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Abstract

Background and Purpose: Lipolysis is tightly regulated by pro-lipolytic

β-adrenoceptor signalling, which activates the cAMP/PKA pathway, and by antilipo-

lytic hormones like insulin and FGF1, which counter-regulate lipolysis through

cAMP-degrading phosphodiesterases (PDEs). While the spatial compartmentalization

of cAMP signalling is recognized, comparisons between distinct cAMP pools remain

under-investigated in adipocytes. Moreover, the dynamics of cAMP around lipid

droplets (LD) where lipolysis occurs, are particularly intriguing. Thus, we studied

whether adipose FGF1/PDE4D and insulin/PDE3B pathways regulate distinct cAMP

microdomains to execute their antilipolytic actions.

Experimental Approach: We evaluated the role of subcellular cAMP pools in lipolysis

regulation by PDEs, or antilipolytic hormones, by utilizing EPAC1-based FRET cAMP

biosensors specifically designed to localize in the cytoplasm or at the plasma mem-

brane of living cells. Additionally, we developed the first LD-associated cAMP biosen-

sor by fusing the lipid droplet-associated protein perilipin-1 to the EPAC1-based

probe.

Key Results: We identified previously unrecognized cAMP pools surrounding LDs

that are distinct from cytoplasmic cAMP and resistant to PDE inhibition or antilipoly-

tic stimuli. PDE4D exhibits a stronger effect on all three cAMP pools investigated

than PDE3B. FGF1 mainly inhibits the cAMP in the initiation of the signalling at the

plasma membrane, whereas insulin targets mainly cytoplasmic cAMP pools.

Conclusion and Implications: The discovery of LD-associated cAMP as a distinct sub-

cellular pool suggests that cAMP signalling in adipocytes is more compartmentalized

than previously recognized. The distinct pathways by which FGF1 and insulin regu-

late adipose cell cAMP levels highlight that antilipolytic signalling is not uniform,

refining our understanding of lipolysis regulation.

Abbreviations: adAAV, adipose-specific adeno-associated virus; cAMP, 30 ,50‐cyclic adenosine monophosphate; CFP, cyan fluorescent protein; FGF1, fibroblast growth factor 1; FRET, Förster

resonance energy transfer; HGP, hepatic glucose production; HSL, hormon-sensitive lipase; IBMX, 30 isobutyl010methylxanthin; KRBH, Krebs0Ringer bicarbonate HEPES; LD, lipid droplet; NEFA,

non0esterified fatty acid; ISO, isoproterenol; PDE, phosphodiesterase; YFP, yellow fluorescent protein.
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1 | INTRODUCTION

Adipocytes store energy as triglycerides (TGs) in lipid droplets (LDs).

Lipolysis, the breakdown of TGs, is mainly regulated by 30 ,50-cyclic

adenosine monophosphate (cAMP)/PKA signalling, which stimulates

lipolysis, and cAMP-hydrolyzing phosphodiesterases (PDEs),

which counteract it. During fasting, catecholamines activate

β-adrenoceptors, stimulating adenylyl cyclases to convert ATP into

cAMP. Elevated cAMP activates PKA, which phosphorylates key

lipolytic proteins, including hormone-sensitive lipase (HSL) and LD-

associated protein perilipin 1, facilitating HSL recruitment to LDs. HSL

then hydrolyzes TGs into diacylglycerols and monoglycerides, releas-

ing non-esterified fatty acids (NEFAs) and glycerol, which can be used

for ATP production. Additionally, adipose TG lipase plays a crucial role

by hydrolyzing TGs into diacylglycerols, further enhancing the lipolytic

process. In vivo, released NEFAs and glycerol from adipocytes

contribute to hepatic glucose production (HGP) during fasting. In the

healthy state, postprandial insulin efficiently suppresses HPG by

directly promoting glycogen synthesis in the liver and indirectly reduc-

ing lipolysis through downregulation of the cAMP/PKA pathway,

thereby further lowering HGP (Perry et al., 2015; Petersen

et al., 2017). In Type 2 diabetes, the suppression of lipolysis and HGP

is impaired, contributing to hyperglycemia (Sharabi et al., 2015). More-

over, uncontrolled lipolysis is also associated with lipotoxicity in other

organs and exacerbates insulin resistance (Boesch et al., 2024; Gerst

et al., 2019; Sancar & Birkenfeld, 2024; Sárvári et al., 2021). Hence,

understanding how lipolysis is regulated remains of high importance

to manage insulin resistance in Type 2 diabetes.

While the cAMP/PKA pathway is well established as the primary

driver of lipolysis, more recent findings suggest that cAMP signalling

is compartmentalized into microdomains within adipocytes, leading to

localized regulation of PKA activity (De Jong et al., 2023, 2025;

Kannabiran et al., 2020; Zhang et al., 2005). These cAMP microdo-

mains are defined by a balance between adenylyl cyclases, PDEs and

A-kinase anchoring proteins, which tether PKA to specific cellular

structures, potentially including LDs (Ahmad et al., 2015). PDEs, par-

ticularly PDE3B and PDE4 isoforms, play a crucial role in shaping local

cAMP levels and regulating lipolysis (Choi et al., 2006; DiPilato

et al., 2015; Nakamura et al., 2004; Sancar et al., 2022). PDE3B, acti-

vated by insulin degrades cAMP, reducing PKA activity and thereby

inhibiting lipolysis. Conversely, PDE4D is thought to modulate lipoly-

sis under basal and catecholamine-stimulated conditions and does not

significantly contribute to the antilipolytic role of insulin at least in

insulin-sensitive states (Enoksson et al., 1998; Hagström-Toft

et al., 1995; Wang & Edens, 2007). Previously, we showed that Fibro-

blast growth factor 1 (FGF1) activates PDE4D antilipolytic activity via

phosphorylation of a crucial residue that serves as a priming site

(Gasser et al., 2022; Sancar et al., 2022). While PDE3 and PDE4

activity compromises the main PDE activity in adipocytes, their rela-

tive contribution to subcellular cAMP pools remains unidentified

(Choi et al., 2006). Recent studies indicated differential regulation of

cAMP microdomains by different β-adrenoceptor subtypes in adipo-

cytes (De Jong et al., 2023). Moreover, induction of insulin resistance

shifts the main PDE activity from PDE3 to PDE4 in human adipocytes

(De Jong et al., 2023). Despite growing evidence that cAMP pools are

spatially restricted, how these local pools specifically influence lipoly-

sis remains poorly understood. It is also unknown whether cAMP

microdomains exist at the LD surface and, if so, whether they are dif-

ferentially regulated by PDEs and/or antilipolytic hormones such as

insulin or FGF-1. Additionally, the contribution of PDE3B or PDE4D

within these microdomains is unknown, raising the possibility that dis-

tinct PDEs regulate different cAMP microdomains.

