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Abstract

Background—Augmentation of natriuretic peptide receptor and cyclic GMP (cGMP) 

signaling has emerged as a therapeutic strategy in heart failure (HF). Cyclic GMP-specific 

phosphodiesterase 9 (PDE9) inhibition increases cGMP signaling and attenuates stress-induced 

hypertrophic heart disease in preclinical studies. A novel cGMP-specific PDE9 inhibitor, 

CRD-733, is currently being advanced in human clinical studies. Here we explore the effects of 

chronic PDE9 inhibition with CRD-733 in the mouse transverse aortic constriction (TAC) pressure 

overload HF model.

Methods—Adult male C57BL/6J mice were subjected to TAC and developed significant left 

ventricular (LV) hypertrophy after 7 days (P<0.001). Mice then received daily treatment with 

CRD-733 (600mg/kg/day; n=10) or vehicle (n=17), alongside sham-operated controls (n=10).

Results—CRD-733 treatment reversed existing LV hypertrophy compared to vehicle (P<0.001), 

significantly improved LV ejection fraction (P=0.009) and attenuated left atrial dilation (P<0.001), 

as assessed by serial echocardiography. CRD-733 prevented elevations in LV end diastolic 

pressures (P=0.037) compared to vehicle, whilst lung weights, a surrogate for pulmonary edema, 

were reduced to sham levels. Chronic CRD-733 treatment increased plasma cGMP levels 

compared to vehicle (P<0.001), alongside increased phosphorylation of Ser273 of cardiac myosin 

binding protein-C, a cGMP-dependent protein kinase I phosphorylation site.

Conclusions—The PDE9 inhibitor, CRD-733, improves key hallmarks of HF including LV 

hypertrophy, LV dysfunction, left atrial dilation and pulmonary edema after pressure overload in 

the mouse TAC HF model. Additionally, elevated plasma cGMP may be used as a biomarker of 

target engagement. These findings support future investigation into the therapeutic potential of 

CRD-733 in human HF.
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Introduction

Heart failure (HF) remains a leading cause of death and morbidity worldwide. For HF with 

reduced left ventricular (LV) ejection fraction (HFrEF), multiple medical therapies exist, 

but the prognosis continues to be poor, and the residual risk on current therapies remains 

substantial, highlighting the need for novel drug targets and therapies.

With the approval of angiotensin receptor blocker-neprilysin inhibitor therapy for HFrEF, 

augmentation of intracellular cGMP has emerged as a first line therapeutic strategy for this 

condition. The neprilysin inhibitor component of this approach enhances natriuretic peptide 

receptor (NPR) pathway signaling by inhibiting natriuretic peptide (NP) degradation, 

augmenting downstream signaling by the NPR pathway. There are two cyclic GMP (cGMP)­

generating enzymes in cardiovascular tissues, the membrane bound NPR guanylate cyclases 

activated by NPs, and the cytoplasmic soluble guanylate cyclase activated by nitric oxide. 

Cyclic GMP-augmenting agents with proven efficacy in clinical studies of chronic HFrEF 

include the nitric oxide donor isosorbide dinitrate (combined with hydralazine), the soluble 

guanylate cyclase stimulator vericiguat,1 and the neprilysin inhibitor sacubitril (combined 

with valsartan), which blocks neprilysin cleavage of NP. Cyclic GMP directly activates 

the cGMP-dependent protein kinase (PKG), and multiple genetic and pharmacological 

preclinical studies support that the cGMP-PKG signaling pathway opposes pathological 

cardiac hypertrophy, remodeling, and dysfunction.2-4 Additional strategies to augment NPR 

and cGMP signaling that might be of benefit in HFrEF remain of interest.

Inhibition of phosphodiesterases (PDE), which catabolize cyclic nucleotides, represents an 

additional strategy to promote cyclic nucleotide signaling. Sildenafil, a PDE5 selective 

inhibitor, proved highly promising in preclinical studies of HF,5 but failed to provide a 

clinical benefit in HF with preserved ejection fraction.6 In HFrEF, early phase studies 

support that PDE5 inhibition improves hemodynamic and echocardiographic indices,7-9 but 

to date, no large scale clinical trials of PDE5 inhibition in HFrEF have been performed. 

