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SUMMARY
Inexorable increases in insulin resistance, lipolysis, and hepatic glucose production (HGP) are hallmarks of
type 2 diabetes. Previously, we showed that peripheral delivery of exogenous fibroblast growth factor 1
(FGF1) has robust anti-diabetic effects mediated by the adipose FGF receptor (FGFR) 1. However, its mech-
anism of action is not known. Here, we report that FGF1 acutely lowers HGPby suppressing adipose lipolysis.
On a molecular level, FGF1 inhibits the cAMP-protein kinase A axis by activating phosphodiesterase 4D
(PDE4D), which separates it mechanistically from the inhibitory actions of insulin via PDE3B. We identify
Ser44 as an FGF1-induced regulatory phosphorylation site in PDE4D that ismodulated by the feed-fast cycle.
These findings establish the FGF1/PDE4 pathway as an alternate regulator of the adipose-HGPaxis and iden-
tify FGF1 as an unrecognized regulator of fatty acid homeostasis.
INTRODUCTION

Chronic hyperglycemia and dyslipidemia are hallmarks of type 2

diabetes mellitus (T2DM) attributed to the failure of insulin to

appropriately suppress hepatic glucose production and adipose

lipolysis. Moreover, unregulated lipolysis leads to the aberrant

accumulation of free fatty acids (FFAs) in peripheral metabolic

tissues including liver, muscle, and pancreatic islets, further

exacerbating disease severity (Saponaro et al., 2015; Sears

and Perry, 2015). Physiologically, adipose lipolysis is regulated,

in part, by opposing hormonal stimuli that control cAMP levels

and protein kinase A (PKA) activity (Bartness et al., 2014; Duncan

et al., 2007). Pro-lipolytic hormones (e.g., glucagon, growth hor-

mone, thyroid hormone, cortisol, catecholamines) elevate

cellular cAMP levels to drive PKA phosphorylation of key lipolytic

proteins including perilipin and hormone-sensitive lipase (HSL).

Conversely, insulin discovered 100 years ago remains the only

known anti-lipolytic hormone, acting via phosphodiesterase 3B

(PDE3B) to suppress cAMP levels and inhibit PKA activity (Kita-

mura et al., 1999; Strålfors and Honnor, 1989; Choi et al., 2006).

Phosphodiesterases (PDEs) catalyze the conversion of cAMP to

AMP. To date, 11 PDE families (PDE1-PDE11), each encom-

passing multiple isoforms, have been described (Azevedo

et al., 2014). In adipose tissue in particular, different PDE4 iso-

forms have been implicated in the regulation of the cAMP/PKA
Cell
pathway; however, their contributions to lipolysis are not known

(Baeza-Raja et al., 2016; Grønning et al., 2006; Zhang et al.,

2009). Notably, half of the PDE activity in adipocytes is attributed

to PDE4A-D, where the isoform-specific N-terminal domains

regulate protein-protein interactions and subcellular localiza-

tions (Houslay and Adams, 2003; Choi et al., 2006). Consistent

with this, PDE4 inhibitors enhance lipolysis, particularly when

PDE3 activity is inhibited (DiPilato et al., 2015; Grønning et al.,

2006; Kraynik et al., 2013; Snyder et al., 2005). Mice deficient

in PDE4A, PDE4B, and PDE4D genes were previously generated

(Jin and Conti, 2002; Jin et al., 2005; Jin et al., 1999). Loss of

PDE4A and PDE4B in adipocytes led to increased cAMP levels

without affecting lipolysis (Grønning et al., 2006; Zhang et al.,

2009). In contrast, adipocyte PDE4D expression is induced by in-

sulin and synthetic catecholamines, and lower PDE4D levels are

associated with increased b-adrenergic signaling, implicating a

potential role in lipolysis (Jang et al., 2020; Oknianska

et al., 2007).

Fibroblast growth factor 1 (FGF1) has an established role in

adaptive adipose remodeling (Jonker et al., 2012; Wang et al.,

2020). Mice lacking FGF1 develop a more aggressive diabetic

phenotype in response to a dietary challenge (high-fat diet,

HFD) that is, in part, attributed to a failure to appropriately

remodel adipose tissue. FGF1 expression in adipose tissue is

controlled by PPARg and is robustly induced in the fed state
Metabolism 34, 171–183, January 4, 2022 ª 2021 Elsevier Inc. 171
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and upon HFD feeding (Choi et al., 2016; Jonker et al., 2012). In

addition, peripheral delivery of FGF1 rapidly lowers blood

glucose levels in diabetic mouse models in an adipose FGF re-

ceptor (FGFR) 1-dependent manner; however, the underlying

mechanism(s) is not understood (Suh et al., 2014). Here, we

show that FGF1 suppresses adipose lipolysis and demonstrate

that the anti-lipolytic activities of FGF1 are required for acute

glucose lowering. We discovered that these actions are medi-

ated on a molecular level by the activation of PDE4D in adipose

tissue.

RESULTS

FGF1 suppresses adipose lipolysis in an adipose FGFR1-
dependent fashion
To validate that FGF1-induced glucose lowering is dependent on

FGFR1 expression in adipose tissue, FGFR1 was selectively

deleted in mature adipocytes (Fgfr1 fl/fl crossed to adiponec-

tin-CRE, adR1KO mice). FGF1 rapidly decreased blood glucose

levels in diet-induced obese (DIO) wild-type (WT) mice (0.5 mg/

kg FGF1 subcutaneously [s.c.], adR1WT) but failed to affect

adR1KO mice, consistent with our previous findings (Suh et al.,

2014) (Figure S1A). Given the increase in insulin levels in adR1KO

mice (Table S1), and the link between hepatic glucose produc-

tion (HGP) and lipolysis, we hypothesized that FGF1 might affect

adipose lipolysis (Perry et al., 2015a; Perry et al., 2018; Rebrin

et al., 1996). To explore this notion, we initially determined

whether lipolysis was perturbed in FGF1 knockout (F1KO)

mice. Although no differences were seen in serum FFA levels

in fed mice, the higher serum insulin levels in F1KO mice sug-

gested a dysregulated lipolytic response that was compensated

by insulin (Figure S1B). Indeed, ex vivo lipolysis assays in the

absence of insulin compensation revealed markedly elevated

lipolysis in the gonadal adipose tissue (gWAT) of F1KOmice (Fig-

ure 1A). The persistence of the increased ex vivo lipolysis in

F1KO gWAT in an adipose transplant model was indicative of

an adipose-autonomous effect (Figures S1C and S1D). Support-

ing this notion, mice harboring the selective deletion of FGF1 in

adipose tissue (Fgf1 fl/fl crossed to adiponectin Cre) showed a

similar increase in gWAT ex vivo lipolysis (Figure S1E). In addi-

tion, FGF1 acutely suppressed basal and isoproterenol (ISO)-

induced lipolysis in mouse and human stromal vascular fraction

(SVF)-derived adipocytes, consistent with an adipocyte-intrinsic

effect (Figures 1B and S1F). Similarly, FGF1 suppressed ISO-

induced lipolysis in 3T3-L1 adipocytes in a dose-dependent

way (Figure 1C), an effect that was blocked by FGFR1 inhibition

(Figure S1G).

To determine whether exogenous FGF1 can similarly affect

adipose lipolysis in vivo, DIO adR1WT and adR1KO mice were

fasted overnight to minimize compensatory changes in insulin

prior to injection with FGF1 (0.5 mg/kg s.c.). FGF1 reduced

serum FFA levels in adR1WT mice by �30% but failed to affect

adR1KO mice (Figure 1D). Moreover, ex vivo lipolysis was sup-

pressed by FGF1 in an adipose FGFR1-dependent manner (Fig-

ures 1E and S1H). As a measure of in vivo lipolysis, adR1WT and

adR1KO mice pre-treated with and without FGF1 were portally

infused with radiolabeled oleic acid. The fractional turnover

rate of oleic acid was reduced in FGF1-treated adR1WT mice,

indicative of lower basal lipolysis. In contrast, oleic acid turnover
172 Cell Metabolism 34, 171–183, January 4, 2022
in adR1KO mice was not affected by FGF1 pre-treatment

(Figure 1F).

The above findings implicate FGF1-FGFR1 signaling as a

novel pathway regulating adipose lipolysis. Of note, this regula-

tion appears specific to white adipose depots, because FGF1

did not affect lipolysis in brown adipose tissue (Figure S1I).

Moreover, FGF1 did not alter whole-body metabolism or affect

circulating levels of leptin (Figure S1J; Table S1). To determine

the contribution of lipolytic regulation to FGF1-mediated glucose

lowering, lipolysis was pharmacologically blocked with atglista-

tin, an inhibitor of adipose triglyceride lipase (ATGL). Atglistatin

(120 mg/kg per os [p.o.]) rapidly lowered blood glucose levels

in ad lib-fed ob/ob mice, consistent with the indirect regulation

of hepatic glucose production by the products of lipolysis (Perry

et al., 2015a). As a single agent, FGF1 (0.5 mg/kg s.c.) robustly

lowered blood glucose, but no additive effects were seen

when FGF1 was co-administered with atglistatin, supporting

the notion that exogenous FGF1 lowers blood glucose by sup-

pressing lipolysis (Figure 1G).

