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Chen Y, Harty GJ, Huntley BK, Iyer SR, Heublein DM,
Harders GE, Meems L, Pan S, Sangaralingham SJ, Ichiki T,
Burnett JC Jr. CRRL269: A novel designer and renal-enhancing
pGC-A peptide activator. Am J Physiol Regul Integr Comp Physiol
314: R407–R414, 2018. First published November 29, 2017; doi:
10.1152/ajpregu.00286.2017.—The natriuretic peptides (NPs) B-type
NP (BNP) and urodilatin (URO) exert renal protective properties via
the particulate guanylyl cyclase A receptor (pGC-A). As a potential
renal-enhancing strategy, we engineered a novel designer peptide that
we call CRRL269. CRRL269 was investigated in human cell lines and
in normal canines to define potential cardiorenal enhancing actions.
The mechanism of its cardiorenal selective properties was also inves-
tigated. In vitro NP receptor activity was quantified with guanosine
3=,5=-cyclic monophosphate generation. In vivo effects were deter-
mined in normal canine acute infusion studies. We observed that
CRRL269 demonstrated enhanced pGC-A activity in renal compared
with nonrenal cell lines. CRRL269 exerted enhanced resistance to
neprilysin compared with URO. Importantly, CRRL269 exhibited
significant and greater increases in urinary sodium excretion and
diuresis, with less blood pressure reduction, than BNP or URO in
normal canines. CRRL269 retained potent renin-angiotensin-aldoste-
rone system (RAAS) suppressing properties shared by URO and BNP.
Also, CRRL269 exerted less arterial relaxation and higher cAMP
cardiomyocytes generation than BNP. CRRL269 possessed superior
renal and pGC-A activating properties compared with BNP or URO in
vitro. CRRL269 exerted enhanced renal actions while suppressing
RAAS in vivo and with less hypotension compared with URO or
BNP. Together, our study suggests that CRRL269 is a promising
innovative renal-enhancing drug, with favorable protective actions
targeting cardiorenal disease states through the pGC-A receptor.

cGMP; natriuretic peptide; NEP; pGC-A; renal selective

INTRODUCTION

The heart synthesizes two structurally similar but genetically
distinct peptides, atrial natriuretic peptide (ANP) and B-type
natriuretic peptide (BNP), which have broad diagnostic and
therapeutic importance in cardiovascular, renal, and metabolic
disease (14, 16, 39). Studies have established that ANP and
BNP are potent activators of the particulate guanylyl cyclase A
receptor (pGC-A), which is widely expressed in multiple
tissues, especially in the kidney (4, 35, 38). Importantly, both

cardiac hormones mediate their biological actions through
pGC-A generation of the second messenger guanosine 3=,5=-
cyclic monophosphate (cGMP). To date, it is well established
that the natriuretic peptide (NP)/pGC-A/cGMP system medi-
ates a variety of favorable biological actions, including glo-
merular filtration rate (GFR) enhancing, natriuretic, diuretic,
anti-renin-angiotensin-aldosterone system (RAAS), vasodilat-
ing and antifibrotic effects (9, 12, 14, 18, 24, 25, 29, 30).
Notably, when compared with ANP, BNP is more resistant to
degradation to the enzyme neprilysin (NEP), which is highly
expressed in the proximal tubular brush border membranes in
the kidney (3).

Urodilatin (URO) is a 32 amino acid (AA) NP that is of renal
origin and processed from proANP within the kidney (7). Its
structure contains the 28 AA sequence of ANP, but with 4
additional AAs at the end of the NH2 terminal. URO has been
shown to have greater renal-enhancing properties than ANP,
also through the pGC-A/cGMP pathway (31). With reports of
URO being produced in the kidney, others have advanced the
concept that URO may function as the renal component of a
novel cardiorenal hormonal cGMP-mediated system (1, 11).

Advances in peptide engineering have led to novel designer
NPs that possess actions that go beyond the native NPs. Such
designer peptides contain unique AA sequences that provide
attractive biological properties making them potential innova-
tive peptide therapeutics (20). One major goal for NP thera-
peutics is to develop more renal-selective and/or potent pep-
tides that possess enhanced natriuretic and diuretic properties
with preservation or enhancement of GFR, while retaining
RAAS-suppressing actions. Optimally, such peptides would
also possess less hypotensive properties, which has limited the
therapeutic use of NPs such as BNP (i.e., nesiritide). Thus the
present study was undertaken to develop a novel cardiorenal
therapeutic designer NP that we call CRRL269. Our goal was
to engineer an innovative peptide that possesses more renal-
enhancing properties compared with BNP and URO, but retain
RAAS-suppressing properties with less hypotension. Specifi-
cally, we hypothesized that integrating key AA sequences of
BNP (a cardiac derived peptide), with key AAs of URO (a
renal-derived peptide), would generate superior renal pGC-A
activation in vitro and mediate renal-enhancing properties in
vivo compared with the two respective native NPs.

