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ABSTRACT
We reported previously a novel mode of action of angiotensin
I-converting enzyme (kininase II; ACE) inhibitors mediated
through the direct activation of bradykinin B1 receptor, inde-
pendent of endogenous kinins or ACE (J Biol Chem 277:16847–
16852, 2002). We aimed to further clarify the mechanism of
activation of B1 receptor, which leads to prolonged nitric oxide
(NO) release. The ACE inhibitor enalaprilat and the peptide
ligand desArg10-kallidin (in nanomolar concentrations) release
NO by activating endothelial NO synthase (eNOS) in bovine and
inducible NO synthase (iNOS) in stimulated human endothelial
cells. The peptide and the ACE inhibitor ligands activate eNOS
by facilitating different signaling pathways. DesArg10-kallidin
enhances inositol-phosphate generation and elevates [Ca2�]i
by first augmenting intracellular release and then the influx of

extracellular Ca2�. In contrast, enalaprilat stimulates only the
influx of extracellular Ca2� through rare earth-sensitive chan-
nels, and its effect is blocked by cholera toxin or protein kinase
C inhibitors. In addition, unlike desArg10-kallidin, enalaprilat can
also release NO independent of Ca2� in bovine endothelial
cells. The inflammatory cytokines interleukin-1� and interfer-
on-� induce both B1 receptor and iNOS in human endothelial
cells. In contrast to eNOS, B1 ligands activate iNOS similarly.
Both desArg10-kallidin and ACE inhibitors enhance arginine
uptake and release NO independent of [Ca2�]i elevation. This is
the first report on the direct activation of B1 receptor by ACE
inhibitors in human endothelial cells. This interaction leads to
prolonged NO release and possibly contributes to the docu-
mented benefits of the use of ACE inhibitors.

Bradykinin and related peptides (kinins) activate two
types of G-protein coupled receptors: B1 and B2. B2 is ubiq-
uitous, and B1 is generally expressed under pathological
conditions, in which it may protect or be detrimental
(McLean et al., 2000). B2 receptors are activated by bradyki-
nin and kallidin, whereas the B1 receptor agonists are de-
sArg9-bradykinin and desArg10-kallidin (McLean et al.,
2000) generated by membrane or plasma carboxypeptidases,
M or N, which cleave the C-terminal arginine of the peptides
(Erdös and Skidgel, 1997).

In addition to these endogenous peptide ligands, inhibitors
of angiotensin I-converting enzyme (kininase II; ACE) can
also directly activate B1 receptors in cultured cells (Ignjatovic

et al., 2002). They activate through the HEAWH sequence in
the second extracellular loop (residues 195–199 in human
receptor). This sequence is conserved in B1 receptors in sev-
eral species, and it matches the consensus pentameric
HEXXH sequence of the catalytic domains in ACE and other
metalloenzymes required to couple the Zn2� cofactor. Acti-
vation of B1 receptors by ACE inhibitor leads to prolonged
nitric oxide (NO) release from cultured endothelial cells (Ig-
njatovic et al., 2002), indicating that B1 receptors contribute
to the widely reported clinical beneficial effects of ACE in-
hibitors. ACE inhibitors are administered to tens of millions
of patients worldwide to treat hypertension, myocardial in-
farction, heart failure, or diabetic nephropathy (Pfeffer,
2001).

Several mechanisms can dictate the mode of action of ACE
inhibitors at the cellular and molecular level. By inhibiting
ACE, ACE inhibitors not only suppress the conversion of
angiotensin I to angiotensin II but also block the inactivation
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of bradykinin (Linz et al., 1995; Yang and Erdös, 1967; Yang
et al., 1971) and other ACE substrates (Carretero and
Rhaleb, 2001). In addition, ACE inhibitors also potentiate
bradykinin effects (Minshall et al., 1997; Marcic et al., 2000)
through an induced cross-talk between ACE and the brady-
kinin B2 receptor (Erdös et al., 1999; Marcic et al., 2000),
shown with cultured cells and bioassays.

As an important part of their effect, ACE inhibitors release
NO (Zahler et al., 1999; Ignjatovic et al., 2002). They stimu-
late NO release either by direct activation of the B1 receptor
(Ignjatovic et al., 2002) or indirectly, through the potentia-
tion of bradykinin effects on the B2 receptor (Linz et al., 1995;
Minshall et al., 1997; Marcic et al., 2000).