In the current study, we employed subcellular targeted Förster

resonance energy transfer (FRET)-based cAMP biosensors to investi-

gate the cAMP changes surrounding the plasma membrane, cytoplasm

and previously uninvestigated LDs in 3T3-L1 adipocytes. We uncov-

ered distinct regulation of cAMP microdomains by using PDE3 and

PDE4 inhibitors alongside PDE3B and PDE4D overexpression. More-

over, we investigated how distinct cAMP microdomains are regulated

by FGF1 or insulin.

What is already known?

• Lipolysis is regulated by β-adrenergic signalling and antili-

polytic hormones insulin and FGF1 through

phosphodiesterases.

• cAMP signalling is spatially compartmentalized within

cells, allowing localized regulation of cellular processes.

What does this study add?

• Discovery of a distinct cAMP pool surrounding lipid drop-

lets, separate from cytoplasmic cAMP.

• Identified that FGF1 selectively inhibits plasma mem-

brane cAMP, whereas insulin targets cytoplasmic cAMP.

What is the clinical significance?

• Distinct cAMP pools regulated by FGF1 and insulin offer

novel targets to modulate lipolysis.

• Targeting specific cAMP compartments or PDE isoforms

may improve insulin resistance therapies.
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2 | METHODS

2.1 | Construction of FRET-based cAMP
biosensors

The plasmids encoding the cytoplasmic and plasma membrane-

targeted fluorescent cAMP biosensors were kindly provided by Prof.

Viacheslav Nikolaev, UKE Hamburg (Nikolaev et al., 2004). Membrane

anchoring was achieved by an additional N-terminal myristoylation

signal (MGCINS) in comparison to the untargeted sensor. The sensors

consist of an EYFP-EPAC1-CFP construct in a pcDNA3 (Invitrogen)

backbone. For the construction of the lipid-droplet-associated biosen-

sor, the cytoplasmic biosensor was linearized with HindIII-HF (R3104,

NEB) immediately upstream of the EYFP start codon. Perilipin-1

(NM_001113471.1) was amplified with Q5 polymerase (M0492, NEB,

Ipswich, USA) from murine cDNA with primers forward: AAGCT-

TATGTCAATGAACAAGGGCCCAAC reverse: AAGCTTCTCGCAGAA-

GAAATCCACCAAGGGCATGCTCTTCTTGCGCAGCTG incorporating

a flexible C-terminal linker as recommended by V. Nikolaev and

HindIII-sites on both ends of the product. The PCR amplicon was also

digested with HindIII and vector and insert were used in a 1:6 ratio

for cyclization by Quick Ligase (M2200, NEB).

After transformation in 5-alpha competent cells (C2987, NEB),

plasmids were isolated and incorporation of the insert in the right ori-

entation was analysed by restriction digest with EcoRI (R0101, NEB)

and validated by sequencing. Endotoxin-free plasmids for nucleopora-

tion into 3T3-L1 cells were purified from large-scale cultures with the

NucleoBond Xtra Maxi EF kit (740426, Macherey-Nagel, Düren,

Germany).

2.2 | Cell culture and in vitro differentiation of
3T3-L1 adipocytes

All experiments were performed with in vitro differentiated 3T3-L1

murine adipocytes (RRID:CVCL_0123). Cells were grown in 100-mm

cell culture dishes in a cell culture incubator in a humid atmosphere

containing 5% CO2 and 95% air at 37�C. The 3T3-L1 preadipocytes

were differentiated to mature adipocytes as described elsewhere

(Sancar et al., 2022). For staining of LDs and plasma membrane adipo-

cytes are treated with 1-μM BODIPY™ 558/568 C12 (D3835, Invitro-

gen, Carlsbad, USA) for 30 min or 10-μg�ml�1 CF-350 GWA (#29021,

Biotium, Fremont, USA) for 10 min, respectively, washed with PBS and

visualized with ApoTome.2 microscope (Zeiss, Oberkochen, Germany).

2.3 | Viral PDE overexpression

The 3T3-L1 adipocytes were differentiated in 12 well plates. On the

Day 7 of differentiation, medium was changed to growth medium

(high glucose, L-glutamine and pyruvate-supplemented DMEM

(11995065, Gibco, Waltham, USA with 10% FBS (A5256701, Gibco),

10-mM HEPES [15630056, Gibco] and antibiotic-antimycotic

[15240062, Gibco]) with 5-μg�ml�1 insulin (I6634, Sigma-Aldrich, St.

Louis, USA) and 106 genomic copies of virus per cell were added

according to previously published methods (Sancar et al., 2022). The

adipose-specific adeno-associated viruses (adAAVs) expressing either

mouse PDE3B (NM_011055.2) or PDE4D (NM_001402885.1) were

kept for 2 days on the cells before nucleoporation with the cAMP bio-

sensors. adAAVs were produced at Viral Core Facility at Charite, Uni-

versitätsmedizin Berlin (vcf.charite.de).

2.4 | Nucleoporation of cAMP biosensors into
3T3L1 adipocytes

Cells on day 10 of differentiation were washed with 1-mM EDTA

(15,575,020, Invitrogen) in PBS (10010023, Gibco) and detached with

Trypsin (25200056, Gibco). Cells were gently washed off the culture

vessel with nucleoporation-medium consisting of growth medium

without antibiotics-antimycotics but supplemented with 1-μM

rosiglitazone (71740, Cayman, Ann Arbor, USA) and 5-μg�ml�1 insulin.

The cell suspension was filtered through a 100 μm cell strainer. After

counting, cells were pelleted and resuspended to a density of

16.5 � 106 cells per ml of supplemented SE cell line 4D-Nucleofector

solution (V4XC-1032, Lonza, Basel, Switzerland). In nucleoporation

strips, 20 μl of this suspension was mixed with 1 μg endotoxin-free

Plasmid and run with programme CA-133. Following a 5-min recovery

phase at room temperature, cells were diluted in nucleoporation-

medium and seeded onto collagen I (354236, Corning, Corning, USA)-

coated eight-well chamber slides (94.6140.802, Sarstedt, Nümbrecht,

Germany) in a density of 220,000 cells per well. After 24 h the cells

were washed with PBS and kept until the next day in growth medium.

