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Glucose homeostasis is maintained by the orchestration of
peripheral glucose utilization and hepatic glucose production,
mainly by insulin. In this study, we found by utilizing a com-
bined parallel chromatography mass profiling approach that
lysophosphatidylcholine (LPC) regulates glucose levels. LPC
was found to stimulate glucose uptake in 3T3-L1 adipocytes
dose- and time-dependently, and this activity was found to be
sensitive to variations in acyl chain lengths and to polar head
group types in LPC. Treatment with LPC resulted in a signifi-
cant increase in the level of GLUT4 at the plasmamembranes of
3T3-L1 adipocytes. Moreover, LPC did not affect IRS-1 and
AKT2 phosphorylations, and LPC-induced glucose uptake was
not influenced by pretreatment with the PI 3-kinase inhibitor
LY294002. However, glucose uptake stimulation by LPC was
abrogated both by rottlerin (a protein kinase C� inhibitor) and
by the adenoviral expression of dominant negative protein
kinase C�. In line with its determined cellular functions, LPC
was found to lowerbloodglucose levels innormalmice. Further-
more, LPC improved blood glucose levels in mouse models of
type 1 and 2 diabetes. These results suggest that an understand-
ing of the mode of action of LPCmay provide a new perspective
of glucose homeostasis.

Glucose is the most important metabolic fuel, and glucose
homeostasis is maintained predominantly by insulin by balanc-
ing peripheral glucose uptake and hepatic glucose production
(1, 2). However, if whole body glucose homeostasis is disrupted,
hyperglycemia and various physiopathologies associated with
metabolic disturbances may occur. The removal of excess glu-
cose from the circulation involves the stimulation of glucose
transport into metabolic tissues, and it has become clear that

glucose intolerance in type 2 diabetes ismanifested by defects in
glucose transport into these metabolic tissues (3). Moreover,
for many years, adipose tissue was believed to play key roles in
glucose homeostasis (4).
In addition to insulin, various hormones and physiological

conditions are capable of stimulating glucose uptake (5–10).
For example, the activation of �1-adrenergic or endothelinA
receptors results in enhanced glucose uptake rates indepen-
dently of insulin levels, and physical exercise also plays an impor-
tant role in the metabolism of glucose by skeletal muscle (10–
13). Furthermore, some of the signaling mechanisms that
mediate these metabolic responses are similar to those utilized
by insulin, whereas others are clearly distinct (5). The above-
mentioned processes illustrate that glucose regulation is not a
simple event wholly attributable to insulin but rather a complex
process that involves many glucose regulators. However, al-
though the significance of insulin-independent glucose regula-
tion has been recognized, no systematic search has been con-
ducted to identify novel glucose regulators.
Over the past few years, lysophospholipids have been

increasingly recognized to be important cell signaling mole-
cules (14), and one of these, lysophosphatidylcholine (LPC),2
which is produced during both physiological and pathological
conditions, has been shown to be involved in many cellular
processes (15–17). For example, it is known that LPC is amajor
plasma lipid component that transports fatty acids and choline
to tissues (18). Moreover, although the mechanisms of LPC
synthesis are not completely understood, the hydrolysis of
phosphatidylcholine by plasma lecithin-cholesterol acyltrans-
ferase is a possible mechanism of the in vivo synthesis of LPC
(14). LPC exhibits diverse biological functions and has been
reported to be involved in cellular proliferation, tumor cell
invasiveness, and inflammation (14, 19). However, little is
known of the direct involvement of LPC in the metabolism of
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glucose. To identify novel serum factors that stimulate glucose
uptake in 3T3-L1 adipocytes, we developed a new analytical
technique based on parallel HPLC, protease digestion, and
mass spectrometry. Using this modality, we found that LPC
activates glucose uptake and effectively lowers blood glucose
levels in mouse models of Type 1 and 2 diabetes.

