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Abstract: The particulate guanylyl cyclase A (pGC-A)/cGMP pathway plays important roles in
regulating renal physiological function and as well as in counteracting pathophysiological conditions.
Naturally occurring peptide pGC-A activators consist of atrial natriuretic peptide (ANP), b-type NP
(BNP), and urodilatin (URO). These activators bind and activate pGC-A, generating the second
messenger cyclic 3′,5′ guanosine monophosphate (cGMP). Cyclic GMP binds to downstream
pathway effector molecules including protein kinase G (PKG), cGMP-gated ion channels, and
phosphodiesterases (PDEs). These mediators result in a variety of physiological actions in the kidney,
including diuresis, natriuresis, increased glomerular filtration rate (GFR) and organ protection,
thus, opposing renal cellular injury and remodeling. Downstream proteins regulated by PKG
include collagen 1 (Col-1), transforming growth factor beta (TGF-β) and apoptosis-related proteins.
In addition to their physiological regulatory effects, pGC-A/cGMP signaling is critical for preserving
renal homeostasis in different renal diseases such as acute kidney injury (AKI). Regarding therapeutic
options, native pGC-A activators have short half-lives and their activity can be further enhanced by
advances in innovative peptide engineering. Thus, novel designer peptide pGC-A activators with
enhanced renal activity are under development.

Keywords: particulate guanylyl cyclase A; natriuretic peptide; cGMP; renal; protein kinase G; acute
kidney injury

1. Introduction

Peptide-based pGC-A activators and downstream cGMP signaling pathways possess acute and
chronic beneficial effects on the kidney. In contrast to soluble guanylyl cyclases (sGC) which are present
in the cytosol, pGC-A receptors are membrane bound on the cell surface. Native pGC-A activators in
humans include ANP, BNP, and URO. After binding to the extracellular binding domain of pGC-A,
part of the intracellular domains of the receptor are activated. The catalytic activity of pGC-A converts
GTP to cGMP, thus elevating intracellular cGMP levels [1]. As the second messenger, cGMP mediates
a variety of biological actions, including diuresis, natriuresis, enhanced GFR and renal protective
processes [2] (Figure 1). Because of the multifaceted renal actions, pGC-A activators have emerged as
potential renal protective therapies most importantly for the prevention and treatment of acute kidney
injury (AKI) which is a focus of this review.

AKI is a challenging problem for clinicians and a major global burden for patients. AKI is defined
by an abrupt decline in GFR which is usually reversible. This results in the elevation of serum creatinine,
blood urine nitrogen (BUN), and other metabolic products [3]. AKI has an overall frequency of 6.4%
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in community acquired and hospital acquired subjects [4] and is especially common in critically ill
patients, in whom the prevalence of AKI is greater than 57.3% at admission to the intensive-care unit [5].
Despite its high frequency in critically ill patients, AKI is also a risk factor for chronic kidney disease
(CKD), heart failure (HF), and death. Specifically, the risk of developing CKD is higher in patients with
AKI compared with those patients without [6]. In a meta-analysis, Coca et al. found patients with AKI
present higher risk for CKD (hazard ratio 8.8), end stage renal disease (ESRD, hazard ratio 3.1), and
mortality (hazard ratio 2.0). AKI is also associated with acute HF. In a large epidemiological study
consisting of 300,868 subjects, AKI was found to be associated with 23% increased risk for incident
HF [7]. However, therapeutic interventions targeting AKI are limited. Clinical trials investigating
drugs such as N-acetylcysteine, sodium bicarbonate or erythropoietin failed to show positive results in
AKI patients [8]. Thus, developing novel drugs targeting preservation of renal function and long-term
organ protection is of high importance.

Figure 1. Particulate GC-A signaling pathway and renal actions overview. ANP/BNP/URO/CRRL269
activate pGC-A receptor, generating second messenger cGMP, which binds to protein kinase G
(PKG), cGMP-gated ion channels, and phosphodiesterases (PDEs). Cyclic GMP induces pluripotent
biological actions, including diuresis, natriuresis, anti-inflammation, anti-fibrosis, anti-apoptosis, and
GFR increase.

