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Abstract

This paper examines the effects of the long-term consumption of egg white hydrolysed with pepsin (hEW) on the antioxidant status
and lipid profile of spontaneously hypertensive rats (SHR). The antioxidant capacity was measured by the oxygen radical absorbance
capacity (ORAC) and the oxidative status by the malon-dialdehyde (MDA) assay. The lipid profile was analysed spectrophotometrically.
The radical-scavenging capacity of the plasma was increased and the MDA concentration in the aorta was decreased in the SHR treated
with 0.5 g/kg/day of hEW. Our findings indicate that hEW played an important role in antioxidative defence of SHR and exerted a ben-
eficial effect on the lipid profile, lowering triglycerides and total cholesterol without changing HDL levels. Therefore, hEW may be useful
to prevent or reverse abnormalities associated with the metabolic syndrome and its complications, such as hypertension, oxidative stress
and hyperlipidemia.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Free radicals generated in vivo, including reactive oxy-
gen species (ROS), are responsible for the oxidative dam-
age of lipids, proteins, DNA and small molecules. As a
result, they have been implicated in a number of multifac-
tor degenerative diseases and aging processes, such as dia-
betes, cancer and cardiovascular diseases, including the
initiation and maintenance of hypertension (Ames, Shige-
naga, & Hagen, 1993; Schnackenberg, Welch, & Wilcox,
1998). Recent evidence also indicates oxidative stress as
the main mechanism responsible for cardiovascular com-
plications observed in patients with metabolic syndrome,
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e.g. initiation or progression of the atherosclerotic process
and alteration in lipid metabolism (Palmieri, Grattagliano,
Portincasa, & Palasciano, 2006).

Some substances, termed antioxidants, might be able to
prevent, or at least attenuate, the organic impairment orig-
inated by excessive oxidative stress. Since endogenous
antioxidants may not be sufficient to prevent damage,
diet-derived or supplemented antioxidants could be impor-
tant to maintain health. Some food proteins and peptides
were found to have scavenging activity against free radicals
(Okada & Okada, 1998; Suetsuna, Ukeda, & Ochi, 2000) or
to exert antioxidant activity against peroxidation of lipids
or fatty acids (Hernández-Ledesma, Dávalos, Bartolomé,
& Amigo, 2005; Kim, Je, & Kim, 2007; Kim et al., 2001;
Nagai, Inoue, Suzuki, & Nagashima, 2006; Saiga, Tanabe,
& Nishimura, 2003; Tsuge, Eikawa, Nomura, Yamamoto,
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& Sugisawa, 1991; Virtanen, Pihlanto, Akkanen, & Korho-
nen, 2007; Zhu, Zhou, & Qian, 2006). However, neither the
structure-activity relationship, nor the antioxidant mecha-
nism of peptides is fully understood (Pihlanto, 2006). On
the other hand, very few studies have demonstrated the
physiological activity of antioxidant food peptides and
their ability to modify the lipid profile and markers of oxi-
dative stress in vivo.

In previous work, we reported that the enzymatic hydro-
lysis of egg white with pepsin resulted in the production of
peptides with free radical-scavenging capacity and lipid
peroxidation inhibition ability (Dávalos, Miguel, Barto-
lomé, & López-Fandiño, 2004). Some of these peptides also
possessed in vitro angiotensin converting enzyme (ACE)
inhibitory activity (Miguel, Recio, Gómez-Ruiz, Ramos,
& López-Fandiño, 2004) and vasodilator properties (Mig-
uel, Álvarez, López-Fandiño, Alonso, & Salaices, 2007).
The short-term administration of egg white hydrolysed
with pepsin (hEW) decreased arterial blood pressure in
spontaneously hypertensive rats (SHR) and the long-term
intake of hEW attenuated the development of hypertension
in these animals (Miguel, López-Fandiño, Ramos, & Aleix-
andre, 2005, 2006). Furthermore, the reductions in arterial
blood pressure caused by the short- and long-term treat-
ments with hEW in SHR correlated with an altered ACE
activity in plasma and various tissues (Miguel, Manso,
Alvarez, Aleixandre, & López-Fandiño, 2007).

