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ARTICLE INFO ABSTRACT
Keywords: We present N-imidazopyridine-noscapinoids, a new class of noscapine derivatives that bind to tubulin and
Noscapine exhibit antiproliferative activity against triple positive (MCF-7) and triple negative (MDA-MB-231) breast cancer
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cells. The N-atom of the isoquinoline ring of noscapine scaffold was altered in silico by coupling the imidazo [(Ye
et al., 1998; Ke et al., 2000) 1,21,2-a] pyridine pharmacophore to rationally develop a series of N-imidazo-
pyridine-noscapinoids (7-11) with high tubulin binding affinity. The predicted AGypinding of the N-imidazopyr-
idine-noscapinoids 7-11 varied from —27.45 to —36.15 kcal/mol, a much lower value than noscapine with
AGbinding —22.49 kcal/mol. The cytotoxicity of N-imidazopyridine-noscapinoids was evaluated using hormone
dependent MCF-7, triple negative MDA-MB-231 breast cancer cell lines and primary breast cancer cells. The
cytotoxicity of these compounds (represented as ICso concentration) ranges between 4.04 and 33.93 uM against
breast cancer cells without affecting normal cells (ICso value > 952 pM). All the compounds (7-11) perturbed the
cell cycle progression at G2/M phase and triggered apoptosis. Among all the N-imidazopyridine-noscapinoids, N-
5-Bromoimidazopyridine-noscapine (9) showed promising antiproliferative activity and was selected for detailed
investigation. The onset of apoptosis treated with 9 using MDA-MB-231 revealed morphological changes like
cellular shrinkage, chromatin condensation, membrane blebbing, and apoptotic bodies formation. Along with
elevated reactive oxygen species (ROS), there was a loss of mitochondrial membrane potential, suggesting in-
duction of apoptosis to cancer cells. Compound 9 was also found to significantly regress the implanted tumour in
nude mice as xenografts of MCF-7 cells without any apparent side effects after drug administration. We conclude
that N-imidazopyridine-noscapinoids possess excellent potential as a promising drug for treating breast cancers.

1. Introduction microtubule dynamics leading to activation of the mitotic checkpoints
followed by the cell cycle arrest while allowing the process like axonal

Opium alkaloid noscapine is a tubulin-bound small molecule that transport to be dependent on less microtubule dynamics [1-3]. This
inhibits proliferation of cancer cells and triggers apoptosis [1]. How- nature of noscapine makes it free from any significant side effects. In
ever, it neither over-polymerizes tubulin (unlike taxanes) nor de- contrast, taxanes and vincas, cause severe side effects such as leukocy-
polymerizes tubulin (vincas). In contrast, it delicately attenuates topenia, alopecia, peripheral neuropathies and diarrhoea owing to their

Abbreviations: MD, Molecular dynamics; ROS, Reactive oxygen species; RMSD, Root mean square deviation; Rg, Radius of gyration; RMSF, Root mean square
fluctuation; MM-PBSA, Molecular mechanics Poisson Boltzmann surface area.
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significant impact on microtubule organization [4-7]. Previously, it was
demonstrated that noscapine and its derivatives (known as noscapi-
noids) have inhibited the proliferation of cancer cells of different tissue
origins and reduced grafted tumours in animal models with no toxicity
[1,8,9]. Moreover, it was also found to be effective against several
resistant cell lines like paclitaxel (1A9/PTX10, 1A9/PTX22) and epo-
thilone (1A9/A8) [10]. Also, its pharmacokinetics is quite favorable (get
clears within 6-10 h) [11]. Due to the considerable benefits of noscapine
over presently used microtubule targeting drugs, it has gained a place
for usage as a potential therapeutic molecule. To increase the potentency
of noscapine, we have previously developed a series of derivatives fol-
lowed by chemical synthesis [12-16]. These derivatives were at various
biochemical and biological assessment levels.

This study focused on developing a new series of noscapine de-
rivatives known as N-imidazopyridine-noscapinoids (impy-noscapi-
noids) by strategically coupling imidazopyridine pharmacophore in the
noscapine scaffold structure. After the chemical synthesis of these de-
rivatives, their cytotoxicity was validated through cellular studies
comprising two breast cancer cell lines (MCF-7 and MDA-MB-231) and
primary breast cancer cells. In addition, they revealed better binding
affinity with tubulin heterodimer, inhibited cell proliferation and trig-
gered apoptosis by curtailing cellular proliferation at the G2/M phase.

2. Materials and methods
2.1. Tubulin heterodimer protein optimization

The tubulin protein (PDB ID: 6Y6D, resolution 2.20 /o\) was retrieved
from the protein data bank [12]. The missing hydrogen atoms in the
protein structure were added by the multistep protein preparation
wizard (Schrodinger, Inc., NY). With the help of the Prime (Schrodinger,
Inc., NY) prediction tool, the missing side chain atoms were identified
and repaired. Finally, the protein was optimized by minimizing its en-
ergy using Macromodel (Schrodinger, Inc., NY).

2.2. Rational design of novel N-imidazopyridine-noscapinoids

Imidazopyridine (the imidazole moiety linked with the pyridine
ring) is a nitrogen-containing heterocycle. It is pharmacologically very
active [13-15], and has antiprotozoal, antiviral, anticancer, antibacte-
rial, analgesic, antifungal, antiinflammatory, antiapoptotic, hyp-
noselective, antipyretic, and anxioselective potential [16-20]. Several
drugs that are in the clinics, like zolpidem (1) (for the treatment of
insomnia), alpidem (2) (used as an anxiolytic drug), zolimidine (3) (for
the treatment of peptic ulcer), necopidem (4) and saripidem (5) (used as
anxiolytic drugs) and GSK812397 (6) (for the treatment of HIV
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infection) consist of imidazo [1,2-a] pyridine (Fig. 1) as a pharmaco-
phore [21-24]. Therefore, in a quest to develop new series of noscapine
derivatives, we have coupled the imidazo [1,2-a] pyridine pharmaco-
phore with noscapine scaffold by in silico (Fig. 2) to design a panel of
N-imidazopyridine-noscapinoids (Fig. 3). Briefly, the designed scaffold
broadly has two segments (Fig. 2). The first segment is imidazo [1,2-a]
pyridine, which is an active pharmacophore in most of the anticancer
drugs and the second segment is the bioactive natural-a-noscapine
tethered to imidazo [1,2-a]pyridine core for the desired pharmacolog-
ical behavior. The imidazopyridine noscapine derivatives with varied
substitutions (R-group) coupled to a-noscapine were designed based on
structure activity relationship (SAR), which is a method for determining
relationships between a compound’s chemical structure (or
structural-related properties) and biological activity (or target prop-
erty). The objective of SAR is two-fold: first, to determine as accurately
as possible the limits of variation in a chemical’s structure concerning
biological activity, and second, to define how alterations in the structure
of a compound influence endpoint potency. Considering this
structure-activity relationship, we first restricted the structural modifi-
cations to imidazo [1,2-a]pyridine core. Then, we made minute alter-
ations in the structure of our targeted drug with R-groups to test their
biological potency.

