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Abstract

Aim—Exosomes, the nano-units (<200nm), released from diverse cell types in the extracellular

body fluid, possess non-immunogenic property and ability to cross blood-brain barrier (BBB).

Since exosomes carry biological information from their cells of origin, we hypothesize that

priming cells with potential therapeutic agents release improved cellular contents through

exosomes. Curcumin possesses anti-oxidative, anti-inflammatory properties and provides a

promising treatment for cerebral diseases and therefore, the aim of the study is to establish that

mouse brain endothelial cells (MBEC) when primed with curcumin (7.5μM), release alleviated

exosome population that can help recover endothelial cell (EC) layer permeability.

Methodology—Homocysteine is a well-known causative factor of BBB disruption; therefore,

homocysteine-treated ECs were used as a model of BBB disruption and curcumin-primed

exosomes were utilized to check their potential for mitigating EC disruption. MBEC were treated

with curcumin and exosome were isolated by using ultracentrifugation and immunoprecipitation.

Expression levels of junction proteins were detected by Western blot and Immunocytochemistry

assays. Endothelial cell permeability was analyzed with FITC BSA leakage assay using transwell

permeable supports.

Key Findings—Exosomes derived from curcumin-treated (primed) cells (CUR-EXO) alleviated

oxidative stress, tight junctions (ZO-1, claudin-5, occludin), adherent junction (VE-cadherin)

proteins and EC layer permeability induced during EC damage due to high homocysteine levels

(hyperhomocysteinemia).

Significance—In conclusion, the study potentiates the use of CUR-EXO for cerebral diseases

where drug delivery is still a challenge. The results also pave the way to novel translational

therapies for cerebral diseases by maintaining and establishing therapeutic conservatories via

primed exosomes.
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Introduction

Exosomes are nano-vesicles (<200nm) formed from the fusion of internal vesicles of

multivesicular bodies to plasma membrane. These are found in extracellular fluids of the

body (urine, breast milk, saliva, cerebrospinal fluid, brancheo-alveolar lavage) and culture

conditioned media. These nano-units are believed as a molecular source of cellular factory

and retain molecular conservatory of the cell type from where they are released (Kalani et al.

2013c). Apart from their use in biomarker exploration, mounting literature suggest their use

in therapy for cerebral diseases, such as stroke (Xin et al. 2013). The major advantage of

their use over other therapeutic systems in cerebral diseases is because of their ability to

cross BBB, non-immunogenicity and targeted delivery (Kalani et al. 2013c;Zhuang et al.

2011); but the studies are largely lacking which provide sufficient information for their

therapeutic aspects to combat and alleviate BBB disruption.

Blood-brain barrier (BBB) is exclusively maintained by cerebral blood vessels, which are

lined by specialized endothelial cells (ECs). The integrity of cerebral ECs is retained by the

cross talk of tight junctions (TJs, zona occludens, claudins) and adherent junctions (VE-

cadherin). In pathological conditions, such as vascular complications and neurological

disorders, cerebral junctions are disrupted that affect selective barrier function of BBB and

eventually raise vascular permeability (de Vries et al. 1997;Kalani et al. 2013a). BBB has

been reported to be affected significantly by homocysteine (Hcy) (Kalani et al. 2013a),

which is a natural inhabitant molecule formed from methionine metabolism in the body.

Being deficient in cystathionine-β synthetase (CBS) enzyme activity, which is responsible

for Hcy clearance, the mammalian endothelium is the prime target of Hcy-induced toxicity

(Shastry et al. 2006). The outcome of earlier studies reflect that subclinical elevation in Hcy

levels (hyperhomocysteinemia; HHcy) (from baseline of ~3 μmoles/L to ~12 μmoles/L)

induces toxicity resulting in considerable leakage of plasma proteins (Beard, Jr. et al.

2011;Kamath et al. 2006;Lominadze et al. 2006). The subsequent events that take place after

the elevation of Hcy include: 1) activation of matrix metalloproteinases (MMPs), 2)

disruption of membrane proteins including TJs and other junctional proteins and, 3)

functional decline in endothelial cells forming BBB (Kumar et al. 2008;Lee et al. 2012).

