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ABSTRACT 

Breast cancer arises from the culmination of complex process enclosing multiple gene 

modifications such as cyclooxygenase-2 (COX-2). It catalyzes arachidonic acid (AA, downstream 

ω-6 polyunsaturated fatty acid (ω-6 PUFA)) metabolism to cancer-promoting prostaglandin E2 

(PGE2). Hence, COX-2 inhibition was considered an ideal strategy to inhibit the cancer 

progression. However, COX-2 inhibitors are no longer advised for cancer management due to life 

threatening cardiovascular adverse events. Recently, we found that inhibition of delta-5-desaturase 

(D5D, enzyme catalyzing di homo-gamma-linolenic acid (DGLA) metabolism to AA) in breast 

cancer cells by siRNA/shRNA caused the diversion of DGLA metabolism from PGE2 to anti-

cancer metabolite 8-hydroxyoctanoic acid (8-HOA). But, the approach of using siRNA/shRNA 

was limited by endonucleases mediated physiological degradation and inability to cross the cell 

membrane. Therefore, to overcome the limitation and to stimulate DGLA metabolism towards 

anti-cancer activity, small molecule D5D activity inhibitor Iminodibenzyl was identified. Here, we 

have hypothesized that Iminodibenzyl could inhibit the DGLA metabolism by inhibiting the D5D 

activity, and simultaneously overexpressed COX-2 in breast cancer cells would peroxidize the 

accumulated DGLA to an anti-cancer metabolite 8-HOA. To achieve the research goal, we have 

performed various in vitro and in vivo studies (orthotopic breast cancer model). From these studies, 

we noted that Iminodibenzyl could alter DGLA metabolism to anti-cancer metabolite 8-HOA in 

4T1 and MDA-MB-231 breast cancer cells. After treating cancer cells with the combination of 

Iminodibenzyl and DGLA, a significant increase in apoptosis was observed through the caspase-

dependent mechanism, which was validated by pretreating cells with nonspecific caspase inhibitor 

Z-VAD-FMK. Additionally, a significant reduction in HDAC activity and β-Catenin was 

observed, which might have reduced cancer cell survival fraction and proliferation. We believe 
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that all the above mechanisms affected by the combination might have reduced the cancer growth 

resulting in significant reduction in tumor size. Additionally, combination treatment also reduced 

lamellipodia and filopodia, and EMT markers resulting in reduction in cancer cell migration as 

visible from larger wound size and less number of metastatic nodules. Hence, all the above findings 

provide evidence about the efficacy of Iminodibenzyl to shift the DGLA metabolism producing 

anti-cancer activity in breast cancer cells. 
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1. INTRODUCTION 

Despite the availability of a variety of effective therapeutic approaches like chemotherapy, 

targeted therapy, radiotherapy, and gene therapy, breast cancer is the most significant health 

concern among the female population throughout the world. As per the American Cancer Society 

factsheet, 1 in 8 females develops breast cancer in their lifetime1,2. For decades, researchers have 

studied various dietary manipulations in attenuating the severity of different types of cancers. Out 

of all the analyzed dietary manipulations, polyunsaturated fatty acids (PUFAs) are considerable 

because of their significant capability to combat various diseases and as well as their availability 

in large amounts in the daily diet3-5.  

PUFAs mainly include two types, omega-6 (ω-6) and omega-3 (ω-3) fatty acids. The ω-3, 

such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are available in great 

quantity in seafood and have been rigorously studied for their beneficial effects in treatments of 

inflammation, inflammatory bowel disease, asthma severity, cardiovascular disease, cognitive 

improvement ability and cancer6-9. The dietary sources of ω-6 are different than ω-3. ω-6 fatty acid 

such as Linolenic acid (LA), gamma-linolenic acid (GLA) can be obtained from vegetable oils 

including sunflower, corn and soybean oil, primrose oil, borage oil, black currant oil, and hemp 

seed oil, and a very small amount of arachidonic acid (AA) found from egg yolk 10-12. In the typical 

western diet, the ratio of daily intake of ω-6 to ω-3 is around 10:1 to 30:1 10-12.  

As per the recent data from various research groups, breast cancer is associated with 

overexpression of lipid peroxidizing enzyme, cyclooxygenase-2, commonly referred to as COX-

213-20. COX-2 catalyzes the rate-limiting step of prostaglandin (PG) synthesis from arachidonic 

acid (AA)21-24. As per the research findings, COX-2 may play a role in different steps in cancer 

progression, which are through increased proliferation and metastasis of mutated cells or by 
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resisting apoptosis25-27. These effects are due to the conversion of AA to the prostaglandin E2 

(PGE2), which is known to modulate cell proliferation, cell death, and metastasis and invasion in 

many types of cancer by activating various molecular cancer-promoting pathways27-30 (Scheme 1 

in Introduction). Hence, researchers have considered COX-2 inhibition for breast cancer 

management. However, the strategy of inhibition of COX-2 by various selective and non-selective 

COX-2 inhibitors to halt the cancer progression was inconclusive and contrary resulted in serious 

cardiovascular adverse events causing clinical patients’ death26,31-36. Therefore, in 2005, FDA has 

barred the use of COX-2 inhibitors for cancer management37. 

Many research groups have gathered evidence suggesting a prominent association between 

dietary fatty acid consumption and cancer incidences. For example, ω-3 fatty acids have been 

reported to have an anti-cancer effect in colon cancer and beneficial effect in overcoming drug 

resistance38-40, while ω-6 fatty acids are reported to have a role in cancer progression41-43. This 

effect of ω-6 fatty acid may be due to its metabolic pathway. ω-6 fatty acid, such as linolenic acid 

(LA) gets converted to gamma-linolenic acid (GLA) by delta-6-desaturase (D6D), which further 

undergoes two carbon chain elongation in the presence of elongase to form Dihomo-γ-linolenic 

acid (DGLA). The produced DGLA further undergoes metabolic reaction in presence of the delta-

5-desaturase (D5D) enzyme to produce AA. The produced AA in the presence of the COX-2 

enzyme generates PGE2, which is reported to cause cancer progression and metastasis3,10,44-46. 

However, as per the increasing evidence from the various studies, DGLA (precursor of AA) can 

be considered as an exceptional omega-6 fatty acid due to its anti-inflammatory and anti-cancer 

effect47,48. There were several assumptions about the anti-cancer activity of DGLA, which might 

be due to the DGLA itself, or through prostaglandin series 1 (PGE1) or due to the generation of 

free radical metabolites (produced by COX catalyzed peroxidation of DGLA)47,48.   
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Scheme 1. Role of ω-6 polyunsaturated fatty acids in cancer. Upon uptake Linolenic acid is 
metabolized by delta-6-desaturase (D6D) and elongase sequentially to dihomo-gamma-linolenic 
acid (DGLA). The produced DGLA is further metabolized by D5D to Arachidonic acid (AA). In 
cancer cells, the produced AA is further peroxidized to Prostaglandin E2, which activates various 
pathways leading to cancer growth and cancer cell migration. 

Dihomo-γ-linolenic acid (DGLA) 

Delta-5-Desaturase 
(D5D) 

Arachidonic Acid (AA) 

Cycooxygenase-2  
(COX-2) 

Prostaglandin E2 (PGE2) 

Observed effects 
§ Cancer cell proliferation 
§ Inhibition of cancer  

     cell apoptosis 
§ Cancer cell migration  
§ Metastasis 
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Hence, considering the therapeutic effectiveness and inevitability in daily diet, DGLA may 

be an effective and safe nutritional approach for cancer prevention and treatment. Previously, Xiao 

et al., have shown that DGLA on peroxidation by COX-2 produced hexanol (HEX), heptanoic acid 

(HET), and 8-hydroxy octanoic acid (8-HOA)49. Later, Yu et al. provided evidence about the anti-

cancer effect of 8-HOA on colon cancer cells50.    

 

Scheme 2. The COX-2 paradigm shift in cancer therapeutics. DGLA upon metabolism by D5D 
produces AA, which further upon metabolism by COX-2 result in precancerous PGE2 causing cell 
proliferation, inhibition of cell apoptosis, cell migration, and metastasis. Inhibition of D5D by D5D 
siRNA/shRNA will inhibit the precancerous pathway (on the left in red arrows) and stimulate an 
alternate pathway where DGLA is peroxidized to anti-cancer metabolite 8-HOA causing inhibition 
of cancer cell proliferation, cancer cell apoptosis, and inhibition of cancer cell migration (on right 
side in green arrow). 

In the natural DGLA metabolism pathway, DGLA metabolizes to AA through D5D, which 

further translates to PGE2. Contrary, inhibition of D5D fueled the conversion of DGLA to 8-HOA 

by COX-2 induced peroxidation in HCA-7 colony 29 cells, BxPC-3, 4T1, and MDA-MB-23151-

53. Additionally, treatment with DGLA in D5D-KD cancer cells showed a significant increase in 

8-HOA and percentage apoptotic cells compared to wt-type cells52-54. Moreover, after exogenous 

8-HOA or 8-HOA from COX-2 stimulated DGLA peroxidation treatment, p53 level was found 
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upregulated in HCA-7 cell lines (p53 dependent mechanism). Cancer suppression was also 

achieved by p53 independent mechanism as cancer cell apoptosis was observed in p53 mutated 

BxPC3 cell lines55. This result suggested that 8-HOA can cause apoptosis through p53 dependent 

as well as p53 independent pathway55. In line with the colon and pancreatic cancer cell lines, the 

breast cancer cell line (MDA-MB-231) also exhibited similar results51,56. Moreover, the 8-HOA 

(direct as well as COX-2 stimulated) also reduced the cancer cell migration and reduced the 

epithelial-mesenchymal transition (EMT) markers56,57.  

In cancer therapeutics, drug resistance is a well-studied phenomenon, which is due to the 

insensitivity of the cancer cells to the treatment modalities58-60. The insensitivity to chemotherapy 

is by DNA mutation or metabolic changes, which cause drug degradation and/or inhibition of drug 

permeation across the cell membrane, drug target alteration, efflux of the drug, and other unknown 

mechanisms58,60. These results in failure of chemotherapy and/or less therapeutic outcome and 

cancer progression. To solve this concern, there is a need to develop a supportive therapeutic or 

nutritional regimen. On analysis of 8-HOA (direct as well as produced from COX-2 catalyzed 

peroxidation) with gemcitabine (BxPC-3 cells) or 5-fluorouracil (5-FU), a significant increase in 

the effect of a chemotherapeutic agent was observed51,55.  

Despite the efficiency, the use of D5D siRNA or shRNA to exert COX-2 paradigm shift to 

exert cancer growth inhibitory effect is limited by endonuclease mediated degradation, off-target 

side effects, and limited availability at the site of action, which makes it difficult to execute the 

research strategy, a COX-2 paradigm shift for anti-cancer effect61. Hence, to overcome the 

limitations and to achieve constant 8-HOA in the tumor microenvironment, different naturally 

occurring / chemically synthesized small molecule D5D inhibitors were identified. These 

inhibitors were Curcumin, Sesame, CP-24879, and Iminodibenzyl62-65.  
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Previously, other researchers attempted to analyze the comparative IC50 for D5D inhibition 

for Curcumin and Sesame, and the observed findings suggested that curcumin is more potent than 

Sesame to inhibit D5D activity62. However, the attempt was not made to compare sesame, 

curcumin, CP-24879, and Iminodibenzyl. To screen out the potent D5D inhibitor, the rat liver 

microsome was used as a tool. From this experiment, Iminodibenzyl was identified as the most 

potent D5D inhibitor having the lowest IC50 (104nM) compared to CP-24879 (144nM), Curcumin 

(148nM), and Sesame (346nM) (Table 1)63. 

Table 1. Therapeutic properties of different identified D5D inhibitors 

D5D Inhibitor 
 

IC50 (nM)  
 

8-HOA (μM) 
 

% Survival fraction 
D5D Inhibitor D5D Inhibitor + 

DGLA  
Sesame  346  0.33 100 107.65 ± 6.48 
Curcumin 148 0.43 ---- ---- 
CP-24879 144 0.42 92.94 ± 6.14 85.55 ± 8.48 
Iminodibenzyl 104 0.65 101.03 ± 2.92 68.05 ± 7.28 

 
According to the COX-2 paradigm shift, D5D inhibition should result in the diversion of 

DGLA metabolism to an alternative metabolism pathway producing 8-HOA. On quantifying 8-

HOA (produced from a combination of DGLA and different D5D activity inhibitors in colon 

cancer cell line), only Iminodibenzyl was able to produce 8-HOA above the threshold value 

(>0.5μM, required to exert therapeutic effects) (Table 1). Additionally, percentage survival 

fraction analysis after treatment with different D5D inhibitors +/- DGLA treatment showed a 

significant reduction in survival fraction with the treatment with Iminodibenzyl and DGLA 

compared to Sesame (+/- DGLA) or CP-24879 (+/- DGLA) treatment in colon cancer cells (Table 

1)63. From the preliminary reported studies, we find Iminodibenzyl as the most potent D5D activity 

inhibitor among identified ones.  
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Scheme 3. Iminodibenzyl mediated COX-2 paradigm shift in cancer therapeutics. Inhibition of 
D5D activity by Iminodibenzyl would cause inhibition of precancerous pathway (highlighted on 
left side in red arrows) and simultaneously caused elevation of DGLA/AA ratio in cancer cells. 
The accumulated DGLA further metabolizes to cancer cell growth-inhibiting unique free radical 
metabolite 8-HOA, which exercises an inhibitory effect on cancer cell growth and migration 
(highlighted on right side in green arrows). 

Iminodibenzyl (10,11-Dihydro-5H-dibenzo[b,f]azepine) is an impurity in commercial 

Carbamazepine preparations. Iminodibenzyl is a building block of many antipsychotic drugs. 

Additionally, Iminodibenzyl analogs such as clocapramine, carpipramine, Desipramine, and 

Imipramine are widely used anti-psychotics acting as potent dopaminergic antagonists exert an 

effect by blocking alpha 1- and alpha 2-adrenoceptors in the brain66. Additionally, Iminodibenzyl 

derivatives demonstrated anti-leishmanial activity66. However, the role of Iminodibenzyl as a D5D 

inhibitor in cancer therapeutics was unexplored. Hence, based on the role of a COX-2 paradigm 

shift in cancer therapeutics and potency of Iminodibenzyl to inhibit D5D activity, in this research 

work, we have hypothesized that treatment with Iminodibenzyl would exert inhibition of DGLA 

metabolism producing a high DGLA/AA ratio in breast cancer cells. The accumulated DGLA 

would undergo C-8 oxygenation by the COX-2 in the cancer cells to produce consistent 8-HOA, 

Dihomo-γ-linolenic acid (DGLA)

Observed effects
§ Cancer cell proliferation
§ Inhibition of cancer cell apoptosis
§ Cancer cell migration 
§ Metastasis

Arachidonic Acid (AA)

Cyclooxygenase-2 
(COX-2)

Prostaglandin E2 (PGE2)

Delta-5-Desaturase
(D5D)

8-Hydroxyoctanoic acid (8-HOA)

Predicted effects
§ Inhibition of Cancer cell proliferation
§ Cancer cell apoptosis
§ Inhibition of cancer cell migration

Iminodibenzyl
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which would exert cancer growth inhibitory effect on breast cancer cells (Scheme 3 in 

Introduction). 

This research work would provide the first evidence regarding the anti-cancer activity of 

Iminodibenzyl in Breast Cancer. Previously, researchers have targeted COX-2 inhibition to 

achieve cancer growth inhibition. However, the concept of COX-2 inhibition as an anti-cancer 

strategy has failed significantly in clinics with serious adverse effects. Recent evidence exploring 

the role of D5D inhibition in DGLA (ω-6 PUFA) metabolism and cancer growth inhibitory effect 

by 8-HOA, as a unique free radicle metabolite, by COX-2 peroxidation has provided a new 

therapeutic strategy. To execute this approach physiologically, the D5D enzyme or its activity 

inhibition is essential, which can be achieved by either delivering siRNA in vivo or delivering a 

small molecule inhibitor having the property to inhibit D5D activity. However, the approach of 

delivering RNA interference (RNAi) molecules is restricted due to endonucleases, the inability of 

RNAi to cross the cell membrane, and dissociation at ultra-low concentrations. However, another 

approach of using a small molecule D5D activity inhibitor is more convenient due to high penetrant 

effects across whole cell populations, ability to conduct large-scale biochemical experiments, 

added advantage towrads combination with other treatments, and easy titration of dose. Hence, in 

this study, we identified the potent D5D inhibitor Iminodibenzyl and explored its potential as a 

therapeutic approach against breast cancer.  
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2. METHODS AND MATERIALS 

2.1. Chemicals and reagents 

2.1.1. Chemicals  

Pure DGLA for cell culture treatment was purchased from Nu-Check-Prep (MN, USA). 

