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Abstract

Polyphenolic compounds (anthocyanins, flavonoid glycosides) in berries prevent the initiation, 

promotion, and progression of carcinogenesis in rat’s digestive tract and esophagus, in part, via 

anti-inflammatory pathways. Angiogenesis has been implicated in the pathogenesis of chronic 

inflammation and tumorigenesis. In this study, we investigated the anti-inflammatory and anti-

angiogenic effects of black raspberry extract (BRE) on two organ specific primary human 

intestinal microvascular endothelial cells, (HIMEC) and human esophageal microvascular 

endothelial cells (HEMEC), isolated from surgically resected human intestinal and donor 

discarded esophagus, respectively.

HEMEC and HIMEC were stimulated with TNF-α/IL-1β with or without BRE. The anti-

inflammatory effects of BRE were assessed based upon COX-2, ICAM-1 and VCAM-1 gene and 

protein expression, PGE2 production, NFκB p65 subunit nuclear translocation as well as 

endothelial-leukocyte adhesion. The anti-angiogenic effects of BRE were assessed on cell 

migration, proliferation and tube formation following VEGF stimulation as well as on activation 

of Akt, MAPK and JNK signaling pathways.

BRE inhibited TNF-α/IL-1β-induced NFκB p65 nuclear translocation, PGE2 production, up-

regulation of COX-2, ICAM-1 and VCAM-1 gene and protein expression and leukocyte binding 

in HEMEC but not in HIMEC. BRE attenuated VEGF-induced cell migration, proliferation and 

tube formation in both HEMEC and HIMEC. The anti-angiogenic effect of BRE is mediated by 

inhibition of Akt, MAPK and JNK phosphorylations.

© 2014 Elsevier Inc. All rights reserved.
*Corresponding Author: Parvaneh Rafiee Ph.D., Department of Surgery, Medical College of Wisconsin, 8701 Watertown Plank Road, 
Milwaukee, WI 53226, prafiee@mcw.edu, Phone: 414-456-4667, Fax: 414-456-6361. 

Authors have nothing to disclose

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Microvasc Res. Author manuscript; available in PMC 2016 January 01.

Published in final edited form as:
Microvasc Res. 2015 January ; 97: 167–180. doi:10.1016/j.mvr.2014.10.008.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



BRE exerted differential anti-inflammatory effects between HEMEC and HIMEC following TNF-

α/IL-1β activation whereas demonstrated similar anti-angiogenic effects following VEGF 

stimulation in both cell lines. These findings may provide more insight into the anti-tumorigenic 

capacities of BRE in human disease and cancer.

INTRODUCTION

Low toxicity of natural foods is an alluring possibility for treatment of inflammatory 

disease, as well as cancer (Xue et al., 2001) (La Vecchia and Tavani, 1998) (Stoner and 

Wang, 2013). Berries, in particular black raspberries (BR), contain high amounts of 

antioxidant polyphenols, including ellagic acid and anthocyanins (Kahkonen and Heinonen, 

2003) (Noda et al., 2002). (Kahkonen and Heinonen, 2003) Modulation of cyclooxygenase-2 

(COX-2), interleukins (ILs) and nuclear factor kappa B (NFκB) expression by black 

raspberries have been reported (Chen et al., 2006b) (Seeram et al., 2001) (Madhusoodhanan 

et al., 2010). Anthocyanins, the most abundant and active constituents in black raspberries 

with potent inhibitory activity are; cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside, and 

cyanidin-3-O-(2G-xylosylrutinoside which are responsible for its chemopreventive activity 

(Hecht et al., 2006) (Wang and Stoner, 2008) (Wang et al., 2009). Furthermore, the role of 

anthocyanins in eliminating free radicals and increased radical-absorbing capability of cells 

has been shown (Yi et al., 2010) (Furuno et al., 2002). Suppression of carcinogen-induced 

esophageal and colon cancer in rats, inhibition of intestinal tumors in ApcMin/+ mice and 

treatment of UV-induced skin tumors in rats by freeze-dried black raspberries have been 

reported (Stoner and Wang, 2013) (Wang et al., 2012) (Fodde et al., 1994) (Velcich et al., 

2002) (Duncan et al., 2009) in addition to its benefits and its antioxidant effects on coronary 

heart disease and chronic diseases (Grassi et al., 2009). However, the effect of BRE on 

cytokine and chemokine (e.g. TNF-α, IL-1β) induced human microvascular endothelial 

activation and up-regulation of inflammatory pathways, which are characteristic of 

inflammatory bowel disease and esophagitis, has not been elucidated.

Microvascular endothelial cells (ECs) of different organs possess distinct structural, 

phenotypic, and functional characteristics. Established tissue-specific molecular libraries of 

ECs demonstrate the attributes of ECs with their organotypic characteristics (Nolan et al., 

2013). These libraries identify how adhesion molecules, transcription factors, angiogenic 

factors, and chemokines are expressed in selected and precise combinations by ECs of each 

organ and how specifically they react with other cells in tissue micro-environment (Nolan et 

al., 2013). In inflammatory processes of numerous organs, exposure of ECs to a various 

stimuli, including cytokines and chemokines provoke distinct reactions in ECs (Molema, 

2010) (Muller et al., 2002). Even though the analyses of in vitro studies are limited, but they 

point to the EC heterogeneity in vivo (Borsum et al., 1982).