The aim of this study was to further clarify the conse-
quences after ACE inhibitors directly activate the native B1

receptors independent of endogenous kinins. We wished to
explain how ACE inhibitors release NO via activation of the
B1 receptor. In addition, we also investigated whether the
two B1 receptor agonists, peptide desArg10-kallidin and ACE
inhibitor enalaprilat, which act through different domains on
the receptor (Fathy et al., 2000; Ignjatovic et al., 2002), may
stimulate different signaling pathways. We report that pep-
tide ligand and ACE inhibitor stimulate NO release by dif-
ferent second-messenger pathways in bovine pulmonary ar-
tery endothelial (BPAE) cells. In contrast, in cytokine-treated
human lung microvascular endothelial (HLMVE) cells, they
stimulate NO production via inducible NO synthase (iNOS)
apparently by the same signaling mechanisms.

Materials and Methods
Materials. DesArg10-kallidin and desArg10-Leu9-kallidin were

obtained from Sigma-Aldrich (St. Louis, MO) or Bachem Biosciences
(King of Prussia, PA). Enalaprilat, the active form of the ACE inhib-
itor enalapril, was from Merck (Whitehouse Station, NJ) or Toronto
Research Chemicals, Inc. (North York, ON, Canada). Lisinopril,
ramiprilat (the active form of ramipril), and captopril were from
Merck, Aventis (Strasbourg, France), and Bristol-Myers Squibb Co.
(Princeton, NJ), respectively. Fura-2/AM was purchased from Molec-
ular Probes (Eugene, OR). Fetal bovine serum was from Atlanta
Biologicals (Norcross, GA). Interleukin-1� and interferon-� were ob-
tained from Calbiochem (San Diego, CA) and Invitrogen (Carlsbad,
CA). L-[2,3,4,5-3H]Arginine monohydrochloride and [myo-2-3H]inosi-
tol were purchased from Amersham Biosciences Inc. (Piscataway,
NJ). Cholera toxin was purchased from Calbiochem and Sigma-
Aldrich. Phosphate-buffered saline was from Mediatech (Herndon,
VA). NOS inhibitors 1400W and N�-nitro-L-arginine, protease inhib-
itor cocktail, BAPTA-AM, protein kinase C inhibitors, and other
chemicals and reagents were from Sigma-Aldrich.

Cell Culture. BPAE and HLMVE cells were purchased from Cell
Applications (San Diego, CA) and Cambrex Bio Science Baltimore,
Inc. (Baltimore, MD). BPAE cells were cultured in DMEM containing
15% fetal bovine serum and were used in passages 3 to 8. HLMVE
cells were cultured in endothelial growth medium-2 containing 10
ng/ml human epidermal growth factor, 5 ng/ml vascular endothelial
growth factor, 2 ng/ml human fibroblast growth factor, 2 ng/ml
insulin-like growth factor, 0.2 �g/ml ascorbic acid, 50 ng/ml gentam-
icin-amphotericin B, and 10% fetal bovine serum. HLMVE cells were
used in passages 5 to 8, and they were routinely treated with 5 ng/ml
interleukin-1� and 50 ng/ml interferon-� for 16 to 18 h before the
experiment to induce B1 receptors.

Human embryonic lung fibroblasts (IMR-90) were purchased from
American Type Culture Collection (Manassas, VA) and were grown
in DMEM supplemented with 15% fetal bovine serum, essential
amino acid solution (1:100), and glutamine (2 mM).

Measurement of [Ca2�]i. [Ca2�]i was measured with the Ca2�-
sensitive fluorescent probe fura-2/AM as described previously (Ign-
jatovic et al., 2002). The cells were grown to confluence on glass
coverslips and then incubated for 45 min at 37°C in phenol-red free
DMEM/Ham’s F-12 medium containing fura-2/AM (2.5 �M). After
the loading, cells were washed and mounted at room temperature in
a Sykes-Moore chamber (Bellco, Vineland, NJ) on an inverted micro-
scope coupled to the microspectrofluorometer PTI Deltascan (Prince-
ton, NJ) or Attofluor Ratiovision (Islandia, NY) (Ignjatovic et al.,
2002). Fura-2 fluorescence was detected at 510 nm after excitation at
340 and 380 nm. Ionophore was routinely used as positive control.
The tracings show mean values obtained with the simultaneous
measurement of changes in the [Ca2�]i level in 10 to 100 cells. The
results are shown as the ratio of intensities at 340 and 380 nm, which
reflects the amount of free calcium in the cytosol.