Iminodibenzyl (10,11-Dihydro-5H-dibenz[b,f]azepine) for cell culture and animal study dosing 

was obtained from Millipore Sigma (MO, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT) was purchased from alfa aesar (MA, USA). Analytical 

standard solutions (AA, DGLA, PGE1, PGE2) and internal standards (AA-d8, DGLA-d6, PGE1-d4, 

PGE2-d9) were acquired from Cayman chemicals (MI, USA). Pure DGLA for the animal study 

was acquired from Cayman Chemicals. Crystal violet, diisopropylethylamine, pentafluorobenzyl 

bromide (PFB), sodium dodecyl sulfate (SDS), tetramethyl ethylenediamine (TEMED), 

ammonium persulfate (APS), tris base, acrylamide/bis acrylamide, sodium chloride (NaCl), 

glycine, HPLC grade water, HPLC grade methanol, acetonitrile, and acetic acid were purchased 

from VWR (PA, USA). SampliQ Silica C18 ODS reverse phase SPE cartridges were acquired 

from Agilent (CA, USA). Dimethyl sulfoxide (DMSO) and ethanol for cell culture were bought 

from Santacruz Biotechnology (TX, USA). Radioimmunoprecipitation (RIPA) lysis buffer, and 

protease and phosphatase inhibitor cocktail were acquired from Thermo Fisher scientific (CA, 

USA).   

2.1.2. Biological reagents  

DMEM cell culture medium was obtained from Santa Cruz Biotechnology. F-12K cell 

culture medium was acquired from American Type Culture Connection (ATCC) (VA, USA). Fetal 

bovine serum (FBS) and Trypsin were obtained from Gibco (MA, USA). PI Annexin V FITC kit 

was purchased from BD PharmingenTM (NJ, USA).  The kinetic Apoptosis kit was bought from 
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Abcam (ab129817) (MA, USA). HDAC activity colorimetry kit was bought from BioVision (CA, 

USA). Primary antibodies for Western blot and Immunocytochemistry study were acquired from 

Cell Signaling Technology (AcH3 (9649S), BCl2 (2872S), β-Actin (4970S), PARP (9542S), 

MMP-9 (2270S), FAK (3285S), β-Catenin (8480S), Paxillin (12065S)), Abcam (C.PARP 

(ab32064), C.Caspase-3 (ab2302), MMP-2 (ab37150), E-Cadherin (ab1416), FADS1 (D5D) 

(ab126706), Vimentin (ab8978), Ki-67 (16667)), Santacruz biotechnology (Vinculin (SC-73614), 

Snai (SC-271977), Total H3 (SC517576), MMP-2 (SC13594)), and Abm (β-Actin (G043)).  

Secondary antibodies against rabbit species (800 channel) and mouse species (680 channel) were 

acquired from LiCor Biosciences (NE, USA). Precast 4-20% gels were acquired from Bio-Rad 

laboratories (CA, USA). Gelatin zymography gel was acquired from Thermo Fisher Scientific.  

2.2. Cell lines 

The breast cancer cell line derived from mouse mammary gland tissue 4T1 and epithelial 

human breast cancer cell line MDA-MB-231 were a kind gift by Dr. Keith Miskimins (Center for 

Cancer Biology Research, Sanford Research). The non-tumorigenic human mammary epithelial 

cell line MCF-12a was acquired from ATCC (lot number 70010185). All the cell lines were 

cultured as per the standard conditions mentioned on ATCC. 

2.3. Cell viability analysis 

In the initial analysis, to determine the dose of the Iminodibenzyl and/or DGLA to be used 

for the in vitro studies, cell viability analysis by MTT assay was performed. MTT assay is a widely 

used cytotoxicity or viability assay to determine the cytotoxic effect of drugs on immortalized or 

primary cells. MTT assay is based on the principle of transformation of MTT to formazan crystals 

by live cells representing the mitochondrial activity67. 
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For the MTT assay, approximately 5 x 103 4T1, MDA-MB-231, and MCF-12a cells (in 

100μl medium) were seeded in a 96-well culture plate. After overnight incubation, cells were 

treated with DGLA (1μM to 500μM), Iminodibenzyl (0.1μM to 50μM), and a combination of 

Iminodibenzyl and DGLA (1:10 ratio from 0.1μM Iminodibenzyl + 1μM DGLA to 50μM 

Iminodibenzyl + 500μM DGLA) for 48 hours. At the end of the treatment, MTT (5mg/ml) was 

added to the cells and the plate was incubated at 37℃. After 3 hours of incubation, the medium 

containing MTT was discarded and the formed formazan crystals were dissolved by adding DMSO 

with continuous shaking for 30 minutes, and absorbance was measured at 570nm67 with a plate 

reader (SpectraMax M5; Molecular Devices). Cells treated with vehicle served as control. Cell 

viability in different treatment groups was calculated as the percentage change compared to the 

Vehicle treated group.  

2.4. In vitro treatment 

Based on the finding from cell viability assay, 4T1 and MDA-MB-231 cells were provided 

100μM DGLA, 10μM Iminodibenzyl, or a combination of 10μM Iminodibenzyl and 100μM 

DGLA for 48 hours.  

2.5. Proliferation analysis 

Cancer cell proliferation under the influence of various treatments was assessed by colony 

formation assay. In this assay, cancer cells’ ability to proliferate and form colonies from a single 

cell was assessed68. Briefly, 1000-1500 4T1 and MDA-MB-231 cancer cells were seeded in the 6-

well culture plates and incubated overnight. After overnight incubation, cells were provided 

different treatments as mentioned in 2.4. for 48 hours. After treatment, the cells were washed twice 

with the sterile Phosphate Buffered Saline (PBS) and incubated with the fresh DMEM media 

containing 10% FBS until the single-cell forms colonies (group of 50 or more cells).  At the end 
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of incubation, the cells were washed with PBS and fixed with 2ml of 10% Paraformaldehyde 

solution for 30 minutes, followed by staining with 2ml of 0.5% w/v crystal violet solution for 

another 30 minutes. After colony staining, the cells were washed multiple times with PBS, and 

images were taken and ImageJ software (NIH, Bethesda, MD, USA) was used to calculate colonies 

in each treatment group. After data analysis, it was reported in terms of percentage reduction of 

survival fraction compared to vehicle treatment group51,55. 

Survival fraction =	!"#$%&	()	*(+(,-%.	-,	/&%0/#%,/	1&("2
!"#$%&	()	*(+(,-%.	-,	3%4-*+%	1&("2

  

2.6. Apoptosis analysis 

The PI-Annexin V approach is the most used approach to determine cell apoptosis. The 

approach is based on the differential ability of the dye to bind to the cells. Staining with Annexin 

V labeled with FITC is typically used in conjunction with PI to distinguish early apoptotic cells 

from dead or damaged cells. The ability of the PI to stain the cells depends upon the permeability 

of the membrane as PI is not able to enter live or early apoptotic cells69. While, Annexin V, a Ca+2 

dependent phospholipid-binding protein, can only bind to phosphatidylserine, which externalizes 

upon apoptosis stimulation70.  Therefore, cells that are both FITC Annexin V and PI negative are 

considered viable; cells that are Annexin V FITC positive and PI negative are considered in early 

apoptosis, and cells that are both Annexin V FITC and PI-positive are considered in late apoptosis 

or already dead. 

The PI-Annexin V staining was performed as per the standard procedure provided with the 

kit (BD Pharmingen, Catalog number: 556547). Briefly, 0.25 x 106 4T1 and MDA-MB-231 cells 

were seeded and incubated overnight. The next day, the cells were provided the treatment 

mentioned in 2.4. for 48 hours. After treatment, the cells were collected by trypsinization. The 

cells were washed twice with ice-cold PBS buffer, followed by mixing with 100μl 1x binding 
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buffer at a concentration of 1 x 10^6 cells/ml. The cells were then stained with 5μl PI and 5μl 

Annexin V FITC for 30 minutes in dark at room temperature. After incubation with dye, the 

volume was made to 500μl with 1x binding buffer, and the reading was taken by Acuri C6 flow 

cytometer. The data analysis was done by Acuri C6 software as described elsewhere52,54,55. 

2.7. Wound healing assay 

The wound-healing assay was conducted to determine the alleviating effect of different 

treatments on 4T1 and MDA-MB-231 cell migration. To perform the wound healing assay, 

approximately 0.25 x 106 4T1 cells were seeded in a 6-well culture plate and incubated till a cell 

monolayer was formed. After that, the wound was made by gently scratching the cell monolayer 

with a sterile pipette tip. Followed by the cells were washed 2-3 times by sterile PBS to remove 

any dislodged cells and provided the treatment mentioned in 2.4. in DMEM media having 1% 

FBS. During the treatment time, the wound size was captured at 0, 24, and 48 hours by brightfield 

microscopy using a Leica Microsystem. The wound area at different time points was measured by 

using ImageJ software. The reduction in wound area was measured and migration rate was 

analyzed by comparing the wound area at 24- and 48-hour time point with the wound area of the 

0-hour time point for each treatment group52,55,56.  

2.8. Transwell migration assay 

The transwell migration assay is a commonly used assay to assess the migratory response 

of the cancer cells after various treatments. The assay was executed by using the Costar transwell 

chamber (6.5 mm insert, 8.0μm polycarbonate membrane). To perform the transwell assay, 

approximately, 25 x 103 4T1 cells were seeded in the insert. The next day, the media in the upper 

chamber was replaced with serum-free DMEM media containing different treatments mentioned 

in 2.4. and the 10% FBS holding media was kept at the lower chamber. After treatment, the cells 
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were fixed with 10% paraformaldehyde and then stained using 0.5% w/v crystal violet solution. 

After staining, the extra crystal violet solution was removed by washing the insert 4-5 times with 

deionized water. The cells on the upper side of the chamber were scraped off by a cotton stick and 

the images of the migrated cells across the membrane were taken by Lecia Microsystems. The 

migration rate was determined by using ImageJ as the area covered by the cell after the treatment. 

The analysis was done by comparing the migration rate in the treatment group with the Vehicle 

treatment group52,55,56.  

2.9. 8-HOA analysis 

8-HOA is a highly unstable compound and hence it is extremely difficult to analyze it in 

its original form by using high-performance liquid chromatography (HPLC), liquid 

chromatography/mass spectrometry (LC/MS), or gas chromatography/mass spectrometry 

(GC/MS). Hence, 8-HOA produced from DGLA peroxidation was analyzed in its 

pentafluorobenzyl bromide (PFB-Br) derivatized form by using GC/MS71.   

To determine produced 8-HOA from the cell, briefly 0.25 x 106 4T1 and MDA-MB-231 

cells were seeded and provided treatments for 48 hours as mentioned in 2.4. After treatment, the 

cells were scratched off and 1ml of cell suspension was taken from different treatment groups. The 

solution was then mixed with 500μl methanol containing hexanoic acid as an internal standard, 

50μl 1N HCl, and 3ml Dichloromethane (DCM). The sample solution was then vortexed (30 

seconds), centrifuged (3000 rpm for 4 minutes), and the organic DCM layer was collected. This 

extraction step was repeated twice. The obtained DCM layers were combined and dried in a 

vacuum evaporator (Vacufuge). The samples were then reconstituted in diisopropylethylamine 

(50μl, 1.0% v/v) and PFB-bromide (Pentafluorobenzyl-bromide) in acetonitrile (1.0% v/v) and 
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heated for 30 minutes at 37°C. Then, the acetonitrile was removed using a vacuum evaporator, the 

residue was reconstituted in 100μl of dichloromethane.  

Then, 2μl Sample solution was injected into the gas chromatograph (Agilent 7890A). The 

GC oven temperature was set to 300°C, and the injector and transfer line were kept at 280°C. 

Quantitative analysis was done by a mass selective detector with a source temperature of 230°C. 

For quantification, an internal standard curve was developed from a gradient 8-HOA 

concentration, and internal standard hexanoic acid at a constant concentration. The peaks of 

Hexanoic acid and PFB derivatized 8-HOA were analyzed at extracted ion current with m/z 181. 

The concentration of 8-HOA was determined by extrapolating the value of the ratio of the area of 

the 8-HOA peak and hexanoic acid peak into the internal standard curve57,72. 

2.10. Western blot analysis 

2.10.1. Protein extraction 

For Western blot analysis approximately, 0.5 x 106 4T1 and MDA-MB-231 cells were 

seeded in a 10cm2 plate and provided the treatment for 48 hours. After treatment, the cells are 

collected by trypsinization and mixed with modified radioimmunoprecipitation assay (RIPA) 

buffer, premixed with protease and phosphatase inhibitor cocktail. The cell solution was then 

sonicated (2.5sec cycle for 20 seconds) and the solution was kept on ice for 30 minutes, followed 

by it was centrifuged at 13000rpm for 10 minutes. After centrifugation, the clear protein solution 

was collected and stored at -80C until further use.  

2.10.2. Protein concentration measurement  

For Western blot analysis, protein concentration was measured after protein extraction. 

Protein concentration was measured by the PierceTM BCA protein assay kit from Thermo Scientific 

(Catalog number: 23225). For determining protein concentration, 5μl of protein lysate from 
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different treatment groups was mixed with 195μl of a solution containing 50 parts of solution A to 

1 part of solution B. The solution in the plate was mixed by shaking for ~30 seconds on a shaker 

and incubated for 30 minutes in dark. After incubation, the absorbance was measured at 562nm. 

The protein concentration was determined by extrapolating the absorbance value of the sample to 

the equation obtained from a standard curve developed by gradient concentration of albumin.  

2.10.3. Solution preparation 

10% SDS solution was prepared by dissolving 1g of SDS in 10ml DI water.  

10% APS solution was prepared by dissolving 100mg of APS in 1ml DI water. 

1.5 M Tris buffer (pH 8.8) was prepared by dissolving 18.2g of Tris base into a 90ml DI 

water and 6 N HCl was used to adjust the pH of the solution to 8.8 ± 0.05. After pH setting, the 

volume was made up to 100ml with DI water.  

1.0 M Tris buffer (pH 6.8) was prepared by dissolving 12.1g of Tris base into 90ml DI 

water. 6 N HCl was used to adjust the pH to 6.8. After pH setting, the volume was made up to 

100ml with DI water.  

Running buffer 10× stock solution was prepared by transferring 30.3g of Tris base, 144g 

glycine, and 10g SDS into a 900ml DI water and stirred for 15-20 minutes to dissolve completely. 

The volume was made up to 1000ml with DI water and stored at 4°C. 1x running buffer was 

prepared by diluting 100ml of 10x running buffer to 1000ml with DI water.  

Table 2. Recipe to prepare 10x running buffer 

Ingredient  Quantity 
Tris base 30.3g 
Glycine 144g 
SDS 10g 
DI water  1000ml 
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Transfer buffer was prepared by mixing 200ml of 5x transfer buffer (Bio-Rad, Catalog 

number 1704272), 200ml ethanol, and 600ml of DI water. The reagent was stored at 4°C. 

Tris-buffered saline (TBS) 10x stock solution was prepared by dissolving 12.1g of Tris 

base, 87.7g of NaCl in 900ml of DI water. The pH of the solution was adjusted to 7.6 by using 6N 

HCl and volume was made to 1000ml with DI water. 1x TBS-Tween 20 (TBST) solution was 

prepared by diluting 100ml of 10x TBS solution to 999ml with DI water followed by 1ml Tween-

20 and the solution was stored at 4°C. 

Table 3. Recipe to prepare 10x TBS 

Ingredient  Quantity 
Tris base 12.1g 
NaCl 87.7g 
DI water  1000ml 

 
Blocking Solution (5% Bovine serum albumin (BSA)) was prepared by dissolving 5g of 

BSA to 100ml TBS with continuous stirring.  