Recently curcumin (diferuloylmethane; CUR) which is derived from the root of Curcumin

longa (spice turmeric) has been used for neurological implications. Curcumin is also termed

as yellow gold as it possesses anti-inflammtory, anti-lipidemic, and antioxidative properties,

and has been recommended for the clinical trials to prevent / treat neurological diseases

(Kulkarni and Dhir 2010). The findings of the earlier studies implicating in vivo myeloid

cells suggest that curcumin delivered by exosomes is more stable, highly concentrated in the

blood, and exhibits therapeutic effect, rather than toxic effects (Sun et al. 2010). The study

by Liu et al. highlighted increase in exosomes/microvesicles secretion with curcumin that
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attenuates lysosomal cholesterol traffic impairment in HepG2 hepatocarcinoma cells and

THP-1 differentiated macrophages (Canfran-Duque et al. 2013). Although these reports

suggest beneficiary effect of curcumin on exosomes production and effect of curcumin-

packed exosomes to surmount pathological conditions, the reports are largely lacking which

establish the effect of curcumin-primed exosomes (CUR-EXO) in EC disruption and

permeability. Curcumin-primed exosomes differ from curcumin packed exosomes in the

respect that they are released by curcumin treated cells while curcumin packed exosomes are

exosome entities encapsulated with curcumin. Therefore, we hypothesized that CUR-primed

exosomes exhibit improved molecular constituents that help in regulation of ECs disruption.

Mouse brain ECs were treated with Hcy to disrupt junction proteins, enhance permeability,

and the therapeutic efficacy of CUR-EXO was observed for maintaining ECs integrity.

Meterials and methods

Cell culture

Mouse brain endothelial cell line (MBEC) was purchased from American Type Culture

Collection (ATCC, Menassas, VA, USA) and grown in DMEM supplemented with 4.5 g/l

glucose, 3.7 g/l sodium bicarbonate, 4 mM glutamine, exosome free 10% FBS (pH 7.4). The

cells were maintained under an atmosphere of 5% CO2 and 95% air in 25 cm2 tissue culture

flask.

Curcumin-primed exosomes collection

MBECs were treated with curcumin (7.5 μM) for 72 h. Culture media was collected and

centrifuged at 3,000Xg (10 min) and supernatant was collected. Collected supernatant was

further ultracentrifuged at 1,00,000 x g (1 h) to concentrate exosomes (CUR-EXO) in pellet

(Thery et al. 2006). CUR-EXO were purified using exo-specific beads (Life technology,

Grand Island, NY, USA) as per supplier’s protocol and either used for treatment or stored at

−80°C till further use. Similarly, culture media from untreated cells was also used to

concentrate exosomes (EXO).

Treatment groups

The cells were given following treatments: 1) Control, 2) Hcy (100μM), 3) Hcy-CUR-EXO

(5μg/ml). In some experiments, cells were treated with EXO (5 μg) and compared with

CUR-EXO treated cells for the protein expression analysis of junction proteins. The ECs

proteins were extracted after 24 h treatment as described earlier (Thery et al. 2006). The

protein concentration of CUR-EXO and EXO was determined through Bradford (Bio-Rad,

Hercules, CA, USA) method as per manufacturer’s protocol.

Western blotting

Exosome preparations were run on SDS-PAGE, electro-transferred and immunoblotted with

anti-TSG101 (Abcam, Cambridge, MA, USA), anti-TJs (claudin-5, ZO-1, occludin), and

anti-VE cadherin specific antibodies (Santa Cruz, Dallas, Texas, USA). Images were

recorded and data was analyzed with image lab software (Bio-Rad, Hercules, CA, USA).
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Flow cytometry analysis

Flow cytometry was done as described earlier by (Bhatnagar et al. 2007)). Briefly, 5 μg

CUR-EXO were incubated with 4 μm-diameter latex beads in PBS (50μl) at RT for 20 min.

The volume was increased to 300 μl and the beads were incubated at 4°C overnight under

gentle agitation. The reaction was stopped by incubation in 100 mM glycine (30 min).

Coated beads were washed thrice and labelled with anti-CD63 PE and appropriate isotype

control (Biolegend). After that, the beads were washed thrice and analyzed by flow

cytometry (BD Accuri™ C6 Flow Cytometer, New Jersey, USA).

Gelatin Zymography

In-gel gelatin zymography was performed as per our previous reports (Tyagi et al. 2011).

Briefly, the protein samples were run on SDS-PAGE. Gel was washed thrice with 2.5%

Triton-X 100, incubated for 24 hrs (37°C) in activation buffer [5mmol/L Tris HCl (pH 7.4),

0.005% (v/v) Brij-35, and 1 mmol/L CaCl2], and stained with coomassie brilliant blue.

