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Abstract 

Population studies suggest cardiovascular health benefits of consuming fruits and vegetables 

rich in polyphenolic compounds such as flavonoids. We reported previously that the 

flavonoid quercetin protects arteries from oxidant-induced endothelial dysfunction and 

attenuates atherosclerosis in apolipoprotein E gene knockout mice, with induction of heme 

oxygenase-1 (Hmox1) playing a critical role. The present study investigated the structural 

requirements of flavonoids to induce Hmox1 in human aortic endothelial cells (HAEC). We 

identified ortho-dihydroxyl groups and an a,b-unsaturated system attached to a catechol as 

the key structural requirements for Hmox1 induction. Active but not inactive flavonoids had a 

low oxidation potential and prevented ascorbate autoxidation, suggesting that Hmox1 

inducers readily undergo oxidation and that oxidized, rather than reduced, flavonoids may be 

the biological inducer of Hmox1. To test this hypothesis, we synthesized stable derivatives of 

caffeic acid (3-(3,4-dihyroxyphenyl)-2-propenoic acid) containing either ortho-dihydroxy or 

ortho-dioxo groups. Compared with the dihydroxy compound, the quinone analog induced 

Hmox1 more potently in HAEC and also provided enhanced protection to arteries of wild 

type animals against oxidant-induced endothelial dysfunction. In contrast, the quinone analog 

failed to provide protection against oxidant-induced endothelial dysfunction in arteries of 

Hmox1
–/–

 mice, establishing a key role for Hmox1 in vascular protection. These results 

suggest that oxidized forms of dietary polyphenols are the likely inducers of Hmox1 and may 

explain in part the protective cardiovascular effects of diets rich in these compounds. 

Keywords—Flavonoids, quercetin, endothelial function, endothelial cells, heme oxygenase-1, 

electrophile response element 
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Introduction 

Population studies show a strong association between dietary intake of fruit and vegetables 

and reduced risk of cardiovascular disease [1, 2]. One of the important bioactive components 

of these diets is thought to be polyphenols such as flavonoids, which have traditionally been 

considered as antioxidants. Given the potentially important role of oxidative damage in 

atherosclerosis [3], antioxidant activity of flavonoids is commonly thought to be the 

underlying mechanism. The association between dietary polyphenols and atherosclerosis has 

been confirmed to some extent by intervention studies with certain polyphenols or food 

extracts rich in polyphenols, which have shown improvements in cardiovascular risk factors 

such as vascular function and blood pressure [4, 5]. However, the mechanisms involved in 

the bioactivity of dietary polyphenols are unlikely to involve direct antioxidant activity (free 

radical scavenging) in vivo [6]. Instead, evidence suggests that dietary polyphenols, or their 

metabolites, act as signalling molecules and can increase nitric oxide bioavailability and 

induce other protective enzymes [6-8]. 

We reported previously that the flavonoid quercetin protects arteries from oxidant-induced 

endothelial dysfunction and attenuates atherosclerosis in apolipoprotein E gene knockout 

(Apoe
–/–

) mice, with induction of heme oxygenase-1 (Hmox1) playing a critical role [9]. 

Hmox1 is an inducible enzyme, which is expressed in response to external stressors, 

including oxidative stress [10]. Moreover, pharmacological induction of Hmox1 protects 

against atherosclerosis and related diseases [11]. We have also shown that quercetin, among a 

group of other polyphenols, is the most effective at reducing atherosclerosis in the Apoe
–/–

 

mouse [12]. Structure-activity studies of flavonoids with vasorelaxant and antioxidant 

activity have previously been reported [13]. For vascular protection, however, the ability to 

induce Hmox1 is likely more important than free radical scavenging [14]. Phytochemicals 

such as curcumin are also known to induce Hmox1 expression via regulation of Nrf2 and the 
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antioxidant response element, however little is known about flavonoid structural 

requirements for Hmox1 induction [15]. 

Many dietary flavonoids are sensitive to oxidation and, paradoxically, the oxidized forms 

(quinones) may be physiologically more relevant for Nrf2 activation [6, 16, 17]. We therefore 

set out to investigate the structural requirements for flavonoids to induce Hmox1 in human 

aortic endothelial cells. Flavonoids most sensitive to oxidation were found to also be the most 

active in inducing Hmox1 expression. We therefore tested the hypothesis that this was due to 

the oxidized quinone form by synthesizing caffeic acid derivatives of either the dihydroxy or 

quinone form, and examined their ability to induce Hmox1 and protect aortic rings from 

oxidant-induced endothelial dysfunction. The bioactivity observed for these compounds was 

higher for the quinone than the dihydroxy form, and absent when applied to aortic rings 

isolated from Hmox1
–/–

 mice. 