Phosphoinositide Hydrolysis. Cells were plated in 12-well
dishes and labeled in medium containing 5% fetal bovine serum with
[3H]inositol (2 �Ci/ml) for 16 to 24 h. The following day, they were
washed and then incubated in assay medium containing 5 mM LiCl
for 10 to 15 min. After removing the medium, fresh assay medium
containing agonists was added. After 20 min, medium was aspirated,
cells extracted with formic acid (20 mM), and inositol phosphates
separated by anion exchange chromatography (Seuwen et al., 1990).
Results are expressed as the ratio of inositol phosphates/inositol
phosphates � inositol counts.

NO. NO was measured electrochemically with porphyrinic mi-
crosensor as described previously (Ignjatovic et al., 2002). Cells were
plated in 12-well plates and used upon reaching confluence in 2 days.
The microsensor was positioned close to the cell surface, ligands were
added, and the responses (current versus time) were recorded con-
tinuously. The current generated was proportional to the NO re-
leased, and a computer-based Camry VP600 potentiostat was used to
monitor NO concentration in real time. All experiments were done at
37°C, and the baseline values were subtracted from the results
obtained after the activation of the B1 receptors.

L-Arginine Transport. Confluent cells plated in 24-well dishes
were washed and assayed using L-[2,3,4,5-3H]arginine monohydro-
chloride (diluted to 1 �Ci/ml in DMEM/F-12 medium). After 60-s
stimulation with desArg10-kallidin or enalaprilat, the uptake was
terminated by aspiration of the medium and rapid washing with ice-
cold phosphate-buffered saline. The cells were solubilized with ice-cold
0.2% sodium dodecyl sulfate, and aliquots were counted with a
Beckman LS6500 scintillation counter (Beckman Coulter, Fullerton,
CA).

Statistical Analysis. Data were analyzed by Student’s t test.
Values were considered significant if p � 0.05.

Results
To study the mechanisms and consequences of B1 receptor

activation, we used two types of endothelial cells: BPAE and
HLMVE cells. The bovine cells express B1 receptor constitu-
tively (Ignjatovic et al., 2002), whereas the human cells ex-
press it mainly after stimulation with proinflammatory cyto-
kines interleukin-1� and interferon-� (see Materials and
Methods). We used these systems to investigate whether the
activation of the constitutively expressed B1 receptors in
BPAE cells and the induced B1 receptors (HLMVE) would
stimulate NO release differently and whether this would
depend on the ligand used.

Activation of Constitutively Expressed B1 Receptor
in BPAE Cells. We reported that both the ACE inhibitor
enalaprilat and the peptide ligand desArg10-kallidin activate
the B1 receptor to release NO from cultured BPAE cells
(Ignjatovic et al., 2002). To determine the contributions of
different NOS isoforms to NO production we used inhibitors
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relatively specific for endothelial NOS (eNOS; N�-nitro-L-
arginine) or iNOS (1400W) as described previously (Alderton
et al., 2001). Figure 1 summarizes the experiments in which
we released NO by peptide ligand, desArg10-kallidin, or by
the ACE inhibitor enalaprilat in BPAE cells. As shown in Fig.
1, desArg10-kallidin (100 nM) released 290 � 15 nM NO at 20
min, which was inhibited only 7% by the iNOS inhibitor (2
�M 1400W) but 66% by the eNOS inhibitor (2 �M N�-nitro-
L-arginine). Enalaprilat (100 nM) stimulated NO production
similar to that of the peptide ligand, but this was inhibited
68% by N�-nitro-L-arginine and 40% by 1400W (Fig. 1). Thus,
the mediator of the desArg10-kallidin response is eNOS,
whereas enalaprilat activates mainly eNOS but also iNOS to
release NO.

The intracellular calcium chelator BAPTA suppressed NO
release by 100 nM desArg10-kallidin (75% inhibition) but had
much less effect on the response to 100 nM enalaprilat (36%)
(Fig. 2).

