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Abstract: Phytophenols are important phytonutrients and useful building blocks for medicinal
chemistry research. Designed conjugates derived from phytophenols and nitrobenzoate were evaluated
for MPO inhibition using in-silico docking and ADMET studies. Hit to lead compounds were prepared
and confirmed by NMR, mass, and single-crystal XRD analysis. Based on the in-silico study, an in-
vitro MPO inhibition assay was performed and identified two best compounds 1 and 2 (MPO-1C50
value is 12.88 and 14.97 puM respectively) lead molecules. An ex-vivo anti-inflammatory study was
performed with human erythrocyte hemolysis using coagulated blood cells with increasing
concentration (20 to 100 uM) of the lead molecules. The activity range was found to be ~85% and
~75% for compounds 1 and 2, respectively. DPPH and ABTS radical scavenging assays of the lead
molecules were compared with ascorbic acid (positive control). MTT-cell line study shows that lead
compounds were non-toxic even at higher concentrations. The outcome of this study demonstrated that
conjugates 1 and 2 be considered potent inhibitors of MPO and useful cardiovascular therapeutic agents.

Keywords: phytophenol scaffolds; molecular docking; myeloperoxidase inhibitor; cardiovascular
disease; atherosclerosis.
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1. Introduction

In medicinal chemistry research, small molecules have an authoritative role in offering
bio-activity toward various disease targets [1, 2, 3, 4]. In drug design and discovery platforms,
some small molecules with heterocyclic structures are extremely useful for targeted diseases.
However, they are unsafe due to potential toxicity associated with molecular fragments within
the bio environment, causing the off-target effect. In recent decades, phytonutrients can offer
a solution to eliminating molecular toxicity with high efficacy toward a specific target with a
lesser dosage [5, 6]. Table 1 shows phytochemicals and their biological utilities such as
antioxidant, anti-inflammatory agents, useful agents for treating cardiovascular disease (CVD),
cancer, neurovascular, and diabetes. They belong to a class of naturally available
phytochemicals with a diverse biochemical application. Also, drugs with nitrobenzene entity
are useful to treat various diseases. The presence of nitrobenzene structure within the designed
drug entities might offer benefits to the drug molecules' overall efficacy. Some commercially
available drugs with nitrobenzene unit and its usefulness in treating various conditions are;
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Nifedipine (treat high blood pressure and myocardial ischemia), Aranidipine (Calcium
channels blocker), Cilnidipine (Anti-hypertensive drug), Lercanidipine (prevent heart disease,
heart attacks, and strokes), Flutamide (treatment for prostate cancer), Azathioprine (rheumatoid
arthritis), Tolcapone (Parkinson’s disease), Chloramphenicol (antibiotic), and Nitrazepam
(insomnia). CVD is a predominant reason for mortality and morbidity globally due to tobacco,
unhealthy diet, and excessive alcohol use. Inflammation is a part of the immune response to an
illness or injury. An accumulation of oxidized lipid in the artery wall at the inflammation site
can manifest into atherosclerotic plaque. Inflammation is shown to have a strong link in the
manifestation of CVD. Uncontrolled building up of the plague can cause heart attack and
stroke. The oxidative enzyme, myeloperoxidase (MPO) heme protein, is known to cause
inflammation through free radical-mediated oxidation of proteins and lipids.

MPO is a heme protein responsible for the manifestation of atherosclerosis and other
CVD complications [7, 8]. MPO is known to involve in oxidizing lipoproteins such as LDL
(low-density lipoprotein) and HDL (high-density lipoprotein) [9, 10]. These oxidized lipids
trigger a physiological reaction that will induce a cascading effect in atherosclerotic plaque
formation in the arteries. This leads to several CVD complications, predominantly assisted by
inflammatory pathways [11, 12]. Oxidized LDL (Ox-LDL) was known to cause artery block
by way of atherosclerotic plaque burden. HDL's functional role is to help recycle LDL or HDL-
assisted modification and protect the artery wall against excessive deposition of fatty steak. At
the MPO generation site, MPO-assisted oxidants can oxidize both LDL and HDL and make
them dysfunctional. Ox-LDL is transformed into foam cells and then to fatty-like deposition
on the endothelium. Oxidized HDL (Ox-HDL) loses its functionality to behave as a mediator
in the Reverse Cholesterol Transfer (RCT) pathway [13].

Table 1. Functional utilities of phytochemicals for various diseases.

S.No Phytochemicals Target Reference
1 Caffeine Central nerve system (CNS) [14]

2 Beta-carotene Anti-cancer, Skin protections [15, 16]

3 Quercetin Diabetes, Anti-inflammatory [17, 18]

4 Sesamol Cardio protective nutrient [12, 19, 20, 21]
5 Coumarin Anti-tumour [22, 23]

6 Ferulic acid Oxidative stress [24, 25]

7 Apocynin Atherosclerotic, Neuroprotective [26, 27]

8 Resveratrol Neuroprotection [28]

9 Lipoic acid Neuroprotection, atherosclerosis [27, 29]
10 Captopril Neurovascular protective agent [30]

11 Scopoletin Blood pressure-lowering [31, 32]

Ester linkage

1. Sesamol
2. Apocynin
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Figure 1. General structure of the designed compounds.