EXPERIMENTAL PROCEDURES

Materials—Synthetic 14:0, 18:0, 18:1 LPC, insulin, Ki16425,
and streptozotocin (STZ) were obtained from Sigma. Other
lysophospholipids were purchased from Avanti polar lipids
(Alabaster, AL). All of the lipids were dissolved in MeOH as 50
mM stock solutions and stored for atmost amonth under nitro-
gen at �70 °C in glass vials. Gö6976 and rottlerin were pur-
chased from Calbiochem, and antibodies were purchased from
the following sources: anti-phospho-Ser473 AKT2 antibody
from Sigma; and the �1 subunit of Na�/K�-ATPase antibody
from Upstate Biotechnology (Lake Placid, NY). Anti-phospho-
Tyr989 IRS1 was produced in our laboratory. [14C]2-Deoxy-D-
glucose (300 mCi/mmol) was purchased from Moravek Bio-
chemicals (Brea, CA), and trypsin was from Roche Applied
Science. Tissue culturemedia and fetal bovine serumwere from
Invitrogen. All other reagents were of analytical grade.
HPLC Fractionation—Approximately 350ml of fresh human

serumwasmixedwith 70% (v/v) acetone, 1 M acetic acid, and 20
mM HCl and then centrifuged at 20,000 � g for 30 min at 4 °C.
The resultant supernatant was collected and extracted three
times with diethyl ether, and the aqueous phase so obtained
was centrifuged at 20,000 � g for 30 min at 4 °C. Supernatant
was then precleared by passing it through SepPak C18
(Waters) cartridges. Eluent was directly loaded onto a C18
reverse phase HPLC column (Vydac 218TP1022, 22 mm �
250 mm). Fractions (10 ml) were collected, and �1% of each
fraction was assayed for glucose uptake by 3T3-L1 adipo-
cytes. Active fractions were trypsinized for 12 h at 37 °C, and
equal amounts were applied to a C4 reverse phase HPLC
column (Vydac 214TP5215, 2.1 mm � 150 mm) and to a
cation exchange HPLC column (Amersham Biosciences;
Min-S HR 5/5, 4.6 mm � 50 mm).
Mass Spectrometry and Data Analysis—ESI-MS and tandem

mass spectrometry (MS/MS) analyses were performed using a
QSTAR PULSAR I hybrid quadrupole time-of-flight MS/MS
(Applied Biosystems/PE SCIEX, Toronto, Canada) equipped
with a nano-ESI source. The samples were dissolved in 0.1%
trifluoroacetic acid and delivered into the ESI source using a
Protana nanospray tip (Odense, Denmark). All of the masses
detected were calculated using Analyst QS software provided
by Applied Biosystems. Quadrupole time-of-flight MS/MS was
performed at a resolution of 8,000–10,000with amass accuracy
of 10–30 ppm using external calibration. The voltage of the
spray tip was set at 2300 V. A combined online-data base (Dic-
tionary of Natural Products, Chapman & Hall/CRC) was used
to identify the masses.
Protease Digestion of Active Fractions—For protease diges-

tion, C18 reverse phase HPLC fractions were lyophilized, and
then 50 mg/g (enzyme/substrate) of sequencing grade trypsin
(Promega Ltd.) in 50 mM ammonium bicarbonate was added.
Digestion was carried out at 37 °C overnight.

Cell Culture—3T3-L1 fibroblasts were grown inDMEMcon-
taining a high glucose concentration, 10% fetal bovine serum,
50 units of penicillin per milliliter, and 50 �g of streptomy-
cin/ml and maintained in a 5% CO2 humidified atmosphere at
37 °C. 3T3-L1 was induced to differentiate into adipocytes as
described previously (20).
Glucose Uptake Measurements—Tomeasure glucose uptake

by 3T3-L1 adipocytes, the cells were grown in serum-free
DMEM for 16 h, and then serum-free medium was replaced
with 1 ml of Kreb’s buffer (118 mM NaCl, 25 mM NaHCO3, 4.6
mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2, pH
7.4). The cells were stimulated with insulin or lysophospholip-
ids for the indicated times at 37 °C. Glucose uptake was mea-
sured by adding 1 �Ci of [14C] 2-deoxy-D-glucose and 3 mM

