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Abstract
C-reactive protein (CRP) is a well established biochemical marker for atherosclerosis. In�ammation
induced by CRP promotes endothelial dysfunction. Modi�cation of LDL inside the artery wall favors the
elevation of this acute phase protein. The mechanism of OxLDL+CRP complex is unrevealed so far.
Hence, this mechanism was considered as the important factor to trigger the monocyte to macrophages
differentiation which in leads to foam cells formation. Hence this key event should be targeted and
focused on how this complex (OxLDL+CRP) proceeds to endothelial dysfunction. OPC is a well known
cardioprotective �avon-3-ols. The present study is challenged between the protective roles of OPC against
the deleterious effect of this complex (OxLDL+CRP) on endothelial cells. Monolayer of Endothelial cells
were incubated with THP-1 monocytes for 48 h supplemented with OxLDL (10mg/ml) + CRP (10 mg/ml)
complex and treated with OPC (100mg/ml). Morphological changes, cell migration assay and capillary
tube forming assay was carried out. Myeleoperoxidase levels were estimated to determine the adhesion
of monocytes onto EC monolayer. RT-PCR analysis of L-Selectin was done. The quanti�cation of NO
levels and analysis of mRNA expressions of eNOS is to determine the nitric oxide demand caused due to
OxLDL+CRP complex. LOX-1, scavenger receptor levels were analysed by mRNA expression.
Proin�ammatory markers such as IL-6, MCP-1 and IL-1b were studied. Accumulation of ROS levels were
measured �uorimetrically using DCF-DA. Spectrophotometric analysis of Sirius red dye binding collagen
levels was observed. Mitochondrial membrane potential was determined by JC-1 dye and cell cycle
analysis was done by FACS analysis. Protein –Protein docking was carried out between CRP and LOX-1.
This docked protein complex were again docked with OPC and atrovastatin to show the inhibitory
mechanism of CRP binding with LOX-1. OPC showed a promising inhibitory mechanism against
OxLDL+CRP complex. To emphasis the results OPC treated group showed decreased levels of
proin�ammatory markers, LOX-1 and L-Selectin levels. Endothelial nitric oxide levels were increased upon
OPC treatment and reduction in the ROS levels. Endothelial cells apoptosis was prevented by OPC.
Docking studies showed that in the absence of ligands (OPC) binding of CRP and LOX-1 was greater and
vice versa in the presence of ligands. To conclude, OxLDL + CRP complex inhibitory effects of OPC could
maintain the normal homeostasis.

Highlights
Accumulation of OxLDL triggers in�ammatory phase during atherosclerosis by elevating the acute
phase protein- C reactive protein.

Increased levels of CRP and OxLDL could initiate the endothelial dysfunctions via CRP-LOX 1
complex.

Oligomeric proanthocyanidins isolated from Crataegus oxyacantha berries inhibits the binding of
CRP-LOX-1 complex; possess anti-angiogenic and anti-in�ammatory effects.

Introduction
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The development of atherosclerosis and intraplaque instability was directly correlated with elevated
levels key in�ammatory proteins [1,2]. C-reactive protein (CRP) is a prototypic in�ammatory marker and
biochemical marker to predict the condition of atherosclerosis induced myocardial infarction [3,4].
Monocytes trigger the production of in�ammatory cytokines and enhance the adhesion onto endothelial
cells during in�ammatory conditions [5,6]. Harmon et al. (2016) has been suggested that CRP and OxLDL
are considered as conventional biomarkers for CVD [7].  Recently it has been reported that CRP binds to
oxidized low density lipoprotein (OxLDL), thereby promotes monocyte/ macrophage differentiation [8].
CRP colocalizes with OxLDL and macrophages in the human atherosclerotic plaque and initiates the
intraplaque burden [9]. The CRP enhances the LOX-1 expression and leads to endothelial dysfunction [10].

Our laboratory researchers have explored the anti-oxidant, anti-in�ammatory, anti-lipid peroxidation
effects, inhibition of modi�cation of lipoproteins, hepatoprotective and cardioprotective effects of
Oligomeric proanthocyanidins complex (OPC) isolated from Crataegus oxyacantha berries for past two
decades [11-16]. Recently, Ashokkumar et al., (2018) [17] showed that supplementation OPC protects the
isoproterenol induced infarcted rats. Oral supplementation OPC regulates the impaired cholesterol
metabolism upon CC diet induced atherosclerosis upon regulating the HMG- CoA levels [18]. Another
study from our laboratory showed the reestablishment of impaired cholesterol e�ux in foam cells, upon
OPC treatment activation of autophagic signaling mechanisms with improved cholesterol e�ux from
foam cells, which proved the anti- atherosclerotic effects of OPC [19].

