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Angiotensin-converting enzyme activity in plasma
and tissues of spontaneously hypertensive rats
after the short- and long-term intake of hydrolysed
egg white
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This paper evaluates the effects of the short- (1 g/kg) and long-term (0.5 and 1 g/kg/day) oral intake
of egg white hydrolysed with pepsin (hEW) and the long-term oral intake (1 g/kg/day) of egg white
(EW) on local angiotensin-converting enzyme (ACE) activities in plasma and other tissues of sponta-
neously hypertensive rats (SHR), as compared to the effect of the ACE inhibitor prototype captopril.
The rats treated with hEW were classed in a different group than the control rats and the rats treated
with EW by cluster analysis, taking into account their tissue ACE activities and their systolic blood
pressure (SBP). Principal component analysis (PCA) showed that SBP in SHR was negatively related
with ACE activity in plasma and positively related with ACE activity in aorta and kidney. ACE activ-
ity in plasma significantly increased after the long-term treatment with hEW (0.5 g/kg/day). ACE
activity in aorta and kidney was significantly inhibited 4 h after the short-term administration of
hEW. The long-term treatment with hEW caused local effects on ACE activity in aorta, kidney and
lungs that followed a pattern similar, but less pronounced, than that caused by captopril.
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1 Introduction

High blood pressure is the main risk factor for stroke, cor-
onary heart disease and renal vascular disease. The rennin–
angiotensin system plays an important role in blood pres-
sure regulation and fluid homeostasis [1]. Within the
enzyme cascade of this system, angiotensin-converting
enzyme (ACE), a peptidyl-dipeptide hydrolase (EC
3.4.15.1), generates angiotensin II from its inactive precur-
sor, angiotensin I, by cleaving a dipeptide from its C-term-

inal end [2]. Angiotensin II induces vasoconstriction, aldos-
terone release, production of reactive oxygen species and
other physiological actions that act to raise the blood pres-
sure. ACE also catalyses the degradation of bradykinin, a
blood pressure lowering peptide in the kallikrein–kinin sys-
tem [3]. ACE is widely distributed, not only in the cardio-
vascular system, but also in various noncardiovascular tis-
sues. It has been localized in endothelial cells throughout
the body, in the epithelial cells of various organs and in
male germinal cells [4].

The control of hypertension through the diet is a focal
point of public health and mass media attention. Apart from
their basic nutritional function, food proteins and among
them egg proteins, are capable of modulating specific bio-
logical functions, such as blood pressure [5]. Many food
protein-derived sequences exerting ACE inhibitory activity
in vitro have been described, some of which have also been
tested in vivo, proving their antihypertensive effect [6]. We
recently demonstrated that the short-term administration of
egg white hydrolysed with pepsin (hEW) decreased the
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arterial blood pressure in spontaneously hypertensive rats
(SHR) and that the long-term intake of hEW attenuated the
development of hypertension in these animals, while the
effect of nonhydrolysed egg white (EW) was significantly
less pronounced [7, 8]. Since hEW inhibited ACE in an in
vitro assay [9], its antihypertensive effects could be attribu-
ted to the in vivo blockage of this enzyme. Furthermore,
some of the peptide sequences contained in hEW, that acted
as ACE inhibitors in vitro, were identified [9] and their anti-
hypertensive activity in SHR was subsequently demon-
strated [7].

Only a better understanding of the mechanism and the
factors determining the antihypertensive activity of food
peptides will allow a rational development of peptide-based
functional foods for blood pressure control. However, very
few studies have been conducted to confirm the in vivo inhi-
bition of ACE of food protein-derived sequences with in
vitro ACE inhibitory activity [10] and, in some cases, evi-
dence has been provided for the existence of an additional
mode of action [11]. The aim of this study was to investi-
gate the effect of short- and long-term treatments with hEW
on ACE activities in different tissues of SHR, a rat model of
hypertension showing an alteration of local ACE activity
[12]. The effects of hEW were compared with those of cap-
topril, an antihypertensive drug that is considered a classi-
cal ACE-inhibitor.

