
Article J. Biol. Regul. Homeost. Agents. 2024; 38(5): 4153–4170
https://doi.org/10.23812/j.biol.regul.homeost.agents.20243805.330

Copyright: © 2024 The Author(s). Published by Biolife Sas. This is an open access article under the CC BY 4.0 license.
Note: J. Biol. Regul. Homeost. Agents. stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Novel Quinazoline Derivative Activates FIH-1 in MCF-7
Cells and 7, 12-Dimethylbenz[a]-Anthracene Induced
Mammary Gland Carcinoma in Albino Rats
Soniya Rani1, Mohd Nazam Ansari2, Abdulaziz S. Saeedan2, Gaurav Kaithwas1,*
1Department of Pharmaceutical Sciences, Babasaheb Bhimrao Ambedkar University (A Central University), 226 025 Lucknow, India
2Department of Pharmacology and Toxicology, College of Pharmacy, Prince Sattam Bin Abdulaziz University, 11942 Al-Kharj, Saudi Arabia
*Correspondence: gauravpharm@hotmail.com (Gaurav Kaithwas)
Published: 1 May 2024

Background: Mammary gland carcinoma is a solid tumor with a hypoxic core due to oxygen deficiency. Factor inhibiting
hypoxia-inducible factor-1α (FIH-1) is an oxygen sensor that becomes inactive in a hypoxic environment, making it unable to reg-
ulate rapidly proliferating cancer cells. Thus, we hypothesize that the chemical activation of FIH-1 could be a novel mechanism
for regulating mammary gland carcinoma. In this study, 6-(5,11-dioxoisoindolo [2,1-a] quinazolin-6(5H,6aH,11H)-yl)-N-(1H-
imidazol-2-yl) hexanamide (BBAP-9) was investigated for its anticancer potential.
Methods: A library of 67,609 drug-like molecules was virtually screened against FIH-1 based on Lipinski’s rule from the ZINC
database. BBAP-9 was selected as a potent FIH-1 activator through docking study, absorption, distribution, metabolism, ex-
cretion and toxicity (ADMET) profile, and in vitro 2-oxoglutarate dependent FIH-1 activation assay. Further, its in vitro cy-
totoxicity and apoptotic activity were scrutinized against MCF-7 cells using acridine orange/ethidium bromide (AO/EB) and
5,5,6,6′-tetrachloro- 1,1′,3,3′-tetraethylbenzimi-dazoylcarbocyanine iodide (JC-1) stainings and its in vivo activity against 7,12-
dimethylbenz[a]anthracene (DMBA) induced mammary gland carcinoma inWistar rats by performing various parameters such
as hemodynamic, carmine-alum staining, histology, scanning electron microscopy, and biochemical analysis.
Results: Our results demonstrated that BBAP-9 showed a good docking score (–8.162) and a suitable ADMET profile. BBAP-9
activated FIH-1 when scrutinized through a 2-oxoglutarate dependent assay (p< 0.05). BBAP-9 exhibited significant cytotoxicity
with half-maximal inhibitory concentration (IC50) of 16.9 ± 0.85 µM (p < 0.05) and induced apoptotic changes in MCF-7 cells,
as revealed by AO/EB (p < 0.05) and JC-1 stainings (p < 0.05). Once scrutinized against DMBA-induced mammary gland
carcinoma, BBAP-9 restored autonomic dysfunction (p < 0.05), tissue vascularization, morphological architecture, membrane
ruffles, and oxidative stressmarkers [thiobarbituric acid reactive substances (TBARs), protein carbonyl (PC), glutathione (GSH),
super oxide dismutase (SOD), and catalase)] toward normal control (p < 0.05).
Conclusions: Overall, the current study’s findings demonstrate that BBAP-9 has significant cytotoxicity and apoptotic activity
against MCF-7 cells. Moreover, BBAP-9 has chemotherapeutic efficacy on DMBA-induced mammary gland carcinoma, which
can be attributed to its propensity to enhance antioxidant profiles and inhibit cellular proliferation, improve surface architecture,
soothing membrane ruffles, and decrease lactate effects. Thus, we postulated that BBAP-9 may be a novel FIH-1 activator in
mammary gland carcinoma.
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Introduction

Mammary gland carcinoma is the second most fre-
quent cancer among women worldwide, with an increas-
ing incidence. According to epidemiological reports, the
number of cases of mammary gland carcinoma worldwide
is expected to reach approximately 2 million by 2030 [1].
In India, the National Cancer Registry Programme (NCRP)
reported 0.15 million new cases and 76,000 fatalities from
mammary gland carcinoma.

Mammary gland carcinoma is a solid tumor and the
core is hypoxic due to oxygen deficiency. Studies have

linked hypoxia to metastasis initiation, drug resistance, and
aggressive behavior of cancer cells [2–4]. Young et al.
[5] demonstrated that hypoxia affects cancer cell behav-
ior, with two-fold higher metastatic efficiency in hypoxia-
treated cells. Vaupel et al. [6] reported that hypoxia is a
prognostic factor for tumor growth and development in var-
ious malignancies. Hypoxia-inducible factors (HIFs) are
thoroughly studied mechanisms of cancer cell adaptation in
hypoxic microenvironments. Among the various HIF tran-
scriptional factors, hypoxia-inducible factor-1alpha (HIF-
1α) is the foremost transcription factor stabilized in the
hypoxic environment and transmits signals for cancer pro-
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liferation and survival [7]. Prolyl hydroxylase-2 (PHD-2)
and factor inhibiting hypoxia-inducible factor-1α (FIH-1)
are oxygen sensors, and homodimeric proteins having 244
and 351 amino acid residues, respectively [8]. PHD-2 and
FIH-1 control the transcriptional activity of HIF-1α through
oxygen-dependent hydroxylation at the Proline (Pro 402
and 564) and asparagine (Asn803) residue of N-terminal
transactivation domain (N-TAD) and C-terminal transacti-
vation domain (C-TAD) of HIF-1α, respectively. Low oxy-
gen hypoxic conditions can restrict PHD-2 and FIH-1 ac-
tivity consequently HIF-1α is transcriptionally activated in
hypoxic solid tumors [9]. Given the above, our laboratory
has screened and reported several small chemical entities as
PHD-2 activators to regulate HIF-1α with significant anti-
cancer potential in mammary gland carcinoma [10–12].

FIH-1 regulates the transcriptional activity of HIF-1α
even at minimal intracellular oxygen concentration com-
pared with PHD-2. More precisely, FIH-1 is a better sen-
sor for intracellular oxygen concentration than PHD-2. Ac-

cordingly, FIH-1 can be considered a better regulator of the
transcriptional activity of HIF-1α and consequent mech-
anisms of angiogenesis and metastasis [13–15]. Overall,
FIH-1 plays a significant role in cancer biology by regulat-
ing transcription of HIF-1α.

Considering the above, we hypothesize that chemical
activation of FIH-1 could be a better and novel mechanism
to regulate the transcriptional activity of HIF-1α. Conse-
quently, the present study was designed to screen and eval-
uate potential activators of FIH-1 in mammary gland carci-
noma.