Materials and Methods 

Chemicals and reagents 

Quercetin, 3-O-methylquercetin (isohamnetin), quercetin-3-O-glucuronide, luteolin, apigenin, 

daidzein, trihydroxylisoflavone, (-)-epicatechin and naringenin were obtained from Sigma 

Life Science. Naringenin-7-O-glucuronide was purchased from Sapphire Bioscience 

(Redfern, NSW, Australia). All other chemicals were purchased from Sigma-Aldrich (St 

Louis, MO, USA) unless indicated otherwise. Hypochlorous acid (HOCl) was prepared 

freshly by dilution of a concentrated stock solution of sodium hypochlorite (Sigma-Aldrich, 

Castle Hill, NSW, Australia). To determine HOCl concentrations, the optical absorbance at 

292 nm and pH 11 was measured using a molar extinction coefficient of 350 M
-1

 cm
-1

. 

Synthesis of derivatives of caffeic acid 



 5 

4-Methylesculetin was synthesized first by adding ethylacetoacetate (39.6 mmol) to 1,2,4-

benzenetriol (7.93 mmol) in trifluoroacetic acid (10 mL) under constant stirring and heating 

the reaction mixture at 100°C for 3 h. The reaction mixture was then cooled to room 

temperature, diluted with hexane (100 mL) and the resulting white precipitate filtered and 

washed several times with hexane to give 4-methylesculetin (85% yield). The caffeic acid 

derivatives (see Figure 4A for chemical structures) were then synthesized from 4-

methylesculetin as described previously [18]. Briefly, compound C3 was prepared in 30% 

yield and purified by silica chromatography and recrystallization; compound C4 was 

prepared in 70% yield from C3 and purified by silica chromatography and crystallization. 

Purity (judged by NMR spectroscopy and mass spectrometry analyses) was >98% for both 

compounds. 

Cell culture and flavonoid treatment 

Human aortic endothelial cells (HAEC) (Lonza Pty Australia) were cultured in commercially 

available Endothelial Basal Medium (EBM)-2 (Lonza Pty Ltd, Mount Waverley, VIC, 

Australia). Cells were grown in T-75 flasks and passaged every 3–4 days as necessary and all 

experiments were performed on 80% confluent cells between passages 3–8 in 6-well culture 

plates. Cells were serum-starved for 6 h prior to addition of the respective flavonoid (10 µM 

final concentration). After serum starvation, the flavonoid compounds originally dissolved in 

ethanol were added into the culture medium with 0.3% (w/v) human serum albumin (HSA) 

for 16 h. Ethanol concentration did not exceed 0.5%. Vehicle controls contained the same 

amount of ethanol and HSA. Hmox1 expression was detected by Western blot. 

Western blot analysis of HAEC 

To determine Hmox1 expression after flavonoid treatment, cells were washed twice with ice-

cold phosphate buffered saline (PBS) before being lysed with RIPA buffer and collection in 
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Laemmli’s sample loading buffer (Bio-Rad, Gladesville, NSW, Australia) containing 250 

mM Tris–HCl, 8% SDS, 40% glycerol, 8% β-mercaptoethanol, 0.02% bromophenol blue and 

a phosphatase inhibitor cocktail (Roche Diagnostics Australia). Proteins were separated by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis on 10% precast Gel (Invitrogen), 

followed by transfer to a nitrocellulose membrane (GE Healthcare Life Sciences). 

Membranes were then incubated with rabbit polyclonal Hmox1 antibody (Enzo Life Science, 

East Farmingdale, NY, USA; SPA-895, 1:1000) overnight at 4°C. After washing and 

incubation with HRP-conjugated secondary antibody (Dako, Glostrup, Denmark) for 1 h at 

room temperature, protein bands were visualized using ECL reagents (GE Healthcare Life 

Sciences). 

