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Abstract

Sulforaphane, a naturally-occurring isothiocyanate present in cruciferous vegetables, has received

wide attention for its potential to improve vascular function in vitro. However, its effect in vivo

and the molecular mechanism of sulforaphane at physiological concentrations remain unclear.

Here, we report that a sulforaphane concentration as low as 0.5 μM significantly inhibited TNF-α-

induced adhesion of monocytes to human umbilical vein endothelial cells (HUVECs), a key event

in the pathogenesis of atherosclerosis both in static and under flow conditions. Such physiological

concentrations of sulforaphane also significantly suppressed TNF-α-induced production of

monocyte chemotactic protein-1 (MCP-1), adhesion molecule sVCAM-1 and sE-Selectin, key
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mediators in the regulation of enhanced endothelial cell-monocyte interaction. Furthermore,

sulforaphane inhibited TNF-α-induced NF-κB transcriptional activity, IκBα degradation and

subsequent NF-κB p65 nuclear translocation in endothelial cells, suggesting that sulforaphane can

inhibit inflammation by suppressing NF-κB signaling. In an animal study, sulforaphane (300 ppm)

in a mouse diet significantly abolished TNF-α-increased ex vivo monocyte adhesion and

circulating adhesion molecules and chemokines in C57BL/6 mice. Histology showed that

sulforaphane treatment significantly prevented the eruption of endothelial lining in the intima

layer of the aorta and preserved elastin fibers’ delicate organization as shown by Verhoeff-van

Gieson staining. Immunohistochemistry studies showed that sulforaphane treatment also reduced

VCAM-1 and monocytes-derived F4/80-positive macrophages in the aorta of TNF-α-treated mice.

In conclusion, sulforaphane at physiological concentrations protects against TNF-α-induced

vascular endothelial inflammation, in both in vitro and in vivo models. This anti-inflammatory

effect of sulforaphane may be, at least in part, associated with interfering with the NF-κB

pathway.
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1. Introduction

The prevalence of cardiovascular disease (CVD) in developing countries and the Western

world has increased at an alarming rate according to a World Health Organization report [1].

Atherosclerosis, the major cause of CVD, involves a very complex pathological process

with accumulation of modified lipids, inflamed endothelial cells (ECs) and leukocytes in the

arteries[2]. Recent basic, clinical and epidemiological studies have demonstrated that

inflammation and its subsequent endothelial dysfunction play a key role in the initiation and

progression of atherosclerosis [3]. Indeed, the inflammatory process characterized by the

accumulation of lipid and low-density lipoprotein (LDL) particles in the intima and

activation of aortic endothelium has been proposed to initiate the atherosclerotic process.

The initiation of atherosclerosis involves the recruitment of inflammatory cells from the

circulation to ECs followed by transmigration into the sub-endothelial space [4–6]. This

process is predominantly mediated by several intracellular signaling events that ultimately

up-regulate the expression of a number of pro-inflammatory chemokines, such as IL-8 and

MCP-1, and adhesion molecules, including VCAM-1, ICAM-1 and E-Selectin. These

chemokines and adhesion molecules play key roles in the firm adhesion of monocytes to

activated ECs [4–6].

Accumulating evidence suggests that the inflammatory cytokine TNF-α (tumor necrosis

factor-α), a pleiotropic pro-inflammatory cytokine, plays an important role in the disruption

of vascular function and the subsequent development of vascular disease [7]. TNF-α has

been found to mediate interaction of invading monocytes with vascular ECs in triggering

extracellular matrix (ECM) deposition in aortic vessels[7]. Consistently, epidemiological

studies have demonstrated that TNF-α is remarkably elevated in the plasma and arteries in

humans with vascular complications [8]. These results indicate TNF-α is critically involved
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in the pathogenesis of atherosclerosis. TNF-α can trigger several intracellular signaling

events that ultimately up-regulate the expression of a number of pro-inflammatory

chemokines, such as IL-8 and MCP-1, and adhesion molecules, including VCAM-1,

ICAM-1 and E-Selectin. Extensive studies demonstrated that the activation of NF-κB is

essential for the transcriptional regulation of TNF-induced IL-8 and MCP-1, as well as

adhesion molecules [9, 10]. The p65 heterodimer, which is expressed in vascular cells, is

one of the most abundant forms of the NF-κB family members. The increased nuclear

translocation of the p65 subunit is detected in the intimal thickening of ECs of human

atherosclerotic lesions [11]. Since inflammation-induced endothelial dysfunction is

important in the development of atherosclerosis, agents that can attenuate TNF-α -induced

NF-κB activation in ECs could be a novel molecular target to prevent vascular endothelial

dysfunction.

