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Abstract

Endothelial cell (EC) activation and chronic
inflammation can cause the initiation and progression
of atherosclerosis. Curcumin (CM) is a potential
candidate drug with minimal side effects. However,
poor aqueous solubility, lack of bioavailability, and
high hydrolytic degradation are limiting its clinical
use. Conjugation of CM to Albumin (Alb) producing
CM-Alb increases the solubility of the potential drug.
This study evaluates an albumin-CM conjugate for
cellular uptake demonstrating  bioavailability,
determining the non-cytotoxic concentrations and
anti-inflammatory response in human umbilical vein
endothelial cells (HUVECs). The maximum tolerated
biocompatible dose determined in HUVEC (EC)
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culture is 30puM; accordingly, this study evaluates an

anti-inflammatory response at non-toxic
concentrations. The experiments using fluorescence
microscopy and flow cytometry confirmed the
endocytosis of fluorescent-tagged CM-Alb and
showed comparable cellular uptake of native albumin.
Cytokine- induced activation of inflammation in EC
culture was standardized as in vitro model for
evaluating the response to CM-Alb. Using
quantitative real-time polymerase chain reaction (RT-
PCR), the established upregulation of inflammatory
markers in EC cultures stimulated with TNF-a
proposes it as a suitable culture model to study the
anti-inflammatory response of CM-Alb. Inflammatory

markers were down- regulated by the non-
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cytotoxicconcentration (<30 pM) of CM-Alb on
adding into cytokine-activated ECs. Expressions of
markers at a protein level in cytokine-activated EC
drop down to normalcy when treated with CM-Alb. In
conclusion, increased aqueous solubility and receptor-
mediated uptake of CM- Alb conjugate by ECs
caused an anti-inflammatory response in the
inflammation-induced culture model, advocating the
potential for further study as an intravenous
therapeutic formulation.

Keywords: Anti-inflammatory; Drugs; Endothelial

cell  activation;  Pro-inflammation  cytokines;
Inflammation markers; Curcumin; Human serum

albumin

Abbreviations

AcLDL Acetylated Low density lipoprotein
Alb Albumin

ABS  albumin binding sites

BSA  bovine serum albumin

CVDs Cardiovascular diseases

cDNA Complementary deoxy-ribonucleic acid
COX-2 Cyclooxygenase-2; CM — Curcumin
CM-Alb Curcumin-Albumin

DAPI 4,6, diamidino-2- phenylindole
DMSO Dimethylsulfoxide

EC Endothelial cell

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
FITC  Fluorescein isothiocyanate

IL-6 Interleukin-6

IL-18  Interleukin-1p

MCs  Mast cells

MCP-1 Monocyte chemoattractant protein-1
NKCs Natural killer cells

NSAIDs Non-steroidal anti-inflammatory drugs
NF-kB Nuclear factor-kB

PCNA Proliferating cell nuclear antigen
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gRT-PCR
chain reaction
RNA  Ribonucleic acid

SMC  Smooth muscle cell

quantitative real-time polymerase

TNF-a.  Tumor necrosis factor-a

VCAM-1 Vascular cell adhesion molecule-1
VWF  Von Willibrand factor

DMEM-F12 Dulbecco's modified Eagle's
Medium

MTT - 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium

1.Introduction
Atherosclerosis is a consequence of chronic
inflammatory responses resulting in cardiovascular
(CVDs).

monocytes are initiators of inflammation; they

diseases Classical  proinflammatory
infiltrate into sub-endothelial space and get
transformed into macrophages. The prolonged-
expression  of  molecules  like  monocyte
chemoattractant protein-1 (MCP-1) intensifies cellular
responses triggering smooth muscle cell (SMC)
activation [1]. In the initial phase of the disease,
endothelial ~ dysfunction initiated by chronic
inflammation progresses into the accumulation offatty
streaks/plaques beneath the SMC layer, causing

obstructed blood flow and/or disruption of the plaque.

The entry of pathogenic stimuli into the circulatory
system induces cytokine release that acts on cell types
such as mast cells (MCs), ECs, SMCs, natural killer
cells (NKCs), etc.,, to effectively manage the
inflammatory process[2]. In physiological defensive
action, pro-inflammatory cytokines such as Tumor
necrosis factor-o. (TNF-a)/ Interleukin-6 (IL-
6)/Interleukin-1p  (IL-1B), released by activated
lymphocytes and macrophages, up-regulate nuclear
factor-kB (NF-kB), vascular cell adhesion molecule-1

Vol. 5 No. 1-January 2021. [ISSN2572-9292] 87



Cardiol Cardiovasc Med 2021; 5 (1): 86-105

(VCAM-1), MCP-1, and cyclooxygenase-2 (COX-2)
in EC[3]. Since expression levels of these cytokines
elevate during inflammation, these cytokines are
valuable biomarkers for studying the anti-

inflammatory effect of new drugs [4].