2.10.4. Gel preparation 

The 10% resolving gels and 4% stacking gels were prepared using 1.5mm glass plates 

according to the formula mentioned in Table 3. 

Table 4. Recipe to prepare 10% resolving and 4% stacking gels 

Ingredient Resolving gel  Stacking gel 
H2O  7.8ml  7.25ml  
Tris buffer  2ml (1.5 M, pH 8.8)  1.25ml (1.0 M, pH 6.8)  
acrylamide/bis-acrylamide 
(30% solution)  

5ml 1.3ml 

10% SDS 150μl 100μl 
10% APS 150μl 100μl 
TEMED 15μl 10μl 
Total volume 15ml 10ml 
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2.10.5. Western blot procedure 

The protein sample to load was prepared by taking ~50μg of protein from 2.10.2. and 

volume was made equal by diluting with DI water for all the employed samples. The samples were 

further mixed with 4x loading buffer (diluted 4 times) and heated at 70°C for 10 minutes for 

denaturation. The samples were then vortexed and centrifuged for 30 seconds. The gel 

electrophoresis was then performed by loading the protein samples in the prepared gel and running 

the gel at 80V constant volt for 30 minutes followed by at 120V for another 1 hour. The ran proteins 

were then transferred to the activated PVDF membrane (soaking of membrane for 2 minutes in 

methanol, 2 minutes in DI water, and then in transfer buffer) by semi-dry transfer method by using 

Turbo Transfer blot machine.  

After transfer, the membrane was blocked by incubating with a 5 % BSA with continuous 

shaking for 1 hour at room temperature to prevent any non-specific binding. The blot was then 

incubated with primary antibody (in 5% BSA in TBST) overnight at 4°C with continuous rocking. 

The next day, the loosely attached antibody was removed by washing the membrane with TBST 

(7 minutes, x3) and then incubated with anti-mouse or anti-rabbit Licor secondary antibody for 1 

hour at room temperature. Then the loosely attached secondary antibody was washed off by TBST 

(7 minutes, x3) washing with continuous rotation and the membrane was then exposed to the Licor 

odyssey system to measure the reading. Data analysis was done by using Image lite software57,72.  

2.11. HDAC analysis 

HDAC activity was analyzed as per the standard procedure mentioned in the HDAC 

activity colorimetric assay kit from BioVision (CA, USA). Briefly, the protein was extracted from 

different groups received different treatments as mentioned in 2.10.1. and 2.10.2. To quantify the 

percentage HDAC activity reduction, ~50μg of protein was taken and diluted to 85μl with ddH2O. 
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The protein solution was then mixed with 10μl of 10X HDAC assay buffer and 5μl HDAC 

colorimetric substrate. The plate was then kept on the shaker for 1-2 minutes, and then the plate 

was incubated at 37°C for 1 hour to deacetylate the substrate. Followed by incubation, the 

deacetylation reaction was stopped by adding 10μl lysine developer (to produce chromophore), 

and the plate was again incubated for 30 minutes at 37°C. After 30 minutes, the reading was 

observed at 405nm, and calculation was done by considering the Vehicle group has 100% HDAC 

activity57,72.  

2.12. Immunocytochemistry  

Immunocytochemistry or immunofluorescence method to detect protein level is a widely 

used technique by using primary and corresponding fluorescence secondary antibody. For this 

analysis, ~1500-2000 cells were seeded in ibidi 8 well μ-slides (Catalog number: 80826) and 

incubated until the colonies are formed. The cells were provided different treatments as mentioned 

in 2.4. After treatment, the cells were fixed by using 4% Paraformaldehyde for 10 minutes at room 

temperature and then washed with ice-cold PBS (x3). Followed by cell permeabilization was 

performed by incubating the cells for 7 minutes with 0.25% Triton X-100 (detergent, which 

improves antibody penetration) in PBS. Then, the cells were washed 3 times for 5 minutes with 

PBS. Then, the cells were blocked with 10% goat serum for 30 minutes at room temperature 

followed by incubated with primary antibody for 1 hour at room temperature in 10% goat serum. 

The cells were washed 3 times with PBS for 5 minutes. It was then incubated with a corresponding 

secondary antibody for 1 hour at room temperature in 10% goat serum and then again washed 3 

times with PBS for 5 minutes. This step was performed in dark. After protein staining, Actin 

filaments were stained by Phalloidin iFlour 488 reagents (Thermo Fisher, catalog number: 12379). 

The nucleus was stained by DAPI from Electron Microscopy Sciences (PA, USA). The signals 
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were detected by using Carl Zeiss LSM900 confocal microscopy with Airyscan 2. Image analysis 

was done by using ImageJ57,72.  

2.13. Apoptosis analysis after Z-VAD-FMK treatment 

To confirm the caspase-dependent apoptosis pathway involvement in the apoptosis 

process, the cells were provided pretreatment with 30μM Z-VAD-FMK (Santacruz biotechnology, 

Catalog number: SC3067) for 2 hours. After that, both 4T1 and MDA-MB-231 cells were treated 

with a combination of 10μM Iminodibenzyl and 100μM DGLA for 48 hours. After 48 hours of 

treatment, the cells were collected by trypsinization, and apoptosis analysis was performed as 

mentioned in 2.6.52,54,55. 

Additionally, approximately 0.1 x 106 cells were seeded and incubated overnight. The next 

day, an experiment was divided into three groups, and cells were treated accordingly. Cells in 

group “A” were provided Vehicle, group “B” was treated with a combination of Iminodibenzyl 

and DGLA, and group “C” was pretreated with 30μM Z-VAD-FMK (for 2 hours) and then 

provided combination treatment. During 48 hours of treatment, cells were incubated with culture 

medium (37°C, 5% CO2) mixed with Polarity Sensitive Indicator of Viability & Apoptosis 

(pSIVA) and propidium iodide (ab129817) for imaging under time-lapse through Lionheart FX 

Automated Microscope microscopy over time. Green fluorescence indicated pSIVA positive cells. 

The percentage of pSIVA positive cells was quantified at different time points in the same field. 

2.14. Zymography 

To perform the gelatin gel zymography, 4T1 cells were seeded and treatments were 

provided for 48 hours as mentioned in 2.4. After treatment, the conditioned media from different 

treatment groups was collected and concentrated using Vivaspin 6 MWCO 3000 concentrator spin 

columns. The protein content in each group was analyzed using a BCA protein assay kit as 
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mentioned in 2.10.2. The concentrated media (~20μg protein) was then diluted with Bio-Rad 

Zymogram sample buffer and loaded on Novex 10% Zymogram Plus (Gelatin) Protein Gels. After 

electrophoresis, the zymography gel was incubated on a shaker in zymogram renaturation buffer 

for one hour. Then, the gel was washed with deionized water and incubated for 36 hours in a 

zymogram develop buffer at 37℃. The gelatin gel was then stained with Coomassie Blue R-250 

staining solution for 2 hours at room temperature and then destained using a destaining solution 

(10% glacial acetic acid, 40% methanol, and 50% deionized water). The gels were then imaged by 

the Li-Cor Odyssey XL System and MMP activity was analyzed. 

2.15. Orthotopic breast cancer model 

The orthotopic breast cancer model was performed to analyze in vivo therapeutic potency 

of Iminodibenzyl to exert a paradigm shift of COX-2 to produce an anti-cancer effect. The protocol 

to conduct the animal study was approved by Institutional Animal Care and Use Committee 

(IACUC) at North Dakota State University. A total of 24 female Nu/J mice were purchased from 

Jackson Laboratory (ME, USA). The mice were housed four per cage in the pathogen-free innovive 

IVC system with water and food ad libitum. After two weeks of acclimatization, an orthotopic 

tumor was induced by implanting 0.25 x 106 cells in the fourth mammary fat pad73-76. The animals 

were housed for seven days for the tumor to grow. Once the tumor reached the desired size, the 

animals were randomly divided into four groups having six animals in each group based on their 

treatment regimen. During the study, animals were dosed daily with Vehicle, DGLA (5mg/mouse, 

oral gavage (p.o.)) (Cayman chemicals, MI, USA), Iminodibenzyl (20mg/kg, intraperitoneal 

(i.p.)), and a combination of Iminodibenzyl ((20 mg/kg, i.p.) + DGLA (5 mg/mouse, p.o.)). During 

the treatment period, the change in animal weight and the tumor volume ((V=L x W2) / 2 (L: 

longest axis; W: shortest axis)) were noted every three days. At the endpoint, the animals were 
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euthanized with pentobarbital overdose (200 mg/kg, i.p.), and blood, tumors, and vital organs 

(liver, spleen, heart, and kidneys) were collected for analysis. 

 

Scheme 4. Animal study plan.  A total of 24 mice were used for the in vivo experiment as described 
above (6 mice/group × 4 groups). 0.25 million 4T1 cells were implanted in the 4th mammary fat 
pad of the mouse to develop an orthotopic breast cancer model. After one week of growth, the 
mice were randomized into four treatment groups, including 1) Vehicle, 2) DGLA (5mg/mouse), 
3) Iminodibenzyl (20mg/kg), and 4) Combination of Iminodibenzyl (20mg/kg) and DGLA 
(5mg/mouse). During the study, the tumor size was measured every three weeks by using a digital 
Vernier caliper to measure tumor growth. At the end of the study, animals were euthanized by 
pentobarbital overdose, and blood, organs, and tumors were collected for post-analysis.  

2.16. Fatty acid and prostaglandin analysis 

2.16.1. Fatty acid and prostaglandin extraction from tumor  

The ω-6s (DGLA and AA) and PGs (PGE2 and PGE1) present in the tumor were quantified 

via LC/MS approach. Briefly, approximately 0.1g tumor tissues from three mice from each 

treatment group were weighed and immersed in liquid nitrogen to freeze. After freezing, the tumor 

was crushed in a mortar and pastel to a fine powder. The tumor powder was then transferred to a 

glass test tube, and mixed with 2.55ml of water and 0.45ml of methanol. After adding 5μl internal 

standards (AA-d8, DGLA-d6, PGE1-d4, and PGE2-d9), the mixture was vortexed for 1-2 minutes 

and set on ice for 30-45 minutes. Then, the mixture was centrifuged for 15 minutes at 3,000 rpm 

and the supernatant was collected. The pH of the supernatant was adjusted to 3.0 using 6 N HCl 

followed by solid phase extraction was done using a SampliQ Silica C18 ODS cartridge. The free 

fatty acids and PGs were eluted out with 2ml ethyl acetate from a cartridge, which was previously 

activated by methanol and HPLC grade water. The eluted solution was vacuumed to dryness by 

vacufuge and reconstituted with 100μl ethanol for HPLC/MS analysis. 
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2.16.2. HPLC/MS analysis of fatty acid and prostaglandin from tumor 

The HPLC/MS system (Agilent 1200 series HPLC system and Agilent 6300 LC/MSD SL 

ion trap mass spectrometer) was used to quantify the DGLA, AA, and PGs from the tumor. The 

C18 Zorbax Eclipse-XDB column (3.5μm), 5.0μl sample injection, and a flow rate of 0.8 

ml/minute was used to separate different fatty acids and prostaglandins. The used mobile phases 

were H2O with 0.01% Acetic acid (mobile phase A) and Acetonitrile with 0.01% Acetic acid 

(mobile phase B) with gradient of 0-12 minutes (isocratic), 68% A and 32% B; 12-14 minutes, 68 

to 44% A and 32 to 56% B; 14-28 minutes (isocratic), 44% A and 56% B; 28-30 minutes, 44 to 

14% A and 56 to 86% B; 30-38 minutes, 14 to 4% A and 86 to 95% B; and 38-44 minutes 

(isocratic), 5% A and 95% B.  

In MS settings electrospray ionization was kept in negative mode with total ion current 

chromatograms in full mass scan mode from m/z 50 to m/z 600. The nebulizer pressure was kept 

at 15 psi, dry gas flow rate at 5 L/minute, dry temperature at 325°C; compound stability at 20%, 

and a number of scans were set to 50. 

For quantification for fatty acids and PGs, an internal standard curve of solutions having 

gradient concentrations of DGLA, AA, PGE1, PGE2, and a constant concentration of internal 

standards DGLA-d6, AA-d8, PGE1-d4, PGE2-d9 was prepared. Extracted ion current were used 

to quantify the peak area of PGE1 (m/z 353), PGE1-d4 (m/z 357), PGE2 (m/z 351), PGE2-d9 (m/z 

360), DGLA (m/z 305), AA (m/z 303), AA-d8 (m/z 311) and DGLA-d6 (m/z 311), respectively. 

The concentrations of fatty acids and PGs in the samples were calculated by extrapolating the 

values of the ratios, obtained from the peak areas of the analytes to their corresponding internal 

standards, to the standard curve57,72. 



 

24 

2.17. 8-HOA quantification from tumor 

2.17.1. 8-HOA extraction from tumor 

Approximately, 0.1g tumor tissues from three mice from each treatment group were 

weighed, immersed in liquid nitrogen, and smashed into powder, which was then transferred to a 

glass test tube. It was then mixed with 1ml of water, 500μl of methanol containing hexanoic acid 

as an internal standard, 50μl of 1.0 N HCl, and 3ml of Dichloromethane. The mixture was then 

vortexed and centrifuged to collect the organic layer. The extraction procedure was repeated twice, 

and the combined dichloromethane layers were evaporated to dryness using a vacufuge evaporator. 

The sample was reconstituted with 50μl of 1.0% diisopropylethylamine in acetonitrile (v/v) and 

derivatized with 50μl of 1% PFB-bromide in acetonitrile (v/v). The reaction mixture was then 

heated at 37°C for 30 minutes and then the acetonitrile layer was removed using a vacuum 

evaporator. The residue was reconstituted in 100μl of dichloromethane and subjected to GC/MS 

analysis57,72 as described in 2.9. 

2.18. Iminodibenzyl quantification 

2.18.1. Extraction  

To extract the Iminodibenzyl, 0.1g tumor and organs from animals from each treatment 

group were crushed into a fine powder (after immersing them in liquid nitrogen) and then transfer 

to the glass test tube. The powder was then mixed with 3ml of ethanol and vortexed for 30 seconds 

and then the tumor/organ suspension was kept on ice for one hour. Followed by incubation, the 

solution was centrifuged, and the supernatant was collected. The extraction procedure was 

repeated twice, and the combined supernatants were dried under a vacuum. The extracted 

Iminodibenzyl was resuspended in 100μl ethanol and subjected to HPLC analysis. 
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2.18.2. HPLC analysis of Iminodibenzyl 

 The Agilent 1200 series HPLC system was used to quantify Iminodibenzyl in the organs 

and tumor tissue. The analysis was performed by using an established method using 10 mM 

ammonium acetate buffer (pH adjusted to 2.21 with glacial acetic acid) – methanol (50 + 50, v/v) 

as a mobile phase, 37°C column temperature, and C18 Zorbax column (3.5μm). Iminodibenzyl 

from the samples was quantified from developed Iminodibenzyl dose vs. area under the curve77.  

2.19. Western analysis using tumor tissue 

2.19.1. Protein extraction  

Approximately, 0.05g of tumor tissues from three mice from each treatment group were 

weighed, immersed into liquid nitrogen, and smashed into powder using a mortar and pestle. The 

powder was then mixed with modified RIPA lysis buffer premixed with protease and phosphatase 

cocktail inhibitor and sonicated at 5 second cycle for 25 seconds and kept on ice for 30-45 minutes. 

After incubation, the suspension was centrifuged at 13000rpm for 10 minutes and clear protein 

supernatant was collected. Then the Western blot analysis for different proteins was performed 

according to the procedure mentioned in 2.10.    

2.20. HDAC activity analysis from tumor samples 

The protein from the tumors harvested from animals was extracted in a similar manner 

mentioned in 2.18.1. Protein was quantified by the BCA protein assay kit as mentioned in 2.10.2. 

Approximately 50μg protein from each sample was loaded in a plate and HDAC activity analysis 

was done as mentioned in 2.11.  

