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The particulate guanylyl cyclase A receptor (GC-A), via activation
by its endogenous ligands atrial natriuretic peptide (ANP) and
b-type natriuretic peptide (BNP), possesses beneficial biological
properties such as blood pressure regulation, natriuresis, suppres-
sion of adverse remodeling, inhibition of the renin-angiotensin-
aldosterone system, and favorable metabolic actions through the
generation of its second messenger cyclic guanosine monophos-
phate (cGMP). Thus, the GC-A represents an important molecular
therapeutic target for cardiovascular disease and its associated risk
factors. However, a small molecule that is orally bioavailable and
directly targets the GC-A to potentiate cGMP has yet to be discov-
ered. Here, we performed a cell-based high-throughput screening
campaign of the NIH Molecular Libraries Small Molecule Reposi-
tory, and we successfully identified small molecule GC-A positive
allosteric modulator (PAM) scaffolds. Further medicinal chemistry
structure–activity relationship efforts of the lead scaffold resulted
in the development of a GC-A PAM, MCUF-651, which enhanced
ANP-mediated cGMP generation in human cardiac, renal, and fat
cells and inhibited cardiomyocyte hypertrophy in vitro. Further,
binding analysis confirmed MCUF-651 binds to GC-A and selec-
tively enhances the binding of ANP to GC-A. Moreover, MCUF-651
is orally bioavailable in mice and enhances the ability of endoge-
nous ANP and BNP, found in the plasma of normal subjects and
patients with hypertension or heart failure, to generate
GC-A–mediated cGMP ex vivo. In this work, we report the discov-
ery and development of an oral, small molecule GC-A PAM that
holds great potential as a therapeutic for cardiovascular, renal,
and metabolic diseases.
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The global burden of cardiovascular diseases (CVDs) and its
associated risk factors of hypertension, obesity, and renal

dysfunction, all of which are major drivers for premature mor-
tality, are rapidly growing worldwide (1, 2). While drug discov-
ery continues in this area, there remains a high unmet need for
novel therapies, especially with innovative molecular targets.
Employing native and designer peptides, we and others have
established the favorable pleiotropic properties of the particu-
late guanylyl cyclase A receptor (GC-A) through the generation
of its second messenger 30, 50 cyclic guanosine monophosphate
(cGMP) (3–6). In response to GC-A activation by the native
cardiac hormones atrial natriuretic peptides (ANP) and b-type
natriuretic peptides (BNP), such beneficial biological properties
include the reduction in blood pressure (BP), natriuresis, sup-
pression of adverse cardiorenal and CV remodeling, inhibition
of the renin-angiotensin-aldosterone system (RAAS), and
favorable metabolic properties (4–6). Most recently, studies
from the PROVE-HF trial have reported that ANP is the pre-
dominant natriuretic peptide (NP) increased by sacubitril/val-
sartan (S/V) and is closely correlated with S/V mediated
reverse remodeling, thus supporting a key role for GC-A

activation in the actions of S/V (7). Taken together, these bio-
logical properties render the GC-A/cGMP pathway an unprece-
dented molecular target for CV therapeutics.

Historically, GC-A therapeutics have been dependent on use
of synthetic or recombinant peptides forms of ANP and BNP.
Specifically, ANP and BNP are both approved for the treat-
ment of acute heart failure (HF) via intravenous (IV) infusion
in Japan and the United States, respectively (8, 9). Beyond the
need for IV infusion, these ligands have short circulating half-
lives due to their rapid enzymatic degradation by neprilysin
(NEP) and receptor-mediated clearance through the NP clear-
ance receptor, NPR-C (10). Thus, the development of designer
NPs has evolved in an effort to overcome these therapeutic
challenges related to short bioavailability and delivery. Indeed,
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MANP is a novel ANP analog that possesses greater resistance
to NEP degradation compared to ANP and is in clinical trials
for resistant hypertension (11, 12). However, as a peptide,
MANP must be administered as an injection, similar to that of
insulin in diabetes. Hence, the discovery of small molecules,
which are noted for favorable oral bioavailability, would repre-
sent a major breakthrough in GC-A therapeutics.

Allosteric ligands bind to sites on the receptor that are sepa-
rate from the orthosteric binding site to which the endogenous
ligands, such as ANP and BNP, bind (13). Positive allosteric
modulators (PAMs) lack actions when binding to the receptor
in the absence of the specific endogenous receptor ligand(s).
As such, studies suggest that PAMs have high specificity to
receptors (14). Furthermore, in animal models and humans,
PAMs operate to physiological and pathophysiological varia-
tions in their endogenous ligand hormones and therefore are
self-titrating to maximize cell signaling and avoid drug toler-
ance. To date, no such small molecules have been reported to
target the GC-A receptor and to enhance its cGMP-mediated
biological effects.

The goal of the current study was to pursue a cell-based
high-throughput screening (HTS) campaign to identify small
molecule GC-A PAMs using the NIH Molecular Libraries
Small Molecule Repository (MLSMR). Here, we report the dis-
covery of small molecule GC-A PAM scaffolds and the identifi-
cation of a lead molecule, MCUF-651. Moreover, we also
designed the following studies to determine the ability of
MCUF-651 to 1) augment cGMP in HEK293 cells overexpress-
ing either GC-A or the alternative GC-B receptor so as to
establish potency with the endogenous ligands for each recep-
tor and selectivity for GC-A; 2) potentiate cGMP levels, in the
presence of ANP, in primary cells naturally expressing GC-A
including human renal proximal tubular cells (HRPTCs),
human adipocytes (HAs), and human cardiomyocytes (HCM);
3) enhance ANP-mediated anti-hypertrophic actions in HCM;
4) assess the binding of MCUF-651 alone or in the presence of
increasing concentrations of ANP/BNP or C-type natriuretic
peptide (CNP) to human GC-A and GC-B, respectively; 5)
determine the pharmacokinetics (PK) and oral bioavailability
in mice; and 6) augment cGMP in a human plasma from nor-
mal subjects and patients with hypertension and HF using an ex
vivo potency assay.