Next, we have designed chemical conjugates derived from natural phytophenols with
nitrobenzoate. The general design of the structure was given in Figure 1. After predicting in-
silico ADMET (Absorption Distribution Metabolism Excretion Toxicity) parameters, we have
turned our attention toward molecular docking study. Next, the designed molecules were
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synthesized and characterized using NMR, IR, mass spectroscopic techniques. Additionally,
single crystal-XRD data of one selected structure revealed the crystallographic pattern of the
molecule. In vitro enzyme assays were used to fully assess the bio-efficacy of the molecules
aimed at the MPO target. These results demonstrated that the proposed entities are versatile
chemical conjugates derived from nature-based safe entities useful for atherosclerotic CVD
treatment.

2. Materials and Methods

All starting materials, protein, and reagents were purchased from Sigma-Aldrich
Chemicals India; Solvents were purchased from SD Fine chemicals. Molecular docking was
performed using AutoDockTool-1.5.6, and the pkCSM database was used to validate ADMET
parameters.

2.1. In silico studies.

i) Drug likeness: Assessment on the drug-likeness of designed phytophenol for compounds
concerning the Lipinski’s rule was predicted using ChemDraw Professional 15.0 to enhance
the success rate of developing MPO inhibitor for advanced preclinical development useful in
CVD treatment. The evaluation of HBD (Hydrogen Bond Donor) and HBA (Hydrogen Bond
Acceptor) collections and other physicochemical parameters were identified by using in silico
studies [33, 34].

ii) Pharmacokinetics properties prediction: Pharmacokinetics of the designed compounds were
evaluated by using the pkCSM web server database. This method was used to predict the
ADMET parameters for the designed compounds [35].

iii) Molecular docking: An AutoDock-1.5.6 docking tool was employed for molecular
modeling studies [36, 37] using MPO-heme protein complex downloaded from the RCSB-PDB
(Protein Data Bank - https://www.rcsh.org) with crystal structure PDB ID: 5FIW. The original
X-ray crystal structure resolution is 1.7A. This protein was employed as an input structure for
protein preparation. Hydrogen atoms were added to the MPO followed by the addition of
Gasteiger and Kollman charges. It may be noted that the PDB entry did not contain any
crystallographic water molecules in the MPO-heme protein complex. The ligands were drawn
using Chemdraw-3D-15.0, and the grid box was prepared to cover active site residues. The
analyzed protein-ligand complex was visualized using Discovery Studio Visualizer-2019, and
the images were taken in 2D and 3D format.

2.2. Chemical synthesis.

2.2.1. Synthesis of phytophenol derivatives by method-1.

2.2.1.1. General Procedure.

A reaction flask containing 4-nitrobezoic acid (167 mg, 1 mmole) and alcohol
substituents (1 mmol) in 15 ml of anhydrous dichloromethane in presence of dimethyl amino
pyridine (2 mmol, 244 mg). The reaction was carried out at room temperature under a nitrogen
atmosphere. To this, N-(3-dimethylaminopropyl)-N'-ethyl carbodiimide hydrochloride (2
mmol, 310 mg) was added for 45 minutes, and the whole mixture was allowed to stir at room
temperature (RT) for 12 h. The thin layer chromatography was utilized to monitor the progress

of the reaction. At the end of the reaction, the mixture was extracted with dichloromethane.
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The organic phase was washed with brine solution and dried over anhydrous MgSOas. The
organic layer was concentrated, and the crude reaction mixture was purified on column
chromatography.

2.2.2. Synthesis of phytophenol derivatives by method-2.

Compound 1: The solution of sesamol (1 mmol, 0.138 g), and 4-nitrobenzoy! chloride
(2 mmol, 0.185 g) in 15 mL of anhydrous dichloromethane followed by the addition of a base,
triethylamine (5 drops) and the reaction was carried in a nitrogen atmosphere. Further, the
reaction blend was allowed to stir at RT for 3 hours. The conversion of reactants into a product
was observed by thin-layer chromatography (TLC). The reaction blend was extracted with
dichloromethane, treated with brine solution, and dried over anhydrous Magnesium sulfate
(MgSQa4) followed by organic solvent was evaporated under reduced pressure. Scheme-1
shows the synthesis of designed compounds. The resultant crude compound 1 was purified on
column chromatography; the yield was achieved by 89% yellowish green solid. *H NMR 400
MHz, CDCls: 6 8.36 (s, 4H), 6.84 (d, J=8.36 Hz, 1H), 6.75 (d, ] =2.32 Hz, 1H), 6.67 (dd, J =
2.36, 8.36 Hz, 1H), 6.03 (s, 2H), ppm. 3C NMR 100 MHz: § 163.63, 150.90, 148.23, 145.83,
144.73,134.85, 131.31, 123.74, 113.85, 108.16, 103.57, 101.92, ppm. LC-MS/MS: Calculated
mass [M+1]: 288.0429, Obtained mass [M+1]: 288.0194.

Compound 2: Compound-2 was synthesized by coupling of apocynin and 4-
nitrobenzoyl chloride as above mentioned facile methodology performed for compound 1,
yield was achieved with 93% white colour solid. *H NMR 400 MHz, CDCls: & 8.38 (t, ] =
10.24 Hz, 4H), 7.67 (s, 1H), 7.63 (d, J = 8.20 Hz, 1H), 7.27 (s, 1H), 3.89 (s, 3H), 2.64 (s, 3H),
ppm. 3C NMR 100 MHz: § 196.90, 162.45, 151.33, 151.00, 143.48, 136.41, 134.37, 131.51,
123.76, 122.68, 122.00, 113.76, 111.61, 109.70, 56.12, 26.59, ppm. LC-MS/MS: Calculated
mass [M+1]: 316.0742, Obtained mass [M+1]: 316.0495.

