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Abstract
Angiotensin IV (ANG IV), an active ANG II fragment, has been shown to induce systemic and
renal cortical effects by binding to ANG IV (AT4) receptors and activating unique signaling
transductions unrelated to classical type 1 (AT1) or type 2 (AT2) receptors. We tested whether
ANG IV exerts systemic and renal cortical effects on blood pressure, renal microvascular smooth
muscle cells (VSMCs), and glomerular mesangial cells (MC) and, if so, whether AT1 receptor-
activated signaling is involved. In anesthetized rats, systemic infusion of ANG II, ANG III, or
ANG IV (0.01, 0.1, and 1.0 nmol·kg−1 ·min−1 iv) caused dose-dependent increases in mean
arterial pressure (MAP) and decreases in renal cortical blood flow (CBF; P < 0.01). ANG II also
induced dose-dependent reductions in renal medullary blood flow (P < 0.01), whereas ANG IV
did not. ANG IV-induced pressor and renal cortical vasoconstriction were completely abolished
by AT1 receptor blockade with losartan (5 mg/kg iv; P < 0.05). When ANG IV (1 nmol·kg−1

·min−1) was infused directly in the renal artery, CBF was reduced by > 30%, and the response was
also blocked by losartan (P < 0.01). In the renal cortex, unlabeled ANG IV displaced 125I-labeled
[Sar1,Ile8]ANG II binding, whereas unlabeled ANG II (10 μM) inhibited 125I-labeled Nle1-ANG
IV (AT4) binding in a concentration-dependent manner (P < 0.01). In freshly isolated renal
VSMCs, ANG IV (100 nM) increased intracellular Ca2+ concentration, and the effect was blocked
by losartan and U-73122, a selective inhibitor of phospholipase C/inositol trisphosphate/Ca2+

signaling (1 μM). In cultured rat MCs, ANG IV (10 nM) induced mitogen-activated protein kinase
extracellular/signal-regulated kinase 1/2 phosphorylation via AT1 receptor- and phospholipase C-
activated signaling. These results suggest that, at nanomolar concentrations, ANG IV can increase
MAP and induce renal cortical effects by interacting with AT1 receptor-activated signaling.
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High-affinity receptor binding sites and the physiological role of bioactive angiotensin
fragments are gaining increasing attention after molecular cloning of type 1 (AT1) and type
2 (AT2) receptors for the octapeptide ANG II. It is now established that AT1 receptors
mediate most (if not all) classic effects of ANG II, including potent vasoconstriction,
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aldosterone synthesis, cell growth, and body fluid and electrolyte homeostasis, whereas AT2
receptors oppose most (if not all) AT1 receptor-mediated effects in cardiovascular and renal
cells (4,10,16,39,40). By contrast, neither receptor pharmacology nor the physiological or
pathological role of other ANG II fragments is fully understood, with the possible exception
of ANG III (des-Asp1-ANG II), which also activates AT1 receptors in most tissues or cells
(3,5,12,13,16). ANG IV, which is formed by removing the first NH2-terminal amino acid
(Arg2) from ANG III with aminopeptidase N and/or aminopeptidase B (3,12–14,16), was
initially thought to be biologically inert but has recently been shown to have various effects
in different tissues or cells by binding to high-affinity angiotensin type 4 receptors (AT4) or
insulin-regulated aminopeptidase (IRAP; see Refs. 2,13,17,23,35,37).

It is unclear whether ANG IV acts as an exclusive agonist for the putative AT4 receptor
alone or as a partial but active agonist for the AT1 receptor, mediating its widely reported
cardiovascular and renal effects (1,17,28–32,34). ANG IV has been reported to cause both
vasodilatation and vasoconstriction (1,15,18,19,35). For example, infusion of ANG IV
directly in cerebral or renal arteries increases cerebral blood flow and renal cortical blood
flow (CBF) via a mechanism that appears to be mediated by the AT4 receptor and nitric
oxide (NO; see Refs. 15,22,37). In contrast, systemic or intrarenal arterial administration of
ANG IV reportedly caused systemic and renal vasoconstriction that was completely
prevented by pretreatment with losartan, suggesting an AT1 receptor-mediated response
(11,18,19). However, it is not clear whether the reported different responses to ANG IV are
only secondary to a systemic effect or the result of a direct intrarenal action, because
previous studies dealt primarily with larger regional arterial or whole kidney blood flow
responses to ANG IV and none of them has directly compared systemic and intrarenal
effects of ANG IV.

To resolve the differences between renal cortical vasoconstrictor and vasodilator effects of
ANG IV, it is important to study whether classical AT1 receptor-activated signaling
pathways are involved at the cellular levels. The present study was therefore performed to
determine 1) concentration-dependent systemic arterial pressure and renal CBF responses to
systemic infusion of ANG IV, ANG III, and ANG II; 2) whether AT1 receptors are involved
in systemic ANG IV-induced responses; 3) whether direct intrarenal arterial infusion of
ANG IV induces renal cortical vasoconstriction by activating AT1 receptors; 4) whether
ANG IV competes for AT1 receptor binding in the rat kidney; and 5) whether ANG IV
activates classical AT1 receptor-mediated signaling in two well-described ANG II-targeted
renal cells [microvascular smooth muscle cells (VSMCs) and mesangial cells (MCs)]. Our
results support the view that, at subnanomolar to nanomolar concentrations, ANG IV is an
active AT1 receptor agonist in both systemic and intrarenal microvasculature and glomerular
MCs.