After successful synthesis, we first defined the ability of
CRRL269 to activate pGC-A and cGMP in human embryonic
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kidney 293 (HEK293) cells overexpressing human pGC-A
receptors and in primary human renal (proximal tubular cells)
and nonrenal cell-type (endothelial) cells in vitro. We also inves-
tigated its degradation by NEP to define the potential renal
selectivity of CRRL269. Furthermore, we compared CRRL269
renal, hemodynamic, and neurohormonal actions to the native
peptides BNP and URO. After the discovery of its novel cardiore-
nal properties, we investigated CRRL269-mediated vasorelax-
ation of canine arterial rings compared with BNP and compared
cAMP production in cultured human cardiomyocytes.

METHODS

Studies were performed in accordance with the Animal Welfare
Act and with approval of the Mayo Clinic Institutional Animal Care
and Use Committee.

Natriuretic peptide synthesis. BNP, URO, and CRRL269 were
synthesized at Phoenix Pharmaceuticals (Burlingame, CA) by solid-
phase peptide synthesis method. The Cys-Cys disulfide bond was
formed by oxidation after synthesis, and all peptides had 32 AAs.

The BNP AA sequence was SPKMVQGSGCFGRKMDRISSSS-
GLGCKVLRRH, URO AA sequence was TAPRSLRRSSCFGGRM-
DRIGAQSGLGCNSFRY, and CRRL269 AA sequence was TAPRS-
LRRSSCFGRKMDRISSSSGLGCNSFRY. Structures were confirmed by
mass spectrometry, and high-performance liquid chromatography analysis
confirmed purity to be !95%.

In vitro cGMP activation in HEK293 human pGC-A and pGC-B
transfection cells. HEK293 cells were stably transfected with either
human pGC-A or pGC-B (cDNA clones from Origene, Rockville,
MD) using Lipofectamine (Invitrogen, Grand Island, NY). Particulate
GC-B, another receptor that selectively binds CNP, but not BNP or
URO, was used as a control for ligand-receptor selectivity. Trans-
fected cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum, 100 U/ml penicillin, 100
U/ml streptomycin, and 250 "g/ml G418.

Cells were plated in six-well plates and cultured for 2 days
(80–90% confluency) before treatment. The treatment buffer included
0.5 mM 3-isobutyl-1-methylzanthine (Sigma, St. Louis, MO).
HEK293 pGC-A cells received treatment buffer (negative control),
10#11, 10#10, 10#9 10#8 M, or 10#7 M ANP/BNP/URO/CRRL269
for 10 min, and HEK293 pGC-B cells received treatment buffer
(negative control), 10#8 M CRRL269, or 10#8 M CNP for 10 min.
Cells were lysed and sonicated, and cell lysates were then centrifuged;
the supernatants were ether extracted, dried, and reconstituted in 300
"l cGMP assay buffer. The samples were assayed using a radioim-
munoassay (RIA) cGMP kit (PerkinElmer, Boston, MA).

In vitro cGMP activation in human primary renal and nonrenal
cells. Human renal proximal tubular epithelial cells (HRPTCs) (Sci-
enCell Research Laboratories, Carlsbad, CA) and human aortic endo-
thelial cells (HAECs) (Lonza, Walkersville, MD) were maintained
and subcultured according to the manufacturer’s protocols. Endothe-
lial cells were chosen as a nonrenal cell type for the purposes of
quantification and comparison of cGMP activating properties by
different NPs. Cells were treated with buffer (negative control), 10#9

M, 10#8 M, or 10#7 M BNP, URO, or CRRL269 for 10 min, and then
cell lysates were collected. Cellular cGMP measurement by RIA is
described above.

In vitro neprilysin degradation assay. In vitro NEP resistance
contributes to enhanced renal actions. Thus we assessed CRRL269
degradation by NEP in vitro. BNP, URO, or CRRL269 degradation by
NEP (R&D Systems, Minneapolis, MN) were determined by cGMP
generation in HEK293 pGC-A cells (6). One micromolar of peptide
was incubated with 50 ng recombinant NEP in Tris-0.1% BSA buffer (50
mM Tris·HCl, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 0.1% bovine serum
albumin). The incubation temperature was 37°C. At each time point,
equal volume of perchloric acid (0.5 N) was added to the reaction aliquot

to inactivate the enzyme and stop degradation, while 2.5 N NaOH was
used to neutralize the reaction. Residual peptide after degradation was
added to HEK293 human pGC-A cells to determine the capability to
generate cGMP (as described above).