2-deoxy-D-glucose for 10 min. The assay was terminated with
two quick washes of ice-cold phosphate-buffered saline. The
cells were lysed in 0.5 ml of lysis buffer containing 0.5 N NaOH
and 0.1% SDS. The cell lysates were liquid scintillation counted.
Nonspecific glucose uptakes were assayed in the presence of 10
�M cytochalasin B (20). Counts of [14C] 2-deoxy-D-glucose
were normalized to protein levels measured with the Bradford
reagent (Bio-Rad) at 595 nm.
Adenoviral Transfection of PKC Isoforms—The adenovirus

(AdV) expression vectors used to transfect wild-type PKC�,
dominant negative PKC� (DN-PKC�), or dominant negative
PKC� (DN-PKC�) recombinant AdV were as previously de-
scribed (21). After cultured 3T3-L1 adipocytes had differenti-
ated, the culture medium was aspirated, and the cultures were
infected with viral medium containing each recombinant AdV
for 24 h. The cultures were then washed twice with serum-free
DMEM and refed with DMEM supplemented with 10% fetal
bovine serum.The cells were subjected to glucose uptake assays
at 48 h post-infection. 3T3-L1 adipocytes transfected with AdV
for the LacZ gene (LacZAdV) were used as controls (22).
Immunoblotting—To prepare total cell lysates, 3T3-L1 adipo-

cytes were washed with Ca2�/Mg2�-free phosphate-buffered
saline and then lysed in lysis buffer (50 mMHEPES, pH 7.2, 150
mM NaCl, 50 mM NaF, 1 mM Na3VO4, 10% glycerol, 1% Triton
X-100). The lysates were then centrifuged at 15,000 rpm for 15
min at 4 °C, and the proteins were denatured in Laemmli sam-
ple buffer (5 min at 95 °C) and then separated by SDS-PAGE.
The proteins were transferred to nitrocellulose membranes
using the Hoefer wet transfer system and blocked in TTBS (20
mM Tris-HCl, pH 7.6, 150 mMNaCl, 0.05% Tween 20) contain-
ing 5% skimmedmilk powder for 30min before being incubated
with antibodies for 3 h. After washing the membranes several
times with TTBS, the blots were incubated with horseradish
peroxidase-conjugated anti-mouse or anti-rabbit antibody for
1 h. The membranes were then washed with TTBS and devel-
oped by ECL.
GLUT4 Translocation—To obtainmembrane fractions from

3T3-L1 adipocytes, the cells were placed in 10 ml of ice-cold
HES buffer (250 mM sucrose, 1 mM EDTA, 1 mM phenylmeth-
ylsulfonyl fluoride, 1 �M pepstatin, 1 �M aprotinin, 1 �M leu-
peptin, and 20 mM HEPES, pH 7.4) and homogenized with 30
strokes in a glass Dounce homogenizer at 4 °C. After centrifug-
ing at 1,000 � g for 5 min at 4 °C to remove unbroken cells, the
supernatants were further centrifuged at 16,000 � g for 15 min
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at 4 °C to yield plasma membrane (PM) pellets. Ultracentrifu-
gation was used to obtain low density microsomes, as previ-
ously described (7). The PM and low density microsome frac-
tions were denatured in Laemmli sample buffer (5min at 95 °C)
and then separated by SDS-PAGE. GLUT4 was detected by
polyclonal anti-GLUT4 antibody from Biogenesis Ltd. (San-
down, NH).
Animals—Male ICR mice were purchased from Hyochang

Science (Seoul, Korea). C57BLKSJ-db/db mice were purchased
from SLC (Japan). After injecting LPC intravenously, the blood
glucose levels weremonitored usingONETOUCHUltraTM kits
(LifeScan Inc., Milpitas, CA) after tail snipping. Serum insulin
levels were determined using insulin-radioimmunoassay kits
(LINCO). Insulin-deficient mice were induced by injecting
male ICR mice intraperitoneally on two consecutive days with
STZ (200 mg/kg) dissolved in 0.1 M sodium citrate (pH 5.5).
Age-matched control mice were administered an equivalent
volume of citrate buffer. Three days after the second STZ injec-

tions, the animals with blood glu-
cose levels greater than 300 mg/dl
were considered diabetic. Acute
glucose lowering effects were exam-
ined after intravenously injecting
vehicle, LPC, or insulin, mentioned
above. The animals were cared for
in accordance with our institution’s
guidelines.
Statistical Analysis—The data are

expressed as themeans� S.E. or the
means � S.D. Statistical analysis
was performed using the Student’s t
test or by one-way analysis of vari-
ance and the post hoc test. p values
of �0.05 were considered significant.

