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Pdeba deficiency prevents diet-induced obesity (]
via adipose cAMP-PKA activation enhancing fat
browning
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ABSTRACT

Objective: Cyclic nucleotides are central regulators of adipogenesis and adaptive thermogenesis, with their intracellular concentrations tightly
controlled by phosphodiesterases (PDES). Among them, phosphodiesterase type 5 (PDE5A) regulates cyclic guanosine monophosphate (cGMP)
turnover in adipocytes. Although PDE5A inhibition has been explored in diabetes, its role in systemic metabolism remains poorly defined.
Methods: We employed different Pde5a knockout mouse models to investigate the impact of PDE5A deficiency on adipose tissue biology and
whole-body energy homeostasis. Phenotypic, histological, and metabolic assessments were performed under chow and high-fat diet condi-
tions, with a focus on thermogenic activation, hepatic lipid accumulation, and glucose metabolism.

Results: Loss of Pdebaresulted in robust activation of brown adipose tissue and moderate browning of white adipose depots, accompanied by
a reduction in hepatic lipid content. Upon high-fat diet challenge, Pde5a-deficient mice exhibited resistance to obesity, improved glucose
handling, and enhanced thermogenic capacity. Mechanistically, these protective effects originated from early developmental knockdown of
Pde5a, which induced metabolic reprogramming via activation of the cCAMP—protein kinase A (PKA) signaling pathway. The convergence of
¢GMP and cAMP signaling cascades orchestrated systemic metabolic adaptations.

Conclusions: Our study identifies PDE5SA as a previously unrecognized regulator of thermogenesis and energy balance. Targeting PDE5SA may

therefore represent a promising adjuvant therapeutic approach for the treatment of metabolic disorders.
© 2025 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION composed of a heterogeneous population of cells including mature

and immature adipocytes, immune cells, endothelial cells, progenitor
Adipose tissue (AT) has long been recognized as the principal site of and stem cells that collectively orchestrate complex metabolic re-
energy storage, playing a critical role in whole-body energy homeo-  sponses. Dysregulation in the composition and function or excessive
stasis [1]. However, recent advances have transformed our under-  expansion of adipose tissue drives the complications observed in
standing of AT, revealing it to be a dynamic endocrine organ obesity and related conditions [2]. As the global prevalence of morbid
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obesity and metabolic-associated fatty liver disease (MAFLD) continue
to rise [3], the need to identify novel molecular targets and pathways
governing energy metabolism becomes ever more urgent. One
promising but underexplored avenue is the pharmacological modu-
lation of cyclic nucleotide signaling through the inhibition of phos-
phodiesterases (PDEs), enzymes responsible for the hydrolysis of
cyclic nucleotides. Among these, phosphodiesterase 5 PDE5A stands
out as the most extensively studied and clinically relevant, owing to
the availability of human safe and affordable inhibitors. PDE5A
selectively hydrolyzes cGMP [4], and its pharmacological inhibition
has been shown to induce uncoupling protein 1 (UCP1) expression,
promote thermogenic activity, and stimulate the browning of subcu-
taneous white adipose tissue [5,6]. Additionally, PDE5A inhibition has
been implicated in adipogenesis, as evidenced by increased intra-
cellular lipid droplet accumulation and the upregulation of key adi-
pogenic markers during 3T3-L1 preadipocyte differentiation [7].
Preclinical and clinical studies seem to suggest that PDE5A inhibitors
(PDES5i) improve insulin resistance and glucose metabolism high-
lighting their therapeutic potential for metabolic disorders [8—10]. We
have extensively tested PDE5i in type 2 diabetes mellitus (T2DM)
[11—15]; however, the precise mechanisms underlying these effects
remains poorly understood. Building on these findings, we aim to
dissect the specific contributions of PDE5SA in the regulation of
glucose homeostasis and lipid metabolism. To achieve this purpose,
we developed constitutive and conditional Pde5a knockout mouse
models and we investigated their metabolic phenotype, fat distribu-
tion and functional properties under basal conditions and following
thermogenic and dietary challenges.

2. MATERIALS AND METHODS

2.1. Mice

Pde5a '~ mice were generated using CrispR-Cas9 technology ac-
cording to the strategy depicted in Figure S1A. sgRNAs for targeting
murine Pdeba exon 2 were designed using the online tool MIT CRISPR
Design (http://news.mit.edu/). Guide RNAs were generated in vitro
using the MEGAshortscript T7 transcription Kit (Thermo Fisher Sci-
entific, MA, USA) and purified by using the MEGAclear Transcription
Clean-Up Kit (Thermo Fisher Scientific, MA, USA). sgRNA (50 ng/pl),
ssDNA donor oligo (100 ng/pl) and Cas9 mRNA (100 ng/pl; TriLink
Biotechnologies, CA, USA) were microinjected into one-cell-stage
zygotes obtained from C57BL/6N mice for the generation of Pde5a
KO mice. C57BL/6N-B6D2F1/J chimeric mice were backcrossed to
obtain a pure C57BL/6N background. Three founder lines were ob-
tained and used for characterization.

Pde5a conditional knockout mice (Pde5a-""*>) were generated
using homologous recombination and BAC technologies according
to the strategy depicted in Figure S1B. BAC RP23-255K12 (Source
BioScience Life Sciences), which consists of a 190 kb insert,
including 100 kb of sequence upstream of the Pdeba start codon
and 90 kb of mouse Pde5a gene, was used to generate targeting
vector. Bacteria containing BAC RP23-255K12 were electroporated
with mini-\ prophage DNA containing the essential components for
homologous recombination. Targeting vector was generated by
homologous recombination inserting the neomycin cassette, ob-
tained from the pLTM260 vector (a generous gift of Dr. S.K.
Sharan, NCI- FCRF, Frederick, MD) flanked by LoxP and FRT sites
and two homology regions of the Pde5a gene at intron 2, into the
BAC. A third LoxP site was introduced at intron 1. Kanamycin
resistant recombinants were used for getting the BAC sequence

(from intron 1 to intron 2) and the Neo cassette into the retrieval
pDTa8 vector (a generous gift of Dr. S.K. Sharan, NCI- FCRF,
Frederick, MD) containing the DT (diphtheria toxin) gene for
negative selection of electroporated ES (embryonic stem cells).
Targeting vector was linearized with Notl and electroporated into
129/Sv-C57BL/6N ES cells. Positive selection of recombinant
clones was achieved using 200 pg/ml G418 (Thermo Fisher Sci-
entific, MA, USA). 384 resistant clones were obtained and
screening by Southern Blotting using two external 5’ and 3’ probes
(Spel) and an internal probe (Pvull). An ES targeted clone was
injected into C57BL/6N blastocysts and finally returned to pseudo-
pregnant CD1 mothers to produce germ-line chimeric pups.
Neomycin cassette was removed crossing homozygous mice with
Flp-C57BL/6N deleter mice (kindly provided by Prof. D. O’Carroll,
EMBL Monterotondo, Italy). AdipoQ®™® and Fabp4®® mice were
kindly provided by Prof. M. Riminucci (Sapienza University of
Rome, Italy) while Rosa26%®F"T were kindly provided by Prof. S.
Dolci (University of Rome Tor Vergata, Italy).

Pde5a '~ mice genotyping was performed using the Phire Tissue
Direct PCR Master Mix (Thermo Fisher Scientific, MA, USA) and
following primers: Pde5a screen F1: 5’- GAGTCTAGGATAGGAGCACT
-3" . Pde5a screen F2: 5'- TTGGCAAGGAATGTGGCTA -3’ and Pde5a
screen R: 5'- GCAGGCTTGTTATTTACTTATTTTG -3'. Pde5- > mice
genotyping was performed using the same Master Mix and the
following primers: Pde5a del F: 5’-CCAGGTCATGAGAATGCACA and
Pde5a del R: 5’- TGTCTCTTGGACTGGCAGA. All mice used for ex-
periments were provided with food and water ad libitum and kept in a
standard specific pathogen-free environment. The study focused on
male mice as hormonal fluctuations associated with estrous cycle in
females could influence glucose and lipid metabolism [16].

