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Abstract

In the present study, we have experimentally and theoretically studied the free-radical quenching property of dihydro-
canaric acid (DCA) isolated from seedpods of Holarrhena antidysenterica. A modified method was used to estimate the
nitric oxide scavenging effect of the DCA (significant activity of 75.22%) along with methanolic extract of seed pods of
Holarrhena antidysenterica (72.80%) compared to the ascorbic acid as standard (40.60%). Studies have also been con-
ducted for superoxide scavenging activity of the DCA (78.82%) and methanolic extract of seed pods (84.28%) compared
to quercetin as standard (82.08%). Theoretically, it has been determined by density-functional theory(DFT) calculations
using M06-2X hybrid functional and the double-C- split-valence 6-31G (d, p) basis set that the nitric oxide scavenging
activity of the compound is by the addition of NO radical at double bond position. Predicted biological activity profile
of DCA suggests that it has less activity probability (Pa) for toxicity (Pa=0.730), cytotoxicity (Pa=0.208), compared to
those chemical entities that are already known as anticancer agents indicating that DCA is less toxic and more tolerable
for normal cells. Furthermore, molecular docking studies of the DCA with different studied cancer-related receptors
[Estrogen receptor (— 60.12 kcal/mol), epidermal growth factor receptor (EGFR) (— 30.33 kcal/mol), estrogen receptor
alpha (— 4.82 kcal/mol), uPAR (— 32.55 kcal/mol) and an enzyme having lipid kinase activity phosphoinositide 3-kinase
(— 55.94 kcal/mol)] were found to have better binding affinities compared to betulinic acid and doxorubicin. Thus, our
findings suggest that the DCA could be a safer and effective alternative in fighting cancer with minimal side effects.
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Introduction

Cancer is one of the primary reasons for death today. Glob-
ally, one in six deaths is due to cancer. There were 9.6 mil-
lion deaths in 2018 (WHO) (https://www.who.int/news-
Electronic supplementary material The online version of this room/fact-sheets/detail/cancer). Free radicals have a key role
article (https://doi.org/10.1007/s13205-020-02221-5) contains in the initiation and causing cancer (Dizdaroglu et al. 2002).
supplementary material, which is available to authorized users. 75% of the anti-cancer drugs present are of natural product
origin or semi-synthetic natural compounds (Newman and
Cragg 2016; Igbal et al. 2017; Rayan et al. 2017; Mitra and
Dash 2018). Cancer researchers have great hope on natu-
ral compounds for their potential to affect multiple cancer
cells without side effects. The present communication deals
with studies on a significant triterpene, dihydrocanaric acid
(DCA) isolated from the seedpods of Holarrhena antidysen-
Department of Oncogene Regulation, Chittaranjan National terica (Linn.). (Family: Apocynaceae) (Beng. kurchi, Sans.
gﬁﬁzer Institute, 37, S.P.Mukherjee Road, Kolkata 700 026, kutaja) which has a reputation for having a cytotoxic effect
(Sharma et al. 2014). DCA can serve as a potent molecule

to fight cancer.
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The compounds which can scavenge or trap nitric oxide
radical can be helpful in the treatment of cancer. Free radi-
cals and oxidants can alter the cell membranes and DNA
(Droge 2002; Genestra 2007; Pacher et al. 2007) by the
formation of conjugated diene compounds, which are cyto-
toxic and mutagenic. The continuous formation of such
conjugated diene compounds and hence DNA damage
proceeds fast through a radical chain reaction (Pourahmad
et al. 2016). Proteins get damaged by ROS/RNS, leading
to structural changes and loss of enzyme activity (Pham-
Huy et al. 2008). Oxidative damage to DNA leads to the
formation of different oxidative DNA lesions which can
cause mutations. Hence, the study of this significant trit-
erpene, DCA, which could act as a potential superoxide
(0,7) and nitric oxide (NO-) inhibitor has been presented
in this paper. Presently, we have studied the nitric oxide,
superoxide quenching property of DCA and theoretically
determined the actual position which is responsible for the
radical quenching activity of the compound using DFT
calculations. This study helps to understand the struc-
ture—activity relationship of DCA in radical-scavenging
reactions.

