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ABSTRACT
Dysregulated sphingosine-1-phosphate (S1P) signaling has been associated with obesity, insulin resistance, and type II dia-
betes. As metabolic disorders are intricately interrelated, studies on S1P effects explicitly on lipolysis have been scarce, par-
ticularly as S1P has also effects on adipogenesis, with studies implicating extracellular and intracellular mechanisms. Here, 
we have concentrated on the latter, as 10–50 μM S1P potently increased lipolysis in differentiated 3T3-L1 adipocytes, whereas 
S1P concentrations sufficient to activate S1P receptors (S1PRs; 0.1–1 μM) or S1PR agonists had no effect. Neither was ceramide 
increased by S1P, nor was S1P-mediated lipolysis affected by the ceramide synthase inhibitor Fumonisin B1. In contrast, 
inhibition of protein kinase C zeta (PKC zeta) completely abrogated S1P-mediated lipolysis. S1P also induced Thr410 phospho-
rylation of PKC zeta in 3T3-L1 adipocytes and activated recombinant PKC zeta in kinase assays. S1P-mediated lipolysis was 
dependent on hormone-sensitive lipase (HSL) and relied mechanistically on PKC zeta activation of MAPK to phosphorylate 
HSL at Ser660. Inhibition of S1P degradation by blocking the S1P lyase through VD-78 also increased lipolysis in 3T3-L1 cells 
and primary adipocytes. S1P lyase inhibition by 4-Deoxypyridoxine (DOP) in mice rendered obese by a 10-week high-fat diet 
(HFD) for an additional 6 weeks, concomitantly with the HFD, reduced white gonadal adipose tissue (gWAT) mass and dimin-
ished adipocyte size in gWAT and inguinal WAT, and increased free fatty acid in plasma and gWAT. PKC zeta phosphorylation 
and activity, as well as HSL Ser660 phosphorylation, were increased in gWAT of DOP-treated mice. This study assigns lipolysis 
as the first physiological function of PKC zeta activation by S1P and identifies an exclusive adipocyte-specific aspect of S1P 
function in obesity.

1   |   Introduction

Dysregulated S1P metabolism and signaling as well as al-
tered plasma S1P concentrations have been associated with 
obesity, insulin resistance, type II diabetes, and metabolic 

dysfunction-associated steatotic liver disease (MASLD) [1–3]. 
As such disorders are intricately interrelated, studies on the 
direct effects of S1P explicitly on lipolysis and/or adipogenesis 
have been scarce. Early studies have shown that the S1P gen-
erating enzyme sphingosine kinase 1 (SK1) was induced in 
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mouse 3T3-L1 pre-adipocytes during differentiation and pro-
moted adipogenesis [4]. Several studies by the Park group have 
demonstrated that exogenously added S1P inhibited 3T3-L1 dif-
ferentiation by downregulating adipogenic transcription factors 
and inactivating JNK and p38 MAPK signaling [5] and have im-
plicated the S1P receptor 2 (S1PR2) as being responsible [6, 7]. 
However, the same authors have also shown that the functional 
S1PR antagonist FTY720 that engages all S1PRs except S1PR2 
suppressed differentiation and induced lipolysis in 3T3-L1 cells 
and inhibited adipogenesis and promoted lipolysis in mice on a 
high fat diet [8] suggesting other mechanisms. S1P also induced 
the transdifferentiation of orbital fibroblasts into adipocytes, a 
hallmark of Graves' orbitopathy, and S1PR1 was identified as the 
receptor involved [9].

We have previously demonstrated that S1P signaling through 
S1PR2 attenuated adipogenesis in mesenchymal precursor cells 
in favor of osteogenesis by suppressing PPARγ-dependent gene 
transcription [10]. Pharmacological targeting of this mechanism 
using a S1PR2 agonist was then shown to be effective in treating 
mouse osteoporosis [11]. Studies on the phenotype of S1PR2-
deficient mice in respect to adipose tissue are controversial as 
Kitada and co-workers have observed a leaner and more favor-
able metabolic phenotype and smaller adipocytes under a high 
fat diet [12], whereas we have described S1PR2−/− mice as more 
obese than controls [10] although both agree on S1PR2 promot-
ing adipogenic differentiation.

However, other studies have suggested S1PR-independent effects 
by demonstrating that S1P inhibited adipogenic differentiation 
of mouse 3T3-L1 and human SGBS pre-adipocytes at concentra-
tions higher than 1 μM [13]. Furthermore, S1P concentrations 
up to 30 μM have been shown to induce lipolysis in a cAMP-
dependent manner in differentiated rat white adipocytes [14]. 
Such S1P concentrations are far beyond the nanomolar Kds of 
S1PRs, suggesting other S1PR-independent mechanisms. In sup-
port, Cowart's group has demonstrated that mice lacking SK1 in 
adipocytes gained more weight on a high-fat diet and featured 
hypertrophied adipocytes with low lipolytic activity without 
any hint of S1PRs being involved [15]. Thus, both extracellular 
S1PR-mediated signaling and intracellular S1P actions must be 
considered to explain the diverse and complex S1P effects on ad-
ipocyte biology. In this study, we have concentrated on the latter 
by exploring S1P actions occurring at concentrations beyond the 
range of S1PR signaling. We have identified S1P to induce lip-
olysis by directly activating PKC zeta in differentiated 3T3-L1 
adipocytes in vitro and in high-fat diet-induced obesity in mice 
in vivo.