Images were recorded and the data was analyzed with image-lab software (BioRad, USA).

AChE activity in exosome vesicles

AChE activity in exosome vesicles was determined as described earlier (Savina et al.

2002;Stoorvogel et al. 2002). Briefly, 15ml exosomal preparation was suspended in 100μl of

PBS and incubated with acetylthiocholine (1.25mM) and dithio-bis-(2-nitrobenzoic acid)

(0.1mM) in a final volume of 1ml. The incubation was carried out in cuvettes at 37°C and

the change in absorbance (412nm) was monitored every 5 minutes for the total time 30

minutes.

Immunocytochemistry of ECs

Immunocytochemistry was performed to locate exosomes using PKH67 staining (Fitzner et

al. 2011), determining ZO-1 cellular expression, and oxidative stress using DCFH-DA

(Tyagi et al. 2009). For PKH67 staining, cells were grown in 8 well chamber slides and

treated with tubulin red that binds to cytoskeleton proteins (16h), following PKH67 labelled

exosome (2h). For ZO-1 expression, the cells were fixed with 4% paraformaldehyde (15

min), permeabilized (0.25% triton X-100 in PBS, 10 min) and blocked with 1% BSA

solution (30 min). Cells were further incubated with primary antibody (overnight), and FITC

labelled secondary antibody (1h) and washed thrice with PBS after antibody incubations.

For DCFH-DA staining, ECs were treated with 5 μM DCFH-DA (20 min) and washed with

PBS. In the above three staining, nuclei were stained with DAPI and cells were

photographed using laser-scanning confocal microscope (FluoView 1000; Olympus, PA,

USA). Total fluorescence intensity was measured with image analysis software (Image-Pro

Plus; Media Cybernetics, Rockville, MD, USA).

ECs layer permeability

The transwell permeable supports with polycarbonate membranes (Nuclepore Track-Etch,

6.5 mm in diameter, 0.4μm pore size, and pore density of 108/cm2) coated with fibronectin

were seeded with MBECs and grown in DMEM until they formed a complete monolayer

(Muradashvili et al. 2012). Cells were washed with PBS and treated with 100μg/ml Hcy or
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with medium alone in the presence of FITC-BSA (0.2mg/ml). After 6, 12, and 24 h media

samples (50 μl) were collected from lower chambers of the transwell system and the same

volume of the sample was added to the each appropriate upper well. Fluorescent intensity in

sample was measured by a microplate reader (SpectraMax M2e, Molecular Devices

Corporation, Sunnyvale, CA, USA) with excitation at 488nm and emission at 520nm (cutoff

515nm). Results are expressed as a ratio of fluorescence intensity of each dye in the bottom

chamber (of each experimental group) to fluorescence intensity of the respective dye in the

original sample (of the respective group) at the end of the experiment.

Statistical analysis

The comparison between two groups was done by student’s-t test. The null hypothesis was

rejected if p<0.05 and considered statistically significant.

Results

Characterization of CUR-EXO

To characterize CUR-EXO, Western blot, AChE activity, and flow cytometry were used.

Western blot analysis revealed TSG101 band in purified 1, 00,000 x g CUR-EXO pellet but

not in CUR-supernatant (Fig. 1A). Since exosome vesicles typically exhibit AChE activity;

therefore, we determined the AChE activity for CUR-EXO preparations. We got high AChE

activity levels in CUR-EXO and the activity increased over the observation period of 30 min

while in CUR-supernatant, devoid of exosomes, very low activity was found throughout the

observation period (Fig. 1B). We further characterized CUR-EXO by using exosome-

specific CD63 antibody using flow cytometry. The data showed CD63-specific peak in the

flow chart as given in Fig. 1C. These results suggested presence of CUR-EXO in purified 1,

00,000 x g fraction.

CUR-EXO acquisition by ECs and its effect on oxidative stress

To address the effect of CUR-EXO, we first confirmed CUR-EXO acquisition by ECs, by

labelling CUR-EXO with PKH67 fluorescent dye. As represented in fig. 2A, ECs incubated

with labelled CUR-EXO showed green fluorescence dots as compared to control (Fig. 2A).

These results suggest that CUR-EXOs are acquired by the ECs.

We next determined the effect of CUR-EXO on oxidative stress using DCFH-DA

fluorescent dye. The confocal analysis showed increase in oxidative stress in Hcy-treated

cells as high DCFH-DA fluorescence intensity was found in these cells as compared to

control cells (Fig. 2B). On contrary, significant reduction in oxidative stress was observed in

Hcy-CUR-EXO treated cells, when compared to Hcy-treated cells (Fig. 2B, 2C). The

decrease in oxidative stress with CUR-EXO thereby indicates its anti-oxidative properties.