MATERIALS AND METHODS
Effects of Systemic and Intrarenal Arterial Infusion of ANG IV on Mean Arterial Pressure
and Renal Cortical Blood Perfusion

Animals and surgical preparation—Twenty-four adult male Sprague-Dawley (SD) rats
(250 g; Charles River Laboratories) were used for in vivo studies of systemic blood pressure
[mean arterial pressure (MAP)] and renal cortical (CBF) and medullary blood flow (MBF)
responses to systemic ANG IV, ANG III, or ANG II. Eight additional rats were used for
studying the effects of intrarenal arterial infusion of ANG IV on renal CBF and MAP.
Animals were maintained on a normal rat diet and allowed free access to tap water. On the
day of the experiment, rats were anesthetized with inactin (100 mg/kg ip) and prepared as
described previously (39,40). Briefly, the right jugular vein and right carotid artery were
cannulated with catheters (SP-50) for systemic infusion of saline and drugs and
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measurement of intra-arterial blood pressure, respectively. To maintain intrarenal arterial
infusion of ANG IV, a catheter (SP-10) was inserted in the lower abdominal aorta and
slowly advanced in the left renal artery. The left kidney was exposed through a flank
incision and placed in a micropuncture cup to prevent movement. Laser-Doppler probes
were inserted in the cortex (~2 mm deep) and the inner stripe of the outer medulla (~5 mm
deep) to monitor CBF and MBF responses using a two-channel laser-Doppler flowmeter
(floLAB; Moor Instruments; see Ref. 39). MAP, renal CBF, and MBF were recorded
continuously using an eight-channel PowerLab data acquisition system interfaced with a
Microsoft Work Station 4.0 (ADInstruments, Sydney, Australia). Hemodynamic variables
were analyzed using the Chart for Windows Data Analysis System (39). These experiments
were approved by the Animal Experimental Ethics Committee of Howard Florey Institute of
Experimental Physiology and Medicine and the Henry Ford Health System Institutional
Animal Care and Use Committee.

Dose-Dependent MAP and Renal CBF and MBF Responses to Equimolar ANG IV, III, and II
Upon completion of surgery, saline was infused (n = 8) at a rate of 37.5 μl/min to maintain
constant blood pressure and renal hemodynamics, as described previously (39,40). A
minimal 30-min equilibration period was allowed to stabilize MAP and renal CBF and MBF
before infusion of equimolar angiotensin peptides (0, 0.01, 0.1, and 1.0 nmol·kg−1 ·min−1

iv) in the following order: ANG IV, ANG III, and ANG II (Peninsula Laboratories). For
each peptide, we started with the lowest dose for the first 30 min, allowing MAP and renal
CBF responses to return to baseline before infusing subsequent doses, which usually
occurred within 5 min after halting the infusion. The doses we used were based on previous
studies in which ANG IV was shown to cause either vasodilatation or vasoconstriction in
vivo in rats (11,15,18,19). MAP and renal CBF and MBF responses were recorded
throughout the experiment and analyzed using Chart Data Analysis (ADInstruments).

Effects of AT1 and AT2 Receptor Blockade on Systemic ANG IV-Induced Responses of
MAP, Renal CBF, and MBF

Because the above protocol showed that ANG IV caused dose-dependent increases in MAP
and decreases in renal CBF at 0.1 nmol·kg−1 ·min−1 and above, we next examined whether
systemic and renal vasoconstrictor effects of ANG IV could be blocked by an AT1 or AT2
receptor antagonist. Rats (n = 8) were surgically prepared as described above. After a 30-
min equilibration period, ANG IV was infused intravenously at a rate of 1 nmol·kg−1 ·min−1

throughout the experiment. The AT2 receptor antagonist PD-123319 (5 mg/kg bolus
followed by 50 μg·kg−1 ·min−1 iv; Pfizer) was added for 30 min, followed by a 30-min
infusion of the AT1 receptor antagonist losartan (5 mg/kg bolus followed by 50 μg·kg−1

·min−1 iv; Du Pont Merck Pharmaceuticals). We have previously shown that these doses of
PD-123319 and losartan completely abolish AT2 and AT1 receptor binding in the rat kidney
and adrenal gland (39,41), respectively, and also inhibit ANG II-induced pressor and renal
hemodynamic responses after intravenous administration (39,40). To explore the possibility
that the vasodilatory effects of ANG IV may be uncovered in the absence of AT1 receptors,
losartan was administered in an additional group of rats (n = 8) for the first 30 min before
infusing ANG IV for an additional 30 min. MAP and renal CBF responses were recorded
throughout the experiment.

