JJOURNA AL

AGRICULTURAL A0
FOOD CHEMISTRY
AR T | C_L_El

A R T

J. Agric. Food Chem. 2010, 58, 6721-6727 6721
DOI:10.1021/jf100899u

Antihypertensive Properties of Lactoferricin
B-Derived Peptides

PepRO RU1Z-GIMENEZ," AIDA IBANEZ,T Juan B. SALOM,M’H Jose F. MARCOS,L
JosE JAVIER L(')PEZ—DTEZ,T SALVADOR VALL]i:s,T GERMAN TORREGROSA,I’§’||
+8 -
ENRIQUE ALBORCH,+’§’” AND PALOMA MANZANARES®'

fDepartamento de Biotecnologia de Alimentos, Instituto de Agroquimica y Tecnologia de Alimentos,
Consejo Superior de Investigaciones Cientificas, Burjassot, Valencia, Spain, *Centro de Investigacion,
Hospital Universitario ‘La Fe’, Valencia, Spain, ‘Departamento de Fisiologia, Universidad de Valencia,
Valencia, Spain, "Unidad Mixta de Investigacion Cerebrovascular, Fundacion Investigacion Hospital
La Fe—Universidad de Valencia, Valencia, Spain, and J‘Departamento de Ciencia de los Alimentos,
Instituto de Agroquimica y Tecnologia de Alimentos, Consejo Superior de Investigaciones Cientificas,
Burjassot, Valencia, Spain

A set of eight lactoferricin B (LfcinB)-derived peptides was examined for inhibitory effects on
angiotensin |-converting enzyme (ACE) activity and ACE-dependent vasoconstriction, and their
hypotensive effect in spontaneously hypertensive rats (SHR). Peptides were derived from
different elongations both at the C-terminal and N-terminal ends of the representative peptide
LfcinBog—2s, Which is known as the LfcinB antimicrobial core. All of the eight LfcinB-derived
peptides showed in vitro inhibitory effects on ACE activity with different ICso values. Moreover,
seven of them showed ex vivo inhibitory effects on ACE-dependent vasoconstriction. No clear
correlation between in vitro and ex vivo inhibitory effects was found. Only LfcinB,g_»5 and one of
its fragments, F1, generated after a simulated gastrointestinal digestion, showed significant
antihypertensive effects in SHR after oral administration. Remarkably, F1 did not show any effect
on ACE-dependent vasoconstriction in contrast to the inhibitory effect showed by LfcinBsg—_ss. In
conclusion, two LfcinB-derived peptides lower blood pressure and exhibit potential as orally
effective antihypertensive compounds, yet a complete elucidation of the mechanism(s) involved
deserves further ongoing research.
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INTRODUCTION

In recent years, interest in bioactive peptides with antihyper-
tensive effects has grown as an alternative to drugs in the control
of systemic blood pressure and prevention of associated cardio-
vascular disease events. Many studies have been performed on
antihypertensive peptides derived from food proteins, including
both animal- and plant-derived peptides. Some of them have
shown in vivo hypotensive effects in animal models and in
humans (7, 2). This biological function seems to be related to
the inhibition of angiotensin I-converting enzyme (ACE), a key
enzyme in the renin—angiotensin system, which plays an impor-
tant role in the regulation of systemic blood pressure. ACE
hydrolyzes both the inactive angiotensin I into vasoconstrictor
angiotensin II and the vasodilator bradikinin into an inactive
peptide (3).
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Most of the ACE inhibitory peptides share common structural
features: they are short in length, and their potency is strongly
influenced by their C-terminal tripeptide sequence, which usually
contains hydrophobic amino acids and also proline, lysine, or
arginine residues (2). Quantitative structure—activity relationship
modeling of ACE inhibitory peptides has been described (4—6),
and the relationship between structure and intestinal stability and
permeability has been reported recently (7). Although these
studies have permitted the generation of numerous ACE inhibi-
tors, the relationship between in vitro potency and functional in
vivo effects is not always substantiated. Potential explanations to
this discrepancy are related to the bioavailability of peptides after
oral administration or the possibility that peptides exert a
hypotensive effect by mechanisms other than ACE inhibition (8).

