPO Treatment (F, p) Tissue Type (F, p) Interaction 

SOD (F1, 20 = 24.37, p < 0.001) (F1,20 = 2.23, p < 0.001) ns 

CAT (F1, 20 = 45.20, p < 0.001) (F1,20 = 37.69, p < 0.001) ns 

GST (F1, 20 = 24.19, p < 0.001) (F1,20 = 34, p < 0.0001) ns 

GR (F1, 20 = 13.32, p < 0.001) ns ns 

GPX (F1, 20 = 12.09, p =0.0024) (F1,20 = 63.63, p < 0.001) (F1,20 = 7.672, p < 0.0118) 

GSH (F1, 20 = 9.577, p =0.0057) (F1,20 = 56.90, p < 0.0001) ns 

MDA (F1, 20 = 17.05, p < 0.0005) (F1,20 = 82.7, p < 0.0001). ns 

The table presents the F and associated p values for enzyme activity and MDA levels of HPO-treated small and large intestines. 
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5.3.5  HPO induced ER stress in mouse intestines  

RT-qPCR analysis revealed significant upregulation of ER stress markers Bip, Chop, and 

Atf6 in intestines following HPO oral gavage. Specifically, the relative fold change for Bip 

was 2.97±0.36 in the small intestine and 3.08±0.46 in the large intestine (Fig 5.5A&B); for 

Chop, it was 2.75±0.3 in the small intestine and 2.00±0.3 in the large intestine (Fig 

5.5C&D); and for Atf6, it was 1.95±0.154 in the small intestine and 1.98±0.27 in the large 

intestine (Fig 5.5E&F). The student's t-test analysis confirmed significant changes in the 

expression of these ER stress markers between the normal and HPO groups.  

5.3.6  HPO upregulates Perk/Atf4 pathway and antioxidant genes  

The study investigated the activation of genes within the Perk/Atf4 pathway and its 

association with the upregulation of antioxidant genes, including Nrf2, Nqo1, and Ho-1. In 

the small intestine, the relative fold change for Perk was 3.34 ± 0.47, while in the large 

intestine, it was 2.35 ± 0.37 (Fig 5.6 A&B). Similarly, Atf4 expression showed a relative 

fold change of 2.08 ± 0.34 in the small intestine and 2.5 ± 0.42 in the large intestine (Fig 

5.6 C&D).  

The significantly higher Perk expression in the small intestine suggests greater cellular 

stress or protein misfolding in this region, or a more active response to specific 

physiological conditions. In contrast, the higher Atf4 expression in the large intestine (2.5 

± 0.42 vs. 2.08 ± 0.34) indicates a stronger adaptive response to stressors such as nutrient 

deprivation, hypoxia, or inflammation. Additionally, Perk expression is higher than Atf4 in 

the small intestine, whereas Atf4 expression exceeds Perk in the large intestine, highlighting 

tissue-specific differences in the stress response.  

The downstream mediators of the Perk/ Atf4 pathway, Nrf2, Nqo1, and Ho-1, were 

analysed.  Nrf2 showed a relative fold change of 5.2 ± 0.5 in the small intestine and 4.16 ± 

0.2 in the large intestine, indicating significant upregulation in both regions following HPO 

treatment (Fig 5.7 A&B). Similarly, Nqo1 expression was 2.32 ± 0.20 in the HPO group 

compared to 1.8 ± 0.18 in the normal large intestine, with significant differences observed 

between the normal and HPO groups (Fig 5.7 C&D). The relative fold change for Ho-1 

was 2.03 ± 0.2 in the small intestine and 1.77 ± 0.1 in the large intestine, also showing 

significant upregulation in both tissues (Fig 5.7 E&F). Notably, Nrf2, Nqo1, and Ho-1 

expression levels were higher in the small intestine than in the large intestine (Fig 5.7). 
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5.4.7  HPO upregulates Ire1/Xbp1 pathway and autophagy genes  

The analysis next focused on the activation of the Ire1/Xbp1, the UPR arm and the 

upregulation of autophagy-associated genes Becn1 and Lc3b1 Ire1 exhibited significant 

relative fold changes of 2.4 ± 0.4 in the small intestine and 3.3 ± 0.2 in the large intestine 

compared to normal conditions (Fig 5.8 A&B). Similarly, Xbp1 showed significant relative 

fold changes of 2.1 ± 0.3 in the small intestine and 2.3 ± 0.1 in the large intestine, with a 

substantial difference in Xbp1 expression levels between the control and HPO groups (Fig 

5.8 C&D). 

Additinlly, the study examined autophagy genes Becn1 and Lc3b1 activation The 

expression of Becn1 showed a relative fold change of 1.8 ± 0.12 in the small intestine, 

which increased to 1.94 ± 0.2 in the large intestine with HPO treatment (Fig 5.9 A&B). 

Similarly, the relative fold change in Lc3b1 between the HPO group and the control was 

1.82 ± 0.15 in the small intestine and 1.90 ± 0.16 in the large intestine. Notably, there was 

no apparent correlation between tissue type and HPO treatment in Lc3b1 expression levels 

(Fig 5.9 C&D). It was evident that Becn1 expression was higher in the HPO-treated large 

intestine compared to the small intestine. However, the expression of Lc3b1 was 

approximately similar between the small and large intestines following HPO treatment. 
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5.4 Discussion 

In recent decades, concerns have emerged regarding the safety of palm oil, a highly 

consumed product, due to its elevated level of saturated palmitic acid. It was evident that 

palm oil in the diet can result in excess fat accumulation in the distal intestine. Persistent 

palm oil consumption can result in notable damage and dysfunction within the small 

intestine, characterized by destructive enteritis, diminished cell proliferation, and 

compromised absorptive function (Singh et al., 2021a). Palmitic acid, abundant in palm oil, 

is identified as a significant contributor to the adverse effects associated with its 

consumption, potentially leading to various diseases (Fang et al., 2022a, Mancini et al., 

2015b). This experimental study aimed to evaluate whether prolonged consumption of 

heat-treated palm oil induces the development of endoplasmic reticulum stress and 

influences the corresponding morphology and function of the small intestine. 

Heated palm oil (HPO) was found to induce notable structural and functional alterations in 

mice intestines. The findings indicate oxidative stress, immune cell infiltration, and tissue 

destruction. In the small intestine, a reduction in superoxide dismutase (SOD), catalase 

(CAT), and glutathione-related antioxidants was observed, accompanied by an increase in 

lipid peroxidation level. These results suggest enhanced lipotoxicity in the small intestine, 

while the large intestine exhibits a more pronounced inflammatory response. Thus, it is 

assumed that the large intestine is less susceptible to oxidative stress-induced lipotoxicity 

owing to its restricted lipid absorption and unprocessed lipids in cells. Evidently, palmitic 

acid resulted in lipotoxicity, decreasing goblet cell numbers and significantly reducing 

MUC2, the gene associated with mucin production (Filippello et al., 2022). Moreover, it is 

reported that saturated high-fat diets can amplify paracellular ion permeability and increase 

macrophage intrusion in the colon (Ghezzal et al., 2020). This highlights the detrimental 

effects of specific dietary components on intestinal barrier function and immune 

homeostasis. This difference in vulnerability also reflects the functional disparities between 

the two regions. 

The study revealed that palm oil-induced oxidative stress triggers ERS, as evidenced by 

elevated ER stress markers like Bip, Chop, and Atf6. Further, we find alteration of UPR 

arm components by the administration of HPO, predominantly Perk/Atf4 in the small and 

Ire1/Xbp1 pathway in the large intestine, respectively. ER stress response resulted in the 

necrosis of intestinal epithelial cells (IECs). This process leads to the depletion of goblet 
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cells, a diminished mucus barrier, increased microbial infiltration into the epithelium, and 

the initiation of various proinflammatory cytokines (Kennelly et al., 2021).  

The PERK/ATF4 pathway is pivotal in the highly regenerative small intestine, which serves 

as the primary site for nutrient absorption as it mitigates the stress and enhances 

regeneration (Jin et al., 2016b). Unlike the small intestine, the large intestine, which focuses 

on water absorption and electrolyte regulation, is less susceptible to oxidative stress-

induced lipotoxicity owed to its limited lipid absorption and unprocessed lipids in cells 

(Utsunomiya et al., 2017, Snipes, 1977). However, high ROS was due to the enteric bacteria 

in gut epithelia (Jones and Neish, 2017, Zhang and Kaufman, 2008b). The presence of 

oxidative stress in small and large intestines is evidenced by Nrf2 activation and subsequent 

upregulation of Nqo-1 and Ho-1. It revealed discernible variations in the extent of 

activation in the PERK/ATF4 branch, indicating different sources of reactive oxygen 

species development attributed to excess palm oil intake in both intestinal segments. 

This increased Ire1 and Xbp1 expression potentially strengthens ER-associated degradation 

and protein folding, signalling a preference for cellular survival (Sun et al., 2015). The 

IRE1/XBP1 expression was comparatively high in the large intestine when HPO was 

administered. This upregulation indicates a significant role in ER stress response and 

autophagic regulation. As mentioned, limited lipid absorption and its unprocessed state or 

altered gut microbiota may induce heightened XBP1 splicing, reflected in increased Beclin 

1 and Lc3b1 expression, indicating a sustained autophagic response and substantial immune 

cell infiltration. It was reported that disturbed autophagy in epithelial cells changes the 

intestinal flora and immune responses (Yang et al., 2018b). Moreover, a palm oil-enriched 

diet induces gut dysbiosis, enhances the translocation of lipopolysaccharide to tissues, and 

elevates plasma concentration of pro/anti-inflammatory cytokines like IL-6 (Laugerette et 

al., 2012). The current study observed significant production of IL-6 and TNF-α by the 

infiltrated immune cells in the intestine. It is assumed the damage is associated with the 

output of the proinflammatory cytokines. From the examination of the small and large 

intestines, it is apparent that there is a distinct role for Ire1/Xbp1 activation, with 

consistently lower activation observed in the small intestine compared to the large intestine. 

Palmitic acid, hence, has the potential to influence gut disturbances ignificantly. The study 

elucidates the role of palm oil in influencing gut disturbances significantly, including ER 

stress and UPR signalling in oxidative stress-mediated lipotoxicity and the subsequent 
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inflammatory response in the gut. The study reveals the role of ER stress and UPR 

signalling in oxidative stress-directed lipotoxicity and consequent inflammatory response 

in the gut.  
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6.1 Introduction  

Palm oil is a rich source of vitamin E, tocotrienols, antioxidants, beta-carotene, and 

palmitic acid, which support heart health, skin, and immune function. Palmitic acid, a 

saturated fatty acid, positively affects energy production, cell membrane integrity, 

protein regulation, immune modulation, lipid transport, and wound healing in specific 

contexts. However, prolonged consumption of palm oil, due to its high palmitic acid 

content may contribute to metabolic diseases and promote cancer progression and 

metastasis. While its impact on cancer, particularly colon cancer, has been studied, the 

underlying mechanisms remain largely unexplored. The previous chapters emphasized 

increased generation of oxidative and subsequent ER stress and inflammation and 

alteration in mice's histopathological architecture of intestinal tissues by excessive 

consumption of palm oil in intestines, demonstrating its harmful effect on intestinal 

health. These findings place the groundwork for exploring its broader role in cancer 

progression and metastasis.  