In inflammatory bowel disease [IBD; Crohn’s Disease (CD) and ulcerative colitis (UC)] 

activation of microvascular endothelial cells and adhesion of circulating immune cells 

requires for the initiation and maintenance of the inflammation and angiogenesis (Binion 

and Rafiee, 2009). Angiogenesis, the formation of new blood vessels is a crucial mechanism 

in cancer progression an anti-angiogenic therapy in animal models of IBD has shown 
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beneficial effects (Binion and Rafiee, 2009). To better understand the pathogenesis of 

chronic inflammatory disease and cancer, it is imperative to characterize the mechanisms 

underlying microvascular dysfunction (Binion and Rafiee, 2009). The effect of black 

raspberry extract on microvascular endothelial function, specifically on their ability to 

regulate leukocyte adhesion during inflammatory activation and angiogenesis is currently 

undefined.

In this study, we set out to investigate the anti-inflammatory effect of BRE on TNF-α/ IL-1β 

activated human esophageal microvascular endothelial cells (HEMEC) and human intestinal 

microvascular endothelial cells (HIMEC) with respect to NFκB activation, cell adhesion 

molecules expression, COX-2 gene and protein expression and PGE2 production. 

Furthermore, we determined the anti-angiogenic effect of BRE on VEGF-induced 

angiogenesis in both HIMEC and HEMEC. We demonstrated that BRE exerts differential 

anti-inflammatory effects on HEMEC and HIMEC, being a strong anti-inflammatory agent 

affecting HEMEC, without any effect on HIMEC. However, BRE demonstrated to be a 

strong anti-angiogenic agent affecting both HIMEC and HEMEC. These findings add to our 

knowledge of the anti-inflammatory and anti-tumorigenic capacities of BRE and its use in 

human disease and cancer.

MATERIALS AND METHODS

Reagents

Endothelial Cell Growth Supplement (ECGS) was from Upstate Cell Signaling Solutions 

(Temecula, CA). RPMI 1640 medium, Fetal Bovine Serum (FBS), MCDB-131 medium, and 

PSF (penicillin/streptomycin/fungizone) obtained from Invitrogen (Carlsbad, CA). Human 

plasma fibronectin was from Chemicon International (Temecula, CA). Porcine heparin was 

from Sigma-Aldrich (St. Louis, MO). ICAM-1 and VCAM-1 ELISA kits were from R&D 

Systems (Minneapolis, MN). PGE2 ELISA kit was from Cayman Chemical (Ann Arbor, 

Michigan). Antibodies against COX2 and NFκB p65 were from Cell Signaling Technology 

(Danvers, MA). HRP tagged secondary antibodies were from Santa Cruz Biotechnology 

(Santa Cruz, CA). RNeasy RNA Extraction Kit was from Qiagen (Valencia, CA). iScript 

cDNA Synthesis Kit, SYBR Green Master Mix and electrophoresis reagents were from Bio-

Rad (Hercules, CA). Oligonucleotides and primers were from IDT (Integrated DNA 

Technologies, Coralville, IA). Matrigel™ was from BD Biosciences (Bedford, MA). Unless 

otherwise indicated all other chemicals used in this study were purchased from Sigma-

Aldrich (St. Louis, MO).

Isolation of HIMEC and HEMEC

The Institutional Review Board of the Medical College of Wisconsin approved the use of 

human tissue and all experimental procedures. Primary human intestinal microvascular 

endothelial cells (HIMEC) were isolated from uninvolved (disease free n=10) surgical 

specimens from inflammatory bowel disease patients [IBD; Crohn’s Disease (CD) n=5 and 

ulcerative colitis (UC) n=5] as described previously (Binion et al., 1997). HEMEC cultures 

were generated from normal donor tissue (n=7) from people who were involved in car 

(n=4), motorcycle (n=2) and boat crush (n=1) as described previously (Rafiee et al., 2003). 
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Endothelial cultures were recognized by modified lipoprotein uptake (Dil-ac-LDL, Life 

Technologies, Grand Island, NY) and expression of Factor VIII associated antigen (von 

Willebrand) microscopically, all experiments were carried out using the cells at passages 8 

12 (Binion et al., 1997) (Rafiee et al., 2003).

Black Raspberry Extract Treatment

Enriched anthocyanins fraction of BRE ethanol extract (1 mg concentration) provided by Dr. 

Gary D. Stoner (Medical College of Wisconsin) was diluted in DMSO. The molar 

concentrations of 3 major components of BRE at 100ug/ml used in this study are: 4.3 mM 

cyanidin-3-O-glucoside, 1.26 mM cyanidin-3-O-rutinoside, and 5.6 mM cyanidin-3-O-(2G-

xylosylrutinoside. Endothelial monolayers were pre-treated with BRE (100 ug/ml) for 2 h, 

and then activated with TNF-α and IL-1β (100 U/ml each) or stimulated with VEGF 

(100ng/ml) for the indicated time points. BRE demonstrated no toxicity at the dosage used 

in this study and cell survival was not affected.