Ex vivo arterial ring relaxations. To assess vasorelaxation, femoral
arteries were harvested from normal mongrel canines, flushed with Krebs
solution, and stored in Krebs solution (composition in mM: NaCl 119,
KCl 5.4, CaCl2 2.5, KH2PO4 0.6, MgSO4 1.2, NaHCO3 25, and glucose
11.7) at 4°C. Vessels were cleaned from the surrounding connective
tissue, and 2-mm rings of vessel were dissected and were transferred to
organ chambers with 3 ml Krebs solution (37°C; pH 7.4) and oxygenated
with 95% O2-5% CO2. The rings were suspended between two stirrups
and connected to a strain gauge for continuous recording of isometric
tension. After equilibration for 1 h at a resting tension, all vessels were
examined for viability by a contractile response to 20 mM KCl at baseline
and at 2, 4, and 6 g each time after the KCl had been washed out. The
vessels were washed with fresh Krebs solution and incubated for an
additional 30 min. Next, all vessels were contracted with 10#5 M
phenylepherine followed by relaxation with cumulative concentrations
(10#10 to 10#6 M) of BNP or CRRL269 (28).

In vitro cAMP generation in cardiomyocytes. As cAMP mediates
enhanced inotropic effects in cardiomyocytes, we determined cAMP
generation in human cardiomyocytes (HCMs). HCMs (ScienCell
Research Laboratories, Carlsbad, CA) were plated in 96-well plates
and were treated with 10#8, 10#6 M BNP, or CRRL269 for 10 min,
and cell lysates were collected for cAMP measurements. The cAMP
Glo assay (Promega, Madison, WI) was performed according to
manufacturer’s instructions.

In vivo studies in normal canines. Studies were performed in
normal male mongrel canines (21 to 30 kg, n $ 5 for each group). The
in vivo protocol has been described previously (19). Briefly, dogs
were anesthetized, intubated, and mechanically ventilated on the day
of experiment. A flow-directed balloon-tipped thermodilution catheter
was advanced to the pulmonary artery through the external jugular
vein for measurement of cardiac filling pressures and cardiac output
(CO). The femoral artery was cannulated for mean arterial pressure
(MAP) monitoring and blood sampling. The femoral vein was can-
nulated for inulin and saline/peptide infusion. A calibrated electro-
magnetic flow probe (Carolina Medical Electronics, East Bend, NC)
was placed around the renal artery to measure renal blood flow. The
study protocol started with the administration of a weight-adjusted
inulin bolus. Continuous inulin and saline infusions at a rate of 1
ml/min each were started. After 60 min of equilibrium, a baseline
clearance was performed. All clearances lasted 30 min and consisted
of urine collection over 30 min. Hemodynamic measurements were
measured at each clearance, and arterial blood was drawn. After the
baseline clearance, the saline infusion was replaced by low-dose NP
(BNP, URO, or CRRL269, 2 pmol·kg#1·min#1) and infused for 45
min (15 min lead in period followed by 30 min clearance). After
low-dose NP infusion, canines were infused with high-dose NP (BNP,
URO or CRRL269, 33 pmol·kg#1·min#1) for 45 min. Peptide infu-
sion was then discontinued, and three 30-min clearances were per-
formed (washout, recovery 1, and recovery 2). Systemic vascular
resistance (SVR) was calculated as (MAP minus right atrial pressure)
divided by CO. GFR was measured by inulin clearance. Urinary
excretion of cGMP or sodium was determined by cGMP/sodium
concentration % urine volume rate (ml/min).

Hormone measurements. Plasma and urinary samples for cGMP
were measured by RIA after extraction (PerkinElmer, Waltham, MA).
Plasma renin activity was determined by RIA (Diasorin, Stillwater,
MN), and plasma angiotensin II was measured by RIA (Phoenix
Pharmaceuticals). Plasma aldosterone was determined by ELISA kits
(DRG International, Springfield, NJ). All measurements followed the
manufacturer’s instructions. Inulin concentrations were measured us-
ing the anthrone method for GFR analysis. Electrolytes, including
sodium and potassium, were measured by flame photometry (IL943,
Instrumentation Laboratory, London, UK).
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Statistical analysis. Data are expressed as means & SE. Unpaired
t-test was performed for comparison between groups. Comparisons
within a group were made by one-way analysis of variance (ANOVA)
for repeated measures followed by Dunnett’s posttests. Two-way
ANOVA was used to compare the main group effects of BNP, URO,
and CRRL269, followed by Bonferroni posttests. GraphPad Prism 5
(GraphPad Software, La Jolla, CA) was used for the above calcula-
tions, and statistical significance was accepted as P ' 0.05.

RESULTS

CRRL269 selective pGC-A activity in HEK293 cells trans-
fected with human pGC-A and pGC-B receptors. CRRL269
possessed the highest potency in activating pGC-A and gener-
ating significantly higher cGMP levels than BNP or URO (Fig.
1). All peptides increased cGMP levels compared with no
treatment group. Importantly, at the low concentrations (10#11,
10#10, and 10#9 M), CRRL269 generated significantly higher
cGMP values compared with ANP, BNP, or URO. At 10#8 M,
both CRRL269 and URO activated cGMP greater than BNP.
At a higher concentration than 10#7 M, all peptides indu-
ced comparable high amount of cGMP. Also, we observed that
in HEK293 cells overexpressing pGC-B receptors, 10#8M
CRRL269 induced minimal cGMP levels, comparable to the
vehicle treatment (1.2 & 0.003 vs. 0.5 & 0.002 pmol/well) and
was markedly lower in value compared with 10#8M CNP
(40.1 & 1.79 pmol/well). Together, our in vitro HEK293 cell
studies demonstrated that CRRL269 is a selective and potent
pGC-A activator that possesses greater cGMP-generating prop-
erties than BNP or URO at low concentrations and mimics
URO at higher doses.