RESULTS

Parallel HPLC Separation for the
Identification of Novel Glucose
Uptake-stimulating Molecule in
3T3-L1 Adipocytes—To identify the
endogenous factors that stimulate
glucose uptake in 3T3-L1 adipo-
cytes, we developed a method based
on parallel HPLC, protease diges-
tion, and MS analysis (Fig. 1a). The
fundamental principle of parallel
HPLC is that it uses profiling analy-
sis to identify target molecules
instead of traditional sequential
purification (23). In addition to par-
allel HPLC, we used protease diges-
tion to exclude inactive peptides
with physicochemical properties
similar to active molecules. Al-
though these peptides are not easily
removed by sequential chromatog-
raphy, the cleavages of inactive pep-
tides by protease digestion causes

structural changes in these peptides and facilitates their sepa-
ration from active species by column chromatography. There-
fore, protease digestion is particularly useful for purifying non-
peptide molecules, such as, lipids, amines, and carbohydrates.
Using this new method, we first fractionated human

serum acetone extracts by C18 reverse phase HPLC, and
then 3T3-L1 adipocytes were treated with these HPLC frac-
tions, and glucose uptakes by adipocytes were measured by
determining increases in [14C] 2-deoxy-D-glucose uptakes
(20). As shown in Fig. 1b, at least four types of fractions were
identified that increased glucose uptake by adipocytes
(A–D), and these were tested to determine whether their
activities were reduced by trypsin digestion. Only the activ-
ity of fraction D was found to be unaffected by trypsin diges-
tion (data not shown); thus fraction D was digested with
trypsin and further separated by parallel C4 reverse phase
(C4) and by cation exchange (SCX) HPLC. All of the C4 and
SCX fractions were then screened for the stimulation of glu-

FIGURE 1. The isolation of glucose uptake-stimulating molecules from serum. a, schematic representation
of the strategy used to identify the serum factor responsible for stimulating glucose uptake in 3T3-L1 adipo-
cytes. b, C18 reverse phase HPLC (Vydac 218TP1022, 22 � 250 mm) serum elution profile. The relative glucose
uptakes are expressed as ratios of uptake increases caused by treatments versus that cause by vehicle alone in
3T3-L1 adipocytes. Small amounts of active fractions were tested to determine whether stimulating activity
was reduced by trypsin digestion. The trypsin-resistant fraction (fraction D) was selected and trypsinized prior
to a second HPLC purification. c, C4 reverse phase HPLC (Vydac 214TP5215, 2.1 � 150 mm) elution profile of
fraction D. d, cation exchange HPLC (Amersham Biosciences Mini-S HR 5/5, 4.6 � 50 mm) elution profile of
fraction D.
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cose uptake in 3T3-L1 adipocytes, and there was single type
of active fraction from each HPLC (Fig. 1, c and d).
Identification of LPC as a Glucose Uptake-stimulating Mole-

cule byMass Spectrometry—The active fractions from each col-
umn system (37 min from the C4 column and 6 min from the
SCX column) were analyzed by ESI-quadrupole time-of-flight
MS. Initially, to identify common masses in these fractions,
mass spectra were compared, and only one common mass was
identified atm/z 495.33 (Fig. 2a, top andmiddle panels). Using
this mass information, we searched the combined online-data
base (Dictionary of Natural Products), and the unknown was
tentatively identified as palmitoyl LPC. To confirm that the
target molecule was LPC, we analyzed the fragmentation pat-
terns of standard LPC and of the m/z 495.33 fragment using
MS/MS (Fig. 2b). The standard LPC product ion spectrum in
positive ion mode displayed several ions that originated from
the collision-induced dissociation of the phosphocholine head
group of LPC, which produced a maximal peak atm/z 183 (Fig.
2, b, bottom panel, and c). Furthermore, the fragmentation pat-
tern of m/z 495.33 from C4 and SCX exactly matched that of

standard LPC (Fig. 2b, top andmid-
dle panels). Based on the above
information, we concluded that the
active substance was LPC.
LPC-induced Glucose Uptake by