Compound 3: Compound-3 was synthesized by couple of ferulic ester (Ferulic ester
was synthesized from ferulic acid by esterification method) and 4-nitrobenzoyl chloride as
above mentioned facile methodology performed for compound 1, yield was achieved with 86%
light yellow solid. *H NMR 400 MHz, CDCls: § 8.37 (dd, J = 9.20, 12.68 Hz, 4H), 7.69 (d, ] =
16.00 Hz, 1H), 7.18 (d, J = 11.68 Hz, 3H), 6.43 (d, J = 15.97 Hz, 1H), 3.86 (s, 3H), 3.82 (s,
3H), ppm. ¥C NMR 100 MHz: § 162.4, 157.91, 146.59, 146.22, 139.19, 136.37, 129.80,
129.16, 126.71, 126.25, 118.96, 118.70, 118.36, 116.46, 113.70, 106.70, 51.22, 47.05, ppm.
LC-MS/MS: Calculated mass [M+1]: 358.0848, Obtained mass [M+1]: 358.0583.

Compound 4: Compound-4 was synthesized by iso-ferulic ester (Iso-ferulic ester was
synthesized from iso-ferulic acid by esterification method) and 4-nitrobenzoyl chloride above
mentioned facile methodology as performed for compound 1, yield was achieved with 88%
white colour solid. *H NMR 400 MHz, CDCls: & 8.38 (dd, ] = 9.08, 11.92 Hz, 4H), 7.64 (d, ]
=15.88 Hz, 1H), 7.45 (d, J = 8.52 Hz, 1H), 7.39 (s, 1H), 7.04 (d, J = 8.52 Hz, 1H), 6.33 (d, J =
15.92 Hz, 1H), 3.86 (s, 3H), 3.80 (s, 3H), ppm. *C NMR 100 MHz: § 167.43, 162.73, 152.72,
150.94, 143.45, 139.77,134.52, 131.48, 128.16, 127.70, 123.74,121.78, 116.70, 112.53, 56.10,
51.74, ppm. LC-MS/MS: Calculated mass [M+1]: 380.0745, Obtained mass [M+1]: 380.0349.
Compound 5: Compound-5 was synthesized by sinapic ester (sinapic ester was synthesized
from sinapic acid by esterification method), and 4-nitrobenzoyl chloride above mentioned
facile methodology as performed for compound 1, the yield was achieved with 88% white color
solid. *H NMR 400 MHz, CDCls: § 8.38 (dd, J = 9.00, 20.16 Hz, 4H), 7.66 (d, ] = 15.92 Hz,
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1H), 6.82 (s, 1H), 6.43 (d, J = 15.92 Hz, 1H), 3.85 (s, 6H), 3.83 (s, 3H), ppm. LC-MS/MS:
Calculated mass [M+1]: 388.0954, Obtained mass [M+1]: 388.0671.

For all the synthetic compounds NMR and LC-MS/MS data images were available in
Supplementary information, Fig. S1 to Fig. S14.

2.3. Invitro MPO inhibition assay.

MPO inhibition assay was performed based on the literature report [38] using cell-free
MPO protein and TMB (Tetramethylbenzidine) as an enzyme-substrate. Salicylhydroxamic
acid, a known MPO inhibitor (positive control), was used. Other MPO co-substrates such as
hydrogen peroxidase (H202) and sodium chloride were also used. With variable concentrations,
synthetic compounds were incubated at 37°C for an hour, incubated samples were read by fixed
wavelength (650 nm). With the help of a dose-response curve, the ICso values have been
determined.

2.4. Ex vivo anti-inflammatory activity.

Alsever’s solution was prepared using the following substrates; sodium citrate (0.4 g,
1.3 mmol), dextrose (1g, 5.5 mmol), citric acid (0.025 g, 0.01 mmol), and sodium chloride
(0.21 g, 3.5 mmol) in 50 mL of distilled water. Blood was freshly collected from a consented
healthy donor in ethylenediamine tetraacetic acid (EDTA) tubes. The sample was centrifuged
at 3000 rpm for 30 minutes, and supernatant (plasma and leucocytes) was carefully removed.
Red blood cells (5 mL) were mixed with 5 mL of already prepared Alsever’s reagent. The
mixture was centrifuged at 3000 rpm for 15 minutes. Next, the coagulated blood cells were
separated and thoroughly washed with isosaline (0.85% pH-7.3); the processes of centrifuging
and washing was repeated several times until the supernatant is clear. The efficacy of
synthesized phytophenols for anti-inflammatory activity was tested by induced human
erythrocyte hemolysis using coagulated blood cells. Different concentrations (20 to 100 pM)
of the synthetic compound with RBC (red blood cell) erythrocyte blood cells (100 pL) were
prepared. Then, 5 mL of hypotonic (10 mM Trisodium phosphate (NasPOas) comprising 5 mM
sodium chloride (NaCl)) buffer mixture was added to it. A synthetic compound containing
blood cells and the hypotonic solutions were incubated for 10 minutes at ~28 °C (RT). At the
end of the incubation period, the mixture was centrifuged for 10-12 min at 3000 rpm. The top
layer (supernatant) solution was separated and measure the absorbance at 560 nm using a UV-
visible spectrophotometer [39].