Bovine milk proteins are a good source of ACE inhibitory
peptides (9, 10). Antihypertensive peptides generated from case-
in (/1) as well as whey protein derived peptides (/2) have been
deeply studied. Bovine lactoferrin (LF), a minor component of
milk whey, and its derived peptide lactoferricin B (LfcinB) have
received considerable attention due to the diverse range of
biological effects exhibited, including antimicrobial, antiviral,
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Table 1. Amino Acid Sequences of Peptides Used in This Study

peptide? sequence
LicinB17_sp Ac-FKCRRWQWRMKKLGAP-NH,
LfcinBy7_34 Ac-FKCRRWQWRMKKLGA-NH,
LicinByo_5 Ac-RRWQWR-NH,
LfcinB1g—_os AC'CRRWQWR'NHZ
LicinBrs_s Ac-KCRRWQWR-NH,
LfcinBy7_25 Ac-FKCRRWQWR-NH,
LfcinB17_24 Ac-FKCRRWQW-NH,
LfcinBy7_oo AC'FKCRRW‘NHZ
LfCin822723'F1 waQ
LfCint1 _23'F2 RWQ

2All of the peptides were acetylated at the N-terminus (Ac) and amidated at the
C-terminus (NH,) with the exception of LfcinBas—o5-F1 and LfcinByy —o5-F2.

antioxidant, anticarcinogenic, and immunomodulatory activi-
ties (I3, 14). In contrast, there is scarce information about the
possible antihypertensive activity of LF derived peptides. To date,
only one ACE inhibitory peptide (LRPVAA) isolated from a
pepsin LF hydrolysate has shown in vivo hypotensive activity in
spontaneously hypertensive rats (SHR) after intravenous injec-
tion (15).

In previous works, we demonstrated inhibitory effects on ACE
activity and ACE-dependent vasoconstriction of LfcinB;_3;
(FKCRRWQWRMKKLGA), a LfcinB-derived peptide repre-
sentative of the antimicrobial motif of LF, and also of a LF
pepsin hydrolysate using both in vitro and ex vivo functional
assays (16, 17). The objective of the present study was to further
investigate the antihypertensive properties of the LF antimicro-
bial motif by characterizing a set of peptides derived from
different elongations both at the C-terminal and N-terminal
ends of LfcinByy—5s (RRWQWR), known as the active core of
LfcinB (18). We assessed their inhibitory effects on ACE activity
and ACE-dependent vasoconstriction, and their hypotensive
effect in SHR. Additionally, their in vitro stability against simu-
lated gastrointestinal digestion and brush border peptidases was
evaluated. Finally, the identification and functional characteriza-
tion of two potential hypotensive LfcinB,o—»s fragments obtained
after simulated digestion were also carried out.

MATERIALS AND METHODS

Materials. Angiotensin I-converting enzyme (ACE, EC 3.4.15.1) from
porcine kidney, captopril, pepsin, and rat intestinal acetone powder were
purchased from Sigma (Madrid, Spain). Angiotensin I and angiotensin I1
were provided by Calbiochem Co. (La Jolla, CA). Corolase PP (porcine
pancreatic extract) was from AB Enzymes (Darmstadt, Germany).

Peptide Synthesis and Identification. Peptides (Table 1) were
purchased at >90% purity from GenScript Corporation (Piscataway,
NJ). Stock solutions of each peptide were prepared at 1 mM concentra-
tion in 5 mM 3-(N-morpholino)-propanesulfonic acid (MOPS) pH 7
buffer and stored at —20 °C. Peptide concentrations were determined
by measuring the absorbance at 280 nm (¢2*° = 5600 M~ cm™" for the W
residue).