The experimental and theoretical confirmation of the
radical scavenging activity of DCA directs us towards
finding the anticancer activity of the compound as radical
scavenging activity has a key role in treatment of cancer
(Khan et al. 2016; Das et al. 2018). Hence, biochemi-
cal and bioinformatic approaches have been utilized for
the determination of anticancer activity of the studied
molecule, DCA. Docking score (kcal/mol) of DCA with
receptors responsible for different cancers (breast, lung,
prostate, cervical, oral, colon)-[estrogen receptor (Raut
et al. 2019), EGFR (Cortiula et al. 2019), androgen recep-
tor (Fujita and Nonomura 2019), estrogen receptor alpha
(Lépez-Romero et al. 2019), uPAR (Boonstra et al. 2017)]
and phosphoinositide 3-kinase (Yueh et al. 2016), a lipid
kinase protein involved in the pathogenesis of cancer, has
been compared to that of doxorubicin, well-known chemo-
therapy drug (Agudelo et al. 2012; Eswaramoorthy et al.
2001) and a natural compound, betulinic acid used in the
treatment of cancer.

Methods

Dihydrocanaric acid (DCA) (Fig. 1) has been isolated from
the seedpods of Holarrhena antidysenterica by the usual
column chromatographic method (Ghosh et al. 2009). The
free-radical quenching properties have been studied experi-
mentally and theoretically.
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Fig. 1 Chemical structure of dihydrocanaric acid (DCA)

Nitric oxide scavenging activity

A high concentration of nitrite has to accumulate for being
detected with Griess reagent (Green et al. 1982; Marcocci
et al. 1994). To produce a constant flow of nitric oxide over
hours, a chemical source of nitric oxide was used, viz.,
sodium nitroprusside, which spontaneously produces nitric
oxide when dissolved in aqueous solution at physiologi-
cal pH (7.37). Sodium nitroprusside solution was freshly
prepared by taking 10 mM sodium nitroprusside, 20 mM
phosphate buffer (pH 7.4) previously bubbled with argon.
Griess reagent was prepared by adding solution A to solution
B. Solution A was prepared by taking 2% w/v sulfanilamide
in distilled water and then added to 4% w/v of phosphoric
acid. Solution B contained 0.2% w/v N-(1-naphthyl)ethyl-
enediamine dihydrochloride in distilled water. 0.5 mL of the
ethanolic extract (1 mg/mL) of the compounds were taken
and treated with 0.5 mL of sodium nitroprusside solution
and incubated at 25 °C for 150 min. To prepare the con-
trol solution, 0.5 mL. of the sample solutions were added to
20 mM phosphate buffer (pH 7.4) and incubated at 25 °C for
150 min. No sodium nitroprusside was added. On comple-
tion of the incubation, 1 mL of Griess reagent was added
to each sample solution, and the nitric oxide level was esti-
mated spectrophotometrically at 542 nm. The absorbance
of the sample solutions was recorded against the absorb-
ance of the control samples (Mandal et al. 2011; Gangwar
et al. 2014). Percentage of inhibition of nitric oxide of the
methanolic extract of seed pod of the plant and DCA was
estimated from the difference of absorbance of the control
and test samples.

Control absorbance — test sample absorbance
x 100

Control absorbance
= % of Nitric oxide inhibition
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Superoxide quenching activity

Superoxide scavenging activity of DCA was determined
by monitoring its effects on the reduction of cytochrome c
mediated by superoxide. A superoxide generation system
was prepared by adding 1 mL of 0.5 M NaOH to 100 mL of
dimethyl sulphoxide (DMSO) and incubating it for 30 min at
25 °C. The concentration of 1 mg/mL has been taken for all
the studied compounds and control. The reduction has been
monitored spectrophotometrically by measuring the increase
in absorbance of reduced cytochrome ¢ at 550 nM by add-
ing alcoholic extracts (1 mg/mL) of the compounds to 1 mL
oxidized cytochrome c (15 mM) in phosphate buffer. To it,
0.5 mL alkaline DMSO was added and the absorbance meas-
ured at 550 nm in the UV spectrophotometer against a blank.
A control was prepared under similar conditions without the
addition of the extract. To avoid interference of the antioxi-
dants with xanthine oxidase, the enzyme used to generate
superoxides, a stable solution was prepared from alkaline sul-
phoxide. This was done by adding 1 ml of 0.5 M NaOH to
100 ml of dimethyl sulphoxide (DMSO) and incubating it for
30 min at 25 °C. 15 mM oxidized cytochrome ¢ was added to
200 mM potassium phosphate buffer (pH 7.4) and 100 mM of
EDTA. The percentage of the superoxide quenching activity
was estimated from the difference of absorption of the sample
solution from control.