Statins make up an important class of drugs used for
the treatment of atherosclerosis [5]. TNF-a
antagonists, interleukin receptor antagonists, and
methotrexate in low concentrations are proven anti-
inflammatory drugs in experimental studies [5]. These
non-steroidal anti-inflammatory drugs (NSAIDs)
carry a risk of gastrointestinal complications, liver
toxicity, heart failure, etc.[6]. As an alternative to this,
pure CM from Curcuma longa possesses enormous
therapeutic properties with potent activity against
inflammatory responses [7]. The bioavailability,
solubility, and rapid hydrolytic degradation are
problems faced in the clinical use of CM [8]. Various
methods attempted to increase bioavailability are
nanoencapsulation, polymer encapsulations, and
micelle formations. But these modified forms face the
risk of a toxic carrier and insufficient drug delivery
[9]. The safer technique of improving CM solubility
by conjugating with bovine serum albumin (BSA)
successfully exhibited anti-cancerous effects [10, 11].
Since cytotoxic action of CM-Alb cause anti-
cancerous effects, identification of non-toxic
concentration for safe use as an anti-inflammatory
without non-detrimental action to cells is an important
criterion to be studied for its use as an anti-
inflammatory drug. The solubility of conjugated CM-
Alb and its internalization by cells are unexplored
areas. The internalization of the conjugated CM- Alb
proposes the regulation of molecular pathways in the
cytoplasm and nucleus. The main study focus is to
establish solubility followed by a demonstration of its

cellular uptake, identification of dose range showing
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minimal  cytotoxicity, and  anti-inflammatory

response.

2. Materials andMethods

2.1 Preparation of Curcumin-Albumin (CM-
Alb)conjugate

The study used commercially available CM (>95%
Sigma-Aldrich, USA) and pharmacopeia grade human
serum Alb (Intas Pharmaceutical Ltd, India) in all
experiments. For conjugation, Alb (200mg mI™ HSA)
in physiological buffer was mixed with CM by adding
small aliquots from a stock of 0.5M in DMSO to get a
final concentration of 5mM. After 2h, the mixture was
gel filtered using Sephadex G-25 beads (Sigma
Chemicals, USA) and identified the conjugate based
on A280:A420 ratio[11]. Pooled the selected
fractions, filtered (0.22um;  Merck-Millipore),
dispensed into 1 ml aliquots, and stored after freeze-
drying (Edwards Modulyo, Edwards, UK).

2.2 Fluorochrome tagging of conjugate andalbumin
One aliquot of lyophilized CM-Alb was dissolved in a
carbonate buffer of pH 9.0 and tagged with
Fluorescein isothiocyanate (FITC) (50mM) using a
standard method to track cellular uptake of the
conjugate. The protein was first dialyzed against
carbonate buffer and tagged with FITC. Unreacted
FITC was removed by gel-filtration on a 5 ml column
of Sephadex G-25 beads. Pooled the fractions with
>2.0 A495: A280, sterile filtered (0.22um), and
freeze-dried as small aliquots for later use. The CM
from replicate aliquots of conjugate and FITC-tagged
conjugate were extracted into 9:1 DMSO-water
mixture and quantified based on standard curve
plotted using graded concentrations of CM in DMSO
(Figure 1).

2.3 Assessing solubility ofCM-Alb

Estimated the CM content in the conjugate based on a
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calibration curve plotted using A420 of serially
diluted CM in DMSO in the range of 20-80 uM.
Briefly, extracted the CM using a 9:1 DMSO-water
mixture) and estimated the concentration of CM in the
conjugate. Estimated Alb in the conjugate using
Lowry's protein assay. Assessed the solubility by
adding a small aliquot in water to obtain a clear

yellow-colored solution.

2.4 Isolation and characterization ofECs

The human umbilical cord was obtained aseptically
(with informed consent) from patients undergoing C-
section. Isolated the ECs from the vein as per the
method described by Jaffe et. al, [12]. Briefly, used
0.5% type | collagenase (Gibco-Invitrogen) and
cultured cells in Dulbecco's modified Eagle's Medium
(DMEM-F12; Gibco-Invitrogen) supplemented with
10% fetal bovine serum. The isolated cells were
grown on fibrin-coated plates as described by
Chennazy and Krishnan [13]. Briefly, treated the
culture plates with 51U/ml thrombin for 1h and
aspirated the excess enzyme. Air-dried the surface and
deliver a thin layer (12.5 pl per cm2) of reconstituted
and diluted fibrinogen (10mg ml™). The fibrinogen
composite comprises 20ug fibronectin and exogenous
gelatin (0.2%; Sigma Chemicals, USA) was placed
and allowed to clot, lyophilized (Modulyo 4K,
Edwards, UK) in a sterile atmosphere, and stored at
4°C till used. Periodic analysis ensured typical
cobblestone  morphology, using phase-contrast
microscopy (Leica DMIRB, Germany). Harvested
cells upon reaching 70-80% confluency, using the
standard trypsin digestion method. All experiments

used cells from passage 3-5.
Before inflammatory experiments, the EC phenotype

was confirmed by immune-staining the cells. Briefly

washed and fixed the cells with 3.7% formaldehyde
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(Merck, India) and blocked with 1% BSA (Sigma
Aldrich, USA); for Von Willibrand factor (VWF) cells
were permeated with 0.1% Triton X-100 (Sigma
Chemicals, USA). Stained for CD31 using 1:50
diluted, Alexa Flour- tagged primary antibody
(Abcam, Cambridge, UK). Staining for vWF used
1:100 diluted primary antibody (Santa Cruz
Biotechnology). Developed the antigen using1:1000
diluted Texas red-tagged anti-goat (Abcam, UK)
antibody. Staining the nucleus used diluted 4,6,
diamidino-2-phenylindole (DAPI; 1:5000)
(Invitrogen, USA) in both cases. For determining EC
function, incubated live cells with AcLDL
(Invitrogen, USA) (1:100; 4h; in the dark) at 37°C
followed by washing cells with 1x HBSS and
captured images. All phase contrast and fluorescent
images were acquired using a fluorescent microscope
with a Leica Application Suite (LAS) camera system
(Leica DMIRB, Germany).