CRRL269 cGMP activation in human renal tubular and
endothelial cells. We observed an incremental cGMP genera-
tion dose response with increasing concentrations of CRRL269
in HRPTCs and HAECs (Fig. 2). Specifically, as observed in
HEK 293 pGC-A overexpressing cells, CRRL269 was the only
NP to activate cGMP in HRPTCs at a lower dose (10#9 M)
compared with BNP or URO. At the highest dose (10#7 M),

CRRL269 remained the most potent activator of cGMP (Fig.
2). A similar pattern was observed in HAECs, although cGMP
generation was markedly less with all NPs compared with the
robust generation of cGMP observed in HRPTCs.

CRRL269 NEP degradation in vitro. We then assessed BNP,
URO, and CRRL269 degradation by NEP in vitro (Fig. 3).
CRRL269 exerted prolonged activity and improved ability to
resist degradation compared with URO. CRRL269 lost its
activity at 240 min compared with URO whose degradation
was complete at 120 min. BNP was the most resistant of the
three peptides to NEP degradation.

CRRL269 renal actions in normal canines. In normal canine
studies, we evaluated the acute renal responses to CRRL269
compared with BNP and URO infusion at low and high doses.
We observed that CRRL269 is biologically active in vivo.
Specifically, CRRL269 produced a significant increase in urine
flow (UV) and urinary sodium excretion (UNaV), which was
similar to URO, but greater than BNP (Fig. 4, A and B).
Importantly, CRRL269 produced a more sustained increase in
both UV and UNaV during the washout and recovery periods,
which supports its greater diuretic and natriuretic actions than
native BNP and URO. Variability was observed with CRRL269
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Fig. 1. Generation of guanosine 3=,5=-cyclic monophosphate (cGMP) in human
embryonic kidney 293 (HEK293) cells overexpressing particulate guanylyl
cyclase A (pGC-A) receptors stimulated by atrial natriuretic peptide (ANP),
B-type natriuretic peptide (BNP), urodilatin (URO), and CRRL269. Five doses
including 10#11, 10#10, 10#9, 10#8, and 10#7 M were used. *P ' 0.05 vs.
negative control, †P ' 0.05 vs. BNP, #P ' 0.05 vs. URO.
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Fig. 2. Generation of cGMP in human renal proximal tubular epithelial cells
(HRPTCs) and human aortic endothelial cells (HAECs) stimulated by BNP,
URO, and CRRL269. Three doses including 10#9, 10#8, and 10#7 M were
used. *P ' 0.05 vs. negative control, †P ' 0.05 vs. BNP, #P ' 0.05 vs. URO.
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Fig. 3. In vitro neprilysin (NEP) degradation curve of BNP, URO, and
CRRL269 quantified by cGMP-generating activity. #P ' 0.05 vs. URO, $P '
0.05 vs. CRRL269.

R409CRRL269 RENAL-SELECTIVE pGC-A ACTIVATOR

AJP-Regul Integr Comp Physiol • doi:10.1152/ajpregu.00286.2017 • www.ajpregu.org
Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (129.176.151.028) on March 30, 2018.

Copyright © 2018 American Physiological Society. All rights reserved.



in GFR, with an increase observed in GFR during high-dose
infusion and during the last washout, which may reflect the
lower reduction in blood pressure with CRRL296 compared
with BNP or URO (Fig. 5A). Less variability was observed in
renal blood flow, which increased from baseline during high-
dose infusion of all three peptides and remained increased
during washout (Fig. 5B). Together, our in vivo data suggests
that CRRL269 was the most potent in enhancing renal actions
of the three peptides, with renal actions most similar to URO.

CRRL269 hemodynamics and neurohormonal properties.
MAP and pulmonary capillary wedge pressure (PCWP) are illus-
trated in Fig. 6, A and B. At low dose only BNP reduced MAP. At

high dose all three peptides reduced MAP; however, CRRL269
was less hypotensive than either URO or BNP. Furthermore, all
three peptides reduced PCWP. These results demonstrated that
CRRL269 unloaded the heart with less hypotension compared
with BNP or URO. At high dose, CRRL269 was similar to
BNP in increasing CO compared with URO (Fig. 7A). All three
peptides reduced SVR compared with baseline (Fig. 7B).
Although CRRL269 was less hypotensive than BNP or URO,
its CO action was similar to BNP.