Cardiac expression and activity of PDE9 increases in myocardial tissue from patients 

with HF and in preclinical models of myocardial hypertrophy, and has been identified 

recently as the predominant cGMP-phosphodiesterase that regulates cGMP generated by 

the NPR pathway.10-12 Genetic deletion of PDE9 in mice attenuated cardiac hypertrophy, 

dysfunction and fibrosis,10 identifying inhibition of PDE9 as a potential therapeutically 

viable approach. Indeed, recent studies have demonstrated therapeutic effects on LV 

hypertrophy and fractional shortening for small molecule inhibition of PDE9 in pressure 

overload and isoproterenol-induced HF models.10-12

PDE9 inhibitors have been administered safely to patients with non-HF conditions, 

including benign prostatic hypertrophy, dementias,13 and sickle cell disease,14 and to date 

appear well tolerated. The PDE9 inhibitor, CRD-733 (Cardurion Pharmaceuticals), has 

been investigated previously in clinical studies of benign prostatic hypertrophy (formerly 
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ASP4901; NCT02038868). However, the effects of CRD-733 on the LV response to pressure 

overload and heart failure in preclinical models have not been studied, and the effects of 

PDE9 inhibition on comprehensive HF indices in vivo such as LV filling pressures and 

atrial remodeling remain incompletely studied in HFrEF. In the current study, we tested 

the hypothesis that PDE9 inhibition with CRD-733 can reverse established LV hypertrophy 

and dysfunction, and improve hemodynamic indices of HF in a mouse transverse aortic 

constriction (TAC) heart failure model.

Methods

The investigation conforms to the guide for the care and use of laboratory animals published 

by the US national institutes of health (NIH Publication No. 85-23, revised 1985), as 

approved by the Institutional Animal Care and Use Committee of Tufts University School of 

Medicine and Tufts Medical Center.

Data Requests

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.

Transverse Aortic Constriction

TAC was performed as previously described.15 Briefly, male C57BL/6J mice (8 weeks old; 

24g±3g; Jackson Labs, ME) were anesthetized with 2.5% isoflurane and body temperature 

maintained at 37°C on a heat pad. Mice were administered 1 mg/kg Buprenorphine SR-LAB 

(ZooPharm, USA) by subcutaneous injection for prophylactic pain relief. The transverse 

aorta was then constricted to the diameter of a 27G needle between the brachiocephalic 

and left common carotid arteries using 7-0 nylon suture, as previously described.15 Sham­

operated mice underwent a similar procedure, without constriction.

Echocardiography

Comprehensive echocardiography was performed as previously described using a Vevo 2100 

(Fujifilm VisualSonics).15 Mice underwent echocardiography prior to TAC (baseline), seven 

days after TAC (day 7) and prior to sacrifice (day 21). All data was analyzed using VevoLab 

3.1 (Fujifilm VisualSonics).

In vivo drug administration

CRD-733 was dissolved in 50% saline/50% PEG-400 for a stock concentration of 60 

mg/mL. At day 7, mice were randomized to daily administration of CRD-733 for 14 days 

(day 7 to day 21) at 10μL/g body weight by oral gavage (p.o.) for a final dose of 600mg/kg/

day, or vehicle control (50% saline/50% PEG-400). Sham mice were administered vehicle as 

a control.

Statistical Analysis

All data is presented as mean ± standard error. Statistical tests used in analyses are stated 

in each figure legend alongside replicate (n) numbers. All statistical tests were performed 
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using GraphPad Prism v8.3.0 (La Jolla, CA). A P-value of <0.05 was taken as statistically 

significant.

Detailed Materials and Methods are available in the Data Supplement.

Results

TAC-induced hypertrophy

Treatment of naïve mice with CRD-733 at 600 mg/kg/day for 14 days had no significant 

effects on baseline LV mass or cardiac function (Figure I in the Data Supplement). To 

test the effects of CRD-733 on established cardiac hypertrophy, mice were subjected to 

TAC, followed by daily treatment with CRD-733 starting 7 days after TAC (Figure 1A). 