2   |   Materials and Methods

2.1   |   Mouse Models

C57BL/6J mice were obtained from Charles River Laboratories. 
Mice were maintained at ambient temperature (22°C) under a 
12 h:12 h light–dark cycle. Samples were obtained from male 
mice. All mice were fed a high fat diet (C1090-60, Altromin) 
for 6–10 weeks. Then, one group of mice continued to be fed a 
high fat diet, while the other group was switched to a high fat 
diet +4-deoxypyridoxine (DOP). DOP was administered via 

drinking water at 180 mg/L (30 mg per kg body weight per day) 
for 6 weeks. Mouse weights were measured every week. Plasma 
and tissue samples were taken after a 12 h overnight fast and 
stored immediately at −80°C. All procedures were approved 
by and in accordance with the institutional guidelines of the 
Landesamt für Natur, Umwelt und Verbraucherschutz NRW, 
Germany. Animal studies are reported in compliance with the 
ARRIVE guidelines [16]. A total of 40 mice were used in this 
whole study. Every effort was made to minimize the number of 
animals used and their suffering.

2.2   |   Cell Culture

3T3-L1 preadipocytes were obtained from the European 
Collection of Cell Culture (86052701, ECACC, Salisbury, UK). 
Differentiation was performed according to the supplier's in-
structions using DMEM containing 10% w/v FBS with 0.25 μM 
dexamethasone, 0.5 mM 3-Isobutyl-1-methylxanthine (IBMX), 
2 μM Rosiglitazone, and 1 μg/mL insulin (Merck) for 3 days + 
2 days of DMEM containing 10% w/v FBS with 1 μg/mL insulin 
(Merck). After that, cells were incubated in DMEM containing 
10% w/v FBS until cells were fully differentiated after a total of 
14 days. The medium was changed every 2 days.

2.3   |   Isolation and Differentiation of Murine 
Primary Adipocytes

Isolation of murine primary adipocytes from mouse gonadal 
white adipose tissue (gWAT) was carried out following a mod-
ified protocol from Oeckl et  al. [17]. The tissue was dissected 
and rinsed with PBS before being transferred to a 15 mL tube 
containing 5 mL collagenase solution (HBSS + CaCl2 and 
MgCl2, 1% antibiotic-antimycotic, 2.5% (w/v) BSA, 0.2% (w/v) 
collagenase type II (#C2-22, Sigma-Aldrich), pH 7.4). Digestion 
was performed for 1 h at 37°C, with vigorous shaking by hand 
every 10 min. The digested tissue was filtered through a 100 μM 
cell strainer and the tube was rinsed with an equal volume of 
wash buffer (HBSS, 3.5% (w/v) BSA, 1% antibiotic-antimycotic), 
which was subsequently passed through the cell strainer. Cells 
were centrifuged at 250 × g for 5 min at room temperature. 
The tube was carefully inverted several times before a second 
centrifugation step was performed. Subsequently, the fat layer 
and supernatant were removed, and erythrocyte lysis was per-
formed using 1 mL of erythrocyte lysis buffer (154 mM NH4Cl, 
10 mM K2HPO4, 0.1 mM EDTA in ddH2O, pH 7.4) for 5 min at 
room temperature. The reaction was stopped by adding 10 mL of 
wash buffer and the cells were centrifuged at 500 × g for 5 min. 
Supernatant was removed, cells were resuspended in 10 mL 
of growth medium (DMEM 4.5 g/L glucose, L-glutamine, 10% 
FCS, 1% antibiotic-antimycotic) and the cell suspension was 
filtered through a 40 μM cell strainer before seeding into cell 
culture plates. Cells were allowed to adhere by incubation at 
37°C and 5% CO2 overnight before changing the medium the 
next day. Growth medium was changed every other day until 
cells reached 80%–100% confluency. To induce differentiation, 
the medium was changed to double the volume of induction 
medium (growth medium +850 nM insulin, 1 μM rosiglitazone, 
1 mM dexamethasone, 0.5 mM IBMX). On Day 3 of differen-
tiation, the medium was changed to differentiation medium 
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(growth medium +850 nM insulin), which was changed every 
other day until the cells were fully differentiated on Day 8.