RNA preparation and Real-time PCR

Using Qiagen’s RNeasy Plus Mini Kit, RNA isolation was done according to manufacturer’s 

instructions. Reverse transcription was done with 1 μg of RNA using Bio-Rad’s iScript 

cDNA synthesis kit for RT-PCR. Real-time PCR was done using Bio-Rad’s SYBR Green 

Master Mix, 2 μl of cDNA, and 250 nM primers in 25 μl reactions as previously described 

(Rafiee et al., 2010a). Real-time data was analyzed with Bio-Rad’s iQ5 software. Primer 

sequences were as follows: ICAM-1 forward 5’- CAA TGT GCT ATT CAA ACT GCC C 

-3’ and reverse 5’- CAG CGT AGG GTA AGG TTC TTG -3’; VCAM-1 forward 5’- TGT 

TGA GAT CTC CCC TGG AC -3’ and reverse 5’- CGC TCA GAG GGC TGT CTA TC-3’; 

COX2 forward 5’- CAA ATC CTT GCT GTT CCC ACC CAT -3’ and reverse 5’- AGT 

CAC GTT TGA TGG CTT CC -3’; GAPDH forward 5’-TGC ACC ACC AAC TGC TTA 

GC-3’ and reverse 5’-GGC ATG GAC TGT GGT CAT GAG-3’; β-actin forward 5’- CAC 

TCT TCC AGC CTT CCT TC -3’ and reverse 5’- GGT GTA ACG CAA CTA AGT CAT 

AG -3’. All experiments were verified three times.

Assessment of CAM expression by ELISA

Culture media of activated HEMEC and HIMEC with or without BRE treatment (from 

above) were collected after 24h. Expression of cell adhesion molecules ICAM-1 and 

VCAM-1 were determined by ELISA assay according to the manufacturer protocol. Data 

from triplicate wells were expressed as the means of pg/ml. A nonspecific monoclonal 

antibody at equal concentrations and incubation conditions was used as control (Binion et 

al., 2009).

Endothelial-leukocyte adhesion assay

Adhesion assays were performed as previously described (Rafiee et al., 2010a) (Binion et 

al., 2009). Briefly, ECs were seeded onto fibronectin-coated 24-well plate (0.5 × 105 cells/

well). Activation and treatment was carried as above and after 24–48 h the cells were rinsed, 

and co-cultured with U937 leukocytes like cells (1×106/ml) for 1h at 37°C in a 5% CO2 

incubator. Non-adherent cells were removed and rinsed three times with PBS. Using a 
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modified Wright’s stain (Diff-Quik Stain; Baxter Scientific, McGraw, IL) adhered cells 

were fixed, stained and counted in 10 high-power fields (X20). Data was expressed as 

number of adherent leukocytes/mm2 (Rafiee et al., 2010a) (Binion et al., 2009).

Western Blot Analysis

SDS-PAGE and Western blot analysis were performed using specific antibodies to COX2, 

NFkB (p65), Akt and MAPK as described previously (Rafiee et al., 2010a) (Binion et al., 

2009).

PGE2 production in HEMEC and HIMEC culture medium

Confluent cell monolayers were assayed as previously described (Ogawa et al., 2003) 

(Binion et al., 2008). Briefly, culture media from TNF-α/IL-1β-activated cells with or 

without BRE were used to measure PGE2 production. Using a commercial ELISA kit, the 

concentration of PGE2 in the culture supernatant was determined following the 

manufacturer protocol. Experiments were carried out in triplicate and results are shown as 

mean pg/ml (SD).

Immunofluorescence Staining

Immuno-staining was performed using NFkB p65 subunit antibody and a secondary 

antibody FITC- conjugated and using 4,6-diamidino-2-phenylindole (DAPI) for nuclear 

staining as described previously (Rafiee et al., 2010a) (Binion et al., 2008). Using Olympus 

BX-40 microscope and a Leica DFC 300FX camera coverslips were visualized.

Cell Migration assay

Using microscopic wounding assay effect of BRE on VEGF-induced endothelial growth and 

migration was quantified by measuring endothelial migration across a leading edge in vitro 

as described previously (Rafiee et al., 2004) (Rafiee et al., 2010b). Briefly, confluent 

monolayer of HEMEC and HIMEC were scraped and wiped along a straight line, and the 

remaining monolayer was stimulated with VEGF (100ng/ml) with or without BRE 

(100μg/ml for 2 h) then incubated at 37°C for indicated time pointe. The migration of 

endothelial cells across the demarcation line was monitored using an inverted microscope. 

At each time point (24, 48, and 72 h), 10 random fields using an ocular grid were counted in 

a blinded fashion. Experiments were repeated in 3 independent cell cultures. Data were 

expressed as cells/mm2 and each condition was assessed in triplicate and expressed as a 

mean ±S.D.

Cell Proliferation Assay

Cellular DNA synthesis was assessed by [3H]thymidine uptake as described previously 

(Ogawa et al., 2003) (Binion et al., 2008) (Rafiee et al., 2010b). Briefly, endothelial cells 

(1×104) were seeded in 24-well plates and grown in media containing 10% FBS for 24 h, 

then the media was replaced and the cells were incubated in media containing 1% FBS for 

another 12 h. Next, the cells with or without BRE (100 μg/ml) pretreatment (2h) were 

stimulated with VEGF (100 ng/ml) and incubated for 24h. After that 1μCi/ml of 

[3H]thymidine (Perkin Elmer, Waltham, MA) was added to cells and incubated for another 5 
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h. Then, the cells were washed twice with PBS and fixed with 5% (v/v) trichloroacetic acid 

for 10 min on ice. Using NaOH (0.25 N) cells were lysed and DNA was released from 

precipitated material. The supernatants were quantified in a Beckman Liquid Scintillation 

System. Each condition was assessed in triplicate and data expressed as a mean ±S.D.

Cell Survival Assays

HEMEC and HIMEC were grown to 70% confluence then stimulated with VEGF 

(100ng/ml) with or without BRE (100μg/ml for 2 h) pretreatment or were left untreated at 

37°C for 10 days. After 10 days, the cells were stained with Trypan blue and five random 

high-power fields were counted using an ocular grid as previously described (Rafiee et al., 

2004) (Binion et al., 2008).