Effects of AT1 Receptor Blockade on Intrarenal Arterial Administration of ANG IV on Renal
CBF

To exclude the possibility that the observed renal cortical vasoconstriction induced by
systemic infusion of ANG IV may be secondary to a systemic pressor response, ANG IV (1
nmol·kg−1 ·min−1 in 30 μl) was infused directly in the left renal artery of an additional group
of rats (n = 8). In this protocol, 30 min equilibration was allowed after surgery before saline
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(30 μl/min) was infused in the left renal artery, and baseline MAP and CBF were recorded
for 30 min. ANG IV was then infused, and MAP and the renal CBF response to ANG IV
was measured for 30 min. Finally, ANG IV and losartan (5 mg/kg iv bolus followed by 50
μg·kg−1 ·min−1 ia) were coadministered and MAP, and renal CBF was recorded for an
additional 30 min.

Effects of ANG IV on Renal Cortical AT1 Receptor Binding and Effects of ANG II or
Losartan on Renal Cortical AT4 Receptor Binding as Visualized by Quantitative In Vitro
Autoradiography

To study whether ANG IV induces renal cortical vasoconstriction by binding to AT1
receptors in the renal cortex, we performed competitive inhibition binding studies to
determine whether ANG IV competes for AT1 receptor binding sites in the rat kidney using
quantitative in vitro autoradiography (39,42,43). Renal AT1 receptors were mapped using
the radioligand 125I-labeled [Sar1,Ile8]ANG II (Biochem). Frozen kidney sections (20 μm
thick) from SD rats were preincubated in 10 mmol/l sodium phosphate buffer (pH 7.4) for
15 min to remove endogenously bound angiotensin peptides, which bind to their respective
receptors. The sections were then incubated for 1 h in fresh buffer containing ~100 pmol/l
of 125I-[Sar1,Ile8]ANG II at 22°C. Nonspecific binding was determined in parallel
incubations containing an excess (10 μmol/l) of unlabeled ANG II or ANG IV (Peninsula).
To determine the competitive potency of ANG II, ANG IV, and losartan in displacing
specific AT1 receptor binding, 0.1 nM to 100 μmol/l unlabeled peptides or compounds were
added to the incubation buffer to compete for AT1 receptor binding. To explore whether
ANG II and losartan can displace renal cortical AT4 receptor binding sites, kidney sections
were incubated with ~100 pmol/l of ANG IV receptor radioligand, 125I-labeled Nle1-ANG
IV at 22°C for 60 min (kindly provided by Dr. Robert Speth, University of Mississippi
Peptide Radioiodination Service Center). Unlabeled ANG IV, the ANG IV receptor
antagonist divalinal-ANG IV, ANG II, or losartan (10 μM each) was added in parallel
incubations to compete for 125I-Nle1-ANG IV binding. After incubation and subsequent
washes, the sections were exposed to X-ray film (Agfa-Gevaert) together with a set of 125I-
radioactivity standards for 7 days. The films were developed, and the levels of AT1 and AT4
receptor binding in the renal cortex were analyzed by computerized densitometry (MCID,
Imaging Research, Ontario, Canada), as previously described (39,41,42,43). Binding
competition data were analyzed using GraphPad Prism 4.0 (GraphPad Software).

Effects of ANG IV on Intracellular Ca2+ Concentration Levels in Renal VSMCs
Increased intracellular Ca2+ concentration ([Ca2+]i) is the fore-most classical signaling for
AT1 receptor-mediated vasoconstriction by ANG II (4,12,16,25,33). To determine whether
ANG IV induces renal cortical vasoconstriction by increasing [Ca2+]i in renal VSMCs, SD
rats were anesthetized, and renal VSMCs were isolated as described previously for Ca2+

imaging experiments (25,33). Freshly isolated renal VSMCs were plated on cover slips and
loaded with the Ca2+-sensitive fluorescent dye fura 2 (Molecular Probes) at 2 μM for 30 min
at 37°C. After washes, cover slips were mounted on a perfusion chamber maintained at
37°C, which in turn was mounted on a Nikon Eclipse TE2000-U inverted fluorescence
microscope coupled with a Lambda DG4 illumination system (Sutter Instruments). Ratio-
metric Ca2+ measurements (340/380 ratio) in response to ANG IV were made continuously
at 3-s intervals for up to 10 min using a MetaFluor Fluorescence Imaging System (Universal
Imaging). To enable calculation of the average magnitude of peak [Ca2+]i responses to ANG
IV, the imaging system was first calibrated using a fura 2 Calcium Imaging Calibration Kit
with Ca2+ concentrations ranging from 0 to 10 mM (Molecular Probes). Ca2+ responses to
ANG IV were examined further in cells pretreated with losartan (10 μM) or U-73122 (1 μM)
for 30 min, a selective inhibitor for phospholipase C (PLC)-activated Ca2+ signaling.
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Effects of ANG IV on Mitogen-activated Protein Kinase Extracellular/Signal-Regulated
Kinase 1/2 Phosphorylation in Rat Glomerular MCs