Materials and Methods

6-(5,11-dioxoisoindolo[2,1-a]-quinazolin-6(5H,6aH,
11H)-yl)-N-(1H-imidazol-2-yl) hexanamide (BBAP-9)
was procured from Eximed Laboratory, Kyiv, Ukraine (cat-
alogue no. EiM08-38511, customer ID: 16255). Tamoxifen
(TAM) was received as a gift sample from Hiral Labs Ltd.,
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Roorkee, UK, India. The other materials included dulbecco
modified eagle’s media (DMEM, 11965092, Gibco, Grand
Island, NY, USA); fetal bovine serum (FBS, 10270106,
Gibco, Grand Island, NY, USA); trypsin (25200072,
Gibco, Grand Island, NY, USA); dulbecco phosphate
buffered saline (DPBS, 14200075, Gibco, Grand Island,
NY, USA); acridine orange (AO, MB116, Himedia,
Thane, MH, India); ethidium bromide (EB, MB071,
Himedia, Thane, MH, India); 5,5,6,6′-tetrachloro-1,1′,3,3′-
tetraethylbenzimi-dazoylcarbocyanine iodide (JC-1) assay
kit (M34152, Thermo Scientific, Waltham, MA, USA);
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, TC191, Himedia, Thane, MH, India);
antibiotic-antimycotic (100X) (15140122, Gibco, Grand
Island, NY, USA); eosin (S007, Himedia, Thane, MH,
India); Haematoxylin (S058, Himedia, Thane, MH, India);
dimethyl sulfoxide (DMSO, D1435, Sigma Aldrich, Saint
Louis, MO, USA); and 7,12-dimethylbenz[a]anthracene
(DMBA, D3254, Sigma Aldrich, Saint Louis, MO, USA).
All other chemicals were of molecular grade and obtained
from Genetix Biotech Asia Pvt. Ltd., NDL, DL, India.

In-Silico Study
Protein Preparation

The Protein Data Bank (PDB ID-5OP6) 3D crystal
structure of the FIH-1 protein was obtained (https://www.
rcsb.org/structure/5OP6). The Protein Preparation Wizard
in the Schrodinger Suite was used to construct the FIH-1
protein (Schrodinger Release 2021-1). During protein pre-
processing, hydrogen atoms were checked, hydrogen bonds
were optimized, atomic collisions were eliminated, disul-
fide bonds were formed, and formal charges were added
to the hetero groups in the atoms and molecules. Water
molecules larger than 5 nm were removed from the hetero
groups. The possible ionization states of the protein struc-
ture were generated using Epik, and the most stable state
was selected. We also used Prime from the Schrödinger
Suite to complete the missing chains and loops. The sam-
ple water orientation was then enhanced, and protonation
states at a neutral pH were produced using PROPKA (ht
tps://www.ddl.unimi.it/vegaol/propka.htm). The OPLS3e
force field was then used in controlled minimization to ob-
tain heavy atoms with a Root Mean Square Deviation value
of 0.30. This structure was further used in bioinformatics
studies [16].

Ligand Preparation
The structural data file (SDF) format of the Inter-

biosciences (IBS) library was obtained from the ZINC
database. The library was filtered using Lipinski’s princi-
ple. The Ligand Preparation (LigPrep) module was used to
prepare the ligands (pH 7.0 ± 2.0). The stereoisomers and
chiralities of the ligands were acquired for high-throughput
virtual screening [17].

Virtual Screening
Virtual screening is a computer-based technique used

in drug discovery to search libraries of small compounds
to identify structures most likely to bind to a drug target.
A library of 67,609 chemical compounds was downloaded
from the ZINC database (https://zinc.docking.org/). Virtual
screening of the ZINC database was performed against the
target protein FIH-1. Screening for the best lead molecules
was performed using the Glide module of Schrodinger
via high-throughput virtual screening (HTVS) and further
followed by the standard precision (SP) module program
[17,18].

Molecular Docking and Binding Energy Calculation
The Schrodinger Suite Glide program conducted

molecular docking and virtual screening. The Recep-
tor grid-generating application of Glide used the energy-
minimized FIH-1 structure from PrepWizard for grid gen-
eration. After grid construction, the glide docking method-
ology was followed using a grid file and a minimized lig-
and library. The Glide dock and docking score in the pose
viewer file format determined the top hits based on receptor
affinity. Subsequently, the pose viewer file binding energy
was estimated using molecular mechanics-generalized born
surface area (MM-GBSA) and calculated in ∆G-Kcal/mol
[17,18].

ADME Profiling
ADME characteristics were examined using the

QikProp tool. The tool predicts physicochemical charac-
teristics such as molecular weight, partition coefficient, hy-
drogen bond acceptors, donors, Lipinski’s rule, human oral
absorption, blood-brain barrier, metabolism, and LogK hu-
man serum albumin [16,18].

Toxicity Estimation Software Tool (TEST)
TEST is a computational tool for determining

chemical compounds toxicity and mutagenicity index
(https://www.epa.gov/chemical-research/toxicity-estimat
ion-software-tool-test). The screened compounds were
tested for their toxicity and mutagenicity profiles [10].

In Vitro FIH-1 Activation Assay (2-Oxoglutarate
(2-OG) Dependent Assay)

FIH-1 activity was determined by 2-OG dependent as-
say using a method previously established in our laboratory
with slight modifications. The serum samples were taken
from control albinoWistar rats andmixedwith five volumes
of 0.25M dextrose (TC130, Himedia, Thane, MH, India);
comprising HEPES (H3537, Sigma Aldrich, Saint Louis,
MO, USA) (50 mM, pH 7.0) buffer. Thereafter, the above
mixture was added with various concentrations of test com-
pounds (BBAP-9 and COCl2), PMSF (329-98-6, Sigma
Aldrich, Saint Louis, MO, USA) (50 µg/mL), 1 mM DTT
(R0861, Thermo Scientific, Waltham, MA, USA), 1000
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µM EDTA (60-00-4, Loba Chemie, Colaba, MUM, India),
and 0.1% Triton X100 (9002-93-1, Genetix Biotech, NDL,
DL, India), followed by centrifugation, and the supernatant
was collected. Subsequently, the supernatant (100 µL) and
990 µL of FIH-1 activation buffer were mixed at 30 °C
for 3 h. 100 µL 0.5M HCl (311350222BT, Finar, Ahmed-
abad, GUJ, India) was added to terminate the reaction, and
50 µL of o-phenylenediamine (P9029-50G, Sigma Aldrich,
Saint Louis, MO, USA) (10 mg/mL prepared in 0.5M HCl,
311350222BT, Finar, Ahmedabad, GUJ, India) was added
to achieve derivatization. After heating at 95 °C for 10 min,
the reaction mixture was centrifuged at 10,000 rpm for 5
min, and the supernatant was collected. Finally, 100 µL of
supernatant was combined with 60 µL of 1.2 M sodium hy-
droxide, and fluorescence was assessed using a spectroflu-
orometer (Carry Eclipse Fluorescence Spectrophotometer,
18073115, Agilent Technology, Santa Clara, CA, USA) at
340 nm excitation and 420 nm emission wavelengths. The
activity of FIH-1 depends on the 2-OG level. The level of
2-OG present in the sample is closely related to the fluo-
rescence intensity; less fluorescence intensity indicates less
2-OG level which reflects higher FIH-1 activity, and vice
versa. Three different groups were used for this test, includ-
ing the control group (serum), the negative control group
(serum + COCl2), and the positive control group (serum +
BBAP-9). The level of FIH-1 activity in the control group
was considered to be 100% to assess the activity of BBAP-9
and COCl2 [10,19,20].

In Vitro Study
Cell Line and Its Culture

MCF-7 cells were retrieved from the National Cen-
tre for Cell Sciences (NCCS), Pune, MH, India (Authen-
tication no. 997/2021-22). The cell lines received from
NCCS, Pune were authenticated for the absence of my-
coplasma contamination and were tested for short tandem
repeat (STR) analysis on sixteen STR loci. The cells were
cultured in DMEM medium supplemented with 10% FBS
and 1% antibiotic-antimycotic solution under humidified
conditions at 37 °C with 5% CO2 [21].