Matrigel™ In Vitro-Tube Formation Assay

ECs tube formation in Matrigel™ was carried on as described previously (Rafiee et al., 

2004) (Binion et al., 2008) (Rafiee et al., 2010b). Briefly, HEMEC and HIMEC were grown 

to 70% confluence then stimulated with VEGF (100ng/ml) with or without BRE (100μg/ml 

for 2 h) pretreatment or were left untreated at 37°C for 10 days. After 10 days, the cells were 

stained with Trypan blue and five random high-power fields were counted using an ocular 

grid as previously described (Rafiee et al., 2004) (Binion et al., 2008).

Statistical analysis

Analysis of variance was performed using StatView for Macintosh. P≤ 0.05 was considered 

significant, and data shown are mean ± S.E.

RESULTS

BRE attenuates CAMs expression in TNF-α/IL-1β-activated HEMEC but not HIMEC

To test the hypothesis that BRE would inhibit the pro-inflammatory effect of TNF-α/IL-1β 

by attenuating the CAM expression, we examined the effect of BRE on ICAM-1 and 

VCAM-1 gene and protein expression in resting and TNF-α/IL-1β-activated HEMEC and 

HIMEC. As expected, expression of ICAM-1 and VCAM-1 in resting ECs was low but 

upon TNF-α/IL-1β activation was considerably increased in both cell lines (Binion et al., 

1997) (Binion et al., 2009). The level of ICAM-1 and VCAM-1 gene expression in TNF-α/

IL-1β activated HEMEC significantly was decreased by BRE pretreatment without having 

any effect on resting HEMEC (Fig. 1 A & C). However, ICAM-1 and VCAM-1 gene 

expression in activated HIMEC was not affected by BRE (Fig. 1 B & D). Interestingly, BRE 

alone modestly increased the level of ICAM-1 and VCAM-1 mRNA expression in resting 

cells and to higher extends in TNF-α/IL-1β-activated HIMEC (Fig. 1 B & D). Results 

obtained by ELISA in culture media were in agreement with the gene expression, which 

revealed that BRE inhibited ICAM-1 and VCAM-1 in HEMEC, but not in HIMEC (Fig 1 E 

& F).
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BRE reduces leukocyte adhesion in TNF-α/IL-1β-activated HEMEC but not HIMEC

The effect of BRE on endothelial function in vitro was assessed using co-cultures of 

endothelial cells with U937 monocyte-like cells (Binion et al., 1997) (Binion et al., 2009). 

As shown in (Fig. 2 A), control HEMEC adhered to low level of U937 (a) and BRE alone 

did not affect the resting HEMEC (b). However, TNF-α/IL-1β activation of HEMEC 

noticeably increased the level of U937 binding (c), and BRE pretreatment effectively 

inhibited the binding of U937 to TNF-α/IL-1β-activated HEMEC (d). Fig. 2 B control 

HIMEC bound low levels of U937 (e). BRE treatment modestly increased the leukocyte 

binding in resting HIMEC (f), which was significantly increased by TNF-α/IL-1β-activation 

(g) and enhanced the U937 binding to a higher degree in TNF-α/IL-1β-activated HIMEC 

(h). Quantification of ECs-leukocyte binding show a significant increase in TNF-α/IL-1β 

HEMEC and HIMEC, which was decreased by BRE only in HEMEC (Fig 2 C & D). These 

findings suggested that the anti-inflammatory effect of BRE on HEMEC at least in part, is 

through modulation of CAM expression and leukocyte binding in activated HEMEC.

BRE diminishes COX2 and PGE2 in TNF-α/IL-1β-activated HEMEC but not HIMEC

Next, we examined the effect of BRE on COX-2 gene and protein expression. Increased 

expression of COX-2 mRNA in both HEMEC and HIMEC was evident after 12h in TNF-α/

IL-1β activated cells. BRE effectively inhibited COX2 mRNA expression in HEMEC, but 

had no inhibitory effect on HIMEC (Fig. 3 A & B). Likewise, TNF-α/IL-1β enhanced 

COX-2 protein expression in both HEMEC and HIMEC after 24 h. However, similar to 

COX2 gene, BRE treatment eradicated the COX2 protein expression in HEMEC, but did not 

affect COX-2 protein expression in HIMEC. NS398 (1 μM), a specific inhibitor of COX2 

(Zikri et al., 2009) (Baek et al., 2007) completely inhibited COX2 expression (Fig. 3 C & 

D). β-actin served as loading control in these experiments.

In agreement with the effect of TNF-α/IL-1β on enhanced level of COX-2 mRNA and 

protein expression, the prostaglandin E2 (PGE2) production was significantly increased in 

both HEMEC and HIMEC and BRE inhibited PGE2 production in HEMEC, but had no 

effect on HIMEC (Fig. 3 E & F). Similarly, NS398 (1 μM) inhibited PGE2 production in 

TNF-α/IL-1β endothelial cells, denoting that PGE2 production is reliant on COX-2 activity 

(data not shown).