Plasma and urinary cGMP and RAAS parameters are sum-
marized in Table 1 (absolute values of renal and hemodynamic
parameters are summarized in Table 2). There was a trend for
higher plasma cGMP (PcGMP) with CRRL269 than with the
other two peptides. CRRL269 resulted in a greater and more
sustained increase in urinary cGMP excretion rate than URO,
although it was lower than BNP. RAAS parameters were
similar among the three peptide groups with suppression of
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plasma renin activity and aldosterone. Of note, aldosterone was
significantly reduced in all timed phases during BNP and
CRRL269 infusion compared with baseline.

CRRL269 arterial ring relaxation ex vivo. We also measured
arterial relaxation in precontracted canine femoral arteries.
From concentrations 10#10 to 10#6 M, CRRL269 induced less
arterial relaxation compared with BNP, as shown in Fig. 8A.

CRRL269 cAMP generation in cardiomyocytes. We investi-
gated BNP and CRRL269 generation of cAMP, an important

second messenger for inotropic function in HCMs in vitro. At
10#8 M, there was a trend that CRRL269 generated more
cAMP than BNP (Fig. 8B). At 10#6 M, CRRL269 generated
higher cAMP levels than BNP.

DISCUSSION

In this study a novel renal-selective pGC-A activator,
CRRL269, was engineered, synthesized, and tested in vitro and

Table 1. cGMP and neurohormonal function with BNP, URO, and CRRL269

Variable Peptides Baseline

Natriuretic Peptide Infusion

Washout Recovery 1 Recovery 2Low dose High dose

Plasma cGMP, nmol/ml BNP 5.7 & 1.1 13.0 & 2.4* 37.8 & 3.7* 30.9 & 3.1* 20.9 & 1.2* 15.1 & 1.2*
URO 7.4 & 1.2 9.8 & 1.6 42.9 & 7.9* 25.5 & 3.0* 13.0 & 2.0 9.7 & 2.4
CRRL269 5.3 & 1.0 16.9 & 2.8 49.0 & 7.6* 37.3 & 4.5* 20.5 & 0.8* 12.8 & 0.9

Urinary cGMP, pmol/min BNP 904.3 & 99.9 2,285.5 & 453.4 15,343.6 & 1,110.3#* 15,028.0 & 2,635.6#* 11,429.2 & 1,578.4#* 4,844.7 & 873.4
URO 914.7 & 136.2 1,300.4 & 201.4 6,022.8 & 1,060.1* 5,646.7 & 1,056.6* 2,770.5 & 443.6 1,497.0 & 185.4
CRRL269 816.2 & 84.3 1,899.2 & 284.3 11,330.9 & 1,597.9#* 11,482.3 & 1,634.9#* 5,491.2 & 659.1* 2,997.6 & 298.7

Plasma renin activity,
pg·ml#1·h#1 BNP 4.7 & 1.2 1.9 & 0.7* 2.2 & 0.7* 1.9 & 0.7* 3.3 & 1.1 5.7 & 1.7

URO 3.7 & 0.9 1.7 & 0.7 0.8 & 0.02* 1.4 & 0.4* 3.6 & 0.6 5.8 & 1.1*
CRRL269 4.9 & 0.8 2.1 & 0.2* 1.2 & 0.4* 0.9 & 0.1* 2.4 & 0.5* 5.0 & 1.4

Plasma Aldo, ng/dl BNP 17.6 & 5.5 7.3 & 1.9* 5.4 & 1.6* 3.6 & 0.3* 4.7 & 1.5* 8.0 & 3.7*
URO 13.0 & 4.4 9.0 & 4.3 5.1 & 1.4* 4.4 & 0.9* 6.7 & 0.90 11.2 & 2.0
CRRL269 18.1 & 3.9 7.4 & 1.0* 5.5 & 0.5* 5.5 & 0.5* 4.0 & 0.4* 5.5 & 1.0*

Data are expressed as means & SE. Plasma and urinary guanosine 3=,5=-cyclic monophosphate (cGMP), plasma renin activity, and aldosterone levels were
measured after infusion of low-dose 2 pmol·kg#1·min#1 and high-dose 33 pmol·kg#1·min#1 B-type natriuretic peptide (BNP), urodilatin (URO), or CRRL269
in normal canines. Low dose, infusion of low-dose 2 pmol·kg#1·min#1 BNP, URO, or CRRL269; High dose, infusion of high-dose 33 pmol·kg#1·min#1;
Washout, 0–30 min postinfusion; Recovery 1 $ 30–60 min postinfusion; Recovery 2 $ 60–90 min postinfusion. Aldo, aldosterone. #P ' 0.05 vs. URO
(two-way ANOVA and Bonferroni post hoc tests), *P ' 0.05 vs. baseline (one-way ANOVA and Dunnett posttests).