Previous studies have emphasized on the in�ammatory effects of CRP and OxLDL alone. However, CRP
and OxLDL together involved in triggering the endothelial dysfunction which further leads to initiation of
in�ammatory signaling cascades. To date, studies on the deleterious effect of CRP and OxLDL together
was elusive. Hence, this present study hypothesized to identify the in�ammatory response of CRP and
OxLDL-induced endothelial dysfunction mediated by LOX-1, MCP-1, IL-6 and potential inhibitory effects of
OPC upon these in�ammatory markers. Therefore, we have carried out both in silico and in vitro
approaches to mimic the interaction between CRP-LOX1 complex in the presence of OxLDL and
promising inhibitory effects of OPC against OxLDL induced CRP-LOX1 complex.

Experimental Methods
In silico studies

Optimization of protein for docking studies

The X-ray crystallographic structures of  human C- reactive protein (PDB ID: 1GNH) and Lectin like
Oxidised LDL receptor- 1 (PDB ID: 1YXK) were obtained from the Protein Data Bank. Potential active site
residues of CRP and LOX 1 were identi�ed using CastP server [20]. CASTp server uses the weighted
Delaunay triangulation and the alpha complex for shape measurements. 

Preparation of Ligands
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The monomers of Oligomeric proanthocyanidins such as Epigallocatechin gallate, Gallocatechin,
Gallocatechingallate, Procyanidins, Proanthocyanidins, Proanthocyanidin B2-O gallate were downloaded
as .sdf �les from Pubchem. All the ligand structures were drawn using Chemdraw software and converted
into PDB format (.pdb) using Open Babel tools [21].

Protein-protein interaction CRP-LOX1 complex 

Protein – Protein interactions of CRP and LOX1 was carried out using patch dock server. This will perform
steric clashes test to remove conformations that result in steric clashes between the receptor and ligands
[22, 23]. The parameters used for docking process with Patch Dock were: Clustering RMSD-4.0. The
following parameter should be followed: Complex type-set as default. The interaction was visualized
using Discovery Studio Visualizer is an online freeware (http://accelrys.com/).

Molecular Docking

The molecular interaction analysis was done as followed by method described by Sankar et al., (2018)
[18]. The CRP- LOX 1 complex and ligands were loaded into docking server to analyses the binding
e�ciencies of OPC monomers by inhibiting the LOX-1 interaction.  

Based on the in silico studies, the CRP-LOX 1 complex inhibitory effects of OPC were further con�rmed
from in vitro analysis.

In vitro studies

Isolation of OPC and con�rmation

Crataegus oxyacantha berries were purchased from Herrings Pharma (Pondicherry, India). OPC were
isolated and con�rmed by vanillin Hcl method [16, 18].

Cell culture and maintenance 

ECV304 - Human vascular endothelial cell lines were obtained as a gift from Dr. Suvro Chatterjee,
Vascular biology lab, AU-KBC research centre, Anna University, Chennai. THP-1 cells procured from NCCS
(Pune, India). ECV-304 cells were maintained with DMEM supplemented with 10% FBS, antibiotic and
grown in 5% CO2 atmosphere at 37°C. THP-1 cells were maintained in RPMI supplemented with 10% FBS,
antibiotic and grown in 5% CO2 atmosphere at 37°C. The cells were counted with a hemocytometer, and
the number of viable cells was determined by trypan blue dye exclusion.