BRE inhibits NFκB actbivation in TNF-α/IL-1β-activated HEMEC but not HIMEC

Involvement of NFκB in CAM expression following cytokines activation in ECs has been 

reported (Rafiee et al., 2003) (Ogawa et al., 2005). Thus we determined to investigate the 

effect of BRE on NFκB activation in TNF-α/ IL-1β-activated HEMEC and HIMEC. As 

shown in (Fig. 4 A BRE completely inhibited NFκB activation and reduced the amounts of 

phosphorylated IκB in HEMEC. In contrast, BRE had no inhibitory effect on either NFκB 

or IκB on TNF-α/IL-1β activated HIMEC (Fig 4 B). Immunofluorescence staining 

confirmed the inhibition of NFκB subunit p65 nuclear translocation upon the BRE treatment 

in HEMEC and but not in HIMEC (Fig. 4 C & D).
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Together these results suggest that BRE is an effective anti-inflammatory agent in 

suppressing TNF-α/IL-1β-induced activation of human esophageal microvascular 

endothelial cells but not that of human intestinal microvascular endothelial cells.

BRE inhibits cell migration, proliferation, survival and tube formation in VEGF stimulated 
HEMEC and HIMEC

Increased cell migration, survival, proliferation and tube formation in endothelial cells by 

VEGF has been demonstrated (Heidemann et al., 2003) (Rafiee et al., 2004) (Binion et al., 

2008) (Rafiee et al., 2010b) (Otterson et al., 2012). Anti-angiogenic capacity of black 

raspberry has been also reported (Liu et al., 2005) (Mallery et al., 2008). To further 

characterize the anti-angiogenic effect of BRE on HEMEC and HIMEC, we treated the cells 

with BRE (100 μg/ml) for 2h before VEGF (100 ng/ml) stimulation and the in vitro 

angiogenesis assays measuring cell migration, proliferation and tube formation were 

performed. BRE was not toxic at the dosage used in this study.

Effect of BRE on HEMEC and HIMEC migration

Endothelial cells migration was determined in a wounded monolayer, with cell expansion 

across a leading edge. As expected, VEGF (100ng/ml) was a potent angiogenic stimulator of 

both HEMEC and HIMEC and drastically increased the cell migration compared to control 

cells (Fig 5 A & B). Pretreatment of endothelial cells with BRE (100ug/ml) for 2h followed 

by VEGF (100 ng/ml) abolished the angiogenic effect of VEGF and cells migrated similar to 

untreated control and BRE alone treated cells.

Effect of BRE on HEMEC and HIMEC proliferation

An essential step in endothelial angiogenesis is cell cycle re-entry and DNA replication. 

Therefore, we performed in vitro studies to evaluate the effect of BRE on HEMEC and 

HIMEC proliferation by measuring [3H]thymidine uptake. VEGF stimulation of endothelial 

cells after 24h significantly increased [3H]thymidine uptake and BRE pretreatment of both 

HEMEC and HIMEC considerably inhibited the [3H]thymidine uptake in VEGF stimulated 

cells (Fig 5 C & D). There were no measurable changes in cells treated with BRE alone 

compared to control untreated cells.

Effect of BRE on HEMEC and HIMEC survival

Next, we determined the effect of BRE on endothelial cell survival after 10 days by 

enumeration of adherent and viable cells with Trypan blue exclusion. The increased 

surviving number of HEMEC and HIMEC stimulated with VEGF was significantly greater 

compared with control cells. Pretreatment of the cells with BRE (100μg/ml for 2 h) followed 

by VEGF stimulation decreased the cell survival. There were no detectable changes beyond 

the baseline from the BRE alone treated cells (Fig. 5 E & F).

Effect of BRE on HEMEC and HIMEC in vitro tube formation

We assessed endothelial in vitro tube formation using the Matrigel™ assay. HEMEC and 

HIMEC were seeded onto an extracellular matrix (Matrigel™) with or without BRE and 

VEGF for 24h at 37°C. VEGF stimulation of HEMEC and HIMEC resulted in increased 
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number of endothelial tubes formed in Matrigel. Pretreatment of HEMEC and HIMEC with 

BRE followed by VEGF stimulation resulted in inhibition of endothelial tube formation, as 

evidenced by isolated cell clumps with few thin sprouting capillaries (Fig 5 G & H).

BRE inhibits VEGF-induced Akt phosphorylation in endothelial cells

Considering the significant role of the PI3K/Akt pathway in endothelial cell survival and 

proliferation (Rafiee et al., 2010a) (Binion et al., 2009), we evaluated the effect of BRE on 

Akt phosphorylation in HEMEC and HIMEC. VEGF-induced Akt phosphorylation in both 

cell lines as early as 15 min and BRE pre-treatment of the cells resulted in inhibition of Akt 

phosphorylation (Fig. 6 A & B), similar to the PI3k/Akt specific inhibitor LY294002. These 

findings suggest that BRE inhibits angiogenesis by PI3k/Akt inhibition in both HEMEC and 

HIMEC.

BRE inhibits VEGF-induced ERK and JNK phosphorylation in endothelial cells

Finally, the effect of BRE on VEGF-induced activation of MAPKs (p44/42, p38 and JNK) 

in HEMEC and HIMEC was investigated. VEGF stimulation of HEMEC and HIMEC led to 

phosphorylation and activation of p44/42 MAPK, p38 MAPK and JNK in both cell lines 

(Binion et al., 2008). As shown in Fig. 7 A & B, phosphorylation of p44/42 MAPK and JNK 

by VEGF was significantly decreased by BRE pretreatment of HEMEC and HIMEC, 

whereas, BRE had no effect on p38 MAPK.

