Journal of Applied Biology & Biotechnology Vol. 10(01), pp. 129-135, January, 2022

Available online at http://www.jabonline.in
DOI: 10.7324/JABB.2021.100116

CrossMark

<« clickfor updates

Atherosclerotic plaque regression and HMG-CoA reductase inhibition

potential of curcumin: An integrative omics and in-vivo study
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The current study was carried out to evaluate the potential of curcumin against the progression of atherosclerosis
and cholesterol biosynthesis by incorporating the combined data of in-vivo assessments and integrative omics
examinations. The high fat diet and supplementation of cholesterol powder caused significant alterations in the
lipid profile as well as hypercholesterolemia indices. The induced hypercholesterolemia promoted progression of
atherosclerotic plaque with the occurrence of foam cells in a bulged structure. Simultaneously, the treatments of
curcumin and atorvastatin caused significant reductions in total cholesterol, low density lipoprotein cholesterol,
and very low-density lipoprotein cholesterol, as well as hypercholesterolemia indices of Castelli Risk Index-I and
II and atherogenic indices. Accordingly, the treatments of curcumin and atorvastatin caused significant regressions
in atherogenic plaque area, total wall area, and increased lumen volume. Subsequently, molecular docking showed
significant interactions of curcumin and atorvastatin with f-Hydroxy B-methylglutaryl-CoA reductase, which
were depicted by bonding energy, number of H-bonds, and bond length. Accordingly, the absorption, distribution,
metabolism, excretion, and toxicity and toxicity data revealed significant druggability of curcumin along with
supportive analysis of Brain Or Intestinal. EstimateD-Egg prediction of gastrointestinal absorption. Thus, it can
be illustrated that curcumin has significant potential to promote regression in atherosclerotic plaque and subside

the cholesterol biosynthesis by inhibition of HMG-CoA reductase, as indicated by the outcomes.

1. INTRODUCTION

Curcumin is one of the most explored bioactive ingredients of
turmeric from the early Vedic civilization till today for different
aspects of therapeutics for several ailments [1,2]. Even the healing
therapeutic properties have been reported in the ancient civilization
and are picturized in several epics of Ramayana and Mahabharata.
Accordingly, modern science has explored numerous medicinal
properties of curcumin such as anti-inflammatory, anti-lipid
peroxidation, antidiabetic, anticancer, antioxidant, hepatoprotection,
and cardioprotective efficacies, as well as hypocholesterolemic
properties, through different parameters by the existing facilities
[3,4]. Curcumin, a polyphenol, has been shown to target various
signaling molecules, although indicating activity at the cellular level,
which has assisted in the establishment of several health benefits [5].
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Accordingly, a search carried out on PubMed (National Library of
Medicine and National Center for Biotechnology Information) was
filtered using the keywords abstract, free full text, full text, associated
data, books and documents, clinical trial, meta-analysis, randomized
controlled trial, review, and systematic review from the period of
2000/1/1 to 2021/1/1, which showed 339 results causally related to
the health benefits of curcumin. Beside this, the consumed curcumin
by itself does not lead to the accompanying health assistances due
to its deprived bioavailability, which is principally owing to poor
absorption, rapid metabolism, and rapid elimination [6a plant-
derived polyphenolic compound, naturally present in turmeric
(Curcuma longa]. Therefore, the current study planned to evaluate
the potential of atherosclerotic plaque regression and inhibition
of B-Hydroxy p-methylglutaryl-CoA (HMG-CoA) reductase of
curcumin by using integrative omics and in-vivo approaches because
cardiovascular disease is governed by atherosclerosis leading to
internal cholesterol biosynthesis and progression of atherosclerotic
plaque. This attempt was carried out by taking input from previous
studies and incorporating it in the recent view. The study incorporated
integrative omics parameters along with in-vivo results and concluded
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that curcumin has the capability of regressing atherosclerotic plaque
and subsiding the cholesterol biosynthesis through the inhibition of
HMG-CoA reductase.

2. MATERIALS AND METHODS

2.1. Procurement of Curcumin and Chemicals

Curcumin (C1386) was procured from Sigma-Aldrich, Mumbai,
India, by local chemical suppliers. Accordingly, the cholesterol
powder, stains, reagents, and other necessary chemicals were
obtained from Loba Chemie, which were of chemical grade.

