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Abstract Sphingosine 1-phosphate (S1P) is a bioactive
lipid that acts through a family of G-protein-coupled
receptors. Herein, we report evidence of a novel redox-
based cross-talk between S1P and insulin signaling path-
ways. In skeletal muscle cells S1P, through engagement of
its S1P, receptor, is found to produce a transient burst of
reactive oxygen species through a calcium-dependent
activation of the small GTPase Racl. S1P-induced redox-
signaling is sensed by protein tyrosine phosphatase-1B, the
main negative regulator of insulin receptor phosphoryla-
tion, which undergoes oxidation and enzymatic inhibition.
This redox-based inhibition of the phosphatase provokes a
ligand-independent  trans-phosphorylation of insulin
receptor and a strong increase in glucose uptake. Our
results propose a new role of S1P, recognizing the lipid as
an insulin-mimetic cue and pointing at reactive oxygen
species as critical regulators of the cross-talk between S1P
and insulin pathways. Any possible implication of S1P-
directed insulin signaling in diabetes and insulin resistance
remains to be established.
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Introduction

Sphingosine 1-phosphate (S1P), initially regarded as a
catabolic product of sphingomyelin metabolism, is pres-
ently considered one of the most versatile lipid signaling
molecules. Indeed, this lysophospholipid influences a
diverse range of cellular processes, including proliferation,
differentiation, motility, and survival, largely through
ligation to a panel of five distinct G-protein-coupled
receptors (GPCRs), named S1P receptors (S1PRs) [1, 2].
Intriguingly, the biological response elicited by S1P in a
given cell type appears to be critically dependent on the
expression pattern of S1PRs since they are differentially
coupled to heterotrimeric G-proteins and downstream
signaling pathways. SIP is a physiological component of
serum, where it is mainly associated with HDL particles [3],
therefore capable of acting on numerous different tissues. In
addition, it is becoming increasingly clear that S1P can be
autonomously produced by multiple cell types, where it acts
in autocrine or paracrine fashion. Many studies have shown
that cellular S1P metabolism is quite complex: its biosyn-
thesis is catalyzed by two distinct isoenzymes, named
sphingosine kinase (SK)1 and SK2, that play different roles,
with SK1 involved in cellular proliferation and motility and
SK2 implicated in apoptosis [2]. The catabolism of S1P is
also subjected to distinct enzymes; specific S1P phospha-
tases produce sphingosine, which can be addressed to the
sphingolipid salvage pathway, while S1P lyase cleaves it
into phospho-ethanolamine and hexadecenal [2].

Of note, the SK/S1P signaling pathway is implicated in
a complex cross-talk with growth factors, cytokines, and
hormones. Indeed, SIP was initially discovered as a cel-
lular messenger generated in response to platelet-derived
growth factor (PDGF), participating in its mitogenic
response [4]. Thereafter, it was demonstrated that several
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extracellular cues exhibit biological activities similar to
S1P and that SIPR can be transactivated by ligand-
dependent stimulation of various tyrosine kinase receptors
[5], serine/threonine kinase receptors [6], death domain
receptors [7], as well as GPCRs [8]. Moreover, it appears
that the S1P interplay with growth factor and cytokine
receptors is bidirectional. In this respect, S1P is capable of
transactivating receptor tyrosine kinases (RTKs), such as
vascular endothelial growth factor (VEGF) receptor Flk1/
KDR [9], PDGFpR [10, 11], and epidermal growth factor
receptor (EGFR) [10], as well as transforming growth
factor  (TGFp) signaling pathway [12] in favor of a key
role of SK/SIP in regulating the intensity of signals
generated by growth factors and cytokines. S1P appears
capable of transactivating RTK by either ligand-dependent
or ligand-independent mechanisms. So, in injured hepato-
cytes, it induces PDGF-BB mRNA expression via S1P,
[13], whereas it rapidly enhances tyrosine phosphorylation
of EGFR and PDGFfR in vascular smooth cells [10].

Insulin receptor (Ins-R) is an RTK that is critically
involved in the hormone-dependent removal of excess
glucose from the bloodstream after a meal. In skeletal
muscle, its expression contributes to 80% of whole-body
insulin-stimulated glucose disposal. In this respect, modu-
lation of Ins-R sensitivity represents a key issue in the
struggle against glucose intolerance and type-2 diabetes
[14]. Tt is well-known that Ins-R tyrosine phosphorylation
is regulated by different PTPs, among which protein tyro-
sine phosphatase-1B (PTP1B) plays a predominant role, as
recently demonstrated by Fiaschi et al. [15].