2 Materials and methods

2.1 Products

Crude EW was obtained from fresh hen eggs. The hEW was
prepared by pepsin hydrolysis as previously described [9].
Captopril (Sigma, St. Louis, MO, USA) was also used in
this study. All products were dissolved in distilled water for
administration to the rats.

2.2 Treatment protocols and blood pressure
measurements

The short-term experiments were performed with a set of
17–20-week-old male SHR (Charles River Laboratories
Espa�a S.A., Barcelona, Spain), weighing 314 l 3 g. The
animals were housed at a temperature of 238C with 12/12 h
light/dark cycles, and consumed tap water and a standard
diet for rats (A04 Panlab, Barcelona, Spain) ad libitum dur-
ing the experimental period. The SHR were randomly
divided into three groups of five animals each and were
given different products by gastric intubation (1 mL per rat)
between 9 and 10 a.m.: hEW (1 g/kg), tap water (negative
control) and captopril (100 mg/kg, positive control). These
short-term experiments were similar to those described by
Miguel et al. [7], but with higher doses of the antihyperten-
sive products. Before administration and also 4–6 h postad-
ministration, the systolic blood pressure (SBP) of the con-

scious rats was measured indirectly by the tail-cuff method
[13]. The rats of the three different groups were weighed
and killed by decapitation just after the postadministration
measurement of the arterial blood pressure.

For the long-term experiments, we have used the plasma
and tissue samples from the animals used in the long-term
study published by Miguel et al. [8]. In summary, male
SHR, after being weaned at 3 wk, were randomly divided
into five groups of 16 animals each. Until the rats were
20 wk old (treatment period), 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). From the 20th to the 25th week of life, the drinking
fluid was always tap water for all the rats (follow-up per-
iod). SBP and diastolic blood pressure (DBP) were meas-
ured by the tail-cuff method, as described above. The values
of SBP and DBP, body weight of SHR and solid and liquid
diet are described in detail in Miguel et al. [8]. Eight rats of
each group were weighed and killed by decapitation, just
after the measurement of arterial blood pressure, at the end
of the treatment period (20-wk-old rats) and at the end of
the follow-up period (25-wk 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 Minis-
try of Agriculture, Fisheries and Food).

2.3 Plasma and tissue preparations

Blood samples were collected into tubes containing lithium
heparin as an anticoagulant and centrifuged at 3500 g for
20 min to obtain the plasma. Brain, heart, aorta, lungs, liver,
kidney and spleen were immediately excised and weighed,
and the percent wet organ weight to body weight ratio was
calculated for each organ. Aorta, lung and kidney were
homogenized at 48C in a Potter with PBS (0.01 M PBS,
0.15 M NaCl, pH 7.4), the homogenates were centrifuged at
5000 g for 15 min at 48C and the supernatant was recov-
ered. The plasma and the supernatants of the centrifuged
samples were kept frozen at –808C until used for ACE
activity assays. The protein content was determined by the
bicinchoninic acid assay (Pierce, Rockford, Ill, USA), using
BSA as the standard.

2.4 Determination of ACE activity

ACE activity was measured by a fluorimetric method
adapted from Friedland and Silverstein [14]. Briefly, tripli-
cate plasma (3 lL) and supernatant (30–80 lg protein) ali-
quots from homogenized tissues were incubated for 15–
90 min at 378C with 40 lL of assay buffer containing the
ACE substrate 5 mM Hip-His-Leu (Sigma). The reaction
was stopped by the addition of 190 lL of 0.35 N HCl. The
generated product, His-Leu, was measured fluorimetrically
following 10 min incubation with 100 lL of 2% o-phathal-
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dialdehyde in methanol. Fluorescence measurements were
carried out at 378C in a Fluostar Optima plate reader (BMG
Labtech, Offenburg, Germany) with 350-nm excitation and
520-nm emission filters. The fluorescent plate reader was
controlled by the Fluostar Optima software. Black 96-well
polystyrene microplates (Biogen Cient�fica, Madrid, Spain)
were used. A calibration curve with ACE from rabbit lung
(Sigma) was included in each plate.