2.4   |   Western Blot Analysis

Isolation of total protein of differentiated 3T3-L1 cells after treat-
ment with 10 μM S1P in 0.02% BSA (D-erythro Sphingosine-1-
Phosphate, Enzo) for 15 min with or without preincubation with 
3 μM Bisindolylmaleimide I (Merck) for 1 h was performed in 
RIPA Buffer + Halt Protease- und Phosphatase-Inhibitor-Cocktail 
(Thermo Scientific), followed by a 30 min incubation on ice. Cell ly-
sates were clarified via centrifugation at 14 000 × g at 4°C for 10 min 
and were stored at −80°C. Isolation of total protein from 40 mg 
gWAT of C57BL/6 J mice was performed by tissue disruption using 
a handheld rotor-stator homogenizer (TissueRuptorII, Qiagen) in 
RIPA Buffer + Halt Protease- und Phosphatase-Inhibitor-Cocktail 
(Thermo Scientific) and followed with incubation on ice for 30 min. 
Protein concentrations were determined using a BCA protein 
assay (Thermo Scientific). A total of 30 μg protein was subjected to 
SDS-PAGE, and proteins were then transferred to polyvinylidene 
difluoride (PVDF) membranes. Target protein detection was per-
formed after blocking in 5% nonfat milk–PBS + Tween20 for 1 h be-
fore incubation with primary antibodies (phospho-p44/42 MAPK 
(Erk1/2) (Thr202/Tyr204) no. 9101, p44/42 MAPK (Erk1/2) 
no. 9102, phospho-HSL (Ser660) no. 45804, HSL no. 4107, Cell 
Signaling, p-PKC zeta (H-2) no. sc-271962 and PKC zeta (H-1) 
no. sc17781, Santa Cruz Biotechnology, Anti-GAPDH no. 5G4cc, 
HyTest) at 4°C overnight. Membranes were washed 3 times in PBS 
with 0.5% milk and 0.05% Tween-20 and exposed to secondary an-
tibodies (peroxidase-labeled anti–mouse IgG (H + L) no. PI-2000 
or anti-rabbit IgG (H + L) no. PI-1000, Vector). Signals were visu-
alized using enhanced chemiluminescence solution (Immobilon 
Forte Western HRP Substrate no. WBLUF0100; Millipore) and 
were detected using ChemiDoc XRS + Imaging System (BioRad). 
All experiments are performed as biological replicates.

2.5   |   Lipolysis Assay

Glycerol release from differentiated 3T3-L1 cells and pri-
mary adipocytes was measured 16 h after induction of lipoly-
sis in the presence or absence of 10 μM S1P, 10 μM AUY954 
(Cayman Chemical), 10 μM CYM5520 (Cayman Chemical), 
10 μM CYM5541 (Cayman Chemical), 1 μM VD-78 (Novartis) 
or 1 μM isoproterenol (Merck) with or without pre-incubation 
with 3 μM Bisindolylmaleimide I, 10 μM PKC zeta pseudo-
substrate inhibitor no. sc-3098 (Santa Cruz), 25 μM small 
molecular HSL inhibitor no. NNC0076-0079 (Novo Nordisk), 
10 μM PD98059 (SelleckChemicals), 100 nM Wortmannin 
(SelleckChemicals), 100 μM SQ22536 (SelleckChemicals) or 
25 μM Fumonisin B1 (Cayman Chemical) for 1 h. After in-
cubation, cell culture supernatants were collected. 80 μL of 
supernatants were incubated with 250 μL Hydrazine buffer 
(50 mM Glycine (pH 9.8), 0.05% Hydrazine Hydrate, 1 mM 
MgCl2, 0.75 mg/mL ATP, 0.375 mg/mL NAD, 25 μg/mL GDH, 
0.5 μg/mL Glycerokinase, all Merck) for 2 h at RT. Absorbance 
(OD 340 nm) was measured using a microtiter plate reader 
(CLARIOstar Plus, BMG LabTech). Glycerol concentration 
was calculated by Glycerol standard curve. All experiments 
are performed as biological replicates.

2.6   |   Plasma Free Fatty Acids

Plasma free fatty acids were measured by Free Fatty Acid Assay Kit 
no. ab65341 (Abcam) according to the manufacturer's instructions.

2.7   |   Histological Analysis

For hematoxylin and eosin (H&E) staining, perigonadal WAT 
of mice was fixed in 4% paraformaldehyde (PFA) overnight at 
4°C, followed by dehydration in 70% ethanol. After dehydration, 
tissues were embedded in paraffin, sectioned at a thickness of 
6 μm, and stained with H&E following the standard protocol. 
Images of perigonadal WAT samples were captured using the 
Keyence BZ-X Microscope (Keyence) and analyzed using Fiji-
Adiposoft (Fiji Is Just ImageJ, version 2.9.0). Adipocyte diameter 
and area were calculated from two different slides with a quanti-
fication of at least three fields of view at 100-fold magnification.

2.8   |   S1P Stimulation for LCMS Measurements 
of Ceramides

Differentiated 3T3-L1 cells were treated with 10 μM S1P (Avanti 
Research) for 30 min, washed with ice-cold PBS, harvested with 
MeOH (300 μL) and spiked with 10 μL ISTD (see LCMS measure-
ments). Samples were precipitated (−80°C, overnight), centrifuged 
(10 000 × g, 15 min) and the supernatant transferred into 300 μL 
glass vials. Samples were stored at (−80°C) prior to measurement. 
All experiments are performed as biological replicates.