Sulforaphane is a sulfur-based isothiocyanate compound naturally found in the cruciferous

vegetables, such as broccoli, brussels sprouts, cabbage and cauliflower. In fact, this

compound is not present in the intact cruciferous vegetables; rather it is derived from its

glucosinolate precursor, glucoraphanin, by the action of myrosinase when cruciferous

vegetables are broken down. Myrosinase is an intracellular broccoli thioglucosidase in the

microbiota of the human colon. Recent human studies have shown that sulforaphane has

tremendous health benefits, in particular, a lower incidence of certain cancers [12–14],

diabetes [15–17] and inhibition of platelet activation to prevent arterial thrombosis [18].

Emerging studies indicate sulforaphane inhibits endothelial lipase expression [19–21]. It is

also a potential inducer of Nrf2, an antioxidant transcription factor [22], to increase gene

expression of phase II antioxidant enzymes, such as glutathione transferase and

NAD(P)H:quinone oxidoreductase, to protect from vascular inflammation[20, 21, 23]. Data

from animal and in vitro studies suggest a protective role of sulforaphane in vasculature

tissue in vitro [24]. While these data are of great interest, the results from most reported

studies reflected a pharmacological, rather than physiological effect, of sulforaphane

because the effective concentrations used in most of the studies are well above achievable

plasma sulforaphane levels (≤ 2μM) in both rodents and humans following consumption of

sulforaphane [25]. Thus, the biological relevance of these findings is largely unclear.

Elucidating the cellular or molecular action of sulforaphane at physiological concentration

needs to be further defined. In addition, its anti-inflammatory effect in vivo remains to be

determined. We hypothesize that sulforaphane prevents TNF-α--induced vascular

inflammation. Hence, we carried out this study to evaluate the role of sulforaphane at

physiologically-achievable concentrations in the prevention of TNF-α-induced endothelial

inflammation in human umbilical vein endothelial cells (HUVECs) by examining monocyte-

EC interaction, the production of adhesion molecules and chemokines, as well as the NF-κB

pathway in ECs. We further examined the effect of dietary intake of sulforaphane on TNF-

α-induced vascular inflammation in the C57BL/6 mice.
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2. Materials and methods

2.1. Chemicals

Calcein O, where O = -diacetate tetrakis (acetoxymethyl) ester (calcein AM)), RPMI-1640;

and DMEM medium were purchased from Life Technologies (Grand Island, NY). Enzyme-

linked immunosorbent assay (ELISA) kits for human and mouse soluble adhesion molecules

ICAM-1 (sICAM-1), VCAM-1 (sVCAM-1) and E-selectin (sE-Selectin) and mouse

chemokines MCP-1/JE and KC ELISA kits for the determination of human IL-8 and MCP-1

were from R&D Systems (Minneapolis, MN). Goat anti-rabbit IgG, DyLight™ 488

conjugated secondary antibody and Goat anti-rabbit HRP-IgG secondary antibody were

purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). NF-κB p65, VCAM-1

and F4/80 primary antibodies were obtained from Cell Signaling Technology, Inc. (Danvers,

MA, USA), Santa Cruz Biotechnology (Santa Cruz, CA, USA) and BMA Biomedicals

(Augst, Switzerland), respectively. Sulforaphane was from Toronto Research Chemicals

(Toronto, CA, ≥98%, HPLC) and other general chemicals were from Sigma-Aldrich (St.

Louis, MO).

2.2. Cell culture

Primary human umbilical vein endothelial cells (HUVECs), bovine aortic endothelial cells

(BAECs) and endothelial growth supplements EGM2 medium were purchased from Lonza

(Walkersville, MD). WEHI 78/24 mouse monocytes were originally provided by Dr. Judith

A Berliner (UCLA). HUVECs were cultured in M199 medium containing 2% FBS and

endothelial growth supplement EGM-2 Single Quot Kit and maintained at 37°C in a 5%

CO2/95% air environment. THP-1 cells were cultured in RPMI-1640 medium containing

10% FBS. WEHI 78/24 cells, a mouse monocyte cell line, were cultured in DMEM medium

plus 10% FBS.

2.3. Monocyte adhesion assay

The determination of monocyte adhesion to ECs was conducted using THP-1 cells as

described by us previously [26, 27]. In brief, HUVECs were grown to confluence in 48-well

plates and treated with 0.5 μM – 8 μM sulforaphane for 1 h before addition of 2 ng/mL

human recombinant TNF-α (Life Technologies, Grand Island, NY). Cells were then

incubated with medium containing TNF-α (2 ng/ml) in the continued presence or absence of

sulforaphane for 6 h. HUVECs were then gently washed with serum-free medium and

calcein-AM labeled THP-1 cells (1×106/mL RPMI1640 medium containing 1% FBS) were

then added to HUVECs. The labeled THP-1 cells to the HUVEC monolayer ratio was 4:1

monocytes to ECs. After 1 h incubation, HUVEC monolayer was gently washed with EC

medium to remove unbound monocytes. The adhered monocytes were determined by

measuring the fluorescence using a BioTek Synergy 2 Multi-Mode Microplate Reader

(Winooski, VT, USA) at excitation and emission wavelengths of 496 nm and 520 nm.