2.5 Assay of the cytotoxic response of EC toCM-
Alb

Cells were grown to 70-80% confluent stage in 24
well fibrin coated culture plates. Added CM and CM-
Alb in 10 uM -100 uM incrementing concentrations
into replicate wells; control was EC culture with no
added curcumin or conjugate. At pre-determined time
intervals of 24h and 48h, cells were incubated with
0.5mg/ml MTT reagent (Sigma Chemicals, USA) in
the medium for two hours and lysed by 5 min
incubation with 250pl DMSO (Merck India). The
absorbance was measured at 595nm using Bio-Rad,
iMark Microplate Reader. Cell viability calculation
used the formula Absorbance of Test/Absorbance of
Control x100.

2.6 PCNA Assay
Analyzed proliferating cell nuclear antigen (PCNA)
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as a marker to determine EC proliferation in the
presence of CM-Alb. Seeded 5000 cells per cm? and
removed floating cells after two hours. Into the
culture medium, added 5uM, 10uM, and 30uM
concentration of CM-Alb and incubated the culture
for 24h. Washed the cells and fixed with 3.7%
formaldehyde and permeated with 0.1% Triton X-100
(Sigma Chemicals, USA). Then, incubated the cells at
room temperature with a diluted (1:100) antibody
against PCNA (Santa Cruz Biotechnology).
Developed the antigen using Alexa fluor (Abcam)
tagged secondary antibody (1:1000) for 1h at RT in
the dark. Washed and prepared for quantitative
fluorescence analysis using a flow cytometer (BD
FACS Aria Il). The acquired data were analyzed

using Flow-jo software.

2.7 Cellular uptakeassay

For the assay, HUVECs were grown to 70-80%
confluent stage in multi-well plates. Added CM-Alb
conjugate tagged with FITC to replicate wells to get
final CM-Alb concentrations of 30uM and incubated
for a period of 8h. After taking images using a
fluorescent microscope and LAS camera system
(Leica DMIRB, Germany) after eight hours,
harvesting of the cells used the standard trypsin
digestion method. Washed cells were fixed and
prepared for quantitative fluorescence analysis using a
flow cytometer (Beckman Coulter Life sciences-
Cytoflex). For comparing albumin uptake, incubated
cultures with Alb- FITC conjugate for a period of 8h
followed by microscopic imaging and flow cytometry

analysis.

2.8 Standardization of cytokine activated EC

Evaluated anti-inflammatory response in EC culture
after activating with 3 inducers: Tumor necrosis
factor-a  (TNF-0), Interleukin-6  (IL-6), and
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Interleukin-18  (IL-1B)  (Sigma-Aldrich, USA).
Incubated EC monolayers at near confluent stage (70-
80%) with cytokines: TNF-a (2ng mlI™), IL-6 (10ng
ml™), IL-1B (10ng ml™) for two different periods (8h
and 24h); TNF-a (4ng ml™), IL-6 (20ng mlI™), IL-1pB
(20ng ml'™") for a period of 24h. On termination, RNA
was isolated using Trizol (Invitrogen, USA) and
quantified using Nanodrop. For RT-PCR, 200ng of
RNA was converted to cDNA using a cDNA
synthesis kit (Origin Diagnostics, India) using Bio-
Rad Thermal cycler. The expression of the following
inflammatory markers: Nuclear factor-kB (NF-kB),
monocyte  chemoattractant  protein-1  (MCP-1),
endothelin-1 (ET-1), cyclooxygenase-2 (COX-2), and
vascular cell adhesion molecule (VCAM-1) were
determined by Quantitative Real-Time polymerase
chain reaction (QRT-PCR) using 2X Master Mix
(Origin  Diagnostics, India) in Bio-Rad iQ5
Multicolour Real-Time PCR Detection System. The
primers procured from Eurogentec, GeneX India
Bioscience Pvt.Ltd is listed in the table below (Table
1). Calculated the cytokine-induced up-regulation of
inflammatory genes, relative to normal ECs. Used
Glyceraldehyde  3-

phosphate  dehydrogenase

(GAPDH) as a house-keeping gene.
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Genes IAmplicon size Primer Sequence
GAPDH 120bp FP - GAAATCCCATCACCATCTTCCAGG
RP - GAGCCCCAGCCTTCTCCATG
MCP-1 120bp FP - CCGAGAGGCTGAGACTAAC
RP - ATGAAGGTGGCTGCTATGA
ET-1 96bp FP - TGAAGCCATAGCCTCCAC
RP-AGTCAGGAACCAGCAGAG
Cox-2 36bp FP -TCATCAACACTGCCTCAATTC
RP —-CTCTGGATCTGGAACACTGA
VCAM-1 90bp FP — CCTCCTTAATAATACCTGCCATTG
RP - TCTGTGCTTCTACAAGACTATATGA

Table 1:List of primers and their sequences.