The rapid in vivo kinetics suggested that FGF1 could regulate

lipolysis post-translationally. To explore this possibility, we

determined the ability of FGF1 to affect PKA-mediated activation

of HSL. In 3T3-L1 adipocytes, FGF1 suppressed HSL phosphor-

ylation at S660 (pHSL) under both basal and ISO-stimulated con-

ditions (Figures 1H and S1K). Similarly, pHSL levels in gWAT

were decreased 30 min after FGF1 injection (Figure 1I). More-

over, the in vivo suppression of HSL phosphorylation upon

FGF1 treatment correlated with the in vitro suppression of lipol-

ysis (Figure S1L).

FGF1 regulates HGP
Insulin regulates blood glucose levels in part by suppressing

lipolysis and thereby HGP, and dysregulated HGP contributes

to hyperglycemia in insulin resistance (Boden et al., 2017; Lin

and Accili, 2011; Lombardo and Menahan, 1979; Turner et al.,

2005). To determine whether the suppression of lipolysis by

FGF1 acutely reduced HGP, we measured the ability of FGF1

to affect gluconeogenic substrate utilization. Notably, ob/ob

mice pre-treated with FGF1 had a markedly reduced ability to

synthesize glucose from pyruvate (pyruvate tolerance test,

PTT), whereas no differences were seen when glycerol was the

exogenous substrate (glycerol tolerance test, glycerol TT) (Fig-

ure 2A). These findings were replicated in DIOmice (Figure S2A).

Moreover, the ability of FGF1 to suppress pyruvate utilization

was dependent on adipocyte FGFR1 expression (Figure 2B).

This differential sensitivity of pyruvate and glycerol utilization

localized the effect of FGF1 on gluconeogenesis to a step down-

stream of pyruvate (Exton and Park, 1967; Shrago and Lardy,

1966) (Figure S2B). To further delineate the FGF1-sensitive

step, the levels of gluconeogenic intermediates were measured

by mass spectrometry in the livers of ob/ob mice 2 h after

FGF1 injection. Intermediates downstream of pyruvate including

glucose 6-phosphate (G6P), fructose 6-phosphate (F6P),

phosphoglycerate (PG), phosphoenolpyruvate (PEP), and oxalo-

acetate (OAA) were reduced in FGF1-injected mice, whereas

metabolites involved in the tricarboxylic acid cycle (TCA) cycle

were not affected (Figures 2C and S2C). Notably, these reduc-

tions in substrate levels occurred in the absence of changes in

protein expression of the rate-limiting enzymes involved in
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B C Figure 1. FGF1 suppresses adipose lipolysis

(A) Ex vivo lipolysis in gWAT explants from F1WT and

F1KOmice 6 h after refeeding. Data are represented

as mean ± SEM (n = 4, *p < 0.05).

(B) Lipolysis in mouse SVF-derived adipocytes

measured by the cumulative release of FFAs into the

media over 4 h. Cells were pretreated with vehicle

(PBS) or FGF1 (100 ng/mL) for 10 min prior to the

induction of lipolysis with 1 nM ISO. Data are rep-

resented as mean ± SEM (n = 3, *p < 0.05, **p <

0.01).

(C) Dose response of FGF1-induced suppression of

lipolysis in 3T3-L1 adipocytes. Cells were pretreated

with indicated doses of FGF1 for 10 min prior to the

induction of lipolysis with 100 nM ISO, and the cu-

mulative release of FFAs over 4 h was measured.

Data are represented as mean ± SEM (n = 3, **p <

0.01, ***p < 0.001).

(D) Serum FFA levels in overnight-fasted adR1WT

and adR1KO DIO mice 30 min after PBS or FGF1

(0.5 mg/kg) injection. Data are represented as

mean ± SEM (adR1WT vehicle n = 5, FGF1 n = 5;

adR1KO vehicle n = 4, FGF1 n = 4; *p < 0.05).

(E) Ex vivo lipolysis in gWAT explants from overnight-

fasted adR1WT and adR1KODIOmice 2 h after PBS

or FGF1 (0.5 mg/kg) injection. Data are represented

as mean ± SEM (n = 5 per group, *p < 0.05).

(F) 3H-labeled oleic acid turnover in chow-fed

adR1WT and adR1KO mice. Overnight-fasted mice

were injected with PBS or FGF1 (0.5 mg/kg, s.c.) 6 h

prior to the portal vein infusion of 3H-labeled oleic

acid. Plasma radioactivity was measured by scintil-

lation counting and normalized to t = 1 min. Frac-

tional oleic acid turnover rate was calculated by

linear regression of natural log transformed data

(adR1WT vehicle n = 5, FGF1 n = 4; adR1KO vehicle

n = 4, FGF1 n = 5). Data are represented as mean ±

SEM (*p < 0.05).

(G)Ad lib-fed blood glucose levels in PBS and FGF1-

injected (0.5mg/kg) ob/obmicewith andwithout co-

administration of the ATGL inhibitor atglistatin

(120mg/kg, p.o.) (Veh, n = 5; FGF1, n = 4; ATGLi, n =

5; ATGLi+FGF1, n = 6). Data are represented as

mean ± SEM (*p < 0.05).

(H) Western blots of total and S660 phosphorylated

HSL (pHSL) in 3T3-L1 adipocytes 10 min after PBS

or FGF1 (100 ng/mL) treatment. Quantification of

pHSL-S660 normalized to total HSL is shown in the

right panel. Data are represented as mean ± SEM

(n = 4, *p < 0.05).

(I) Western blots of total and S660 phosphorylated HSL (pHSL) in gWAT from chow-fed C57BL/6J mice 30 min after vehicle (PBS), FGF1 (0.5 mg/kg), or insulin

(1 U/kg) injection. Quantification of pHSL-S660 normalized to total HSL is shown in the right panel. (Veh, FGF1, n = 5; insulin, n = 4). Data are represented as

mean ± SEM (**p < 0.01, ***p < 0.001).

See also Figure S1.
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gluconeogenesis (Figure S2D). In addition, levels of the allosteric

activator of pyruvate carboxylase, acetyl-CoA, were decreased

(Figure 2C). These reductions in gluconeogenic substrates

were largely recapitulated in adR1WT mice, whereas adR1KO

mice were insensitive to FGF1 treatment (Figure 2D). Further-

more, an adipose FGFR1-dependent reduction in acetyl-CoA

was accompanied by �50% reduction in pyruvate carboxylase

activity (Figure 2E). Acetyl-CoA is the product of fatty acid

b-oxidation; hence, the absence of any change in hepatic

b-oxidation (Figure S2E) supports a mechanism in which the
reduction of FFAs upon FGF1 treatment decreases the activity

of pyruvate carboxylase and thereby limits HGP.

To test the relevance of these findings to glucose homeosta-

sis, a hyperinsulinemic clamp was performed on ob/ob mice af-

ter short-term serial FGF1 administration (0.5 mg/kg every other

day for a week). This limited treatment regimen resulted in a

�25% reduction in basal endogenous glucose production

(EGP) (Figure 2F). Under clamp conditions, a higher exogenous

glucose infusion rate (GIR) was required to maintain the glucose

set point in FGF1-treated mice, an effect largely attributed to
Cell Metabolism 34, 171–183, January 4, 2022 173
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D Figure 2. FGF1 suppresses HGP in an adi-

pose FGFR1-dependent manner

(A) PTT (left panel) and glycerol TT (right panel) in

overnight-fasted ob/ob mice 2 h after PBS or FGF

(0.5 mg/kg) injection. Data are represented as

mean ± SEM (n = 5 per group; *p < 0.05, **p < 0.01,

#p < 0.001).

(B) PTTs in adR1WT and adR1KO DIO mice, as

described in (A). Data are represented as mean ±

SEM (n = 4 per group, *p < 0.05, **p < 0.01).

(C) Heatmap of hepatic metabolites in ob/ob mice

2 h after PBS or FGF1 (0.5 mg/kg) injection. DHAP,

dihydroxyacetone phosphate; G1P, glucose 1-

phosphate. Vehicle, n = 5; FGF1, n = 6; *p < 0.05.

(D) Hepatic G6P, F6P, and 2-phosphoglycerate (2-

PG) levels in HFD-fed adR1WT and adR1KO mice

6 h after PBS or FGF1 (0.5 mg/kg) injection. adR1WT

Veh n = 8, FGF1 = 7; adR1KO veh n = 6, FGF1 = 6.

Data are represented as mean ± SEM (*p < 0.05).

(E) Hepatic acetyl-CoA levels (left panel) and pyruvate

carboxylase (PC) activity (right panel) normalized by

protein content in mice described in (D) (*p < 0.05).