Previous studies performed in C2C12 myoblasts have
established that S1P regulates multiple signaling pathways
and, acting via S1P,, stimulates myogenesis and inhibits
migratory response [16, 17].

In this study we provide the first evidence that in these
cells S1P induces a novel signaling pathway, which by
enhancing reactive oxygen species and thus inhibiting
PTP1B, transactivates Ins-R in a ligand-independent fash-
ion. Importantly, these molecular events account for the
enhancement of glucose uptake elicited by the bioactive
sphingolipid, thereby opening new avenues for the pharma-
cological control of glycaemic parameters.

Materials and methods
Materials

C2C12 cells were obtained from the European Collection of
Cell Cultures (Salisbury, UK). Dulbecco’s Modified Eagle’s
Medium (DMEM) was from Cambrex (East Rutherford, NJ,
USA), and fetal calf serum (FCS) was from Euroclone (Pero,
Italy). Unless specified, all reagents included protease

inhibitor cocktail. Bovine serum albumin (BSA), phorbol
12-myristate 13-acetate (PMA), nordihydroguaiaretic acid
(NDGA), rotenone, wortmannin, N-acetyl-L-cysteine
(NAC), 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetra-
acetic acid tetrakis (acetoxymethyl ester) (BAPTA-AM),
and diphenyleneiodonium chloride (DPI) were purchased
from Sigma (Sigma-Aldrich, Milan, Italy). D-erythro-
sphingosine 1-phosphate (S1P) was from Calbiochem (San
Diego, CA, USA). 2',7-dichlorodihydrofluorescein diace-
tate (H,DCF-DA) was from Molecular Probes (the
Netherlands). JTE013, LY294002, and G66976 were from
Tocris Bioscience (Bristol, UK). FTY720-P was a kind
gift of Prof. Kleuser (Free University of Berlin, Berlin,
Germany). Coomassie Blue reagent was from Bio-Rad
(Hercules, CA, USA). Enhanced chemiluminescence
reagents and polyvinylidene difluoride (PVDF) mem-
brane were from Amersham Pharmacia Biotech (Uppsala,
Sweden). Anti-Ins-R, anti-phospho-Ins-R (Tyr1162/1163),
anti-protein-tyrosine phosphatase 1B (PTP1B), anti-Akt,
anti-phospho-Akt, anti-mouse, anti-rabbit immunoglobulin
G conjugated to horseradish peroxidase, and Blotto (non-fat
dry milk) were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Anti-Racl was from BD Transduction Labora-
tories (Lexington, KY, USA). Recombinant PTP1B
(50 kDa) was a gift of Dr. Paolo Paoli (University of Firenze,
Italy).

Cell culture and transfection

C2C12 mouse myoblasts were grown in DMEM, supple-
mented with 10% FCS, 2 mM L-glutamine, 100 U/ml
penicillin, and 100 pg/ml streptomycin at 37°C in 5% CO,
humidified atmosphere, and used below the 25th passage.
For all the experiments, C2C12 cells were used at about
60% confluence. For transient transfections: pBABE-GFP-
RacN17 plasmid was purified using QIAfilter Plasmid Midi
kit (Qiagen) and transfected using GeneJammer Transfec-
tion Reagent (Stratagene) according to the manufacturer’s
instructions. To decrease intracellular Ca®™ concentration,
cells were kept in Krebs—Ringer modified buffer (KRB)
(125 mM NaCl, 5mM KCl, 1 mM MgSO,;, 1 mM
Na,HPO,, 5.5 mM glucose, 2 mM L-glutamine, and
20 mM Hepes, 40 uM CaCl,, 0.1% BSA, pH 7.4) con-
taining 40 uM CaCl,.

Intracellular H,O, assay

Levels of intracellular hydrogen peroxide were measured
spectrofluorometrically by the oxidation of H,DCF-DA to
DCF-DA as previously described [15]. Cells were serum-
deprived for 24 h and then challenged with 1 uM S1P or
treated with different inhibitors 45 min before the addition
of S1P. Three minutes before the end of stimulation,
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10 uM H,DCF-DA was added. Cells were lysed in RIPA
buffer (50 mM Tris-HCL, pH 7.5, 150 mM NacCl, 100 mM
sodium fluoride, 1% Triton X-100, 2 mM EGTA, 1 mM
sodium orthovanadate, 1 mM phenyl-methanesulphonyl-
fluoride) with protease inhibitor cocktail (1.04 mM AE-
BSF, 0.08 uM aprotinin, 0.02 mM leupeptin, 0.04 mM
bestatin, 15 uM pepstatin A, 14 uM E-64), and fluores-
cence was immediately analyzed using a Perkin Elmer
Fluorescence Spectrophotometer (excitation wavelength
488 nm, emission wavelength 510 nm). Obtained values
were normalized on protein content.