2.9   |   FFA Derivatization for LCMS

Derivatization Solvents (LCMS grade) were distilled over a 
Vigreux column (Sigma) and WAT tissue was stored at −80°C 
prior to sample preparation. 1–2 mg WAT were weighed up in 
2 mL reaction tubes, suspended in MeOH (LCMS grade, 500 μL) 
and 10 μL ISTD Mix (10 μm palmitic acid-d31, stearic acid-d35, oleic 
acid-d9, arachidonic acid-d8 in MeOH, all Cayman Chemical), ho-
mogenized with a TissueRuptor II (Qiagen) and precipitated over-
night at −80°C. Supernatants were transferred into 2 mL reaction 
tubes, concentrated in vacuo (RVC 2–25 CD Plus, Martin Christ 
GmbH, Settings: 1450 rpm, 50°C, 3 mbar, 1 h) and the residue was 
suspended in ACN (170 μL, Merck). External Standards (10 nM, 
30 nM, 0.1 μM, 0.3 μM, 1 μM, 3 μM, 10 μM and 30 μM) in ACN 
(160 μL) + 10 μL ISTD Mix were used as calibration and controls. 
Dansyl hydrazine (Merck, 30 μL, 75 mM in ACN, 2.25 μmol, 1.50 
equiv.), HATU (Merck, 51 mM in ACN, 1.00 equiv.) and triethyl-
amine (Merck, 30 μL, 3 mM in ACN) were added, and samples 
were vortexed at 4°C for 2 h. Formic acid (3 μL, 79.5 μmol, 1.56 
equiv.) was added, and the solution was allowed to warm to r.t. 
over 30 min. Samples were concentrated in vacuo, the residue was 
dissolved in ACN (300 μL) and transferred into 300 μL LCMS sam-
ple vials. Samples were stored at (−80°C) prior to measurement.

2.10   |   LCMS Measurements

Chromatographic separation was performed on an LCMS-8050 
triple quadrupole mass spectrometer (Shimadzu Duisburg, 
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Germany) interfaced with a Dual Ion Source and a Nexera 
X3 Front-End-System (Shimadzu Duisburg, Germany). 
Chromatographic separation for S1P and ceramides was per-
formed with a 2 × 60 mm MultoHigh-C18 RP column with 3 μM 
particle size at 40°C. MS settings for S1P measurements were 
the following: interface: ESI, nebulizing gas flow: 3 L/min, heat-
ing gas flow: 10 L/min, interface temperature: 300°C, desolva-
tion temperature: 526°C, DL temperature: 250°C, heat block 
temperature: 400°C, drying gas flow: 10 L/min. MS settings for 
ceramides were the following: interface: APCI, nebulizing gas 
flow: 2.4 L/min, heating gas flow: 3 L/min, interface tempera-
ture: 300°C, desolvation temperature: 526°C, DL temperature: 
250°C, heat block temperature: 400°C, drying gas flow: 3 L/
min. Flow rate was 0.4 mL/min. Mobile phases consisted of 
[A] = MeOH and [B] = aq. HCO2H (1% v/v) and the following gra-
dient settings were used: [A] increased from 10% to 100% over 
3 min (B.curve = −2) and returned to 10% from 8.01 to 10 min 
prior to the next injection. Data were collected using multiple 
reaction monitoring (MRM) and positive ionization was used for 
qualitative analysis and quantification. Standard curves were 
generated by measuring increased amounts of analytes (100 
fmol to 50 pmol C17-S1P, Cer d18:1/14:0, d18:1/16:0, d18:1/18:0, 
d18:1/18:1, d18:1/20:0, d18:1/22:0, d18:1/24:0, d18:1/24:1 and 
d17:1/18:0) with an internal standard (S1P d:18:1-d7 = 1 pmol, Cer 
d18:1/15:0 = 3 pmol). Injection volume of all samples was 10 μL 
and the following MRM transitions (positive mode) were used 
for quantification: m/z = 366.2 → 250.1, 348.2, 268.3 for C17-S1P, 
m/z = 387.2 → 271.25 for S1P-d7, [M + H]+ → 264 for Cer d18:1/
X:Y, and [M + H]+ → 250 for Cer d17:1/X:Y. Linearity of stan-
dard curves and correlation coefficients were obtained by linear 
regression analysis. Fatty acid measurements were performed 
with a 2 × 60 mm MultoHigh-C8 RP column with 3 μM particle 
size at 40°C and were detected as their corresponding dansylhy-
drazides. Mobile phases consisted of [A] = ACN + 0.01% HCO2H 
(v/v) and [B] = 5 mM aq. NH4(HCOO) + 0.01% (v/v) HCO2H, and 
the following gradient settings were used: [A] = 40% to 95% from 
0 to 9.5 min (B.Curve = −2), 95% to 100% from 9.5 to 12 min, hold 
to 13 min, and return to 40% from 13.1 to 15 min prior to the 
next injection. Injection volume of all samples was 3 μL and the 
MRM transitions [M + H]+ → 171 were used for quantification. 
Linearity of standard curves and correlation coefficients were 
obtained by linear regression analysis. All MS analyses were 
performed with LabSolutions 5.114, analyzed with LabSolutions 
Insight (Shimadzu, Kyoto, Japan) and further processed in 
Microsoft Excel.

2.11   |   In Vitro Kinase Assays With Recombinant 
or Immunoprecipitated PKC Zeta

For in  vitro kinase assays using recombinant enzyme, 150 ng 
recombinant human PKC zeta protein no. ab60848 (Abcam) 
was incubated with 5 μg recombinant dephosphorylated MBP 
(Merck, #13-110) and 10 μM S1P or methanol as vehicle control 
in reaction buffer containing 140 μM phosphatidylserine, 2 μM 
ATP, 10 μCi [32P]-ATP (Hartmann Analytic), 2.5 mM Tris/HCl 
pH 7.5, 5 μM EGTA, 50 μM DTT, and 3.75 mM Mg(CH3COO)2 at 
30°C for 30 min. The reaction was stopped by adding Laemmli 
sample buffer (BioRad) before subjecting samples to SDS-PAGE. 
Coomassie staining of gels was performed followed by autoradi-
ography. For in  vitro kinase assays using immunoprecipitated 