In the hypertensive state, angiotensin II mediates many
of its cellular actions by stimulating the formation of intra-
cellular ROS, thereby participating in the increase of oxi-
dative stress (Schiffrin & Touyz, 2004). In fact, the
blockage of angiotensin II production by ACE inhibitors
has been shown to decrease lipid peroxidation and increase
the antioxidant defences in animals and humans (de Cava-
nagh, Inserra, Ferder, & Fraga, 2000; Kedziova-Kor-
natowska, Luciak, & Paszkowski, 2000). Therefore,
because of their radical-scavenging and ACE-inhibitory
properties, the peptides contained in hEW could be poten-
tially used as natural antioxidants. The aim of the present
study was to evaluate the effect of the long-term consump-
tion of hEW on the in vivo antioxidant status in plasma and
several tissues of SHR, using biomarkers of oxidative
stress, and to investigate the possible hypolipidemic prop-
erties of the hydrolysate.

2. Materials and methods

2.1. Protocol in animals

Hydrolysed egg white (hEW) was prepared by pepsin
hydrolysis, as previously described (Miguel et al., 2004).
Briefly, lyophilised crude egg white (EW), obtained in the
laboratory from chicken fresh shell eggs, was dissolved in
Milli-Q water at a concentration of 100 mg/ml and the
pH was set to 2.0 by the addition of 1 M HCl. Pepsin
(E.C 3.4.23.1 type A, 10,000 U/mg was from pork stom-
ach, Sigma Chemicals Co., St. Louis, MO, USA). Dis-
solved EW was hydrolysed with pepsin (E/S 1/100, wt/
wt) at 37 �C for 3 h. Pepsin was inactivated by increasing
the pH to 7.0 with 1 M NaOH and the hydrolysate was
centrifuged at 4500g for 15 min.

A set of male SHR (Charles River Laboratories España
S.A., Barcelona, Spain), after being weaned at 3 weeks,
was randomly divided into five groups of 16 animals each
and housed at a temperature of 23 �C with 12/12 h light/dark
cycles. The animals consumed a standard diet for rats (A04
Panlab, Barcelona, Spain) ad libitum during the experimen-
tal period. Until the rats were 20 weeks old (treatment per-
iod), the drinking fluids in these groups were as follows:
hEW (0.5 g/kg/day), hEW (1 g/kg/day), EW (1 g/kg/day),
tap water and captopril (100 mg/kg/day, Sigma Chemicals).
From the 20th to the 25th week of life, the drinking fluid was
always tap water for all the rats (follow-up period). The val-
ues of SBP and DBP, body weight of SHR and solid and
liquid diet intake during this long-term study are described
in detail in Miguel et al. (2006). Eight rats of each group were
weighed and killed by decapitation, just after the measure-
ment of arterial blood pressure, at the end of the treatment
period (20-week-old rats) and at the end of the follow-up per-
iod (25-week-old rats).

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 Min-
istry of Agriculture, Fisheries and Food).

2.2. Plasma and tissue preparations

Blood samples were collected into tubes containing lith-
ium heparin as anticoagulant and centrifuged at 3500g for
20 min to obtain the plasma. Brain, aorta, and liver were
homogenized at 4 �C in a Potter with PBS (0.01 M PBS,
0.15 M NaCl, pH 7.4), the homogenates were centrifuged
at 5000g for 15 min at 4 �C and the supernatant was recov-
ered. The plasma and the supernatants of the centrifuged
samples were kept frozen at �80 �C until used for antioxi-
dant capacity and oxidative status assays. The protein con-
tent was determined by the bicinchoninic acid assay
(Pierce, Rockford, Ill, USA), using bovine serum albumin
as standard.