Activation of mitogen-activated protein kinase extracellular/signal-regulated kinase (ERK)
1/2 phosphorylation is another classical signaling pathway for AT1 receptor-mediated
effects of ANG II (4,16,20,21). If ANG IV interacts with AT1 receptor-activated signaling,
we expect that ANG IV would also induce ERK1/2 phosphorylation in a manner similar to
ANG II. Cultured rat MCs, a well-described target for AT1 receptor-mediated effects of
ANG II, were obtained from ATCC and subcultured to 80% confluence in six-well plates
containing RPMI-1640 medium supplemented with 12% FBS. MCs were first starved for 24
h in serum-free medium before stimulation by ANG IV (10 nM) for 5 min. The effects of
ANG IV on ERK1/2 phosphorylation were examined further in the presence of losartan (10
μM) or U-73122 (1 μM) to determine the role of AT1 receptor-activated PLC/inositol
trisphosphate (IP3)/[Ca2+]i signaling. After stimulation, MCs were washed with ice-cold
PBS and lysed with a modified RIPA buffer, and protein samples were extracted. Protein
concentrations were determined using a BCA protein assay kit (Pierce), and total and
phosphorylated ERK1/2 were measured by Western blot using selective antibodies targeted
to total (SC-93; 1:5,000) or phosphorylated ERK1/2 (SC-7383; 1:200; Santa Cruz).

Data Analysis and Statistics
Data are presented as means ± SE. Differences between experimental periods within each
group were compared using one-way ANOVA with repeated comparisons (Tukey’s test).
Differences between ANG IV and ANG II at the same concentration(s) were analyzed by
unpaired t-test. The competing effects of unlabeled ANG IV for AT1 receptor binding or
unlabeled ANG II and losartan for AT4 receptor binding were analyzed using an unpaired
Student’s t-test. P < 0.05 was considered significant.

RESULTS
Concentration-Dependent Responses of MAP, Renal CBF, and MBF to Systemic
Administration of ANG IV, ANG III, or ANG II

At the lowest dose (0.01 nmol·kg−1 ·min−1 iv), ANG IV did not alter MAP, whereas ANG II
increased it by 30 ± 5 mmHg (Fig. 1A). However, ANG IV increased MAP significantly at
0.1 (~20%, P < 0.05) and 1 (~33%, P < 0.05) nmol·kg−1 ·min−1 in a dose-dependent
manner. By contrast, ANG II induced dose-dependent pressor effects at all concentrations
examined (P < 0.05, Fig. 1A). ANG IV at the lowest dose had no effect on renal CBF;
however, at higher concentrations it decreased CBF in a dose-dependent manner (Fig. 1B, P
< 0.05). Again, ANG II induced more potent renal cortical vasoconstriction in a
concentration-dependent fashion (Fig. 1B, P < 0.05). ANG IV had no effect on MBF at all
concentrations examined [Fig. 1C, not significant (NS)]. By contrast, ANG II was potent at
the two higher doses (Fig. 1C, P < 0.05). The effects of ANG III on MAP, renal CBF, and
MBF were between those of ANG IV and ANG II.

Effects of AT1 and AT2 Receptor Blockade on Systemic ANG IV-Induced Pressor and Renal
CBF Responses

Because ANG IV produced pressor and renal vasoconstrictor effects at 0.1 and 1 nmol·kg−1

·min−1, we next tested whether these effects were mediated by interaction with AT1 or AT2
receptors. As shown in Fig. 2, AT2 receptor blockade with PD-123319 had no effect on
ANG IV-induced MAP (top) and renal CBF responses (middle), suggesting that the AT2
receptor is not involved. By contrast, blockage of the AT1 receptor with losartan abolished
the pressor effect of ANG IV (Fig. 2, top, P < 0.05). Losartan also reversed the ANG IV-
induced decrease in CBF to a level significantly above control (Fig. 2, middle) and increased
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MBF (Fig. 2, bottom), indicating a tonic influence of endogenous ANG II via AT1 receptors
on the renal cortical and medullary microcirculation (P < 0.05). In a reverse protocol
designed to clarify whether ANG IV can induce systemic or renal vasodilatation after AT1
receptor blockade, pretreatment with losartan alone before ANG IV infusion did not
decrease MAP significantly but did prevent ANG IV-induced increases in MAP (data not
shown).

Effects of Direct Intrarenal Arterial Infusion of ANG IV on MAP and Renal CBF
Figure 3 shows that intrarenal arterial infusion of ANG IV had no effect on MAP (top) but
significantly decreased renal CBF by 30% (70.4 ± 3.2% of control, P < 0.01; Fig. 3, bottom),
suggesting that ANG IV directly induced renal cortical vasoconstriction. Coadministration
of ANG IV with losartan restored renal CBF to a level not significantly different from
control (96 ± 5.3% of control, NS).

Effects of ANG IV on Renal Cortical AT1 Receptor Binding as Visualized by Quantitative In
Vitro Autoradiography

Quantitative in vitro autoradiography was performed to examine whether ANG IV competes
for AT1 receptor binding in the renal cortex. As expected, ANG II receptors in the renal
cortex were predominantly the AT1 subtype (Fig. 4). AT1 receptors are located primarily in
the cortex and the inner stripe of the outer medulla (39,41–43). Renal AT1 receptor binding
was completely inhibited by 10 μM unlabeled ANG II (Fig. 4B) and losartan (Fig. 4D) and
also partially displaced by unlabeled ANG IV (10 μM; Fig. 4C). As shown in Fig. 4D,
unlabeled ANG II, ANG IV, and losartan competed for specific AT1 receptor binding in a
concentration-dependent manner. The inhibitory potency (IC50) on AT1 receptor binding for
ANG II, ANG IV, and losartan was 3.8 ± 0.3, 300 ± 15, and 10.2 ± 0.5 nM, respectively
(Fig. 4D).