2.5 Statistical analysis

Cluster analysis was applied to the data of ACE activity and
SBP of all the rats with the aim to discover natural group-
ings of the samples of the study. The squared Euclidean dis-
tance was taken as a measure of proximity between two
samples and Ward's method was used as a linkage rule.
Principal component analysis (PCA) (from standardized
variables) was used to examine the relationship among the
analysed variables. When required for the statistical anal-
ysis, data of SBP of the animals of the long-term study were
taken from Miguel et al. [8].

Significant differences were evaluated by one-way anal-
ysis of variance (ANOVA) followed by posthoc analysis by
Bonferroni's test and Student t-test. P a 0.05 was used as
the threshold for statistically significant differences. The

results were expressed as mean values l SEM for 4–8 rats.
The STATISTICA program for Windows (release 7.1; Stat-
soft, Tulsa, OK) was used for data processing.

3 Results

3.1 ACE activity in plasma and tissues

In order to obtain a preliminary view of the distribution of
the rats by virtue of their profile concerning ACE activity,
cluster analysis was applied to the data of the ACE activity
in plasma and other tissues and the SBP of all the rats after
the different treatments. Figure 1 shows the dendrogram
obtained. Two large sample groups can be distinguished.
The first one consists of the SHR treated with captopril,
with rats from the short- and the long-term treatments being
well separated into two different subgroups. The second
group includes the rest of the rats of the study and it is
divided into two subgroups, one including all the SHR trea-
ted with hEW, at a small distance to the captopril group, and
the second including the SHR treated with EW, the control
rats SHR, and the SHR rats after the follow-up period. We
could also observe that, in general terms, the rats after the
follow-up period presented a shorter distance to the SHR
treated with hEW than the control SHR.
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Figure 1. Dendrogram obtained by the cluster analysis with the data from the determinations of ACE activity in plasma and other
tissues and the SBP of all the rats after the different treatments. The squared Euclidean distance was taken as a measure of proxi-
mity between two samples and Ward's method was used as a linkage rule. Samples are represented by AB: A = 1, Short-term treat-
ment; 2, Long-term treatment; 3, Follow-up period. B = 1, Control (water); 2, captopril; 3, hEW (1 g/kg or 1 g/kg/day); 4, hEW (0.5 g/
kg/day); 5, EW (1 g/kg/day). * Samples that are an exception to this group.
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PCA was applied to establish relationships among the
analysed variables. Two principal components were
obtained which explained 82.3% of the total variance of the
data. The first principal component, which explains 63.1%
of the total variance, was strongly related with ACE activ-
ities in kidney (–0.89), SBP (–0.85), aorta (–0.81) and
plasma (0.73). The second principal component, which
explains 19.2% of the total variance, was mainly related
with the variable ACE activity in lungs (0.63). As shown in
Fig. 2, the SHR treated with captopril and hEW appeared as
clearly separated groups according to their lower values of

SBP, ACE activity in aorta and kidney and higher ACE
activity in plasma, as compared to the SHR taking water
and EW. Short- and long-term treatments with captopril
separated according to the values of ACE activity in the
lungs. The correlation matrix just taking into account the
data for the short-term treatment showed a positive correla-
tion between SBP and ACE activity in aorta (84%), while,
for the long-term treatment, there was a negative correlation
between SBP and ACE activity in plasma (89%).

Short-term treatment with hEW did not produce a signif-
icant effect on the ACE activity in plasma of SHR, while

558

i 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com

Figure 2. Representation of the different
rats plotted on the plane defined by the
two first principal components obtained
by PCA of the data from the determina-
tions of ACE activity in plasma and other
tissues and the SBP after the short- (1)
and long-term (2) treatments.