(F) Basal and glucose-clamped levels of EGP, GIR,

and GDR in ob/obmice after 1 week of PBS or FGF1

(0.5 mg/kg quaque altera die) injections, measured

during a hyperinsulinemic clamp. Veh n = 9,

FGF1 n = 8. Data are represented as mean ± SEM

(*p < 0.05).

See also Figure S2.
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diminished EGP because the glucose disposal rate (GDR) was

not altered (Figure 2F).

FGF1 activation of PDE4 inhibits cAMP-PKA pathway
Insulin suppresses lipolysis via the PI3K-dependent activation of

PDE3B (DiPilato et al., 2015; Rahn et al., 1994). Because FGFR1

activation can also signal via the PI3K pathway, we investigated

whether the anti-lipolytic effects of FGF1 were affected by the

PI3K inhibitor wortmannin. Paralleling insulin signaling, wortman-

nin abrogated the FGF1-induced reduction in FFA release in

3T3-L1 adipocytes (Figure S3A). In addition, FGF1 attenuated

ISO-induced increases in cAMP and cAMP/PKA signaling in a

CRE-luciferase-based reporter system, implicating a possible ef-

fect on phosphodiesterase activity (Figures 3A and S3B). Interest-

ingly, inhibition of PDE3B did not impair FGF1-induced suppres-

sion of lipolysis (Figure S3C). In contrast, the anti-lipolytic activity

of FGF1was blocked by selective inhibitors of PDE4 in 3T3-L1 ad-

ipocytes, as wells as in mouse and human SVF-derived adipo-
174 Cell Metabolism 34, 171–183, January 4, 2022
cytes (Figures3B,S3D,andS3E).Moreover,

the FGF1-induced attenuation of an ISO-

driven increase incAMPwas lost in thepres-

ence of a PDE4 inhibitor, asmeasured using

a fluorescence-based cAMP Biosensor in

live 3T3-L1 cells (Tewson et al., 2016) (Fig-

ure 3C). No FGF1 effects were seen in cells

expressing the GFP control (Figure S3F).

To determine whether PDE4 activity was

required for FGF1-induced suppression of

lipolysis in vivo, DIO mice were gavaged

with a PDE4 inhibitor 1 h prior to FGF1 injec-

tion. Analyses of adipose explants from
those mice demonstrated that PDE4 inhibition blocked the ability

of FGF1 to suppress lipolysis (Figures 3D and S3G).

Given the above findings, we posited that FGF1-PDE4

signaling regulated HSL phosphorylation. Indeed, in both basal

and ISO-stimulated cells, the ability of FGF1 to suppress HSL

phosphorylation was lost in the presence of the PDE4 inhibitor

roflumilast (Figure S3H). The translocation of phosphorylated

HSL to the lipid droplet and its subsequent interaction with peril-

ipin is a key regulatory step in lipolysis (Clifford et al., 2000; Egan

et al., 1992; Greenberg et al., 1991; Shen et al., 2009). Tomonitor

the ability of FGF1 to affect pHSL-perilipin interactions in live

cells, adeno-associated virus (AAV) vectors incorporating the

human adiponectin promoter/enhancer that restricted expres-

sion to mature adipocytes (adAAVs) were used to express

GFP-tagged perilipin (perilipin-GFP) and mCherry-tagged HSL

(HSL-mCherry) in 3T3-L1 adipocytes (O’Neill et al., 2014). Impor-

tantly, FGF1 reduced the ISO-induced co-localization of perili-

pin-GFP and HSL-mCherry, as seen in the temporal monitoring
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Figure 3. FGF1 suppression of lipolysis is

dependent on PDE4 activity

(A) Kinetics of ISO (100 nM)-induced cAMP levels in

3T3-L1 adipocytes pretreated with PBS or FGF1

(100 ng/mg) for 15 min, as measured by ELISA. Data

are represented as mean ± SEM (n = 4, *p < 0.05,

**p < 0.01).

(B) 3T3-L1 adipocyte lipolysis after PBS or FGF1

(100 ng/mL) treatment in the presence or absence of

PDE4 inhibitors (roflumilast, 2 mM; cilomulast,

10 mM). PBS or FGF1 was added 15 min prior to ISO

(100 nM) stimulation for 4 h. Data are represented as

mean ± SEM (n = 4, ***p < 0.001).

(C) cAMP levels in 3T3-L1 adipocytes, pretreated for

15min with PBS or FGF1 (100 ng/mL) with or without

PDE4 inhibitor (roflumilast, 2 mM) 30 min after ISO

treatment (100 nM). Normalized GFP fluorescence

from cAMP biosensor also shown. Data are pre-

sented as mean ± SEM (n = 12, *p < 0.05).

(D) Lipolysis in gWAT explants from overnight-fasted

DIO mice pretreated with the PDE4 inhibitor (ro-

flumilast, 5 mg/kg p.o.) 1 h prior to PBS or FGF1

(0.5 mg/kg) injection. Mice were sacrificed 2 h later.

Data are represented as mean ± SEM (n = 6, *p <

0.05).

(E) Kinetics of ISO (100 nM)-induced perilipin-GFP

and HSL-mCherry co-localization in 3T3-L1 adipo-

cytes pretreated for 15 min with PBS or FGF1

(100 ng/mL). Effects of PDE4 (roflumilast, 2 mM;

middle panel) and PDE3 (cilostamide, 10 mM; right

panel) inhibitors on co-localization. Data are repre-

sented asmean ± SEM (n = 12, *p < 0.05, **p < 0.01).

(F) Lipolysis in 3T3-L1 adipocytes infected with an

adAAV expressing GFP or PDE4D3. Data are rep-

resented as mean ± SEM (n = 7, ***p < 0.001).

(G) cAMP levels in 3T3-L1 adipocytes infected with

adAAVs expressing GFP or PDE4D3 30 min after

ISO treatment (100 nM), measured with the Green-

down biosensor. Data are represented as mean ±

SEM (n = 14, **p < 0.01).

(H) Kinetics of ISO-induced perilipin-GFP and HSL-

mCherry co-localization in 3T3-L1 adipocytes in-

fected with adAAVs expressing PDE4D3 or control

vector without an open reading frame. Data are

represented as mean ± SEM (n = 19, **p < 0.01).

See also Figure S3.
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of fluorescence overlap and by confocal microscopy (Figure 3E,

left panel, and Figure S3I). No effects were seen in cells express-

ing perilipin-GFP and mCherry without the HSL fusion (Fig-

ure S3J). Moreover, although selective inhibition of PDE4 or

PDE3 increased perilipin-HSL co-localization, consistent with

increased cAMP levels and PKA activation, only PDE4 inhibition

abrogated the FGF1 effect (Figure 3E, middle and right panels).

In combination, these findings suggested a model in which

FGF1-FGFR1activationofPDE4attenuatescAMP/PKAphosphor-

ylation of HSL and its subsequent association with perilipin on the

lipiddroplet surface.Basedonpreviousstudies linkingPDE4Dwith

adipose lipolysis, we explored whether overexpression of PDE4D

is sufficient to recapitulate the ability of FGF1 to suppress lipolysis

(Jang et al., 2020). Indeed, overexpression of 3 PDE4D isoforms

suppressed lipolysis in 3T3-L1 adipocytes in a dose-dependent

way, with the PDE4D3 isoform showing the highest efficacy (Fig-
ure S3K). In order to extend on this finding, an adAAV vector was

constructed that restricted PDE4D3 expression to mature adipo-

cytes (O’Neill et al., 2014) (Figures S3L–S3N). Notably, adAAV-

PDE4D3-driven expression robustly suppressed ISO-induced

increases in lipolysis, cAMP, and perilipin-GFP/HSL-mCherry co-

localization in 3T3-L1 adipocytes (Figures 3F–3H). In addition,

3T3-L1 adipocytes infected with adAAV-PDE4D3 showed lower

levels of pHSL than did control adAAV-GFP (Figure S3O). Further-

more, the reductions in ISO-induced lipolysis andHSL phosphory-

lation with adAAV-PDE4D3 infection were conserved in human

SVF-derived adipocytes (Figures S3P and S3Q).

FGF1-induced glucose lowering is dependent on PDE4
in vivo

The finding that FGF1-induced suppression of lipolysis is depen-

dent on PDE4 raised the possibility that this pathway contributes
Cell Metabolism 34, 171–183, January 4, 2022 175
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Figure 4. FGF1-induced suppression of lipolysis and blood glucose is dependent on PDE4D

(A) Blood glucose levels in ad lib-fed DIO mice after administration of vehicle (30% captisol) or the PDE4 inhibitor roflumilast (5 mg/kg p.o.). Data are represented

as mean ± SEM (n = 5 per group, ***p < 0.001).

(B) Serum FFA levels 1 h after the injection of the vehicle or the PDE4 inhibitor in the mice as described in (A).

(C) Ad lib-fed blood glucose levels in DIO mice injected with PBS or FGF1 (0.5 mg/kg) in the absence (left panel) or presence (right panel) of the PDE4 inhibitor

roflumilast (5 mg/kg). Mice were fasted after the 0 h time point. Data are represented as mean ± SEM (Cntrl Veh n = 7; Cntrl FGF1 n = 6; iPDE4 Veh n = 7; iPDE4

FGF1 n = 8 per arm; **p < 0.01, ***p < 0.001).