MTT Assay

Briefly, MCF-7 cells (1× 105) were plated in 96-well
plates and treated with increasing concentrations of BBAP-
9 and TAM (1, 5, 10, 15, 20, and 25 µM) for 24 h, respec-
tively. Thereafter, the medium was aspirated, MTT was
added, and fresh medium was incubated for 4 h. Purple-
colored formazans were formed, and the absorbance was
measured using amicroplate reader (SpectraMaxABSPlus,
Rochester, NY, USA) at 570 nm. Cell viability was eval-
uated as a percentage of cytoprotection compared with the
control group, which was set to 100%. The color formation
is directly correlated to the viability of the cells [21]. The
following formula was used to determine the cell viability:

% Cell Viability =
Absorbance of treated cells − Absorbance of blank

Absorbance of control cells − Absorbance of blank
× 100

Apoptotic Morphological Study Using Acridine
Orange/Ethidium Bromide (AO/EB) Dye

MCF-7 cells (1 × 106) were seeded in 6-well plates,
treated with BBAP-9 and TAM for 24 h. The cells were
stained with AO (100 µg/mL) (MB116, Himedia, Thane,
MH, India) and EB (MB071, Himedia, Thane, MH, In-
dia) (100 µg/mL) (1:1) and incubated for 5 min. After in-
cubation, cells were washed and visualized under a fluo-
rescence microscope at 20× magnification (IX 53, Olym-
pus, Shinjuku, Tokyo, Japan). The viable cells display a
green colour, early apoptotic cells show a yellow colour,
and late apoptotic cells represent an orange colour. Quan-
tification of viable, early, and late apoptotic cells, according
to the percentage of apoptotic cells was determined by [%
of apoptotic cells = (total number of apoptotic cells/total
number of cells counted) × 100] [21–23].

Measurement of Mitochondrial Membrane Potential
(MMP) Using JC-1

MCF-7 cells (1 × 106) were plated in 6-well plates,
treated with BBAP-9 and TAM for 24 h. Subsequently,
the medium was aspirated, washed thrice with PBS, and
treated with JC-1 dye (2 µM) in the dark for 30 min. Fi-
nally, stained cells were examined under a fluorescence mi-
croscope at 20×magnification (IX 53, Olympus, Shinjuku,
Tokyo, Japan) [10,23].

In Vivo Study
Animals and Experimental Design

This study used female Wistar albino rats (5–6 weeks
old and 100–150 g body weight). The animals were main-
tained in the propylene cages in six groups under standard
conditions with a 12 h dark-light cycle. The animals were
free to access animal diet and water ad libitum. Animals
were acclimated for 15–20 days; the animals were ran-
domly allocated into six groups of six animals each. The
protocols were also authorized and performed following
the guidelines laid by the Committee for Control and Su-
pervision of Experiments on Animals (CCSEA) (Approval
No. UIP/IAEC/Nov.-2019/13). The designed study pro-
tocol is specified in Supplementary Table 1. The car-
cinogen was administered by a single intravenous injec-
tion of DMBA followed by oral administration of BBAP-9
therapy for 15 days [23–25]. Hemodynamic changes were
noted after the completion of the study, and the next day
the blood sample was withdrawn and centrifuged to obtain
serum. The animals were dissected under anesthesia using
a combination of ketamine hydrochloride (55150-438-01,
Auromedics, Windsor, NJ, USA) (100 mg/kg, i.m.) and di-
azepam (69339-136-34, Dash, saddler, NJ, USA) (5 mg/kg
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i.m.); followed by cervical decapitation. The mammary
gland tissues were extracted, preserved at –20 °C, and sub-
jected to further estimations.

Hemodynamic Changes
Animals were anesthetized with ketamine hydrochlo-

ride (100 mg/kg, i.m.) and diazepam (5mg/kg, i.m.) for
electrocardiogram (ECG) and heart rate variability (HRV)
analysis using a method previously established in our lab-
oratory. The ECG and HRV signals were recorded and
analysed using Lab Chart Pro-8 software (AD Instruments,
Bella Vista, New South Wales, Australia). Further, the data
were analyzed usingMetaboAnalyst 5.0 (https://www.meta
boanalyst.ca/). [24].

Carmine Staining
The mammary gland tissue from each animal was sep-

arated and stretched onto a slide. The slides were im-
mersed overnight in Carnoy’s fixative [solution of 60%
ethanol (64-17-5, Thermo Fisher Scientific, Waltham, MA,
USA), 30% chloroform (572140223LS, Finar, Ahmedabad,
GUJ, India), and 10% glacial acetic acid (64-19-7, Thermo
Fisher Scientific, Waltham, MA, USA)]. Thereafter, the tis-
sues were hydrated with decreasing ethanol concentrations
(90%, 70%, 35%, and 15%) and stained with carmine alum
solution [0.2% carmine (TC264, Himedia, Thane, MH, In-
dia) mixed with 0.5% aluminium potassium sulfate (7784-
24-9, Loba Chemie, Colaba, MUM, India)]. The stained
slides were dehydrated using increasing concentrations of
ethanol (70%, 95%, and 100%) and then immersed in xy-
lene for overnight. The slides were observed under a mi-
croscope (IX 53, Olympus, Shinjuku, Tokyo, Japan) at 4×
magnification to examine the proliferation of alveolar buds
(AB), terminal end buds (TEB), lobules (LO), and differen-
tiation score (DF score) [10,23].

Hematoxylin and Eosin (H&E) Staining
Tissues from the mammary glands were preserved in

10% formalin, dehydrated, and embedded in paraffin. They
were cut into 5 µm slices and stained with H&E. The tissues
were examined under microscope and appraised to assess
the cellular architectures such as luminal epithelial cells
(lec), myoepithelial cells (mec), mammary ducts (md), and
adipocytes (ad) in mammary tissues at 4× magnification
(IX 53, Olympus, Shinjuku, Tokyo, Japan) [10,24].

Scanning Electron Microscopy (SEM) Analysis
The surface architecture of mammary gland tis-

sues was examined by SEM using HCl-collagenase and
enzymatic-dependent digestion method. The small mam-
mary gland tissue sections were cut and digested at 37
°C using hanks balanced salt solution (HBSS); compris-
ing 100 µg/mL collagenase II (TC212-100MG, Himedia,
Thane, MH, India) and 2.5 turbidity reducing unit (TRU) of
hyaluronidase (37326-33-3, MP Biochemicals, Santa Ana,
CA, USA). The tissues were rinsed twice with HBSS before

fixation for 3 h at room temperature with 4% glutaraldehyde
(111-30-8, Loba Chemie, Colaba, MUM, India) in 0.1M
cacodylate/HCl buffer (6131-99-3, Sigma Aldrich, Saint
Louis, MO, USA) (pH 7.2). The post-fixation step was
performed using 1% osmium tetroxide. The tissue samples
were immersed for 30 min in 8 N HCl at 60 °C. Follow-
ing HCl digestion, tissue samples were washed thrice with
distilled water to eliminate the acid. Increasing concentra-
tions of acetone (70%, 80%, 90%, and 100%) were used
to dry the samples. All samples were dried, dehydrated by
acetone using the critical point technique, processed with
platinum coating, and observed under SEM (X1000) (JEOL
JSM-6490LV, Mitaka, Tokyo, Japan) [10,26].

Biochemical Markers
Samples were thawed, weighed (10% w/v), and ho-

mogenized in 0.15M KCl (7447-40-7, Loba Chemie, Co-
laba, MUM, India). After centrifuging the homogenates,
the supernatant was collected and stored at –20 °C for bio-
chemical estimations. The biochemical parameters such
as thiobarbituric acid reactive substances (TBARs), protein
carbonyl (PC), super oxide dismutase (SOD), glutathione
(GSH), and catalase were performed using the below meth-
ods established at our laboratory [24,27].