Fragments derived from LfcinB,_,5 were identified by RP-HPLC-MS/
MS (ProteoRed, Proteomics Facility, Centro de Investigacion Principe
Felipe, Valencia, Spain).

In Vitro Assays of ACE Inhibitory Activity. Peptides were assayed
in vitro for their capacity to inhibit the ACE activity using angiotensin [
as substrate and quantifying the reaction product angiotensin II by RP-
HPLC (19) with modifications as previously described (6).

Potency of the peptide inhibitory effect on ACE was expressed by using
the 1Cs, defined as the peptide concentration expected to inhibit 50% of
the ACE activity, and the value for each experiment was calculated by
nonlinear regression of the experimental data to a four-parameter logistic
curve using SigmaPlot, version 10.0 (SPSS Inc., Chicago, IL).

Animals and Animal Welfare. Rabbits and rats were housed in
temperature-controlled rooms (23 °C) with 12 h light/dark cycles
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and consumed tap water and standard diets ad libitum. Because of
the stress associated with transportation, at least a one week period of
acclimatization was allowed before the assays were carried out, as
recommended (20).

Experimental procedures conformed to the Spanish legislation on
Protection of Animals Used for Experimental and other Scientific Pur-
poses and to the Directives of the European Community on this subject.
Specifically, experimental protocols were refined to minimize any adverse
effects for each individual animal, and the number of animals was reduced
to the minimum consistent with achieving the scientific objectives of the
study.

Twelve male New Zealand White rabbits (Technology Transferring
Center, Polytechnic University of Valencia, Spain), weighing 2.5—3 kg,
were euthanized by injecting 25 mg/kg sodium thiopental (Tiobarbital
Braun, B. Braun Medical, Jaén, Spain) and 1.5 mL of 10 mM K Cl solution
through the ear vein. A midline throat incision provided access to both
common carotid arteries, which were dissected free and cut in four 4 mm
long segments. Twenty-nine male SHR weighing 300—350 g were used
(Charles River Laboratories Spain, S.A).

Ex Vivo Functional Assay of Inhibitory Effect on ACE. For
computer-assisted isometric tension recording, the arterial segments were
mounted in an organ bath containing Ringer—Locke solution (120 mM
NaCl, 5.4 mM KCl, 2.2 mM CaCl,, 1.0 mM MgCl,, 25 mM NaHCOs;, and
5.6 mM glucose) as previously described (/7).

The contractile capacity of every arterial segment was assessed by
exposure to 50 mM KCI Ringer—Locke solution (NaCl was replaced with
an equimolar amount of KCI). Carotid arteries contracting less than
2 g were discarded. Then, every arterial segment was challenged with
a single concentration (1 uM) of angiotensin I. After washing out, each
arterial segment was subjected to one of the following protocols: a
second challenge to angiotensin I to check for response reproducibility
or preincubation (20 min) with one of the LfcinB-derived peptides
(20 uM), and a second challenge to angiotensin I to check for their effect
on angiotensin I-induced contraction. This was a suitable protocol for
checking peptide effects on captopril-sensitive ACE activity mediating
vasoconstriction to angiotensin I (16).

In Vivo Assay of Antihypertensive Effect. Indirect measurement of
systolic blood pressure (SBP) in awake restrained rats was carried out by
the noninvasive tail-cuff method (27) using computer-assisted NIPREM
645 equipment (Cibertec, Madrid, Spain). Before the measurements,
rats were kept at 37 °C during 15 min to make the pulsations of the tail
artery detectable. The LfcinB-derived peptides were orally administered by
gastric intubation at a dose of 10 mg/kg in 1 mL of physiological saline.
The SBP was measured before peptide intake (zero time) and 1, 2, 3, 4,
and 24 h after intake. Physiological saline alone (1 mL) and captopril
(50 mg/kg) served as negative and positive controls, respectively. Each
value of SBP was obtained by averaging three consecutive and successful
measurements without disturbance of the signal. Changes in SBP were
calculated as the difference between the averaged values of measurements
obtained before and after peptide administration.