Effects of ANG II or Losartan on Renal Cortical AT4 Receptor Binding as Visualized by
Quantitative In Vitro Autoradiography

Figure 5 shows renal cortical AT4 receptor binding using a radiolabeled, specific ANG IV
agonist (125I-Nle1-ANG IV) and the effects of unlabeled ANG IV, divalinal ANG IV (an
ANG IV receptor-selective antagonist), ANG II, losartan (AT1 receptor-selective
antagonist), and PD-123319 (AT2 receptor-selective antagonist) on 125I-Nle1-ANG IV
receptor binding. Specific AT4 receptor binding predominated in the inner cortex with a
moderate level in the superficial cortex (Fig. 5A). Both unlabeled ANG IV (Fig. 5B) and
divalinal ANG IV (Fig. 5C) displaced 80–90% of ANG IV receptor binding, whereas
unlabeled ANG II (Fig. 5D) and losartan (Fig. 5E) inhibited ANG IV receptor binding by
between 30 and 50%. However, PD-123319 had no effect on ANG IV receptor binding (Fig.
5F).

Effects of ANG IV on [Ca2+]i Levels in Renal VSMCs
Whether ANG IV can increase [Ca2+]i in renal VSMCs has not been studied to our
knowledge; however, Chansel et al. (12) showed that at 100 nM to 1 μM, ANG IV induced
[Ca2+]i responses in rat glomerular MCs via activation of AT1 receptors. Figure 6 shows that
ANG IV (100 nM) induced a sustained increase in [Ca2+]i in two representative renal
VSMCs (top). Basal [Ca2+]i in renal VSMCs averaged 86 ± 18 nM, which was increased to
262 ± 25 nM during ANG IV stimulation (Fig. 6, bottom). ANG IV-induced increases in
[Ca2+]i levels were prevented by pretreating the cells with losartan (10 μM, P < 0.01).
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Effects of ANG IV on Mitogen-Activated Protein Kinase ERK1/2 Phosphorylation in Rat
Glomerular MCs

Glomerular MCs are another well-described target for ANG II, acting via AT1 receptors in
the renal cortex. ANG II has been shown to activate ERK1/2 phosphorylation via AT1
receptors in MCs (20,21). As an active agonist of ANG II, ANG IV would be expected to
activate AT1 receptor-mediated phosphorylation of mitogen-activated protein kinase
ERK1/2, inducing a downstream AT1 receptor signaling in MCs (4,16,20,21). As expected,
ANG II (1 nM) induced a twofold increase in ERK1/2 phosphorylation via activation of AT1
receptors (data not shown). ANG IV (10 nM) also more than doubled ERK1/2
phosphorylation in MCs (Fig. 7). Pretreatment with losartan (10 μM) for 30 min
significantly inhibited ANG IV-induced ERK1/2 phosphorylation, whereas losartan alone
had no effect (Fig. 7). U-73122, a selective inhibitor of PLC/IP3/[Ca2+]i signaling, also
significantly attenuated ANG IV-induced ERK1/2 signaling (Fig. 8).

DISCUSSION
The present study demonstrates the following five key findings: 1) in anesthetized rats,
systemic infusion of ANG IV increased MAP and decreased renal CBF in a dose-dependent
manner without affecting MBF in the inner stripe of the outer medulla; 2) ANG IV-induced
systemic and renal cortical vasoconstriction was abolished by the AT1 receptor antagonist
losartan but not by the AT2 receptor antagonist PD-123319; 3) direct intrarenal infusion of
ANG IV also induced renal cortical vasoconstriction, and the response was blocked by
losartan; 4) unlabeled ANG IV inhibited AT1 receptor binding, and conversely unlabeled
ANG II, and losartan inhibited AT4 receptor binding to some extent in the rat kidney; and 5)
ANG IV activated AT1 receptors to increase [Ca2+]i in rat renal VSMCs and induced
mitogen-activated protein kinase ERK1/2 phosphorylation in MCs. Our results are
consistent with the concept that, at subnanomolar to nanomolar concentrations, ANG IV
behaves as an active agonist for the AT1 receptor (5,11,12,18,19,28) and may play a
physiological role in the regulation of blood pressure and intrarenal microcirculation.