ACE Inhibitors Elevate [Ca2�]i by Augmenting Ca2�

Entry. After desArg10-kallidin or enalaprilat activate the

constitutively expressed B1 receptors in BPAE cells, the
[Ca2�]i level increases (Ignjatovic et al., 2002). To elucidate
how B1 receptor agonists elevate [Ca2�]i, we used rare earth
ions (Gd3�) or Ca2�-free medium to block extracellular Ca2�

entry. Calcium-channel blocker Gd3� (10 or 1 �M) inhibited
only the effect of enalaprilat (10 nM) but not that of the
peptide agonist desArg10-kallidin (10 nM) (Fig. 3). In addition,
enalaprilat was inactive in calcium-free medium, whereas
desArg10-kallidin still increased the [Ca2�]i level although
for a shorter time and without a sustained elevated phase
that usually follows the initial peak (Fig. 3).

The differences in eliciting [Ca2�]i elevation by the two B1

receptor agonists were further demonstrated by the experi-
ments shown in Fig. 4. Activation of the B1 receptors by ACE
inhibitor did not release inositol-phosphates from BPAE
cells, but the peptide ligand desArg10-kallidin (10 nM) did.
Human embryonic lung fibroblasts IMR-90 cells, which also
constitutively express the B1 receptor, stimulated by ACE
inhibitors (Ignjatovic et al., 2002), yielded similar results
(data not shown; n � 3). In addition to enalaprilat, two other
ACE inhibitors, ramiprilat (10 nM and 1 �M) and captopril
(10 nM and 1 �M), which activate the B1 receptor to
increase [Ca2�]i (Ignjatovic et al., 2002) also did not stim-
ulate [3H]inositol phosphate production in BPAE cells
(data not shown). Therefore, the lack of [3H]inositol phos-
phate release is a shared characteristic of ACE inhibitors
stimulating the B1 receptor.

Effect of Cholera Toxin. We used toxins to test whether
the stimulation of B1 receptor by one or the other agonist can
facilitate the coupling of different G proteins. Pretreatment
of BPAE cells with cholera toxin (1 �g/ml for 20 h) abolished
the effect of enalaprilat but not that of desArg10-kallidin (Fig.
5) (n � 4–7). On the other hand, protein kinase A inhibitor
(20 �M, 15–25 min preincubation) did not block the enala-
prilat response (data not shown). We verified the activity of
protein kinase A inhibitor in separate control experiments
(data not shown) in which it inhibited forskolin-stimulated
NO release (Ferro et al., 1999). These results indicate that
activation of B1 receptors by enalaprilat initiates a G�s-de-
pendent but protein kinase A-independent pathway.

Fig. 1. NO release from BPAE cells. BPAE cells were preincubated (for 15
min at 37°C) with 2 �M N�-nitro-L-arginine (L-NNA) or 2 �M 1400W, and
NO production in response to B1 agonists was measured with a porphy-
rinic electrode. A, left, representative real-time tracings of NO production
obtained with desArg10-kallidin (DAKD; 100 nM) in the absence or pres-
ence of eNOS or iNOS inhibitors L-NNA or 1400W. Right, calculated
mean values (� S.E.) from four to five experiments. Vertical bars show
the response to standard 300 nM concentration of NO. B, representative
tracings and mean values obtained with enalaprilat (Ept; 100 nM) in the
absence and presence of eNOS and iNOS inhibitors (n � 4–5). �, p � 0.05,
significantly different from control; ���, p � 0.001, significantly different
from control

Fig. 2. The intracellular calcium chelator BAPTA inhibits NO release
from BPAE cells. Cells were stimulated with enalaprilat (Ept; 100 nM) or
desArg10-kallidin (DAKD; 100 nM) in the absence or presence of BAPTA.
f, responses obtained in cells pretreated with BAPTA-AM (25 �M, 30
min). Abscissa shows the results relative to controls taken as 100%.
Enalaprilat released 234 � 11 or 147 � 24 nM NO in control and
BAPTA-pretreated cells, respectively. DesArg10-kallidin released 270 �
16 or 71 � 11 nM NO in control and BAPTA-pretreated cells, respectively.
Data shown are means � S.E. from five experiments. ��, p � 0.01,
significantly different from control; ���, p � 0.001, significantly different
from control.
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Protein Kinase C and [Ca2�]i Level. The protein kinase
C inhibitor calphostin C (1 �M), after 15 min of preincuba-
tion, blocked the elevation of [Ca2�]i by ACE inhibitors when
tested in BPAE cells (Fig. 5C) but not that stimulated by
desArg10-kallidin (Fig. 5D) (n � 6–7). Another protein kinase
C inhibitor, chelerythrine chloride (1 �M), after 30 min of
preincubation yielded similar results (data not shown; n � 2).