(legend continued on next page)

ll
Article

176 Cell Metabolism 34, 171–183, January 4, 2022



ll
Article
to glucose homeostasis in insulin-resistant mice. To explore this

notion, ad lib-fed DIO mice were treated with the PDE4 inhibitor

roflumilast. In these mice, PDE4 inhibition transiently increased

blood glucose, serum FFA, and insulin levels (Figures 4A, 4B,

and S4C). In fasted DIO mice, PDE4 inhibition led to a more sus-

tained increase in blood glucose levels, presumably due to lower

insulin levels and higher lipolysis in the fasted state (Figures S4A–

S4C). Notably, the ability of FGF1 to reduce blood glucose levels

was lost with roflumilast pretreatment of ad lib-fed mice (Fig-

ure 4C). In contrast, inhibition of PDE3 failed to affect the ability

of FGF1 to modulate glucose levels (Figure S4D). These data

support a requirement for PDE4-dependent regulation of lipol-

ysis in the glucose-lowering effects of FGF1. Given the ability

of PDE4D to regulate lipolysis in vivo, we explored the role of

this PDE family in the metabolic actions of FGF1. Encouragingly,

adipose explants from PDE4DKOmice showed higher basal and

ISO-stimulated lipolysis, and adipocytes derived from

PDE4DKO SVF were insensitive to FGF1 treatment (Figures 4D

and 4E). In addition, despite lower body weight under HFD

feeding, PDE4DKOmice developed insulin resistance compara-

ble to that seen in controls (Figures S4E and S4F). More impor-

tantly, FGF1 failed to lower blood glucose in these HFD-fed

PDE4DKO mice, a defect that was restored with adAAV-driven

expression of PDE4D3 in adipose tissue (Figures 4F and 4G).

These data suggest that adipose PDE4D is required for the

glucose-lowering effects of exogenous FGF1.

FGF1 induces phosphorylation at a regulatory site on
PDE4D3
The activities of phosphodiesterases are regulated by multiple

phosphorylation events that integrate different signaling path-

ways (Mika and Conti, 2016). To explore whether FGF1 signaling

induces PDE4D phosphorylation, ISO-stimulated 3T3-L1 adipo-

cytes were treated with FGF1. PDE4Dwas phosphorylated upon

ISO treatment, as evidenced by its decreased mobility in an

SDS-PAGE gel (Figure 5A). FGF1 co-treatment increased both

the extent and duration of PDE4D phosphorylation (Figure 5A).

Consistent with this observation, an increase in PDE4D phos-

phorylation was seen in gWAT 30 min after FGF1 injection

(Figure 5B).

PDE4D proteins are phosphorylated by PKA at a conserved

S85 site in the upstream conserved region 1 (S54 in humans

and rats) that is thought to be necessary for activation, as well

as at S44 (S13 in humans and rats), a PDE4D3-specific site in

the N terminus that does not affect PDE activity in vitro (Fig-

ure 5C) (Hoffmann et al., 1998; Mika and Conti, 2016; Sette

and Conti, 1996). To investigate the role of PDE4D3 phosphory-

lation in the regulation of lipolysis, adAAV expression constructs

were generated in which these sites were mutated to alanine.
(D) Basal and ISO-stimulated (1 mM) lipolysis in gWAT explants from overnight-fa

SEM (n = 4 per group, **p < 0.01).

(E) ISO-induced lipolysis (1 nM) in SVF-derived adipocytes from control and PDE4

10 min prior to ISO addition. Data are represented as mean ± SEM (n = 4 per tre

(F)Ad lib-fed blood glucose levels in control and PDE4DKODIOmice after PBS or

point, and then food was returned. Data are represented as mean ± SEM (n = 6

(G)Ad lib-fed blood glucose levels after FGF1 injection (0.5mg/kg) in PDE4DKODI

or GFP. Data are represented as mean ± SEM (n = 7 per group, *p < 0.05).

See also Figure S4.
Infection of 3T3-L1 adipocytes with a mutant incorporating S85

to alanine (S85A) largely replicated the ability of WT PDE4D3 to

suppress lipolysis. In contrast, the S44A mutation abrogated

the ability of PDE4D3 to affect lipolysis and HSL phosphorylation

(Figures 5D and S5A). Consistent with these findings, a reduced

level of ISO-induced phosphorylation was seen with the S44A

mutant both in the absence and presence of PDE4 inhibition,

implicating a regulatory role for S44 phosphorylation (Figures

5E and S5B). Mutation of both phosphorylation sites (S44A

and S85A) further diminished the response to ISO in the pres-

ence of a PDE4 inhibitor (treatment with calf intestinal phospha-

tase confirmed that changes in electrophoretic mobility were due

to phosphorylation; Figures 5E and S5C). Notably, FGF1-

induced phosphorylation of PDE4D3was lost in the S44Amutant

(Figure 5F). Moreover, FGF1 treatment increased S44 phosphor-

ylation in 3T3-L1 cells overexpressing PDE4D3 both in the

absence and presence of ISO, as determined by using a poly-

clonal antibody that selectively recognizes PDE4D3 S44 phos-

phorylation (antibody specificity was confirmed in PDE4DKO

gWAT; Figures 5G, S5E, and S5F). WT PDE4D or S44A mutant

showed similar in vitro PDE activity when overexpressed in adi-

pocytes, indicating this site does not regulate in vitro catalytic

activity, in agreement with previous findings (Figure S5G)

(Carlisle Michel et al., 2004; Dodge et al., 2001). Consistent

with a regulatory role of S44 phosphorylation, expression of

PDE4D3 but not the S44A mutant restored the ability of FGF1

to suppress lipolysis in PDE4DKO SVF-derived adipocytes (Fig-

ure 5H). Mechanistically, FGF1-induced S44 phosphorylation

was inhibited by wortmannin in agreement with the dependence

of FGF1 anti-lipolytic function on PI3K signaling (Figures 5I

and S5H).

The above data indicate that the specific phosphorylation of

PDE4D at S44 is required for the anti-lipolytic activity of FGF1/

PDE4D pathway. To confirm the in vivo relevance of this finding,

ob/ob mice were injected with adAAV-GFP, adAAV-PDE4D3, or

adAAV-PDE4D3 S44A (adipose tissue-specific expression was

confirmed by western blot; Figure S5I). Overexpression of

PDE4D3 resulted in lower ad lib-fed and overnight-fasted blood

glucose and serum FFA levels, as well as a trend toward lower

insulin levels in the fed state (Figures 5J, 5K, S5J, and S5K). In

contrast, overexpression of the S44A mutant failed to affect

these metabolic parameters. Importantly, FGF1 induced a

greater reduction in glucose levels in mice overexpressing

PDE4D3, whereas the response in mice expressing the S44A

mutant was indistinguishable from that in control mice

(Figure 5L).

FGF1 was identified as a fed-state adipokine whose expres-

sion is increased in response to HFD feeding (Jonker et al.,

2012). In order to associate endogenous FGF1 signaling with
sted, chow-fed control, and PDE4DKO mice. Data are represented as mean ±

DKO mouse. Cells were pretreated with vehicle (PBS) or FGF1 (100 ng/mL) for

atment, *p < 0.05).

FGF1 (0.5mg/kg) injection. Micewere fasted after the injection until the 2 h time

per group, *p < 0.05, ***p < 0.001).

Omice 4weeks after treatment with adAAVs, driving the expression of PDE4D3
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Figure 5. PDE4D3-S44 phosphorylation is required for the metabolic effects of PDE4D3

(A) Representative western blot among 3 independent experiments showing the temporal changes in ISO-induced PDE4D phosphorylation in 3T3-L1 adipocytes

pretreated for 15 min with PBS or FGF1 (100 ng/mL). Bracket indicates the phosphorylated, slower-migrating PDE4D fraction, whereas arrow shows the hypo-

phosphorylated form. Quantification of the phospho-band to total is shown below.

(legend continued on next page)
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S44 phosphorylation, gWAT depots were collected from chow-

and HFD-fed mice under overnight-fasted and re-fed conditions.

Re-feeding approximately doubled the pS44 levels in both

chow- and HFD-fed mice. Interestingly, HFD markedly reduced

S44 phosphorylation in both the fasted and fed states, sugges-

tive of a role for PDE4D in insulin-resistant hyperlipidemia (Fig-

ure 5M). In combination, these findings support a mechanism

in which exogenous FGF1 reduces serum glucose levels by sup-

pressing adipose lipolysis in a PDE4D3-dependent manner and

implicates this mechanism in the physiological response to

feeding.

DISCUSSION

Adipose tissue holds 80%–85% of the body’s energy reserves;

hence, the decision to store or release is central to physiological

homeostasis. However, although adipose lipolysis is triggered

by multiple factors, insulin is the only known anti-lipolytic regu-

lator. Here, we report a signaling cascade induced by FGF1

that functions as an alternate lipolytic suppressive pathway

and establishes FGF1 as a regulator of fatty acid homeostasis.