2.4. Monocyte adhesion assay under flow conditions

An automated micro-fluidic system Bioflux 200 (Fluxion Biosciences, CA, USA) was used

to measure live EC monocyte interaction under flow conditions that simulate physiological
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conditions by accurately controlling shear flow. HUVEC monolayers were grown on

fibronectin-coated micro-fluidic channels, which were integrated into a 24-well plate. To

determine the sulforaphane effect, cells were pre-perfused with sulforaphane for 1 h at 1

dyn/cm2 before addition of 2 ng/mL TNF-α. After 6 h THP-1 cells were then perfused into

channels for 5 min at 3 dyn/cm2, followed by 5 min at 1.5 dyn/cm2. Nikon microscope was

used to capture the images (20 fields per channel) of the adhered immune cells under flow.

The adhered monocytes were enumerated and the adhesion was calculated as number of

cells/field as described by us recently [28].

2.5. NF-κB transcriptional activity assay

We used BAECs in the transfection study because it is difficult to yield adequate and stable

transfection efficiency for this construct in HUVECs. BAECs plated in 24-well plates were

co-transfected with 2 μg of NF-κB promoter-luciferase vector and pRL reporter control

plasmid using Lipofectamine transfection reagent (Life Technologies, Grand Island, NY).

Twenty-four hours after transfection, BAECs were treated with sulforaphane for 1 h before

addition of 2 ng/mL TNF-α for 6 h. Treated cells were then washed with PBS and lysed in

reporter lysis reagent. Luciferase activity was normalized to pRL activity in the cell extracts

and determined by using the dual luciferase assay system (Promega, Wisconsin, USA) as

described by us recently [28].

2.6. Immunoblotting analysis of IκB-α

Following experimental treatment, HUVECs were harvested by scraping into ice-cold lysis

buffer (20 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton

X-100, 2.5 mM Na4P2O7, 1 mM β-glycerolphosphate, 1 mM Na3VO4) supplemented with

protease inhibitor cocktail (1:500) and phosphatase inhibitor cocktail I (1:100). The extracts

were sonicated three times in 30-sec intervals and centrifuged at 10,000 × g for 5 min.

Protein levels were measured using a Bio-Rad assay kit. Samples were mixed with Laemmli

sample buffer and heated for 5 min at 95°C. Equal amounts of cell lysate proteins (40 μg)

were resolved on 10% SDS-PAGE gels. The gel was then transferred onto a nitrocellulose

membrane (Biorad, Hercules, CA, USA) using a transfer buffer (25 mM Tris, 192 mM

glycine and 20% methanol) at 80 V for 3 h in an ice cold environment. To block non-

specific binding on the membrane, we used a wash buffer containing 1% bovine serum

albumin (BSA) in Tris-buffered saline (20 mM Tris, 0.9% NaCl, pH.7.4) with 0.05%

tween-20 (TBST) at room temperature for 1 h. The membrane was probed with anti IκB-α

(rabbit poly-clonal; 1:1000 dilution) in TBST containing 1% BSA overnight with gentle

agitation at 4 C. After washing with TBST for 5 min three times, the membranes were

incubated with secondary antibody conjugated to horseradish peroxidase (HRP) for 2 h at

room temperature. The immunoreactive proteins were detected by SuperSignal West Pico

Chemiluminescent. The protein bands were digitally imaged using the ChemiDoc™ XRS

System (Biorad, Hercules, CA, USA). The protein bands were quantified by image J, NIH

software. The amount of IκB-α was normalized against β-actin from the same sample.

2.7. Confocal immunofluorescence study of NF-κB p65 nuclear translocation

Sulforaphane-pretreated cells were stimulated for 2 h with TNF-α on 8-well chamber slides.

After that, the cells were washed with PBS and fixed with 100% ice-cold methanol. The
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cells were then blocked with 10% normal goat serum (Sigma, St. Louis, MO) for 30 min at

room temperature. The cells were then incubated with rabbit anti-NF-κB p65 primary

antibody for 2 h at 4°C and washed with PBS three times followed by incubation with goat

anti-rabbit IgG DyLight™ 488 conjugated secondary antibody for 1 h. The chamber slides

were then washed with PBS and mounted with Fluroshield with DAPI mounting medium

(Sigma Chemicals, St. Louis, USA). NF-κB p65 was visualized with an Olympus Fluoview

FV5OO/IX81 Confocal microscopy (Waltham, MA, USA).