Detection of radical scavenging sites using
computational tools

Geometry optimizations are performed using M06-2X hybrid
functional and the double-{- split-valence 6-31G (d,p) basis
set. M06-2X developed by Truhlar (Zhao and Truhlar 2008a,
b) is a dispersion inclusive functional and is good enough for
this type of reaction studied here. Minima or TSs on the poten-
tial energy surface (PES) are verified by vibrational frequency
analysis. The solvent effect is computed using the PCM solvent
model. All the calculations were carried out on a LINUX-
cluster using Gaussian 09 package. Gauss view program was
used for the construction of the trial geometries and to analyze
the Gaussian output files.

Predicting biological activity of DCA

PASS online tool (https://www.pharmaexpert.ru/passo
nline/) (Filimonov et al. 2014) was used to predict the phar-
macological effects, biological activity, toxic and adverse
effects, mechanisms of action, influence on gene expression,
etc. of the compound DCA. Canonical SMILES of DCA
was searched from PubChem (CC(C)C1CCC2(C(CI1(C)
CCC(=0)0O)CCC3C2(CCC4(C3C(CCHC(=O)O)O)O)0)
and it was used for predicting its biological activities.

Molecular docking
Receptors and ligand

Chemical three-dimensional (3D) conformer of the ligand
DCA (PubChem CID, 101449266), doxorubicin (Pubchem
CID, 31703) and betulinic acid (PubChem CID, 64971) in
SDF format were downloaded from PubChem database (Kim
et al. 2015). Protein 3D structures in PDB format of differ-
ent cancer target proteins estrogen (breast cancer) recep-
tor (ER) (PDB, 2I0K), epidermal growth factor (EGFR)
(PDB, 1IVO), human androgen receptor (PDB, 2A06),
phosphoinositide 3-kinase (PI3K) (PDB, 4FLH), estrogen
(cervical cancer) receptor (PDB, IXPC) and urokinase-type
plasminogen activator receptor (uPAR) (PDB, IYWH) were
downloaded from Protein Databank (PDB) (www.rcsb.org)
(Berman et al. 2000).

Receptor-ligand docking

Receptor-ligand docking studies were performed using the
CLC drug discovery workbench software version 3.0. Fol-
lowing the user manual, optimization of protein and ligand
was performed. Molegro Dock algorithm is used by the CLC
drug discovery workbench software to study the interaction
of protein receptors with chemical ligands. Lower the score
higher is the affinity of the ligand for that receptor. Down-
loaded 3D structure of the receptor and optimized ligand
were imported in the software. The potential binding pock-
ets within the protein (receptors) structure were searched
and targeted molecular docking between receptor and ligand
was conducted. CLC drug discovery visualization tool was
used to visualize (https://resources.qiagenbioinformatics
.com/manuals/clcdrugdiscoveryworkbench/current/index
.php?manual=Introduction_CLC_Drug_Discovery_Workb
ench.html) the interaction between protein (receptor) and
ligand.

Results and discussion
Nitric oxide and superoxide scavenging activity

A modified method was used to estimate the nitric oxide
scavenging effect of the compound. The nitric oxide scav-
enging activity indicated that DCA has significant scaveng-
ing activity of 75.22%, whereas the methanolic extract of
seed pods of Holarrhena antidysenterica has 72.80% com-
pared to the ascorbic acid as standard (40.60%) against nitric
oxide (Fig. 2a).

Superoxide (O, ™), an important free radical, is gener-
ated in vivo by multiple sources, including xanthine oxidase
or oxidative phosphorylation in mitochondria, which can
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Fig.2 Estimation of DCA scavenging activity (a) Nitric Oxide scavenging activity of seed pod (plant) extracts and DCA (b) Superoxide quench-

ing activity of seedpod (plant) extract and DCA

produce superoxide as a result of leakage from the electron
transport chain (Zhao et al. 2019; Cadenas and Davies 2000;
Brand 2016).