Previously, we identified FGF1 as an essential mediator of adi-

pose remodeling (Jonker et al., 2012), and in subsequent gain-

of-function studies, that FGF1 rapidly normalized blood glucose

levels in diabetic mouse models in an adipose FGFR1-depen-

dent manner (Suh et al., 2014). In exploring these anti-diabetic

activities, we now demonstrate that FGF1-FGFR1 signaling,

analogous to insulin signaling, reduces blood glucose levels by

suppressing adipose lipolysis and thereby decreasing HGP

through the allosteric regulation of pyruvate carboxylase. Within

the adipocyte, FGF1 engages an alternate PI3K/PDE4D circuit to

inhibit the cAMP-PKA axis. The resultant reductions in cAMP

decrease PKA-mediated phosphorylation of HSL and its subse-

quent translocation to the lipid droplet. Notably, the PDE4D de-
(B) Western blots of PDE4D phosphorylation in gWAT from overnight-fasted cho

tification of the phospho-band to total is shown on the right. Data are represente

(C) Scheme of mouse PDE4D3 domains and known PKA phosphorylation sites

PDE4D3 is shown below.

(D) Lipolysis in 3T3-L1 adipocytes infected with adAAVs expressing GFP (contro

mean ± SEM (n = 3 per treatment group, ***p < 0.001).

(E) Representative western blot from 2 independent experiments showing PDE4D

S85A, or S44A/S85A PDE4D3 30 min after treatment with ISO (1 mM) and the PD

indicates phosphorylated PDE4D3. Quantification of the phospho-band to total

(F) Representative western blot from 3 independent experiments showing PDE4D

adAAVs expressing GFP, WT PDE4D3, or PDE4D3 S44A with or without 15 min

lower panel). Brackets indicates phosphorylated PDE4D3. Quantification of the p

(G) Western blots of S44 phosphorylated (upper panel) and total PDE4D (lowe

treatments (FGF1, 10 min pretreatment at 100 ng/mL; ISO, 100 nM for 30 min) o

PDE4D is shown in S5E.

(H) ISO-induced (1 nM) lipolysis in SVF-derived adipocytes from PDE4DKOmouse

FGF1 (100 ng/mL) for 10 min. Data are represented as mean ± SEM (n = 4 per tr

(I) Western blots showing PDE4D-S44 phosphorylation in 3T3-L1 adipocytes 15m

inhibitor wortmannin (5 mM) or DMSO 30 min before PBS or FGF1 treatment. Qu

(J) Ad lib-fed blood glucose levels in ob/obmice injected with adAAVs expressing

mean ± SEM (*p < 0.05, **p < 0.01)

(K) Ad lib-fed serum FFA levels of ob/ob mice described in (J). Data are represen

(L)Ad lib-fed blood glucose levels of themice described in (J) after FGF1 (0.5 mg/k

food was returned. Data are represented as mean ± SEM (adAAV GFP and adAA

(M) Western blots of S44 phosphorylated (upper panel) and total (lower panel) P

Quantification of pS44 levels normalized to total PDE4D levels. Data are represe

See also Figure S5.
pendency of the anti-lipolytic and anti-diabetic actions of FGF1

suggest a parallel pathway to the established insulin-PDE3B

axis (Figure 6). Although both insulin and PKA activate PDE3B

via phosphorylation (Degerman et al., 2011), our results reveal

a parallel relationship between FGF1 and PDE4D in which phos-

phorylation of PDE4D3-S44 engages a negative feedback loop

to lower cAMP levels (MacKenzie et al., 2002; Oki et al., 2000;

Sette and Conti, 1996). Based on previous studies, convergence

of both anti-lipolytic (FGF1) and lipolytic (cAMP/PKA) stimuli on

PDE4D phosphorylation suggests a functional compartmentali-

zation of this pathway in different membrane regions, as

observed with PDE3B regulation (Ahmad et al., 2009).

Mutation of S85 (QRRES motif), which enhances in vitro

PDE4D3 activity (Sette and Conti, 1996), had a minor effect on

suppression of lipolysis when PDE4D3-S85A was overex-

pressed in adipocytes. This could be explained by excess levels

of the PDE4D3-S85A overcoming the inhibitory effects of the

point mutation. In contrast, mutation of S44 (FRRHS motif)

abrogated the suppression of lipolysis by PDE4D3 despite over-

expression, indicating a novel regulatory role for this phosphor-

ylation site. Supporting this notion, overexpression of WT and

S44A PDE4D3 resulted in similar PDE activities in adipocytes.

Interestingly, the N terminus of PDE4D3 and its PKA phosphor-

ylation site are implicated in the interaction of PDE4D3 with the

muscle-specific A-kinase anchoring protein mAKAP (Carlisle Mi-

chel et al., 2004; Dodge et al., 2001). Hence, this site could be

pivotal in compartmentalization of PKA-PDE4D3 complexes. In

addition, binding of phosphatidic acid to the N-terminal

sequence has been shown to activate PDE4 (Grange et al.,

2000). Future studies are needed to determine the effects of

FGF1 on compartmentalized regulation of cAMP signaling and

its contribution to lipolysis.

Although our work describes the action of FGF1 in adipose tis-

sue, central administration of a single FGF1 dose can also
w-fed C57BL/6J mice 30 min after PBS or FGF1 (0.5 mg/kg) injection. Quan-

d as mean ± SEM (n = 4 per arm, #p < 0.001).

. The conservation of phosphorylation sites between mouse, rat, and human

l), PDE4D3 (4D3), PDE4D3 S44A, or PDE4D3 S85A. Data are represented as

3 expression in 3T3-L1 adipocytes infected with adAAVs expressingWT, S44A,

E4 inhibitor roflumilast (4 mM). Arrow indicates hypo-phosphorylated; bracket

is shown below.

3 levels after 30min ISO (100 nM) treatment of 3T3-L1 adipocytes infected with

FGF1 pre-treatment (100 ng/mL) (low exposure, upper panel; high exposure,

hospho-band to total is shown below.

r panel) in 3T3-L1 adipocytes infected with adAAV PDE4D3 after indicated

r FGF1 pre-treatment and 30 min ISO treatment. Quantification of pS44/Total

infected with adAAVs expressingWT or S44A PDE4D3 pretreated with PBS of

eatment, *p < 0.05).

in after PBS or FGF1 (100 ng/mL) treatment. Cells were pretreated with the PI3K

antification of pS44/total PDE4D is shown in S5H.

GFP (n = 9), PDE4D3 (n = 8), or PDE4D3 S44A (n = 8). Data are represented as

ted as mean ± SEM (n = 8 per arm; **p < 0.01).

g) injection. Mice were fasted after the injection until the 4 h time point, and then

V PDE4D3, n = 7; adAAV PDE4D3 S44A, n = 5; ***p < 0.001).

DE4D in overnight-fasted and 4 h re-fed mice maintained on chow and HFD.

nted as mean ± SEM (*p < 0.05, **p < 0.01).
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Figure 6. Model of FGF1-induced suppres-

sion of lipolysis and HGP

Distinct FGF1 signaling parallels insulin-induced

suppression of adipose lipolysis and HGP. FGF1/

FGFR1 signaling in adipocytes activates PDE4D to

decrease cAMP levels and thereby PKA activity.

Reduced PKA activity attenuates HSL phosphory-

lation/translocation to suppress lipolysis. FGF1-

induced suppression of lipolysis reduces HGP

through the allosteric regulation of pyruvate

carboxylase.
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restore glucose homeostasis in diabetic models; however, the

kinetics are slow (taking weeks), and the mechanism of action

has not been established. The improvement in blood glucose

levels in the Zucker T2D rat model was attributed to preservation

of b cell function and increased hepatic glucose uptake, whereas

a suppression of the hypothalamic-pituitary-adrenal axis, result-

ing in lower lipolysis and hepatic glucose output, was described

in T1D rats (Perry et al., 2015b; Scarlett et al., 2019; Scarlett

et al., 2016). Of note, although the rapid glucose lowering seen

with peripheral FGF1 delivery is consistent with lipolytic regula-

tion, the delayed effects of central FGF1 delivery suggest a

distinct mechanism.

Our findings implicating adipose PDE4D in the beneficial ac-

tions of FGF1 appear at odds with the anti-diabetic effects of

systemic PDE4 inhibition (Möllmann et al., 2017; Vollert et al.,

2012). Increased GLP1 secretion, higher serum insulin levels,

and increased muscle mitochondrial function have been asso-

ciated with chronic PDE4 inhibition, indicating adipose-tissue-

independent effects. (Ong et al., 2009; Park et al., 2012; Vollert

et al., 2012). In addition, contributions of the associated weight

loss and potential anti-inflammatory effects of PDE4B inhibition

to improvements in glucose tolerance and fasting glucose

levels are not known (Jin and Conti, 2002; Komatsu et al.,

2013; Möllmann et al., 2017; Zhang et al., 2009). In contrast

to the pleiotropic effects of systemic inhibition, our study indi-

cates that PDE4D activity in adipocytes is necessary for FGF1

to suppress lipolysis and lower blood glucose levels (Figures

3 and 4).