2.2. Data Retrieval and Grid Preparation of Ligand and
Protein

The extremely determined crystallographic structure of HMG-
CoA reductase (PDB ID 1DQA) was obtained from a Protein Data
Bank in the PDB format. Subsequently, the three-dimensional
structure of curcumin was downloaded from the PubChem
database (PubChem CID 689043). The protein was further
processed for the removal of water molecules and correcting
the chain integration using AutoDock tools to extract the co-
crystallized ligand inhibitor. A three-dimensional structure of the
curcumin compound was downloaded from the PubChem database
(PubChem CID 689043) [7].

2.2.1. Molecular docking

Curcumin was exposed to molecular docking analysis by
AutoDock Vina using HMG-CoA reductase as the receptor protein
[8,9]. The molecular interactions of HMG-CoA reductase were
analyzed by using PyMol and LIGPLOT. The retrieved protein
of HMG-CoA reductase was further processed for the removal
of water molecules and correcting the chain integration using
AutoDock tools to extract the co-crystallized ligand inhibitor.
Subsequently, curcumin (ligand) was processed using PyMol and
hydrogen atoms were added to the structure using the AutoDock
tools. Molecular interactions, conformations of the ligand, and
their binding energies were acquired in the analysis.

2.2.2. ADMET assessment

absorption, distribution, metabolism, excretion, and toxicity
(ADMET) assessments were carried out by using SwissADME to
evaluate the absorption, distribution, metabolism, and excretion
(ADME), physiochemistry, drug-likeness, pharmacokinetic
profile, and medicinal chemistry friendliness properties of the
phytocompounds for drug development [10,11]. Curcumin was
evaluated based on two filters: Lipinski’s rule of five and the ability
to pass the blood—brain barrier (BBB). Lipinski’s rule of five helps
to differentiate between drug and drug-like molecules. Lipinski’s
rule states that an ideal drug molecule should have a molecular
mass below 500 Da, the number of hydrogen bond donors should be
<5, and number of hydrogen bond acceptors should be <10, along
with high lipophilicity or a partition coefficient of <5. A compound
with these traits would be able to pass the BBB if the number of
hydrogen bonds present is in between 8 and 10, and no acidic groups
are present in the molecule. The total polar surface area (TPSA)
indicates the bioavailability of the drug molecule as per Weber’s
rule. A TPSA < 140 A indicates good oral bioavailability.

2.2.3. Gastrointestinal absorption—a Brain Or IntestinalL
EstimateD (BOILED)-Egg model

The BOILED-Egg permeation method is a predictive model that
works with accuracy by computing the polarity and lipophilicity
of small molecules and generates clear graphical outputs [12].
This tool is used to estimate various stages of the drug discovery
process. Two pharmacokinetic characteristics play a crucial role,
i.e., the prediction of gastrointestinal passive absorption and the
permeability of the BBB.

2.2.4. Toxicity prediction

ProTox-II online tool was used for toxicity prediction to
design the development of the drug. ProTox-II incorporates the
prediction of the various toxicities of the chemical which can be
measured qualitatively as binary (active or inactive) in terms of
endpoints such as acute toxicity, hepatotoxicity, carcinogenicity,
immunotoxicity, mutagenicity, cytotoxicity, adverse outcome
(toxicology in the 21st century) pathways, and toxicity targets
[11]. It can be further measured quantitatively as 50% lethal dose
(LD,,) values. Toxicity classes (I-VI) can also be predicted based
on the toxic doses.

2.3. Experimental Animals and Design

Male albino rabbits (1.25-1.5 kg; aged 1 year and above) were
obtained from the LalaLajpatRai University of Veterinary and Animal
Sciences, Hisar, Haryana, India. The animals were acclimatized in
spacious cages under standard environmental conditions (12-hours
light/dark cycle with maintained at 23°C temperature) for 10 days.
The animal were fed a standard diet recommended the veterinarian
and water ad libtum. The experimental protocols were approved by
the departmental Institutional Animal Ethical Committee (IAEC
NO. 1646/GO/ERe/S/19/CPCSEA). The experimental animals
were categorized into four groups for the experimental duration of 2
months (15 days for induction of hypercholesterolemia and 45 days
for treatments) as follows:

Group 1: Control; treated with only distilled water for 45 days;
Group 2: Hypercholesterolemic diet for 45 days;

Group 3: Treatment with curcumin (35 mg/kg/day) for 30 days
after induction of hypercholesterolemia for 15 days;

Group 4: Treatment with atorvastatin (0.25 mg/kg) for 30 days
after induction of hypercholesterolemia for 15 days.