Despite failed clinical trials for AKI as discussed above, the use of pGC-A activators has
demonstrated efficacy. In two separate human clinical trials, Mentzer et al. [9] and Sezai et al. [10]
documented that recombinant ANP and BNP infusion exerted sustained renal benefits in patients
undergoing cardiac surgery. These benefits included declines in serum creatinine, hospital stay and
mortality. Thus, pGC-A/cGMP has the potential to be an innovative area of drug discovery for AKI.
Here in this review we discuss how pGC-A/cGMP pathway regulates renal function and how novel
pGC-A activators may provide potential therapeutic options for different renal diseases.
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2. Particulate GC-A/cGMP in Sodium and Water Homeostasis

Natriuresis and diuresis are important renal actions produced by pGC-A activators. Numerous
studies support the potency of pGC-A activators in animals and humans. In rodents [11] and
canines [12], pGC-A activators infused as a bolus injection or continuous infusion increased sodium and
water excretion. Specifically, in 1984, our laboratory demonstrated that intravenous infusion of ANP
significantly increased water and sodium excretion in normal canines compared to baseline [12].
Furthermore, in a clinical trial in normal human subjects [13], ANP infusion resulted in robust
natriuretic and diuretic effects, which were consistent with what observed in animal models.
Additionally, in HF patients, BNP infusion reduced the use of diuretic drugs compared to standard of
care [14]. Thus, pGC-A activators are recognized as potent naturally occurring diuretic and natriuretic
agents. The physiological and molecular mechanisms behind the obvious potency observed in vivo
are multifactorial and may involve enhanced GFR by both increasing the ultrafiltration coefficient
of glomerular membrane, increased glomerular hydrostatic pressure as well as reducing sodium
reabsorption at both the proximal tubule and inner medullary collecting duct (IMCD) which are all sites
in the nephron in which pGC-A is abundant. Regarding the diuretic effects of pGC-A activators, studies
have investigated diuretic actions of ANP in which exogenous cGMP directly reduced vasopression
stimulated osmatic water permeability in rat IMCD cells [15]. ANP was also reported to modulate
water-channel protein aquaporin-2 (AQP2) translocation during its diuretic actions [16]. In the study
by Wang et al., diuresis induced by ANP infusion was not accompanied by changes in subcellular
localization of AQP2 in the IMCD, whereas there was a marked increase in apical targeting of AQP2 in
IMCD after ANP infusion, indicating a compensatory effect to reduce volume depletion in response to
prolonged ANP infusion [16]. These studies suggested that the effect of ANP/cGMP on osmatic water
permeability contributed largely to in vivo diuretic actions. Additional studies directly performed
fluid absorption experiments in rat proximal tubules, and demonstrated that ANP as well as cGMP
significantly attenuated water absorption stimulated by norepinephrine [17].

Notably, fluid excretion accompanies sodium excretion. As the important mediator, cGMP
induces diuresis and natriuresis through cGMP-bound ion channel modulation. Cyclic GMP-bound
ion channels such as the amiloride-sensitive Na+ channel and Na+-K+-ATPase (NKA) pump regulate
renal tubular Na+ uptake or excretion. These two ion channels/pumps directly mediate Na+ ion in and
out of the renal tubules. Cantiello et al. [18] observed that ANP and a cGMP analogue directly inhibited
Na+ uptake through amiloride-sensitive Na+ channel inhibition in swine renal epithelial LLC-PK1 cell
line. Consistent with the discovery by Cantiello et al., Light et al. [19] demonstrated ANP and cGMP
inhibited amiloride-sensitive Na+ channel Na+ absorption in renal IMCDs. Also, the pGC-A/cGMP
pathway inhibits NKA. ANP, cGMP analogs as well as the non-specific phosphodiesterases (PDEs)
inhibitor IBMX were shown to inhibit Na+ dependent oxygen consumption (oxygen consumption is a
parameter measuring NKA activity) in IMCDs [20,21]. Furthermore, in the study by Scavone et al.,
the authors performed experiments to show that ANP and cGMP directly inhibit ouabain-sensitive
NKA in rat medullary slices with the NKA enzymatic assay [22]. Therefore, pGC-A/cGMP reduces
Na+ uptake through directly inhibiting Na+ channels in the kidney.

In addition to ion channels, investigations have reported that another downstream protein of
cGMP, PKG, contributes to the natriuresis of ANP/cGMP [22–24]. Light et al. showed that active
exogenous PKG directly inhibited the Na+ channel in IMCDs. Jin et al. also provided evidences
that ANP/cGMP/PKG pathway could stimulate natriuresis directly in renal tubules independent
of hemodynamic changes [24]. In another study, investigators discovered that the PKG inhibitor
KT-5823 reversed NKA inhibition by ANP, which also suggested PKG is involved in NKA inhibition
by pGC-A [22].