PDE3B is important for controlling cAMP levels and lipolysis

in adipocytes; however, PDE4 accounts for approximately half

of the total PDE activity in white adipocytes (Choi et al., 2006).

Moreover, maximal adipose lipolysis requires both PDE3 and

PDE4 inhibitors, supporting an underappreciated role of

PDE4 in the regulation of lipolysis (DiPilato et al., 2015; Kraynik

et al., 2013; Snyder et al., 2005). In addition, the finding that

FGF1 enhances PDE4D3 phosphorylation at S44 correlates

with the post-prandial increases seen at this site in both

chow- and HFD-fed mice (Figure 5M). These data agree with

previous work, which showed that the anti-lipolytic potential

of PDE4 is higher in the fed state, suggesting a potential

regulation of PDE4 activity/levels via feeding-fasting cycles
180 Cell Metabolism 34, 171–183, January 4, 2022
(Nakamura et al., 2004). Our data indicate

the involvement of adipose PDE4D in

physiological control of lipolysis in vivo.

Furthermore, the enhanced lipolysis

observed in PDE4DKO mice support this
notion. Given that PDE3B levels and activity are decreased in

diabetic mouse models, the FGF1/PDE4 regulatory pathway

might be increasingly relevant in metabolically stressed states

(Tang et al., 2001). This pathway was likely missed because un-

der normal postprandial states, insulin is sufficient to suppress

lipolysis and promote fat storage. Although logical in retro-

spect, the idea of a fail-safe anti-lipolytic system had simply

not been considered.

Interestingly, the anti-lipolytic effect of FGF1 in the fed state

contrasts with FGF21-induced lipolysis in the fasted state (Inagaki

et al., 2007). Accordingly, these findings implicate an unexpected

FGF1:FGF21 molecular balance regulating the storage and

release of fat in the fed and fasted state, respectively. This phys-

iologic paradigm, though seemingly simple, describes a mecha-

nism that not only manages glucose homeostasis in health but

also can be used to quickly rebalance glucose levels in insulin-

resistant T2DM via FGF1 injection. Thus, in addition to a new

signaling cascade that suppresses lipolysis, these findings reveal

the therapeutic potential of the FGF1-PDE4D axis in diabetes.

Limitations of the study
In exploring the mechanism underlying the acute glucose-

lowering ability of FGF1, we demonstrate that reduced adipose

lipolysis and the associated reduction in FFAs result in reduced

hepatic glucose production. Although the anti-lipolytic activity

of FGF1 in adipose tissue is functionally linked to PDE4D,

possible contributions from other PDE4 isoforms have not

been investigated, and the kinase and/or phosphatase medi-

ating FGF1-induced PDE4D phosphorylation remains to be

identified. The extent to which this pathway contributes to the

benefits of chronic FGF1 treatment, most notably insulin sensiti-

zation, is not fully understood.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PDE4D Proteintech 12918-1-AP, RRID: AB_2161097

pHSL Cell Signaling 4126S, RRID: AB_490997

HSL Cell Signaling 4107S, RRID: AB_2296900

GFP GenScript A01388, RRID: AB_1720867

a-Tubulin Millipore Sigma CP06, RRID: AB_2617116

PDE4D-pS44 This paper RRID: AB_2894884

Bacterial and Virus Strains

AAV2/8-phadipoq-GFP- miRNA122T4x This paper adAAV-GFP

AAV2/8-phadipoq-PDE4D3- miRNA122T4x This paper adAAV-PDE4D

AAV2/8-phadipoq-PDE4D3-S44A-miRNA122T4x This paper adAAV-PDE4D-S44A

AAV2/8-phadipoq-PDE4D3-S85A-miRNA122T4x This paper adAAV-PDE4D-S85A

AAV2/8-phadipoq-PDE4D3-S44A-S85A-

miRNA122T4x

This paper adAAV-PDE4D-S44A-S85A

Ad5-CMV-PDE4D3 This paper Ad5-4D3

Ad5-CMV-PDE4D4 This paper Ad5-4D4

Ad5-CMV-PDE4D5 This paper Ad5-4D5

AAV2/8-phadipoq-mCherry- miRNA122T4x This paper adAAV-mCherry

AAV2/8-phadipoq-HSL-mCherry- miRNA122T4x This paper adAAV-HSL-mCherry

AAV2/8-phadipoq-Perilipin-GFP- miRNA122T4x This paper adAAV-Perilipin-GFP

Green Down cADDis cAMP Sensor BacMam Montana Molecular D0200G

mNeon Green Control BacMam Montana Molecular F0505G

OneShot Stbl3 Ecoli Invitrogen C737303

Chemicals, Peptides, and Recombinant Proteins

Roflumilast Tocris Bioscience 6641/50

Cilomulast Santa Cruz sc-483188

Cilostamide Cayman Chemicals 14455-25

Quazinone Enzo Life Sciences BML-PD170-0010

Isoproterenol hydrochloride Tocris Biosciences 1747/100

Captisol Selleckchem S4592

dexamethasone Sigma-Aldrich D1756

rosiglitazone Sigma-Aldrich R2408

IBMX Cayman Chemicals 13347-500

fatty acid free BSA United States Biological Corporation A1311250G

[U-13C] glucose Cambridge Isotop Lab. CLM-1396-PK

Recombinant FGF1 Exonbio N/A

Collagenase I Worthington LS004196

Insulin (for in vivo injection) MED-VET INTL RXHUMULIN-R

Insulin (for cell-based studies) Sigma I1882

insulin (used for clamp study) Novo Nordisk N/A

somatostatin UCB Breda N/A

5¢-Nucleotidase Enzo Life Sciences BML-KI307

[3H]-cAMP Perkin Elmer NET275250UC

a-PDE4D3-S44 antigen: FRRHp

SWISFDVDNGTSAGRC

RS Synthesis N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

FFA kit Wako NEFAHR2

ViraPower� Adenoviral Gateway� Expression Kit Thermo Fisher Scientific K493000

Adenovirus standard purification kit Virapur 3054

Hi Pure Purelink Expi Plasmid Giga Prep Thermo Fisher Scientific K210009XP

QuickChange XL Site-Directed Mutagenesis Kit Agilent 200517

Deproteinization Assay Kit BioVision K808200

2-Phosphoglycerate

Colorimetric/Fluorometric Assay Kit

BioVision K778

PicoProbe Acetyl CoA Assay Kit BioVision K317

PicoProbe Fructose-6-Phosphate

Fluorometric Assay Kit

BioVision K689

PicoProbe Glucose-6-Phosphate

Fluorometric Assay Kit

BioVision K687

Thermo Scientific� Maxima H Minus First

Strand cDNA Synthesis Kit, with dsDNase

Thermo Fisher Scientific K1681

Deposited Data

Targeted metabolite measurements in liver This paper MassIVE:MSV000088351

Experimental Models: Cell Lines

3T3-L1 cells ATCC CL-173, RRID: CVCL_0123

Human subcutaneous pre-adipocytes Promocell C-12735

Experimental Models: Organisms/Strains

C57BL/6J JAX 000664

B6.Cg-Lepob/J JAX 000632

B6;FVB-Tg(Adipoq-cre)1Evdr/J JAX 010803

B6.129S4-Fgfr1tm5.1Sor/J JAX 00767

B6N.129P2-Pde4dtm1Mct/Mmucd MMRRC 034588-UCD

Oligonucleotides

Oligonucleotides used in the study This paper Table S2

Recombinant DNA

Plin1 (GFP-tagged) ORF clone Origene MG222553

AAV2-phadipoq-miRNA122T4x This paper N/A

AAV2-phadipoq-GFP- miRNA122T4x This paper N/A

AAV2-phadipoq-PDE4D3- miRNA122T4x This paper N/A

AAV2-phadipoq-PDE4D3-S44A-miRNA122T4x This paper N/A

AAV2-phadipoq-PDE4D3-S85A-miRNA122T4x This paper N/A

AAV2-phadipoq-PDE4D3-S44A-S85A-

miRNA122T4x

This paper N/A

Ad5-CMV-PDE4D3 This paper N/A

Ad5-CMV-PDE4D4 This paper N/A

Ad5-CMV-PDE4D5 This paper N/A

AAV2-phadipoq-mCherry- miRNA122T4x This paper N/A

AAV2-phadipoq-HSL-mCherry-miRNA122T4x This paper N/A

AAV2-phadipoq-Perilipin-GFP-miRNA122T4x This paper N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, RonaldM.

Evans (evans@salk.edu).
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Materials Availability
Unique reagents generated in this study will be made available upon reasonable request to the Lead Contact with a completed Ma-

terials Transfer Agreement.