Significant LV pressure overload at day 7 post-TAC was confirmed by measurement 

of echocardiography-derived trans-TAC pressure gradients, showing peak gradients of 

71.0±4.49 mmHg and 65.2±4.05 mmHg for prospective vehicle and CRD-733 TAC 

treatment groups, compared to 2.18±0.20 mmHg in sham controls (P<0.001; Figure 

1B). TAC surgery also induced significant cardiac hypertrophy after 7 days, with 

echocardiography-derived LV mass/body weight ratios of 4.99±0.34 and 4.79±0.30 for 

prospective TAC vehicle (P<0.001) and TAC CRD-733 (P=0.007) treatment groups 

respectively, compared to 3.20±0.10 for sham controls (Figure 1C). At day 7, prior to 

treatment, there were no statistically significant differences in LV hypertrophy (P=0.90) or 

LV pressure gradients (P=0.57) between treatment groups.

CRD-733 reverses cardiac hypertrophy

At day 21 post-TAC, terminal normalized LV weights were increased in vehicle treated TAC 

mice after 21 days compared to sham (mean difference, 2.67 mg/mm [95% CI, 1.77-3.56]; 

P<0.001). In TAC mice treated with CRD-733, LV weight normalized to tibia length was not 

statistically different to sham (P=0.23; Figure 2A), and was significantly reduced compared 

with TAC vehicle treated mice (LV mass/tibia length 7.71±0.29 mg/mm in TAC vehicle, 

5.71±0.18 mg/mm in TAC CRD-733, P<0.001). Serial echocardiography demonstrated that 

in vehicle-treated TAC mice, average LV mass increased by 10.1±3.77 mg from the start 

of treatment at day 7 to day 21 (Figure 2B). In contrast, whereas LV mass increased in 

12 out of 17 TAC mice receiving vehicle, LV mass decreased in 9 of 10 of mice treated 

with CRD-733 during the same period (mean decrease from day 7 to day 21 in TAC 

CRD-733 of 20.6±5.64 mg; P<0.001). This reduction in LV mass may have been due in 

part to reductions in interventricular septal and LV posterior wall thicknesses in CRD-733 

treated mice, although these specific parameters failed to reach statistical significance vs. 

TAC vehicle (Figure 2C; P=0.05 and 2D; P=0.07). Normalized kidney weights did not differ 

significantly between sham, TAC vehicle, or TAC CRD-733 groups (Figure II in the Data 

Supplement).

Gene expression of Nppa, a marker of pathological hypertrophy, was significantly 

upregulated in TAC vehicle mice compared to sham (P=0.006), but this change was 

significantly attenuated in TAC mice treated with CRD-733 (P=0.002 TAC vehicle vs. TAC 

CRD-733; Figure 2E). Similarly, expression of Nppb and Myh7 both increased in TAC 
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vehicle mice compared to sham (P=0.009 and P=0.004 respectively), but not in mice treated 

with CRD-733 (P=0.65 and P=0.62 for Nppb and Myh7 respectively, in sham compared 

with TAC CRD-733; Figure 2F and 2G).

CRD-733 treatment improves cardiac function

Systolic LV function was assessed following 21 days of TAC (14 days of treatment, Figure 

3). At day 21, vehicle-treated mice had significantly reduced ejection fractions compared 

to sham mice (58.8%±1.66% in sham versus 46.7%±2.12% in TAC vehicle; P=0.001). 

In contrast, TAC mice treated with CRD-733 had significantly improved ejection fraction 

compared to vehicle-treated TAC mice (46.7±2.12% in TAC vehicle-treated vs. 56.5±2.56% 

in TAC CRD-733; P=0.009). At day 21, ejection fraction in CRD-733 treated TAC mice 

did not differ significantly from that of sham-operated mice (Figure 3A, CRD-733-treated 

vs sham mice, P=0.79). Fractional shortening also improved in CRD-733 treated TAC 

mice compared with vehicle-treated TAC mice (P=0.011; Figure 3B). Representative LV 

M-Mode echocardiography traces show reduced contractility for TAC mice treated with 

vehicle compared to sham controls and TAC mice treated with CRD-733 (Figure 3C). 