2.4. Induction of Hypercholesterolemia

Healthy male rabbits were obtained for the development of
animal models. Hypercholesterolemia was induced through the
administration of a high fat diet and supplementation of cholesterol
powder at the dose of 500 mg/kg body weight/day mixed with 5
ml of coconut oil for 15 days [13,14].

2.5. Dose and Duration

Curcumin was administered by oral cannulation at 35 mg/kg body
weight/day dissolved in olive oil for 45 days as per the literature
[15]. Atorvastatin (dose 0.25 mg/kg body weight/day with distilled
water) was used as the standard hypocholesterolemic drug [16].
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Figure 1: (a and b) Molecular interaction between ligand curcumin and HMG-CoA reductase studied through docking analysis.

2.6. Criteria of Observation

Overnight-fasted animals were autopsied under mild anesthesia as
per the recommendations given by the vegetarian by following the
American Veterinary Medical Association guidelines after completion
of the 45-day experiment period [17]. Blood was collected through
direct cardiac puncture and separated serum stored at —20°C for
biochemical analysis. Accordingly, the vital organs (liver, kidney and
heart) and aortas were removed, rinsed, weighed, and fixed in 10%
formalin for histological preparations [18].

2.7. Serum Biochemistry

Parameters of the lipid profile and dyslipidemia indices [Castelli
Index I and II and atherogenic index of plasma (AIP)], such as
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Figure 2: LIGPLOT diagram demonstrating the ligand—protein interactions.
Residues involved in the ligand bonds are shown in thick lines (purple);
residues involved in hydrogen binding with the ligand (black bonds) with
thin orange bonds along with their hydrogen bonds with the length in middle
(olive green); and residues involved in non-bonded interactions or hydrophobic
contacts between protein and ligand are the red spikes.

total cholesterol (TC) [19], triglyceride (TG) [20], low density
lipoprotein (LDL)-cholesterol and HDL-cholesterol [21], and
other biochemical parameters were estimated by using standard
methods. The lipid profile [22] and dyslipidemia indices were
calculated by using the routine formulas [23].

2.8. Statistical Analysis

Mean + standard error of the mean showed the results of
biochemical analysis and body and organ weights; statistical
variances were estimated by using analysis of variance and post-
hoc mean separation tests.

3. RESULTS

3.1. Molecular Docking

Significant interactions were made by HMG-CoA reductase
through its catalytic grove which comprises residues from 426
to 888. Accordingly, curcumin presented as a potent ligand by
providing the H-bonds and functional groups (Figs. 1A, 1B and 2).
Curcumin was found to have strong binding energies with the main
catalytic site residues indicating that they would inhibit the target
protein in comparison to the standard drug (Table 1).

3.2. ADMET Pharmacokinetics Predictions

Pharmacokinetic (ADMET) analysis of curcumin indicated an
ideal drug profile, further conforming the Lipinski rule of five as no

Table 1: Molecular docking of curcumin against the target enzyme
of HMG-CoA reductase.

Ligand Curcumin Atorvastatin
Binding energy =7.7 -6.2
(Kcal/mol)
No. of H-bonds > 2
3.02,2.91,3.02, 2.89, 3.97,3.33

Bond length (A) 267

Lys633, Glu610,
His635, 11e638, Ser637

. . Ser705, His635
Interacting residues
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Table 2: ADMET pharmacokinetics predictions of curcumin by
SwissADME.