In Vitro Simulated Gastrointestinal Digestion and Stability
Experiments. Peptides were subjected to a two-stage simulated gastro-
intestinal digestion process (22). Pepsin (0.2 g) was added to aqueous
solutions of LfcinB-derived peptides (10 mL; 1 mM) adjusted at pH 2.0
using 1 N HCl and incubated at 37 °C. After 90 min, the pH was adjusted
to 7.5adding 10 mL of 0.4 M sodium phosphate bufferat pH 7.5. Corolase
PP, a proteolytic enzyme preparation that contains trypsin, chymotrypsin,
and amino and carboxypeptidase activities, was added (0.2 g), and the
sample was further incubated at 37 °C 150 min. For stability experiments,
the digestion was continued by a brush border phase (23) by adding rat
intestinal acetone powder (0.8 mg) to the sample followed by further
incubation at 37 °C for 60 min. The reaction was stopped by heating at
80 °C for 10 min in a water bath, followed by cooling at room tempera-
ture. After every stage, aliquots were taken to independently analyze
each treatment by RP-HPLC, as specified above. Each sample was stored
at —20 °C until further analysis.

RESULTS

In Vitro ACE Inhibitory Activity of LfcinB-Derived Peptides. In
a previous work, we found no significant difference in in vitro
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Table 2. Angiotensin I-Converting Enzyme Inhibitory Activity of LfcinB-
Derived Peptides

peptide ICso (M)?

LfCinB17_32 11.0+15 (4) b

LfcinBy7_g:° 255423 (4) ¢
LicinByy_s 320+ 49 (3)c
LfcinBig—a5 23+01@)a

LfcinByg—o5 58402 (3) ab
LicinB17_s 29406 (7)a

LicinB7_54 105 + 0.6 (3) b
LicinB17_z0 26.7+19(4)c

?Inhibitory potency is expressed as ICso, and data are the mean & SEM of (n)
independent experiments. Data with the same letter are not significantly different,
P> 0.05. One way ANOVA followed by Student—Newman—Keul's tests. °Ref 16.

ACE inhibitory activity between LfcinB,g_»5 and LfcinB;;_3,
tested at a concentration of 20 uM, suggesting that the elongation
of the LfcinB,y—»5 sequence has no effect on ACE inhibition (/6).
To further support this conclusion as well as analyze the effect
of sequence extension on the bioavailability and in vivo anti-
hypertensive properties, we have designed a set of peptides
derived from different elongations both at the C-terminal and
N-terminal ends of Lfcin,_s (Table 1). Table 2 shows the ACE
inhibitory activity of peptides. Confirming our previous results,
no differences in ICs; values were found between LfcinB,_»s and
LfcinBy;_3;. Interestingly, different elongations of LfcinByy_»s
provoked differences in inhibitory potency. The higher pot-
ency as indicated by lower 1Cs, values corresponded to peptides
LfcinByg_»s, LfcinBy7-»5, and LfcinB;g_»s, derived from elonga-
tions at the LfcinB,(_,5 N-terminal end. However, the ICs, values
for peptides LfcinB;7—5s, LfcinBj7_,4, and LfcinB;;_,, showed
the importance of the R residue at the C-terminal position, in
the context of the sequence studied. Remarkably, the addition of
a P residue at the C-terminal end of LfcinB,;_3; provoked a
2-fold increase in the inhibitory potency of the resultant
LfcinB17,32.