Results
Discovery of Small Molecule GC-A PAM Scaffolds. We successfully
screened the NIH MLSMR of 370,620 compounds (Fig. 1) in
the presence of a subconcentration (9 pM in 1,536 well screen-
ing assay) of ANP to sensitize the HTS toward detection of
PAMs and identified 519 hits. Compound concentration-
responses in the primary cell-based screening assay and a coun-
ter screen assay performed in parental HEK293 cells devoid of
expressed GC-A receptor confirmed 273 compounds as poten-
tial GC-A enhancers. The hits were confirmed to be devoid of
agonist activity in the absence of added ANP when tested in
the HEK293-GC-A overexpressed cells, thereby supporting
their mode of action as PAMS. These compounds were graded
according to activity, structure, and liability as potential pan-
assay interference compounds resulting in 62 compounds that
met our internal criteria and were available as commercial pow-
ders (15). Analogs were furthermore filtered by the absence of
any phosphodiesterase 5 (PDE5) inhibitor activity as the PDE5
is involved in the degradation of cGMP, thereby regulating
cGMP levels in tissues.

Hit Confirmation Studies. Selective GC-A PAMs from the
MLSMR screen were binned according to scaffolds resulting in
four chemical scaffolds. Chemical stability, synthetic tractability,

solubility, and complete dose–response and potency criteria led to
the prioritization of the 2-aminoacylbenzothiazole scaffold, repre-
sented by primary hit Compound 1 (Fig. 2A). As illustrated in SI
Appendix, Fig. 1, Compound 1 was specific in stimulating GC-A in
the presence of an EC30 concentration of ANP and exhibited
micromolar potency and efficacy (EC50 of 3.63 μM and Emax of
80%) compared to saturating concentrations of ANP. Further,
Compound 1 was devoid of activity in HEK293 GC-A cells tested
in the absence of ANP and devoid of activity in HEK293 GC-B
cells in the presence of CNP, thus supporting GC-A specificity
and potentiation. Compound 1 had good compound solubility
and mouse microsomal stability and was a promising starting
point for synthesis of analogs and structure-activity relationship
(SAR) studies in support of a focused hit to lead program.

Hit to Lead SAR Studies. Preliminary SAR of the 2-aminoacyl
benzothizaole series is shown in Fig. 2. The resynthesized hit
(Compound 1) retained the activity of the screening hit and
confirmed the structural identity of the compound. Akyl and
cycloalkyl groups were preferred at R2 position, and aryl groups
led to complete loss of activity. Potency of analogs increased
with size of the alkyl group (Fig. 2A, Compounds 2, 3 vs. 1),
and N-acylation of cycloalkyl derivatives in piperidine (6-mem-
bered) and pyrrolidine (5-membered) analogs led to significant
improvements over hit Compound 1 (Fig. 2A, Compounds 4
and 5). Next, we focused our SAR efforts on the substitution of
N-acyl groups in the N-pivaloylpiperidine derivatives, and the
results are listed in Fig. 2B. We found that N-acyl groups
smaller than pivaloyl were tolerated (Fig. 2B, Compounds 6
and 7), and interestingly, N-alkyl groups such as isopropyl (Fig.
2B, Compound 8) had improved activity. The systematic
screening of aromatic substitution at R1 position was limited by
lack of availability of commercial building blocks; however,
changing 4,6-difluoro substitution in Compound 4 (Fig. 2A) to
a 4,7-dichloro analog led to complete loss of activity (Fig. 2B,
Compound 9). The 4-chlorobenzothiazole analog (Fig. 2B,
Compound 10) retained all the activity of Compound 1,

Activity (%)

Well RowPlate ID
Fig. 1. HTS for GC-A potentiators. Three-dimensional scatter plot of test
compounds at 10 μM in the presence of 9 pM ANP (dark blue dots). As a
positive (high) control (red dots), 5 nM ANP was used, and 9 pM ANP was
used as negative (low) control (yellow dots). DMSO in all wells was <0.5%.
Z’ = 0.87.
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suggesting that 4,6-disubstitution may not be essential. Concurrent
to the aforementioned efforts with piperidine-4-carboxamide ana-
logs in Fig. 2B, piperidine-3-carboxamide analogs (Fig. 2C) were
synthesized and tested in the HEK293 GC-A/cGMP assay. A
20-fold range in activity was observed with a trend consistent with
the piperidine-4-carboxamide analog (Fig. 2C). R group could be
an acyl or an alkyl group (Fig. 2C, Compounds 11 to 23). Small N-
acetamide and methylsulfonamide analogs were most active among
the N-acylated analogs (Fig. 2C, Compound 14 and 17). Extending
the t-butyl group (in pivaloyl amide) to neopentyl group or the
t-butyl carbamate with a �CH2-linker or �O-linker, respectively
(Fig. 2C, Compounds 11 vs. 18 and 19), led to significant erosion in
activity. N-alkyl substitution led to active analogs (Fig. 2C, Com-
pounds 20 to 23), including the unsubstituted piperidine analog
(R = H, Fig. 2C, Compound 20). These results indicate a sterically
demanding interaction with the target that potentially favors sub-
stituents with small three-dimensional size. Surprisingly, N, N-dime-
thylaminoethyl group with a longer alkyl spacer and a basic amine
led to significant jump in potency (Fig. 2C, Compound 23), poten-
tially due to likely favorable H-bonding interactions with the target.
Compound 23 became our lead compound referred to as MCUF-
651 and represents an eightfold improvement in potency over hit
Compound 1 (Fig. 2A). The synthesis of MCUF-651 and analogs is
depicted and described in SI Appendix, Fig. 2, and analytical data
are shown in SI Appendix, Figs. 3–5.