2.8. Animal and experimental design

Ten-week-old male C57BL/6 mice were obtained from Jackson Laboratory. Mice were

housed in micro-isolator cages in a pathogen-free facility. After an initial acclimation

period, the mice were randomly divided into 3 groups, 12 mice per group (control, TNF-α,

TNF-α + sulforaphane). Mice were fed AIN-93G rodent diet or basal modified AIN-93G

rodent diet containing 300 ppm sulforaphane (Dyet, Inc., Bethlehem, PA). After one week,

the mice were administered an intra-peritoneal injection (i.p.) of TNF-α (PeproTech Inc.,

Rocky Hill, NJ, USA) at 25 μg/kg daily for 7 consecutive days. We have recently reported

that that administration of the TNF-α to rodents at such a dosage regimen significantly

increased intercellular adhesion molecule expression and vascular barrier dysfunction [27].

Control mice received i.p. of PBS for the same period. During the TNF-α administration,

mice were continually treated with the control or sulforaphane diet. Body weight and feed

intake were recorded weekly during the entire study period. At the end of the experimental

period, all the mice were euthanized 2 h after the last TNF-α injection. Blood samples were

collected and serum was frozen at −80°C for the ELISA analysis. All experimental protocols

were approved by the Institutional Animal Care and Use Committee at the University of

North Carolina at Greensboro in accordance with the National Institutes of Health

Guidelines for the Care and Use of Laboratory Animals.

2.9. Ex Vivo Monocyte Adhesion Assay

Aortas from the mice were rapidly excised under general anesthesia, carefully trimmed to

remove fat and connective tissue and washed twice with ice-cold PBS. They were placed in

DMEM for 10 min at 37°C. The aortas were opened longitudinally to expose the

endothelium and pinned onto 4% agar in 35-mm plates with 1 mL of DMEM containing 1%

heat-inactivated FBS. WEHI monocytes were fluorescence labeled with Calcein AM

(molecular probes) according to manufacturer’s instructions. The aortas were incubated for

30 min with 1×106 fluorescence-labeled WEHI 78/24 mouse monocytes. After incubation,

unbound monocytes were rinsed away and the number of monocytes firmly bound to aorta

was captured by using a confocal microscopy. Data are represented as the mean ± SE of 3

areas of the aorta.

2.10. Measurements of chemokines and adhesion molecules

MCP-1/JE, KC and soluble forms of ICAM-1 (sICAM-1), VCAM-1 (sVCAM-1) and sE-

selectin in the serum were measured using Quantikine ELISA Kit (R&D Systems,

Minneapolis, MN) following the manufacturer’s instructions. Samples were plotted against

standard curves for determination of concentrations in the serum.
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2.11. Histology

The aorta was cleaned of adherent fat and placed in normal buffered 10% formalin solution

overnight for fixation. A 5 mm section of the proximal artery was cut off and placed in 200-

proof ethyl alcohol for 24 h followed by paraffin embedment. The sectioned 5 μm samples

were stained with Verhoeff-van Gieson for elastin and hematoxylin-eosin. All stains were

performed at the AML Labs (Baltimore, MD) according to standard protocol. Sections were

examined under bright field EVOS XL microscope (AMG, Bothell, WA).

2.12. Immunohistochemical localization of VCAM-1 and F4/80 in mice aorta

A series of paraffin embedded tissue sections were deparaffinized with xylene and

rehydrated with graded concentrations of ethanol. Sections were boiled with 10 mM sodium

citrate buffer at pH 6.0 and were cooled at room temperature for 30 min followed by

incubation with 3% peroxide solution for 10 min for antigen unmasking. The sections were

then incubated in 5% normal goat serum (Vector Laboratories) in TBST for 30 min.

Immunohistochemistry for VCAM-1 was performed with a primary rabbit anti-VCAM-1

primary antibody diluted 1:1000 (Santa Cruz Biotechnology) using the Vectastain Elite

Rabbit IgG kit (Vector Laboratories). Immunohistochemistry for F4/80 was performed with

a rat monoclonal anti- F4/80 primary antibody diluted 1:50 (Bachem) using the Vectastain

Elite Rat IgG kit (Vector Laboratories). The sections were incubated overnight with primary

antibodies at 4°C. The appropriate secondary antibodies from the rabbit or rat Vectastain

ABC-AP kit (Vector Laboratories) were used according to manufacturer’s instructions.

Visualization was performed using 3,3′-diaminobenzidine (Dako) and nuclei were

counterstained with Harris hematoxylin. Photographs of immuno-stained mouse aorta were

digitized and captured using a AMG EVOS XL digital inverted bright field and phase

contrast microscope (Bothell, WA). Quantitative analysis of VCAM-1 and F4/80

expressions in aorta was performed with an image-analysis program (Image J 1.46, National

Institutes of Health Image, Bethesda, MD, USA) as recently described by us [27].

2.13. Statistical analysis

All data were subjected to analysis of variance (ANOVA) using GraphPad Prism® software

(La Jolla, CA, USA). Data are expressed as mean ± SEM. Significant treatment differences

were subjected to Tukey’s multiple comparison tests. A value of p<0.05 was considered

different. Data from in vitro studies were derived from at least three independent

experiments and data from animal studies were obtained from at least 8 mice in each group.