2.5 | Fluorescence live-cell imaging/FRET-based
cAMP measurements

On the day of the measurement, the cells were again washed with

PBS and fasted for 2–3 h in growth medium with FBS replaced by

0.5% fatty acid-free bovine serum albumin (BSA) (A8806, Sigma-

Aldrich). Shortly before starting the FRET measurements, cells were

washed twice and covered with Krebs-Ringer Bicarbonate HEPES

(KRBH) buffer consisting of 120-mM NaCl, 4-mM KH2PO4, 1-mM

MgSO4, 0.75-mM CaCl2, 10-mM NaHCO3, 30-mM HEPES, 5-mM glu-

cose and 0.1% BSA. Inhibitors and hormones were added 30 and

15 min, respectively, before the start of the measurements at the fol-

lowing concentrations: 15-μM cilostamide (iPDE3, 231085, Sigma-

Aldrich), 5-μM roflumilast (iPDE4, SML1099, Sigma-Aldrich), 100-nM

insulin and 100-ng�ml�1 FGF1 (97056, Biomol, Hamburg, Germany).

Cells were analysed using a Zeiss AXIO Observer Z1 (Carl Zeiss)

with an EC Plan-Neofluar 20X/0.50 objective (Carl Zeiss). Illumination

was performed by a LEDHub high-power LED light engine (OMI-

CRON Laserage, Rodgau-Dudenhofen, Germany) with a 455-nm LED

followed by a 427 ± 5-nm emission filter (AHF Analysentechnik,

Tübingen, Germany). Optical filters included a 459/526/596 dichroic

KRIER ET AL. 3
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mirror and a 475/543/702 emission filter (AHF Analysentechnik). The

Optosplit II emission image splitter (Cairn Research) was equipped

with a T505lpxr long-pass filter (AHF Analysentechnik) to acquire

images simultaneously at 475 (CFP) and 540 nm (FRET) with a pco.

panda 4.2 bi-sCMOS camera (Excelitas PCO, Kelheim, Germany). To

acquire images of cells in multiple regions over time in a measure-

ment, a BioPrecision2 automatic XY-Table (Ludl Electronic, Haw-

thorne, USA) was used. During the measurements, the cells were kept

at 37�C with the ibidi Temperature Controller (Ibidi, Gräfelfing,

Germany).

Baseline was recorded for 12–15 min. Then, the cells were stimu-

lated with cAMP-increasing or mimicking agents like isoproterenol

(I6504, Sigma-Aldrich), forskolin (25 μM, F6886, Sigma-Aldrich),

IBMX (100 μM, I7018, Sigma-Aldrich), or the cAMP analogue

8-Bromo-20-O-methyl-cAMP-acetoxymethyl ester (1–300 μM, B

028, Biolog) were added either alone or successively by manually

pipetting the drugs to the respective wells at the indicated timepoints.

In experiments testing the modulability of the biosensors in compari-

son to IBMX and Forskolin, isoproterenol was used in a final concen-

tration of 1 μM, while for all other experiments, 100 nM was used.

Image acquisition and control of the microscope was performed using

VisiView software (Visitron Systems; RRID:SCR_022546). The raw

data of fluorescence over time was exported to Microsoft Excel

(Microsoft; RRID:SCR_016137), the background was subtracted, and

the FRET ratio (CFP/FRET) was calculated. Additionally, the FRET

ratio was then bleaching corrected using the one-phase decay curve

fit from GraphPad Prism 10.4.1 software for Windows (GraphPad

Software; RRID:SCR_002798).

2.6 | RNA extraction, cDNA synthesis and qPCR

Cells were lysed with QIAzol™ Lysis Reagent (79306, Qiagen, Hilden,

Germany), and after a chloroform extraction, RNA was isolated with the

NucleoSpin® RNA kit (740933, Macherey-Nagel), including a DNase

digest, according to the manufacturer's instructions. RNA concentration

and purity were assessed via spectrophotometry. Reverse transcription

of up to 500 ng RNA was performed with the Transcriptor First Strand

cDNA Synthesis Kit (04897030001, Roche, Basel, Germany), using the

following run conditions: 25�C for 10 min, 55�C for 30 min and 85�C for

5 min. qPCRs were run as technical triplicates on a LightCycler®

480 Instrument II (Roche) using the PowerTrack™ SYBR Green Master

Mix (A46109, Applied Biosystems). The thermal cycling conditions

included an initial denaturation at 95�C for 2 min, followed by 45 cycles

of 15 s at 95�C, 30 s at 60�C and a 1-s acquisition at 72�C. Melting

curves were collected to analyse unspecific amplification, and no-

template controls were included for each gene. Relative gene expression

was calculated in LightCycler Software (Roche; RRID:SCR_012155) using

the 2�ΔΔ Ct method, with m36b4 as the reference gene and DMSO-

treated cells as the control. The genes and primers used were as follows:

• m36b4 (AGATTCGGGATATGCTGTTGGC/TCGGGTCCTAGAC-

CAGTGTTC),

• Pde3b (AAAGCGCAGCCGGTTACTAT/CACCACTGCTTCAAGTCC-

CAG) and

• Pde4d (TTTTGCCAGTGCAATACATGATG/CAGAGCGAGTTCC-

GAGTTTGT).

2.7 | Lipolysis

The 3T3-L1 adipocytes were pretreated with drugs as in cAMP mea-

surements. Lipolysis was then stimulated by 100-nM isoproterenol.

After 4 h of incubation, supernatants were collected, and NEFA con-

centrations were quantified using the NEFA-HR(2) assay kit

(994-91801 and 990-91901 Wako, Neuss, Germany). For the overex-

pression of PDEs, adipocytes were transduced with adAAVs 4 days

before the experiments. Values were normalized to sample volume

and total protein content determined by bicinchoninic acid protein

assay (23227, Pierce).

2.8 | Statistical analysis

Statistical and data analyses were conducted in accordance with the

British Journal of Pharmacology's guidelines (Curtis et al., 2025) on

experimental design and analysis. Our studies were designed to gen-

erate groups of equal size using similar treatment conditions within

the same experiment. Randomization was achieved by assigning treat-

ments to different wells on multiwell slides in a random order each

measuring day. Blinding was not performed during analysis, as the

focus of the study was on the technical validation of the biosensors

and treatments, and the risk of observer bias was considered minimal

given the objective nature of the measurements. Sample size was

determined using power analysis (G*Power, Faul et al., 2007; RRID:

SCR_013726), assuming an effect size of 30%, variance of 15%,

α = 0.05 and 80% power. This yielded a required sample size of n = 4

per group. Basic calculations, determination of outliers, calculations of

area under the curve (AUC) and Levene's test were performed with R

Statistical Software (v4.4.2; Team, 2024; RRID:SCR_001905). Outliers

were identified and excluded with the interquartile range (IQR)

method implemented in the rstatix package (Kassambara, 2023; RRID:

SCR_021240). The number of excluded datapoints for each reporter

or treatment is provided in Table S2. The caTools package

(Tuszynski, 2024; RRID:SCR_023566) was used for AUC calculations,

and homoscedasticity was tested with Levene's Test from the car

package (Fox & Weisberg, 2019; RRID:SCR_022137). GraphPad Prism

was used for additional statistical analyses and data visualization. For

pairwise comparisons, data normality was first assessed by Shapiro–

Wilk test. Normally distributed data were analysed using a paired

t-test, while non-normally distributed data were analysed with Wil-

coxon signed-rank test. For repeated measurement comparisons, a

Friedman test was conducted, followed by Dunn's post hoc test to

determine pairwise differences. To compare data between multiple

groups, normality was assessed with the Shapiro–Wilk test. If the data

were normally distributed, homogeneity of variances was verified with

4 KRIER ET AL.
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Levene's test. If both assumptions were met, a one-way ANOVA was

performed, followed by Tukey's post-hoc test only if the F-value

was significant (P < 0.05). In cases of normally distributed, heterosce-

dastic data, Welch-ANOVA was employed and followed either by

Dunnett's T3 (for small sample sizes) or Games-Howell (for >50 sam-

ples per group) post hoc test, again only if the F value was significant.

Post-hoc tests were run only if F achieved P<0.05 and there was

no significant variance inhomogeneity. If normality was violated, a

Kruskal–Wallis test was used with Dunn's post hoc test only if the

Kruskal–Wallis result was significant. For all analysis, statistical signifi-

cance was set at a P value of less than 0.05 and this threshold was not

varied in the presentation of results. Statistical tests were not applied

to data from Groups with fewer than five independent measurement

days (n < 5), and the findings should be interpreted with caution and

require validation in future studies with larger sample sizes. Due to

the limited sample size, these results are considered preliminary. The

number of individual cells, traces, datapoints and independent experi-

ments for each figure and supporting figure is provided in Table S1.

Y axis labels for FRET data display either Absolute Ratio

CFP/FRET or Normalized Ratio CFP/FRET, and for lipolysis data, we

report μmol NEFA/mg protein. For figures showing normalized FRET

ratios (on the y axis), the FRET response at each time point was

divided by the mean baseline response (average of the first 5 min) of

the same trace. This normalization allows for the comparison of fold

changes relative to the cell's individual baseline and ensures that the

data are expressed as fold change relative to the baseline for each

individual trace, in accordance with the corresponding Y axis labelling

in the figures. This approach minimizes unwanted sources of variation,

such as differences in initial baseline activity across cells, ensuring that

observed effects are reflective of changes induced by experimental

treatments rather than inherent variability.

2.9 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in https://guidetopharmacology.org, and are perma-

nently archived in the Concise Guide to PHARMACOLOGY 2023/24

(Alexander, Christopoulos et al., 2023) and (Alexander, Fabbro

et al., 2023).

3 | RESULTS

3.1 | Establishment of pm-cAMP, cyt-cAMP and
LD-cAMP biosensors in adipocytes

We used EPAC-based cAMP biosensors that are targeted to cyto-

plasm (cyt-cAMP) (Nikolaev et al., 2004) or the plasma membrane with

a lipid anchor (pm-cAMP) (Zacharias et al., 2002) and generated an

LD-associated cAMP biosensor (LD-cAMP) (Figure 1a). We confirmed

the uniform distribution of cyt-cAMP and association with the plasma

membrane for pm-cAMP in adipocytes, as previously observed in

other cell types (Kannabiran et al., 2020; Terrin et al., 2006)

(Figures 1a and S1a). Our newly generated LD-cAMP biosensor, as

deduced from fusion to the LD-associated protein perilipin-1, is local-

ized in the vicinity of the LDs (Figure 1a, right panel). We tested the

sensitivity of the biosensors using the cell-permeable cAMP analogue

8-Br-20-O-Me-cAMP-AM in adipocytes. All three reporters responded

to the cAMP analogue treatment, albeit with different FRET signal

intensity (Figures 1b and S1b). The pm-cAMP biosensor responded

with less fluorometric changes compared to cyt-cAMP and LD-cAMP

in all 8-Br-20-O-Me-cAMP-AM concentrations tested (Figures 1b and

S1b,c). The responses of the cyt-cAMP and LD-cAMP were compara-

ble, especially in the upper end of the dose–response curve. In adipo-

cytes, one of the main compounds used to study lipolysis in vitro is

isoproterenol (ISO), which can activate all β-adrenoceptors, thereby

activating robust lipolytic action through cAMP/PKA (Galitzky

et al., 1995; Van Liefde et al., 1992). We tested the response of our

biosensors to ISO followed by forskolin/IBMX treatment to trigger a

maximum endogenous cAMP response (Figure 1c). The plasma mem-

brane cAMP biosensor showed a lower fold response to ISO and for-

skolin/IBMX treatment compared to cyt-cAMP, potentially indicating

a generally lower efficacy of pm-cAMP (Figure S1d). Single fluores-

cence intensities of Yellow Fluorescent Protein (YFP) and Cyan Fluo-

rescent Protein (CFP) confirmed the expected behaviour from the

FRET response (Figure S1e). Interestingly, the ISO-induced FRET sig-

nal was much higher for the LD-cAMP compared to the cyt-cAMP bio-

sensor despite a similar response to the EPAC-specific cAMP analogue

(Figures 1d and S1d). The cyt-cAMP exhibited a faster adaptation to

ISO treatment, as indicated by a transient response, whereas in LD-

cAMP, the ISO-induced response was more sustained. (Figure S1f).

Together, our data indicate the presence of distinct cAMP pools near

LDs that are regulated differently from those in the cytoplasm.

3.2 | Inhibiting PDE4 or PDE3 activity reveals
distinct cAMP pools regulated by each enzyme

PDE3 and PDE4 activity comprises most of the PDE activity in adipo-

cytes (Choi et al., 2006). However, their contribution to subcellular

cAMP microdomains is only investigated using cytoplasmic cAMP bio-

sensors designed to monitor the generation of cAMP at the receptor

level in adipocytes (De Jong et al., 2023). To assess the contribution

of PDE3 and PDE4 activity to the cAMP regulation in different sub-

cellular compartments, we tested the effect of the specific inhibitors

cilostamide (iPDE3) or roflumilast (iPDE4) on ISO-induced cAMP

dynamics. To distinguish effects on basal cAMP levels from responses

provoked by β-adrenoceptor stimulation, we analysed both absolute

FRET ratios and values normalized to baseline. This is important to

identify compounds shifting basal levels that could consequently mask

or exaggerate effects throughout the entire measurement, while upon

normalization ISO-induced fold changes are revealed more clearly.