TBARs Estimation. Mammary gland tissue homogenate
(10%), 0.5 M trichloro acetic acid (TCA, 30%), and 0.5 M
thiobarbituric acid (TBA, 0.8%) were taken in a microcen-
trifuge tube and mixed by shaking in a water bath at 80 °C
for 30 min (covered with aluminium foil). After that, the
tubes were kept in ice-cold water for 15 min. The tissue ho-
mogenates were precipitated by centrifugation at 3000 rpm
for 15min, and the supernatant was separated. Amicroplate
reader measured (SpectraMax ABS Plus, Rochester, NY,
USA) the absorbance at 540 nm [28]. The following for-
mula was used to estimate malonaldehyde (MDA) levels:

Nm ofMDA/mg of protein =
V× OD at 540 nm

0.56× protein concentration

where V is the final volume of the test solution.

PC Estimation. Mammary gland tissue homogenate (150
µL, 10%) was precipitated using 500 µL TCA (10%) and
centrifuged at 13,000 rpm for 2 min. After that, the super-
natant was removed and pellets were incubated with 250 µL
of 0.2% 2,2-diphenyl-1-picryl hydrazyl (1898-66-4, Sigma
Aldrich, Saint Louis, MO, USA) for 1 h with constant vor-
texing at 5 min intervals. Again, the pellets were pre-
cipitated using 50 µL TCA (100%), vortexed, centrifuged
(13,000 rpm for 5 min) and the supernatant was removed
entirely from the tubes. The pellets were rinsed with 500
µL of ethanol: ethyl acetate (1:1) mixture thrice. Finally,
300 µL of 6M guanidine hydrochloride (50-01-1, Sigma
Aldrich, Saint Louis, MO, USA) was added to dissolve the
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pellets, and absorbance was measured at 360 nm using a
microplate reader (SpectraMax ABS Plus, Rochester, NY,
USA) [28].

Estimation of the SOD. 10%mammary tissue homogenate
was prepared in tris-HCl buffer (1185-53-1, Loba Chemie,
Colaba, MUM, India) (pH 8.5). The 100 µL of tissue ho-
mogenate was taken in a test tube and the volume was made
up to 3 mL with tris-HCl buffer. Further, 25 µL of pyrogal-
lol was added and changes in absorbance were measured
at 420 nm at one-min intervals for 3 min. The absorbance
changed at 420 nm in the presence of pyrogallol and was
inhibited in the presence of SOD. 50% inhibition of pyro-
gallol auto-oxidation per 3mL of assaymixture and is given
by the following formula:

Unit of SOD/mg of protein = 100× (A−B)

(A× 50)
/mg of protein

where A = change in absorbance per min in control and B
= change in absorbance per min in the test sample [27,28].

Estimation of Catalase. 10% mammary gland tissue ho-
mogenate was prepared in potassium phosphate buffer
(7778-77-0, Sigma Aldrich, Saint Louis, MO, USA) (50
mM) and centrifuged at 10,000 rpm for 20min. 50 µL of su-
pernatant and 2.95 mL of H2O2 (7722-84-1, Loba Chemie,
Colaba, MUM, India) (19 mM in same buffer) were taken
and the disappearance of H2O2 was examined at 1 min in-
tervals for 3 min at 240 nm [28].

The following formula was used to calculate tissue
catalase activity:

nM of H2O2/min/mg of protein

=
∆A/min× volume of assay

(0.0719× volume of sample ×mg of protein )

Estimation of GSH Level. The 125 µL of mammary gland
tissue homogenate (10%) was mixed with 100 µL of dis-
tilled water and precipitated with 25 µL of TCA (50%).
After that, the sample was vortexed for 10 min and cen-
trifuged at 15,000 rpm for 15 min. The supernatant (66 µL)
was mixed with 131 µL tris buffer and 3 µL of 5,5′-dithio-
bis-2-nitrobenzoic acid (11594726, Thermo Fisher Scien-
tific, Waltham, MA, USA). The OD was measured at 405
nm [27,28]. The following formula was used to calculate
tissue GSH activity:

GSH(µM/mg of protein )
= (310.4× Ei× OD at 412 nm)/mg of protein

where Ei is the correction factor (0.542).

Lactate Assay
The lactate assay was conducted using a kit from

Cayman Chemicals (Glycolysis assay kit, 600450, Cay-
man Chemical, Ann Arbor, MI, USA). Serum samples
from each group were assessed for lactate quantification us-
ing a microplate reader (SpectraMax ABS Plus, Rochester,
NY, USA). The samples were processed following the
kit instructions, and calculations were made based on the
recorded readings [29].

Statistical Significance
GraphPad Software 8.0.1 (GraphPad Software, Inc.,

San Diego, CA, USA) was used to evaluate differences
between groups for statistical significance. The statisti-
cal significance was determined using one-way ANOVA
and Tukey’s multiple comparison test. Values are shown
as mean ± standard deviation (SD). Statistical significance
was determined by *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001.

Results

In-Silico Study
A library of 67,609 ligands was screened via HTVS

and 7011 compounds were extracted against FIH-1 based
on Lipinski’s Rule of Five to adopt compounds with
the physicochemical properties of potential drug-like
candidates. The top hits from the HTVS result were
passed to another level of the docking module standard
precision (SP). The 144 compounds from the SP glide
module were extracted and further scrutinized against
ADME and toxicity profile. Finally, two compounds
BBAP-8 (4-(9,10-dimethoxy-5,11-dioxoisoindolo[2,1-a]
quinazolin-6 (5H, 6aH, 11H)-yl)-N-(1H-imidazol-2-yl)
butanamide) and BBAP-9 (6-(5,11-dioxoisoindolo[2,1-
a]-quinazolin-6(5H,6aH,11H)-yl)-N-(1H-imidazol-2-yl)
hexanamide)) were selected based on good docking score,
suitable absorption, distribution, metabolism, excretion
and toxicity (ADMET) profile, and availability. Both
compounds potentially activated FIH-1 when scrutinized
through a 2-OG dependent assay. To consider the volume
of data, we represent the BBAP-9 compound here. The
BBAP-9 exhibited a docking score of –8.162 when docked
with FIH-1 (5OP6) (Supplementary Table 2). The 2D and
3D dock poses were assessed and depicted in (Fig. 1A,B).
The ADME analysis determined that BBAP-9 has good
human oral absorption at 85.98%, following Lipinski’s rule
(Yes, 0 violation) and other attributes that are represented
in Supplementary Table 2. Thereafter, the oral rat
LD50 was estimated to be 1187.92 mg/kg using TEST
(Supplementary Table 3).

2-OG Dependent in Vitro FIH-1 Assay
The amount of 2-OG in the sample reflects the flu-