High-fat diets (HFDs) enriched with high palm oil content have been widely used to 

study and analyse the effects of palm oil on the physiology and health of experimental 

animals (Fattore et al., 2013, Forman et al., 2010). While extensive research has 

focused on the impact of dietary factors on cancer risk, the specific role of palm oil in 

colon cancer metastasis remains largely unexplored. This emphasizes the need for 

further research to elucidate how prolonged dietary exposure to HPO may impact the 

tumour microenvironment and enhance metastatic potential in colon cancer. Recent 

studies have revealed that palmitic acid can induce colorectal cancer progression by the 

activation of the β-catenin signalling pathway through dephosphorylation of ACOX1 

and palmitoylation of β-catenin,  key drivers of cancer progression (Zhang et al., 2023). 

Dietary palmitic acid has been shown to induce a pro-metastatic memory through its 

interaction with Schwann cells (Pascual et al., 2021b). 

Additionally, palmitic acid has been implicated in melanoma metastasis to the lungs via 

the TLR4/TRIF-Peli1-pNF-κB signalling pathway, highlighting its role in cancer 

progression in melanomas (Zhang et al., 2022a). Furthermore, palmitic acid contributes 

to cancer cell migration by repressing desmoplakin, and clinical data correlates this 

mechanism to poor patient outcomes (Nath et al., 2021). Considering these, the study 

is aimed to explore how a palm oil-rich diet influences the progression and metastasis 
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of colon cancer. For this, the physiological, haematological, and biochemical aspects 

are examined to clarify the mechanisms underlying the association of palm oil 

consumption with progression. The study uses heated palm oil, processed at 

temperatures below 750°C for 30 min, which aligns with traditional cooking practices 

that preserve its nutritional properties without significant thermal oxidation. Heated 

palm oil is used in this study, making it relevant to explore its potential health impacts. 

Based on prior findings, it is hypothesized that prolonged exposure to palm oil rich in 

palmitic acid influences cancer cell behaviour, potentially exacerbating metastatic 

progression. 

We utilised a multidisciplinary approach integrating animal models and molecular 

analyses to test this hypothesis. Four groups of animals were selected: Group 1 

(normal), group 2 (HPO-heated palm oil positive control), group 3 (CT26 - metastasis 

control), and group 4 (HPO+CT26). The HPO group received oral gavage of heated 

palm oil for four months, after which CT26 murine metastatic colon cancer cells were 

inoculated into the second and third groups to induce pulmonary metastasis. The study 

design incorporates physiological, biochemical, and haematological assessments, along 

with histopathological analysis, to evaluate the effects of palm oil on cancer 

progression. By advancing our understanding of how dietary fat influences cancer 

progression, we aim to uncover new therapeutic strategies to combat colon cancer 

metastasis. However, the study's limitations, such as potential confounding factors, 

variability in dietary patterns, and complex tumour-host interactions, must be 

acknowledged. 
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6.2 Graphical abstract  

 

 

 

6.3 Materials and Methods 

6.3.1 GC-MS/MS analysis for palmitic acid quantification in palm oil 

GC-MS/MS analysis was carried out in palm oil to detect and quantify the amount of 

palmitic acid in it as per the protocol mentioned in Chapter 2, Materials and methods, 

Section 2.1.7 

6.3.2 Cell line and culture condition 

The CT26 mouse metastatic colon cancer cell line was a gift by Dr. Bipasha Bose, 

Professor, Yenepoya Hospital, Manipal. All experiments were conducted under sterile 

conditions. The cells were cultured in RPMI media supplemented with 100 u/mL 

penicillin, 100 µg/mL streptomycin, and 10% heat-inactivated FBS and maintained at 

37°C in a 5% CO2 incubator. 

6.3.3 Animals, grouping, and experimental procedures 

Male BALB/c mice weighing 28-32 g were purchased from the Kerala Veterinary and 

Animal Sciences University (KVASU), Mannuthy, Thrissur. Polypropylene cages were 

used to house the animals at the Animal House Facility of Amala Cancer Research 

Centre. During their acclimatisation, they were fed non-purified rat chow and filtered 

water for two weeks. The Institutional Animal Ethics Committee (IAEC) approved all 

the animal experiments before they were carried out (No. ACRC/IAEC/21(2)-P11 Dt. 

2-12-2021). Every protocol was done according to the rules of the Committee for 
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Control and Supervision of Animal Experiments (CCSAE), Ministry of Environment, 

Forest, and Climate Change, Gov. of India. 

In this experimental setup, group 1 is the standard control, and group 2 is the positive 

control, receiving daily oral gavage of 200 µL palm oil, equivalent to 73.4 mg of 

palmitic acid per day, over 4 months. Group 3 acts as the CT26 metastasis control, and 

Group 4 undergoes both heated palm oil (HPO) oral gavage and CT26 for tumour 

initiation and subsequent metastasis. Group 3 was inoculated with 1×105 CT26 cells in 

200 µL PBS via the tail vein to initiate pulmonary metastases after one month. Group 

4 was given oral gavage of palm oil with normal chow, and after one month of palm oil 

oral gavage, 1×105 CT26 cells were inoculated to develop pulmonary metastasis. The 

present experimental design facilitates the investigation of the distinct and combined 

impacts of CT26 metastases and palm oil. Detailed explanation was given in Chapter 

2, Materials and Methods, Section 2.2.2 

6.3.4 Analysis of physiological parameters - body weight, food and water intake 

Body weight was assessed every week for the duration of the four-month study. At the 

end of the study, the average body weight per group and % change in body weight was 

calculated. Each group's average food/water intake was recorded twice weekly. Group-

specific food/water consumption was calculated by subtracting the residual 

food/volume of water from the initial amount/volume given. The average daily 

food/water intake per group was calculated by dividing total consumption by the study 

duration. Chapter 2, Materials and Methods, Section 2.2.2.3 mentions detailed 

procedures and equations. 

6.3.5 Analysis of haematological parameters 

The haematological test evaluated a comprehensive range of parameters for analysing 

different aspects of blood composition and cellular characteristics. These parameters 

encompass red blood cells (RBC) measured in 10⁶ cells/µL, reticulocytes as a percentage 

(%), haemoglobin concentration in g/dL, haematocrit percentage (%), mean 

corpuscular volume (MCV) in femtoliters (fL), mean corpuscular haemoglobin (MCH) 

in picograms (pg.), mean corpuscular haemoglobin concentration (MCHC) in grams 

per litre (g/L), red cell distribution width (RDW) as a percentage (%), platelet count in 

× 10³/µL, mean platelet volume (MPV) in femtoliters (fL), platelet crit percentage (%), 

platelet distribution width (PDW) as a percentage (%), white blood cells (WBC) count 
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in × 10³/µL, and a white blood cell differential count. These parameters collectively 

offer valuable insights into blood cellular composition. Detailed procedures were 

mentioned in Chapter 2, Materials and methods, Section 2.2.2.4 

6.3.6 Analysis of glucose tolerance  

The fasting glucose levels of mice were evaluated utilising One Touch Select strips after 

an overnight fast. Blood glucose levels were monitored at 30, 60, 90, and 120 min after 

administering 1.5 g/kg glucose; the collected data were used to generate a graph and 

compute the area under the curve in Microsoft Office Excel 2010. As detailed in 

Chapter 2, Materials and methods, Section 2.2.2.5 

6.3.7 Analysis of serum lipid profiles  

Initial measurements were taken of total cholesterol (TC), low-density lipoprotein 

(LDL) cholesterol, and high-density lipoprotein (HDL) cholesterol. Low-density 

lipoprotein (VLDL) cholesterol concentration was calculated using the data above. A 

detailed description is given in Chapter 2, Materials and methods, Section 2.2.3.5 

6.3.8 Analysis of serum and tissue cytokines-IL6 and TNF-ά 

The serum cytokines IL-6 TNF-ά were determined. Chapter 2, Materials and methods, 

Section 2.2.3.5.3, wrote the detailed protocol. 

6.3.9 Analysis of liver toxicity markers, total protein and total bilirubin 

The enzyme activities such as aspartate aminotransferase (AST), alanine 

aminotransferase (ALT), alkaline phosphatase (ALP) in IU/L, Total protein, and 

bilirubin reflecting liver function were performed in serum. Detailed procedures are 

mentioned in Chapter 2, Materials and Methods, Section 2.2.3.5.2.  

6.3.10 Histopathological analysis 

The tissue specimens underwent the following procedures: fixation in 8% buffered 

formalin, dehydration, xylene clearance, wax impregnation, and automated microtome 

sectioning at a 5μm thickness. The sections were rehydrated on glass slides, subjected 

to H&E staining, mounted with DPX, and scrutinised under a Magnus INVI microscope 

at the Amala Institute of Medical Science, under the supervision of a pathologist, as 

detailed in Chapter 2, Materials and methods, Section 2.2.2.6 
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6.3.11 Analysis of lung fibrosis 

6 .3.11.1 Picrosirius staining of lung tissues 

To examine collagen deposition, lung tissues were stained with picrosirius red 

(dispersed in a 0.1 per cent picric acid solution, with a thickness of 3 µm). Under a 

phase-contrast microscope, collagen fibres were identified as yellow-orange colour. 

Detailed procedures are mentioned in Chapter 2, Materials and Methods, Section 

2.2.2.7 

6.3.11.2 Analysis of hydroxyproline in lung tissues 

Lung tissue samples from various experimental groups were harvested, digested, and 

then neutralised overnight at 110°C in 1 ml of 6N HCl. The pH of all samples was 

carefully adjusted to below 6. To initiate the collagen determination process, 100 µl of 

the prepared samples were mixed with 1ml of a chloramine T solution comprising 1.4% 

chloramine T, 10% isopropanol, and 0.5 M sodium acetate, all at pH 6, and left to react 

for 20 minutes at room temperature. Subsequently, 1ml of Ehrlich's solution (containing 

14.9% p-dimethylaminobenzaldehyde, 70% isopropanol, and 20% perchloric acid from 

Sigma-Aldrich) was added to each sample, followed by an incubation period at 65°C 

for 15 min. 

After incubation, 200 µl aliquots were carefully transferred to a 96-well plate, and the 

absorbance was measured at 570 nm. The collagen content in each sample was 

determined by comparing its absorbance with standards prepared with cis-

hydroxyproline in concentrations ranging from 0.01 to 110 μg/ml. The conversion 

factor of 1 μg hydroxyproline, equivalent to 6.94 μg collagen, was employed for 

calculations (reference 61). Finally, the total collagen content was expressed as μg 

collagen per mg of wet tissue. 

6.4 Statistical analysis  

Results are expressed as Mean ± SD. Statistical analyses were performed using 

GraphPad Prism 6.0. Multiple group comparisons were conducted using one-way 

analysis of variance (ANOVA) followed by post hoc analysis. A p-value of *P < 0.05, 

**P < 0.01, and ***P < 0.001 was considered statistically significant. 
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6.5 Results  

6.5.1 Impact of HPO on CT26 lung metastasis and associated pathology 

Histopathological analysis revealed an increased level of metastatic distribution in the 

HPO+CT26 group compared to the CT26 metastatic control. Additionally, increased 

infiltration of inflammatory cells was observed in the HPO group compared to the 

control group. Within the CT26 group, a moderate level of inflammatory cells was 

evident, forming a component of the metastatic process (Fig 6.1). Additionally, Ki-67 

staining of lung histological sections revealed a significantly higher incidence of 

metastasis in the HPO+CT26 group compared to the CT26 group alone, suggesting that 

HPO enhances cancer cell metastasis (Fig 6.2). 