3T3-L1 Adipocytes—To investigate
the effects of LPC on glucose
uptake, 3T3-L1 adipocytes were
incubated in the presence of various
concentrations of LPC for different
times. It was found that LPC stimu-
lated glucose uptake in a time- and
dose-dependent manner. LPC was
found to have a significant effect of
on glucose uptake from a concen-
tration of 1 �M and amaximal effect
at 20 �M (Fig. 3, a and b). Further-
more, LPC was not cytotoxic at this
concentration, which was also
below the critical micellar concen-
tration of LPC (40–50 �M) (24).

To determine whether variations
in the acyl chain lengths of LPC
affect glucose uptake, several ac-
ylated LPC derivative were tested.
Interestingly, lauroyl LPC (12:0),
myristoyl LPC (14:0), and palmitoyl
LPC (16:0) also stimulated glucose
uptake in 3T3-L1 adipocytes,
whereas palmitoleoyl LPC (16:1),
stearoyl LPC (18:0), oleoyl LPC (18:
1), and arachidoyl LPC (20:0) did
not (Fig. 3c). To determine whether
other lysophospholipids with differ-
ent phosphor head groups modu-
lated glucose uptake, 3T3-L1 adipo-
cytes were treated with several
lysophospholipids. However, as

shown in Fig. 3d, these lysophospholipids variants did not stim-
ulate glucose uptake in 3T3-L1 adipocytes.
LPC Stimulated GLUT4 Translocation in 3T3-L1 Adipocytes—

To assess whether the ability of LPC to enhance glucose trans-
port in 3T3-L1 adipocytes ismediated by LPC-induced changes
in glucose transporter protein levels on cell surfaces, the
GLUT4 protein levels were measured in PM fractions in the
basal state and after treating them with LPC or insulin as con-
trol. LPC was found to induce a significant increase in GLUT4
protein levels in PMs, like the insulin control (Fig. 4). These
results suggest that LPC stimulates GLUT4 translocation,
which is consistent with the findings of our glucose uptake
experiments.
LPC Stimulated Glucose Uptake in a PI 3-Kinase-indepen-

dent and a PKC�-dependent Manner—Insulin stimulation of
glucose transport into adipocytes requires the insulin receptor-
mediated tyrosine phosphorylation of insulin receptor sub-
strate (IRS)-1 and the subsequent activation of PI 3-kinases
and AKT2 (protein kinase B2) (25). To determine whether
increased glucose uptake in response to LPC is associated with

FIGURE 2. Mass spectrometry of the glucose uptake-stimulating molecule. a, ESI-TOF MS analysis. Mass
spectra of the active fractions of Fig. 1c (top panel) and Fig. 1d (middle panel), and of standard palmitoyl (16:0)
LPC (bottom panel). b, mass fragmentation pattern analysis. The MS/MS spectra of the m/z 495.33 mass frag-
ment in the mass spectra shown in a. c, the structure of LPC and the cleavage pattern of its fragmentation.
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an insulin-dependent signaling pathway, the phosphorylations
of IRS1 and AKT2 were checked (25). In contrast to insulin,
LPC did not induce changes in the phosphorylations of IRS1 of
AKT2 (Fig. 5a) in 3T3-L1 adipocytes. To confirm this, wemea-
sured LPC-induced glucose uptake increases after pretreating
with LY294002 (20 �M, a PI 3-kinase inhibitor). Fig. 5b shows
that LY294002 had no effect on glucose uptake stimulation by
LPC. Previously, PKCs have been known to be involved in
cellular glucose transport. Moreover, because LPC has been
shown to activate conventional and novel PKCs in various cells