3. Results

3.1. Sulforaphane inhibits TNF-α-induced binding of monocytes to ECs and abates the
production of adhesion molecules and chemokines in ECs

Since inflammation-induced mononuclear cell adhesion to ECs is an important step in the

development of atherosclerosis, we determined if sulforaphane has a regulatory effect on the

adhesion of monocytes to ECs. Exposure of ECs to 0.5 ng/mL and 2 ng/mL TNF-α for 6 h

significantly increased adhesion of monocytes to EC (Figs. 1A-C) under static condition.

Pretreatment with sulforaphane at a concentration as low as 0.5 μM significantly inhibited

TNF-α-induced binding of monocytes to ECs and 2 μM sulforaphane suppressed the
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adhesion by 50% (Figs. 1A-C). To further confirm sulforaphane effect, flow monocyte

adhesion assay was performed using a shear flow imaging system to create an environment

mimicking physiological flow conditions in the vessels. As shown in Fig. 1D, TNF-α

increases in EC-monocyte interaction as compared to control. Consistent with the results of

static assay, sulforaphane significantly inhibited TNF-α -induced EC-monocyte interaction

under flow conditions (Fig. 1D).

3.2 Sulforaphane inhibits TNF-α-stimulated production of chemokines and adhesion
molecule in ECs

Adhesion of monocytes to ECs is critically regulated by both chemotactic cytokines and

vascular adhesion molecules. As detected by ELISA (Fig. 2), exposure of ECs to TNF-α for

6 h induced production of MCP-1, soluble vascular adhesion molecule-1 (sVCAM-1) and

sE-selectin. Sulforaphane concentration as low as 0.5 μM significantly inhibited TNF-α-

induced production of these adhesion molecules and chemokines (Fig. 2). The inhibitory

effect of sulforaphane was found to be concentration-dependent (0.5 μM to 8 μM), a pattern

consistent with its effect on monocyte adhesion (Fig. 1).

3.3. Sulforaphane inhibits TNF-α-induced activation of NF-κB signaling

Extensive studies demonstrated that the activation of NF-κB is essential for the

transcriptional regulation of chemotactic cytokines and vascular adhesion molecules that are

critically involved in leukocyte adhesion to endothelium [9, 10]. Thus, we determined the

TNF-α-induced activation of NF-κB signaling. Exposure of ECs to TNF-α for 2 h potently

increased NF-κB transcriptional activity indicating the induction of NF-κB-regulated gene

expression (Fig. 3A). Sulforaphane dose-dependently inhibited TNF-α -induced NF-κB

transcriptional activity in ECs. Furthermore, Western blot analysis showed that TNF-α-

induced IκBα degradation was inhibited in sulforaphane-treated cells (Fig 3B). The

inhibitory effect of sulforaphane was further confirmed by confocal microscopic

examination of NF-κB p65 nuclear translocation, which showed significant (p<0.05)

decrease in the number of positive fluorescences compared to control (Fig. 3C). These

results suggest that sulforaphane may inhibit inflammation through suppressing NF-κB

signaling.

3.4 Dietary supplementation of sulforaphane reduces TNF-α-induced vascular
inflammation in C57BL/6 mice

We also assessed whether sulforaphane has the potential to prevent TNF-α-induced-vascular

inflammation in vivo. Sulforaphane treatment of the mice had no effect on animal body

weight and food intake (data not shown). We examined monocyte binding to intact

endothelium in mouse aortic vessels to evaluate the in vivo significance of sulforaphane

effect. Ex vivo monocyte adhesion assay was performed by using cultured mouse WEHI

78/24 monocytes binding to isolated mouse aortic endothelium. As shown in Figs. 4A-B,

mouse monocyte WEHI 78/24 cells had significantly higher binding to endothelium in

mouse aortas isolated from TNF-α -treated mice than those from control mice indicating that

the vessels in diabetic mice are activated and inflammatory [29]. Dietary supplementation of

sulporaphane reversed this adverse effect (Figs. 4A-B).
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As shown in Figs. 4C-G, the serum concentrations of MCP-1/JE, KC (the mouse homolog of

human MCP-1 and IL-8, respectively), sICAM-1 and sE-Selectin were significantly greater

in TNF-α-treated mice than those in control mice. Dietary ingestion of sulforaphane

significantly suppressed the TNF-α-induced increase in circulating MCP-1/JE, KC,

sICAM-1 and sE-Selectin (Figs. 4C-G). Since these chemokines and adhesion molecules are

critically involved in the firm adhesion of monocytes to activated ECs and subsequent

monocyte recruitment into sub-endothelial dysfunction [3, 8, 30, 31], these results suggest

that sulforaphane indeed has an anti-inflammatory effect in vivo via inhibition of these

chemokines and adhesion molecules.