6.5.2 Effect of HPO on collagen deposition 

Excessive HPO consumption led to increased lung hydroxyproline content, a prominent 

collagen component and fibrosis marker, in both the HPO (13.6 ± 1.4) and HPO+CT26 

(12.7± 2.05) groups compared to the normal (1.3 ± 3.14) and CT26 (4.1 ± 0.933) groups 

(Fig 6.3B). Sirius Red staining demonstrated heightened collagen deposition in lung 

tissues induced by palm oil intake compared to the normal and CT26 groups (Fig 8e). 

These findndings indicate palm oil's role in promoting fibrosis in lung tissues (Fig 

6.3A).  
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6.5.3 Effect of HPO on body weight, food and water intake in mice 

The study assessed the changes in body weight of mice across four experimental 

groups: normal, HPO, CT26, and HPO + CT26, over 16 weeks. Initially, all groups had 

similar baseline average weights: normal (25.14 ± 0.58 g), HPO (25.05 ± 0.63 g), CT26 

(24.99 ± 0.57 g), and HPO + CT26 (24.79 ± 0.55 g). By week 8, the normal group 

showed significant weight gain, averaging 28.41 ± 0.75 g, followed by HPO (27.03 ± 

0.65 g), HPO + CT26 (27.09 ± 0.71 g), and CT26 (26.90 ± 0.68 g). At week 16, the 

normal group maintained the highest weight (31.11 ± 0.89 g), followed by CT26 (30.65 

± 0.84 g), HPO (30.03 ± 0.87 g), and HPO + CT26 (29.43 ± 0.92 g). The normal group 

exhibited consistent and significant weight gain, while the HPO + CT26 group showed 

reduced weight gain, suggesting a potential interaction between HPO and CT26 (Fig 

6.4A). The percentage change in body weight confirmed these trends: normal (23.85 ± 

2.13%), CT26 (22.71 ± 2.50%), HPO (19.91 ± 1.97%), and HPO + CT26 (18.67 ± 

3.39%). The HPO and HPO + CT26 groups experienced diminished weight gain 

compared to the control group, with the HPO + CT26 group showing a significant 

weight gain reduction compared to the CT26 group alone (Fig 6.4B). 

It was evident that the normal group exhibited significant weight gain, indicating typical 

growth. The HPO group had reduced weight gain, suggesting HPO treatment may 

moderate body weight increase. The CT26 group, representing tumour-bearing mice, 

showed slightly reduced weight gain, indicating the tumour may affect metabolism but 

not ultimately impair growth. However, the HPO + CT26 group had the lowest weight 

gain, significantly lower than the CT26 group, suggesting HPO treatment in 

combination with the tumour suppresses weight gain. These findings imply that HPO 

may influence growth and energy balance in tumour-bearing mice, potentially affecting 

tumour-related changes in body weight. 

Consistent with the weight gain changes, food intake was 5.7 ± 1.3 g/mouse/day in the 

Normal group and 5 ± 0.9 g/mouse/day in the CT26 group, while it was significantly 

reduced in the HPO and HPO + CT26 groups, with values of 4.4 ± 1.2 and 2.8 ± 1.4 

g/mouse/day, respectively (Fig 6.4C). Similarly, water intake was 3.8 ± 1.1 

ml/mouse/day in the Normal group and 3.5 ± 1.2 ml/mouse/day in the CT26 group, but 

decreased significantly in the HPO and HPO + CT26 groups, measuring 1.4 ± 0.7 and 

1.8 ± 1.1 ml/mouse/day, respectively (Fig 6.4D). These findings suggest that the HPO 

and HPO + CT26 groups exhibit significant reductions in food and water intake 



 

177 

 

compared to the Normal and CT26 groups, with the most pronounced decrease 

observed in the HPO + CT26 group. This could indicate a potential synergistic effect 

between HPO and CT26, leading to greater disruptions in food and water consumption. 

The suppression of weight gain in the HPO and HPO+CT26 groups, compared to the 

control and CT26 groups, was attributed to reduced food and water intake in mice that 

consumed oil. 

6.5.4 Effect of HPO on glucose tolerance 

After a 16-week experimental period, OGTT (oral glucose tolerance test) was 

conducted to assess fasting blood glucose levels in mice groups. The pre-treatment 

analysis demonstrated no observable glucose intolerance across the normal, HPO, 

CT26, and HPO+CT26 groups, with glucose levels returning to near-fasting levels 

within 120 min (Fig 6.5A). Consequently, no significant changes were noted in the area 

under the curve among the four groups following glucose administration (Fig 6.5B). In 

post-treatment OGTT, the normal group displayed a response consistent with pre-

treatment analysis. Significant hypoglycaemia was observed in the CT26 metastatic 

control group, with glucose levels increasing from an initial 86.75 ± 12.21 mg/dL to 

216 ± 15.56 mg/dL and then returning to 96.52 ± 9.12 mg/dL within 120 min after oral 

glucose administration. 

Conversely, both the HPO and HPO+CT26 groups exhibited initial glucose levels of 

126 ± 13.94 mg/dL and 123 ± 16.34 mg/dL, respectively, which rose to 487.26 ± 15.45 

mg/dL and 410 ± 12.21 mg/dL before declining to 167.6 ± 14.36 mg/dL and 145.69 ± 

14.03 mg/dL, respectively, after oral glucose administration (Fig 6.5C). The HPO and 

HPO+CT26 groups displayed significant glucose intolerance, as indicated by the area 

under the curve analysis (Fig 6.5D). 
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6.5.5 Changes in haematological parameters following HPO oral gavage 

Haematological analysis showed no significant changes in haemoglobin (Hb), 

haematocrit (HCT), mean corpuscular haemoglobin (MCH), mean corpuscular 

haemoglobin concentration (MCHC), mean corpuscular volume (MCV), and red blood 

cell (RBC) counts (Fig. 6.6A). However, significant changes were observed in WBC, 

monocytes, neutrophils, lymphocytes, and platelets (Figs. 6.64 & 6.7(A & B)). 

Total WBC counts significantly increased in the CT26 and HPO + CT26 groups 

compared to baseline levels. In contrast, the HPO group showed values similar to the 

normal group (Fig. 6.4b). Both the CT26 and HPO + CT26 groups showed a significant 

increase in total WBC counts, indicating a heightened immune response likely due to 

tumour presence and the combined effect of HPO treatment. Additionally, the HPO + 

CT26 group exhibited higher WBC counts than the CT26 group alone, suggesting an 

enhanced influence of HPO treatment (Fig. 6.6B). 

Monocyte counts were elevated in the CT26 and HPO + CT26 groups compared to the 

normal level. The HPO group showed a mild decrease in trend monocyte count, though 

this reduction was insignificant (Fig. 6.6B). These results suggest that HPO in a 

metastasized condition is pro-inflammatory. 

Neutrophil counts were significantly increased only in the HPO + CT26 group, with no 

significant changes observed in the HPO and CT26 groups compared to the normal 

group. The elevated neutrophil count in the HPO + CT26 group suggests that HPO 

treatment may influence the metastatic condition, possibly by enhancing the immune 

response in the presence of tumour growth (Fig. 6.6B). 

Lymphocyte counts were significantly increased only in the HPO + CT26 group, while 

the HPO and CT26 groups were comparable to the normal group (Fig. 6.7A). Platelet 

counts significantly increased in the HPO and HPO + CT26 groups, whereas the CT26 

group was similar to the normal group (Fig. 6.7B). These findings indicate distinct 

haematological responses to tumour growth and HPO treatment, highlighting their 

combined influence on lymphocyte and platelet dynamics.  
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6.5.6 HPO impact on liver toxicity markers, total protein and total bilirubin 

The serum analysis of liver function markers, total protein, and total bilirubin revealed 

significant alterations in the activities of AST (aspartate aminotransferase) and ALT 

(alanine aminotransferase) across the experimental groups. ALP (alkaline phosphatase) 

level remained relatively stable. In the CT26, HPO, and HPO + CT26 groups, AST and 

ALT activities were significantly increased compared to the Normal group. Precisely, 

AST activity was measured at 135 ± 21.56 IU/L in the Normal group, 276 ± 30.84 IU/L 

in the HPO group, 269 ± 49.53 IU/L in the CT26 group, and 61.23 ± 61.23 IU/L in the 

HPO + CT26 group. Similarly, ALT activity was significantly elevated in the HPO (89 

± 15.2 IU/L), CT26 (62 ± 11.28 IU/L), and HPO + CT26 (114 ± 26.29 IU/L) groups 

compared to the Normal group, which showed a value of 31 ± 3.25 IU/L (Fig. 6.8A). 

Regarding total protein levels, significant declines were observed in the CT26 and HPO 

+ CT26 groups, with values of 5.1 ± 0.35 g/dl and 3.4 ± 0.2 g/dl, respectively, compared 

to the Normal group (5.6 ± 0.1 g/dl). The HPO group showed a total protein level of 

3.6 ± 0.32 g/dl (Fig. 6.8B). However, no significant alterations were noted in serum 

bilirubin levels across the experimental groups compared to the Normal. These results 

suggest potential liver dysfunction, particularly in the CT26 and HPO + CT26 groups, 

as evidenced by the elevated AST and ALT activities and decreased total protein levels. 
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6.5.7 Effects of HPO on serum cytokines IL6 and TNFα 

Serum cytokine analysis showed significant increases in IL-6 and TNF-α levels across 

the treatment groups. IL-6 levels were elevated in the HPO (39 ± 6.4 pg/ml), CT26 

(54.5 ± 9.74 pg/ml), and HPO + CT26 (91 ± 12.22 pg/ml) groups compared to the 

normal group (9.6 ± 1.61 pg/ml) (Fig. 6.9A). Similarly, TNF-α concentrations were 

higher in the HPO (60.25 ± 9.9 pg/ml), CT26 (57.3 ± 10.06 pg/ml), and HPO + CT26 

(110.7 ± 7.1 pg/ml) groups compared to the normal group (10.45 ± 1.4 pg/ml) (Fig. 

6.9B). These results suggest that HPO treatment significantly enhances cytokine levels 

compared to the CT26 group, which also exhibited elevated levels relative to the normal 

group. 

 

6.5.8 Effect of HPO on serum lipid profile 

Serum lipid profile analysis revealed significant alterations in total cholesterol, 

triglycerides, LDL, HDL, and VLDL levels among the experimental groups. Total 

cholesterol and triglyceride levels were significantly higher in the HPO and HPO + 

CT26 groups than in the normal and CT26 groups. LDL levels also showed a marked 
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increase in the HPO and HPO + CT26 groups, whereas HDL levels were significantly 

reduced compared to the normal and CT26 groups. VLDL levels were elevated in all 

experimental groups, with the highest levels observed in the HPO and HPO + CT26 

groups. These results highlight significant disruptions in lipid metabolism associated 

with HPO treatment and tumour growth (Fig. 6.10 & Tab 6.1). 