Biological Profile of MCUF-651 In Vitro. From the aforementioned
hit to lead efforts, we identified MCUF-651 as the lead

selective GC-A PAM, as it was able to potentiate ANP-
mediated cGMP (Fig. 3 A and B) and with a potency of EC50 =
0.45 μM in HEK293 GC-A cells. MCUF-651 was devoid of
cGMP generating activity in HEK293 GC-A cells in the
absence of ANP as well as in HEK293 GC-B cells in absence
and presence of CNP (Fig. 3A and SI Appendix, Fig. 6). The
lack of agonist response of MCUF-651 alone further indicates
that MCUF-651 is modulating ANP target engagement. Thus,
MCUF-651 was specific for GC-A and stimulated cGMP gener-
ation in a dose-dependent fashion only in PAM mode. To high-
light the mode of action as a PAM, we titrated ANP in the
absence or presence of MCUF-651 (Fig. 3C). Increasing con-
centrations of MCUF-651 shifted the ANP-mediated cGMP
dose–response curve to the left (or greater potencies), with no
effect on maximal ANP concentration, indicating a PAM with-
out agonist activity. The EC50 value of ANP alone was 3.2 pM,
and the EC50 values of ANP in the presence of increasing con-
centrations of 0.1, 0.5, 1.0, 5.0, and 10 μM MCUF-651
decreased to 2.3, 1.6, 1.1, 0.7, and 0.6 pM, respectively, result-
ing in an overall 5-fold increase in affinity of ANP for GC-A
when in the presence of 10 μM MCUF-651 compared to ANP
alone. From the data in Fig. 3C, we determined the change in
the percent cGMP response of the EC30 concentration of the
ANP (1.3 pM in the 384 well dose–response assay) curve in the
absence of MCUF-651 (log EC30 = 11.90) to the ANP curves in
the presence of increasing concentrations of MCUF-651. The
percent cGMP response change of the EC30 concentration was
plotted versus the corresponding concentration of MCUF-651

Fig. 2. SAR studies and hit to lead development of MCUF-651 (Compound 23). (A) SAR of 2-aminobenzothiazole scaffold, (B) SAR of piperidine-4-carbox-
amide analogs, and (C) SAR of piperdine-3-carboxamide analogs. The core scaffold is indicated for each table. Substituents for R, R1, and R2 are listed in
the table sections along with the corresponding EC50 and Emax values resulting from the synthetic change in the primary GC-A potentiation assay.
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(Fig. 3D). This graph is referred to as the EC30 sensitivity assay.
Nonlinear regression analysis of this data resulted in pEC50 =
6.1 ± 0.2 (EC50 = 0.80 μM), which provides a quantitative
assessment of intrinsic PAM affinity.

Surface plasmon resonance (SPR) analysis was conducted
for binding of MCUF-651 or ANP alone and MCUF-651 in the
presence of increasing concentrations of ANP to the extracellu-
lar domain of human GC-A. We confirmed the binding of
MCUF-651 alone to human GC-A to have KD equal to 397 nM
(Table 1). Strong binding of ANP at increasing concentrations
to human GC-A was validated with a KD of 0.72 nM (Table 1
and Fig. 4A). Importantly, the KD was shifted lower to 0.06 nM
in the presence of MCUF-651 (10 μM) and increasing concen-
trations of ANP (Table 1 and Fig. 4B). Additionally, SPR stud-
ies showed MCUF-651 also enhanced the binding of BNP to
human GC-A (SI Appendix, Table 1) and had very low affinity
to human GC-B and did not alter the binding affinity of CNP
to GC-B (SI Appendix, Table 2). Together, these findings fur-
ther corroborate that MCUF-651 is a selective GC-A PAM.

Next, to support the therapeutic potential of MCUF-651 on
biological actions via GC-A, we determined cGMP generation in
response to increasing doses of MCUF-651 in the presence of a
low dose of ANP (100 pM) in HRPTCs, HAs, and HCMs as well
as the antihypertrophic actions in HCMs. Illustrated in Fig. 5 A–C
and SI Appendix, Fig. 7 are the cGMP levels in HRPTCs, human
visceral adipocytes (HVAs), HCMs, and human subcutaneous adi-
pocytes (HSAs), respectively, to increasing concentrations of
MCUF-651 in the presence of ANP. Notably, the potentiation of
cGMP of MCUF-651 in HCMs, in particular, led to a favorable
functional response in our state-of-the-art live cell imaging plat-
form. As illustrated in Fig. 5D, exposure to TGFβ-1 resulted in a
significant increase in HCM cell surface area, and treatment with
a low dose of ANP did not inhibit the TGFβ-1 induced increase
in HCM cell surface area. However, treatment with a low dose of
ANP, together with MCUF-651, resulted in a significant inhibition
of HCM hypertrophy induced by TGFβ-1. These data support the
concept that positive allosteric modulation of GC-A with MCUF-
651 has the potential to mediate protection in human cells related
to CV disease as well as its associated risk factors, such as renal
dysfunction and obesity.