Speckle-tracking echocardiography was used to assess global longitudinal strain rate and 

revealed a significant reduction for vehicle-treated TAC mice vs. sham (P=0.013), which was 

not observed for TAC mice treated with CRD-733 (Figure 3D). Although treatment with 

CRD-733 did not lead to a significant improvement in global longitudinal strain rate vs. TAC 

vehicle (P=0.07), there was no significant difference between TAC CRD-733 treated mice 

and sham controls (P=0.87).

CRD-733 treatment reverses TAC-induced left atrial dilation

Echocardiographic assessment of left atrial area, a marker of diastolic dysfunction and 

increased LV filling pressures in mice,15, 16 demonstrated significant atrial dilation in both 

prospective TAC groups compared to sham control after 7 days of TAC (mean difference, 

3.77 mm2 [95% CI, 2.95 to 4.59]; P<0.001). Representative images of the apical 4-chamber 

view are shown at baseline, 7 days after TAC and 21 days after TAC, (Figure 4A). Left atrial 

dilation did not differ significantly at day 7 (pre-treatment) between TAC groups (P=0.98; 

Figure 4A and 4B). While TAC mice treated with vehicle had no significant change in 

left atrial area during treatment (mean difference day 7-21, −0.30 mm2 [95% CI, −0.95 to 

0.35]; P=0.51), left atrial dilation was reversed in TAC mice treated with CRD-733 (mean 

difference day 7-21, −1.95 mm2 [95% CI, −2.79 to −1.10]; P<0.001). At day 21 there 

was a significant reduction in left atrial area in TAC CRD-733 treated compared to TAC 

vehicle-treated mice (6.93±0.40 mm2 in TAC vehicle vs. 5.28±0.38 mm2 in TAC CRD-733; 

P<0.001; Figure 4A and 4B).

CRD-733 treatment improves pulmonary-related hemodynamic indices of heart failure

Invasive hemodynamic analyses were used in a subset of mice after 21 days of TAC. 

Full hemodynamic data are presented in Table I in the Data Supplement. Pressure-volume 

loops showed elevated LV end diastolic pressure in TAC mice treated with vehicle (Figure 

5A), compared to sham mice and mice treated with CRD-733. The average LV end 

diastolic pressures were elevated in TAC mice treated with vehicle compared to sham mice 

(6.40±1.94 mmHg in sham vs. 21.0±3.09 mmHg in TAC vehicle; P=0.001). Compared 
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with TAC vehicle-treated mice, TAC mice treated with CRD-733 had significantly reduced 

LV end diastolic pressures (21.0±3.09 mmHg TAC vehicle vs. 13.0±1.4 mmHg in TAC 

CRD-733; P=0.037; Figure 5B). LV end diastolic pressures were not significantly elevated 

in CRD-733-treated mice compared to sham controls (P=0.11). Furthermore, the ventricular 

arterial coupling ratio of Arterial Elastance (Ea) normalized to end systolic pressure volume 

relation (ESPVR), an index of cardiovascular performance,17 was significantly elevated in 

vehicle-treated TAC mice (P=0.017 vs. sham), indicating LV dysfunction, whereas treatment 

with CRD-733 significantly attenuated this increase (P=0.013) and led to values similar 

to that of sham mice (Figure 5C). The improvement in LV end diastolic pressure due to 

CRD-733 was observed in the presence of sustained, elevated systolic LV pressures vs. 

sham for TAC vehicle (mean difference, 64.4 mmHg [95% CI, 30.3 to 98.5]; P<0.001) and 

TAC CRD-733 (mean difference, 46.0 mmHg [95% CI, 13.9 to 78.1]; P=0.005). Systolic 

LV pressures were not statistically different between TAC groups (P=0.29; Figure 5D). The 

trans-TAC pressure gradient was also not statistically different between TAC groups after 

21 days (P=0.62; Figure 5E), suggesting that differences in LV end diastolic pressure and 

other LV indices were not attributable to differences in TAC severity. Normalized terminal 

lung weights, a surrogate for the extent of pulmonary edema, were significantly lower in 

TAC mice treated with CRD-733 compared to vehicle treatment (P=0.041; Figure 5F). 

Normalized lung weight did not differ significantly between TAC CRD-733 mice and sham­

operated controls (P=0.81), supporting that CRD-733 protected against the development 

of pulmonary edema in this model of heart failure (Figure 5F). We did not observe any 

significant differences in kidney weights or morphology following treatment with CRD-733 

(Figure II in the Data Supplement).