Additionally, cGMP binds and activates a member of PDEs, called PDE2. PDE2 has a cGMP
binding motif and cGMP directly regulates its activity. PDE2 signaling pathway was reported to reduce
aldosterone, an important water/sodium retaining hormone regulator [25,26]. In bovine adrenal
glands and zona glomerulosa cells, ANP activates PDE2 and reduces aldosterone levels generated
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from adrenal cells and tissues [25,26]. In addition, evidence from animal studies and a human clinical
trial clearly supports pGC-A activation in the inhibition of aldosterone levels in vivo [27,28]. Thus
pGC-A/cGMP/PDE2 signaling is another pathway involved in promoting water/sodium excretion.
PDE5 is another cGMP-binding PDE, which is abundantly expressed in the kidney and it degrades
cGMP. It is suggested that PDE5 contributes to modulation of natriuresis through the degradation
of cGMP. To prove the hypothesis, Chen et al. administered PDE5 specific inhibitor in heart failure
canines and demonstrated that PDE5 inhibition elevated cGMP and more importantly increased
natriuresis [29]. Hence PDE5 is a negative regulator for cGMP mediated natriuresis.

3. Particulate GC-A/cGMP Mediates Glomerular Function

GFR is a critical parameter characterizing normal kidney function. As described above, a decline
of GFR is a cardinal characteristic in AKI patients. In animal studies, GFR is usually calculated by
inulin clearance method. After continuous infusion of inulin at a fixed concentration, inulin clearance
is calculated as: urine volume rate x urinary inulin concentration/ plasma inulin concentration.
In the clinic, estimated GFR (eGFR) is calculated based on measured serum creatinine, with adjustment
of age, sex and ethnicity. Renal cGMP, an important downstream messenger of guanylyl cyclase,
has been suggested to contribute to GFR maintenance and its increase [12,30–32]. Published studies
documented the increase of GFR by pGC-A activators in different species, including rodents [30],
canines [12], and humans [31]. Specifically, in the study by Huang et al., they successfully demonstrated
that a cGMP analog dose-dependently increased GFR in rats, mimicking the GFR enhancement effects
observed with ANP [30]. Another study conducted in our laboratory also clearly supported the role
of cGMP mediated GFR increase in canines and canine glomeruli. In this study, the designer dual
guanylyl cyclase activator cenderitide elevated GFR and the increase was accompanied by a markedly
increased in glomerular cGMP levels [33]. Furthermore, an elegant study using the pGC antagonist
HS-142-1 clearly supports the role of pGC-A/cGMP in the regulation of GFR [34]. Specifically, HS-142-1
administered intravenously significantly attenuated GFR in diabetic rats compared to a control group
without HS-142-1 injection [34].

Further studies of mechanisms of pGC-A/cGMP mediated increases in GFR demonstrate that
vascular smooth muscle cell (VSMC) relaxation, changes in renal arterial perfusion pressure as well as
reduction of mesangial cells contraction play a role. Importantly, pGC-A activators are known to relax
renal vessels [2]. Vasorelaxation by cGMP is mediated by decreases in intracellular Ca2+ levels and K+

channel inhibition. Specifically, work by Rashatwar et al. reported that the cGMP analog 8-Br-cGMP
abolished KCl mediated VSMC Ca2+ increases and exogenous PKG increased Ca2+ ATPase activity,
which contributes to a Ca2+ decrease within the cells [35]. Furthermore, ATP-sensitive K+ channels
contribute to vascular tone and ANP as well as 8-Br-cGMP were reported to inhibit ATP-sensitive K+

channels present in the VSMC [36]. Renal vascular events are involved in GFR modulation. In our
laboratory, we previously proved that reduction in renal artery perfusion pressure of renal blood
flow autoregulation by suprarenal aortic clamping prevented the GFR increase observed during ANP
infusion [37]. Furthermore, in the rat glomeruli, pGC-A/cGMP induces afferent arteriolar dilatation
and efferent arteriolar constriction, generating a rise in the glomerular capillary hydraulic pressure and
thus an increase GFR [38,39]. Evidence of the cGMP pathway stimulating afferent arteriolar dilation is
also supported by a nebivolol mechanistic study performed in rat afferent arterioles [40]. Furthermore,
Appel et al. reported pGC-A/cGMP pathway decreased mesangial cells contraction stimulated
by Angiotensin II (ANG II) [41]. This supports that the GFR response to pGC-A/cGMP signaling
also involves a reduction in mesangial cells contraction. Consistent with the data by Appel et al.,
an additional study reported that ANP dose dependently reduced the Ca2+ levels and glomerular
mesangial cells contractility stimulated by arginine vasopressin [42]. In these latter experiments,
similar results were obtained from exogenous administration of the cGMP analog 8-Br-cGMP [42].
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4. Particulate GC-A/cGMP and Renal Protection