orescence intensity; less fluorescence indicates a lower 2-
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Fig. 1. Molecular docking of BBAP-9, 2-OG dependent and MTT assay. (A) 3D dock pose of BBAP-9 with FIH-1. The BBAP-9
has dock score –8.162, indicating good binding affinity with various amino acid residues Ser 93, Tyr 95, Tyr 104, Gln 149, Gln 150,
Leu 188, Leu 190, Thr 198, His 201, His 281, Asn 207, Phe 209, Thr 151, Asn 296, Trp 298. These residues act as binding pockets of
BBAP-9. BBAP-9 shows three hydrogen bonds with Gln 149, His 201, and His 281 amino acid residues which also suggest the good
binding affinity of BBAP-9 and FIH-1. (B) 2D dock pose of BBAP-9 with FIH-1. (C) Principle of 2-OG dependent assay. The activity
of FIH-1 depends on the consumption of 2-OG (substrate of FIH-1). In the reaction mixture, 2-OG and o-phenylenediamine (OPD) give
a fluorescent product and release CO2. The amount of 2-OG present in the samples is closely correlated with fluorescence intensity;
less fluorescence indicates less 2-OG level which means increase the activity of FIH-1. (D) The graphical representation shows the
result of the 2-OG-dependent assay of FIH-1. Effect of BBAP-9 and cobalt on in vitro FIH-1 activity. The result of BBAP-9 shows
that FIH-1 is activated in the in vitro assay, while cobalt chloride exhibited the vice-versa effect and served as a negative control. The
control group was considered as 100% FIH-1 activity. Values are displayed as the Mean ± SD (standard deviation). (E) Assessment
of BBAP-9 cytotoxicity on MCF-7 cells. Histogram representation of BBAP-9 against MCF-7 cells using MTT assay. The absorbance
was measured at 570 nm. The control group was considered to have 100% cell viability. The BBAP-9 treated cells were compared
with the control group. (F) Assessment of cytotoxicity of TAM on MCF-7 cells using MTT assay. A Histogram of TAM represents the
cytotoxicity against MCF-7 cells. The reduction in absorbance at 570 nm was determined in a concentration concentration-dependent
manner. The cell viability was considered 100% in the control group. Values are displayed as the Mean± SD. One-way ANOVA is used
to compare the groups, and Tukey’s multiple comparison test is performed (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
BBAP-9, 6-(5,11-dioxoisoindolo [2,1-a] quinazolin-6(5H,6aH,11H)-yl)-N-(1H-imidazol-2-yl) hexanamide; 2-OG, 2-oxoglutarate; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; FIH-1, factor inhibiting hypoxia-inducible factor-1α; TAM, tamoxifen.
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Fig. 2. Effect of BBAP-9 on morphological changes in MCF-7 cells. (A) Fluorescent microscopy images of acridine orange/ethidium
bromide (AO/EB) staining at green, red, and merged channels: The effect of BBAP-9 on morphological changes in MCF-7 cells using
AO/EB dual labeling (a) control MCF-7 cells, (b) TAM half-maximal inhibitory concentration (IC50), (c) BBAP-9 ½ IC50, and (d)
BBAP-9 IC50, respectively. Fluorescence microscopy of stained cells revealed morphological alterations in treated cells compared with
control cells. (B) The bar graph represents the effect of BBAP-9 on the percentage of cell population in distinct apoptotic phases. The
viable cells show the green colour, early apoptotic cells represent the yellow colour, and late apoptotic cells display the orange colour.
Values are displayed as the Mean ± SD. One-way ANOVA was used to compare the groups, and Tukey’s multiple comparison test was
performed (****p < 0.0001). VC, viable cells; EA, early apoptosis; LA, late apoptosis; TAM, tamoxifen. The images were observed
under a fluorescence microscope at 20× magnification (scale bar = 20 µm).

OG level (higher FIH-1 activity, 2-OG is a substrate for
FIH-1). From the experiment, our results showed that in-
creasing the concentration of BBAP-9 exhibited the fluo-
rescence intensity decreasing simultaneously. On the other
hand, the fluorescence intensity increased in the presence of
the FIH-1 inhibitor (COCl2), indicating that FIH-1 activity
was decreased. Our findings suggest that BBAP-9 increases
the activity of FIH-1 by using the 2-OG level in the serum
sample which, leads to a decrease in fluorescence intensity.
Whereas, the opposite effects were observed in the case of
COCl2 (Fig. 1C,D).

In Vitro Study
Cytotoxicity of BBAP-9 on MCF-7 Cells

BBAP-9 drastically reduced the viability of MCF-7
cells in a dose-dependent manner. BBAP-9 showed signifi-
cant cytotoxicity with a half-maximal inhibitory concentra-
tion (IC50) value of 16.9 ± 0.85 µM at 24 h (Fig. 1E). The
IC50 value of TAMwas found to be 20.55± 0.36 µM at 24
h as shown in Fig. 1F.
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Fig. 3. Effect of BBAP-9 on mitochondrial membrane potential (MMP) using 5,5,6,6′-tetrachloro- 1,1′,3,3′-tetraethylbenzimi-
dazoylcarbocyanine iodide (JC-1) dye in MCF-7 cells. (A) Control, TAM IC50, BBAP-9 ½ IC50, and BBAP-9 IC50 treated cells
were detected by JC-1 fluorescent staining. The normal cell has intense MMP, which reflects the red signal. As the MMP decreased,
JC-1 could not accumulate and remained in the monomeric form in the cytoplasm, which showed green fluorescence. The treated cells
shift from red to green fluorescence intensity compared to control cells, suggesting the induction of apoptotic changes. The images were
captured under the fluorescence microscope at 20× magnification (scale bar = 20 µm). (B) The bar graph represents the JC-1 red-green
fluorescence signals within the groups. Values are displayed as the Mean ± SD. One-way ANOVA is used to compare the groups, and
Tukey’s multiple comparison test was performed (****p < 0.0001).

Effect of BBAP-9 on Apoptotic Morphological Changes
by AO/EB Staining

The apoptotic morphological changes were increased
when the cells were treated with TAM and BBAP-9, which
appeared yellow and orange coloured in comparison to con-
trol cells (p< 0.0001), as depicted in Fig. 2. The percentage
of viable cells (VC) was markedly decreased by TAM IC50
(8 ± 3.27%), BBAP-9 ½ IC50 (27 ± 3.21%), and BBAP-9
IC50 (12 ± 2.83%) treatments compared with control cells
(88 ± 2.86%) (p < 0.0001). The TAM IC50, BBAP-9 ½
IC50, and BBAP-9 IC50 treatments contained 40± 3.67%,
42 ± 2.89%, and 36 ± 2.85% of the early apoptotic (EA)
cells, 53± 3.56%, 32± 2.23%, and 52± 3.27% of the late
apoptotic (LA) cells, respectively. These apoptotic modi-
fications were found to be significant in comparison to the
control cells (p< 0.0001), which contain about 88± 2.86%
of the VC cells, 7 ± 1.31% of the EA cells, and 3 ± 2.08%
of the LA cells. These findings demonstrated that BBAP-9
significantly triggered apoptosis in MCF-7 cells. The per-
centage of cell death under different apoptotic phases is
shown in the bar graph (Fig. 2B).

Measurement of MMP (ψ) Using JC-1 Dye

The control cells showed strong red and weak green
fluorescence signals due to high MMP (Fig. 3A,B). The
TAM and BBAP-9 treated cells displayed significant loss
of red fluorescence and increased green fluorescence signal

due to depolarised mitochondria (Fig. 3A,B). The treated
cells showed a significant decrease in MMP, as evidenced
by a reduction in the red/green fluorescence ratio with both
doses of BBAP-9 compared with control cells (p< 0.0001)
as depicted in the bar graph (Fig. 3B).

In Vivo Study
Hemodynamic Changes

The results were assessed in the form of PLS-DA
score, VIP score, and Box-Cum-Whisker plots using the
online web server Metaboanalyst.5.0 (https://www.metabo
analyst.ca/). The 2D PLS-DA score plot of normal con-
trol and treated groups exhibited substantial separation from
DMBA group (Fig. 4A). The ECG parameters were iden-
tified from VIP score plot of complete data and resulted
in top 15 ECG parameters are shown in increasing order
of VIP score values to highlight their discrimination within
the groups (Fig. 4B). The Box-cum whisker plots (Fig. 4C)
showed that the heart rate (HR), R amplitude, P amplitude,
Q amplitude, S amplitude, T amplitude, QRS amplitude,
and RR interval were significantly different in normal and
treated groups (p < 0.05). A significant decrease in HR
was observed in DMBA treated animals. It has been re-
ported that the HR reflects the cardiac dysfunction, and the
decrease in HR reflects the bradycardia, heart attack, and
coronary artery disease. Moreover, the significant prolon-
gation in RR and QRS interval was also observed in DMBA
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Fig. 4. Effect of BBAP-9 treatment on ECG parameters. (A) The distinct separation of the normal and treated groups is visible
in the 2D PLS-DA score plot of ECG parameters. (B) VIP score plot representation of ECG recording with reverse chronological
order within the groups. (C) Box-cum whisker plots depicting quantitative changes of autonomic signals in experimental groups. (D)
Waterfall plot representation of ECG recording of experimental animals. In the waterfall plot, the total values are indicated in blue,
representing the normal ECG signal or waves that fit into the RR interval and beat complexity. It helps to understand how an initial
value is affected by a series of positive and negative values, where the red color shows the negative values and the green color shows
the positive values. Arrows indicate the abnormalities in the ECG. The DMBA-treated animals exhibited prolonged T amplitude, Q
amplitude, ST segment, QRS interval, and decreased P wave compared with the control group. These changes were restored with BBAP-
9 treatment. Groups were differentiated as follows: (Group 1) Normal Control (1% carboxy methyl cellulose (CMC), p.o.); (Group 2)
Toxic Control (DMBA 8 mg/kg, i.v. in 3% DMSO); (Group 3) Standard Control (DMBA 8 mg/kg, i.v. + TAM, 10 mg/kg, 1% CMC,
p.o.); (Group 4) Treatment Low Dose (DMBA 8 mg/kg, i.v. + BBAP-9, 5 mg/kg, 1% CMC, p.o.); (Group 5) Treatment High Dose
(DMBA 8 mg/kg, i.v. + BBAP-9, 10 mg/kg, 1% CMC, p.o.); (Group 6) Dummy Control (3% DMSO, s.c.). ECG, electrocardiogram;
DMBA, 7,12-dimethylbenz[a]anthracene; TAM, tamoxifen; DMSO, dimethyl sulfoxide.