 

Table 6.1 Lipid profile parameters in experimental groups 

Lipid  

Parameters 

Normal  

(mg/dl) 

HPO  

(mg/dl) 

CT26  

(mg/dl) 

HPO + CT26  

(mg/dl) 

Total Cholesterol 126 ± 18 260 ± 32 118 ± 14 275 ± 38 

Triglycerides 34 ± 3.5 182 ± 23 41 ± 4.8 176 ± 17 

LDL 50 ± 5.9 176 ± 28 52 ± 8.3 183 ± 21 

HDL 62 ± 11 38 ± 4.6 64 ± 9.5 38 ± 5.3 

VLDL 8 ± 2.02 38 ± 5.3 10 ±2.6 35 ± 4.5 
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6.6. Discussion 

This study investigates the complex interplay between prolonged intake of excessive 

heat-treated palm oil (HPO) and the progression of colon cancer metastasis, specifically 

in the context of CT26-induced pulmonary metastasis. The use of palm oil, which is 

rich in palmitic acid, as a model for dietary influence saturated fat on cancer progression 

is grounded in prior research indicating that palmitic acid plays a crucial role in 

promoting metastasis in various cancer types, including oral carcinomas and 

melanomas (Kim et al., 2019, Pascual et al., 2021a, Zhang et al., 2022c, Pascual et al., 

2021b, Huang et al., 2021a). The study provides new evidence that the consumption of 

HPO exacerbates lung metastasis in a murine model of colon cancer, suggesting that 

prolonged exposure to HPO may facilitate the spread and progression of cancer cells. 

The observed increase in metastatic distribution and inflammatory cell infiltration in 

the HPO+CT26 group, as compared to the CT26 control group, strongly supports the 

hypothesis that HPO accelerates cancer metastasis. Histopathological analyses showed 

more prominent metastatic lesions in the lungs of animals receiving HPO, aligning with 

findings from other studies suggesting that dietary palmitic acid enhances metastatic 

potential through inflammatory pathways (Zhang et al., 2022a, Pascual et al., 2021a, 

Alkan et al., 2022). This inflammatory response, coupled with increased cell 

infiltration, suggests that HPO may influence cancer progression by inducing a pro-

inflammatory environment that facilitates metastasis. 

Furthermore, the data on body weight changes support the hypothesis that HPO intake 

induces metabolic alterations that may exacerbate cancer progression. The significant 

weight reduction in the HPO and HPO+CT26 groups suggests that HPO may impair 

metabolic functions and nutritional intake, which are critical components in cancer 

progression. Previous research has shown that metabolic disturbances such as obesity 

and altered energy balance can promote cancer metastasis (Barone et al., 2020, Annett 

et al., 2020). In this study, the reduced food and water intake observed in these groups 

further implicates HPO as a potential disruptor of metabolic homeostasis, which could 

fuel cancer progression through altered cellular energy states. 

The glucose tolerance tests revealed significant disturbances in glucose metabolism 

post-treatment, with the HPO and HPO+CT26 groups exhibiting pronounced glucose 

intolerance. The transient hypoglycemia in the CT26 group suggests that cancer 
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progression may alter systemic glucose control. Still, the exacerbated glucose 

intolerance in the HPO groups further underscores the influence of dietary factors on 

cancer metabolism. Hyperglycemia stimulates epithelial-mesenchymal transition 

(EMT) and promotes migration and invasion in colorectal cancer cells (Wu et al., 2018, 

Choi et al., 2018, Nishii et al., 2001). These findings highlight the role of glucose 

metabolism in the metastatic process, with HPO-induced glucose intolerance 

potentially amplifying the metastatic potential of CT26 cells. 

Haematological parameters also provided insights into the systemic effects of tumour 

growth and HPO intake. The marked increase in white blood cell counts, particularly 

neutrophils, in the HPO+CT26 group suggests that HPO may modulate immune 

responses favouring metastasis. Neutrophil counts are often elevated in cancer patients 

and have been implicated in promoting tumour growth and metastasis (Abu-Shawer et 

al., 2019, Wen et al., 2021). The immune modulation observed in the HPO+CT26 group 

and the platelet increase further highlight the potential impact of HPO on the tumour 

microenvironment and immune system. Elevated platelet counts have been associated 

with cancer metastasis, suggesting that platelet-mediated mechanisms might play a role 

in the metastasis-promoting effects of HPO. 

Another critical aspect of cancer progression involves lipid metabolism, particularly in 

the context of serum lipid profiles. The significant increases in total cholesterol, 

triglycerides, and LDL-C levels in the HPO and HPO+CT26 groups point to the 

influence of HPO intake on lipid metabolism. These alterations in lipid profiles are 

known to impact processes such as cell migration, invasion, and angiogenesis, all of 

which are critical for metastasis (Adam et al., 2008, Hisham et al., 2020, Li et al., 2016, 

Irshad et al., 2023, Fernández et al., 2020). The findings suggest that HPO-induced 

changes in lipid metabolism may contribute to the metastatic potential of CT26 cells, 

emphasizing the complex interplay between diet and tumour biology. 

Additionally, the liver function markers indicated potential hepatic dysfunction in the 

HPO and HPO+CT26 groups. The increases in AST and ALT levels, along with reduced 

serum total protein levels, point to liver damage or impaired function as a consequence 

of both tumour growth and HPO intake. Previous studies have shown that liver 

dysfunction is common in cancer patients and can exacerbate the progression of 

metastasis (Ojo et al., 2016). The liver’s role in detoxification and metabolism suggests 
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that alterations in liver function may influence systemic factors that support cancer 

metastasis. 

Finally, the analysis of lung hydroxyproline content and collagen deposition in the HPO 

and HPO+CT26 groups provides compelling evidence for the role of HPO in promoting 

pulmonary fibrosis. The elevated hydroxyproline levels and increased collagen 

deposition observed in the lung tissues of these groups suggest that HPO may contribute 

to fibrotic changes in the lung. This process has been associated with the progression 

of metastatic disease. The observed effects are consistent with findings from other 

studies showing that palmitic acid-rich diets contribute to lung fibrosis (Atanasov et al., 

2022, Chu et al., 2019a). This further underscores the potentially harmful effects of 

prolonged HPO intake on pulmonary health and metastasis. 

In conclusion, this study provides robust evidence for the complex and detrimental 

effects of prolonged heated palm oil intake on colon cancer metastasis. The interplay 

between dietary factors, metabolic changes, inflammatory responses, immune 

modulation, and lipid metabolism all contribute to the enhanced metastatic potential of 

CT26 colon cancer cells in the presence of HPO. The findings underscore the 

importance of understanding how dietary fat, particularly palmitic acid-rich palm oil, 

may exacerbate cancer progression and metastasis, suggesting potential therapeutic 

avenues targeting metabolic and inflammatory pathways in metastatic disease. Further 

research is necessary to elucidate the underlying molecular mechanisms and to validate 

these findings in clinical settings, which could ultimately lead to more effective 

interventions in cancer therapy. 

 

  





 

 

 

 

 

 

 

 

 

Chapter 7 

The role of palm oil in inducing 

inflammation, ER stress and UPR in colon 

cancer metastasis in mouse  
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7.1 Introduction  

Colorectal cancer poses a significant global health challenge, with factors such as age, 

family history, inflammatory bowel diseases, and dietary habits contributing to its 

widespread occurrence and propensity for metastasis (Samadder et al., 2019).  

Metastatic growth originating from primary tumours is influenced by many factors, 

extending beyond genetics to encompass lifestyle choices and environmental 

exposures.  Indeed, pre-clinical models have demonstrated that high-fat diets can 

promote tumorigenesis, while obesity is linked to increased aggressiveness in specific 

cancer types (Tong et al., 2021, Narita et al., 2019).  Furthermore, cancer progression 

can be fuelled by alterations in fatty acid uptake and metabolism.  Saturated fatty acids 

and their interaction with key proteins and transporters, such as CD36, are pivotal in 

tumorigenesis, chemotherapy resistance, and metastasis (Feng et al., 2023).  The 

chronic consumption of palm oil, a widely used cooking oil and ingredient in processed 

foods, is increasingly linked to a heightened risk of colorectal cancer progression due 

to high palmitic acid content (Pascual et al., 2021a).  However, further investigation is 

required to understand how palmitic acid-rich palm oil promotes metastasis and unravel 

the underlying mechanisms. 

The widespread use of palm oil has contributed significantly to dietary fat intake 

worldwide, particularly in regions where it is heavily consumed, particularly in Asia 

and Africa.  Palm oil is rich in saturated fats, with approximately 50% of its fat content 

comprising saturated fatty acids.  This makes it a concern for public health, as high 

intake of saturated fats has been associated with an increased risk of various cancers.  

Numerous studies have linked palm oil, rich in palmitic acid, to be a significant 

contributor to various cancers, prompting further investigation into its role in disease 

development. 

Colon cancer manifests through the malignant transformation of cells in the colon or 

rectum, leading to tumour formation that can invade neighbouring tissues and spread to 

distant organs like the liver and lungs.  Metastasis encompasses a multifaceted series of 

steps, including the spread of cancer cells from the primary tumour site, invasion into 

neighbouring tissues, entry into blood or lymphatic vessels (intravasation), circulation 

to distant organs, exit from vessels (extravasation), and establishment of secondary 

tumours. 
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Many studies have demonstrated that ERS and the activation of UPR play crucial roles 

in the metastasis of various cancers.  The unfolded protein response is identified as a 

primary contributor to addressing cytological perturbations during tumour development 

and progression, as it serves as a stress-adaptive mechanism in normal cells that cancer 

cells exploit for their benefit during metastasis.  In addition, the dysregulation of UPR 

has been implicated in various aspects of tumour development and progression, 

including proliferation, survival, angiogenesis, and metastasis.  

Despite the increasing evidence linking chronic palm oil consumption and the risk 

associated with saturated fatty acids to cancer progression, the precise molecular 

mechanisms underlying this association, particularly regarding colorectal cancers, 

remain incompletely understood.  Furthermore, the impact of chronic palm oil exposure 

on the unfolded protein response (UPR)-mediated metastatic potential of colon cancer 

cells remains largely unexplored.  Closing this knowledge gap is crucial for 

understanding the intricate relationship between dietary factors, cellular stress 

responses, and the metastatic progression of cancer.  Hence, the study hypothesises that 

chronic consumption of palm oil, rich in saturated fatty acids, exacerbates colorectal 

cancer progression through modulation of the unfolded protein response (UPR), 

consequently enhancing metastatic potential in colon cancer cells. 

This study aims to investigate the impact of chronic palm oil consumption on colorectal 

cancer progression and metastasis using relevant animal models.  Firstly, the study 

assesses the effect of long-term palm oil intake on colorectal tumour growth, invasion, 

and metastasis in vivo, utilising appropriate animal models that mimic human colorectal 

cancer progression. The BALB/C mice were inoculated with CT26 murine metastatic 

colon cancer cells and administered heated palm oil (HPO) at 250 μl for four months, 

starting one month before inoculation, as outlined in Chapter 6. 

