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Introduction
Nearly one-fifth of all humans are currently obese (1), and in the 
United States this proportion exceeds 40% (2). The obesity pan-
demic is impacting global health, increasing risk for diabetes, 
dyslipidemia, nonalcoholic fatty liver disease, and cardiovascular  
disease such as hypertension, all major components of car-
diometabolic syndrome (CMS) (1, 3, 4). Studies in humans show 
that abdominal (visceral) obesity is most pathogenic (5), whereas 
metabolically active adipose tissue known as brown fat appears 
protective (6). Obesity-related disorders also exhibit a sexual 
dimorphism, as women are relatively protected prior to meno-
pause (7, 8), but visceral fat and CMS risks rise after menopause 
(9, 10). Obesity has also become a major comorbidity in patients 
with heart failure and preserved ejection fraction (HFpEF) (9, 11), 
a syndrome conferring high morbidity, with little effective therapy 
(10, 12). Treatments to reduce obesity are being sought. Glucagon- 
like peptide 1 agonists are promising (13) but largely suppress 

appetite with dose-limiting gastrointestinal side effects. Methods 
that stimulate fat catabolism remain lacking.

One intrinsic lipolytic pathway is coupled to cyclic GMP 
(cGMP)/protein kinase G (PKG) signaling stimulated by natriuretic  
peptides (NPs) or nitric oxide. PKG is the primary kinase effector 
of cGMP and it phosphorylates hormone-sensitive lipase (HSL) 
and perilipin, stimulates mitochondrial biogenesis and oxidative 
activity, and improves insulin signaling, suppressing diet-induced 
obesity (DIO) (14–16). PKG activation is therapeutically achieved 
by increasing cGMP synthesis or blocking its hydrolysis by spe-
cific phosphodiesterases (particularly PDE5 and PDE9). Stimula-
tion with synthetic NPs (17), nitrates/nitrites (18), or soluble gua-
nylate cyclase stimulators (19) to augment cGMP has limitations, 
as these molecules act quickly with a short half-life, can potently  
lower blood pressure, and can require parental administration. 
PDE5 inhibition is clinically used as a vasodilator to treat erec-
tile dysfunction and pulmonary hypertension, and while it also 
ameliorates cardiac pressure-overload pathobiology (20), there 
is scant evidence for potent effects countering obesity. PDE5 
also primarily regulates NO-dependent cGMP, and its activa-
tion of PKG and consequently its cardioprotective effects against  
pressure-overload stress are lost in ovariectomized (OVX) females 
(21, 22). This poses another potential limitation, as most women 
with obesity/CMS are postmenopausal.

PDE9 is the other cGMP-selective member of the super-
family, and its pharmacological or genetic inhibition improves 
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ever, total body O2 consumption and CO2 production were higher 
in PDE9-I–treated mice (Figure 1G) without a change in core tem-
perature (Supplemental Figure 2C). These indirect calorimetry 
and activity results were similarly observed during the light and 
dark circadian phases (Supplemental Figure 3A). Age-matched 
males were subjected to the same DIO/mTAC obesity/CMS pro-
tocol and treatment randomization and also displayed lower body 
weight with PDE9-I, associated with reduced total fat, iWAT, and 
gWAT mass (Supplemental Figure 4, A and B), less dyslipidemia 
(Supplemental Figure 4C), and reduced hepatic steatosis (Sup-
plemental Figure 2D). PDE9-I also had no significant impact in 
males on their food intake or activity but increased total body O2 
consumption and CO2 production (Supplemental Figures 3B and 
4D). Despite fat and weight loss, PDE9-I did not significantly alter 
insulin resistance as assessed by the glucose tolerance test in OVX 
or males (Supplemental Figure 5).

PDE9-I improves left ventricular function, blunts hypertrophy/
fibrosis, and augments myocardial PPARα signaling over placebo 
in OVX and male mice. Prior studies found that PDE9-I reduces  
cardiac hypertrophy and profibrotic signaling cascades and 
improves left ventricular (LV) function in nonobese males sub-
jected to pressure overload and that this efficacy was maintained 
despite inhibiting NO synthase with NG-nitro-L-arginine methyl 
ester (L-NAME) (20). This led us to predict that PDE9-I would 
retain its efficacy even in mice with OVX that have estrogen- 
dependent declines in NO stimulation (21, 22). This was the case, 
as PDE9-I augmented myocardial cGMP in OVX mice (Supple-
mental Figure 6A). OVX also resulted in mild cardiac hypertrophy 
and a slight decline in LV ejection fraction compared with non-
OVX mice (Supplemental Figure 6B). PDE9-I improved ejection 
fraction (2-way ANOVA, interaction for drug × time P = 0.001) in 
OVX while attenuating LV hypertrophy (P = 0.005 for interaction) 
compared with placebo (Figure 2A). Similar results were obtained 
in males (Supplemental Figure 7A). LV diastolic dysfunction in 
the OVX-placebo group also improved toward lean control values 
with PDE9-I (Figure 2B). PDE9-I reduced prohypertrophic and 
profibrotic gene expression compared with placebo in both OVX 
females and males (Figure 2C and Supplemental Figure 7B), and 
this correlated with histological analysis of LV interstitial fibrosis 
that was from 4% in the placebo group versus 1.5% with PDE9-I 
(P = 0.008; Supplemental Figure 2E).

Dietary nitrate intake has been reported to enhance fatty  
acid (FA) oxidation coupled to an upregulation of the tran-
scription factor PPARα (28). Given the impact of PDE9-I on fat 
stores, we tested if such upregulation occurs and found greater  
myocardial mRNA abundance for PPARα and many of its 
downstream regulated genes with PDE9-I treatment (Figure 
2D). cGMP stimulation increased PPARα promotor activity in 
a dose-dependent manner in HepG2 (liver) cells (Figure 2E), 
supporting prior results (28), and PPARα mRNA increased in 
myocardium of OVX and male mice treated with PDE9-I (Fig-
ure 2F). Evidence of enhanced PPARα activity was provided by 
an increased mRNA abundance of multiple regulated genes in 
the PDE9-I treatment groups (Figure 2G). Metabolite profiling 
of myocardial acylcarnitines found significant increases most 
notably in long-chain FAs in OVX and males receiving placebo 
as compared with controls, and these were lowered by PDE9-I 

hearts subjected to pathological pressure overload (20, 23) and 
renal function in dilated heart failure (24). PDE9 regulates 
NO-independent cGMP, i.e., from NP signaling (20, 25), sug-
gesting that unlike PDE5, its inhibition could remain effective 
even in OVX females. PDE9 is expressed in heart, but is also 
found in adipose tissue and liver (20, 26), yet expressed at low 
levels in systemic vessels, so its inhibition has minimal effects 
on arterial blood pressure (20, 27).

Here, we tested the impact of chronic oral PDE9 inhibition 
(PDE9-I) in a model of preestablished severe DIO/CMS with or 
without superimposed mild cardiac pressure overload in males 
and intact or OVX females. In both OVX females and males, we 
found that PDE9-I prevents weight accumulation, reducing total 
body fat, fat depots, and lipid accumulation in multiple tissues, 
including the heart and liver. It also stimulates mitochondrial res-
piration and fatty acid oxidation in conjunction with upregulating 
peroxisome proliferator–activated receptor-α (PPARα) signaling. 
None of these changes were observed in non-OVX females, and 
this sexual dimorphism may result from interference with PPARα 
binding at promoter regions of genes coupled to fat metabolism by 
the coactivation of estrogen receptor-α.

Results
Model of combined severe DIO and CMS. To test the impact of 
PDE9-I on obesity/CMS, we subjected C57BL/6N mice to DIO 
for approximately 6 months (Figure 1A). For the primary cohort, 
the last 2 months of DIO was combined with mild cardiac pres-
sure overload (transaortic constriction, mTAC) to mimic pressure 
stress commonly observed with CMS. This also served to stimulate 
NP synthesis to provide more cGMP substrate for PDE9 regula-
tion. A second cohort was also studied with DIO alone. In the final 
6 to 7 weeks (1 week after mTAC if used), mice were randomized 
to receive either oral PDE9-I (PF-04447943) or placebo (vehicle). 
In OVX females, DIO increased body weight 2- to 3-fold, simi-
lar to changes in males (Supplemental Figure 1A; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI148798DS1). After 4 months of HFD but before mTAC and/or 
drug randomization, OVX mice developed profound visceral adi-
posity (Supplemental Figure 1B), elevated blood sugar and glucose 
intolerance (Supplemental Figure 1C), and marked hepatic steato-
sis (Supplemental Figure 1D). The results that follow are from the 
combined DIO/mTAC model.