2.3. Oxygen radical absorbance capacity

The oxygen radical absorbance capacity-fluorescein
(ORAC-FL) assay was based on that proposed by Ou,
Hampsch-Woodill, and Prior, (2001) and modified as pre-
viously described (Dávalos, Gómez-Cordovés, & Barto-
lomé, 2004). The final assay mixture (200 ll) contained
70 nM fluorescein (Sigma) as oxidable substrate, 12 mM
2,20-azobis (2-methylpropionamidine) dihydrochloride
AAPH (Aldrich, Milwaukee, WI, USA) as oxygen radical
generator, and either 1–8 lM of the antioxidant trolox [6-
hydroxy-2,5,7,8-tetramethylchroman-2-carboxylicacid] as
standard, or plasma samples. Samples and standards were
dissolved in 75 mM PBS (pH 7.4). A fluorescein stock solu-
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Fig. 1. Antioxidant capacity in plasma of SHR obtained by the ORAC
test (nmol trolox eq/ml) after long-term treatments with hEW(0.5) (0.5 g/
kg/day), hEW(1.0) (1 g/kg/day), EW (1 g/kg/day) and captopril (100 mg/
kg/day). The animals drank different fluids from weaning until the 20th
week of life (treatment period) and tap water from the 20th to the 25th
week of life (follow-up period). Data are mean values ± SEM for 6–8 rats.
aP < 0.05 vs. water; bP < 0.05 vs. captopril; cP < 0.05 vs. EW, as estimated
by one-way ANOVA. *P < 0.05 vs. the same group at week 20, as
estimated by Student t-test.
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tion (1.17 mM) was made in the same buffer and stored in
dark conditions at 4 �C for a maximum of 4 weeks. AAPH
and trolox solutions in 75 mM PBS (pH 7.4) were prepared
daily. A Polarstar Galaxy plate reader (BMG Labtechnol-
ogies GmbH, Offenburg, Germany) with a 485-P excitation
and a 520-P emission filter was used. The fluorescent plate
reader was controlled by the Fluostar Galaxy software ver-
sion (4.11-0). Black 96-well microplates (96F untreated
microwell, NuncTM, Denmark) were used. Fluorescence
measurement was carried out at 37 �C and was recorded
every minute for 80 min. All reaction mixtures were pre-
pared in duplicate and at least three independent runs were
performed for each sample. ORAC-FL values were calcu-
lated and expressed as nmol of trolox equivalent/ml of
plasma as described by Dávalos, Gómez-Cordovés, et al.
(2004).

2.4. Measurement of malon-dialdehyde production

Plasma, brain, aorta and liver malon-dialdehyde (MDA)
levels were measured by the thiobarbituric acid-reactive sub-
stances (TBARS) assay (Rodrı́guez-Martı́nez & Ruı́z-Tor-
res, 1992). Plasma and homogenates of tissues were mixed
with 20% trichloroacetic acid in 0.6 M HCl (1:1, v/v), and
the tubes were kept in ice for 20 min to precipitate plasma com-
ponents and avoid possible interferences. Samples were centri-
fuged at 1500g for 15 min before adding TBA (120 mM in Tris
260 mM, pH 7) to the supernatant in a proportion of 1:5 (v/v);
then, the mixture was boiled at 97 �C for 30 min. Spectropho-
tometric measurements at 535 nm were made at 20 �C. The
plasma MDA values were expressed as nmol MDA/L and,
for the different tissues, as nmol MDA/g tissue protein.

2.5. Biochemical measurements

The lipid profile (plasma triglycerides, total and HDL-
cholesterol) was analysed using enzymatic and colorimetric
methods with commercial kits (Roche Diagnostics S.L.,
Spain). The concentrations were determined spectrophoto-
metrically using a Hitachi 911 autoanalyser.

2.6. Statistical analysis

The results were expressed as mean values ± SEM for 4–8
rats. Significant differences were evaluated by one-way anal-
ysis of variance (ANOVA), followed by post-hoc analysis by
Bonferroni’s test and by Student t-test. In some cases we
have used a non-parametric test. P < 0.05 was used as the
threshold for statistically significant differences. The Graph
Pad 4 Prism software was used for data processing.

3. Results and discussion

3.1. Antioxidant activity of hydrolysed egg white

In order to estimate the antioxidant effect of the intake
of hEW in SHR, the radical-scavenging activity of the
plasma was evaluated by the ORAC test. The production
of free radicals was also assessed by an indirect measure-
ment of tissue damage products using the TBARS test
assay, based on the measurement of the MDA formed as
a consequence of lipid peroxidation.

The results (Fig. 1) indicated that the long-term intake
of hEW (0.5 g/kg/day) and captopril promoted the ability
of plasma to neutralize an excessive formation of ROS.
At the end of the treatment period (week 20), a significant
increase was found in the ORAC-FL values of the plasma
of the rats treated with hEW (0.5 mg/kg/day) and capto-
pril, as revealed by the one-way ANOVA of the data
(P < 0.05). The effect caused by captopril was more impor-
tant than that of hEW, with average values of around
18 nmol trolox eq/ml plasma. As revealed by the Student
t-test, in all cases, the ORAC-FL value reverted to basal
figures, of around 12 nmol trolox eq/ml plasma, at the
end of the follow-up period, that is 5 weeks after the treat-
ments were removed.