Activation of Induced B1 Receptor in HLMVE Cells.
In addition to transfected and constitutively expressed B1

receptors (Ignjatovic et al., 2002), we wanted to establish

whether the ACE inhibitor enalaprilat activates induced B1

receptor in stimulated HLMVE cells. In contrast to BPAE,
the human endothelial cells tested had little or no constitu-
tively expressed B1 receptors. We stimulated them with in-
terleukin-1� and interferon-� for 16 to 18 h before the exper-
iments to induce B1 receptor expression (see Materials and
Methods). Interleukin-1� stimulates the expression of both
B1 receptor (Schanstra et al., 1998; McLean et al., 2000;
Sangsree et al., 2003) and the iNOS isoform (Asano et al.,
1994; Kanno et al., 1994; Kolyada and Madias, 2001), whose
activity is not Ca2�-regulated.

NO Release. Similar to the results with BPAE cells, both
desArg10-kallidin and enalaprilat caused prolonged NO
release in stimulated human endothelial cells (Fig. 6A).
DesArg10-Leu9-kallidin, a specific B1 receptor antagonist
(1 �M), blocked both of these responses (86 and 81% inhi-
bition of desArg10-kallidin and enalaprilat effects, respec-
tively; data not shown), whereas HOE140, a B2 receptor
antagonist, was ineffective (2 and 6% inhibition of desArg10-
kallidin and enalaprilat, respectively; data not shown). In
control HLMVE cells not stimulated with inflammatory cy-
tokines, enalaprilat (100 nM) produced approximately a
4-fold smaller response (78 � 9 nM NO, n � 7; data not
shown) compared with that obtained with stimulated cells
(Fig. 6). This is consistent with previous findings obtained
with the peptide agonist desArg10-kallidin in the control
versus stimulated HLMVE cells (Sangsree et al., 2003).

In contrast to BPAE cells, pretreatment with iNOS inhib-
itor 1400W (2 �M for 10 min) inhibited the majority (65 or
57%) of the NO response elicited by desArg10-kallidin or
enalaprilat (Fig. 6B). The eNOS inhibitor (N�-nitro-L-argi-
nine; 2 �M) was much less effective and inhibited only 20 or
10% of NO released by desArg10-kallidin or enalaprilat, re-
spectively. Therefore, the intracellular Ca2� sequestering
agent BAPTA (25 �M for 30 min) did not inhibit either the

Fig. 3. ACE inhibitors increase intracellular calcium via calcium entry.
BPAE cells were stimulated with 10 nM enalaprilat (Ept) or 10 nM
desArg10-kallidin (DAKD) in the absence or presence of Ca2�-channel
blocker Gd3� (10 �M) or in calcium-free medium. A and B indicate control
cell elevation of [Ca2�]i, whereas C and D show responses after 10-min
preincubation with Gd3�. E and F illustrate the results obtained with 10
nM Ept or 10 nM DAKD in calcium-free medium. Bars indicate 50 s.
Absence of Ca2� abolished the effect of enalaprilat, whereas desArg10-
kallidin gave a shorter response compared with that obtained in Ca2�-
containing medium. Arrows indicate the addition of ligands. Shown are
representative tracings from 6 to 10 experiments.

Fig. 4. [3H]Inositol phosphate (IP) release in BPAE cells. BPAE cells
were stimulated for 20 min with either desArg10-kallidin (DAKD; 10 nM)
or enalaprilat (Ept; 10 nM and 1 �M). In contrast to the peptide agonist
desArg10-kallidin, enalaprilat did not stimulate IP production in BPAE
cells. Means � S.E. (n � 5; done in duplicate). �, p � 0.05, significantly
different from control.