Specifically, it aims to elucidate how palm oil exposure modulates the unfolded protein 

response (UPR) pathway in colon cancer cells, which plays a crucial role in cellular 

stress responses and tumorigenesis.  Through detailed molecular analyses, the study 

seeks to decipher the association between palm oil-induced UPR activation and the 

metastatic potential of colon cancer cells in association with inflammation, altered 

redox status and misfolded protein aggregates development.  The methodology utilised 

in this study involved ELISA, fluorescent microscopy, spectrofluorimetry, biochemical 

analysis, and RT-qPCR techniques. This comprehensive approach will provide valuable 
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insights into the complex relationship between dietary factors, cellular stress responses, 

and cancer progression, potentially paving the way for novel therapeutic strategies to 

combat colorectal cancer metastasis associated with palm oil consumption. 

7.2 Materials and methods 

7.2.1 Analysis of misfolded protein aggregates in lung tissues  

Tissue samples are thinly sliced (10-20 μm) using a cryostat or microtome, placed on 

slides, and air-dried.  They're then incubated with 0.05% Thioflavin T in PBS for 5-10 

min, washed thrice with PBS, and mounted with glycerol under a coverslip.  Slides are 

sealed, dried, and examined under a fluorescence microscope (excitation/emission: 

450-490 nm/515-535 nm).  Fluorescence intensity and distribution are analysed, with 

safety precautions like gloves and waste disposal.  The detailed procedure is described 

in Chapter 2, Methodology, Section 2.2.1.2.7.2. 

7.2.2 Analysis of pulmonary redox status  

Lung tissue was excised and rinsed with ice-cold saline.  Portions were fixed in 10% 

buffered formalin for histopathological analysis.  Lung homogenate (10% w/v) was 

prepared in Tris-HCl buffer (0.1 M, pH 7.4) for lipid peroxidation. The homogenates 

were centrifuged at 10,000 rpm for 15 min at 4°C, and the supernatant was collected 

for assays of GSH,GST, GR, GPX, SOD, and catalase. The protocol is described in 

Chapter 2, Materials and methods, Sections 2.2.3.2, 2.2.3.3.3 to 2.2.3.3.10. 

7.2.3 Analysis of cytokines in lung tissues 

For cytokine measurement, the lungs were subsequently homogenised with a 10 mM 

potassium phosphate buffer (pH 7.4) containing 0.1 mM EDTA, 0.1 mM 

phenylmethanesulfonylfluoride fluoride, 1 µM aprotinin, 1 μM pepstatin A, and 2 μM 

leupeptin.  The homogenates were centrifuged at 10,500 × g for 1 hour, and the 

supernatants were stored at -80°C.  IL6 and TNFά concentrations in lung tissue were 

quantitatively assessed using the enzyme-linked immunosorbent assay (ELISA, 

PeproTech) technique according to their recommended protocols.  Detailed procedures 

can be found in Chapter 2, Materials and methods, Section 2.2.3.5.3. 
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7.2.4 RT-qPCR 

RT-PCR was conducted to assess the expression of antioxidant, autophagy, ER stress 

marker, and UPR genes, following the protocol outlined in Chapter 2, Materials and 

methods, Section 2.2.4.  The primers used are listed in table 2.10. 

7.3 Statistical analysis 

The data are presented as mean ± SD.  Differences among groups were assessed using 

one-way ANOVA and Tukey's post hoc analysis for multiple comparisons.  Statistically 

significant results are indicated by P values of *<0.05, **<0.01, and ***<0.001. 

7.4 Results 

7.4.1 Effects of HPO on IL6 and TNFα in lung tissues 

The histopathological analysis of lung tissues from the various groups revealed the 

recruitment of inflammatory cells in the HPO, CT26, and HPO + CT26 groups 

compared to the normal group.  The findings indicated elevated production of IL-6 and 

TNFα in HPO and HPO + CT26.  In normal animals, the concentration of IL6 in lung 

tissue was quantified at 7.75 ± 2.14 pg/ml.  Following treatment, this concentration 

showed significant elevation to 57 ± 9.11pg/ml in HPO-treated animals, 50.5 ± 14.15 

pg/ml in animals inoculated with CT26 metastatic cells, and 76.5 ± 10.06 pg/ml in 

animals subjected to HPO treatment and CT26 inoculations (Fig 7.1A).  Similarly, the 

TNFα level in lung tissue of normal animals was measured at 10.83 ± 1.54 pg/ml.  Post-

treatment, this level significantly rose to 66.17 ± 10.23 pg/ml for HPO-treated animals, 

56.83 ± 6.77pg/ml for CT26 inoculated animals, and 93.83 ± 11.33 pg/ml for animals 

subjected to both HPO and CT26 (Fig 7.1B).  These results indicate that IL6 and TNFα 

levels were elevated in all treatment groups compared to the normal group.  Among the 

treatment groups, HPO and HPO + CT26 exhibited the highest levels of these cytokines.  

This suggests that high HPO intake contributes to increased inflammatory responses, 

with a synergistic effect observed in the presence of CT26 metastasis. 

7.4.2 Effect of HPO on antioxidants and MDA levels in lung tissues 

The levels of various antioxidants, including SOD, CAT, and glutathione-related 

antioxidants, GST, GR, GPx, and GSH, as well as lipid peroxidation levels were 

determined in lung tissue homogenates.  The results indicated that there was no change 

in activity observed for SOD and CAT enzymes in the four groups (Fig 7.2 A&B, Table 
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7.1).  However, the activity of glutathione-related enzymes was significantly altered in 

the HPO, CT26, and HPO+CT26 groups compared to the control group. 

The glutathione-related enzymes showed a more pronounced reduction in the 

HPO+CT26 group, followed by the HPO-treated group, and finally, the CT26 group.  

The results revealed that both HPO treatment and CT26 inoculation reduce the activity 

of antioxidant levels.  However, for GPx, no reduction was observed in the CT26 

inoculated group compared to the HPO-treated group (Fig 7.2 C D E&F Table 7.1).  

The study also analysed the level of MDA, which was found to increase drastically in 

the HPO+CT26 group compared to the other groups.  Additionally, both the HPO-

treated and CT26 groups also showed elevated levels of peroxidation (Fig 7.2G, Table 

7.1). 

 



 

196 

 

 

 

 

Table 7.1 The level of antioxidants and MDA (lipid peroxidation) in lung tissues of mice 

 

 

 

 

 

 

 

The table lists enzyme activities, including superoxide dismutase, catalase, glutathione-s-transferase, glutathione reductase, and glutathione 

peroxidase, measured in IU/mg protein, along with reduced glutathione levels expressed in nanomoles/mg protein in different experimental groups. 

  Level of antioxidants and lipid peroxidation   

Sample SOD CAT GST GR GPX GSH MDA 

 (IU/mg P) IU/mg P IU/mg P IU/mg P IU/mg P nmoles/mgP nmoles/mgP 

Normal 52.83±5.04   31.51±2.07 98.83±12.47 10.33±1.5 83.2±6.4 6.06±0.7 1.8±0.059 

HPO 51.17±4.3   30.11±5.04  64±10.9 5.66±0.83 65.5±8.7 3.5±0.47 3.2±0.058 

CT26 50.04±7.78   31.33±3.26    72±10.48 7.13±0.30 75±7.96 4.6±0.5 2.72±0.018 

HPO+CT26 50.35± 5.7  29.13±4.51  51.33±4.89 3.5±0.064 57±10.9 2.46±0.076 3.58±0.0396 
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7.4.4 HPO-induced ER stress in lung tissues 

The accumulation of misfolded proteins and the development of ER stress were 

analysed in lung tissues.  The results indicated that misfolded protein aggregation 

significantly increased in the HPO+CT26 group compared to the CT26 metastatic 

control group.  The HPO group also exhibited aggregated misfolded proteins, though 

to a lesser extent than both the CT26 and HPO+CT26 groups, as demonstrated by the 

fluorescent images (Fig 7.3A).  The normalised fluorescent intensity calculated for the 

normal, HPO, CT26, and HPO+CT26 groups were 0.20 ± 0.150, 0.266 ± 0.180, 0.47 ± 

0.0165, and 0.769 ± 0.0199, respectively (Fig 7.3B). 

Subsequent RT-qPCR analysis was conducted to confirm the development of ER stress 

in lung tissue by analysing the expression of Bip, CHOP, and ATF6, ER stress marker 

genes.  The relative fold changes calculated for Bip in HPO, CT26, and HPO+CT26 

were 2.05 ± 0.37, 2.28 ± 0.34, and 3.33 ± 0.46, respectively.  For CHOP, the relative 

fold changes in HPO, CT26, and HPO+CT26 were 1.99 ± 0.19, 2.28 ± 0.45, and 3.50 

± 0.43, respectively.  For ATF6, the relative fold changes were 1.58 ± 0.188, 1.53 ± 

0.162, and 2.4 ± 0.258, respectively (Fig. 7.4). 
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7.4.5.  Effect of HPO on the expression of Perk/Atf4 and antioxidant genes  

Following the detection of ER stress markers, the study investigated the Perk/Atf4 

pathway and associated expression of antioxidant genes.  The expression of Perk and 

Atf4 genes was upregulated in lung tissues, with relative fold changes in HPO, CT26, 

and HPO+CT26 as follows: 2.275 ± 0.26, 2.7 ± 0.322, and 3.395 ± 0.436 for PERK, 

and 1.73 ± 0.32, 1.855 ± 0.34, and 2.63 ± 0.32 for ATF4 (Fig. 7.5A & B). 

Subsequently, expression analysis was performed for antioxidant genes, including Nrf2, 

Nqo1, and Ho-1.  It was found that Nrf2, Nqo1, and Ho-1 were upregulated in lung 

tissue, with fold changes of 1.82 ± 0.15, 2.25 ± 0.298, and 3.12 ± 0.32 for Nrf2; 1.73 ± 

0.18, 1.25 ± 0.12, and 2 ± 0.44 for Nqo1; and 2.1 ± 0.399, 2.4 ± 0.41, and 3.91 ± 0.335 

for Ho-1 in HPO, CT26, and HPO+CT26, respectively (Fig. 7.5C, D & E). 

7.4.6. Effect of HPO on the expression of Ire1/Xbp1 and autophagy 

As part of the UPR analysis, the study next analysed the activation of the Ire1/Xbp1 

pathway and the subsequent processes associated with autophagy in lung tissues.  It 

was found that Ire1/Xbp1 activate autophagy-associated genes Beclin 1 and Lc3b1.  The 

RT-qPCR results revealed that the relative fold changes calculated in HPO, CT26, and 

HPO+CT26 were as follows: 2.185 ± 0.35, 3.2 ± 0.47, and 4.04 ± 0.35 for Ire1, and 

1.75 ± 0.288, 2.5 ± 0.365, and 3.35 ± 0.369 for Xbp1 (Fig. 7.6A & B). 