Apart from the acute physiological responses observed with natriuresis, diuresis and the increase
in GFR, pGC-A/cGMP also actively contributes to long-term renal protection, including anti-fibrotic,
anti-inflammatory, anti-apoptotic, and anti-renin-angiotensin-aldosterone (RAAS) properties. Direct
evidence from pGC-A receptor, ANP and BNP genetically modified rodent models support that
NP/pGC-A/cGMP plays a critical role in maintaining kidney physiological integrity and protecting
the kidney from injury. Firstly, pGC-A gene disruption in rodents leads to kidney fibrosis and renal
dysfunction [43,44]. Specifically, pro-inflammatory and pro-fibrotic proteins such as interleukin-6
(IL-6), interleukin-10 (IL-10), tumor necrosis factor alpha (TNF-α), Col-1, and TGF-β were upregulated
in the kidney of pGC-A knockout mice compared to wild type mice, while overexpression of pGC-A
reduced renal fibrosis, injury and downregulated deleterious proteins [44]. In addition, BNP gene
NPPB knockout rats presented with renal interstitial fibrosis compared to wild type rats [45], with
upregulation of fibrosis genes Col-1, TGF-β [45]. Furthermore, these genetically modified rats exhibited
kidney injury such as tubular microcysts and glomerular sclerosis [45]. In contrast, ANP gene NPPA
overexpression with adenovirus alleviated renal injury, including tubular damage, glomeruli sclerosis,
and inflammatory cells infiltration in Dahl salt-sensitive rats [46].

Experiments also showed that cGMP attenuated AKI by enhancing mitochondria biogenesis
and promoting mitochondria biogenesis related genes peroxisome proliferator-activated receptor
gamma coactivator 1-alpha (PGC-1α), NADH dehydrogenase 1 beta subcomplex subunit 8 (NDUFβ8)
in renal cortex and in renal proximal tubular cells [47]. This supports the concept that cGMP may
protect the kidney through mitochondria regulation. Suppressing RAAS is another component of
pGC-A/cGMP renal protective actions. Reduction of renin release by pGC-A/cGMP was highlighted
by the use of ANP infusion in normal canines and cGMP analog 8-pCPT-cGMP treatment in renal
juxtaglomerular cells [12,48]. Evidence of inhibiting ANG II mediated hypertrophic responses by ANP
and 8-Br-cGMP in LLC-PK1 cells were highlighted by Hannken et al. These investigations proved
that the inhibitory effect of ANP on ANG II induced cell hypertrophy was through antagonizing
pro-hypertrophy molecule mitogen-activated protein kinase (MAPK) phosphorylation [49]. Results
from the study by Pandey et al. were consistent with the hypertrophy study, using pGC-A receptor
antagonist A71915 and cells overexpressing pGC-A [50]. In their study, ANP inhibited ANG II
mediated MAPK activity, and the inhibition was abolished by pGC-A antagonist A71915. In contrast,
pGC-A overexpression further enhanced the MAPK inhibitory effect compared to wild type cells.