Ex Vivo Inhibitory Effect of LfcinB-Derived Peptides on ACE-
Dependent Vasoconstriction. We have previously reported the
inhibitory effect of LfcinB;7—3; (20 uM) on angiotensin I-induced
contraction of the rabbit carotid artery (control, 86 + 3%, n =
27, LfcinBy7-3;, 68 £ 6%, n = 10) (16). In the present study, chal-
lenge of the arterial segments with depolarizing solution (KCl
50 mM) induced contractions averaging 3862 £+ 136 mg (n = 88).
Angiotensin I (1 4uM) induced phasic, transient contractions al-
most completely reproducible (89 + 3%, n = 19) in two con-
secutive challenges to the same arterial segment. Preincubation
(20 min) with LfcinB-derived peptides (20 uM) induced different
inhibitory effects on angiotensin I-induced contractions (repre-
sentative recordings are shown in Figure 1). As summarized
in Table 3, all of the peptides tested, with the exception of
LfcinBg_»s, induced significant inhibitions when compared
to that of the control. As a general trend, there was no correla-
tion between the in vitro potency of LfcinB derivatives and
their effect on ACE-dependent vasoconstriction (compare
Tables 2 and 3).

In Vivo Antihypertensive Effect of LfcinB-Derived Peptides in
SHR. The average SBP for all measurements carried out in SHR
from the 10 experimental groups before treatment intake (zero
time) was 202 £ 2 mmHg (n = 79). Changes in SBP 1 h postoral
administration (10 mg/kg) for all of the peptides tested are shown
in Figure 2. LfcinB,y_,5 was the only peptide showing significant
antihypertensive effect (P < 0.01), although LfcinB,;_3; also led
to a slight, but not significant, decrease in SBP. The time-course
of the hypotensive effect of LfcinB,y—»5 is shown in Figure 3A.
The decrease in SBP observed for LfcinB,y_»s was less pro-
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Figure 1. Contraction of carotid artery segments. (A) Effect of high-KCl to
check for tissue viability and reproducible vasoconstriction to angiotensin I.
(B) Effect of LfcinB,o—»5 on angiotensin I-induced contraction.

Table 3. Effects of LfcinB-Derived Peptides on ACE-Dependent, Angiotensin
I-Induced Arterial Contractions

peptide? contraction peak (%)°

control 89 £3(19)
LfcinB17_so 71 + 2 (6)
LfcinBag—_os 63 + 3 (5)¢
LfcinB1g—a5 86 £3(7)
LfcinB1g_os 67 & 3 (6)¢
LfcinB17—os 66 =+ 2 (10)¢
LfCinB17724 73+ 4 (G)C
LfeinB7_ 5, 64 4+ 1 (7)¢

2Final concentration in the assay was 20 «M. “Second contraction response to
angiotensin | is expressed as the percentage of the first contraction in the same
arterial segment. Data are the mean + SEM from (n) arterial segments.
°Significantly different from the control, P < 0.05. Significantly different from the
control, P<0.01. One-way ANOVA followed by Dunnett’s multiple comparison tests.

nounced than that induced by captopril (50 mg/kg). The decrease
was maximal 1 h after administration (—16.7 £ 3.2 mmHg), and
SBP returned to baseline after 4 h, whereas the hypotensive effect
of captopril lasted 24 h.

Simulated Gastrointestinal Digestion and Intestinal Stability of
LfcinB-Derived Peptides. In order to investigate the cause(s) for
the lack of in vivo antihypertensive effect of most of the LfcinB-
derived peptides, they were subjected to a hydrolysis process
which simulates physiological digestion due to gastric and pan-
creatic enzymes and brush border peptidases.

The in vitro ACE inhibitory activities of the resulting digests
were first determined. Most of the peptides showed 1Cs values
higher than 100 uM after digestion. Only digests of LfcinB;7—3;,
LfcinB9_»s, and LfcinB;7_»4 showed ICs, values of 20.5 + 5.4,
5340.4,and 18.7£2.5uM (n = 3), respectively, in the range of
those obtained before digestion (see Table 2). The analysis of
digests by RP-HPLC (data not shown) showed that pepsin
treatment did not affect any of the peptides tested, whereas
Corolase hydrolyzed all of them into several peptide fragments.
LfcinBy;—3;, LfcinBjg_ps, and LfcinBy;_,4 were only partly
hydrolyzed (approximately 50% of the initial concentration of
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Figure 2. Changes in systolic blood pressure (SBP) 1 h postoral admin-
istration of captopril (50 mg/kg) and LfcinB-derived peptides (10 mg/kg)
to SHR. Pressure changes are expressed in absolute values (mm Hg),
and data bars are expressed as the mean + SEM for a minimum of
four animals (n = 4—6); **P < 0.01 vs control group (one-way ANOVA
followed by Dunnett's multiple comparison tests). 1, saline; 2, captopril; 3,
LfCinB17732; 4, LfCinB17731; 5, LfCintofgg,; 6, LfCinB19725; 7, LfCinB13725; 8,
LfCinB17_g5; 9, LfCinB17_24; 10, LfCinB17_22.