LDL isolation and modi�cation

Human native-LDL (nLDL, d = 1.019-1.063 g/ml) was isolated from plasma, obtained from Volunteer
Health Services (VHS), Chennai, Tamil Nadu, India., by sequential gradient ultracentrifugation methods as
described previously by Jamuna et al., (2017) [24].

http://accelrys.com/
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Assessment of Cell viability 

MTT assay was carried out for THP-1 cells and ECV-304 cells at coculture conditions. Endothelial cells
were seeded at a concentration of 1 × 104 cells/well in 96 well plates and after 24 hrs THP -1 (1 × 104

cells/well)was added. This condition was to mimic the direct interaction of monocytes upon endothelial
cells as in Invivo conditions. Different concentrations of OPC (10, 25, 50, 75,100,125,150,175 and 200 μg/
200μl); OxLDL and CRP (5, 10,15,20,25 μg/200 μl) were added. The plates were then incubated at 37 °C
and supplemented with 5% CO2 for 24 and 48 h. At the end of incubation period, 25 μl of a MTT stock
solution (5 mg/ml): growth medium at a ratio of 1:1 was added directly to each well and the plates
incubated for 5 hours in dark conditions. The plates were then centrifuged at 400 × g for 10min. After 10
min, the supernatants were removed from all the wells and reduced MTT dye in each well was solubilized
with 100μl of DMSO and absorbance was determined at 570 nm using an ELISA plate reader.
Subsequently, the absorbance was determined at 550 nm. Percentage of viability was calculated using
the formula: % Viability = (OD test / OD control) ×100.

Experimental groupings

Based on the MTT assay, the non-toxic concentration for CRP, OxLDL and OPC were �xed and proceed
with experimental groupings as follows:

Group I :     ECV304 cells + THP-1 cells (Coculture)

Group II :     ECV304 cells + THP-1 cells +OxLDL (10μg /ml) + CRP (15μg /ml)

Group III :     ECV304 cells + THP-1 cells + OxLDL (10μg/ml) + CRP (15μg /ml) + OPC (100μg

Assessment of morphologic changes and quanti�cation of adherent
THP-1 cells on ECV-304 cells
Morphological changes of ECV304 and THP-1 cells were visualized under microscope to determine the
adhesion of THP-1 cells onto the monolayer of endothelial cells induced with OxLDL and CRP.

Monocytes Myeloperoxidase activity

THP-1 cells (1 x 105) were added onto the monolayer of ECV-304 cells to initiate the adhesion. After 48 h,
non-adherent monocytes were removed by washing the cells with gently PBS (pH 7.4). Monocyte
adhesion onto endothelial cells was quanti�ed by measuring the monocyte myeloperoxidase (MPO)
activities as previously described by Kumar et al. (2002) [25].

Quanti�cation of Nitric Oxide

Nitrite production, an indicator of NO production, was measured in the conditioned culture medium by the
Griess reaction. After the experimental period, conditioned medium was collected for quanti�cation of
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nitrite levels. Brie�y, 100μL of conditioned medium were mixed with 100μL of Griess reagent (equal
volumes of 1% (w/v) sulphanilic acid in 30% (v/v) acetic acid and 0.1% (w/v) N-(1-naphthyl)
ethylenediamine in 60% (v/v) acetic acid), incubated at RT for 30 min in the dark, and the absorbance at
540 nm was measured   spectrophotometerically. The amount of nitrite was calculated from a standard
curve using freshly prepared sodium nitrite in culture medium.

Cell Migration Assay

To assess the cell migration, the “scratch” wound assay was carried out (). Brie�y, ECV-304 cells were
grown on 6 cm dishes previously labeled with a traced line. The cell monolayer was scraped with a
disposable rubber policeman to create a cell-free zone. Thereafter, cells were washed with medium and
induced with CRP + OxLDL and treated with OPC. EC migration was quanti�ed by measuring the width of
the cell-free zone (distance between the edges of the injured monolayer) before and after 48 h stimulation
using a computer-assisted inverted microscope.

Capillary Tube Formation Assay

The tube formation assay was done to investigate the effects of OxLDL+ CRP on angiogenesis in in
vitro conditions as described previously by Zhang et al., (2006). In brie�y, a 96-well plate was coated with
2 % gelatin / well, which was allowed to solidify at 37°C for 45 min. ECV-304 cells were seeded at a
density of 3 × 104cells/well  along with OxLDL + CRP and OxLDL +CRP +OPC or vehicle (control), then
100μl of serum-free medium was added. Plates were incubated for 48 h at 37°C and 5% CO2  and images
were recorded by an inverted microscope (Olympus, IX70, Japan), and total number of tubes formed were
counted and analysed. 

Flow cytometry analysis

The effect of CRP + OxLDL and co treated with OPC on coculture model was analysed for changes in cell
cycle was studied by propidium iodide stained �ow cytometry analysis. After the experimental period
cells were �xed using 70% ethanol and stored for overnight at 4°C. The �xed cells were washed with 1X
PBS and stained with propidium iodide for FACS analysis. Cell cycle analysis was performed using BD
Biosciences FACS Calibur. The data were analysed using Multicycle software (Phoenix Flow Systems,
San Diego, CA).