Table 2. Renal function and hemodynamics with BNP, URO, and CRRL269

Variable Peptides Baseline

Natriuretic Peptide Infusion

Washout Recovery 1 Recovery 2Low dose High dose

UV, ml/min BNP 0.13 & 0.01 0.23 & 0.04 0.41 & 0.06* 0.45 & 0.05* 0.32 & 0.03* 0.27 & 0.03*
URO 0.15 & 0.01 0.24 & 0.01 1.07 & 0.17*† 0.65 & 0.04* 0.35 & 0.05 0.28 & 0.03
CRRL269 0.11 & 0.01 0.18 & 0.03 1.19 & 0.32*† 1.30 & 0.29*†# 0.75 & 0.14* 0.39 & 0.17

UNaV, "Eq/min BNP 16.3 & 6.0 45.6 & 10.8 112.9 & 20.9* 140.2 & 21.9* 93.5 & 13.4* 63.4 & 12.0*
URO 14.2 & 3.9 45.4 & 12.9 203.0 & 38.6* 140.6 & 14.0* 75.8 & 10.8* 57.4 & 9.5
CRRL269 11.5 & 3.8 31.0 & 1.81 230.2 & 59.5*† 283.9 & 55.7*†# 180.2 & 28.9*# 90.5 & 9.7

GFR, ml/min BNP 54.5 & 14.3 61.6 & 18.9 55.5 & 12.7 48.0 & 7.4 47.2 & 6.9 57.5 & 5.5
URO 38.1 & 8.9 60.6 & 8.8 45.3 & 8.4 43.7 & 9.7 60.8 & 10.9 51.4 & 7.5
CRRL269 28.1 & 4.3 41.5 & 11.4 69.5 & 9.5* 53.1 & 5.8 53.1 & 8.7 65.9 & 10.8*

RBF, ml/min BNP 252.7 & 26.3 254.5 & 24.4 336.7 & 14.4* 335.0 & 16.0* 305.0 & 17.4* 302.4 & 18.5
URO 235.0 & 26.0 256.5 & 30.8 306.1 & 36.6* 308.8 & 32.1* 310.4 & 36.0* 293.5 & 39.8*
CRRL269 254.1 & 34.2 258.1 & 36.1 319.0 & 56.3* 364.8 & 58.0* 355.1 & 50.9* 349.5 & 43.6*

MAP, mmHg BNP 124.9 & 4.4 113.8 & 3.4* 92.3 & 2.5* 97.2 & 2.7* 99.3 & 5.0* 99.4 & 5.5*
URO 114.8 & 4.5 107.2 & 2.7 84.8 & 4.2* 87.6 & 3.1* 89.4 & 4.1* 95.7 & 4.4*
CRRL269 118.1 & 3.8 116.8 & 8.6 103.8 & 9.1* 101.4 & 7.8* 103.3 & 6.0* 105.5 & 6.7*

PCWP, mmHg BNP 6.5 & 0.6 5.5 & 0.6* 3.4 & 0.3* 2.9 & 0.04* 3.2 & 0.5* 3.9 & 0.5*
URO 5.7 & 0.9 4.7 & 1.1 3.0 & 0.7* 2.7 & 0.6* 3.2 & 0.7* 3.5 & 0.9*
CRRL269 6.6 & 0.3 5.5 & 0.6* 3.0 & 0.4* 2.8 & 0.4* 3.2 & 0.4* 3.6 & 0.5*

CO, l/min BNP 3.8 & 0.1 4.2 & 0.2* 4.5 & 0.2* 3.7 & 0.1 3.2 & 0.1* 3.2 & 0.1*
URO 3.7 & 0.3 3.7 & 0.2 3.7 & 0.3 3.3 & 0.3 3.2 & 0.3 3.2 & 0.2
CRRL269 4.1 & 0.4 4.8 & 0.4 5.0 & 0.5*# 4.1 & 0.5 3.7 & 0.3 3.7 & 0.2

SVR, mmHg·l#1·min#1 BNP 32.0 & 1.5 26.6 & 1.4* 20.0 & 1.0* 25.8 & 1.0* 30.5 & 1.5 30.8 & 1.7
URO 30.5 & 1.7 28.1 & 1.0 23.0 & 1.4* 26.5 & 1.7 27.6 & 1.7 29.4 & 1.3
CRRL269 29.2 & 2.9 24.1 & 2.0 20.6 & 1.7* 25.3 & 3.2 27.9 & 2.4 28.3 & 2.6

Data are expressed as means & SE. Absolute values of key parameters after infusion of low-dose 2 pmol·kg#1·min#1 and high-dose 33 pmol·kg#1·min#1