the input peptide), whereas the rest of the LfcinB derivatives were
almost completely hydrolyzed (hydrolysis > 90%). No significant
differences between peptide profiles after the Corolase stage and
intestinal peptidase treatment were observed.

Identification and Functional Characterization of LfcinB,y_»5
Fragments Released by Simulated Digestion. Although the
LfcinByo—»s digest had no significant in vitro activity (ICsy >
100 uM), this peptide showed a hypotensive effect in vivo
(Figure 3) and was completely hydrolyzed into several peptide
fragments during the simulated physiological digestion. These
facts prompted us to identify and characterize the ex vivo and in
vivo effects of the main peptidic fragments released by the action
of the digestive enzymes.

Figure 4 shows the peptide profile after simulated digestion
and the identified fragments F1 (WQ) and F2 (RWQ). Neither F1
nor F2 (20 uM) showed significant effect on ACE-dependent,
angiotensin I-induced vasoconstriction (control, 93 £ 3%, n = §;
F1,82 £+ 3%,n = 8 F2,83 £ 5%, n = 6; P > 0.05, one-way
ANOVA). The antihypertensive effects of F1 and F2 in SHR at
a dose of 10 mg/kg are shown in Figure 3B. A significant decrease
in SBP was observed for F1 1 h after administration (—11.4 &+
2.7 mmHg), whereas the slight decrease in SBP caused by F2 was
not significant.

DISCUSSION

In a previous work, we showed the vasoactive effects of the
antimicrobial LfcinB-derived peptide LfcinB,;_3; through ACE
inhibition (/6). In this study, we further characterized the anti-
hypertensive activity of LfcinB;,_3; and of a set of LfcinB-derived
peptides obtained from different N-terminal and C-terminal
elongations of LfcinB,g-_»s, including in vitro ACE inhibitory
capacity determinations, ex vivo functional assays using arterial
segments, and in vivo studies in SHR.