All procedures were conducted in compliance with the Guidelines for
Animal Care and Treatment of the European Union and Italian Law (D.
Lgs 2010/63EU) and were approved by the Sapienza University’s
Animal Research Ethics Committee, the Italian Ministry of Health and
the Committee of Animal Care and Use of the National Cancer Institute
in Frederick, Maryland (Authorization no. 165/2016-PR). The study
conformed to Animal Research Reporting of In Vivo Experiments
(ARRIVE) guidelines.

2.2. High-fat diet feeding protocol

A diet induced obesity (DIO) model was established through chronic
feeding with a HFD (60 % Kkcal from fat, D12492, Research Diets, NJ,
USA) for 12 weeks starting at the age of 8 weeks. Normal chow diet-
fed mice were maintained on diet with 10 % kcal from fat (D12450J,
Research Diets, NJ, USA). Food and water were provided ad libitum.
Mice were housed and kept on a 12 h light/dark cycle at 23 &+ 1 °C
and weighed before HFD induction and once a week for all the
duration of HFD feeding protocol. Food and water intake was deter-
mined weekly for all the duration of the experiment. Food Efficiency
Ratio (FER) was calculated as: FER = 100*(weight/food intake) as
previously described [17].

2.3. In vivo thermogenesis induction

For cold-induced thermogenesis 8-week-old male mice (n = 5/group)
were housed at a constant room temperature of 4 °C for 4h according
to [18]. For chemically induced thermogenesis 8-week-old male mice
(n = 6/group) were injected via jp with 1 mg/kg B3 adrenoceptor
agonist CL316,243 (Sigma-Aldrich, MA, USA) or saline for 10d as
previously described [19]. Mice were weighted before and at the end
of the treatment. Mice were housed at a constant room temperature
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of 23 + 1 °C with food and water given ad libitum and were fed a
standard diet that contains 62 % kcal from carbohydrate, 25 % kcal
from protein, and 13 % kcal from fat (Inotiv, IL, USA).

2.4. Statistics

All experiments were conducted with biological replicates or tripli-
cates and confirmed with technical triplicates. Data are presented as
mean + SEM from at least three independent experiments. Full de-
tails for statistics are detailed within each material and methods
paragraph. Data distribution was assumed to be normal but this was
not formally tested. Statistical significance was analyzed using the
student’s t-test for parametric data and the ANOVA test with Tukey’s
corrections for nonparametric data. All differences were considered
statistically significant when *p < 0.05, **p < 0.01, ***p < 0.005
and ****p < 0.001. All analyses were performed using GraphPad
Prism 9 software.

3. RESULTS

3.1. Pdeba ablation boosts browning of WAT and thermogenic
capacity

The protein kinase G (PKG) signaling pathway plays a crucial role in
brown adipocyte differentiation, with several evidences demonstrating
that pharmacological enhancement of cGMP in adipocytes induce
UCP1 expression and drive the thermogenic program [5,6,20]. cGMP
intracellular levels are primarily regulated by the Pde5a and Pde9a
isoenzymes, both of which are expressed in mature adipocytes
[9,21,22]. While recent evidence has shown that Pde9a is involved in
the cold-induced thermogenic program of brown adipose tissue (BAT)
[22], the role of Pde5a in this process warrants further investigation.
To determine whether PDE5A contributed to white adipose tissue
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(WAT) browning and thermogenesis, we generated a Pde5a knockout
(KO) mouse model (Pde5a*/*) (Figure S1A and B) and analyzed its
adipose tissue under basal conditions and after thermogenic stimuli.
Pde5a~"~ mice are viable, fertile, have a normal life span, and were
born at normal Mendelian ratios. Gross morphological inspection
revealed a healthy phenotype, with no overt abnormalities and an
apparently normal behavior, suggesting that loss of Pde5a does not
affect mouse development and viability (Figure 1A and Figure S1C—F).
We measured cGMP-phosphodiesterase activity in the absence and
presence of the selective PDE5SA inhibitor sildenafil in mouse em-
bryonic fibroblasts (MEF) cultures derived from Pde5a~'~ and wild-
type (WT) mice. The analysis revealed that both the Pde5a ablation
and pharmacological inhibition resulted in a comparable reduction of
c¢GMP-phosphodiesterase activity (Figure S1G). Moreover, the addition
of sildenafil to Pde5a "~ MEFs did not further reduce cGMP hydro-
lysis, confirming that sildenafil’s primary target in adipocytes is the
PDE5A. To test whether Pde5a ablation increases cGMP levels and
activates the PKG signaling pathway, we analyzed the phosphorylation
status of vasodilator-stimulated phosphoprotein (VASP) in the same
cell extracts. We found that global Pde5a deficiency significantly
increased PKG-dependent phosphorylation of VASP on Sering®®®
indicating heightened PKG activity (Figure STH and I).

While histomorphometric analyses of adipose tissue depots showed
no major differences in BW or fat mass under basal condition between
Pde5a~’~ and WT mice (Figure 1B and C), a significant reduction of
adipocyte area was observed in both white and brown adipocytes of
Pde5a '~ mice (Figure 1D and G). This reduction in adipocyte size is a
hallmark of ‘WAT-browning’, a process associated with increased
non-shivering thermogenesis and metabolic activity [23]. Ucp1 is a
key player in the process by which BAT increases energy expenditure
[24]. To investigate whether WAT browning occurs in Pde5a~'~mice,
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Figure 1: White adipose tissue from Pde5a—/~ mice displays morphological features of brown fat. (A) Representative view of 2-month-old Pde5a*’* and Pde5a '~ male
mice. (B) Body weight (BW) of Pde5a*”* (n = 10) and Pde5a '~ (n = 10) mice fed a normal diet. (C) Adipose tissue (epididymal visceral adipose tissue VAT, inguinal
subcutaneous adipose tissue SAT, interscapular brown adipose tissue BAT) weight as percentage of total BW of 2-month-old Pde5a*"* (n = 6, white) and Pde5a '~ (n = 6,
blue) male mice. (D) Hematoxylin and eosin (H&E) staining of adipose tissue sections of VAT, SAT and BAT from 2-month-old Pde5a™* and Pde5a’~ male mice; scale
bar = 50 pum. (E—G) Average area of adipocytes (100 cells/mouse) in FFPE sections obtained from VAT (E), SAT (F) and BAT (G) of 2-month-old Pde5a*’* (n = 3, white) and
Pde5a—’~ (n= 3, blue) male mice. Results in scatter dot plot graphs are shown as mean =+ SEM. Statistical analysis was performed using Student t-test. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Figure 2: Pde5a ablation induces WAT browning and enhances thermogenic capacity. (A) qPCR gene expression analysis of Ucp7 performed on AT depots obtained from
Pdesa*’* (n = 4, white) and Pdesa "~ (n = 4, blue) mice. Hprt1 was used as housekeeping gene for normalization. Data are presented as dot plots with column bars + SEM
showing all the experimental samples. Statistical analysis was performed using two-way ANOVA test. (B) Immunohistochemistry (IHC) staining of BAT sections of Pde5a*’* and
Pde5a "~ mice showing increased UCP1 expression in Pde5a "~ mice as compared to WT mice. Left panels = unstained sections; right panels = UCP1 stained sections. Scale
bar = 100 pum. (C) qPCR gene expression analysis of thermogenic markers and BAT-enriched genes performed on VAT obtained from Pde5at’t (n = 4, white) and Pde5a~’~
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we analyzed the expression of canonical BAT markers. Notably, Ucp1
expression was significantly upregulated in all adipose tissue depots
of Pdesa "/~ mice, suggesting that the absence of Pde5a promotes
the “beigeing” of WAT while also fostering the thermogenic program
in BAT (Figure 2A and B). In support of this observation, we found an
overall increase in the expression of other thermogenic or BAT-
enriched genes, including Peroxisome proliferator-activated receptor
gamma (Pparg), PR domain containing 16 (Prdm16), CCAAT Enhancer
Binding Protein Alpha (Cebpc) and Beta (Cebpg), Fibroblast growth
factor 21 (Fgf21) and Pyruvate dehydrogenase kinase isoenzyme 4
(Pdk4) in Pde5a "~ WAT, suggesting that Pde5a ablation is accom-
panied by an increase in ‘beige’ adipocytes within WAT (Figure 2C).
To further assess the impact of Pde5a deletion on fat thermogenic
capacity in vivo, Pde5a '~ mice were treated with a [3-adrenergic
receptor (B3-AR) selective agonist (CL316,243) for 10 days. Macro-
scopic analysis of tissues from vehicle and CL316,243-treated mice
revealed that fat depots from Pde5a '~ mice appeared constitutively
browner in color compared to WT mice, resembling a thermogenic
activated phenotype (Figure 2D). Following $3-AR agonist treatment,
we found a significant reduction in visceral adipose tissue (VAT) in
both Pde5a/~ and WT mice. However, this effect was not observed
in the subcutaneous adipose tissue (SAT), the depot most prone to
browning. In SAT, the absence of Pde5a resulted in a greater
reduction in fat mass following adrenergic stimulation compared to
WT mice (Figure 2E). This effect was accompanied by a robust in-
crease in Ucp1 expression in SAT from CL316,243-treated Pde5a "~
mice (Figure 2F), suggesting a pivotal role of PDE5A in regulating SAT
plasticity.