2.5. In vitro antioxidant assay.

Briefly, 0.1 mM solution of DPPH (2,2-diphenyl-1-picrylhydrazyl) in CHsOH was
prepared, and 1 mL of this mixture was added to 3 mL of the solution of the synthetic
compound at different concentration (20, 40, 60, 80, and 100 uM). After vigorous mixing and
standing at RT for 30 min., the absorbance was measured at 517 nm. By spectroscopically
monitoring the color change will provide a clue on antioxidant properties of the drug. A similar
study was performed using ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid))
method of antioxidant study to scavenge ABTS+ radical cation to identify antioxidant
potentials of the drugs. Briefly, 7 mM ABTS in water and 2.45 mM potassium persulfate (1:1)
were thoroughly mixed to generate ABTS-+ cation radical. Due to its photosensitive nature,
this radical species is stored in RT's dark surroundings for 12-16 h before use. This radical
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cation solution was diluted with CH3OH to get an absorbance at 734 nm. After adding
compounds at different concentrations (20, 40, 60, 80, and 100 uM) to a required volume of
diluted ABTS-+ solution, the absorbance was measured after 30 minutes of initial mixing. To
nullify the solvent effect, an appropriate blank solvent was measured in each assay. To compare
the efficiency, ascorbic acid was used as a positive control. Measurement was also performed
without inhibitor [40, 41].

2.6. Cell viability assay.

MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide)) assay was
utilized to analyze the percentage of cell viability for the Phyto phenol compound; this cell
viability results helped to find out the toxicity of the compound. This assay was carryout using
RAW macrophage cells (RAW 264.7) with different concentrations of the Phytophenol
compound (20, 40, 60, 80, and 100 uM), and the results were corroborated with control. The
method was adopted from the previous publication of our collaborator [42].

3. Results and Discussion

3.1. Drug likeness.

Rational designing of cardiovascular therapeutics utilizing simple computational tools
is a powerful method to identify therapeutic agents within a reasonable timeframe. In line with
this approach, we have invoked a rational approach to identifying lead molecules from various
chemical structures. The outcome of the drug-likeness studies revealed that designed
compounds 1 to 5 satisfied the Lipinski rule.

Compound 1 to 5 possess required MW of less than 500 amu, number of hydrogen bond
acceptor (-N-, -O-, etc.,) of less than 10, number of hydrogen bond donor (-NH-, -OH-, etc.,)
of less than 5 and NRB of 10. Also, Log P ow, the aqueous solubility of the compound (Log
S) should be less than 5, and calculations for TPSA based fragments were analyzed. All the
estimated parameters of physicochemical properties were represented in Table 2. Based on
these in-silico predicted parameters, designed compounds are suitable for further advancement
in the drug development process supported by Lipinski properties.

Table 2. Functional utilities of phytochemicals for various diseases.

Designed a compound | HBA | HBD | NRB Log Pow | Log$S TPSA MW LV
structure
6 0 3 2.08 4.25 96.57 287.04 0
S S
@N% 6 0 5 2.44 -4.05 10441 | 315.07 0
HJCT(@OO
PN 7 0 6 3.55 -4.55 113.64 | 357.08 0
Mg**%
J@ﬁo A, 7 0 6 3.55 -4.55 113.64 | 357.08 0
*so; 9 8 0 7 3.68 -457 112.87 | 387.10 0
°N©*°I?m

* HBA: hydrogen bond acceptor; HBD: hydrogen bond donor; NRB: number of rotatable bonds; Log Pow:
logarithmic partition coefficient of n-octanol and water; TPSA: topological polar surface area; MW: molecular
weight; LV: Lipinski violations.
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The predicted parameters are all well within the acceptable range. Therefore designed
compounds have satisfied the Lipinski properties with zero LV. This rule is designed to
improve drug development's success rate from a preclinical stage to an advanced drug
candidate. Any deviation in the Lipinski rule (molecular mass >500, HBD & HBD, > 10 & 5,
and the NRB have > 10, follow the solubility level is >5) might have less success rate to be
developed as a drug candidate for any target.

The presence of “in domain” for designed compounds indicates scope for further
refinement within the structural domain. If compounds violate anyone or all the Lipinski rule,
we assign compound(s) as “out of domain”. Since designed compounds are referred to as “in
domain”, there is a space for further modification within the proposed structures to create
additional chemical entities with better bio-activity.

3.2. Pharmacokinetics properties prediction.

pkCSM web server database is used to pre-assess the validation of ADMET parameters
of designed compounds. The parameter values of the designed compounds are provided in
Table 3. We concluded that these compounds have an acceptable level of absorption and
distribution values based on the predicted parameters. Cytochrome P450 is the family of
isozyme, which is mainly involved in the drug's metabolite processes. In 90% of the drug’s
metabolite, only six cytochromes such as CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP2E1,
and CYP3A4 are involved. This DDI happens when the listed biomolecules have inhibited or
induced by the drug. This DDI leads to adverse effects, or it may reduce the therapeutic efficacy
of the drug.

In the present study, the ADMET predictions reveal the mixed role exhibited by the
designed compounds either as inhibitors or induce. The data on DDI with five (CYP1A2,
CYP2C19, CYP2C9, CYP2D6, CYP3A4) biomolecules revealed the expected line of
predictions of chemical compounds, indicating that it may provide a balanced interaction
within the bio-environment. This result is also discussed based on the in-silico prediction. It
may slightly deviate when it is performed under actual in vitro studies. The change in reactivity
pattern between computer predicted results and the actual outcome is well known in the
literature for many available drugs in the market [43, 44].