Determination of Racl activity

After stimulation, cells were washed twice with ice-
cold PBS, lysed in RIPA buffer, and then clarified by
centrifugation at 10,000xg for 15 min at 4°C. Briefly,
100 pg/sample of lysates were incubated with 10 pg of
GST-PAK-1 fusion protein absorbed on glutathione-
Sepharose beads for 2 h at 4° C. Immunoreactive Racl
linked to GST-PAK-1 was then quantified by anti-Racl
Western blot analysis [15].

Immunoprecipitation and Western blot analysis

Following stimulation, cells were lysed for 30 min on ice
in 500 pl of complete RIPA lysis buffer [containing 0.1%
sodium  dodecylsulfate-(SDS), 0.5% deoxycholate].
Lysates were clarified by centrifugation (15 min at
10,000x g at 4°C), and 500 pg/sample were immunopre-
cipitated for 2 h at 4°C with 2 pg of anti-Ins-rff. Immune
complexes were collected on protein A-Sepharose, resus-
pended in Laemmli’s SDS sample buffer, separated by
SDS/PAGE, and transferred onto PVDF, as previously
described [18]. For Akt and phospho-Akt analysis, 30 png/
sample of clarified lysates was immunoblotted. Bound
antibodies were detected using ECL reagents and analyzed
with a Biorad ChemiDoc Imaging System for dedicated
chemiluminescent image acquisition.

In-gel phosphatase assay

For detection of protein-tyrosine phosphatase (PTP)
activity, a 10% SDS-polyacrylamide gel containing
10° cpm/ml of [**P]-labeled substrate was prepared as
described previously [19]. In the modified version of the
assay, to detect oxidized PTPs [20], 10 mM iodoacetic acid
was added to the samples after degassing the buffer.
Samples were subjected to immunoprecipitation with spe-
cific antibodies and then analyzed by in-gel assay. After
electrophoresis, gels were sequentially washed for the
indicated times at room temperature with the following
buffers: buffer 1 (overnight)—50 mM Tris pH 8 and 20%

isopropanol; buffer 2 (twice, for 30 min)—50 mM Tris pH
8 and 0.3% f-mercaptoethanol; buffer 3 (90 min)—50 mM
Tris pH 8, 0.3% [-mercaptoethanol, 6 M guanidine
hydrochloride, and 1 mM EDTA; buffer 4 (three washes
for 1 h each)—50 mM Tris pH 8, 0.3% f-mercaptoethanol,
1 mM EDTA, and 0.04% Tween 20; buffer 5 (overnight)—
50 mM Tris pH 8, 0.3% f-mercaptoethanol, I mM EDTA,
0.04% Tween 20, and 4 mM DTT. Gels were then stained
with Coomassie brillant blue, de-stained in 40% methanol
and 10% acetic acid, dried, and analyzed using a Cyclone
system (PerkinElmer).

Glucose uptake assay

To determine glucose uptake, C2C12 cells were seeded in
six-well plates, serum-starved for 18 h, and then stimulated
with 1 pM SIP or 10 nM insulin for 90 min, or pretreated
with inhibitors 45 min before S1P or insulin addition.
Glucose transport was assayed essentially as previously
described [21]. Briefly, following S1P or insulin challenge,
1 uCi 2-deoxy-D-2-H-glucose (1 mCi/0.1 mmol) was
added to each well and glucose uptake was allowed at 37°C
for 10 min. Cells were subsequently washed with cold PBS
and lysed in 0.1 M NaOH. Aliquots (550 pl) of the lysates
were counted with a f scintillation counter.

Statistical analysis

Statistical analysis was performed using Student’s 7 test,
and P < 0.05 was considered significant. Data are reported
as means £+ SEM of at least three experiments with similar
results. Densitometric analysis of Western blot bands was
performed using imaging and analysis software by Bio-Rad
(Quantity One).