Fig. 5. Cholera toxin and calphostin C inhibit calcium increases stimu-
lated by enalaprilat but not by desArg10-kallidin. A and B, BPAE cells
were preincubated with 1 �g/ml cholera toxin for 20 h and then stimu-
lated with either 10 nM enalaprilat (Ept) or 10 nM desArg10-kallidin
(DAKD). Solid lines indicate the control responses, and broken lines
represent results in cells preincubated with cholera toxin. Arrows, addi-
tion of ligands (Ept, DAKD). Bars, 100 s. Cholera toxin abolished only the
enalaprilat effect, whereas the response to desArg10-kallidin remained
unchanged. Representative tracings from 4–7 experiments. C and D,
BPAE cells were stimulated with either Ept (10 nM) or DAKD (10 nM) in
the absence (solid lines) or presence (broken lines) of the protein kinase C
inhibitor calphostin C (1 �M, 15-min preincubation). Bars, 100 s. Cal-
phostin C selectively inhibited only the effect of enalaprilat, whereas the
response to desArg10-kallidin remained unchanged (representative trac-
ings from six to seven experiments).
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desArg10-kallidin or enalaprilat effect (data not shown),
which is in agreement with the fact that changes in [Ca2�]i
do not affect iNOS activity. Thus, in contrast to BPAE cells in
which desArg10-kallidin and enalaprilat activate NO synthe-
sis by different mechanisms, in cytokine-stimulated HLMVE
cells, the two agonists release NO via iNOS in a similar
calcium-independent manner.

Arginine Uptake in HLMVE Cells. Because arginine
uptake is an important regulator of iNOS, we tested whether
desArg10-kallidin and enalaprilat would enhance NOS activ-
ity by increasing arginine transport. Indeed, within 1 min,
both desArg10-kallidin and enalaprilat stimulated arginine
uptake in HLMVE cells (Fig. 7). Lysine (10 mM), a compet-
itive arginine-transport inhibitor, or desArg10-Leu9-kallidin
(1 �M), a specific B1 receptor blocker, abolished these effects
(data not shown; n � 2). Positive results were obtained with
100 nM ramiprilat (data not shown; n � 2), but not with 100
nM lisinopril (data not shown; n � 3), which is consistent
with previous data (Ignjatovic et al., 2002) showing that not
all ACE inhibitors are agonists of the B1 receptor.

In contrast to HLMVE cells, stimulation of B1 receptors in
BPAE cells by either desArg10-kallidin or enalaprilat did not

increase arginine-uptake (data not shown; n � 2, experi-
ments done in triplicate).

Discussion
The beneficial effects of ACE inhibitors in the treatment of

various cardiovascular and renal conditions have been estab-
lished in laboratory animals and in millions of patients
worldwide. However, it is less known how they act on the
cellular, subcellular, and molecular level. Using cultured
cells, we found that ACE inhibitors in low nanomolar con-
centrations directly activate the B1 receptor via the zinc-
binding consensus sequence in the receptor (HEAWH) simi-
lar to those in the active sites of ACE (HEMGH) (Ignjatovic et
al., 2002).

B1 receptors seem to contribute to the effects of ACE in-
hibitors as tested in different systems, for example, when
ACE inhibitors lowered blood pressure in laboratory animals
(Marin-Castano et al., 2002). ACE inhibitors reduced extra-
cellular signal-regulated kinase phosphorylation, matrix se-
cretion, and mesangial cell proliferation associated with di-
abetic nephropathy, and B1 receptor antagonist suppressed
these effects (Mage et al., 2002). In addition, B1 receptors are
involved in the vasodilation caused by ACE inhibitor in pa-
tients with heart failure, but not in healthy individuals
(Witherow et al., 2001), and even in the side effects (Hirata et
al., 2003).

To study how ACE inhibitors can release NO by activating
B1 receptors, we used BPAE cells as a prototype for cells
containing eNOS and B1 receptor and then HLMVE cells, in
which we induced B1 and iNOS. We found that although the
mode of NO release by ACE inhibitor and peptide ligand
differs with bovine endothelial cells, it is quite similar with
regard to the activation of B1 receptor and iNOS in human
cells treated with cytokines. The routinely used B1 receptor
blocker (desArg10-Leu9-kallidin) inhibited both peptide and
ACE inhibitor agonists.

BPAE cells express significant levels of native B1 receptors
under basal conditions (Ignjatovic et al., 2002). Cytokines,
which we used as inducers in HLMVE cells, did not signifi-
cantly enhance B1-mediated responses in BPAE cells (data
not shown).

Stimulation of constitutively expressed B1 receptors in

Fig. 6. DesArg10-kallidin and enalaprilat release NO in stimulated
HLMVE cells. Cells were stimulated with interleukin-1� and interferon-�
(see Materials and Methods) and then challenged with either 100 nM
desArg10-kallidin (DAKD) or 100 nM enalaprilat (Ept). A, typical real-
time tracings. Vertical arrows indicate the addition of ligands, whereas
horizontal ones indicate time in minutes. Vertical bar shows the response
to standard 400 nM concentration of NO. B, mean values from four
experiments (� S.E.) obtained with DAKD and Ept in the absence or
presence of eNOS (2 �M L-NNA) or iNOS (2 �M 1400W) inhibitors. ��,
p � 0.01, significantly different from control; ���, p � 0.001, significantly
different from control.