B-type natriuretic peptide (BNP), urodilatin (URO), or CRRL269 in normal canines. Low dose, infusion of low-dose 2 pmol·kg#1·min#1 BNP, URO, or
CRRL269; High dose, infusion of high-dose 33 pmol·kg#1·min#1; Washout, 0–30 min postinfusion; Recovery 1 $ 30–60 min postinfusion; Recovery
2 $ 60–90 min postinfusion. UV, urinary flow; UNaV, urinary sodium excretion; GFR, glomerular filtration rate; RBF, renal blood flow; MAP, mean arterial
pressure; PCWP, pulmonary capillary wedge pressure; CO, cardiac output; SVR, systemic vascular resistance. *P ' 0.05, vs. baseline (one-way ANOVA and
Dunnett posttests), †P ' 0.05, vs. BNP, #P ' 0.05, vs. URO (two-way ANOVA and Bonferroni post hoc tests).
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in vivo and compared with two native pGC-A agonists, BNP
and URO. We report that CRRL269 possesses the most potent
cGMP activating properties in HEK293 cells overexpressing
human pGC-A receptors compared with BNP and URO. Im-
portantly, CRRL269 exerted more renal-selective receptor ac-
tivity as it generated markedly higher cGMP in HRPTCs
compared with nonrenal endothelial cells. We demonstrated
that CRRL269 exerted resistance to NEP although less than
BNP. Furthermore, CRRL269 induced the strongest diuretic
and natriuretic actions, with less blood pressure (BP) reduction,
in normal canines compared with BNP or URO. CRRL269 also
had sustained aldosterone-suppressing and GFR-preserving ac-
tions. Finally, CRRL269 generated higher cAMP than BNP in
vitro and exerted less arterial ring relaxation ex vivo. Our
results support the conclusion that CRRL269 may represent a
potential renal-enhancing therapeutic for cardiorenal disease
states going beyond native pGC-A activators.

It is known that the pGC-A/cGMP pathway is a critical
driver of water and sodium excretion with increases in GFR.
Studies have also demonstrated that cGMP mediates its renal
actions through cGMP-gated ion channels such as amiloride-
sensitive cation channel and through protein kinase G (17, 32).
Sodium retention observed with HS-142-1 (a pGC-A receptor
antagonist) in canine studies clearly supports the role of pGC-
A/cGMP in the renal actions of NPs (34). The enhanced
cGMP-generating properties observed in renal cells and the
trend of higher plasma cGMP generation by CRRL269 sup-
ports the critical role of cGMP in its enhanced renal actions.
Importantly, during the infusion of all three peptides, the
increase in diuresis was similar with CRRL269 and URO and
greater for both compared with BNP. A similar pattern was
observed for natriuresis. CRRL269 natriuresis and diuresis
was, however, more sustained and persistent well into the

washout and recovery periods compared with BNP or URO.
Renal blood flow increased with all three peptides. Notably,
GFR increased only with CRRL269 compared with baseline
that was also observed at the end of the recovery period. The
greater maintenance of BP and thus renal perfusion pressure
may importantly be a key mechanism by which CRRL269
mediates the increase of GFR. Further studies are needed, such
as the use of isolated glomeruli, to provide greater insights into
the GFR-enhancing actions of CRRL269. We did not observe
enhanced urinary cGMP levels in CRRL269 infusion com-
pared with BNP. It is likely that the kidney cells and tissues
efficiently utilized renal cGMP generated by CRRL269, thus
less cGMP was excreted to the urine. Of note, additional
cGMP-independent pathways may also contribute to natriure-
sis and diuresis (10), as reported by studies that demonstrate
that novel ANP molecular forms may mediate natriuresis
through inhibition of Na(-K(-ATPase channels and genera-
tion of prostaglandin E2 independent of cGMP (10).

A key property of pGC-A activation is the inhibition of both
renin and aldosterone (5, 13). The mechanism(s) may involve
direct activation of pGC-A in the adrenal gland and in the
kidney, but also may involve a macula densa mechanism for
renin suppression. CRRL269 retained RAAS-suppressing
properties observed with URO and BNP. Thus the unique
design of CRRL269 possesses favorable renal and adrenal
properties beyond native BNP and URO, with more sustained
natriuresis and diuresis together with GFR-enhancing and
RAAS-suppressing actions.

NEP is a major NP-degrading enzyme and is highly ex-
pressed in the kidney (3). Previous studies reported that BNP is
highly resistant to NEP degradation (6). Studies of URO and
ANP also documented that the enhanced renal actions of URO
compared with ANP were attributed, at least partly, to the
improved resistance to NEP (1, 31). It is plausible to assume
that CRRL269 retained the resistance to NEP degradation from
the core AA sequences of BNP and/or URO. Here we report
that CRRL269 possessed improved resistance to NEP com-
pared with URO, but less than BNP, which also may a
mechanism that contributes to CRRL269’s enhanced renal
actions in vitro and in vivo.