Data and code availability
d Raw mass-spectrometry data from targeted metabolite measurements has been deposited to MassIVE: MSV000088351.

d No new code has been generated in this study.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

All individual data points used in main and supplemental figures are in Table S3.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse model
Micewere kept in 12 h light/dark cycle in a temperature-controlled environment andmaintained in accordancewith IACUCguidelines

complying with US legislation. Mice had free access to food and water unless noted otherwise. C57/B6 mice background was used

unless noted otherwise. C57BL/6J and ob/ob (000632 - B6. Cg-Lepob/J) malemice were obtained from Jackson Laboratory. PDE4D

knock-out mice (034588-UCD) were obtained from MMRRC. For diet-induced obesity (DIO) studies, mice were fed a high fat diet

(HFD) (60% fat, F3282; Bio-Serv) for minimum of 12 weeks to induce insulin resistance when diet-induced obese model is used. In-

sulin levels and blood glucose levels were monitored to confirm insulin resistance. To generate adipose-specific FGFR1 deletion adi-

ponectin-cre mice (B6; FVB-Tg (Adipoq-cre)1Evdr/J; Stock: 010803) were crossed to Fgfr1 flox/flox (B6.129S4-Fgfr1tm5.1Sor/J;

Stock: 00767) mice. For AAV mediated expression of target proteins in adipose tissue, 5x 10E+11 genomic copies of AAV was in-

jected via tail vein or retro-orbital route.

Cell culture
All cells were grown at 37�C in a 5% CO2 humid atmosphere in DMEM, 10% FBS (GemCell,100-500), 1X Antibiotic-Antimycotic

(GIBCO, 15240096) unless indicated otherwise in method details. 3T3-L1 cells (ATCC, CL-173), mouse SVF-derived cells and human

pre-adipocytes (Promocell, C-12735) are differentiated and treated as described in method details section.

METHOD DETAILS

Pharmacological studies
Recombinant FGF1 (rFGF1) was dissolved in phosphate-buffered saline (PBS) at concentration of 0.2 mg /mL was injected subcu-

taneously at a 0.5mg kg-1 dose. Blood glucosewasmonitored at indicated time points after injection. For initial measurements (2-4 h)

food was removed after injection to exclude any indirect effects stemming from anorexigenic effects of FGF1. PDE4 inhibitor roflu-

milast stock in DMSO was diluted at 1 mg / ml in 30% captisol, ph 10 and delivered to mice thorough oral gavage at 5 mg kg-1 dose.

PDE3 inhibitor cilostamide stock in DMSO was diluted at 2 mg / ml in 30% captisol and delivered through intraperitoneal injection at

10 mg kg-1 dose.

Metabolic Studies
Pyruvate tolerance and glycerol tolerance tests were performed in ob ob and DIOmice after overnight fasting at 1.5 g kg-1 dose using

sodiumpyruvate (0.2 g/mL) or 20%glycerol solution in PBS. Insulin tolerance test and glucose tolerance test were performed in ob ob

mice after 8 h fasting. 2 U kg-1 insulin (Humulin R) and 0.5 g kg-1 glucosewere used respectively. Blood glucose from tail bleeding was

monitored by a OneTouch glucometer.

Hyperinsulinemic-euglycemic clamps studies
Before the test, micewere equippedwith a permanent catheter in the right atrium via the jugular vein andwere allowed to recover over

a period of at least 3 days. After the recovery period, the mice were placed in experimental cages. All infusion experiments were per-

formed in conscious, unrestrained mice as described previously (van Dijk et al., 2003). During the experiment, blood glucose levels

were determined every 15 min using a Lifescan EuroFlash glucose meter. For GC-MS analysis of [U-13C] glucose, bloodspots on

filter paper were collected from the tail vein every 30 min.

Hyperinsulinemic-euglycemic clamp experiment
Ob/obmice were treated for 1 week with rFGF1 (0.5 mg kg-1 every other day for one week). Steady state glucose fluxes were deter-

mined for basal and hyperinsulinemic-euglycemic clamp conditions. During the first period, mice were infused with a solution con-

taining a tracer of [U-13C] glucose (2.5 mg/mL Cambridge Isotope Laboratories, Andover, MA) at an infusion rate of 0.54 mL/h. With

respect to the final period, blood glucose levels were clamped at 20 mM. For this, the mice were infused at a constant rate of

0.135mL/h with amixture of insulin (44mU/mL, Actrapid, Novo Nordisk, Bagsvaerd, Denmark), somatostatin (20 mg/mL, UCBBreda,
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the Netherlands), 1% BSA, and glucose (200 mg/mL from which 3% [U-13C] glucose). Additionally, a second (variable) infusion was

used containing glucose (200 mg/mL from which 3% [U-13C] glucose) to adjust blood glucose levels.

Targeted metabolomics
Polarmetabolites were extracted and analyzed using a previously reportedmethod (Yuan et al., 2012). Briefly, ob/obmicewere sacri-

ficed by cervical dislocation. Liver pieces (50-100mg) were snap frozen in liquid nitrogen. 1mL LC-MSgrade 80%methanol chilled at

�80�C was added per 100 mg tissue on dry ice. Samples were homogenized by TissueLyzer and lysates were incubated on dry ice

for 30 min and centrifuged at 20000 g for 10 min. Clarified supernatants were transferred to new tubes. Pellets were extracted again

and supernatants were combined. After drying the supernatant under nitrogen gas, extracts were dissolved in H2O (40 mL) and 10 mL

were subjected to liquid chromatography mass spectrometry (LC-MS). Polar metabolites were measured by LC-MS using a TSQ

Quantiva instrument fitted with a Luna NH2 HPLC column (5.0 mm; 4.6 mm x 50 mm, Phenomenex). The following LC solvents

were used: buffer A, 95:5 H2O/ACN, 20 mM ammonium hydroxide, 20 mM ammonium acetate; buffer B, 100% ACN. A typical LC

run was 23 min long with a flow rate of 0.4 mL min-1 and consisted of the following steps: 85 to 30% buffer B over 3 min, 30 to

2%buffer B over 9min, 2%buffer B for 3min, 2 to 85%buffer B over 1min, and 85%buffer B for 7min. MS analyses were performed

using electrospray ionization (ESI) in negative or positive ionmode depending on themetabolites being analyzed. Negativemode and

positive mode source parameters were the following: spray voltage 3.5 kV, ion transfer tube temperature of 325�C, and a vaporizer

temperature of 275�C.

Hepatic pyruvate carboxylase (Pcx) activity assay
Pcx activity was determined bymalate dehydrogenase coupling method originally reported by Payne et al. (Payne andMorris, 1969).

Briefly, mice were sacrificed by decapitation. Liver samples were rapidly frozen in liquid nitrogen within 5 s of excision designed to

avoid loss of hepatic acetyl-CoA levels. Frozen liver samples were pulverized on dry ice and approximately 100 mg of tissues were

homogenized with TissueLyzer in Pcx activity assay buffer (50 mM Tris pH8, 10 mM MgCl2, 10 mM NaHCO3). Homogenates were

cleared by centrifugation at 14000 rpm for 10 min. Cleared supernatants were diluted in Pcx activity assay buffer to approximately

1 mg/ml. Approximately 5 mg protein was loaded onto 96-well plates and the total volumewas brought up to 20 ml by Pcx activity assay

buffer. Absorbance at 340 nmwasmonitored every 9 s at 37�C immediately after the addition of 80 ml Pcx reaction buffer (50 mM Tris

pH8, 10 mMMgCl2, 10 mM NaHCO3, 6.25 mM ATP, 0.125 mM NADH, 2.5 mM pyruvate, malate dehydrogenase 0.025 U/mL in Pcx

activity assay buffer). Pcx activity was determined as the loss of absorbance at 340 nmover time normalized to protein concentration.

Hepatic metabolites quantification
Liver samples were prepared from HFD-fed mice as described in Pcx activity assay. After determining Pcx activity from sample ho-

mogenates, the remaining supernatant was de-proteinated by perchloric acid (PCA)-KOH method using a commercial kit. De-pro-

teinated samples were used to quantify hepatic metabolites using the commercial kits. Hepatic metabolites concentration was

normalized to protein concentration and corrected for the loss of volume due to de-proteinization. See ‘‘KEY RESOURCES TABLE’’

for the kits used to determine hepatic metabolites.

Adipose transplantation
8-week old F1WT mice were sacrificed. Their gonadal adipose tissue (gWAT) was excised into small pieces (approximately 3 mm x

3 mm) and maintained in saline briefly. Age-matched 8-week old F1WT and F1KO mice were anesthetized by ketamine/xylazine so-

lution (80 mg kg-1 and 10 mg kg-1, respectively). Multiple small incisions in dorsum were made in anesthetized mice and a piece of

gWAT from F1WT was placed inside each incision. Each recipient mouse received the entire gWAT from the donor mouse. Wounds

were closed by wound clip. Mice were allowed to recover on heat pad. Mice were monitored, and antibiotics and pain medicine

(Ibuprofen) were provided post-surgery for 3 days. 2 weeks after surgery, recipient mice were sacrificed either under 6 h refed

condition.

Isolation of adipose stromal vascular fraction
Isolation of adipose stromal fraction (SVF) was performed as published previously with slight modifications (Bapat et al., 2015).