Determination of ROS Production
The intracellular ROS production was analysed using the �urescent dye 2', 7’-dichloro�uorescin diacetate.
This method measures the intracellular ROS such as hydrogen peroxide (H2O2), hydroxyl radical, and
hydroperoxides. Brie�y, after the experimental period cells were washed twice with PBS and incubated
with 5µM of DCF-DA cells, then incubated at 37°C for 30 min. The �uorescence intensity was measured at
530 nm after excitation at 480 nm using spectro�uorimeter. The increase in �uorescence intensity was
used to assess the generation of net intracellular ROS.
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Determination of ΔΨm

Mitochondrial membrane potential (Δψ) was analyzed by using JC-1 �uorescence. Brie�y, cells were
incubated for 10 min in the dark with 0.5 ml of JC-1 (20 mg/ml in PBS), washed, and suspended in 0.5 ml
of PBS for �uorescent activated cell sorting (FACS) analysis and also the �uorescence emission of JC-1
was measured at wavelengths corresponding to its monomer (530 ± 15 nm) and J aggregate (>590 nm)
forms. Fluorescence was measured in a �uorescent plate reader.

mRNA analysis by semi-quantitative RT-PCR
At the end of the treatment, RNA was extracted using Trizol Reagent (Medox) according to the
manufacturer’s protocol. The RNA concentration was quanti�ed by Biophotometer (Eppendrof, Germany).
cDNAs were synthesized from RNA using M-MLV reverse transcriptase (GeNeiTM, Bangalore). Speci�c
primer sequences (Table 1) were used to amplify gene transcripts. The reaction was ampli�ed in a
thermal cycler (Eppendrof, Germany). The PCR conditions were for 5min of initial denaturation at 94°C
and 35 cycles consisting of 94°C for 30 sec; annealing at respective Tm (Table 1) for 30 sec; elongation
at 72°C for 1min and �nal extension at 72°C for 10 min. The ampli�ed products (10μl) were
electrophoresised on 1.5% agarose gel with ethidium bromide and visualized under UV light.

Statistical analysis

Data were expressed as Mean ± S.D and statistically evaluated using one way ANOVA (SPSS v 16.0). The
statistical signi�cance was calculated according to the Student‘t’-test and probability values (p value). p
values of <0.05 were considered to indicate statistical signi�cance.             
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Table 1: Details of Primers, Tm, and size of amplicon used in this study

Gene Sequence (5′-3′) Tm(oC) Product size
(bps)

LOX-1 AACTCTTCTCAACTCTGT

GATGGATATGTTCACTCTC

51.4 425

L-
Selectin

GACTTACCATTATTCTGA

CATATTCCTCCTATCTTC

46.3 177 

MCP-1

 

ACTTGTAGGCATTATCTA

TTAGGATGAACTGGATTA

48.0 238 

IL-6

 

GCACCTCAGATTGTTGTT

GCATAGCCACTTTCCATT

57.7 256

eNOS AAGTTGGAATCTCGTGAA

AAGGCTGTAGGTTATATGG

57.5 145 

β-actin  GACGACATGGAGAAAATCTG
ATGATCTGGGTCATCTTCTC 

133  57.3

Results And Discussion
Molecular interaction between CRP-LOX 1 complex and Ligands

Figure 1(a) & (b) illustrates the 3D structure of CRP and LOX 1. The active sites of CRP and LOX 1 were
predicted using CASTp as shown in �gures 1 (c) & (d). The protein-protein interaction of CRP-LOX1 was
carried out using patch dock server and that complex was uploaded in molecular docking server tools.
From the results, the CRP-LOX-1 complex was disrupted by the loss of binding site for LOX-1, since OPC
monomers occupies that binding onto CRP. Thereby, from the results it was suggestive that OPC could
alter the structural con�rmation of CRP at the site Ca2+ ions per subunit. We performed this protein -
protein-ligand interaction for the �rst time to illustrate the inhibitory effects of OPC against CRP-LOX1
complex (Figure (e, f & g). The molecular docking study was carried out using lead compounds from C.
procera with CRP revealed their anti-analgesic and anti-in�ammatory effects [28].  Previous study showed
the molecular interactions between strongest interactions of statins with CRP as compared to the
standard ligand phosphocholine [29]. Another recent study of Shakour and his group of researchers have
revealed the possible molecular interactions between polyphenol curcumin and its derivatives with CRP
exhibits the plausible anti-in�ammatory and anti-oxidative against diseases [30]. Therefore, OPC could
readily inhibit the CRP-LOX1 complex and improves the biological activities. Based on this in silico
results, this study extended to in vitro methods to prove the anti-in�ammatory properties of OPC.