Mitochondrial dynamics play a critical role in energy metabolism and
glucose homeostasis [25]. To further elucidate the mechanism un-
derlying the increased thermogenic potential in Pde5a KO mice, we
examined mitochondria density and function in AT. This analysis
revealed marked differences in adipose tissue morphology and
mitochondrial content between Pde5a—’~ and wild-type mice. H&E
staining of VAT from Pde5a '~ mice showed reduced adipocyte size
and increased cellular density compared to wild-type controls, sug-
gestive of adipocyte remodeling and the emergence of beige-like
features. In BAT, Pdeba deficiency was associated with denser
multilocular morphology and decreased lipid droplet size, consistent
with enhanced brown fat activation. These morphological changes
were paralleled by Mitotracker staining, which demonstrated
increased mitochondrial content in both VAT and BAT of Pde5a
deficient mice compared to wild-type controls. Collectively, these
findings indicate that Pde5a deletion promotes mitochondrial
biogenesis and thermogenic remodeling in both brown and white
adipose tissue depots, reinforcing the role of PDE5A in the regulation
of adipose tissue plasticity (Figure 2G).

To assess whether the increased number of mitochondria was
associated with altered mitochondrial function, we analyzed mito-
chondrial respiration in primary adipocytes. Basal oxygen consump-
tion rate (OCR), a measure of mitochondrial aerobic respiration, and
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extracellular acidification rate (ECAR), an indicator of lactate pro-
duction [26], showed a trend toward higher values in adipocytes
derived from Pde5a /"~ mice compared to WT controls (Figure 2H and
S1J). A significant difference in OCR was observed following the
addition of the uncoupler FCCP, which enables the estimation of
maximal oxidative capacity. These results indicate that Pde5a defi-
ciency enhances the maximal oxidative capacity of adipocytes.
Importantly, this increase does not necessarily reflect enhanced
thermogenesis but rather supports the notion that PDE5A influences
adipose tissue plasticity by promoting the recruitment of beige adi-
pocytes within WAT.

The increase in beige adipocytes drives the enhanced thermogenic
activity, indicating that the primary role of PDE5A relies in regulating
adipose tissue plasticity, rather than directly mitochondrial biogen-
esis. This observation is further supported by the analysis of Perox-
isome proliferator-activated receptor-gamma coactivator 1 alpha
(Pgc1a), whose mRNA expression levels are not significantly different
in VAT from Pde5a KO mice compared to WT (Figure S1K).

The increased thermogenic capacity prompted us to investigate
surface body temperature using infrared thermography that accu-
rately reflects changes in BAT activity in vivo [27]. We measured
surface body temperature of mice at room temperature (22—24 °C)
and following cold exposure (4 °C). Infrared thermocamera images
and surface skin temperature analysis showed that Pde5a KO mice
display a significantly higher interscapular skin temperature, as well
as greater difference between interscapular and lumbar back skin
temperature compared to WT mice (Figure 3A, B—E). The same trend
can be observed during cold exposure, with statistical significance
emerging after normalization for the lumbar surface temperature, as
expected. This is consistent with the observation that interscapular
BAT in the WT appropriately responds to cold challenge, while BAT in
the Pdeba deficient mice is already basally more activated, even at
room temperature (Figure 3C—E). In summary, these data demon-
strate that constitutive Pdeba ablation induces WAT browning and
enhances thermogenic capacity in vivo, suggesting that PDESA plays
a pivotal role in modulating the thermogenic program.

3.2. Pdeba deficiency prevents aging-related liver steatosis and
diet-induced obesity

To determine the long-term effect of having an enhanced browning
in vivo, we performed abdominal magnetic resonance imaging (MRI)
in 12-month-old mice. Imaging analysis clearly showed that Pde5a~
~ mice display reduced visceral and subcutaneous fat volumes
compared to controls (Figure 3F and G). Notably, a striking difference
in liver fat fraction (FF) and apparent diffusion coefficient (ADC) was
observed, with Pde5a deficient mice showing markedly lower levels
(Figure 3H—J). Subsequent histological analysis of liver sections
confirmed protection against aging-induced liver steatosis, as
demonstrated by the absence of hepatocyte ballooning and inflam-
matory infiltrates in the liver parenchyma (Figure 3K). Having estab-
lished that Pde5a deficiency may confer protection against age-

(n = 4, blue) mice. Hprt1 was used as housekeeping gene for normalization. Data are presented as dot plots with column bars 4+ SEM. Statistical analysis was performed using
Student t-test. (D) Representative fat pads images of Pde5a*”* and Pde5a~ mice following saline (vehicle) or CL316,243 injection. (E) Adipose tissue depots weight as a
percentage of total BW of Pde5at’ (n = 4, white) and Pde5a™"~ (n = 4, blue) mice following saline or CL316,243 treatment. Data are presented as dot plots with column
bars + SEM. Statistical analysis was performed using two-way ANOVA test. (F) qPCR gene expression analysis of Ucp7 performed on adipose tissue depots obtained from
Pde5a~’~ mice following saline (n = 4, blue) and CL316,243 (n = 4, red) treatment. Hprt1 was used as housekeeping gene for normalization. Data are presented as dot plots
with column bars & SEM. Statistical analysis was performed using two-way ANOVA test. (G) H&E staining and Mitotracker staining from WT and Pde5a '~ VAT and BAT. Scale
bar = 50 um. (H) Respiration and glycolysis analysis on VAT cultures from Pdesa*"+ (n = 3, white) and Pdesa™~ (n= 3, blue) mice through quantification of basal and
maximal oxidative capacity trough oxygen consumption rate (OCR). Data are presented as dot plots with column bars + SEM. Statistical analysis was performed using Student t-
test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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related metabolic alterations, we next investigated whether also
protects against diet-induced metabolic challenges.

First, Pde5a KO mice were subjected to either a normal chow (NC) or
high-fat diet (HFD) for 12 weeks, following the experimental protocol
outlined in Figure S1L. Mice fed with NC showed no significant
changes in BW; however, when on an HFD, body mass dramatically
increased in WT but much less in Pde5a KO mice, starting from the
fourth week of dietary challenge (Figure 4A and B).