Figure 3. ACE activity (mU/mL) in plasma of SHR after short-term treatments with hEW(1.0) (1 g/kg) and captopril (100 mg/kg), and
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). Data are
mean values l SEM for 4–5 rats in the case of the short-term treatment and 6–8 rats in the case of the long-term treatment. aP a

0.05 versus water; bP a 0.05 versus captopril; *P a 0.05; **P a 0.01; ***P a 0.001, as estimated by one-way ANOVA.tP a 0.05 versus
the same group at week 20, as estimated by a Student t-test.
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the long-term treatment with 0.5 g/kg/day of hEW signifi-
cantly increased the plasma ACE activity (P a 0.05), as
revealed by the one-way ANOVA of the data (Fig. 3). ACE
activity in plasma of SHR significantly increased with
respect to the control (P a 0.001), both after the short- and
the long-term treatment with captopril. In all groups,

plasma ACE activity had reverted to basal values as shown
by the Student-t test, of around 28 mU/mL, at the end of the
follow-up period.

Figure 4 shows the effect of the different treatments on
tissue ACE activities. The one-way ANOVA showed signif-
icant differences in the short-term treatment between the
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Figure 4. ACE activity (mU/mg protein) in A) aorta, B) kidney and C) lung of SHR after short-term treatments with hEW(1.0) (1 g/kg)
and captopril (100 mg/kg), and 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). Data are mean values l SEM for 4–5 rats in the case of the short-term treatment and 4 rats in the case of the
long-term treatment. aP a 0.05 versus water; bP a 0.05 versus captopril; cP a 0.05 versus EW; *P a 0.05; **P a 0.01; ***P a 0.001, as
estimated by one-way ANOVA. tP a 0.05 versus the same group at week 20, as estimated by a Student t-test.
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control group and the group that was administered hEW
(P a 0.01), with average reductions in ACE activity in the
aorta and in the kidney of 50.4 and 40.7%, respectively
(Figs. 4A and B). The short-term treatment with captopril
also produced a significant ACE activity lowering effect in
the aorta and in the kidney (P a 0.001), with average
decreases in the local ACE activities of 82.5 and 64.4%,
respectively. In the case of the long-term treatments, when
compared to the negative control, the ACE activity in the
kidney was significantly lower with both doses of hEW
(P a 0.05) and with captopril (P a 0.001) but not with the
administration of EW (P A 0.05) (Fig. 2B). Concerning
ACE activities in the aorta, significant differences with
respect to the negative control were only observed in the
group treated with captopril (P a 0.05). No significant dif-
ferences were observed in kidney and aorta ACE activities
among the experimental groups after the follow-up period.
In addition, the Student t-test confirmed the increase in
ACE activity in both tissues at week 25.

The highest ACE activities were found in lung homoge-
nates, with values ranging between 64–68 mU/lg of pro-
tein for the control, that were not significantly altered by
the treatment with hEW (Fig. 4C). Short-term administra-
tion of captopril decreased ACE activity in the lungs (P a

0.01), but no such difference was observed after the equiva-
lent long-term treatment. After the follow-up period, there

were no differences in lung ACE activities among the
experimental groups.

3.2 Organ weights

No significant differences in percent wet organ weight to
body weight ratios were observed among the experimental
groups after the short-term treatments. Brain, lungs, liver
and spleen weights were not significantly different among
the different groups after the long-term treatment (Table 1).
The long-term intake of captopril significantly increased
the renal wet weight to the total body weight ratio. However,
the kidney weight decreased to normal values during the
follow-up period (Table 2). In addition, this drug signifi-
cantly decreased the heart to body weight ratio with respect
to the other experimental groups (Table 1), an effect that
was maintained during the follow-up period (Table 2).