Results

S1P challenge induces ROS generation in C2C12
myoblasts

First we investigated whether S1P was able to induce ROS
generation in C2C12 myoblasts. To this end, we measured
H,0, production using the fluorescent dye H,DCF-DA as
probe. SIP treatment for 30 min dose-dependently
increased ROS production with a maximum effect at 1 pM
S1P (Fig. 1a). Moreover, 1 uM S1P increased H,O, in a
time-dependent manner, reaching a peak at 45-60 min,
while after 90 min from stimulation, ROS levels were very
close to control values (Fig. 1b). It is well-known that S1P
acts mainly through its binding with specific membrane
receptors [1, 2]. Given that C2C12 myoblasts express three
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Fig. 1 SIP treatment generates
transient ROS production in
C2C12 myoblasts. Cells were
serum-starved before
stimulation. C2C12 myoblasts
serum starved for 24 h were
challenged with different
concentrations of S1P (a) or
with 1 uM S1P for the indicated
time intervals (b). Cells
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receptor subtypes (namely S1P;, S1P,, and S1P3)[22], we
analyzed their possible involvement in ROS production.
For this purpose, cells were challenged with 10 uM
FTY720-P, a S1PR agonist with an affinity comparable to
S1P towards all S1PRs except S1P, [23], or with 1 pM
JTEO13, a selective antagonist of S1P,, added 45 min
before S1P stimulation [24]. Cell treatment with FTY720-P
failed to elicit ROS production (Fig. 1c), suggesting that
the action of the sphingolipid was independent of S1P; and
S1P;. Conversely, the blockade of S1P, by JTEO13 treat-
ment abrogated the S1P-induced enhancement of ROS,
clearly pointing at this receptor subtype as a critical
mediator of S1P response (Fig. 1c). To characterize the
source of ROS production following S1P treatment, the
effect of selective inhibitors of enzymes responsible for
intracellular ROS formation was then analyzed. We used
20 uM DPI to inhibit NADPH oxidase [25] and 10 uM
NDGA to block 5-lypoxigenase (5-LOX) [26]. Both
inhibitors were efficacious in reducing ROS production,
with a more marked effect exerted by DPI (Fig. 1d). These
data suggest the involvement of NADPH oxidase and
5-LOX in ROS production following S1P challenge. In
keeping with several other redox-producing hormones, S1P
is also able to activate multiple ROS sources [27].

S1P-induced Racl activation and Akt phosphorylation
are dependent on intracellular calcium release

Since the small GTPase Racl is a downstream signaling
target of several membrane receptors implicated in ROS
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production [28], C2C12 cells were stimulated with S1P for
different time intervals and Racl activation was analyzed.
As can be observed in Fig. 2a, SIP evoked a rapid and
sustained activation of Racl already appreciable at 5 min
of incubation and maintained up to 60 min, in full agree-
ment with a previous study [16]. Since Ca®" increase has
been found upstream of Rac activation [29] and S1P is
capable of elevating cytosolic Ca’" levels and conse-
quently activating conventional protein kinase C (cPKC) in
these cells [22, 30], next we analyzed the molecular
mechanism by which Racl was activated. To this end
C2C12 cells were treated with 500 nM G66976, a cPKC
inhibitor, or with 15 uM BAPTA-AM, an intracellular
calcium chelator, 45 min before S1P addition [31]. As
illustrated in Fig. 2b, both treatments completely abolished
Racl activation, whereas challenge with 300 nM PMA,
which irreversibly activates cPKC, induced a significant
increase in GTP-Racl comparable to that provoked by S1P
addition. Moreover, when cytosolic Ca®" was reduced by
3-h incubation in 40 pM CaCl,/KRB before S1P addition
[32], the Rac-GTP increase induced by S1P was abolished
(Fig 2b). These data strongly suggest that in C2C12 myo-
blasts, the activation of small GTPase Racl is Ca**- and
cPKC-dependent.

Recently, it was demonstrated that S1P is able to trigger
a transient Akt phosphorylation in C2C12 myoblasts [17].
In agreement, as shown in Fig. 2¢, S1P treatment exerted a
biphasic effect on Akt phosphorylation presenting a robust
increase at 15 min, and a clear, although less pronounced
rise at 60 min. To gain more insight into the mechanism
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Fig. 2 SIP challenge induces Racl activation in a Ca®*-dependent
manner. C2C12 myoblasts were serum-starved for 24 h before
stimulation with 1 pM SIP for the specified time intervals (a), or
pretreated for 45 min with 500 nM G66976, or with 15 uM BAPTA-
AM before S1P addition, or maintained in Krebs—Ringer-modified
buffer supplemented with 40 pM CaCl, for 3 h before challenge to
reduce intracellular Ca>* (b). Cells were then lysed and processed as
described in “Materials and methods” to quantify active and total
Racl by Western blot analysis using an antibody anti-Racl. All data
are representative of at least three independent experiments. The bar

involved in S1P-induced Akt phosphorylation after 60-min
challenge, myoblasts were treated with 500 nM G56976 or
with 15 uM BAPTA-AM before S1P addition. As shown in
Fig. 2d, both treatments dramatically reduced Akt phos-
phorylation supporting the view that Ca>"/cPKC are
upstream of Akt activation.