2.21. Immunohistochemistry analysis 

Immunofluorescence analysis was done to analyze the D5D, E-Cadherin, MMP-2, 

Vimentin, and Ki-67 protein level in tumor tissue at Advanced Imaging & Microscopy Laboratory, 
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NDSU. Briefly, freshly collected tumor tissues were fixed with 10% v/v formaldehyde and 

embedded in paraffin blocks. Tissues sections of 5μm thickness were cut and placed on a glass 

slide followed by heated at 70°C for 1 hour. The slides were then deparaffinized by immersing in 

xylene for three minutes (x3). The xylene solution was removed by dipping the slides 15-20 times 

in 100% methanol (x3). The tumor section was then rehydrated by immersing in 95% and 70% 

alcohol solution. Epitope retrieval was done by heating the slide (having sections) in a pressure 

cooker for 30 minutes with sodium citrate buffer. The slides were then washed with TBST to 

removed excess buffer. The tumor section was then blocked with 5% goat serum and then 

incubated with primary antibodies for 1 hour at room temperature followed by washing with TBST 

was performed to remove unbound antibodies. The sections were then incubated with 

corresponding secondary antibodies for 1 hour at room temperature in dark and then washed with 

TBST. The tumor sections were then incubated with DAPI solution to stain the nuclei. In the end, 

the tumor section was covered with the glass coverslip, and images were taken by using LSM 900 

with Airyscan 2.0.     

2.22. Hematoxylin and Eosin (H&E) staining  

H&E staining was performed to analyze any pathological abnormality and presence of 

metastatic nodules in the vital organs. Briefly, freshly collected vital organs were fixed with 10% 

v/v formaldehyde and embedded in paraffin blocks. Tissues sections of 5μm thickness were cut 

and placed on a glass slide and then the H&E staining procedure was performed at Advanced 

Imaging & Microscopy Laboratory, NDSU. The pathological abnormality was determined by 

observing the images of tissues under an inverted microscope (Leica Microsystems Model DMi8) 

in the bright field mode.  
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2.23. Statistical analysis 

GraphPad Prism 9 software was used to perform statistical analyses. The complete 

randomized design was applied for grouping in vivo mouse study. The data was presented as Means 

± Standard Error of the Mean (SEM). Data were analyzed by multiple comparisons test using one-

way or two-way ANOVA followed by Bonferroni analysis. Statistical significance was shown by 

differences with a minimum of P<0.05. 
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3. THE ANTI-CANCER EFFECT OF IMINODIBENZYL ALONG WITH DGLA 

ADMINISTRATION IN TRIPLE-NEGATIVE BREAST CANCER CELLS 

It is well established that ω-6-PUFAs such as DGLA upon metabolism by D5D forms AA, 

which is further peroxidized by COX-2 in cancer microenvironment to precancerous PGE278. The 

generated PGE2 acts through various cellular pathways resulting in uncontrolled cancer cell 

proliferation, inhibition of cancer cell apoptosis, increased migration, and metastasis (Scheme 1 in 

Introduction)79. On the contrary, D5D inhibition by siRNA/shRNA/3WJ-NP has been found to 

redirect DGLA metabolism to 8-HOA, resulting in anti-cancer effect51-53,55,57,72. Notably, all the 

above-mentioned approaches to deliver RNAi modality to the cancer cell are limited by major 

limitations such as physiological degradation by endonucleases, off-target side effects, and 

inability to cross the cellular membrane due to the presence of negative charge on the phosphate 

backbone61,80. Hence, to execute the paradigm shift of the COX-2 approach and to translate our 

approach in the clinics to suppress cancer growth, we identified different reported D5D inhibitors, 

such as Sesame, Iminodibenzyl, CP-24879, and Curcumin. Then, based on the IC50 value, 

determined by analyzing the amount of DGLA left after 2 hours of incubation in rat liver 

microsomes, we found Iminodibenzyl as a potent D5D inhibitor as it has the lowest IC50 (104nM) 

compared to CP-24879 (144nM), Curcumin (148nM), and Sesame (346nM) (Table 1). By D5D 

activity inhibition, the DGLA metabolism was diverted to an alternative pathway to produce 8-

HOA. On analyzing 8-HOA, after 48 hours of incubation with a combination of DGLA and 

different D5D inhibitors in colon cancer cell line, only Iminodibenzyl was able to produce 8-HOA 

above the threshold value (>0.5μM) (Table 1 in Introduction). Additionally, to determine 

therapeutic output, the percentage reduction in survival fraction, by D5D inhibitors and/or DGLA 

treatment, a proliferation assay was performed. The analysis showed a significant reduction in 
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survival fraction by Iminodibenzyl and DGLA treatment compared to Sesame or CP-24879 with 

DGLA treatment in colon cancer cells (Table 1 in Introduction). From the preliminary 

experiments, we found Iminodibenzyl as the potent D5D inhibitor among four identified ones as 

it produced the high 8-HOA, resulting in a significant reduction in survival fraction in colon cancer 

cells81. Based on the above findings, we postulated that administration of Iminodibenzyl will 

stimulate the COX-2 paradigm shift in COX-2 overexpressed breast cancer cell lines causing 

DGLA peroxidation to produce 8-HOA, which will produce anti-cancer activity. 

3.1. Iminodibenzyl and DGLA treatment reduced cancer cell viability 

In the initial analysis, the cell viability assay was performed to determine the suitable in 

vitro dose of DGLA and Iminodibenzyl for 4T1 and MDA-MB-231 breast cancer cells. When cells 

were treated with gradient doses of DGLA (1 to 500µM) or Iminodibenzyl (0.1 to 50µM) for 48 

hours, no significant cytotoxic effect was observed on cancer cell lines except the highest 

employed dose of DGLA (500µM) and Iminodibenzyl (50µM) (Figure 1 and Figure 2). 

Surprisingly, when cells were provided combination treatment with Iminodibenzyl and DGLA, a 

significant reduction in cell viability was observed from Iminodibenzyl (10µM) and DGLA 

(100µM) in 4T1 and MDA-MB-231 cells (Figure 3, P<0.001), implicating the beneficial 

synergistic effect (δ score: 38.68 by ZIP model) of the drug combination at a lower dose. Hence, 

to achieve the ideal outcome and to avoid unexpected toxicity, we used 10µM Iminodibenzyl + 

100µM DGLA in subsequent in vitro studies. 
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Figure 1. Effect of DGLA on breast cancer cells viability after 48 hours of treatment. 4T1 and 
MDA-MB-231 cells were treated with different concentrations of DGLA for 48 hours, followed 
by an MTT assay was performed. Data represented as mean ± SEM with at least three separate 
experiments. The cell viabilities for different treatment groups were calculated by considering the 
Vehicle group’s cell viability as 100%. ***P<0.001 vs. Vehicle. 

 

Figure 2. Effect of Iminodibenzyl on breast cancer cells viability after 48 hours of treatment. 4T1 
and MDA-MB-231 cells were treated with different concentrations of Iminodibenzyl for 48 hours, 
followed by an MTT assay was performed. Data represented as mean ± SEM with at least three 
separate experiments. The cell viabilities for different treatment groups were calculated by 
considering the Vehicle group’s cell viability as 100%. **P<0.01 vs. Vehicle. 
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Figure 3. Effect of Iminodibenzyl and DGLA combination on breast cancer cells viability after 48 
hours of treatment. 4T1 and MDA-MB-231 cells were treated with different concentrations of 
Iminodibenzyl and DGLA for 48 hours, followed by an MTT assay was performed. Data 
represented as mean ± SEM with at least three separate experiments. The cell viabilities for the 
different treatment groups were calculated by considering the Vehicle group’s cell viability as 
100%. ***P<0.001 vs. Vehicle. 



 

32 

3.2. Iminodibenzyl and DGLA combination treatment caused 8-HOA production  

 

Figure 4. Iminodibenzyl and DGLA combination treatment caused 8-HOA production in breast 
cancer cells. 4T1 and MDA-MB-231 cells were treated with Vehicle, DGLA, Iminodibenzyl, and 
combination of DGLA and Iminodibenzyl for 48 hours followed by which GC/MS analysis was 
done to quantify derivatized 8-HOA. N=3; Data represented as mean ± SEM. ***P<0.001, 
**P<0.01 vs. Vehicle. 

To investigate the mechanism of the drug combination and feasibility of Iminodibenzyl as 

a D5D activity inhibitor in breast cancer cells, we quantified the 8-HOA level in breast cancer cells 

treated with 10µM Iminodibenzyl and 100µM DGLA. 8-HOA is an exclusive distinctive C-8 

oxygenation product from DGLA, which abstract •H from the atmosphere and form free radical 

adduct, making quantification difficult. To avoid the limitation, we have derivatized 8-HOA by 

widely used Pentafluorobenzyl-bromide (PFB-Br)82. On analysis, a significant increase in the 8-

HOA level in COX-2 overexpressing 4T1 and MDA-MB-231 cancer cells was observed (Figure 

4, P<0.01 and P<0.001, respectively). Notably, we did not find any significant change in 8-HOA 
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level, when cells were provided treatment with Vehicle, DGLA, or Iminodibenzyl alone (Figure 

4).  

3.3. Iminodibenzyl and DGLA treatment reduced survival fraction in breast cancer cells 

In our previous studies, we have observed a significant reduction in cancer cell 

proliferation after DGLA treatment in D5D knockdown cells52,55,56. Based on the Iminodibenzyl 

property to divert DGLA metabolism by D5D activity inhibition, we performed a colony formation 

assay to assess the outcome of different treatments on cancer cell proliferation. We found no 

prominent effect on cancer cell proliferation when 4T1 cancer cells were treated with Vehicle and 

10µM Iminodibenzyl. However, a significant decrease in the number of colonies was observed on 

providing concomitant treatment of Iminodibenzyl and DGLA (Figure 5 P<0.001), which 

implicated a reduction in cancer cell proliferation. Interestingly, when cells were provided with 

100µM DGLA treatment, a significant increase in 4T1 cell proliferation was observed (Figure 5, 

P<0.01). This effect could be due to DGLA’s metabolism to cancer cell proliferation stimulating 

PGE2 by overexpressed COX-2 in cancer cells.  
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Figure 5. Colony formation assay to analyze breast cancer cell survival. Representative images of 
colonies from different treatment groups and calculated percentage survival fraction. N=3; Data 
represented as mean ± SEM. ***P<0.001, **P<0.01 vs. Vehicle. 
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3.4. Breast cancer cells undergo apoptosis after Iminodibenzyl and DGLA treatment  

 

Figure 6. Apoptosis analysis after 48 hours of treatment with Iminodibenzyl and/or DGLA in 4T1 
cancer cells. Apoptosis analysis was performed by PI-Annexin V FITC double staining method by 
using a flow cytometer. Representative images of single run from different treatment groups are 
shown. The bar graph is the percentage of apoptotic cells from the Q3 quadrant. N=3; Data 
represented as mean ± SEM. ***P<0.001 vs. Vehicle. 
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Figure 7. Apoptosis analysis after 48 hours of treatment with Iminodibenzyl and/or DGLA in 
MDA-MB-231. Apoptosis analysis was performed by PI-Annexin V FITC double staining method 
by using a flow cytometer in 4T1 cells. Representative images of single run from different 
treatment groups are shown. The bar graph is the percentage of apoptotic cells from the Q3 
quadrant. N=3; Data represented as mean ± SEM. ***P<0.001 vs. Vehicle. 
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As per Yu et al., and Yang et al., treatment with exogenous 8-HOA or 8-HOA produced 

after treatment with DGLA in D5D-KD cells showed a significant increase in early apoptotic 

cells52,55,56. Here, we attempted to analyze the percentage of apoptotic cells after 48 hours of 

treatment with Iminodibenzyl and DGLA by PI-Annexin V FITC staining using a flow cytometer. 

On analysis, we found that treatment with Vehicle, DGLA, or Iminodibenzyl did not have any 

effect on breast cancer cell apoptosis. However, when cells were provided concomitant treatment 

with Iminodibenzyl and DGLA, a significant increase in the percentage of apoptotic cells were 

observed in 4T1 and MDA-MB-231 breast cancer cells (Figure 6 and Figure 7, P<0.001).  

3.5. Iminodibenzyl fueled COX-2 catalyzed DGLA peroxidation caused a reduction in 

breast cancer cell migration 

To further evaluate the effect of different treatments; Vehicle, DGLA, Iminodibenzyl, and 

Iminodibenzyl and DGLA on cancer cell migration, we performed the wound healing assay on 

4T1 and MDA-MB-231 cells. In this assay, the cellular wound was created by using the sterile 

pipette tip after the formation of a cell monolayer, and growth media was changed from media 

containing 10% FBS to serum-free media mixed with various treatments. Following treatment, the 

reduction in wound size was measured at 24 and 48 hours of the treatment by using bright-field 

microscopy. On analysis, we found a significant decline of cancer cell migration rate resulting in 

larger wound size in 4T1, and MDA-MB-231 cancer cells at 24 hours and 48 hours of treatment 

with DGLA and Iminodibenzyl (Figure 8, P<0.001 and Figure 10, P<0.05). The transwell 

migration assay was also performed to confirm the findings obtained from the wound healing 

assay. Transwell migration assay also showed similar findings of reduced 4T1 cancer cell 

migration (larger bright spots) in the group of cells provided simultaneous treatment with 
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Iminodibenzyl and DGLA (Figure 9, P<0.01). Notably, we did not observe any inhibitory effect 

on cancer cell migration when cells were treated with DGLA (Figure 8, 9, and 10). 

 

Figure 8. Percentage migration rate at 24 and 48 hours in 4T1 cells. The wound area was measured 
at 0, 24, and 48 hours to determine the effect of different treatments on migration rate. The upper 
panel in the figure show the wound size at different time points. Percentage migration rate was 
analyzed by comparing the wound area at 24- and 48-hours with 0-hour time point. N=3; Data 
represented as mean ± SEM. ***P<0.001, *P<0.05 vs. Vehicle. 

100μm 
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Figure 9. Transwell migration assay after 48 hours of treatment with DGLA and/or Iminodibenzyl 
in 4T1 cells. Representative images of the area covered after cell migration after 48 hours of 
treatment. The bar graph shows the percentage area covered by the 4T1 breast cancer cells after 
48 hours of treatment. Data analysis was done by comparing the area with Vehicle treated group. 
N=3; Data represented as mean ± SEM. **P<0.01 vs. Vehicle. 
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Figure 10. Percentage migration rate at 24 and 48 hours in MDA-MB-231 cells. The wound area 
was measured at 0, 24, and 48 hours to analyze the effect of DGLA and/or Iminodibenzyl on 
migration rate. The upper panel in the figure show the wound size at different time points. 
Percentage migration rate was quantified by comparing the wound area at 24 and 48 hours with 0-
hour time point. N=3; Data represented as mean ± SEM. *P<0.05 vs. Vehicle. 
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3.6. COX-2 dependence to exhibit derogatory effect on cancer cell growth 

 
Figure 11. Cell viability assay in MCF-12a cells. Cell viability assay after 48 hours of treatment 
with gradient doses of DGLA, Iminodibenzyl, and combination of Iminodibenzyl and DGLA. Data 
analysis was done by comparing cell viability to Vehicle treated group of cells. N=3; Data is 
represented as mean ± SEM. ***P<0.001 vs. Vehicle. 
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As per the paradigm shift of COX-2 approach, COX-2 is hypothesized to be a prime 

requirement for DGLA peroxidation to occur. To analyze the COX-2 role, we utilized a COX-2 

negative non-cancerous mammary epithelial MCF-12a cell line and provided 48 hours of treatment 

with similar doses of DGLA, Iminodibenzyl, and a combination of Iminodibenzyl and DGLA as 

provided for 4T1 and MDA-MB-231. On analysis, unlike cancer cells, no effect on cell viability 

was noted on either Iminodibenzyl or DGLA alone or in combination with Iminodibenzyl, except 

highest employed dose of 500μM (Figure 11). 

  

Figure 12. 8-HOA analysis in MCF-12a cells. GC/MS analysis to quantify 8-HOA after 48 hours 
of treatment with Vehicle, DGLA, Iminodibenzyl, and combination of Iminodibenzyl and DGLA. 
The red dotted line indicates the minimum threshold (0.5μM) of 8-HOA required to produce a 
therapeutic effect. N=3; Data is represented as mean ± SEM.  

Additionally, to determine whether single-agent treatment or combination treatment could 

produce any 8-HOA, MCF-12a cells were treated with Vehicle, DGLA, Iminodibenzyl, and 
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Vehicle
DGLA

Iminodibenzyl

Iminodibenzyl + DGLA
0.0

0.2

0.4

0.6

0.8

1.0

8-
H

O
A 

(µ
M

)



 

43 

done. On analysis, we found neither of the treatment was able to produce 8-HOA above the 

threshold level (0.5μM) needed to produce any therapeutic effect (Figure 12).  