2.3. Preparation of molecular structure of N-imidazopyridine-
noscapinoids

ChemDraw was used to draw the molecular structures of N-imida-
zopyridine-noscapinoids. The prepared structures were loaded in
Maestro (Schrodinger, Inc., NY) and energy minimization was done by
Macromodel (Schrodinger, Inc., NY) with OPLS 2005 [25], as a force

Variable substituent to tune
anticancer activity

Imidazopyridine
pharmacophore
oon—>

Fig. 2. General scheme for strategic development of a panel of N-imidazo-
pyridine-noscapinoids (Impy-noscapinoids) by substitution of various func-
tional groups at 'R’.
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Fig. 1. Drugs in the clinics with imidazopyridine pharmacophore.
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Fig. 3. The molecular structure of five Impy-noscapinoids are designed by substituting different functional groups in the imidazo [1,2-a]pyridine pharmacophore to

tune anticancer activity.

field and PRCG algorithm (energy gradient of 0.001) [25]. As reported
earlier, geometrical optimization was done through Jaguar
(Schrodinger, Inc., NY) [26]. Various conformations of the structures
were generated by Ligprep (Schrodinger, Inc., NY).

2.4. Molecular docking of N-imidazopyridine-noscapinoids

The glide algorithm (Schrodinger, Inc., NY) was used to dock the
ligands (N-imidazopyridine-noscapinoids) with af-tubulin heterodimer,
as reported earlier [27]. An inner grid box (12 Ax12Ax12 1°\) was
generated at the midpoint of co-crystallized amino-noscapine by Glide
grid-receptor generation algorithm (Schrodinger, Inc., NY). Addition-
ally, an outer grid box (20 A x20Ax20 [o\) was created where each
ligand atom of a valid pose must be located. Then docking was done
using Glide XP (extra precision) and all the docked poses were analyzed
based on Glide XPgcore [28,29]. For further analysis, the optimal
conformation for each ligand was considered.

2.5. MD simulation of N-imidazopyridine-noscapinoids docked complexes

Molecular dynamics (MD) simulation was carried out for the docked
complex of tubulin and N-imidazopyridine-noscapinoids in the presence
of GTP, GDP and magnesium by GROMACS 2019.2 version [30] as re-
ported earlier [31]. To generate the coordinates and topology, the pro-
tein was processed by GROMACS using Amber99SB force field [32]. All
the parameters (GTP, GDP, and N-imidazopyridine-noscapinoids) for
each ligand were determined using a general Amber force field (GAFF)
[33]. The AM1-BCC charge model was used to allot the needed atomic
point charges [34]. Using tleap tool of Amber 18 and ACPYPE applica-
tion [35], topologies and internal coordinates were built for all ligands.
For the solvation of the complex, a distance of 12 A between the trun-
cated octahedron box walls and atoms of protein [31], and TIP3P as a
water model was used. The system was balanced by counterions having
physiological ionic strength (0.15 M). The steepest descent approach of
10000 steps was used for energy minimization to remove any conflicting
contacts. Position restrictions of 10 kcal /A2 was applied for both protein
and ligands before going for 500 ps NVT run at 300 K accompanied by
NPT run keeping the Parrinello-Rahman barostat with a reference
pressure of 1 bar for 500 ps. Following equilibration, a simulation of 100

ns with 2 fs time step was performed. Long-range electrostatic in-
teractions were determined using the particle-mesh Ewald (PME)
method. Both van der Waals and short-range electrostatics cut-offs were
put at 10 A. The Shake algorithm limited the bonds [36], while the
modified Berendsen thermostat regulated the system temperature.
During the MD simulation, at every 20 ps, snapshots of the atomic co-
ordinates were taken. The sequential snapshots for Root Mean Square
Deviation (RMSD), Radius of gyration (Rg) and Root Mean Square
Fluctuation (RMSF) were analyzed by GROMACS and plotted by GRACE
software. To explain the ligand’s binding mechanism, the complex from
the MD trajectory with the least total energy was used.

2.6. Prediction of binding free energy using MM-PBSA technique

The predicted binding free energy of N-imidazopyridine-noscapi-
noids 7-11 with tubulin was calculated using the Molecular Mechanics
Poisson-Boltzmann Surface Area (MM-PBSA) approach [37]. From the
trajectory of MD simulation, at an interval of 20 ps, 500 snapshots from
the last 10 ns were taken and g mmpbsa tool was used to determine the
collective average of the AGping,prea [38], as follows:

PAGindpred = AGeomplex — [AGRCC + AG]ig]
G=Eg + Gy — TS

Egas = Eint + Eeie + Evaw

Gyol = Gpp(B) + Gsol—np

Giol—np = YSAS

Here G represents the Gibbs free energy. Eg,s i.e. the gas phase energy,
represents the sum of total Eiy, (internal energy), Eele (electrostatic
interaction) and E,qy, (van der Waals interaction energy). At the same
time, the sum of Gpg (polar) and Ggol.np (nOn-polar) contributions
determine the solvation-free energy [25]. The Egje (electrostatic contri-
bution) and Gpp (polar solvation contribution) were added to determine
the Gpp (Polar interaction contribution), while the Ggonp (nonpolar
solvation contribution) is directly proportional to SAS (solvent acces-
sible surface area) whereas vy is the surface tension constant that has
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been set to 0.0072 kcal/mol [25]. Due to high predicted binding affinity
towards tubulin and better docking score compared to noscapine, the
five N-imidazopyridine-noscapinoids (7-11) were chemically synthe-
sized for experimental validation.

2.7. ADME properties prediction

A total of 44 attributes responsible for absorption, distribution,
metabolism, and excretion (ADME) were determined by QikProp tool
(Schrodinger, Inc., NY) for the N-imidazopyridine-noscapinoids. The
acceptability of the compounds was evaluated based on Lipinski’s rule of
5 (number of violations of Lipinski’s rule of five), i.e. quite pragmatic for
drug development. When the molecule has more than five hydrogen
bond donors, molecular weight is greater than 500, the log P value is
more than 5 and the total N’s and O’s are more than 10, then a molecule
is likely not qualify the Lipinski’s rule of five [31], thereby leads to poor
absorption or penetration.