This radical may further be converted into toxic, damag-
ing hydroxyl radicals or peroxynitrite radicals which dam-
age the cellular constituents. It has been found that DCA
has comparable superoxide quenching activity (78.82%).
However, the methanolic extract of seed pods from Hol-
arrhena antidysenterica showed the maximum inhibition
of 84.28%, compared to quercetin (82.08%) as standard
(Fig. 2b). Quercetin has a key role in protecting DNA from
oxidative damage resulting from the attack of superoxide on
DNA oligonucleotides confirming that quercetin is a good
scavenger for superoxide free radicals (Nimse and Pal 2015).
It has been seen that quercetin has a better free-radical inhi-
bition activity towards superoxide free radicals as compared
to ascorbic acid. However, the free-radical inhibition activ-
ity for ascorbic acid is more than quercetin in case of NO
free radical. Hence, the choice of standard controls has been
decided accordingly for determining the respective scaveng-
ing activities of DCA (Srimathi Priyanga and Vijayalakshmi
2017). It has also been claimed that quercetin prevents inhi-
bition of NO free radical-induced relaxation in mouse gastric
fundus by scavenging superoxide radicals (Ertug et al. 2013;
Trinity et al 2016). The radical scavenging activity shows
that this molecule can be used in the treatment of cancer,
which is a free radical-mediated disease.

Density-functional theory (DFT) analysis

Transition states (TS) of hydrogen abstraction by NO radical
at COO-H, C2-H and allylic position at C19-H and addition
reactions to the double bond by NO free radical have been
calculated both in the gas phase and in ethanol using high-level
DFT method. Supplementary Fig. 1 displays the different TS
geometries of DCA while scavenging NO from its different
positions. DCA has a significant nitric oxide scavenging activ-
ity and also comparable superoxide scavenging activity. The
position of the molecule which is responsible for its radical
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quenching activity has been determined by DFT analysis (Sup-
plementary Fig. 1). Transition states (TS) of hydrogen abstrac-
tion and addition reactions to the double bond by NO free
radical have been calculated both in the gas phase and in etha-
nol by using a high-level DFT method. The relative energies
obtained from this calculation (Supplementary Table 2) show
that addition to the double bond is the lowest energy process
which makes it the most probable pathway for radical scaveng-
ing activity of the isolated molecule. Relative transition state
energy is lowest for the addition of NO radicals at unsaturated
C—C bond position (0.00 kcal/mol in gas phase); (0.00 kcal/
mol in EtOH) in comparison to hydrogen abstraction by NO
radical at the allylic position (C19-H) (20.96 kcal/mol in gas
phase); (23.57 kcal/mol in EtOH), hydrogen abstraction step by
NO radical at C2-H (27.02 kcal/mol in gas phase); (29.15 kcal/
mol in EtOH) and hydrogen abstraction step by NO radical
at COO-H (39.60 kcal/mol in gas phase); (43.78 kcal/mol in
EtOH) (Table 1). The overall result suggests that the DCA has
a significant nitric oxide scavenging activity and also com-
parable superoxide scavenging activity. The position of the
molecule which is responsible for its radical quenching activity
has been determined by DFT analysis. Transition states (TS) of
hydrogen abstraction and addition reactions to the double bond
by NO free radical have been calculated both in the gas phase
and in ethanol by using a high-level DFT method. The relative
energies obtained from this calculation show that addition to
the double bond is the lowest energy process which makes it
the most probable pathway for radical scavenging activity of

Table 1 Relative free energy for H- abstraction at different position of
DCA by NO radical

Reactions kecal mol™! (gas kcal mol™!
phase) (ethanol
phase)
DCA-C-C | saruraea ¥ NO 0.00 0.00
DCA-C2-H+NO 27.02 29.15
DCA-C19H+NO 20.96 23.57
DCA-COO-H+NO 39.60 43.78
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the isolated molecule. The radical scavenging activity shows
that this molecule can be used in the treatment of cancer, which
is a free radical-mediated disease.

Predicted biological activity profile of DCA

PASS online predicted results suggest that DCA is likely
to have antineoplastic activity (Pa range 0.5-0.8) for lung,
breast, colon, and cervical cancer (Table 2). Results also
indicate that DCA could also be active in Prostate cancer
treatment. Pa and Pi represent the probability of a compound
to be active or inactive for a particular biological activity.
Compound with Pa> 0.5 is more likely to be effective in
action and treatment. Here, results suggest that DCA could
be a promising compound in treating different types of can-
cer. Results suggest that DCA has comparable Pa values
(Supplementary Table 1) to the known cancer drugs (lupeol