Fig. 7. DesArg10-kallidin and enalaprilat increase L-arginine uptake in
HLMVE cells. HLMVE cells were stimulated for 1 min with 100 nM
desArg10-kallidin (DAKD) or 100 nM enalaprilat (Ept). The abscissa
shows the uptake of arginine relative to control. The results represent the
means � S.E. from nine independent experiments (performed in tripli-
cate). ���, p � 0.001, significantly different from the control.
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BPAE cells releases NO predominantly via eNOS activation
and leads to a prolonged, high-output NO synthesis. This
contrasts to the activation of the B2 receptors by bradykinin,
which brings a much shorter NO release (Ignjatovic et al.,
2002). B1 receptors generally produce prolonged responses as
a consequence of limited desensitization and internalization
(Mathis et al., 1996; Austin et al., 1997). On the other hand,
B1 receptor stimulation may activate eNOS by phosphoryla-
tion. This activation mechanism generally leads to a more
prolonged, sustained NO output compared with the classic
pathway mediated by elevated [Ca2�]i (Skidgel, 2002). This
may explain how enalaprilat released a reduced but still
significant amount of NO, even in the presence of the intra-
cellular calcium chelator BAPTA.

Although both desArg10-kallidin and enalaprilat cause a
sustained NO release from BPAE cells, the mechanism dif-
fers. The release of NO by desArg10-kallidin is connected
with the elevation of [Ca2�]i and eNOS activation. Enalapri-
lat releases NO largely independent of [Ca2�]i, indicating
that it should also involve additional mechanisms of eNOS
activation (e.g., phosphorylation) or iNOS stimulation, as
shown by partial inhibition with 1400W. Some iNOS can be
present and functional in control unstimulated BPAE cells
(Nelin et al., 2001), which is also indicated with the use of
NOS inhibitors (Fig. 1).

Activation of bovine B1 receptors stimulated sustained NO
synthesis predominantly via eNOS activity without enhanc-
ing arginine uptake (not shown). This may be caused by a
separate intracellular arginine pool (Closs et al., 2000), not
freely exchangeable with arginine in the extracellular space
and reported to be accessible to eNOS but not to iNOS (Closs
et al., 2000).

B1 receptor ligands desArg10-kallidin and enalaprilat also
increased intracellular calcium via distinct mechanisms in
BPAE cells. ACE inhibitors trigger the influx of external
calcium, independent of IP3 generation, whereas desArg10-
kallidin first releases internal calcium via IP3 liberation and
then subsequently stimulates calcium entry. Therefore,
when ACE inhibitors activate the B1 receptors in BPAE cells,
calcium enters from the medium, whereas desArg10-kallidin
produces a biphasic response. The initial sharp increase and
decrease of [Ca2�]i stimulated by desArg10-kallidin probably
represents Gq-mediated activation of phospholipase C� and
the release of calcium from internal stores caused by the
activation of IP3 receptor in the endoplasmic reticulum. The
later, sustained phase of elevated [Ca2�]i is maintained by
the entry of external calcium through a channel different
from that blocked by Gd3�, and therefore it is absent in
calcium-free medium.

The mechanisms underlying receptor-activated Ca2� in-
flux into the cytosol are complex and not yet fully character-
ized. Receptor activation can open plasma membrane cation
channels in various ways (Barritt, 1999). We attempted to
characterize the Ca2� entry channels involved by using the
lanthanide Gd3� because it competitively antagonizes Ca2�

(Erdös et al., 1960) and in low concentration specifically
inhibits the store-operated, capacitance calcium channels
(Putney et al., 2001). Indeed, Gd3� abolished the increase of
[Ca2�]i elicited by enalaprilat without affecting the action of
desArg10-kallidin. Calcium entry stimulated by enalaprilat
seems to depend on protein kinase C activation, because two
different protein kinase C inhibitors blocked it. Protein ki-

nase C can regulate several different members of transient
receptor potential C and V subfamilies expressed in the en-
dothelium (Nilius et al., 2003). Protein kinase C may modu-
late endothelial channels through phosphorylation of G��

binding sites and subsequent antagonism of G��-induced in-
hibition (Zamponi et al., 1997).