In Vivo PK and Bioavailability in Mice. In vivo PK studies in mice
showed MCUF-651 is bioavailable at 24 h when given orally or
IV (Fig. 6). MCUF-651 had good clearance and exposure (SI
Appendix, Fig. 8; clearance: 20.3 mL/min/kg, steady-state vol-
ume of distribution: 16.8 L/kg, half-life: 10.9 h after 5 mg/kg IV
dose; peak plasma concentration: 605 ng/mL, half-life: 9.1 h,
area under the curve: 7,095 ng � h/mL after 10 mg/kg oral dose)
and met our internal metrics as a lead compound.

Ex Vivo MCUF-651 Potency in Human Plasma. To further define the
therapeutic potential of MCUF-651, we developed an ex vivo

Fig. 3. Activation of MCUF-651 in HEK293 cells. (A) Percent cGMP response curves for cGMP response of MCUF-651 in HEK293 GC-A cells in the presence
(black) and absence (red) of ANP (9 pM) and cGMP response of MCUF-651 in HEK293 GC-B cells in the presence (blue) of CNP (300 nM). (B) cGMP genera-
tion of vehicle, MCUF-651 alone, ANP alone (yellow bar), and ANP in the presence of MCUF-651 (blue bars) in HEK293 GC-A cells. Data are the average of
two independent experiments and is expressed as mean ± SEM. *P < 0.05 versus Veh; †P < 0.05 versus ANP alone. (C) Percent cGMP response curves in
HEK293 GC-A cells in the presence of ANP titrated alone (green) and ANP titrated together with 0.1 (black), 0.5 (orange), 1 (purple), 5 (red), or 10 μM
(blue) MCUF-651. (D) Change in percent cGMP response for the EC30 concentration of ANP (1.3 pM) determined in (C) in the presence of increasing con-
centrations of MCUF-651. Data in A, C, and D are the average of three independent experiments and are expressed as mean ± SD.

Table 1. SPR binding kinetics for MCUF-651 and ANP to human
GC-A receptor

ka (M�1 � s�1) kd (s�1) KD (nM)

MCUF-651 5.8 × 104 2.3 × 10�2 397
ANP 2.5 × 107 1.8 × 10�2 0.72
MCUF-651 + ANP 3.3 × 108 1.9 × 10�2 0.06

MCUF-651 alone binds to GC-A. MCUF-651 (10 μM) further enhanced
the binding affinity of ANP to GC-A by increasing the association rate of
ANP to GC-A, thus reducing the equilibrium dissociation rate. ka,
association rate; kd, dissociation rate; KD, equilibrium dissociation rate.
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potency assay in which we utilized human plasma from normal
subjects and patients with hypertension and HF (n = 6 per
group), who have various levels of circulating ANP and BNP, the
endogenous ligands of GC-A. Table 2 reports subject characteris-
tics and their respective plasma ANP and BNP levels. As illus-
trated in Fig. 7, MCUF-651 potentiated the generation of cGMP
levels in HEK293 GC-A cells in all three cohorts. Importantly,
MCUF-651 demonstrated greatest cGMP potency in HF plasma
in which ANP and BNP circulating levels were the highest. Thus,
our ex vivo findings provide validation that MCUF-651 possesses
GC-A enhancing action in human plasma and operates in a PAM
mode with increasing cGMP generation in association with
increasing concentrations of endogenous ANP and BNP.

Discussion
Almost four decades of research have supported the pivotal
role of GC-A/cGMP signaling in regulating BP and intravascu-
lar volume homeostasis via activation by its endogenous
cardiac-derived ligands, ANP and BNP (4, 6, 16). Beyond BP
regulation, the ANP/BNP/GC-A/cGMP pathway also possesses
key protective biological actions that include the suppression of
adverse cardiorenal and CV remodeling, inhibition of the
RAAS, promotion of adipocyte lipolysis, lipid oxidation, and
the browning of white adipocytes (4–6). Accordingly, the GC-A
represents an attractive molecular target for therapeutic inter-
vention. Indeed, synthetic or recombinant peptides forms of
ANP (carperitide) and BNP (nesiritide) have been approved

Fig. 4. SPR binding GC-A binding curves for ANP and MCUF-651. (A) Representative SPR sensorgram for the binding of ANP alone (blue) to the extracel-
lular domain of human GC-A. (B) Representative SPR sensorgram for binding of increasing concentrations of ANP in the presence of MCUF-651 (10 μM;
red) to the extracellular domain of human GC-A.

Fig. 5. Effect of MCUF-651 on human primary cells. (A) Generation of cGMP in HRPTCs, (B) HVAs, and (C) HCM stimulated by ANP alone (yellow bar) or
together in the presence of MCUF-651 (blue bars). Data are the average of two independent experiments and are expressed as mean ± SEM. *P < 0.05
versus ANP alone. (D) Inhibition of TGFβ-1 induced HCM hypertrophy (reduction in cell surface area) by ANP in the presence of MCUF-651 (blue bars).
Data are the average of two independent experiments and are expressed as mean ± SEM. *P < 0.05 versus Veh (black bar). †P < 0.05 versus TGFβ-1 alone
(green bar).
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for the IV treatment of acute HF in Japan and the United
States, respectively (8, 9). To optimize receptor activation,
delivery, and circulating bioavailability, designer NPs have been
engineered and include the novel ANP analog, MANP, which is
in clinical trials for resistant hypertension (17). Thus, the dis-
covery and development of GC-A targeted small molecules,
which to date do not exist, to potentiate GC-A signaling of its
endogenous ligands ANP and BNP and be orally bioavailable
would represent a major breakthrough in CV therapeutics.