PDE9-I lowers obesity and improves CMS in OVX-female and 
male mice. OVX mice receiving placebo continued to gain weight 
(median 22%) over the 8-week drug-trial period, whereas those 
treated with PDE9-I exhibited a –5.6% weight decline (P = 2 × 
10–6; Figure 1B). MRI body composition analysis found PDE9-I 
treatment reduced total fat mass but left lean mass unchanged 
(Figure 1C). There was less inguinal white adipose tissue (subcuta-
neous, iWAT) and gonadal (visceral, gWAT) fat mass (Figure 1D) 
with PDE9-I. CMS in the placebo arm was reflected by elevated 
fasting blood glucose, triglycerides, and cholesterol, and all were 
reduced by PDE9-I treatment (Figure 1E). Liver mass and steatosis 
increased in OVX placebo-treated mice but were at near-normal 
levels with PDE9-I (Figure 1F and Supplemental Figure 2, A and 
B). Importantly, PDE9-I had no statistically significant impact on 
food intake or activity when compared to placebo control. How-
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Figure 1. PDE9 inhibition suppresses  
diet-induced obesity and metabolic 
defects in ovariectomized females 
with cardiometabolic syndrome. 
(A) Protocol for generating DIO/
CMS with and without ventricular 
pressure stress. Mice were fed a 
high-fat diet (HFD) for approximately 
4 months (with and without ovariec-
tomy, OVX) in females), mild aortic 
constriction (mTAC) was applied in 
the main cohort (withheld in Cohort 
2), and 1 week later, randomized to 
receive 6 to 8 weeks of placebo ver-
sus PF-7943. IC, indirect calorimetry; 
MRI, magnetic resonance imaging for 
body fat vs. lean tissue; EC, echocar-
diogram; Veh, vehicle. (B) Left: Body 
weight of OVX mice before/after 8 
weeks of placebo (n = 19) or PDE9-I 
(n = 23) treatment (2-way ANOVA; P 
value lower right, drug × time effect 
interaction; others, Sidak’s multiple 
comparison test). Right: Same data 
plotted as percentage weight change 
for each group. Mann-Whitney 
test. (C) MRI-derived total body fat 
and lean mass for placebo (n = 9) 
or PDE9-I (n = 10) in OVX mice (P 
value by Mann-Whitney test). (D) 
Inguinal (iWAT) and gonadal (gWAT) 
white adipose tissue weight in 
OVX females treated with placebo 
or PDE9-I (n = 7–9/group). ****P 
= 0.00001 vs. normal diet control 
(CON); #P = 0.028 vs. placebo; by 
Kruskal-Wallis with Dunn’s multiple 
comparison test. (E) Serum fasting 
blood glucose and lipids in OVX 
mice on control versus HFD with and 
without PDE9-I. ***P = 0.0004, *P 
= 0.03 vs. CON; #P = 0.03, †P = 0.037, 
‡P = 0.047 vs. placebo [PL]) by 1-way 
ANOVA with Holm-Sidak multiple 
comparison test. (F) Upper: Repre-
sentative liver histology in OVX with 
standard diet (Chow) or HFD with 
placebo vs. PDE9-I. Marked steatosis 
is seen with placebo versus near 
normal histology with PDE9-I (repli-
cated n = 5/group). Lower: Examples 
of whole liver showing a marked 
reduction of liver mass by PDE9-I. 
Group results in Supplemental Figure 
2A. (G) Food intake, activity, and 
whole-body indirect calorimetry in 
OVX mice with and without PDE9-I 
(P value by Mann-Whitney test). kg* 
= (lean mass + fat mass × 0.2), as 
described previously (60).
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Figure 2. PDE9-I improves cardiac function, suppresses pathological hypertrophic gene expression, and stimulates PPARα signaling in OVX myocardium. 
(A) Paired data from OVX mice at start and end of 8-week treatment period for left ventricular (LV) ejection fraction and mass (n = 15 and 16 for placebo and 
PDE9-I, respectively; repeated measures ANOVA, P value lower right for treatment × time interaction; upper values Tukey’s multiple comparison test). (B) 
Diastolic function assessed by mitral filling ratio (early/atrial, E/A) and isovolumic relaxation time (IVRT) in normal-diet controls (CON), and DIO/mTAC OVX 
mice treated either placebo (PL) or PDE9-I; n = 5–9/group, Kruskal-Wallis with Dunn’s multiple comparison test. (C) mRNA abundance normalized to Gapdh 
for A-type natriuretic peptide (Nppa), transforming growth factor β (Tgfb), collagen type 1α1 (Col1a1), lysyl oxidase (Lox), connective tissue growth factor 
(Ctgf), and periostin (Postn) in OVX myocardium (8/group). P values by Mann-Whitney test. (D) Volcano plot of differential gene expression in OVX-DIO/ 
mTAC myocardium for PDE9-I vs. placebo. P values from Benjamini-Hochberg–adjusted P value versus log2(fold change) (n = 10/group). (E) Activation 
of PPARα promoter by cGMP in HepG2 cells (n = 8/group). ***P = 0.007, ****P ≤ 2 × 10–6 by 1-way ANOVA with Holm-Sidak multiple comparison test. (F) 
Ppara/Gapdh expression in brown adipose tissue (BAT) from OVX (n = 5) and males (n = 6, 8) treated with placebo versus PDE9-I (P values by Mann-Whitney 
test). G) PPARα-regulated fatty acid metabolism genes in myocardium from OVX or male mice treated with placebo (P; n = 9, 6) or PDE9-I (n = 9, 8). Data 
normalized to Gapdh and then to placebo for each gene; analysis by 2-step Benjamini-Krieger-Yekutieli multiple comparison Kruskal-Wallis test; q values 
shown. **P = 0.00005; #P = 0.008; +P = 0.03; *P = 0.02 vs. placebo.
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ro-lipid droplets (29, 30). We observed similar abnormalities 
in OVX and male mouse myocardium in the present model and 
that PDE9-I substantially reversed them (Figure 4, E and F). The 
mitochondrial changes with DIO/mTAC resulted in mitochon-
dria that were less electron dense than myofibrils in the vehicle- 
treated group, but denser than myofibrils as occurs normally in 
the PDE9-I cohort. Similar findings were obtained in male myo-
cardium (Supplemental Figure 9). These results show that PDE9-I 
stimulates lipolysis when added to background NP stimulation, 
and reduces mitochondrial swelling, lipid accumulation, and mor-
phological disruption in DIO/mTAC.

PDE9 localizes to mitochondria and stimulates fat oxidation. We 
previously reported that PDE9 colocalizes with the sarcoplasmic 
reticular ATPase at T-tubules in cardiac myocytes (20). The prox-
imity of T-tubular membranes with mitochondria in the dyadic 
cleft raised the possibility that PDE9 also localized with these 
organelles. To test this, Pde9a-Flag was expressed in cardiomyo-
cytes, the cells then fractionated into mitochondrial and cytosolic 
components, and Flag-Ab used to detect PDE9 protein (PDE9 anti-
bodies are not sufficiently selective for this analysis). PDE9-Flag 
was found in the mitochondrial and not cytosolic fraction (Figure 
5A). This localization was further supported by immunogold label-
ing of cardiomyocytes expressing either GPF-PDE9 or GFP alone. 
GFP particles were diffusely distributed, whereas GFP-PDE9 was 
more selectively localized at mitochondria (Figure 5B). Quantita-
tion of 24 separate images found many more GFP-positive parti-
cles, with approximately 80% of GFP-PDE9 at mitochondria ver-
sus approximately 10% for GFP (P = 3 × 10–13; Figure 5C). Together, 
these results support PDE9 localization to mitochondria.

To test the impact of PDE9-I on mitochondrial FA oxida-
tion, adipocytes in the presence of ANP were treated with either 
PDE9-I or vehicle for 24 hours and the Seahorse mitochondrial  
stress test was performed. Figure 5D shows an example time 
tracing, and Figure 5E shows summary data. Basal and maximal 
oxygen consumption increased with either PDE9-I (5 μM PF-7943 
[P9i-A] or 10 μM BAY-73-6691 [P9i-B]), and this increase was 
suppressed by coinhibition of PKG. When a similar protocol was 
performed using acute (1 hour) PDE9-I incubation, we found only 
a modest PKG-dependent increase in basal but no change in max-
imal O2 consumption (Supplemental Figure 10A). Similar studies 
performed in isolated cardiomyocytes found that chronic, but not 
acute, PDE9-I increases basal and maximal respiration (Supple-
mental Figure 10, B and C). In myocytes, we further tested the 
impact of PDE9 gain of function by using adenovirus to express 
Gfp and Pde9a (Adv-Gfp-Pde9a) in the cells; this lowered both  
basal and maximal respiration (Supplemental Figure 10D). 
Together, these results show that PDE9 localizes to mitochondria 
where it can suppress mitochondrial FA oxidation and respiration, 
and that its inhibition augments both.