DISCUSSION

The anti-angiogenic and anti-inflammatory effects of dietary foods in the prevention and 

treatment of inflammatory diseases and cancer are reported (Liu et al., 2005) (Chen et al., 

2006a) (Mallery et al., 2008) (Stoner and Wang, 2013) In the present study we demonstrate 

the effect of black raspberry extract on both inflammatory and angiogenic activation of 

primary human microvascular endothelial cells of esophagus (HEMEC) and intestine 

(HIMEC). We show that; 1) BRE inhibited COX2 expression, PGE2, production, NFκB 

activation, ICAM-1 and VCAM-1 expression and leukocyte binding in TNF-α/IL-1β-

activated HEMEC. 2) BRE did not inhibit the expression of COX2, PGE2 production and 

NFκB activation and had no inhibitory effect on ICAM-1, VCAM-1 and leukocyte binding 

in TNF-α/IL-1β-activated HIMEC. 3) Interestingly, BRE alone modestly (Aird, 2007) 

increased the expression of COX2, ICAM-1, VCAM-1 and leukocyte binding in resting 

HIMEC and to higher degree in TNF-α/IL-1β activated HIMEC; 4) BRE treatment of VEGF 

stimulated HIMEC and HEMEC, inhibited cell migration, growth, proliferation and in vitro 

capillary tube formation. These findings signify the importance of organ-specific endothelial 

cells and demonstrate the differential anti-inflammatory effect of BRE between esophageal 

and intestinal microvasculature and reveal the anti-angiogenic properties of BRE on 

endothelial’s function.

Endothelial cells from various organ are considerably different from one another in structure 

and function (Aird, 2007). Within each organ, microvascular endothelial cells are distinct 

and are compelled to fulfill the certain requirements of that specific organ. However, the 

importance of organ-specific microvascular endothelial cells and the molecular markers 
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defining these endothelial cells still remains poorly understood (Aird, 2007) (Nolan et al., 

2013). Analysis of tumor-specific markers (Seaman et al., 2007) and in vitro reactions of 

tissue-specific endothelium to various stimuli (Muller et al., 2002) imply that endothelial 

cells are heterogeneous cells. It has been shown that organ-specific microvascular 

endothelial cells support the tissue homeostasis by expressing cytokines, growth factors and 

angiogenic factors (Butler et al., 2010) (Doan et al., 2013) (Himburg et al., 2012) (Ding et 

al., 2012) (Hooper et al., 2009).

Inflammation is marked by accumulation of mucosal immune cells and release of pro-

inflammatory cytokines and chemokines (Bouma and Strober, 2003). It has been shown that 

TNF-α and IL-1β by affecting, the epithelial and endothelial cells function contribute to the 

pathogenesis of inflammatory bowel disease (Crohn’s disease and ulcerative colitis) IBD as 

well as esophagitis (Andoh et al., 2008) (Choo and Roh, 2013). TNF-α and IL-1β induces 

inflammatory responses in vascular endothelium, which results in enhanced expression of 

cell adhesion molecules such as ICAM-1 and VCAM-1 (Andoh et al., 2008) (Choo and Roh, 

2013) (Binion et al., 2009). These major cytokines also mediate the trans-migration of 

leukocytes to the endothelium leading to endothelial dysfunction and tissue damage. 

Activation of microvascular endothelial cell by TNF-α and IL-1β lead to increase COX-2 

expression and PGE2 production (Turini and DuBois, 2002) while NFκB activation is 

associated with transcriptional regulation of ICAM-1 and VCAM-1 genes (Jayakumar et al., 

2014). In order to determine specific mechanisms that underlie the possible anti-

inflammatory effect of BRE, we used our organ specific human primary endothelial cells for 

modeling the endothelial-leukocyte interaction. As expected we confirmed that TNF-α/

IL-1β activation of HEMEC and HIMEC, markedly increased the expression of COX-2, 

PGE2 production, ICAM-1 and VCAM-1 expression, clearly enhances leukocyte binding 

and activate NFκB in both endothelial cell lines (Binion et al., 2009) (Binion et al., 2008) 

(Binion et al., 1997). In HEMEC, BRE significantly attenuated these cytokine-mediated 

inflammatory responses, indicating the potential role of BRE in prevention and treatment of 

esophageal inflammatory disease, confirming reported data that associate the black 

raspberry with down-regulation of COX-2 and inducible nitric oxide synthase (iNOS) in rat 

esophagus (Chen et al., 2006b) (Lechner et al., 2008).

In contrast to HEMEC, BRE exerted no anti-inflammatory effects and clearly did not 

attenuate TNF-α/IL-1β-mediated leukocyte-endothelial binding in HIMEC. BRE was found 

to enhance CAM expression and leukocyte-endothelial adhesion in HIMEC. These findings 

suggest that BRE do not exert the same anti-inflammatory effects in intestinal inflammatory 

disease as in the esophagus and may not be beneficial in preventing and treatment of 

intestinal inflammation such as IBD. On the other hand, Montrose and colleagues recently 

reported a protective role for BRE during ulcerative colitis in a mouse model of DSS-

induced colonic injury (Montrose et al., 2011). This protection was credited to the ability of 

BRE to suppress both IκBα phosphorylation and COX-2 expression in epithelial cells 

(Montrose et al., 2011). As shown in our study, similar effects of BRE could not be 

reproduced in tissue-specific human intestinal endothelial cells (HIMEC) in vitro, indicating 

differential anti-inflammatory effects of BRE between epithelial and endothelial cells. 