Multiple investigations have established the pleiotropic
actions of GC-A in myocardial, renal, and metabolic regulation,
as the GC-A receptor is highly expressed in the heart, kidney,
and adipose tissue (4). Many studies have validated the antihy-
pertrophic and antiapoptotic actions via the GC-A/cGMP path-
way in cardiomyocytes complemented by natriuretic actions in
the kidney and favorable metabolic actions in adipocytes
(18–23). We therefore investigated if MCUF-651 would operate
as a PAM in human primary myocardial and renal cells as well
as in HAs. In a dose-dependent manner, MCUF-651 potenti-
ated ANP-mediated cGMP generation in HCMs, HRPTCs,
HVAs, and HSAs. This finding is of particular interest as it
demonstrates the direct enhancement of GC-A/cGMP signaling
beyond the use of augmenting peptide ligands. Moreover, as
key biological properties of the GC-A include the suppression
of cardiac hypertrophy and renal tubular cell apoptosis, natri-
uresis, adipocyte lipolysis, and lipid oxidation, the potentiation
of cGMP with MCUF-651 in these human primary cells pro-
vides evidence of the protective capabilities of this small mole-
cule in CVD and in diseases of renal dysfunction as well as in
obesity. Indeed, the antihypertrophic actions in HCMs pro-
vide functional evidence that the potentiation of cGMP via
GC-A signaling with MCUF-651 has biological significance.
Nonetheless, additional studies are warranted to further eval-
uate the protective actions of MCUF-651 both in vitro and
in vivo.

Our discovery and findings highlight a paradigm that is built
on the concept of allostery, which is a process by which a mole-
cule binds to one site, often distal to the functional site, allow-
ing for regulation of activity (24). Our SPR binding studies
demonstrate that MCUF-651 alone binds to GC-A with >500-
fold less affinity than ANP. Notably, MCUF-651, in the pres-
ence of ANP, enhances the binding affinity of ANP to GC-A by
reducing the equilibrium dissociation rate. Based on the elegant
crystal structural data of GC-A (25, 26), we speculate that
MCUF-651 binds to an allosteric site in the extracellular
domain of GC-A, which induces a favorable confirmational
change that, in turn, enhances the ability of ANP to engage the
binding pocket more effectively. This is supported by our SPR
data that show a faster association rate of ANP in the presence
of MCUF-651, resulting in a greater engagement of ANP with
the binding pocket. Because the disassociation rate does not
change, the residence time of ANP at the GC-A target is not
affected in the presence of MCUF-651. Thus, it is the faster
association rate and better target engagement, which lowers the
energy of activation, that is driving the increase in potency of
ANP in the presence of MCUF-651. This increase of potency
for ANP due to better target engagement is translated into
greater cGMP production via GC-A as further supported by
data in Fig. 3C showing that ANP induces the same magnitude
of cGMP production at fivefold less concentration in the pres-
ence of MCUF-651 than ANP does alone. This paradigm in
regulating GC-A/cGMP signaling, with a PAM, lays the founda-
tion for a direction in GC-A therapeutics.

The therapeutic delivery strategy for enhancing GC-A in
CVD, especially HF, has been predominantly IV administration
of recombinant ANP or BNP for short periods of time. We
reported efficacy of chronic subcutaneous injection of BNP for
8 wk in patients with stable HF (27). Indeed, chronic SQ BNP
compared to placebo reduced left ventricular mass as deter-
mined by NMR and reduced LV systolic volume. Further, the
activation of cGMP was sustained throughout the 8-wk treat-
ment period. To date, there exists no oral delivery platform for
NPs in humans.

Based upon the chemical characteristics of MCUF-651, we
determined the bioavailability of oral delivery in conscious
mice. This goal was driven by the high impact of advancing our
small molecule GC-A PAM to an orally deliverable drug, which
would have potentially game-changing implications for chroni-
cally enhancing the GC-A/cGMP pathway for CVD and
beyond. Herein, we observed that MCUF-651 is orally bioavail-
able up to 24 h after administration, thus strengthening the
potential clinical impact of this small molecule GC-A targeted
drug.

To further establish the clinical potential of MCUF-651 in
humans, we developed a highly innovative MCUF-651 potency
assay to mimic the administration our GC-A PAM to normal
subjects and patients with hypertension and HF in an ex vivo
setting. Here, we administered MCUF-651 to plasma from nor-
mal subjects, hypertensive patients, and patients with HF and
applied to HEK293 cells overexpressing GC-A to determine its
ability to potentiate cGMP generation. Here, we observed a

Fig. 6. In vivo bioavailability of MCUF-651. Plasma concentrations of
MCUF-651, administered orally (blue) or IV (red), in mice (n = 3/route) over
24 h.

Table 2. Human subject and patient characteristics

Normal subjects (n = 6) Hypertensive patients (n = 6) HF patients (n = 6)

Age, years 59 ± 8 69 ± 9 65 ± 10
Sex, female (%) 75% 50% 75%
BMI, kg/m2 28 ± 3 25 ± 1 29 ± 5
eGFR, mL/min/1.73 m2 75 ± 15 70 ± 8 50 ± 25
ANP, pg/mL 26 ± 12 13 ± 8 350 ± 140
BNP, pg/mL 27 ± 14 59 ± 37 1,226 ± 711

BMI, body mass index; eGFR, estimated glomerular filtration rate. Values are presented as mean ± SD, n (%).
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dose-dependent increase in cGMP generation in our potency
assay in all three cohorts, with HF patients, which had the high-
est levels of endogenous ANP and BNP, exhibiting the greatest
response in cGMP generation. This ex vivo finding provides a
signal of the potential therapeutic efficacy that may be seen in
human clinical trials when testing a small molecule GC-A
PAM. Indeed, MCUF-651 may offer another yet unique strat-
egy to optimize the GC-A/cGMP pathway beyond exogenous
native or designer NPs and NEP inhibition with S/V. As PAMs
are self-titrating, it is tempting to speculate that MCUF-651
can be of therapeutic benefit in either low or high NP and/or
GC-A states. Furthermore, as a small molecule, MCUF-651
can be given orally, as seen here, which has been a major chal-
lenge for NP therapeutics to date.