Second, HFD is typically associated with dyslipidemia, peripheral
insulin resistance and glucose intolerance [28]. Remarkably, Pde5a
deficient mice were resistant to the hyperglycemia and hyper-
insulinemia induced by the HFD (Figure 4C and D). Consistent with
these findings, HFD-fed Pde5a’~ mice displayed a significant
reduction of fat mass compared to HFD-fed WT mice, which
aligned with the differences observed in main adipose tissue de-
pots (Figure 4E—G). Notably, these differences were not attribut-
able to statistically significant variations in food intake. However,
we acknowledge that even a minor, non-significant reduction in
caloric intake in Pde5a’~ mice could contribute, at least partially,
to the observed phenotype (Figure S1M). Additionally, no significant
difference in physical activity, measured by total distance traveled,
were observed between the two groups (Figure S1N). Conversely,
the food efficiency ratio (FER), calculated as the ratio of weight
gain to food intake, which was similar in both genotypes under NC,

was significantly lower in Pdeba deficient mice under HFD
(Figure 4H).

Third, HFD feeding is known to cause liver damage due to lipid
accumulation and systemic chronic low-grade inflammation [29,30].
In agreement with the observed metabolic findings, HFD-fed Pde5a’
~ mice were protected from HFD-induced liver steatosis (Figure 4l
and J) and exhibited lower serum levels of pro-inflammatory cyto-
kines IL1a. and IFNy (Figure S10 and P). Together, these findings
demonstrate that constitutive deletion of Pde5a protects mice from
both aging and diet-induced obesity, while mitigating hepatic stea-
tosis and inflammation.

3.3. Pdeba ablation affects glucose homeostasis and adipokines’
profile

To further investigate the metabolic phenotype associated to Pde5a
deficiency, we assessed whole-body glucose homeostasis by
measuring plasma glucose levels and insulin sensitivity in normal
chow-fed mice. Both the Glucose Tolerance Test (GTT) and Insulin
Tolerance Test (ITT) showed that, while fasting glucose levels were
similar between the two genotypes, the early glucose response (15—
30 min) following glucose administration was unexpectedly higher in
Pde5a~"~ than WT mice, before returning to similar levels at 60 min
and thereafter (Figure 5A and B). Interestingly, insulin levels were
nearly identical at all time points. Since the initial response to glucose

6 MOLECULAR METABOLISM 101 (2025) 102243 © 2025 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

Iy

A B 307 —e~ NCPdesa™™*
Pde5a’ —4— HFD Pde5a**
25| &= NCPdesa’™
—+— HFD Pde5a™
20| é
2 g s
= 10 :|§
&
5
T T T T T 1
0 2 4 6 8 10 12
Weeks
<0.0001
1
C D <0.0001 <0.0001
2000 [ 1]
0.0003 0.0004
600 1500 — m
g . £ 1000
E 400 2 300
° £ .
F
é . £ 200
‘g 200 T : S
g . i [ % o
12}
0 0 ]
NC HFD NC HFD
s <0.0001 0.0013 5 0.0018 0.0009 <0.0001 <0.0001
2.0
26 g 215
< <
= & 34 *
g . g 10 .
5 g . . g .
E 2 § 1 § 05
< & S
0 0-! 0.0
NC HFD NC HFD NC HFD

0.0002 0.0035

80

Food efficiency ratio (FER)

Pde5a’

Pde5a” Pde5a*’ Pde5a”

Figure 4: Pde5a deletion confers protection from DIO. (A) Dorsal view of Pde5a*"+ and Pde5a '~ male mice after 12 weeks feeding with HFD at age of 6-month-old. (B)
Relative change in BW (weight gain) of Pde5a’~ and their control littermates fed with HFD or NC over 12 weeks, showing onset of obesity in WT but not in Pde5 '~ mice (n = 9
each group). Data are expressed as mean + SEM. Statistical analysis was performed applying a three-way ANOVA test. (C—D) Measurements of fasting serum glucose (C) and
insulin (D) levels in Pde5a '~ (blue) and WT (white) mice after 12 weeks feeding with NC and HFD (n = 4). Data are presented as dot plots with column bars -+ SEM. Statistical
analysis was performed using two-way ANOVA test. (E—G) Adipose tissue depots weight as a percentage of total BW of Pde5a*’* (white) and Pde5a '~ (blue) mice after 12
weeks feeding with NC and HFD (n = 4 each group). Data are presented as dot plots with column bars + SEM. Statistical analysis was performed using two-way ANOVA test. (H)
Food efficiency ratio (FER) as percentage of weight gain/food intake in Pde5a '~ (blue) and WT (white) mice after 12 weeks feeding with NC (n = 10) and HFD (n = 10). Data are
presented as dot plots with column bars + SEM. Statistical analysis was performed using two-way ANOVA test. (I—J) H&E staining of liver from Pde5a*’* and Pde5a '~ mice
after 12 weeks feeding with NC (I) and HFD (J). Scale bar = 100 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)

infusion is typically associated with a stop of hepatic glucose outflow,
the observation that the fasting, 60 and 120 min glucose levels, as
well as insulin at all time points, were identical between groups,
suggest that Pde5a '~ mice exhibit a normal insulin sensitivity, but
altered hepatic glucose output (Figure 5A and B and Figure 4C and D).
Thus, the transient difference in early response to glucose infusion
seems mainly due to a more efficient reduction in liver glucose output
in the WT.

To complete the metabolic characterization of these mice, we also
measured adipokines, which interact dynamically with insulin to
ensure metabolic homeostasis [31]. Under physiological conditions,
serum levels of adiponectin and leptin are inversely correlated, with

obesity typically associated with elevated leptin and decreased adi-
ponectin levels [32]. Pde5a~’~ mice displayed significantly lower
levels of leptin and higher levels of adiponectin (Figure 5C and D),
resulting in a marked reduction in the adiponectin/leptin ratio
(Figure 5E), a surrogate marker of metabolic impairment. These
findings are supported by the corresponding changes in the expres-
sion of Lep and Adipog genes in WAT (Figure 5F and G). The mitigated
weight gain in Pde5a KO mice under HFD was accompanied by
significantly lower serum insulin and glucose levels, alongside higher
levels of adiponectin (Figure 4C and D). Surprisingly, however, there
was no difference in plasma leptin levels under HFD (Figure 5C),
suggesting a dissociation among adipocyte size area, fat depots
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mass, and adipokine expression. Collectively, these data support a
shift in adipose tissue plasticity triggered by Pde5a deficiency.

3.4. Pdeba deletion triggers organ-specific reprogramming of
glucose usage and fatty acids metabolism

We employed Nuclear Magnetic Resonance (NMR)-based metab-
olomic to analyze glucose-responsive tissues from starved mice and
after glucose administration (metabolic challenge). Fasting data did
not reveal striking differences between the two genotypes (data not
shown), consistently with the grossly normal phenotype of Pde5a"~
under basal conditions. Distinct metabolic responses were, however,
evident under metabolic challenge. Resonance assignment for each
matrix for both for 'H and '3C nuclei are provided in Table S1. The use
of [1,2,3,4,5,6-'°Cq] glucose in conjunction with 1'3C-NMR spec-
troscopy enabled the labeling of intermediates to investigate the
metabolic pathways involved in glucose utilization. 3¢ labeling was
applied to liver, kidney, VAT, BAT and serum. However, labeled iso-
topomers were detected exclusively in the liver and kidney, likely due
to the lower concentration of labeled metabolites in other tissues,
which hindered a robust resonance detection (data not shown). The
H-NMR liver spectra after glucose administration produced a Partial
Least Squares Discriminant Analysis (PLS-DA) model with strong