Effect of CUR-EXO on junction proteins and MMP-9 activity

To address the potential of CUR-EXO to overcome Hcy-induced ECs disruption, different

concentrations (2, 5, 8, 10 μg) of CUR-EXO were introduced in Hcy-treated cells and

protein expressions of junction proteins (occludin, claudin-5) were determined using

Western blot. Significant low protein expressions of occludin and claudin-5 were observed
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in Hcy-treated cells as compared to control cells. On the other hand, CUR-EXO treatment

alleviated the two protein levels in Hcy-treated cells (Fig. 3A, 3B).

In order to compare that the improvements of junction proteins are due to CUR-EXO, we

compared the treatment effect of CUR-EXO with exosomes (EXO), derived from culture

media of untreated cells, on the expression levels of TJs (ZO-1), and adherent junction (VE-

cadherin) proteins. Western blot analysis revealed significant loss of ZO-1 and VE-

cadherins in Hcy-treated cells when compared to control cells (Fig. 3C, 3D). Likewise, EXO

treatment to Hcy-treated cells did not show any improvement in the protein expressions of

ZO-1 and VE-cadherin. On contrary, Hcy-CUR-EXO cells showed significant improvement

in the two protein expressions, as compared to Hcy-treated cells (Fig. 3C, 3D).

Furthermore, MMP-9 activity was determined using gelatin zymography assay. Gelatin

zymography result depicted increase in MMP-9 activity in Hcy-treated and Hcy-EXO

treated cells as compared to control cells. On the other side, Hcy-CUR-EXO treated cells

represented less gelatin degradation activity as comparable to Hcy-treated cells (Fig. 3E,

3F). These results confirmed that CUR-EXO recovered the junction proteins and normalized

the MMP-9 activity in Hcy-treated ECs to control cells.

Effect of CUR-EXO on ZO-1 expression and endothelial cell permeability

In the further sets of experiments, effect of CUR-EXO was observed on cellular expression

of ZO-1 and EC layer permeability. The confocal analysis showed very low intensity of

ZO-1 in Hcy-treated cells, as compared to control cells; however, intensity of ZO-1 was

improved in Hcy-CUR-EXO treated cells (Fig. 4A).

Permeability through ECs was determined with fluorescent probe (FITC-BSA) leakage

assay at different time points. Hcy-treated cells showed increase in the leakage of FITC-

BSA through ECs at all the observed time points (6, 12, 24 h) as compared to control cells.

On the other side, Hcy-CUR-EXO treated cells showed significant decrease in leakage

through ECs as compared to Hcy-treated cells (Fig. 4B). These results further confirmed the

potential of CUR-EXO in amelioration of junction proteins and EC layer permeability.

Discussion

We studied the potential of curcumin-primed exosomes on ECs dysfunction by looking at

their effect on junction proteins and ECs permeability. Exosomes carry specific biological

information (protein, nucleic acid) from the tissue type they originate. Also, they possess

potentials for cerebral disease therapy and potential to be used as biomarkers. Curcumin is

an anti-oxidative, anti-inflammatory and neuroprotective agent. Accumulating evidences

suggest curcumin not only induces exosome secretion but also increases its solubility,

stability, and therapeutic potentials when encapsulated in exosomes (Canfran-Duque et al.

2013;Kulkarni and Dhir 2010;Sun et al. 2010;Zhuang et al. 2011). Hence in the present

study, we prepared curcumin-primed exosomes and checked their potentials against

oxidative stress, TJs, and ECs layer permeability.
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Since the exosomes are nano-range vesicles, there have been different approaches to

characterize its presence in biological fluids including culture conditioned media (Thery et

al. 2006). We characterized CUR-EXO by Western blot, AChE activity and flow cytometry

as described earlier (Kalani et al. 2013b;Stoorvogel et al. 2002;Thery et al. 2006). To

confirm CUR-EXO acquisition by the ECs, we labelled exosomes with PKH67 fluorescent

stain which specifically binds to exosomes. PKH labelling has been profoundly used to label

exosomes in order to track their destinations (Fitzner et al. 2011;Zhuang et al. 2011).