Different agonists acting on the same receptor type can
cause differential coupling to G proteins leading to different
effector pathways (Shraga-Levine and Sokolovsky, 2000).
The selective blocking of enalaprilat’s effect with cholera
toxin suggests that desArg10-kallidin and enalaprilat induce
differential coupling of B1 receptor to G proteins in bovine
endothelial cells. The effects of enalaprilat may be mediated
via Gs (cholera toxin-sensitive) and those of desArg10-kallidin
by a Gq pathway. B1 receptor activation by peptide ligand is
usually associated with G�q/11 and phospholipase C� activa-
tion (Austin et al., 1997), but a cholera toxin-sensitive, Gs

pathway has also been reported (Christopher et al., 2001).
We found enalaprilat to activate the B1 receptor via a Gs-
dependent pathway, but apparently it does so independent of
protein kinase A activation, because its inhibitor was inef-
fective. This is consistent with reports on the existence of
novel Gs signaling pathways independent of protein kinase A
(Gu et al., 2000).

B1 receptors are generally absent under physiological con-
ditions in most cells but are rapidly induced in pathological
settings. Inflammatory mediators, ischemia, atherosclerosis,
tissue trauma, disruption of the B2 receptor gene, or other
pathological stimuli promote the expression of B1 receptors
(McLean et al., 2000; Duka et al., 2001). Acute coronary
syndromes are accompanied by the cellular infiltration and
release of cytokines, which are directly cytotoxic to cardio-
myocytes (Force et al., 2004). Activation of induced B1 recep-
tors releases NO, and this may be advantageous under these
conditions.

To simulate such a pathological milieu, we used human
endothelial cells (HLMVE) and exposed them to cytokines,
interleukin-1�, and interferon-� for 16 to 18 h. Although the
control HLMVE cells express low levels of B1 receptors, the
response to the peptide ligand desArg10-kallidin is signifi-
cantly up-regulated by cytokines (Sangsree et al., 2003). At
the same time, iNOS and carboxypeptidase M (Sangsree et
al., 2003), which removes the C-terminal arginine of kinins to
convert them from B2 to B1 receptor agonists, are also in-
duced. Carboxypeptidase-mediated arginine release can also
stimulate NO production by iNOS in rat lungs and rat lung
microvascular endothelial cells (Hadkar et al., 2004).

In contrast to BPAE cells, desArg10-kallidin or ACE inhib-
itor activates B1 receptors in cytokine-stimulated HLMVE
cells to release NO predominantly via iNOS stimulation, as
shown with NOS inhibitors (Fig. 6). This action results in
prolonged NO release, mediated by enhanced arginine up-
take and independent of [Ca2�]i elevation. iNOS is primarily
regulated at the transcriptional level; thus, the supply of
extracellular arginine is necessary for this isoform. Indeed,
in the absence of extracellular arginine uptake by system y�
or depletion of extracellular arginine, iNOS activity is abol-
ished (Stevens et al., 1996; Closs et al., 2000). Because we
found that B1 receptor stimulation by ACE inhibitors or
peptide ligand increased arginine uptake, this is a mode of
enhancing iNOS activity in human endothelial cells. How B1

receptors signal to activate downstream arginine transport is
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still to be determined. Up-regulation and activation of iNOS
can be detrimental in endothelial cells, but iNOS may also
protect against oxidative damage after exposure to inflam-
matory cytokines (Hemmrich et al., 2003; Suschek et al.,
2003).

In conclusion, these studies build on our previous report of
a novel mode of action of ACE inhibitors to directly activate
B1 receptors independent of ACE and endogenous kinins
(Ignjatovic et al., 2002). We described here how both types of
B1 receptor agonists, ACE inhibitors and a peptide ligand,
stimulate eNOS and iNOS. ACE inhibitors enhance NO re-
lease from BPAE cells, which constitutively express B1 re-
ceptors, differently than desArg10-kallidin by releasing dif-
ferent second messengers. In contrast, desArg10-kallidin and
enalaprilat release NO by similar mechanisms independent
of calcium in cytokine-stimulated HLMVE cells in which B1

receptors were coinduced with iNOS. To the best of our
knowledge, this is the first report that ACE inhibitors di-
rectly activate B1 receptors to release NO in human endothe-
lial cells.
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