In summary, we report the discovery and development of an
oral small molecule GC-A PAM that is active in human myo-
cardial, renal, and adipose cells and exhibits therapeutic poten-
tial by potentiating cGMP using plasma samples from normal
subjects and patients with hypertension and HF, ex vivo. These
studies provide a proof-of-concept that the GC-A/cGMP signal-
ing pathway can be uniquely enhanced with a small molecule
PAM. Such a discovery supports its further development as a
game changing therapeutic strategy to reduce the rising global
burden of death related to its number one cause, CVD, as well
as its major risk factors of hypertension, obesity, and renal
dysfunction.

Materials and Methods
Peptides and Compounds. Human ANP and CNP (Phoenix Pharmaceutical)
were dissolved in water at 500 mM stock and aliquoted and stored at �20 °C.
Compound 1 (CAS# 868368-67-6) was purchased from LifeChem (F1813-1161).
Compounds (Entry) 2 to 23 were synthesized and purified at the Chemical
Genomics Center at Sanford Burnham Prebys Medical Discovery Institute
(Orlando, FL). All other chemicals and reagents were from Sigma-Aldrich. The
identity and purity ofMCUF-651was confirmed using H1 nuclearmagnetic res-
onance (NMR), liquid chromatography-mass spectrometry (LC-MS) trace, and
mass spectrometry (MS) spectrum (SI Appendix, Figs. 3–5).

Cell Culture for HTS. HEK293 cells overexpressing human GC-A and GC-B (Car-
diorenal Research Laboratory, Mayo Clinic) and the parental cell line (Ameri-
can Type Culture Collection CRL-1573) devoid of either GC receptors were cul-
tured in growth media consisting of Dulbecco's modified Eagle medium
(DMEM) (Corning; no. 10013CM) containing 1% L-glutamine and sodium
pyruvate and supplemented with 10% fetal bovine serum (HyClone;
SH30396.03), 500 μg/mL G418 (Thermo Fisher; no. 10131035) (28, 29). Cell cul-
tures were maintained in cell culture incubator at 37 °C in 5% CO2 and were
routinely subcultured twice weekly by trypsin-ethylenediaminetetraacetic
acid (EDTA) treatment (0.05% trypsin-EDTA). The cells in an exponential
growth phase were harvested, counted, and cryopreserved at high density 6
to 15 million cells/mL for suspension assays. On the day of the assay, cells were
thawed, counted, and resuspended in assay media (OptimMem containing

2% heat-activated fetal bovine serum and 1% L-glutamine) and used as
described as follows in HTS cGMP production.

HTS cGMP Production. In our effort to identify GC-A PAMs from the NIH
MSMLR, we developed a primary cell-based screening assay to monitor the
production of cGMP, the second messenger generated by GC-A activation, by
homogenous time-resolved florescence (HTRF) competition assay using
labeled-cGMP in HEK293 cells overexpressing the human GC-A receptor. Com-
pound EC50 values were determined in the primary cell-based screening assay,
in the presence or absence of ANP, to determine mode of action as positive
modulators and tested for selectivity in the same assay platform but in
HEK293 cells overexpressing human GC-B, for which CNP is the endogenous
ligand and not ANP. For HTS, GC-A suspension cells were plated in 1,536 well
and stimulated in the presence of 10 μM compound concentration and a sub-
maximal concentration of ANP. The quantity of cGMP was detected by HTRF
and normalized tomaximal amount produced by ANP.

Specifically, 20 nL of 10 mM test compounds in dimethyl sulfoxide (DMSO)
from the NIH MLSMR (370,620 test compounds) were added to columns 5 to
48 of 1,536 well white high base screening plates (Corning) cells using 550
ECHO acoustic dispenser (Labcyte). ANP was prepared as working stock ali-
quots at 5 μM in phosphate-buffered solution (PBS) with 0.1% bovine serum
albumin (BSA). An approximate EC30 concentration of ANP (9 pM) in assay
buffer (Hanks’ Balanced Salt Solution [HBSS] containing 5 mM Hepes and
0.05% BSA) was added to columns 3 to 48 at a volume of 1 μL. Assay buffer
only was added to column 1, and assay buffer containing a saturating concen-
tration of ANP (5 nM) was added to column 2. HEK293 cells overexpressing
human GC-A in assay media were stirred continuously for 2 h at room temper-
ature (RT) at a density of 6 × 105 cells/mL and 2 μL were plated in screening
plates (1,200 cells/well) using a Bioraptr 2. Plates were spun at 1,000 rpm for 1
min and incubated for 30 min at RT. The 1.5 μL d2-labled cGMP followed by
1.5 μL Eu3+ cryptate-labeled anti-cGMP cGMP detection kit (CiBio;
#62GM2PEC) prepared according to manufacturer’s protocol were added to
all wells using a Bioraptr 2, and TR-FRET signal was detected on an EnVision
detector (PerkinElmer). Wells treated with 0.3% DMSO served only as blank
controls (column 1), wells treated with 0.3% DMSO and 5 nM ANP (columns 2)
served as positive controls, and wells treated with 0.3% DMSO and 9 pM ANP
(columns 3 to 4) served as negative controls. DMSO did not exceed 0.3% in all
wells.