Currently, there are conflicting reports on the systemic and renal hemodynamic effects of
ANG IV. Both systemic and/or renal vasoconstrictor (11,18,19,30,36) or vasodilator
responses to ANG IV (15,22,35,37) have been observed. Coleman et al. (15) were the first
to describe the renal vasodilator response to intrarenally administered ANG IV using laser-
Doppler flowmetry in the rat superficial renal cortex. Because the renal vasodilator effects
of ANG IV were not affected by an AT1 (losartan) or AT2 receptor blocker (PD-123319),
but were abolished by divalinal-ANG IV, an ANG IV receptor antagonist, or by blocking
NO release with NG-nitro-L-arginine methyl ester, they suggested that activation of
intrarenal AT4 receptors mediates intrarenal vasodilatation via an NO-dependent mechanism
(15). However, divalinal-ANG IV and ANG IV have been shown to substantially increase
[Ca2+]i levels in human proximal tubule cells, a characteristic signal for AT1 receptor
activation (24). Subsequent in vivo and in vitro studies using other approaches in various
vascular beds failed to uncover a vasodilator effect for the hexapeptide (11,18,19,36). Using
chronically implanted pulsed Doppler flow probes in conscious rats, Gardiner et al. found
that, at doses up to 125 pmol/kg, ANG IV did not alter blood pressure, renal and mesenteric
blood flow, or vascular conductance; however, at higher doses it increased blood pressure
and significantly reduced renal and mesenteric blood flow in a dose-dependent manner.
Pressor and renal vasoconstrictor responses to ANG IV were abolished by pretreatment with
losartan but were not altered by L-arginine, suggesting an AT1 receptor-mediated event
independent of NO (19). Furthermore, Fitzgerald et al. (18) monitored the whole kidney
blood flow response to increasing doses of ANG IV (10–1,000 pmol/min) infused directly in
the renal artery of anesthetized rats and observed dose-related reductions in total renal blood
flow using transit-time flow probes. As before, pretreatment with losartan abolished the
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vasoconstrictor response to ANG IV (18). Finally, van Rodijnen et al. (36) recently
described the AT1 receptor-mediated vasoconstrictor effects of the ANG II fragments ANG
IV and ANG (I-VII) in rat renal interlobular arteries and in afferent and efferent arterioles
using the isolated perfused hydronephrotic kidney. Thus most (if not all) studies suggest that
ANG IV exerts an AT1 receptor-mediated vasoconstrictor effect on systemic blood pressure
and large renal blood vessels.

However, it can be argued that renal vasoconstrictor effects of ANG IV may be secondary to
a systemic pressor response because none of these studies have directly compared the renal
cortical hemodynamic responses to intrarenal vs. systemic ANG IV administration, or may
only apply to large renal arteries or total renal blood flow (18,19,36) because those
approaches may not uncover intrarenal microvascular vasodilatation induced by ANG IV
(15,22). Based on our findings, we believe this is unlikely. Like Coleman et al. (15), we also
used laser-Doppler flowmetry to monitor renal CBF responses to ANG IV and ANG II in
the renal cortex and MBF responses in the inner stripe of the outer medulla in anesthetized
rats. Although this technique cannot measure absolute regional blood flow, it has been
widely used to monitor changes in microvascular perfusion in the renal cortex and medulla
in response to a given peptide or drug. Although our experimental design differed from
earlier studies in several aspects (see below), a similar conclusion can be drawn, namely,
that ANG IV might activate the AT1 receptor to induce both systemic pressor responses and
intrarenal vasoconstrictor effects.

In the present study, we tested the hypothesis that AT1 receptor-activated signaling mediates
ANG IV-induced renal cortical vasoconstrictor responses using complementary in vivo and
in vitro approaches. First, we examined the pressor and renal cortical vasoconstrictor effects
of ANG IV and compared them with equimolar concentrations of its more potent precursors
ANG II and ANG III in the same animal and experimental settings; moreover, the
concentrations we used (0.01, 0.1, and 1 nmol·kg−1 ·min−1) were comparable with those
previously associated with either vasoconstriction or vasodilatation in vivo or in vitro
(11,15,18,19,36). Second, pressor and renal cortical vasoconstrictor responses to ANG IV
were monitored during a constant infusion rather than a single bolus injection before and
after blockade of AT2 and/or AT1 receptors. We did not observe any vasodilatation response
throughout ANG IV infusion before PD-123319 or losartan was administered. Instead, we
observed systemic and renal cortical vasoconstriction at two higher concentrations of ANG
IV (0.1 and 1.0 nmol·kg−1 ·min−1), which increased MAP and reduced renal CBF (Fig. 1).
The increase in renal CBF observed after losartan administration can be attributed to AT1
receptor blockade and a tonic influence of endogenous ANG II acting via AT1 receptors on
the intrarenal microvasculature (Fig. 2). Further experiments with reverse protocols again
confirmed that losartan blocked ANG IV-induced increases in MAP and reductions in renal
CBF, whereas PD-123319 did not. Thus our results exclude the possibility that blockage of
AT1 receptors with losartan before administration of ANG IV may uncover additional
systemic and renal vasodilator effects of ANG IV. Third, to exclude the influence of
systemic factors on ANG IV-induced renal CBF responses, we infused the hexapeptide
directly in the renal artery. Although intrarenal infusion of ANG IV did not alter MAP, it
reduced CBF by 30%, and again the response was completely blocked by losartan (Fig. 3).
Fourth, we found that unlabeled ANG IV was able to displace renal AT1 receptor binding in
a concentration-dependent manner (Fig. 4), and conversely unlabeled ANG II and losartan
inhibited AT4 receptor binding to some extent (Fig. 5). Our results suggest that, even though
ANG IV has less affinity for AT1 receptors than ANG II and losartan, at higher
concentrations it can still compete for (or interact with) AT1 receptors to induce systemic
and intrarenal effects. Indeed, a recent study shows that ANG IV is a potent agonist for AT1
receptors in CHO-K1 cells, which express mutant human AT1 receptors (28).
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AT1 receptor-mediated increases in [Ca2+]i in response to ANG II stimulation constitute one
of the most important signaling pathways in cardiovascular and renal cells (4,12,16,25,38).
Previous studies have shown that ANG II increases [Ca2+]i via AT1 receptor-dependent
mechanisms in preglomerular VSMCs (25,38), but it is not known whether ANG IV induces
renal cortical microvascular vasoconstriction by similar intracellular mechanisms. ANG IV
and its antagonist divalinal-ANG IV have been reported to activate mutant human AT1
receptors to increase intracellular IP3 accumulation in CHO-K1 cells (28). Increased
intracellular IP3 accumulation would be expected to induce [Ca2+]i responses. Handa (24)
reported that both ANG IV and divalinal-ANG IV markedly increase [Ca2+]i in human
proximal tubule cells, but he did not clarify whether these responses were mediated by
activation of AT1 receptors. In rat glomerular MCs, Chansel et al. (12) showed that at 100
nM, ANG IV does stimulate [Ca2+]i, and this stimulation was completely inhibited by
losartan or candesartan, suggesting that AT1 receptors are involved. The concentrations of
ANG IV they used to elicit [Ca2+]i responses in MCs were 10-fold higher than ANG II, but
pharmacologically it behaved identically to ANG II. In the present study, we observed
similar [Ca2+]i responses to ANG IV stimulation in rat renal VSMCs at the concentrations
used by Chansel et al. (12). Pretreatment of renal VSMCs with losartan or a PLC-selective
inhibitor (U-73122) effectively abolished the effects of ANG IV on [Ca2+]i. Thus these
results indicate that ANG IV induces renal microvascular vasoconstriction by stimulating
AT1 receptors to increase [Ca2+]i.