treated animals. The prolonged RR and QRS interval are
important prognostic indicators in patients associated with
cardiac failure. The prolonged RR and QRS interval re-
flect delayed conduction of the SA node which reflects the
first-degree AV block and ventricular hypertrophy, respec-
tively. Furthermore, DMBA treated animals showed in-
creased Q and T amplitude which indicates that the pa-
tients are at high risk of sudden cardiac death. Based on
the above, the DMBA has adverse effects on the heart. The
same ECG parameters were restored toward control after
BBAP-9 administration with both doses except Q ampli-
tude in low doses (Fig. 4C). The HRV analysis of DMBA
treated group showed higher average RR, median RR, and
LF and decreased HF and LF/HF ratio compared to the con-
trol group. The alteration in these parameters reflects the
cardiac abnormalities. After BBAP-9 treatment, the me-
dian and average RR significantly returned to normal (p <
0.0001), except for the LF, HF, and LF/HF ratio (p> 0.05).

Meanwhile, the SDRR, SD rate, and SDSD were not sig-
nificantly altered in our study (p > 0.05) (Supplementary
Table 4). The waterfall plot of the ECG recording was rep-
resented within the groups (Fig. 4D). ECG waterfall plot
displays a 3D plot of averaged beats. ECG monitors the
heart’s electrical activity and imparts the valuable informa-
tion regarding the physiology of heart. The ECG record-
ing of DMBA-treated animals demonstrated significant si-
nus rhythm alteration which was restored in BBAP-9 treat-
ments. In waterfall plots, color keys indicate the cumulative
response of positive and negative values.

Carmine Staining of the Whole Mount Mammary Tissue

In DMBA treated animals, the number of LO, AB,
TEB, and DF scores were considerably enhanced, repre-
senting more cellular proliferation and differentiation to
prompt the mammary gland carcinoma (Fig. 5B). Whereas
the normal control group showed a lower number of LO,
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Fig. 5. The anti-proliferative effect of BBAP-9 was determined using carmine staining. Carmine staining was used to examine
mammary gland tissue at a microscopic level (10× magnification, scale bar = 20 µm). The blue arrow represents alveolar buds, the
black arrow represents terminal end buds, and the red arrow shows lobules. (A) Normal control, and (F) dummy control showed lower
AB, LO, TEB, and DF scores, suggesting normal growth of cells. (B) The DMBA-treated group showed significant AB, LO, and TEB
branching, indicating increased cell proliferation. (C) A lesser number of AB, LO, and TEB branching was visible in the TAM-treated
group. (D,E) BBAP-9 treated groups showed a smaller number of AB, LO, and TEB branching significantly in a dose dose-dependent
manner. Groups were differentiated as follows: (Group 1) Normal Control (1% CMC, p.o.); (Group 2) Toxic Control (DMBA 8 mg/kg,
i.v. in 3% DMSO); (Group 3) Standard Control (DMBA 8 mg/kg, i.v. + TAM, 10 mg/kg, 1% CMC, p.o.); (Group 4) Treatment Low
Dose (DMBA 8 mg/kg, i.v. + BBAP-9, 5 mg/kg, 1% CMC, p.o.); (Group 5) Treatment High Dose (DMBA 8 mg/kg, i.v. + BBAP-9,
10 mg/kg, 1% CMC, p.o.); (Group 6) Dummy Control (3% DMSO, s.c.). AB, alveolar buds; TEB, terminal end buds; LO, lobules; DF,
differentiation score.

AB, TEB, and DF scores, indicating normal growth and
cell proliferation (Fig. 5A). In BBAP-9 treated animals, the
number of LO, AB, TEB, and DF score all considerably
returned to normal compared with DMBA treatment (p <
0.0001) (Fig. 5D,E). The 3%DMSO-treated animals did not
show more cellular proliferation, indicating that this sol-
vent has no morphological consequences (Fig. 5F). TAM
therapy was also effective and afforded/provided mammary
gland protection against the same (Fig. 5C). In the line of
carmine staining, results suggest that the BBAP-9 protected
DMBA-treated animals by reducing LO, AB, TEB, and DF
scores (Table 1).

Histopathology of the Mammary Gland Tissue

The normalmorphology ofmammary gland tissuewas
represented via the normal control group and dummy con-
trol group, which showcased the normal lumen size with
the intact lining of myoepithelial cells (mec), luminal ep-
ithelial cells (lec), adipocytes (ad), and mammary ducts
(md) surrounding the reduced fibrous tissue (Fig. 6A,P).
The DMBA treated animals revealed degraded mammary

ducts (dmd) with periductal stromal fibrosis and fatty tissue
(psf), atypical hyperplasia (ah), ad invasion to the adjacent
cells, and distorted lec and mec lining of mammary ducts
(Fig. 6D). The TAM and BBAP-9 treated groups showed
better architectural profile and reduced cellular propagation
ofmammary tissue, with an ordered distribution of lec, mec,
and ad towards normal control compared with the DMBA
treated group (Fig. 6G,J,M). The results of H&E staining
were emphasized much more through the determination of
threshing stained zone followed by pixel versus intensity
evaluation using 3D interactive surface plot and logarith-
mic histogram (Fig. 6B,E,H,K,N,Q and Fig. 6C,F,I,L,O,R,
respectively). Based on histological findings, we can say
that BBAP-9 treatment at both doses significantly reduced
the risk of DMBA-induced mammary gland carcinoma.