EC50 cGMP Determination. Test compounds at 10 mM DMSO stock concentra-
tion were added to 1,536 or 384 well assay plates using Echo dispensing start-
ing at 80 μM concentration and diluted 2-fold for 10-point concentration-
response curves. Wells were backfilled with DMSO such that the final concen-
tration of DMSO in all wells was maintained at 0.3% DMSO. Agonist response
(absence of ANP) and positive allosteric modulation (presence of EC30 concen-
tration of ANP at 1.3 pM in the 384 well dose–response assay (9 pM in the HTS
1536 well assay) of GC-A–mediated activation of cGMP production was mea-
sured in human GC-A–overexpressing HEK293 cells using cGMP CisBio detec-
tion kit (as described previously). For selectivity assays, compounds were tested
in humanGC-B overexpressing HEK293 cells in the presence of an EC30 concen-
tration of CNP (3 nM), the endogenous ligand for GC-B. For counter screen
assays, compounds were tested using the same protocol but in parental
HEK293 cells and in the presence of 9 pM ANP. A 100% response was deter-
mined from wells in the absence of compound and presence of saturating
concentration of ANP (5 nM) or CNP (300 nM), and 0% response was deter-
mined fromwells containing an EC30 concentration of ANP or CNP determined

Fig. 7. Effect of MCUF-651 in human plasma. cGMP generation of MCUF-651 (blue bars) in HEK293 GC-A cells when incubated with human plasma from
normal subjects, hypertensive patients, and HF patients (n = 6/group) of which endogenous ANP and BNP levels are present. Data are the average of two
independent experiments and are expressed as mean ± SEM. *P < 0.05 versus Veh (black bar) within each subject group.
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on the day of the assay. Compounds were further tested for the absence of
PDE5 inhibition using the PDE5A1 assay kit (BPS Bioscience) with 8 pg/mL
PDE5A enzyme and Sildenafil as a control according to manufac-
turer’s protocol.

cGMP Levels in HEK293 Cells Overexpressing Human GC-A and GC-B. HEK293
GC-A or GC-B cells were seeded in 48-well plates (1 × 105 cell per well) and cul-
tured overnight to reach 80 to 90% confluency. The treatment buffer that
consists of HBSS, 0.1% BSA, 2 mM Hepes, and 0.5 mM 3-isobutyl-1-methylzan-
thine (a nonspecific phosphodiesterase inhibitor) was used in all experiments.
MCUF-651 was dissolved in DMSO; ANP and CNPwere dissolved in PBS. On the
experimental day, growth media was replaced with treatment buffer and
HEK293 GC-A and GC-B cells were pretreated with MCUF-651 at doses of 1, 5,
or 10 μM (reaching a final concentration of 0.1% DMSO) for 5 min at 37 °C.
Afterward, HEK293 GC-A cells were treated with ANP (100 pM) and HEK293
GC-B cells treated with CNP (100 pM) for additional 10 min at 37 °C. HEK293
GC-A and GC-B cells were also treated with vehicle (0.1% DMSO) which served
as a negative control. Then, all cells were washed with PBS once and lysed
with 0.1 M HCl. Intracellular cGMP was measured in the lysate using a com-
mercial cGMP ELISA Kit (Enzo Life Sciences) as instructed by the manufacturer.

cGMP Levels in Human Primary Cells with MCUF-651. Human primary cardio-
myocytes (HCMs; Catalog No. 6200, Lot No. 6288, PromoCell) and human pri-
mary renal proximal tubular cells (Catalog No. 4100, Lot No. 5111, ScienCell)
were maintained and subcultured according to the manufacturer’s protocols.
Human visceral preadipocytes (Catalog No. 7210, Lot No. 0731, ScienCell) and
subcutaneous preadipocytes (Catalog No. 7220, Lot No. 0928, ScienCell) were
differentiated into mature HVAs and HSAs according to the manufacturers’
protocol. Passages 4 to 8 were used in the study. Treatment buffer, MCUF-651,
ANP, and vehicle were prepared as described previously. Briefly, 5 × 105 of
cells/well were grown in 6-well plates until 80 to 90% confluency and were
then pretreated with vehicle or MCUF-651 at doses of 1, 5, or 10 μM for 5 min
at 37 °C, then cells were treated with ANP (100 pM) for an additional 10 min
at 37 °C. Afterward, all cells were washed with PBS once and lysed with 0.1 M
HCl at RT, and intracellular cGMP levels were measured in the lysate using a
commercial cGMP ELISA kit (Enzo Life Sciences) with the acetylation method
as instructed by the manufacturer.

HCM Hypertrophy Assay. HCM (same as previously mentioned) hypertrophy
was evaluated using the automated live-cell, real-time imaging IncuCyte S3
system (Essen BioScience). MCUF-651 and ANP were prepared as described
previously, vehicle was prepared as 0.1% DMSO, and TGF-β1 (R&D Systems)
was prepared in 4 mM HCl and 0.1% BSA in PBS. HCMs were plated in 96-well
plates (1,000 cells/well) and incubated in growth media at 37 °C overnight and
then were subjected to differentiation by serum starvation for 24 h. After-
ward, TGF-β1 (5 ng/mL) was added to themedia for 48 h to induce HCMhyper-
trophy (increase in cell surface area). Then, cells were treated with ANP (100
pM) with vehicle or ANP (100 pM) with MCUF-651 at doses of 1, 5, or 10 μM
for another 48 h. HCM treatedwith vehicle alone served as a negative control,
while TGFβ-1 together with vehicle served as a positive control. Images were
taken continuously during the study period as instructed by the manufacturer,
and the analysis for cell surface area (micrometers squared) was performed
using the ImageJ software.