Oxidation potentials measurement 

Electrochemical measurements were conducted on a Model CHI 620 C electrochemical 

analyzer (CHENHUA, Shanghai, China). Cyclic voltammetry measurements were done using 

a three-electrode system. The working electrode was a glassy carbon electrode with an 

Ag/AgCl electrode as reference. A platinum foil served as the auxiliary electrode. The 

working electrode was polished successively with 1, 0.3, and 0.05 μm alumina powder before 

each scan. Cyclic voltammograms of standard solutions of flavonoids (50 μM) were 

conducted in acetic acid/sodium acetate buffer pH 4.0; scan rate, 400 mV/s. 

Heme oxygenase activity assay 

Human aortic endothelial cells were serum-starved for 6 h prior to addition of the respective 

flavonoid to the culture medium which contained 0.3% (w/v) HSA. Cells were incubated for 

16 h at 37°C and 5% CO2 before being collected and washed twice with PBS (400 x g, 10 

min). Buffer A (35 µL; 250 mM sucrose, 20 mM Tris, pH 7.4 containing protease inhibitors) 

was then added to each cell pellet and cells lysed by three cycles of freeze thawing. An 



 7 

aliquot of the resulting cell lysate was used for protein determination by the bicinchoninic 

acid assay. For the heme oxygenase activity assay, 30 µL of cell lysate was mixed with ~200 

µg of mouse liver microsomes, 10 µM hemin, 2 mM NADPH, 2 mM D-glucose-6-phosphate, 

2 U glucose-6-phosphate dehydrogenase and 75 nM mesobilirubin (Frontier Scientific, Logan 

UT, USA) as internal standard in 300 µL in Buffer A on ice (final concentration indicated for 

all reagents) as described previously [19]. The mixture was then incubated at 37°C in the 

dark. At 0 and 60 min, 50 µL of the reaction mixture was removed, supplemented with 5 µL 

diethylenetriaminepentaacetic acid (DTPA, 5 mM)/desferrioxamine (5 mM; Ciba, Basel, 

Switzerland) and mixed for 10 s, followed by extraction with 195 µL of ice-cold methanol 

containing 100 µM DTPA and further mixing for 30 s. The extracted solution was then 

incubated on ice for 5 min, centrifuged at 13,000g for 10 min at 4°C before the resulting 

supernate was subjected to LC-MS/MS analysis for the determination of bilirubin as 

described previously [20]. 

Ascorbate auto-oxidation measurement 

Ascorbate (43 µM) was added to EBM medium (containing 0.3% HSA) in the absence 

(control) or presence of 10 µM of each flavonoid, and the medium then incubated at 37°C 

under air. At the time indicated, the reaction was terminated by addition of 8% (w/v) 

trichloroacetic acid buffer solution. The amounts of ascorbate remaining in the medium were 

then determined by HPLC with electrochemical detection, as described previously [21]. 

Ex vivo vessel function assessment 

C57BL/6J mice were obtained from the Animal Resource Centre, Perth (Murdoch, WA, 

Australia). For studies investigating the role Hmox1, littermate heterozygous Hmox1
+/–

 (Het), 

Hmox1
–/–

 (KO) and wild type Hmox1
+/+

 (WT) mice were used. These mice were on a 

BALB/c background, derived from heterozygous x heterozygous breeding at the Victor 
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Chang Cardiac Research Institute, Sydney, and 6-16 weeks of age. The genotype of all mice 

was identified by PCR using primers as previously described [22]. The use of animals was 

approved by the Royal Perth Hospital and Garvan Institute of Medical Research Animal 

Ethics Committees. All animal experiments were compliant with National Health and 

Medical Research Council (NHMRC) guidelines for the Care and Use of Laboratory Animals 

in Australia. 

Aortic rings from 10-week-old C57BL/6J mice or Hmox1
–/–

 mice were isolated following 

anaesthesia by inhalation of methoxyflurane (Medical Developments International) and 

perfusion of the animal with 0.9% saline. Abdominal aortas were then harvested and 

incubated with 10 μM flavonoid test compound or vehicle for 6 h before the aortas were cut 

into equal segments, approximately 2 mm long. All rings were mounted onto a multi 

myography system (620 M, DMT, Denmark) and allowed to equilibrate for 30 min in Krebs-

Henseleit modified buffer, aerated with 95% O2/5% CO2 at 37°C, under non-stretched 

conditions. The aortic rings were then primed with KPSS buffer (containing 123.7 mM KCl, 