(24), we assessed the involvements
of these PKCs on the LPC-induced
up-regulation of glucose transport.
Glucose uptake was found to be
inhibited by the PKC� inhibitor rott-
lerin (5 �M) but not by Gö6976 (5
�M, a conventional PKC inhibitor)
(Fig. 5c) To investigate the roles of
PKCsmore directly, we used an ade-
novirus expression system to over-
express specific PKC isoforms in
3T3-L1 adipocytes, and we found
that the expression of DN-PKC�,
but not of DN-PKC�, significantly
reduced LPC-stimulated glucose
transport (Fig. 5d). These findings
suggest that PKC� participates in
LPC-induced glucose transport
activation.
LPC Lowered Blood Glucose Lev-

els without Affecting Blood Insulin
Levels in Mouse—To determine
whether LPC affects animals, we
tested its blood glucose lowering
effect inmice. Acute administration
of LPC (at 15 or 30 �mol/kg intra-
venously) to normal ICR mice re-
sulted in a statistically significant
dose-dependent drop in blood glu-
cose levels within 30 min (Fig. 6a).
To assess whether other lysophos-
pholipids have similar glucose low-
ering effects, we tested several
derivatives of LPC. Palmitoyl-, lau-
royl-, and myristoyl LPCs when
administered in the same manner
also caused reduced blood glucose
levels, whereas stearoyl-, oleoyl-,
and arachidoyl LPC did not (Fig.
6b). To determine whether this
effect of LPC was due to increased
insulin levels in blood, wemeasured
insulin levels after LPC administra-
tion. It was found that LPC did not
induce any change in blood insulin
(Fig. 6c). LPA is known to be synthe-
sized from LPC by lysophospho-
lipase D, an autotaxin that attenu-

ates blood glucose levels in mice. To determine whether the
glucose lowering effect of LPCwasmediated by LPA, we exam-
ined the effect of the Ki16425 (an LPA receptor antagonist).
However, Ki16425 had no effect on the glucose lowering effect
of LPC (Fig. 6d).
LPCLowered BloodGlucose Levels inMouseModels of Type 1

and 2 Diabetes—We also examined the in vivo efficacy of LPC
in type 1 and type 2 diabetic mouse models. Single intravenous
administrations of LPCwere found to dose-dependently reduce
blood glucose levels in STZ-treated insulin-deficient, type 1

FIGURE 3. Effects of LPC on glucose uptake by 3T3-L1 adipocytes. a, 3T3-L1 adipocytes grown in six-well
plates were equilibrated in glucose-free Krebs-Ringer buffer for 1 h and then incubated with LPC (0 –30 �M) or
insulin (10 nM) for 10 min. [14C]2-Deoxy-D-glucose uptake was then measured for 10 min, as described under
“Experimental Procedures.” b, 3T3-L1 adipocytes were incubated with 20 �M LPC for 0 –20 min. c and d, glucose
uptake by 3T3-L1 adipocytes incubated in the absence (control, Con) or the presence of equimolar concentra-
tions (20 �M) of lauroyl LPC (12:0 LPC), myristoyl LPC (14:0 LPC), palmitoyl LPC (16:0 LPC), stearoyl LPC (18:0
LPC), oleoyl LPC (18:1 LPC), arachidoyl LPC (20:0 LPC), palmitoyl LPE (16:0 LPE), palmitoyl LPI (16:0 LPI), or
palmitoyl LPG (16:0 LPG) for 10 min. The values are the means � S.E. of three independent experiments
performed in triplicate. *, p � 0.05 versus basal values.

FIGURE 4. Effect of LPC on the translocations of GLUT4 in 3T3-L1 adipocytes. a, effect of LPC on the
translocations of GLUT4 from low density microsomes (LDM) to the PM in 3T3-L1 adipocytes. 3T3-L1 adipocytes
were stimulated for 10 min with 20 �M LPC or 100 nM insulin (INS). NT, not treated. The levels of the �1 subunit
of Na�/K�-ATPase were used for control purposes. b, relative increases are depicted. The values shown are the
means � S.E. of three independent experiments performed in triplicate.*, p � 0.05 versus basal values.
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diabeticmice, in amanner similar to
intravenous insulin (Fig. 7a). Simi-
lar administrations of LPC also
affected glycemia in obese db/db
type 2 diabetic mice and reduced
blood glucose levels to near normal
(Fig. 7b).