3.7. Limitations 

To validate and compare the therapeutic effectiveness of a new therapeutic strategy, a 

positive control is required. However, in our approach, we have identified four different D5D 

inhibitors and have chosen the most potent one (Iminodibenzyl) for the research work. Hence, we 

lack a chemically synthesized or naturally occurring standard compound, which will produce 8-

HOA in cancerous environment. Hence, lack of the positive control is considered as the limitation 

of the approach of D5D activity inhibition.  

In transwell migration assay, a serum containing media was used as a chemoattractant to 

lure the cancer cells across the membrane and inhibitory effect of the treatment on cell migration 

was analyzed for 48 hours. Since, 4T1 has a doubling time of ~14-15 hours, the cells might have 

undergone proliferation and have produced false positive outcome. However, more evidence that 

is concrete is required to distinguish anti-proliferative vs. anti-migrative effect exerted during the 

analysis.  

3.8. Conclusion and discussion  

COX-2 is one of the most well-known identified markers in breast cancer specimens. As 

per the various reports, COX-2 is overexpressed in 58-93% of the tumor samples14,16,18. The 

inducible COX-2 is an upstream enzyme responsible for the metabolism of downstream n-6 AA 

to cancer growth-promoting PGE217,79,83,84. Therefore, the COX-2 inhibition strategy was 

considered an effective strategy to manage breast cancer. However, the result obtained from 

clinical studies employed selective and non-selective COX-2 inhibitors with/without other 
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chemotherapeutic agents were inconclusive33,34,85. On the contrary, COX-2 inhibitors produced 

life-threatening cardiovascular adverse events that resulted in the death of clinical patients31,35,85.  

However, earlier findings from our group highlighted an additional unique C-8 

oxygenation pathway of DGLA (precursor of AA) metabolism by COX-2 induced peroxidation to 

produce exclusive anti-cancer free radical metabolite, 8-HOA49. To divert the DGLA metabolism 

from cancer inducing pathway to cancer inhibiting pathway, our group has tried D5D 

siRNA/shRNA/3WJ D5D siRNA NP and achieved the cancer growth inhibition in the colon, 

pancreatic, and lung cancer animal studies51,55,72,86. However, all the above-mentioned approaches 

are difficult to execute clinically as it requires in-patient treatment and most importantly, it is 

limited by shortcomings of RNAi therapy61,80. To overcome the limitations, we have identified 

chemically synthesized or naturally present D5D inhibitors and characterized the most potent D5D 

activity inhibitor Iminodibenzyl by various preliminary screening assays81. Since Iminodibenzyl 

role in a COX-2 paradigm shift in breast cancer to achieve cancer growth inhibition was 

unexplored, here we have hypothesized that Iminodibenzyl treatment would divert the DGLA 

metabolism to 8-HOA that would help in achieving breast cancer growth inhibition.  

In this chapter, we have performed preliminary functional endpoint experiments to validate 

the cancer growth inhibitory effect produced by Iminodibenzyl and/or DGLA. Iminodibenzyl 

administration halted the D5D activity resulting in a shift of DGLA peroxidation to 8-HOA in the 

COX-2 overexpressed tumor microenvironment. As a result of which, when 4T1 and MDA-MB-

231 breast cancer cells were treated with Iminodibenzyl and DGLA, a significant surge in 8-HOA 

was observed. The produced 8-HOA in breast cancer cells might lead to cell viability reduction in 

4T1 and MDA-MB-231 cells. On the contrary, COX-2 null mammary epithelial MCF-12a cells 

did not show how sufficient level of 8-HOA and did not affect the cell viability of epithelial cells, 
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which was possibly due to negative COX-2 expression. This phenomenon emphasizes the 

importance and role of COX-2 to produce 8-HOA after DGLA and Iminodibenzyl combination 

treatment in cancer cells. Notably, higher concentrations (500µM DGLA alone or with 

Iminodibenzyl) showed a toxic effect on cells, which is possibly due to other off-target effects. For 

example, ω-6-PUFAs like linoleic acid (LA) and gamma-linolenic acid (GLA) at high 

concentrations have been found to cause significant reduction in cell viability by inducing reactive 

oxygen or carbonyl species formation and/or activating apoptosis by various mechanisms such as 

caspase-dependent mechanism87,88. In cancer, cell apoptosis, proliferation, and migration are the 

most important characteristics to be considered for therapeutic analysis. Iminodibenzyl 

administration diverted the DGLA metabolism to cancer inhibiting compound 8-HOA, which led 

to a reduction in cancer cell survival (Survival analysis by MTT assay) and cell migration (Wound 

healing assay and transwell migration assay). Additionally, cancer cells underwent apoptosis when 

Iminodibenzyl and DGLA were provided as a treatment. Notably, when DGLA was provided as a 

treatment in cancer cells, increased cancer cell survival or proliferation was seen (a greater number 

of colonies). The observed effect could be due to the direct conversion of DGLA to AA and then 

to PGE2 promoting cancer cell growth.  

In summary, results from this chapter provided evidence about Iminodibenzyl role in 

DGLA metabolism to 8-HOA, resulting in reduced cancer cell survival, reduced migration, and 

increased apoptosis with DGLA administration in COX-2 expressing breast cancer cells.  

  



 

46 

4. ELUCIDATION OF THE IN VITRO GROWTH INHIBITORY MECHANISMS 

AFTER IMINODIBENZYL AND DGLA TREATMENT IN BREAST CANCER CELLS 

COX enzymes are the inductive enzymes catalyzing the first step in the prostanoids 

synthesis. Among COXs, COX-2 is majorly involved in catalyzing AA conversion to PGE2, which 

activates various molecular pathways leading to cancer cell development, resistance to apoptosis, 

progression, and metastasis (Scheme 1 in Introduction). COX-2 was the target of research in a 

multitude of extensive pathological conditions, including inflammation, and different cancers like 

colon, gastric, lung cancer, and breast cancer24,89,90. Clinical studies evaluating COX-2 expression 

quantification from breast cancer specimens concluded overexpression in 42% of the analyzed 

samples91. The exploration of COX-2 as a target for cancer therapeutics has been in a limelight for 

decades. However, the first clinical study analyzing the role of COX-2 selective inhibitor celecoxib 

for familial adenomatous polyposis (FAPs) occurred in the 1990s, where celecoxib exerted 

reduction in adenomatous polyps in patient92. After this initial application, the use of COX-2 

inhibitors was raised in cancer management. However, during this period the serious 

cardiovascular effects were also observed15 with OX-2 inhibitors . Hence,  the use of COX-2 

inhibitors was halted in 2005 for the use in clinical studies for cancer management.  

Recently, our research group came up with the approach where instead of inhibiting COX-

2 by inhibitors, we are exploiting overexpressed COX-2 in cancer cells to metabolize the upstream 

n-6 fatty acid. As per this approach, upstream D5D enzyme inhibition halts the DGLA metabolism 

to AA resulting in DGLA accumulation in cancer cells. This results in DGLA metabolism 

redirection to unique short-lived metabolite 8-HOA and other therapeutically non-significant 

metabolites by overexpressed COX-2, which have cancer growth inhibitory activity49. Until now, 

we have validated this approach by D5D siRNA/shRNA/ 3-WJ D5D siRNA NP in colon, 
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pancreatic, lung, and breast cancer50,55,57,72. However, these approaches are limited by 

endonuclease mediated physiological degradation, possible off-targeted side effects, low 

availability at the site of action, and in patient treatment80. However, to bridle the limitations and 

to master the COX-2 paradigm shift approach, as mentioned in chapter-3, based on literature and 

preliminary analysis, we screened out a potent D5D activity inhibitor Iminodibenzyl81,93. 

Iminodibenzyl is a lead moiety for widely used antipsychotics, Imipramine and Desipramine, 

acting as dopaminergic antagonists blocking alpha and beta adrenoreceptors in the brain94. As per 

the preliminary screening, Iminodibenzyl has a strong D5D activity inhibition property with IC50 

of 104nM81. Recently, Iminodibenzyl is also reported to exert cancer growth inhibitory effect in 

xenograft and syngeneic lung cancer models produced by A549 and Lewis lung carcinoma cell 

line93. Additionally, when Iminodibenzyl was provided in combination with DGLA in 4T1 and 

MDA-MB-231 cell lines, diverted metabolism of DGLA to 8-HOA was observed with a 

simultaneous reduction in breast cancer cell proliferation, reduction in cancer cell migration, and 

upregulated cancer cell apoptosis (Chapter 3). However, the molecular mechanism of action 

behind the exerted therapeutic effect is still unexplored. In the future, after understanding the 

molecular mechanism, a combination therapy working through different therapeutic pathways can 

be designed to provide additive or synergistic effect with the Iminodibenzyl based therapeutic 

approach.  

4.1. Activation of the caspases dependent mechanism after Iminodibenzyl and DGLA 

treatment  

Our earlier reports also suggested that on providing DGLA as a treatment to D5D 

knockdown cells, a significant increase in apoptosis occurred by activation of caspase-dependent 

death mechanism51. Additionally, in chapter 3, we have seen that when Iminodibenzyl and DGLA 
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combination was provided as a treatment, a significant increase in apoptotic cells was observed, 

however, the mechanism responsible for the witnessed effect is unexplored. In this aim, we have 

used Western and immunofluorescent approaches to elucidate possible molecular mechanisms 

behind apoptosis and reduced cancer cell migratory effect. Here, we have provided 48 hours of 

Vehicle, DGLA, and/or Iminodibenzyl treatment to 4T1 and MDA-MB-231 cancer cells, and the 

protein was extracted using lysis buffer. After lysis, the protein was collected and measured using 

the BCA protein estimation method, and 50µg of protein was loaded to a Western blot gel and 

electrophoresis was performed. After running the samples on the gel, the proteins were transferred 

to a PVDF membrane and incubated with primary and corresponding secondary antibodies. First, 

we analyzed the protein expression of procaspase-3, procaspase-9, and cleaved caspase-3 in 4T1 

cancer cells. The analysis showed a significant decrease in procaspase-9 level with 10µM 

Iminodibenzyl, and the combination of 10µM Iminodibenzyl and 100µM DGLA treatment (Figure 

13, P<0.05). Consequently, cleaved caspase-3 (C. Caspase-3) analysis showed a significant 

increase in its levels on providing simultaneous treatment with 10µM Iminodibenzyl and 100µM 

DGLA (Figure 13, P<0.001). However, we did not observe any modulatory effect on apoptosis 

markers by DGLA treatment (Figure 13). 
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Figure 13. Iminodibenzyl and DGLA treatment activated the caspases in 4T1 cancer cells. 
Western blot and densitometry analysis of Procaspase-3, Procaspase-9, and Cleaved Caspase-3 in 
4T1 breast cancer cells treated with Iminodibenzyl and/or DGLA for 48 hours. The protein 
expression level in the vehicle was normalized to 1, β-Actin serves as a loading control. Data is 
represented as mean ± SEM with at least three separate experiments. P***<0.001, *P<0.05 vs. 
Vehicle. 

Additionally, we also analyzed the anti-apoptotic protein BCl2. BCl2 is a member of the 

pro-survival family of proteins, which determined whether a cell undergoes apoptosis or not95. 

When cells were provided Iminodibenzyl alone and/or in combination with DGLA, it caused a 

significant reduction in anti-apoptotic protein BCl2 expression (Figure 14, P<0.001). 
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Figure 14. Iminodibenzyl and DGLA treatment downregulated anti-apoptotic protein in 4T1 cells. 
Western blot analysis and densitometry analysis of BCl2 in 4T1 breast cancer cells treated with 
Iminodibenzyl, DGLA, and a combination of Iminodibenzyl and DGLA for 48 hours. The protein 
expression level in the vehicle was normalized to 1, β-Actin serves as a loading control. Data is 
represented as mean ± SEM with at least three separate experiments. ***P<0.001 vs. Vehicle. 

Additionally, treatment with DGLA and Iminodibenzyl have caused a significant cleavage 

of PARP as observed from a reduction of PARP and a significant increase in C. PARP protein 

(Figure 15, P<0.001). 
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Figure 15. Combination treatment modulated PARP level. Western blot analysis and densitometry 
analysis of PARP and C. PARP from protein samples extracted after treating 4T1 cells with 
Iminodibenzyl, DGLA, and a combination of Iminodibenzyl and DGLA for 48 hours. The protein 
expression level in the vehicle was normalized to 1, β-Actin serves as a loading control. Data is 
represented as mean ± SEM with at least three separate experiments. ***P<0.001 vs. Vehicle. 

Similar to 4T1 cells, on treating MDA-MB-231 cells with Iminodibenzyl and DGLA, a 

significant reduction in procaspase-3 (Figure 16, P<0.05) and significant upregulation of C. PARP 

(Figure 17, P<0.001) was observed. Notably, a moderate change but not significant was exerted 

by Iminodibenzyl and DGLA treatment on BCl2 and total PARP levels (Figure 16 and 17).  
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Figure 16. Iminodibenzyl and DGLA treatment downregulated Procaspase-3 and BCl2. Western 
blot analysis and densitometry analysis of Procaspase-3 and BCl2 from protein samples extracted 
after treating MDA-MB-231 cells with Iminodibenzyl, DGLA, and a combination of 
Iminodibenzyl and DGLA for 48 hours. The protein expression level in the vehicle was normalized 
to 1, β-Actin serves as a loading control. Data is represented as mean ± SEM with at least three 
separate experiments. *P<0.05 vs. Vehicle. 
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Figure 17. Iminodibenzyl and DGLA treatment promoted PARP breakdown to C. PARP. Western 
blot analysis and densitometry analysis of PARP and C. PARP in MDA-MB-231 breast cancer 
cells treated with Iminodibenzyl, DGLA, and a combination of Iminodibenzyl and DGLA for 48 
hours. The protein expression level in the vehicle was normalized to 1, β-Actin serves as a loading 
control. Data is represented as mean ± SEM with at least three separate experiments. ***P<0.001 
vs. Vehicle. 
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4.2. Validation of involvement of caspase dependent death mechanism 

 

Figure 18. Z-VAD-FMK pretreatment decreased the apoptotic effect exerted by Iminodibenzyl 
and DGLA combination. A. Flow cytometry analysis of breast cancer cells pretreated with 30μM 
Z-VAD-FMK, followed by combination of Iminodibenzyl and DGLA for 48 hours. B. Percentage 
apoptotic cells quantification in 4T1 cells. C. Percentage apoptotic cells quantification in MDA-
MB-231 cells. Data represent mean ± SEM with at least three separate experiments. ***P<0.001 
vs. Vehicle or Iminodibenzyl + DGLA. 

A. Apoptosis analysis after Iminodibenzyl and DGLA treatment  

B. Quantification of apoptotic 
cells in 4T1 cells 

C. Quantification of apoptotic 
cells in MDA-MB-232 cells 
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Figure 19. Z-VAD-FMK pretreatment overcame the apoptotic effect of combination treatment. 
4T1 breast cancer cells were pretreated with nonspecific irreversible caspase inhibitor Z-VAD-
FMK for 2 hours and then the medium was replaced with fresh growth media having various 
treatments and pSIVA dye. The plate was then subjected to a kinetic apoptosis analysis by using 
Lionheart FX at various time points and apoptosis rate was measured. Data is represented as mean 
± SEM with at least three independent fields. ***P<0.001 vs. Vehicle and ###P<0.001 vs. 
Iminodibenzyl + DGLA at 48 hours. 

Caspases are key mediators involved in the apoptosis pathway. Modulation of their level 

is involved in various pathological conditions such as cancer. To confirm the caspase-dependent 
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death mechanism, we have used Z-VAD-FMK. It is a cell-permeable, irreversible caspase 

inhibitor. To confirm the caspase-dependent apoptotic mechanisms, we treated cells with 30µM 

Z-VAD-FMK for 2 hours before providing cells the combination treatment and performed 

apoptosis analysis. We observed a significant increase in the percentage of apoptotic 4T1 and 

MDA-MB-231 cells (PI-Annexin V analysis) after Iminodibenzyl and DGLA combination 

treatment (Figure 18, P<0.001). Whereas pretreatment with Z-VAD-FMK recuperated the 

percentage of apoptotic cells to the vehicle-treated cells (Figure 18, P<0.001). Additionally, we 

also performed polarity-sensitive indicators of viability and apoptosis (pSIVA) imaging analysis. 

