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ABSTRACT

Anthocyanins are reported to have vascular bioggtikowever their mechanisms of action are
largely unknown. Evidence suggests that anthocgamiodulate endothelial function, potentially by
increasing nitric oxide (NO) synthesis, or enhagdWO bioavailability. This study compared the
activity of cyanidin-3-glucoside, its degradatiammguct protocatechuic acid and phase Il
metabolite, vanillic acid. Production of NO and stgxide, and expression of endothelial NO
synthase (eNOS), NADPH oxidase (NOX) and haem axgge-1 (HO-1), was established in
human vascular cell models. Nitric oxide levelsevweot modulated by the treatments, although
eNOS was upregulated by cyanidin-3-glucoside, ape®xide production was decreased by both
phenolic acids. Vanillic acid upregulated P2mRNA but did not alter NOX protein expression,
although trends were observed for P&¥downregulation and HO-1 upregulatigknthocyanin
metabolites may therefore modulate vascular reigctny inducing HO-1 and modulating NOX

activity, resulting in reduced superoxide productamd improved NO bioavailability.

KEYWORDS

Endothelium, eNOS, cyanidin, HUVEC, NADPH oxidase

Page 2 of 37



38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

INTRODUCTION

Epidemiological evidence suggests that higher cmpsion of anthocyanins, a sub-class of the
flavonoid family of polyphenols!, is inversely associated with risk of hypertensforand
cardiovascular disease mortafity. In recent randomised controlled trials, 12-weeksumption of
anthocyanins (320 mg/day) was associated with emtan endothelial function in
hypercholesterolaemic individuals while acute consumption (724 mg) elicited a ddependent
(biphasic) increase in endothelial-dependent véetiol . Mechanistic studies suggest that
anthocyanins may act to enhance vascular fundii@ugh modulating levels of nitric oxide (NO)

8, The reduced bioavailability of endothelial-dedvaNO is critical in the development of
atherosclerosig and a loss of NO in vascular pathologies is ntedidy reaction with superoxide
anion (Q") 1% generated by vascular NADPH oxidase (NOX) enzyiéwhich constitute a major
source of reactive oxygen species in the vasc@afAmthocyanins have been reported to elevate the
expression of the cytoprotective enzyme haem oxagerl (HO-1) in human vascular endothelial
cells® and upregulation of HO-1 with subsequent inhilitad NOX activity has been described in
cell culture!* and animal model®. Therefore, anthocyanins could potentially imprevelothelial
function, by increasing the bioavailability of eridelial-derived NO and thus improving vascular

homeostasis, by decreasing endothelial NOX actasiy Q- levels as a result of HO-1 induction.

Anthocyanins are generally reported to have a lelative bioavailability'® 1’ suggesting their
bioactivity is mediated by their metabolites, whigkist in the systemic circulation at much higher
concentration$’ *¥than their precursor structures. However, mostipus studies have explored the
activity of anthocyaningn vitro as unmetabolised precursor structures, whilst fevwy have
examined the activity of their phenolic metabolit€ee aim of the present study was therefore to
compare the bioactivity of a parent anthocyaninhwit physiologically relevant phenolic acid

derivatives, to establish if anthocyanin metabslgbare a common or have a differential biological
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activity to their unmetabolised structures. Cyami@iglucoside (Figure 1A) was chosen for this study
as Czanlet al (2013) have recently reported the systemic conagaltrs of its metabolites in humans
using an isotope tracer study design’® Of the 24 isotope-labelled metabolites identifidue
phenolic acid degradation product protocatechuid &€igure 1B), and its mon®-methylated
metabolite vanillic acid (Figure 1C), were selectedcomparison with the parent anthocyanin, as

they share structural similarities with the knowaseactive compound apocyrfin

Bioactivity was assessed by screening physiologicalevant concentrations of the treatments (at
0.1, 1, 10 uM?) for effects on eNOS expression and activity, @mgjiotensin ll-stimulated
superoxide production, in human umbilical vein ehdbtal cells (HUVEC). Vanillic acid was
ultimately selected to explore mechanisms potdyptisidderlying the observed activity, by examining
the modulation of NOX isoforms (and subunits) ar@-H using both HUVEC and human coronary

artery endothelial cells (HCAEC).

MATERIALS AND METHODS

Standards and reagentsCyanidin-3-glucoside was purchased from Extrasysel{&enay Cedex,
France); VAS2870 from Enzo Life Sciences (ExeteK.)J and all other reagents were from
Sigma-Aldrich (Poole, U.K.) unless otherwise notgthck solutions were prepared in dimethyl
sulphoxide (DMSOQO) and stored at -80°C. Foetal bewerum (FBS, heat-inactivated) was
purchased from Biosera (Ringmer, UK) and tumourasis factor-alpha (TN, TRIzol®
reagent, and SuperScfipl Reverse Transcriptase were obtained from Liéehnologies (Paisley,

UK).