CRD-733 treatment attenuates fibrotic gene expression, but does not reverse collagen 
deposition

We next quantified collagen deposition in LV tissue sections using picrosirius red staining. 

There were no statistically significant differences between the percentage of interstitial 

fibrosis (Figure 6A and 6B) or perivascular fibrosis observed (Figure 6A and 6C) for 

TAC mice treated with either vehicle or CRD-733. In contrast, LV tissue gene expression 

of Col1α1, Fn1 and Ctgf were all significantly reduced in mice treated with CRD-733 

compared to vehicle-treated TAC mice (P=0.022, P=0.018 and P=0.013 respectively; Figure 

6D-F). CRD-733 restored expression of these fibrotic genes to basal levels, similar to that of 

sham-operated mice (P≥0.85).

Plasma cGMP concentration is elevated with CRD-733

We next examined the effects of PDE9 inhibition with CRD-733 on terminal blood and 

LV tissue cGMP concentrations at day 21. Plasma cGMP increased significantly in TAC 

mice treated with CRD-733 compared to vehicle-treated TAC mice (mean difference, 3.17 

pmol/mL [95% CI, 1.76-4.58]; P<0.001; Figure 7A). In contrast, cGMP in LV tissue trended 

higher in TAC groups, but did not reach statistical significance (P=0.06; Figure 7B). In 

CRD-733 treated TAC LVs, phosphorylation of Ser273 on cardiac myosin binding protein-C 

(cMyBP-C), a PKGIα phosphorylation site,18 increased compared with vehicle-treated TAC 

LVs (P=0.048, Figure 7C), indicating activation of LV PKGIα signaling by CRD-733. The 

protein expression of calcineurin, a phosphatase involved in the hypertrophic response, 
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trended lower in mice treated with CRD-733, but failed to reach statistical significance 

(P=0.11; Figure 7D).

Discussion

In the present study we show that inhibition of phosphodiesterase 9 by CRD-733, a novel 

PDE9 inhibitor, reverses cardiac hypertrophy and left atrial dilation, improves LV function 

and LV end diastolic pressure, and increases plasma cGMP in a 3-week mouse model 

of LV pressure overload. In this study, we administered CRD-733 beginning one week 

after initiation of pressure overload, at which time cardiac hypertrophy had already been 

established.

Lee and colleagues first identified the potential pathological role of PDE9 activity in HF 

by demonstrating increased myocardial PDE9 expression and activity in cardiac tissue 

from mice subjected to TAC-induced HF and from HF patients.10 In the same study, 

genetic deletion of PDE9 in mice prevented the development of pressure overload-induced 

cardiac hypertrophy, dysfunction and fibrosis. Chemical inhibition of PDE9 reverses cardiac 

hypertrophy and dysfunction in preclinical pressure overload and pharmacological models of 

HF.10-12, 19 In the present TAC study, we observed significant reversal of TAC-induced LV 

hypertrophy with CRD-733 treatment, as well as reversal of left atrial dilation, supporting 

that CRD-733 treatment reduces left-sided filling pressures in this HF model. The reduced 

LV end diastolic pressure observed at day 21 in CRD-733 treated mice also directly supports 

a beneficial effect of PDE9 inhibition on LV filling pressures. These hemodynamic benefits 

of CRD-733 were seen in addition to the observed improvement in LV ejection fraction.

In patients, LV hypertrophy predicts mortality20 and its regression correlates with improved 

outcomes in hypertensive patients with LV hypertrophy.21 Further, elevation of left atrial and 

LV end diastolic pressures drive many of the symptoms seen in HF patients and contribute to 

pulmonary edema and other morbidities of this condition. The observations reported here in 

the TAC model identify hemodynamic effects of PDE9 inhibition that may prove clinically 

relevant in humans with HF. Our data also show that CRD-733 did not significantly affect 

LV systolic pressure in these studies, suggesting that PDE9 inhibition might represent a 

strategy to promote NPR pathway signaling and PKG-mediated anti-remodeling effects 

that avoids the hypotension observed with other pharmacologic approaches to activate 

these myocardial pathways. While we detected no effects of CRD-733 on blood pressure 

measured by invasive hemodynamics, we did not measure this in conscious mice and 

therefore future studies will be required to confirm lack of blood pressure effects of this 

drug. CRD-733 has been studied previously in human trials for a non-cardiac indication 

(NCT02038868). Therefore, the beneficial effects of PDE9 inhibition with CRD-733 in this 

preclinical HF model provide support for exploring the effects of CRD-733 in human HF.