prediction accuracy (91 %) and precision (94 %). Notably, bile salts
and glucose-1-phosphate levels were significantly higher in Pde5a~’
~ mice, while levels of long-chain fatty acids, triacylglycerols, organic
acids, lactate, choline, aa, and glucose were lower. Regression co-
efficient analysis also revealed that Pde5a deficiency leads to lower
levels of 3-hydroxybutyrate, a ketone body generated by B-hydrox-
ybutyrate dehydrogenase activity in the ketogenetic pathway
(Figure 6A). The "3C-NMR liver spectra displayed complex patterns,
documenting the presence of various isotopologue species (Table S1).
From '3C-NMR liver spectra, 11 different labeled metabolites were
identified. Metabolites derived from glycolysis revealed that Pde5a "~
mice exhibited significantly lower levels of lactate and glycerol moiety
of triglyceride isotopomers compared to WT mice (Tables S2 and 3
and Figure S2A). Notably, we did not observe the presence of labeled
glutamate [4,5-'3C,] in either Pde5at’* and Pde5a '~ mice, sug-
gesting that the Acetyl-CoA involved in the TCA cycle is primarily
derived from [-oxidation of fatty acids rather than glycolysis. In
addition, the glucose isotopomers ratios indicate that gluconeogen-
esis did not vary between genotypes, as evidenced by similar pro-
duction of [2,3,4,5,6-1305] glucose. Overall, liver metabolomics data
showed a reduction in lactate and alanine concentrations, supporting
a shift in glucose flux towards glycogen synthesis, rather than
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Figure 6: NMR reveals metabolic pathways constitutively altered in Pde5a
deficient mice. Panel for the PLS-DA model of insulin sensitive tissues and serum
obtained from Pde5 KO and WT mice after glucose administration. Regression coef-
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Variables significantly higher in Pde5a KO are depicted in blue, variables significantly
lower in Pdeba deficient mice are depicted in red and non-significantly modulated
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figure legend, the reader is referred to the Web version of this article.)

glycolysis. This fits with the higher glucose-1-phosphate observed in
TH-NMR experiment, and lower 3¢ labelling in glycolysis in-
termediates, as well as a reduced glycerol moiety labeling in tri-
glycerides. The preferential storage of glucose into glycogen of
Pde5a~’~ mice, also explains their lower glucose liver output that
accounts for the differential early serum response during glucose
infusion test.

Iy

MOLECULAR
METABOLISM

In the kidney, TH-NMR spectra highlighted 62 metabolites (Table S1).
The PLS-DA model showed 82 % accuracy and 78 % precision, with
significant higher levels of glutamine, hypo taurine, creatine, pyrim-
idine compound, and GTP in Pde5a~'~ mice (Figure 6B). Conversely,
aspartate, 3-hydroxybutyrate, lactate, lipids and phospholipids were
lower in Pde5a ’~ mice after metabolic challenge. 'C-NMR data
from kidney samples revealed 14 labeled intermediates. The pres-
ence of labeled glutamate [4,5-1302] indicates the incorporation of
labeled Acetyl-CoA derived from the glycolytic pathway, in contrast to
what is observed in the liver. Yet, the observation that glutamate
[4,5-'3C,] production is still reduced in the kidney of Pde5a/~ mice,
confirms data obtained in the liver pointing out toward a globally
reduced glucose [1,2,3,4,5,6-'°Cs] flux through the glycolytic
pathway (Figure S2B and Tables S1—3), and the use of amino acids
as alternative energy source.

Adipose tissue NMR analysis complemented the findings observed in
the liver and kidney. The PLS-DA model for BAT following glucose
administration demonstrated a clear separation between WT and
Pde5a~’~ mice (92 % accuracy and 88 % precision). Most significant
metabolites, including aa, organic acids, bile salts (BS1), glycer-
ophosphocholine, phosphocholine, glucose, NAD, and lipids were
positively correlated with the Pdesa"~ genotype, except for acetone,
which was negatively correlated (Figure 6C). Similarly, the PLS-DA
model for VAT indicated reduced levels of long-chain fatty acids
and phospholipids in Pde5a '~ mice (Figure 6D).

Finally, serum NMR data after glucose administration recapitulates
the metabolic shift observed in the other tissues, with a clear geno-
type separation (85 % accuracy and 85 % precision) and a significant
negative variation for lipids and ketone bodies, as inspected by PLS-
DA model (Figure 6E).

Overall, the combined labeled ('3C and "H) and unlabeled NMR an-
alyses suggest that Pde5a deficiency triggers significant metabolic
reprogramming, affecting various tissues. This is particularly evident
following metabolic challenges, especially in the liver, kidney, and
BAT. These changes hint at an adaptive shift in glucose and lipid
handling derived from Pde54s regulation of tissue-specific
metabolism.

3.5. Pdeba KO mice display increased cAMP-PKA signaling in
adipose tissue

The peculiar metabolic activation observed in BAT prompted us to
explore the underlying molecular mechanism. The cAMP-PKA
signaling pathway is considered crucial for browning phenotype and
thermogenic activation [33]. In adipocytes, CAMP levels are regulated
by ¢cGMP-inhibited phosphodiesterase 3 (PDE3), with the Pde3b iso-
form being highly expressed in adipose tissues [34]. Previous studies
have shown that Pde3b ablation confers resistance against HFD, by
promoting WAT browning due to the activation of AMPK signaling
[35,36]. Starting from these premises, we hypothesized that an
interaction between cGMP and cAMP pathways might occur in beige
adipocytes of Pde5a~"~ mice. Surprisingly, we found a significantly
reduction of Pde3b mRNA levels in Pde5a KO WAT (Figure 7A), leading
to elevated cAMP levels (Figure 7B). The increase in CAMP was able to
activate PKA, as evidenced by enhanced phosphorylation of PKA-
substrates (Figure 7C), without compensatory change in the expres-
sion of other PDEs (Figure S3A).

To further explore the PDE5A-PDE3B crosstalk, we performed
in vitro silencing experiments in 3T3-L1 adipocytes. Silencing of
Pde3b decreased Pde5a mRNA levels (Figure 7D and E), sug-
gesting that Pde3b positively regulates Pde5a transcription. The
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Figure 7: Pde5a KO mice display increased cAMP-PKA signaling and impaired Adenylate Cyclase activity. (A) gPCR gene expression analysis of Pde3b performed on VAT
obtained from Pde5a*’* (n=9, white) and Pdesa~ (n =9, blue) mice. Hprt1 was used as housekeeping gene for normalization. Data are presented as dot plots with column
bars + SEM. Statistical analysis was performed using Student t-test. (B) Quantification of intracellular cAMP levels in VAT lysates obtained from Pde5a*’* (n = 3, white) and
Pde5a~"~ (n = 3, blue) mice. Data are presented as dot plots with column bars & SEM. Statistical analysis was performed using Student t-test. (C) Representative immunoblots
of phosphorylated PKA substrates protein levels in whole lysates obtained from VAT of Pde5a*’" and Pde5a '~ mice. TUBULIN was used as housekeeping gene for
normalization. (D—E) qPCR gene expression analysis of Pde5a (D) and Pde3b (E) performed on 3T3-L1 cells transiently silenced with siPde3b or scramble control (SiEmpty). (F)
Immunoblots of CREM and ICER protein levels in whole lysates obtained from VAT of Pde5a*’* and Pde5a '~ (n = 4) mice. TUBULIN was used as housekeeping gene for
normalization. (G—H) Densitometric analyses for CREM (G) and ICER (H) immunoblots. Data are presented as dot plots with column bars + SEM. Statistical analysis was
performed using Student t-test. (I) Representative immunoblot showing PDE3B and PDE5A expression in 3T3-L1 cells transfected with GFP-PDE5A plasmid or empty GFP
plasmid, treated with or without 5 mg/mL cycloheximide (CHX) for the indicated time (0-4h). TUBULIN was used as housekeeping gene for normalization. (J—L) Basal and
stimulated lipolysis evaluation through serum free fatty acids quantification in Pde5a"/* and Pde5a '~ (n = 3) mice (J). Free fatty acids (FFA, K) and glycerol (L) quantification in
adipocytes isolated from Pde5a™’* and Pde5a'~ (n = 4) VAT after lipolysis stimulation with 10 WM forskolin/isoproterenol. Data are presented as dot plots with column
bars + SEM. Statistical analysis was performed using Student t-test (J) or two-way ANOVA test (K—L). (M) gPCR gene expression analysis of Adrb3 performed on VAT obtained
from Pdesat’* (n = 3, white) and Pdesa'~ (n = 3, blue) mice. Hprt1 was used as housekeeping gene for normalization. Data are presented as dot plots with column
bars + SEM. (N) Normalized YFP/CFP FRET ratio on MEFs isolated from Pde5a™+ and Pde5a '~ mice transfected for 48h with AKAR3 PKA sensor and stimulated with 1 um
forskolin. Data are presented as dot plots (n = 50) with column bars & SEM derived from three independent experiments. Statistical analysis was performed using Student t-test.
(0-P) gPCR gene expression analysis of Adcy3 performed on visceral adipose tissue (0) and MEFs (P) obtained from Pde5a*’* (n = 4, white) and Pde5a~'~ (n = 4, blue) mice.
Hprt1 was used as housekeeping gene for normalization. Data are presented as dot plots with column bars &= SEM. Statistical analysis was performed using Student t-test. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