4 Discussion

The results obtained in the present work relate the reduc-
tions in arterial blood pressure caused by short- and long-
term treatments with hEW in SHR with an altered ACE
activity in plasma and various tissues. This points, at least
partially, at a systemic and local ACE-inhibitory mechan-
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Table 1. Percent organ weight to body weight ratios at the 20th week of life of SHRs administered different long-term treatments.
Each value represents the mean l SEM for 6–8 animals

Water (control) hEW1 (0.5 g/kg/day) hEW2 (1 g/kg/day) EW (1 g/kg/day) Captopril
(100 mg/kg/day)

Brain (%) 0.52 l 0.01 0.51 l 0.01 0.52 l 0.01 0.52 l 0.01 0.55 l 0.01
Heart (%) 0.41 l 0.02 0.38 l 0.01b) 0.4 l 0.01b) 0.39 l 0.004 0.32 l 0.01a),c)

Lung (%) 0.48 l 0.05 0.47 l 0.03 0.49 l 0.03 0.49 l 0.03 0.44 l 0.02
Liver (%) 3.26 l 0.02 3.24 l 0.02b) 3.15 l 0.03b) 3.29 l 0.04 3.39 l 0.04
Kidney (%) 0.63 l 0.01 0.65 l 0.01 0.64 l 0.01 0.65 l 0.01 0.68 l 0.01a)

Spleen (%) 0.19 l 0.003 0.2 l 0.004 0.2 l 0.01 0.2 l 0.01 0.2 l 0.005

a) P a 0.05 versus water.
b) P a 0.05 versus captopril.
c) P a 0.05 versus EW.

Table 2. Percent organ weight to body weight ratios at the 25th week of life of SHRs administered different long-term treatments.
Each value represents the mean l SEM for 6–8 animals

Water (control) hEW1 (0.5 g/kg/day) hEW2 (1 g/kg/day) EW (1 g/kg/day) Captopril
(100 mg/kg/day)

Brain (%) 0.51 l 0.01 0.50 l 0.01 0.51 l 0.01 0.51 l 0.01 0.51 l 0.01
Heart (%) 0.39 l 0.01 0.37 l 0.01b) 0.38 l 0.01b) 0.36 l 0.01 0.33 l 0.005a)

Lung (%) 0.49 l 0.04 0.57 l 0.06 0.53 l 0.05 0.42 l 0.01 0.43 l 0.02
Liver (%) 3.13 l 0.07 3.07 l 0.04 3.01 l 0.03 3.02 l 0.04 3.21 l 0.03
Kidney (%) 0.62 l 0.01 0.6 l 0.01 0.62 l 0.01 0.6 l 0.01 0.62 l 0.01
Spleen (%) 0.19 l 0.005 0.19 l 0.003 0.19 l 0.01 0.19 l 0.01 0.17 l 0.004

a) P a 0.05 versus water.
b) P a 0.05 versus captopril.
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ism of the antihypertensive effect, which is similar, but less
pronounced than that caused by the ACE inhibitor capto-
pril.

Although oral administration of ACE inhibitors has been
widely used to lower the blood pressure in animal models
and humans, it remains unclear which organs these drugs
target to achieve their antihypertensive effects. It has been
demonstrated that a variety of tissues, including blood ves-
sels, heart and kidney contain all the essential components
of the rennin–angiotensin system. In our study, we
extracted plasma, aorta, kidney and lungs to measure the
ACE activity. In SHR, ACE activity in vascular tissues
increases along with blood pressure during the chronic
phase of hypertension and thus, it may play a more impor-
tant role in the regulation of blood pressure than ACE levels
in other tissues or plasma [15]. In addition, local ACE in
kidney leads to the production of Ang II and aldosterone,
causing a reduction of the urinary excretion of water and
sodium, which plays an important role in long-term stabili-
zation of hypertension [16]. Inhibition of ACE activity in
the heart may play an important role in suppressing the pro-
gression of cardiac hypertrophy [15].