Precision 2x real-time PCR MasterMix with SYBRreen was obtained from PrimerDesign Ltd

(Southampton, UK). Custom primer sets for human ROXOX4, p22h°% p4?"*and p67"*
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90 were supplied by PrimerDesign Ltd, and custom pr&nier human HO-1 (HMOX-1) by Life
91 Technologies. Primer sequences are provided aso@uppinformation (Table S1).
92
93  NuPAGE sample reducing agent and LDS sample buiéee purchased from Life Technologies,
94  and Precision Plus Protein Dual Colour standami® fBio-Rad Laboratories, Inc (Hemel
95 Hempstead, UK).
96
97  Cell culture. Early passage, pooled HUVEC were purchased from C&lsvorks (Buckingham,
98 UK) and used between passages 2 to 4. Cells wet@ety cultured in large vessel endothelial cell
99  growth medium (TCS CellWorks) at 37°C and 5%CA@UVEC were sub-cultured using 0.025%
100 trypsin and 0.01% ethylenediaminetetraacetic d€TA) (TCS CellWorks).
101
102  Cryo-preserved, second passage, single donor HG#&f€ purchased from PromoCell GmbH
103  (Heidelberg, Germany) and used between passage8. Lklls were routinely cultured in
104  endothelial cell medium MV (PromoCell GmbH) at 37aad 5% CQ HCAEC were sub-cultured
105  using 0.04% trypsin and 0.03% EDTA (PromoCell GmbH)
106
107  Cytotoxicity assay.The maximal level of flavonoids and flavonoid metkies reported in the
108  systemic circulation is generally below 10 tMhence this concentration was the maxiniawitro
109  concentration utilised in the present study. Celbility following exposure to 10 uM of treatment
110 compounds was determined using cell proliferateagent WST-1 (Roche Applied Science,
111 Burgess Hill, U.K.) in accordance with the manuf@et’s protocol. The assay was conducted using
112 fibronectin-coated microplates seeded with HUVECs density of ~10,000 cells/well, and
113 subsequently grown to confluence as determinedyby iicroscopy. After incubation with

114  treatment compounds for 24 h, 10 ul WST-1 reagerst added to each well, and plates were
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incubated for a further 4 h. Absorbance was medsaird40 - 450 nm using a microplate reader

[Fluostar/Polarstar Optima, BMG Labtech (AylesbusyK.)].

Nitrite/nitrate assay and eNOS enzyme-linked immunsorbent assay (ELISA).Fibronectin-
coated 24-well plates were seeded with HUVECsdsreity of ~30,000 cells/well, and cells grown
to confluence. Cells were then cultured in the abser presence of treatment compounds (0.1, 1,
or 10 uM) for 24 h; after which supernatants wemaved and stored at -80°C. Cells were washed
once with warm phosphate-buffered saline (PBS),thed harvested in trypsin/EDTA and trypsin-
blocking solution. Cell suspensions were store@@tC until lysis. Nitric oxide production was
assessed using a colourimetric microplate assayni@a Chemical Company Nitrate/Nitrite
Colourimetric Assay Kit from Cambridge BioscienGambridge, U.K.) according to the
manufacturer’s instructions. The average intrayassafficient of variation (CV) was 6.63% +
1.10% (mean = SD, n=3) and the inter-assay CV wg&%2 (n=3). Quantification of eNOS in
HUVEC lysates was performed with the Quantikine lHureNOS Immunoassay (R&D Systems,
Abingdon, U.K.) according to the manufacturer'stinstions. The average intra-assay CV was

4.67% % 1.86% (mean + SD, n=3) and the inter-a€3ayvas 6.10% (n=3).

Stimulated superoxideproduction assay.Superoxide production was assessed using a modified
cytochrome c ass&} 2L The modified assay utilised fibronectin-coateew@dl plates seeded with
HUVECSs at a density of ~50,000 cells/well, and gnaw confluence; after which cells were
washed once with warm Medium 199 (supplemented 2#FBS) and incubated for 16-18 h.
Cells were then washed once with warm PBS, andoeted for 6 h in supplemented phenol-red
free Medium 199 (Invitrogen, Paisley, U.K.) witlluM angiotensin II, 30 uM ferricytochrome c,
and 0.1, 1 or 10 uM of the treatment compoundsjo5VAS2870 (selective NOX inhibitd?); in

the presence or absence of 65 units superoxideuthsa (SOD). Aliquots of cell supernatants were
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subsequently transferred to a 96-well microplataieasurement of absorbance at 550 nm. Culture

plates were frozen at -80°C for protein extraction.

Direct cytochrome c reduction.Direct reduction of cytochrome ¢ was assessed bgaubation

of treatment compounds in cell-free extracts ateatrations of 2, 20, 200 and 2000 with 20

uM cytochrome c in PBS at 37 °C, as described preshofor catechols and quinat$ The
spontaneous reduction of cytochrome ¢ was monitkiregtically at 550 nm over 2 h. Cytochrome
¢ reduction was quantified using the millimolariegtion coefficient for reduced cytochrome c

(29.5 mM.cm?).