Hence, absolute traces are presented to determine the effect of treat-

ment on basal cAMP dynamics before ISO stimulation. Normalized

traces are used to identify fold-response to ISO stimulation when the
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baseline was normalized to one. Inhibition of the PDE3 or PDE4 activ-

ity did not change the basal cyt-cAMP levels significantly

(Figure 2a,b). Absolute ISO response and acute ISO response (max

response within 5 min of ISO addition) were highest when PDE4

activity was inhibited (Figures 2c and S2a). Normalized ISO and nor-

malized acute ISO response were also highest when PDE4 activity

was inhibited (Figures 2d,e and S2b). Upon PDE3 inhibition, we

observed a higher acute ISO response when the data were normalized

to baseline (Figure S2b). Of note, the inhibition of PDE3 or PDE4

activity changed the shape of the ISO response of cyt-cAMP, showing

an earlier increase compared to the control condition (Figure 2d). The

inhibition of the PDE3 or PDE4 activity did not significantly change

the basal pm-cAMP and the absolute ISO response (Figures 2f–h and

S2c). However, normalized ISO response was higher when PDE4

activity was inhibited without changing the acute ISO response signif-

icantly (Figures 2i,j and S2d). Inhibition of PDE3 or PDE4 activity did

not change absolute LD-cAMP ISO response although basal FRET

cAMP levels were slightly elevated when PDE4 activity was inhibited

(Figures 2k–m and S2e). Normalized ISO response seems to be lower

upon PDE3 or PDE4 inhibition, potentially due to slightly enhanced

basal levels in LD-cAMP levels (Figures 2n,o and S2f). Overall, PDE3

inhibition had a minor effect on cAMP fold response to ISO stimula-

tion with some increase in the normalized acute ISO response on cyt-

cAMP pool. On the other hand, inhibition of PDE4 activity enhanced

either basal or ISO response in all three microdomains tested.

3.3 | PDE4D overexpression but not PDE3B
overexpression impaired ISO-induced cAMP
responses in all three subcellular domains

While overexpression of PDE3B or PDE4D blunts ISO-induced general

cAMP levels and PKA activity, it is not known which subcellular cAMP

pools are regulated by PDE3B or PDE4D (Omar et al., 2009; Sancar

et al., 2022). We employed our subcellular-targeted sensors to investi-

gate how PDE overexpression specifically impacts cAMP levels in dis-

tinct cellular compartments, both under basal conditions and following

ISO stimulation. Upon PDE3B or PDE4D overexpression, basal cAMP

levels were lower for cyt-cAMP (Figure 3a,b) and overexpression of

both PDEs decreased the absolute (Figures 3c and S3a) and normalized

(Figures 3d,e and S3b) ISO response. PDE3B overexpression shifted

the FRET intensity traces, probably due to its strong suppression of the

basal cAMP level in the cytoplasm (see Figure 3a,b). PDE4D expression

had a less prominent but still significant effect on basal cyt-cAMP,

while it suppressed the cyt-cAMP response to ISO in a solid manner

compared to PDE3B overexpression (see Figure 3d,e). Concerning pm-

cAMP, AAV-mediated PDE3B or PDE4D overexpression did not alter

basal cAMP or the absolute ISO response significantly (Figures 3f–h

and S3c). PDE3B or PDE4D overexpression decreased the fold-

response to ISO and acute ISO response when normalized to basal

while PDE4D overexpression showed a more robust difference

(Figures 3i,j and S3d). For the LD-cAMP, in cells overexpressing

PDE4D, basal cAMP levels were lower, whereas cells overexpressing

PBE3B showed no change in basal cAMP (Figure 3k,l). Furthermore,

we observed a decreased absolute and normalized ISO response upon

PDE4D overexpression (Figures 3m–o and S3Ee,f). PDE3B overexpres-

sion decreased only the normalized acute ISO response (Figure S3f).

Overexpression of Pde3b and Pde4d was confirmed by gene expres-

sion analysis (Figure S3g). Consistent with the PDE inhibitor experi-

ments, which revealed that PDE4 inhibition has a stronger effect

compared to PDE3 inhibition, overexpression of PDE4D resulted in a

more robust response in preventing ISO-induced cAMP changes com-

pared to PDE3B overexpression in all three microdomains tested.

3.4 | Antilipolytic hormones FGF-1 and insulin
target distinct cAMP pools

Although both insulin and FGF-1 can suppress lipolysis in adipocytes, it

is not known whether they regulate distinct cAMP pools. Hence, we

tested whether there is a distinct effect of FGF-1 or insulin on ISO-

induced cAMP responses using our subcellular targeted cAMP biosen-

sors. Insulin and FGF-1 treatment decreased both basal and ISO-

induced absolute cyt-cAMP levels, with insulin showing a stronger

effect compared to FGF-1 (Figures 4a–c and S4a). Normalized ISO

response was slightly lower upon insulin or FGF-1 treatment without

changing the normalized acute ISO response (Figures 4d,e and S4b).

Basal pm-cAMP FRET signals trended to lower values upon FGF-1

treatment, but this was not statistically significant (Figure 4f,g). Insulin

did not exhibit a significant effect on the ISO-induced pm-cAMP

response (Figures 4h–j and S4c,d), whereas FGF1 decreased the nor-

malized acute ISO response (Figure S4d). For the LD-cAMP biosensor,

insulin decreased the basal cAMP levels, whereas FGF-1 treatment

was similar to vehicle (Figure 4k,l). Neither FGF-1 nor insulin changed

F IGURE 1 Establishment of cyt-cAMP, pm-cAMP and LD-cAMP biosensors in adipocytes. (a) Design of cAMP biosensors. A fluorescent
protein FRET pair (Yellow Fluorescent Protein [YFP] in yellow and Cyan Fluorescent Protein [CFP] in cyan) is connected by Epac1, a cAMP-
sensing protein. A lipid anchor (Pal�Myr�1) or a lipid droplet binding protein (PLIN1) allows targeting of the plasma membrane and lipid droplets
(LDs), respectively. The reporters' localizations were observed by fluorescent imaging with a GFP filter set, and lipid droplets (seen as red) were
stained with BODIPY™ 558/568 C12 (scale bar: 20 μm). (b) Normalized traces of cAMP-reporters: arrows indicate the times at which different
doses of the cell-permeable Epac1-activator 8-Br-20-O-Me-cAMP-AM were added. For all traces, the mean ± SEM is shown. (c) Normalized traces
showing the addition of 1-μM isoproterenol (ISO) and a combination of 25-μM Forskolin (Fsk) and 100-μM 3-isobutyl-1-methylxanthine (IBMX)

at the indicated time-points. (d) Mean normalized ratios of a 3-min timeframe at baseline or after ISO addition as well as the maximum response
after ISO addition from traces depicted in (c) of cyt-cAMP, pm-cAMP and LD-cAMP. Since n, the number of independent values, was n=3 for
these studies, statistical analysis was not carried out and results should be regarded as preliminary.
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the absolute ISO responses of LD-cAMP (Figures 4m and S4e), sug-

gesting that the antilipolytic actions of both hormones are not trans-

duced to this compartment of the adipocyte. Normalized response to

ISO was slightly higher upon FGF-1 or insulin pre-treatment, probably

due to slightly lower basal levels (Figures 4n,o and S4f). Together, our

data suggested that while FGF-1 potentially targets the pm-cAMP

pool, insulin was more robust at decreasing cyt-cAMP levels. Interest-

ingly, the LD-cAMP ISO responses remained largely unaffected by

either antilipolytic hormone.