2.8. Chemical synthesis of N-imidazopyridine-noscapinoids

We have attempted to synthesize the designed N-imidazopyridine-
noscapinoids 7-11 chemically by strategically coupling various
substituted 2-(chloromethyl) imidazo [1,2-a] pyridines with nor-
noscapine as depicted in the synthetic scheme (Fig. 4). Natural nosca-
pine was treated with m-CPBA to give noscapine-N-oxide, then treated
with 2 N HCI to give noscapine-N-oxide.HClI salt. It is further reacted
with FeS04.7H20 to afford nor-noscapine. To the mixture of nor-
noscapine (1.0 mmol) in KI (2.0 mmol), acetone (10 mL), K5CO3 (2.0
mmol) and various substituted 2-(chloromethyl) imidazo [1,2-a] pyri-
dine (RH; 1.1 mmol) were added gradually, and the mixture was mixed
for 6h at RT. The mixture was washed in the brine solution when the
reaction was completed. The organic layer was collected, moved
through a NaySO4 bed, and then extracted at a lower pressure. The
residues were chromatographed using petroleum ether and ethyl acetate
(3:1) eluents over the triethylamine silica bed to generate pure com-
pounds 7-11 as white solids in 55-72% yields. The structural charac-
terizations of intermediates and final products was performed by NMR
(*H and 3C), IR spectroscopy and mass (HRMS) spectrometry. The
spectra are collated in the supplementary material (S1-S15).

2.9. Cell culture and reagents

Culture media and chemicals were purchased from SIGMA. Two
human breast cancer cell lines (MCF-7 & MDA-MB-231) were procured
from the National Center for Cell Science’s, Pune, India. The N-imida-
zopyridine-noscapinoids (7-11) were synthesized chemically. Stock
solution (100 mM) for 7-11 was made using DMSO (dimethyl sulfoxide)
and were preserved in 4 °C. DMEM (Dulbecco’s modified Eagle medium)
media supplemented with 10% fetal bovine serum (FBS; GIBCO) and
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antibiotics were used to culture cells at 37 °C, 5% CO- and 95% hu-
midity. Trypsin-EDTA (0.25%) was used for subculturing. When cells
were confluent at 70-80%, they were used for bioassays.

2.10. Cytotoxicity assay using breast cancer cell lines & primary breast
cancer cells

The cytotoxicity assay for N-imidazopyridine-noscapinoids 7-11 and
noscapine was evaluated against hormone-dependent MCF-7, triple
negative MDA-MB-231 breast cancer cell lines and a panel of primary
breast cancer cells obtained from our collaborator, Dr. Santosh Kumar
Guru, Department of Biological Sciences (Pharmacology & Toxicology),
National Institute of Pharmaceutical Education and Research, Hyder-
abad, India. Also, we have used a normal healthy human cell line, HEK
to evaluate the cytotoxicity of the compounds to normal cells. Complete
DMEM media supplemented with 1% pentrip (a penicillin and strepto-
mycin mix), 2 mM 1-glutaminate and 10% FBS were used to grow cells
in a T25 flask under physiological conditions of 5% CO at 37 °C. After
every 3-4 days, the media were changed and successive passages were
done. Before the experimental study, cells were allowed to grow until
they attained 70-80% confluency. In a 96 well plates, approximately
5000 cells were seeded and were treated against noscapine and N-imi-
dazopyridine-noscapinoids 7-11 at a gradient concentration (5-100 pM
for cancer cells and 25-400 pM for the normal cell) for 72h. The cell
viability was determined based on sulforhodamine B (SRB) assay using
the CellTiter96 AQueous One Solution Reagent (SIGMA) [25] and
absorbance was taken at 564 nm. The ICsy value of noscapine and its
derivatives 7-11 was calculated using an online tool, Quest Graph™
ICsg calculator (AAT Bioquest, Inc., Sunnyvale, CA, USA, https://www.
aatbio.com/tools/ic50-calculator). The tool uses a four-parameters lo-
gistic regression model to calculate the ICsg value.

2.11. Flow cytometry analysis of cell cycle progression

DMEM media comprising 4.5 g/L glucose, 4.5 g/L 1-glutamine, 1%
pencillin/streptomycin and 10% FBS was used to grow MDA-MB-231 at
37 °C and 5% CO». Noscapine and its most potent derivative N-5-Bro-
moimidazopyridine-noscapine 9 dissolved in phosphate buffer saline
(PBS; 1%) were treated against the cells for 72h. After treatment, the
cells were analyzed by flow cytometry. About 2 x 10° cells post
centrifugation were rinsed twice with PBS (ice-cold), followed by fixa-
tion with ethanol (70%), and kept in —20 °C for 24 h. After centrifu-
gation (1000xg; 10 min), the supernatant was removed, followed by
resuspension of pellets in 30 pl of phosphate/citrate buffer (0.2 M
NapHPO4/0.1 M citric acid, pH 7.5) for 30 min at RT. Following a 5 ml
PBS wash, the cells were incubated for 45 min in the dark with 0.5 ml of
propidium iodide (20 pg/ml in 0.6% Triton-X in PBS) and 0.5 ml of
RNase A (20 pg/ml in PBS) [25]. Flow cytometer (BD FACS Aria-III) was
used to analyze the samples and track the progression of the cell cycle.

Fig. 4. Synthetic scheme 1: Scheme for chemical synthesis of imidazopyridine-noscapinoids (7-11). Reaction conditions: (i) a: m-CPBA, DCM; b: 2 N HCI; c: FeS-

04.7H50; (ii) RH, K,COs3, KI, acetone, rt, 4h, 60%.
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2.12. Flow cytometry analysis for apoptosis assay

Apoptosis was detected using Annexin-V-FITC apoptosis detection
kit (Sigma-Aldrich). In a 12 wells plate, 3 x 10* cells per well were
seeded with complete media for 24h. Cells were treated with noscapine
and its most potent derivative N-5-Bromoimidazopyridine-noscapine 9
for 72h against their ICsg concentrations. After trypsinization, cells were
stained using biotin-conjugated Annexin V FITC-conjugate and propi-
dium iodide (PI) [25]. Flow cytometer data at 488 nm excitation for PI
and emission at 530 nm were collected. Viable cells (Annexin V—/PI-),
early apoptotic cells (Annexin V+/PI-), late apoptotic/necrotic cells
(Annexin V+/PI+) and late necrotic cells (Annexin V—/PI+) were
identified and their percentage were determined.