2.9 Analysis of anti-inflammatory response toCM-
Alb

Analyzed CM-Alb conjugate for effect on activated
ECs, after24h exposure of >70% confluent ECs with
TNF-o (10ng ml-1) after treating with different doses
of CM-Alb for 24h. For comparison, added free CM
(5 uM, 10 uM, 20 uM, 30uM, 60uM) in cultures
activated for 24h with TNF-o (10ng ml-1).
Terminated the culture by extracting RNA and gRT-
PCR was carried out as described above to estimate
the effects of free and conjugated CM on relative
expressions of NF-kB, MCP-1, ET-1, COX-2,
VCAM-1 against EC treated with TNF-a (10ng ml-1)
for 24h, as the baseline. Estimated the up- regulation
of inflammatory genes in treated cultures relative to
the ECs activated with TNF-a. The housekeeping
gene was GAPDH.

2.10 Protein level assessment of
inflammatorymarkers

Identified the inflammatory markers in TNF-a (10
ng/ml)-activated cells after treating with CM-Alb.
Washed and fixed the treated cells with 3.7%
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formaldehyde (Merck India) and were blocked with
1% BSA (Sigma Aldrich, USA); and permeated with
0.1% Triton X-100 (Sigma Chemicals, USA).
Incubated the with diluted (1:500) primary antibodies
NF-kB, ET-1, COX-2 & VCAM-1 (Abcam,
Cambridge, UK). After washing, Alexa fluor tagged
anti-rabbit secondary antibody (Abcam, Cambridge,
UK) in the dilution 1:1000 identified specific protein
expressions. The staining of nucleus used 1:5000
diluted 4,6, diamidino-2-phenylindole  (DAPI)
(Invitrogen, USA). The fluorescent images were
acquired using a Fluorescent microscope and LAS
camera system (Leica DMIRB, Germany). Image J
software estimated the fluorescence intensity by
selecting fluorescent cells from different fields (20X)

to avoid bias.

2.11 Statistical analysis

Replicate experiments confirmed both qualitative and
guantitative analysis data. All the quantitative data
presented are mean + SD. A two-tailed t-test
estimated the statistical significance determining

differences among individual groups. P<0.05 was
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considered to be statistically significant for all
experiments. P< 0.05 (*); P< 0.01 (**); P< 0.001

(***) .

3. Results

3.1 CM-Alb conjugatesolubility

The free CM solubility in water was less than 12uM
(Figure 1a) because, after 11pM concentration, the

linearity of absorbance deviates. However, in DMSO,

(a)

[E) Calibration Curve o [E@][®

Waveleneth Result

L 8
Joavte Ve * Path

(b)
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linearity was evident until 80 M concentration
(Figure 1b). In the conjugate, 0.2+0.05 mg CM was
bound to 40+5mgAlb. The lyophilized powder of
conjugate containing 0.2 mg CM (Figure 1c)
dissolved within 1-2 min in 0.1 ml water. Therefore,
the 12uM solubility of free CM increased to 5.4mM
and show an intense yellow color of CM (Figure 1d)
in the dissolved conjugate. The color intensity

reduced upon serial dilution of the concentrate.

[ Calibration Curve o @]%

Wavelent th Result

Figure 1:Representative images comparing solubility of free CM and conjugated CM-Alb. (a) Calibration curve of
free CM dissolved in the water against A420; (b), a Calibration curve of free CM dissolved in DMSO against A420;
(c), Lyophilised CM-Alb conjugate; (d), Lyophilised CM-Alb conjugate dissolved in water and serially diluted in

the water showing color grading of diluted CM-Alb conjugate. In both a and b, replicate (n=3) confirmed the trend,

and the correlation coefficient was >0.95.

3.2 Characteristics of EC

The ECs isolated from the umbilical cord and grown
in culture showed typical cobblestone morphology
(Figure 2a) under a phase-contrast microscope. The
isolated cells showed uptake of AcLDL (Figure 2b),
confirming the endothelial phenotype. The ECs were
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positive for both CD31 and vWF. CD31 (Figure 2c) is
a membrane protein expressed by ECs that promotes
interaction with platelets. VWF (Figure 2d) is a
protein produced by Weibel Palade bodies present in
the cytoplasm of ECs, which mediates interaction

with other extracellular proteins like collagen.
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Figure 2:Representative micrographs illustrating phenotype of EC (a) phase-contrast micrographs showing typical

cobblestone morphology of EC; (b), a fluorescent micrograph of AcLDL taken up by ECs seen as red in the

cytoplasm; (c), the fluorescent image of EC membrane protein CD31 immunostained as green; blue-DAPI stained

nucleus; (d), a fluorescent micrograph of VWF in Weibel Palade bodies in ECs immunostained in red; blue-DAPI

stained nucleus.