The excretion of the drug was determined by renal OCT2 substrate. This OCT?2 is
shown to provide a prominent part in the drug's disposition and clearance, and OCT2 substrate
has the potential role for adverse interactions with co-administered OCT2 inhibitors. Based on
the results, it is presumed that the designed molecules are not a renal OCT2 substrate. The
toxicity of the designed compounds was analyzed differently in silico analysis; the resulting
designed compounds are either non-toxic or acceptable level of toxicity. Overall, the described
ADMET parameters are comparable with a known anti-inflammatory medicament (aspirin).
Based on these comparisons, we firmly believe that these molecules can exert action in
modulating ADMET properties. This facilitates further refinement towards in silico and in vitro
assays for the designed compounds.

3.3. Molecular docking studies.

The designed compounds were subjected to molecular docking interactions with MPO
within the possible active site of the protein (PDB code: 5FIW) [36].
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Table 3. In silico ADMET parameters for the designed compounds 1 to 5.

Absorption
Com Ws CaCo2-P 1A-h SP P-gs P-gli P-glli
(log (log in 106 cm/s) (%A)
mol/L) (log- Kp)
1 -4.433 0.93 95.474 -2.663 No No No
2 -4.947 0.923 95.001 -2.564 No Yes No
3 -5.562 1.213 96.635 -2.713 No Yes No
4 -5.457 1.193 96.823 -2.72 No Yes No
5 -5.666 1.255 97.146 -2.739 No Yes Yes
Distribution
Com VDss (log L/kg) FU-h BBB-P CNS-P
1 -0.245 0.02 -0.773 -2.355
2 -0.198 0.05 -0.844 -2.392
3 -0.6 0 -1.0 -2.511
4 -0.610 0 -1.016 -2.547
5 0.885 0 -1.218 -3.102
Metabolism
Com | CYP2 CYP3A4-S CYP1A2-i CYP2C19-i CYP2 CYP2D6-i CYP3A4-i
D6-S Co-i
1 No Yes Yes Yes Yes No Yes
2 No Yes Yes Yes Yes No No
3 No Yes Yes Yes Yes No Yes
4 No Yes No Yes Yes No No
5 No Yes No Yes Yes No Yes
Excretion
Com Total Clearance (log ml/min/kg) Renal OCT2 substrate
1 0.542 No
2 0.686 No
3 0.711 No
4 0.735 No
5 0.921 No
Toxicity
Com | AME- | MTD(log | Her | Herg ORAT ORCT HT SS Tp-T | MT(log/m
T mg/kg/D) | g- -l (LDso) (LOAEL) (log M)
li (mol/kg) (log- ua/L)
mg/kg/D)
1 Yes -0.21 No No 2.352 1.356 No No | 0.746 0.092
2 Yes 0.038 No No 2.366 1.349 Yes No 1.01 0.043
3 Yes 0.148 No No 2.586 2.047 Yes No | 0.577 -0.869
4 Yes 0.202 No No 2.328 2.081 Yes No | 0.449 -0.861
5 Yes 0.423 No No 2.518 2.134 Yes No | 0.329 -1.205

* Com — Compound; Ws — Water solubility; Caco2-P — Caco2-Permeability; IA-h - Intestinal absorption (human);
SP - Skin Permeability; P-gs — P-glycoprotein substrate; P-gli - P-glycoprotein | inhibitor; P-glli - P-glycoprotein
Il inhibitor; VDss — Steady-state volume of distribution; FU-h - Fraction unbound (human); BBB-P — Blood-brain
barrier permeability; CNS-P — Central nervous system permeability; CYP — Cytochrome P; S — Substrate; | —
Inhibitor; OCT2 — Organic cation transport2; MTD - Maximum tolerated dose (human); ORAT - Oral Rat Acute
Toxicity (LD50); ORCT - Oral Rat Chronic Toxicity (LOAEL); HT — Hepatotoxicity; SS -Skin Sensitisation; TP-
T - T.Pyriformis toxicity; MT - Minnow toxicity.

The binding energy and binding interactions are available in Table 4. Out of five
designed compounds, compounds 1 and 2 show better binding energies of -8.12 and -9.16
kcal/mol, respectively. Compound 1 has two hydrogen-bonding interactions, and compound 2
has four hydrogen-bonding interactions. These hydrogen bonding interactions are exclusively
involved in the biological response by chemical structure activity as an MPO inhibitor [45, 46].
Based on the in-silico validation, we conclude the following; i) compounds 1 and 2 hold
hydrogen bonding interactions with high binding energy, so it may have higher bioactivity for
in vitro system, ii) compounds bonded (non-covalent) with active site amino acid residues
exhibiting inhibition efficiency. This will also reveal that compounds 1 and 2 are a reversible
inhibitor of MPO. Figure 2 shows the 2-dimensional bonding interactions of the highest
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binding energy for compounds 1 and 2 with amino acid residues. For compounds 3, 4, and 5,
binding interactions are available in supplementary information file as Figure S15 to S17.

The molecular docking study showed that compound 1 and compound 2 have hydrogen
bonding, pi-alkyl, and pi-anion type of intermolecular bonding interactions with the MPO.
These intermolecular interactions help to deactivate the protein and prevent MPO-mediated
oxidative pathways. Similarly, hydrogen and hydrophobic molecular interactions help modify
the ligand's conformation, which exactly fits well within the active site of the MPO.