In addition to inducing renal cortical microvascular constriction by increasing [Ca2+]i, ANG
IV also appears to mimic ANG II in activating another important AT1 receptor-mediated
signal, phosphorylation of mitogen-activated protein kinase ERK1/2 in renal cortical cells
(14,16,20,21). We used rat glomerular MCs for the following two reasons: the difficulty of
obtaining sufficient amounts of protein samples from renal VSMCs for Western blot of
ERK1/2 phosphorylation and the fact that renal VSMCs and MCs both express abundant
AT1 receptors and respond in a similar manner to ANG II and ANG IV (12,16,25,38). ANG
II is well known to induce ERK1/2 phosphorylation in VSMCs via AT1 receptor activation,
but it is not clear whether ANG IV has similar effects on ERK1/2 phosphorylation. Our
results show that ANG IV (10 nM) was able to induce ERK1/2 phosphorylation in rat MCs,
whereas pretreatment with losartan significantly inhibited ANG IV-induced ERK1/2
phosphorylation. These actions of ANG IV are identical to ANG II (1 nM). Thus ANG IV
behaves as an active agonist of ANG II by acting on AT1 receptors in rat glomerular MCs
(12). The increases in mitogen-activated protein kinase ERK1/2 phosphorylation induced by
ANG IV suggests that the hexapeptide may be involved in AT1 receptor-mediated effects of
angiotensin peptides, including cell growth and proliferation in addition to intrarenal
microvascular responses (29).