Despite these differences in the radical-scavenging activ-
ity, the MDA concentration in the plasma did not change
during the treatment period with the different products
(Fig. 2A). However, the formation of MDA significantly
increased from the 20th to the 25th week of life in all the
experimental groups, probably reflecting a higher level of
lipid peroxidation at aging due to an increased oxidative
stress (Finkel & Holbrook, 2000; Sawada, Sester, & Carl-
son, 1992). No significant differences were found in the
MDA concentrations in the brain during the treatment
and follow-up periods (data not shown). In the aorta, the
treatment with 0.5 g/kg/day of hEW significantly decreased
MDA concentration, an effect that disappeared after the
follow-up period (Fig. 2B). Long-term treatment with
1.0 g/kg/day of hEW significantly increased the MDA con-
centration in the liver of SHR (P < 0.05), as revealed by the
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Fig. 2. Oxidative status (TBARS) in (A) plasma, (B) aorta and (C) liver of SHR after long-term treatments with hEW(0.5) (0.5 g/kg/day), hEW(1.0) (1 g/kg/
day), EW (1 g/kg/day) and captopril (100 mg/kg/day). The animals drank different fluids from weaning until the 20th week of life (treatment period) and
tap water from the 20th to the 25th week of life (follow-up period). Data are mean values ± SEM for 4–8 rats. aP < 0.05 vs. water; bP < 0.05 vs. captopril;
cP < 0.05 vs. EW as estimated by one-way ANOVA. *P < 0.05 vs. the same group at week 20, as estimated by Student t-test.
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one-way ANOVA of the data (Fig. 2C). The concentration
of MDA in the liver reverted to basal values, of around
100 nmol/g of protein, at the end of the follow-up period,
as shown by the Student t-test. The reason for the
enhanced MDA concentration in the liver, brought about
by the administration of hEW, is unknown and needs fur-
ther investigation. Unlike the case of hEW, the long-term
administration of captopril did not modify the MDA levels
in the aorta or liver of SHR.

It has already been documented that captopril, a potent
blocker of the rennin–angiotensin system, possesses free
radical-scavenging effects (Bagchi, Prasad, & Das, 1989;
Bain, Le Guen, Lunec, & Barnett, 1991). However, it is
controversial whether this activity relies on the presence
of a –SH group in the molecule, then being independent
of ACE-inhibition, or whether both –SH- and non –SH-
containing ACE-inhibitors exert free radical-scavenging
actions (Pasini et al., 2007; Suzuki, Sato, Shimada, Taka-
shima, & Arakawa, 1993). Thus, it has been reported that
captopril, administered to SHR at the same dose as that
used in our study (100 mg/kg) for 15 days, induces a small,
but significant effect in the TBARS levels in the plasma
(Bolterman, Manriquez, Ortiz Ruiz, Juncos, & Romero,
2005). The present results support the free radical-scaveng-
ing activity of captopril, although, in our experiments, cap-
topril did not decrease the MDA levels in SHR. On the
other hand, hEW, a complex mixture of antihypertensive
peptides comprising ACE-inhibitors (Miguel et al., 2004)
and vasorelaxing peptides devoid of ACE-inhibitory activ-
ity (Miguel, Manso, Aleixandre, Alonso, Salaices,
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Fig. 3. Lipid profile in plasma of SHR after long-term treatments with
hEW(0.5) (0.5 g/kg/day), hEW(1.0) (1 g/kg/day), EW (1 g/kg/day) and
captopril (100 mg/kg/day). The animals drank different fluids from
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ues ± SEM for 8 rats. *P < 0.05 vs. water, as estimated by Student t-test.
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& López-Fandiño, 2007), also increased the ability of
plasma to scavenge free radicals and inhibited TBARS
development in the aorta of SHR. Although we could
not demostrate a dose-dependent inhibition of lipid oxida-
tion, it should be noted that this effect disappeared when
the treatment with 0.5 g/kg/day of hEW was withdrawn.