Superoxide production.Cell-free superoxide production by xanthine/xanthoxidase was
measured using a previously described methadBriefly, 200 uM of cytochrome ¢, 0.1 U/ml
xanthine oxidase and 200 pM xanthine was added 16,1100 and 1000 uM of the treatment
compounds in 50 mM sodium phosphate buffer (pH. T.4¢ reaction kinetics of cytochrome ¢ was
monitored at 550 nm at 25°C over 15 min (to reacfilateau). Superoxide generated was
determined by subtracting the rate of cytochromedeaiction (increase in absorbance at 550 nm) in

the presence of SOD versus parallel incubatioisarabsence of SOD.

Stimulated NOX isoform/subunit gene expression asgaTwenty-four well plates (SPL Life
Sciences) coated with fibronectin were seeded WWVEC at a density of ~30,000 cells/well, and
the cells grown to confluence. Culture medium weshtaspirated, and the cells were incubated for
16 - 18 h in M199 supplemented with 2% FBS. Theeszathe cells were incubated for 4 h in
supplemented M199 alone (basal), or media withu®langiotensin Il in the presence or absence
of 0.1, 1 or 10 uM vanillic acid. After incubatiotie plates were either frozen at -80°C or used for

RNA extraction.
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Stimulated p47"°x protein expression assaySix-well plates (SPL Life Sciences) coated with
fibronectin were seeded with HUVEC or HCAEC at agity of 100,000 cells/well, and cells were
grown to confluence. Culture medium was then atgaraand the cells were incubated for 16 - 18 h
in M199 supplemented with 2% FBS (HUVEC only). Gellere subsequently incubated for 5 h in
supplemented M199 alone (basal), or media withd@hhTNF-o in the presence or absence of 0.1,
1, or 10 uM vanillic acid. After incubation, medieas aspirated from all wells, and the plates

frozen at -80°C until protein extraction.

Endothelial HO-1 expression assayexpression of HO-1 mRNA/protein was assessed using
fibronectin-coated 6-well plates (SPL Life Scienceseded with HUVEC or HCAEC at a density

of ~100,000 cells/well, and grown to ~70% conflumnCulture medium was then aspirated, and the
cells were incubated for 6 h in supplemented celtnedium alone (basal), or media with 10 ng/ml
phorbol 12-myristate 13-acetate (PMA, positive coljt vehicle control (0.005% DMSO; HUVEC
only), or 0.1, 1 or 10 uM vanillic acid. After inbation, media was aspirated from all wells and the

plates either frozen at -80°C, or used for RNA @mt@n extraction.

Reverse transcription — quantitative polymerase cha reaction. RNA was extracted from cells
using TRIzoP reagent, according to the manufacturer’s instomsti and 1ug of each sample
utilised in a reverse transcription reaction witip&rScrip? Il. Analysis of gene expression was
performed using the Applied Biosystems 7500 Rea¢ tPCR System (Life Technologies; 7500
software version 2.0) with SYBWreen detection. Typically, 25 ng of cDNA was arfigti with
300 nM of the appropriate primer set. Followingyne activation at 95°C for 10 minutes, 50
cycles of denaturation (15 seconds at 95°C) anal ddtection (60 seconds at 60°C) were
performed. Relative changes in gene expressiore gquegintified using the comparativer@ethod

24 Optimal stably expressed human reference gemesfmalisation of Cdata were identified

Page 8 of 37



191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

using a geNormPLUS kit with primer sets for six ggiPPIA, PRDM4, UBE2D2, UBE4A,

TWY1, VIPAS39) supplied by PrimerDesign Ltd.

Immunoblot analysis of endothelial NOX isoform/subuit and HO-1 expressionCells were
harvested and lysed 1% IGEPA(octylphenoxy polyethoxyethanol, CA-630), 150 mM®, 20

mM Tris and 10% glycerol (pH 8.0), supplementechvatotease inhibitors (Roche Complete
Protease Inhibitor Cocktail). Plates were incubatét lysis buffer for 0.5 h at 4°C, and recovered
solutions subject to cell disruption by oscillati&@® Hz for 5 minutes with Qiagen TissuelLyser
LT). After centrifugation at 13,000 rpm (15 minues4°C) the protein content of the supernatants
was assayed using the Pierce BCA Protein AssagF§her Scientific U.K. Ltd, Loughborough,

U.K.) according to manufacturer’s instructions.

For SDS-PAGE, cell lysates were reduced using 50diMothreitol. Briefly, 15 - 25 pg of protein
was loaded onto a 4% polyacrylamide stacking gel,separated across a 10% resolving gel (at 25
mA for 1 h) prior to semi-dry transfer to Immobiléi. PVDF membrane (Millipore, Watford, UK)
at 200 mA for 1.5 h. Membranes were blocked foral toom temperature and incubated overnight
(at 4°C) with chicken polyclonal anti-glyceraldeley@8-phosphate dehydrogenase (GAPDH,
Millipore) or goat polyclonal anti-actin (Santa @rBiotechnology, Inc., California, U.S.); and
either rabbit polyclonal anti-gp91phox (Milliporegbbit polyclonal anti-NOX4 (Abcam,
Cambridge, U.K.), rabbit polyclonal anti-g4% (Santa Cruz Biotechnology, Inc. or Abcam), or
rabbit polyclonal anti-HO-1 (Abcam). Membranes weren washed prior to incubation with either
donkey anti-chicken IgG (IR dye 680 LT) or donkeyiagoat IgG (IR dye 680) and goat anti-rabbit
lgG (IR dye 800 CW) (Li-Cor, Cambridge, U.K.) fohlat room temperature. Membranes were
washed and subsequently imaged and quantified asir@dyssey Infrared Imaging System (Li-