Compound Curcumin Atorvastatin
MW 368.38 558.64
ilogP 3.27 3.81
ClogP 3.03 4.99
HBA 6 6
HBD 2 4
nHB 8 10
TPSA 93.06 111.79
N violations 0 1
Drug-likeness Yes Yes
Filter L/B L

MW = molecular weight; ilogP = partition coefficient; ClogP = consensus log P; HBA
= hydrogen bond acceptor; HBD = hydrogen bond donor; nHB = number of hydrogen
bonds; TPSA = total polar surface area; violations = number of violations; Filter L =
Lipinski’s rule of five and B = blood brain barrier.

violations were shown by the compound. TPSA was found below
140 A, indicating good cell membrane permeability (Table 2).

3.3. Toxicity

For toxicity studies, properties such as hepatotoxicity,
carcinogenicity, immunotoxicity, mutagenicity, cytotoxicity, LD,
and toxicity class were predicated. It belonged to class 4 and was
inactive as a toxicant but showed immunotoxicity (Table 3).

3.4. BOILED-Egg Predictions

Curcumin has good potential to cross HIA (the passive human
gastrointestinal absorption) but does not have the ability to cross the
BBB and predicted non-substrate of the P-glycoprotein (PGP) (Fig. 3).

3.5. Body and Organ Weight

Non-significant changes were observed in the body and organ weight
of all treated groups except liver. A significant increase in the weight
of liver was observed in the hypercholesterolemic group (Table 4).

3.6. Lipid Profile and Dyslipidemia Indices

TC, LDL-C, TGs, and very low-density lipoprotein (VLDL)-C
were increased 16-fold (p < 0.001) in cholesterol-fed

Table 3: /n-silico toxicity study of curcumin by ProTox-II.

Compound Curcumin Atorvastatin
Hepatotoxicity Inactive Active
Carcinogenicity Inactive Inactive
Immunotoxicity Active Inactive
Mutagenicity Inactive Inactive
Cytotoxicity Inactive Inactive
Predicted LD, (mg/kg) 2,000 5,000
Predicted toxicity class 4 5

WLOGP

Show Molecules Name

5

3 CurSmin

Figure 3: Predicted BOILED-Egg model diagram of the curcumin compound
(SwissADME Web tool).

hypercholesterolemic rabbits, while administration of curcumin
at the dose of 35 mg/kg body weight/day for 30 days showed
significant reductions (p < 0.001) in TC, LDL-C, VLDL-C, and
TGs (Figs. 4 and 5).

3.7. Histopathology of Aorta

The aortal wall of hypercholesterolemic rabbits exhibited three
layers of tunica intima, tunica media, and adventitia along with
a bulged structure of atherosclerotic plaque. The plaque area
employed with foam cell and degenerated elastin fibers (Fig. 6B).
Atorvastatin- and curcumin-treated groups showed significant
reductions in atherosclerotic plaque and increases in lumen of
aorta (Fig. 6C and 6D).

3.8. Planimetric Study

The high fat diet and supplementation of cholesterol powder made
alterations in the aortal wall area, lumen volume, and plaque area
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Figure 4: Lipid profile of control and treatment groups.
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Table 4: Effect of curcumin treatment on body and organs weight in high cholesterol-fed diet-induced hypercholesterolemic rabbits.

Group-1 1.48 +£0.028 1.405 £0.021

(Vehicle control)
1.22+£0.035

Group-2 1.23 +£0.042

(Hypercholesterolemic

control)

Group-3 1.42+£0.08 1.46 £ 0.56

(Curcumin 35 mg/kg)

Group-4 1.27+0.035 1.31+£0.014

(Atorvastatin 0.25 mg/kg)

2.67+0.41 6.145+0.16 29.45+1.98
2.22+0.24¢ 6.52 +0.02¢ 37.3+091¢
2.07 +0.26%" 5.24 +0.57 26.24 & 1.71%¢
2.77+0.18% 5.94 £ 0.204¢ 31.45+0.124¢

Gr. 2-4 compared with Gr. 1; Gr. 3-4 compared with Gr. 2; p <0.05=a; p<0.05=¢; p<0.01 =b; p <0.01 =f; p <0.001 = ¢; p <0.001 = g; Non-significant = d; Non-significant = h.

(Fig. 7), whereas the treatments of curcumin and atorvastatin
caused significant regressions in plaque area, total wall area, and
lumen volume of aorta.