In vitro studies
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The non-toxic concentrations of OPC, OxLDL and CRP on coculture model of ECV 304 cells with THP-1
cells were determined by MTT assay. This cell viability assessment was done in three different
environments to �x non-toxic concentrations of OPC, OxLDL and CRP for 24h and 48h. The �gure 2(a)
illustrates the MTT assay for coculture model of ECV 304 cells with THP-1 cells induced with varying
concentrations of CRP (5-25 µg/ml) showed >60% of viability till 48h. Subsequently, the cytotoxicity of
OxLDL (�gure 2(b)) on coculture model of ECV 304 cells with THP-1 cells was assessed with different
concentrations of OxLDL ranging for 5-25 µg/ml of protein. The nontoxic effects of OPC on coculture of
ECV 304 cells with THP-1 cells were carried out with various concentrations of OPC (10-200µg) as
illustrated in Figure 2(c). From the result, it was observed that increasing concentration of OxLDL resulted
in the loss of cell viability. Hence, we �xed 15µg/ml of CRP, 10µg/ml of OxLDL and OPC (100µg/ml)
concentration were �xed as a nontoxic concentrations to study the effects of OxLDL mediated
endothelial dysfunction and its associated in�ammatory signaling pathways. This concentration was
used for further study to evaluate the anti-angiogenic, anti-migratory, anti-invasive and anti-apoptotic
properties of OPC against CRP and OXLDL induced endothelial dysfunction. 

As discussed earlier, active myeloperoxidase (MPO) is released into the vessel as a result of
transendothelial migration and involved in endothelial injury, and, internalization of MPO causes
oxidative damage and impairs endothelial signaling [31]. Thus, release of MPO in the serum is suggestive
of its pro-in�ammatory effects on vasoregulatory system [32]. The activity of MPO analysed in the
control and experimental groups is represented in Figure 3(a), which showed increased MPO activity in
the OxLDL treated group when compared to control. This functional MPO is responsible for the increased
transendothelial migration, proin�ammatory response in the coculture induced with CRP+OxLDL. Thus,
OPC could effectively inhibit MPO activity. Binding of OPC with the OxLDL+ CRP reduces the production
of pro-in�ammatory mediators.

To further con�rm that OPC could e�ciently inhibit the trans-endothelial migration, the mRNA expression
of trans-endothelial migratory markers was analyzed. L-selectin expressed by the leukocytes plays a
pivotal role in the generation of rapid and e�cient immune responses during the interaction of circulating
leukocytes with the vascular endothelium [33]. L-selectin has been considered as both positive and
negative regulator of leukocyte activation and leukocyte recruitment [34]. There are two important and
measurable properties of L-selectin; its rapid proteolysis or shedding upon cell activation, and its
transition from being monomeric in the plasma membrane to being clustered, following ligand binding,
which is a hallmark of downstream signalling [35]. L-selectin is speci�cally expressed in the monocytes
and facilitates the fast rolling of leukocytes on endothelium. The expression of L-selectin was evaluated
to assess the adhesion of monocytes on the surface of endothelial cells [36]. Figure 3(b), represents the
L-selectin mRNA of OxLDL treated group which showed downregulation, when compared to control
group. This could be because of the monocytes stimulated by OxLDL do not undergo rolling, instead
tether and adhere onto the endothelial surface and eventually differentiate into macrophages. Loss of L-
selectin due to shedding increases leukocyte adhesion and transmigration by increasing leukocyte
exposure to the in�amed endothelium and decreasing jerkiness to promote leukocyte activation by
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outside-in signaling. In the OPC treated group, monocytes were seen �oating in the medium and the
adhesion was partially attenuated by OPC treatment. 