Interestingly though, in Montrose and colleagues study the protective effect of BRE 
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occurred with no direct effect on inflammatory cell infiltration into the colonic mucosa 

(Montrose et al., 2011). This phenomenon can be explained by our current finding, that BRE 

failed to inhibit TNF-α/IL-1β-mediated leukocyte-endothelial binding in HIMEC. Thus, 

intestinal endothelial cells are activated and able to recruit inflammatory cells to the colonic 

mucosa, despite the presence of BRE. With regard to the anti-inflammatory effect of BRE, it 

becomes apparent that the endothelial cells of colonic mucosa behave differently than 

epithelial cells and esophageal endothelial cells. The exact reason for this differential 

response is currently unknown but surely depicts major distinct differences between tissue-

specific endothelial cells, which may originate either from the phase of embryogenesis or 

from the later cellular adjustment to the surrounding tissue properties. It has been shown that 

anthocyanins [cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside, and cyanidin-3-O-(2G-

xylosylrutinoside)] were the most active constituents in freeze-dried black raspberries to 

attenuate the effect N-nitroso-methylbenzylamine (NMBA)–induced esophageal tumors in 

rat by down-regulating NFκB and AP1 (Hecht et al., 2006) (Wang et al., 2009). The 

preclinical data indicate that BRE merits further evaluation for chemoprevention efficacy in 

IBD patients. A possible failure of BRE diets to demonstrate clinical benefits in patients 

with IBD might be attributed to the absence of anti-inflammatory effects on the intestinal 

endothelial cells.

The importance of endothelial cells in tissue inflammatory responses through regulated 

interaction and recruitment of inflammatory cells are well study (Binion et al., 1997) (Binion 

et al., 2009). In addition to leukocyte recruitment, endothelial cell angiogenesis has emerged 

as an additional vascular mechanism contributing to chronic inflammation (Danese et al., 

2006) (Danese et al., 2007) (Binion and Rafiee, 2009). It has been shown that increased 

tissue vasculature will enhance inflammatory responses associated with endothelial 

activation (Binion and Rafiee, 2009) (Hussain and Harris, 2007). While the angiogenesis, 

formation of new vessels jointly with chronic inflammation contributes to oncogenesis 

(Binion and Rafiee, 2009) (Hussain and Harris, 2007). Therefore, we set to examine the 

effect of BRE on the angiogenic properties of HEMEC and HIMEC. As expected 

stimulation of endothelial with VEGF increased cell proliferation, migration and tube 

formation confirming already previously reported data (Morales-Ruiz et al., 2000) (Rafiee et 

al., 2004) (Rafiee et al., 2010b). BRE strongly inhibited VEGF-induced cell proliferation, 

migration and tube formation in both HEMEC and HIMEC, supporting the notion that BRE 

possess a strong anti-angiogenic capacity. In addition, the anti-angiogenic effect of BRE was 

strongly associated with the downstream inhibition of PI3K/Akt and MAPK signaling 

pathways. These signaling pathways play a central role in malignant transformation, tumor 

chemo-resistance, and invasiveness by promoting cell survival, proliferation, growth, 

migration, and angiogenesis (Yang et al., 2004) (Zhang et al., 2004) (Stoner et al., 2006) 

(Slattery et al., 2013). PI3K/Akt and MAPK signaling pathways have been associated with 

the anti-carcinogenic activities of anthocyanins and anthocyanin-rich extracts, like BRE, 

reported in cell culture models and in animal model tumor systems (Wang and Stoner, 

2008). Indeed, in animal models of both esophageal and colorectal cancer black raspberry 

extract has been shown to have a protective and beneficial effects (Stoner et al., 2006) 

(Wang and Stoner, 2008) (Wang et al., 2009) (Bi et al., 2010). In this study, we observed 
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strong anti-angiogenic effects of BRE with respect to endothelial function and further 

enhanced our knowledge of the mechanisms of BRE-mediated tumor prevention.

In summary, we report here direct effects of BRE on endothelial function. By using primary 

endothelial cell lines from human esophagus (HEMEC) and intestine (HIMEC), we 

observed strong anti-angiogenic capacity for BRE by demonstrating its inhibitory effect to 

significantly abolish VEGF-mediated endothelial proliferation, migration and tube 

formation. In addition, we revealed a differential anti-inflammatory effect of BRE between 

human esophageal and gut endothelial cells suggesting that BRE might be more suitable for 

protection of esophageal inflammation and tumorigenesis than that of the intestine. 

Collectively, these data highlight the complexity and importance of the endothelium and 

demonstrate that endothelial cells derived from different organs possess significant 

differences in their function. The present findings also suggest that BRE functions through 

novel vascular mechanisms in addition to its known effects on other cellular functions such 

as proliferation and apoptosis. Further investigations in defining the therapeutic effect of 

BRE in the treatment of chronic inflammatory bowel disease, with respect to vascular 

function, are warranted.
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HIMEC Human Intestinal Microvascular Endothelial Cells

HEMEC Human Esophageal Microvascular Endothelial Cells

BRE Black Raspberry Extract

IBD Inflammatory Bowel Disease

CD Crohn’s Disease

UC Ulcerative Colitis

CAM Cell Adhesion Molecule

ICAM-1 Intercellular Adhesion Molecule-1

VCAM-1 Vascular Cell Adhesion Molecule-1

NFκB Nuclear factor kappa B

COX2 Cyclooxygenase 2

PGE2 Prostaglandin E2

ELISA enzyme-linked immunosorbent assay

PCR polymerase chain reaction
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Fig 1. Effect of BRE on CAM expression in HEMEC and HIMEC
BRE pretreatment of TNF-α/IL-1β activated cells significantly decreased the level of 