3.4. Chemical synthesis and characterization.

Designed compounds were synthesized using two different synthetic methods without
conceding biological activity available in the parent structures. For method-1, 4-nitrobenzoic
acid was coupled with various bioactive phenols in the presence of different coupling methods
and solvents. In method-1, we have used 4-dimethyl aminopyridine (4-DMAP) and N-(3-
dimethylaminopropyl)-N-ethyl carbodiimide hydrochloride (EDCI) to synthesize the final
compounds with high yield and purity. The yield optimizations by method 1 using various
reagents and conditions are depicted in Table 4. In method-2, 4-nitrobenzoyl chloride was
treated with bioactive phenols in the presence of triethylamine and dichloromethane. Both
methods can be adopted for the pilot-scale synthesis of lead molecules. However, method 2 is
more likely feasible in terms of ease of operation, less expensive starting materials, and
reagents.

Further, the method offers high yield products with a reasonable level of purity. It is
highly safe for the environment. The synthesized phytophenol chemical scaffolds were
characterized by 'H & *C NMR, LC-MS/MS techniques, and single-crystal XRD was
analyzed for the compound-1. The synthetic procedure and spectral data are available in the
supplementary information. Scheme 1 shows schematic representations of the synthesis of
bioactive compounds by method-1 and method-2, respectively.

3.5. Single-crystal XRD analysis.

To establish final structures unequivocally, the crystallization technique was employed.
In this investigation line, crystal growth methodology was utilized by diverse circumstances
using solution growth, such as slow evaporation at RT and cooling circumstance and crystal
seeding method. By implementing the protocol, the crystal growth for compound 1 by gradual
evaporation at room temperature circumstance was adopted.

For other compounds, even after several attempts, a quality crystal useful for single-
crystal XRD could not be achieved. Compound 1 structure was confirmed by a single crystal
analysis (Bruker Kappa Apex Il Model, X-Shell, and Olex-2 Structure Solution Software). The
single crystal CCDC deposition number is 1961392; compound 1 was established as a
monoclinic geometrical crystal system with P21/c space group. The analysis was performed at
296 K. The complete data collection and structure refinement details are summarized in
supplementary information in Table S1. The crystal structure of compound 1, is given in Figure
3 with functional group labeling.

3.6. In vitro MPO inhibition.

The synthesized compounds were utilized to determine MPO inhibition at various
concentrations using a 96 well microplate reader at fixed wavelength-650 nm, as reported in
https://biointerfaceresearch.com/ 11638
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the literature [38]. An assay was performed using salicyl hydroxamic acid as a positive control.
The synthesized compounds have potential MPO inhibition activity in low micromolar
concentration. The ICso value of the analyzed compounds was calculated using a dose-response
curve, and the values are given in Table 5. Based on this efficacy ranking, two top-ranked
compounds 1 (I1C50=12.88 uM) and 2 (1C50=14.97 uM), were chosen for further studies. A
greater opportunity is available to develop more potent analogs to achieve MPO inhibition at
either low micromolar concentration or high nanomolar concentration based on SAR studies.
Further refinement is directed toward developing more active analogs utilizing nature-based
phytophenols as basic building blocks to develop potential MPO inhibitors useful for CVD
drug exploration [25].
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Figure 2. Molecular docking binding interaction image for first two top-ranked compounds 1 and 2.
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Scheme 1. Synthesis of conjugates of phytophenol based scaffolds by Method 1 and Method 2.

Table 4. Yield optimization with different reaction conditions for compounds 1 to 5 by method-1.

S.No Base Reagent Solvent Reaction Condition % of Yield (Isolated)

C-1 C-2 C3|C4 ] C5h
1 PPY DCC DMF RT, 12h 61 72 65 58 60
2 DMAP DCC DCM RT, 12h 73 70 59 65 59
3 DMAP EDCI DCM RT, 12h 81 78 73 69 66
4 PPY EDCI DCM RT, 12h 68 64 68 63 55
5 DMAP EDCI Benzene RT, 12h 59 53 63 59 53
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.\,CH cl3 O

Figure 3. Single crystal structure of compound 1 with atom labeling.

Table 5. In silico binging energy, binding interactions, and in vitro MPO inhibition (ICsg) values of the
synthesized conjugates 1 to 5.

Code | Binding Energy Ligand-Receptor Interactions In vitro MPO
AG score (Kcal/mol) 1Cso values (UM)
1 -8.12 HIS:95, ARG:239, ARG:424 12.88
2 -9.16 GLN:91, HIS:95, GLU:102, PHE:146, PHE:147, ARG:239, ARG:424 | 14.97
3 -7.04 GLU:116, PRO:145, PHE:147, THR:238, ARG:239, ARG:424 21.04
4 -6.67 PRO:145, PHE:147, ARG:239, PHE:366 46.87
5 -6.82 PHO:145, PHE:146, PHE:147, ARG:239, PHE:366, PHE:407, | 29.56
LEU:415, ARG:424

3.7. Structure-activity relationship.

Based on the in silico and in vitro analysis, two lead molecules (compounds 1 and 2)
were identified for further bio-analysis. In that, methylenedioxy bridge (sesamol) and
acetophenone (apocynin) are established bioactive pharmacophores. In all the synthesized
molecules (compounds 1 to 5), the common motif, nitrobenzoate, is chemically linked with an
ester linkage. The literature report suggests [47] that the polar group (nitro) improves the
binding interaction for the in vivo target, which was clearly observed in our docking studies.
Figure 2 shows the lead molecular binding interaction of the docked protein-ligand complex.
The nitro group shares hydrogen bonding interaction with targeted protein. Hydrogen bonding
is capable of exerting a specific role for improving binding energy and better fit. The
nitrobenzoate is available in all the compounds, but sesamol (1) and apocynin (2) substituents
exhibited the best fit with the highest binding energy (-8.12 and -9.16 kcal/mol, respectively).
For compounds 1 and 2, the in vitro results reveal better bio-activity up to a two to four-fold
increase in activity compared with synthesized compounds 3, 4, and 5. Overall, in the presence
of a nitro group, bioactivity seems to improve. At the same time, sesamol and apocynin also
increase the activity compared with other phytophenol structures. These observations give a
wider opportunity for further development to identify better acting molecular entities.