ROS generation depends on multiple signaling
pathways

Since the small GTPase Racl has been shown to be
involved in the regulation of both NADPH oxidase and
5-LOX activities [33], we also investigated the role of
Racl in ROS production in C2C12 cells by transiently
overexpressing the dominant negative mutant of the protein
(Rac N17). The functional inhibition of Racl abrogated the
ROS peak following S1P treatment (Fig. 3a), suggesting
that this small GTPase plays a key role in S1P redox

graphs below the Western blots show the means of the ratio of
activated Racl to total Racl. In panels ¢ and d, myoblasts were
treated as in a and b, and Akt phosphorylation was evaluated. Total
lysates (30 pg/sample) were immunoblotted and revealed with anti-
phospho-Akt and anti-Akt antibodies. Blots are representative of at
least three independent experiments, and the bar graphs show the
means of the ratio of phosphorylated Akt versus Akt. *P < 0.05
versus untreated cells. Densitometric analysis of Western blot bands
was performed using imaging and analysis software by Bio-Rad
(Quantity One)

signaling. Given that Racl activation is regulated by Ca®*
and cPKC [29, 30], we examined if ROS increase upon S1P
challenge was influenced by these signaling pathways.
Decreasing intracellular Ca®" concentration by either
keeping the cells in 40 pM CaCl,/KRB or chelating the
cation by treating myoblasts with BAPTA-AM abolished
ROS formation (Fig. 3b). Similarly, inhibition of cPKC by
Go66976 prevented S1P-induced ROS increase (Fig. 3c).
Given that the phosphatidylinositol 3-kinase (PI3 K)/Akt
pathway plays a pivotal role in modulating ROS production
in different cell types [34, 35], to further examine the
molecular mechanisms responsible for the observed ROS
production by S1P, its role was also investigated. As shown
in Fig. 3a, when cells were treated for 45 min with the
PI3 K inhibitor LY294002 (10 uM) before the addition of
S1P, ROS production was not statistically different from
control, demonstrating that PI3 K also plays a role in
regulating this process.
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S1P gives rise to an ROS-dependent,
insulin-independent phosphorylation of insulin receptor

Agonist-induced ROS production represents a common
mechanism for the redox-dependent regulation of phos-
phorylation of a wide variety of TRKs. Interestingly in a
recent paper, Fiaschi and colleagues demonstrated that in
liver cells adiponectin induced a ligand-independent trans-
phosphorylation of Ins-R, mediated by ROS enhancement
[15]. In this vein, we investigated whether S1P redox sig-
naling was able to affect the Ins-R phosphorylation state in
C2C12 myoblasts. Data presented in Fig. 4a show that
30 min of incubation with 1 pM S1P elicited a trans-
phosphorylation of Ins-R, reaching a maximum after
60 min, in agreement with the observed time course of
ROS levels in response to the bioactive sphingolipid. To
verify that S1P-evoked ROS formation was functionally
linked to tranms-activation of Ins-R, ROS production was
inhibited by incubating cells with 20 pM DPI, 10 uM
NDGA, or 20 uM NAC 45 min before SI1P challenge.
Thereafter, Ins-R was immunoprecipitated from cell
lysates. As shown in Fig. 4b, NAC, DPI, and NDGA
strongly interfered with S1P-dependent trans-phosphory-
lation of Ins-R (Fig. 4b). Similar results were obtained
when PI3 K or cPKC signaling pathway was inhibited
using L.Y294002 or G66976, respectively (Fig. 4c).

S1P treatment causes a redox modulation of protein-
tyrosine phosphatase 1B activity

To verify whether PTP1B was implicated in the redox-
dependent signaling triggered by S1P, the redox state of
PTPs during S1P stimulation was analyzed by a modified
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15 uM BAPTA-AM for 45 min or kept 3 h in 40 uM CaCl,/KRB (b),
with 500 nM G66976 for 45 min (c), or with 10 uM LY294002 for
45 min (a), before S1P addition. All data are representative of at least
five independent experiments. *P < 0.05 versus control or
**P < (.05 versus S1P treated cells

PTP in-gel assay [20]. Ins-R was immunoprecipitated from
lysates and subjected to SDS-PAGE in a gel containing a
radioactive PTP substrate. Gels were then kept in a solution
containing a reducing agent to allow full rescue of oxidized
PTPs only. Their activity was visualized by appearance of
a white area around the band corresponding to the PTP in
the gel. We observed that a PTP of a relative molecular
mass of 50 kDa increased its oxidation levels upon S1P or
insulin stimulation (Fig. 5a). On the basis of the molecular
size, the results suggested that the ~ 50 kDa PTP might be
PTP1B. To demonstrate the identity of the ~50 kDa PTP,
cell lysates were immunoprecipitated against PTP1B fol-
lowing S1P or insulin challenge. As shown in Fig. 5b,
PTPI1B oxidation was indeed enhanced by S1P challenge.
The presence of two different bands in PTP1B immuno-
precipitates is not surprising considering that the
occurrence of multiple fragments of PTP1B in in-gel assay
has already been reported, probably due to different post-
translational modifications or different oxidation states
[20].