LfcinB-derived peptides showed ACE inhibitory activity in
the micromolar range (Table 2) with ICs, values of the same order
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Figure 3. Time course of systolic blood pressure (SBP) changes
after oral administration of physiological saline alone (O), captopril
(3, 50 mg/kg) and LfcinB-derived peptides (10 mg/kg) to SHR. Panel
A: (@), LfcinByy—o5 (Ac-RRWQWR-NH,. Panel B: (W), LfcinBoy—p3-F1
(WQ); (a), LfcinByy_p3-F2 (RWQ). Pressure changes are expressed
in absolute values (mm Hg), and data are expressed as the mean 4 SEM
for a minimum of four animals (n = 4—6); *P < 0.05 vs control group and
**P < 0.01 vs control group (one-way ANOVA followed by Dunnett’'s
multiple comparison tests).
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Figure 4. RP-HPLC chromatograms of LfcinBoy—o5 before (A) and after
(B) being submitted to simulated gastrointestinal digestion. LfcinBo—»3-F1
(WQ) and LfcinByy—53-F2 (RWQ) were identified by RP-HPLC-MS/MS.
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of magnitude as those reported for ACE inhibitory peptides
derived from different milk proteins (24). Despite the pioneer-
ing studies about ACE inhibitory peptides derived from snake
venom and their structural analogues which showed the im-
portance of the C-terminal dipeptide hydrophobic sequences of
ACE substrates and inhibitors (25 —27), the effect of primary
structure on potency is not fully understood. In our study, the
peptides LfcinBjg_ps, LfcinBg_,s, and LfcinB;_,s, derived
from elongations at the N-terminal end of LfcinB,y_»s, showed
higher in vitro potency than the parental one. All of them have
R as the C-terminal residue whose positive charge has been
described to substantially contribute to ACE inhibitory po-
tency in casein-derived peptides (28), although it does not fit
with the rule proposed by Cheung et al. (27) about residues
being preferred in penultimate (V, I, A, R, Y, and F) and
ultimate positions (W, Y, F, P, I, A, L, and M) of ACE
inhibitors and substrates. The different ACE inhibitory potency
found between LfcinB;;_,s and LfcinB;;_,4 reinforces the
importance of the R residue at the C-terminal position, whereas
the differences between LfcinB;;_3; and LfcinB;;_3, support
the role of the C-terminal P residue in enhancing inhibition (27).
Quantitative structure—activity modeling of ACE inhibitory
peptides derived from milk proteins showed no relationship
between N-terminal structure and inhibition activity, although
it was suggested that in peptides longer than six amino acids in
length, steric effects might be important (4). The results
obtained with the three above-mentioned peptides confirm that
N-terminal elongations may increase in vitro inhibitory po-
tency, although it might not result in higher hypotensive activity
in vivo (see below).

Ex vivo experiments using isolated rabbit carotid arteries add
functional evidence for the ACE inhibitory effects of LfcinB-
derived peptides in vascular tissue. Most of the peptides showed
inhibitory effects on ACE-dependent, angiotensin I-induced
contractions in the carotid artery (Table 3). Quite interestingly,
LfcinBy9_»5 with a high in vitro inhibitory potency (ICsy 2.3 + 0.2
uM) did not show any effect on ACE-dependent vasoconstriction
in contrast to LfcinB,g_»s, LfcinB7_3;, and LfcinB;7_», that had
in vitro I1Csy values approximately 10-fold higher. These results
point out the lack of correlation between in vitro and ex vivo
results in spite of using angiotensin I as the ACE substrate in both
experiments. In our previous study, other LfcinB-related peptides
with in vitro ACE inhibitory activity did not show ex vivo
effects (16). In the context of the peptides studied, the addition
of a C residue to the N-terminal end of LfcinB,y_,5 provoked the
loss of LfcinBjg_,s inhibitory activity, although the successive
addition of K (LfcinB;g_»s) and F (LfcinBy;_»5) restored the
activity. In contrast to that found in in vitro studies, the addition
of a P residue to the C-terminal end of LfcinB;_3; did not
enhance the inhibitory effect on ACE-dependent vasoconstric-
tion. These results indicate the complex structure—activity rela-
tionships in peptides longer than three residues and confirm
previous data on how minor amino acid changes affect bioactive
properties (29).