PPARα activation is required for PDE9-I to reduce obesity and 
CMS. To test whether PPARα activity is required for the antiobe-
sity effects of PDE9-I, OVX females with preestablished DIO/
mTAC were randomized to PDE9-I alone or PDE9-I plus PPARα 
inhibition (GW6471, 3 mg/kg i.p. every other day) for an addi-
tional 6 weeks. We chose this approach over using PPARα KO 
because we could first establish severe obesity/CMS prior to 
suppressing PPARα. GW6471 cotreatment reduced mRNA abun-

(Supplemental Figure 7C). Collectively, these data show that 
PDE9-I ameliorates cardiac dysfunction and remodeling,  
reduces profibrotic signaling and interstitial fibrosis, and 
enhances FA metabolism in concert with PPARα activation.

PDE9-I induces adipose tissue browning and enhances FA catabo-
lism. The most substantial effects of PDE9-I in our model were in 
fat, so we explored their impact and mechanisms in more detail. 
Increased FA oxidation by PPARα manifests in brown (BAT) and 
white (WAT) adipose tissue by increasing mitochondrial biogen-
esis and FA oxidation. Figure 3A shows example histology of BAT 
from a nonobese control and obese OVX or male mice treated with 
placebo or PDE9-I. Control BAT was dark, with small lipid drop-
lets and higher mitochondrial density. BAT from placebo-treated 
DIO/mTAC mice was pale with larger fat vacuoles and fewer mito-
chondria, and this appearance was closer to normal after PDE9-I 
treatment. PDE9-I also resulted in increased mRNA abundance 
of multiple genes related to FA metabolism and thermogenesis 
(Figure 3B) and was accompanied by a broad decline in acylcarni-
tine levels (Figure 3C). Expression of genes regulating mitochon-
drial biogenesis in BAT (browning) (Figure 3D) and FA metabo-
lism (Figure 3E) and thermogenesis (Figure 3F) in WAT were also 
upregulated by PDE9-I relative to placebo. Together, these results 
show that PDE9-I activates adipocyte catabolic and thermogenic 
programs associated with PPARα activation.

PDE9-I directly stimulates fat lipolysis and increases mitochon-
drial respiration. The preceding findings suggested PDE9-I may 
stimulate lipolysis in multiple cell types, including adipocytes. 
In cardiomyocytes fed free FA (FFA) with vehicle or PDE9-I for 
48 hours, we found that PDE9-I reduced intracellular lipid drop-
lets (Figure 4A and Supplemental Figure 8A). Lipolysis was then 
assessed in matured adipocytes by glycerol release. Lipolysis 
increased as expected after 24-hour exposure to atrial NP (ANP). 
Exposure to either of 2 selective small molecule PDE9 inhibitors 
(PF-7943 as used in vivo, or BAY-73-6691) alone had no impact 
on glycerol release, but each significantly augmented the ANP 
response (Figure 4B). By contrast, PDE9-I did not augment lip-
olysis in cells cotreated with a soluble guanylate cyclase activator 
(BAY-60-2770), supporting a selective interaction of PDE9 with 
NP-stimulated cGMP, as previously reported in myocytes (20). 
Knockdown of the PDE9 gene in adipocytes with siRNA (Supple-
mental Figure 8B) also augmented ANP-stimulated lipolysis to 
levels similar to those achieved with PDE9-I (PF-7943; Figure 4C). 
In this experiment, we further tested the impact of coinhibiting 
PPARα (GW6471) and found it blocked lipolysis augmentation by 
PDE9-I, reducing levels to that with ANP alone. Consistent with 
requiring PPARα transcriptional regulation, subacute ANP expo-
sure (4 hours) did not stimulate lipolysis, whereas longer exposure 
(e.g., 24 hours) did (Supplemental Figure 8C). Similar augmenta-
tion of ANP-stimulated lipolysis from PDE9-I in a PPARα-depen-
dent manner was confirmed in neonatal rat ventricular myocytes 
(NRVMs) and hepatic HepG2 cells (Supplemental Figure 8D). 
Lastly, PDE9-I amplification of ANP-stimulated lipolysis was 
lacking in adipocytes preincubated with siRNA-Pde9a, supporting 
selectivity of the inhibitor response (Figure 4D).

DIO/mTAC induces fat accumulation in multiple tissues, 
including the heart. In myocardium, this is associated with char-
acteristic swelling of mitochondrial cristae and presence of mac-
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Figure 3. PDE9-I reduces multi-organ lipid accumulation by enhancing lipolysis and mitochondrial respiration. (A) Representative histology of brown fat 
in normal control (left) and obese/CMS OVX mice after placebo or PDE9-I treatment (each replicated n = 7/group). Scale bar: 100 μm. See text for details. (B) 
BAT mRNA abundance for fat metabolism and thermogenic genes in OVX mice with placebo or PDE9-I. Results normalized as in Figure 2G, mean ± SD and 
individual data shown; q values from 2-step Benjamini-Krieger-Yekutieli multiple comparison Kruskal-Wallis test. (C) Metabolomic analysis of acylcarnitines 
in BAT from OVX obese/CMS mice with placebo (PL) or PDE9-I treatment (n = 5 per group). Analysis by 2-step Benjamini-Krieger-Yekutieli multiple compari-
son Mann-Whitney test; all metabolites with q values < 0.008. (D) mRNA abundance of mitochondrial biogenesis genes in BAT from OVX with PL or PDE9-I 
(n = 9/group). *P < 1 × 10–11. (E) Volcano plot of differential gene expression for lipid metabolism PCR array in WAT tissues from OVX model treated with 
PDE9-I versus placebo. Benjamini-Hochberg–adjusted P value versus log2(fold change), n = 8/group. (F) mRNA abundance of mitochondrial oxidative genes 
in WAT from OVX treated with placebo or PDE9-I (n = 5–7/group); 2-step Benjamini-Krieger-Yekutieli multiple comparison Kruskal-Wallis q values shown.
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dance of PPARα-regulated genes by 50%, supporting on-target 
efficacy (Figure 6A). Mice receiving only PDE9-I again displayed 
reduced total body weight and fat mass, no significant change in 
lean body mass, and increased VO2 and VCO2 over placebo. Coin-
hibition of PPARα prevented these changes (Figure 6B). Total food 
intake and daily activity were not significantly different between 
the groups (Supplemental Figure 11A). Compared with placebo, 
PDE9-I reduced iWAT and gWAT mass (Figure 6C) and modestly  

improved cardiac fractional shortening (Figure 6D), and these 
effects were also largely abrogated by concomitant PPARα block-
ade. As a further control, we randomized a cohort of DIO OVX mice 
to receive PPARα-I or vehicle but not PDE9-I over a similar dura-
tion. Changes in body weight and fat pad mass over time were sim-
ilar in both groups (Supplemental Figure 11, B and C). Fractional  
shortening declined slightly with placebo but not PPARα-I, and 
there was no significant drug-time interaction by 2-way ANOVA 

Figure 4. PDE9-I increases lipolysis in fat, 
liver, and myocardium. (A) Phase-contrast 
microscopy with Oil Red O staining of 
cardiomyocytes fed a lipid mixture for 48 
hours and cotreated with vehicle or PDE9-I 
(replicated 4 times); summary of lipid 
droplets/myocyte on right (n = 10/group). P 
value by Mann-Whitney test. Original mag-
nification, 400×. (B) Lipolysis measured 
by glycerol released in human subcuta-
neous preadipocytes (SP-2096, Zen-Bio) 
incubated for 24 hours with combinations 
of ANP, PDE9-I (PF-7493 or BAY-73-6691), 
or soluble guanylate cyclase activator 
(BAY 60-2770). The n values for each are 
provided in the figure; 1-way ANOVA with 
Sidak’s multiple comparison test P values 
shown. (C) Glycerol release in adipocytes 
exposed to chronic ANP with and without 
siRNA against Pde9a or scrambled control 
(Scr), PDE9-I, or PPARα-I. The n for each 
group is provided in the figure. Brown-
Forsythe-Welch ANOVA with Dunnet’s 
multiple comparison test P values shown. 
(D) Glycerol release in adipocytes pretreat-
ed with siRNA against Pde9a or scrambled 
control, and then exposed for 24 hours 
to PDE9-I (PF-7943) or vehicle. Two-way 
ANOVA, lower left P value for interaction 
term, upper P values for Sidak’s multiple 
comparison test between pairs shown. 
(E) Example transmission EM images 
of LV myocardium from DIO/mTAC OVX 
with placebo vs. PDE9-I treatment. With 
vehicle, mitochondria were less dense 
and swollen (white arrow) and there was 
deposition of macro-lipid droplets (yellow 
arrows). Both are quantified from multiple 
images in each group in Supplemental 
Figure 7A. PDE9-I restored the mitochon-
drial architecture to a more normal dense 
appearance (e.g., pink arrow) and there 
was minimal lipid deposition observed. 
(F) Quantitation of mitochondrial density 
(pixels/area), cross-sectional area (arbi-
trary units, log plot), and lipid droplet 
counts based on these EM images (n = 
9–20 individual mitochondria analyzed 
within each EM image quantified and 
averaged, n = 11 for placebo [PL], n = 9 for 
PDE9-I). Analysis by Kruskal-Wallis test, 
with P values displayed.
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key components of CMS and modestly enhance cGMP coupled 
to NP stimulation that is in turn regulated by PDE9. This leaves 
open the question of whether the therapy is also effective with 
DIO alone. To test this, we performed a second series of stud-
ies using the same duration of DIO and drug randomization, but 
without mTAC. PDE9-I also suppressed weight gain with DIO 

(Supplemental Figure 11D). Thus, PPARα-I itself did not stimulate 
weight gain or LV dysfunction in this time frame. Together, these 
results show that in vivo efficacy of PDE9-I in DIO/mTAC requires 
PPARα activation.