3.8. Purity of the lead conjugates 1 and 2.

For the biological study, we have used compounds with more than 90% purity. By
UPLC-DAD analysis, the purity of compounds 1 and 2 were 99.97% and 98.98%, respectively.
Figure S18 and S19 (Supplementary Information) represent the UPLC-DAD chromatogram of
compound 1 and 2.

3.9. Ex vivo anti-inflammatory assay.

Next, the anti-inflammatory activities of the conjugates 1 and 2 were assayed as per the
previous literature report. The RBC was taken in a hypotonic solution, resulting in the variation
in solute concentration leading to the RBC cell wall's rupturing. This will lead to the
overproduction of radicals triggering the peroxidation cycle. The percentage of RBC
https://biointerfaceresearch.com/ 11640
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stabilization by different concentrations of lead compounds 1 and 2 were shown in Figure 4. In
the presence of synthetic phytophenolic conjugates 1 and 2, the level of inflammation was
reduced due to interference from synthesized conjugates. The hemolytic activity of synthesized
conjugates 1 and 2 was found to increase at higher concentrations. In 20 uM of compound 1 &
2 shows ~17% anti-inflammatory activity. When concentration increases up to 100 puM, the
activity also increases up to ~85% for compound 1 and ~75% for compound 2. The activity
was compared with positive control Aceclofenac (an anti-inflammatory drug). It showed ~73%
of anti-inflammatory activity at 100 pM.

100 100
It ;{;Z Ascorbic acid | C-1 - B %g
g 80' % 3 80 %
Z 22 = N
g eo- z Z £ o0 E%
§ N7 : 7 5§ N
v TR PR S DS :
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Figure 4. Measurement of ant-inflammatory activity of two synthesized conjugates in the presence of human
RBC and graph A & B represent activity measurement for 1 & 2 respectively with positive control.

3.10. In vitro antioxidant assay.

Measurement of the antioxidant activity of synthesized conjugates is critical because of
the implication of free radicals in the MPO-mediated oxidative reaction of biomolecules. For
example, biomarkers for MPO-mediated reactions are dityrosine, and nitrotyrosine. They are
generated from tyrosine radical from MPO-catalyzed reaction. Hence, measurement of the
conjugates' antioxidant activity for this investigation is necessary to corroborate the results.
The antioxidant activity is determined by observing the change in DPPH radical absorption,
which absorbs at 517 nm. Results were reported as percentage inhibition of free radical
generated during the reaction in the presence of lead compounds 1 and 2 with increasing
concentrations.

100
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60 - 60+
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% Anti-inflammatory activity
% Anti-inflammatory activity

© ) S
Concentration (pM) Concentration (pM)

Figure 5. Free radicals scavenging activity for lead compounds 1 and 2. A represents the ABTS method, B
represents DPPH method of radical scavenging assay.

Results were reported as percentage inhibition of free radical generated during the
reaction in the presence of lead compounds 1 and 2 with increasing concentrations. Similarly,
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ABTS antioxidant assay was performed without using any substrate. ABTS's noted chemical
properties include high aqueous solubility and chemical stability with an absorption maximum
at 734 nm. Figure 5 provides the details of an antioxidant assay using DPPH and ABTS radicals
for lead compounds 1 and 2 with increasing concentrations. In vitro, antioxidant study with
synthesized lead compounds and ascorbic acid as positive control showed a correlation in
antioxidant activity. However, the level of activity in comparison to known antioxidants
appears to be moderate.

3.11. MTT cell viability assay.

MTT cell viability assay was performed using RAW-264.7 macrophage cells. This
study was used to analyze the toxicity of lead compounds 1 and 2. Results showed that both
compounds are well safe for human consumptions. We also predicted the same outcome since
the synthesized conjugates are derived using natural building blocks. The results are indicated
in Table 6 as % cell viability for the lead compound 1 and 2 at various concentrations.

Table 6. Cell viability result for RAW Macrophages cell line with different concentration of lead conjugates.

Conjugate concentration % of Cell viability
(UM) Compound-1 Compound-2
Control 100 100
20 91.06 93.21
40 86.93 83.04
60 80.16 78.22
80 74.08 70.92
100 69.43 66.23

ESP Structure of Compound-1 ESP Structure of Compound-2

Figure 6. ESP image of the phytophenol lead compound-1 and compound-2.

Compound-1 bonding interactions with MPO Compound-2 bonding interactions with MPO

Figure 7. H-Bonding donor & acceptor surface image for lead molecules 1 and 2 interacted with biomolecule
receptor (MPO protein).

3.12. Surface image for ligand and receptor interaction.

Electrostatic Potential (ESP) of the lead ligand was utilized to identify the potential
functional pharmacophore group molecular interactions (Molecular docking) with MPO
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receptor. This ESP surface mapping structure provides the ligand's pharmacophoric electron
charges, either positive (+EP), negative (-EP), or neutral electrostatic potentials. Similarly,
MPO receptor with ligand interactions is shown by molecular docking H-bond donor surface
image. This charge was provided based on a different color, which guides the active site
positions and physicochemical properties [23,26]. The lead molecules' ESP surface mapping
was represented in Figure 6, and the H-Bond donor & acceptor surface image was given in
Figure 7.