4. DISCUSSION

The small molecule phytocompounds have potential to
interact with proteins and enzymes which make a lead for the
development of therapeutics of several ailments [24]. These ideas
are widely used in Ayurveda, traditional Chinese medicines,
Yunani medicines, and other tribal centers oriented toward local
medicines which are supported by long experiences of traditional
wisdom and utilization of indigenous resources for health
concerns. Consequently, curcumin is one of the compounds which
is used in several medicines and serve as active pharmaceutical
ingredient (API) based on its peculiarity of exhibiting the potent
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Figure 5: Dyslipidemia indices of AIP, Castelli Risk Index-I, and Castelli Risk
Index-II of the control and treatment groups.

functional groups [2,25]. The current study showed a similar
kind of observation about the interaction with target protein of
HMG-CoA reductase by revealing significant binding energy in
comparison to the standard drug of atorvastatin. Accordingly,
the total number of H-bonds and bind length was accomplished
by using complementary, geometrically matched receptors and
functional groups [26]. The additional interactive characteristics
are enhancing and subsiding the bioavailability and bioactivity of
test compounds. The bioavailability, bioactivity, and drug-likeness
are represented by the absorption, distribution, metabolism,
excretion, and toxicity data which can be predicted by the ADMET
examination [27]. The current study shows the suitable prediction

A

Figure 6: Histology of aorta of various treatment groups (200x hematoxylin
and eosin). (a) Histoarchitecture of intact aorta with a compact wall.
(b) Hypocholesterolemic aorta exhibiting the bulging structure of plaque
(thick arrow). (c) Aorta of curcumin treatment with restorated histoarchitecture.
(d) Aorta of atorvastatin treatment with restorated histoarchitecture.
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Figure 7: Planimetric study of aorta of the treatment and control groups.

of ADMET for curcumin along with toxicity as per the five rules
of Lipinski. Further gastrointestinal absorption can be predicted
by BIOLED-Egg assessment, which shows the suitability of
the gastrointestinal absorption of curcumin and lipophilicity
shown by the graphical criteria [12]. It is a well-established fact
that bioavailability and bioreactivity of individual compounds
depend on the crossing capability of the BBB, which make
hurdles to accomplish the target. The gastrointestinal absorption
depends on the lipophilicity and hydrophilicity of compounds
as per the interactions of the existing functional groups, as well
as availability of the lone pair of electrons [28]. Based on the
integrative omics assessments, curcumin has potential interactive
capabilities with HMG-CoA reductase and characteristics of API.
Beside this, in-vivo assessments show that a high fat diet and
cholesterol supplementation caused hypercholesterolemia and
deposition of excess cholesterol content in liver as availability of
reactant (high fat diet) which promoted cholesterol biosynthesis
and least consumption (extra supplementation) [29,30]. However,
the treatments of curcumin and atorvastatin caused significant
reductions in TC, TG, LDL cholesterol, and VLDL cholesterol,
along with the dyslipidemia indices of the AIP, Castelli index-I,
and Castelli index-II. The kind of reductions in the lipid profile
indicates that curcumin has the capacity to subside the cholesterol
biosynthesis as revealed by several studies [31]. Accordingly,
the data of molecular docking showed the interactive capability
with HMG-CoA reductase which is a key enzyme of cholesterol
biosynthesis. The subsided HMG-CoA reductase directly
hampered cholesterol biosynthesis, as reported by several studies,
and the mechanism of action of the statins [32]. Supportively, the
reductions in dyslipidemia indices such as AIP, CRI-I, and CRI-
II indicated the promoted reverse cholesterol transport described
by the packing of different lipoproteins and reshuffling of excess
peripheral cholesterol [33,34]. Subsequently, the treatments caused

regressions in atherosclerotic plaque and total wall area along
with increased lumen volume which depicted the elevated reverse
cholesterol transport [35,36]. The regression of atherosclerotic
plaque was promoted through several pathways, but the HMG-
CoA reductase inhibition is one of the established facts [37].
The results of in-vivo and integrative omics have proved that
curcumin can serve as a potent antiatherosclerotic agent.

5. CONCLUSION

Based on the results of the integrative omics assessments and
the in-vivo study of animal model, curcumin showed that it can
serve as an API, which may be used as a therapeutic molecule for
therapeutics of hypercholesterolemia.
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