3.3 Cytotoxic response of EC to CM-Alb

The ECs responded to CM-Alb in both dose-
dependent and time-dependent manner. On exposure
of CM-Alb conjugate at low concentrations (10 &
20uM),>90% ECs showed viability (Figure 3a).
However,> 50uM concentrations resulted in a
significant reduction in cell viability. There is a
significant difference in viability between 24h and
48h exposure at all concentrations; the latter
producing more nonviable cells. The ECs exposed to
free CM (Figure 3b) at 10uM to 30uM concentrations
showed comparable cytotoxic effect as compared to
that seen with similar CM-Alb dose. At high
concentrations (50 to 100uM), free CM also showed a
significant reduction in cell viability (6 to 66%). The

cytotoxic effect was not remarkably or consistently
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different between 24h and 48h exposure to free CM.
The CM-Alb was significantly cytotoxic to fibroblasts
cell lines (L929) (Suppl Figure 1a). On the other hand
at all concentrations, free CM was not effective in
inducing cytotoxic effect on fibroblast (Suppl Figure
1b). This difference in induction of cytotoxicity to EC
and fibroblast by the free CM could be related to the
albumin present in the culture medium. The EC
culture requires 10% bovine calf serum supplement is
for good EC growth; whereas, serum supplement is
not needed in L929 cell line culture. In the EC culture
medium, the added free curcumin could bind to the
albumin in the medium which can transport CM into
cytoplasm resulting in ctyto-toxic action, which is not
the case in fibroblast culture. Apparently, there is a

significant difference in cyto-toxicity of free CM in
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ECs and fibroblast. On the other hand, bothEC and concentrations (<20uM) of CM-Alb for 24h is found
fibroblast responded similarly to CM-Alb conjugate safe for testing the anti-inflammatory effect of CM-
added in the medium. Upon comparison of time- Alb in ECs.

dependent cytotoxic response, incubation of low

(a) 180.00 - - -
Assessing the cytotoxic effect of CM-Alb conjugate on ECs
160.00 -
N 24h 0 48h
§ 14000
£ 12000
Kol
£ 10000 || | - _I-L._‘
3 8000 " s *h
_hd
60.00 - *hd
£ 2 2
40.00
10 20 30 50 80 100
Concentration of CM-Alb conjugate {(pM)
(b) 155.00
Assessing the cytotoxic effect of CM on ECs
135.00
*
11500 ﬁ‘h m24h  O48h
X ;
= 9500 m
5 7500
(]
> £ 2 2
= 5500 i
o
35.00
15.00
_5_00 _hd
10 20 30 50 80 100
Concentration of CM (M)
(c) 100.00 - - —
w 99.95 Assessing the effect of CM-Alb conjugate on EC Proliferation
3 9990
QO
= 9985 |
S 9980
o
; 99.75
s 9970
®  gges5
99.60
5 10 30

Concentration of CM-Alb conjugate (pM)
Figure 3:Graphical representation of the cytotoxic response of EC to CM-Alb and CM. (a), Compiled data of

dose-response combined with the effect of a period of exposure for 24h and 48h on ECs upon treating with different
dose of CM-Alb; (b), compiled data of time-dependent and dose- dependent effect of free CM; (c), dose-response
(5uM, 10puM & 30uM) of conjugated CM on EC proliferation quantified by flow cytometry of PCNA stained cells,
after 24h incubation with the conjugate. Values are represented as Mean=SD; n=3.P< 0.05 (*); P< 0.01 (**); P <
0.001 (***).
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The cell proliferation assay showed that varying
concentrations (lower doses) of the conjugate (5, 10,
30puM) did not affect EC proliferation (Figure 3c).
More than 99% of ECs were proliferative even after
incubating with 10uM, 20uM, and 30pM of CM in
the conjugated form for 24h. The observation
suggests this range could be ideal for anti-
inflammatory action in cells without affecting normal
cellular activity. At the tested concentrations of CM-
Alb, >95% of fibroblasts were PCNA positive and
proliferating (Supplementary Figure 1c).

Alb FITC-8h
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3.4 Endocytosis assay using FITC tagged CM-Alb
conjugate

The endocytosis of FITC tagged Alb by ECs is
evident in the micrographs (Figure 4a) similar to that
seen in endocytosis of FITC tagged CM-Alb
conjugate (Figure 4b). Mean fluorescence intensity
(MFI) quantifies significant uptake of both Albumin
and CM-Alb (Figure 4c). There was a significant
increase in the uptake of FITC tagged CM-Alb (>
150000 MFI) compared to uptake of FITC tagged
native Albumin (>60000 MFI). Both the microscopy
and flow cytometry showed that the cells tend to
uptake albumin in vitro. Specific interaction of

albumin with cell-membrane receptors is indicated.

5

CM-Alb FITC-8h

% % %k

1

120000

15

:

Mean Flurescence Intensity (MFI)

. §

AlbFITC

CM Alb FITC

Figure 4:Data demonstrating endocytosis of CM-Alb conjugate by EC. (a) fluorescence micrograph showing
uptake of FITC tagged Alb; and (b) fluorescence micrograph of FITC-tagged CM- Alb by ECs- both at 30uM
concentration upon 8h incubation; (¢) Quantification of FITC conjugated Albumin and CM-Alb conjugate based on
MFI measured using flow cytometer. Values are represented as Mean+SD; n=3.P< 0.05 (*); P< 0.01 (**); P< 0.001

(***) .
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3.5 Standardization of inflammatory EC model