PDE9-I is effective in countering DIO in the absence of concom-
itant mTAC. Our primary DIO/mTAC model was used to mimic 

Figure 5. PDE9 localizes to mitochondria and its inhibition augments fat oxidation. (A) PDE9-Flag expressed in cardiomyocytes was identified by Flag 
immunoblot primarily in the mitochondrial subfraction and not cytosol. VDAC1 is mitochondrial control, and α-tubulin (α-tub) cytosolic control. TP, total 
protein. Summary results n = 4, mean ± SD. *P = 0.028 by Mann-Whitney test. (B) Representative EM images for immunogold-labeled PDE9-GFP and GFP. 
Dark black dots identify each protein. Gold-stained GFP (red arrows) is diffusely distributed, whereas PDE9-GFP (yellow arrows) primarily colocalizes to 
mitochondria (n = 12/group). Each rectangular panel is 2.4 × 3.6 µM. (C) Summary analysis of 24 such images (12 per group) showing total number of parti-
cles identified in each field for each protein, and their percentage localization at mitochondria. P values from Mann-Whitney test. (D) Oxygen consumption 
rate (OCR) in adipocytes pretreated with vehicle (Veh, n = 8) or PDE9-I (5 μM, n = 8, mean ± SD), with or without PKG inhibitor (DT3 1 μM). The protocol 
includes administering: A, oligomycin; B, FCCP; or C, rotenone + antimycin. Mean ± SD. (E) Summary results from this experiment for basal and maximal 
oxygen consumption shown on log scale (n/group provided in figure). Kruskal-Wallis test with Dunn’s multiple comparison test.
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tion (31). While the mechanisms remain unclear, this, along with 
the current findings that PPARα inhibition prevents PDE9-I from 
reducing obesity, led us to hypothesize that sexual dimorphism 
may also apply to effects from PDE9-I. We tested this in a sepa-
rate group of non-OVX females subjected to the identical DIO/
mTAC protocol. Interestingly, in non-OVX females, PDE9-I had 
negligible impact in these mice on total body, fat, or lean mass 
(Figure 8A), BAT adipocyte size or browning (Figure 8B), serum 
lipids (Supplemental Figure 13A), iWAT or gWAT mass (Supple-
mental Figure 13B), food intake, activity, indirect colorimetry 
(Supplemental Figure 13C), and hepatic steatosis (Supplemental 
Figure 13D). We also examined responses to PDE9-I in non-OVX 
females with DIO only and also found no impact on weight or fat 
mass increase (Supplemental Figure 12, B and C).

The failure of PDE9-I to alter DIO/mTAC obesity/CMS in 
non-OVX females was not due to a lack of increased Ppara mRNA 

alone in both OVX female and male mice (Figure 7A), accom-
panied by reduced iWAT and gWAT mass (Figure 7B). Hepatic 
steatosis also declined substantially with active treatment (Fig-
ure 7C). PDE9-I also stimulated expression of PPARα-related 
FA metabolic genes in BAT in both OVX female (Figure 7D) and 
male (Supplemental Figure 12A) mice, though the magnitude of 
changes was smaller than that in the primary DIO/mTAC model 
(c.f. Figure 3B). Myocardial Nppa expression also rose with DIO-
OVX alone and declined with PDE9-I (Figure 7E) as observed 
with DIO/mTAC (c.f. Figure 2C). These results establish that 
mTAC is not required to observe improvement in obesity and 
associated FA signaling from PDE9-I.

PDE9-I is ineffective in non-OVX females with ERα shifting 
PPARα DNA binding away from FA oxidation–regulating genes. 
Endogenous estrogen is suggested to blunt PPARα-stimulated 
gene expression and its corresponding regulation of FA oxida-

Figure 6. Inhibition of PPARα blocks beneficial effects of PDE9-I in OVX model. (A) Quantitative PCR of PPARα-associated genes in myocardial 
tissue from OVX obese/CMS mice treated with PDE9-I with and without PPARα-I. Mean ± SD, 2-step Benjamini-Krieger-Yekutieli multiple comparison 
Mann-Whitney, q values shown. *P ≤ 5 × 10–5; #P = 0.007. (B) Effect of PPARα coinhibition on PDE9-I–induced reductions in total body, fat, and lean mass, 
and increases in VO2 and CO2 in OVX obese/CMS mice. Results for placebo-treated OVX mice (derived from data in Figure 1) are plotted with median 
(dark line) and 75% to 25% confidence intervals (shaded). The addition of PPARα-I reversed PDE9-I–mediated responses in these parameters, return-
ing their values to those with placebo for all by lean mass that rose by 5% (n = 10/group). P values displayed from Kruskal-Wallis (includes all 3 groups) 
with Dunn’s multiple comparison test. (C) iWAT and gWAT weight in OVX mice PDE9-I with and without PPARα-I versus placebo (n = 9/group). One-way 
ANOVA with Tukey’s multiple comparison test. (D) Percentage fractional shortening (FS) from the same experiment (n = 7, 5); 2-way ANOVA with Sidak’s 
multiple comparison test.

https://www.jci.org
https://doi.org/10.1172/JCI148798
https://www.jci.org/articles/view/148798#sd
https://www.jci.org/articles/view/148798#sd
https://www.jci.org/articles/view/148798#sd
https://www.jci.org/articles/view/148798#sd
https://www.jci.org/articles/view/148798#sd
https://www.jci.org/articles/view/148798#sd
https://www.jci.org/articles/view/148798#sd
https://www.jci.org/articles/view/148798#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2021;131(21):e148798  https://doi.org/10.1172/JCI1487981 0

engaged mostly different sites if ERα was coactivated (Figure 8F). 
With ERβ coactivation, approximately one-third of binding sites 
with PPARα alone were maintained and one-third were altered, 
and there was also an overall reduction. Gene lists based on PPARα 
chromatin binding for the 3 conditions were subjected to KEGG 
pathway enrichment analysis, and we found that ERα coactivation 
particularly reduced PPARα binding to genes involved with FA 
metabolism (Figure 8G). This is consistent with the mRNA anal-
ysis (Figure 8, C and D) and the lack of obesity/CMS effects by 
PDE9-I in non-OVX mice.

Discussion
This study reveals that PDE9 localizes to mitochondria, and its 
suppression increases lipolysis and mitochondrial respiration, 
reducing total body fat, and fat accumulation in BAT, liver, and 
myocardium in mice with DIO/CMS. Reduced hepatic and visceral  
fat are important, as both are proinflammatory and worsen CMS 
morbidity (32). Cardiac effects include reduction of hypertrophy 
and fibrosis and corresponding molecular signaling, and improved 
heart function. PDE9-I did not appear to alter insulin resistance. 

abundance, which rose similarly in these mice and in OVX females 
and males (Figure 8C, c.f. Figure 2F). However, mRNA abundance 
of genes regulated by PPARα was minimally altered by PDE9-I in 
these mice (Figure 8D) as well as non-OVX females with DIO only 
(Supplemental Figure 12D). Acylcarnitines in BAT were also mini-
mally altered by active treatment (Figure 8E).