By immunoblot analysis, we finally verified that the
protein associated with Ins-R in immunoprecipitates was
indeed PTP1B (Fig. 5c¢). Hence these findings show that
Ins-R undergoes a ligand-independent activation following
a redox-induced inhibition of its dephosphorylation medi-
ated by PTP1B.

S1P enhances cell glucose uptake

Ins-R phosphorylation is required for the biochemical
events that mediate the insulin-induced cellular responses,
including the enhancement of cell glucose uptake. Since
SIP was able to trans-activate Ins-R, we investigated
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Fig. 5 S1P stimulates PTPIB oxidation. Serum-starved C2C12
myoblasts were exposed to 1 uM SI1P or 10 nM insulin for the
indicated times. Lysates were prepared as described in “Materials and
methods,” immunoprecipitated against Ins-R, and then subjected to
modified in-gel PTP assay. Recombinant PTP1B was run as control
(a). In b, C2C12 myoblasts were treated as described in panel a,
lysates were immunoprecipitated with anti-PTP1B antibodies and

then subjected to modified in-gel PTP assay. ¢ C2C12 myoblasts were
stimulated as in a, and an immunoprecipitation anti-Ins receptor was
performed. The amount of PTP1B associated with Ins receptor was
evaluated by immunoblotting against PTP1B, and an anti-Ins-R was
performed for normalization. All data are representative of at least
three independent experiments. The bar graphs show the association
level between Ins-R and PTP1B. *P < 0.05 versus untreated cells
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whether the bioactive lipid could also influence this bio-
chemical parameter. As shown in Fig. 6a, S1P was able to
increase glucose uptake by C2C12 myoblasts in a time-
dependent manner, which was compatible with the time
course of ROS production, as well as of Ins-R trans-
phosphorylation. S1P induced a significant glucose uptake
60 min after the bioactive lipid addition with a maximum
at 2 h. When insulin was used as positive control, a sta-
tistically significant glucose uptake rise was observed
already at 30 min, reaching a plateau at 90 min. To confirm
that the S1P-stimulated glucose uptake was downstream of
ROS production, C2C12 myoblasts were treated with the
ROS scavenger NAC or with the NADPH oxidase inhibitor
DPI. As shown in Fig. 6b, S1P-dependent glucose uptake
was significantly reduced when ROS production was pre-
vented. In keeping with these findings, the stimulatory
effect of SIP was also diminished when Ca®" increase was
prevented by cell loading with BAPTA-AM or PI3 K/Akt,
or cPKC pathways were blocked by LY294002 or G66976
(data not shown).

Discussion

The data reported herein describe a novel signaling path-
way triggered by S1P in myoblasts involving a cross-talk
with Ins-R. Our findings lead to three major conclusions:
(1) ROS have a major role in the signaling cascade trig-
gered by S1P, (2) these oxidants trigger oxidation and
inactivation of PTP1B, thereby enhancing the tyrosine
phosphorylation of Ins-R in the absence of the natural

ligand, (3) this trans-phosphorylation of Ins-R gives rise to
an enhancement of glucose uptake in response to SIP
(Fig. 7).

Studies over the past years have demonstrated that H,O,
actively participates in several biological processes
including cell growth, induction and maintenance of the
transformed state, programmed cell death, and cellular
senescence [36]. Several studies revealed that a redox-
dependent signaling is engaged by several extracellular
stimuli, including EGF [37], PDGF [38], insulin [39, 40],
VEGEF [36], and integrin receptors [38]. H,O, is a mild
oxidant and may oxidize cysteine residues in proteins to
cysteine sulfenic acid or disulfide, both of which are
readily re-reduced to cysteine by various cellular reduc-
tants.  H,O,-susceptible  proteins include  several
transcription factors, the p21/Ras family of proto-onco-
genes, as well as PTPs and protein tyrosine kinases [38].