Cor; Application Software version 3.0.21).
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Statistical analysis.Analysis of variance (ANOVA) with LSD post-hoc tesas performed using
SPSS software (IBM, New York, USA) version 18 fomdbws. Significance was determined at
the 5% level relative to basal or the assay contitmlee biological replicates for each control or
treatment were utilised for analysis unless otheswioted. Means of biological replicates were
represented graphically, with error bars denottagdard deviation from the mean. For each
control or treatment in the stimulated superoxid®pction assay, mean absorbance ratio (550
nm/620 nm) in the presence of SOD (n=3) was sutettlaicom individual absorbance ratio values
in the absence of SOD (n=3), to correct for cytoatne ¢ reduction owing to generated superoxide.
Mean SOD-corrected absorbance ratio for each texatmas then represented graphically as

percentage of that for the angiotensin Il control.

RESULTS

Endothelial cytotoxicity. All treatments were screened for cytotoxicity aibacentration of 10
KUM; representing the highest concentration usestliisequent bioactivity investigations. No
significant effects (p > 0.05) on endothelial ae#ibility were observed following a 24 h incubation

of HUVECs with 10 uM of any treatment compound &labt shown).

Endothelial NO production. Cyanidin-3-glucoside, and the phenolic derivatigestocatechuic

acid and vanillic acid, did not significantly altendothelial NO production as measured by levels of
NO decomposition products (nitrite & nitrate) in MBC supernatants (Supporting Information,
Figure S1). Resveratrol (100 uM) and PMA (10 nM)evesed as positive controls to confirm the
sensitivity of the assay, and elicited significentreases in total nitrite and nitrate (> 270% abov

basal levels).
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242 eNOS expression in cultured HUVECSignificant upregulation of eNOS (p < 0.001) was

243  observed following 24 h incubation of HUVECs witlii01 & 10 uM cyanidin-3-glucoside (~4 - 7
244  fold increase; Figure 2A). No significant alteratim eNOS levels was observed at any

245  concentration of protocatechuic acid (Figure 2BYyamillic acid (Figure 2C).

246

247  Stimulated endothelial superoxide productionThe generation of superoxide anion was

248  confirmed using a previously reported NOX inhibitvkS2870% in the presence and absence of
249  angiotensin Il, where co-incubation with VAS287Qrsficantly reduced superoxide production (p
250 < 0.01) (Supporting Information, Figure S2).

251

252 Significantly elevated superoxide levels were deig¢ollowing incubation of cells with 0.1 uM
253 and 1 uM cyanidin-3-glucoside (~3 fold increasgjufe 3A), relative to the angiotensin II-

254  stimulated control. A significant decrease in sop&te (p < 0.001) was induced by protocatechuic
255 acid, at 1QuM (~5 fold decrease; Figure 3B), whilst vanilliagelicited statistically significant

256  reductions (p < 0.05) in superoxide at all concdrins examined (~2 fold decrease at 1 pM,;

257  Figure 3C). A linear dose-response relationship mavident for any treatment. Control

258 experiments were conducted to exclude possibleocmling through direct reduction of

259  cytochrome c, or scavenging of NOX-derived supeatexadicals, by the treatments. There was no
260  significant impact on cytochrome c reductiend(02 nmole.H) or superoxide levels (75-106% of
261  control) during incubations with treatment compaogiaticoncentrations up to 10 uM in cell-free
262  systems.

263

264  Stimulated endothelial gene expression of NOX isafims and subunits.Vanillic acid was

265 examined for effects on stimulated endothelial gexpression of the NOX2 and NOX4 isoforms,
266  and the associated subunits §22 p4?"%% and p67"* Real time PCR melt curve data indicated

267  non-specific amplification for NOX2, pA™P*, and p67"primer sets (data not shown); therefore
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268 relative quantification of gene expression wasqrened for NOX4 and p22°* only. Co-incubation
269  of HUVEC with angiotensin Il and vanillic acid (9.1 and 1QuM) for four hours elicited no

270  significant differences in NOX4 mRNA compared te @mgiotensin Il control (p > 0.05; Figure
271 4A). A statistically significant (p < 0.05) upregtibn of p22">*mRNA levels was observed with
272 vanillic acid at 0.1uM and 1uM (Figure 4B).

273

274  Stimulated endothelial protein expression of NOX isforms and subunits.The modulation of
275 NOX2 and NOX4 isoforms by vanillic acid was furttedraracterised at the protein level. Following
276  angiotensin Il stimulation, weak immunoreactive d&norresponding to NOX2 were visualised by
277  immunoblotting of endothelial lysates, such thamfification of bands by densitometry was not
278  possible (data not shown). By contrast, angiotehsimduced upregulation of NOX4 expression
279  was observed, although this was not significantbdolated (p > 0.05) by co-incubation of cells
280 with angiotensin Il and vanillic acid at any contation examined (0.1-10 uM) (Figure 5).