2.13. Cellular observation by staining with fluorescent dyes

In a 6 well plates, MDA-MB-231 cells were grown over poly-L-lysine-
coated coverslips and treated against ICsy concentration of 9 for 72 h.
Coverslips were removed after incubation, fixed in cold methanol, and
PBS-washed. DAPI, acridine orange (AO), Hoechst 33342 (HO), and
ethidium bromide (EtBr) dyes (10 pM each) were used for staining for
15 min at room temperature and washed in PBS. The excitation and
emission range were 346 nm and 460 nm, respectively. Significant
morphological changes like formation of membrane blebs, nuclear
condensation and apoptotic bodies were noted against the treatment of
test compounds compared to untreated cells under an inverted fluores-
cent microscope (Nikon Eclipse Ts2R-FL).

2.14. Measurement of mitochondrial membrane potential (A¥m)

Rhodamine-123 (Sigma-Aldrich Co.; Ex/Em = 485 nm/535 nm), JC-
1 (Invitrogen Co.; Ex/Em = 515 nm/529 nm) and DAPI (Sigma-Aldrich
Co.; Ex/Em = 358 nm/461 nm) [31] dyes were used to evaluate the
effect of N-5-Bromoimidazopyridine-noscapine 9 on mitochondrial
membrane potential. Briefly, cells were seeded in 12 wells plates and
treated against 9 for 48 h. After PBS wash, cells were stained with JC-1
(10 pg/ml) [31] for 10 min at rt. Subsequently, cells were washed with
PBS twice and images were taken in an inverted fluorescence micro-
scope (Nikon Eclipse Ts2R-FL) at 400 x magnification [31]. JC-1 stained
cells showed bright red fluorescence (higher A¥m) in untreated cells
and light red fluorescence (lower A¥m) in treated cells. For measuring
intensity image J software was used.

2.15. Intracellular reactive oxygen species (ROS) detection

Apoptosis in cancer cells can be confirmed as a result of an increase
in intracellular ROS. The intracellular ROS content can be detected by
the oxidative conversion of DCFH-DA (2',7’-dichlorofluorescence-diac-
etate), a sensitive fluorescent probe to DCF (2/,7'-dichlorofluorescein).
In a six well plates with cover glass, MDA-MB-231 cells were seeded and
treated with N-5-Bromoimidazopyridine-noscapine 9 for 72 h. The cells
were washed and mixed in 500 pL of DCFH-DA (10 pM; Molecular
Probes Inc., Invitrogen) and incubated in the dark for 30 min at rt. Im-
ages were taken with standard excitation filters (Nikon Eclipse Ts2R-FL).
The untreated control cells were observed with low green fluorescence,
whereas the treated cells were observed with bright green fluorescence.
The results displayed a significant rise in intracellular ROS by N-5-
Bromoimidazopyridine-noscapine 9.

2.16. In vivo antitumor efficacy against MCF-7 breast tumours

The ethical clearance for the animal study was approved by the
National Institute of Pharmaceutical Education and Research (NIPER’S)
Institutional Animal Ethics Committee of Hyderabad (1548/PO/Re/
2011/CPCSEA). BALB/c athymic nude female mice of 8-10 weeks were
kept under proper care in the Animal Care Facility. In 0.2 ml of PBS
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about 1 x 10° human epithelial breast adenocarcinoma, MCF-7 were
dissolved and further implanted into the mice’s anterior flank. Post 7-10
days, when the tumor was palpable, N-5-Bromoimidazopyridine-
noscapine 9 was given by gastrogavage. The animals were randomly
divided into two groups, Group 1 (control group) and Group 2 (test
group), with five animals each. The Group 1 animal received regular
gavage of acidified water (pH 4.0) only, while the Group 2 was treated
with N-5-Bromoimidazopyridine-noscapine 9 (50 pM/day). On alternate
days, tumor volume was calculated as II/6 (length x width x height) by
quantifying the tumours in three transverse directions with vernier
calipers [39]. Due to the large tumor volume sizes, the control group of
mice were euthanized on day 30 and assigned the endpoint for control
animals. The tumor size of both control and treated animals against
N-5-Bromoimidazopyridine-noscapine 9 were accessed on the basis of
the endpoint mentioned above.

2.17. Histopathological and hematological analyses

On the 30th day 0.2 ml of 3.5% chloral hydrate as an overdose was
administrated to both the treated and the control group of mice. Blood
was collected from the heart for CBC analysis (CDC Technologies, Ox-
ford CT). In order to perfuse the animals, a mixture of 3% para-
formaldehyde and 2% glutaraldehyde in PBS (pH 7.4) was used. Major
organs like liver, lung, heart, kidney and tumor were removed and
subjected to histological analysis after staining with hematoxylin and
eosin. The tissues were examined under a microscope to assess the
toxicity with the treatment of N-5-Bromoimidazopyridine-noscapine 9.

3. Results and discussion

Numerous derivatives of noscapine were synthesized to enhance its
cell-killing ability. These derivatives were found to have higher free
energy of binding with tubulin, as evident from reducing their dissoci-
ation constants (Kq) substantially from 152 pM for noscapine. For
example, the halogen derivatives have a Kq value of 80 to 22 pM, nitro-
noscapine has 86 pM and amino-noscapine has 14 pM [27,40,41].
Furthermore, we have developed a battery of derivatives by function-
alization of "N’ in the isoquinoline unit of natural a-noscapine [42] and
coupling biaryl pharmacophore [43]. All these derivatives have also
shown a lower K4 value compared to noscapine. This study presents a
series of N-imidazopyridine-noscapinoids, 7-11, as promising
tubulin-binding anticancer agents.

3.1. N-imidazopyridine-noscapinoids docked well inside the binding
cavity using molecular docking and MD simulation

The docking of the five N-imidazopyridine-noscapinoids 7-11, and
the lead molecule, noscapine, was done using Glide Xp [31]. The mol-
ecules showed well binding at the binding site. Glide XPgcore function
[28,29,31] was used to determine the binding affinity with tubulin. The
N-imidazopyridine-noscapinoids, 7-11 revealed improved docking re-
sults varying from —8.557 to —8.082 kcal/mol than noscapine (docking
score is —5.304 kcal/mol) (Table 1). Further, the docked complexes of
these ligands with tubulin were taken for MD simulation (100ns) to
evaluate the stability of the complexes. RMSD and Rg of the backbone C,
atoms with respect to time were analyzed by plotting the convergence of
MD sequential snapshots. The relative variation for RMSD (0.21-0.24 A)
and Rg (0.966-0.972 nm) was minimal, suggesting the system’s stability
(Figs. 5 and 6). Further, to illustrate the suppleness of these residues, in
both free form and bound form with ligands, the RMSF of the tubulin
was calculated (Fig. 7a and b). The RMSF value of the residues was
found to be minimum (0.02-0.04 nm) in both bound and free form for
both a- and B-tubulin, revealing the rigidness of the residues. Moreover,
the N-imidazopyridine-noscapinoids 7-11 were well accommodated
within the binding site i,e at the interface of a- and p-tubulin (Fig. 8).
However, as shown in ligplot the binding modes inside the binding
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Table 1
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Results of molecular docking of N-imidazopyridine-noscapinoids (7-11) with tubulin. All the molecules (7-11) showed better docking scores and affinity towards the

tubulin than noscapine.