Cytokines TNF-o. (2ng ml™) and IL-6 (10ng ml™)
except IL-1B (10ng ml™), when incubated with ECs
for a period of 8h and 24h, respectively, showed time
and dose-dependent variation in the expression of
inflammatory markers (Figure 5). Upon 8h (Figure
5a) induction with an inflammatory inducer, TNF-a
(2ng mlI™") showed expressions of all the inflammatory
markers (NF-kB, MCP-1, ET-1, COX-2, VCAM-1).
However, compared to control (cells not exposed to
TNF-a), there was no significant increase in the
inflammatory markers. Upon 24h (Figure 5a)
induction with the same concentration, there was no
upregulation observed in any of the inflammatory
markers. But in 24h of induction using 4ng ml*
TNFaresulted in upregulation of all inflammatory
markers in ECs (Figure 5a). TNFo (4ng ml™)
treatment resulted in a significant increase in COX-2
(1.98-fold) expression compared to control; MCP-
1(6.71-fold) and VCAM-1 showed a highly
significant increase (6.61-fold) in gene expression
compared to control. Upon IL-6 (10ng ml™) treatment
for a period of 8h (Figure 5b), except ET-1, all four
inflammatory markers showed upregulation, and in
particular, a significant increase in gene expression of
COX-2(1.46). Upon 24h induction (Figure 5b) with
the same concentration of IL-6, there was no
upregulation observed in any of the inflammatory
markers. Upon IL-6 (20ng mlI™) treatment for a period
of 24h (Figure 5b) showed upregulation in terms of
gene expression of all the five inflammatory markers
but compared to control, a significant increase in gene
expression was found only for NF-kB (1.82) and
MCP-1 (1.34). Upon IL-1pB (10ng ml™) treatment for a
period of 8h (Figure 5c), there is no significant
upregulation of any of the inflammatory markers in

terms of gene expression. Upon 24h induction, IL-1p
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at the same concentration failed to upregulate the
expression of inflammatory markers. Upon 24h
induction with IL-1B (20ng ml?) also, all the
inflammatory markers except ET-1 (0.67) and COX-2
(0.74) upregulate compared to control. However, on
IL-1p (20ng ml™?) treatment of ECs for a period of
24h, there was no significant increase in gene
expressions of inflammatory markers. Therefore,
based on time and dose-dependent expression in ECs
subjected to different concentrations of inflammatory
inducers for different periods, TNF-a contributed
significantly to the overexpression of inflammatory
markers (MCP-1, COX-2, and VCAM-1) upon 24h
incubation with ECs. The results confirmed the
suitability of TNF-o as an inflammation inducer for

further studies.
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Figure 5:Graphical representation of data showing an inflammatory response upon induction of ECs with cytokines.

Relative expression of inflammatory markers upon treating EC with: (a), TNF- a(2ng ml™) for a period of 8h, 24h
and (4ng ml™) for 24h; (b), 1L-6 (10ng mI™) for a period of 8h, 24h and (20ng mI™) for 24h; and (c), IL-1B (10ng mI
1) for a period of 8h, 24h and (20ng mI™) for 24h. Values shown in the graph are mean+SD; n=3.P< 0.05 (*); P<

0.01 (**); P< 0.001 (***).

3.6 Anti-inflammatory action of CM-Alb in
inflammatory EC

For demonstrating the anti-inflammatory effect of
CM-Alb conjugate, TNF-a (10ng mI™) induced EC to
an inflammatory state in 24h. Following this, treated
the inflammation-induced ECs with different
concentrations of CM-Alb conjugate, as well as with
free CM for 24h. The compiled relative gene
expression data obtained via gRT-PCR confirms the

anti-inflammatory action of CM-Alb (Figure 6). The

gene expressions of NF-kB (Figure 6a), MCP-1
(Figure 6b), ET-1 (Figure 6c), and VCAM-1 (Figure
6e) significantly reduced when treated with CM-Alb
conjugate at 5, 10, 20uM concentrations whereas, at
30 and 60uM, the conjugate upregulated most of the
markers. In the case of COX-2, even though the gene
expression levels lowered compared to the TNF-a
treated ECs (control), there was no significant
downregulation. For NF-kB, MCP-1, and ET-1, both
CM-AIb and free CM, showed a slight increase in
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gene expression of inflammatory markers at 30 and
60uM, compared to their corresponding lower doses
(Figure 6a to 6¢). For ET-1 and VCAM-1, free CM at
lower doses showed a significant reduction in gene
expression but not in the case of NF-kB and MCP-1.
However, for COX-2 (Figure 6d), both conjugate and

free CM showed no significant effect in lowering the

DOI: 10.26502/fccm.92920184

expression at both low and high doses. These results
indicate that CM-Alb (5 to 20uM) down-regulate the
gene expressions of inflammatory markers. Owing to
its cytotoxic effect above 30uM, the inflammatory
regulation is not much evident. Free CM also
controlled the expression of inflammatory markers;
but, the CM-Alb's effect seems higher.
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Figure 6:Graphical representation of anti-inflammatory action of CM-Alb and free CM. Relative gene expression
w.r.t control EC and EC treated with TNF-a(10ng ml™) for 24h,estimated using qRTPCR for demonstrating effect of
CM-Alb on: (a), NF-kB; (b), MCP-1; (c), ET-1; (d), COX-2; and (e), VCAM-1 expressions. Data represent dose
response of CM-Alb upon treating with EC preexposed toTNF-o for 24h, followed by incubation with added
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conjugate at different cocentrations for additional 24h. Values are represented as Mean+SD; n=3.P<0.05 (*); P<

0.01 (**); P < 0.001 (***).