Again PKG, the downstream target of pGC-A/cGMP, is involved in renal protection. Genetic
deletion of PKG in mice resulted in enhanced renal fibrosis stimulated by unilateral ureter obstruction.
After PKG was deleted, the inhibitory effects on pro-fibrotic genes TGF-β and fibronectin by cGMP
were abolished [51], which highlights PKG’s protective role in anti-fibrosis through antagonizing
TGF-β and fibronectin. Conversely, another study showed that PKG overexpression attenuated
ischemia/reperfusion AKI in mice through a reduction in apoptosis mediated by a decline in
Caspase 3 activity and Bcl-2, Bag-1 upregulation, and anti-inflammatory response secondary to
inhibiting macrophage infiltration and cytokines such as interleukin 1β (IL-1β), TNF-α and IL-6 [52].
The protective role of PKG in the kidney was further supported by a study investigating cisplatin
induced kidney injury in mice. Specifically, Maimaitiyiming et al. discovered that cisplatin treatment
reduced PKG protein levels and activity [53] while PKG overexpression reduced renal apoptosis
and pro-apoptotic genes such as Bax. Importantly, PKG overexpression reduced plasma creatinine
and tubular damage in the mice. These findings clearly support the concept that PKG protects
the kidney, and the renal protective effects are mediated through anti-fibrotic, anti-inflammatory, and
anti-apoptotic properties. In addition to the abovementioned pathways, PKG was also demonstrated
to protect the kidney through RAAS inhibition. Specifically, Gambaryan et al. demonstrated that
the reduction in renin release in rat glomeruli by 8-pCPT-cGMP was reversed by the PKG inhibitor
Rp-8-pCPT-cGMP. They further conducted PKG overexpression experiments and showed PKG
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overexpression enhanced the inhibitory effects on renin release [48] compared to wild type renal
juxtaglomerular cells.

5. Novel Designer pGC-A Activator CRRL269

The numerous cellular, molecular, physiologic and pharmacological studies reviewed above
strongly support pGC-A activators as potentially renal protective therapies. This is further supported
by clinical trials as reported by Metzer and others [9,10]. While efficacy has been demonstrated by
the use of ANP and BNP, advances in peptide engineering have resulted in the design of novel pGC
activators [54]. This led to novel designer pGC activators that possess actions which go beyond
the native activators. Such designer activators contain unique amino acid (AA) sequences that provide
attractive biological properties making them potential innovative peptide therapeutics. Designer pGC
activators transcend structural, biological, functional, and pharmacological properties of endogenous
pGC activators. Hence designer activators retain the biological effects possessed by native activators
such as natriuretic, diuretic and anti-RAAS properties. More importantly, however, peptide engineering
may result in the development of novel peptides with enhanced activity or organ-selective actions
which are not properties of native pGC-A activators. Specifically, potency of an activator may be
enhanced due to greater resistance to the key enzyme neprilysin (NEP) degradation [55] or greater
enhanced activator/receptor binding affinity.

A goal from a renal protective perspective would be to develop a pGC-A activator with GFR
enhancing, improved diuretic and natriuretic actions which could suppress the RAAS. Optimally, such
activators would also possess less hypotensive properties, which has limited the therapeutic use of
NPs such as BNP (i.e., nesiritide). Based on selective AA cassettes of BNP and URO, we designed
a novel pGC-A activator, CRRL269 that possesses renal-selective properties [27] (Figure 2). In vitro
experiments demonstrated that CRRL269 generated enhanced cGMP in HEK293 cells overexpressing
pGC-A receptors and in primary human renal proximal tubular cells compared to native BNP and
URO (Figure 3). This supports that CRRL269 manifests enhanced pGC-A receptor activity in renal
cells. More importantly, in vivo experiments in normal canines demonstrated that CRRL269 induced
enhanced diuresis, natriuresis and increased GFR with less reduction in blood pressure in comparison
with native pGC-A activators BNP and URO (Figure 4). Mechanistic studies in vitro and ex vivo
support that it has greater resistance to NEP degradation and reduced arterial relaxation compared to
BNP and URO, which provides direct evidence for enhanced renal actions and reduced hypotension
observed in vivo by CRRL269.

As stated above, naturally occurring pGC-A activators such as ANP, BNP or URO, inevitably
reduce blood pressure which can decrease renal perfusion pressure and impair renal function while
the renal actions may be further improved based upon rational drug design. Our recent pGC-A
activator CRRL269, induced less vasorelaxation and less hypotensive effects. Furthermore, its renal
actions including diuresis, natriuresis, and increase in GFR are more potent than native pGC-A
activators. In addition, CRRL269 retains anti-RAAS action. These properties support that CRRL269 as
a next generation renal selective pGC-A activator.

The enhanced renal actions observed with CRRL269 in normal canines support its potential
clinical development in renal diseases such as AKI. As mentioned above, AKI patients manifest
blunted renal function including GFR decline, reduced diuresis and natriuresis and novel effective
drugs are an unmet need. Particulate GC-A/cGMP is a critical regulator of kidney function, which
supports the development of novel pGC-A/cGMP activators with enhanced renal actions without
hypotensive properties. In our recent study, CRRL269 does not induce hypotension as observed
with other native pGC-A activators BNP and URO. This advantage adds to the efficacy and safety of
CRRL269 for the prevention and treatment of AKI. Our future goals are to understand the protective
roles of the CRRL269/cGMP pathway in renal cells and to further investigate CRRL269 therapeutic
effects in an AKI model, relevant to clinical AKI pathophysiology in humans. With the exciting results
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published with recombinant ANP and BNP in AKI clinical trials [9,10], we see CRRL269 as a promising
next generation pGC-A activator for AKI therapy.