PKC zeta, gWAT (stored at −80°C; 250 mg) was homogenized 
in M-PER Mammalian Protein Extraction Reagent (2 mL) + Halt 
Protease- und Phosphatase-Inhibitor-Cocktail (both Thermo 
Scientific) and incubated on ice for 30 min. Samples were cen-
trifuged (16 000 × g, 15 min) and the supernatant was trans-
ferred into 2 mL reagent tubes. Protein concentrations were 
determined using a BCA protein assay (Thermo Scientific). 
Immunoprecipitation was performed with 750 μg protein and 
10 μg PKC zeta (H-1) agarose-conjugated (AC) antibody (sc-
17 781 AC, Santa Cruz Biotechnology) overnight at 4°C. Beads 
were washed in M-PER Mammalian Protein Extraction Reagent 
(2 mL, Thermo Scientific) + Halt Protease- und Phosphatase-
Inhibitor-Cocktail and centrifuged (2000 × g, 1 min, both 
Thermo Scientific) 3 times. Kinase assays were performed ex-
actly as above. All experiments are performed as biological 
replicates.

2.12   |   Statistical Analysis

The statistical significance of differences between groups 
was evaluated using paired or non-paired two-tailed t-tests or 
a one-way ANOVA with Tukey's multiple-comparisons test 
(GraphPad Prism 5.0; GraphPad Software, La Jolla, CA, USA) as 
indicated in the figure legends. Data were tested for normality 
and equal variance before analysis. All results are expressed as 
mean ± SEM.

3   |   Results

3.1   |   Activation of PKC Zeta by S1P Stimulates 
Lipolysis in Differentiated 3T3-L1 Adipocytes

To investigate whether S1P induces lipolysis, 3T3-L1 pre-
adipocytes were differentiated into mature adipocytes for 
3 weeks, treated with 0.1, 1, and 10 μM S1P for 16 h, and glyc-
erol release into the supernatant was measured to assess lipoly-
sis. We observed that S1P concentrations usually sufficient to 
activate S1PRs (0.1–1 μM) were ineffective, whereas 10–50 μM 
S1P increased lipolysis by twofold and threefold, respectively 
(Figure 1A). Furthermore, stimulation with the S1PR agonists 
AUY954, CYM5520, and CYM5541 had no effects on lipolysis 
(Figure 1B). This suggested that S1PR-independent intracellular 
mechanisms were involved in S1P-mediated lipolysis. Indeed, 
S1P supplemented to the media efficiently and rapidly entered 
3T3-L1 cells in considerable amounts: incubation with 10 μM 
S1P for 30 min resulted in a 19.3-fold increase corresponding to 
0.17 μM cell-associated S1P as measured by LCMS and calcu-
lated based on adipocyte cell volume (Figure 1C). Sphingosine 
increased only 5.86-fold, and ceramides (Cer 14:0, 16:0, 18:0, 
22:0, 24:0, and 24:1) did not change at all (Figure 1C). Neither 
was S1P-mediated lipolysis affected by the ceramide synthase 
inhibitor Fumonisin B1 (Figure 1D).

S1P has been reported to activate lipolysis in rat white adipo-
cytes in a cAMP-dependent manner [14] but we observed no 
inhibition of S1P-mediated lipolysis by the adenylate cyclase in-
hibitor SQ22536, whereas it completely inhibited isoproterenol-
induced lipolysis (Figure 1E). Inhibition of phosphatidylinositol 
3-kinase (PI3K) had no effect on lipolysis (Figure 1F). In search 
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FIGURE 1    |    S1P induces lipolysis through PKCzeta in differentiated 3T3-L1 adipocytes. (A) Glycerol release per mg protein after 16 h treatment of 
differentiated 3T3-L1 cells with S1P (0.1, 1, 10 or 50 μM) or vehicle controls (0.1% MeOH or 0.02% BSA) (n = 4 per group). (B) Glycerol release per mg 
protein after 16 h treatment of differentiated 3T3-L1 cells with 10 μM S1P, 10 μM AUY954, 10 μM CYM5520, 10 μM CYM5541, or vehicle control (0.1% 
DMSO). (n = 4–5 per group). (C) Adipocyte-associated S1P, sphingosine, and ceramide in 3T3-L1 adipocytes after a 30 min incubation with 10 μM S1P 
as measured by LC–MS/MS and calculated based on an average cell volume of 4380 μm3. (n = 5 per group). (D) Glycerol release per mg protein after 
16 h treatment of differentiated 3T3-L1 cells with 10 μM S1P or vehicle control (0.02% BSA) in the presence or absence of the 25 μM ceramide synthase 
inhibitor Fumonisin B1. (n = 5 per group). *p < 0.05; **p < 0.01.
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FIGURE 2    |     Legend on next page.
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of intracellular S1P targets that may possibly affect lipolysis, we 
came upon a study showing S1P to bind to the kinase domain 
and allosterically activate protein kinase C (PKC) zeta [18], an 
atypical PKC that has been implicated in PMA-induced lipolysis 
in mature 3T3-L1 adipocytes independently of PKA [19]. Using 
in vitro kinase activity assays with recombinant PKC zeta, we 
observed that 10 μM S1P clearly stimulated enzyme activity 
(Figure 1G). We then tested whether inhibiting PKC zeta would 
have an effect on S1P-induced lipolysis. Indeed, both the general 
PKC inhibitor bisindolylmaleinid I (Bis) and a PKC zeta-specific 
pseudo-substrate inhibitor (PSI) completely inhibited S1P-
induced lipolysis (Figure  1H,I). Furthermore, S1P stimulation 
induced Thr410 phosphorylation in the PKC zeta activation loop 
required for a catalytically competent enzyme [20] (Figure 1J).