281

282  The effect of vanillic acid on stimulated proteipeession of the key NOX2 subunit P4% was

283  also investigated as a possible mechanism of N@iton. Following co-incubation of HUVEC
284  with 20 ng/ml TNFe and increasing concentrations of vanillic acid (@., or 10 uM) for five

285  hours, a trend towards decreasedPfFexpression was observed relative to ToN&lone (Figure
286  6A), although these changes were not statisticidiyificant (p = 0.06 at 1 uM and 10 pM vanillic
287 acid). A confirmatory experiment was conducted gsive HCAEC model, but here no effect was
288  detected on TN stimulated p47™ expression (p > 0.05; Figure 6B).

289

290 Endothelial HO-1 expressionModulation of HO-1 expression by vanillic acid weasamined as a
291  putative indirect mechanism of NOX inhibition. Inmation of HUVEC with the protein kinase C
292 activator PMA (at 10 ng/ml) for six hours inducedignificant increase in basal HO-1 mRNA

293 levels (p < 0.001 versus vehicle control; FigureV@nillic acid, at concentrations of 0.1, 1 and 10

Page 12 of 37



294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

uM, elicited a concentration-dependent elevatioaridothelial HO-1 mRNA (~1.6-fold versus
unstimulated cells with 10M vanillic acid), with a trend towards significancempared to vehicle
control (p = 0.1) at 10 uM (Figure 7). Trends tosgelevated expression of HO-1 protein in
HUVEC were also observed following a six hour inatibn with PMA (~1.9-fold increase versus
unstimulated cells) or vanillic acid (~1.8-fold rease at 1 uM vanillic acid) relative to the vedicl
control (p = 0.07 and p = 0.1 respectively; Fig#g. Since the vehicle control (0.005% DMSO)
also appeared to upregulate HO-1 protein, varallid was prepared directly in agueous solution
for use in the HCAEC model, to exclude any vehreleted effects. Expression of HO-1 protein
was slightly elevated following a 6 hour incubatigith PMA in the HCAEC model (~1.2-fold
increase versus unstimulated cells; Figure 8B)apparent upregulation of HO-1 protein was
observed at all concentrations of vanillic acidedgFigure 8B), with a trend towards significance

at 1 uM (~1.8-fold increase; p = 0.07) relativéssal.

DISCUSSION

The low bioavailability of parent anthocyanins sesfg their bioactivityn vivo is mediated by
phenolic metabolites, which have recently beenntedaas the main circulating species following
anthocyanin consumptidri®. Here, we report that phenolic metabolites appearodulate

vascular endothelial cell function through alteivesmechanisms to those previously described for
parent anthocyanins. In the present study, thenparghocyanin increased eNOS expression,
whereas phenolic derivatives had no effect. Howaheise metabolites elicited reductions in
superoxide production, which could subsequentlyatse scavenging of NO. Recent studies by
Czanket al (2013) and de Ferrags al (2014) have confirmed a physiologically approgriegnge

for anthocyanin metabolites in humans of 0.1 - MYi'°and the present study assessed potential
mechanisms of activity at these concentrationseddgfollowing consumption of 500 mMéC-

labelled cyanidin-3-glucoside, a seruma&of 1.85 pM has been reported for vanillic acidthwii
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KM concentrations persisting for up to 24 hodrsuggesting phenolic derivatives of anthocyanins
may be present in the systemic circulation at loaromolar levels for at least 18-24 hours after
ingestion of parent anthocyanins. Based on ouirfgg] physiologically relevant levels of
anthocyanin metabolites are likely to act indingttl maintain vascular homeostasis, through
induction of HO-1 and decreased endothelial supdeogeneration, as opposed to directly

stimulating eNOS activity and NO production

Endothelium-derived nitric oxide is a key componeiwascular homeostasisand priorin vitro
studies have described both upregulation and aictivaf the eNOS enzyme by anthocyanins
(including cyanidin-3-glucoside) in cultured endeital cells at concentrations ranging from 0.001
UM up to 250 uM" & 13 Interestingly, in the present study we obseniéféréntial bioactivity for
cyanidin-3-glucoside relative to its phenolic adetivatives. Specifically, no treatment compounds
significantly modulated endothelial NO productiblowever, cyanidin-3-glucoside significantly

upregulated eNOS protein levels, while the pherntdicvatives remained inactive (Figure 2).