1.17 mM MgSO4, 1.18 mM KH2PO4, 2.50 mM CaCl2, 25 mM NaHCO3, 0.03 mM EDTA and 

5.5 mM glucose) and mechanically stretched in a step-wise procedure to 9 mN, which is 

similar to physiological tension and considered to be the standardized baseline reading. The 

rings were then incubated in Krebs-Henseleit modified buffer for 1 h with HOCl (100 μM) or 

vehicle [23], washed and subjected to increasing doses of phenylephrine (Phe) (10
-9

 – 10
-5

 M) 

to achieve a stable pre-constriction. Following this, increasing doses of acetylcholine (ACh) 

(10
-10

 – 10
-5

 M) were added and relaxation determined as a percentage of pre-constriction. 

Pre-constriction with Phe was then repeated and increasing doses of the NO-donor, sodium 

nitroprusside (SNP) (10
-10

 – 10
-5

 M) were added with relaxation recorded to determine 

smooth muscle viability. The extent of endothelial dysfunction obtained with this 

concentration of HOCl approximates that seen in models of atherosclerosis, e.g., that in 
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apolipoprotein E gene knockout animals fed a Western diet for 4-6 months [9]. The data from 

each aortic ring was analysed using LabChart (AD Instrument, Bella Vista, NSW, Australia). 

Quantitative real-time PCR 

Total RNA was isolated from HAEC after 16 h treatment with vehicle (control) or 10 mM 

compound 4, using TRIzol reagent (Invitrogen). Reverse transcription was carried out using 

the Superscript III first strand synthesis system (Invitrogen). Quantitative real-time PCR was 

performed on a LightCyclerâ 480 instrument  (Roche) using the SensiFASTäSYBRâ NO-

ROX kit (Bioline). The relative levels of gene expression were normalized to the expression 

level of b-actin. Melting curve analysis confirmed that all PCR reactions produced a single 

product. The primers (forward/reverse) used in real-time PCR were: Hmox1: 5′-

GTGTAAGGACCCATCGGAGA / 5′-ATGACACCAAGGACCAGAGC; 

NAD(P)H:quinone oxidoreductase (Nqo1): 5′-TGCAGCGGCTTTGAAGAAGAAAGG / 5′-

TCGGCAGGATACTGAAAGTTCGCA; thioredoxin reductase-1 (Txnrd1): 5′-

GCCCTGCAAGACTCTCGAAATTA / 5′-GCCCATAAGCATTCTCATAGACGA; 

superoxide dismutase 2 (Sod2): 5’-GGAAGCCATCAAACGTGACTT / 5’- 

CCCGTTCCTTATTGAAACCAAGC; and b-actin (ActB): 5’-

GGATGCAGAAGGAGATCACTG / 5’-CGATCCACACGGAGTACTTG. 

Western blot determination of tissue Hmox1 expression 

To determine Hmox1 protein expression, aortic rings were collected after treatment and 

stored at -80°C. Samples were placed on dry ice during homogenization, with addition of 100 

μL lysis buffer with protease and phosphatase inhibitors (Roche Diagnostics, North Ryde, 

NSW, Australia) per 3×3 mm tissue piece. Samples were then frozen at -80°C overnight 

before being centrifuged at 13,000 × rpm at 4°C for 10 min to obtain supernates. Sample 

working solutions were then prepared by adding Laemmli’s sample loading buffer (Bio-Rad, 
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Gladesville, NSW, Australia) and heated for 10 min at 70°C. Proteins were separated as 

described above for HAEC. 

Statistical Analyses 

For arterial relaxation studies the data was analyzed with mixed models in SAS (version 9.2) 

using the PROC MIXED model and Tukey adjustment. The overall effect of treatment was 

established using the p-value for the effect of treatment. For all other experiments, 

significance was calculated using a Mann-Whitney one-tailed statistical test or a Kruskal-

Wallis test with Dunn’s Multiple Comparison post-hoc test, as appropriate. 

Results 

The structures of the ten test flavanoids used are shown in Figure 1. Initial screening of the 

test compounds in HAEC revealed that quercetin, luteolin and trihydroxy isoflavone 

significantly induced the expression of Hmox1 protein (Figure 2A). The induction of Hmox1 

protein in HAEC by quercetin was time (Figure 2B) and concentration dependent in the low 

µM range (Figure 2C). In addition, quercetin at 10 µM increased Hmox activity in HAEC, as 

indicated by the increase in biliverdin (not shown) and bilirubin (Figure 2D). 