Inguinal adipose (iWAT) tissues were used for isolation of SVF due their ability to differentiate to mature adipocytes. Briefly, adipose

tissues were dissected, washed in cold PBS and cut into small pieces in digestion buffer (100mMHEPES, 120mMNaCl, 50mMKCl,

1 mM CaCl2, 1.5% fatty acids free BSA, 1 mg/mL collagenase I). Samples were dissociated in 37�C water bath with shaking for 30-

60minwith occasional monitoring to prevent over digestion. Tissue debris were filtered by 100 mmcell strainer and SVFwas collected

by centrifugation at 500 g for 5 min. Cell pellet was washed once by PBS and filtered with 40 mm cell strainer. Red blood cells were

lysed with Red blood cell lysis buffer (BioLegend) according to manufacturer’s instructions. The remaining cells were re-suspended

and cultured in DMEM/F12 with 20% FBS (GemCell,100-500) at 37�C, 5% CO2.

In vitro differentiation of adipocytes
Differentiation of pre-adipocytes were based on previously published methods (Bunnell et al., 2008). Briefly, 3T3-L1 pre-adipocytes

were grown to full confluence in DMEM, 10% FBS (GemCell,100-500), 10 mMHEPES and antibiotic-antimycotic (full growth media).

2 days later, differentiationwas induced by replacing themediawith 1 mMdexamethasone, 1 mM rosiglitazone, 500 mM IBMXand 5 mg
Cell Metabolism 34, 171–183.e1–e6, January 4, 2022 e4
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/ ml insulin in full growth media 2 days later after reaching full confluence. 2 days later media is replaced by differentiation induction

media with 1 mM rosiglitazone and 5 mg /ml insulin for 4 days withmedia change after 2 days. Cells were kept in maintenancemedium

(full growth media with 5 mg / ml insulin) for 4 more days for full differentiation. For differentiation of mouse SVF derived adipocytes,

protocol was same except DMEM/F12 (10565018, ThermoFisher) was used as base media and initial differentiation induction media

was kept 3 days. For differentiation of human subcutaneous adipocytes, protocol and media from the manufacturer (C-12735, C-

39437, Promocell) were used. Dexamethasone was omitted from the media in the last 3 days before performing experiments.

Both mouse and human SVF derived adipocytes were differentiated in collagen coated plates (A1142802, ThermoFisher).

Lipolysis assays
For in vitro lipolysis assay, cells were washed with PBS and media were changed to full growth media 1 day before experiment. Cells

were serum starved for 2 h and placed in KRBH buffer (30 mMHEPES, 120 mMNaCl, 4 mMKH2PO4, 1 mMMgSO4, 0.75 mMCaCl2,

and 10 mM NaHCO3) with 2% fatty acid free BSA and 5 mM glucose. FGF1 was added 10 min before induction of lipolysis with

100 nM isoprotenol (ISO). Inhibitors were added 30 min prior to FGF1 treatment unless otherwise noted. Media were collected

and cells were lysed in protein extraction buffer. FFAs were measured in the media using commercial kit (Wako-NEFAHR2) and

normalized to protein concentration. For ex vivo lipolysis, the assay was modified from a published protocol (Funicello et al.,

2007). Briefly, approximately 0.1 g of adipose tissue were excised, weighted and kept in cold PBS until treatment and control tissues

were collected. Tissues were cut into small pieces and incubated in same KRBH buffer as described above for 4 h. FFAs were

measured and normalized by the explant weights.

Protein extraction and Immunoblotting
Tissues were lysed in cold lysis buffer (50 mM Tris, ph 7.5, 150 mM NaCl, 1% NP40, 0.5% NaDoc, 0.1% SDS, 5% glycerol, 1 mM

EDTA, protease and phosphatase inhibitors (cOmplete and PhosSTOP (Roche)) by homogenization by bead-beater for 30 s. Sam-

ples were cleared for 10 min at 18000 g at 4�C middle clear phase is transferred to new tubes. A second 30 min centrifugation was

performed and middle clear phase is transferred to new tubes. 5 mL protein extract was used for BCA assay to determine protein

concentration. Samples were boiled in laemmli buffer. SDS-PAGE and blotting were performed using gradient gels and Trans-

Blot Turbo Transfer System (Bio-Rad). Antibodies used were PDE4D (12918-1-AP, Proteintech), pHSL-660 (4126S, Cell signaling),

HSL (4107S, Cell Signaling), tubulin (CP06, Millipore Sigma), GFP (A01388, GenScript). PDE4D3-pS44 phospho-specific antibody

was generated using PDE4D3-S44 FRRHpSWISFDVDNGTSAGR peptide (MacKenzie et al., 2002) by Pocono Rabbit Farm, using

70-day rabbit antibody production protocol and purified via affinity purification. Primary antibodies were incubated 2 h RT or ON

at 4�C. Blots were developed using SuperSignal West Pico PLUSChemiluminescent Substrate (ThermoFisher Scientific) and imaged

with BioRad GelDoc system.

Molecular cloning and production of adenoviral/adeno-associated virus
Virapower gateway adenovirus expression kit was used to clone ORFs of various isoforms of mouse PDE4D (XM_006517645.4,

XM_030247262.1 and XM_006517647.3) to adenoviral vectors according to manufacturer’s protocol. Vectors were transfected to

293A cell line using Fugene transfection reagent (PRE2692, Promega). Crude adenovirus stock was used to infect new 293A cells

for large-scale adenovirus production. Transduced 293A cells were harvested when cytopathic effect was apparent 2-3 days after

inoculation with crude adenovirus stock. Virus were purified via adenovirus standard purification kit (3054, Virapur). For adipose spe-

cific expression of target proteins by AAV mediated transduction (adAAV), vector was designed by using human adiponectin pro-

moter/enhancer based on O’neil et al. (O’Neill et al., 2014) and 4X repeat miRNA target for mir122T (Qiao et al., 2011) after cloned

ORF to further prevent liver expression. adAAV backbone was synthesized by Vector Builder. ORFs of PDE4D3, GFP,mCherry, Peril-

ipin-GFP, HSL-mCherry were cloned to the vector with standard restriction digestion cloning. cDNA fromgonadal adipose tissuewas

used to amplify the ORFs with the primers listed at Table S2. Stabl3 cells were used for vector amplification and Hi Pure Purelink Expi

Plasmid Giga Prep (ThermoFisher) was used for AAV vector purification. Large scale AAV8 production and calculation of the titter

were performed by Salk Institute Gene Transfer, Targeting, and Therapeutics Core (GT3). Mutagenesis experiments were performed

by using QuickChange XL Site-Directed Mutagenesis Kit (200517, Agilent). Primer sequences are listed at Table S2.

PDE Assay
PDE activities were measured by using [3H]-labeled cAMP as described previously with slight modifications (Rybalkin et al., 2013).

Briefly, 10 mg of protein extract is incubated in assay buffer (20 mM Tris pH 7.4, 0.8mM EGTA pH 8, 0.2 mg/mL BSA, 15 mM mag-

nesium acetate, 1 mM cAMP, 50000 cpm [3H]-cAMP) in 250 mL volume at 30�C for 15 min. Reaction is stopped by adding 125 ml,

0.25M HCl and neutralized by adding 125ul 0.25M NaOH and final 100 mM Tris-HCl pH 7.4. 5 mL Crotalus atrox venom (BML-

KI307) is used for dephosphorylation of [3 H]-5- AMP at 30�C for 30 min. [3 H]-adenosine product was separated from [3H]-cAMP

substrate by ion-exchange chromatography (DEAE-Sephadex A-25; GE Healthcare) and quantified by scintillation counting.

Microscopy
3T3-L1 cells were transduced with viral particles (104 - 106 GC /cell) in 24 well plates. Media were replaced after overnight incubation.

3-4 days after AAV infection, cells were treated as described in lipolysis assay. For cAMP analysis by biosensors, Downward Green

cADDis cAMP Sensor (D0200G) and control mNeon Green (F0500G) produced in BacMam system was purchased from Montana
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molecular. Brightfield and fluorescence images were taken every 10-20 min in IncuCyte Live-cell analysis system (Sartorius) and im-

ages were analyzed by IncuCyte� Analysis Software. High-resolution live cell imaging was performed with LSM 880 Airyscan micro-

scope at 40X objective.

Replication and randomization: Animal experiments were performed onmultiple cohorts. In vitro experiments were performed at

least 3 times. The randomized block design was used for all animal experiments. We identified the age, sex, body weight and cage

effect as blocking factors. Therefore, all animal experiments were carried out on age-matched animals of the same sex. Body weight

were measured before assigning treatment groups. Cage effect was controlled in pharmacological treatment studies by assigning

animals to the placebo or treatment group from the same cage.

QUANTIFICATION AND STATISTICAL ANALYSIS

Pre-determined sample exclusion criterion is established for technical failures. Unless otherwise noted, statistical significance was

calculated by unpaired, two-tailed Student’s t test. In time series data, two-way ANOVA was performed. Data are presented as

mean ± SEM.
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