NOX enzymes represent a major source of reactiygaxspecies in the vasculatdife®and
anthocyanin metabolites could act as endotheliaKhibitors, based on previously reported
structure-activity studie€. In the current study, differential bioactivity svagain observed for
cyanidin-3-glucoside relative to its phenolic ad&tivatives. A significant elevation in superoxide
levels was elicited by cyanidin-3-glucoside; andamtrast, both protocatechuic acid and vanillic
acid significantly reduced superoxide levels (Feg8). Whilst previous reports have described
superoxide scavengirf§and direct cytochrome c reductiéhelicited by flavonoids, such activity
is reported at much higher concentrations (~400-|48l) than those used in the current
investigation £ 10puM), and control experiments in cell-free inditras confirmed negligible
superoxide scavenging or direct cytochrome c reolidty the treatments. High concentrations of

phenolic compounds in culture medium have also begorted to result in the generation of
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hydrogen peroxidé®, which could potentially interfere with assay nuthlogies; however, only
minimal hydrogen peroxide formation has previousdgn reported for delphinidin (at 10 p&)

which is one of the most reactive anthocyasdth3 herefore, data from cell-free experiments in the
current study indicate that the treatment compouwadsot directly scavenge superoxide radicals, as
negligible activity was observed, and the presieatirigs likely reflect reduced endothelial

superoxide generation as opposed to radical scawgng

The phenolic derivative vanillic acid (the methgldimetabolite of protocatechuic acid) was
subsequently selected to explore mechanisms paligninderlying the observed reductions in
superoxide production. In the present study, viaraitid at a concentration of 1 uM significantly
reduced endothelial superoxide levels, which isgamble to the fax value reported by Czargt
al (2013) for'3C-labelled phase Il conjugates of protocatechuid &35 M) following ingestion
of 13C-labelled cyanidin-3-glucosidé. Steffenet al (2008) have previously described NOX
inhibitory activity of vanillic acid in disintegratt HUVEC (IGo = 8.1 uM), with minimal direct
superoxide scavenging activity in a cell-free sys(éCso > 100 uM)>?%; which was confirmed by

the absence of direct superoxide scavenging bylxaacid in the present study.

NOX4 is reported to be the major vascular endagh&bform3® 3% producing mainly hydrogen
peroxide®?, and whilst NOX4-derived hydrogen peroxide woudd act to limit NO bioavailability
33 it might induce vasodilation through hyperpolatisn independently of NO activifif. In
contrast NOX2 generates superoxidland may have a key role in regulating vasculaction 3%

36 Both NOX2 and NOX4 associate with the integrahtheane protein p22°*3’, but activation of
NOX2 follows the recruitment of additional cytosopiroteins including p47°* (‘organiser’
subunit) and p&7°* (‘activator’ subunity*” % Modulation of the expression of NOX2 and NOX4
isoforms, and associated subunits §322p47" and p67"®) by vanillic acid was therefore

explored using RT-gPCR. Co-incubation of angioteriswith vanillic acid elicited no significant
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changes in levels of endothelial NOX4 mRNA relativengiotensin Il alone (Figure 4A).
However, a significant upregulation of 22 mRNA levels was observed with 0.1 angdM
vanillic acid (Figure 4B), whilst we were unabledssess transcriptional modulation of the
superoxide-generating NOX2 isoform, or f#7and p67"® Therefore the effects of vanillic acid
on the stimulated expression of NOX2 and¥%7and also NOX4, were explored at the protein

level.

There was no significant modulation of stimulategd> protein expression by vanillic acid
(Figure 5), indicating that this particular metateotloes not affect endothelial NOX4 protein.
NOX2 expression was more difficult to discern bynomoblotting of cell lysates, which may
reflect low mRNA/protein expression in vasculaigehnd/or poor antibody specificity; although
upregulation of NOX2 in HUVECSs following angiotendi stimulation has been previously
reportec?’. Interestingly, the observed elevation in F22mRNA induced by vanillic acid did not
appear to be associated with increased NOX4 or N@X%gin levels. Modulation of p47~
protein expression was examined as a possible mschaf NOX2 inhibition, and here a trend
was observed towards downregulation of §%protein following co-incubation with TNE-and
vanillic acid (Figure 6A). Interestingly, in the IKEC model, vanillic acid did not modulate
stimulated p4?'°* expression (Figure 6B), and thus vanillic acidslpet appear to significantly
alter p4P"|evels (under the present conditions) and theeedffiect NOX2 activity by this
mechanism. However, the anthocyanidin delphinidis tecently been reported to inhibit p#7
translocation and NOX activity in human dermal diblasts®®, suggesting another potential
mechanism by which anthocyanins and/or their degiail products could modulate NOX

function.

Upregulation of HO-1 has been reported to inhil@X\function* 3 and previous studies have

described induction of HO-1 expression by anthomgand/or their metabolites in human
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endothelial cell$* %© For example, Nrf2 nuclear translocation and Héxfiression in cultured
HUVEC was elicited by serum samples obtained frealthy subjects following ingestion of 160
mg purified anthocyanins, which may reflect acyivwf anthocyanin metabolites as opposed to
parent compound®. Moreover, delphindin-3-glucoside has previoustg reported to enhance
survival of murine hepatocytes exposed to a cyiotoancentration of epigallocatechin-3-gallate
through upregulation of HO-1 mRNA levéfs Endothelial homeostasis is maintained through the
action of vasodilators such as NO, however NO liai@ig is diminished by radicals such asO
which are produced through activation of N&®X}2 Anthocyanin metabolites could potentially
indirectly maintain vascular homeostasis by indgdtO-1, with subsequent inhibition of NOX
activity, thus reducing the scavenging of NO by N@tived superoxid&: 1> 40 Therefore the
potential indirect effect of vanillic acid on NOXtavity was explored by assessing modulation of
endothelial HO-1 expression. Following exposuréloVEC to vanillic acid, elevated HO-1
MRNA levels were observed in what appeared to dmnaentration-dependent response (Figure 7),
with a trend towards significance relative to tiedicle control (at 10 uM vanillic acid). Likewise,
vanillic acid increased HUVEC HO-1 protein expressjFigure 8A), and densitometric analysis
indicated a trend towards significance at 1 uM. ¥éleicle control also appeared to moderately
upregulate HO-1, reflecting previously reporteddsta in HUVEC with low concentrations of
DMSO (0 - 0.8%)2. As such, vanillic acid was prepared directly guaous solution for
investigation in the HCAEC model; where a simil@nd for upregulation of HO-1 protein was