The three compounds showing Hmox1-inducing activity all have catechol structures that are 

likely to be sensitive to oxidation. This was confirmed by comparing their redox potentials 

with that of the other compounds in this group of flavonoids (Table 1). Table 1 shows that in 

addition to the Hmox1-inducing flavonoids, catechin and quercetin-3-glucuronide also have 

low oxidation potentials, yet these compounds did not induce Hmox1 protein expression in 

HAEC (Figure 2). This suggests that oxidation potential alone is not sufficient to predict the 

ability of flavonoids to induce Hmox1 expression in HAEC. However, 3D structures of the 

flavonoids tested (Supplementary Figure 1) indicated that a planar structure with a catechol 
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ring attached to an a,b-unsaturated ketone system may be an additional requirement for 

flavonoids to effectively induce Hmox1 expression in HAEC. In any case, Hmox1-inducing 

flavonoids protected ascorbate from autoxidation (Figure 3), implying that under the 

conditions examined, these flavonoids readily undergo oxidation. Despite several attempts, 

we were not able to isolate oxidation products of any of the Hmox1-inducing flavonoids 

under the experimental conditions tested. 

To examine whether oxidized or reduced forms of flavanoid compounds induce Hmox1 

expression, we therefore synthesized stable derivatives of caffeic acid in both reduced and 

oxidized forms (Figure 4A). Both compounds induced Hmox1 protein expression in HAEC at 

10 mM concentrations (data not shown), although the quinone analog (C4) induced Hmox1 

more potently than the dihydroxy analog (C3) (Figure 4B). Moreover, at lower concentration, 

i.e., 2 mM, the oxidized caffeic acid analog C4, but not the dihydroxy analog C3, or quercetin, 

significantly increased Hmox activity in HAEC (Figure 4B). 

Ortho-dioxo caffeic acid (C4) attenuates HOCl-induced endothelial dysfunction 

As reported previously [23], treatment of aortic rings isolated from C57BL/6J mice with 

HOCl caused endothelial dysfunction, as assessed by the comparative relaxation responses to 

ACh (Figure 5A) versus the nitric oxide donor SNP (Figure 5C). Pre-treatment of the rings 

with 10 μM C3 for 6 h slightly attenuated HOCl-induced endothelial dysfunction although 

this did not reach statistical significance (Figure 5A, C). In contrast, pre-treatment with 10 

μM C4 for 6 h significantly increased ACh-mediated relaxation after HOCl treatment (Figure 

5B). No significant effect in response to SNP was observed with C4 treatment (Figure 5B). 

Hmox1 plays a critical role in the vessel protective effect of C4 

We next examined the mechanism of arterial protection by the oxidized caffeic acid analog 

C4. Exposure of isolated aortic rings to HOCl (100 μM) for 1 h, or C4 (10 μM) for 6 h 
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significantly increased the expression of Hmox1 protein compared with control (Figure 6). 

Co-treatment of aortic rings with HOCl for 1 h followed by C4 exposure for 6 h resulted in 

comparable induction of Hmox1 to that seen with C4 alone (Figure 6). These results suggest 

that HOCl and C4 induced Hmox1 protein expression by the same pathway. 

To examine whether the protection observed with C4 against HOCl-induced endothelial 

dysfunction was dependent on Hmox1 expression, we recapitulated above experiments with 

aortic rings isolated from littermate Hmox1
+/+

, Hmox1
+/–

 and Hmox1
–/–

 Balb/c mice. Similar 

to the situation with C57BL/6J mice, pre-treatment of aortic rings from Hmox1
+/+

 (wild type, 

WT) Balb/c mice with 10 μM C4 for 6 h significantly increased Hmox1 protein expression 

(Figure 7) and rescued HOCl-induced endothelial dysfunction (Figure 8A). In contrast, C4 

did not induce Hmox1 in aortic rings from Hmox1
+/–

 (Het) and Hmox1
–/–

 (KO) mice (Figure 

8), just as it failed to protect arterial tissue from these mice against HOCl-induced endothelial 

dysfunction (Figure 8B, C). Irrespective of the genotype, HOCl and C4 had no material effect 

on SNP-mediated relaxation (Figure 8), indicating that its effect was limited to the 

endothelium. Interestingly, C4 treatment after HOCl exposure worsened vessel function 

compared with HOCl exposure alone in the Hmox1
–/–

 mice, consistent with C4 exerting 

oxidative stress in addition to that of HOCl. 