In summary, the present study demonstrates that, at nano-molar concentrations, ANG IV can
act as an active agonist of ANG II by activating AT1 receptor signaling in blood pressure
regulation, renal VSMCs, and glomerular MCs. Early structure-activity studies suggest that
the three NH2-terminal amino acids (Asp1-Arg2-Val3) are important for pressor activity of
ANG II and its active fragments ANG III and ANG IV (2,5,26). Complete removal of these
three amino acids abolishes the biological activities of ANG II, suggesting that ANG IV
may be a minimal requirement for pressor or vasoconstrictor effects of angiotensin peptides
(26,28). Thus it is not surprising that ANG IV can compete for AT1 receptor binding sites
and interact with AT1 receptors to increase blood pressure and induce constriction in various
vascular beds (11,12,18,19,36). However, it should be emphasized that the pressor and renal
cortical vasoconstrictor effects of ANG IV were achieved only at subnanomolar to
nanomolar concentrations, which were often 10- to 100-fold higher than those of ANG II.
Therefore, for ANG IV to exert physiological or pathophysiological effects on blood
pressure control and intrarenal microvascular regulation, nanomolar levels of ANG IV may
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be required. We have previously reported femtomolar ANG II levels in rat plasma and
kidn*ey under physiological conditions (7–9), which increases by severalfold during ANG
II-induced hypertension (39,44). Because ANG IV is mainly derived from the metabolism of
its precursors ANG II and ANG III, its levels in the circulation and kidney unlikely reach
nanomolar concentrations (6–9). Indeed, we found that the levels of ANG III and ANG IV
are much lower than those of ANG II in normal rat and human plasma (7–9), although they
may be increased significantly after treatment with eprosartan in hypertensive humans (9).
Taken together, our results suggest that ANG IV most likely plays a relatively minor role in
physiological regulation of arterial blood pressure and intrarenal hemodynamics by
angiotensin peptides. However, because radioreceptor binding studies have shown separate
AT1 and AT4 receptors in the central nervous system and other peripheral tissues (16), ANG
IV may have effects that are mediated by AT4 receptors or IRAP (2,10,14,16,17,24,37).
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Fig. 1.
Dose-dependent pressor and renal vasoconstrictor effects of iv infusion of increasing
concentrations of ANG II, ANG III, and ANG IV. All three ANG peptides increased mean
arterial pressure (MAP) and decreased renal cortical blood flow (CBF) in a dose-dependent
fashion, exhibiting potency in the order: ANG II > ANG III > ANG IV. ANG II and ANG
III also decreased renal medullary blood flow (MBF) at higher doses, whereas ANG IV had
no effect. P < 0.05 vs. baseline ANG IV response (*), vs. baseline ANG III response (+),
and vs. baseline ANG II response (#).
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Fig. 2.
Effects of angiotensin type 2 (AT2) and/or type 1 (AT1) receptor blockade on MAP and
CBF and MBF responses to iv infusion of ANG IV (1 nmol ·kg−1 ·min−1). ANG IV
increased MAP and decreased CBF. These responses were not altered by the AT2 receptor
antagonist PD-123319 (PD) but were reversed by the AT1 receptor antagonist losartan (Los).
P < 0.05 vs. control (*) and vs. ANG IV response (#).
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Fig. 3.
Effects of intrarenal arterial infusion of ANG IV (1 nmol ·kg−1 ·min−1) on MAP and renal
CBF in anesthetized rats. Intrarenal infusion of ANG IV did not affect MAP but reduced
renal CBF. Coadministration of ANG IV with losartan blocked intrarenal ANG IV-induced
renal cortical vasoconstriction. P < 0.01 vs. control (**) and vs. ANG IV (++).
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Fig. 4.
Autoradiographs showing the effects of unlabeled ANG II or IV on specific AT1 receptor
binding in the rat kidney. A: AT1 receptor binding. B: AT1 receptor binding was completely
displaced by unlabeled ANG II (10 μM). C: AT1 receptor binding was partially inhibited by
unlabeled ANG IV (10 μM). D: concentration-dependent inhibition of AT1 receptor binding
by increasing concentrations of unlabeled ANG II, ANG IV, and losartan (10−10 to 10−4 M).
E: quantitative levels of AT1 receptor (R) binding in the absence and presence of unlabeled
ANG II or ANG IV. Color bars: red represents the highest level of binding, whereas blue
shows the background level. **P < 0.01 vs. total AT1 receptor binding in the absence of
unlabeled ANG II or ANG IV (10 μM). C, cortex; IS, inner stripe of the outer medulla; IM,
inner medulla.
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Fig. 5.
Autoradiographs showing the effects of unlabeled ANG II (10 μM) and losartan (10 μM) on
specific AT4 receptor binding in the rat kidney. AT4 receptors were labeled by 125I-Nor-
Leu-ANG IV, a selective agonist for ANG IV. Note that unlabeled native ANG IV (B, 10
μM) and the antagonist divalinal-ANG IV (C, 10 μM) displaced most AT4 receptor binding.
AT4 receptor binding was also displaced to a significant extent by unlabeled ANG II (D) or
losartan (E, 10 μM) but not by PD-123319 (F, 10 μM).
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Fig. 6.
Effects of ANG IV (100 nM) on intracellular Ca2+ concentration ([Ca2+]i) in renal
microvascular smooth muscle cells (VSMCs) determined using fura 2 ratiometric Ca2+

imaging (340/380). Top: time-dependent [Ca2+]i responses to ANG IV stimulation in two
representative VSMCs and three other cells pretreated with losartan (10 μM) before
stimulation by ANG IV. Bottom: averaged peak [Ca2+]i responses in renal VSMCs treated
with perfusate only (time control), ANG IV, or ANG IV in the presence of losartan.
Ratiometric [Ca2+]i imaging (340/380) was recorded continuously at 3-s intervals for up to
10 min (n = 8–10 cells/group). P < 0.01 vs. control (**) and vs. ANG IV (++).
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Fig. 7.
Effects of ANG IV (10 nM) on mitogen-activated protein kinase extracellular/signal-
regulated kinase (ERK) 1/2 phosphorylation in rat mesangial cells. Top: representative
Western blots of phosphorylated (p-ERK1/2) and total (t-ERK1/2) ERK1/2. Bottom:
semiquantitative levels of p-ERK1/2. ANG IV significantly increased ERK1/2
phosphorylation, and the effect was blocked by losartan (10 μM; n = 6 each). *P < 0.05, **P
< 0.01 vs. control. #P < 0.05 vs. ANG IV.
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Fig. 8.
Effects of inhibition of phospholipase C with U-73122 (1 μM) on ANG IV-induced ERK1/2
phosphorylation in rat mesangial cells. Top: Western blots of phosphorylated and total
ERK1/2. Bottom: semiquantitative levels of p-ERK1/2. ANG IV significantly increased
ERK1/2 phosphorylation, and the effect was blocked by U-73122, suggesting involvement
of phospholipase C (n = 6 each). **P < 0.01 vs. control. ##P < 0.01 vs. ANG IV.
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