Confirming the results seen in gRTPCR, activated
ECs immunostained positive for the four
inflammatory markers NF-kB, ET-1, COX-2, and
VCAM-1 (Figures 7a to 7d). The control EC, CM-
treated, and CM-Alb treated ECs stained positive for

inflammatory markers. Upon quantifying fluorescence

all

intensity, TNF-a activated ECs showed significantly

Control EC

Control EC

oo
" £

Cogitrol EC

30

higher expression of markers: NF-kB, ET-1, COX-2
and VCAM-1, compared to control ECs (Figure 7e).
Also, on the exposure of the TNF-a treated ECs with
5uM CM-AIb or free CM, the frequency and intensity
of immunostained EC decreased considerably. Thus,
of CM-Alb

inflammatory EC at protein level is indicated.
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Figure 7:Representative micrographs for ECs treated with different conditions followed by immunostaining for
inflammatory markers. (i), cells treated with medium (control); (ii), cells treated with TNF-o; (iii), cells treated with

TNF-a+CM; (iv), cells treated with TNF-o-+CM-Alb. a(i-iv) cells stained for NF-kB; b(i-iv) cells stained for ET-1;

c(i-iv) cells stained for COX-2; d(i-iv), cells stained for VCAM-1. Green fluorescence represents cell cytoplasm and

the nucleus is represented by blue color stained with DAPI, (e), Quantitative analysis of total cell fluorescence for
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each inflammatory marker in ECs subjected to different treatment conditions.

4. Discussion

Atherosclerosis is one of the inflammatory disorders
marked by the dysfunction of ECs. Anti-
inflammatory drugs with minimal side effects are of
great demand to circumvent different inflammation-
associated diseases. Curcumin is well-known for its
property.
hydrophobicity and related insolubility in an aqueous

anti-inflammation However, high
medium limit its bioavailability. Besides, it shows a
tendency for quick hydrolytic degradation. Altogether
the medicinal property of curcumin is not exploited in
clinics [7]. This study focused on a method to
improve the bioavailability of CM without affecting
the functions of the molecule. The natural
physiological drug carrier, human serum albumin was
used to promote bioavailability and solubility by
conjugating the drug molecule. In cancer treatment,
the cytotoxic concentration of the CM affecting the
cell-cycle is a requisite. But for inflammatory
regulation, a non-cytotoxic CM dose is a necessity.
This study compared cytotoxicity and anti-
inflammatory properties of CM-Alb to CM. Also, the
use of ECs as an in vitro model very well
demonstrated the effect of the drug on inflammation.
This study highlights the use of a non-cytotoxic dose
of CM as an anti-inflammatory drug.

Other methods explored to improve bioavailability
include: encapsulating or linking CM with other
substances resulting in emulsions, and
nanoformulations, etc. [9]. Even though these
modifications have caused an increase in drug
miscibility in aqueous medium, poor regulated release
of the molecule from drug carrier and vehicle
associated toxicity are major concerns limiting the
clinical use. Degradation products curcumin

glucuronide/curcumin sulfate were detected in blood
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plasma during clinical trials of administering these
into patients [14]. But despite all these factors,
attempts have successfully led to the development of
a conjugate as an anti-cancer agent proven safe and
efficient for cancer therapy by in vitro/in vivo animal
studies [10, 11, 15]. When the conjugated CM reaches
the tissue, Alb receptors on the cells could mediate
internalization followed by a breakdown of the
protein into amino acids, a normal physiological
process releasing the drug. Inflammed tissues tend to
accumulate  Alb which might help inadequate
localization of drug molecules in the concerned site
[16]. Several studies have shown that the endothelial
layer of microvessels present in different tissues
expresses specific receptors such as albumin binding
sites (ABS). One of the receptors is albondin (gp60),
which facilitates the transcytosis of drug molecules
across the cell membrane mediated by Alb [17,18].
However, if the drug conjugation process affects the
albumin confirmation, it may not recognize the
receptor to result in endocytosis. This study compared
the endocytosis of both native and drug conjugated
Alb. The CM-Alb endocytosis into EC is comparable
or even better than native Alb. The solubility
improved significantly upon conjugation of the drug
and thus the bioavailability too. Fold increase of drug
solubility in an aqueous medium is evident. The
absence of cytotoxic response in L929 culture at
<80uM concentration of free CM suggests may be
due to instability and a lack of endocytosis. Better
solubility and endocytosis of CM-Alb caused a toxic
effect in L929 cells. Therefore, CM-Alb has a better
opportunity for clinical viability. Also, since a low
concentration (5uM) of CM-Alb is non-cytotoxic and
anti-inflammatory, it may be safely administered

intravenously.
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Both IL-6/IL-1p failed to activate inflammatory genes
consistently in normal EC culture even at 20 ng ml™
doses and were found insufficient to produce
inflammatory cells and test the effect of this
conjugated drug. However, upon treating ECs with a
10ng ml* TNF-a dose, the inflammatory response
was found sufficient to prove the anti-inflammatory
effect of CM-Alb conjugate. Interestingly, the non-
cytotoxic range of CM concentrations (5uM to 20uM)
in the conjugate has down-regulated all inflammatory
marker genes in 24h. Upregulated genes in the
presence of >30uM indicate that thenecrosis-related
inflammation could be a cause for the increase in

molecular expressions [19, 20].

The transcription factor NF-kB is involved in
regulating transcriptional stimulation of various genes
during inflammation. Both TNF-o. and NF-kB are
mutually activating in unfavorable conditions [21].
Studies have reported that CM has an inhibitory effect
on the functional activation of NF-kB. Usually, NF-
kB is in association with the inhibitor of kB (IkB) in

the cell cytoplasm.