DISCUSSION

The present study provides evi-
dence that LPC is a blood-derived
factor involved in glucose homeo-
stasis. 3T3-L1 adipocytes treated
with LPC were found to uptake glu-
cose rapidly via PI 3-kinase-inde-
pendent PKC� activation. Further-
more, when acute intravenous LPC
was administered to mouse models
of type 1 and 2 diabetes, the blood
glucose levels were significantly
lowered. Accordingly, we suggest
that LPC represents a novel insulin-
independent signal that can regu-
late blood glucose levels in normal
and diseased mouse models. Fur-
thermore, our findings suggest that
an understanding of the role played
by LPC in glucose regulation would
enhance our understanding of glu-
cose metabolism.
The stimulation of glucose up-

take by 3T3-L1 adipocytes and the
blood glucose lowering effect of
LPC inmice were found to be sensi-
tive to variations in LPC acyl chain
length, i.e. whereas the palmitoyl
and myristoyl LPC derivatives (16:0
and 14:0, respectively) enhanced
glucose uptake by 3T3-L1 adipo-
cytes, stearoyl, oleoyl, and arachi-
doyl LPC (18:0, 18:1, and 20:0,
respectively) were ineffective. How-
ever, when 3T3-L1 adipocytes were
treated with several lysophospho-
lipids that differed structurally only
in terms of the polar head group of
palmitoyl LPC, glucose uptake by
adipocytes was not increased (this
structural specificity was also con-
firmed by our mouse model of type
1 and 2 diabetes). These findings
suggest that both acyl chain length
and the choline head group of LPC
are critical for stimulating glucose
uptake by 3T3-L1 adipocytes and
for lowering blood glucose levels in
mice. Based on the rapid onset and
structural specificity of LPC, we

FIGURE 5. PI 3-kinase-independent and PKC�-dependent glucose uptake stimulation by LPC. a, phosphor-
ylations of IRS-1 and AKT2. 3T3-L1 adipocytes were incubated for 30 min with/without LY294002 and then
treated with vehicle, 20 �M LPC, or 10 nM insulin (INS) for 10 min. Total cell lysates were analyzed by immuno-
blotting using the indicated antibodies. �-Actin was used as a protein loading control (Con). The immunoblots
shown are representative of three experiments. NT, not treated. b and c, effects of PI 3-kinase or PKC inhibitors
on LPC-stimulated glucose uptake. 3T3-L1 adipocytes were treated with or without LY294002, Gö6976, or
rottlerin for 30 min before being treated with 20 �M LPC. Glucose uptakes were then measured for 10 min as
described under “Experimental Procedures.” d, the effects of wild-type PKC� and DN-PKC� overexpression on
LPC-stimulated glucose uptake. 3T3-L1 adipocytes expressing wild-type PKC�, DN-PKC�, or DN-PKC� were
incubated with vehicle or 20 �M LPC for 10 min. Glucose uptakes were then assayed as indicated. An adenovi-
rus containing the LacZ gene (LacZAdV) was used as a control. The values shown are the means � S.E. of three
independent experiments performed in triplicate. *, p � 0.05.

FIGURE 6. Blood glucose lowering effect of LPC in normal ICR mice. a and b, acute glucose reduction by LPC
in ICR mice. 8-week-old male mice were intravenously injected with phosphate-buffered saline, insulin, or
various LPCs. Blood glucose levels were monitored for 0 –120 min after injections. c, serum insulin levels in
8-week-old male mice after a single intravenous injection of saline, glucose, or LPC. d, the effect of Ki16425 (an
LPA receptor inhibitor) on the blood glucose reduction by LPC. 8-week-old male ICR mice were pretreated with
Ki16425 (10 �mol/kg) for 30 min and then intravenously administered saline, LPC, or LPA. All of the animals had
free access to water and were cared for in accordance with the guidelines issued by our institution. The data
shown are the means � S.D. (n � 5– 6). *, p � 0.05 versus vehicle. NT, not treated.
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speculate that the biological activity of LPC is possibly due to
binding between LPC and a specific cell surface receptor. Sev-
eral lysophospholipids have been reported to bind toGprotein-
coupled receptor family members (26–29). However, recently
it was reported that LPC activates these receptors via a mecha-
nism that does not involve direct binding (19), although earlier
reports concluded that LPC binds directly to and activates G2A
and GPR4. Thus, it remains an open question as to whether
LPC stimulates glucose uptake by directly binding G2A and
GPR4 or whether it does so indirectly via an as yet unknown
mechanism.
The involvement of conventional or atypical PKC activation