Regarding autophagy, Beclin 1 and Lc3b1 were upregulated as follows: 1.675 ± 0.2, 

2.025 ± 0.359, and 2.75 ± 0.36 for Beclin 1, and 1.7 ± 0.21, 1.9 ± 0.33, and 2.66 ± 0.23 

for Lc3b1 in HPO, CT26, and HPO+CT26, respectively.  Both Ire1/Xbp1 and Beclin 1, 

as well as Lc3b1, exhibited significant upregulation in HPO, CT26, and HPO+CT26 

lung tissues, indicating more pronounced activation in HPO+CT26 (Fig. 7.6C & D). 
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7.5. Discussion  

Palm oil consumption has recently been identified as a risk factor for various health 

impacts(Menta et al., 2022, Singh et al., 2021b).  Given its abundance in palmitic acid, 

debates arise regarding whether palm oil directly contributes to cancer or plays a role 

in cancer progression.  No comprehensive study has explored the potential relationship 

between palm oil consumption and cancer progression.  However, numerous studies 

have indicated that the saturated fatty acid, palmitic acid, abundant in palm oil, may 

play a significant role in cancer, especially colon cancer progression, highlighting the 

complexity of its potential impact (Fattore and Fanelli, 2013, Theodoratou et al., 2007, 

Menta et al., 2022).  The study of chronic palm oil (HPO) intake-induced inflammation 

on colon cancer metastasis has revealed complex molecular mechanisms, showing the 

interaction between palmitic acid-rich dietary factors and cancer progression.  This 

study examines cellular processes such as inflammation, oxidative stress, ER stress, 

and cellular signalling pathways, offering crucial insights into the mechanisms 

underlying tumour metastasis in response to HPO consumption. 

Studies have shown that dietary saturated fatty acids, especially palmitic acid, are 

linked to elevated plasma IL-6 levels, potentially influencing systemic inflammation 

and disease susceptibility (Domínguez-López et al., 2022).  Another study revealed that 

palm oil or palmitic acid exposure induces inflammation in various organs, including 

the liver, intestine, and endothelial cells (Ghezzal et al., 2020, Lu et al., 2022, Florescu 

et al., 2023).  Firstly, the observed elevation in IL-6 and tumour necrosis TNF-α levels 

within lung tissues following chronic HPO intake underscores the pro-inflammatory 

nature of palmitic acid, a prominent component of palm oil.  The upregulation of these 

cytokines implicates HPO-induced inflammation as a pivotal contributor to establishing 

a tumour-permissive microenvironment conducive to metastatic spread.  Notably, IL-6 

and TNF-α have promoted tumour growth, angiogenesis, and metastasis, emphasising 

their significance in cancer progression (Rašková et al., 2022, Ray et al., 2018, Cui et 

al., 2023).  The findings revealed that CT26 metastasis was associated with increased 

immune cell infiltration and invasion.  However, HPO treatment enhanced lung tissue 

inflammation, potentially promoting metastatic cell establishment.  Consequently, the 

study observed aggressive spreading of CT26 cells in HPO-treated lung tissues. 

Subsequently, the alterations in antioxidants and lipid peroxidation levels observed also 

reflected changes in the tissue's redox status induced by inflammation (Ahn and Kim, 
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2021, Bondia-Pons et al., 2012, Muro et al., 2024, Scarian et al., 2024).  Previous 

studies revealed the relationship between inflammation-induced alterations in 

antioxidants like SOD, CAT, and glutathione-related antioxidants and the consequential 

impact on lipid peroxidation in oxidative stress dynamics (Yang et al., 2024, 

Dzięgielewska-Gęsiak et al., 2024, Svobodová et al., 2024).  Moreover, the 

perturbation of antioxidant status in lung tissues after HPO consumption highlights the 

intricate balance between oxidative stress and antioxidant defence mechanisms.  While 

the antioxidant system endeavours to counteract the deleterious effects of reactive 

oxygen species generated during lipid peroxidation, chronic HPO intake may 

overwhelm these defences, leading to oxidative damage and cellular dysfunction.  The 

study further revealed that lung tissues from HPO, CT26, and HPO+CT26 groups 

exhibited alterations in glutathione-related enzymes (GST, GR, GPX, and GSH) but 

showed no changes in SOD and CAT enzymes, accompanied by significant lipid 

peroxidation.  These findings suggest an altered redox status associated with 

inflammation in the lung tissues.  This dysregulation of redox homeostasis may 

exacerbate inflammation, fuelling a vicious cycle of oxidative stress and inflammation 

that potentiates cancer metastasis. 

In line with previous findings, excess palmitic acid and a diet rich in palm oil have been 

demonstrated to induce ER stress in various tissues (Chen et al., 2024, Vidrio-Huerta 

et al., 2024, Molonia et al., 2024, Sahoo et al., 2024, Zhao et al., 2024b, Tan et al., 

2024, Li et al., 2024).  In the present study, the induction of ER stress and misfolded 

protein aggregation in response to HPO consumption further explains the complex link 

between metabolic stress pathways and tumour progression.  ER, stress is a critical 

mediator of cellular adaptation to environmental insults, yet prolonged activation of the 

UPR may exacerbate inflammation and promote tumorigenesis(Acosta-Alvear et al., 

2024, Minjares et al., 2025, Zhang et al., 2024, Yuan et al., 2024).  The upregulation of 

ER stress marker genes such as Bip, CHOP and ATF6 suggests a convergence of 

metabolic and inflammatory pathways, wherein HPO-induced ER stress fuels a pro-

tumorigenic microenvironment conducive to cancer metastasis. Furthermore, the 

dysregulation of PERK/ ATF4, Ire1/ Xbp1 and ATF6 signalling pathways associated 

with HPO intake emphasise the intricate regulatory mechanisms governing cellular 

responses to dietary stressors.  The PERK/ ATF4 axis activation may potentiate 

oxidative stress and inflammation.  In contrast, activation of the Ire1/ Xbp1 pathway 



207 

may modulate autophagy with inflammation and cell survival in response to ER stress 

(Xu et al., 2022, Narayanan et al., 2022, Zhao et al., 2024a, Stevens et al., 2023, Fang 

et al., 2024, Wan et al., 2025, Chipurupalli et al., 2021). In this context, the 

concomitant upregulation of antioxidant genes and enhanced autophagy observed in 

the HPO+CT group (Fig. 7.6) highlights a coordinated adaptive mechanism. The 

antioxidant response appears to counteract excessive ROS generated by HPO-driven 

lipid peroxidation and tumor-associated oxidative stress, while autophagy facilitates 

the clearance of damaged organelles and provides metabolic substrates to sustain 

tumor cell survival. Together, these dual adaptations enable CT26 cells to withstand 

dietary oxidative burden, thereby strengthening redox homeostasis and promoting 

metastatic potential. These findings highlight the multifaceted nature of cellular 

responses to HPO-induced stress, implicating diverse signalling cascades in the 

regulation of cancer metastasis. 

In conclusion, elucidating these molecular mechanisms underscores the complex 

interplay between dietary factors, inflammation, oxidative stress, and ER stress in 

driving cancer metastasis in response to chronic HPO intake.  From the study, it 

became evident that chronic intake of HPO induces inflammation in lung tissues, 

altering the redox status and enhancing inflammation.  This, in turn, induces ER stress 

and creates a conducive environment for metastatic cells to establish themselves in the 

lung tissue and propagate vigorously within the tissues.  By Unravelling the 

intricate signalling networks implicated in HPO-induced tumorigenesis, this study 

provides a foundation for developing targeted therapeutic strategies to disrupt 

key molecular pathways underlying cancer metastasis.  However, further research is 

warranted to elucidate the precise mechanisms by which HPO modulates tumour 

progression and to identify potential therapeutic targets for intervention in metastatic 

disease. 
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8.1 Summary  

Palmitic acid, a saturated fatty acid abundant in dietary sources like palm oil, influences 

cellular metabolism and health. It plays crucial roles in lipid metabolism, oxidative 

stress, and, notably, in triggering endoplasmic reticulum (ER) stress. ER stress develops 

when the protein folding capacity of the ER is overwhelmed. The stress affects cellular 

homeostasis and potentially leads to dysfunction of cells or lead to death. Although 

reports suggest that palmitic acid induces oxidative and ER stresses, understanding how 

enhanced ER stress affects cancer cells, especially their survival, remains limited. 

Considering this, the study hypothesised palmitic acid-induced ER stress plays a role 

in adapting the cancer cell in survival by modulating stress response pathways, UPR, 

thereby promoting mechanisms that support tumour progression. Hence, this study aims 

to investigate ER stress responses in normal and cancer cell lines exposed to palmitic 

acid by exploring gene alterations especially linked to cell fate decisions. The study 

also envisaged assessing UPR signalling pathways in metastasised tumour-bearing 

mice treated with palm oil. These findings illuminate strategies for potentially targeting 

fatty acid metabolism and stress response mechanisms to enhance cancer therapies and 

cellular resilience. 

The initial phase of the study examined the effects of palmitic acid on normal rat 

intestinal (IEC6) and colon cancer (HCT116 and CT26) cell lines, focusing on 

tolerance, toxicity, and lipid accumulation. Normal colon cells (IEC6) exhibited greater 

tolerance to palmitic acid, showing a dose-dependent decrease in cell viability with an 

IC50 of 342 μM. In contrast, cancer cells were a little more sensitive, with IC50 values 

of 180 μM for HCT116 and 168 μM for CT26. These results suggest that normal colon 

cells may be more resistant to lipid overload due to more efficient lipid metabolism and 

stress response mechanisms that help maintain cellular homeostasis. 

In contrast, cancer cells exhibited a heterogeneous population, with most of the cells 

undergoing death. However, a subset of more resilient cancer cells survived and 

contributed to the population's recovery. This highlights the efficacy of some cancer 

cells in a population in enabling faster and more progressive tumour growth. These 

resilient cancer cells uniquely withstand palmitic acid-induced ER stress, highlighting 

the need to target them to better understand their survival mechanisms. 
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The cells accumulated with neutral lipids and formed lipid droplets upon exposure to 

palmitic acid. This accumulation was dose-dependent. The substantial accumulation of 

lipid droplets at lower concentrations of palmitic acid intake was excessive in both 

normal and cancer cells. Lower concentrations found supported the formation of 

healthy colonies. This indicates that the cancer cells may survive and proliferate under 

certain conditions despite metabolic stress. However, higher concentrations of palmitic 

acid alter lipid metabolism and antioxidant defences and may lead to death. Therefore, 

the lower concentrations with significant lipid accumulation were chosen for further 

study.   

Further, the excess lipid accumulation in cells induced oxidative stress, and more 

misfolded proteins and ER stress were assessed by respective markers. A preliminary 

indication of ER stress development. This ER stress developed was confirmed by 

reducing the stress with 4-phenyl butyric acid (4-PBA), especially at lower 

concentrations of palmated acid. This suggests that ER stress is well tolerated at lower 

concentrations of palmitic acid, indicating that oxidative stress-associated metabolic 

stresses play a significant role in ER stress under both pathological and physiological 

conditions. 

The study further explores ER stress-associated UPR responses, focusing on the 

PERK/ATF4, IRE1/XBP1, and ATF6 pathways and their roles in supporting cell 

survival. The ROS generated triggers PERK, and the UPR activates adaptive responses, 

including antioxidant defence systems, by restoring protein-folding homeostasis. 

Palmitic acid exposure affects the antioxidant enzyme activity, including SOD and CAT 

crucial for mitigating oxidative stress. Our study observed elevated SOD and CAT 

activities at sub-lethal doses but a decline at toxic concentrations. Similarly, 

glutathione-related antioxidants also remained stable at sub-lethal doses but declined at 

toxic levels, highlighting the role of these enzymes in detoxifying excess palmitic acid 

metabolites and scavenging ROS. Lipid peroxidation, a hallmark of oxidative stress, 

was also exacerbated by palmitic acid, accompanied by declining antioxidants that 

compromised membrane integrity and amplified oxidative stress at higher 

concentrations. Stress-responsive transcription factors like Nrf2 and NF-κB also 

regulate antioxidant defence, inflammation, and apoptosis to maintain cellular 

homeostasis. Palmitic acid modulates the expression of antioxidant genes in HCT116 

and CT26 cells by showing upregulation of Nrf2 compared to normal colon cells. The 
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expression of NQO1 and HO-1 also varied, reflecting the adaptive response to oxidative 

stress.  