Increased levels of Hcy have been associated with increased permeability through ECs

(Tyagi et al. 2007). Hence, we also considered Hcy-treated ECs as the model of BBB

disruption. Previous studies have suggested the use of ECs as a convenient and useful model

to study BBB function (Brown et al. 2007;Watanabe et al. 2013). We earlier established that

Hcy causes redox stress which induces MMPs activation and increase in permeability (Tyagi

et al. 2007). Therefore, in this study we checked CUR-EXO potentials to rescue these

altered events.

Oxidative stress is the hallmark of pathological processes in brain ECs during HHcy

(Abushik et al. 2013;Wu et al. 2013) which increases reactive oxygen species (ROS)

(Kotamraju et al. 2000), and decreases endothelial nitric oxide (NO) bioavailability (Ryter

and Choi 2002). On contrary, anti-oxidant therapy has been described to overcome the

vascular remodeling and redox stress during endothelial damage (Tyagi et al. 2009). We

found increase in oxidative stress in Hcy-treated cells which was significantly decreased

with CUR-EXO treatment. This suggests anti-oxidative potential of CUR-EXO. Likewise

the activity level of MMP-9, induced under HHcy, was also decreased with CUR-EXO

treatment. It has also been well established that MMPs are induced in the brain ECs during

Hcy-induced toxicity and lead to extracellular matrix remodeling (Kamat et al. 2013;Kumar

et al. 2008;Shastry et al. 2006). The high activity of MMPs is known to disrupt BBB by

eating up junction proteins that maintain BBB integrity (Kalani et al. 2013a;Valable et al.

2005).

Intercellular TJ protein complexes of the brain microvasculature limit the diffusion of the

substances from the blood into the brain and provide cytoskeleton anchorage. ZO-1, ZO-2

and Occludin are proteins linked to actin cytoskeleton of ECs (Fanning et al.

1998;McCaffrey et al. 2009), while claudin-5 is a predominant claudin isoform, among other

claudin isoforms, in TJs and its mRNA expression was found to be 600 times more as

compared to other RNAs in brain ECs (Ohtsuki et al. 2008). Apart from TJs, adherent

junctions are also important regulator of BBB permeability and attenuation of VE-cadherin,

which is one of the important adherent junction proteins, showed increased monolayer

permeability in culture cells, oedema and hemorrhage in in vivo model systems (Corada et

al. 2001;Corada et al. 2002). These junction proteins are important to maintain selective

barrier functions of ECs in brain vessels and therefore their loss affects BBB integrity. We

observed that TJs are severely down-regulated under HHcy and treatment with CUR-EXO

restored TJs expressions. Additionally, the EC layer permeability that increased with Hcy

treatment was improved and became comparable to control using CUR-EXO. The

mechanism that we believe for CUR-EXO to rescue ECs permeability is by decreasing
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oxidative stress which further decreased MMP-9 inpart by alleviating TJs-adherent junctions

and ECs permeability.

In conclusion, our study determined the potential use of curcumin-primed exosomes in

amelioration of junction proteins and ECs permeability. The beneficiary effect of CUR-EXO

is believed to be exerted by maintaining redox homeostasis, lowering MMP-9 levels, and

improving TJs that eventually improve ECs permeability. Since the exosomes carry

biological information from the cells of their origin, we strongly believe that the alleviations

of junction proteins maintaining ECs layer permeability is through the effective molecular

contents in CUR-EXO imported to the cells by curcumin. Fig. 5 represents the overall

hypothesis of the study.

The results of the study also direct novel future therapies by preparing improved cellular and

molecular conservatories via exosomes and use them to treat cerebral diseases, for which

drug penetration and access is a challenge. However, the potential limitation of the study

resided to resolve the molecular signalling via CUR-primed exosome.
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Abbreviations

Hcy homocysteine

HHcy hyperhomocysteinemia

CUR-EXO curcumin-primed exosomes

Exo Exosomes

BBB blood-brain barrier

TJs tight junctions

AChE acetylcholinestrase

ZO Zona occludens-1
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Fig. 1. Characterization of CUR-EXO
(A) Western blot analysis of CUR-EXO and CUR-supernatant fractions with anti-TSG101

antibody. (B) Line diagram for AChE activity in CUR-EXO pellet and CUR-supernatant.

The OD was recorded at 419 nm at 5 min interval for the total time period of 30 min. Data

represents mean ± SD, *p<0.05-versus control. (C) Flow cytometry detection of CUR-EXO

captured on anti-CD63 coated latex beads. The exosome-bead complexes were

immunostained against CD63 (open curve, black arrow) or their corresponding isotype

control (filled curves, red arrow). Data is the depiction of the three independent experiments.