Finally, we examined whether compound C4 could act as an electrophile, inducing Hmox1 

mRNA expression in HAECs via activation of Nrf2 [6]. Under the conditions examined, 

compound C4 (10 mM) significantly induced HMOX1 and NAD(P)H quinone dehydrogenase 

(NQO1) mRNA expression (Figure 9), consistent with the notion that Hmox1 expression was 

secondary to Nrf2 activation. 
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Discussion 

The present study suggests that the presence of ortho-dihydroxyl groups and an a,b-

unsaturated ketone system attached to a catechol are the structural requirements for Hmox1 

induction by flavonoids. Flavonoids with this structural motif are also the most sensitive to 

oxidation, supporting the hypothesis that it is the oxidized forms of these compounds that are 

bioactive in terms of Hmox1 induction. This was demonstrated in the present study by using 

synthetic compounds where only the oxidized (quinone) form was able to protect against 

oxidant-induced endothelial dysfunction in mouse aortic rings in an Hmox1-dependent 

manner. 

There has been considerable interest in the role dietary polyphenols play in protecting against 

cardiovascular disease (CVD) [5, 24]. Much of this interest has centred on the ‘antioxidant’ 

activity of these compounds. However, there is little evidence from controlled human or 

animal intervention studies that these compounds act as antioxidants in vivo, at least in terms 

of free radical trapping agents [6]. Indeed, it is unlikely that diet-derived polyphenols achieve 

adequate concentration in vivo to act as relevant free radical trapping agents [25]. However, 

there is clear evidence that certain dietary polyphenols can attenuate endothelial 

dysfunction[26] an early feature of both atherosclerosis and CVD [27]. We have shown 

previously that dietary quercetin protects against atherosclerosis in Apoe
–/–

 mice and that this 

is associated with several mechanisms, including the induction of Hmox1 in vascular lesions 

[12]. The induction of Hmox1 appears to be critical for vascular protection, as quercetin is 

unable to protect against oxidant-induced endothelial dysfunction in aortic segments of 

Hmox1
–/–

 mice [9]. Since there may be a number of potential therapeutic benefits of natural 

or diet-derived Hmox1 inducers in CVD [28], it is important to understand the different 

structural features required for Hmox1 induction. 
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Polyphenolic compounds such as flavonoids are redox active in vivo and may also be 

sensitive to oxidation. The quinones formed by oxidation of these natural products can act as 

electrophiles and may modify critical cysteine residues on Kelch-like ECH-associated protein 

1 (Keap1). This modification leads to inactivation of Keap1, thus facilitating nuclear 

localization of the transcription factor Nrf2 and prolonged expression of antioxidant proteins 

[29]. In this scenario there are several factors that could influence the bioactivity of dietary 

polyphenols to induce Hmox1. These include the sensitivity of the polyphenol to oxidation 

and the stability of the quinone that may be formed as a result of oxidation. Our results 

support the association between sensitivity to oxidation and the ability to induce Hmox1 in 

HAEC. The stability of intermediate quinones that can be formed may be influenced by the 

2,3 double bond in the C ring of the flavonoid, as well as the presence of the 3-hydroxyl 

group [17]. However, in our study, both quercetin and luteolin were able to induce Hmox1, 

suggesting the 3-hydroxyl group alone is not sufficient for Hmox1 induction. 

Other factors that may influence the ability of flavonoids to induce Hmox1 include the bond 

dissociation energy (BDE), which represents the O-H bond dissociation enthalpy. A low 

BDE, facilitating oxidation, was significantly associated with Hmox1 induction by 

flavonoids. In addition, a planar, conjugated structure may add to the stability of the oxidized 

flavonoid and thereby increase its bioactivity as an Hmox1 inducer. 