evident (at 1 uM; Figure 8B), suggesting an inwtieshaped dose-response.

A possible limitation of the current investigatimas the use of HUVEC as amvitro model.
Whilst HUVEC are widely used for research concegrgeneral properties of endothelial céfls
an arterial endothelial cell type may be more appate for studies investigating the potential
modulation of NOX activity in relation to endothalidysfunction. Thus as part of the current

investigation confirmatory studies were conductadpbtential modulation of p2™YHO-1
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expression, using HCAEC as a more physiologic&presentative endothelial model. Furthermore,
in the present study there was no effect of cyanBdglucoside on endothelial NO production
(Supporting Information, Figure S1), despite a pras report of activation of eNOS by cyanidin-3-
glucoside at concentrations<6 uM in HUVECS'. It is possible that assessing eNOS activity by
investigating enzyme phosphorylation, as descrgresiously for blackcurrant anthocyanins in a
HUVEC model*4, could have provided further information as to éfffects of treatment

compounds upon eNOS. NO production was clearlyessed by PMA and resveratrol in control
experiments, indicating adequate assay sensifmitthe detection of NO-derived nitrite/nitrate in
aqueous solution. It is however possible that #sayawas not sensitive enough to detect subtle
changes in nitrite/nitrate. Interestingly, and wiile possible exception of the upregulation of eNOS
by cyanidin-3-glucoside, linear dose-responseimgiahips were not observed for any treatment in
the current investigation, suggesting differenialactivity of anthocyanins and their metabolites
across dose ranges, as described previously foidige3-glucosidé. However, as only three
concentrations of the treatment compounds weresssden the current study, it is not possible to
draw definitive conclusions regarding dose-respoakionships, and a wider dosage range is

required to confirm our observations.

Another limitation of the present study was thepgeCR specificity observed for NOX2, PA%
and p67"° which precluded determination of relative charigesxpression for these transcripts.
Previously reported studies have suggested lovo @nalothelial expression of NOX2 mRNA 4
and low expression of p&™ and p67"™*mRNA in HUVEC?®°. Moreover, minimal changes were
detected in NOX4 gene expression, andPff4 protein expression, following stimulation with
angiotensin Il or TNFe respectively; although limited upregulation of pP¥7was consistent in

both HUVEC and HCAEC models.

Page 18 of 37



449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

In the present study, cyanidin-3-glucoside sigaifity upregulated endothelial expression of eNOS
as previously reported for unmetabolised anthoaght® however the phenolic acid derivatives
were not active. By contrast, both the degradatimauct protocatechuic acid, and its phase I
metabolite vanillic acid, significantly reduced etiaelial superoxide levels; whereas the parent
anthocyanin did not. These data suggest a diffaldnbactivity of anthocyanins relative to their
phenolic derivatives. Our findings therefore indecthat anthocyanins may directly stimulate
eNOS, eliciting improved endothelial function; hoxee, when anthocyanins are metabolized, this
direct effect upon eNOS is lost. Neverthelessthngtabolites could maintain vascular homeostasis
through indirectly preserving NO bioactivity, by amanisms involving NOX or HO-1. It must be
noted that Czankt al (2013) identified 16 phenolic metabolites of cyamid-glucoside in human
serumt’, which should all be investigated for potentiassalar bioactivity in future studies.

Indeed, preliminary data from ongoing studies inlaboratory suggest PCA, and PCA in
combination with VA, upregulate HO-1 protein ex®ies in rat aortic smooth muscle celtsvitro

(data not shown).

In conclusion, there was no direct effect of vamiicid on endothelial protein expression of eNOS
or NOX isoforms in the present investigation, wiasrélO-1 protein was modestly increased,;
indicating different mechanisms of bioactivity fanenolic derivatives relative to parent
anthocyanins. This also suggests a potential iadaetivity of anthocyanin metabolites in

maintaining vascular homeostasis/ivo.
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ABBREVIATIONS USED