ROS generation is considered as a major atherogenic factor [37], Nitric oxide (NO) regulates vascular tone
and local blood �ow, platelet aggregation and adhesion, and leukocyte-endothelial cell interactions. Loss
of NO production by the vascular endothelium results in endothelial dysfunction. These results (Figure
4(a)) indicate that loss of NO in the endothelium upon OxLDL assault decreases the eNOS
expression. Decreased mRNA expression of eNOS is indicative of the downregulation of Akt in the OxLDL
treated group, because eNOS is activated by Akt. The inactive eNOS could enhance the shear stress via
loss of NO bioavailability [38]. Hence this study sought to investigate the OxLDL mediated ROS
generation and its inhibition by OPC. The antioxidant effect of OPC was evaluated by the formation of
MDA- an index for lipid peroxidation and intracellular ROS generation was assessed using oxidation
sensitive �uorescent probes, 2′7′-dichloro�uorescin diacetate (DCFH-DA). Recent studies have
demonstrated that the increased lipid peroxidation correlates with the increased expression P-Selectin, IL-
6, MCP-1 and LOX-1, and involved in the apoptosis of endothelial cells [39]. Figure 4(b) displays the DCF-
DA stained endothelial cells and monocytes, which showed increase in �uorescence upon CRP+ OxLDL
induction. This result directly points out that OxLDL induces ROS, RNS and H2O2 generation. Thus, the
increased ROS and RNS generation mediates the increased transendothelial migration by upregulation of
LOX-1, MCP-1, IL-6, IL-1β, L- selectin and TF which, in turn, activates the proin�ammatory NFkB,
angiogenesis and shear stress. OPC treated group showed decreased �uorescence compared to OxLDL
treated group.  OPC has strong antioxidative capacity, high a�nity for the lipid bilayers of the cell
membrane and hence, can easily enter the nuclei of cells. OPC is readily water soluble and oxidizable. Its
catechol structure also makes OPC a strong chelator of metal ions. Ellagic acid, anthocyanins and
punicalagins also elucidate the attenuation of ROS and thus, prevent endothelial dysfunction and
atherosclerosis [40,41].

The formation of capillary tube in in vitro is a signi�cance of endothelial cell differentiation. As discussed
earlier, OxLDL and CRP known to direct the loss of angiogenic properties of endothelial via activating
apoptotic pathway. The ability of OxLDL to stimulate capillary tube formation in the experimental group
was established in this study. As shown in Figure 5(a) & (b), CRP+OxLDL induction led to the formation of
capillary-like structures. Normal endothelial cells grow and proliferate and tend to form tubule- like
structures. Endothelial cells uptake OxLDL by a well-known scavenger receptor, LOX-1. Hence, the
formation of capillary tubes may be dependent on the upregulation of LOX-1 dependent mechanism [42].
The other factors for the formation of capillary-like structure are shear stress, relevant to migration and
angiogenesis stimulation; and αvβ3-integrin which plays a critically important role in angiogenesis
stimulated by OxLDL [43]. The endothelial cells treated with OPC, showed a signi�cant decrease in the
tube forming capacity. Blueberry also inhibited angiogenesis in ECV304 cells by suppressing migration
and tube formation [44]. Upon co treatment with OPC under the stimulation of OxLDL and CRP resulted in
the formation of capillary tubes when compared to control group of cells signi�cantly.  
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 The wound-healing assay is used to estimate the migration potential of endothelial cells in monolayer
culture stimulated by OxLDL. As shown in Figure 6(a&b), group I (control) cells showed increased
migration, group II showed signi�cantly reduced cell migration even after 72h, which may be due to the
cytotoxic effect of CRP+OxLDL that promotes apoptosis of the endothelial cells. The OPC treated
coculture model showed a dramatic increase in the migration of cells from 0 h to 72 h, thus, treatment
with OPC could amend the toxic effects of OxLDL and thereby promote regrowth of denuded
endothelium. Anthocyanins isolated from black soybean seed coat enhance wound healing, through
cytoprotective effect, enhance angiogenesis, and exert anti-in�ammatory effect [45]. Chang et al., (2006)
have shown that anthocyanin-rich extract of Hibiscus inhibited LDL oxidation and OxLDL-mediated
macrophage apoptosis [46]. 

mRNA analysis of experimental cells as shown in �gure (7(a-d)) shows down regulation of pro-
in�ammatory molecules MCP-1 and IL-6 and membrane scavenger receptor LOX-1 levels when treated
with OPC, whereas increased expression proin�ammatory molecules supports the accumulation of ROS,
increased adhesion of monocytes, increased expression of endothelial scavenger receptor LOX-1. L-
Selectin is a type I, membrane cell adhesion molecules that is expressed on the surface of most
circulating leukocytes. The function of L-selectin on the leukocytes to leave the bloodstream, make
random contacts and tether to activate endothelial cell layer allows leukocytes to encounter their target
antigen in in�amed tissues. Endothelial ligands of L-Selectin are GlyCAM-1, CD34, Sgp200 and PCLP,
which enhances L-selectin expression on the monocytes supports tethering and rolling along vascular
endothelium.