In the in vivo experiments, only LfcinB,y—»5 showed a moder-
ate hypotensive effect (—16.7 £+ 3.2 mmHg) in SHR, that is, 7.7%
reduction from baseline SBP. Numerous rat studies have been
performed to determine the hypotensive effect of food-protein-
derived ACE inhibitors, and in general, SBP reductions ranging
from —0.6 to —80.0 mmHg have been reported (2). The low
bioavailability of in vitro ACE inhibitory peptides following
oral administration may be the cause for the lack of hypotensive
effect in vivo. Peptides need to be absorbed intact and efficiently
and be resistant to degradation by serum peptidases in order to
reach the target organ. On the contrary, peptide degradation or
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fragmentation during gastrointestinal digestion or vascular
circulation may result in more potent ACE inhibitory acti-
vities (30). When subjected to a simulated gastrointestinal
digestion, all of the peptides tested in this study were hydrolyzed
to different degrees, and remarkably, LfcinB,,_,5 was comple-
tely hydrolyzed, strongly suggesting that its in vivo hypotensive
effect may be due to derivative fragments. In fact, one of the
fragments identified (F1: WQ) showed a moderate hypotensive
effect (—11.4 £2.7mmHg) in SHR, that is 5.8% reduction from
baseline SBP, lower than that caused by LfcinB,y_5s. The
tripeptide RWQ (F2) also showed a slight hypotensive effect in
SHR lower than that of the nested dipeptide, and under our
experimental conditions, it was not statistically significant. It is
worthwhile to note that protocols for in vitro gastrointestinal
digestion may not completely reflect the physiological process
and that intact LfcinB,y_,5 may be responsible for the in vivo
effect. The possibility of a synergistic effect among LfcinB,g—»5
and its fragments cannot be discarded either. In the simulated
digestion model, intestinal transport and resistance to degrada-
tion by serum peptidases have not been addressed. Peptides can
be absorbed intact through the intestine by different mechanisms
but may also be susceptible, in addition to brush border
peptidases, to intracellular peptidase activities (3/), and it is also
known that many peptides are degraded within seconds or
minutes in the bloodstream (32). In some cases, the utility of
simulated gastrointestinal digestion and serum incubation as a
screening protocol for the assessment of the potential of an ACE
inhibitory peptide to act in vivo has been shown (22), although in
vivo processing of peptides deserves further investigation. Inter-
estingly, there is evidence of the generation of lactoferrin-derived
peptides containing the LfcinB region, as peptides tested in this
study, in the human stomach (33). Also, two peptides derived
from a different lactoferrin region [f(382—389) and f(442—447)]
were identified in the human intestine 20 min after milk inges-
tion (34).

In contrast to that found for LfcinB,y—,s, the hypotensive
fragment WQ did not show any effect on ACE-dependent
vasoconstriction. This result agreed with the in vitro value of
1Cso (> 100 uM) determined for the LfcinB,o—»5 digest, suggest-
ing a mechanism of hypotensive action other than ACE inhibi-
tion. It has been described that the release of vasodilatory
substances such as prostaglandin, NO, or CO could also con-
tribute to the blood pressure-lowering effects of various ACE
inhibitory peptides (24). Recently, argininosuccinate synthetase,
an important player in the citrulline-NO cycle that represents a
potential limiting step in NO synthesis, has been suggested as a
functional target for a snake venom antihypertensive peptide (35).
Moreover, the modulation of endothelin-1 and an opioid receptor
mechanism may also play a role in the antihypertensive effects of
the ACE inhibitory milk-derived peptides lactokinin (36) and o~
lactorphin (37), respectively.

To the best of our knowledge, LfcinByy_ys is the first
lactoferrin-derived peptide described as having an antihyper-
tensive effect after oral administration in SHR. Despite the
in silico study of Vermeirssen et al. (38) suggesting the poten-
tial of LF as a source of ACE inhibitory peptides, only
one inhibitory peptide isolated from a pepsin hydrolysate
(LRPVAA) has been identified and its antihypertensive effect
stated after intravenous injection in SHR (/5). Thus, we have
shown that LfcinBy_s, as many milk protein-derived pep-
tides, possesses multifunctional properties since it can exert
both antimicrobial (/8) and antihypertensive effects. Further
in vivo studies are being conducted to clarify the mechanisms
involved in the hypotensive effect of LfcinByg—»s and its
derived dipeptide F1.
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ABBREVIATIONS USED

LfcinB, lactoferricin B; ACE, angiotensin I-converting enzyme;
SHR, spontaneously hypertensive rat; LF, lactoferrin; MOPS,
3-(N-morpholino)-propanesulfonic acid; RP-HPLC-MS/MS, re-
versed-phase high-performance liquid chromatography—tandem
mass spectrometry; RP-HPLC, reversed-phase high-performance
liquid chromatography; TFA, trifluoroacetic acid; SEM, standard
error of the mean; SBP, systolic blood pressure.
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