In keeping with another recent report [41], we now
include the bioactive lipid S1P among factors engaging a
redox-based signaling. Interestingly, by employing a
selective pharmacological agonist of SIPR and a specific
S1P, antagonist, we demonstrated that S1P-mediated ROS
generation is dependent on S1P,. This receptor subtype,
although co-expressed in C2C12 cells together with S1P;
and S1P;, appears to be a dominant transducer of S1P,
being involved in transmitting the pro-myogenic effect of
S1P as well as its anti-migratory action [16, 17]. The ability
of SIP to increase ROS has also been reported for other
cell types [41-43], although the implicated S1PR subtypes
have not been characterized except for the indirect impli-
cation of S1P; in NIH-3T3 fibroblasts, on the basis of the
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Fig. 6 S1P enhances glucose uptake in C2C12 myoblasts. Cells were
serum-starved for 18 h and then stimulated with 1 uM S1P or 10 nM
insulin for different periods of time. Subsequently, 1 nCi 2-deoxy-D-
2—3H—glucose (1 mCi/0.1 mmol) was added to each well, and glucose
uptake was allowed at 37°C for 10 min (a). Otherwise, cells were

pretreated with the indicated inhibitors 45 min before S1P or insulin
addition (b). Aliquots (500 pl) of the lysates were counted in liquid
scintillation counter. All data are representative of at least five
independent experiments. *P < 0.05 versus untreated cells or
**P < 0.05 versus S1P-treated cells
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sensitivity to pertussis toxin of the S1P response [41]. The
identification of S1P, as majorly responsible for ROS
generation in myoblasts in response to S1P treatment
reinforces the notion that S1PR-mediated signaling is
highly cell-specific.

The functional relevance of ROS for several growth
factor signaling processes has been demonstrated by
blocking their accumulation using many antioxidant drugs
[39, 44]. Accordingly, we observed that the NADPH oxi-
dase inhibitor DPI as well as the 5-LOX inhibitor NDGA
greatly reduces the amount of ROS generated in response
to S1P, thereby suggesting an involvement of both the
NADPH oxidase and 5-LOX in the S1P-dependent redox
signaling. As expected, SI1P activates the small GTPase
Racl concomitantly with ROS generation and the trans-
fection of the dominant negative Racl completely inhibits
the generation of ROS in response to S1P, thereby con-
firming the involvement of the small GTPase as an
upstream regulator of ROS source [28].

A second notable finding is that the generation of ROS
in response to S1P, activation is strongly reliant on
Ca”*-dependent signaling. Indeed, both Rac activation and
the consequent redox signaling are potently inhibited by
both Ca®* depletors and cPKC inhibitor. The ability of S1P
to signal through mobilization of Ca®" intracellular stores
[30] and to activate known Ca®'-dependent signaling
pathways such as cPKC [45] in these cells has been already
reported, in particular S1P, and S1P3 have been shown to
be implicated in the SIP-induced Ca*"-transient. The
finding that ROS generation upon S1P challenge mainly
involves S1P, is in substantial agreement with the previous
report and suggests that the Ca®" increase elicited by the
two receptor subtypes is upstream of distinct biological

events, probably due to a different spatial localization
within the cell. The novelty of our findings is that the S1P,-
induced Ca**-dependent pathway is hierarchically posi-
tioned upstream of Racl activation and the consequent
redox signaling. In keeping with our findings, Ca®" and
redox signaling have been described as strictly linked. For
example, direct or PKC-mediated activation of several
NADPH oxidase isoforms by intracellular Ca®" signals has
been previously evidenced [46—48]. In addition, calcium-
mediated generation of ROS has been reported for PDGF
signaling in both embryoid bodies and during vasculo-
genesis of embryonic stem cells [49].

H,0,-susceptible proteins include PTPs, which are
strongly but transiently inhibited through oxidation of their
catalytic cysteine [38]. Redox signaling in response to
several growth factors and cytokines has been correlated
with the transient negative regulation of PTPs, which
represents a strategy adopted by cells to promote RTK
signaling by simply avoiding its prompt inactivation by
PTPs [38]. Such reversible oxidation has been reported for
the activation of many RTKs by different PTPs, both in
response to their engagement by their natural ligands or in
a ligand-independent manner. Known PTPs involved in
RTK redox signaling are PTP1B for Ins-R [39, 44] and
EGFR [50], as well as low molecular weight-PTP, PTEN,
or SHP2 for PDGFR [40, 51].

The data presented herein suggest that, besides their
function as downstream modulators of RTK signaling upon
ligand binding, ROS act as upstream key molecules in RTK
trans-activation, leading to a ligand-independent signal
transduction. Here we report that Ins-R activation is
achieved through a ligand-independent mechanism,
involving transient oxidation and inactivation of PTP1B.
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This phosphatase is one of the main regulators of insulin
signaling, and its redox regulation has been already
reported during both ligand-dependent [44] and ligand-
independent activation of Ins-R. Previously Meng et al.
reported that, although the phosphatase is constitutively
associated with Ins-R, in response to ligand activation of
the kinase, a NADPH-driven generation of ROS produces a
transient inactivation of the receptor-associated PTP1B,
thereby shifting the equilibrium towards tyrosine phos-
phorylation of the receptor [40].