The maintenance of BP by CRRL269 was somewhat unex-
pected and may be due to increased CO and less decline in
SVR. It is plausible that enhanced inotropic function through
cAMP generation and less pronounced vasorelaxation rendered
CRRL269 less hypotensive than the other two native peptides.
Indeed, one could speculate that the crosstalk between cGMP
and cAMP may play a role in CO elevation by NPs. In
addition to the hydrolysis by PDEs, cGMP also could
modulate PDE activities (26). NPs were demonstrated to
increase cardiac cAMP levels through a cGMP-PDE3-cAMP
pathway (37). The cardiac cAMP levels generated by NPs
thus could boost cardiac inotropic function and increase BP,
and it is likely that CRRL269 maintained BP partially through
cGMP-PDE3-cAMP pathway. Here we observed greater cAMP
levels generated by CRRL269 compared with BNP supporting
its BP-preserving effects. Additionally, we observed less of a
decrease in SVR in the CRRL269 and URO infusion groups
compared with BNP in vivo, which could be due to their more
renal-selective properties. Our ex vivo study provided direct
evidence of less vasorelaxation in isolated canine femoral
arteries with CRRL269 compared with BNP.
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Fig. 8. A: ex vivo arterial relaxation by BNP and CRRL269 in normal canine
femoral arterial rings. B: in vitro cAMP levels of BNP and CRRL269 in human
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Importantly, the greater and sustained renal actions of
CRRL269 underscore its potential as a renal therapeutic drug.
This is further supported by the RAAS-suppressing actions
with less hypotension than BNP or URO. Indeed, the combi-
nation of renal-enhancing and RAAS-inhibiting actions pos-
sessed by CRRL269 may render it a potentially promising drug
for acute kidney injury (AKI) therapeutics as well as in states
of avid sodium and water retention used with or without a
diuretic agent like furosemide. AKI is characterized by reduced
GFR and urine output (2), and new drugs to enhance renal
function are an unmet need. In human clinical trials, Sezai et al.
(33) and Mentzer et al. (21) documented that ANP and BNP
infusion exerted sustained renal benefits in patients undergoing
cardiac surgery. Nevertheless, both ANP and BNP infusion
were associated with unwanted arterial hypotension. On the
basis of the superior renal-selective properties in vitro and in
vivo of CRRL269 and less of a BP lowering action compared
with BNP or URO, it is reasonable to suggest that CRRL269
may represent a novel drug for renoprotection in states of
potential AKI; studies in relevant animal models are needed to
confirm.

Recombinant BNP (nesiritide) was approved for acute HF
(AHF) treatment in 2001, but in the pivotal ASCEND-HF
Trial, nesiritide demonstrated no significant additive bene-
ficial effects compared with standard therapy (23). One important
reason is that the clinical benefits with nesiritide in ASCEND-HF
may be limited because of excessive hypotension. This reduction
in BP may result in reduced renal perfusion pressure, thus
worsening kidney function and reinforcing the concept that BP
preservation is critical during HF treatment (36). As a renal-
derived NP, URO has less BP lowering effects compared with
BNP. Most recently it was reported that in human AHF,
ularitide exerted favorable physiological effects, but short-term
treatment did not improve clinical composite end points or
reduce long-term cardiovascular mortality (27). In the present
study, CRRL269 has enhanced natriuresis and diuresis, which
was more sustained than URO or BNP with less BP reductions
compared with BNP or URO. Importantly, it also retained
important anti-RAAS properties. These favorable properties
suggest that CRRL269 may represent a novel drug for AHF,
but perhaps long-term administration may be required to im-
prove adverse outcomes (22).

As stated by Gardner (8), intriguing possibilities may exist
for designing novel NPs with attractive therapeutic profiles
based solely on the selection and synthesis of specific structural
motifs from native NPs. Such designer NPs could result in
profiles that are not available in natural-occurring NPs. Indeed,
CRRL269 represents a novel new designer NP that possesses a
more robust renal profile of URO or BNP, being a more
natriuretic and diuretic peptide than either BNP or URO, both
of which bind to pGC-A. It represents an engineered pGC-A
agonist that possesses key renal-enhancing properties with less
hypotension that go beyond URO or BNP alone.

The present study does have limitations. In vivo studies were
performed in normal canines and not in models of renal or
cardiovascular disease. The mechanism of the greater activa-
tion of cGMP in vitro requires future studies to measure
pGC-A guanylyl cyclase activity (catalytic activation of
pGC-A) and direct receptor binding. Also, immunogenicity of
CRRL269 in humans was not determined. For peptide or
protein therapeutics, immune responses such as specific anti-

body generation should be avoided, and our previous experi-
ence with cenderitide in our laboratory (15) suggests CRRL269
may also lack immunogenicity in humans. However, investi-
gations of CRRL269 immunogenicity issues in humans should
be performed in the future.

Perspectives and Significance

A novel renal-selective pGC-A activator, CRRL269, was
designed and tested in vitro and in vivo. CRRL269 demon-
strated enhanced renal actions such as natriuresis, diuresis, and
increases in GFR, with less hypotension than BNP (nesiritide)
and urodilatin (ularitide). The underlying mechanisms for its
enhanced selective renal activity were due to enhanced resis-
tance to NEP degradation, reduced vasorelaxation, and greater
cardiac cAMP generation, as well as RAAS suppression.
CRRL269 may represent a promising medicine for cardiorenal
disease states, and future studies to investigate CRRL269
cardiorenal actions in animal disease models such as AKI and
HF are warranted.
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