In line with the PI-Annexin analysis, we found that DGLA and Iminodibenzyl could result in a 

significant increase in the percentage of apoptotic breast cancer cells (Figure 19, P<0.001). 

Notably, the pretreatment of Z-VAD-FMK diminished the DGLA and Iminodibenzyl induced 

apoptosis in pSIVA imaging (Figure 19, P<0.001). 

4.3. Combination treatment causes HDAC activity reduction  

In our earlier studies, we have demonstrated that exogenous 8-HOA or DGLA derived 8-

HOA could inhibit HDAC activity in cancer cells54,55,57,86. Hence, here we hypothesized that the 

combination of Iminodibenzyl and DGLA would have a dampening effect on HDAC activity via 

endogenous 8-HOA production in breast cancer cells. To perform the HDAC activity, we use the 

protein extracted from the cells after providing different treatments. On examination, we observed 

a significant reduction of HDAC activity in 4T1 and MDA-MB-231 cells treated with 

Iminodibenzyl and DGLA combination (Figure 20, P<0.001). Notably, we also noted a significant 

reduction in HDAC activity in 4T1 cells treated with Iminodibenzyl alone (Figure 20, P<0.05). 
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Figure 20. Combination treatment of Iminodibenzyl and DGLA caused a reduction in HDAC 
activity. HDAC activity was performed from protein samples extracted from breast cancer cells 
after various treatments for 48 hours. The activity was performed by using a standard HDAC 
colorimetry activity kit. Data represent mean ± SEM with at least three separate experiments. 
***P<0.001, *P<0.05 vs. Vehicle. 

Abnormal histone acetylation has an essential role in tumor development by epigenetically 

inhibiting the tumor suppressor genes, and hence histone deacetylase inhibition has become the 

ideal target for cancer therapeutics. HDAC inhibitors exhibit their anti-cancer activity by 

stimulating acetylation of core histone protein, which impacts gene transcription resulting in 

apoptosis and degradation of misfolded proteins96. As noted above, Iminodibenzyl administration 

redirected the DGLA metabolism to 8-HOA, which also exerted a significant reduction in HDAC 

activity. The reduced HDAC activity linked with upregulation of AcH3 in 4T1 and MDA-MB-231 

cancer cells (Figure 21 and 22, P<0.001 and P<0.05). 
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Figure 21. Iminodibenzyl and DGLA treatment stimulated histone acetylation. Western blot 
analysis and densitometry analysis of AcH3 in 4T1 breast cancer cells treated with Iminodibenzyl, 
DGLA, and a combination of Iminodibenzyl and DGLA for 48 hours. The protein expression level 
in the vehicle was normalized to 1, β-Actin serves as a loading control. Data is represented as mean 
± SEM with at least three separate experiments. ***P<0.001 vs. Vehicle. 
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Figure 22. Combination treatment upregulated histone acetylation in MDA-MB-231 cells. 
Western blot analysis and densitometry analysis of AcH3 and Total H3 in MDA-MB-231 breast 
cancer cells treated with Iminodibenzyl, DGLA, and a combination of Iminodibenzyl and DGLA 
for 48 hours. The protein expression level in the vehicle was normalized to 1, β-Actin serves as a 
loading control. Data is represented as mean ± SEM with at least three separate experiments. 
*P<0.05 vs. Vehicle. 

4.4. Iminodibenzyl diverted DGLA metabolism resulted in reduction in lamellipodia 

and filopodia  

Cell migration is a highly controlled process involving many proteins, which regulate 

fundamental process of cell movement97. It is a dynamic and multistep process of protrusion of the 

cell membrane, formation of new focal adhesions, tractional forces to move, and retraction and 

detachment98. Focal adhesion (FA) dynamics (assembly and disassembly of FA) is an incessant 
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process encompassing synchronization between FA and actin cytoskeleton (F-Actin) leading to 

cell migration99. The regulation of attachment between F-actin and integrins via other proteins 

within FAs is essential for regulating cell protrusion and retraction. Additionally, multiple findings 

available depicting the role of FA kinase (FAK) as a prime regulator of signaling pathways causing 

cancer pathogenesis100. FAK is a unique controller of FAs association and dissociation, which is a 

fundamental process for efficient uni/multidirectional cell movement100,101 . Paxillin is another 

crucial cytoskeletal and scaffolding protein hired initially to budding FAs at cell front and is 

obligatory for FA at cell front during cell migration102. Additionally, paxillin networks with 

vinculin at FAs permitting recruitment of F-actin, and other cytoskeletal-related proteins103. A 

recent report by Carisey et al., also provide concluding evidence that vinculin is also one of the 

important proteins controlling intra- and extracellular processes mandatory for reorganization of 

FAs to coordinate cell migration104. 

In chapter 3, it was observed that treatment with Iminodibenzyl and DGLA caused 

significant reduction in cancer cell migration. To explore the possible mechanism behind the 

observed therapeutic effect, F-Actin, Paxillin, Vinculin, and FAK analysis was done by 

immunofluorescent staining and Western blot.  
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Figure 23. Concomitant treatment with Iminodibenzyl and DGLA reduced the F-Actin level in 
4T1. Immunofluorescent and quantitative analysis of F-Actin and G-Actin after 48 hours of 
treatment with Iminodibenzyl and/or DGLA. Images were acquired from three separate 
experiments and data analysis was done by ImageJ software. *P<0.05 vs. Vehicle. 
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Figure 24. Combination treatment with Iminodibenzyl and DGLA reduced the paxillin and 
Vinculin in 4T1. Immunofluorescent and quantitative analysis of Paxillin and Vinculin after 48 
hours of treatment with Iminodibenzyl and/or DGLA. After treatment, the cells were blocked, 
permeabilized, and stained with primary antibodies of Paxillin and Vinculin followed by 
corresponding secondary antibodies. The F-Actin was stained by Phalloidin Alexa 488, and nuclei 
were stained by using DAPI. Images were acquired from three separate experiments and data 
analysis was done by ImageJ software. ***P<0.001, *P<0.05 vs. Vehicle. 
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Figure 25. Combination treatment reduced the Lamellipodia and Filopodia in 4T1 cancer cells. 
Western blot analysis and densitometry analysis of FAK, Paxillin, and Vinculin in 4T1 breast 
cancer cells treated with Iminodibenzyl and/or DGLA for 48 hours. The protein expression level 
in the vehicle was normalized to 1, β-Actin serves as a loading control. Data represent mean ± 
SEM with at least three separate experiments. ***P<0.001, **P<0.01, and *P<0.05 vs. Vehicle. 
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23, P<0.05). Additionally, when Paxillin and Vinculin levels were analyzed by 

immunocytochemistry study, a significantly reduced Paxillin and Vinculin level were found 

(Figure 24, For vinculin P<0.05 and for paxillin P<0.001). The immunofluorescent findings of 

Paxillin and Vinculin were further confirmed by Western blot analysis, which also showed 

significantly reduced Paxillin and Vinculin level in 4T1 breast cancer cells on providing 

Iminodibenzyl and DGLA as a treatment (Figure 25, P<0.001). Additionally, concomitant 

treatment with Iminodibenzyl and DGLA also produced significant reductions in FAK (Figure 25, 

P<0.05). Notably, both Immunofluorescent and Western blot analysis showed reduced Paxillin 

(Figure 24, P<0.001) and Vinculin (Figure 25, P<0.01) with Iminodibenzyl treatment. The 

observed reduced cell migration maker after Iminodibenzyl treatment have been observed before 

by other research groups after using Imipramine (Structurally similar analog), which is due to the 

inherent nature of the compound to affect FAK phosphorylation105.   

4.5. Concomitant treatment with Iminodibenzyl and DGLA reduced MMP activity 

During breast cancer progression EMT is another important phenomenon occurring, 

causing cancer cells to migrate to distant lymph nodes to form metastatic nodules. During EMT 

many molecular changes occur, out of which release of MMPs in the extracellular environment 

and adaptation of the mesenchymal phenotype are few of them. MMPs are a group differentially 

expressed zinc dependent endopeptidases that can destroy the basement membrane and promote 

cell invasion to systemic circulation and metastasis106. For a metastatic growth, cancer cells must 

cross the basement membranes and transverse to the distant lymph nodes after entry into and exit 

from the blood stream. The collagen IV, primary component of basement membrane, is degraded 

mostly by collagenase MMPs such as MMP-2 and MMP-9. These MMPs may therefore play a 

critical role in the conversion of in situ breast cancers to invasive lesions107. To analyze the effect 
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of treatments, gelatin gel zymography was performed. Here, the cells were treated with Vehicle, 

DGLA, Iminodibenzyl, and Iminodibenzyl and DGLA for 48 hours. After 48 hours of treatment, 

the growth media were collected and concentrated followed by protein concentration was 

measured, gelatin gel zymography was performed. After performing the zymography MMP-2 and 

MMP-9 activity was analyzed. On analyzing the gelatinase activity, it was found that simultaneous 

treatment with Iminodibenzyl and DGLA caused significant reduction in the MMP-2 (Figure 26, 

P<0.05) and MMP-9 (Figure 26, P<0.01) activity, while DGLA or Iminodibenzyl did not exert 

any effect on MMPs activity. 
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Figure 26. Gelatin zymography to detect the effect of combination treatment on MMP activity. 
Gelatin gel zymography was performed after concentrating the conditioned growth media of the 
treated cells. The samples were loaded and the modulatory effect of various treatments on MMP-
2 and MMP-9 activity was determined. Images were acquired by using Licor Odyssey. The activity 
level in the Vehicle treated group was normalized to 1. Data represent mean ± SEM with at least 
three separate experiments. **P<0.01, *P<0.05 vs. Vehicle. 
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4.6. Concurrent treatment with Iminodibenzyl and DGLA modulated  

EMT protein markers  

EMT is a very complex process by which epithelial cells lose the adherent and tight 

intercellular junctions keeping them in a cluster and adapt mesenchymal properties responsible for 

increased motility, crossing the basal membrane enabling them to enter systemic circulation to 

migrate to distance causing breast tumor progression and metastasis108. However, when 4T1 breast 

cancer cells were provided treatment with Iminodibenzyl and DGLA, significant reduction in 

mesenchymal markers Snail and MMP-2 was observed (Figure 27, P<0.001 (for snail) and P<0.01 

(for MMP-2)). Additionally, combination treatment also caused significant upregulation of E- 

Cadherin level (Figure 27, P<0.001), which allow the cells to remain in cluster. Interestingly, we 

did not observe any effect on vimentin level (Figure 27).  
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Figure 27. EMT marker level analysis from 4T1 cells provided simultaneous treatment with 
Iminodibenzyl and DGLA. Western blot analysis and densitometry analysis of MMP-2, Snail, E-
Cadherin, and Vimentin in 4T1 breast cancer cells treated with Iminodibenzyl and/or DGLA for 
48 hours. The protein expression level in the Vehicle was normalized to 1, β-Actin serves as a 
loading control. Data represent as a mean ± SEM with at least three separate experiments. 
***P<0.001, **P<0.01 vs. Vehicle. 
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4.7. Treatment with Iminodibenzyl and DGLA reduced the β-Catenin level in breast cancer 

cells 

 

Figure 28. Treatment with Iminodibenzyl and DGLA reduced the β-Catenin in breast cancer cells. 
Immunofluorescent and quantitative analysis of β-Catenin after 48 hours of treatment with 
Iminodibenzyl and/or DGLA. The cells were stained with primary β-Catenin and corresponding 
secondary antibody. The F-Actin was stained by Phalloidin Alexa 488, and nuclei were stained by 
using DAPI. Images were acquired from three separate experiments and data analysis was done 
by ImageJ software. ***P<0.001, vs. Vehicle. 
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Figure 29. Concurrent treatment with Iminodibenzyl and DGLA reduced the β-Catenin level in 
4T1 and MDA-MB-231cancer cells. Western blot analysis and densitometry analysis of β-Catenin 
in breast cancer cells treated with Iminodibenzyl and/or DGLA for 48 hours. The protein 
expression level in the vehicle was normalized to 1, β-Actin serves as a loading control. Data 
represent mean ± SEM with at least three separate experiments. ***P<0.001, **P<0.01 vs. 
Vehicle. 

β-catenin is a vital protein in several signaling pathways. It interacts with E-cadherin 
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of β-catenin greatly affects the phenotype and behavior of the breast cancer cells109. In one of the 

study, aberrant expression of β-catenin 64.5% of the clinical breast cancer samples110. 

Accumulation of cytoplasmic β-catenin is a malignant marker for breast cancer. In malignant 

condition, it is translocated to the nucleus where it modulates various transcriptional factors to 

activate downstream target genes associated with increased growth and invasion110. By 

considering the importance of β-catenin, we performed fluorescent and relative protein expression 

analysis to detect the β-catenin level after treatment with Iminodibenzyl and / or DGLA. On 

analysis we found that, when 4T1 and MDA-MB-231 cells were treated with concurrent 

Iminodibenzyl and DGLA, significant reduction in β-catenin protein fluorescence intensity (Figure 

28, P<0.001) and protein expression via Western was observed (Figure 29, P<0.001). 

Interestingly, we also observed notable reduction in protein expression when Iminodibenzyl was 

provided as a treatment in 4T1 cells (Figure 29, P<0.01).  

4.8. Limitations 

D5D enzyme is located on endoplasmic reticulum111 of the cell and we think that majority 

of the therapeutic mechanisms of actions responsible for anti-cancer effect are occurring in the 

cytoplasmic area of the cell. However, we have not validated the exact location of therapeutic 

action, which we will explore in our future studies. There are multiple mechanisms responsible for 

induction of EMT in breast cancer cells including treatment with tissue growth factor- β (TGF-!). 

From our attempt, we successfully noted conversion of MCF-7 epithelial phenotype to 

mesenchymal phenotype accompanied by reduction in E-cadherin level. However, TGF-β 

treatment was not able to stimulate COX-2 level, a mandatory factor required to produce anti-

cancer effect, in the less invasive MCF-7 breast cancer cells. Hence, we concluded that TGF-β 

induced model is not suitable to study EMT in our strategy.  
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Wnt controlled β-catenin undergo degradation after amino terminal serine/threonine 

phosphorylation by glycogen synthase kinase-3 (GSK-3) in conjunction with tumor dampening 

protein Axin and adenomatous polyposis coli (APC)112. Here, we have determined modulation in 

β-catenin level after various treatment through immunofluorescent and Western analysis, however 

the possible role of GSK-3, Axin, and APC is still unexplored.  

4.9. Conclusion and discussion 

As per the finding from Yu et al., administration of DGLA in D5D-KD breast cancer cells 

(4T1 and MDA-MB-231), cause generation of 8-HOA. The produced 8-HOA caused increase in 

apoptotic cells by activating caspase dependent pathway. Additionally, the unique metabolite 

product 8-HOA also reduced the cancer cell migration and invasion by reducing EMT markers56. 

In Chapter 3, we have found that administration of Iminodibenzyl diverted the DGLA metabolism 

from pro-tumorigenic pathway to anti-cancer pathway by producing significantly high level of 8-

HOA in cancer cells. The produced 8-HOA from Iminodibenzyl and DGLA led to increased 

percentage apoptosis, and reduced breast cancer cell survival. However, the molecular mechanism 

behind the observed therapeutic end effect was still unexplored. Elucidation of the molecular 

mechanism assists in designing a new combination therapeutic strategy targeting different 

therapeutic pathways for better therapeutic outcome. In this chapter, we have used 

immunofluorescent and Western approach, and biochemical assays to explore the caspase 

dependent death mechanism and EMT markers.  

During apoptosis, the intrinsic death pathway regulated by BCl2 is evoked, which activates 

the caspase cascade initiator procaspase-9 followed by procaspase-3. The activated procaspase-3 

then fragmented to cleaved caspase-3 to induce apoptosis113-115. The combination treatment of 

Iminodibenzyl and DGLA activated the intrinsic apoptosis death mechanism in in vitro, which is 
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also confirmed using pan-caspase inhibitor Z-VAD-FMK. Abnormal histone acetylation has an 

essential role in tumor development by epigenetically inhibiting the tumor suppressor genes, and 

hence histone deacetylase inhibition has become the ideal target for cancer therapeutics116. HDAC 

inhibitors exhibit their anti-cancer activity by stimulating acetylation of core histone protein, which 

impacts gene transcription resulting in apoptosis and degradation of misfolded proteins116. 