Effect of BBAP-9 on Structural Changes Using SEM

The normal control and dummy control animals rep-
resented organized breast lobules with a smooth and supple
texture, as well as uniformly high density of surface mi-
crovilli (mv) (Fig. 7A,P). Whereas, DMBA treated animals
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Table 1. Effect of BBAP-9 on cellular proliferation in mammary gland tissues.
Groups AB TEB (AB + TEB) LO DF (AB + TEB + LO)

Group 1 138.00 ± 2.65**** 85.33 ± 5.51**** 223.33 ± 5.77**** 163.33 ± 4.04**** 386.67 ± 7.29****
Group 2 201.33 ± 3.51 140.33 ± 7.64 341.67 ± 4.16 325.67 ± 6.77 667.33 ± 10.59
Group 3 160.66 ± 5.13**** 95.67 ± 4.04**** 256.33 ± 3.21**** 169.33 ± 6.11**** 425.66 ± 5.86****
Group 4 179.33 ± 3.06**** 116.33 ± 4.73**** 295.67 ± 5.69**** 261.67 ± 6.03**** 557.33 ± 2.08****
Group 5 165.33 ± 4.51**** 100.66 ± 5.51**** 266.00 ± 6.85**** 176.33 ± 6.51**** 442.33 ± 4.16****
Group 6 142.67 ± 4.16**** 88.33 ± 3.06**** 231.00 ± 7.21**** 164.00 ± 5.57**** 395.00 ± 7.00****
(Values are presented as Mean ± SD), and each group contains 6 animals. Comparisons were made using one-way ANOVA
followed by Tukey’s multiple test. All groups were compared with the toxic control group (****p< 0.0001). (Group 1) Normal
Control (1% CMC, p.o.); (Group 2) Toxic Control (DMBA 8 mg/kg, i.v. in 3% DMSO); (Group 3) Standard Control (DMBA 8
mg/kg, i.v. + TAM, 10 mg/kg, 1% CMC, p.o.); (Group 4) Treatment Low Dose (DMBA 8 mg/kg, i.v. + BBAP-9, 5 mg/kg, 1%
CMC, p.o.); (Group 5) Treatment High Dose (DMBA 8 mg/kg, i.v. + BBAP-9, 10 mg/kg, 1% CMC, p.o.); (Group 6) Dummy
Control (3% DMSO, s.c.). AB, alveolar buds; TEB, terminal end buds; LO, lobules; DF, differentiation score.

represented scattered cellular architecture with distorted
membrane ruffles (dmr) and deformed microvillous (dmv)
pattern with a pitted epithelial surface (pes) (Fig. 7D). How-
ever, BBAP-9 dose dependently and TAM treatments re-
vealed regularized membrane ruffles (rmr), as well as re-
stored microvillous (rmv) over the membrane surface to-
ward normal control (Fig. 7J,M,G). The surface architec-
ture of mammary gland tissues was highlighted much more
on the data set of constructs indicating that the score was
determined using Image J software (1.53f51, National In-
stitutes of Health, Rockville, MD, USA) by thresh hold-
ing zone of SEM images, pixel versus intensity analysis
by the 3D interactive surface plot and logarithmic analysis
(Fig. 7B,E,H,K,N,Q and Fig. 7C,F,I,L,O,R, respectively).
According to surface architectural observations, we can in-
fer that BBAP-9 provided mammary tissue protection by
recovering aberrant cellular architecture.

Effect of BBAP-9 on Oxidative Stress Markers

The DMBA treated group significantly increased the
level of TBARs in comparison with the normal control
group (p < 0.0001), which was dose-dependently restored
by BBAP-9 treatment. Similarly, the PC level was in-
creased after DMBA treatment, which was significantly de-
creased after BBAP-9 treatment in dose-dependent manner.
After DMBA treatment, the amounts of GSH, SOD, and
catalase decreased. Treatment with BBAP-9 restored GSH,
SOD, and catalase levels significantly in a dose-dependent
way towards normal control compared with DMBA treated
animals (p < 0.0001). TAM therapy provided antioxi-
dant activity in mammary gland protection against DMBA
treated animals. All effects are depicted in the graph shown
in Fig. 8A–E.

Effect of BBAP-9 on the Lactate Level

Lactate is a hallmark of cancer growth, which involves
various cancer adaptive mechanisms such as angiogene-
sis, metastasis, cellular metabolism, and immunosurveil-
lance. To consider this, we determined the level of lactate in

serum samples. Lactate resulted in a significant increase in
DMBA treated animals and restored towards normal control
upon BBAP-9 treatment in a dose-dependent manner (p <
0.0001) (Fig. 8F). TAM treatment also reduced the lactate
level compared with DMBA treated animals.

Discussion

The present study demonstrated the anti-cancer ac-
tivity of BBAP-9 through the chemical activation of FIH-
1. The BBAP-9 was selected based on in-silico screening
against FIH-1. BBAP-9 activated FIH-1 when scrutinized
against 2-OG-dependent in vitro assay and further subjected
to evaluate its apoptotic and anti-cancer potential using in
vitro and in vivo techniques. BBAP-9 has a potential cyto-
toxic effect against MCF-7 cells and decreases their viabil-
ity even at low concentrations compared to TAM. The apop-
totic morphological changes were evaluated using AO/EB
staining [30]. The BBAP-9 treated cells showed apop-
totic morphological features such as early and late apop-
totic cells, which appeared yellow and orange color, re-
spectively. BBAP-9 treatments significantly reduced the
percentage of healthy cells compared to the control cells.
The concomitant treatment of BBAP-9 exhibited a signifi-
cantly increased percentage of early and late apoptotic cells;
which suggests the apoptotic potential of BBAP-9. More-
over, the impact of BBAP-9 onMMPwas further confirmed
using JC-1 staining, because depolarisation of MMP is a
hallmark of apoptosis [31]. The MMP was higher in con-
trol cells, where JC-1 dye accumulates within the matrix of
the mitochondria in the form of J aggregates and generates
red fluorescence. While, JC-1 can not to accumulate within
the matrix and remains in monomeric form when cells have
lower MMP and display green fluorescence [23,31]. From
the findings, the alteration in MMP in the BBAP-9 treated
groups is determined by the change in the red-to-green fluo-
rescence ratio, and the declined MMP proves that apoptosis
has occurred.
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Fig. 6. Effect of BBAP-9 on mammary gland morphology using hematoxylin and eosin (H&E) staining. Mammary gland tissues
of the control and dummy control groups (A,P) showed the normal md with intact covering of basement membrane, healthy epithelial
lining, and normal distribution of ad. (D) DMBA-treated mammary gland showed degraded md with psf, and there were discontinuous
layers of lec, mec, ah, and ad invasion in surrounding cells. Mammary tissue structure was better in the TAM and BBAP-9-treated
groups than the DMBA group with the intact basement membrane, with orderly arranged lec, mec, and ad towards normal control in
dose-dependent manner, respectively (G,J,M). Digital image analysis of mammary tissues: Using Image J software (1.53f51, National
Institutes of Health, Rockville, MD, USA), 3D image reconstruction and software-based analysis dataset of constructs representing score
was performed by first threshold holding stained zones of H&E images, then pixel versus intensity determination by the 3D interactive
surface plot, and analysing log-histogram (B,E,H,K,N,Q and C,F,I,L,O,R). Groups were differentiated as follows: (Group 1) Normal
Control (1% CMC, p.o.); (Group 2) Toxic Control (DMBA 8 mg/kg, i.v. in 3% DMSO); (Group 3) Standard Control (DMBA 8 mg/kg,
i.v. + TAM, 10 mg/kg, 1% CMC, p.o.); (Group 4) Treatment Low Dose (DMBA 8 mg/kg, i.v. + BBAP-9, 5 mg/kg, 1% CMC, p.o.);
(Group 5) Treatment High Dose (DMBA 8 mg/kg, i.v. + BBAP-9, 10 mg/kg, 1% CMC, p.o.); (Group 6) Dummy Control (3% DMSO,
s.c.). The photographs were taken at 10× magnification (scale bar = 20 µm). ad, adipocytes; ah, atypical hyperplasia; md, mammary
ducts; dmd, degraded mammary ducts; lec, luminal epithelial cells; mec, myoepithelial cells; psf, periductal stromal fibrosis and fatty
tissue.
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Fig. 7. Effect of BBAP-9 on mammary gland morphology using SEM (Scanning Electron Microscopy) analysis. Mammary gland
tissue was analyzed for surface morphological analysis of untreated and treated animals. The normal control and dummy control animals
represent the organized breast lobules with smooth, supple texture and a consistently high density of surface mv with apical cytoplasmic
membrane (A,P). In contrast, animals treated with DMBA exhibited a dispersed cellular architecture with dmr and dmv with pes (D).
However, BBAP-9 (J,M) and TAM (G) treatments showed rmv throughout the membrane surface and rmr in the direction of normal
control. The images were taken at 1000× magnification (scale bar = 10 µm). Digital image analysis of mammary tissues: Using Image
J software (1.53f51, National Institutes of Health, Rockville, MD, USA), 3D image reconstruction and software-based analysis dataset
of constructs representing score was performed, followed by pixel versus intensity determination by the 3D interactive surface plot,
and analysing of log-histogram (B,E,H,K,N,Q and C,F,I,L,O,R). Groups were differentiated as follows: (Group 1) Normal Control (1%
CMC, p.o.); (Group 2) Toxic Control (DMBA 8 mg/kg, i.v. in 3% DMSO); (Group 3) Standard Control (DMBA 8 mg/kg, i.v. + TAM,
10 mg/kg, 1% CMC, p.o.); (Group 4) Treatment Low Dose (DMBA 8 mg/kg, i.v. + BBAP-9, 5 mg/kg, 1% CMC, p.o.); (Group 5)
Treatment High Dose (DMBA 8 mg/kg, i.v. + BBAP-9, 10 mg/kg, 1% CMC, p.o.); (Group 6) Dummy Control (3% DMSO, s.c.).
mv, microvilli; ses, smooth epithelial surface; dmr, distorted membrane ruffles; cst, clefted surface territories; mb, membrane blebs;
dmv, deformed microvillous pattern; pes, pitted epithelium surface; rmv, restored microvillous; res, regularized epithelial surface; rmr,
regularized membrane ruffles.
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Fig. 8. Effect of BBAP-9 on antioxidant markers and lactate level. Effect of BBAP-9 on the antioxidant markers, inflammatory
markers, and lactate level. The bar diagram represents the difference between the control and treated groups. After oral administration of
BBAP-9, the levels of thiobarbituric acid reactive substances (TBARs) and protein carbonyl (PC)markedly decreased after being elevated
in the DMBA-treated group (A,B). The levels of glutathione (GSH), catalase (CAT), and super oxide dismutase (SOD) decreased after
DMBA treatment, which was reset back to normal after BBAP-9 treatment (C–E). The lactate level was significantly increased after
DMBA treatment which was restored to normal after BBAP-9 treatment (F). Values are presented as mean ± SD. All groups were
compared with the the toxic control group, and comparisons were based on one-way ANOVA, followed by Tukey’s multiple comparison
test (***p < 0.001, ****p < 0.0001). Groups were differentiated as follows: (Group 1) Normal Control (1% CMC, p.o.); (Group 2)
Toxic Control (DMBA 8 mg/kg, i.v. in 3% DMSO); (Group 3) Standard Control (DMBA 8 mg/kg, i.v. + TAM, 10 mg/kg, 1% CMC,
p.o.); (Group 4) Treatment Low Dose (DMBA 8 mg/kg, i.v. + BBAP-9, 5 mg/kg, 1% CMC, p.o.); (Group 5) Treatment High Dose
(DMBA 8 mg/kg, i.v. + BBAP-9, 10 mg/kg, 1% CMC, p.o.); (Group 6) Dummy Control (3% DMSO, s.c.).