3.2   |   S1P Induces Lipolysis Through a PKC 
Zeta/MAPK/HSL Pathway

We next examined the signaling pathway downstream of PKC 
zeta responsible for S1P-induced lipolysis. Inhibition of adipose 
hormone-sensitive lipase (HSL) by small molecule HSL inhib-
itor (smHSLi) abolished lipolysis (Figure  2A). In agreement 
with mitogen-activated protein kinases (MAPKs) being able to 
activate HSL by Ser660 phosphorylation in mature 3T3-L1 ad-
ipocytes [21], inhibition of MAPK activation by PD98059 also 
inhibited lipolysis (Figure 2A). Most importantly, PKC inhibi-
tion with Bis prevented both MAPK and HSL phosphorylation 
by S1P (Figure  2B). These data suggested that S1P stimulated 
lipolysis by a PKC zeta/MAPK/HSL pathway.

3.3   |   S1P Lyase Inhibition Induces Lipolysis 
in vitro and In Vivo

To test whether not only an increase of extracellular but also in-
tracellular S1P resulted in the induction of lipolysis, we treated 
differentiated 3T3-L1 adipocytes with the S1P lyase inhibitor 
VD-78 for 16 h and measured glycerol release into the super-
natant to assess lipolysis. S1P lyase inhibition resulted in a 21% 

higher lipolysis in 3T3-L1 cells (Figure 2C), which was also true 
for differentiated primary adipocytes (Figure 2D). We then in-
vestigated whether increasing S1P levels in vivo had any effect 
on lipolysis in mice already rendered obese by a high-fat diet 
(HFD). To test this, mice were fed a HFD for 10 weeks and then 
treated with the S1P lyase inhibitor 4-Deoxypyridoxine (DOP) 
for an additional 6 weeks of HFD. After the 16 weeks, DOP 
treatment resulted in a ~2-fold increase in S1P in plasma and 
a staggering 92-fold higher S1P concentration in gonadal white 
adipose tissue (gWAT) compared to a 16-week HFD alone con-
trol group (Figure 3A). This coincided with a 14% decrease in 
body weight and a 19% decrease in gWAT mass compared to 
HFD mice (Figure  3B). Histomorphometric analysis of gWAT 
and inguinal adipose tissue (iWAT) demonstrated lower adipo-
cyte size (mean diameter and area) and a prominent shift toward 
smaller cells in DOP-treated mice compared to mice on HFD 
alone (Figure 3C,D).

To test whether S1P lyase inhibition and reduced WAT mass co-
incided with increased lipolysis, we measured free fatty acids 
(FFA) in plasma and WAT. Indeed, FFA were 25% higher in 
plasma and 100% higher in WAT, respectively, of DOP-treated 
HFD mice as compared to HFD controls (Figure 3E,F). We also 
measured PKC zeta T410 phosphorylation as well as PKC zeta 
activity in WAT and observed both to be ~2-fold higher in DOP-
treated HFD compared to untreated HFD mice (Figure 3G,H). 
Finally, we detected ~2-fold higher HSL Ser660 phosphorylation 
levels in DOP-treated HFD mice compared to HFD controls 
(Figure 3I). These results suggested that high S1P levels due to 
S1P lyase inhibition induced lipolysis in vivo by the same mech-
anism as in vitro, resulting in reduced adiposity.

4   |   Discussion

This study is the first to assign a physiological function to 
the activation of PKC zeta by S1P, namely lipolysis. We sug-
gest this to occur through intracellular S1P activating PKC 
zeta that then turns on MAPK/ERK signaling resulting in 
HSL activation. This argues in favor of intracellular effects as 