To further confirm the anti-inflammatory effect of sulforaphane in vivo,

immunohistochemistry was employed to identify expressions of adhesion molecule

VCAM-1 and F4/80, a commonly used marker of mouse vascular monocyte-derived

macrophages in mouse aorta. Previous studies showed that monocytes can recruit into the

vessel wall and subsequently differentiate into macrophages in form of lipid-rich foam cells

during inflammation [32–34] As shown in Fig. 5, an abundance of F4/80-positive

macrophages and strong VCAM-1 staining were present in the mouse aorta in TNF-α-

treated group, indicating the vessels are activated and inflamed. Dietary ingestion of

sulforaphane significantly suppressed F4/80-positive monocytes-derived macrophages and

reduced the intensity of VCAM-1 staining in mouse aorta (Fig. 5).

3.5. Sulforaphane prevents TNF-α-induced aortic structure change in the intima layer of
artery and disruption of aortic elastin fiber in mouse aortic cross sections

Histopathology of the aorta using hematoxylin and eosin staining revealed that there were

significant changes in layer structure and the inner intima layer erupted through the

endothelial lining (Fig. 6). Also, tunica media of artery showed disorderly arrangement of

muscle and collagen fibers. As shown in Fig. 6, Verhoeff-Van Gieson staining displayed an

apparent discontinuity and disruption in the elastin fibers indicating the structural

abnormalities in vessels. Dietary sulforaphane significantly prevents these pathologies and

maintain the normal aortic structure (Fig. 6).

4. Discussion

Many epidemiological studies demonstrated that increased consumption of cruciferous

vegetables rich in isothiocyanates is associated with reduced incidence of human

cardiovascular disease, atherosclerotic coronary heart disease and inflammatory and

oxidative stress-related disorders[29, 35, 36]. Sulforaphane is a key active isothiocyanate

that is present in large amounts in Brussels sprouts, which has been suggested to exert

cardiovascular protective effects [29, 35, 36]. However, the protective role of sulforaphane

at physiologically-relevant dosages on vascular inflammation and the underlying mechanism

remains elusive.

In the present study, we demonstrated for the first time that sulforaphane at physiologically-

relevant concentrations (0.5 μM – 2 μM) suppresses TNF-α-triggered EC-monocyte

interaction (Fig. 1). Recent studies reported that sulforaphane appeared in plasma and urine,

both in its free and several thio-conjugates forms, in humans consuming lightly cooked
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broccoli [37]. The serum concentrations of sulforaphane were reported to be 0.94 μM – 2.27

μM in human plasma consuming broccoli [38]. Adhesion molecules and chemokines, such

as VCAM-1, MCP-1/JE and KC, are the key mediators in the regulation of enhanced EC-

monocyte interaction and subsequent inflammatory response in ECs [39]. We showed that

sulforaphane also attenuated TNF-α increases in these adhesion molecules and chemokines

in ECs. Furthermore, sulforaphane at physiologically-relevant concentrations inhibited TNF-

α-induced NF-κB transcriptional activity, IκBα degradation and subsequent NF-κB p65

nuclear translocation in ECs, suggesting that sulforaphane can inhibit inflammation by

suppressing NF-κB signaling. Mice treated with sulforaphane at 300 ppm in their diet also

abolished TNF-α-induced increases of these circulating adhesion molecules and chemokines

and reduced the expression of VCAM-1 and F4/80-positive macrophages (Figs. 4–5). These

results suggest that sulforaphane may primarily target the vascular wall by exerting an anti-

inflammatory action. It is important to note that the sulforaphane dosage used in our animal

studies is close to those which humans can realistically consume from broccoli or Brussels

sprouts [40–42]. Previous studies reported that sulforaphane levels in plasma reached 0.57

μM in mice fed a diet containing 300 ppm of sulforaphane [42]. This dosage is also within

the range used by others without any adverse effects in mice, such as the body weight,

clinical condition and food and water consumption [40, 42]. Thus, the dosage of

sulforaphane used in this animal study overlaps the reported achievable plasma sulforaphane

levels (0.943 μM – 2.27 μM) in humans following consumption of broccoli products [38].

Our findings suggest that sulforaphane may be a naturally-occurring, low-cost agent for

prevention of vascular inflammation and atherosclerosis.

Monocyte recruitment and endothelial inflammation are critical for inflammatory

mechanisms of atherosclerosis. Numerous studies reported the critical role of adhesion

molecules and chemokines in the development and progression of atherosclerosis [39, 43].

These different chemokines and adhesion molecules are known to mediate chemotactic

recruitment of adherent monocytes to initiate vascular inflammation in aortic vessels.