Iminodibenzyl administration redirected the DGLA metabolism to 8-HOA, which also exerted a 

significant reduction in HDAC activity93. The reduced HDAC activity linked with upregulation of 

AcH3, which could activate the intrinsic apoptosis pathway to achieve tumor cell apoptosis and 

reduced cell proliferation.  

During metastasis, the tumor cell migrates through the extracellular matrix (ECM) for 

intravasation into lymphatic and blood vessels. This is achieved by various types of movement 

like chemoattractant mediated chemotaxis and environmental gradient mediated haptotaxis117. 

Chemotaxis is one of the mechanisms through which cancer cells migrate. Cancer cell migration 

is a complex mechanism that necessitates coordination between specific cellular processes such as 

aggregation and dispersal of focal adhesions (FAs), polymerization of the actin filament, etc.118. 

The FA formation is commenced by the interaction of integrins with corresponding ligands 

followed by recruitment of various proteins such as focal adhesion kinase (FAK), vinculin, and 

paxillin119. Additionally, actin filament, specifically F-actin is also involved in processes like 

filopodia, lamellipodia, and invadopodia, which help cancer cells to move and invade distant sites 

to colonize119. Reduced FAK, paxillin, and vinculin levels supported the findings of reduced 

filopodia and lamellipodia in 4T1 breast cancer cells, which might have resulted in reduced cancer 

cell migration as visible from large wound size in wound healing assay. During cancer metastasis, 

EMT is an important complex phenomenon leading to metastatic nodule formation at the distant 
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site. It is mediated by intricate crosstalk between tumor cells and adjacent stroma and cannot be 

fully simulated in vitro120. Breast tumor cells excrete zinc-dependent proteases such as MMP-2 

and MMP-9, which damage an integral part of the basal membrane, type IV collagen, resulting in 

cancer cells' entry into the systemic circulation. Iminodibenzyl along with DGLA administration 

caused a differential reduction in MMP-9 and MMP-2 activity and expression inferring reduced 

ability to invade, indicating a possible independent effect on MMPs expression and activity. 

Furthermore, increased E-Cadherin, a single-span transmembrane protein essential for tight inter-

epithelial cell connections, was showing improved protection against metastasis ability of the 4T1 

and MDA-MB-231 cancer cells. Snail and Vimentin are other markers responsible for tumor 

recurrence and tumor cell metastasis121, which was found to be significantly reduced with the 

Iminodibenzyl and DGLA combination treatment.  

Several studies have demonstrated the relation between the canonical Wnt/β-catenin 

pathway and upregulated proliferation, survival, and metastasis by modulating the intrinsic 

apoptosis pathway and EMT in breast cancer122-126. β-catenin is an appealing target due to its 

ability to abolish cancer relapse127. From in vitro analysis, we have perceived that Iminodibenzyl 

and DGLA combination caused downregulation of β-catenin, which could be another possible 

mechanism leading to breast cancer cell apoptosis and reduced cell proliferation. The 

downregulated β-catenin also has an inhibitory role in EMT markers.  

In summary, when combination of Iminodibenzyl and DGLA was provided as a treatment 

to 4T1 and MDA-MB-231 cancer cells, activation of caspase dependent death pathway was 

activated, evident from cleaved caspase-3, which was validated by recuperated apoptosis after Z-

VAD-FMK pretreatment. Additionally, combination treatment also reduced the HDAC activity, 

which might be one of the mechanism responsible for anti-cancer effect. After acute administration 
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of Iminodibenzyl and DGLA, reduction in FA protein markers and EMT markers were observed, 

which might have caused a reduction in cancer cell migration.  
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5. DETERMINATION OF IN VIVO EFFECT OF IMINODIBENZYL AND DGLA 

SUPPLEMENTATION ON BREAST CANCER GROWTH IN FEMALE NU/J MICE  

In chapter 3 and 4, it was observed that Iminodibenzyl diverted the DGLA metabolism 

from cancer promoting pathway (DGLA/AA/PGE2) to cancer inhibiting (DGLA/8-HOA) pathway 

resulting in increased apoptosis, and reduced breast cancer cell proliferation and migration by 

modulation of various molecular pathways. However, the in vitro system cannot completely mimic 

the complex in clinic physiological environment and hence validation is required in in vivo system. 

To determine in vivo cancer growth inhibitory effect, an orthotopic tumor model using immune-

deficient female nude mice, commonly used model for breast cancer research, was used.  

In this model, 4T1 TNBC cell line was used to develop the breast cancer model. 4T1 cell 

line induced orthotopic breast cancer model is widely used model offering multiple advantages 

over other breast cancer cell lines; significant molecular similarities with human TNBC128, cancer 

cells upon implanting likely to form metastatic nodules in 7-10 days from the day of implantation 

etc57,73-76,129. The protocol to conduct in vivo study was prior approved by IACUC (Protocol 

number A17065). The orthotopic model was developed by using immune deficient nude mouse. 

The immune-deficient mice (J:Nu, 002019, The Jackson Lab) are homozygous for the Foxn1nu 

mutation, which makes the mice nude (hairless) and athymic. The lack of thymus in these mice 

blocks the differentiation and maturation of T cells, resulting in an immunodeficiency which 

allowed implantation of tumor cell xenografts. After receiving the animals from the Jackson lab, 

they were acclimatized for two weeks with unlimited food and water ad libitum. After two weeks 

of acclimatization, 0.25 x 106 mycoplasma free 4T1 cells were inoculated in 4th mammary fat pad 

of the mouse by 20-gauge syringe and housed for another week for tumor to grow57. After one 

week, the animals were randomized in four treatment groups; Vehicle, DGLA (5mg/mouse, p.o.), 
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Iminodibenzyl (20mg/kg, i.p.), and combination of Iminodibenzyl (20mg/kg, i.p.) and DGLA 

(5mg/mouse, p.o.). During the study period, animals were treated daily, and the tumor volume (by 

using a digital vernier caliper) and body weight (using a weighing balance) was measured every 

three days. At the end of the study period, animals were euthanized, and blood, organs, and tumors 

were collected for post analysis (Scheme 4 in 2.15.). The samples were used for fatty acid, free 

radical metabolite, pharmacokinetics, immunohistochemistry, and relative protein expression 

analysis.  

5.1. Anti-cancer effect exerted by combination of Iminodibenzyl and DGLA 

After one week of tumor cell implantation, the animals were randomized in four different 

groups and provided different treatment. In group A, animals were provided Vehicle as a treatment. 

In group B, DGLA (5mg) was provided as a treatment through oral gavage. In group C, 

Iminodibenzyl (20mg/kg) was provided as a treatment through i.p. route and in group D, 

combination of Iminodibenzyl (20mg/kg) through i.p. route and DGLA through oral gavage 

provided as a daily treatment. During the study period, animal weight and tumor volume was 

measured periodically to analyze fold change in tumor size with different treatment. From the 

tumor volume measurement and visual inspection of the tumors at the end of the study, we noticed 

a significant decline in tumor volume in the group of animals receiving a combination of 

Iminodibenzyl (20mg/kg) and DGLA (5mg) as a treatment (Figure 30, P<0.01 and Figure 31), 

while animals in Vehicle and DGLA treatment groups did not exert any significant effect on the 

tumor growth. It is important to note that animals in the Iminodibenzyl treatment group exhibited 

a moderate reduction in tumor volume (Figure 30). During the treatment period, we did not observe 

any significant change in animal weight (Figure 32). On providing Vehicle, DGLA, and 

Iminodibenzyl single agent treatment, the measured average fold change in tumor volume was 
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35.49 ± 7.34, 39.36 ± 6.37, and 18.82 ± 2.94, while the tumor volume in combination treatment 

provided group of animals was 9.55 ± 4.57 from the start of the treatment.  

 

Figure 30. Fold change in tumor volume vs. days after different treatments. Tumor volume 
measured by using digital Vernier caliper. Tumor volume at day 8 is considered as one-fold and 
change in tumor volume was quantified based on that. Data is represented as a mean ± SEM from 
six animals (in each group). **P<0.01 vs. Vehicle at 26 days. 

 

Figure 31. Representative images of the tumor from different treatment groups.  



 

79 

 

Figure 32. Change in animal weight (g) during the treatment period. During the animal dosing 
period the weight of the animals were captured periodically every three days by digital weighing 
balance. Data is represented as a mean ± SEM from six animals (in each group). 

 

Figure 33. Fold change in AA from tumor samples by LC/MS. AA quantification from tumor 
samples harvested from animals provided different treatments. Data is represented as a mean ± 
SEM from three animals. *P<0.05 vs. Vehicle and **P<0.01 vs. DGLA. 
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Figure 34. Quantification of DGLA (μg) from tumor samples (g) by LC/MS. DGLA were 
quantified from tumor samples by solid phase extraction followed by LC/MS approach. Data is 
represented as a mean ± SEM from three animals.  

 

Figure 35. Fold change in DGLA/AA from tumor samples by LC/MS. DGLA and AA were 
quantified from tumor samples by LC/MS approach and then fold change in DGLA/AA was 
determined. Data is represented as a mean ± SEM from three animals.  
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Figure 36. 8-HOA analysis from tumor samples. GC/MS analysis to quantify 8-HOA from tumor 
samples extracted from animals provided different treatments. Data is represented as mean ± SEM 
from three individual animals from each group. **P<0.01 vs. Vehicle.  

Previously, we and others have observed that administration of DGLA in D5D KD cancer 

cells (by D5D shRNA or 3WJ-D5D siRNA nanoparticles) exhibit diversion of DGLA metabolism 

from DGLA/AA/PGE2 to DGLA/8-HOA51,57. This was also evident by reduced AA and increased 

DGLA/AA level in tumors56,57. Additionally, in chapter 3 (Figure 4) and previously published 

findings also suggested that Iminodibenzyl also divert DGLA metabolism to 8-HOA. To analyze 

Iminodibenzyl stimulated COX-2 fueled DGLA metabolism in vivo, we performed liquid-liquid 

extraction of different tumor samples and did the derivatization reaction with PFB to form 8-HOA-

PFB to quantify 8-HOA by GC/MS. On extrapolating the area into the standard curve, we found 

significantly high level of 8-HOA in animals provided combination of Iminodibenzyl and DGLA, 

whereas no significant change was observed in 8-HOA level in tumor samples harvested from 

animals provided DGLA or Iminodibenzyl (Figure 36, P<0.01). Additional, solid phase extraction 

of tumor samples followed by LC/MS analysis led us to know that animals from combination 
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treatment groups have significantly increased AA level (vs. vehicle). Contrary, animals 

administered Iminodibenzyl along with DGLA showed significantly reduced AA content (vs. 

DGLA treatment group), which could be due to the inhibited D5D activity by Iminodibenzyl 

causing diversion of DGLA metabolism (Figure 33, P<0.01). This finding was further supported 

by increased DGLA and DGLA/AA levels in animals provided DGLA alone or in combination 

(Figure 34 and 35).  

  

Figure 37. Qualitative and quantitative analysis of lung metastatic nodule from animals provided 
different treatments. The top panel show the 2D image of the lung with maximum nodules from 
respective treatment groups and the arrows show lung metastatic nodules. The bottom panel show 
the H&E staining image of the lung section from animals.  

In our previous experiments, we have seen that 4T1 cells in orthotopic breast cancer model 

migrate to distant site and form metastatic nodules57. To analyze the effect of Iminodibenzyl 

mediated altered DGLA metabolism on metastatic nodules, we quantified the lung metastatic 

nodules by visually as well as through H&E staining. From visual inspection we detected 

significantly less number (n=6) of metastatic lung nodules in the group of animals that received 
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simultaneous treatment of Iminodibenzyl and DGLA compared to animals administered Vehicle 

(n=17), DGLA (n=9), or Iminodibenzyl (n=8) (Figure 37). 

To elucidate the probable in vivo mechanism of action behind reduced tumor size and 

metastatic lung nodule, we analyzed the relative expression of different markers involved in 

apoptosis and EMT. Immunohistochemistry analysis showed a significant reduction in 

proliferative marker Ki-67 was found in tumor samples from animals provided combination 

treatment (Figure 38, P<0.01). C.PARP expression further showed a significant increase in 

fluorescent signal with concurrent treatment with Iminodibenzyl and DGLA (Figure 39, P<0.01). 

This finding was further supported by increased relative C. PARP expression (Fig. 40, P<0.05). 

Procaspase-3 and an anti-apoptotic protein BCl2 analysis in tumors showed similar findings as that 

of in vitro analysis, which was a significant reduction in the procaspase-3 and BCl2 protein levels 

in tumors harvested from the combination treatment of Iminodibenzyl and DGLA (Figure 40, 

P<0.05 and Figure 46, P<0.01). However, we did not see any significant changes in all these 

proteins in animals treated with Iminodibenzyl or DGLA. HDAC activity analysis of protein 

samples extracted from Iminodibenzyl and DGLA treated animals showed a significant reduction 

in HDAC activity (Figure 41, P<0.01). We also detected a notable reduction in HDAC activity in 

tumor samples obtained from animals treated with Iminodibenzyl alone with no significant 

changes in other treatment groups (Figure 41). D5D protein level analysis by 

Immunohistochemistry (Figure 42) showed no significant change in D5D protein levels with any 

of the provided treatments, which suggested no significant effect of any treatment on D5D level. 
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Figure 38. Qualitative and quantitative immunofluorescence analysis of proliferation marker Ki-
67 protein expression in tumors. Representative images for Ki-67 expression in tumor tissues. Ki-
67 was stained in red; cell nuclei were counter stained with DAPI in blue. Mean intensity of Ki-
67 in each sample was quantified as an index of its expression level in tumor tissue. Data is 
represented as Mean ± SEM from three tumors. **P<0.01 vs. Vehicle.  
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Figure 39. Qualitative and quantitative immunofluorescence analysis of apoptosis marker C. 
PARP protein expression in tumors. Representative images for C. PARP expression in tumor 
tissues. C. PARP was stained in red; cell nuclei were counter stained with DAPI in blue. Mean 
intensity of C. PARP in each sample was quantified as an index of its expression level in tumor 
tissue. Data is represented as Mean ± SEM from three tumors. **P<0.01 vs. Vehicle.  
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Figure 40. Apoptosis marker level analysis from tumor samples. Western blot analysis and 
densitometry analysis of PARP, C. PARP, and Procaspase-3 in breast tumor tissue harvested from 
nude mice provided different treatments. The protein expression level in the Vehicle was 
normalized to 1, β-Actin serves as a loading control. Data represent as a mean ± SEM with at least 
three separate experiments. *P<0.05 vs. Vehicle. 
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Figure 41. Percentage HDAC activity analysis in tumor samples. HDAC activity was performed 
from protein samples extracted from breast tumors harvested from different groups of animals. 
The activity was performed by using a standard HDAC colorimetry activity kit and HDAC activity 
in Vehicle group was considered as 100%. Data is represented as mean ± SEM. N=3, and 
**P<0.01 vs. Vehicle. 