Based on in-vitro findings, BBAP-9 was observed as a
FIH-1 activator, and had cytotoxic potential with the ability
to trigger apoptosis. Subsequently, the authors expanded
their research to assess BBAP-9 in vivo efficacy against
DMBA-induced mammary gland carcinoma. The DMBA
induced mammary gland carcinoma model closely mimics
human mammary cancer.

Previous evidence suggests that cancer and
chemotherapy-related autonomic dysfunction are prevalent
and linked to increased cardiac-associated mortality in
cancer patients [32,33]. Therefore, we believed it was
worthwhile to assess BBAP-9 impact on ECG and HRV
parameters. The DMBA-treated group was visible for au-
tonomic dysfunction via reduced HR and increased in HRV
parameters compared to the control group. The results are
corroborated with the previous reports [24]. The autonomic
dysfunction was dose-dependently eliminated/restored by
concomitant administration of BBAP-9.

Thereafter, the efficacy of BBAP-9 was examined to
investigate the small proliferative lesions, cellular morphol-
ogy, and surface architecture of mammary gland tissue us-
ing carmine staining, histopathology, and SEM. HIF-1α
stimulates the formation of small blood vessels in solid tu-
mors to fulfill the requirements of nutrients and oxygen
to the fastly dividing cancerous cells [9]. In the present
study, excessive cellular proliferation was observed after
DMBA treatment as represented by an increase in the num-
ber of LO, AB, TEB, and DF scores, which is in cor-
roboration with the antecedent reports [24,27]. BBAP-9
treatment decreased the number of LO, AB, TEB, and DF
scores in a dose-dependent manner, suggesting the anti-
proliferative potential of BBAP-9. To validate the results
of carmine staining, the histopathological changes, and
SEM evaluation were also scrutinized. The deterioration
of md, lec, mec, ah, and ad invasion in surrounding cells
has been described in the histology of mammary gland
tissues in DMBA treated animals [24,27]. In the current
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study, DMBA-treated animals exhibited these aberrant ef-
fects, and BBAP-9 therapy significantly curtailed towards
normal control. The SEM analysis of DMBA-treated an-
imals showed scattered cellular architecture with distorted
mr and deformed mv patterns with pitted epithelial surfaces
[34]. The concomitant administration of BBAP-9 showed
reasonable restoration of mr and mv. BBAP-9 treatments
regularized the cellular proliferation, surface architecture,
and membrane ruffles. Based on the above discussed mi-
croscopical parameters the authors would like to pertinent
the protective effect of BBAP-9 treatment against mam-
mary gland carcinoma.

Reactive oxygen species (ROS) are produced primar-
ily by oxidative stress, linked to mammary gland carcinoma
development and the suppression of antioxidant enzymes
that fight cancer [35]. According to previous studies, ox-
idative stress and the antioxidant system are altered dur-
ing the development of mammary gland carcinoma [35,36].
The current study demonstrated the substantial association
between them and the progression of cancer, which is in-
tensely evaluated by variations in the oxidative stress mark-
ers. Cancer triggers peroxidation of the lipids and pro-
teins in mammary gland tissues. A persistent lipid peroxi-
dation biomarker is malondialdehyde (MDA), and protein
carbonyl (PC) is a protein peroxidation biomarker [37]. In
the current study, the MDA and PC levels in the DMBA-
treated group increased, and these levels were subsequently
restored to normal by the administration of BBAP-9. It
would be appropriate to point out that BBAP-9 therapy de-
creased TBARs and PC levels while balancing the antioxi-
dant defence offered by SOD, catalase, and GSH.

Lactate is an oncometabolite observed in the tumor
microenvironment of solid tumors [38]. Studies suggest
that it initiates cancer growth signaling by promoting an-
giogenesis, metastasis, and glycolysis. The BBAP-9 treat-
ment effectively decreased the level of lactate compared
to DMBA treated animals, which suggests BBAP-9 is a
promising potential candidate in cancer therapeutics against
mammary gland carcinoma [38–40].

Conclusions

In conclusion, the current study’s findings demon-
strate that BBAP-9 has potential cytotoxic activity and in-
duced apoptosis significantly in MCF-7 cells, which was
confirmed using AO/EB and JC-1 stainings. Moreover,
BBAP-9 has chemotherapeutic efficacy on DMBA-induced
mammary gland carcinoma in animals and this can be at-
tributed to its propensity to enhance antioxidant profiles and
inhibit cellular proliferation, improve surface architecture,
soothing membrane ruffles, and decrease the lactate effects.
Thus, we postulated that BBAP-9 may be a novel FIH-1
activator in mammary gland carcinoma. More research is
needed to explore the underlying molecular mechanisms to
demonstrate the efficacy of BBAP-9 as an anticancer drug.
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