These results suggested that sex hormones in intact females 
impeded the capacity of PDE9-I to increase PPARα-regulated FA 
catabolism. Since Ppara expression still increased while mRNA 
abundance of its downstream regulated genes did not, we specu-
lated that coincident estrogen receptor (ER) signaling may impede 
PPARα DNA binding to alter the latter’s transcriptional regula-
tion. To test this, chromatin immunoprecipitation and sequenc-
ing (ChIP-Seq) for PPARα binding was performed using HepG2 
cells transfected with either PPARα (+PPARα agonist) alone or in 
combination with ERα or ERβ transfection and their respective 
agonists. This cell model was used because it is well defined for 
studies of both fat metabolism and ER and PPARα signaling. We 
identified approximately 17,500 PPARα DNA binding sites when 
it was stimulated alone, but this number fell by nearly half and 

Figure 7. PDE9-I reduces obesity and fat mass and improves hepatic steatosis in OVX and male mice with DIO without superimposed pressure overload 
(mTAC). (A) Body weight before and after 6 weeks of treatment with vehicle or PF-7493 (PDE9-I) in DIO OVX (n = 10) and male (n = 9) mice. P value in lower 
right is for interaction of drug treatment and time-change, by 2-way ANOVA. P values above are from Sidak’s multiple comparison test. Baseline values 
for each group were essentially identical. (B) Fat mass for iWAT and gWAT in both OVX and male DIO mice from same study. P values from Kruskal-Wallis 
test. (C) Example liver histology and summary data (n = 10/group). There was substantial steatosis reflected by increased hepatic mass and increased 
percentage area occupied by large lipid vacuoles. P values by Kruskal-Wallis test. (D) Expression of PPARα-associated FA regulatory genes normalized to 
Gapdh in BAT from DIO OVX mice (n = 7 or 8). Two-step Benjamini-Krieger-Yekutieli multiple comparison Kruskal-Wallis q values shown. (E) Expression of 
Nppa/Gapdh in normal diet control versus DIO with vehicle or PDE9-I. P values from Kruskal-Wallis with Dunn’s multiple comparison test.
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and reduced PPARα- and PGC1α-regulated signaling (7). ERα and 
PPARα share DNA binding motifs and protein partners, including 
RXR and coactivator PGC1α (36), and interference between ERα 
and PPARα has been reported in liver cancer (37) and apolipopro-
tein regulation (38). To our knowledge, the present data are the 
first to examine this interaction by ChIP-Seq and identify its spe-
cific targeting of FA metabolic genes. It seems likely that before 
menopause, ER signaling can substitute for PPARα regulation, 
whereas after menopause, PPARα becomes more prominent so 
its activation (e.g., from PDE9-I) counters obesity/CMS. In males, 
the situation is always similar to OVX females. The mechanisms 
for the transcriptional competition and their extension to other 
cell types remain to be explored.

While our results support a connection between PDE9 efficacy  
against DIO/CMS and PPARα activation, they do not explain 
how PDE9 localization to mitochondria (at least in myocytes) is 
key to this efficacy. Importantly, sustained but not acute PDE9-I 
increased mitochondrial respiration, suggesting PDE9-I is unlikely  
to do so by enhancing PKG phosphorylation of mitochondrial pro-
teins directly controlling FA metabolism. Still, we find PKG activ-
ity to be important, so there is likely some phosphorylation target, 
and we suspect this is a yet-to-be identified protein that serves as 
a messenger to the nucleus to modulate PPARα and related gene 
expression. That PPARα promoter activity is augmented by cGMP 
does not mean this is a direct PKG effect but could involve other  
intermediates. Future studies are needed to dissect how such 
communication occurs. Another potential mechanism to cou-
ple PKG with PPARα may be mediated by mTORC1 activity. We 
have shown that PKG phosphorylates tuberous sclerosis complex 
protein 2 (39) at 1 of 2 tandem serines, resulting in a Rheb-depen-
dent suppression of mTORC1. Prior studies found that mTORC1 
is also a negative regulator of PPARα (40), so PKG suppression of 
mTORC1 could in turn enhance PPARα expression and activity. 
This mechanism is also being explored.

The metabolic effects of PDE9-I as shown here are compatible 
with its modulation of NP-derived cGMP (20, 25) and the demon-
strated efficacy of NP to stimulate fat catabolism (14, 41–44) by 
enhancing FA oxidation. NP stimulation is also associated with 
enhanced adipocyte glucose uptake (45) and insulin sensitization 
(46, 47). These effects as well as diminution of DIO appear largely 
due to NP action in adipocytes as opposed to skeletal muscle (48), 
identifying fat as a major signaling nexus. The lack of change in a 
glucose-challenge response from PDE9-I despite increased lipoly-
sis and fat/weight loss appears to differ from NP stimulation, but 
this could relate to different tissue-specific targeting. While Pde9a 
mRNA is detectable in skeletal muscle, its functionality remains 
unknown but may not be as relevant as in adipose tissue, heart, 
and liver. Skeletal muscle plays a key role in regulating postprandi-
al insulin-mediated glucose uptake, so a disparity could contribute 
to the present observations. The data suggest that added benefit 
may come from combining PDE9-I with insulin sensitizers.

Compared with exogenous NP, PDE9-I has some therapeutic 
advantages. For one, it is a small molecule as opposed to a peptide 
and so can be administered orally. Furthermore, obesity blunts 
NP signaling by increasing expression of the NP-clearance recep-
tor (NPRC, NPR3) in adipose tissue (48), greater NP glycosylation 
that suppresses cleavage of the pro-peptide form to the active 

While our main model combined DIO and mild cardiac pressure 
overload to better mimic CMS and augment NP signaling, we 
also found PDE9-I to be effective even without pressure over-
load, expanding its potential therapeutic use. At a molecular level, 
PDE9-I upregulates Ppara expression and activity, increasing the 
abundance of many genes that control fat uptake and catabolism 
and mitochondrial respiration and biogenesis. Inhibiting PPARα 
abrogates lipolytic and antiobesity effects of PDE9-I. Lastly, 
we find a striking sexual dimorphism, as PDE9-I induces these  
changes in OVX females and males but not non-OVX females. 
Redirection of PPARα chromatin binding away from genes reg-
ulating FA metabolism by ERα coactivation may underlie this 
dimorphism. PDE9 inhibitors have been tested in humans for  
other disorders and appear safe and well tolerated. Our findings 
support expansion into men and postmenopausal women with 
obesity/CMS, with or without concomitant pressure overload.

Several mechanisms linking PKG stimulation to lipolytic 
and/or antiobesity effects have been previously proposed. They 
include phosphorylation and activation of HSL, p38 MAP kinase 
(by an unknown intermediate; ref. 33) similar to the pathway used 
by PKA (34), and AMP-activated kinase (35). Their activation has 
been suggested to converge on transcriptional regulators PPARγ 
coactivator 1α (PGC1α) and PPARα (14, 15) to control metabo-
lism. PKG-dependent PPARα activation has also been linked to 
mitochondrial protection against hypoxia-induced cardiac injury 
(18) and increased FA oxidation and catabolism in skeletal mus-
cle (28), but not previously to reducing obesity. Furthermore, to 
our knowledge, none of these proposed effectors of PKG/obesity 
modulation have been reported to display sexual dimorphism. Yet 
crosstalk between estrogen signaling and PPARα activation has 
been reported (36). The similar dimorphism in PDE9-I responses 
coupled to differential downstream PPARα signaling supports the 
notion that the latter is central to the mechanism for PDE9-I meta-
bolic and antiobesity effects. Estrogen itself stimulates fat metab-
olism and mitochondrial oxidative respiration (8), and its decrease 
after menopause or with OVX stimulates visceral adiposity, CMS, 

Figure 8. PDE9-I does not impact body weight, fat, or PPARα downstream 
signaling in OVX DIO/mTAC mice. (A) Total body weight, fat, and lean mass 
in non-OVX obese/CMS female mice before and after 8 weeks of treat-
ment with either placebo or PDE9-I. n = 15/group; 2-way ANOVA, P value 
for interaction of treatment × time shown at lower right; paired Sidak’s 
multiple comparison test also displayed. (B) BAT histology shows enlarged 
adipocytes and reduced mitochondria density in the placebo group, which 
was not changed with PDE9-I (repeated 3 times). Scale bars: 100 μm. (C) 
Ppara mRNA expression increases in non-OVX to levels similar to those for 
male and OVX mice (n = 5 or 6/group). P value by Mann-Whitney test. (D) 
qPCR results for fatty acid metabolism and mitochondrial respiration genes 
in BAT from non-OVX model (log-transformed, 2-step Benjamini-Krieger- 
Yekutieli multiple comparison Mann-Whitney test; *q = 0.03, †q = 0.04, 
all others q > 0.5). (E) Metabolomics of acylcarnitines in BAT from normal 
controls and obese/CMS non-OVX with placebo vs. PDE9-I (n = 5/group, 
2-step Benjamini-Krieger-Yekutieli multiple comparison Mann-Whitney 
test; for placebo vs. PDE9-I all q values > 0.5; for control chow (nonobese) 
versus placebo, all but one P ≤ 0.001 (C22, P = 0.006). (F) Venn diagram of 
ChIP-Seq–identified PPARα binding sites in HepG2 cells with PPARα stimu-
lation alone or combined with ERα or ERβ costimulation. (G) KEGG pathway 
analysis from ChIP-Seq–identified genes with PPARα binding shows loss of 
fat metabolism–related pathways by coactivation with ERα or ERβ.
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identify a striking functional interaction consistent with the sexual 
dimorphism observed in the PDE9-I–mediated increase in Ppara- 
regulated genes and their physiological effects.

Gene and protein expression of PDE9 is most readily detected 
in the brain, so not surprisingly, initial pharmacological develop-
ment of selective inhibitors focused on neurocognitive disorders, 
including schizophrenia and Alzheimer’s. While effective human 
translation remains elusive for these indications, preclinical data 
in the heart have since spawned clinical trials testing its impact on 
heart failure. Clinical studies are now ongoing, but data in humans 
support safety and tolerability of multiple PDE9 inhibitors as well 
as negligible impact on arterial blood pressure or heart rate. Given 
this, the present results suggest translation to humans with obesity 
and CMS is feasible and worth pursuing.