In order to test the hypothesis that the oxidized form of the polyphenol is the bioactive form 

required for Hmox1 induction, we synthesized two caffeic acid derivatives in which the 

quinone form could be stably isolated for testing. The quinone compound, C4 was able to 

induce Hmox1 in endothelial cells and in the aortic rings, and it was also able to protect 

mouse aortic rings from oxidant-induced dysfunction. The critical role of Hmox1 induction 

for this protective effect was confirmed by the inability of the C4 compound to protect 

against oxidant-induced dysfunction in aortic rings isolated from Hmox1
+/–

 and Hmox1
–/–
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mice. In contrast, the reduced compound, C3 was unable to protect against oxidant-induced 

dysfunction in mouse aortic rings. While compound C3 did show some ability to induce 

Hmox1 in cultured HAEC, this may have been due to some partial oxidation of C3 to the 

quinone during the incubation period. 

The present findings support the changing concept of how nutritional ‘antioxidants’ may 

actually be working in vivo. The measurement of antioxidant capacity of foods or food 

extracts as is often carried out, is only a guide to the sensitivity of the constituents to 

oxidation and may not be an index of the possible antioxidant protection these compounds 

can provide in vivo. Our findings, together with previous work, suggest that one of the major 

ways nutritional antioxidants may act is via Nrf2 activation. This step requires the antioxidant 

to be oxidized to an electrophile that is capable of modifying Keap1 [29]. Our preliminary 

results (Figure 9) suggest that compound C4 may induce Hmox1 in HAEC via Nrf2, as 

compound C4 also induced the expression of NQO1, another downstream gene of Nrf2. 

Alternatively, or in addition, the oxidized form of nutritional antioxidants may exert oxidative 

stress, e.g., as a result of their reduction in cells and/or cellular redox cycling, and this could 

conceivably induce Hmox1 expression independent of Nrf2. While Nrf2 is a well-known 

inducer of Hmox1 [30], transcriptional activation of the Hmox1 gene is more complex and 

involves pathways independent of Nrf2 [31]. For example, redox-dependent transcription 

factors in addition to Nrf2, such as Bach 1, NFkB, and activating protein-1, are known to 

contribute to the regulation of Hmox1 expression (see e.g., [32]).  Additional studies are 

required to establish whether the observed ability of certain flavonoids to induce Hmox1 and 

protect against oxidant-induced endothelial dysfunction is Nrf2-dependent or Nrf2-

independent. In any case, it appears that such protection is likely the result of the flavonoids 

acting as oxidants rather than antioxidants. This conclusion is reminiscent of the situation 

with the synthetic antioxidant, probucol, where an oxidized form rather than the reduced drug 
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induces Hmox1 expression and provides vascular protection independent of free radical 

scavenging [14]. 

Our findings also suggest that not all polyphenols are effective in inducing protective 

enzymes such as Hmox1. For example, epicatechin, despite having a reasonably low 

oxidation potential, was not effective in inducing Hmox1 in endothelial cells. Catechins may 

however, be effective in improving vascular function through other mechanisms such as 

increasing nitric oxide bioavailability [33]. Most of the evidence for an improvement in 

vascular function in controlled human intervention studies use beverages or extracts that are 

complex mixtures of polyphenolic compounds [4, 5, 26]. While it is clear from population 

studies that diets rich in fruit and vegetables reduce the risk of chronic diseases [34], it still 

remains to be established what the full range of molecular mechanisms are that provide this 

protection. It is however, misleading to refer to foods or extracts as rich in antioxidants or 

having high antioxidant capacity and to assume that this is synonymous with a health benefit. 

In conclusion, the present study has demonstrated that the most redox sensitive flavonoids 

appear to be the most potent inducers of Hmox1, a critical stress response enzyme. 

Furthermore, it is the oxidized quinone form that appears to confer the most protection 

against oxidant-induced damage. The present findings offer important insights into the 

beneficial effects of diets rich in polyphenols, and suggest mechanisms other than their 

purported antioxidant effects. 
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Table 1. The oxidation potentials of flavonoids 

Flavonoids Oxidation Potential (V) 

Quercetin (Q) 0.468 ± 0.002 

Quercetin-3-glucuronide (Qg) 0.556 ± 0.002 

Isorhamnetin (I) 0.456 ± 0.005 

Luteolin (L) 0.562 ± 0.003 

Apigenin (A) 1.006 ± 0.015 

Naringenin (N) 0.969 ± 0.009 

Naringenin-7-O-glucuronides (Ng) 0.982 ± 0.009 

Daidzein (D) 0.830 ± 0.003 

7,8,4'-Trihydroxyisoflavone (3I) 0.507 ± 0.002 

(-)-Epicatechin (E) 0.436 ± 0.016 

Data shown represent mean ± SD of three separate experiments. 
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Figure Legends 

Figure 1. Chemical structure of flavonoids used in the study. 