In the current study, the functional effects of CRD-733 on LV systolic function argue 

for at least some intrinsic myocardial effects. The improvements observed in fetal gene 

expression patterns with CRD-733 provide further evidence for direct myocardial effects of 

PDE9 inhibition in this model, which is consistent with previous studies in which genetic 

and pharmacological inhibition of PDE9 exerts direct antihypertrophic effects on isolated 
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cardiac myocytes.10, 11 In a recent large animal HF model, administration of a single PDE9 

inhibitor dose acutely reduced LV filling pressures and improved urine output,12 raising 

the possibility that effects of PDE9 inhibition on LV end diastolic pressure and lung mass 

may also arise in part due to extracardiac effects on preload. While our study did not test 

these effects directly, our prior work demonstrates no significant effects of 4 week TAC on 

renal function.15 Further, we detected no gross effects of CRD-733 on kidney morphology 

in the present study. Thus, while primary renal effects do not appear to explain our chronic 

TAC findings, future studies may elucidate acute beneficial effects of CRD-733 on renal 

hemodynamics. Additionally, the effects of TAC and of CRD-733 on other upstream cGMP 

generating systems, such as the circulating NPs, were not studied and thus remain unknown.

Here, we determined that PDE9 inhibition with CRD-733 decreased the expression of 

fibrosis-related genes in LV tissue, consistent with previous reports.10 In recent studies 

of other cGMP or dual cAMP/cGMP selective PDE isoforms, PDE1,22 PDE2,23 PDE3,24 

PDE55 or PDE1025 inhibition or genetic ablation reversed or prevented cardiac fibrosis in 

mouse models of chronic pressure overload, which supports a role of cGMP in opposing 

pathological fibrosis. Though CRD-733 reduced fibrotic gene expression, we still observed 

similar degrees of collagen deposition between vehicle and CRD-733 treated groups, 

suggesting the possibility that the relatively short duration of TAC in our study was 

insufficient to detect more chronic effects on collagen deposition.

Finally, we observed that CRD-733 increased plasma cGMP in the chronic TAC model, 

supporting plasma cGMP as a biomarker of target engagement and inhibition of PDE9 

activity. Other cGMP-augmenting drugs such as sacubitril/valsartan also increase plasma 

cGMP,26-28 and a recent study in a sheep HF model demonstrated acute effects of another 

PDE9 inhibitor on plasma cGMP.12 Our findings therefore support that circulating cGMP 

may serve as a biomarker of PDE9 inhibitory or therapeutic effect. We speculate that 

measuring cGMP might serve as a strategy both to detect response to cGMP-augmenting 

drugs, and to identify patients who could potentially benefit from these drugs.

Notably, in our model we did not observe decreased cGMP in either plasma or LV tissue 

from TAC-vehicle mice, compared with sham, at the end of the study. This raises the 

question of whether the LV hypertrophy and dysfunction observed in TAC arise from any 

derangements of cGMP signaling. Our findings do agree with prior observations in which 

plasma cGMP29 or net LV cGMP5, 10, 29 do not decrease and even increase in the setting 

of LV dysfunction and remodeling. Further, the clinical and physiological significance of 

plasma cGMP remains unclear. Some studies in humans suggest that circulating cGMP 

correlates with NP activity and thus predicts, rather than protects from, incident HF.30, 31 

Based on the observed increased PKG substrate phosphorylation with CRD-733 in LV 

tissue, we interpret our findings to support that PDE9 inhibition acts in the LV through 

cGMP-PKG signaling to improve LV structure and function. We further interpret the 

CRD-733 augmentation of plasma cGMP in TAC as a readout of effective PDE9 inhibition. 