Methods
Obesity/CMS model. C57BL/6N male and female mice (Jackson Lab-
oratory) were fed standard chow or 60% HFD (D12492, Research 
Diets) starting at age 5 weeks. At 7 to 8 weeks, female mice were ran-
domized to bilateral oophorectomy (OVX) or sham surgery, and all 
mice were then continued on their respective diet for approximately 
4 months. For the majority of studies, a baseline echocardiogram was 
then obtained, and mice subsequently underwent an mTAC surgical 
procedure (stenosis sized by 26-G needle). The goal was to subject 
the heart to modest pressure load and stimulate some NP release. 
One week after mTAC, mice were further randomized to placebo 
(vehicle) or the selective PDE9 inhibitor PF-04447943 (PF-7493; 40 
mg/kg/day) delivered in their oral chow (yields 10 nM free plasma 
concentration; see ref. 59) for 2 additional months. Another cohort 
followed the same basic protocol but without mTAC. In a third set 
of studies, DIO/mTAC OVX mice were randomized to PDE9-I alone 
or PDE9-I plus PPARα-I (GW6471, catalog 4618, Tocris Biosciences) 
dissolved in 1% DMSO, 95% saline, 4% polyethylene glycol 400, 3 
mg/kg i.p. every other day) or vehicle. This treatment was then con-
tinued for 6 weeks. A control group of DIO OVX was treated with 
vehicle or PPARα-I only for 6 weeks. At the end of the treatment pro-
tocol, animals were assessed by echocardiography, indirect calorim-
etry, total body fat/lean mass by MRI, fat pad (inguinal and gonadal 
fat) mass, and serum glucose and lipids. Tissues were then harvested 
for histology and molecular assays, and frozen in liquid nitrogen and 
stored at –80°C until analyzed.

Mouse echocardiography. Mouse echocardiography was performed 
in conscious mice using a Vevo 2100 (VisualSonics) with an 18 to 38 
MHz transducer (SanoSite Inc.), and images analyzed with VisualSon-
ics software. The sonographer was blinded to genotype and treatment. 
Ejection fraction and estimated wall mass were derived by using stan-
dard methods (20).

Blood collection and analysis. Blood samples were collected by tail 
vein bleeding, and serum isolated using Microvette CB 300 (Sarstedt). 
Serum triglyceride and cholesterol were measured using an Infinity kit 
(Thermo Fisher Scientific).

Glucose tolerance test. Mice were subjected to overnight food depri-
vation (approximately 16 hours), after which glucose (1 mg/kg) was 
injected intraperitoneally and baseline blood glucose measurement 
was taken from a clean tail blood droplet using a glucometer (BD  
Logic, NovaMax strips, catalog 8548043523). Repeat measurements 
were made at 15, 30, 60, and 120 minutes.

peptide (49, 50), and reducing NP signaling receptors (51). How-
ever, PDE9 inhibition can still augment cGMP so long as there is 
some upstream stimulation. Our finding that PDE9-I is effective 
even without coactivation of NP by cardiac hemodynamic stress 
supports this. Further, while prior studies required gene deletion 
of NPRC to achieve weight reduction from exogenous NP (33), 
this was not needed for PDE9-I to be effective. Lastly, PDE9-I 
augments cGMP in cells in which it is expressed, whereas cGMP 
stimulation methods activate this pathway broadly. Its inhibition 
induces little to no change in systemic artery pressure in preclin-
ical (23, 24) and clinical trials (52), whereas hypotension is com-
mon with cGMP-stimulation approaches.

Several antidiabetic therapies are being tested for weight 
loss, with the most recent success appearing from glucagon-like 
peptide 1 (13). This increases insulin secretion, enhancing glu-
cose uptake and storage as glycogen, and its antiobesity effects 
are thought primarily to occur from appetite suppression with 
increased satiety (53) that can also be a dose-limiting side effect. 
Sodium-glucose cotransporter 2 (SGLT2) antagonists have also 
been studied for weight loss (54), although their impact is mod-
est. Lastly, it is worth noting that the combination of sacubitril 
and valsartan (neprilysin inhibitor and AT-1 receptor blocker) 
for patients with HFpEF appears to have some efficacy (55) and 
was approved by the FDA for patients with an ejection fraction 
of at least 40%. The mechanism of benefit over AT-1 blockade 
alone is generally attributed to suppression of NP proteolysis by 
neprilysin (56). While no evidence to date has found concomi-
tant changes in PPARα signaling or weight reduction (57), our 
findings suggest a potential synergy between these drugs and 
PDE9-I that could augment lipolysis, and this reduces obesity. 
This would be impactful given the high prevalence of obesity in 
patients with HFpEF.

We used PDE9 pharmacological inhibition rather than gene 
deletion to test its role, as we wanted to generate substantial obesi-
ty and CMS before impeding PDE9 activity. Results from a global  
Pde9-KO mouse subjected to DIO are presented in a separate 
study and also reveal less weight gain and metabolic improvement 
over time (58). While our model of obesity/CMS provides insights 
into HFpEF, it did not recapitulate true HFpEF, as the mice did not 
develop frank heart failure — with fluid retention and increased 
mortality. That could require greater pressure stress and/or a 
longer time for the combined stimuli. With DIO alone, we found 
essentially normal basal heart function, while dysfunction is well 
recognized with chronic obesity. Nonetheless, it is a reasonable 
model of severe obesity/CMS, with mTAC providing a second 
hemodynamic hit, as often occurs in patients with CMS. Notably, 
our model generated substantial obesity prior to testing any thera-
py, an approach that is less often taken but translationally import-
ant. We did not show direct evidence for PDE9-I–increased PKG 
activity, as this remains difficult to detect despite cGMP increases  
by this regulatory pathway. This likely relates to a membrane- 
localized nano-compartment whereby PDE9 cGMP signaling 
occurs but is difficult to find in assays of cell/tissue lysates. Still, 
the molecular signatures we report in the myocardium are con-
sistent with PKG activation. Lastly, how PPARα and ERα inter-
fere with each other at the level of chromatin binding remains 
unknown, as is the universality of the finding. However, our results 
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Lipolysis was also assessed in HepG2 cells (human, ATCC cell 
line HB-8065) and in NRVMs. For NRVMs, day 1 to 2 newborn 
Sprague-Dawley rats (Envigo) were placed in an anesthesia chamber 
with a paper towel that had been saturated with isoflurane and then 
sterilized in ethanol. The chest was opened via midline incision, the 
heart removed, placed in Krebs-Henseleit buffer, and mechanistically 
dissociated. The disaggregated myocytes were then placed in cell cul-
ture dishes and incubated in DMEM at 37°C for 1 to 2 days prior to use. 
HepG2 cells were seeded at a density of 5 × 103 cells/well and NRVMs 
plated at a density of 40,000/well in 96-well plates. Cells were main-
tained in medium containing FA mixture and treated with ANP, 
PDE9-I (PF-7943), and PPARα-I (all at 10 μM), for 24 hours. In one set 
of NRVM studies, myocytes were transfected with either scrambled 
control siRNA (25 nM, catalog D-001810-10) or rat PDE9–targeted 
siRNA (25 nM, catalog L-098890-02) from Horizon Discovery.

Effect of PDE9 on mitochondrial oxygen consumption and ATP gen-
eration. Mitochondrial respiration was determined from oxygen con-
sumption rate (OCR) measured by a Seahorse XF96 Extracellular Flux 
Analyzer (Seahorse Biosciences), per the manufacturer’s protocol. 
Both adipocytes and NRCMs were studied. For NRCMs, cells were 
seeded onto fibronectin-coated wells of an Agilent Seahorse XF96 cell 
culture plate in 10% FBS containing DMEM. Twenty-four hours lat-
er, a confluent monolayer of spontaneously beating NRCMs formed. 
Media were replaced with DMEM plus FA mixture as noted above 
plus 0.5 mM carnitine and cultured for an additional 24 hours. For 
acute studies, NRCMs were treated with vehicle or PDE9-I (PF-7943 
5 μM) for 1 hour, and for chronic, for 24 hours prior to the exposure 
to FA-containing medium. In another study, NRCMs were infected 
with adenovirus expressing GFP or PDE9-GFP (C-terminus, MOI 10, 
incubated for 48 hours prior to OCR measurements). To assess OCR, 
cells were tested in DMEM without phenol red but supplemented with 
sodium pyruvate (pH 7.4). After calibration of the sensor cartridge, the 
XF96 plate was placed into the Seahorse instrument and OCR mea-
sured in pmol/min/cell. Analysis of mitochondrial function was made 
using changes in OCR in the presence of 1.0 μM oligomycin (inhibits 
complex V – basal OCR determined), 1.0 μM FCCP (uncoupling agent 
revealing maximal OCR through complex IV), 0.5 μM rotenone and 
antimycin A (inhibits complex 1, shutting down mitochondrial respira-
tion to calculate nonmitochondrial respiration). After each injection, 
OCR was assessed 4 times at 5 different time points. The results were 
normalized to cell protein in each well and averaged.