Spontaneously hypertensive rats, that constitute an
accepted model for human essential hypertension, are also
considered a model for oxidative stress (Griendling &
Ushio-Fukai, 2000). In SHR, impaired endothelium-
dependent relaxations have been described, implying a
decrease in bioactive nitric oxide and an imbalance in
ROS, that may finally lead to target organ damage (Kojs-
ova et al., 2006). It has been postulated that the normal or
modestly elevated levels of angiotensin II in SHR may acti-
vate oxidative pathways that promote hypertension (Bol-
terman et al., 2005) and, in fact, antioxidants have been
reported to lower blood pressure in these animals (Akpaff-
iong & Taylor, 1998). We had previously found that the
development of hypertension was attenuated in the SHR
groups treated with captopril and both doses of hEW
(Miguel et al., 2006). Furthermore, the reduction of the sys-
tolic blood pressure in these animals was positively related
with a decreased ACE activity in the aorta and kidney
(Miguel et al., 2007). Our results with the SHR group, that
had taken 0.5 g/kg/day of hEW, suggest a relationship
between the observed inhibition of the rennin–angiotensin
system and the increase in antioxidant systems and reduc-
tion in MDA levels, which agrees with the findings of other
researchers in rats (Bolterman et al., 2005; Liu, You, Song,
Wu, & Liu, 2007; Mervaala et al., 2001). Nevertheless, we
could not detect such a correlation after the administration
of captopril. In this respect, it should be stressed that the
putative mechanisms underlying the blood pressure lower-
ing effects of antioxidant or ACE-inhibitory peptides have
not been fully elucidated. For example, it has been demon-
strated that the ACE-inhibitory dipeptide, Met-Tyr, inhib-
its ROS formation through the stimulation of the
expression of the antioxidant defence proteins HO-1 and
ferritin in endothelial cells, protecting them against oxida-
tive stress. However, neither captopril nor the ACE-inhib-
itor peptide Met-Phe possess these enzyme-inducing effects,
which shows that the antioxidant properties of Met-Tyr are
independent of its ACE-inhibitory properties (Erdmann,
Grosser, Schipporeit, & Schröder, 2006).

3.2. Effects on the lipid levels

Triglycerides, total cholesterol and high density lipopro-
tein (HDL)-cholesterol in plasma were analysed (Fig. 3).
Significant changes in the blood lipid profile were found
after consumption of hEW. The long-term intake of
hEW for 20 weeks had a lowering effect on triglycerides
and total cholesterol, while no changes were observed in
HDL-cholesterol. No differences were observed in those
variables within the experimental groups after the follow-
up period.
ACE-inhibitors have positive effects on lipid homeosta-
sis (Ernsberger & Koletsky, 2006). Captopril decreased tri-
glyceride levels, total cholesterol and non-HDL-cholesterol
in a spontaneously hypertensive obese rat model (Ernsber-
ger, Johnson, Rosenthal, Mirelman, & Koletsky, 2007).
Regarding food-derived peptides, fermented milk supple-
mented with a whey protein concentrate was reported to
exert both a serum lipid improvement effect and a hypoten-
sive effect on animals and humans, that were mainly attrib-
uted to the activity of the lactic acid bacteria used as
starters (Kawase, Hashimoto, Hosoda, Morita, & Hosono,
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2000). Nevertheless, it has also been demonstrated that
food protein hydrolysates and peptides decrease the micel-
lar solubility of cholesterol (Zhong, Liu, Ma, & Shoe-
maker, 2007), which is associated with an inhibition of
cholesterol absorption in the jejunum that was confirmed
in vivo in mice (Zhong, Zhang, Ma and Shoemaker,
2007). In humans, Pins and Keenan (2006) found that the
daily intake of a hydrolysed whey protein supplement
(20 g) significantly reduced blood pressure, total choles-
terol and LDL-cholesterol.
4. Conclusions

The main finding of this study is that the long-term
treatment with hEW increased the ORAC value in plasma
and reduced the MDA levels in aorta of SHR. This sug-
gests that hEW may prevent oxidative stress by increasing
plasma radical-scavenging capacity and inhibiting lipid
peroxidation. This antioxidant activity could act together
with the ACE-inhibitory activity and the vasodilator prop-
erties, contributing to the antihypertensive effect of hEW.
In addition, this product showed hypolipidemic properties
and thus, the consumption of hEW may provide an extra
benefit by controlling blood lipid levels in certain diseases.
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