Figure 2. CRRL269 as an enhanced pGC-A activator. (A) CRRL269 structure; (B) CRRL269 implicated
as a potential drug for AKI due to GFR increase, diuresis, natriuresis, and less hypotension.

Figure 3. CRRL269 possesses enhanced pGC-A activator in vitro in human renal cells. CRRL269
generated significantly higher cGMP in HEK293 cells overexpressing pGC-A receptors (HEK pGC-A)
and human renal proximal tubular cells (RPTC) compared to BNP or URO. Cells were treated with
Hank’s balanced salt solution (HBSS, as negative control, neg ctrl), BNP, URO or CRRL269 for 10 min
and cell lysates were collected for cGMP radioimmunoassay. * p < 0.05, versus neg ctrl, † p < 0.05, versus
BNP, # p < 0.05, versus URO. American Journal of Physiology-Regulatory, Integrative and Comparative
Physiology [27].
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Figure 4. CRRL269 as an enhanced pGC-A activator in vivo in normal canines (n = 5). CRRL269
induced significantly higher and sustained diuresis (urine output, UV), natriuresis (urinary sodium
excretion, UNaV), GFR, and lower blood pressure (mean arterial pressure, MAP) compared to BNP
or URO. Acute studies were performed with intravenous infusion of low dose 2 pmol/kg/min and
high dose 33 pmol/kg/min BNP, URO or CRRL269 in normal canines. Data are calculated from
the difference from baseline. BL = baseline; Low = infusion of low dose 2 pmoL/kg/min BNP, URO or
CRRL269; High = infusion of high dose 33 pmoL/kg/min; Wo = washout (0–30 min post-infusion);
Rec1 = recovery 1, 30–60 min post-infusion; Rec2 = recovery 2, 60–90 min post-infusion. * p < 0.05,
versus baseline (1-way ANOVA and Dunnett post-tests), † p < 0.05, versus BNP, # p < 0.05, versus
URO (2-way ANOVA and Bonferroni post-hoc tests). American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology [27].

In addition to AKI, the enhanced renal selective properties observed in vitro and in vivo may also
support CRRL269 for the treatment of acute HF (AHF) and anti-remodeling of the heart and kidney.
Diuretics such as furosemide are a mainstay therapy for AHF patients in the clinic due to its powerful
effects to remove fluid retention in the body. However, furosemide activates RAAS and reduces GFR,
which are associated with worse outcomes and prognosis in AHF patients [56]. As described above,
CRRL269 stimulated GFR increase and suppressed RAAS in animal studies. Furthermore, previously
in our laboratory, we demonstrated that BNP infusion in combination with furosemide significantly
antagonized the RAAS activating effects induced by furosemide in an experiment HF canine model,
compared to furosemide alone [57]. Thus, CRRL269 may represent a novel drug for AHF management.
Additionally, the pluripotent actions of pGC-A/cGMP pathway such as anti-fibrotic, anti-inflammatory,
and anti-apoptotic effects support CRRL269′s role in the long-term organ protection in cardiac and
renal diseases.

In conclusion, a novel renal selective pGC-A activator, CRRL269 generates enhanced and renal
specific cGMP activity in vitro and more importantly exerts potent GFR enhancing, less hypotensive
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and anti-RAAS properties. The pluripotent actions of CRRL269 support its potential development for
AKI and other renal, cardiovascular diseases.
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pGC-A Particulate guanylyl cyclase A
NP Natriuretic peptide
cGMP 3′,5′-Cyclic guanosine monophosphate
PKG Protein kinase G
AKI Acute kidney injury
GFR Glomerular filtration rate
ANP Atrial natriuretic peptide
BNP B-type natriuretic peptide
URO Urodilatin
PDE Phosphodiesterase
NKA Na+-K+-ATPase
IMCD Inner medullary collect duct
VSMC Vascular smooth muscle cell
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RAAS Renin-angiotensin-aldosterone-system
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