Chemokines, such as MCP-1, are key mediators in the regulation of enhanced EC-monocyte

interaction and subsequent monocyte recruitment into vascular tissue [44]. Indeed, MCP-1 is

found in human atheroma, and mice lacking a MCP-1 receptor are found to be less

susceptible to atherosclerosis [44]. The adhesion molecules ICAM-1, VCAM-1 and E-

selectin are known atherosclerotic inflammatory markers [45, 46], which are largely

increased in advanced human coronary atherosclerotic plaques, as well as in experimental

models of atherosclerosis[45, 46]. Also, these adhesion molecules are widely expressed in

ECs. In this study, sulforaphane suppressed the TNF-α-induced endothelial production of

MCP-1, sVCAM-1 and sE-selectin in HUVECs. These results suggest that the anti-

inflammatory effect of sulforaphane on vascular inflammation in vivo may be partially

mediated by inhibition of chemokines and adhesion molecules. In vivo, we observed that the

secretion of MCP-1/JE, KC, sICAM-1 and sE-Selectin ICAM-1 were significantly increased

in TNF-α treated-mice compared with normal mice. Consistent to our in vitro results,

dietary sulforaphane suppressed the circulating levels of these chemokines and adhesion

molecules in the serum of TNF-α-treated mice. These results suggest that ECs are primarily

activated in TNF-α-treated mice and that sulforaphane may primarily target vascular ECs
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for exerting this anti-inflammatory action, which may be partially mediated by inhibition of

chemokines and adhesion molecules.

NF-κB is known to play an important role in the regulation of inflammatory responses,

including the leukocyte adhesion molecules [5, 9, 10]. As discussed above, leukocyte

adhesion to endothelium is mediated through pro-inflammatory chemokines and adhesion

molecules, such as MCP-1, VCAM-1, E-selectin and ICAM-1, on ECs. The expression of

these adhesion molecules is critically up-regulated by the activation of NF-κB [5, 9, 10].

Consistently, NF-κB activation was found to be involved in the pathogenesis of

atherosclerosis in patients [47]. Cellular activation by a multitude of extracellular signals

leads to nuclear translocation of NF-κB p65. In the nucleus, the p50/p65 dimer can bind the

promoters of NF-κB-dependent inflammatory genes, such as TNF-α, MCP-1 and IL-6, to

induce their expression [48]. It was reported that TNF-α is a potent activator of NF-κB [49].

The activation of NF-κB is essential for the production and transcriptional regulation of

TNF-α-induced expression of E-selection, VCAM-1 and ICAM-1 [9, 10]. Normally, NF-κB

is associated with the cytoplasmic inhibitory protein IkBα in its inactive form [50]. Cellular

stimulation with TNF-α results in the phosphorylation and degradation of IkBα, allowing

the p50/65 heterodimer of NF-κB to translocate to the nucleus and initiate expression of

target genes [51–53]. The p65 homodimers are the most common dimers in NF-κB

signaling. It was suggested that augmented NF-κB activation may arise from the increased

nuclear translocation of the p65 subunit [11]. Therefore NF-κB is an interesting target for

pharmaceutical interference in the establishment and progression of the pathologic state. In

this study, we showed that TNF-α significantly increased NF-κB binding activity, indicating

that activation of the transcription factor NF-κB might be critical for the TNF-α-induced

inflammatory response. Transfection study of NF-κB promoter construct and confocal

microscopic examination of NF-κB p65 nuclear translocation suggested that sulforaphane

inhibited both NF-κB gene expression and NF-κB nuclear translocation induced by TNF-α

in ECs. Sulforaphane also inhibited TNF-α-mediated phosphorylation of IκBα degradation.

To our knowledge, we are the first to show that sulforaphane at physiological concentrations

interference with NF-κB nuclear translocation and IκBα degradation in ECs.

Our immunohistochemical analyses have further shown abundance of F4/80-positive

macrophages in the mouse aorta of TNF-α-treated group, which is associated with the

increased expression of VCAM-1. These results suggest that the vascular wall in TNF-α-

treated mice is inflamed. Further, dietary supplementation of sulforaphane greatly reduced

the expression of VCAM-1 and F4/80-positive macrophages, suggesting that sulforaphane

may primarily target the vascular wall for exerting this anti-inflammatory action. Our

histological examination further indicated that dietary supplementation of sulforaphane also

restored endothelial structural damage and lining disruption of tunica media muscle fibers in

arteries induced by TNF-α. Verhoeff-van Gieson staining has been suggested to be specific

for elastic fibers in aortic vessel. In this study, the mouse aorta of TNF-α-treated group was

shown to have a significant aortic structure change in the intima layer and disruption of

aortic elastin fibers, which are improved by dietary supplementation of sulforaphane. This

sulforaphane effect could be partially due to its action on modulation of expressions of a

series of adhesion molecules and chemokines, which are consistent with our in vitro finding
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that sulforaphane suppresses TNF-α-induced inflammation of ECs. To our knowledge, we

are the first to show that sulforaphane protects against TNF-α induced vascular endothelial

inflammation in vivo models.