Abnormal transendothelial migration of monocytes initiated by accumulation of OxLDL in the
subendothelial layer of the blood vessels is a well-known factor, which elicits atherosclerosis [47]. This
transmigratory process involves several steps including slow rolling, adhesion strengthening, crawling,
paracellular and transcellular migration and transmigration through the basement membrane, which is
mediated by Monocyte Chemoattractant Protein-1 (MCP-1), a chemokine that plays an important role in
monocyte tra�cking across the endothelial layer [48]. Previous studies have clearly shown that MCP-1
plays a pivotal role in the monocyte migration and its further differentiation into macrophages under the
induction of OxLDL [49].  The mRNA expression of MCP-1 was found to be elevated in the OxLDL treated
coculture, when compared to Group 1. This could be because of OxLDL is known to elicit the chemokine
MCP-1, further responsible for the increased transmigration of monocytes, endothelial dysfunction and
activation. This is in agreement with other studies, that the migration of leukocytes towards the site of
in�ammation is highly dependent on chemotactic effects of MCP-1. As suggested by other researchers,
upregulation of MCP-1 by OxLDL, further activates LOX-1 [50], IL-6 [51] and TF [53] expression on the
endothelial cells, which directly in�uences the endothelial dysfunction. MCP-1 levels were found to be
signi�cantly reduced in the OPC treated group, due to their antioxidant activity. Numerous lines of
evidence have favored the antioxidant activity of phytomedicine in suppressing the levels of MCP-1.
Ginkgo biloba extract attenuated OxLDL-induced oxidative functional damage in endothelial cells [ ].
Another study by Ou et al. (2010) showed that EGCG also protects the OxLDL induced endothelial
dysfunction via inhibiting LOX-1 mediated signaling [55]. 6-shogaol prevents the OxLDL-induced LOX-1-
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mediated biological events in HUVECs, probably via its antioxidative and anti-in�ammatory functions
[56]. Resveratrol inhibits the effects of Nox1 and MCP-1 expression via Akt and FoxO3 signaling
pathways [57]. Thus, treatment with OPC attenuates the MCP-1 levels and thereby limits the
transendothelial monocyte migration associated with in�ammation.

Studies have shown that induction of LOX-1 expression is stimulated by many factors, such as
in�ammatory cytokines, oxidative stress, hemodynamic stimuli and OxLDL [58]. LOX-1 is considered as
the key atherogenic factor; because under normal conditions, the expression of LOX-1 is rarely detected,
whereas, upon proin�ammatory and proatherogenic stimuli, LOX-1 is upregulated [59]. Recent evidences
have demonstrated that LOX-1 activation induces oxidative stress which, in turn, stimulates more LOX-1
expression, suggesting a direct relationship between oxidative stress and LOX-1 expression [60]. When
treated with OPC there was marked decrease in the LOX-1 expression. This suppression of LOX-1, may be
due to antioxidant and anti-in�ammatory properties of OPC, which is, supported by other investigations
on the anti-atherogenic effects of ellagic acid, EGCG, anthocyanins, 4-Oxo-Flavonoids and procyanidins,
that exert their protective effects by inhibiting ROS generation, thus, attenuating CRP+OxLDL induced
LOX-1 upregulation in endothelial cells [62]. 