To elucidate the probable in vivo mechanism of action behind observed lung metastatic 

nodule, we analyzed the protein expression of various EMT markers. Immunohistochemistry 

analysis showed a significant increase in E-Cadherin (Figure 43, P<0.001), and reduction in 

MMP-2 (Figure 44, P<0.01) and Vimentin level (Figure 45, P<0.01) in tumor samples obtained 

from animals simultaneously administered Iminodibenzyl (20mg/kg) and DGLA (5mg). We did 

not find any significant change in any analyzed EMT markers (MMP-2, Vimentin, and E-

Cadherin) in tumors extracted from animals treated with Vehicle, DGLA, or Iminodibenzyl alone 

(Figure 43, 44, and 45). 
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Figure 42. Qualitative and quantitative immunofluorescence analysis of D5D protein expression 
in tumors. Representative images for D5D expression in tumor tissues. D5D was stained in red; 
cell nuclei were counter stained with DAPI in blue. Mean intensity of D5D in each sample was 
quantified as an index of its expression level in tumor tissue. Data is represented as Mean ± SEM 
from three tumors.  
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Figure 43. Qualitative and quantitative immunofluorescence analysis of EMT marker E. Cadherin 
protein expression in tumors. Representative images for E-Cadherin expression in tumor tissues. 
E. Cadherin was stained in red; cell nuclei were counter stained with DAPI in blue. Mean intensity 
of E. Cadherin in each sample was quantified as an index of its expression level in tumor tissue. 
Data is represented as Mean ± SEM from three tumors. ***P<0.001 vs. Vehicle.  
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Figure 44. Qualitative and quantitative immunofluorescence analysis of MMP-2 protein 
expression in tumors. Representative images for MMP-2 expression in tumor tissues. MMP-2 was 
stained in red; cell nuclei were counter stained with DAPI in blue. Mean intensity of MMP-2 in 
each sample was quantified as an index of its expression level in tumor tissue. Data is represented 
as Mean ± SEM from three tumors. **P<0.01 vs. Vehicle.  
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Figure 45. Qualitative and quantitative immunofluorescence analysis of EMT marker Vimentin 
protein expression in tumors. Representative images for Vimentin expression in tumor tissues. 
Vimentin was stained in red; cell nuclei were counter stained with DAPI in blue. Mean intensity 
of Vimentin in each sample was quantified as an index of its expression level in tumor tissue. Data 
is represented as Mean ± SEM from three tumors. **P<0.01 vs. Vehicle.  
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Figure 46. Relative BCl2 and β-Catenin level determination from tumor samples. Western blot 
analysis and densitometry analysis of BCl2 and β-Catenin in breast tumor tissue. The protein 
expression level in the Vehicle was normalized to 1, β-Actin serves as a loading control. Data 
represent as a mean ± SEM with at least three separate experiments. **P<0.01 and *P<0.05 vs. 
Vehicle. 

To find the upstream marker, we also analyzed β-Catenin level. On analysis, we found a 

significant reduction in β-Catenin level in tumor samples extracted from animals treated with 
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Iminodibenzyl and DGLA combination (Figure 46, P<0.05), while DGLA or Iminodibenzyl 

administration did not exert any in vivo effect on β-Catenin level (Figure 46).   

5.2. Pharmacokinetic profile of Iminodibenzyl  

 
Figure 47. Iminodibenzyl quantification in the tumor samples by LC/MS. The tumor samples were 
subjected to liquid-liquid extraction using organic solvent. The extracted Iminodibenzyl was 
quantified by using LC/MS approach. Data represent as a mean ± SEM from tumors extracted 
from three animals in each group. ***P<0.001 vs. Vehicle. N.D. = Not detectable. 

 
Figure 48. Iminodibenzyl quantification in the serum by LC/MS. Iminodibenzyl was extracted 
from the serum and quantified by using LC/MS approach. Data represent as a mean ± SEM from 
serum separated from blood obtained from three animals in each group. ***P<0.001 vs. Vehicle. 
N.D. = Not detectable. 
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Figure 49. Iminodibenzyl quantification in different organs by LC/MS. Iminodibenzyl was 
extracted from the liver, kidney, and heart from animals and quantified by using LC/MS approach. 
Data represent as a mean ± SEM from different organs from three different animals from each 
treatment group. N.D. = Not detectable.  

To explore the possible pharmacokinetic profile of Iminodibenzyl, we collected blood, vital 

organs, and tumor during animal euthanasia. The serum was separated from the blood after a few 

hours of blood collection. In order to determine the concentration of Iminodibenzyl at the target 

site, in systemic circulation, and in various organs, the Iminodibenzyl was extracted first by using 

liquid-liquid extraction method using ethanol and then LC/MS analysis was done to quantify the 

Iminodibenzyl. On analysis, it was found that approximately 8-9% of the administered drug 

reached to the site of action, tumor (Figure 47) and approximately 6-7% of the Iminodibenzyl was 

found in systemic circulation (Figure 48). We also found significantly high quantity of 

Iminodibenzyl in the liver and kidney, which suggested the accumulation of Iminodibenzyl in the 

liver and kidney over a period of treatment (Figure 49).  
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5.3. Limitations 

In animal study, due to significantly less solubility of the Iminodibenzyl in majority of the 

solvent, we have used DMSO as a solvent. However, in our future in vivo study we are planning 

to use corn oil or sesame oil as a vehicle to dissolve Iminodibenzyl to divert DGLA metabolism 

and additionally to avoid any DMSO related toxic effects. During apoptosis many molecular 

changes occurs including modulation of cleaved caspase-3. In our in vitro analysis, we measured 

the relative change in cleaved caspase-3 level in 4T1 cells after various treatments, however, due 

to technical limitations, we could not measure the changes in cleaved caspase-3 level in tumor 

developed from 4T1 cells. 

5.4. Conclusion and discussion 

In this chapter, we analyzed the in vivo efficiency of Iminodibenzyl to divert DGLA 

metabolism from pro-cancer pathway to anti-cancer pathway by COX-2 induced peroxidation by 

performing orthotopic breast cancer model developed by mammary fat pad transplantation of 4T1 

cancer cells, which caused significant reduction in tumor size.  

In the proof of concept study done by delivering 3WJ-D5D siRNA nanoparticle and DGLA 

in an orthotopic breast cancer model, we have seen significant reduction in tumor size by activation 

of alternate metabolism pathway of DGLA resulting in accumulation of DGLA in tumor cells, 

which consequently metabolized to 8-HOA by COX-2 in tumor cells causing tumor shrinking57. 

Similarly, here in this chapter, we have observed that Iminodibenzyl was able to inhibit the 

administered DGLA metabolism resulting in accumulation of DGLA in tumor of the animal 

administered combination (Iminodibenzyl and DGLA) and the accumulated DGLA was further 

metabolized to 8-HOA. We also observed increased DGLA/AA ratio in the animals’ provided 

combination, which was due to inhibition of DGLA metabolism and hence less production of AA. 
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Notable, increased AA was observed in tumors from animals provided DGLA as a supplement, 

which was predicted to be due to COX-2 catalyzed DGLA peroxidation to produce more AA. 

These group chromatographic analysis provided comprehensive evidence about the in vivo COX-

2 paradigm shift exerted by Iminodibenzyl in breast cancer cells.  

From our in vitro studies (chapter 5) and the previously published study57, we have found 

that the D5D inhibition led produced 8-HOA activate caspase dependent death pathway and 

reduced the EMT markers. Similarly, from this chapter, we have noted that administration of 

Iminodibenzyl and DGLA caused caspase dependent death pathway activation and significant 

reduction in EMT markers, which might be a possible reason behind shrunken tumor and a lesser 

number of metastatic nodules. Additionally, in line with the in vitro findings from chapter 5, we 

observed significantly reduced HDAC activity and β-Catenin level in the tumors from combination 

provided treatment.  

Interestingly, we also observed moderate reduction in tumor size in animals provided 

Iminodibenzyl alone as a treatment, which might be explained from moderately reduced HDAC 

activity in the Iminodibenzyl treated animals. Additionally, others have also reported reduction in 

HDAC activity by Iminodibenzyl or from structurally similar compounds93,130,131. β-catenin is an 

appealing target due to its ability to abolish cancer relapse. Here, we have perceived that 

Iminodibenzyl and DGLA combination caused downregulation of β-catenin, which could be 

another possible mechanism leading to breast cancer cell apoptosis and reduced cell proliferation 

leading to reduced tumor growth by Iminodibenzyl and DGLA combination treatment. The 

downregulated β-catenin also has an inhibitory role in EMT resulting in less metastasis of tumor 

cells from the site of inoculation to the lungs in the orthotopic tumor model.  
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In a summary, this chapter provided evidence about the in vivo efficiency of Iminodibenzyl 

to exhibit the COX-2 paradigm shift to exhibit tumor growth inhibition. From an orthotopic breast 

tumor model, it was evident that combination treatment with Iminodibenzyl and DGLA brought 

out a significantly high level of 8-HOA, which further downregulated HDAC activity causing 

caspase dependent apoptosis pathway activation. The produced 8-HOA (from Iminodibenzyl 

catalyzed DGLA metabolism inhibition and simultaneous COX-2 induced peroxidation) also has 

dampening effect on β-catenin level, which might be another possible mode of action for observed 

reduced tumor size. 
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6. SUMMARY, LIMITATIONS AND FUTURE DIRECTIONS 

6.1. Summary 

Breast cancer is one of most commonly occurring cancer in female population in world. 

There are many risk factors responsible for breast cancer development, out of which consumption 

of ω-6 polyunsaturated fatty acid (ω-6 PUFAs) rich diet is one of them, which has increased by 

30-fold in last few years. Additionally, many molecular changes occur during cancer development, 

COX modulation is one of them. There are multiple clinical studies available, which have reported 

COX-2 overexpression in various stages of breast cancers. Moreover, COX-2 also has a vital role 

in ω-6 PUFAs metabolism. Downstream ω-6 PUFAs like DGLA on metabolism by D5D produces 

AA, which further on peroxidation by COX-2 produce precancerous PGE2. The produced PGE2 

activate various pathways leading to cancer cell proliferation, metastasis, and resistance to 

apoptosis. Hence, by considering the role of COX-2 in production of precancerous prostaglandins, 

COX-2 inhibition seemed to be an ideal strategy to inhibit the cancer progression, which provided 

inconclusive findings in clinical settings. Contrary, the use of selective and non-selective inhibitor 

resulted in severe cardiovascular adverse events, which resulted in clinical subjects’ death. Hence 

by considering the risk associated with the use of COX-2 inhibitors, it is no longer being used for 

cancer management.  

Recently, we have come up with the novel strategy in cancer therapeutics, where instead 

of inhibiting we are exploiting overexpressed COX-2 to metabolize upstream ω-6 PUFAs, DGLA, 

after inhibiting the D5D enzyme to an anti-cancer metabolite 8-HOA. Since we are using COX-2 

instead of inhibiting to achieve cancer inhibition, it is being known as COX-2 paradigm shift 

approach. Previously, we have used D5D siRNA/shRNA to inhibit the D5D enzyme, which 

resulted in diversion of DGLA metabolism to an 8-HOA, which has an anti-cancer activity. 
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However, the use of siRNA and shRNA is restricted due to physiological endonucleases mediated 

degradation and inability to cross the cell membrane, which led to difficulty in executing the 

paradigm shift approach in a physiological environment. To overcome the limitations associated 

with RNAi therapy, we identified the D5D activity inhibitor Iminodibenzyl and hypothesized that 

administration of Iminodibenzyl would shift the DGLA metabolism producing 8-HOA, which 

would produce anti-cancer activity against breast cancer cells. In in vitro experiment, when 4T1 

and MDA-MB-231 cells were treated with Iminodibenzyl and DGLA, significant reduction in 

survival fraction, cell proliferation, and increased apoptosis was observed. On elucidating 

molecular mechanism, it was found that Iminodibenzyl and DGLA combination caused significant 

reduction in HDAC activity resulting in activation of caspase dependent death pathway as 

validated by Z-VAD-FMK pretreatment. Additionally, significant reduction in cancer cell 

migration was also noted after the combination treatment, which might be due to reduced 

lamellipodia, filopodia, and EMT markers. To validate physiological efficacy of Iminodibenzyl to 

execute a paradigm shift of COX-2 approach, orthotopic breast cancer model was developed, and 

animals were provided Vehicle, DGLA, Iminodibenzyl, and combination of Iminodibenzyl and 

DGLA as a treatment. At the end of treatment period, significant reduction in tumor size was 

observed in group of animals received combination treatment. Additionally, significantly less 

number of metastatic lung nodules were observed in group of animals provided combination 

treatment. Based on the immunohistochemistry study and Western analysis, activation of caspases, 

downregulation of HDAC activity and EMT markers were observed, which might have produced 

shrunken tumors and less number of nodules. Additionally, reduced β-catenin was observed in 

both in vitro and in vivo studies, which could be an additional mechanism behind reduced cancer 

growth.      
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6.2. Future directions 

6.2.1. Screening more D5D activity inhibitors  

In the present study, we have used Iminodibenzyl to inhibit D5D activity and brought out 

anti-cancer effect against breast cancer. Iminodibenzyl is a building block of many 

antipsychotics94. Hence, here based on the observed therapeutic efficacy after Iminodibenzyl and 

DGLA administration, in our future studies, a different structural analog of Iminodibenzyl will be 

prepared by attaching various functional groups and comparative analysis will be done to identify 

the potent inhibitor. Additionally, there are few Iminodibenzyl analogs such as trimethoprim, 

clomipramine, etc. are available in the market as antipsychotic. We are also planning to analyze 

the D5D inhibitory potential of the compound by using rat liver microsome system. Additionally, 

recently a new D5D inhibitor compound 326 (Takeda Pharmaceuticals) was developed, which is 

orally available, potent selective D5D inhibitor132. In our near future study, we will explore 

compound 326 as a potential candidate for D5D activity inhibitor to achieve COX-2 paradigm 

shift in cancer.   

6.2.2. Combination with other chemotherapeutic agents to improve therapeutic effect 

Raising prevalence in drug resistant cancer cases is a major concern in cancer 

therapeutics58,60,133. There are multiple reasons behind resistance development, out of which drug 

efflux, DNA damage repair, cell death inhibition, epigenetics, drug inactivation, and drug target 

alteration are few of them134. In this study in chapter 4 and 5, we have made an attempt to explore 

the possible molecular mechanism by identifying involvement of HDAC activity, caspase 

dependent death pathway, and catenin pathway. There are multiple evidences available depicting 

role of a therapeutic moiety to overcome drug resistance by inhibiting the catenin activity135,136. 

Based on available reports and observed findings, we will incorporate Iminodibenzyl with other 
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chemotherapeutic modalities such as trastuzumab, 5-FU, or gemcitabine can be combined with 

multiple modalities, which have failed due to cancer resistance137-139. Additionally, Iminodibenzyl 

can inhibit the HDAC activity93 and it has been found that HDAC inhibitors can synergistically 

increase the activity of other chemotherapeutic agents140,141. Hence, in our future studies, we will 

combine Iminodibenzyl based treatment strategy to other chemotherapeutic agents and evaluate 

the additive or synergistic effect on cancer.  

6.2.3. Determination of anti-metastatic potential after Iminodibenzyl and DGLA treatment  

Metastasis in breast cancer is a leading cause of death in breast cancer patients. Metastasis 

is defined as a condition in which cancer cells have spread from breast to the distant organs such 

as bones, lung, liver, and/or brain142. In our study, we have attempted to determine the effect of 

treatment on breast cancer migration and findings from chapter 3 and 4 suggested reduction in 

cancer cell migration and EMT markers. Additionally, to analyze in vivo anti-metastatic effect, we 

also performed the orthotopic breast cancer model by inoculating breast cancer cells in mammary 

fat pad and found significant reduction in lung metastatic nodules after providing combination 

treatment in comparison to vehicle treated group. However, to conclude the anti-metastatic effect, 

we are also required to analyze the effect in an another orthotopic breast cancer model developed 

by delivering cancer cells through i.v. route143. Hence, in our future study, we will develop an 

orthotopic model by implanting cancer cells through tail vein injection and animals will be 

provided simultaneous treatment with Iminodibenzyl and DGLA as per the protocol. 

6.2.4. Develop targeted drug delivery approach to increase bioavailability  

Cancer therapy resistance is a major barrier leading to chemotherapy failure. There are 

multiple reasons responsible for chemotherapy failure, including oxygen deficient environment 

known as hypoxia144. Additionally, as per our pharmacokinetic data (chapter 5), only 8-9% of the 
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administered drug was available at the site of action and 6-7% was available in the systemic 

circulation. Hence, to deliver high quantity of administered drug to the tumor site and into the 

hypoxic region, we will develop the tumor cell surface protein targeted nanoparticles enclosing 

Iminodibenzyl and analyze its cancer growth inhibitory effect in 2D and 3D cell culture as well as 

in in vivo. In this study, we are planning to incorporate P-gp or EpCAM aptamer to the targeting 

protein and Iminodibenzyl will be encapsulated in the nanoparticle. After optimizing the 

encapsulation efficiency, and validating the targeting and release properties of nanoparticle, we 

will perform an in vivo efficacy study by developing orthotopic breast cancer model by using 4T1 

or MDA-MB-231 cells.  
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