In summary, the present study shows for the first time that dietary supplementation of

sulforaphane improves vascular endothelial inflammation in vivo via reducing circulation of

chemokines and adhesion molecules in plasma and suppressing the expression of VCAM-1

and F4/80 in the aorta of TNF-α-treated C57BL/6 mice. Sulforaphane at physiologically-

relevant concentrations also significantly inhibited TNF-α-mediated adhesion of monocytes

to ECs and suppressed TNF-α-induced production of chemokines and adhesion molecules in

ECs. The protective effect of sulforaphane on vascular inflammation may be, at least in part,

associated with interfering with the NF-κB pathway. These findings provide evidence

suggesting that sulforaphane may be a novel agent to protect the vasculature against TNF-α-

induced inflammation and dysfunction.
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Fig. 1. Sulforaphane inhibited TNF-α-stimulated monocyte adhesion to HUVECs in static and
shear flow conditions

(A–C) Sulforaphane inhibited TNF-α-induced monocyte adhesion to ECs in static

conditions. HUVECs were pre-treated with various concentrations of sulforaphane (S) for 1

h before addition of TNF-α (T 2 ng/mL) in the presence or absence of sulforaphane for 6 h.

THP-1 cells were labeled with a fluorescence probe and the adhesion was determined using

a Microplate Reader at excitation and emission wavelengths of 496 nm and 520 nm (A).

Images were captured using a florescence microscope (B) or a Nikon Phase contrast

microscope (D). Values are mean ± SEM, n=4. (D) TNF-α-induced monocyte adhesion to

ECs under shear flow control. Values are mean ± SEM, n=3. *, p<0.05 vs. control; #, p<0.05

vs. TNF-α alone-treated cells.
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Fig. 2. Sulforaphane suppressed the production of MCP-1 (A), sVCAM-1 (B) and sE-Selectin (C)
in HUVECs

HUVECs were pre-treated with various concentrations of sulforaphane (S) for 1 h before

addition of TNF-α (T 2 ng/mL) in the presence or absence of sulforaphane for 6 h. MCP-1,

sVCAM-1 and sE-Selectin were measured by ELISA. Data are expressed as mean ± SEM

from three experiments. *, p<0.05 vs. control; #, p<0.05 vs. TNF-α alone-treated cells.

MCP-1, monocyte chemoattractant protein -1; sVCAM-1, soluble vascular adhesion

molecule-1; sE-Selectin, soluble E-Selectin.
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Fig. 3. Sulforaphane inhibited TNF-α-induced NF-κB signaling in ECs

(A) The effect of sulforaphane on TNF-α-induced NF-κB transcriptional activity. ECs were

co-transfected with NF-κB promoter-luciferase vector and pRL reporter control plasmid. 24

h after transfection, ECs were treated with sulforaphane for 1 h before addition of TNF-α (2

ng/mL) for 6 h. Luciferase activity, normalized to pRL activity in the cell extracts, was

determined. Values are mean ± SEM, n=3. (B) IκBα protein level was determined by

Western blot analysis. β-actin was used as a loading control. Values are mean ± SE, n=3. (c)

NF-κB p65 nuclear translocation was visualized using immunofluorescence staining.

Representative sections are shown NF-κB p65, overlay and DAPI. *, p<0.05 vs. control; #,

p<0.05 vs. TNF-α alone-treated cells.
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Fig. 4. Dietary sulforaphane reduced the monocyte binding to aortic endothelium (A–B), the
secretion of serum chemokines (C–D) and adhesion molecules (E–G) in TNF-α treated mice

Values are mean ± SEM, n=8–10. *, p<0.05 vs. control; #, p<0.05 vs. TNF-α alone-treated

mice. sICAM-1, soluble intercellular adhesion molecule-1; sVCAM-1, soluble vascular

adhesion molecule-1; sE-Selectin, soluble E-Selectin; MCP-1/JE, mouse monocyte

chemotactic protein 1/JE; TNF-α, Tumor necrosis factor-α; CXCL1/KC, Chemokine (C-X-

C motif) ligand 1.
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Fig 5. Immunohistochemical staining for adhesion molecule VCAM-1 and F4/80-positive
monocytes-derived macrophages in aortic cross-sections

Representative photomicrographs of immunohistochemical staining for F4/80-positive

monocytes-derived macrophages (A) and VCAM-1 (B). Quantitative analysis of VCAM-1

(C) and F4/80 (D). Arrows indicate typical positive-stained regions and original

magnification is 40X. T, TNF-α; T +S, TNF-α + sulforaphane. Data are expressed as mean

± SEM, n=5, *, p<0.05 vs. control; #, p<0.05 vs. TNF-α alone-treated mice.

Nallasamy et al. Page 21

J Nutr Biochem. Author manuscript; available in PMC 2015 August 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. 6. Dietary sulforaphane prevented TNF-α-induced aortic endothelial injury (A) and
disruption of aortic elastin fiber (B) in aortic cross sections of TNF-α treated mice

Representative histological sections of aorta for hematoxylin and eosin staining (A) and

Verhoeff-Van Gieson staining (B). Aortic sections were stained with hematoxylin and eosin

and Verhoeff-Van Gieson staining as described in the Materials and Methods section.
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