Figure 2. Certain flavonoids induce Hmox1 expression in HAEC. A) Quercetin, luteolin and 

7,8,4’-trihydroxyflavone (10 µM final concentrations), but not other flavonoids tested, induce 

Hmox1 protein expression in HAEC following 16 h incubation. B) Quercetin induces Hmox1 

protein expression in HAEC in a time-dependent manner. C) Quercetin and luteolin induce 

Hmox1 protein in HAEC in a concentration-dependent manner. Western blots shown are 

representative of three independent experiments. Histogram and line graphs show mean ± SD 

of three independent experiments. D) Quercetin (10 µM) increases Hmox activity in HAEC, 

as measured by the accumulation of bilirubin. Results shown are mean ± SEM from six 

separate experiments. *P<0.05 compared with control. 

Figure 3. Flavonoids that induce Hmox1 are sensitive to oxidation as indicated by their 

ability to protect ascorbate from autoxidation in EBM-2 media. Data shown represent mean 

values ± SD of three separate experiments. *P<0.05 compared with control. 

Figure 4. A) Structure of derivatives of caffeic acid (3-(3,4-dihyroxyphenyl)-2-proenoic acid) 

containing either ortho-dihydroxy (Compound C3) or ortho-dioxo groups (Compound C4). B) 

Compound C4 is more potent in inducing Hmox1 protein in HAECs than compound C3. 

Western blots shown are representative of three independent experiments. Histogram and line 

graphs show mean ± SD of three independent experiments. C) Caffeic acid analog C4 (2 µM) 

significantly increases Hmox activity in HAECs. At the same concentration, caffeic acid 

analog C3 and quercetin do not significantly increase Hmox activity under the same 

conditions. Histogram shows mean ± SEM of six separate experiments. * P<0.05 compared 

with control. 
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Figure 5. Effect of ortho-dihydroxy (compound C3) and ortho-dioxo analogs of caffeic acid 

(compound C4) on HOCl-induced endothelial dysfunction in abdominal rings isolated from 

wild type C57BL/6J mice. Left panels: endothelium-dependent relaxation was induced by 

acetylcholine with or without compound (A) C3 (10 µM) or (B) C4 (10 µM) and pre-

treatment for 6 h and 60 min exposure to 100 µM HOCl. Right panels: endothelium-

independent relaxation was induced in response to the nitric oxide donor sodium 

nitroprusside (SNP). Data shown represent mean values ± SD of 4 separate experiments. 

*P<0.05, 
#
P<0.01. 

Figure 6. The ortho-dioxo analogs of caffeic acid (compound C4) induces Hmox1 protein 

expression in mouse aortic rings. Western blots shown are representative of three 

independent experiments. Histogram shows mean values ± SD of three independent 

experiments. *P<0.05 compared with control. 

Figure 7. Compound C4 induces Hmox1 protein expression in aortic tissue of Hmox1
+/+

 but 

not Hmox1
+/–

 or Hmox1
–/–

 mice. Western blots shown are representative of three independent 

experiments. Histogram shows mean values ± SD of three independent experiments. *P<0.05 

compared with control. 

Figure 8. Hmox1 is critical for the vessel protective effects of compound C4. Acetylcholine- 

(left panels) and SNP-mediated relaxation (right panels) of abdominal aortic rings isolated 

from (A) Hmox1
+/+

, (B) Hmox1
+/–

 and (C) Hmox1
–/–

 Balb/c mice with or without C4 (10 µM) 

pre-treatment for 6 h, followed by 60 min exposure to HOCl (100 µM). Data shown are mean 

values ± SD of 7 (B) and 8 (A, C) separate experiments. * P<0.05 compared with control. 

Figure 9. Effect of compound 4 on the expression of Nrf2 downstream target genes HMOX1 

and NQO1 in HAEC. Compound C4 (10 µM) significantly increased both Hmox1 and NQO1 
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mRNA expression in HAECs after 16 h incubation. Data shows mean ± SEM of three 

separate experiments. *P<0.05 compared with control. 
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