Similar analysis was performed in differentiated human subcu-
taneous preadipocytes. Cells were maintained in adipocyte mainte-
nance medium for 24 hours and then incubated with a combination 
of the following for 1 hour (acute) or 24 hours (chronic): vehicle (0.1% 
DMSO), PDE9-I (5 μM PF-7943, 5 μM BAY 73-6691, catalog B3561, 
MilliporeSigma), with and without the PKG inhibitor DT3 (1 μM) add-
ed 1 hour prior to treatment with PDE9-I.

PPARα promoter activity assay. HepG2 (human, ATCC cell line 
HB-8065) cells were cultured in DMEM (10% FBS, 1% penicillin/
streptomycin, Thermo Fisher Scientific) to 70% confluence. Cells were 
transfected using Xfect transfection reagent (catalog 631317, Takara 
Bio) with recombinant plasmid containing the 1206-bp upstream TSS 
of human PPARα promoter-luciferase reporter (0.3 μg) (provided by 
Bert Staels, University of Lille, Lille, France). Renilla-luciferase plas-
mid (0.001 μg; Promega) was transfected as an internal control. After 
24 hours, cells were incubated with 8-pCPT-cGMP (C5438, Sigma- 

MRI for body composition analysis. Total body fat and lean mass 
composition was determined using an EchoMRI 100 (Echo Medical 
Systems) by the Johns Hopkins University School of Medicine Mouse 
Phenotyping Core using standard protocols.

Indirect calorimetry, caloric intake, and physical activity measure-
ments. Indirect calorimetry and additional measures of food intake 
and physical activity were performed in open-circuit indirect calorim-
etry cages (Comprehensive Lab Animal Monitoring System, Colum-
bus Instruments). Mice were monitored individually and continuously 
for 4 days: 2 to 3 days to monitor adaptation to the novel environment, 
and the third or fourth day for reporting data. The system periodically 
measured rates of O2 consumption (VO2) and CO2 production (VCO2) 
for each cage, as well as food intake and physical activity (infrared 
beam array). Data were processed in time segments (daily 24-hour, 
and 12-hour dark/12-hour light), and averages calculated for each as 
well as for the 24-hour period. VO2 and VCO2 were normalized to (lean 
mass + 0.2 × fat mass), as described previously (60), using EchoMRI 
100 data acquired proximate to indirect calorimetry.

Lipid loading and impact of PDE9-I in cardiomyocytes. Rat neona-
tal cardiomyocytes were isolated from newborn pups and cultured for 
2 days prior to study. Cells were then incubated with 2.5 μM PF-7943 
or vehicle for 24 hours prior to exposure to an FA mixture: oleic acid 
(catalog O1008, Sigma-Aldrich), linoleic acid (catalog L1376, Sig-
ma-Aldrich), and palmitate acid (catalog P0500, Sigma-Aldrich) 
complexed (3:1 ratio) with 3% FA-free bovine serum albumin (BSA) 
at a concentration of 0.4 mmol/L. After an additional 24-hour incu-
bation, cells were fixed in 4% formaldehyde for 30 minutes, washed 
with PBS 3 times, and stained with Oil Red O. After gentle washing 
with PBS 3 times, cells were imaged using phase-contrast microscopy 
(Zeiss AxioObserver A1 inverted microscope and Olympus DP80 dual 
RGB and monochrome camera) to identify lipid-laden vesicles. Imag-
es were processed with ImageJ (NIH) to determine vesicles/cell. In 
another assay, lipid-fed myocytes were washed with PBS, loaded with 
5 μM BODIPY 493/503 (D3922, Invitrogen) for 20 minutes at 37°C, 
fixed in 4% paraformaldehyde, washed, permeabilized, and counter-
stained with 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochlo-
ride (DAPI) (D1306, Invitrogen). Images were taken with a Revolve 
microscope (Echo Laboratories) and analyzed (ImageJ, v1.52) after 
background subtraction and threshold detection.

Lipolysis assays. Human subcutaneous preadipocytes (SP-2096, 
Zen-Bio), were grown and differentiated per the manufacturer’s 
instructions. Differentiated adipocytes were maintained in adipo-
cyte maintenance medium and incubated with combinations of the 
following compounds for 24 hours: vehicle (0.1% DMSO), ANP (10 
μM, catalog S-20647, Anaspec), PDE9-I (5 μM PF-7943, 5 μM BAY 
73-6691, catalog B3561, MilliporeSigma), PPARα inhibitor GW6471 
(10 μM, catalog 4618, Tocris), and soluble guanylate cyclase acti-
vator BAY 60-2770 (1 nmol/L, catalog SML2281, MilliporeSigma). 
Cells were first incubated with the respective comodulators for 
3 hours prior to the addition of ANP. In another study, adipocytes 
were transfected with either scrambled control siRNA (25 nM, cat-
alog D-001810-10-20) or human PDE9–targeted siRNA (25 nM, 
catalog L-003820-00-0005, Horizon Discovery) on day 10 of 
differentiation and 48 hours thereafter, and treated with ANP and 
PDE9-I for an additional 24 hours. Lipolysis was assessed by glycer-
ol release using an adipocyte lipolysis assay kit (LIP-1-NC, Zen-Bio) 
per the manufacturer’s protocol.
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RNA isolation and gene expression analysis. Total RNA from 
heart, WAT, and BAT was extracted using TRIzol reagent (cata-
log 15596026, Invitrogen) per the manufacturer’s instructions. A 
High-Capacity RNA-to-cDNA Kit (catalog 4388950, Applied Bio-
systems) was used to reverse transcribe the RNA into cDNA. The 
PCR-array gene expression profiling was performed using the Bio-
Rad Prime PCR plates dedicated to Carbohydrate (10029626, M384) 
and Lipid metabolism (10040365, M384) gene panels according to 
the manufacturer’s instruction.

Quantitative real-time PCR analysis was carried out using TaqMan 
specific primers that are listed in Supplemental Methods. The thresh-
old cycle (Ct) values were determined by the crossing-point method 
and normalized to GAPDH (Applied Biosystems) values for each run.

cGMP assay. Tissue cGMP levels were measured by EIA assay 
(Cyclex), as described previously (20).

Metabolic profiling of BAT and myocardial tissue for acylcarnitines. 
Upon sacrifice, 5 replicates of each experimental series of heart and 
BAT tissues were washed for 5 seconds in ice-cold PBS to remove 
excess blood and then snap-frozen in liquid nitrogen. Tissues were 
ground in liquid nitrogen. Frozen ground tissue powder (15 mg) was 
further homogenized using ice -cold extraction solution (40% aceto-
nitrile/40% methanol/20% water, spiked with internal standards). 
Homogenized samples were then incubated at –20°C for 1 hour, after 
which all the samples were centrifuged at 16.2g (Sorvall Legend Micro 
21R Microcentrifuge) for 15 minutes at 4°C. Supernatants were trans-
ferred to new glass tubes and dried using a speed vac. Pellets were 
used for protein estimation using the BCA method.

Extracted myocardial tissue and BAT samples were assayed 
using stable-isotope dilution (2H3-carnitine (d3C0), 2H3-acetyl- 
(d3C2), 2H3-propionyl- (d3C3), 2H3-butyryl- (d3C4), 2H9-isovaleryl-  
(d9C5), 2H3-octanoyl- (d3C8), 2H9-lauroyl- (d9C12), 2H9-miristoyl-  
(d9C14), 2H3-palmitoyl- (d3C16) and 2H3-stearoylcarnitine (d3C18). 
Cambridge Isotope Laboratories (CIL) NSK-B-US and NSK-B-US- 
G1 standards were reconstituted in 0.5 mL 10% methanol in water 
plus 0.1% formic acid by means of 10 minutes of orbital shaking 
and thorough vortexing.

One hundred twelve species comprising aliphatic acylcarnitines 
ranging from C0 (free) to docosanoyl- (C22), and including odd-chain, 
branched-chain, unsaturated, hydroxylated, and dicarboxylic moieties, 
were analyzed using a Waters Acquity UHPLC in a ACE C18-PFP col-
umn (2.1 × 100 mm, 3 μm particle size) at 0.3 mL/min and 30°C with 
water partitioning in 3:1 acetonitrile/methanol (by volume), both with 
0.1% formic in gradient elution (5 minutes, 0% B; 8 minutes to 23% B 
and then to 100% B in 18 minutes) and monitored in a Sciex 4500 tri-
ple quadrupole mass spectrometer using optimized specific transitions 
to class-specific product ion m/z 85 at defined retention times. Neutral 
loss of trimethylamine from the parent ion fragment was also monitored 
as a confirming transition. Injection volume was 5 μL.