downregulation of Pde3b observed in the beige adipose tissue whether PDESA stabilizes PDE3B protein, we also treated Pdeba-
AT from Pde5a KO mice appears to be mediated by increased overexpressing 3T3-L1 cells with the protein synthesis inhibitor
levels of the transcriptional repressor CREM/ICER, which is cycloheximide (CHX). As shown in Figure 7I, PDE5A over-
activated in response to cAMP rise (Figure 7F—H). To test expression not only increases PDE3B basal expression but also
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delays its degradation further supporting Pde5a and Pde3b
interaction in adipocytes.

Collectively these findings demonstrate that WAT to beige conversion
of adipocytes observed in Pde5a KO mice results from the conver-
gence between cCAMP-PKA and cGMP-PKG signaling pathways.

3.6. Pdeba deficiency impairs Adenylate Cyclase activity

Despite the augmented cAMP-PKA signaling, we observed an overall
lowering of free fatty acid (FFA) levels, glycerol moiety, and [-
oxidation rate in Pde5a KO mice (Figure 6A—E). This led us to examine
lipolysis, a key process regulated by cAMP induced phosphorylation of
perilipin and hormone sensitive lipase (HSL), which catalyzes tri-
glycerides and diglycerides breakdown, resulting in the release of FFA
and glycerol [37,38]. Contrary to expectations, global deletion of
Pde5a did not stimulate basal lipolysis (Figure 7J). Although Pde5a KO
VAT responded similarly to WT to the $-ARs receptor activation with
isoproterenol, it failed to respond to forskolin, suggesting hypo-
activation of adenylate cyclase (AC), the enzyme responsible for
synthesizing CAMP from ATP [1] (Figure 7K—M). Using a fluorescence
resonance energy transfer (FRET)-based sensor targeting PKA activity
(AKAR3) [39] we demonstrated that when overexpressed in MEFs
from Pde5a KO mice and stimulated with isoproterenol, the PKA
sensor exhibited similar FRET changes (data not shown). In contrast,
MEFs stimulation with forskolin resulted in a reduced FRET ratio,
confirming the hypo-responsiveness of AC to forskolin observed in
Pde5a deficient VAT (Figure 7N).

This observation prompted us to investigate AC expression in Pde5a
KO mice. Notably, the AC3 isoform (encoded by Adcy3), the most
abundantly expressed in VAT and MEFs, was significantly reduced in
Pde5a deficient tissues and primary cells (Figure 70 and P). In the
Pde5a"~ mice, this compensatory mechanism may serve to coun-
teract the constitutive increase of cAMP levels caused by Pde3b
downregulation.

3.7. Adipocyte-specific Pde5a deletion is not sufficient to protect
mice from diet-induced obesity

The data so far indicate a metabolic reprogramming driven by an
adipose tissue crosstalk between Pde5a/Pde3b and AC-CAMP-PKA.
To determine at which stage this new equilibrium is established,
we crossed mice harboring LoxP-flanked Pde5a alleles (Pde5a-""
L"Xﬁ with transgenic mice expressing adiponectin promoter driven Cre
recombinase (Adipog®™) obtaining a mouse with committed adipo-
cytes lacking Pde5a (Pde5a %K% (Figure 8A and Figure S3B). The
Adipog-Cre recombination occurs only in mature adipocytes [40,41].
Pde5d"%™ 0 mice display only a 25 % reduction of Pde5a mRNA
levels in VAT (Figure 8B) confirming previous observation of a pre-
dominant Pdeba expression in adipose endothelial cells compared to
mature adipocytes [4,42,43]. A parallel reduction in Pde3b expression
was detected in the same samples (Figure 8C), however, there were
no differences in BW when Pde5a°%" K0 mice were fed with HFD,
suggesting that the mature adipocyte-specific loss of Pdeba is not
sufficient to trigger metabolic reprogramming in these animals
(Figure 8D). To explore this further, we crossed Pde5a->">" mice
with transgenic mice expressing Cre recombinase driven by the
adipocyte protein-2 (aP2/Fabp4) promoter (aPZC’E’), that is activated
earlier in developing adipocytes (Pde5a™**°K0) [44] (Figure 8E and
Figure S3C). Pde5a ?P4°K0 mice displayed a greater reduction
(>40 %) in Pde5a expression levels in VAT than Pde5a"®"K0 and an
even greater reduction (=85 %) in Pde3b levels (Figure 8F—G), once
again confirming the interaction between the two enzymes. Unex-
pectedly, no differences in BW were observed between Fabp4c'e
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positive mice and control littermates (Figure S3D), even after 12
weeks of HFD feeding (Figure 8H). This suggests that protective
metabolic effect of PDE5A deletion may require complete suppression
of PDESA activity, or that an earlier developmental window is critical
for these changes.

3.8. Postnatal deletion of Pde5a does not confer metabolic
protection in mice

To determine the temporal window within which the metabolic
healthy phenotype observed in the constitutive knockout is estab-
lished, we crossed Pde5a" > mice with Rosa26°E"T mice. Un-
like Pde5a KO, which result in prenatal deletion across all tissues,
Pdes5a CPERT-CKO mice development allows for precise temporal
control of Pdeba deletion upon tamoxifen administration. This enables
to distinguish between embryonic programming effects and postnatal
developmental adaptation to lifelong Pde5a absence.

Even in this model tamoxifen Pde5a C®FRTK0 produced a markedly
reduction of Pde5a and Pde3b in VAT (Figure 8I—K), however these
mice were not protected from HFD-induced metabolic consequences
(Figure 8L), suggesting that the metabolic reprogramming must occur
early during embryonic development.

We therefore isolated embryonic fibroblasts from WT and Pde5a KO
embryos at 13.5 days post coitum (dpc). These cells serve as a
reliable source of multipotent cells with multilineage potential and,
under appropriate culture conditions, can effectively differentiate into
adipogenic, chondrogenic, and osteogenic lineages [45]. MEFs from
Pdeb5a KO mice display a lower proliferation rate compared to WT, but
increased differentiation capacity into adipocytes, particularly at early
stages of adipogenic differentiation (Figure S3E and F). gPCR analysis
revealed upregulation of Pparg, a master regulator of adipogenesis,
suggesting that PDE5A plays a role in the fine-tuning of adipogenesis
(Figure S3G).