COX-2 is an important enzyme that takes part in
regulating inflammatory pathways. Normal healthy
cells express COX-1 constitutively which is required
for the smooth functioning of cellular activities.
However, upon stimulation by a variety of
inflammatory cytokines, cells begin to express
another isoform COX-2. Both these forms convert
arachidonic acid into prostaglandins  during
inflammatory pathways. And with the increase in the
intensity of inflammatory stimuli, studies have shown
that the expression of COX-2 also increases;
meanwhile, the expression of COX-1 remains normal
[3]. So cyclo-oxygenase being an important and

critical enzyme in inflammatory pathways, the
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healthcare industry develops COX inhibitors to treat
inflammation. This study demonstrates COX-2
inhibition by low concentrations of CM conjugated to
Alb.

Recruiting monocytes and macrophages to the
inflamed tissue is through MCP-1 [22]. In the current
study, the expression of MCP-1 increases
significantly upon treating ECs with TNF-a for a
period of 24h. When the inflammation-induced ECs
expose to 5 to 20uM concentrations of CM-Alb
conjugate, MCP-1 expression down-regulated
significantly, as compared to the TNF-a treated cells.
During inflammation, there is an enhanced expression
of adhesion molecules on vascular walls involving in
the worsening of vascular diseases. This is
accompanied by EC activation leading to the release
of MCP-1 [23]. At the time of inflammation, the
recruited monocytes differentiate into classical M1
macrophages and non-classical M2 macrophages
resulting in cholesterol ingested plaques. These
plaques serve as a reservoir for the release of several
inflammatory cytokines that deteriorates the plaque
and promotes inflammation in the affected region of
the vascular wall [24]. The MCP-1 enhances the
expression of VCAM-1 on ECs [23]. The observed
control of MCP-1 by CM-AIb highlights the
significance of the molecule for potential therapeutic

applications.

Another major cytokine ET-1 released by ECs acts by
promoting vasoconstriction of blood vessels during
CVDs [25]. In the current study, ET-1 increases upon
treatment with TNF-a and significantly reduced upon
treatment with CM-Alb conjugate at 5, 10, 20uM
concentrations. TNF-a and IL-6 are known to induce
the expression of VCAM-1, ICAM-1, and other cell

adhesion molecules on their surface due to their
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response to mediators of the inflammatory response
[26]. A significant increase in the expression of
VCAM-1 in EC upon incubating with TNF-a for a
period of 24h gives a good model system to study the
effect of the anti-inflammatory drug molecule.
Further, the treatment of inflammation-induced ECs
with CM-Alb conjugate at 5, 10, 20pM concentrations
down-regulated the expression of VCAM-1

significantly compared to the TNF-a treated cells.

Several studies explored the anti-inflammatory
property of CM-Alb nanoparticles and various such
encapsulations [16]. However, studying the anti-
inflammatory action of a highly water-soluble
formulation is novel. The bioavailability of the
conjugate reflects on endocytosis. It is interesting to
note that the concentration range with no detrimental
effect on EC viability/proliferation results in a
significant anti-inflammatory response in cell culture.
The study demonstrates the adverse effects of a high
dose resulting in upregulation of genes, which may be
due to proinflammatory changes linked to cell death.

An earlier study reported non-toxic,
immunomodulatory, and anti-tumor functions of the
conjugate using mice tumor model [10]. Further pre-
clinical and clinical trials can determine a safe dose

for use in vivo as an anti-inflammatory drug.

5. Conclusion

In the conjugated form, soluble CM is internalized
and acts on cells causing a cytotoxic effect in a dose-
dependent and time-dependent manner. The ECs
isolated from the umbilical cord and grown in culture
responded to TNF-0, activated inflammatory
molecules, and proved the utility of inflammation-
activated EC as a suitable model to study the anti-

inflammatory effects of potential drug molecules.
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Very low concentration of 5uM CM-Alb restored the
TNF-a activated markers in EC. With the cytotoxic
concentration of CM (>30uM), the death-associated
inflammatory response was evident. Therefore, the
anti-inflammatory  property of CM-Alb holds
translational potential by the careful selection of
doses. The study highlights the dose-based dual role
of soluble curcumin in the albumin-conjugated
formulation; as a cytotoxic anticancer drug at high
concentration, and non-toxic anti-inflammatory

cardiovascular medicine at low concentration.
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Supplementary Figure 1:Effect of CM-Alb and Free CM on L929 Cell lines. (a), Graphical representation of the
results of MTT assay in fibroblast (L929 culture) in the presence of CM-Alb; (b), graphical representation of the
results of MTT assay in fibroblast in the presence of free CM. (c) dose- response (5uM, 10uM&30uM) of
conjugated CM on EC proliferation quantified by flow cytometry of PCNA stained cells, after 24h incubation with
the conjugate. Values are represented as Mean+SD; n=3.P< 0.05 (*); P< 0.01 (**); P < 0.001 (***).The cells were
grown in DMEM F12 supplemented with 2% serum. Effect of conjugate and free CM on MTT was compared in the
concentration range of 5 uM to 100puM. It is evident that free CM is not cytotoxic to fibroblast in the dose range of
5uM to 80uM and permits cell multiplication resulting in the increase in viable cells in culture by 24h/48h. The
CM-Alb is cytotoxic to fibroblasts, however, being cell line, the viable cells multiplied in 48h at a lower dose (5 to
20 uM).
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