3.5 | Antilipolytic effects of FGF-1, insulin and
PDEs correlate with cAMP modulation

In order to correlate the effects that we described for PDEs and antili-

polytic hormones on the distinct cAMP pools to the extent of lipolysis

regulation, we measured lipolysis in adipocytes under the same condi-

tions as in our cAMP-FRET measurements (Figures 1–4). Overexpres-

sion of PDE4D had a more robust effect in suppressing lipolysis

compared to the overexpression of PDE3B (Figure 5a). This is in

agreement with a more potent downregulation of cAMP levels by

PDE4D overexpression in all three pools tested. In accordance, inhibi-

tion of PDE4 activity resulted in higher lipolysis compared to PDE3

inhibition (Figure 5b). While it has been previously published (Sancar

et al., 2022), we tested antilipolytic potential of FGF-1 or insulin treat-

ment side-by-side and observed that insulin is more potent in sup-

pression of lipolysis compared to FGF-1 (Figure 5b).

Some conclusions regarding the effects of treatments with

cAMP-mimicking and cAMP-increasing drugs (Figure 1), iPDEs

(Figure 2), PDE overexpression (Figure 3) and lipolysis (Figure 5) are

based on data from fewer than five independent experiments (n < 5)

hence could be considered as preliminary.

4 | DISCUSSION

In this study, we have investigated subcellular cAMP levels in adipo-

cytes and identified a previously unrecognized cAMP compartment

surrounding LDs that is distinct from cytoplasmic cAMP. While a com-

parison of cytoplasmic cAMP vs plasma membrane cAMP pools was

employed in other cell types, to our knowledge our study is the first

to investigate their comparison in adipocytes. We used a pm-cAMP

biosensor targeted to lipid rafts where the majority of the receptor

signalling is concentrated via lipid-protein and protein–protein inter-

actions (Agarwal et al., 2014). To measure cAMP pools surrounding

the LDs, we used perilipin-1 which is exclusively localized at LDs, as

previously described (Hsieh et al., 2012; Sancar et al., 2022). Overall,

we observed strong and comparable responses in cyt-cAMP and LD-

cAMP upon ISO stimuli and a weaker response in the pm-cAMP bio-

sensor. When a cAMP analogue was employed, the pm-cAMP FRET-

response was weaker than that of the other biosensors indicating the

possible max fold response ratio is lower in general with this cAMP

reporter when it is directed to lipid rafts and/or modified with myris-

toylation/palmitoylation. The sensitivities of the cytosolic cAMP and

LD–associated cAMP biosensors were comparable, particularly at

higher concentrations of the cAMP analogue. However, at lower

cAMP levels, the cytosolic biosensor exhibited greater sensitivity than

the LD-targeted sensor. Therefore, while the effects of different treat-

ments can be reliably compared within each individual biosensor, the

absolute magnitude of responses should not be directly compared

across the biosensors herein. The adaptation following ISO stimula-

tion differed between cyt-cAMP and LD-cAMP, with cyt-cAMP exhi-

biting a faster peak decline and adaptation, whereas the ISO response

in LD-cAMP was more stable. One explanation could be a higher PDE

activity in the cytosol compared to PDE activity surrounding the LDs.

This is supported by the fact that inhibiting PDE3 or PDE4 activity

had a stronger effect on the cyt-cAMP compared to LD-cAMP. More-

over, overexpression of PDE4D or PDE3B did not abolish the ISO

responses in LD-cAMP pools suggesting less PDE localization on the

LDs, even under unphysiological expression conditions.

When analysing cAMP responses using our FRET-based reporters,

we used both absolute FRET ratios and ratios normalized to baseline

to distinguish different types of compound effects. A compound that

alters basal cAMP levels can shift the entire response curve upward or

downward, without necessarily affecting the fold change induced by

isoproterenol (ISO). Therefore, analysing absolute FRET ratios allows

us to detect changes in basal activity, while normalization to baseline

helps isolate effects on β-adrenoceptor responsiveness (i.e., the fold

induction upon ISO stimulation). This dual approach allows us to dis-

tinguish between compounds that affect baseline levels versus those

that modulate dynamic signalling responses, giving a more comprehen-

sive understanding of compound effects.

Previously, cytoplasmic cAMP levels were measured using

EPAC1-camps biosensors in white and brown adipocytes and indi-

cated distinct cAMP pools generated by different β-adrenoceptors

(De Jong et al., 2025; Kannabiran et al., 2020). While we used ISO

F IGURE 2 Inhibiting PDE4 or PDE3 activity reveals distinct cAMP pools regulated by each enzyme. (a, f, k) Absolute traces of reporter-
expressing cells pre-treated with vehicle (DMSO, grey), PDE3 inhibitor (purple, 15-μM cilostamide = iPDE3) or PDE4 inhibitor (orange, 5-μM
roflumilast = iPDE4). Addition of isoproterenol (ISO) is marked by an arrow. (b, g, l) Basal cAMP levels after incubation with PDE-inhibitor as
averages from minutes 0–5. (c, h, m) The average of the plateau post ISO-treatment ranging from minutes 10–15, was compared between
different treatments for each reporter. (d, i, n) Normalization was performed for every individual trace from (a), (f) and (k) to its own basal cAMP
level. (e, j, o) The ISO response as depicted in (c), (h) and (m) but for normalized traces. Panels (a)–(e) for cytosolic, (f)–(j) for plasma membrane and
(k)–(o) for lipid-droplet associated cAMP biosensor. All traces are shown as mean ± SEM. Since n, the number of independent values, was n=4 for

PDE3 studies, statistical analysis was not carried out and those results should be regarded as preliminary. The statistical significance is depicted as
ns: not significant and * P < 0.05.
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which activates β1/β2 and partially β3-adrenoceptors to stimulate

cAMP production at the concentration we used, we did not differenti-

ate between the generation of the cAMP pools at the receptor but

rather focused on how PDEs or antilipolytic hormones such as FGF-1

or insulin affect the cAMP pools in different subcellular localizations.