ICAM-1 and VCAM-1 gene expression in HEMEC without having any effect on resting 

cells (A & C). BRE did not block the ICAM-1 and VCAM-1 gene expression in activated 

HIMEC, and slightly increased the expression of these genes in HIMEC (B & D). ELISA 

assay in culture media further support the inhibitory effect of BRE in HEMEC, but not in 

HIMEC (E & F). Values are means ±SD of 3 independent experiments. An asterisk denotes 

a significant difference in mean intensity between control and treated cells.
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Fig 2. Effect of BRE on leukocyte adhesion in HEMEC and HIMEC
As expected, both HEMEC and HIMEC tightly adhere to U937 cells, which was increased 

with TNF-α and IL-1β activation. 2A). a- resting HEMEC bound low levels of U937, b-BRE 

had no affect on resting HEMEC, c- TNF-α/IL-1β activation increased HEMEC-U937 

adhesion, d- BRE inhibited U937 binding to TNF-α/IL-1β-activated HEMEC. B). e- resting 

HIMEC bound low levels of U937, f- BRE treatment modestly increased the leukocyte 

binding in resting HIMEC, g- TNF-α/IL-1β- increased HIMEC-U937 adhesion, h- BRE 

treatment of TNF-α/IL-1β HIMEC drastically enhanced the U937 binding. C & D represent 

the quantification of enhanced leukocyte binding by TNF-α/IL-1β in both HEMEC and 
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HIMEC, which was decreased by BRE in HEMEC, but not HIMEC. Experiments were done 

in triplicate, and the data are expressed as means ± SD. An asterisk denotes a significant 

difference in mean intensity between control and treated cells.

Medda et al. Page 19

Microvasc Res. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Medda et al. Page 20

Microvasc Res. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig 3. Effect of BRE on COX2 expression in HEMEC and HIMEC
A & B- pretreatment of HEMEC with BRE effectively inhibited the COX2 mRNA 

expression whereas had no inhibitory effect on HIMEC. C & D- Similarly, BRE eradicated 

COX2 protein expression in HEMEC, but had no effect on HIMEC. β-actin was used as an 

internal control in these experiments. E & F- ELISA assay demonstrates that increased 

prostaglandin E2 (PGE2) production by TNF-α/IL-1β was inhibited by BRE in HEMEC, 

where as BRE had no inhibitory effect on PGE2 production in activated HIMEC. All 

experiments were done in triplicate, and the data are expressed as means ± SD. An asterisk 

denotes a significant difference in mean intensity between the control cells and treatment. 

Western blots are representative of 3 individual experiments.
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Fig 4. Effect of BRE on NFκB activation in HEMEC and HIMEC
A- BRE inhibited the nuclear translocation p65 of NFκB subunit in TNF-α/IL-1β activated 

HEMEC. Phosphorylated IκB was detected in cytosolic portion of the cells. B- BRE was not 

a potent inhibitor of either NFκB or IκB in HIMEC. C & D- These findings were confirmed 

by immunofluorescence staining of TNF-α/IL-1β activated HEMEC and HIMEC with or 

without BRE.
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Fig 5. Effect BRE on VEGF-induced migration, proliferation and tube formation in endothelial 
cells
A & B- VEGF exerted a potent angiogenic effect on HEMEC and HIMEC significantly 

increased the endothelial cells migration across a leading edge. Pretreatment of HEMEC and 

HIMEC with BRE followed by VEGF stimulation, inhibited the cell migration in a time 

dependent manner, dropping overall rates of migration to rates similar to control cells. 

Endothelial cells treated only with BRE migrated across the leading edge similar to control 

cells. C & D- Proliferation of VEGF stimulated endothelial cells was determined by cellular 

DNA synthesis and [3H]thymidine uptake. As seen in C and D [3H]thymidine uptake was 

significantly increased in VEGF stimulated cells and BRE pretreatment inhibited the cell 

proliferation ultimately to basal levels. Endothelial cells treated only with BRE migrated 

across the leading edge similar to control cells. E & F Effect of BRE on HEMEC and 

HIMEC cell survival was determined by Trypan blue exclusion. By 10 days, VEGF 
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stimulation considerably increased both HEMEC and HIMEC survival. BRE pretreatment of 

the cells followed by VEGF stimulation notably reduced the cell survival as compared to 

control cells after10 days. Cell survival with BRE alone was same at rate as control cells. G 
& H- Angiogenic activity of VEGF on HEMEC and HIMEC was assessed by capillary tube 

formation in Matrigel. Photomicrographs demonstrate that VEGF increased the number of 

capillary-like tubes in both HEMEC and HIMEC and BRE pretreatment completely 

inhibited the formation of capillary-like structures induced by VEGF. Assays were done in 

triplicate experiments, and the data are shown as mean cpm/wells. *P≤ 0.05 was consider to 

be significant.
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Fig 6. Effect of BRE on VEGF-induced Akt phosphorylation in endothelial cells
A & B- VEGF induced Akt phosphorylation in both HEMEC and HIMEC was inhibited by 

BRE, similar to the PI3k/Akt specific inhibitor, LY294002.
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Fig 7. Effect of BRE on VEGF-induced MAPKs phosphorylation in endothelial cells
A & B- BRE inhibited the p44/42 MAPK and JNK phoshorylation in VEGF-activated 

HEMEC and HIMEC.
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