GC-A and GC-B Binding Studies. SPR measurements were performed at 25 °C
on a BI-4500 SPR instrument (Biosensing Instrument Inc.) (30). As per the
instructions by the Biosensing instrument manual, 400 mM nickel sulfate in
deionized water was linked to the Ni-NTA sensor chip (Biosensing Instrument,
Inc.). Then, 40 μg/mL of extracellular domain human GC-A or GC-B recombi-
nant protein (MyBioSource, Inc.), containing 12 histidine residues on the C ter-
minus, was then immobilized to the nickel sulfate on the Ni-NTA sensor chip.
Afterward, the chip was washed with buffer (150 mM NaCl, 50 μM EDTA pH
7.4, 0.1% DMSO), then 150 μL of sequentially diluted MCUF-651 (0.625, 1.25,
2.5, 5, 10 μM for GC-A receptor or 1.25, 2.5, 5, 10, 20 μM for GC-B receptor)
alone was injected at the rate of 60 μL/min and allowed to dissociate for 60 s.
For GC-A binding studies with ANP or BNP, 150 μL of sequentially diluted ANP

or BNP (0.31, 0.625, 1.25, 2.5, and 5 nM) alone, or ANP (0.16, 0.31, 0.625, 1.25,
and 2.5 nM) or BNP (0.31, 0.625, 1.25, 2.5 and 5 nM) together with MCUF-651
(10 μM) were injected at the rate of 60 μL/min and allowed to dissociate for
200 s. For GC-B binding studies with CNP, 150 μL of sequentially diluted CNP
(0.31, 0.625, 1.25, 2.5 and 5 nM) alone or CNP (0.31, 0.625, 1.25, 2.5 and 5 nM)
together with MCUF-651 (10 μM) were injected at the rate of 60 μL/min and
allowed to dissociate for 200 s. Data were collected as sensorgrams. Binding
kinetics were derived from sensorgrams using BI-Data Analysis Program (Bio-
sensing Instrument). Affinity analysis of GC-A with ANP, BNP, and/or MCUF-
651 and GC-Bwith CNP and/or MCUF-651 interactions were performed using a
1:1 Langmuir bindingmodel. Two series were performed for all studies.

Drug Metabolism and PK Studies. Miceweremanipulated and housed accord-
ing to the protocols approved by the Shanghai Medical Experimental Animal
Care Commission. Drug metabolism and PK studies were performed at WuXi
AppTec Co., Ltd. The test article was accurately weighed and mixed with
DMSO:Tween80:water (1:1:8) and sonicated. The formulation was prepared
fresh daily, and animals (three in each group, male C57BL/6, 7 to 9 wk) were
dosed 2 h after the formulation was prepared. Aliquots of each formulation
were dose validated by liquid chromatography with tandem mass spectrome-
try (LC/MS/MS). Oral (PO; per os) dosing was administrated via oral gavage.
The dose volume was determined by the animals’ body weight collected on
the morning of the dosing day. Serial bleeding (about 30 μL blood per time
point) was collected from submandibular or saphenous vein. All blood sample
were transferred to microcentrifuge tube containing 2 μL of K2EDTA (0.5 M)
as anticoagulant and placed on ice until processed for plasma. Blood samples
were processed for plasma by centrifugation at 3,000 × g, quickly frozen, and
stored at�70 °C until quantification by LC/MS analysis.

Ex Vivo Human Therapeutic Potency Assay. Stored human plasma samples
from normal subjects and patients with hypertension and HF were utilized.
The details of the recruitment of these participants are previously reported
(31, 32). All participants gave written informed consent, and the Institutional
Review Board at Mayo Clinic approved this study. From all cohorts, plasma
ANP was determined by a Mayo-developed ANP radioimmunoassay, while
plasma BNP was measured using a two-site immunoenzymatic sandwich assay
(Biosite Inc.) (7, 31, 33). HEK293 overexpressing human GC-A were cultured
and grown as described previously. Cells were grown in 48-well plates to 80 to
90% confluence. On the day of the experiment, cells were pretreated with
MCUF-651 at doses of 1, 5, or 10 μM and without (vehicle) in 250 μL treatment
buffer (as described previously) for 5 min at 37 °C. Then, 25 μL human plasma
was added and incubated for an additional 10 min. Afterward, cells were
washed with PBS once and lysed with 0.1 M HCl, and intracellular cGMP levels
were measured in the lysate using a commercial cGMP ELISA Kit (Enzo Life Sci-
ences) as instructed by the manufacturer.

Curve Fit and Statistical Analysis. All concentration-response curveswere ana-
lyzed to determine EC50 and Emax using the following equation: Emax = 100/[1
+ 10((LogEC50-X)*hillslope)], where X is the log of concentration of compound
tested and the Hill slope is set equal to 1. All experiments were repeated at
least three times. Data are expressed as mean ± SEM or SD as indicated.
Unpaired t test was performed for comparison between groups in HEK293
GC-A and GC-B cell, human primary cell, and therapeutic potency assay stud-
ies. Nonlinear regression curve fit and statistical analyses were performed
using Prism 7 (GraphPad Software, Inc.).

Data Availability. All study data are included in the article and/or SI Appendix.
Consistent with the goals of NIH funding, the primary assay data and proto-
cols from HTS are available in PubChem under the following Assay ID
(AID): 1671463.
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