In the ESP image, red-colored portions represent the nucleophilic nature, blue color
portions represent the electrophilic nature, and white color portions represent the neutral atom.
Similarly, in docking H-bonding surface image, the green color represents the H-bond acceptor,
the pink color represents the H-Bond donor, and the white color shows neutral. For compound
1, methylenedioxy, nitro, and carbonyl groups are nucleophilic, and they interacted within the
MPO receptor site as follows; nitro and methylenedioxy group contained oxygen (nucleophilic
atoms) interacted with MPO active site residues such as Histidine-95 and Arginine-424 (H-
bond donor portions) to form two hydrogen bonding. Similarly, nitro substituted phenyl ring
(slightly electrophilic nature) interacted with Arginine-239 (neutral residues) to create a n-alkyl
bonding.

For compound 2, nitro, ester linkage, methoxy, and carbonyl in acetyl groups are
nucleophilic. These groups interacted with the MPO receptor site. In compound 2, oxygen in
the nitro group (high nucleophilic portion) interacted with H-bond donor residues such as
Histidine-95, and Glutamine-91, to form hydrogen bonding. Nitro group substituted phenyl
ring (moderate electrophilic nature) interacted with Arginine-239 as a m-alkyl bond, followed
by the acetyl group substituted phenyl ring (neutral portion) interacted Glutamin-102 (H-bond
acceptor group) to form a m-anion type of interactions. Oxygen in acetyl group (Nucleophilic)
interacted with Phenylalanine-146 & 147, and Arginin-424 (H-bond donor groups) as hydrogen
bonding interactions. This bonding interaction surface image was provided below. Based on
this analysis, we firmly believe that our lead molecules 1 and 2 have possible interactions with
MPO active site receptors.

4. Conclusions

This study's collective results divulge that phytophenol conjugates can be considered
an effective inhibitor of MPO. The structure confirmation by NMR, Mass, and XRD results
helped validate the reported entity's chemical structure, geometry, space group, and molecular
interactions. The lead conjugates 1 and 2 have inhibited the target protein, MPO. It predictably
happened due to intermolecular hydrogen bonding interaction with active site amino acid
residues within active site pocket, forming a tight binding. Further, the drug likenesses of
physicochemical data showed that compounds have zero violations. The protein inhibition
studies revealed that out of five molecules, compounds 1 and 2 inhibited the human leucocyte
MPO protein with minimum concentration. Selected lead molecules showed excellent anti-
inflammatory properties by measuring RBC erythrocyte blood cells. The lead conjugates were
analyzed for free radical scavenging ability using ABTS and DPPH protocol. Both compounds
possess excellent free radical scavenging ability. The lead compounds are non-toxic and highly
safe at higher concentration against RAW macrophage cell line by MTT protocol. Also, the
quantum chemical parameter was evaluated using DFT - B3LYP/6-311G** method. The lead
compounds' ESP with their interactive sites was compared with H-bond donor and acceptor

surface mapping for ligand and receptor interactions by molecular docking study. Collectively
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the outcome of this investigation demonstrated that compounds 1 and 2 could be considered as
potential CVD therapeutic agents against inflammation-mediated by MPO oxidation.
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Figure S2. 3C NMR spectrum of compound 1.
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Figure S3. LC-MS/MS spectrum of compound 1.
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Figure S5. 3C NMR spectrum for compound 2.
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Figure S6. LC-MS/MS spectrum of compound 2.
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Figure S11. 3C NMR spectrum for compound 4.
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Figure S12. LC-MS/MS spectrum of compound 4.
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Figure S13. *H NMR spectrum for compound 5.
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Figure S14. LC-MS/MS spectrum of compound 5.
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Figure S15. Bonding interactions of active site amino acid with compound-3.
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Figure S16. Bonding interactions of active site amino acid with compound-4.
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Figure S17. Bonding interactions of active site amino acid with compound-5.
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Figure S18. Purity analysis by using UPLC-DAD for Lead compound 1.
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Figure S19. Purity analysis by using UPLC-DAD for Lead compound 2.

Table S1. Experimental details for the crystal structure of compound-1.

SHELEX
Crystal data
Chemical formula 14H9NOs
M 287.22
Crystal system, space group Monoclinic, P2:1/c
Temperature (K) 296
a, b, c(A) 8.4263 (10), 6.6634 (6), 22.572 (2)
B(® 97.506 (6)
V (A3 1256.5 (2)
YA 4
Radiation type Mo Ko
p (mm—1) 0.12
Crystal size (mm) 0.25 x 0.20 x 0.20
Data collections
Diffractometer Bruker axs kappa apex2 CCD Diffractometer
Absorption correction Multi-scan SADABS (Bruker, 1999)
Tmin, Tmax 0970, 0.976
No. of measured, independent and 9777, 3126, 2005
observed [I > 20(I)] reflections
Rint 0.033
(sin 0/M)max (A™) 0.669
Refinement

R[F2 > 26(F?)], wR(F?), S 0.048, 0.201, 0.73
No. of reflections 3126
No. of parameters 191
H-atom treatment H-atom parameters constrained
Apmax, Apmin (& A3) 0.22,-0.20
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