Ligands ID Glide XPgcore (Kcal/mol) Glide Lipo (Kcal/mol) Glide Evdw (Kcal/mol) Glide Ecoul (Kcal/mol) Glide Emodel (Kcal/mol) Glide Energy (Kcal/mol)
7 —8.334 —8.697 —66.458 -7.171 —90.593 —73.630
8 —8.336 —8.869 —64.909 —6.476 —97.341 —71.386
9 —8.557 —8.583 —66.913 —7.819 -102.727 —74.733
10 —-8.121 —8.578 —65.140 —5.215 —90.667 —70.355
11 —8.082 —8.393 —64.242 —6.615 —68.275 —70.858
Noscapine —5.304 —0.589 —35.174 —7.858 —20.456 —43.032
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Fig. 6. Time evolution of Rg of the tubulin and in complex with N-imidazo-
pyridine-noscapinoids (7-11) and noscapine of 100 ns of MD simulation.
During the entire simulation period, the molecular systems were stable.

cavity are unique (Fig. 9a—d). These noscapinoids have different binding
modalities as different functional groups have been substituted in the
scaffold structure. In the context of docking scores, the most potent
N-5-Bromoimidazopyridine-noscapine (9) interacts more firmly with
tubulin’s residues than other derivatives. Its binding involved one
hydrogen bond with Lys 352 (bond length 2.9 10\) (Fig. 9¢). In addition to
hydrogen bonding, the interaction of N-imidazopyridine-noscapinoids
(7-11) with binding site residues revealed a significant number of hy-
drophobic interactions (Supplementary Tables S16-S19).

3.2. N-imidazopyridine-noscapinoids showed high binding free energy
with tubulin

The predictive binding free energy (AGping,pesa) of N-imidazopyr-
idine-noscapinoids, 7-11 and noscapine with tubulin is shown in
Table 2 based on MM-PBSA approach. For each tubulin-noscapinoid
complex, the binding free energy value was determined in accordance
with the mean value out of 1000 snapshots taken during the last 2ns of

the MD trajectory. It was revealed that the N-imidazopyridine-nosca-
pinoids, 7-11 have a stronger binding affinity with tubulin than
noscapine. Among all the derivatives, N-5-Bromoimidazopyridine-
noscapine (9) showed the highest binding energy of —36.15 kcal/mol.
The intermolecular van der Waals (AEyqw) and the electrostatic (AEc)
are excellent contributors to the binding, while the polar solvation terms
(AGpolar) counteract binding. The solvent accessible surface area term
(AGsasa), nevertheless, contributed favorably but marginally.

3.3. Predicted ADME properties of noscapine and its N-imidazopyridine-
noscapinoids, 7-11

We have predicted the ADME properties of N-imidazopyridine-
noscapinoids, 7-11 using QikProp (Schrodinger, Inc., NY). Several at-
tributes like molecular weight (MW), total solvent accessible surface
area (SASA), octanol/water partition coefficient (QPlogPo/w), octanol/
gas partition coefficient (QPlogPoct), water/gas partition coefficient
(QPlogPw), polarizability in cubic angstroms (QPlogrz), % human oral
absorption in intestine (QP%), brain/blood partition coefficient
(QPlogBB), ICs¢ value for blockage of HERG K+ channel (QPlogHERG),
skin permeability (QPlogKp), prediction of binding to human serum
albumin (QPlogKhsa), apparent Caco-2 cell permeability in nm/sec
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Fig. 8. N-imidazopyridine-noscapinoids (7-9) & Noscapine are well encased within the binding site i.e. at the interface of a- and p-tubulin. The macromodel surface
approach based on «- and p-tubulin (brown colour denotes a-tubulin and blue colour denotes f-tubulin) show the binding site.
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Fig. 9. Two-dimensional illustration of the interaction between the N-imidazopyridine-noscapinoids, (a) 7, (b) 8, (¢) 9 and (d) noscapine with the binding site
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Table 2
Predictive binding free energy calculated (Kcal/mol) for the N-imidazopyridine-
noscapinoids, 7-11 & Noscapine with af tubulin dimer.

N-imidazopyridine- AEyqw AEejec AGpolar AGgpsa AGpinding
noscapinoids_Tubulin (Kcal/ (Kcal/ (Kcal/ (Kcal/ (Kcal/
mol) mol) mol) mol) mol)

7 —53.12 —21.02 48.55 —4.46 —30.05

8 —55.21 —20.29 48.20 —4.28 —31.58

9 —61.53 -23.17 54.45 —5.87 —36.12

10 —52.81 —20.42 49.28 —5.02 —28.97

11 —49.27 —20.88 47.44 —4.74 —27.45
Noscapine —46.34 -18.23 46.48 —4.85 —22.94

(QPPCaco) and apparent MDCK cell permeability in nm/sec

(QPPMDCK) [25]. Caco-2 cells serve as the gut-blood barrier model,
while MDCK cells are regarded as an excellent replica of the blood-brain
barrier. Lipinski’s rule of 5 (number of violations of Lipinski’s rule of
five), vital for drug design was used to validate the acceptability of
noscapine and its N-imidazopyridine-noscapinoids, 7-11. Surprisingly
noscapine and its N-imidazopyridine-noscapinoids, 7-11 showed sub-
stantial values for the properties analyzed and also passed Lipinski’s rule
of 5 (Table 3).

3.4. Cytotoxicity study in breast cancer cell lines

Cytoxicity evaluation for noscapine and its N-imidazopyridine-de-
rivatives, 7-11 was done against hormone-dependent MCF-7 and triple
negative MDA-MB-231 cell lines. All the N-imidazopyridine-derivatives,
7-11 exhibited potent cytotoxic activity against the above cell lines
when treated with gradient concentrations compared to noscapine
(Fig. 10). The ICso values for 7-11 for both cell lines are shown in
Table 4. The ICso values were found to be statistically significant
compared to untreated cells (p < 0.05). Surprisingly, noscapine and its
N-imidazopyridine-derivatives 7-11 inhibited the proliferation of
normal healthy cells with ICsy value > 952 pM, suggesting that these
compounds are non-toxic to normal healthy cells (Table 4 and Fig. 11).
Among all the derivatives, N-5-Bromoimidazopyridine-noscapine (9)
showed promising cytotoxicity using both the cell lines (ICsy value is
5.26 pM against MCF-7 and 7.78 pM against MDA-MB-231) and was
selected for the detailed investigation. The relative ICs values obtained
suggest that these noscapinoids inhibit the proliferation of cancer cells
independent of hormone receptor status. Although a definitive link be-
tween the selectivity of cancer cells to these derivatives has not yet been
established, it is evident that tubulin could be a good target for these
derivatives.