In our work, we found an increase in ACE activity in
plasma of SHR after the short-term treatment with captopril
and after the long-term treatments with hEW and captopril.
ACE activities in plasma of SHR have been reported to
decrease in the long-term administration of ACE-inhibitory
peptides contained in egg yolk [17] and soya protein hydro-
lysates [18]. However, an elevation in plasma ACE concen-
tration has been documented in humans and rats during the
treatment with ACE inhibitors [10, 19, 20]. Costerousse et
al. [21] found that the increase in circulating ACE levels
during the treatment of rats with ACE inhibitors was asso-
ciated to a generalized increase in ACE gene transcription
and ACE synthesis in somatic cells. This may be due to an
adaptative response to the inhibition of the enzyme
although it seems to be independent of Ang II suppression.
The physiological and pharmacological consequences of
ACE induction during inhibition of the enzyme are not
known, but it does not seem to reduce the therapeutic effect
of these drugs [21]. In addition, inhibition of plasma ACE
activity may not necessarily be a blood pressure-lowering
mechanism for ACE inhibitors [15].

The ACE activity in kidney was significantly reduced by
hEW as well as by captopril. However, due to the particu-
larly high variability obtained for the analyses in aorta
homogenates, we failed to provide significant differences in
ACE inhibitory activity in the aorta after the long-term
treatment with hEW. The short-term oral administration of
milk fermented by a starter containing Lactobacillus helve-
ticus and Saccaharomyces cerevisiae produced a signifi-
cant decrease in ACE activity in the aorta of SHR [22] that
was related to the local presence of the potent in vitro ACE
inhibitory tripeptides Val-Pro-Pro (VPP) and Ile-Pro-Pro
(IPP) [23]. Additionally, the in vitro ACE inhibitory peptide

His-His-Leu (HHL), derived from a fermented soybean
paste, significantly decreased ACE activity in the aorta of
SHR [24]. Matsui et al. [25] investigated the distribution of
an antihypertensive dipeptide from a sardine muscle hydro-
lyzate, Val-Tyr (VY) in SHR and the results indicated that it
preferably accumulated in the tissues rather than in plasma,
and that aorta and kidney could be the target sites for the
antihypertensive action of this peptide. The present results
also suggest that at least the kidney could be a target site for
hEW action.

Unlike captopril, which increased the kidney weight sig-
nificantly, kidney weight in the hEW groups was not signif-
icantly different from that of the negative control group,
despite liquid consumption was enhanced in all groups with
respect to the control, as explained in Miguel et al. [8].
ACE-inhibitors produce renal hypertrophy, because they
induce thirst, increasing water intake and urine output in
rats [26]. It has been reported that diets rich in protein may
also increase water consumption, renal blood flow and kid-
ney weight [27, 28]. Similarly, we did not observe a signifi-
cant reduction in the heart weight to body weight ratios in
the SHR treated with hEW although captopril reduced the
heart weight to body weight ratio, in agreement with the
results obtained by Swislocki et al. [29]. This is because
ACE inhibitors, such as captopril, are very effective in pre-
venting or reversing the growth of cardiovascular tissues
and cardiac fibrosis that result from the high Ang II levels
typical of SHR [30, 31].

The present results indicate that the inhibition of ACE
activity in vivo plays a role in the antihypertensive effect
produced by hEW in SHR. Nevertheless tissue ACE inhibi-
tory effects produced by hEW were not as marked as those
produced by the strong ACE inhibitor captopril although
both exerted a potent blood-pressure lowering effect.
Unlike captopril, hEW did not produce significant effects
on kidney and heart weights either. These observations sug-
gest that other mechanisms may also be involved in the anti-
hypertensive activity of hEW. Peptides derived from the
hydrolysis of ovalbumin (ovokinin, FRADHPFL, and ovo-
kinin 2–7, RADHPF) lower blood pressure in SHR through
different vasodilator mechanisms [32, 33]. In fact, hEW and
some other of its peptide sequences, such as IVF,
RADHPFL and YAEERYPIL induce vasodilatation in
intact aortic rings, which suggests that they could reduce
the vascular resistance [34, 35]. In addition, it is noteworthy
that hEW and some of its peptides have shown antioxidant
effects in vitro [36] and strong experimental evidence indi-
cates that oxidative stress and associated oxidative damage
are mediators in cardiovascular pathologies.

This study was supported by the project CM-S0505-AGR-
0153. We thank Manuel Bas Caro for his excellent care of
the rats and control of the diets in the different groups of
animals.
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