However, future work will be important to determine whether plasma cGMP represents only 

a marker of drug effect, or whether it also mediates any of the therapeutic effects of this drug 

class.
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We also note that though CRD-733 augmented plasma cGMP as discussed above, we 

did not detect gross increases in LV cGMP in the CRD-733 TAC group. We interpret 

the lack of statistically increased cGMP in the LV to represent a limitation of assay 

sensitivity. Specifically, since PDE9 inhibition augments only a membrane-associated pool 

of myocardial cGMP, but not the NO-sensitive pool,10 it is likely that resultant changes in 

the PDE9-specific pool of cGMP may not raise net myocardial cGMP substantially despite 

having an important physiological effect. The CRD-733 induced increase in phosphorylation 

of cMyBP-C, which is phosphorylated by PKGIα in LV tissue and in the cardiomyocyte 

in a cGMP-dependent manner,18 supports that PDE9 inhibition with CRD-733 sufficiently 

activated anti-remodeling PKGIα signaling. Since phosphorylation of the cMyBP-C M­

domain promotes LV systolic and diastolic function32, 33 and opposes pathological LV 

remodeling,34 we speculate that CRD-733 improved LV function and hypertrophy through 

PKGIα-mediated phosphorylation of cMyBP-C and other PKGIα mediated substrates in the 

cardiomyocyte and in LV tissue.2

Despite the positive findings in this study, we do note a few limitations. First, this study 

focused solely on the pressure overload model of cardiac remodeling. We therefore cannot 

conclude whether CRD-733 affects LV remodeling and function in the setting of other 

pathological stress, such as ischemia or neurohormonal activation. Additionally, whether the 

short-term effects on LV structure and function we observe in this study would be sustained 

after discontinuation of drug remains untested. Further, while the 21 day severe TAC model 

has been demonstrated to induce increased myocardial PDE9 expression,10 our studies did 

not measure this directly. Finally, though CRD-733 has been administered to humans for 

other conditions, the current study focused on an animal preclinical model, and thus further 

investigation will be required to test whether PDE9 inhibition with CRD-733 or other agents 

can improve LV structure and function in humans.

In summary, we have demonstrated that the PDE9 inhibitor CRD-733 improves pre-existing 

LV hypertrophy and dysfunction after pressure overload, as well as reducing hemodynamic 

markers of HF such as left atrial dilation, increased LV end diastolic pressure, and 

pulmonary edema. These findings identify novel physiological mechanisms improved by 

PDE9 inhibition and support future investigation of CRD-733 as a therapeutic agent in 

human HF.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard Abbreviations and Acronyms

cGMP Cyclic guanosine monophosphate

cMyBP-C Cardiac myosin binding protein-C

ESPVR End systolic pressure volume relationship

HF Heart Failure

HFrEF Heart failure with reduced ejection fraction

LV Left ventricle

NP Natriuretic peptide

NPR Natriuretic peptide receptor

PDE1 Phosphodiesterase 1

PDE2 Phosphodiesterase 2

PDE3 Phosphodiesterase 3

PDE5 Phosphodiesterase 5

PDE9 Phosphodiesterase 9

PDE10 Phosphodiesterase 10

PKG Protein kinase G

PKG1α Protein kinase G 1-alpha

TAC Transverse aortic constriction
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Clinical Perspective

What is new?

• We demonstrate that CRD-733, a phosphodiesterase 9 inhibitor, reverses 

pre-existing LV hypertrophy when administered one week after induction of 

pressure overload by transverse aortic constriction.

• In this experimental model, CRD-733 also improved: left atrial area, LV 

end diastolic pressure and other hemodynamic parameters; LV ejection 

fraction; plasma cGMP; as well as molecular markers of pathologic cardiac 

remodeling.

• These findings identify physiological mechanisms through which inhibition 

of cGMP breakdown improves LV structure and function after pressure 

overload.

What are the clinical implications?

• Augmentation of cGMP signaling represents an emerging therapeutic strategy 

in heart failure with reduced LV ejection fraction, but mortality for this 

condition remains high. The enzyme phosphodiesterase 9 (PDE9) breaks 

down cGMP, and thus PDE9 inhibition promotes cGMP signaling.

• The novel PDE9 inhibitor CRD-733 has been administered to patients in 

non-cardiac clinical studies.