Table 3
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3.5. Cytotoxicity of N-imidazopyridine-noscapinoids, 7-11 on primary
breast tumor cells

Further, the cytotoxicity of N-imidazopyridine-noscapinoids, 7-11
and noscapine in primary breast tumor cells was evaluated. All the N-
imidazopyridine-noscapinoids exhibited potent cytotoxic compared to
noscapine at an increasing concentration (Fig. 12). The ICsg values are
collated in Table 5. The ICs¢ value against the primary breast cancer
cells ranges from 11.82 to 32.64 uM for noscapine, 6.86-18.46 uM for 7,
5.55-11.68 pM for 8, 4.04-4.93 pM for 9, 4.27-4.89 pM for 10, and
5.22-8.37 pM for 11 (Table 5).

3.6. N-5-Bromoimidazopyridine-noscapine (9) induced apoptosis to
cancer cells

Apoptosis in triple negative breast cancer cell line was evaluated
against treatment with N-5-Bromoimidazopyridine-noscapine (9). Dur-
ing apoptosis, there is a change in the lipid composition i.e., the phos-
phatidylserine translocated from inner leaflet to outer leaflet. The
phosphatidylserine translocation to the outer membrane was detected
by annexin V binding. Likewise, the cell-impermeant DNA-binding
fluorescent propidium iodide dye can only enter the cells when mem-
brane permeability is compromised i.e., in the late stages of apoptosis.
Using the fluorescent dyes, early and late apoptotic cells were quantified
by FACS. The percentage of early apoptotic and late apoptotic cells
against the treatment of N-5-Bromoimidazopyridine-noscapine (9) at an
ICsp concentration (7.8 pM) for 72h is collated in Fig. 13. Only a few
early (2%) and late (3%) apoptotic cells seen in the control after 72h
were considered as background cell death due to regular stress
(Fig. 13a). In contrast, the early apoptotic cells (15%) and late apoptotic
cells (20% and 15% necrotic cells) with treatments of N-5-Bromoimi-
dazopyridine-noscapine (9) were found to be significantly more
compared to controlled untreated cells (Fig. 13b).

3.7. Detection of apoptosis with treatment of N-5-Bromoimidazopyridine-
noscapine (9)

Several morphological changes occur during apoptosis, but mainly
membrane blebbing, chromatin condensation, cellular shrinkage, and
formation of apoptotic bodies are seen. AO, HO & EtBr stains are used to
evaluate the induction of apoptosis by N-5-Bromoimidazopyridine-
noscapine (9) when treated against MDA-MB-231. The untreated cells
showed no signs of morphological changes, while in the case of treated
cells, there were numerous fragmented nuclei, membrane blebbing and
apoptotic bodies (Fig. 14).

ADME attributes calculated for N-imidazopyridine-noscapinoids and noscapine by Qikprop. N-imidazopyridine-noscapinoids 7-11 and noscapine satisfied all the

properties vital for ADME screening.

Sl No ADME Screening 7 8 9 10 11 Noscapine Recommended values

1 MW. 587.58 608.44 608.44 563.99 543.57 413.42 130-725

2 SASA 856.44 748.17 772.45 787.75 801.82 597.02 300-1000

3 Accpt HB 12.25 10.25 10.25 10.25 10.25 8.75 2.0-20.0

4 QPpolrz 57.49 51.86 52.78 53.41 53.97 39.09 13.0-70.0

5 QPlogPoct 26.58 23.55 23.75 23.88 23.57 17.81 8.0-35

6 QPlogPw 15.06 12.54 12.65 12.86 12.72 10.08 4.0-45.0

7 QPlogPo/w 2.82 3.54 3.64 3.70 3.54 1.79 —2.0-6.5

8 QPlogHERG —6.96 —6.01 -6.31 —6.61 —6.64 —4.42 Below —5.0

9 QPPCaco 150.7 670.2 585.0 541.8 571.4 777.7 <25 poor
>500 great

10 QPlogBB -0.79 0.27 0.18 0.12 —0.039 0.33 -3.0-1.2

11 QPPMDCK 70.80 917.73 790.29 699.29 298.91 417.06 <25 poor
>500 great

12 QPlogKp —4.50 -3.37 —3.48 —3.46 -3.49 -3.95 -8.0——1.0

13 QPlogKhsa —0.18 —0.05 0.008 0.038 0.093 —0.49 -1.5-1.5

14 Rule of Five (No. of violations) 2 3 2 2 2 3 Maximum is 4
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Fig. 10. The N-imidazopyridine-noscapinoids 7-11 have more cytotoxicity compared to noscapine using human breast cancer cells. Noscapine and its
imidazopyridine-noscapinoids, 7-11 were treated against (A) MCF-7 and (B) MDA-MB-231 for 72 h. The experiment was done thrice and the values are the mean

of those.

Table 4

ICs values of N-imidazopyridine derivatives of noscapine using breast adeno-
carcinoma cell lines and a normal cell line (HEK). Compared to noscapine all the
potent derivatives showed better cytotoxicity to cancer cells, without any sig-
nificant effect on the normal healthy cell line. The statistical significance of the
ICs0 (p < 0.05) values between treated and untreated was determined using
student t-test. The ICsq value was calculated using an online tool, Quest Graph™
ICs calculator (https://www.aatbio.com/tools/ic50-calculator), which uses a
four-parameters logistic regression model to calculate the ICsq value.

ICso (pM)
Noscapine 7 8 9 10 11
MCEF-7 28.7 + 13.22 11.22 5.26 £ 7.37 £ 9.89 +
2.53* + 1.48* + 1.72% 0.64* 0.76* 0.92*
MDAMB- 33.93 + 17.24 17.15 7.78 + 10.3 + 9.95 +
231 4.02* + 1.52% + 1.62% 0.84* 0.63* 0.52*
HEK 952.0 + 1648.9 1768.7 1510.4 2249.7 1703.5
5.64* + 7.84* + 7.5% + 5.24* + 6.37* + 5.29*
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Fig. 11. Noscapine and its N-imidazopyridine-noscapinoids 7-11 (25-400 pM)
effect on cell viability of normal healthy cell (HEK).