Considering the selected doses, PERK expression remains stable in IEC6 cells at 100 

and 200 µM, while expression increased in HCT116 and CT26 colon cancer cells from 

50 to 100 µM. The study revealed a feedback mechanism regulating PERK activity in 

normal cells, while unresolved ER stress triggered persistent PERK activation in cancer 

cells. Moreover, this study indicates that palmitic acid can induce oxidative stress 

without causing lipotoxicity up to a specific concentration and can activate the 

PERK/ATF4 pathway to counteract ER stress in normal and colon cancer cells. These 

findings enhance our understanding of cancer cell metabolic and cellular adaptations 

and establish a link between saturated fat and ER stress. This offers potential therapeutic 

targets for combating the deleterious effects of palmitic acid and enhancing cellular 

resilience in cancer.  

Palmitic acid-induced ER stress via the IRE1/XBP1 pathway associated autophagic 

flux via the IRE1/XBP1 pathway. Palmitic acid treatment increased acidic vacuoles, 

indicating early autophagic responses. Not all acidic vacuoles are transformed into 

autophagic vacuoles; hence, MDC staining was carried out further to confirm the 

development of autophagic flux in treated cells. Palmitic acid also upregulated 

autophagy-related genes BECLIN 1 and LC3B1 and ER stress markers IRE1 and 

XBP1, particularly in cancer cells. This suggests palmitic acid enhances cellular 

resistance to stress through autophagy and ER stress pathways. The study highlights the 

crosstalk between autophagy and ER stress, where autophagy alleviates ER stress by 

degrading damaged components, and UPR regulates autophagic flux. In colon cancer, 

this interplay may promote cell survival and progression. Targeting these pathways 

could offer therapeutic strategies to restore cellular homeostasis and inhibit cancer 

survival mechanisms. Further research is needed to identify specific molecular targets 

within these pathways and develop optimised treatments for colon cancer. 

The study chose palm oil to analyse the impact of a palmitic acid-rich diet in vivo in 

mice due to its high fatty acid levels. Palm oil, a palmitic acid-rich oil, was chosen as a 

dietary model. The objective of the study was to validate the development of ER stress 

and UPR responses in intestinal tissues due to heat-treated palm oil (HPO) and second, 

to examine the role of HPO in colon cancer pulmonary metastasis and its contribution 

to ER stress and UPR activation in cancer cell survival.  
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GC-MS/MS analysis determined a palmitic acid concentration of 367 mg/mL in HPO. 

Each mouse received 200 µl, corresponding to 73.4 mg per mouse. HPO causes 

oxidative stress and reduced antioxidant levels in the small intestine, leading to 

increased lipid peroxidation. This oxidative stress was less pronounced in the large 

intestine, which may be due to its limited lipid absorption. Palmitic acid exposure 

resulted in lipotoxicity, alterations in goblet cell morphology, and inflammation. The 

study also found that HPO-induced oxidative stress triggered ER stress, marked by 

elevated BIP, CHOP, and ATF6 levels, and activated different UPR pathways 

(PERK/ATF4 in the small intestine and IRE1/XBP1 in the large intestine). The large 

intestine exhibited a more pronounced inflammatory response with increased 

autophagy-related gene expression (Beclin 1 and LC3B1) and immune cell infiltration. 

Significant IL-6 and TNF-α production by infiltrated immune cells, indicating an 

inflammatory response due to palm oil consumption. The role of ER stress and UPR 

signalling in oxidative stress-mediated lipotoxicity and the subsequent inflammatory 

response in the gut suggests that palm oil consumption significantly influences gut 

health and contributes to various pathologies. 

Prolonged consumption of heat-treated palm oil induces ER stress and alters the 

morphology and function of the small intestine, leading to lipotoxicity, inflammation, 

and impaired barrier function. The differential activation of UPR pathways in the small 

and large intestines reflects their distinct roles and susceptibilities. The findings 

highlight the distinct roles of the PERK/ATF4, IRE1/XBP1, and ATF6 pathways in 

different intestinal regions. These emphasise the adverse effects of palm oil 

consumption on gut health, highlighting the need for further research to develop 

targeted therapeutic strategies for mitigating these effects. 

The study also investigated the impact of prolonged intake of heat-treated palm oil 

(HPO), rich in palmitic acid, on colon cancer metastasis. Previous research has shown 

that dietary palmitic acid promotes metastasis in various cancers. The present study 

revealed that tumours from mice on a palm oil-rich diet exhibit sustained high 

metastatic activity. Histopathological analysis revealed altered metastatic distribution 

and increased inflammatory cell infiltration, suggesting that HPO exacerbates 

metastatic spread. The findings align with previous studies indicating that palmitic acid-

rich palm oil promotes lung metastasis via TLR4/TRIF-Peli1-pNF-κB pathway and that 
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blocking CD36 inhibits metastasis, emphasising the role of palmitic acid in promoting 

metastasis. 

After four months, body weight metastasised mice were found to be reduced by HPO. 

The decreased food and water intake suggested metabolic alterations and a potential 

link to metastasis progression. The glucose intolerance observed highlights the 

connection between dietary changes, cancer advancement, and glucose control. 

Haematological analysis showed significant increases in white blood cell counts, 

monocytes, neutrophils, lymphocytes, and platelets, indicative of systemic 

inflammation and immune modulation. Serum lipid profile analysis revealed significant 

increases in total cholesterol, triglycerides, and LDL levels, suggesting an impact on 

lipid metabolism associated with cancer progression. Elevated liver function markers 

(AST, ALT) levels indicated hepatic injury or dysfunction. The findings of increased 

lung hydroxyproline content and collagen deposition in the HPO and HPO+CT26 

groups suggest a direct association between HPO intake and pulmonary fibrosis, 

highlighting the need for awareness of the potential adverse effects of dietary factors 

on pulmonary health.   

The intake of HPO resulting in colon cancer lung metastasis further impacts 

inflammatory responses, oxidative stress, ER stress, and associated signalling 

pathways. It was found that palmitic acid induces inflammation in lung tissues, 

characterised by elevated levels of IL6 and TNFα, which create a microenvironment 

conducive to metastatic spread. Increased immune cell infiltration and invasion further 

supported the role of HPO-induced inflammation in facilitating cancer cell 

aggressiveness. Furthermore, chronic HPO intake disrupted redox homeostasis in lung 

tissues, leading to oxidative damage exacerbated by alterations in antioxidant enzymes. 

The study highlighted significant changes in glutathione-related enzymes without 

corresponding adjustments in SOD and CAT, underscoring a dysregulated antioxidant 

defence system that potentiated oxidative stress and inflammation. Moreover, HPO-

induced ER stress, evidenced by the upregulation of ER stress markers like BIP, CHOP, 

ATF6, and activation of PERK/ATF4 and IRE1/XBP1 signalling pathways, contributed 

to a pro-tumorigenic microenvironment favouring cancer metastasis. 
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8.2 Conclusion  

The study comprehensively elucidates the role of palmitic acid, mainly through the 

consumption of heat-treated palm oil, inducing ER stress and its implications for cancer 

cell survival and metastasis. Prolonged intake of HPO leads to significant ER stress in 

intestinal tissues, evidenced by the upregulation of stress markers such as Bip, Chop, 

and Atf6 and the differential activation of UPR pathways. The differential expression 

of Perk/Atf4 in the small intestine and Ire1/Xbp1 in the large intestine under HPO 

gavage reflects the distinct roles these pathways play in managing region-specific 

stresses. Perk/Atf4 in the small intestine regulates protein synthesis and cellular 

homeostasis under increased metabolic demand. In contrast, Ire1/Xbp1 in the large 

intestine modulates inflammatory responses and maintains mucosal integrity in 

response to microbial stress and gut inflammation induced by the high-fat diet. 

This stress response is coupled with oxidative stress, lipotoxicity, and inflammation, 

altering intestinal morphology and function. Additionally, HPO exacerbates colon 

cancer metastasis, as shown by increased inflammatory cell infiltration, systemic 

inflammation, and metabolic disturbances. These findings highlight the detrimental 

impact of dietary palmitic acid on gut health and cancer progression, emphasising the 

need for targeted therapeutic strategies to mitigate these effects. The study underscores 

the complex interplay between dietary components, ER stress, and cancer cell survival, 

providing a foundational understanding of how chronic consumption of palmitic acid-

rich diets can contribute to cancer metastasis. 
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9.1 Future Recommendations  

1. The signalling pathways linking ER stress and cancer progression are driven by key 

mediators like GRP78, PERK, IRE1, and ATF6, which regulate tumour growth, 

survival, and metastasis. Investigating their interactions with lipid metabolism may 

reveal vital insights into cancer pathology. 

2. Targeting lipid metabolism and ER stress in cancer involves small molecules, gene 

therapies, and combination treatments to disrupt tumour growth and survival 

mechanisms, exploiting these dual vulnerabilities. 

3. The bidirectional relationship between autophagy and ER stress in cancer is crucial, 

particularly in how autophagy mitigates or exacerbates lipid-induced ER stress. 

Understanding this interplay could reveal therapeutic opportunities, with the potential 

to modulate these mechanisms to enhance anti-cancer strategies. 

4. Identifying biomarkers linked to ER stress and lipid metabolism dysregulation in 

cancer can aid early diagnosis, prognostication, and prediction of treatment responses, 

enhancing therapies targeting ER stress pathways. 

5. Lipid-induced ER stress influences immune cell function in the tumour 

microenvironment, contributing to immune evasion. Investigating these effects may 

uncover therapeutic strategies to enhance anti-tumour immunity by modulating ER 

stress pathways. 

6. Comparing the effects of saturated, unsaturated, and trans fats on ER stress, lipid 

metabolism, and cancer progression may reveal fatty acids with distinct roles, 

uncovering potential cancer prevention and therapy targets. 
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Soumya et al. Palmitic acid-induced endoplasmic reticulum stress links metabolic

Palmitic acid-induced endoplasmic reticulum 
stress links metabolic stress to senescence and 
regulates cell fate via PERK signalling in colon 
cancer cells

Valappan Veetil Soumya*, Snijesh Valiya Parambath†, 
Chevookaren Francis Binoy‡ Achuthan C Raghavamenon*, 
Suraj Kadunganattil* and Thekkekara Devassy Babu*

Abstract

Palmitic acid, a saturated fatty acid, promotes cancer progression 
and induces endoplasmic reticulum stress, which is associated 
with a misfolded/unfolded protein response. The study aims 
to explore the impact of metabolic stress induced by palmitic 
acid on cell fate decisions in colon cancer cell HCT15, with a 

to senescence. In the MTT assay, the IC50 was determined to be 

elevated MDA levels, and alterations in antioxidant activities.

stress-related genes, including Bip, CHOP, PERK, ATF4, Nrf2, 
and HO-1, highlighting their role in promoting stress tolerance. 
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between palmitic acid-induced metabolic stress and senescence. 
This study emphasises the critical role of palmitic acid-

as a key mediator in this process. These insights provide a 
deeper understanding of how metabolic stress contributes to 
senescence, potentially revealing new therapeutic targets for 
managing colon cancer progression.