Species were quantified using 6 non-zero-level calibration curves 
using the authentic standard (CIL, NSK-B-US and NSK-B-US-G1) 
where possible, spiked in analyte stripped serum (Biocell Labora-
tories); if not available, the closest in the homolog series was used. 
Unsaturated species were assayed using the same response factor as 
the corresponding aliphatic species of the same chain length. Hydrox-
ylated are referred to as hydroxyisovaleryl- (C5OH) or hydroxylpalmi-
toylcarnitine (C16OH) and dicarboxylic to glutarylcarnitine (C5DC). 
Replicates showed acceptable coefficients of variation (20%).

Aldrich) at varying concentrations for 6 hours. Cell lysates were then 
extracted using passive lysis buffer (E1910, Promega), and lucifer-
ase activity measured by Dual-Luciferase Reporter Assay (E1910,  
Promega) using a GloMax96 plate reader (BioTek).

Mitochondrial PDE9-localization analysis. NRCMs were infected 
with adenovirus expressing PDE9-Flag (10 MOI) and maintained in 
DMEM with 10% FBS. After 48 hours, cells were scraped into ice-cold 
PBS and spun at 800g for 2 minutes, and mitochondria isolated using 
a kit per the manufacturer’s instructions (Thermo Fisher Scientific, 
catalog 89874, lot TJ272027). Mitochondria were reconstituted in 
SDS sample loading buffer (Licor, catalog 928-40004), run in 4% to 
20% Mini-Protean TGX gels (Bio-Rad), and blotted onto a nitrocellu-
lose membrane (Bio-Rad). Antibodies against the following proteins 
were used: α-tubulin (Cell Signaling Technology, 3873S, lot 12), GFP 
(Invitrogen, A6455, lot 2185052), Flag (Sigma-Aldrich, F1804, lot 
SLBW5142), VDAC1/porin (Abcam, ab15895, lot GR3237200-1), and 
Total Protein Stain (Licor, 926-11016). Antibody binding was visual-
ized with an infrared imaging system (Odyssey, Licor) and quantifica-
tion by Odyssey Application Software 3.1. See complete unedited blots 
in the supplemental material.

Light microscopy histology. Immediately after removal, liver, iWAT, 
gWAT, and BAT were fixed overnight by immersion at 4°C in 4% para-
formaldehyde. Paraffin-embedded, dewaxed, 4-μm sections were 
stained using hematoxylin and eosin.

Transmission electron microscopy and immunogold staining. Freshly  
extracted heart tissues were fixed in 2.5% glutaraldehyde, 3 mM 
MgCl2, 0.1 M sodium phosphate (Sorenson’s) buffer, pH 7.2, for 1 hour 
at room temperature. After a buffer rinse, samples were postfixed 
in 1% osmium tetroxide and 0.8% potassium ferrocyanide in 0.1 M 
Sorenson’s buffer (1 hour) on ice in the dark. Following a 0.1 M maleate 
buffer rinse, samples were stained with 2% uranyl acetate (0.22 μm 
filtered, 1 hour in the dark) in maleate buffer, dehydrated in a graded  
series of ethanol, followed by propylene oxide and embedded in 
Eponate 12 (Ted Pella, Inc.) resin. Samples were polymerized at 
60°C overnight. Thin sections, 60 to 90 nm, were cut with a dia-
mond knife on the Reichert-Jung Ultracut E ultramicrotome and 
picked up with 2 × 1 mm formvar-coated copper slot grids. Grids 
were stained with 2% uranyl acetate in 50% methanol and 0.4% 
lead citrate before imaging on a Hitachi 7600 TEM at 80 kV. Imag-
es were captured with an AMT XR50 CCD (5 megapixel) camera at 
the Johns Hopkins University School of Medicine Microscopy Core. 
Mitochondrial density and area measurements were performed 
using ImageJ (v1.52). Scales were set based on the 500-nm legend 
for each image. The adjust threshold function was used to highlight 
mitochondria and the measure function to determine pixel intensity 
and area of the highlighted region.

For immunogold staining, NRVMs were plated in a 6-well plate (1 
× 105 cells per well). Twenty-four hours later, they were infected with 
adenovirus expressing either GFP alone or GFP-tagged PDE9 (MOI 
10). Forty-eight hours after transfection, cells were fixed in EM grade 
4% paraformaldehyde and 0.1% glutaraldehyde in 80 mM phosphate 
buffer (Sorenson’s buffer) with 3 mM magnesium chloride, pH 7.2. The 
subsequent preparation steps to obtain the stained EM grids are pro-
vided in Supplemental Methods. Images were then captured at 120 kV 
on a Ceta Camera (8 megapixel CCD, 16 bit, 40 fps) on a Talos L120C 
G2 Transmission Electron Microscope at the Johns Hopkins University 
School of Medicine Microscopy Core.
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corresponding multiple comparison tests. The majority of unpaired 
comparisons between 2 groups was performed using a nonparamet-
ric Mann-Whitney U test. Much of the data are presented as violin 
plots, showing the distribution, median, 25% and 75% IQRs, and all 
individual data. Others are provided as bar graphs with all individ-
ual data displayed and mean ± SD shown. Sample size is provided 
for each figure legend. Data that did not have sufficient sample size 
(e.g., <6/group) to assess for normality were analyzed using non-
parametric statistics. A P value of less than 0.05 was considered 
significant. All absolute P values are displayed in the figures them-
selves or provided in the corresponding legends.

Study approval. The animal protocol was approved by the Johns 
Hopkins University Animal and Care Use Committee.
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ChIP-Seq analysis of PPARα binding and influence of ERα and ERβ 
coactivation. ChIP was performed in HepG2 cells with 2 independent 
full biological replicates. Approximately 5 × 106 HepG2 cells (human, 
ATCC cell line, HB-8065) were cultured in three 15-cm-diameter 
plates in DMEM with 10% FBS. After 24 hours, cells were transfect-
ed with expression vectors for either PPARα alone (human-tagged 
ORF, RC216176, Origene), or combined with ERα (pCMV ERalpha, 
101141, Addgene) or ERβ (pcDNA Flag ERbeta, 35562 Addgene). 
Forty-eight hours after transfection, cells were treated with a PPARα 
agonist alone for 2 hours (10 μM, Wy14643, 1312, Sigma-Aldrich) or 
first with an ERα agonist (10 nM, PPT, 1426/50, Tocris Biosciences) 
or ERβ agonist (10 nM, DPN, 1494/50, Tocris Biosciences) for 45 
minutes, followed by a 2-hour incubation with the PPARα agonist. A 
SimpleChIP Enzymatic Chromatin IP kit (catalog 9003, Cell Signal-
ing Technology) was used for the immunoprecipitation per the man-
ufacturer’s instructions. Cells were washed twice with ice-cold PBS 
and then crosslinked by incubating with 1% formaldehyde for 10 min-
utes. The reaction was stopped by the addition of 2.5 M glycine and 
the plates washed twice with ice-cold PBS. Chromatin was treated  
with nuclease and sonicated. Immunoprecipitation was performed 
with PPARα-specific antibody (ab227074 ChIP-grade, Abcam) and 
Protein G magnetic beads. Chromatin was eluted from the beads, 
decrosslinked, and purified. ChIP and input DNA libraries were pre-
pared using a Clontech DNA SMART kit (catalog 634866, Takara 
Bio). ChIP-Seq was performed according to the ENCODE (The Ency-
clopedia of DNA Elements) consortium’s standards and guidelines. 
Sequencing was carried out by the JHU Genomics Core Facility using 
an Illumina NextSeq 500 sequencing system. Irreproducible dis-
covery rate was used to evaluate reproducibility of the experiments 
by measuring consistency between our biological replicates within 
an experiment. The raw ChIP-Seq data have been deposited in the 
NCBI’s Gene Expression Omnibus database (GEO GSE156956). Data 
quality was validated using FastQC (v0.11.9). Sequenced reads were 
trimmed for adaptor sequence, and for low-quality sequence, using 
Trim Galore v0.6.4_dev. Gene Alignment was done to hg38 whole 
genome using bowtie (v1.0.1) and peak locations were determined 
using the MACS2 algorithm v2.2.7.1 (0.01 FDR cutoff, fold enrich-
ment 2, 3, and 5). Peaks were annotated using Homer v4.11 and func-
tional analysis was performed using R (version 3.3.6), ChIPSeeker 
(v1.18.0, TSS region –2500, 2500) and DiffBind (v2.16) packages. We 
identified clearly distinct grouping of PPARα alone versus combined 
with either ERα or ERβ by non-negative matrix factorization and prin-
cipal component analysis (Supplemental Figure 14).

Statistics. All statistical analysis was performed using GraphPad 
Prism 9.2. For data involving 2 grouping factors, e.g., effect of time 
and drug intervention, analysis was by 2-way ANOVA, with Sidak’s 
multiple comparison test. For multiple group comparison, 1-way 
ANOVA, Welch’s ANOVA (does not assume equal variances among 
groups), or a Kruskal-Wallis nonparametric test was employed, with 
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