3.8. Effects of N-5-Bromoimidazopyridine-noscapine (9) on ROS
accumulation in MDA-MB-231 cells

Additionally, we found that N-5-Bromoimidazopyridine-noscapine
(9) elevated ROS levels by triggering apostosis in cancer cells. To eval-
uate the ROS levels DCFDA a molecular probe was taken into account.
When cells (MDA-MB-231) were treated against 9 the green fluorescence
was more intense compared to untreated cells (Fig. 15a). We found that
9 significantly elevated ROS levels in MDA-MB-231 cells as measured by

fluorescent intensity, suggesting that for inducing apoptosis, the ROS
might have a function (Fig. 15b).

3.9. N-5-Bromoimidazopyridine-noscapine (9) arrested the cell cycle at
G2/M phase

N-5-Bromoimidazopyridine-noscapine (9) when treated with its
IC50 concentration (7.8 pM) against triple-negative breast cancer cell
line arrested the cell cycle at G2/M phase (Fig. 16). A deposition of
fluorescently labeled DNA within the cell is a good marker of how cell
cycle progression and cell death are impacted. G1 phase is represented
by 2 N DNA, while G2 and M phases are characterized by 4 N DNA. S
phase is indicated by the process when the cells undergo duplication
between the 2 N and 4 N peaks. Cells falling short of 2 N DNA are
apoptotic cells with degraded DNA to varying degrees. It was observed
that when MDA-MB-231 cells were treated with N-5-Bromoimidazo-
pyridine-noscapine (9) at its ICs5y concentration (7.8 pM) for 72h, it
induced substantial changes in the cell cycle profile. High accumulation
was seen at G2/M phase when treated against N-5-Bromoimidazopyr-
idine-noscapine (9) for 72h compared to the untreated cells. A distinc-
tive hypodiploid DNA content peak (sub-G1) was found to be increased
after 72h of drug treatment, contrary to G2/M block. More number of
cells with hypodiploid DNA content signify more dying cells.

3.10. Effects of N-5-Bromoimidazopyridine-noscapine (9) on
mitochondrial membrane potential (A¥'m)

Mitochondria are known to be the main pathway for apoptosis. A
collapse in mitrochondrial membrane potential (A¥m) is likely to be
related to triggering apoptosis. Keeping this in mind the mitochondrial
membrane potential (A¥m) loss was measured in triple negative breast
cancer cell line, treated with N-5-Bromoimidazopyridine-noscapine (9)
and stained with dyes JC-1. The treatment of 9 against MDA-MB-231
cells showed less intense red fluorescence than untreated cells (Fig. 17),
indicating that compound 9 significantly increased the mitochondrial
membrane potential (A¥m) loss in triple negative breast cancer cell line.

3.11. Reduction in tumor volume with the treatment of N-5-
Bromoimidazopyridine-noscapine (9) against MCF-7 xenograft model

Treatment with N-5-Bromoimidazopyridine-noscapine (9) at a dose
of 50 pM/day significantly reduced the tumor volume in the treated than
control (P < 0.001) (Fig. 18A). On day 40 post tumour implantation the
tumour volume was decreased by 809 mm?® from the untreated control
group with tumour volume 1479 mm?>. Mice were euthanized and tu-
mours were removed and weighed on 40th day. Solid tumours of various
weights ranging between 4.8 and 11.2 g (mean 7.9 + 2.0 g) were seen in
the case of all untreated mice. In contrast, the tumour weight
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Fig. 12. The N-imidazopyridine-noscapinoids, 7-11 inhibits cell proliferation of human primary breast tumor cells more effectively compared to noscapine. N-
imidazopyridine-noscapinoids, 7-11 and noscapine were treated against primary breast cancer cells for 72h. The experiment was done thrice and the values are the

mean of those.

Table 5

The ICs values of N-imidazopyridine-noscapinoids, 7-11 and noscapine when
treated against primary breast cancer cells isolated from different patients’
breast tumor tissue. The N-imidazopyridine-noscapinoids, 7-11 exhibited more
cytotoxicity than noscapine. The statistical significance of the ICs¢ (p < 0.05)
values between treated and untreated was determined using a student t-test.

ICs0 (UM)

Patients Noscapine 7 8 9 10 11

No.

1 11.82 + 9.02 + 8.36 + 4.93 + 7.74 + 8.37 +
1.54* 1.62* 1.83* 0.69* 1.58* 1.47*

2 16.67 + 7.75 £ 5.66 + 4.74 £ 4.80 + 5.22 +
1.85* 1.72* 1.82* 1.29* 0.84* 1.17*

3 16.09 + 6.86 + 5.55 + 4.04 + 4.27 + 4.67 +
3.48% 1.28* 1.45% 1.37* 1.54* 1.63*

4 32.64 + 18.46 11.68 435+ 4.89 + 6.95 +
3.15* +1.38* + 1.71* 0.35* 0.68* 0.87*

dramatically decreased in the treated groups, and only a few palpable
tumours were observed. The tumour growth suppression by N-5-Bro-
moimidazopyridine-noscapine (9) was statistically significant (p <
0.001) in comparison to the untreated control mice. Additionally, after
drug treatment, we did not observe any noticeable weight loss compared
to the control group (Fig. 18B).

3.12. Treatment of N-5-Bromoimidazopyridine-noscapine (9) showed no
toxicity

The adverse toxicity of chemotherapeutic drugs is a serious concern
during cancer treatment. Clinically approved microtubule-targeting
drugs like vinca alkaloids and taxanes also show severe side effects
[4]. Hence, there is an urge to find a drug regimen that is stable and
well-tolerated. =~ To  evaluate  whether  N-5-Bromoimidazopyr-
idine-noscapine (9) is toxic to healthy tissues, we analyzed
tumor-bearing mice’s liver, kidney, heart, and lungs. Treatment with 9

10

fails to show any pathological aberrations in normal tissues. A 5.0
micron-thick section of the liver, kidney, lung, and heart was stained
with H&E, embedded with paraffin, and visualized at 200 x magnifica-
tion (Fig. 19). The structure of the hepatic lobules was normal. The
kidneys had normal glomeruli, interstitium, proximal and distal tubule
and blood arteries. The heart muscles in each group had the usual
morphology. In the lung tissue, normal alveoli and bronchial airways
have been observed. In the context of hematological parameters, no
variations were found between treated and control animals (Tables 6
and 7).