• Our findings in an LV pressure overload heart failure model that CRD-733 

reverses LV hypertrophy and normalizes LV function thus support further 

investigation of CRD-733 in humans with heart failure.
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Figure 1. Study timeline, equal pressure gradients and left ventricular hypertrophy in TAC 
groups at day 7, prior to drug treatment.
A, Illustration of experimental study design. B, Pulsed-wave Doppler-derived peak TAC 

gradients calculated using the Bernouilli equation are elevated vs. sham to a similar extent 

in treatment groups. C, Echocardiography-derived left ventricular mass is increased to a 

similar extent in TAC groups prior to drug treatment. Results are expressed as mean ± SEM. 

Comparisons were performed using 1-way ANOVA with Tukey’s post-test; n=10-17.
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Figure 2. CRD-733 reverses TAC-induced left ventricular (LV) hypertrophy.
A, Left ventricular wet weight normalized to tibia length after 21 days. B, Change in 

echo-derived LV mass from start of treatment (day 7) to end of study (day 21), C, septal 

wall thickness and D, LV posterior wall thickness after 14 days of drug treatment. Apical LV 

tissue gene expression for E, Nppa, F, Nppb and G, Myh7. Results are expressed as mean ± 

SEM. Comparisons were performed using 1-way ANOVA with Tukey’s post-test; n=10-17 

(A-D) or n=7-8 (E-G).
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Figure 3. CRD-733 reverses TAC-induced left ventricular dysfunction.
A, Ejection fraction and B, Fractional shortening at 21 days post-TAC. C, Representative 

parasternal long axis M-Mode images obtained during echocardiography. D, Global 

longitudinal strain rate. Results are expressed as mean ± SEM. Comparisons were performed 

using 1-way ANOVA with Tukey’s post-test; n=10-17.
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Figure 4. CRD-733 reverses TAC-induced left atrial dilation.
A, Representative apical 4-chamber images obtained from echocardiography. Left atrial 

areas are indicated by the dotted yellow line; RV: right ventricle, LV: left ventricle, RA: right 

atrium, LA: left atrium. B, Quantification of left atrial area over time. Results are expressed 

as mean ± SEM. Comparisons were performed using repeated measures 2-way ANOVA 

with Tukey’s post-test; n=10-17.
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Figure 5. CRD-733 reverses TAC-induced elevations in left ventricular (LV) end diastolic 
pressure and lung weight, despite sustained maximal LV pressure and TAC gradients.
A, Representative pressure-volume loops showing end diastolic volumes denoted by blue 

arrows. B, LV end diastolic pressure C, Ventricular-arterial coupling ratio and D, Maximal 

LV pressure obtained by invasive hemodynamics. E, Echocardiography-derived peak trans­

TAC gradient after treatment. F, Normalized terminal lung weights after 21 days of TAC and 

14 days of treatment. Results are expressed as mean ± SEM. Comparisons were performed 

using 1-way ANOVA with Tukey’s post-test; n=5-8 (B-D) and n=10-17 (E-F).
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Figure 6. CRD-733 does not reverse TAC-induced left ventricular (LV) cardiac fibrosis, but 
attenuates fibrotic gene expression.
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A, Representative images for LV interstitial fibrosis (upper panels) and perivascular 

fibrosis (lower panels); scale bar: 200μm. B, Quantification of interstitial fibrosis and C, 
Quantification of perivascular fibrosis. Apical LV gene expression is shown for D, Col1a1, 

E, Ctgf and F, Fn1. Results are expressed as mean ± SEM. Comparisons were performed 

using 1-way ANOVA with Tukey’s post-test; n=10-17 (B-C), n=7-8 (D-F).
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Figure 7. CRD-733 increases plasma cGMP levels.
A, Plasma cGMP levels from blood taken immediately prior to sacrifice (n=10-17). B, Left 

ventricular (LV) tissue levels of cGMP (n=5-9). C, Protein expression for phosphorylated 

myosin binding protein-C at Ser273, normalized to GAPDH (n=5-7) and D, Protein 

expression for calcineurin from cardiac tissue, normalized to GAPDH (n=5-7). Results 

are expressed as mean ± SEM. Comparisons were performed using 1-way ANOVA with 

Tukey’s post-test (A-B) or Mann-Whitney U test (C-D).
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