Monocyte adhesion onto the endothelial cells further stimulates the secretion of IL-6 involved mainly in
in�ammation and eventual progression to atherosclerosis [63]. This study also showed increased
expression of IL-6 in the CRP+OxLDL induced group, when compared to control group. Previous studies
have stated that the OxLDL induces IL-6, CRP and MCP-1 suggesting an in�ammatory process and its
association with calci�cation. OPC showed reduced CRP+OxLDL induced IL-6 mRNA expression, when
compared to CPR+OxLDL induced group. From previous study, supplementation of anthocyanins had
been demonstrated to modulate the expression of both IL-6 and VCAM-1. Feeding anthocyanin rich
bilberry and strawberry beverages to human participants with elevated risk of CVD reported reduced
plasma concentrations of IL-6 and C-reactive protein [64]. The effect of Cyanidins 3 Glycoside
metabolites on OxLDL induced IL-6 production in vitro suggests its anti-in�ammatory effect [65].

ROS leads to disruption of mitochondrial membrane potential (Δψ), in general this process is considered
as an early step toward cell death. The FACS analysis of JC-1 dye in control and experimental groups
(Figure 8(a)). These results suggested that JC-1 aggregates were seen in cells treated with OPC, whereas
JC-1 monomers were seen in cells treated with CRP+OxLDL. The ability of OxLDL to stimulate entry of
cells into cell cycle arrest was analysed by �ow cytometry. The anti-apoptotic effect of OPC on
endothelial cells was evaluated in two separate sets of experiments, one with co-culture and the other just
the endothelial cells alone. The co-culture model was analysed for cell cycle arrest upon OxLDL
stimulation. Figure: 8(b) showed a substantial decrease in the proportion of cells in G0/G1 phase and
increased cell death. Therefore, OxLDL induction demonstrates cell cycle arrest and inhibition of growth.
Surprisingly, OPC treated group also showed G0/G1 arrest and showed increased cell death as compared
to OxLDL treated group, while in all other experiments of this study, OPC had shown promising
cytoprotective effect. This vividly different result was observed only for the co-culture induced with
CRP+OxLDL and treated with OPC. 
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The possible intervention of OPC against CRP+ OXLDL was summarized in �gure (9). Therefore, from the
above results and discussion, this study strongly supports the anti-oxidant, anti-angiogenic and anti-
in�ammatory effects of OPC against CRP+OxLDL induced endothelial dysfunction. Hence, OPC could be
able intervene the in�ammatory phase triggered upon CRP and OXLDL induction and thereby OPC may
be potent cardioprotective agent. 
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Figure 1

(a) 3D structure of CRP (PDB ID: 1GNH), (b) 3D structure of LOX-1 (PDB.ID: 1YXK), (c) Active prediction of
CRP, (d) Active prediction of LOX-1, (e) Protein-Protein interaction of CRP+LOX1; (f) Molecular docking of
CRP+LOX1 + OPC and (f) Interactome of CRP- LOX- OPC complex .
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Figure 2

Study of Cytotoxic effect of (a) CRP , (b) OxLDL and (c) OPC on coculture model (ECV 304 + THP 1 cells)
by MTT assay. All values are expressed as the mean ± SD of triplicates.
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Figure 3

Assessment of adhesion of monocytes onto endothelial cells upon CRP+OXLDL induction in control and
experimental groups. (a) Quanti�cation of myleoperoxidase (b) mRNA expression of L-selectin. All values
are expressed as the mean ± SD of triplicates.
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Figure 4

ROS generation upon CRP+ OxLDL induction was assessed using (a) Griess assay of control and
experimental groupings. All values are expressed as the mean ± SD of triplicates and (b) DCF DA
�uorescence staining of Coculture model cells. Scale: 10µm.
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Figure 5

(a) Microscopic images of Capillary tube formation assay of control and experimental groupings. Yellow
color arrow represents the network formation. Scale: 10µm (b) Graphical representations of tube
formation counted per �eld. All values are expressed as the mean ± SD of triplicates.
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Figure 6

Assessment of wound healing effects OPC against CRP+ OxLDL induction. Microscopic images of
scratch wound assay of control and experimental groupings. Scale: 10µm (b) Graphical representations
of migrated cells measured as mm. All values are expressed as the mean ± SD of triplicates.
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Figure 7

Analysis of mRNA Expression of key genes involved during CRP- LOX complex and regulation upon OPC
treatment. All values are expressed as the mean ± SD of triplicates.
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Figure 8

Flow cytometric analysis of control and experimental groups. (a) Represents JC-1 dye staining to assess
the mitochondrial membrane potential of control and experimental groupings. (b) Cell cycle analysis of
control and experimental groupings using PI stain.
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Figure 9

Summary of the possible intervention of OPC against CRP and OXLDL mediated endothelial dysfunction.