Inhibition of PDE4 activity had an enhanced ISO-induced normalized

response in pm-cAMP and cyt-cAMP regions but did not increase ISO

response on LD-cAMP. While the effect of PDE4 inhibitors on pm-

cAMP can be attributed to the involvement of PDE4 in signal genera-

tion (see below), the impact on cyt-cAMP is likely due to the cytoplas-

mic abundance of PDE4s combined with increased cAMP production

due to enhanced β-adrenoceptor signalling. The ‘resistant nature’ of
LD-cAMP to PDE4 inhibitors indicates either that the generation of

cAMP surrounding LDs is regulated differently than for the rest of the

cAMP or that there is exclusion of PDEs from the LD compartments

in a normal state. The existence of organelle-LD contact sites was pre-

viously suggested in other cell types, but plasma membrane-LD con-

tact sites have not been thoroughly investigated in adipocytes (Dudka

et al., 2010; Liao et al., 2022; Robenek et al., 2005). If there are

β-adrenoceptor signalling domains in the close vicinity of the LDs with

different protein complexes devoid of PDEs, this could explain why

inhibition of PDE4 or PDE3 had a minimal effect on LD-cAMP.

In mouse 3T3-L1 adipocytes, PDE4D overexpression was more

potent in the suppression of cAMP levels compared to PDE3B overex-

pression in all three microdomains we investigated. This seems to con-

tradict our current understanding that PDE3B is the main PDE

responsible for the antilipolytic actions of insulin. However, our obser-

vation may be partly explained by the fact that PDE3B must be acti-

vated through phosphorylation in response to external stimuli like

insulin, as mere overexpression does not ensure active PDE3B. Thus,

it would be of interest to investigate whether FGF-1 or insulin

treatment further potentiates PDE4D or PDE3B overexpression as

treatment with both results in phosphorylated and activated PDE4D

(Sancar et al., 2022). Inhibition of PDE3 or PDE4 activities by specific

inhibitors suggested that PDE4 inhibition had stronger effects on

cAMP compared to PDE3 inhibition in 3T3-L1 adipocytes. While inhi-

biting either PDE activity alone increases lipolysis, inhibition of both

simultaneously produces an even greater synergistic effect, suggesting

compensation and/or cross-talk between the PDEs (Snyder

et al., 2005; Wang & Edens, 2007). It was shown that both PDE4D

and PDE3B can be activated by PKA (Lim et al., 1999; Palmer

et al., 2007). Hence, it is expected that when PDE3B activity is inhib-

ited, enhanced cAMP/PKA activity could activate PDE4D to prevent

further cAMP/PKA/lipolysis increase. Another possible explanation is

that PDE4D overexpression targets the production of cAMP in

response to ISO treatment. Since PDE4D overexpression strongly

blunted pm-cAMP response, it is possible that overexpressed PDE4D

localized to the β-adrenoceptors could inhibit the production of cAMP

at the source, preventing its distribution to the cytoplasm or LD. In

other cellular systems, localization of PDE4D to β-adrenoceptors via

recruitment by β-arrestins and decrease of cAMP levels has been

shown (Perry et al., 2002; Richter et al., 2008; Shi et al., 2017). More-

over, PDE4s are generally found in soluble form in cytoplasm hence,

overexpression of PDE4D can degrade the rest of the cAMP that is

generated upon ISO stimulation, while PDE3B is mainly localized in

the insoluble fractions such as endoplasmic reticulum (Jin et al., 1998;

Shakur et al., 2000). We were able to decrease the LD-cAMP response

and basal levels only when we overexpressed PDE4D. This could be

due to the strong effect of PDE4D overexpression on generation (pm-

cAMP) and propagation (cyt-cAMP) of the cAMP. Another possibility

is a potential localization of the PDE4D on the LDs upon overexpres-

sion which would locally degrade cAMP on the LD. Studies focusing

on the localization of PDE3B and PDE4D upon basal and overex-

pressed levels and the effect of lipolytic (ISO) or antilipolytic stimuli

like FGF-1 and insulin on their localization will unravel the molecular

mechanisms explaining the effect on subcellular cAMP pools.

Our study highlights the distinct mechanisms by which the antili-

polytic hormones FGF-1 and insulin inhibit the cAMP/PKA pathway.

While FGF-1 targets strongly the generation of cAMP as determined

by a blunted pm-cAMP response, insulin decreases the overall cAMP

levels in the cytoplasm with a minor effect on the pm-cAMP. The min-

imal effect of FGF-1 on cyt-cAMP was unexpected as FGF-1 effi-

ciently blunted the generation of the pm-cAMP response. One

possible explanation would be that other β-adrenoceptors that are not

localized to lipid rafts could continue to induce cAMP production rais-

ing the cAMP pools directly in the cytoplasm. Previous studies have

shown that an increase in cytoplasmic cAMP does not necessarily cor-

relate with the extent of lipolysis. Importantly, the spatial compart-

ment in which cAMP is produced, and not the total amount of cAMP

generated, plays a crucial role, suggesting the involvement of distinct

cAMP pools at the receptor level, as recently proposed (Kannabiran

et al., 2020; De Jong et al., 2023). Accordingly, higher cAMP levels

that are, for example, induced by forskolin are less lipolytic compared

to lower cAMP levels that are produced upon ISO stimulation of

β-adrenoceptors (Mowers et al., 2013).

The comparison of antilipolytic activity of PDEs, FGF-1 and insulin

with their regulation of subcellular cAMP pools reveals that the greater

the suppression of cAMP, the higher the antilipolytic activity. For exam-

ple, PDE4 inhibition or PDE4D overexpression has a stronger effect on

ISO-induced cAMP in all three subcellular localizations tested compared

F IGURE 3 PDE4D overexpression but not PDE3B overexpression impaired ISO-induced cAMP responses in all three subcellular domains. (a, f, k)
Absolute cAMP traces of reporter-expressing cells (grey) additionally treated with adAAVs leading to expression of PDE3B (light blue) or PDE4D
(green). The addition of isoproterenol (ISO) is marked by an arrow. (b, g, l) Basal cAMP levels measured from 0–5 min at baseline. (c, h, m) Comparison
of the post-ISO plateau phase (10–15 min) between treatments for each reporter. (d, i, n) Normalization of individual traces from panels (a), (f) and
(k) to their respective basal cAMP levels. (e, j, o) ISO response from panels (c), (h) and (m) but for normalized traces. Panels (a)–(e) for cytosolic, (f)–
(j) for plasma-membrane and (k)–(o) for lipid-droplet-associated cAMP biosensor. All traces represent mean ± SEM. Since n, the number of
independent values, was between 3–4 for these studies, statistical analysis was not carried out and results should be regarded as preliminary.
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to PDE3B, potentially results suggesting a stronger effect of PDE4 on