FIGURE 2    |    S1P induces lipolysis through a PKCzeta/MAPK/HSL pathway in differentiated 3T3-L1 cells. (A) Glycerol release per mg protein 
after 16 h treatment of differentiated 3T3-L1 cells with vehicle (0.02% BSA), 10 μM S1P (in 0.02% BSA) in the presence or absence of 10 μM PD98059 
or 25 μM small molecular HSL inhibitor (smHSLi). (n = 4 per group). (B) Representative Western blots for p-p44/42 MAPK and p-HSL Ser660 in dif-
ferentiated T3-L1 adipocytes treated with 10 μM S1P or vehicle (0.02% BSA) in the presence or absence of 3 μM bisindolylmaleimid I (Bis) for 15 min 
(n = 4–5 per condition). Quantification of p-p44/42 MAPK and p-HSL Ser660 normalized to GAPDH. (C) Glycerol release per mg protein after 16 h 
treatment of differentiated 3T3-L1 cells with vehicle or 1 μM S1P lyase inhibitor VD-78. (n = 5 per group). (D) Glycerol release per mg protein after 
16 h treatment of primary mouse adipocytes with vehicle or 1 μM S1P lyase inhibitor VD-78 (n = 6 per group). Data are presented as mean ± SEM. A 
one-way ANOVA with Tukey's multiple-comparisons test was used for statistical analysis. (E) Gylcerol release per mg protein after 16h treatment 
of differentiated 3T3-L1 cells with vehicle (0.02% BSA) vs 10 µM S1P or vehicle (0.1% DMSO) versus 1 µM Isoproterenol in the presence or absence of 
100 µM of the adenylate cyclase inhibitor SQ22536. (n = 4 per group). (F) Glycerol release per mg protein after 16 h treatment of differentiated 3T3-
L1 cells with 10 µM S1P or vehicle control (0.02% BSA) in presence or absence of the 100 nM PI3K Inhibitor Wortmannin. (n = 3–8 per group). (G) 
Relative kinase activity of recombinant PKC zeta treated with 10 µM S1P or vehicle (MeOH) for 10 min as determined by in vitro phosphorylation 
assay. (n = 3 per group). (H) Glycerol release per mg protein after 16 h treatment of differentiated 3T3-L1 cells with 10 µM S1P or vehicle control (0.02% 
BSA) in presence or absence of the 3 µM PKC inhibitor bisindolylmaleimid I (Bis). (n = 3–8 per group). (I) Glycerol release per mg protein after 16 h 
treatment of differentiated 3T3-L1 cells with 10 µM S1P or vehicle (0.02% BSA) in the presence or absence of 10 µM PKC zeta pseudo-substrate inhib-
itor (PSI). (n = 4 per group). (J) Representative Western blots for T410 phosphorylated PKC zeta, total PKC zeta and GAPDH in differentiated 3T3-L1 
adipocytes treated with 10 µM S1P or vehicle (0.02% BSA) for 15 min. (n = 4 per condition). Quantification of phospho-PKC zeta T410 normalized 
GAPDH. *p < 0.05; **p < 0.01; ***p < 0.001.
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S1P was efficient only at concentrations between 5 and 50 μM 
(that exceed by far the Kd of S1PRs) but not at lower concen-
trations (0.1–1 μM), and because the S1PR1–3 receptor agonists 
AUY954, CYM5520, and CYM5541 were ineffective. In addi-
tion, while several S1PRs are known to activate PI3K signal-
ing that in turn can activate PKC zeta [22, 23], PI3K inhibition 
did not abolish S1P's lipolytic effect in our study. Using LCMS, 
we could also trace the fate of extracellularly added S1P and 
observed it to accumulate in considerable (μM) concentration 

in adipocytes, whereas ceramide levels did not increase. 
Furthermore, increasing endogenous intracellular S1P by in-
hibition of the S1P lyase using VD-78 resulted in increased li-
polysis in 3T3-L1 cells and primary adipocytes. Our data on 
higher lipolysis in  vivo after raising whole body S1P by S1P 
lyase inhibition support our findings in vitro including those 
on PKC zeta and HSL activation by S1P, and demonstrate their 
physiological consequences in the form of decreased adipocyte 
size, adipose tissue mass, and body weight.

FIGURE 3    |     Legend on next page.
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PKC zeta belongs to the two atypical PKC isoforms (zeta and 
lambda in mice/iota in humans) that are not activated by 
diacylglycerols (DAG) [24] but through binding to protein 
scaffolds and lipid mediators, respectively [25]. They are co-
translationally phosphorylated by mTORC2, followed by post-
translational phosphorylation by PDK1 at the activation loop, 
resulting in a catalytically-competent enzyme [26, 27]. Atypical 
PKCs are maintained in an inactive auto-inhibited confor-
mation by the interaction of the basic pseudosubstrate region 
(PSR) [25] and the DAG-insensitive C1 domain [28] with the 
kinase domain. Activation occurs, in general, by conforma-
tional changes that relieve auto-inhibition by tethering the PSR 
and C1 away from the substrate-binding cavity [25], leading to 
the phosphorylation of co-localized substrates to increase effi-
ciency considering their 40-fold lower catalytic rate compared 
to conventional PKCs (cPKC) [27]. A unique feature of aPKCs 
is their activation not only by binding to protein scaffolds but 
also through interactions with lipids such as phosphatidic acid 
(PA), phosphatidylserine (PS), possibly phosphatidylinositol 
3,4,5-trisphosphate (PI [3–5]) and by sphingolipids such as cera-
mides and S1P [29]. Ceramides were shown to activate PKC zeta 
[30, 31] through binding to amino acids 405–592 in the carboxyl-
terminal 20-kDa sequence [32] and to activate kinase activity at 
sub-nanomolar concentrations (maximum at 3–10 nM) [33]. In 
contrast, S1P binds to a pocket on the surface of the kinase do-
main, thereby reducing auto-inhibitory contacts with the pseu-
dosubstrate-C1 module [18]. Treatment with 10 μM S1P did not 
alter ceramide levels in our experiments, nor did inhibition of 
ceramide synthase affect S1P-induced lipolysis, suggesting that 
ceramides did not play a role.