in the promotion of glucose uptake by adipocytes and muscle
cells is well established (30), but the activation of novel PKCs,
especially of PKC�, also controls glucose uptake. Stimulation of
the translocation of GLUT4 to the plasma membrane and glu-
cose uptake by insulin were found to be inhibited by rottlerin in
rat skeletal muscle cells, and the overexpression of PKC�
induced by GLUT4 translocation to the plasmamembrane was
found to increase basal glucose uptake to levels attained by
insulin (31). In the present study, LPC-induced glucose uptake
was found to be significantly blocked by rottlerin and by the
overexpression of DN-PKC�. In contrast, pretreatment with
Gö6976 (a conventional PKC inhibitor) and the expression of
DN-PKC� were found to have no effect on LPC-induced glu-
cose uptake. These findings suggest that only PKC� is required
for LPC-induced glucose transport in 3T3-L1 adipocytes. How-
ever, it has not been established whether PKC� is downstream
of LPC receptors likeG2AorGPR4, and thus, additionalwork is
needed to further elucidate the natures of the signal mecha-
nisms that trigger specific PKC�s to participate in LPC-induced
glucose transport.
The induction of insulin secretion from pancreatic �-cells is

a physiological function of LPC (32). Recently, Suga et al. found
that LPC induced insulin secretion by a pancreatic �-cell line
(NIT-1) and by perfused rat pancreas under high glucose con-
ditions (16.6 mM), but not under low glucose (2.8 mM) condi-
tions (32). In the present study, we measured serum insulin
levels in fasted mice with blood glucose concentrations of 3–5

mM after LPC administration and
found that LPC had no effect. On
the other hand, we found that LPC
had a blood glucose lowering effect
in STZ-treated insulin-deficient
mice. Thus, these results obtained
in our study potentially support that
LPC can directly affect glucose low-
ering in mice.
It is well known that LPA can be

produced abundantly from LPC by
autotoxin, which has lysophospho-
lipaseD activity (33), and recently, it
was reported that LPA has a glucose
regulatory function (34). Further-
more, it has been reported that LPA
can associate with four types of LPA
receptors, enhance glucose uptake
by 3T3-L1 adipocytes, and reduce

blood glucose levels by interactingwith LPA1 or LPA3 receptors
(34, 35). In addition, the authors showed that blood glucose
reductions by LPA were significantly inhibited by Ki16425 (a
selective LPA1 and LPA3 antagonist) (34). Therefore, we exam-
ined whether the blood glucose lowering effect of LPC is
affected by Ki16425. However, although we found that the glu-
cose lowering effect of LPA was blocked by Ki16425, it had no
effect on the glucose reduction induced by LPC (Fig. 6d). Based
on this result, we suggest that the LPC-induced glucose level
reductions are not caused by LPA metabolized from LPC, but
rather that these reductions are due to the direct effects of LPC.
The physiologic concentrations of LPC in body fluids, such as

blood and ascites, are substantial (5–180 �M) (14). The levels of
LPC are elevated inmany diseases related to inflammation (15).
More recently, elevated LPC levels (in particular, the ratios of
palmitoyl-LPC to linoleoyl-LPC) have been reported in ovarian
cancer and multiple myeloma. Nevertheless, the changes in
LPC concentration by glucose or other metabolic stimuli have
not been characterized. Therefore, additional work is required
on the regulation of LPC secretion and to confirm the effect of
LPC on glucose metabolism.
The present study provides the first evidence that blood-

borne LPC is intimately involved in glucose homeostasis. It is
our hope that this finding generates interest in the physiological
and pathological roles of LPC in glucose metabolism. Finally,
we believe that an understanding of themechanism responsible
for the metabolic effects of LPC could lead to the development
of a novel means of treating diabetes.
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