Table 2 Biological activity predictions of Dihydrocanaric acid
(DCA) using PASS online

and betulinic acid) suggesting DCA is also an active com-
pound and could be used for treating different cancer types
(especially for breast and colon). High Pa (probability “to
be active”) value suggests that the studied compound is
more likely to an active compound and its activity should
be determined through an experimental assay. Compounds
with Pa values < 0.5 could be considered non-active for the
particular studied biological activity. Data in Supplementary
Table 1 suggest that DCA has less activity probability (Pa)
for toxicity (Pa=0.730), cytotoxicity (Pa=0.822), weak-
ness (Pa=0.356) and inflammation (Pa=0.729) compared
to lupeol and betulinic acid with higher Pa values. Predicted
Pa value of all the tested chemical compounds for different
biological activities was found to be higher than their corre-
sponding Pi values. Overall data show that DCA is an active
compound and could be further studied for molecular dock-
ing studies to predict its binding affinity with the different
types of cancer-related receptors. In the future, the activity
of DCA could be tested experimentally on the selected bio-
logical activity assays.

Pa (active) Pi (inactive) Activity Molecular docking
0.889 0.005 Antineoplastic In the present work, different types of cancer (breast, lung,
0.879 0.006 Mucomembranous protector prostate, colon, cervical, oral) receptors (estrogen receptor,
0.778 0.004 Antineoplastic (lung cancer) epidermal growth factor, androgen receptor, estrogen recep-
0.704 0.005 Antineoplastic (breast cancer) tor alpha, and uPAR) and phosphoinositide 3-kinase protein
0.667 0.006 Antineoplastic (colon cancer) were docked with DCA along with betulinic acid and doxo-
0.533 0.005 Antineoplastic (cervical cancer) - 1ypicin. Protein docking interactions among receptors and
0.504 0.009 Prostate cancer treatment ligand are shown in (Fig. 3). Molecular docking results sug-
0.486 0.022 Prostate disorders treatment gest that DCA shows a higher binding affinity with most of
Compounds Estrogen receptor Epidermal growth Human Androgen Phosphoinositide3- | Estrogen receptor uPAR
(ER) factor EGFR) receptor kinase (PI3K) alpha (Oral cancer)
(Breast cancer) (Lung cancer) (Prostate cancer) (Colon cancer) (cervical cancer)
Befulinic acid
Doxorubicin

Di-hydrocanaric

acid

Fig.3 Molecular docking of dihydrocanaric acid, betulinic acid,
doxorubicin with estrogen receptor (ER) (PDB, 2I0K), epidermal
growth factor (EGFR) (PDB, 11VO), human androgen receptor (PDB,

2A06), Phosphoinositide 3-kinase (PI3K) (PDB, 4FLH), Estrogen
receptor alpha (PDB, IXPC) and uPAR (PDB, [YWH)
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Table 3 Molecular docking

o . Cancer type Receptors/protein Dihydrocanaric acid Betulinic acid Doxorubicin
(binding) score of studied (kcal/mol) (kcal/mol) (kcal/mol)
ligands with different cancer
related receptors Breast Estrogen receptor - 60.12 —44.64 —-51.67

Lung EGFR -30.33 —30.00 —29.62

Prostate Androgen receptor —22.93 - 8.48 —140.21

Colon Phosphoinositide 3-kinase —55.94 —44.89 —54.53

Cervical Beta estrogen receptor —-4.82 11.09 90.77

Oral uPAR —32.55 —27.66 -37.84
the cancer-related receptors studied (Table 3). Doxorubicin References

showed the highest binding (— 140.21 kcal/mol) affinity for
androgen receptor related to prostate cancer, while DCA
(— 22.93 kcal/mol) showed better binding energy compared
to betulinic acid (— 8.48 kcal/mol). For oral cancer-related
receptor, uPAR-binding energy of DCA (— 32.55 kcal/mol)
is comparable to doxorubicin (— 37.84 kcal/mol) (Table 3).
Overall results indicate DCA seems to be a promising natu-
ral compound for the treatment of cancer.

Conclusion

DCA showed highly significant nitric oxide scavenging and
superoxide scavenging activity. DFT calculations further
confirmed that DCA has a potent radical scavenging activity
due to the addition reaction of the radical in the unsaturated
C-C bond of the molecule. DCA was also predicted to be
biologically active and less toxic to normal cells compared to
other anticancer chemical entities. Molecular docking results
further indicated that DCA has high affinity or binding with
multiple cancer-related receptors and protein. Therefore, the
molecule could serve as a potent anticancer agent. In the
future, experimental studies are needed to confirm the activ-
ity, cytotoxicity of DCA on related cancer cell lines.
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