In a metabolic context, PKC zeta activation by PI3K contributes 
to insulin-stimulated glucose uptake in white and brown adi-
pocytes [22, 23]. However, excessive aPKC activity in diabetes 
and obesity contributes to insulin resistance, for example, in 
HFD-fed mice, overtly diabetic or insulin-resistant ob/ob mice, 
diabetic rats, and humans. Excessive aPKC activation can 
be caused by increased ceramide levels, and its consequence 
is de-sensitization of Akt signaling. This occurs by displace-
ment of Akt from the WD40/ProF platform, thus preventing 
Akt-mediated FoxO1 phosphorylation [34, 35] and Thr34 phos-
phorylation in the Akt-PH domain preventing PIP3 binding 
[36], respectively. In the context of lipogenesis, PI3K-activated 

aPKCs are instrumental for insulin-dependent increases in 
SREBP-1c expression and lipid uptake [37]. Accordingly, in-
terventions designed to decrease ceramide accumulation, such 
as overexpression of acid ceramidase in liver or adipose tissue, 
have been shown to reverse insulin resistance and hepatic 
steatosis by inhibiting PKC zeta and preventing its insulin-
desensitizing and lipid uptake/fatty acid synthesis-promoting 
effects [38].

Currently, the known stimulatory effects of ceramides on lip-
olysis have not been put in relation to aPKC but rather to their 
interference with cAMP/PKA signaling, as ceramides have 
been shown to suppress ß-adrenoreceptor-induced HSL activa-
tion and lipolysis by activating Protein-Phosphatase 2 (PP2A) in 
brown adipocytes [39]. Interestingly, PMA-induced activation 
of aPKCs has been implicated in activating lipolysis in differ-
entiated 3T3-L1 adipocytes by activating HSL through MAPK/
ERK, a pathway that acted independently of and synergistically 
with cAMP/PKA-dependent lipolysis in the same cells [19]. 
Other stimuli such as lipopolysaccharide (LPS) and Gi-coupled 
G protein-coupled receptor agonists such as lysophosphatidic 
acid (LPA) have also been shown to induce MEK/MAPK/ERK 
activation by activating PKC zeta through ceramide [40] or in a 
RAS-independent manner [41]. Our data support a cAMP/PKA-
independent MAPK/ERK-dependent lipolytic effect of PKC 
zeta. They also provide S1P as the first intracellular physiologi-
cal activator in this pathway. The inability of PI3K inhibition to 
abolish the S1P effect suggests that S1P short-circuits any possi-
ble PI3K-mediated PKC zeta activation. We must acknowledge 
that our data rely on inhibitor studies alone, but all our attempts 
to introduce for example, dominant-negative PKC zeta using ret-
roviral infection were unsuccessful in the notoriously difficult-
to-transduce 3T3-L1 cells [42].

Studies on S1P effects explicitly on obesity or adipocyte biology 
in vivo are complicated by their many associated co-morbidities 
[1, 43], whereas studies in humans mostly measure S1P in the 
circulation and are difficult to interpret as they range from S1P 
positively correlating with body mass index (BMI) [44] to others 
showing curvilinear associations [4]. Understanding the role of 
S1P specifically in adipocyte physiology and pathophysiology 
will help decipher one of the important aspects of obesity and 
obesity-associated disorders.

FIGURE 3    |    S1P lyase inhibition increases free fatty acids and reduces gWAT mass in HFD-fed mice due to PKC zeta/HSL activation. (A) Absolute 
S1P concentrations and relative S1P increase in plasma and gWAT of male C57BL/6J mice after 16 weeks of HFD versus 10 weeks HFD + 6 weeks 
HFD/DOP treatment. (n = 5–11 mice per group). (B) Body weight (left) and gWAT weight (right) of male C57BL/6J mice after 16 weeks of HFD ver-
sus 10 weeks HFD + 6 weeks HFD/DOP treatment. (n = 11–13 mice per group). (C) Representative H&E staining of perigonadal WAT from male 
C57BL/6J mice after 16 weeks of HFD versus 10 weeks HFD + 6 weeks HFD/DOP treatment (left). Quantification of adipocyte diameter and area 
(right). (n = 11–13 mice per group). (D) Representative H&E staining of inguinal WAT (iWAT) from male C57BL/6J mice after 16 weeks of HFD 
versus 10 weeks HFD + 6 weeks HFD/DOP treatment (left) and quantification of adipocyte diameter and area (right). (n = 4–5 mice per group). (E) 
Plasma free fatty acids (FFA) of male C57BL/6J mice after 16 weeks of HFD versus 10 weeks HFD + 6 weeks HFD/DOP treatment. (n = 10–12 mice 
per group). (F) FFA in gWAT of male C57BL/6J mice after 12 weeks of HFD versus 6 weeks HFD + 6 weeks HFD/DOP treatment. (n = 5–11 mice per 
group). (G) Representative Western blots of p-PKC zeta T410 in gWAT of male C57BL/6J mice after 16 weeks of HFD versus 10 weeks HFD + 6 weeks 
HFD/DOP treatment. Quantification of p-PKC zeta T410 to GAPDH. (n = 4–5 mice per group). (H) PKC zeta kinase activity as measured by in vitro 
phosphorylation assay with immunoprecipitated PKC zeta in gWAT of male C57BL/6J mice after 16 weeks of HFD versus 10 weeks HFD + 6 weeks 
HFD/DOP treatment. (n = 6–7 mice per group). (I) Representative Western blots of p-HSL Ser660 in gWAT of male C57BL/6J mice after 12 weeks of 
HFD versus 6 weeks HFD + 6 weeks HFD/DOP treatment. Quantification of p-HSL Ser660 to total beta-actin. (n = 5 mice per group). Data are pre-
sented as mean ± SEM. A two-tailed t-test was used for statistical analysis. *p < 0.05; **p < 0.01; ***p < 0.001.
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