lipolysis. Although cAMP-independent effects of insulin on lipolysis can-

not be excluded, (Londos et al., 1985; Strålfors & Honnor, 1989) insulin

suppresses lipolysis more strongly than PDE3B overexpression, despite

both interventions having strong suppressive effects on cytosolic cAMP

levels. Notably, both insulin treatment and PDE4D overexpression—

each showing the strongest suppression of lipolysis—also reduced basal

cAMP levels specifically in the LD–associated cAMP pool. Future inves-

tigations into the LD proteome and phosphoproteome following insulin

stimulation or PDE4D overexpression could help elucidate the molecu-

lar changes responsible for modulating lipolysis in adipocytes on the

LDs. Recently, the contribution of subcellular cAMP microdomains in

regulating lipolysis in human white adipocytes was investigated at the

beta-adrenergic receptor level (De Jong et al., 2023). The study

reported that insulin resistance disrupts these cAMP microdomains

downstream of β-adrenoceptors and results in a change of

β-adrenoceptor subtypes in signalling initiation from β1-adrenoceptor

to β3-adrenoceptor for induction of lipolysis. Moreover, instead of

PDE3 activity, PDE4 activity is responsible for the cessation of the lipo-

lytic signal in insulin-resistant adipocytes. This is particularly interesting

while both in vitro and in vivo models of insulin resistance suggest

decreased PDE3B levels in adipocytes (Rahn Landström et al., 2000;

Tang et al., 1999). Potentially, PDE4D activity acts as a backup PDE,

which compensates for decreased PDE3B levels. In vivo overexpression

of PDE4D in adipose tissue was sufficient to normalize impaired glucose

metabolism and lipolysis suggesting investigating PDE4 activity in adi-

pose tissue might be more relevant in the context of insulin resistance

(Sancar et al., 2022). Among the cAMP pools, the LD-cAMP pool was

the least responsive to either PDE inhibitors or FGF-1/insulin treatment

for the ISO response in insulin-sensitive adipocytes. It would be of

interest to investigate LD-cAMP responses upon insulin resistance to

see whether insulin resistance changes the sensitivity of these LD-

cAMP pools to PDE inhibitors, lipolytic, or antilipolytic signals.

Our study identified previously unrecognized cAMP pools sur-

rounding adipocyte LD, distinct from cytoplasmic cAMP. Using PDE

inhibitors revealed that LD-cAMP was largely resistant to PDE3 or

PDE4 activity, suggesting unique regulatory mechanisms distinct from

cytoplasmic or plasma membrane cAMP pools. PDE4D overexpres-

sion suppressed cAMP levels and lipolysis more effectively than

PDE3B, potentially due to differences in activation mechanisms or

subcellular localization. FGF-1 and insulin exhibited distinct antilipoly-

tic actions, with FGF-1 primarily blunting cAMP generation at the

plasma membrane while insulin broadly reduced cytoplasmic cAMP

levels. Our data suggest that beyond changes in overall cAMP levels,

F IGURE 4 Antilipolytic hormones FGF1 and insulin target distinct cAMP pools. (a, f, k) Representative absolute cAMP traces from reporter-
expressing cells pre-treated with either vehicle (Krebs-Ringer Bicarbonate HEPES [KRBH], grey), insulin (100 nM, blue) or FGF1 (100 ng�ml�1,
red). The addition of isoproterenol (ISO) is marked with an arrow. (b, g, l) Basal cAMP levels recorded over the first 5 min of the experiment after
hormone or KRBH pre-treatment. (c, h, m) Mean plateau cAMP levels after isoproterenol stimulation (10–15 min), comparing the effects of
different antilipolytic treatments across all reporters. (d, i, n) Each individual trace from (a), (f) and (k) was normalized to its own baseline cAMP
level. (e, j, o) Normalized ISO response levels, as shown in (c), (h) and (m) but based on normalized traces. Panels (a)–(e) for cytosolic, (f)–(j) for
plasma membrane and (k)–(o) for lipid-droplet-associated cAMP biosensor. All traces are expressed as mean ± SEM, n = 5. Statistical significance

is indicated as ns (not significant) and * P < 0.05.

F IGURE 5 Effects of PDE modulation or FGF1/insulin treatment
on lipolysis. (a) Quantification of lipolysis in 3T3-L1 adipocytes after
overexpression of GFP (as a control), PDE3B or PDE4D using
adAAVs. Data are shown as mean ± SEM. Statistical significance is
depicted as * P < 0.05. (b) Quantification of lipolysis in 3T3-L1
adipocytes after treatment with vehicle (DMSO, grey), PDE3 inhibitor
(purple, 15-μM cilostamide = iPDE3), PDE4 inhibitor (orange, 5-μM
roflumilast = iPDE4), insulin (blue, 100 nM) or FGF1 (red,
100 ng�ml�1). Data are shown as mean ± SEM. Since n, the number of
independent values, was <5 for these studies (n = 3 for (a) and n = 2
for (b)), statistical analysis was not carried out and results should be
regarded as preliminary.
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the spatial location and mechanism of cAMP generation may play

important roles in determining the biological functions of the cyclic

nucleotide in adipocytes. The findings indicate that cAMP microdo-

mains, particularly pm, and LD-associated pools, may play a crucial

role in adipocyte metabolism and could be differentially affected in

insulin-resistant states. Using subcellular targeted biosensors for

cAMP will play a key role in understanding the molecular changes reg-

ulating lipolysis in healthy and insulin-resistant states.

4.1 | Limitations of the study

One limitation of our study was the usage of the 3T3-L1 mouse adipo-

cyte cell line for the establishment of the different biosensors and the

effect of PDEs or antilipolytic signals in the previously mentioned

microdomains. Relative expression of PDEs might be different in pri-

mary mouse or human adipocytes, which limits our findings to the cur-

rent model we used. For example, inhibition of PDE4 activity had

different effects on lipolysis when rat or human adipocytes were used

in previously published studies (Nakamura et al., 2004; Snyder

et al., 2005). Another limitation is that we used electroporation to

express the cAMP biosensors in differentiated adipocytes, which par-

tially affects the viability of the cells and could interfere with their

response to various stimuli. It would be of interest to use viral-based

expression systems for the cAMP biosensors and compare them with

the responses we get via electroporation. While we employed three

distinct cAMP biosensors, we acknowledge that their sensitivities are

not identical, as also noted by others (Surdo et al., 2017). Therefore, we

refrained from directly comparing the magnitude of responses across

biosensors. Instead, we focused on how each individual biosensor

responded to different treatments using pathologically/physiologically

relevant factors such as FGF-1 and insulin. Because groups with fewer

than five independent measurement days were included for explor-

atory analysis, some of the findings should be interpreted as prelimi-

nary and require confirmation in larger future studies.
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