Recently it has been reported that an insulin-mimetic
adipokine, adiponectin, similarly affects activation of Ins-
R in a ligand-independent manner as well [15]. Indeed,
stimulation of the GPCR-like AdipoR1 or AdipoR2
receptors gives rise to oxidation of PTP1B, successively
culminating in enhancement of Ins-R phosphorylation,
although in the absence of the ligand. The present find-
ings indicate that S1P is similarly capable of affecting the
Ins-R activation state, although the two cues appear to be
active in different tissues. Indeed, adiponectin elicits a
ligand-independent insulin activation exclusively in liver,
being completely inefficient in eliciting a similar response
in myoblasts [15]. In this regard it will be important to
ascertain whether S1P,, which is implicated in liver
regeneration [13], also participates in a similar insulin-
mimetic effect in hepatocytes. Notably, the S1P-depen-
dent redox regulation of PTP1B identified here was found
to be responsible for the ligand-independent phosphory-
lation of Ins-R. In accord with previous data [18, 44],
PTP1B is constitutively associated with Ins-R, although
we observed an increase in the amount of receptor-
recruited phosphatase in response to S1P treatment. This
event is concomitant and likely causally correlated with
oxidation of the phosphatase. In keeping with the present
finding that implicates PTP1B, it has been reported for
several phosphatases that the oxidation of their catalytic
cysteines converts their behavior from active enzymes to
dominant negative mutants, thereby increasing their
binding of substrates [44, 51-53]. In this view PTPI1B,
while oxidized by S1P redox signaling, increases its
binding to its substrate Ins-R, thereby enhancing its
tyrosine phosphorylation.

S1P has already been involved in several cross-talk
mechanisms, including bidirectional communications
between RTK and its receptors. First the ability of RTKs,
including PDGFR, VEGFR and EGFR, to activate SIP
signaling was shown, mainly through de novo synthesis of
bioactive lipid owing to activation of SK [9-11]. A second
mechanism, described for SIP-PDGF cross-talk in vascular
smooth cells, involves the occurrence of a PDGFR-S1P;,
complex responsible for a specific integrative signal [11].
A third mechanism, again described for S1P-PDGF cross-
talk, implicates a specific ligand-independent activation of

PDGFR, owing to activation of the kinase Src elicited by
S1P signaling [41]. The herein proposed redox-based cross-
talk between S1P and Ins-R not only represents an addi-
tional new mechanism exerted by S1P to regulate RTKs,
but introduces ROS as key regulators of this communica-
tion. It is conceivable that the multiplicity of connections
between S1P and RTKs is reminiscent of the pleiotropic
action of this bioactive lipid. S1P is a widely recognized
muscle active factor. Indeed, the lipid has been reported to
enhance differentiation in myoblasts, as well as to regulate
the proliferation and survival of both resident and nonres-
ident muscle stem cells [17, 54, 55]. Now we show that the
action of S1P in myoblasts involves the regulation of a new
metabolic process as well. Indeed, S1P-mediated trans-
activation of Ins-R leads to a sustained increase in glucose
uptake, suggesting a shift of muscle metabolism towards
anabolic targets.

This insulin-mimetic effect is in keeping with several
other observations. First, S1P shares with insulin the ability
to elicit differentiation of myoblasts and maturation of
myofibers [56]. Second, it has already been shown that in
skeletal muscle cells S1P metabolism participates in insulin
signaling, since pharmacological inhibition of SK1 reduced
insulin-stimulated glucose uptake, while its overexpression
mimicked insulin action in vivo [57]. However, in that
previous study no clue was put forward with regard to the
molecular mechanism by which SK1 acts. The present
demonstration that S1P can activate signaling downstream
of insulin in a ligand-independent manner provides the
mechanistic explanation of the insulin-mimetic action of
SK1 overexpression, thereby highlighting the existence of
a positive feedback mechanism responsible for a sustained
activation of Ins-R. However, it remains to be investigated
if insulin transactivation plays a role in myoblast differ-
entiation upon SI1P challenge. Overall, our results
contribute a new explanation about the role of S1P in
skeletal muscle cells, identifying the bioactive lipid as an
insulin-mimetic cue, strongly suggesting that its altered
production might be related to the pathophysiology of
insulin resistance and diabetes.
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