4. Conclusion

To conclude, we have strategically developed a series of N-imida-
zopyridine-noscapinoids from noscapine to increase its anticancer po-
tency. At the same time, we have also come up with the most
straightforward synthetic scheme for synthesizing N-imidazopyridine-
noscapinoids in high yields from the lead molecule, noscapine, through
direct and regioselective mode. Using MCF-7 and MDA-MB-231 breast
cancer cell lines and primary breast cancer cells, all five derivatives
exhibited potent cytotoxicity without affecting normal healthy cells. The
most promising compound, N-5-Bromoimidazopyridine-noscapine (9),
also revealed a significant reduction in the volume of implanted tumour
based on in vivo xenograft mice model without any toxic effects to vital
organs. Therefore, these novel microtubule-targeting congeners will be
effective against breast cancers and beneficial against other forms of
cancer.

Ethical approval
The Institutional Animal Ethics Committee of the National Institute

of Pharmaceutical Education and Research (NIPER), Hyderabad (1548/
PO/Re/2011/CPCSEA) approved the study.
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Fig. 13. Flow cytometry analysis of apoptotic cells using MDA-MB-231 cells treated with N-5-Bromoimidazopyridine-noscapine (9) with ICsq concentration (7.8 M)
for 72 h and compared with non-treated control cells. The three sub-populations: PI-negative and Alexa Fluor 488-negative viable cells with intact membrane and
preserved amino-phospholipid asymmetry (PI-, Alexa Fluor 488-), PI-negative and Alexa Fluor 488-positive early apoptotic cells with intact cellular membrane
exposing phosphatidylserine (PI-Alexa Fluor 488+), and PI-positive and Alexa Fluor 488-positive late apoptotic cells with compromised asymmetry and membrane
permeability (PI+, Alexa Fluor 488+) were differentiated by the use of Alexa Fluor 488 conjugate of Annexin-V along with propidium iodide (PI) dye. Representative
results of three independent experiments. (B) Percentage of viable (Q3), early apoptotic (Q1), late apoptotic (Q2) and necrotic (Q4) cell measured by flow cytometry.
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Hoechst

Fig. 14. Apoptotic cells were identified by morphological characteristics
changes like chromatin condensation, blebbing of the plasma membrane, and
forming smaller, apoptotic entities. Panel shows cells stained with AO, HO &
EtBr, revealing morphological features between untreated cells and cells treated
with IC50 concentration (5.3 pM) of N-5-Bromoimidazopyridine-noscapine (9)
for 72h using fluorescence microscopy. After 72h of drug treatment, the
apoptotic cancer cells were evident.
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Fig. 16. Treatment with N-5-Bromoimidazopyridine-noscapine (9) at its ICso concentration (7.8 uM) arrested the cell cycle at G2/M and revealed a hypodiploid (sub-
G1) DNA peak indicating apoptotic cells. A) Flow Cytometry analysis of cell cycle progression against the treatment of N-5-Bromoimidazopyridine-noscapine (9) at a
25 pM in MDA-MB-231 cells after 72 h B) Different phases of cell cycle showing the percentage of cells at each stage.
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Fig. 17. Effect on mitochondrial membrane potential by N-5-Bromoimidazopyridine-noscapine (9) stained with JC-1 fluorescent dye. Compound 9 significantly
increased the loss of mitochondrial potential of MDA-MB-231 cells.
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Fig. 18. Orally administered N-5-Bromoimidazopyridine-noscapine (9) efficiently reduces the tumour volume compared to untreated groups. Preestablished
palpable tumour-bearing mice were randomly chosen and divided into two groups as described in materials and methods. (A) representative example of untreated
control and compound 9-treated animal with such xenografted tumours. (B) Effect on the body weight of mice. No difference in body weight was noticed between the
treated and untreated mice. (C) Progression in tumour growth on human MCF-7 xenograft mice with the treatment of 9. The tumour growth was significantly
inhibited by N-5-Bromoimidazopyridine-noscapine (9) compared to untreated group.
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Table 6

Hematological parameters, WBC count (WBC), monocytes (MON), eosinophils
(EOS), RBC count (RBC), haemoglobin concentration (HB), Hematocrit (HCT),
mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC) and platelet count between the
treated (50 pM/day) and control groups.

Parameter Treated (50 pM/day) Control
WBC (10%/pl) 3.6 2.8 3.2+21
MON (%) 0.6 £ 0.01 0.5 + 0.08
EOS (%) 0.8 £ 0.09 0.7 £ 0.08
RBC (10%/pl) 4.49 £+ 0.5 4.6 £0.7
HB (g/dl) 18.3 £ 0.6 17.8 £ 0.4
HCT (%) 42.5+1.2 43.1 +£0.8
MCV (fL) 64.7 £ 0.7 61.8 £ 0.5
MCH (pg/cell) 28.2+ 0.5 27.9+0.7
MCHC (g/dl) 31.7+ 0.4 32.5+0.8
Platelet (103/pl) 91.2+5.1 97.5+ 3.5

Table 7
Organ functions and Serun Glucose, Serum Ca,NA,K, and Cl levels between the
treated (50 pM/day) and control groups.

Parameter Acute (50 pM/day) Control (0)
AST (U/L) 102.3 + 6.8 101.6 + 8.5
ALT (U/L) 30.5 £ 6.5 31.6 £ 6.7
ALK PHOS (U/L) 80.4 £ 5.4 80.6 + 4.4
BUN (mg/dl) 11.4 + 1.6 10.5+1.8
Creatinine (mg/dl) 0.62 + 0.06 0.52 + 0.03
Bilirubin Total (mg/dl) 0.62 £ 0.05 0.77 £ 0.02
Bilirubin Direct (mg/dl) 0.29 + 0.03 0.25 + 0.08
Bilirubin Indirect (mg/dl) 3.4 +0.24 3.1+03
Albumin (g/dl) 4.25+0.28 4.37 £0.45
Total protein (g/dl) 7.28 £ 0.15 7.36 + 0.08
Glucose (mg/dl) 97.4 + 6.5 97.8 + 3.5
Ca (mg/dl) 10.2 £ 0.6 10.1 £ 0.6
Na (mEq/L) 142.6 + 0.6 1429 +£ 0.7
K (mEq/L) 5.9 +0.9 5.9+ 0.4
Cl (mEq/L) 102.5 + 5.6 101.1 +£5.9
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Fig. 19. Panels represent H&E staining of paraffin-
embedded 5 micron-thick sections of the liver, kid-
ney, spleen, duodenum, brain, heart and lung at 200 x
magnifications. The normal hepatic lobular structure
was found in the liver. The proximal and distal tu-
bules, interstitium, normal glomeruli and blood ar-
teries in the kidneys were normal. The splenic
follicles and vascular sinusoids of the 9-treated and
vehicle-treated control groups were identical. The
heart muscle had normal shape between the two
groups, and the lung tissue revealed normal alveoli.
The cerebral cortex and the white and gray matter
appeared to be healthy. The mucosa, submucosa, and
muscularis mucosa in the gut were all normal.
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