Here, CUR-EXO, Curcumin-primed exosomes; TSG101, Tumor suppressive gene 101;

CUR-supernatant, Supernatant collected after ultracentrifuging MBEC culture media at

1,00,000 X g (devoid of CUR-EXO).
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Fig. 2. CUR-EXO acquisition by the ECs and its effect on oxidative stress
(A) Confocal images showing CUR-EXO acquisition by the ECs (bottom panel). CUR-

EXOs were labelled with PKH67 (green dots; indicated with white arrow), ECs were treated
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with tubulin red (red) and nuclei were stained with DAPI (blue). However, the green

fluorescent signal was not detected in ECs undelivered with CUR-EXO (top panel) (B)
Confocal images depicting oxidative stress in control, Hcy, and Hcy-CUR-EXO treated cells

using DCFH-DA fluorescent dye. Green color intensity is the representation of oxidative

stress as indicated by white arrows. Nuclei are stained with DAPI (blue). (C) Bar graph

representing intensity of DCFH-DA dye in ECs analysed with Image-Pro Plus 7.0 software.

All Images were taken at X60 magnification, scale bar 20 μM. Data is expressed in arbitrary

units. Data represents mean ± SD, *p<0.05-versus control, #p<0.05-versus Hcy-treated cells.

The images and data are the representation of four independent experiments. Here, Hcy,

homocysteine; CUR, curcumin; CUR-EXO-Curcumin-primed exosomes; DCFH-DA,

Dichloro-dihydro-fluorescein diacetate (DCFH-DA); DAPI, 4′,6-diamidino-2-phenylindole;

ECs, endothelial cells.
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Fig. 3. Effect of CUR-EXO on junction proteins and MMP-9 gelatin degradation activity
(A) Representative Western blot images showing expression levels of occludin, claudin -5

and GAPDH in control, Hcy, and Hcy-CUR-EXO treated cells. Different concentrations

(μg) of CUR-EXO were used in Hcy-treated cells. (B) Bar diagram showing densitometry

analysis of occludin and claudin-5 protein expressions normalized with GAPDH (C)
Representative Western blot images showing protein expression levels of ZO-1, VE-

cadherin and GAPDH in control, Hcy, Hcy-EXO, Hcy-CUR-EXO treated cells. 5μg

concentration of EXO and CUR-EXO were used for the ECs treatment. (D) Bar graph

showing densitometry analysis of ZO-1 and VE-cadherin protein expressions, normalized

with GAPDH expression. (E) Representative zymograph image showing MMP-9 activity in

control, Hcy, Hcy-EXO and Hcy-CUR-EXO treated cells. The EXO and CUR-EXO were

used at 5μg concentration for treating ECs. Protein loading was shown by coomassie stained

gel image given at the bottom of gelatin zymograph image. (F) Bar graph showing

densitometry analysis of MMP-9 activity. All densitometry analysis was performed through

image-lab software and values are expressed as mean ± SD. ‡p<0.05, *p<0.05-versus

control, #p<0.05-versus Hcy-treated, and Hcy-EXO treated cells. Here, Hcy, homocysteine;

CUR-EXO, curcumin-primed exosomes; EXO, exosomes MMP-9, matrix

metalloproteinase-9.
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Fig. 4. Effect of CUR-EXO in ZO-1 protein intensity and endothelial cell permeability
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(A) Confocal images showing ZO-1 cellular expression levels (red) in control, Hcy, Hcy-

CUR-EXO treated cells and indicated with white arrows. Nuclei are stained with DAPI

(blue). All Images were taken at X60 magnification, scale bar 20 μM. (B) EC layer

permeability was assessed with FITC-BSA leakage in control, Hcy, Hcy-CUR-EXO treated

cells using transwell permeable supports thrice at 6h intervals for the total time period of 24

h. Data represents mean ± SD. *P<0.05 -versus control; #p<0.05-versus Hcy-treated cells.

Here, Hcy, homocysteine; CUR-EXO, curcumin-primed exosomes; FITC-BSA, fluorescent

isothiocyanate-bovine serum albumin; DAPI, 4′,6-diamidino-2-phenylindole; ECs,

endothelial cells.
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Fig. 5. Hypothesis
Overall hypothesis of the study showing treatment of curcumin-primed exosomes recovered

junction proteins, adherent junction proteins and alleviated permeability of endothelial cells.
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