3.9. Gene network analysis confirms metabolic reprogramming

To better characterize the cellular and molecular mechanisms involved
in metabolic reprogramming observed in Pde5a KO mice, we per-
formed an in-depth analysis of the transcriptome on AT and liver from
Pde5a deficient mice. RNA-seq of VAT and liver from Pde5a KO mice
confirmed significant transcriptional changes. In VAT 643 genes were
differentially expressed, with a strong upregulation of pathways related
to thermogenesis. The Gene Ontology (GO) analysis indicated that
Pde5a KO VAT showed significant upregulation of GO terms associated
with thermogenesis, cAMP-signaling, AMPK signaling, D-aa meta-
bolism, carbohydrate metabolism, and pyruvate metabolism, alongside
downregulation of glycolysis/gluconeogenesis and lipid biosynthesis
(Figure S4A—C). Notably, we found several AMPK signaling related-
genes (Map2k2, Rps6kb1, Atf4, Ngf, Hcar1 and Arrb1) significantly
upregulated in Pdeba deficient VAT (Figure S4A). Compared to WT,
analysis of BAT from Pde5a~’~ mice revealed 538 differentially
expressed genes, with 382 genes upregulated and 156 downregulated.
GO analysis revealed an increase in genes linked to improved carbo-
hydrate metabolism, lipid metabolism, glutathione metabolism,
glycolysis/gluconeogenesis, and glycine, serine and threonine meta-
bolism, as well as adipocytokine and insulin signaling. Conversely,
gene associated to NF-kappa B signaling pathway and processes
related to the degradation of valine, leucine and isoleucine were
downregulated in BAT from Pde5a KO mice (Figure S4D—F). Like in
white adipose tissue, many genes related to AMPK signaling (Cacnats,
Hen2, Creb3I3, Pik3r5, Cacnaid, Cd14, Adra2b, Plcb4 and Cacna2d1)
were significantly upregulated in brown adipose tissue from Pde5a "~
mice (Figure S4D) suggesting a constitutive AMPK activation.
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Figure 8: Adipocyte-specific Pde5a deletion did not protect mice from HFD-induced obesity. (A) Schematic illustration of targeting strategy for conditional KO of Pde5a in
mature adipocytes using Adpn®"® mice. (B-C) qPCR gene expression analysis of Pde5a (B) and Pde3b (C) performed on visceral adipose tissue isolated from Pde5a-®" TLoxP (white,
n = 5 and Pde5a “>">"; Adpn®'® (blue, n = 5). Hprt1 was used as housekeeping gene for normalization. Data are presented as dot plots with column bars + SEM. Statistical
analysis was performed using Student t-test. (D) Relative change in BW (weight gain) of Pde5a"">" (white) and Pde5a “>"->: Adpn®™® (blue) fed with HFD or normal chow
(NC) over 12 weeks (n = 4 each group). Data are expressed as mean + SEM. Statistical analysis was performed applying a three-way ANOVA test. (E) Schematic illustration of
targeting strategy for conditional KO of Pde5a in developing adipocytes using Fabp4°™® mice. (F—G) qPCR gene expression analysis of Pde5a (F) and Pde3b (G) performed on
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Finally, RNA-seq analysis of liver sample from Pde5a~'~ identified
477 differentially expressed genes, with 189 genes upregulated and
288 downregulated compared to WT mice. GO analysis revealed that
AMPK and insulin signaling pathways, as well as energy metabolism
and oxidative phosphorylation processes were strongly induced.
Conversely pathways related to insulin resistance, steroid hormone
biosynthesis, linoleic acid metabolism and a metabolism signaling
were repressed (Figure S4G—I).

In summary, our in-depth and combined analysis of the transcriptome
and metabolome confirms Pde5a '~ mice undergo substantial
metabolomic reprogramming in both adipose tissue and liver, high-
lighting a global activation of AMPK signaling and a shift in metabolic
pathways toward energy expenditure and away from lipid biosynthesis.

4. DISCUSSION

The global prevalence of obesity is rising at an alarming rate, high-
lighting the urgent need to understand adipose tissue biology to
develop effective therapies [2,46]. Increasing evidence suggests that
activating BAT and promoting WAT browning are promising strategies
to combat obesity [2,23,24]. Preclinical studies investigated the
metabolic effects of pharmacological PDE5A inhibition. In particular,
Ayala et al. demonstrated that chronic sildenafil treatment enhances
insulin sensitivity and promotes a shift toward lipid oxidation in high
fat-fed conscious mice, without altering food intake. These beneficial
effects were linked to increased oxygen consumption and a reduction
in the respiratory exchange ratio, suggesting enhanced mitochondrial
fatty acid utilization [10]. Clinical studies have shown that PDE5A
inhibition improves lean mass, endothelial function, and insulin
sensitivity in humans, supporting the translational relevance of PDESA
targeting for metabolic regulation [47,48]. In this study, we unveil a
previously unknown role for PDE5A in energy homeostasis using four
distinct Pde5a KO mouse models. The first unexpected finding was
that the constitutive KO of Pde5a does not adversely affect devel-
opment and reproduction; the mice behave normally and exhibit an
unremarkable macroscopic phenotype. However, microscopic anal-
ysis reveals significant morphological changes in both white and
brown adipose tissue, which turn out to provide robust protection
against metabolic challenges. Adipocytes from Pde5a~’~ mice are
significantly smaller and more numerous than WT, due to trans-
differentiation of WAT into a more metabolically active adipose tis-
sue, typically triggered by cold exposure or prolonged B-AR stimu-
lation. This trans-differentiation occurs spontaneously in our mouse
model, with adipocytes displaying features of ‘beige’ adipocytes”,
such as increased expression of Ucp1, mitochondrial activity, and
thermogenic potential [18,19]. Under adrenergic or cold stimuli,
Pde5a KO mice show reduced WAT mass and increased surface
temperature, confirming thermogenic activation.

Both browning of adipocytes and BAT hyperactivation confer Pdesa’~
mice resistance to liver steatosis, weight gain, and insulin resistance
induced by aging or HFD. Metabolomic analysis revealed lower
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circulating and hepatic lipid levels, both basally and post-challenge
corroborated by MRI imaging showing reduced liver fat and
enhanced water diffusion. Decreased pro-inflammatory cytokines and a
favorable adipokine profile, characterized by increased adiponectin and
reduced leptin expression, contribute to a lower adiponectin/leptin ratio,
a marker inversely related to liver steatosis and diabetes risk [49,50].
Interestingly, despite the significant reduction in adiposity observed in
Pdeba deficient mice under HFD, circulating leptin levels remained
comparable to those of wild-type controls. Leptin expression is not
solely dictated by fat mass but is also influenced by adipocyte function
and endocrine signaling dynamics [51]. In our model, the dissociation
between fat mass and leptin levels may reflect a reprogrammed adi-
pose tissue state, where endocrine output is recalibrated in the context
of enhanced thermogenic capacity and metabolic flexibility. Similar
observations have been reported in other models of adipose tissue
browning or metabolic remodeling, where leptin levels do not strictly
correlate with adiposity or energy balance [52,53]. Moreover, the
elevated adiponectin/leptin ratio in Pde5a deficient mice supports a
metabolically healthier adipose tissue phenotype, despite unchanged
leptin levels. Thus, rather than indicating classical leptin resistance,
our findings may reflect a shift in the regulatory set point of adipokine
secretion in response to early developmental reprogramming.

Despite unchanged food intake and physical activity, Pde5a '~ mice
exhibit enhanced energy dissipation, favoring heat production over fat
accumulation. This mechanism is minimal under basal conditions but
activated following metabolic challenges, explaining the absence of
body or fat mass differences in resting conditions. During fasting,
approximately 80 % of endogenous glucose production comes from
liver releases. After a glucose load, insulin suppresses hepatic glucose
production and release [54]. Using NMR spectroscopy, we documented
an increase in Glucose-1P in Pde5a ’~ mice, suggesting their liver
prioritize glucose as source for glycogen synthesis. Lower lactate and
alanine levels, coupled with reduced '3C labeling in glycolytic in-
termediates and glycerol moieties, further support this shift towards
glycogen synthesis over glucose usage. The reduction of liver and
circulating triglycerides suggest that Pde5a deficient mice rely on
alternative energy sources, particularly lipids, under resting conditions.
c¢GMP is emerging as a key regulator of glucose and lipid metabolism
[8,9]. While basal cGMP levels in Pde5a’~ mice are challenging to
detect, increased PKG-dependent phosphorylation of VASPSe239
suggests enhanced cGMP signaling. This affects glucose metabolism
by modulating acetyl-CoA carboxylase (ACC), which converts acetyl-
CoA into malonyl-CoA, a precursor for de novo lipogenesis [55];
whereas liver ketone bodies synthesis relies on Acetyl-CoA primarily
derived from fatty acid oxidation [56]. Consequently, reduced ketone
body concentrations in Pde5a~'~ mice indicate a shift of acetyl-CoA
flux towards the TCA cycle rather than hepatic ketogenesis.