Keywords:
cancer

1. Introduction
Palmitic acid, a saturated fatty acid prevalent in diets, has been linked to 

dietary component, commonly found in palm oil, dairy products, meats and 
processed food, has been reported to affect cellular functions by modulating 
lipid metabolism and promoting the development of a pro-tumorigenic 
microenvironment. Among its diverse biological effects, it was evident that 

the protein-folding machinery, thereby activating the unfolded protein 

The UPR is a complex signalling network regulated by three key stress 

and cellular needs, promoting survival under mild stress, and initiating 

synthesis by selectively promoting the translation of activating transcription 
factor 4 (ATF4).ATF4, in turn, modulates genes involved in redox 
homeostasis, autophagy, and apoptosis, with downstream effectors such as 

transient adaptive response to a chronic survival mechanism, enabling 
tumour cells to endure unfavourable conditions such as nutrient deprivation, 

factors like nutrient deprivation and altered metabolism, exacerbates cellular 
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in the UPR, leading to chronic activation of UPR pathways due to misfolded 

a cycle that promotes tumour cell survival and adaptability, enhancing 

exacerbates protein misfolding and oxidative stress, leading to heightened 

oxidative stress and UPR pathways enhances tumour cell adaptability, 

Senescence, characterised by irreversible cell cycle arrest, is a crucial 

in colon cancer cell survival and its link to senescence remains unexplored. 
Furthermore, colon cancer is the most prevalent malignancy worldwide, 

UPR signalling modulates cell survival under these conditions. Through 

as hypoxia and glucose deprivation in HCT15 cells, this research delves 

senescence, emphasising its central role in metabolic stress responses and 
colorectal cancer progression. These insights pave the way for identifying 
novel therapeutic targets to overcome treatment resistance and curb cancer 
progression.

2. Materials and methods

2.1. Cell culture and treatment

1640 medium supplemented with FBS (10%) and penicillin/streptomycin 
. Cells were treated 

2.2 Cytotoxicity and viability assays
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Cell viability in HCT15 cells was assessed using the MTT assay and trypan 

blue exclusion by counting viable and dead cells with a hemacytometer at 

2.3. Lipid uptake analysis by Oil Red O staining

isopropanol and measuring absorbance at 510 nm using a microplate reader.

2.4. Colony formation assay
Treated cells were PBS-washed, trypsinised, and reseeded at 3,000 cells per 

captured using a phase-contrast microscope, colonies were counted, and the 

2.5. Reactive oxygen species (ROS) analysis
Treated cells were incubated with 10 µM DCFH-DA 

2.6. Analysis of antioxidant status and lipid peroxidation

were measured as described in the respective references. Lipid peroxidation 
was assessed by determining malondialdehyde (MDA) level using the 
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paraformaldehyde. After washing, cells were incubated with 0.01% ThT 
for 30 minutes in the dark. The cells were rewashed and imaged using a 

2.8. Gene expression analysis by RT-qPCR
For gene expression analysis, cells treated with 50 µM and 100 µM palmitic 

transcription was performed using the Superscript IV Reverse Transcriptase, 

Table 1: 

2.9. Analysis of GEO data from HCT15 colon cancer cells under ER 
Stress conditions

each for control, hypoxia (CoCl  treatment), and low-glucose conditions. 
Differential expression analyses compared hypoxia vs. control and low-

with FastQC, and low-quality reads, and adaptor sequences were removed 

reference genome using STAR,
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for pathway enrichment, and a network visualisation of gene-pathway 

2.10. Statistical analysis

* 
< 0.05, ** < 0.01, and *** < 0.001.

3. Results 

3.1 Impact of palmitic acid on cell viability, neutral lipid 
accumulation, and colony formation in HCT15 colon cancer cells
The toxicity of palmitic acid was initially evaluated in HCT15 colon cancer 
cells using the MTT assay, which revealed a dose-dependent effect with 
an IC50 of 186 µM (Fig. 1A). Based on this IC50 value, doses of 50, 100, 

uptake revealed a progressive increase in intracellular lipid content up 

A colony formation assay was performed to evaluate cell survival doses 
further. Results showed that the cells formed healthy colonies at 50 and 100 
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Figure 1: 
HCT15 cells. HCT15 cells treated with varying PA concentrations of 50,100,150 and 

as relative intracellular lipid content (D). Colony formation was examined via crystal 

3.2 Palmitic acid triggers oxidative stress in colon cancer cells

The exposure of HCT15 cells to palmitic acid resulted in a marked 

palmitic acid-treated cells revealed the following relative fold changes in 
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Further analysis of antioxidant levels demonstrated an increase in 

MDA level, a lipid peroxidation marker, remained stable up to 100 µM but 

Figure 2: Palmitic acid-induced oxidative stress in colon cancer cells. HCT15 
cells treated with PA were subjected to oxidative stress analysis. (A) Fluorescent 

(B)
(C)

representation of the levels of different antioxidants and MDA following PA 

by ***p p p
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Table 2:  

3.3 Palmitic acid-induced metabolic stress in HCT15 colon cancer 
cells 
palmitic acid-induced metabolic stress in HCT15 colon cancer cells across all 

altered antioxidant levels. At 50 and 100 µM, cells demonstrated tolerance 
to the induced stress, characterised by upregulated antioxidant responses. 

demonstrate the dose-dependent nature of palmitic acid-induced metabolic 
stress, where lower concentrations promote tolerance while higher 
concentrations induce cytotoxicity. 

Signalling in regulating antioxidant responses

regulating antioxidant responses was investigated in HCT15 cells. Increased 
misfolded protein aggregates in palmitic acid-treated HCT15 cells were 

dose-dependent increase in misfolded protein aggregates was observed up 

toxicity and cell loss (Fig.3A).

palmitic acid at 50 and 100 µM. BIP expression exhibited fold changes of 
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respectively (Fig. 3C).

Figure 3: 
(A) Fluorescent 

microscopic images of ThT staining, visualising misfolded protein aggregation, 
(B)

protein aggregation in cells represented as relative fold change. (C) RT-PCR analysis 

by ***p p p



11

Soumya et al. Palmitic acid-induced endoplasmic reticulum stress links metabolic

hypoxia and nutrient deprivation in HCT-15 colon cancer cells
Boxplot analysis of normalised gene expression data under hypoxia and 
nutrient deprivation conditions demonstrated consistent median values 

values across biological replicates, as well as their clustering in PCA plots, 
further validated the dataset’s reliability for differential expression analysis 
(Suppl. Fig. 1& Fig. 4A).

nutrient deprivation conditions, respectively. Among these, 1,034 genes 
were commonly upregulated under both conditions, suggesting shared 

3.6. PERK-mediated stress response and negative regulation 
resulting in senescence in HCT15 cells

UPR, pathways of negative regulation, and signal transduction by the p53 

various cellular processes to overcome unfavourable conditions, indicating 

heterogeneity of cancer cells, as some exhibit stress tolerance while others 
undergo cell death, as seen in HCT15 colon cancer cells (Fig. 4D).

cycle arrest and senescence. Key p53 pathway genes, including CDKN1A 
(p21), GADD45A, BBC3, and SESN1, were upregulated under stress, driving 
HCT15 cells into senescence by halting proliferation to prevent damage. 
CDKN1A mediated cell cycle arrest, GADD45A
BBC3 and SESN1 promoted stress-induced senescence. The transcriptional 
misregulation in cancer pathways involving CDKN1A, GADD45A, MDM2, 
and CCND2 highlighted the contribution of dysregulated transcriptional 
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that hypoxia and nutrient deprivation activate p53 signalling, upregulating 
effectors such as p21 and GADD45, inducing cell cycle arrest and senescence 

Figure 4: ) and 
nutrient deprivation (low glucose) in HCT15 colon cancer cells.

hypoxia (CoCl
HCT15 cells. (A) PCA analysis of gene expression in response to hypoxia 
and nutrient deprivation. (B) Volcano plot illustrating differentially 
expressed genes under hypoxic (CoCl ) and nutrient-deprived (low glucose) 
conditions. (C)
hypoxia and nutrient deprivation conditions. (D) Dot plot displaying the 
biological processes associated with differentially expressed genes. (E) 
Fold  (F) 
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Figure 5: 
p53 signalling pathway (hsa04115) 

hypoxic (CoCl ) and nutrient-deprived (low glucose) conditions.

4. Discussion 

cells, palmitic acid-induced metabolic reprogramming supports rapid 

cells, focusing on the interplay between lipid accumulation, antioxidant 

PA-induced metabolic stress, driving senescence under moderate stress 
conditions while triggering cell death under extreme stress. Studying 
senescence, characterised by a permanent or premature exit from the cell 
cycle, is crucial as it allows cancer cells to adapt to stress, survive adverse 

mechanisms is vital for developing strategies to overcome therapeutic 
resistance and enhance treatment outcomes. 

responses in HCT15 cells, promoting survival at lower concentrations (50 and 
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that lower concentrations supported colony formation while higher doses 
inhibited it. At “survival doses” (50 and 100 µM), adaptive mechanisms 

changes in glutathione-related antioxidants suggests the cell manages 
oxidative stress without depleting glutathione reserves. At “lethal doses” 

leading to lipid peroxidation, glutathione depletion (measured by MDA), 
cellular damage, and reduced viability. The accumulation of oxidative 
stress surpasses compensatory mechanisms and may trigger apoptosis or 

adaptive responses and oxidative damage, where excessive stress can 
overwhelm the cell’s capacity to maintain homeostasis, leading to cell death, 

As palmitic acid induces oxidative and metabolic stress, it contributes 
to toxicity in cancer cells while simultaneously promoting tumour 

questions about how palmitic acid can both promote cell death and facilitate 
cancer progression, highlighting the need for further investigation into 

survival or apoptosis through the UPR. It also facilitates tumour initiation, 
progression, and metastasis by enabling cancer cells to adapt to adverse 

The study focused on adaptive responses, so RT-qPCR was not performed 

expression was dose-dependent at survival doses, where adaptive responses 
predominated, though some cells still underwent death, as indicated by low 
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cell death, highlighting the dual role of the UPR in promoting survival 

leading to senescence in cancer cells, which can result from drug resistance 

-

protein responses, negative regulation of cellular processes, p53 signalling, 

regulatory mechanism suggests a slowdown in cellular processes and cell 

unfolded protein responses to the p53 signalling pathway, contributing to 

The study highlights the role of the p53 signalling pathway and 

responses leading to senescence, with palmitic acid-induced metabolic stress 

in HCT15 cells. 

5. Conclusion

metabolic stress, cellular senescence, and cell death. Under tolerable stress, 
cells activate adaptive antioxidant responses to promote survival, while 
chronic or severe stress leads to irreversible damage and cell death. This 
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a novel therapeutic strategy for overcoming senescence-induced treatment 
resistance in colon cancer. However, a limitation of this study is the inability 
to perform RT-qPCR at higher palmitic acid concentrations due to toxicity, 
restricting the analysis to adaptive senescence mechanisms observed at 
lower concentrations.
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