Ang 11, angiotensin Il; ANOVA, analysis of variandgV, coefficient of variation; DMSO,

dimethyl sulphoxide; EDTA, ethylenediaminetetraacatid; ELISA, enzyme-linked
immunosorbent assay; eNOS, endothelial nitric ogiglghase; FBS; foetal bovine serum; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; HCAE@ahworonary artery endothelial cell; HO-
1, haem oxygenase-1; HUVEC, human umbilical venho#imelial cell; NADPH, reduced
nicotinamide adenine dinucleotide phosphate; N@icroxide; NOX, NADPH oxidase; ©,
superoxide; PBS, phosphate-buffered saline; PMArlpdl 12-myristate 13-acetate; SOD,

superoxide dismutase; TNE-tumour necrosis factor-alpha; VA, vanillic acid.
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SUPPORTING INFORMATION DESCRIPTION

Primer sequences for custom primer sets (human HNMOXOX2, NOX4, p22"% p4?"°*and

p67°"®) are provided as Supporting Information.
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FIGURE CAPTIONS

Figure 1. Chemical structures of the anthocyanin cyanidgitgoside (A), its B-ring degradation
product protocatechuic acid (B), and the m@xmethylated metabolite of protocatechuic acid,

vanillic acid (C). COMT, catechol-O-methyltransfeea

Figure 2. Modulation of endothelial eNOS expression (asngjtiad by ELISA of cell lysates)
following 24 h incubation of HUVEESs with vehicle miol [0.05% DMSO in supplemented culture
medium] (VC), or 0.1-1@M of cyanidin-3-glucoside (A), protocatechuic a@ig), and vanillic

acid (C). Data are graphed as mean eNOS protgrrasntage of vehicle control (designated as
100% and marked by dashed line); mean + SD (n=&yniificant difference versus vehicle control

(p < 0.05).

Figure 3. Modulation of angiotensin 1l (Ang II)-stimulatédlVEC endethelial superoxide
production by 0.1-10 uM cyanidin-3-glucoside (Ajpfmcatechuic acid (B), or vanillic acid (C).
Superoxide production was quantified by reductibextracellular ferricytochrome c. Data are
graphed as SOD-corrected mean absorbance (OD)5&0onm/620 nm) as percentage of Ang Il
control (designated as 100% and marked by dashe} hean + SD (n=3). *Significant difference

versus Ang ll-stimulated control (p < 0.05).

Figure 4. Modulation of HUVEC NOX4 (A) or p22° (B) mRNA levels following 4 h incubation
with 0.1uM angiotensin Il control (Ang 1), or Ang Il with.@ uM, 1 uM or 10uM vanillic acid,
presented as fold change versus unstimulated(belésl; designated as 1 and marked by dashed
line). Relative quantification was performed by BFER using the comparativer@ethod,

incorporating the geometric mean of reference gefgds4A and VIPAS39 as the normalisation
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factor. Data are graphed as mean = SD (n=3). *Sagmit difference versus Ang ll-stimulated

control (p < 0.05).

Figure 5. Expression of NOX4 protein in cell lysates fromstimulated HUVECs (basal) and
following 6 h incubation with 0.tM angiotensin Il (Ang 1), or Ang Il with 0.1 uM, @M or 10

UM vanillic acid (VA). Glyceraldehyde-3-phospha&hgdrogenase (GAPDH) was utilised as a
loading control for immunoblotting of cell lysat&Sraphs show fold increase in NOX4 expression
relative to basal (designated as 1 and marked $lyedhbline), after quantification by densitometry

and normalisation to loading control (mean + SDpn=

Figure 6. Expression of p£?° protein in HUVEC (A) or HCAEC (B) lysates from uimsulated
cells (basal) and following 5 h incubation with &0ml TNF-o, or TNFo with 0.1 uM, 1 uM or 10
UM vanillic acid. Glyceraldehyde-3-phosphate debgénase (GAPDH) was utilised as a loading
control for immunoblotting of cell lysates. Graptow fold increase in p&"P* expression relative
to basal (designated as 1 and marked by dashggddiiter quantification by densitometry and
normalisation to loading control. Data are grapagdnean + SD (n=5 for HUVEC and n=4 for

HCAEC).

Figure 7. Modulation of HUVEC HO-1 mRNA levels following 6ihcubation with vehicle control
(VC, 0.005% DMSO), 10 ng/ml phorbol 12-myristated&tate (PMA), or 0.tM, 1 uM or 10

uM vanillic acid, presented as fold change versuseated (basal) cells (designated as 1 and
marked by dashed line). Relative quantification wagormed by RT-gPCR using the comparative
Ct method, incorporating the geometric mean of hureéarence genes TYW1 and PPIA as the
normalisation factor. Data are graphed as mean fnSB). *Significant difference versus vehicle

control (*p < 0.01).
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Figure 8. Expression of HO-1 protein in HUVEC (A) or HCAEB)(lysates from untreated cells
(basal) and following 6 h incubation with 10 ngjomiorbol 12-myristate 13-acetate (PMA), vehicle
control (VC, 0.005% DMSO; HUVEC only) or OiM, 1 uM or 10uM vanillic acid.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDK)uigssed as a loading control for
immunoblotting of cell lysates. Graphs show foldrease in HO-1 expression relative to basal
(designated as 1 and marked by dashed line), @itantification by densitometry and normalisation

to loading control. Data are graphed as mean £r5i2)(
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Figure 4
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Figure 5
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Figure 6
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