RNA-seq confirms upregulation of AMPK signaling in adipose tissue
and liver, aligning with its role as a master regulator of lipid meta-
bolism through ACC1 inhibition [57]. Since ACC1 loss promotes
browning [58], AMPK activation in Pde5a "~ mice likely contributes to

visceral adipose tissue isolated from Pde5a-*"->" (white, n = 5) and Pde5a "> Fabp4°™ (blue, n = 5). Hprt1 was used as housekeeping gene for normalization. Data are
presented as dot plots with column bars + SEM. Statistical analysis was performed using Student t-test. (H) Relative change in BW (weight gain) of Pde5a-*"->® (white) and
Pdesa Lo, Fabp4c"" (blue) fed with HFD or normal chow (NC) over 12 weeks (n = 6 each group). Data are expressed as mean + SEM. Statistical analysis was performed
applying a three-way ANOVA test. (I) Schematic illustration of targeting strategy for inducible ubiquitarian conditional KO of Pde5a using Cre™™ mice. (J—K) gPCR gene
expression analysis of Pde5a (J) and Pde3b (K) performed on visceral adipose tissue isolated from Pde5a“®"**" (white, n = 5) and Pde5a """ >, Cref™ (blue, n = 5). Hprt1
was used as housekeeping gene for normalization. Data are presented as dot plots with column bars + SEM. Statistical analysis was performed using Student t-test. (L) Relative
change in BW (weight gain) of Pde5a-*"-> (white) and Pde5a “*"***: Cret™ (blue) fed with HFD or normal chow (NC) over 12 weeks (n = 4 each group). Data are expressed
as mean + SEM. Statistical analysis was performed applying a three-way ANOVA test. (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)
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their thermogenic phenotype. Although we did not observe significant
differences in ACC transcripts in Pde5a "~ mice, supporting evidence
also derives from the elevated bile acids (BA) levels found in Pde5a
~ mice. BA are known to repress gluconeogenesis, enhance energy
expenditure [59], and, via the TGR5 receptor, stimulate liver AMPK
[60], endothelial NO-production and ¢cGMP accumulation [61].

Since intracellular cAMP levels in adipose tissue are primarily
managed by Pde3b [35], we examined its expression and found a
significant downregulation, resulting in elevated cAMP levels. Tar-
geted inactivation of Pde3b has been shown to enhance cAMP/PKA
and AMPK signaling pathways, promoting adipose tissue browning
[35,36]. The similarity between the Pde5a '~ and Pde3b~/~ models
suggests that the metabolic advantages of Pde5a deletion arise from
cGMP-cAMP signaling convergence. Studies have demonstrated that
increasing cCAMP and cGMP levels ameliorates adiposity, upregulates
UCP1, and prevents obesity under HFD [52]. Pde10a inhibition induces
browning of human white adipocytes [62,63], and Pde4b™~ mice
appear leaner, with lower fat pad weights, smaller adipocytes, and
decreased serum leptin levels on both chow and HFD [53]. We un-
covered a previously unrecognized interdependency between PDE5
and PDE3 in adipose tissue, demonstrating that Pdeba ablation
downregulates Pde3b via the transcriptional repressor ICER, PDESA
stabilizes PDE3B protein, preventing its degradation and, reciprocally,
Pde3b silencing suppresses Pdeba transcription. Although the
metabolic phenotype of Pde5a and Pde3b KO models appears the
same, there are some important differences. First, Pde3b ablation
induced WAT to beige conversion only in SvJ129 background,
whereas in C57BL/6N, a 3-adrenergic stimulation was required to
induce WAT browning [64]. Second, the Pde3 ~/~ mice showed signs
of insulin resistance, likely due to PGC-1o. activation in the liver,
whereas PGC-10. was unaffected in Pde5a/~ WAT. Finally, Pde3b™
~ model exhibited increased mitochondrial biogenesis with enlarged
mitochondria, while in Pde5a /", mitochondria remained unaffected.
Despite heightened cAMP levels, Pde5a—"~ mice do not exhibit
increased lipolysis, suggesting an adaptive response. Indeed, for-
skolin stimulation fails to induce lipolysis in Pde5a '~ adipocytes,
suggesting impaired adenylate cyclase activity. Adcy3, the primary AC
isoform in adipose tissue, is significantly downregulated in Pde5a "~
mice, likely as a compensatory mechanism to counteract excessive
cAMP signaling and maintain metabolic homeostasis. This explains
why Pde5a deletion does not induce weight loss under normal feeding
conditions. A pivotal role of cGMP in metabolic homeostasis is further
supported by Pde9a deletion, which enhances BAT activity, increases
resting energy expenditure, and mitigates weight gain under HFD
[22]. While the metabolic benefits of Pdeda '~ and Pde5a '~ mice
share similarities, the impact of Pde9a deletion on the cCAMP-PKA axis
remains unexplored.

Pdeba is widely distributed across tissues [4], suggesting that the
healthy metabolic features observed in Pde5a KO mice could be not
solely adipocyte-dependent. Indeed, adipocyte-restricted Pde5a dele-
tion (achieved using Adipog""® and Fabp4“"® mice) does not replicate the
constitutive KO phenotype, implicating a role for other cell populations,
presumably within the stromal vascular fraction of AT. Furthermore,
inducible post-natal global Pde5a deletion (using Rosa26°"®t™) fails to
confer metabolic protection, suggesting that the observed metabolic
reprogramming originates during early development.

The absence of metabolic protection in the conditional Pde5a
knockout models, despite significant reductions in Pde5a and Pde3b
expression, underscores the importance of developmental timing and
critical window during early development in which PDE5A activity may
shape long-term metabolic programming. Similar developmental

dependencies have been reported in other models of adipose tissue
remodeling, where early-life cues are essential for establishing du-
rable metabolic phenotypes [2,40].

Although the overt metabolic phenotype observed in constitutive
Pde5a KO mice was not recapitulated in conditional KO models,
Pdeb5a—Pde3b crosstalk remained consistently detectable across all
Pde5a KO mouse models, underscoring the robustness of this inter-
action. Collectively, our findings provide a mechanistic framework for
targeting PDE5A in metabolic disorders, including the potential
modulation of the Pdeba—Pde3b axis. This therapeutic prospect is
further supported by a recent meta-analysis involving over 700
subjects with T2DM, in which prolonged tadalafil (PDE5i) treatment
significantly reduced HbA1c levels (p = 0.002), with mean treatment
effects comparable to established antidiabetic medications suggest-
ing potential clinical relevance [65]. At the same time, our preclinical
data help reconcile discrepancies observed in clinical trials, showing
that while PDES5 inhibition improves multiple metabolic parameters, it
does not necessarily reduce body weight [11,15,65].

5. CONCLUSIONS

This study demonstrates that mice lacking Pde5a display a distinctive
metabolic phenotype characterized by simultaneous hyperactivation
of BAT and induction of beige adipocytes in WAT. This dual thermo-
genic activation likely underpins the enhanced energy expenditure
and resistance to aging and diet-induced obesity observed in these
animals. The coordinated recruitment of both brown and beige fat
depots suggests a synergistic contribution to thermogenic program-
ming mediated by a previously unrecognized interaction between
Pdeba and Pde3b, which activates cAMP-PKA signaling, driving an
early metabolic reprogramming. Our findings position PDE5A as a
valuable therapeutic target to enhance thermogenesis, offering a
promising adjuvant strategy for combating metabolic disorders.
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